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Induction of tyrosine phosphorylation occurs as an early and specific event in keratinocyte differentiation. A
set of tyrosine-phosphorylated substrates which transduce mitogenic signals by tyrosine kinases has previously
been identified. We show here that of these substrates, the Ras GTPase-activating protein, GAP, is specifically
affected during calcium-induced keratinocyte differentiation. As early as 10 min after calcium addition to
cultured primary mouse keratinocytes, GAP associates with tyrosine-phosphorylated proteins and translocates
to the membrane. In addition, a GAP-associated protein of -62 kDa (p62) becomes rapidly and heavily
tyrosine phosphorylated in both membrane and cytosolic fractions. This protein corresponds to the major
tyrosine-phosphorylated protein that is induced in differentiating keratinocytes as early as 5 min after calcium
addition. p62 phosphorylation was not observed after exposure of these cells to epidermal growth factor,
phorbol ester, or transforming growth factor 1. In contrast, PLC-y and P13K were tyrosine phosphorylated
after epidermal growth factor, but not calcium, stimulation. Thus, changes of Ras GAP and an associated p62
protein occur as early and specific events in keratinocyte differentiation and appear to involve a calcium-
induced tyrosine kinase.

Very little is known about early regulatory mechanisms
underlying epithelial cell differentiation. Understanding this
process is of great importance, especially since its disruption
is closely associated with epithelial tumor development.
Mouse primary keratinocytes are an ideal system for

studying epithelial cell differentiation. Addition of calcium to
these cells induces a program of terminal differentiation
similar to that which occurs in vivo, including growth arrest,
induction of antigenic and enzymatic markers, cornification,
and stratification (25, 29).
Although the later events involved in keratinocyte differ-

entiation have been well described, the only known early
biochemical changes are ion influx (26-28) and increased
phosphatidylinositol metabolism (31, 46, 67). In addition, we
have recently shown that induction of tyrosine phosphory-
lation is an early and specific event which appears to be
required for keratinocyte differentiation to occur (18).

Tyrosine phosphorylation is one way by which growth
factor receptors and several oncogenes transmit their mito-
genic signals (12, 62). Tyrosine kinase oncogenes are able to
substantially alter the ability of specialized cells to differen-
tiate (1, 59), and changes in tyrosine phosphorylation occur
during differentiation (3, 6, 18, 20, 21). Recently, a tyrosine
kinase previously identified as a transforming oncoprotein
has been shown to mediate nerve growth factor-induced
differentiation of neuronal cells (33, 37). Thus, tyrosine
phosphorylation is involved in the transduction of signals for
both growth and differentiation.
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A set of specific signal-transducing molecules, including
Ras GTPase activating protein (GAP), phospholipase C
gamma (PLCy), and phosphatidylinositol 3-kinase (PI-3K),
which are associated with and become tyrosine phosphory-
lated by a number of tyrosine kinases, have been identified
(for a review, see reference 12). The biochemical activities of
these substrate molecules suggest that they act as important
signal transducers.
We report here that of these substrates, Ras GAP associ-

ates with tyrosine-phosphorylated proteins and translocates
to the membrane during calcium-induced keratinocyte dif-
ferentiation. In addition, a GAP-associated protein of 62 kDa
(p62) becomes rapidly and heavily tyrosine phosphorylated.
This protein corresponds to the major tyrosine-phosphory-
lated protein that is induced in differentiating keratinocytes
as early as 5 min after calcium addition. p62 phosphorylation
was not observed after exposure of these cells to epidermal
growth factor (EGF), phorbol ester, or transforming growth
factor 1 (TGF-13). In contrast, PLC-y and PI3Kwere tyrosine
phosphorylated after EGF, but not calcium, stimulation.
Thus, changes of Ras GAP and a GAP-associated p62
protein occur as early and specific events in keratinocyte
differentiation and appear to involve a calcium-induced
tyrosine kinase.

MATERIALS AND METHODS

Cells. Primary keratinocytes were isolated from newborn
Sencar mice and cultivated in minimal essential medium with
4% Chelex-treated fetal calf serum (Hyclone), EGF (10
ng/ml; Collaborative Research, Inc., Cambridge, Mass.),
and 0.05 mM CaCl2 as previously described (18, 29). Harvey
sarcoma virus infection was carried out as previously de-
scribed (15).

