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ABSTRACT Sik, the mouse homologue of the breast tu-
mor kinase Brk, is expressed in differentiating cells of the
gastrointestinal tract and skin. We examined expression and
activity of Sik in primary mouse keratinocytes and a mouse
embryonic keratinocyte cell line (EMK). Calcium-induced
differentiation of these cells has been shown to be accompa-
nied by the activation of tyrosine kinases and rapid phos-
phorylation of a 65-kDa GTPase-activating protein (GAP)-
associated protein (GAP-A.p65). We demonstrate that Sik is
activated within 2 min after calcium addition in primary
keratinocytes and EMK cells. In EMK cells, Sik binds GAP-
A.p65, and this interaction is mediated by the Sik Src homol-
ogy 2 domain. Although Sik directly complexes with GAP-
A.p65, overexpression of wild-type or kinase defective Sik in
EMK cells does not lead to detectable changes in GAP-A.p65
phosphorylation. These data suggest that Sik is not respon-
sible for phosphorylation of GAP-A.p65. GAP-A.p65 may act
as an adapter protein, bringing Sik into proximity of an
unidentified substrate. Overexpression of Sik in EMK cells
results in increased expression of filaggrin during differenti-
ation, supporting a role for Sik in differentiation.

Sik is a nonmyristoylated Src-related intracellular tyrosine
kinase with Src homology 2 (SH2) and SH3 domains and a very
short unique amino terminus (1, 2). Its expression is epithelial-
specific and developmentally regulated and was first detected
at mouse embryonic day 15.5 in the differentiating granular
layer of the skin (2). In adult skin, Sik is restricted to the
differentiating suprabasal layers. Sik is the mouse homologue
of the breast tumor kinase Brk, which is expressed in differ-
entiating cells of normal human colon and skin (X. Llor and
A.L.T., unpublished results). Increased levels of Brk expres-
sion have been found in breast tumors (3, 4) and some
metastatic melanoma cell lines (5).

To begin to determine the function of Sik, we examined its
role during differentiation of cultured mouse keratinocytes. In
low Ca21 medium, these cells remain undifferentiated. Addi-
tion of Ca21 to levels found in standard medium induces
tyrosine kinase activity (6), desmosome formation, cell strat-
ification, inhibition of cell proliferation (7, 8), and expression
of differentiation markers (9, 10). Cornified envelopes form
and cells are shed into the medium (8). Ca21-induced in vitro
differentiation mimics in vivo differentiation, where increased
levels of intracellular Ca21 have been detected in the differ-
entiating layers of skin (11). Inhibitors of tyrosine kinases
interfere with Ca21-induced keratinocyte differentiation, un-
derscoring an important role for these proteins (6).

Within 5 min after addition of Ca21 to undifferentiated
keratinocytes, a 65-kDa protein that binds to the Ras-GTPase
activating protein (GAP) is tyrosine-phosphorylated (6). GAP
binds to a variety of phosphorylated proteins including p190

(12) and the GAP-associated protein p62 (13), which was
recently cloned and named Dok (14, 15). Dok is a substrate of
several kinases including v-Abl (14), and it is constitutively
phosphorylated in Bcr-Abl-expressing hematopoietic cell pro-
genitors of chronic myelogenous leukemia patients (15). Dok
contains a putative pleckstrin homology domain that may
mediate protein–protein interactions and binding to lipids and
target the protein to the membrane (14, 15).

Although previously identified as the protein now known as
Dok (16), it has been suggested that the 65-kDa protein
(GAP-A.p65) that is rapidly phosphorylated in response to
Ca21 in keratinocyte cultures is distinct (17). GAP-A.p65 is not
recognized by the monoclonal antibody 2C4 that specifically
reacts with Dok (17). It does not bind poly(U)-Sepharose and
is distinct from SAM68, an RNA binding protein that is a
substrate for c-Src during mitosis (17). It was found that Ca21

addition induces rapid phosphorylation of GAP-A.p65 but not
Dok or SAM68 in the mouse C5N keratinocyte cell line (17).

