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Carboxy-terminal Src kinase (Csk) is a negative regulator
of Src family kinases, which play pivotal roles in control-
ling cell adhesion, migration, and cancer progression. To
elucidate the in vivo role of Csk in epithelial tissues, we
conditionally inactivated Csk in squamous epithelia using
the keratin-5 promoter/Cre-loxP system in mice. The mu-
tant mice developed apparent defects in the skin, esopha-
gus, and forestomach, with concomitant hyperplasia and
chronic inflammation. Histology of the mutant epidermis
revealed impaired cell-cell adhesion in basal cell layers.
Analysis of primary Kkeratinocytes showed that the
defective cell-cell adhesion was caused by cytoskeletal
remodeling via activation of the Racl pathway. Mutant
keratinocytes also showed elevated expression of
mesenchymal proteins, matrix metalloproteinases
(MMPs), and the proinflammatory cytokine TNF-a.
Inhibition of the expression of TNF-o. and MMP9 by the
anti-inflammatory reagent FK506 could cure the epidermal
hyperplasia, suggesting a causal link between inflamma-
tion and epidermal hyperplasia. These observations
demonstrate that the Src/Csk circuit plays crucial roles
in development and maintenance of epithelia by control-
ling cytoskeletal organization as well as phenotypic con-
version linked to inflammatory events.
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Introduction

The Src family kinases (SFKs) are non-receptor tyrosine
kinases, originally identified as proto-oncogene products
(Hunter and Sefton, 1980; Jove and Hanafusa, 1987), which
play pivotal roles in various cellular signaling pathways
involved in cell growth, differentiation, adhesion, and migra-
tion (Brown and Cooper, 1996). In epithelial cells, Src has
been implicated in regulation of the epithelial-mesenchymal
transition (EMT), a phenotypic conversion from polarized
epithelia to motile mesenchymal cells, which occurs during
embryonic development, as well as in cancer progression
(Avizienyte and Frame, 2005; Huber et al, 2005). During EMT
processes, Src has been proposed to play multiple roles,
including activation of the STAT3 pathway (Yu and Jove,
2004), promotion of E-cadherin endocytosis and degradation
(Matsuyoshi et al, 1992; Behrens et al, 1993; Fujita et al,
2002), induction of matrix metalloproteinases (MMPs)
(Hamaguchi et al, 1995; Hsia et al, 2003), and activation of
cell adhesion proteins such as focal adhesion kinase (FAK)
(Brown and Cooper, 1996). However, the in vivo function of
endogenous Src still remains to be evaluated. In metastatic
human epithelial cancers, such as colon, breast, bladder, and
stomach cancers, the kinase activity and/or amount of Src
protein is frequently upregulated in the absence of somatic
mutations in the src gene locus (Talamonti et al, 1993; Irby
and Yeatman, 2000). The elevated Src activity is thought
to contribute to cancer metastasis by promoting the EMT
(Frame, 2002). These observations suggest that Src activity is
strictly regulated to maintain normal epithelial organization
and suppress cancer progression.

Generally, SFK activity is negatively regulated by phos-
phorylation at the C-terminal regulatory tyrosine (Y529 in
human c-Src) by another cytoplasmic tyrosine kinase, the
carboxy-terminal Src kinase (Csk) (Nada et al, 1991; Okada
et al, 1991). The phosphorylated form of SFK adopts a
catalytically inactive conformation due to intramolecular
interactions (Xu et al, 1997). In response to certain extra-
cellular stimuli, SFKs become activated by interacting with
adaptor proteins that disrupt the inactive conformation or by
dephosphorylation at the regulatory site. As SFK function can
be controlled by overexpression of Csk (Chow et al, 1993;
Suzuki et al, 1998), it is thought that the phosphorylation
status at the critical site would define the sensitivity of SFK
to extracellular stimuli. In epithelial cells, SFK activation
by a dominant negative Csk disrupts cell-cell interactions
and enhances cell motility; conversely, SFK inactivation by
active Csk restores the epithelial features of these cells
(Rengifo-Cam et al, 2004). Furthermore, adenovirus-mediated
introduction of Csk into cancer cells suppresses their meta-
static activity in vivo (Nakagawa et al, 2000). These observa-
tions suggest that the Csk-mediated negative regulation of
SFKis involved in controlling the epithelial phenotype as well
as the metastatic potential. However, little is known about the
in vivo events controlled by Csk in epithelial cells.
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To elucidate the in vivo role of Csk, we previously gener-
ated Csk-knockout mice that were developmentally arrested
at mid-gestation, potentially as a result of defects in neural
development (Imamoto and Soriano, 1993; Nada et al, 1993).
However, mutant mice in which csk was conditionally dis-
rupted, specifically in immature thymocytes, showed antigen
receptor-independent development and T-cell lineage selec-
tion (Schmedt et al, 1998). Moreover, the disruption of csk in
granulocytes caused hyper-responsiveness to pathogens and
aberrant cell adhesion (Thomas et al, 2004). These findings
suggest that Csk plays essential roles in regulation of the
development and/or function of the nervous and immune
systems. However, the role of Csk in other tissues, especially
in epithelia, from which the majority of human cancers are
derived, remains to be defined.

In this study, we generated mutant mice in which Csk was
conditionally inactivated in basal cells of squamous epithelia
using the keratin-5 (K5) promoter in a Cre-loxP system. The
mutant mice developed apparent defects in skin, esophagus,
and forestomach, with concomitant chronic inflammation
and epithelial hyperplasia. Analysis of the epidermal tissues
and the primary keratinocytes in these mutant mice reveals
that Csk is crucial for the development and maintenance of
squamous epithelia by controlling cytoskeletal organization
and phenotypic conversion linked to inflammatory events.

