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B-Catenin is not required for proliferation and
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Summary
Despite the pivotal role of B-catenin in a variety of  Tcf/Lef-responsive  promoters. Moreover, during
biological processes, conditiongB-cateningene ablation in  differentiation, p-catenin-null cells assemble normal

the skin of transgenic mice failed to affect interfollicular  intercellular adhesion junctions owing to the substitution

epidermal morphogenesis. We elucidated the molecular
mechanisms underlying this phenomenon. Long-term
cultures of homozygous, heterozygous anf-catenin-null

mutant keratinocytes were established to demonstrate that

of B-catenin with plakoglobin, whereas the expression of
the other adhesion components remains unaffected. Taken
together, our results demonstrate that epidermal
proliferation and adhesion are independent ofi-catenin.

epidermal keratinocyte proliferation, cell cycle progression
and cyclin D1 expression occur independently @-catenin
and correlate with repression of transcription from

Key words: Keratinocytes, Epidermal renewal, Plakoglobin, Wnt
signaling

Introduction The cytoplasmic tails of these adhesion molecules link to the
B-Catenin is an ubiquitously distributed protein with multiple Cytoskeleton via intracellular plaque proteiB<Catenin is one
functions (Gumbiner, 1996; Willert and Nusse, 1998:0f these plague proteins, which is exclusively confined to
Vleminckx and Kemler, 1999; Kuhl et al., 2000). Known firstadherens junctions. In epithelia, evidence exists that the cell
for its role in intercellular adhesion structures called adhereridhesion and signaling roles [dfcatenin are interdependent.
junctions, B-catenin was subsequently found to act as an cultured epithelial cells it was demonstrated that
signaling molecule in the Wnt/wingless pathway. In respons#tercellular adhesion components can interfere with the
to Wnt signals, it translocates to the nucleus and transactivatgignaling role off3-catenin by sequestering it at the plasma
transcription of target genes together with members of th&iembrane (Simcha et al., 1998; Sadot et al., 1998; Orsulic et
Tcf/Lefl transcription factor family (Behrens et al., 1996;al., 1999; Gottardi et al., 2001). Moreover, evidence has been
Huber et al., 1996). Owing to this bipartite functiBrgatenin ~ provided that Wnt signaling promotes assembly of intercellular
is crucially involved in a variety of biological processes, bothunctions (Bradley et al., 1993).
during embryonic development and in the adult. Its essential In the epidermis, an epithelial tissue of high complexity, Wnt
role during development was emphasized by the finding th&ignaling viap-catenin was recently implicated in important
B-catenin-knockout mice fail to develop beyond embryonic daygteps during morphogenesis, a process that is now widely
6.5 (Haegel et al., 1995; Huelsken et al., 2000). In the adulpelieved to rely on differentiation of the epidermal stem cells
reduced levels d-catenin have been implicated, for instance,along hair, sebaceous gland and epidermal lineages (Fuchs and
in the programmed neuronal cell death described i®egre, 2000; Lavker and Sun, 2000; Watt, 2001; Huelsken and
Alzheimer's disease (Zhang et al., 1998). AlternativelyBirchmeier, 2001). First indications thftcatenin signaling
aberrantly activated B-catenin triggers uncontrolled can interfere with stem cell differentiation came from
proliferation, hyperplastic and delayed wound closure antransgenic overexpression of a N-terminally stabilized mutant
finally tumorigenesis in many different tissues and cell typesf [-catenin in mouse skin (Gat et al., 1998). The elevated
including keratinocytes (Chan et al., 1999; Bienz and Cleverdgvels of B-catenin resulted in de novo hair follicle
2000; Barker et al., 2000; Cheon et al., 2002). morphogenesis, in addition to tumor formation. This further
In epithelia, the role of3-catenin in cell adhesion and correlated with a high incidence of N-terminally stabilified
signaling has been widely investigated. In these tissues tweatenin mutation in hair follicle tumors in man (Chan et al.,
distinct junctional complexes mediate intercellular adhesion1999). Collectively, these findings indicated tlfatatenin
adherens junctions and desmosomes (Kowalczyk et al., 19989lays a major role during hair development. This hypothesis
Green and Gaudry, 2000). Both junctions consist ofeceived key support by the finding that conditional ablation of
transmembrane cadherins, mainly E-cadherin in adhereftise 3-cateningene in murine skin abrogated hair formation
junctions, and desmogleins and desmocollins in desmosomékluelsken et al., 2001). This phenotype was further reproduced
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by transgenic expression of a Lefl mutant lacking fhe culture, cellular DNA was extracted and analyzed by PCR (Brault et
catenin-interacting domain (Merrill et al., 2001; Niemann efal., 2001). The primers used were RM41, RM42 and RM43, which
al., 2002). Most surprisingly, despite the important functioryield amplification products of 221 bp for tBecat’, 324 bp for the
attributed top-catenin in the formation and renewal of skin B-cat'™® and 500 bp for theB-cat allele. In B-cat’~ cultures,
appendagesB-catenin ablation did not appear to affect thecomplete loss o8-catenin protein was demonstrated by western blot

