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Differentiation of skin stem cells into hair follicles (HFs) requires the inhibition of B-catenin degradation,
which is controlled by a complex containing axin and the protein kinase GSK3p. Using conditional gene
targeting in mice, we show now that the small GTPase Cdc42 is crucial for differentiation of skin progenitor
cells into HF lineage and that it regulates the turnover of B-catenin. In the absence of Cdc42, degradation of
B-catenin was increased corresponding to a decreased phosphorylation of GSK3 at Ser 9 and an increased
phosphorylation of axin, which is known to be required for binding of B-catenin to the degradation machinery.
Cdc42-mediated regulation of B-catenin turnover was completely dependent on PKC{, which associated with
Cdc42, Par6, and Par3. These data suggest that Cdc42 regulation of B-catenin turnover is important for

terminal differentiation of HF progenitor cells in vivo.

[Keywords: Rho GTPases; B-catenin; keratinocytes|

Supplemental material is available at http://www.genesdev.org.

Received August 2, 2005; revised version accepted January 12, 2006.

Cdc42 is a ubiquitously expressed small GTPase belong-
ing to the Rho family (Etienne-Manneville and Hall
2002). It exists in an active GTP-bound and an inactive
GDP-bound form. Signaling by integrins, growth factor
and cytokine receptors, and cadherins can activate
Cdc42 by stimulating the exchange of GDP to GTP, cata-
lyzed by guanine-nucleotide exchange factors (GEFs).
Only in its active form can Cdc42 interact with different
effector molecules such as PAK1-4, N-WASP, IQGAP,
and Par6, which in turn regulate the actin cytoskeleton,
microtubule network, cell polarity, proliferation, apo-
ptosis, endocytosis, and secretion (Bishop and Hall 2000).
Since many of these effectors are expressed tissue spe-
cifically in different amounts, the consequences of
Cdc42 activation are dependent on the cell type. Mice
with a constitutive knockout of Cdc42 die around im-
plantation, indicating the importance of Cdc42 function
in vivo (Chen et al. 2000), but preventing the analysis of
Cdc42 at later time points of development.
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Currently, nothing is known about the role of Cdc42
in skin development and maintenance. Although Cdc42
was shown to regulate many cellular processes, a crucial
role for Cdc42 in differentiation has not been demon-
strated so far.

The skin is made of epidermis (consisting primarily of
keratinocytes) and an underlying dermis, separated by a
basement membrane (BM) (Alonso and Fuchs 2003). At-
tached to the BM are the basal keratinocytes. To further
differentiate they detach from the BM, stop proliferation,
and become suprabasal keratinocytes. Finally, these cells
undergo an apoptosis-related process called “terminal
differentiation” and form the stratum corneum, which
seals the skin to the outside (Gandarillas 2000). Kera-
tinocyte stem cells also give rise to skin appendages such
as sebaceous glands and hair follicles (HFs). During em-
bryogenesis, HF morphogenesis is initiated by a cross-
talk between epithelial keratinocytes and mesenchymal
cells (Schmidt-Ullrich and Paus 2005). Wnt signaling and
stabilization of B-catenin is required for formation of the
hair placode, but also for the differentiation of progenitor
cells into companion, inner root sheath (IRS), and hair
shaft (HS) layers. If B-catenin is lost after HF morpho-
genesis, follicle progenitor cells change their fate deci-
sion from HF to epidermal differentiation (Huelsken et
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al. 2001). Cytosolic levels of B-catenin are tightly regu-
lated by a complex containing APC, axin, and GSK38,
which binds and phosphorylates B-catenin, thus target-
ing it for proteasomal degradation. B-catenin is phos-
phorylated by GSK3B, which also phosphorylates axin
(Willert et al. 1999). Only if axin is phosporylated can
B-catenin bind efficiently to the degradation complex.
Wnt signaling inhibits the kinase activity of GSK3p in
this complex, leading to stabilization of B-catenin that
can then move to the nucleus, where it associates with
transcription factors of the LEF/TCF family and induces
the expression of HF-specific genes (Alonso and Fuchs
2003). Many data suggested that GSK3p in the Wnt path-
way is insulated from regulators of GSK3 that lie out-
side of the Wnt pathway. For example, insulin-induced
phosphorylation of GSK3B at Ser 9, which inhibits the
kinase activity of GSK3p, does not affect degradation of
B-catenin (Ding et al. 2000; Yuan et al. 1999). Recently,
however, LKB1/XEEK1 was suggested to affect Wnt sig-
naling by PKC{¢-mediated phosphorylation of GSK3p
(Ossipova et al. 2003). Furthermore, Cdc42 was described
to regulate B-catenin turnover in cultured astrocytes via
Par6-PKC¢-mediated phosphorylation of GSK3p (Eti-
enne-Manneville and Hall 2003).

To analyze the function of Cdc42 in skin and to test
whether Cdc42 is important in skin progenitor cell dif-
ferentiation, we generated mice with a keratinocyte-re-
stricted deletion of the Cdc42 gene. We show now that
Cdc42 is crucial for the fate decision of epidermal pro-
genitor cells in the HF and that it regulates B-catenin
degradation in vivo and in vitro. In addition, our data
indicate that Cdc42 is important for cell-cell contacts
between keratinocytes at least partially by controlling
the degradation of B-catenin and plakoglobin.

Results

Progenitor fate decision in the HF is defective
in the absence of Cdc42

Using the cre-loxP system mice with a keratinocyte-re-
stricted deletion of the Cdc42 gene were generated (Fig.
1A; Supplementary Fig. 9A). Mutant offspring (Cdc42f/!
K5) showed an efficient loss of Cdc42 protein in primary
keratinocytes and epidermal lysates isolated from em-
bryonic day 18.5 (E18.5), 3-mo-old, and 4-mo-old mice
(Fig. 1B). Littermates heterozygous for the conditional
Cdc42 gene and expressing the cre recombinase
(Cdc42f* K5), which were used as controls, expressed
still high amounts of Cdc42. Mutant mice were born
without obvious defects, but showed impaired hair for-
mation and growth retardation of ~30% in 2-wk-old ani-
mals (Fig. 1C). Within 4 wk, all hairs were lost and did
not grow again in older mice (Fig. 1C).

Although Cdc42 mutant mice showed highly impaired
hair coat development, the density of HFs in the back
skin of 3-d-old mutant mice was not significantly altered
(Fig. 1D; control [con]: 3.8 + 0.3 HFs/micron of epi-
dermis; Cdc42!/" K5 cre [ko]: 3.6 + 0.2 HFs/micron of
epidermis; n = 3, >100 HFs counted/mouse), as assessed
by hematoxylin-eosin staining. The average length of
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the HFs, however, was significantly reduced (con:
253.4 + 20.7 um; ko: 107.9 + 19.6 um; n =3, >100 HFs
measured/mouse; p < 0.005). This documents a severe
delay in postnatal HF morphogenesis. In HFs of 2-wk-old
control mice, hair matrix, IRS, and HS cells were readily
distinguishable (Fig. 1D, hair matrix [blue arrowheads],
IRS [arrows], HS [black arrowheads]). In mutant animals
no typical hair matrix, IRS, or HS cells were observed.
Large, roundish cells with weak nuclear staining, similar
to suprabasal cells of the epidermis, were found in place
of hair matrix (Fig. 1D, blue arrows) or IRS cells (Fig. 1D,
white arrows). Furthermore, stratum corneum extended
deep into the HFs of mutant mice (Fig. 1D, white arrow-
heads).