Results

Generation of K5-Cre Csk™/f1°* mice

To generate mutant mice in which Csk was inactivated in
the basal cells of squamous epithelia, csk-flox (csk™*) mice
(Schmedt et al, 1998) were crossbred with KeratinS-Cre (KS-
Cre) transgenic mice (Tarutani et al, 1997). The KS promoter
directs gene expression in the basal cell layers of various
squamous epithelial tissues including skin, esophagus, forest-
omach, and uterus (data not shown). Cre-mediated recombi-
nation of the csk™* locus causes gene inactivation through
deletion of exons 9 and 10, which encode part of the kinase
domain of Csk (Schmedt et al, 1998). Genotyping of cskltox
revealed that csk disruption occurred in the epidermis but not
in the liver (Figure 1A). Consistent with the loss of Csk
protein, undifferentiated mutant keratinocytes showed a de-
crease in phosphorylation of Src Y529 (a negative regulatory
site) and an increase in phosphorylation at Src Y418 (an
autophosphorylation site) (Figure 1B). A similar phosphor-
ylation pattern was also obtained for Src from differentiated
keratinocytes (see Figure 6B). These results indicate that
SFKs are constitutively activated in the K5 csk-knockout
(KS csk-KO) cells. As reported previously (Harris et al, 1999),
downregulation of activated Src protein was also observed
in these mutant cells (Figure 1B).

Phenotypes of K5 csk-KO mice

K5 csk-KO mice were born normally, but exhibited weak,
flaky skin, and sparse hair, even during the lactation stage
(postnatal day 6 (P6)) (Figure 1Ca and left panels in
Figure 1D). Some mutant mice showed severe growth retar-
dation during early development and died within 5 months
(Figure 1Cb); others showed growth retardation at later
stages and died within 1 year. The growth retardation may
be associated with the defects in esophagus and forestomach
(Supplementary Figure 1). In aged mutant mice (P182), the
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Figure 1 Phenotype of K5 csk-KO mice. (A) Genotyping of K5 csk-
KO mice. Genomic DNA was prepared from epidermis or liver from
csk/0/1o% mice (fl/fl, Cre—), KS-Cre, csk/™/+ mice (fl/ +, Cre+),
or K5 Cre, csk™f°% mice (fl/fl, Cre+), and genotyped by PCR.
(B) Keratinocytes were cultured from wild-type (WT) and KS csk-KO
(KO) newborn mice, and whole-cell lysates of undifferentiated cells
were subjected to immunoblotting with antibodies to the indicated
proteins and phosphorylation sites. (C) Gross appearance of KO and
WT littermates at P6 (a), P57 (b), and P182 (c). Scale bars: a, 1 cm,
b and ¢, 5cm. (D) Skin of KO and WT littermates at P6 and P182. At
P182, hair was removed to reveal the appearance of the skin. Scale
bars: P6, 0.3 cm, P182, 1 cm.

amount of hair was substantially reduced, and spontaneous
dermatitis became apparent in the skin over the entire body
(Figure 1Cc and right panels in Figure 1D).

Hematoxylin-eosin (HE) staining of dorsal skin sections
revealed no apparent defects in young mutant mice (P29),
with the exception of decreased numbers of hair follicles
(Figure 2Aa and d), but aged mutant mice (P218) developed
dramatic alterations in epidermal organization, accompanied
by apparent epidermal hyperplasia (Figure 2Ab and e). With
age, the hyperplasia gradually spread over the entire skin and
the thickness of stratified cell layer was greatly increased
(Figure 2B). Furthermore, the mutant mice exhibited chronic
inflammation. In the dermis of adult mutant mice, there were
increase in the number of fibroblasts (Figure 2Af), T lym-
phocytes (Figure 2Cc), and macrophages (Figure 2Cd), but
not neutrophils (Figure 2Cg). The inflammation indicated by
lymphocyte infiltration became evident at approximately P20,
before the onset of hyperplasia (Figure 2D). The mutant mice
also had similar defects in their esophagus and forestomach
(Supplementary Figure 1A). The esophagus epithelia of mu-
tant mice (P208) exhibited apparent hyperplasia in the basal
layers, and the protrusion of rete ridges into submucosae was
evident (Supplementary Figure 1B). These findings suggest
that Csk inactivation broadly influences the organization of
squamous epithelia.

Histology of K5 csk-KO epidermis
To characterize the defects in KS csk-KO epidermis, dorsal
skin sections (P208) were immunostained for keratinocyte
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Figure 2 Histology of the dorsal skin and esophagus. (A) HE-stained skin sections of K5 csk-KO mice at P29 (d) and P218 (e), and those of
corresponding wild-type littermates (a and b). Scale bars: 20 pm. Higher magnification views of (b) and (e) are shown in (c) and (f),
respectively. Yellow arrows indicate infiltrating lymphocytes. Scale bars: 3 um. (B) The numbers of epidermal cell layers in dorsal skin sections
were counted at the indicated stages. Data are means +s.d. The numbers of mice examined are shown in parentheses. (C) Skin sections of wild-
type and mutant mice were stained for T lymphocytes (a and c: Thy1l.2-positive) and macrophages (b and d: CD11b-positive). Neutrophils were
stained using PAS. Wounded skin was stained as a positive control. Scale bars: 10 um. (D) Inflammation was quantified by the presence of
lymphocytes infiltrating the dermis for the same mice used in (B). The ratios of inflamed mice to the total number of mice examined are

indicated.