. . : : : analysis and on a single cell level by immunofluorescence (see below).
f?k:gavt\;gg SL;nggggu;ir SPr;dyecrmvl\/Shi(cmugsrlfebnee; ?;}géeoé)-These tests were repeated during subsequent passages. Cell cultures

. _ were expanded in low €amedium [0.07 mM CaG) supplemented
catenin (He et al., 1998), had been suggested to be essentlajggy:M (Invitrogen)]. At confluency, they were either left in low?Ca

\F;\;O'ipoi[ic)ng?egder{gal Sdt?/:? ftegg(i)fjfl_e)relnti%[ido'? (Gandari”f\\?\/a:‘d)r differentiation was inducedé)%/ increasing thé&*@ancentration in
att, ; Arnold an att, . In-aadituon, several WWntsthe medium to 1.2 mM (high €amedium).

which can potentially activate3-catenin signaling, are " :

expressed in interfollicular murine epidermis (Reddy et al.,, =

2001). Nonetheless, misexpression of Tcf3 in transgenightibodies . .

mouse skin brought additional support to the hypothesis th&fimary antibodies used were: E-cadherin (DECMAatenin and
B-catenin signaling via the TcflLef family members is Plakoglobin  (Transduction Laboratories, Heidelberg, Germany,
dispensable for the establishment of the epidermal phenoty talog No. 1922, C26220n-catenin (Zymed, San Francisco,

. . . . A. Catalog No. 71-1200), plakophilin 1 (kind gift of P. Wheelock,
(Merrill et al., 2001). Tcf3, which was suggested to inHBbit ebraska Medical Center, Omaha, NE), plakophilin 3 and

catenin signaling in the epidermal context, also failed to disturesmoglein1/2 (Progen, Heidelberg, Germany, Catalog No. 651113,
the epidermal architecture with the exception of an aberramt002), filaggrin and loricrin (Covance, Richmond, USA, Catalog No.
expression of some terminal differentiation markers (Merrill ePRB-417P, PRB-145P), cyclin D1 (Pharmingen, Heidelberg,
al., 2001). Germany, Catalog No. 556470), involucrin (kind gift of F. Watt;
The collective results off-catenin gene ablation in Cancer Research UK, London, UK) and desmoglein3 (kind gift of. J.
epidermis prompted two hypotheses with respe@-t¢atenin ~ Stanley, Philadelphia, PA).
adhesion and signaling. Firstly, that plakoglobin, which binds
to the same cytoplasmiq d_omain in E-c_adhe_rin, substitutes @, iferation assay and cell cycle analysis
the deficiency of-catenin in adherens junctions and enables, 5,5 co1s were seeded into 8.8 &multure dishes in low G4
the development of an apparently intact epidermal architectufge jiym. At 24 hour intervals triplicates were trypsinized and counted.
(Haegel et al., 1995). Secondly, the apparently normajs hours after seeding, cultures were also evaluated for cyclin D1
epidermis despite impairgétcatenin-mediated Wnt signaling expression by western blot analysis of whole cell lysates and for DNA
suggested that signaling Bacatenin is, and must be, shut off content by flow cytometry. For the latter analysis, cells were fixed in
to allow normal epidermal proliferation and differentiation to75% ethanol and stained with propidium iodide (0.1% NP40, 3.4 mM
proceed (Huelsken et al., 2001; Merrill et al., 2001). Tris pH 7.4, 0.2 mg/ml RNaseA, 2@/ml propidium iodide).
Here we wished to address these two hypotheses and to
further elucidate the contribution ¢-catenin to epidermal Reporter gene assay

keratinocyte biology at the molecular level. The approach w ells were seeded in dupli . .

' . : plicate in 10%amells and low C& medium.
chose was to e_stabllsh long-term epldgrmal ker_a_tmocyt%ne day later, they were transfected using the lipid-based SuperFect
culturgs (Caldelari et al., ZQOO) from the skin of conditidal reagent (Qiagen, Basel, Switzerland) with either 1,85%f pTOP-
catenin knockout mice [using Cre/LoxP (Brault et al., 2001)lfjash (containing triple Tcf/Lefl binding sites, the basic thymidine
The sequential deletion of th@cateningene and analysis of kinase promoter and firefly luciferase reporter gene) or pFOP-flash
wild-type, heterozygous B-catenin and B-catenin-null  (containing mutated Tcf/Lefl binding sites). When indicated, cells
keratinocytes allowed us to rule out the involvemenf3of were co-transfected with 1.87f§ stabilized3-catenin or Lef or with
catenin- and Tcf-mediated transcriptional transactivation ithe same amount of vector. Plasmids containing Lefl (Huber et al.,
proliferation, as well as in junction assembly and1996), N-terminally mutated stabilizgecatenin [a kind gift from E.
differentiation in epidermal keratinocytes. R. Frearon, Ann Arbor, Ml (Caca et al., 1999)]1 and pT(_DP-fIash or