SDS-polyacrylamide gel electrophoresis and immunoblot-
ting. Samples were suspended in electrophoresis sample
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buffer, boiled, run on sodium dodecyl sulfate (SDS)-poly-
acrylamide gels, and transferred to nitrocellulose as previ-
ously described (18). The transfer buffer and procedures for
blocking and washing the filter were as previously described
(32). Blots were developed by incubation in blocking buffer
containing 1 ,uCi of 1"I-protein A (35 ,uCi/p,g; ICN) per ml
and exposed for 3 to 7 days. Longer exposures did not
improve detection. For detection of PI-3K, the ECL
(chemoluminescence) kit from Amersham was used. The
antiphosphotyrosine antibodies used for immunoblotting,
kindly provided by David F. Stern, are polyclonal antibodies
prepared against the synthetic copolymer phosphotyrosine-
Gly-Ala as previously described (32). The antiphosphoty-
rosine antibodies used for immunoprecipitation (PY20, pur-
chased from ICN) are mouse monoclonal antibodies which
are specific for phosphobenzene derivatives such as phos-
photyrosine and phenyl phosphate (22). The anti-PI-3K
antibodies, raised in rabbits against the 85-kDa subunit of
PI-3K, were purchased from Upstate Biotechnology, Inc.,
Lake Placid, N.Y. The anti-PLCy antibodies were kindly
provided by John Knopf (Genetics Institute, Cambridge,
Mass.) (56). The polyclonal, anti-human recombinant GAP
antibodies have been previously described (24).

Antiphosphotyrosine immunoprecipitation. Cells were
washed twice with phosphate-buffered saline (PBS) and
lysed in EBC buffer (50 mM Tris Cl [pH 8.0], 120 mM NaCl,
0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride
[PMSF], 0.1 mM Na3VO4). Lysates were incubated on ice
for 10 min and spun for 5 min, and protein assays were
performed on the supernatant. A total of 1 ,ul of PY20
antibody (1 mg/ml) or (as a negative control) 1 pl of affinity-
purified rabbit anti-goat immunoglobulin G (Cappel, West
Chester, Pa.) per ml of extract was used. After 2 h of
incubation at 4°C, 75 ,ul of a 50% solution of protein
A-Sepharose (Pharmacia) in EBC buffer was added. After 30
min at 4°C, samples were washed 5 times with NET-N buffer
(20 mM Tris HCl [pH 8.0], 100 mM NaCl, 1 mM EDTA,
0.5% Nonidet P-40, 0.1 mM Na3VO4, 1 mM PMSF). Sam-
ples were resuspended in 50 pl of 2x sample buffer and
boiled for 3 min.
Anti-GAP, anti-PLCOy, or anti-PI3K immunoprecipitations.

Proteins were immunoprecipitated essentially as previously
described (16), with minor modifications. Briefly, cells were
washed twice with PBS and lysed in 1 ml of lysis buffer (50
mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
[HEPES; pH 7.5], 150 mM NaCl, 10% glycerol, 1% Triton
X-100, 1.5 mM MgCl2, 1 mM EGTA, 10 ,g of aprotinin per
ml, 10 jig of leupeptin per ml, 1 mM PMSF, 200 pM sodium
orthovanadate, 100 mM sodium fluoride). Lysates were
incubated on ice for 5 min and spun for 5 min, and equal
amounts of protein (determined by a Bradford protein assay
[Bio-Rad]) were incubated for 1 h at 4°C with antiserum
followed by a 30-min incubation with 100 pl of 20% protein
A-Sepharose. The resulting immune complexes were
washed three times with 20 mM HEPES (pH 7.5), 10%
glycerol, 0.1% Triton X-100, 150 mM NaCl, and 1 mM
sodium orthovanadate, resuspended in 50 ,ul of 2x sample
buffer, and boiled briefly.