While in 3-d-old mice the number of proliferating
Ki67" cells was similar in the hair matrix of control and
mutants, proliferation became reduced by postnatal day
9 (P9) (Supplementary Fig. 1A,A’,B,B’). In 2-wk-old mu-
tant mice proliferating (BrdU") cells were found only in
the outermost layer of the HF, whereas in controls most
cells of the hair matrix were dividing (Supplementary
Fig. 1C,C’).

To investigate abnormalities in HF differentiation we
then assessed the expression of HF-specific keratins,
which are hardly detectable at 3 d, but are strongly ex-
pressed in HFs of 9- and 14-d-old control mice. Mutant
mice showed a progressive loss of specific IRS and HS
markers. At 9 d, mutant mice displayed reduced levels of
Ké6irs2 (IRS cuticle) (Supplementary Fig. 1D,D’) and
hHa5 (HS matrix) (Supplementary Fig. 1E,E’), while at 14
d of age no staining could be detected for any HF-specific
keratin tested (K6irs1 [all IRS], K6irs3 [IRS cuticle], hHb2
[HS cuticle], hHa4 [upper cortex of HS]) (Fig. 2A’-D’) in
contrast to control mice (Fig. 2A-D). Instead, mutant
HFs expressed K10 and loricrin (Fig. 2E',F’, arrows),
which are normally not found in HFs, but are a charac-
teristic of epidermis (Fig. 2E,F).

Expression and localization of the adherens junction
proteins E-cadherin and a-catenin and of the tight junc-
tion markers ZO-1 and occludin were similar in HFs of
3- and 9-d-old control and mutant mice (Supplementary
Fig. 3A-D,F-K,A’-D’,F'-K’). At 14 d, E-cadherin and
a-catenin were still present in Cdc42-null HFs, while
Z0-1 and occludin were strongly reduced (Fig. 2G,G/,
arrows; Supplementary Fig. 3M-P,M'-P’, arrows). Also
the thick actin bundles characteristic for ORS cells were
lost in the absence of Cdc42 (Fig. 2H,H'). Staining for the
Cdc42 effector IQGAP1 was similar in HFs of 3-d-old
control and mutant mice (Supplementary Fig. 3E,E’),
while at 9 d Cdc42-null HFs displayed reduced amounts
of IQGAPI in the ORS layer (Supplementary Fig. 3L,L’).

Versican expression of fibroblasts in the dermal papilla
correlates with their ability to induce hair growth in the
skin of nude mice (Kishimoto et al. 2000). In contrast to
control mice, versican-expressing dermal papillas were
hardly detectable in HF of 2-wk-old mutant mice
(Supplementary Fig. 2A,A’, arrow). Since the knockout
of Cdc42 was restricted to keratinocytes, this change in
dermal papilla versican expression indicates defective
epithelial-mesenchymal cross-talk.
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Figure 1. Generation of mice with a keratinocyte-restricted deletion of the Cdc42 gene. (A) Targeting scheme showing the Cdc42 gene

(wild type), the targeting construct, and the conditional allele after homologous recombination of the targeting construct and removal
of the floxed neo-tk cassette by transient cre transfection. (Filled boxes) Exons; (tk) thymidin kinase expression cassette; (neo)
neomycin resistance expression cassette; (triangles) loxP sites; (E) EcoRI; (X) Xbal; (B) BamHI; (Bs) BsrGI; (probe 1) external probe; (probe
2) internal probe. Both probes were used after EcoRI digestion. (B) Western blot analysis for Cdc42 and tubulin of epidermal lysates of
E18.5, 3-d-old, and 4-mo-old mice of the indicated genotypes. (C) Photographs of 2-wk-old and 4.5-mo-old mice with a keratinocyte-
restricted deletion of the Cdc42 gene, together with corresponding control mice. Mutant mice showed progressive loss of hairs. (D)
Hematoxylin-eosin (HE)-stained paraffin sections of back skin of 3-d-old and 2-wk-old Cdc42/"! K5 cre (ko) and control (con) mice. HFs
of 3-d-old mutant mice were shorter than in controls. Two-week-old mutants showed an aberrant HF morphology lacking normal hair
matrix (con: blue arrowheads; ko: blue arrows), IRS (con: black arrows; ko: white arrows), and HS (con: black arrowheads; ko: white

arrowheads).

Absence of hair bulb cells containing the apoptotic
marker cleaved caspase-3 in Cdc42-deficient mice at 3
and 9 d of age indicated that the loss of HF-specific gene
expression is not due to a premature catagen initiation
(Supplementary Fig. 2G,H,G’,H’).

In 4.5-mo-old mutant mice, dermal cysts were de-
tected (Fig. 2I). These cysts consisted of several layers of
cells organized as the epidermis in basal layers (K147,
K107) (Fig. 2J; Supplementary Fig. 2B), suprabasal layers
(K10") (Fig. 2J), and terminally differentiating cells (lori-
crin®) (Supplementary Fig. 2C). Such cysts were never
found in control mice. Intriguingly, such cysts have pre-
viously been detected in mice lacking functional
B-catenin or LEF-1, a B-catenin-binding transcription fac-
tor, in keratinocytes (Huelsken et al. 2001; DasGupta et
al. 2002; Niemann et al. 2002).

Taken together, these data show that in the absence of
Cdc42 epithelial progenitor cells in the HF change their
fate decision from HF keratinocytes to keratinocytes of
the epidermis. Interestingly, sebaceous glands were still
present in these mice (Fig. 2K,K’, arrows), indicating that
differentiation of skin stem cells into sebocytes was not
impaired.

Transcription factors inducing HF-specific genes
are lost

Normal hair morphogenesis requires B-catenin, which
translocates from the cytoplasm to the nucleus where it
associates with transcription factors of the LEF/TCF
family to induce the expression of HF-specific genes
(Schmidt-Ullrich and Paus 2005). Since the HF pheno-
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type of Cdc42-deficient mice has similarities to that of
mice lacking B-catenin in keratinocytes—i.e., loss of HF-
specific proteins, expression of epidermis markers, for-
mation of dermal cysts, and maintenance of sebaceous
glands (Huelsken et al. 2001)—we tested whether
B-catenin is reduced in the HFs of Cdc42-mutant ani-
mals.

Immunofluorescence analysis detected nuclear B-cate-
nin in the precortex region of mutant HFs at 3 d (Fig.
2L,L’, arrows), but a loss of nuclear B-catenin at 9 d (Fig.
2M,M’, arrows), while it was still present at the cell-
cell junctions. At 9 d, LEF-1 showed nuclear localiza-
tion in the precortex region of both normal and mutant
HFs (Supplementary Fig. 2D,D’, arrows). However, in
2-wk-old mutant mice, LEF-1 was not detectable any
more, in contrast to control mice (Supplementary Fig.
2E,E’, arrow).

These data suggest a specific reduction of nuclear
B-catenin and subsequent decline in LEF-1 as a possible
explanation for the loss of HF-type epithelial differentia-
tion.