pFOP-flash reporter constructs have been described previously [a kind
gift of N. Barker and H. Clevers, Utrecht, Belgium (Molenaar et al.,
. 1996)]. All samples were normalized by transfecting 37.5 ng pRL-tk
Mater_lals and Methqu (renilla luciferase reporter under the control of a constitutively active
Establishment of keratinocyte cultures thymidine kinase promoter; Promega, Wallisellen, Switzerland; a kind
Mice carrying g3-catenin allele in which two loxP sites flanked exonsgift of J-M. Zingg and A. Azzi, University of Berne, Switzerland). 34
2 to 6 @-cat'oxP) were used in this study (Brault et al., 2001). hours after transfection, cells were lysed and firefly and renilla
Keratinocytes cultures from eight individual E16.5 embryos generatelticiferase activity measured in the same sample with the
by B-cat” B-cat and B-cat'oxP B-catloxP parents were isolated and DualLuciferase™ Reporter Assay System (Promega, Wallisellen,
cultured according to our previously published protocol (Caldelari eBwitzerland). This experiment was repeated three times.
al., 2000). Consistent with Mendelian distribution, cultures of the
genotypep-cat’* [B-cat” B-cat'oxP] or B-cat’~ [B-cat B-catoxP]
were obtained as identified by PCR (data not shown). Subculturd¥l-PCR
from four different embryos were infected with Adenovirus encodingUsing the RNeasy kit (Quiagen, Catalog No. 74104), total RNA was
Cre-recombinase (Saitou et al., 1995) at a multiplicity of infectionisolated from cultures grown in low or high €amedium for 30
(Moi) of 100 (a kind gift of I. Saitou, Tokyo, Japan). The morphologyhours. Random-primed cDNA was prepared using standard
of infected cultures as seen by light microscopy and their ability téechniques. Specific primers for Tcf/Lef family members were
be passaged were the same as those for the corresponding uninfecddpted from those published for the human sequences (Brantjes et
cells (data not shown). To confiriacatenin deletion from the entire al., 2001): Tcf3: gaaatccccagttacggtg (sense), caggttgggtagagctgc
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(antisense); Tcf4: gcaccctccagatatatc  (sense), tggagtcctgatget A A I A R %
(antisense); Lefl: ctccacccatcccgagg (sense), gaggcttcacgtgcat NN N Y Y Y

(antisense). Amplification of GAPDH from the same cDNA was done /B
using gctccttctgetgatgccee  (sense) and  gggtggcagtgatggcat: o B*'“‘P
(antisense) primers. 30 amplification cycles were performed for Lef R
and Tcf4, whereas 20, 25 and 30 cycles were done for Tcf3 (shov \B

are 25 cycles) and 15 for GAPDH to obtain semi-quantitative result: B-cat
Control reactions were carried out on either cloned full-length cDNA B ——— — -

of mouse Tcf3, human Tcf4 (kind gifts from N. Barker and H. Clevers e PG

University Medical Center Utrecht) and mouse Lefl (Huber et al.,

1996) as well as on a mix of genomic DNA isolated from these cellEig. 1.Geno- and phenotyping of selected keratinocyte cultures

or water. before and after conditionftcateningene ablation by Adenovirus-
encoded Cre-recombinase. (A) PCR performed on genomic DNA of
cultured mouse keratinocytes depicts complete recombinatign of

Protein extraction and co-precipitation cat'oxPinto B-cat alleles in cultures-13. (B) Western blot analysis

Confluent cell cultures were incubated in KSFM containing 1.2 miof whole cell lysates was used to confirm lac-afatenin

CacCkb for 30 hours, washed with PBS and incubated with cytoplasmiexpression in conditional null mutant keratinocytes. Plakoglobin was

extraction buffer (0.015% digitonin, 10 mM PIPES pH 6.8, 300 mMassessed on the same blot and used as a loading déntdaleted

sucrose, 100 mM NaCl, 3 mM MggIl5 mM EDTA, 1 mM PMSF,  B-catenin alleleB*®, transgenic allele carrying two loxP sites;

complete EDTA-free protease inhibitor cocktail [Roche Diagnostics]B3*, wild-type allele; PG, plakoglobin.

for 10 minutes. Cytoplasmic extracts were removed and cells were

scraped into membrane extraction buffer (0.5% TritonX-100, 10 mM

PIPES pH 6.8, 300 mM sucrose, 50 mM NaCl, 3 mM Mg@®d mM  will [using CreLox (Brault et al., 2001)]. The results obtained