differentiation markers (K1, K5, and involucrin) and a cell
proliferation marker (K6). In normal epidermis, KS is
detected in the basal cell layer (Figure 3B), and K1 and
involucrin (Inv) are expressed in the squamous cell layer
(Figure 3C and D). In the mutant epidermis, however, K5 was
detected in multiple layers and K1 was detected in the
uppermost of the K5-expressing layers, indicating that differ-
entiation of K5-expressing basal cells proceeds, but is delayed
in the mutant epidermis (Figure 3H-J). Wild-type mice
showed K6 expression only in proliferating cells, such as
the outer root sheath of hair follicles, whereas the mutant
mice exhibited strong K6 expression in the basal and squa-
mous cell layers (Figure 3E and K). These results suggest that
the defects in K5 csk-KO mice are associated with delayed
differentiation and hyperproliferation of epidermal basal
cells.

Dorsal skin sections were immunostained for -catenin, a
component of adherence junctions, to examine the defects in
epithelia specific cell-cell adhesion. In wild-type skin, there
was clear B-catenin staining at cell-cell contacts in the basal
monolayers, showing the stable formation of adherence
junctions (Figure 4Aa). In the mutant skin, however,
B-catenin staining was detected diffusely in the cytoplasm
of growing K5-expressing cells, and relatively clear staining
was observed at the cell-cell contacts of cells located in the
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upper layers (Figure 4Ab). Similar staining patterns were
obtained for other adhesion-related proteins including E-
cadherin, desmoglein3, and plakoglobin (data not shown).
In the lactation stages (P6-P10), however, clear B-catenin
staining at cell-cell contacts was not observed in the skin
of either wild-type or mutant mice, probably because most of
the epithelia is in a growth stage (Supplementary Figure 2).

Cell-cell adhesions were further characterized by electron
microscopy (Figure 4B). In the mutant epidermis, the number
of desmosomes was significantly reduced, and the intercel-
lular spaces were expanded (Figure 4Be and Supplementary
Figure 3). A higher magnification examination of the mutant
epidermis revealed that desmosomes and hemidesmosomes
as well as keratin filaments that support these adhesion
structures did not develop fully (Figure 4Bf and g). These
observations demonstrate that formation of not only adher-
ence junctions but also desmosomal junctions is attenuated
in the mutant epidermis. In the epidermis of wild-type new-
born mice (P5), zipper-lock structures or cellular interdigita-
tion structures were formed during the initial stages of cell-
cell adhesion (Figure 4Bd). However, the mutant mice did not
form such interdigitated structures, and instead extended
protruding lamellipodia-like structures (Figure 4Bh), suggest-
ing that development of intrinsic cell-cell adhesion in the
epidermis is attenuated by Csk inactivation.
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Figure 3 Immunohistochemical analysis of the dorsal skin of KS
csk-KO mice. Dorsal skin sections from wild-type littermates (A-F)
and KS csk-KO mice (G-L) were stained with HE (A and G) and
subjected to immunofluorescent staining with antibodies to marker
proteins: K5 (B and H), K1 (C and I), involucrin (Inv; D and J), and
K6 (E and K). Staining of serial sections is shown. Control staining
(without primary antibody) gave no significant signal (Cont.). The
dotted white line shows the epidermal-dermal border. Scale bars:
10 pm.

Defective cell-cell adhesion in K5 csk-KO keratinocytes
To characterize the defects caused by Csk inactivation
in vitro, Keratinocytes from newborn mouse skin were cultured.
Immunostaining for K1 and Ki67 revealed that Csk inactiva-
tion did not appear to influence the ability of differentiation
or the cell-autonomous proliferation potential (data not
shown). However, the mutant keratinocytes exhibited appar-
ent defects in cell-cell adhesion. Immunostaining for
E-cadherin during differentiation showed that wild-type cells
accumulated E-cadherin at cell-cell contacts within 2 h after

©2007 European Molecular Biology Organization
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desmosome

Figure 4 Cell adhesion structures in the dorsal skin of K5 csk-KO
mice. (A) Dorsal skin sections from wild-type littermates (a) and K5
csk-KO mice (b) were subjected to immunofluorescent staining with
anti-B-catenin to observe adherence junctions. The dotted white
line represents the epidermal-dermal border. Scale bars: 5pm.
(B) Electron microscopic analysis of dorsal skin sections from
wild-type littermates (a-d) and K5 csk -KO mice (e-h). Desmosomal
structures are indicated by small red circles in (a) and (e). Scale
bars: 2 um. Higher magnification ( x 60000) images of a desmo-
some (b and f) and a hemidesmosome (c and g) are shown. Scale
bar: 0.1 um. Higher magnification images of dorsal skin sections at
PS5 are shown in (d) and (h). Scale bar: 0.2 pm. Desmosome/
hemidesmosome and Kkeratin filaments are indicated by arrows
and arrowheads, respectively.

Ca’* stimulation, whereas mutant cells required more than
8h of stimulation for E-cadherin accumulation (Figure 5A).
In the mutant cells, staining for plakoglobin and K5 also
showed that the formation of desmosomes was attenuated
and radial keratin fibers did not fully develop to support
the desmosomes (Figure SB). During these differentiation
processes, however, the mutant cells did not show significant
changes in either the levels of E-cadherin, B-catenin, and
plakoglobin, or their tyrosine phosphorylation (Figure 5C and
D), suggesting that degradation or phosphorylation of these
cell adhesion proteins is not associated with the cell-cell
adhesion defects observed in the mutant cells.