Two distinct tyrosine kinase activities, the first appearing
within minutes and the second hours after Ca21 addition, are
associated with keratinocyte differentiation. The latter activity
belongs at least in part to the Src-family kinase Fyn, which is
activated hours after Ca21 addition and has been shown to play
a role in the normal differentiation response (18). Kinases
responsible for the early tyrosine kinase activity and the rapid
phosphorylation of GAP-A.p65 have not been identified. In
this study, we examined Sik activity after Ca21 addition to
mouse keratinocytes, the association of Sik with GAP-A.p65,
and the role of Sik during keratinocyte differentiation.

MATERIALS AND METHODS

Cells and Antibodies. The EMK embryonic mouse kerati-
nocyte cell line was a gift of K. Turksen (Loeb Medical
Research Institute, Ontario, Canada). Primary keratinocytes
were isolated from newborn Sencar mice (19) and used within
1 week of plating. The retrovirus packaging cell line BOSC23
(20) was grown in gpt selection medium (21).

Polyclonal anti-Sik antibodies sc-915 and sc-916 were ob-
tained from Santa Cruz Biotechnology. Immunoblotting was
performed with a combination of sc-915 and sc-916 for in-
creased sensitivity. The sc-916 antibody was used for all Sik
immunoprecipitation experiments.

Antibodies obtained commercially include polyclonal anti-
GAP, Fyn, and Src (Santa Cruz Biotechnology), the anti-
phosphotyrosine antibody RC-20H (Transduction Laborato-
ries, Lexington, KY), monoclonal anti-b-actin (Sigma), mouse
involucrin, and keratin 1 (Babco, Richmond, CA). Antibodies
received as gifts, include RQ19 against Rak (R. Craven and
E. T. Liu, Univ. of North Carolina), anti- loricrin (E. Fuchs,
Univ. of Chicago), anti-p85 regulatory subunit of human PI-3
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kinase (L.C. Cantley, Harvard Medical School), and anti-
mouse filaggrin (G.P. Dotto, Harvard Medical School).

Immunoprecipitations, in Vitro Kinase Assays, Immuno-
blotting, and Northern Blots. Immunoprecipitations, immune
complex protein kinase assays, and immunoblotting were done
as described (22). One milligram of total cellular protein was
used for immunoprecipitations with the anti-Sik and Rak
antibodies, and 200 mg was used for immunoprecipitations
with all other antibodies. Quantitative analysis of 32P incor-
poration was done by scanning dried gels with a Betascope
Blot Analyzer (Betagen, Waltham, MA). For immunoblotting,
cells were lysed in 13 SDS sample buffer and 30 mg of total
protein per lane was subjected to SDSyPAGE. RNA was
isolated using TRIzol (GIBCOyBRL), and Northern blot
hybridizations were performed as described (2). A rat kerati-
nocyte transglutaminase cDNA probe was a gift of R. H. Rice
(Univ. of California, Davis).

Sik–Glutathione S-Transferase (GST) Fusion Proteins, in
Vitro Binding, and Overlay Assays. An NcoI–XhoI fragment
containing the full-length sik cDNA (2) was inserted into the
pGEX-KG expression vector (23). The GST–Sik SH3 domain
was amplified by using oligonucleotides 59-CAAGCAGGC-
CACAGCTGACT-39 and 59-GCGCTCGAGTCACA-
CAGTTTCCTTCTCAGCCA-39 and the sik cDNA as tem-
plate. This was digested by NcoI and XhoI and subcloned into
pGEX-KG. For cloning of the GST–Sik SH3y2 domain, the
NcoI–Eco47III fragment of sik cDNA was subcloned into
pet25b(1) (Novagen) by using NcoI and a filled-in NotI site.
The NcoI–XhoI fragment from this plasmid was then sub-
cloned into pGEX-KG. The GST–Sik SH2 domain construct
was made by using PCR and the oligonucleotides 59-
GCGCCATGGAACCGTGGTTCTTTGGTT-39 and 59-
GCTAGTTATTGCTCAGCGG-39 and the pet25b(1) plas-
mid containing the Sik SH3y2 domains as a template. The
amplified fragment was digested with NcoI and XhoI and
ligated into pGEX-KG. Integrity of constructs was verified by
sequencing. Fusion proteins were expressed as described (23).
GST–GRB2 fusion protein was purchased from Santa Cruz
Biotechnology.