In the absence of Cdc42, basal keratinocytes show
increased proliferation, but can
terminally differentiate

Two-week-old mutant mice exhibited a strong hyperpla-
sia and hyperkeratosis of the epidermis (Fig. 3A’). While
in control mice K14 was mainly expressed by basal ke-
ratinocytes, K14 was clearly present in all epidermal
cells of mutant mice (Fig. 3C,C’). Hyperplasia was likely
caused by an enlarged suprabasal keratinocyte compart-
ment as indicated by keratin 10 expression (Fig. 3D,D’).
Terminal differentiation as indicated by the expression
of loricrin was similar in mutant and control animals
(Fig. 3E,E’). Keratin 6 is normally not expressed in the
epidermis (Supplementary Fig. 2F), but can be up-regu-
lated in hyperproliferative conditions. Mutant mice
showed a strong expression of keratin 6 in the suprabasal
layers of the epidermis (Supplementary Fig. 2F').

Counting of BrdU" cells in the interfollicular epider-
mis indicated a significantly increased proliferation in
2-wk-old mutant mice restricted to basal keratinocytes
(Fig. 3B,B’): Whereas in normal skin 6.8 + 2.3% of the
basal keratinocytes were BrdU*, this number increased
to 14.2 + 5.6% in mutant mice (n = 3; p < 0.05).

Loss of cell-cell contacts in epidermis of old mice
lacking Cdc42 in keratinocytes

Keratinocytes adhere to each other via adherens junc-
tions consisting of E-cadherin, B-catenin, and «-catenin,
which is attached to the actin cytoskeleton, or via des-
mosomes containing plakoglobin. In 2-wk-old Cdc42-
deficient mice, hematoxylin-eosin staining did not re-
veal defective cell-cell contacts (Fig. 3A,A’). Further-
more, staining for the junctional proteins E-cadherin,
a-catenin, B-catenin, ZO-1, and occludin at 3, 9, and 14
d did not indicate obvious disturbances of cell-cell junc-

Cdc42 function in keratinocytes in vivo

K10/a6
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Figure 3. Epidermal hyperplasia in Cdc42-deficient skin. Par-
affin (HE, BrdU) and cryo-sections (K14, K10, loricrin) of back
skin of 14-d-old (A-E,A’-E’) Cdc42Y"! K5 cre (ko, A'-E’) and
control mice (con, A-E) were analyzed by histochemical stain-
ing and immunofluorescence. Mutant mice showed epidermal
hyperplasia in hematoxylin-eosin staining (HE; A,A’), corre-
sponding to an increased proliferation of basal keratinocytes as
detected by BrdU incorporation (BrdU; B,B’). Cdc42-deficient
keratinocytes developed from basal (K14: keratin 14; C,C’) to
suprabasal (K10: keratin 10; D,D’) and terminally differentiating
cells (loricrin; E,E’). (C-E,C'-E') Counterstaining for a6 integrin
(a6) indicates the dermal-epidermal junction. Bar, 50 pm.

tions in mutant mice (Supplementary Fig. 4A-E A’-E’,
G-K,G'-K',M—Q,M'-Q’).

Mice older than 4 mo, however, displayed significant
widening of the intercellular space between keratino-
cytes in many areas of the epidermis (Supplementary
Fig. 5A,A’ and enlarged in B,B’). Even intraepidermal
microblisters were frequently observed in mutant mice
(Supplementary Fig. 5A’,B’, arrows). These defects were
found in most, but not in all, parts of the epider-
mis. Electron microscopical analysis demonstrated that
mutant keratinocytes had long protrusions, some of
them making contacts to neighboring keratinocytes
(Supplementary Fig. 5C,C’). In 4.5-mo-old mutant mice,
desmosomes were found without obvious morphological

GENES & DEVELOPMENT 575



Wu et al.

alterations that were unevenly distributed over the cell
surface (Supplementary Fig. 5D,D’; data not shown), al-
though the number of desmosomes in the basal keratino-
cyte layer was not significantly changed (con: 10 + 3.7
desmosomes/medially sectioned basal keratinocyte; ko:
7 + 3.3; 10 keratinocyctes counted; p > 0.05).

To investigate the reason for this cell-cell adhesion
defect, intracellular localization and expression of E-
cadherin, plakoglobin, or «-catenin in keratinocytes
were examined, since loss of these molecules results
in defective cell-cell contacts in vivo (Bierkamp et al.
1999; Vasioukhin et al. 2001; Young et al. 2003; Tinkle
et al. 2004). Indeed, membranous localization of E-
cadherin, plakoglobin, B-catenin, and a-catenin was
strongly decreased in 4.5-mo-old mice lacking Cdc42,
most prominently in basal keratinocytes (Supplemen-
tary Fig. 5E-H,E'-H’). Western blot analysis of epidermal
lysates of 4.5-mo-old control and mutant mice con-
firmed the reduction of E-cadherin, plakoglobin,
B-catenin, and a-catenin protein in Cdc42-deficient epi-
dermis (quantification in Supplementary Fig. 5E"-H;
representative blots in Supplementary Fig. 8A). In the
absence of Cdc42, staining for F-actin was more diffuse
in the basal keratinocyte layer, while it appeared to be
similar to controls in suprabasal regions (Supplementary
Fig. 5L1').

p120 catenin associates with E-cadherin and was pro-
posed to regulate E-cadherin transport to the cell surface,
its retention at the membrane, and lysosomal degrada-
tion (Peifer and Yap 2003). In the absence of Cdc42, p120
was still expressed normally as assessed by Western blot-
ting (Supplementary Fig. 5J”), indicating that the reduc-
tion of E-cadherin is not caused by a reduction of p120.
As expected, p120 localization at the cell membrane was
reduced in basal keratinocytes (Supplementary Fig. 5J,]')
due to the decreased membrane localization of E-cad-
herin (Thoreson et al. 2000).

Cdc42-GTP reportedly strengthens cell-cell adhesion
by binding to IQGAP1 and preventing its interaction
with B-catenin (Kuroda et al. 1998). Loss of Cdc42, there-
fore, was expected to result in an increased binding of
IQGAPI to junctional B-catenin and reduced cell-cell
contacts. However, no obvious change in IQGAP1 was
detected in the epidermis of 3- and 9-d-old mutant mice
(Supplementary Fig. 4F,F’,L,L’). In keratinocytes of 2-wk-
old mutant mice, membrane association of IQGAPI ap-
peared to be reduced, although junctional B-catenin was
not visibly altered (Supplementary Fig. 4R,R’,0,0’). Also
in 4.5-mo-old mutant mice, IQGAP1 showed reduced
membrane localization (Supplementary Fig. 5K,K’). In
addition, IQGAPI1 protein levels were decreased (Supple-
mentary Fig. 5K”), suggesting a role of Cdc42 in IQGAP1
expression or turnover.

Loss of B-catenin precedes loss of E-cadherin
in Cdc42-deficient epidermis

To understand the reason for the loss of E-cadherin,
B-catenin, and plakoglobin in Cdc42-deficient keratino-
cytes of 4.5-mo-old mice, we analyzed the kinetics of
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these changes by Western blot analysis of epidermal ly-
sates. While 2-wk-old mutant mice showed normal
amounts of total cellular E-cadherin, B-catenin, and pla-
koglobin, 3-mo-0ld mutant mice exhibited a reduction of
total cellular B-catenin, but no major changes in E-cad-
herin or plakoglobin levels (quantification in Fig. 4A;
representative blots in Supplementary Fig. 8A). Only 4.5-
mo-old mice showed a reduction in the total cellular
amounts of all three proteins in the absence of Cdc42.
These data demonstrate that loss of B-catenin in Cdc42-
null keratinocytes is not caused by a reduction of E-cad-
herin, but that loss of B-catenin precedes the loss of E-
cadherin and plakoglobin.