Tyrosine phosphorylation and actin cytoskeletal
organization in K5 csk-KO keratinocytes

Tyrosine phosphorylation of cellular proteins in wild-type
keratinocytes gradually increased during differentiation
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Figure 5 Characterization of primary cultured KS csk-KO keratinocytes. (A) Wild type (WT) and KS csk-KO (KO) keratinocytes were treated
with 1 mM Ca®* for the indicated periods and then immunostained with anti-E-cadherin (green). Insets are higher magnification views. Scale
bars: 10 um. (B) WT and KO keratinocytes treated with 1 mM Ca*>* for 8 h were stained with anti-plakoglobin (PG; green) and anti-K5 (red).
Merged images are shown. Scale bars: 5 um. (C) The levels of E-cadherin (E-cad), B-catenin (B-cat), and plakoglobin (PG) during keratinocyte
differentiation were examined by immunoblotting. (D) E-cadherin, B-catenin, and plakoglobin were immunoprecipitated from cell lysates
prepared before or after 24 h of differentiation (left panels), and tyrosine phosphorylation was detected by immunoblotting with the 4G10

antibody (right panels).

(Figure 6A), concomitant with the activation of SFK
(Figure 6B, upper panel). In contrast, mutant keratinocytes
had high levels of phosphorylation even before differentia-
tion. Phosphorylation of FAK at Y397, an autophosphoryla-
tion site, and Y576, an Src phosphorylation site, was
constitutively high in the mutant cells (Figure 6B).
Phosphorylation of paxillin, another critical component of
focal adhesions, was also increased in mutant cells (data not
shown), suggesting that focal adhesion formation is activated
in the mutant cells. Indeed, immunocytochemical analysis
showed that the number and size of focal adhesions detected
by staining for tyrosine-phosphorylated proteins were greatly
increased in the mutant cells (Figure 6C, upper panels). In
addition, accumulation of tyrosine-phosphorylated proteins
at podosome-like punctate structures was observed in these
cells. Phalloidin staining showed that differentiated wild-type
cells had concentrated cortical actin along the cell-cell con-
tacts and radial actin fibers emanating from the adherence
junctions (Figure 6C, middle panels). In the mutant cells,
however, the actin cytoskeleton appeared dramatically
disorganized: actin fibers were nonpolarized, fragmented,
and multiply branched, and some fibers terminated at focal
adhesions as well as at podosome-like structures.

Rac1-mediated cytoskeletal remodeling in K5 csk-KO
keratinocytes

To address the mechanism of cytoskeletal remodeling
induced by Csk inactivation, we assessed the activity of the

1238 The EMBO Journal VOL 26 | NO 5 | 2007

small GTPases, Racl, Cdc42, and RhoA, which are key
regulators of actin cytoskeletal organization (Takai et al,
2001). Pull-down assays revealed that the activity of Racl
was constitutively elevated, whereas the activity of RhoA was
downregulated in the mutant cells (Figure 7A and B).

The contribution of Racl was confirmed by time-lapse
analysis of keratinocytes expressing GFP-actin. As it is
known that other Rac family members (Rac2 and Rac3) are
expressed at quite low levels in mouse Kkeratinocytes
(Chrostek et al, 2006), we focused on the function of Racl
in this study. Wild-type keratinocytes had cortically extended
actin stress fibers, whereas mutant keratinocytes formed
multiply branched and nonpolarized actin fibers and dis-
played a dynamic formation of lamellipodia as well as ruffled
membranes in a wide area of the plasma membrane (Figure
7Ca and Supplementary Movie). When a constitutively active
form of Racl (Racl-V12) was expressed in wild-type cells,
they gained the ability to extend lamellipodia and exhibited
disordered actin fibers similar to the mutant cells. Conversely,
expression of a dominant negative form of Racl (Racl-N17)
in mutant cells suppressed the extension of lamellipodia and
induced the formation of well-organized actin stress fibers,
resulting in a phenotype similar to wild-type cells (Figure 7Cb
and Supplementary Movie). These observations suggest
that Racl is one of the key regulators of actin cytoskeletal
remodeling by Csk inactivation. When differentiating wild-
type cells contacted other cells, they rapidly formed stable
cell-cell adhesions (Figure 7Da and Supplementary Movie).
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Figure 6 Cellular events in KS csk-KO keratinocytes. (A) Wild-type (WT) and KS csk-KO (KO) keratinocytes were induced to differentiate for
the indicated periods, and the cell lysates were subjected to immunoblotting with the 4G10 antibody. (B) The samples used in (A) were probed
with antibodies to the indicated phosphorylation sites and proteins. (C) WT and KO keratinocytes were costained with 4G10 (green) and
Alexa594-phalloidin (red) before and after differentiation (8h). Merged images are also shown. Podosome-like punctate structures are

indicated by arrows. Scale bars: 5pum.

In contrast, mutant cells continued formation and destruction
of cell-cell contacts and failed to form stable adhesions
(Figure 7Db, Supplementary Movie). The expression of
Rac1-N17, however, conferred the ability to form stable
cell-cell adhesions (Figure 7Eb, Supplementary Movie). The
expression of dominant negative RhoA in wild-type cells
could also be suppressive for cell-cell adhesion formation
(data not shown). These results suggest that activation of
Racl and inactivation of RhoA are cooperatively involved in
the actin cytoskeletal remodeling that leads to destabilization
of cell-cell adhesion.