In vitro protein binding assays and the overlay assay were
performed as described (22). GST fusion proteins were labeled
with biotin by using the protein biotinylation module RPN
2202 (Amersham) and the recommended protocol, but 2 mM
DTT was added to all solutions.

Phosphopeptide Mapping. Confluent EMK cells were la-
beled for 3 h with 32Pi (Amersham) at 1.5 mCiyml (1 Ci 5 37
GBq) in phosphate-free chelex-treated DMEM with 4% dia-
lyzed fetal calf serum. Ca21 was added 10 min prior to cell lysis.
32P-labeled Sik-A.p65 and GAP-A.p65 were separated by
PAGE, transferred to nitrocellulose, and visualized by auto-
radiography. The 65-kDa protein bands were excised and the
phosphotryptic peptide mapping procedure was performed as
described (22).

Transfections and Infections. The sik cDNA was subcloned
into pAlter (Promega) by using BamHI and KpnI sites. The 39
nontranslated region was deleted by partial digestion with SstI
and self-ligation. Next, the sik coding sequence was cloned into
the EcoRI site of the pLXSN retroviral expression vector (24).
The oligonucleotide-mediated altered sites in vitro mutagen-
esis system (Promega) was used for preparation of the mutant
kinase-deficient sik cDNA. The oligonucleotide used for mu-
tagenesis 59-GTGGCTGTGATGGTGATCTCT-39 has a A3
T substitution that changes the lysine at position 219 of
wild-type Sik to methionine. Transfections and retroviral
infection of EMK cells were done as described (20).

RESULTS
Rapid Activation of Sik During Ca21-Induced Differentia-

tion. Activities of Sik, Rak, Fyn, and Src were measured after

FIG. 1. Sik is rapidly activated during differentiation of primary
mouse keratinocytes. (A) Immunoprecipitations at different times
after Ca21 addition with Sik-, Rak-, Fyn-, and Src-specific polyclonal
antibodies or control rabbit Ig followed by in vitro kinase assays using
enolase as a substrate. Reaction products were separated by SDSy
PAGE and visualized by autoradiography. (B) Immunoblot of total
cellular protein isolated at different times after Ca21 addition probed
with Sik-, Rak-, Fyn-, and Src-specific antibodies. Primary antibodies
were detected with horseradish peroxidase-conjugated anti-rabbit
antibodies and ECL.

FIG. 2. Sik is activated during Ca21-induced differentiation of
EMK cells. Protein extracts from EMK cells at different times after
Ca21 addition were immunoprecipitated with Sik- or Src-specific
antibodies, and in vitro kinase assays were performed by using enolase
as a substrate. Reaction products were analyzed by SDSyPAGE
followed by autoradiography.

FIG. 3. Sik-associated and GAP-associated 65-kDa proteins comi-
grate and are tyrosine-phosphorylated during differentiation. (A)
Proteins from EMK cells incubated for 5 days in high Ca21 medium
were immunoprecipitated with anti-Sik antibodies with or without
peptide block or with anti-GAP antibodies. Tyrosine-phosphorylated
proteins were detected by using anti-phosphotyrosine antibodies. Sik
protein comigrates with the Ig background band. Molecular size
markers (kDa) are indicated on the left. (B) Tyrosine-phosphorylated
proteins precipitated with anti-Sik or anti-GAP antibodies at different
times after Ca21 addition were detected with anti-phosphotyrosine
antibodies.
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Ca21 addition to primary keratinocytes by using immunopre-
cipitation coupled with in vitro kinase assays and enolase as an
exogenous substrate for tyrosine phosphorylation (Fig. 1A).
Significant activation of Sik occurred rapidly, with Sik activity
increasing approximately 2-fold within 2 min after Ca21 ad-
dition. Sik activity continued to increase as differentiation
proceeded, and by 24 h its activity increased 5- to 7-fold.
Protein levels were determined by immunoblotting and the
amount of each protein did not change significantly (Fig. 1B).