NasP2O7, 20 mM NaF, 1 mM Ngvo4, 0.1mg/ml RNaseA, 0.1 mg/ml with cultures from three different embryos, in which the

DNase 1, 1 mM PMSF and protease inhibitor cocktail) according teransgeni@-catenin a||e|e[‘-ca‘["|0xp) has been inactivated, are

Pasdar et al. (Pasdar.et al., 199.5) with some modifications (Caldelggfesented in this study (designated 1-3). Uninfected and

et al., 2001). The TritonX-100-insoluble fraction was pelleted (20facted culture 1ff-cat p-cat'oP andB-cat" B-cat] served

minutes, 20,00@) and dissolved by sonication and boiling in SDS- 5575 contro for cultures 2 and 3 that were either heterozygous

PAGE buffer. For co-precipitation, 50Qg total protein of the - - - loxP
TritonX-100-soluble fraction were incubated withug plakoglobin (uninfected) or null (infected) fo-catenin p-cat” B-cat™x

antibodies, 5.g rat E-cadherin antibodies ori6 Dsg3 polyclonal ~ and B-cat” B-cat]. Correct and complete recombination was

serum and processed according to standard protocols. For to@Yaluated by PCR and the absence Bedatenin protein

lysates, cells were directly scraped into SDS-PAGE buffer. assessed by western blot analysis (Fig. 1) and
immunofluorescence studies (Fig. 3 shows culture 2) and

_ _ reassessed at random during subsequent experimentation.
Immunofluorescence microscopy and electron microscopy

Keratinocytes were grown to confluency on coverslips (Lad™ ek

Nunc, Roskilde, Denmark, Catalog No. 154534) and incubated in higconsequences of B-Catenin gene inactivation on
C&* medium for 30 hours. For immunofluorescence analyses, celispidermal keratinocyte proliferation

were fixed in 1% paraformaldehyde for 20 minutes, perr_neabiiize%levated cytosolif-catenin levels were recently demonstrated to
with 0.5% TritonX-100 for 10 minutes prior to incubation with . y

primary and conjugated secondary antibodies. For electroffiduce hyperproliferation of cultured epidermal keratinocytes via
microscopy, cells were fixed with 4% formaldehyde, 0.29B-catenin/Tcf-mediated upregulation of cyclin D1 and altered cell
glutaraldehyde in 200 mM HEPES pH 7.2 for 20 minutes at roong€ycle progression (Xia et al., 2001). It was thus conceivable that
temperature and overnight at 4°C, postfixed with 1% osmiunthe inverse situation, namely lack @fcatenin, would impede
tetroxide in PBS for 1 hour on ice, washed witlOitreated with 1%  these essential biological processes in proliferating keratinocytes.
aqueous uranyl acetate for 1 hour at 4°C, then dehydrated throughingcordingly we compared the overall proliferative capacity of the
graded s_eries o_f ethanol and embedded in E_pon. UItrath_in SeCt_ioﬂ%mozygous, heterozygous  and-catenin-null  mutant
\Ié’vﬁiti(ia S'stg"\r/‘lig ;‘;ggtr‘(‘):]amcs)csectgtee 2?%0'6;\‘? u‘;'itrr]ate gggb‘_’éi‘;‘i’\fed N \&ratinocytes. Proliferation curves were established from cultures
ape rrfu o P g a16bob) ranging from low cell density (proliferative) to high cell density

' (contact inhibited) (Fig. 2A). Cells were harvested at 24 hour

intervals and counted. InterestingBtcatenin deletion did not

Adhesion assay affect the growth rate within each individual culture, nor did it
Cells seeded in quadruplicates were switched to highrBedium at  interfere with contact-induced growth arrest. Culture 3 in general
confluency for 30 hours (cell density 21%P/cn¥) and intercellular  had a slower growth rate than culture 1 and 2. This effect was,
adhesiveness assessed by a modified protocol (Caldelari et al., 20@iwever, independent of the presence Befatenin. In the
originally described by Calautti and colleagues (Calautti et al., 1998proliferative phase (96 hours, Fig. 2A) the cells were also stained
with propidium iodide and subjected to FACS analysis (Table 1).
The proportions of cells in G1, S or G2/M phase within the

Results _ N corresponding keratinocyte cultures did not differ. Normal cell
Long-term keratinocyte cultures and conditional cycle progression further correlated with unaltered cyclin D1
inactivation of the 3-catenin gene expression and was independent of inactivation of one ofboth