Northern blot analysis of mRNA from epidermis of
2.5- and 3.5-mo-old mice revealed no changes in the
amount of B-catenin message, suggesting that the reduc-
tion of B-catenin protein is most likely due to increased
degradation of B-catenin (Supplementary Fig. 8B).

In vivo, phosphorylation of PKC{ and GSK3B
are reduced in the absence of Cdc42

In astrocytes, Cdc42 regulates the degradation of
B-catenin by controlling the PKC{-mediated phosphory-
lation of GSK3B (Etienne-Manneville and Hall 2001,
2003). GSK3p is part of a complex that binds and phos-
phorylates free, cytosolic B-catenin, thus targeting it for
degradation (Doble and Woodgett 2003). Phosphoryla-
tion of GSK3pB at Ser 9 reduces GSK3p-mediated phos-
phorylation of B-catenin and thus stabilizes B-catenin. If
this pathway also operates in keratinocytes in vivo, one
would expect a reduced phosphorylation of GSK3p at Ser
9 in the absence of Cdc42.

We tested this hypothesis by immunofluorescent
staining of skin sections and Western blotting of epider-
mal lysates, using antibodies specifically recognizing
phosphorylated and supposedly active PKC{ (p-PKC()
and GSK3p phosphorylated at Ser 9 (p-GSK3p). In 3-,
9-, and 14-d-old control mice, p-PKC{ and p-GSK3p
were found in the matrix region of the hair bulb (Fig.
4D,F, arrows; Supplementary Fig. 6B,D,H,J, arrows). In
contrast, mutant mice of the same age showed sig-
nificantly reduced amounts of p-PKC{ and p-GSK3p in
this HF region (Fig. 4D’,F’, arrows; Supplementary Fig.
6B',D’,H',]’, arrows).

In the epidermis of 3-, 9-, and 14-d-old control mice,
PKC{ and GSK3p were phosphorylated in basal and su-
prabasal regions (Fig. 4C,E; Supplementary Fig.
6A,C,G,I). In the absence of Cdc42, pPKC{ was strongly
reduced in the whole epidermis (Fig. 4C’; Supplemen-
tary, Fig. 6A’,G’, arrows), while p-GSK3p was lost spe-
cifically in the basal keratinocytes (Fig. 4E’, arrowheads;
Supplementary Fig. 6C’,I', arrowheads), but not in the
suprabasal layers (Fig. 4E’, arrows; Supplementary Fig.
6C',I', arrows). Western blot analysis confirmed the re-
duction of p-PKC{ and p-GSK3 in the epidermis of 3-d-
old mutant mice (Fig. 4B). Also at later time points (2 wk,
3 mo, 4.5 mo), p-GSK3p was decreased, while total cel-
lular GSK3B was unchanged (quantification in Fig. 4A;
representative blots in Supplementary Fig. 8A).
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GSK3 can be phosphorylated by Akt. To test whether
increased Akt activity in suprabasal layers of Cdc42-
deficient mice could explain the phosphorylation of
GSK3p restricted to the suprabasal layers, we stained
skin sections of 3-, 9-, and 14-d-old mice for the pres-
ence of phosphorylated Akt (p-Akt) (Fig. 4G,G’; Supple-
mentary Fig. 6E,E',K,K’). Indeed, only suprabasal layers
of mutant mice showed detectable amounts of active
Akt, which might rescue the loss of Cdc42-dependent
phosphorylation of GSK3p (Fig. 4G’; Supplementary Fig.
6E’,K’, arrows). Neither control nor mutant mice
showed detectable levels of p-Akt in the hair bulb region
(Fig. 4H,H', arrows; Supplementary Fig. 6F,F,L,L’, ar-
rows).

Previously, keratin 6 was shown to increase Akt ac-
tivity (Santos et al. 2002). Interestingly, keratin 6 was
overexpressed in mutant mice only in the suprabasal lay-
ers (Supplementary Fig. 2F'), correlating well with the
observed Akt activation.

These data suggest that loss of Cdc42 leads to a re-
duced activation of PKC{ and a decreased phosphoryla-
tion of GSK3p at Ser 9 in HFs and basal keratinocytes in
vivo.

Cdc42 regulates B-catenin degradation in vivo

We next investigated whether the Cdc42-dependent
regulation of GSK3B phosphorylation involves a Par6-
PKC{ complex as reported for astrocytes (Etienne-
Manneville and Hall 2001, 2003). Immunoprecipitation
of PKC{ from epidermal lysates of control mice copre-
cipitated Par6 (Fig. 5A), showing that keratinocytes har-

Figure 5. Cdc42 binds to a Par6-Par3- A
PKC{ complex in keratinocytes and con-
trols axin phosphorylation in vivo. (A) Im-
munoprecipitations (IP) of lysates from
wild-type epidermis, Cdc42-null epidermis,
or keratinocytes expressing constitutively
active Cdc42 (Cdc42V12) were carried out
as indicated. Antibodies against laminin 5
were used in control IPs (con). A dash indi-
cates total cell lysate. Western blots (WB)
were performed with the antibodies indi-
cated at the left side. The first two series of
IPs demonstrated the presence of a Par6-
Par3-PKC{ complex in wild-type epidermis.
Note that PKC{ precipitated together with
the 100-kDa form of Par3, to which it can
only bind indirectly. IPs from Cdc42V12-ex-
pressing keratinocytes showed that Cdc42
associates with Par3d and PKC{. IP from
Cdc42-null epidermis revealed the presence
of a Par6-Par3-PKC{ complex also in the
absence of Cdc42. Finally, GSK3p (arrow)
precipitated together with PKC{ from ly-
sates of wild-type epidermis. Western blot
for IgG is shown as loading control. (B) In-
creased axin phophorylation in epidermal
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bor a cytosolic complex of Par6 and PKC{. Furthermore,
immunofluorescent staining detected Par3, Par6, and
PKC{ in the epidermis and HFs of control and mutant
mice at 3, 9, and 14 d of age (Supplementary Fig. 7).
However, PKC{ seemed to be reduced in the HFs at 9 and
14 d (Supplementary Fig. 7H,H' N, N’).

In contrast to astrocytes, antibodies against PKC{ or
Par6 also coprecipitated the 100-kDa isoform Par3 (Fig.
5A), which cannot directly interact with PKC{. This sug-
gests the presence of a Par6-Par3-PKC{ complex in ke-
ratinocytes. This complex can form even in the absence
of Cdc42, since Par6 coprecipitated with Par3 and PKC{
also from epidermal lysates of Cdc42-deficient mice (Fig.
5A).

To increase the amount of Cdc42-GTP, we transduced
spontaneously immortalized keratinocytes with a con-
stitutively active mutated form of Cdc42 (Cdc42V12)
(Supplementary Fig. 8C). In lysates from these cells, Par6
and Cdc42 coimmmunoprecipitated, indicating that
GTP-bound Cdc42 is binding efficiently to Par6 (Fig. 5A).
In epidermal lysates of normal mice, no detectable
amounts of Cdc42 could be precipitated together with
Par6, conceivably due to low endogenous levels of
Cdc42-GTP (data not shown).