Rak (or Frk) (25, 26) is a nonmyristoylated intracellular
kinase that shares significant homology with Sik (2). It is
expressed in epithelial cell lines and tissues (25). We did not
detect Rak activation at early stages of keratinocyte differen-
tiation. By 24 h Rak activity increased approximately 2-fold.

The apparent decrease in Rak activity at 10 min and 1 h was
not consistently observed.

We detected a 5- to 6-fold increase in Fyn tyrosine kinase
activity by 24 h after Ca21 addition as reported (18). We did
not detect significant activation of Fyn after 1 h. In agreement
with Calautti et al. (18), no increase in mouse Src activity was
detected after Ca21 addition to primary keratinocytes.

We also examined Sik activity in a cell line derived from
embryonic mouse keratinocytes (EMK cells). Sik is rapidly
activated in EMK cells after Ca21 addition, and Src activity
remains constant (Fig. 2). This spontaneously immortalized
cell line remains undifferentiated in low Ca21 medium. EMK
cells are capable of differentiating after addition of Ca21, and
this is accompanied by stratification and induction of differ-
entiation markers (see Fig. 8).

Sik Associates with a Rapidly Phosphorylated 65-kDa GAP-
Associated Protein Through Its SH2 Domain. To identify
tyrosine-phosphorylated proteins that associate with Sik, we
examined proteins in Sik immunoprecipitates by immunoblot-
ting with anti-phosphotyrosine antibody. In differentiated
EMK cells, the only prominent tyrosine phosphorylated pro-
tein that coimmunoprecipitates with Sik is approximately 65
kDa (Fig. 3A). This protein comigrates with a tyrosine-
phosphorylated protein that coimmunoprecipitates with GAP,
p65 (GAP-A.p65). In controls where the anti-Sik antibody was
incubated with an excess of Sik peptide, no 65-kDa protein was
coprecipitated. It was previously shown that GAP-A.p65 be-
comes rapidly tyrosine-phosphorylated during Ca21-induced
differentiation of the mouse C5N keratinocyte cell line (17).
Our data demonstrate that the tyrosine phosphorylation of
GAP-A.p65 and the protein that associates with Sik is up-
regulated during Ca21-induced differentiation of EMK cells
(Fig. 3B).

Fusion proteins containing the Sik SH2 domain, the SH3
domain, both the SH2 and SH3 domains and full-length Sik
were incubated with lysates from Ca21-treated EMK cells and
then with glutathione-Sepharose. Phosphotyrosine-containing
proteins associated with the GST–Sik fusions were detected by
anti-phosphotyrosine antibody immunoblotting (Fig. 4A). The
smallest bands visible in the GST–SIK SH2, GST–SIK SH3,
and GST–SIK SH3y2 lanes are the GST fusion proteins
themselves. A 65-kDa protein was one of the major tyrosine-
phosphorylated proteins that specifically associated with the
Sik SH2 domain. Binding was not detected with GST alone or
with the GST–Sik SH3 and GST–GRB2 fusion proteins. Other

FIG. 4. Sik-associated p65 binds to the SH2 domain of Sik. (A)
Tyrosine-phosphorylated proteins immunoprecipitated with GAP or
phosphatidylinositol 3-kinase (PI-3K) antibodies or with GST fusion
proteins 10 min after Ca21 addition were detected by using anti-
phosphotyrosine antibodies coupled to horseradish peroxidase and
ECL. Tyrosine-phosphorylated proteins binding the PI-3K regulatory
subunit (PI-3K) or GST–GRB2 were examined as controls for spec-
ificity of 65-kDa protein binding to Sik. In addition to cellular proteins,
the fusion proteins themselves are visible (smallest bands in GST–SIK
SH2, SH3, and SH3y2 lanes, and the major band in the GST–Sik lane).
(B) Increased tyrosine phosphorylation of proteins in total cell lysates
(TCL) and proteins that bind the GST–Sik SH2 fusion protein after
Ca21 addition to EMK cells. Phosphotyrosine-containing proteins
were detected as described in A. There is a significant increase in the
tyrosine phosphorylation of the 65-kDa protein associated with Sik
(arrow).