Hyperplasia in K5 csk-KO epithelia is associated with
inflammatory events

Finally, we examined the causal link between the in vivo
defects, hyperplasia, and inflammation, in K5 csk-KO mice.
As the ability of mutant keratinocytes to proliferate in vitro
was not significantly affected, we hypothesized that the
hyperplasia might be linked to an environmental cue such
as inflammation. To examine the effect of Csk inactivation on
phenotypic conversion of keratinocytes, we assessed changes
in gene expression of secretory factors involved in the onset
of inflammation and of the EMT marker proteins, snail and

©2007 European Molecular Biology Organization

twist (Martin et al, 2005) (Figure 8A). Mutant keratinocytes
displayed enhanced expression of MMP2 and MMP9, which
have been implicated in both inflammation and EMT (Tester
et al, 2000), as well as cancer progression (Ito et al, 2003;
Chin et al, 2005). Furthermore, expression of TNF-a, a critical
inducer of inflammation (Bates and Mercurio, 2003), was
significantly enhanced in the mutant cells. To examine the
role of activation of TNF-o0 and MMP9 expression, we used
the anti-inflammatory reagent FK506 (Dumont, 2000), which
has been reported to inhibit expression of TNF-a (Lan et al,
2005) and MMP9 (Migita et al, 2006). Indeed, FK506 treat-
ment reduced TNF-o and MMP9 expression to nearly basal
levels in the mutant cells (Figure 8A). A gelatin zymography
assay further confirmed the FK506-mediated inhibition of
MMP9 in the mutant cells (Figure 8B). FK506 treatment,
however, did not significantly influence tyrosine phosphor-
ylation of major cellular proteins, such as FAK and paxillin, or
actin cytoskeletal organization (data not shown), suggesting
that FK506 preferentially acts on a pathway leading to gene
expression of TNF-o0 and MMP9.

The in vivo effect of FK506 was then evaluated by applying
FK506 ointment to areas of mutant mouse skin exhibiting
chronic dermatitis. In a significant number of cases, FK506
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Figure 7 Racl-mediated cytoskeletal remodeling in K5 csk-KO keratinocytes. (A) Cell lysates prepared from wild-type (WT) and KO
keratinocytes at the indicated differentiation stages were incubated with GST-PAK-CRIB, and activated Racl was pulled down with
glutathione-Sepharose beads. Bound, activated Racl (Racl) and Racl in the cell lysates (total Racl) were detected by immunoblotting with
anti-Racl. GST-PAK-CRIB was detected with anti-GST (GST). Similar assays were performed to detect Cdc42 activity (middle panels). RhoA
activity was detected using GST-Rhotekin (lower panels). (B) Signal intensities in the blots for Racl (A) were quantified using Image J (NIH), and
the relative ratios of activated Racl to total Racl and activated RhoA to total RhoA were plotted. Data are means+s.e. of three independent
assays (t-test; ***P<0.001). (C) WT and KO keratinocytes expressing GFP-actin were monitored for 1h by time-lapse confocal microscopy.
Fluorescent signals for GFP-actin are shown in white (a; Supplementary Movie). Small fillopodia-like structures are shown by arrows (a). WT
keratinocytes coexpressing GFP-actin and constitutively active Racl (Racl-V12) and KO keratinocytes coexpressing GFP-actin and dominant
negative Racl (Racl-N17) were monitored (b; Supplementary Movie). Fluorescent signals for mRFP-Racl are shown in red (insets). (D) WT
and KO keratinocytes expressing GFP-actin were treated with 1 mM Ca*™ and monitored for 8 h (Supplementary Movie). Images before (a) and
after (b) treatment with Ca®>* are shown. (E) KO keratinocytes expressing WT Racl (Racl-WT) or Rac1-N17 were treated with 1 mM Ca®™" and
monitored for 8 h (Supplementary Movie). Images before (a) and after (b) treatment with Ca®> " are shown. Fluorescent signals for mRFP-Racl
are shown in red (insets). Scale bars: 5pum.

treatment reduced the thickness of the mutant epidermal that hyperplasia in the mutant skin is linked to inflammatory
layers to the normal size and substantially decreased the events induced by Csk inactivation.

number of Ko6-positive proliferating cells (Figure 8C).

Accumulation of E-cadherin at cell-cell contacts was also

improved in FK506-treated mutant epidermis (Figure 8C). Discussion

Treatment with petroleum jelly as a control did not affect To elucidate the in vivo roles of Csk in epithelial tissues,
hyperplasia in any of the mutant mice. In addition, FK506 we developed mutant mice in which Csk was conditionally
treatment of wild-type skin did not induce any significant inactivated in the basal layer of squamous epithelia. The
effects, confirming that FK506 has no harmful effect on mutant mice developed apparent defects in skin, esophagus,
normal skin. These observations indicate that epidermal and forestomach, and displayed epithelial hyperplasia and
hyperplasia could be cured by FK506 treatment, suggesting chronic inflammation. Analysis of the mutant epidermis and
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Figure 8 Effects of FK506 treatment on keratinocytes and epidermis in K5 csk-KO mice. (A) Expression of proinflammatory factors and EMT
markers in KS csk-KO keratinocytes. Expression of the indicated genes in wild-type (WT) and KS csk-KO (KO) keratinocytes treated in the
presence or absence of FK506 (20 nM) was quantified by real-time PCR. Values relative to nontreated WT controls are shown in the upper graph
(mean +s.e. of five independent experiments, t-test; **P<0.01, *P<0.05). Actual mean values are shown in the lower table. (B) Zymogram of
MMP activity. Conditioned medium was prepared from KS csk-KO keratinocytes treated with the indicated reagents and then subjected to
zymography in a gelatin-containing gel. Positions corresponding to MMP9 and MMP?2 are indicated by the arrows. (C) The skin of KS csk-KO
mice (KO) was treated with FK506 ointment or control vehicle (petroleum jelly). The skin of WT mice was treated with FK506 as a control.
Dorsal skin sections stained with HE and anti-K6 before (left) and after (right) treatment are shown. Frequencies (n = affected individuals/total
individuals) are shown in parentheses. The skin of K5 csk-KO mice (KO) was further subjected to staining for E-cadherin before and after
treatment with FK506 (lower panels). The dotted white line represents the epidermal-dermal border. Scale bars: 10 um.