Finally, PKC{ coprecipitated in epidermal lysates with
GSK3p (Fig. 5A). This interaction, however, does not
prove that PKC{ is phosphorylating GSK3B in the
B-catenin destruction complex, since many reports sug-
gest that this GSK3p is insulated from other cellular
pools of GSK3B (Doble and Woodgett 2003). Since at-
tempts to directly assess the phosphorylation of GSK383
in the degradation complex failed, we indirectly mea-
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lysates of 3- and 14-d-old Cdc42-deficient mice. Phosphorylated and nonphosphorylated axin were distinguished by their different
electrophoretic mobility. Two representative Western blots for axin are shown. Bar graph shows relative amounts (n = 4). Asterisk

indicates significant changes (p < 0.05).
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sured the kinase activity of GSK3p in the degradation
complex by determining the phosphorylation of axin.
Axin is present in the degradation complex and is known
to be phosphorylated by GSK3g (Willert et al. 1999).
Axin phosphorylation is also important for the degrada-
tion of B-catenin, because it is required for efficient bind-
ing of B-catenin to the complex (Willert et al. 1999).
Since Ser 9 phosphorylation inhibits the kinase activity
of GSK3p, one expected an increased phosphorylation of
axin in Cdc42-deficient keratinocytes, corresponding to
a decreased phosphorylation of GSK38 at Ser 9.

Phosphorylated and the nonphosphorylated forms of
axin were distinguished by their different electropho-
retic mobility and detected by Western blotting (Willert
et al. 1999). We found that loss of Cdc42 corresponded to
an increased axin phosphorylation in epidermal lysates
of 3- and 14-d-old mice (Fig. 5B, quantification and rep-
resentative Western blot). While at 3 d the relative
amount of p-axin in the epidermis was increased from
~25% to 55% in the absence of Cdc42, it increased in
2-wk-old mice from ~50% to 70%, suggesting increased
GSK3p activity in the B-catenin degradation complex
and increased axin-dependent binding of B-catenin to the
degradation complex.

These experiments indicate that Cdc42 is regulating
the kinase activity of GSK3p in the B-catenin-binding
complex in vivo, most likely via Par6-Par3-PKC{-medi-
ated phosphorylation of GSK3 at Ser 9, which reduces
GSK3p activity and thus stabilizes B-catenin.

Cdc42 regulates B-catenin degradation
cell autonomously

To assess whether the effect of Cdc42 on the turnover of
B-catenin is cell autonomous, we analyzed primary ke-
ratinocytes and spontaneously immortalized keratino-
cytes in vitro.

As expected, overexpression of constitutively active
Cdc42 (Cdc42V12) in immortalized keratinocytes
strongly increased the level of Cdc42-GTP and resulted
in an increased phosphorylation of GSK3p and a stabili-
zation of B-catenin (quantification in Fig. 6A; represen-
tative blots in Supplementary Fig. 8D).

In contrast to epidermal lysates of 4.5-mo-old mice,
primary Cdc42-deficient keratinocytes established from
these mice and grown for 5 d at low-calcium conditions
unexpectedly showed similar levels of p-GSK3p, total
GSK3, B-catenin, plakoglobin, and E-cadherin as con-
trol cells (Supplementary Fig. 8A). Spontaneously im-
mortalized keratinocytes lacking Cdc42 behaved identi-
cally (Fig. 6B).

Immunofluorescent analysis of skin sections of mu-
tant mice had suggested a possible compensatory role of
Akt in suprabasal keratinocytes in the absence of Cdc42
(Fig. 4G,G’; Supplementary Fig. 6E,E’ K,K’), whereby the
enhanced Akt activation might be caused by increased
expression of keratin 6 (Supplementary Fig. 2F,F’). Com-
paring lysates from epidermis and primary keratinocytes
from normal Cdc42-expressing mice, we found that cul-
tured keratinocytes express higher levels of keratin 6 and

Cdc42 function in keratinocytes in vivo

have an increased phosphorylation of Akt compared
with epidermis (Supplementary Fig. 8E). To test whether
this increased activation of Akt could compensate for
the loss of Cdc42 in vitro, we inhibited Akt activation in
vitro.

Immortalized control and mutant keratinocytes were
starved for at least 16 h, pretreated for 45 min with the
PI3K inhibitor wortmannin, and then stimulated with
serum-containing low-calcium medium for 2 h. In con-
trol keratinocytes, wortmannin treatment decreased
phosphorylation of Akt by 90%, phosphorylation of
GSK3B by 25%, and the amount of cytosolic B-catenin
by 10% (quantification in Fig. 6B; representative blots in
Supplementary Fig. 8F). In the absence of Cdc42, the in-
hibition of Akt was similar, but the decrease of GSK3p
phosphorylation and cytosolic B-catenin were signifi-
cantly stronger at 62% and 37%, respectively (Fig. 6B;
Supplementary Fig. 8F; n = 4; p < 0.005).

Although wortmannin is only an indirect and nonspe-
cific inhibitor of Akt, these data are in line with our
hypothesis that the increased activation of Akt in kera-
tinocytes in vitro compensates for the loss of Cdc42 with
respect to GSK3B phosphorylation and B-catenin turn-
over and indicate that the effects of Cdc42 on GSK3B
phosphorylation and B-catenin degradation are cell au-
tonomous.

Cdc42-dependent control of B-catenin degradation
in keratinocytes depends on PKC{ activity

In astrocytes, Cdc42-induced phosphorylation of GSK3pB
and stabilization of B-catenin are mediated by PKC{ (Eti-
enne-Manneville and Hall 2003). To prove that the ki-
nase activity of PKC{ is required for the effect of Cdc42
on GSK3B phosphorylation and B-catenin degradation
in keratinocytes, we inhibited PKC{ activity in vitro
by Go66983, which also inhibits other PKC isoforms
(Gschwendt et al. 1996), and by PKC{ pseudosubstrate
(Standaert et al. 1997). Both PKC{ inhibitors completely
abrogated GSK3p phosphorylation and stabilization of
cytosolic B-catenin induced by overexpression of consti-
tutively active Cdc42 in keratinocytes (quantification in
Fig. 6C; representative blots in Supplementary Fig. 8G).
Furthermore, the difference in levels of p-GSK3p3 and
cytosolic B-catenin between Cdc42-null and control ke-
ratinocytes in the presence of wortmannin was totally
abrogated by both PKC{ inhibitors (quantification in Fig.
6D; representative blots in Supplementary Fig. 8H).
These data strongly suggest that the Cdc42-mediated
phosphorylation of GSK38 and stabilization of B-catenin
are dependent on PKCL.

The slight reduction of GSK3B phosphorylation and
cytosolic B-catenin in Cdc42-null keratinocytes treated
with G66983 or PKC{ pseudosubstrate compared with
untreated cells (Fig. 6D; Supplementary Fig. 8H) suggests
that PKC{ is regulated also in a Cdc42-independent man-
ner. Other pathways in addition to Cdc42 and Akt seem
to control B-catenin degradation in keratinocytes via
regulation of PKC{ activity.