FIG. 5. Sik SH2 domain binds directly to GAP-associated p65 in an overlay assay. Precipitations were done with keratinocyte lysates at 10 min
after Ca21 addition by using anti-GAP antibody or GST or the GST–Sik SH2 domain. Precipitates were washed and split into four samples that
were subjected to SDSyPAGE and transferred to Immobilone-P membranes. Filters were probed with anti-phosphotyrosine antibody (A), anti-GAP
antibody (B), biotin-labeled GST (C), or biotin labeled GST–Sik SH2 domain fusion protein (D). Primary antibodies were detected as described.
Bound GST and GST fusion proteins were detected by preformed avidin and biotinylated horseradish peroxidase complex and ECL.
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proteins interacting with the Sik SH2 domain are approxi-
mately 100 and 120 kDa in size. The Sik SH3 domain did not
bind significantly to phosphotyrosine-containing proteins. In
addition to binding all proteins that bound the Sik SH2 domain
alone, the Sik SH3y2 domain also bound an additional protein
of approximately 68 kDa. The major tyrosine-phosphorylated
protein seen after binding of proteins with full-length GST–Sik
is the GST–Sik fusion protein itself, although binding of the
65-kDa protein is also detected. After Ca21 addition, increased
tyrosine phosphorylation of many proteins in total cell lysates
was observed (Fig. 4B). There is a significant increase in
tyrosine phosphorylation of the 65-kDa protein associated
with the Sik SH2 domain by 24 h after Ca21 addition (Fig. 4B).

Direct Sik binding to GAP-A.p65 was tested by using an
overlay assay. The GST–Sik SH2 domain and anti-GAP anti-
body were used to precipitate the 65-kDa tyrosine-
phosphorylated proteins from extracts of EMK cells incubated
in high Ca21 medium for 10 min. Precipitated proteins were
probed with biotinylated GST or GST–Sik SH2 fusion protein
(Fig. 5 C and D). As a control, parallel blots were probed with
anti-phosphotyrosine (Fig. 5A) or anti-GAP antibody (Fig.
5B). The tyrosine-phosphorylated GAP-associated and Sik-
associated 65-kDa proteins comigrate. The Sik SH2 domain
bound with a similar affinity to the 65-kDa protein precipitated
with the GST–Sik SH2 fusion protein, and the 65-kDa protein

immunoprecipitated with anti-GAP antibody (Fig. 5D). GST
alone did not bind to the 65-kDa protein (Fig. 5C). Thus, Sik
binds directly to GAP-A.p65 through it SH2 domain. GAP was
not precipitated by the GST–Sik SH2 fusion protein, although
GAP precipitated with anti-GAP antibody was readily detect-
able (Fig. 5B). We were also unable to detect GAP in anti-Sik
immunoprecipitates (data not shown).

To determine whether the 65-kDa proteins that associate
with the Sik SH2 domain and GAP are identical, phospho-
tryptic peptide mapping was performed. Confluent EMK cells
were labeled for 3 h with 32Pi at 1.5 mCiyml and then treated
with Ca21 for 10 min. Labeled 65-kDa proteins that bound to
the GST–Sik SH2 domain or coimmunoprecipitated with GAP
were separated by SDSyPAGE, transferred to nitrocellulose
membrane, visualized by autoradiography, and then excised
from the membrane (Fig. 6A). The phosphorylated proteins
were digested with trypsin and separated by electrophoresis
and chromatography. The phosphotryptic peptides generated
by digestion of Sik-A.p65 and GAP-A.p65 appear identical
(Fig. 6B). Separation of a mixture of the Sik-associated and
GAP-associated proteins revealed a completely overlapping
pattern of peptides, suggesting that the two proteins are
identical.