Cell fractionation. Subcellular localization of GAP was
determined essentially as previously described (43) with
minor modifications. Briefly, cells were rinsed twice with
cold PBS containing 1 mM Na3VO4 and lysed in 0.5 ml of
hypotonic lysis buffer (20mM HEPES buffer [pH 7.4], 5 mM
sodium PPi, 5 mM EGTA, 1 mM MgCl2, 1 mM Na3VO4, 1
mM PMSF, 10 p,g [each] of aprotinin and leupeptin per ml).
Cells were collected by scraping, and samples were Dounce

homogenized by using a tight-fitting pestle with 40 strokes.
After centrifugation at 1,000 x g for 5 min, the supernatant
fraction was ultracentrifuged at 100,000 x g for 45 min. The
cytosolic (S-100) supernatant fraction was removed, and the
pellet was resuspended in hypotonic lysis buffer and recen-
trifuged as described above. The pellet (P-100) was then
resuspended in 0.5 ml of lysis buffer (as for anti-GAP
immunoprecipitation). Samples were normalized for protein
content (Bio-Rad). A total of 10 ,ug of protein of each
fraction was used for Western immunoblot analyses, and 100
,ug was used for immunoprecipitations.

RESULTS

GAP and p62 tyrosine phosphorylation in differentiating
keratinocytes. GAP is a known regulator (and perhaps effec-
tor) of ras function (10, 39), which becomes tyrosine phos-
phorylated in response to growth factor stimulation or trans-
formation by tyrosine kinase oncogenes (16, 34, 43, 45).
Growing mouse keratinocytes kept in medium at low cal-
cium concentrations (0.05 mM, low-calcium medium) can be
induced to differentiate by the addition of calcium (2 mM,
high-calcium medium) (29). To test whether GAP becomes
tyrosine phosphorylated during this process, extracts from
keratinocytes in low- or high-calcium medium were immu-
noprecipitated with either anti-GAP or anti-phosphotyrosine
antibodies and immunoblotted with the reciprocal antibodies
(Fig. 1). A significant and progressive increase in anti-
phosphotyrosine-precipitable GAP was detected on anti-
GAP immunoblots starting within 10 min of calcium addition
(Fig. lA). GAP could not be detected as a distinct band on
anti-phosphotyrosine immunoblots of anti-GAP immunopre-
cipitations from keratinocytes (Fig. iB), while it could be
found under similar conditions in src-transformed fibroblasts
(Fig. 1C). Thus, the calcium-induced increase in anti-phos-
photyrosine-precipitable GAP may be due to association of
GAP with other tyrosine-phosphorylated proteins. Direct
tyrosine phosphorylation of GAP may occur but remains
below detectable levels.

Immunoprecipitation of keratinocyte extracts with anti-
GAP antibodies followed by anti-phosphotyrosine blotting
detected a broad band (Fig. lB) which migrated above the
GAP protein seen on GAP Western blots. Detection of this
band on anti-phosphotyrosine blots did not increase after
calcium treatment. Similarly, a GAP-associated protein with
a molecular mass of -190 kDa was detected by anti-
phosphotyrosine antibodies under basal (low-calcium) con-
ditions but did not seem to be significantly modified during
calcium-induced differentiation. In contrast, a GAP-associ-
ated protein of -62 kDa became heavily tyrosine phosphor-
ylated within 10 min of calcium treatment, and its phosphor-
ylation seemed to further increase with time (Fig. lB). Both
the 62- and the 190-kDa proteins comigrated with previously
described GAP-associated proteins (p62 and p190) found in
fibroblasts transformed with v-src (Fig. 1C) (16).
One of the earliest effects associated with induction of