These findings confirm the importance of PKC{ for the
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with wortmannin were incubated with the
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substrate. Bar graphs from Western blot
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treatment completely abrogated the effect
of Cdc42 (n=4). For representative blots,
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keratinocytes (wt), Cdc42-null keratinocytes (ko), and keratinocytes expressing constitutively active Cdc42 (Cdc42V12) were tran-
siently transfected with TOPFLASH and FOPFLASH (negative control) luciferase reporter vectors for B-catenin-LEF/TCF-induced
gene expression and Renilla luciferase vectors as transfection control and treated as indicated. Bar graphs show the ratio of TOPFLASH
to FOPFLASH luciferase acivity normalized for transfection efficiency (n = 3). Asterisk indicates significant changes (p < 0.05).

Cdc42-dependent control of B-catenin degradation in ke-
ratinocytes.

Cdc42 is important for Wnt signaling in keratinocytes

Assessing the expression of Wnt3, Wnt5a, and Wnt10b in
the epidermis of 3-d-old mice by quantitative RT-PCR
(qQRT-PCR), we could not detect a significant change in
expression of these Wnt genes (Supplementary Fig. 9C),
which otherwise could have contributed to the pheno-
type.

Using the TOPFLASH/FOPFLASH system as a re-
porter to quantify the effect of Cdc42 on B-catenin-LEF/
TCF-mediated gene expression, we found that constitu-
tive activation of Cdc42 (Cdc42V12) in keratinocytes
results in a twofold activation of luciferase activity com-
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pared with untransfected cells (Fig. 6E). This increased
reporter activity was completely abrogated by the PKC{
inhibitor G66983, suggesting that the Cdc42-dependent
increase in reporter activity requires activation of PKC{
(Fig. 6E). Interestingly, Cdc42-null keratinocytes showed
a twofold-reduced reporter activity compared with con-
trol cells (Fig. 6E), although the amounts of cytosolic
B-catenin were only slightly decreased (Fig. 6B), suggest-
ing that Cdc42 maybe affects reporter gene activation
independent from the regulation of B-catenin turnover.
The addition of wortmannin led to a slightly further de-
crease of reporter activity in control and Cdc42-null ke-
ratinocytes (Fig. 6E).

Adding Wnt3a-containing cell supernatant to the cells
increased reporter activity 1.93 = 0.19-fold in control ke-
ratinocytes, but only 1.24 + 0.28-fold in Cdc42-null ke-



Cdc42 function in keratinocytes in vivo

ratinocytes (n = 3). Similar stimulations were obtained glands (Alonso and Fuchs 2003). B-catenin was shown to
in the presence of wortmannin (con: 2.12 + 0.38; ko: be crucial for the fate decision of skin stem cells by bind-
1.45 £ 0.36; n = 3), suggesting that Cdc42 is important ing to members of the LEF/TCF transcription factor fam-
for effective Wnt signaling. ily and inducing the expression of HF-specific genes
In keratinocytes expressing constitutively active (Alonso and Fuchs 2003). If B-catenin is lost in keratino-
Cdc42, the addition of Wnt3a led to a further 1.26 + 0.30- cytes early in development, no HFs form. If B-catenin is
fold increase of reporter activity. In the presence of the lost after HF formation has progressed or is completed,
PKC{ inhibitor G66983, not only was the reporter activ- progenitor cells of the HFs differentiate within HF-de-
ity dependent on Cdc42V12 lost, but also the inducibil- rived cysts into epidermal keratinocytes, but not into HF
ity of reporter activity by Wnt3a, which was reduced to keratinocytes (Huelsken et al. 2001). In the absence of
1.03 = 0.07-fold (n = 3)—highlighting the importance of Cdc42 in keratinocytes, severe defects became obvious
PKC{ activity, largely regulated by Cdc42, for Wnt sig- that have certain similarities to those of mice with a
naling in keratinocytes. late, keratinocyte-specific deletion of the B-catenin gene
(Huelsken et al. 2001): First, the expression of HF-spe-

Discussion cific keratin genes was lost completely. Second, genes

specific for interfollicular epidermal keratinocyte differ-
entiation were expressed in former HF and HF-derived
cysts. Interestingly, sebaceous glands were maintained
in both mutants. These similarities suggest that Cdc42
and B-catenin control differentiation of skin progenitors
via the same pathway. Indeed, HFs of 9-d-old Cdc42-
deficient mice show a loss of nuclear 3-catenin.

In primary astrocytes, Cdc42 regulates B-catenin deg-
radation by controlling the kinase activity of GSK3p
(Etienne-Manneville and Hall 2003). GSK3p is part of a
complex containing APC and axin, which binds and
phosphorylates free, cytosolic B-catenin (Doble and

Using mice with a keratinocyte-restricted deletion of the
Cdc42 gene we demonstrated that Cdc42-dependent
regulation of B-catenin and plakoglobin turnover is cru-
cial for stem cell differentiation into the HF pathway and
for normal cell-cell contacts between keratinocytes.
These effects seem to be mediated at least in part by
regulation of the activity of GSK3p, which phosphory-
lates and targets B-catenin and plakoglobin for degrada-
tion (Fig. 7A,B).

Progenitor cell differentiation in skin

Epithelial skin stem cells are able to self-renew; to dif- Woodgett 2003). This targets B-catenin to proteasomal
ferentiate; and to form HFs, epidermis, and sebaceous degradation, reducing cytosolic and nuclear concentra-
s Cdc42 stabilizes B-catenin B Absence of Cdc42 increases degradation
. o of B-catenin and plakoglobin
E—cadhenn esmosome o
LRP (Y 2
Wnt
| E-cadhenn desmosome
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Figure 7. Cdc42 regulates HF differentiation and cell-cell contacts in keratinocytes by modulating the turnover of B-catenin and
plakoglobin. Phosphorylation of free cytosolic B-catenin and plakoglobin by GSK3p targets these molecules for proteasomal degra-
dation. GSK3B is part of a multiprotein complex that contains, among other molecules, APC and axin. Wnt signaling via the frizzled
(Frz)-LPR receptor inhibits via disheveled (dsh) GSK3p activity, increasing the concentration of cytosolic B-catenin. (A) Activated
Cdc42 can bind to a cytosolic complex of Par6-Par3-PKC{, leading to inhibition of GSK3p activity by PKC¢-dependent phosphory-
lation of GSK3p. This leads to reduced phosphorylation of axin and decreased phosphorylation and degradation of B-catenin. Free
cytosolic B-catenin can then go to the nucleus and, together with a transcription factor of the LEF/TCF family (LEF-1), induce the
expression of HF-specific genes. (B) Loss of Cdc42 results in a reduced phosphorylation and an increased activity of GSK3g. This leads
to an increased phosphorylation of axin, an increased degradation of free B-catenin and, consequently, decreased levels of nuclear
B-catenin so that HF-specific genes cannot be induced. Instead, the default pathway of epidermal differentiation is used. Since
plakoglobin is degraded by the same pathway as B-catenin, plakoglobin is also decreased in the absence of Cdc42, resulting in a
reduction of junctional B-catenin and plakoglobin and, secondarily, a reduced transport of E-cadherin to the cell membrane. In
suprabasal keratinocytes and in vitro, Akt activation compensates for the loss of Cdc42, leading to normal phosphorylation of GSK33
and normal levels of cytosolic B-catenin.
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tion of B-catenin and thus B-catenin-dependent gene ex-
pression. The primary target of GSK38 phosphorylation,
however, is axin, since only phosphorylated axin allows
efficient binding of B-catenin to the complex (Willert et
al. 1999). Once B-catenin has bound, GSK3p also phos-
phorylates B-catenin. Axin phosphorylation can there-
fore be used as a measurement for GSK3p kinase activity
within the B-catenin-binding complex (Willert et al.
1999). In the absence of Cdc42, axin phosphorylation in
keratinocytes is increased, indicating enhanced GSK38
kinase activity and an enhanced capacity of the APC-
axin-GSK3B complex to bind and phosphorylate B-cate-
nin, targeting it for degradation (Fig. 7B). Cdc42, there-
fore, regulates B-catenin degradation in keratinocytes in
vivo. This provides a mechanism for the observed effect
of Cdc42 on the fate decision of epithelial skin progeni-
tor cells. Interestingly, axin phosphorylation was not
complete in the absence of Cdc42, suggesting that other
pathways might be involved in the regulation of GSK3p
activity in the B-catenin-binding complex.