Overexpression of Sik Does Not Alter GAP-A.p65 Phos-
phorylation but Results in Increased Filaggrin Expression. To

FIG. 6. Phosphotryptic peptide maps of Sik-associated p65 and GAP-A.p65 appear identical. (A) Confluent EMK cells were labeled for 3 h
with 32Pi at 1.5 mCiyml, followed by addition of Ca21 for 10 min and lysis. Proteins precipitated from the cell lysates with GAP antibodies or the
GST–Sik SH2 domain fusion protein were separated by SDSyPAGE, transferred to Immobilone-P membrane, and visualized by autoradiography.
(B) The 65-kDa proteins from A were excised and phosphotryptic peptide maps were generated. Maps of Sik-associated p65 (Sik-A.p65),
GAP-associated p65 (GAP-A.p65), and a mixture of these two proteins are shown (MIX). Sample origins are indicated by arrows, and the anodes
and cathodes for electrophoresis are indicated by the 1 and 2 signs.

FIG. 7. Rapid phosphorylation of GAP-A.p65 is not affected by overexpression of wild-type Sik or kinase-deficient Sik. Stable EMK cell lines
containing the pLXSN vector alone (VECTOR) or expressing wild-type (SikWT) or kinase-deficient Sik (Sik 219K-M) were selected. (A)
Expression of transfected Sik was detected by immunoblotting of total cellular proteins from the stable cell lines with anti-Sik antibody. (B) Sik
kinase activity was measured by immunoprecipitation followed by in vitro kinase assays using total protein from EMK cell lines incubated for 1 h
in high Ca21 medium. Autophosphorylated Sik was detected by autoradiography. (C) Phosphorylation of GAP-A.p65 at 10 min and 1 h after Ca21

addition to EMK cell lines was measured by immunoprecipitation with anti-GAP antibody followed by immunoblotting with anti-phosphotyrosine.
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determine whether Sik is responsible for phosphorylation of
GAP-A.p65, we examined tyrosine phosphorylation of GAP-
A.p65 in EMK cell lines overexpressing wild-type Sik and
kinase defective Sik. A conserved lysine at position 219 in the
putative ATP binding region of Sik was changed to methio-
nine, because mutation generally produces a kinase-defective
enzyme (27). Stable pools of EMK cells containing the pLXSN
retroviral vector alone or with wild-type or kinase-deficient Sik
were selected by using G418. Immunoblot analysis revealed a
significant increase in the amount of Sik protein in the cell lines
transfected with wild-type and kinase-deficient sik cDNAs
(Fig. 7A). Transfected cells were incubated in high Ca21

medium for 1 h and Sik activity was determined by using the
immune complex-in vitro phosphorylation assay. Sik activity
increased in cells transfected with wild-type Sik and decreased
in cells transfected with kinase-negative Sik (Fig. 7B). The
decrease in total Sik activity in cells expressing mutant Sik may
be due to a dominant negative role of kinase-deficient enzyme.
Antibodies used for Sik immunoprecipitations precipitated
both endogenous and recombinant Sik proteins.

No change in phosphorylation of GAP-A.p65 was detected
in EMK cells overexpressing wild-type and mutant Sik (Fig.
7C). We also detected no change in phosphorylation of the
65-kDa Sik-associated protein from these cells that bound the
GST–Sik SH2 domain fusion protein (data not shown). These
data suggest that Sik is unlikely to be the primary tyrosine
kinase responsible for phosphorylating GAP-A.p65 in vivo.

The induction of several differentiation markers was exam-
ined after Ca21 addition to the EMK cell lines that overexpress
wild-type and kinase-defective Sik, including keratin K1, lori-
crin, involucrin, and keratinocyte transglutaminase. No signif-
icant differences in expression of these markers was detected
in cells over expressing wild-type and kinase-defective Sik (Fig.
8 A and B). In contrast, expression of filaggrin, a protein
expressed in the granular layer and a component of terminally
differentiated cornified cells, was significantly higher in cells
overexpressing wild-type Sik, at 14 and 24 h after Ca21

addition (Fig. 8C). Filaggrin serves to aggregate keratin fila-
ments and is first synthesized as a very large precursor protein
(profilaggrin), which is cleaved into multiple subunits (28, 29).
The multiple bands detected by immunoblotting reflect the
proteolytic processing of the protein. Cells overexpressing
kinase-defective Sik also appear to express slightly less filag-
grin than cells containing the vector alone at 24 h.