cultured Kkeratinocytes revealed that attenuation of cell-cell
adhesion is an intrinsic defect caused by Csk inactivation.
Previous studies have shown that activated Src directly
induces downregulation of cell adhesion molecules (Frame,
2002; Fujita et al, 2002), but neither the extent of tyrosine
phosphorylation nor the level of these proteins was signifi-
cantly changed in the mutant keratinocytes. However, a
dramatic remodeling of the cytoskeleton was observed in
these cells. There was a substantial reduction in radial actin
stress fibers and keratin filaments supporting cell-cell adhe-
sion, whereas formation of depolarized actin fibers, podo-
somes, ruffled membranes, and lamellipodia was greatly

©2007 European Molecular Biology Organization

activated. Thus, it appears that the cytoskeletal remodeling
induced by Csk inactivation accounts for defective cell-cell
adhesion in the mutant epidermis.

To address the mechanism underlying cytoskeletal remo-
deling, we examined the activity of small GTPases and found
that Racl was constitutively activated in K5 csk-KO keratino-
cytes. Introduction of dominant negative Racl into the
mutant cells suppressed the extension of lamellipodia and
formation of ruffled membranes, and, instead, promoted
the formation of radial actin fibers. Consequently, the cells
successfully restored stable cell-cell adhesions. Furthermore,
small fillopodia, which are needed for initial cell-cell contact,
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could be restored by the dominant negative Racl. These
results suggest that a constitutively activated Racl pathway
is crucial for the defects induced by Csk inactivation. SFK-
dependent phosphorylation and/or recruitment of adaptor
proteins, such as FAK, Cas, and Crk (Brown and Cooper,
1996; Fukuyama et al, 2005), and activation of guanine
nucleotide exchange factors, such as Vav and DOCK180
(Crespo et al, 1997), may mediate Racl activation in the
mutant keratinocytes. Recently, it has been reported that
Racl-null epidermal cells show expanded intercellular spaces
with concomitant loss of E-cadherin expression (Chrostek
et al, 2006). In contrast, K5 csk-KO epidermis shows ex-
panded intercellular spaces despite constitutive Racl activa-
tion. This inconsistency can be explained by the observation
that upregulation of Racl activity could abrogate the function
of E-cadherin by inducing dramatic remodeling of the cyto-
skeleton stabilizing the adherence junctions.

In K5 csk-KO keratinocytes, we also detected a significant
reduction of RhoA activity, which might result from Racl
activation (Nimnual et al, 2003). The downregulation of
RhoA may account for the destruction of polarized actin stress
fibers as well as the attenuated desmosomal adhesion
(Waschke et al, 2006). RhoA and Racl work competitively
in focal adhesion formation (Rottner et al, 1999) and they are
involved in crosstalk among adhesive receptors in epithelial
junctions (Braga and Yap, 2005). In this study, we showed that
cell-cell adhesion and cell-substrate adhesion were recipro-
cally regulated by SFK/Csk: K5 csk-KO cells displayed increased
cell-substrate adhesion and rather attenuated cell-cell adhe-
sion. These observations suggest that the interplay between
Racl and RhoA regulated by an SFK/Csk circuit would largely
contribute to the maintenance of epithelial organization.

Another critical defect caused by Csk inactivation was
epidermal hyperplasia. Epidermal hyperplasia was not
observed in newborn mice, in which there was no significant
sign of inflammation. During mouse development, inflam-
matory events were observed at relatively earlier stages (by
P20), whereas epidermal hyperplasia became evident at
approximately P50 and thereafter spread over the entire
skin of the mutant mice. These observations suggest that
epidermal hyperplasia is linked to the onset of inflammation.
Inflammation induced by physical stimuli has been reported
previously to cause epidermal hyperplasia, which could be
suppressed by the anti-inflammatory agent FK506 (Hiroi et al,
1998; Fujii et al, 2002). Treatment of mutant mouse skin with
FK506 could also cure hyperplasia in the mutant mouse,
suggesting a functional link between epidermal hyperplasia
and inflammation in K5 csk-KO mice.

We examined the cause of inflammation in K5 csk-KO skin.
Infection by pathogens was unlikely, because the inflamma-
tion was chronic and widespread and there was no increase
in neutrophils in the mutant skin. In keratinocyte cultures,
we observed that Csk inactivation induced expression of the
proinflammatory cytokine TNF-o. and MMPs. It is, thus, likely
that these proinflammatory factors would activate lympho-
cytes and/or stromal cells to trigger inflammation, resulting
in the outflow of growth-promoting cytokines that induce
epidermal hyperplasia. In support of this hypothesis, FK506-
mediated inhibition of TNF-o0 and MMP9 expression cured
the inflammation as well as the hyperplasia in KS csk-KO
mice. These findings suggest that the SFK/Csk circuit is
involved in the regulation of inflammatory events and poten-
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tially innate immunity in the epithelial cells, as previously
observed in granulocytes (Thomas et al, 2004) and macro-
phages (Aki et al, 2005). However, the mechanisms under-
lying the induction of proinflammatory factors downstream
of SFK still remain unknown. Further analysis of SFK respon-
sive cis and trans elements and potential crosstalk with the
Racl pathway will be required.