Long-term cultures were established according to our previousatenin alleles (Fig. 2B).
protocol (Caldelari et al., 2000) from the skin of transgenic To further assess whether Tcf/Lefl-mediated transcriptional
mouse embryos engineered to delete Breatenin allele at activity was reduced in the absencafatenin in proliferating
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AST 14+ Fig. 2. Proliferation capacity and transcriptional transactivation from
s —— 14/~ Tfc/Lefl promoters in homozygous, heterozygous uedtenin-null
e 24 mutant keratinocytes. (A) Proliferation curves were established under
3l a2 low C&*conditions for the indicated keratinocyte cultures. Error
w 3 bars represent standard deviation of the mean of triplicate samples
=2 3 within one out of two experiments. (B) During the proliferative phase
S (in A, 96 hours), cyclin D1 expression was simultaneously assessed
11 by western blot analysis. Plakoglobin expression examined on the
0 same blot served as a control for equal loading. (C) Keratinocytes

were transfected with pTOP-flash (gray bars) or the same amount of
pFOP-flash (open bars) reporter along with Leff-catenin as

hours indicated. Relative light units (firefly luciferase over renilla

luciferase) are indicated. Numbers are the ratios of normalized TOP-

0 24 48 72 96 120 144 168 192 216 240 264 288

B X v s . flash over FOP-flash activity. Bars represent minimum and maximum
VoY Y N Y Y . ) . .
NN Y ' values of duplicate samples of one experiment. This experiment was
PG T ey v e oy v repeated three times. (D) Expression of Tcf/Lef family members

assessed by RT-PCR. Total RNA was isolated from confluent cell
. cultures grown under low (I) or high (h) €aonditions. Plasmids,
CYCHNDT i ————————— full-length cDNA as positive control; DNA, genomic DNA used as
negative control; kDD, PCR performed without template. For Tcf-3
and GAPDH, the number of cycles was reduced to 25 and 15,
30 respectively, to allow semi-quantitative analysis.

@

@ Top-flash
25 1.31 1,87
Z OFop-flash :
€ 2 P Table 1. Percentage of cells in G1, S or G2/M phase 96
1 hours after seeding determined by FACS analysis of
= 157003 01 111 propidium-iodide-stained cells
Z 10 1.29 1,67 0.04 1.24 G1 s G2/M
= 27 0.09
g . 1.34 148 14+ 47 29 24
j I] h 1+ 45 30 23
0 BEEN IN INEE | W B E B 2+ 38 24 38
P 1 1 1 1 1|2 2 2 2 2 2 2-- 38 28 33
HA H- ot - A | - - A o= A - 3 +/- 37 22 34
Lefl - - + o+ - - - 4+ + = - 3/~ 38 20 34
[f-cat - - - - + + | - - - - T T

Cell cycle progression.

transactivators in epidermal keratinocytes as further discussed
below. Taken together these results demonstrated that epidermal
keratinocyte proliferation in vitro does not requreatenin, and
further revealed that this correlated wgitatenin-independent
inhibition of Tcf/Lef promoters, an effect that could be
overridden by overexpress@ecatenin or Lefl.

In epidermal stem cell§3-catenin-independent inhibition
from Tcf/Lef promoters was suggested to be conveyed by Tcf3
(Merill et al., 2001). To address such a possibility in our
cultured keratinocytes, we assessed expression of Tcf3 via
semi-quantitative RT-PCR along with that of Lefl and Tcf4
(Fig. 2D). Expression of Lefl has previously been reported in
keratinocytes, we transfected culturesBicét”’* and B-cat™-) primary epidermal keratinocyte cultures (Zhou et al., 1995),
and 2 B-cat’~ and B-cat™) with TOP-flash and FOP-flash and Tcf4 transcription can readily be detected in epidermal
reporter constructs (Molenaar et al., 1996), the latter containingktracts (H.P., L.W., D.B., R.K. et al., unpublished). In all
mutated Tcf/Lefl binding motives. Strikingly, transfection of cultures Tcf3, Tcf4 and Lefl were present and persisted during
TOP-flash reporter plasmid alone (without additioB-chtenin  early C&*-induced differentiation (Fig. 2D). The fact that Tcf3
or Lefl) resulted in a markedly lower activation of the TOP-flaslis expressed in these cultures whereas transcriptional
promoter as compared with FOP-flash, and this was independérdnsactivation from Tcf/Lef promoters is inhibited could thus
of the genotype (Fig. 2C). This situation was inverted when a Norovide a conceivable explanation for the latter phenomenon.
terminal stabilizing mutant of3-catenin or Lefl were co-
transfected, with the TOP-flash activity exceeding that of FOP- ) ) _
flash by up to 1.87-fold. The finding that ectopic expression dfonsequences of -catenin gene deletion for functional
Lefl conferred transcriptional transactivation in the absence @ssembly of intercellular adhesion structures
[-catenin was unexpected and suggests the presence of alterriateas been suggested that plakoglobin substitutes-éatenin
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Fig. 3.Establishment of intercellular adhesion in homozygous,
heterozygous an@-catenin-null mutant keratinocytes after incubation