One way to enhance GSK38 kinase activity is to re-
duce the phosphorylation of Ser 9 (Doble and Woodgett
2003). Although we were not able to determine directly
the extent of the Ser 9 phosphorylation of GSK3p in the
B-catenin-binding complex, the enhanced GSK3p kinase
acitivity, measured by increased axin phosphorylation,
correlated well with the reduced phosphorylation of to-
tal cellular GSK3p at Ser 9 in Cdc42-deficient keratino-
cytes. Our coimmunoprecipitation and inhibitor studies
strongly suggest that, in normal keratinocytes, GTP-
bound Cdc42 binds to a preformed complex of Par6-
Par3-PKC{ leading to PKC{-mediated phosphorylation
of GSK3B (Fig. 7A). This is different from astrocytes,
where Par3 is reportedly not present in the complex (Eti-
enne-Manneville and Hall 2001, 2003), but similar to
other cell types where Par6-Par3—-aPKC complexes have
been described and are proposed to be regulated by Cdc42
(Joberty et al. 2000; Lin et al. 2000). GSK3B phosphory-
lation is not exclusively regulated by Cdc42, since Akt is
also contributing to it, as our inhibitor studies revealed
(at least in the absence of Cdc42). In basal-layer keratino-
cytes, however, where Akt activity is low, Cdc42 is the
major regulator of GSK3B phosphorylation.

Wnt and BMP signaling control B-catenin-dependent
gene expression by regulating B-catenin degradation (Fig.
7A; Alonso and Fuchs 2003; Kobielak et al. 2003). Since
Cdc42 also regulates B-catenin turnover in keratino-
cytes, our data imply that Cdc42 is modulating Wnt and
BMP signal transduction at the level of B-catenin.

Indeed, direct evaluation of B-catenin-LEF/TCF-medi-
ated reporter gene activity in keratinocytes confirmed
that Cdc42 activation results in increased reporter activ-
ity, that this effect seems to be dependent on PKC{ ac-
tivity, and that Cdc42 is important for Wnt3-induced
reporter activity. Interestingly, our data hint that Cdc42
might also regulate reporter activity by a mechanism
independent from B-catenin turnover, since Cdc42-null
keratinocytes showed a significantly lower reporter ac-
tivity than control cells, although levels of cytosolic
B-catenin were only slightly reduced.
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How Cdc42 activation in the HF is controlled remains
an open question. Since many different pathways such as
growth factor receptor, E-cadherin, or integrin signaling
all regulate Cdc42 activation, Cdc42 could be an integra-
tion point for many different signaling cascades.

Recently, it was shown that Racl is crucial for the
maintenance of skin stem cells in vivo (Benitah et al.
2005). Although Racl and Cdc42 share many effectors
and Cdc42 is important for a significant part of Racl
activation, at least in fibroblasts (Czuchra et al. 2005),
the phenotypes of mice with a keratinocyte-restricted
deletion of Racl of Cdc42 are very different, suggesting
that Racl’s and Cdc42’s function in epidermis are rather
distinct.

Cell-cell contacts in the epidermis

Cell-cell contacts between keratinocytes are mediated
by adherens junctions and desmosomes (Perez-Moreno
et al. 2003). Mice lacking Cdc42 restricted to keratino-
cytes show a surprisingly delayed impairment of epider-
mal cell-cell contacts, which corresponds to a severe re-
duction of the total cellular levels of E-cadherin, plako-
globin, and B-catenin. After 3 mo, total cellular B-cate-
nin is significantly reduced, while decreases in the
amounts of plakoglobin and E-cadherin are detectable
only in 4.5-mo-old mutant animals. At first glance, this
late response to the loss of Cdc42 protein would seem to
conflict with the quick reduction of cytosolic B-catenin
in Cdc42-null keratinocytes in vitro treated with PI3K
inhibitor and also with the reduced levels of nuclear
B-catenin in HF of 9-d-old mice.

However, our data indicate that loss of Cdc42 affects
only the degradation of cytosolic B-catenin, which is a
small part of the total cellular B-catenin. Reduction of
cytoplasmic B-catenin leads to quick loss of nuclear
B-catenin and in keratinocyte stem cells to impaired HF
differentiation. In contrast, junctional B-catenin seems
to be rather independent on cytosplasmic levels of
B-catenin. Yet, the pools are not completely separated,
since changes in E-cadherin expression can lead to
changes in cytoplasmic B-catenin (Heasman et al. 1994;
Cox et al. 1996; Fagotto et al. 1996; Sanson et al. 1996;
Orsulic et al. 1999) and tyrosine phosphorylation of
B-catenin seems to dissociate it from the adherens junc-
tions (Piedra et al. 2003; Brembeck et al. 2004). Our
data suggest that long-lasting reduction in cytoplasmic
B-catenin indeed reduces junctional B-catenin (Fig. 7B).
We speculate that the late reduction of total cellular
B-catenin observed in Cdc42 mutant mice reflects a long
half-life of B-catenin at the epidermal adherens junctions
in vivo. Desmosomes are known to be even more stable
than adherens junctions, and the cytoplasmic pools of
plakoglobin are even smaller than those of B-catenin (Sa-
dot et al. 1998, 2000; Simcha et al. 1998). This offers a
reasonable explanation why total cellular plakoglobin,
which is degraded by the same pathway as -catenin (Fig.
7B), is significantly reduced much later than B-catenin. If
both B-catenin and plakoglobin decline, E-cadherin is
not transported any more to the cell surface (Chen et al.



1999). Therefore, the loss of E-cadherin is most plausibly
secondary to the combined loss of B-catenin and plako-
globin.

Two other potential pathways by which Cdc42 could
regulate E-cadherin-mediated cell-cell interaction can be
ruled out as a cause for defective cell-cell contacts ob-
served in Cdc42-deficient mice. Since IQGAP is removed
from the cell-cell contacts and reduced in expression in
the absence of Cdc42, while B-catenin is still present at
the cell-cell junctions, impaired cell-cell contacts can-
not be due to an increased binding of IQGAP to
B-catenin, severing the connection of E-cadherin to the
actin cytoskeleton (Kuroda et al. 1998; Fukata et al.
1999). Furthermore, loss of Cdc42 does not reduce the
epidermal levels of p120, suggesting that p120 is also not
involved in the reduction of E-cadherin in keratinocytes
(Peifer and Yap 2003).