DISCUSSION

Ca21-induced differentiation of cultured keratinocytes is ac-
companied by early and late tyrosine kinase activities (18). Fyn
activation corresponds with the later activity and is important
for normal differentiation (18). Herein we demonstrate that
two additional tyrosine kinases, Rak and Sik, are also activated
during Ca21-induced differentiation of mouse keratinocytes.
Like Fyn, Rak is activated at later stages of differentiation. Rak
is an epithelial-cell-specific nuclear tyrosine kinase that asso-
ciates with the retinoblastoma protein and has growth-
suppressing properties (30).

Sik represents the first early kinase to be identified during
keratinocyte differentiation. It is activated within 2 min after
Ca21 addition. Although Sik directly binds to GAP-A.p65, it
does not appear responsible for the rapid phosphorylation of
GAP-A.p65 in EMK cells, suggesting that other unidentified
tyrosine kinases are also rapidly activated. It is possible that
binding of Sik to phosphorylated GAP-A.p65 may result in
changes in the conformation of Sik, leading to its activation.
The association of Sik with a GAP-associated protein may link
Sik to the Ras pathway.

Currently, the relationship between GAP-A.p65 and Dok is
not clear, and it is still possible that these two GAP binding
proteins are related. Although v-Abl has been shown to

phosphorylate Dok, c-Abl does not appear responsible for
GAP-A.p65 phosphorylation, because no change in c-Abl
activity was noted after Ca21 addition to keratinocytes (18). A
role for Dok as a docking protein for membrane localization
has been proposed (14, 15, 22), and GAP-A.p65 may also act

FIG. 8. Differentiation marker expression following Ca21 treat-
ment of stably transfected EMK cells expressing wild-type (SIK WT)
or kinase-deficient Sik, where the conserved lysine in the catalytic
domain has been changed to methionine (SIK 219K-M). Control cells
contain the pLXSN retroviral expression vector alone (VECTOR).
(A) Total protein was extracted from cells grown in low Ca21 medium
(0 h) or incubated in high Ca21 medium for 14, 24, or 48 h.
Immunoblotting was performed with keratin 1, loricrin, involucrin, or
b-actin antibody. (B) Induction of transglutaminase mRNA expres-
sion during EMK cell differentiation. Total RNA extracted from cells
grown in low Ca21 medium (0) or in high Ca21 medium for 14 or 24 h
was hybridized with a probe for rat keratinocyte transglutaminase. As
a control, the membrane was stripped and rehybridized with a probe
for the ribosomal gene rpL32y4A (RPL32y4A) (31). (C) Increased
filaggrin levels in differentiating cells overexpressing wild-type Sik.
Equal amounts of total proteins from cells grown in low Ca21 medium
(0 h) or in high Ca21 medium for 14 or 24 h were separated by
SDSyPAGE, transferred to Immobilone-P membranes, and probed
with anti-filaggrin antibody. As a control, the membrane was stripped
and probed with b-actin antibody. Size markers (kDa) are at the left.
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as an adapter or docking protein linking Sik to its substrate in
the cell.

After Ca21 addition, levels of filaggrin expression were
markedly induced in cells overexpressing wild-type Sik. In
fyn-deficient mouse keratinocytes, filaggrin levels were sup-
pressed after Ca21-induced differentiation, indicating that
proper expression of filaggrin is dependent on the activities of
tyrosine kinases (18). Filaggrin, which is expressed in the
granular cell layer, is the major component of keratohyalin
granules. Sik expression is first detected in the mouse embryo
at 15.5 days of gestation, in the forming granular layer of the
skin (2). The coincidental induction of Sik expression with
formation of the granular layer and the ability of Sik to
modulate filaggrin levels supports a physiologically relevant
role for Sik during skin differentiation.
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