in medium containing 1.2 mM Ca£[A) Cytoplasmic, TritonX-100-
soluble and -insoluble protein fractions were assessed by western blot
analysis using the indicated antibodies. Compared are cell equivalents
at the ratio of 2:1:1 in the respective fractions. E-cad, P(@-aad
expression were assessed on the same blot, whereas Pph3;-Bathl,
and Dsg3 expression were investigated on a second blot. Anti-tubulin
and anti-keratin 14 antibodies were used as loading controls on all
blots of the cytoplasmic or Triton-insoluble fraction, respectively (here
shown for one blot). (B) Double-immunofluorescence staining of
cultured mouse keratinocytes from the indicated genotype show linear
membrane localization of adherens junction proteins, E-cadherin,
a-catenin, plakoglobin and insertion of actin filaments in adherens
junctions. Similar results were obtained for desmosomal proteins.
Experimental procedures and photographic exposures were held
constant to obtain semi-quantitative results. (C) Adherens junctions
and desmosomes demonstrate identical ultrastructure in wild-tyfeaatdnin-null mutant keratinocytes (Scale bars, 435 nm). (D) Intercellular
adhesiveness was quantified. Values are meawrsipbars indicate standard deviations. Note that the differences were not significant. Dsg3,
desmoglein3; E-cad, E-cadherincat,a-catenin;3-cat, B-catenin; PG, plakoglobin; Pph, plakophilin.

actin

Dsg3

Dsg3
overlay

Dsg3
overlay

PG

in adherens junctions @@catenin knockout cells and that this et al., 2001). We therefore addressed the effedi-cdtenin
may result in a higher amount of plakoglobin at the plasmdepletion on the level and localization of plakoglobin and also
membrane (Haegel et al., 1995; Huelsken et al., 2000; Huelsken the functionality of both adherens junctions and desmosomes.
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Differentiation-dependent assembly of adherens junction D R S e S
and desmosomes was induced by incubating keratinocytes A2 - B
high C&* medium for 30 hours (Hennings et al., 1980; - —— — g E-cad
Caldelari et al., 2000). Interestingly, no increase in the stead 3 — e — e —— O-CA
state level of plakoglobin was observed in whole cell lysate L — = PB-cat
of heterozygous op-catenin-null mutant keratinocytes (Fig. &
1). We thus investigated a possible effecB-afatenin deletion S e SSee e PG
on the subcellular distribution and relative expression level c
plakoglobin and other junctional components. Cellular lysate S een e e e Dsg3
were fractionated in cytoplasmic, membrane-bound TritonX O e — F-cad
100-soluble and TritonX-100-insoluble proteins (Fig. 3A) as A - -
described previously (Pasdar et al., 1995). Using thi = | 8L e e e (-cat
fractionation procedure, the TritonX-100-soluble fraction
contains most of the adherens junction components ar e ween “wew PG
desmosomal proteins not yet assembled into desmosom
whereas the Triton-insoluble fraction mainly harbors fully "3} — e — — — — D53
assembled desmosomes (Pasdar et al., 1995). Interesting =]
there was no substantial alteration in the steady-state level a =

— PG
distribution of plakoglobin and the major adherens junctior. rTnea e

and desmosomal proteins in case [dCatenin deletion. Fig. 4. Substitution of3-catenin by plakoglobin if-catenin-null
Consistent with this finding, semi-quantitative double-labelingnutant keratinocytes in the TritonX-100-soluble fraction (same as in
immunofluorescence studies revealed comparable and lingfig. 3). Co-precipitation was done with E-cadherin, plakoglobin or
membrane staining of E-cadherin, plakoglobinoecatenin, desmoglein3 antibodies. The same western blots were sequentially
and a similarly organized actin filament networlBigatenin-  developed with the indicated antibodies. Note that clearly more
null keratinocytes (Fig. 3B)3-Catenin deletion did also not p'akog"?b,'f‘ associated ,"+‘”th E'Cadhe”mate”'r.ﬂ_?e”s than in
alter the membrane distribution of desmosomal proteini’cate”'”. or B-catenin™ cells. Dsg3, desmoglein3; E-cad, -
Furthermore, ultrastructurally desmosomes and adherefgc2dnering-cat,a-catenin-cat, p-catenin; PG, plakoglobin;
. . ’ - y . rﬁ’?)h, plakophilin.
junctions of 3-catenin-null keratinocytes showed the typical
epidermal morphology (Fig. 3C). Also no difference in the
number of adherens junctions or desmosomes per cell waltered ratio of E-cadherin versus desmoglein3 in the
observed between the different genotypes by counting electrammunoprecipitates dB-catenin-null cells.
microscopic sections (data not shown). Thus, in the absence ofCollectively these data confirm the hypothesis that
B-catenin, cultured keratinocytes appeared to possess nornmdikoglobin substitutes for the lack Bfcatenin in adherens
numbers of correctly assembled adherens junctions arndnctions (Haegel et al., 1995; Huelsken et al., 2000; Huelsken
desmosomes. To address whether these intercellular junctioesal., 2001). They further demonstrate that this substitution
were functional in the absence [®tatenin, we performed an does not visibly affect the steady-state level and compartment
adhesion assay, which is based on resistance to applicationditribution of plakoglobin, or its association partners, in
mechanical stress (Calautti et al., 1998; Caldelari et al., 20013dherens  junctions and desmosomes in epidermal
Overall we found intercellular adhesive strength to bekeratinocytes (see also Fig. 5). This finding is consistent with
unchanged between the individual cultures, despite deletion ttie functionally and ultrastructurally intact intercellular
the B-cateningene (Fig. 3D). The more substantial adhesiveadhesion structures demonstrated herein.
strength observed in culture 2, which is independen-of
catenin, will be discussed below. _ _ .