keratinocyte differentiation by calcium is tyrosine phosphor-
ylation of a single detectable protein of -60 kDa (18). If this
protein corresponds to the GAP-associated p62 protein, it
should be specifically removed from total keratinocyte ex-
tracts by immunoprecipitation with anti-GAP antibodies.
Extracts from keratinocytes in low- or high-calcium medium
were incubated with either anti-GAP or nonimmune antibod-
ies, and immunoprecipitates and supernatants (obtained
after incubation with protein A-Sepharose beads) were ana-
lyzed by gel electrophoresis and immunoblotting with anti-
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FIG. 1. Tyrosine phosphorylation of GAP and GAP-associated proteins in differentiating keratinocytes or in src-transformed fibroblasts.
Cell extracts from keratinocytes which were either untreated or exposed to calcium for 10 min, 1 h, or 24 h were immunoprecipitated with
Py 20 anti-phosphotyrosine (+) or control, affinity-purified rabbit antibodies (-) and immunoblotted with anti-GAP antibodies (A) or
immunoprecipitated with anti-GAP (+) or control, rabbit whole serum (-) and immunoblotted with polyclonal anti-phosphotyrosine
antibodies (B). (The 24-h time comes from the same experiment and the same blot as the other times.) (C) Cell extracts from normal (ctrl)
or src-transformed (src) NIH 3T3 cells were compared with cell extracts from keratinocytes in low (low)- or high (high)-calcium medium for
1 h by immunoprecipitation and blotting as in panel B. The positions for GAP, p62, and p190 are indicated. Numbers refer to molecular size
markers in kilodaltons.

phosphotyrosine antibodies. The calcium-inducible 62-kDa
protein detectable in the anti-GAP immunoprecipitate was
found to comigrate with a similar tyrosine-phosphorylated
protein present in whole keratinocyte extracts (Fig. 2, left
panel). This protein was specifically removed from the
supernatant of the anti-GAP immunoprecipitate, while it
remained detectable in the supernatant of the nonimmune
control (Fig. 2, right panel).
Thus, calcium-induced differentiation of keratinocytes led

to a progressive increase in anti-phosphotyrosine-precipita-
ble GAP and strong tyrosine phosphorylation of a GAP-
associated p62 protein. This latter protein appeared to be the
major tyrosine-phosphorylated protein induced at veiy early
times of keratinocyte differentiation.
GAP membrane translocation. During growth factor stim-

ulation of cells, GAP has been shown to translocate to the
cell membrane (43, 45) where it may interact with critical
regulatory molecules. To determine whether GAP moves to
the membrane during keratinocyte differentiation, cell ex-
tracts from keratinocytes in low- or high-calcium medium
were separated into membrane and cytoplasmic fractions
and immunoblotted with anti-GAP antibodies. The amount
of GAP associated with the particulate fraction increased
progressively, starting 10 min after calcium addition, with a
concomitant decrease in the cytosolic fraction (Fig. 3,
WHOLE). Anti-GAP immunoblots of anti-phosphotyrosine
immunoprecipitations of these fractions confirmed this result
and showed that anti-phosphotyrosine-precipitable GAP was

found predominantly in the particulate fraction (Fig. 3,
ANTI-PTYR).
To test whether the strong tyrosine phosphorylation of the

GAP-associated p62 protein was also associated with mem-
brane translocation, cell fractions were immunoprecipitated
with anti-GAP antibodies and blotted with anti-phosphoty-
rosine antibodies. Similar amounts of p62 could be immuno-
precipitated with anti-GAP antibodies from both fractions
(Fig. 4, ANTI-GAP), suggesting that phosphorylated p62
associates with GAP both at the membrane and in the
cytosol. Unlike p62, other tyrosine-phosphorylated proteins
of -80, 125, and 130 kDa associate with GAP specifically at
the membrane (Fig. 4, ANTI-GAP), even though these
proteins seemed to be present in both fractions (Fig. 4,
WHOLE). Thus, during keratinocyte differentiation, GAP
appeared to move to the membrane where it associated
specificaLly with other tyrosine-phosphorylated proteins,
while cellular distribution of a GAP-associated p62 protein
did not change.

State of phosphorylation ofGAP and p62 after treatment of
keratinocytes with other agents. In keratinocytes, modifica-
tion of GAP and p62 may be specific for calcium-induced
differentiation or may occur after treatment with other
agents which induce mitogenesis, growth arrest, and/or
some aspects of differentiation. EGF has been shown to
induce tyrosine phosphorylation of GAP and p62 in fibro-
blasts (16, 45) and is mitogenic for these cells as well as for
keratinocytes. The primary effect ofTGF-3 on keratinocytes
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FIG. 2. GAP-associated p62 as the major tyrosine-phosphory-
lated protein induced at early times of keratinocyte differentiation.
Keratinocytes were either untreated (-) or exposed to high-calcium
medium for 1 h (C). Cell extracts were immunoprecipitated with
anti-GAP antibodies or affinity purified rabbit anti-goat immunoglob-
ulin G. Immunoprecipitates and supernatants were analyzed by gel
electrophoresis and immunoblotting with anti-phosphotyrosine an-
tibodies as in Fig. 1. Whole cell extracts (Whole) were also used for
comparison. Samples in the left and right panels are from the same
experiment but were run on two different gels. Positions for GAP-
and differentiation-associated p62 proteins are indicated.