Although we did not observe obvious changes in im-
munofluorescent staining of junctional molecules in the
epidermis of young mutant mice, we cannot exclude that
Cdc42 affects the maintenance of cell-cell contacts in
the epidermis independent from the suggested regulation
of B-catenin and plakogobin degradation. Future work
has to clarify the importance of such a potential path-
way.

Conclusion

Cdc42 is known to regulate the organization of the actin
cytoskeleton and cell polarity. Here we show that Cdc42
is crucial for the differentiation of skin progenitor cells
in vivo, adding a new facet to the effects of Cdc42. Fur-
thermore, we demonstrate that B-catenin turnover in ke-
ratinocytes is not only regulatable by Wnts and BMPs, as
shown previously, but also by other signaling pathways
that control Cdc42 activity. Although more studies will
be necessary to assess this model in other tissues, our
current results significantly advance the understanding
of the complexity of Cdc42 function in vivo and its
cross-talk with other pathways.

Materials and methods

Generation of mutant mice

The complete mouse Cdc42 cDNA was used to screen a PAC
library. The targeting vector consisted of a 2.6-kb left arm, a
loxP site, an 0.5-kb genomic fragment with the ATG containing
exon 2, a neo-tk cassette flanked by loxP sites, and a 6.2-kb
right arm. Homologous recombinants were identified by South-
ern blot, transiently transfected with a Cre expression plasmid
(kindly provided by Dr. Werner Miiller, University of Cologne,
Germany), and selected in the presence of FIAU. Clones with a
floxed exon 2 were identified and used for the generation of
chimeras by blastocyst injection. Germline offspring containing
the conditional allele were mated with each other and inter-
crossed with mice expressing the cre recombinase under the
control of the keratin 5 promoter (kindly provided by Dr. Jose
Jorcano, CIEMAT, Madrid, Spain) (Ramirez et al. 2004). The
mice were kept in a barrier facility according to the German
rules of animal welfare.

Cdc42 function in keratinocytes in vivo

Histology, immunofluorescence, antibodies, and electon
microscopy

Hematoxylin-eosin, immunofluorescence staining, and elec-
tron microscopy were performed as described previously (Brake-
busch et al. 2000).

The following antibodies were used: axin (kindly provided by
Dr. Roel Nusse, Stanford University, Stanford, CA); IQGAPI,
plakoglobin, Par6, PKC{ (all Santa Cruz); Cdc42, Racl,
B-catenin (all Transduction Laboratories); E-cadherin, ZO-1, oc-
cludin (all Zymed); B-catenin, a-catenin (all Sigma); phospho-
Akt (Ser 473), Akt, phospho-GSK3g (Ser 9), GSK-38, phospho-
p38, p38, p-PKC{ (all Cell Signaling); B4 integrin, a6 integrin,
p120 (all Pharmingen); B1 integrin (Chemicon); PKC{ (Upstate);
Ki67, keratin 10 (all DAKO); keratin 6, keratin 14, loricrin (all
Babco); laminin-5 (lamininy2 chain; kindly provided by Dr.
Takako Sasaki, Max-Planck-Institute of Biochemistry, Martins-
ried, Germany); versican (kindly provided by Dr. Dieter Zim-
mermann, University of Zirich, Zirich, Switzerland); LEF1
(kindly provided by Dr. Rudolf Grosschedl, Gene Center,
Miinchen, Germany); K6irs1, K6irs2, K6irs3, K6hf, hHa4, hHa5,
hHDb2 (Langbein et al. 2003), Par3 (kindly provided by Dr.
Zhengjun Chen, Chinese Academy of Science, Shanghai,
China); Par6 (kindly provided by Dr. Pontus Aspenstrom, Lud-
wig Institute, Uppsala, Sweden).

Fluorescence-conjugated secondary antibodies were from
Jackson Immunoresearch. Antibodies were diluted according to
the recommendation of the manufacturer. F-actin was detected
by FITC-conjugated phalloidin (Molecular Probes). BrdU incor-
poration and TUNEL stainings were carried out using commer-
cial kits (all Roche Diagnostics).

Primary keratinocytes, keratinocyte lines, treatments, and
luciferase reporter assays

For newborn mice, separation of epidermis was performed as
described earlier (Calderai et al. 2000). For adult mice, epidermal
separation was carried out according to Romero et al. (1999).

Primary Cdc42/# keratinocytes were spontaneously immor-
talized (Romero et al. 1999) and cultured in low-calcium kera-
tinocyte-defined medium (Invitrogen). These cells were retro-
virally transduced with Cdc42(V12) and selected for coex-
pressed neomycin resistance. Cdc42-null keratinocytes were
obtained by retroviral cotransduction of EGFP and cre. EGFP-
expressing cells were sorted by FACS and tested for the absence
of Cdc42.

For inhibitor treatment, keratinocytes were starved for at
least 16 h with DMEM (low-calcium); treated for 45 min with
50 nM wortmannin, 1 pM G66983 or 5 pM PRC{ pseudosub-
strate inhibitor (all Calbiochem); and then stimulated with ke-
ratinocyte medium containing 10% FCS for 2 h.

Luciferase reporter assay was performed as described by
Jamora et al. (2003). Briefly, keratinocytes were seeded and
transfected in six-well plates with either TOPFLASH or FOP-
FLASH reporter vector (both firefly luciferase) and—to deter-
mine transfection efficiency—pRL-TK (Renilla luciferase) using
the polyfect transfection reagent (Qiagen). After 36 h, cells were
treated or not treated for 90 min with 50 nM wortmanin, 1 ptM
G066983, or treated for 5 h with Wnt3-containing cell superna-
tant control supernatant in the presence or absence of 1 uM
G066983. After lysis, firefly luciferase and Renilla luciferase ac-
tivity were determined using the dual-luciferase reporter kit
(Promega). Firefly luciferase activity was normalized to Renilla
luciferase acitivity. Shown is the ratio of normalized TOP-
FLASH to FOPFLASH activity.

Wnt3a-containing cell supernatant was obtained from 293
cells transfected with a Wnt3a expression vector (Upstate).
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Biochemical analysis

Western and Northern blotting were performed according to
standard protocols. Tubulin was used to normalize for different
protein amounts. Coimmunoprecipitation was carried out as
described (Etienne-Manneville and Hall 2001). Hypotonic ex-
tracts were prepared as reported earlier (Lustig et al. 2002). Pull-
down assays for Cdc42 and Racl were performed as described
(Zondag et al. 2000). qRT-PCR was performed in triplicate as
described by Mfopou et al. (2005). Expression levels were nor-
malized to GAPDH as an internal control. The following prim-
ers were used: wnt3: forward, 5'-AGCTGCCAAGAGTGTATT
CG-3’; reverse, 5'-CGATCTAGATCCTGCTTCTC-3'; Wntb5a:
forward, 5'-CTTGGTGGTCTCTAGGTATG-3’; reverse, 5'-CC
TGATACAAGTGGCAGAGT-3’; wntl0b: forward, 5'-CGCCA
GGTGGTAACGGAAA-3'; reverse, 5'-AAGATGGCTCTGCT
CAGCC-3'".
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