Recently, another group generated transgenic mice that
overexpress c-Src in epidermal basal cells under the control of
the bovine keratin 5 (BKS) promoter (Matsumoto et al, 2002,
2003). BKS c-src mice exhibited epidermal hyperplasia and
hyperkeratosis, phenotypes that are quite similar to those
observed in K5 csk-KO mice. Interestingly, some lines of BK5
c-src transgenic mice developed squamous cell carcinomas
(SCCs) in the skin, although the K5 csk-KO mice do not
produce carcinomas. This phenotypic difference is probably
due to differences in the levels of kinase activities between
overexpressed c-Src in BKS c-src mice and endogenous SFKs
in KS csk-KO mice. As previously observed (Harris et al,
1999), there was a significant degradation of activated SFK
proteins in the K5 csk-KO fibroblasts, which may also con-
tribute to the reduction of total kinase activity in these cells.
These observations suggest that the activation of endogenous
SFK is not sufficient for cancer initiation. Nonetheless, we
have shown that constitutive activation of endogenous SFK
by Csk inactivation could induce a phenotypic conversion in
epithelial cells; dramatic remodeling of cytoskeletal organiza-
tion and upregulation of some cytokines and mesenchymal
proteins such as snail and twist, as well as MMPs. These are
characteristic events in the EMT that favor the invasive and
metastatic potential of cancers. Furthermore, these phenoty-
pic changes influence the extracellular environment to induce
the inflammation and vascularization that further promote
cancer progression (Coussens and Werb, 2002). Thus, it is
likely that activation of endogenous SFK can produce an
intra- and extracellular environment that promotes malig-
nancy upon subsequent mutation and/or external insult.
Given that the metastatic potential of human cancers is
frequently associated with upregulation of endogenous SFK
activity, molecules involved in Csk-mediated negative regula-
tion of SFK could serve as potential therapeutic targets for the
suppression of cancer progression.

Materials and methods

K5-Csk knockout mice

K5-Cre transgenic mice (gifts from J Takeda) were mated with
csk™/M% mice. The F2 offspring carrying the csk™/°* Jocus and
the K5-Cre transgene (KS5-Cre-csk/f°9) " and their littermates
carrying no K5-Cre transgene (csk”®¥7°%) were used as K5 csk-KO
mice and control mice, respectively. Genotypes were confirmed by
detection of K5-Cre and the csk/ locus by allele-specific PCR, as
described previously (Tarutani et al, 1997; Schmedt et al, 1998).
Mice were handled and maintained according to the Osaka
University guidelines for animal experimentation.

Antibodies

Anti-Csk (C-20) and anti-B-catenin (H-102) were purchased from
Santa Cruz Biotechnology. Anti-Src pY418, anti-Src pY529, anti-FAK
pY576, and anti-FAK pY397 were purchased from Biosource.
Anti-Thy1.2 and anti-CD11b were obtained from e-Bioscience. Anti-
plakoglobin was purchased from PROGEN. Anti-keratin 1 (K1),
anti-keratin 5 (K5), anti-keratin 6 (K6), and anti-involucrin were
purchased from Berkeley Antibody. Anti-Ki67 was purchased from
Novocastra. Anti-E-cadherin, anti-paxillin, anti-FAK, anti-Racl,
and anti-Cdc42 were obtained from BD Transduction Laboratories.
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Anti-phosphotyrosine (4G10) was purchased from Upstate Biotech-
nology.

Histological analysis

Dorsal skin was excised from mice deeply anesthetized with 10%
Nembutal. The samples were fixed in paraformaldehyde (4% PFA
in phosphate-buffered saline) and embedded in paraffin. Sections
(2 pm) on glass slides were rehydrated and incubated with Histo-HV
One solution (Nacalai tesque) for antigen reactivation. The speci-
mens were incubated with blocking solution (50 mM Tris-HCI, pH
7.4, 0.9% NaCl, 0.25% gelatin, 0.5% (w/v) Triton X-100) or 5%
normal goat serum/Tris-buffered saline containing 0.1% Tween 20
(TTBS), and then incubated with primary antibodies in blocking
solution or TTBS overnight at 4°C, followed by incubation with
labeled secondary antibodies. The labeled sections were cover-
slipped and examined by confocal laser-scanning microscopy
(Olympus, FV-1000). Anti-Thyl.2, anti-B-catenin, and anti-CD11b
were used at dilutions of 1:1000, 1:200, and 1:100, respectively. All
other antibodies were used at a dilution of 1:500. For HE staining,
rehydrated sections were stained with Mayer’s hematoxylin (Waco
chemical co.) and eosin. For periodic acid Schiff (PAS) staining,
rehydrated paraffin sections were pretreated with 0.5% periodic
acid solution (Wako chemical co.). After washing, samples were
incubated with the Schiff reagent and washed three times with
sodium pyrosulfite (0.5% hydrosulfite in 0.05 N HCI).

Preparation of keratinocytes

Skin from newborn mice was treated with 100 U/ml of dispase for
20h at 4°C, and the epidermis was peeled away from the dermis and
trypsinized for 10min at 37°C. Keratinocytes were cultured on
collagen type I-coated plates in keratinocyte growth medium (KGM,
modified MCDB 153 medium, Kyokuto) supplemented with 5 pg/ml
insulin, 0.5puM hydrocortisone, and bovine pituitary extract. To
induce differentiation, the medium was changed from normal KGM
(<0.03mM Ca**) to Ca**-rich KGM (1 or 2mM CaCl).