We further assessed whether plakoglobin could substitute féfonsequences of B-catenin gene deletion on terminal
the lack off-catenin in adherens junctions, thus explaining thdlifferentiation
observed undisturbed intercellular adhesiveness. CdFo define the involvement off-catenin in the terminal
precipitation studies were performed of the TritonX-100-differentiation capacity of these keratinocytes, expression of
soluble protein fractions {which contain most of the adherenseveral constituents of the cornified envelope such as
junction components [(Brault et al., 2001), see Fig. 3a]} usingnvolucrin, loricrin and filaggrin were evaluated during?Ga
either E-cadherin or plakoglobin antibodies (Fig. 4). Clearlyinduced differentiation (Fig. 5). We also addressed the steady-
more plakoglobin was associated with E-cadherfiréatenin-  state level of desmogleinl. Western blot analyses of total
null keratinocytes than in those expressfigatenin (Fig. 4  extracts from differentiating keratinocytes (high?Canedium
IP:E-cadherin). Consistently more E-cadherin was cofor 130 hours) showed no obvious differences in the expression
precipitated with a given amount of plakoglobin in these cellsevels of desmogleinl and involucrin, both markers of early
(Fig. 4, IP:PG). Conversely, slightly less TritonX-100-solubleterminal differentiation. Independent of the presence or
desmoglein3 was seen in the precipitates in the abserfte ofabsence off3-catenin, culture 2 showed higher levels of
catenin. The subsequent co-precipitation of the same proteitesmogleinl expression at that time point compatible with its
fraction with desmoglein3 antibodies revealed comparablstronger adhesion observed in the adhesion assay at 30 hours
amounts of co-precipitating plakoglobin (Fig. 4, IP:Dsg3). Thigsee Fig. 3D). However, differences were apparent in the
indicated that the difference was not due to less plakoglobisteady-state levels of filaggrin and loricrin, two markers of late
associating with desmoglein3 but was probably due to aterminal differentiation. Botlf8-catenin-null cultures (2-and
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AN B e N plakoglobin, which binds to E-cadherin in tBecatenin-null
b s I - cells, appears to be too small to notably change the already
Dsgl/2 - v substantial plakoglobin pool at the plasma membrane. This
— ——

notion is consistent with our finding that levels of plaque and

INVOIUCTIN s — adhesion molecules in these cellular fractions remained

g unchanged and that the stability, assembly and adhesiveness of
- | - - the respective intercellular junctions was not altered detectably.
Together with our finding that the expression of early
differentiation markers also remained unchanged, these results
demonstrate thgd-catenin is dispensable during early terminal
differentiation. Consequently, this further rules out any
compulsory adhesion or signaling requirement aratenin
during this process.

It has already been discussed fatatenin signaling must

be silenced to allow differentiation of stem cells into
interfollicular epidermal keratinocytes (DasGupta and Fuchs,
1999; Merrill et al., 2001; Huelsken et al., 2001; Niemann et
Fig. 5. Expression of early and late terminal differentiation markers al., 2002). This was suggested to occur by binding of inhibitory

loricrin — e - — — —

filaggrin .'

in homozygous, heterozygous ghdatenin-null mutant Tcf3 to the Tcf/Lef promoter (Merrill et al., 2001). Our finding

keratinocytes. Western blot analysis of whole cell lysates of culturesthat Tcf3 is transcribed in cultured keratinocytes whereas
130 hours in KSFM high Cawere developed with the indicated Tcf/Lef promoters are repressed, supports such an inhibitory
ant[|b.0d|e5. The arrow |nd|(;ates the partlally CrOSSllnked form Of role by ch3 That the repreSS|On perS|StS |n the Cultured
loricrin. Dsg1/2: desmoglein1/2. keratinocytes in spite of Tcf4 and Lefl transcription may have