Immunocytochemistry

Keratinocytes cultured in 24-well plates were fixed with 4% PFA for
15 min at room temperature. For analysis of cell adhesion proteins,
cells were fixed with cold methanol (precooled at —20°C) for 30 min
at 4°C. After washing with TTBS, the samples were incubated with
5% BSA/TTBS, followed by incubation with primary antibodies in
TTBS overnight at 4°C. After incubation with secondary antibodies
for 45 min at room temperature, coverslips were mounted on glass
slides. The specimens were examined by fluorescence microscopy
(Olympus, BX60) or confocal laser-scanning microscopy (Olympus,
FV-1000). Antibodies were used at the same dilutions as for
immunohistochemistry.

Electron microscopy

Mice (37-week-old or P5) were deeply anesthetized with 10%
Nembutal and perfused with 2% glutaraldehyde and 2% para-
formaldehyde in 0.1 M phosphate buffer, pH 7.4. Skin samples were
removed and cut into small pieces that were again immersed in
the same fixative at 4°C. After washing with 7.5% sucrose/0.1 M
phosphate buffer, tissues were post-fixed with 1% OsO, in the same
buffer and then block-stained with an aqueous solution of uranyl
acetate for 1h. After dehydration, tissues were embedded in Poly/
Bed 812. Ultrathin sections were stained with uranyl acetate and
lead citrate. The specimens were examined with an HV-7100
electron microscope (Hitachi).

Immunoblotting

Whole-cell lysates were prepared from keratinocytes in RIPA buffer
(50mM Tris-HCI, pH 7.4, 150 mM NaCl, 1% (w/v) Triton X-100,
0.5% sodium deoxycholate, 0.1% SDS, 2mM EGTA, 1 mM sodium
orthovanadate, 0.1% leupeptin, 0.1% aprotinin, and 1 M PMSF) or
ODG buffer (50 mM Tris-HCI, pH 7.4, 1 mM EDTA, 0.15M NaCl, 5%
(w/v) glycerol, 1% (w/v) NP-40, 20mM NaF, 2% N-octyl-p-b-
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glucoside (ODG), 5uM 2-mercaptoethanol, 1 mM sodium orthova-
nadate, 0.1% leupeptin, 0.1% aprotinin, and 1 mM PMSF), for
immunoprecipitation and immunoblotting, respectively. Equal
amounts of total protein were separated by SDS-PAGE and
transferred onto nitrocellulose membranes. The membranes were
blocked and incubated with primary antibodies, followed by
incubation with HRP-conjugated secondary antibodies. Primary
antibodies were used at dilutions of 1:5000 (for 4G10), 1:1000 (for
Racl, RhoA, and Cdc42), and 1:2000 (for all others). Signals from
immunopositive bands were visualized on X-ray film using an
enhanced chemiluminescence system (Amersham).

Assays of Rho family small G proteins

Whole-cell lysates were prepared from keratinocytes in ODG buffer.
Lysates (100 pug protein) were incubated with purified GST-PAK-
CRIB (a gift from M Matsuda) or GST-Rhotekin bound to
glutathione-coupled Sepharose beads (PAK, 4°C, overnight; Rhote-
kin, 4°C, 1h). Following pull-down, activated Racl, Cdc42, and
RhoA were detected by immunoblotting and quantified using the
Image J software package. For time-lapse analysis, EGFP-actin (BD
Bioscience) and/or mRFP-Racl (wild type, V12 and N17; gifts from
M Matsuda) were transiently transfected into keratinocyte cultures
using a retrovirus vector (pCX4bleo). The transfected keratinocytes,
cultured in the presence or absence of 1 mM CaCl,, were monitored
for 8h using confocal laser-scanning microscopy (Olympus, FV-
1000).

Real-time quantitative PCR

Total RNA was prepared from differentiated keratinocytes using
Sepasol (Nacalai Tesque), and reverse transcribed using SuperScript
II reverse transcriptase (Invitrogen). Gene-specific primers and
probes were obtained from Applied Biosystems (TagMan Gene
Expression Assays). PCR was performed using an Applied
Biosystems 7900HT Fast Real-Time PCR System and Sequence
Detection System Software v2.2.1 according to the manufacturer’s
instructions.

FK506 treatment

Dorsal skin from 13-week-old K5 csk-KO mice that exhibited
spontaneous dermatitis was used for analysis. K5 csk-KO mice
were treated with 0.1% FK506 ointment (Astellas Pharma Inc.) or
Petroleum jelly for 10 days. After treatment, dorsal skin from these
mice was excised and observed by HE staining.

Gelatin zymography

Keratinocytes (0.5 x 10° cells) cultured for 3 days were further
cultured for 24 h in MCDB153 medium in the presence or absence of
1mM CaCl, and 20 nM FK506. These media were electrophoresed
under non-reducing conditions on 10% SDS-PAGE gels containing
1% gelatin (15 mA for 2.5h, 4°C). Gels were washed with 2.5% (w/v)
Triton X-100 for 30min and incubated in a reaction buffer
(50mM Tris-HCl, pH 7.4, 0.2M NaCl, 0.5mM CaCl,, 1% (w/v)
Triton X-100, and 0.02% NaN3) for 36h at 37°C. Gels were then
stained with 0.25% Coomassie brilliant blue R-250.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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