several reasons. The level of the endogenously expressed Tcf4,

Lefl protein may be too low. This is probably the case, as
3-) showed lower levels of a partially cross-linked form ofevidenced by the finding that ectopically expressed Lefl
loricrin (Fig. 5, arrow) compared with their heterozygousreversed inhibition and supported transcription in the same
counterparts, although this form was not yet detected at thaells. A complementary mechanism for Tcf/Lef promoter
time point in culture 1. Moreover, filaggrin expression wassilencing would comprise inhibition of the basic transcription
inconsistent overall. Taken together, these analyses indicatetachinery by Tcf-binding proteins. This possibility is
that expression of early terminal differentiation markers wasuggested by our results: transcriptional activity from the
similar in all cell cultures, whereas that of loricrin waspTOP-flash was lower than from the pFOP-flash promoter
inconsistent in the absence®tatenin. (having mutated Tcf binding motives). The previously

described crosstalk betwe@rcatenin and basic transcription

) ) could occur via the TATA-box-binding protein (Hecht et al.,
Discussion 1999). Even though this mechanisms is interesting, inhibition
In adherens junctiong-catenin and plakoglobin both bind to of basic transcription from Tcf/Lef-responsive promoters has
the same site on E-cadherin’s cytoplasmic tail and fulfillso far not been observed in cultured murine epidermal
similar adhesive functions (Stappert and Kemler, 1994). It wakeratinocytes. Typically however, in the absence of exogenous
therefore hypothesized that the increased lateral membrafectors (for example stabilizgdcatenin), activation was found
staining for plakoglobin in the trophectoderm®tatenin’~  to be very low (e.g. Merill et al., 2001; Xia et al., 2001).
mouse embryos emanates from a compensatory mechanismAhsence of inhibition of the basic transcription machinery in
which plakoglobin functionally substitutes f@rcatenin in the the former studies is probably due to the use of alternate
cadherin-catenin complex (Haegel et al., 1995; Huelsken et apromoters in conjunction with the Tcf/Lef-binding motifs [c-
2000). The observation that conditiongcatenin gene Fos (Merill et al., 2001; Xia et al., 2001), thymidine kinase in
ablation in transgenic mice failed to disrupt the interfollicularthis study]. Weak promoters, like the one used in this study,
epidermal architecture further supported this hypothesimay be completely repressed by inhibitory proteins binding to
(Huelsken et al., 2001). Our results now provide the moleculgdhe Tcf-motifs, whereas stronger promoters will still show
evidence for this assumption. basic transcriptional activity. Despite the discrepancy between
Our biochemical, ultrastructural and functional studies usinghe former and our results, promoter analyses consistently

B-catenin-null keratinocytes demonstrate that plakoglobishowed enhanced transcriptional transactivation when
compensates for the lack@fcatenin by binding to E-cadherin. stabilized B-catenin was co-expressed. In adult transgenic
Interestingly, although this compensation results in a visiblenice, the same transgene can promote tumor formation in the
change of the amount of plakoglobin at the plasma membrampidermis (Gat et al., 1998), although it drives differentiating
in trophectorderm (Haegel et al., 1995; Huelsken et al., 2000gultured epidermal keratinocytes back into the putative stem
this is not the case in the epidermal keratinocytes. The mosell compartment (Zhu and Watt, 1999). These findings
likely reason for this phenomenon is the relatively largeemphasize the necessity of a tight control ftatenin
amount of plakoglobin in epidermal keratinocytes. This issignaling during epidermal keratinocyte proliferation and
mainly due to the abundant desmosomes, which ardifferentiation. To fully understand this control and in
characteristic of tissues that experience substantial mechanigarticular 3-catenin silencing in epidermal keratinocytes, it
stress (Green and Gaudry, 2000). Accordingly, the additionalill be necessary to address the highly orchestrated interplay
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between transcription factors, transactivators and inhibitors ithese cells by Tcf3 at the level of the Tcf/Lef promoters. This

addition to repressor proteins like Groucho (Barker et alinhibition might prevent inadequate transactivation By

2000) or CtBP (Chinnadurai, 2002). catenin, which could trigger proliferation at the expense of
As already mentioned, silencing Bfcatenin signaling is differentiation, hamper the exit from the putative stem cell

required to allow epidermal differentiation (DasGupta andccompartment and ultimately lead to tumorigenesis.

Fuchs, 1999; Huelsken and Birchmeier, 2001; Merrill et al.,

2001). The opposite appears to occur in skin appendagesWe thank the many researchers who provided us with antibodies

lineage differentiation (Merrill et al., 2001). Silencing ®f thgrlina;rr:;fti:gpi.heolgvazgcﬁgtﬁgigll(ssgi%iscéoégﬁiz;n/igcr)\ zurgﬁgtzd;;“s

(;atenln S|gnalllng In one case but not in the other, provides 45’6.99 ana #31-63146.00, and the Martha Stiftung Zirich (Reto

likely explanation for how the many Wnts that are expresse aldelari).

in neonatal skin (Reddy et al., 2001) are selective for either

tissue compartment. The observation that conditional gene
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