is growth arrest (13), but this protein can also induce some
markers of differentiation (41, 42, 53). The phorbol ester
12-0-tetradecanoylphorbol-13-acetate (TPA) induces a pro-
gram of keratinocyte differentiation which partially overlaps
that induced by calcium (64).

Keratinocytes were treated for 10 min or 1 h with calcium,
EGF, TGF-1, or TPA and proteins were immunoprecipi-
tated with either anti-GAP or anti-phosphotyrosine antibod-
ies. After electrophoresis and transfer to nitrocellulose,
samples were probed with reciprocal antibodies. Compared
with the calcium effect, EGF treatment resulted in only a

very slight increase in anti-phosphotyrosine-immunoprecip-
itable GAP. No such effects were detected after TGF-,B or
TPA treatment (Fig. 5A). Similarly, phosphorylation of p62
was observed only after calcium, but not EGF, TGF-,B, or
TPA treatment of keratinocytes (Fig. SB). Thus, these
changes of GAP and p62 appear to be specific for calcium-
induced differentiation, since no similar effects were ob-
served in keratinocytes treated with other agents which
affect growth or differentiation.
GAP and p62 modifications in ras-transformed kerati-

nocytes. In fibroblasts, a transforming ras protein has been
shown to block signal transduction by the platelet-derived
growth factor (PDGF) receptor (8, 51, 52, 68), including
inhibition of PDGF-induced GAP phosphorylation (34). In
primary mouse keratinocytes, oncogenic ras blocks some
aspects of keratinocyte differentiation (59, 60, 65) but not

FIG. 3. Subcellular localization of GAP in differentiating kerati-
nocytes. Cell extracts from keratinocytes in low-calcium medium (0)
treated with calcium for various times (10 min and 1 and 24 h) were
fractionated into particulate (P) or soluble (S) fractions, either
loaded directly onto the gel (WHOLE) or immunoprecipitated with
anti-phosphotyrosine antibodies (ANTI-PTYR) prior to electropho-
resis, and immunoblotted with anti-GAP antibodies.

others (41, 66) and may interfere with the calcium-induced
modifications of GAP and p62.
Primary keratinocytes were infected with Harvey sarcoma

virus 1 week prior to the experiment under conditions which
result in a high level of expression of the v-ras p21 gene
product (lla). Extracts from these cells were immunopre-
cipitated and immunoblotted as before. After calcium addi-
tion, ras-transformed keratinocytes showed the same pat-
tern of GAP and p62 modifications as the untransformed
controls. That is, calcium treatment of ras-transformed cells
caused an increase in the amount of anti-phosphotyrosine-
precipitable GAP (Fig. 6A, left), tyrosine phosphorylation of
p62 (Fig. 6A, right), and translocation of GAP to the mem-
brane (Fig. 6B, left) where it associated with the specific
tyrosine-phosphorylated proteins described above (Fig. 6B,
ANTI-GAP). Therefore, unlike its effects on mitogenically
stimulated fibroblasts, the transforming ras oncoprotein
does not seem to interfere with the GAP and p62 modifica-
tions associated with calcium-induced keratinocyte differen-
tiation.

State ofPLC-y and PI-3K tyrosine phosphorylation. Besides
GAP, other previously identified signal-transducing mole-
cules (for a review, see reference 12) might also be modified
during keratinocyte differentiation. The apparent induction
of PLC activity associated with keratinocyte differentiation
(31, 46, 57) may be due to tyrosine phosphorylation of PLC-y,
the only PLC isoform known to be tyrosine phosphorylated
(38, 40, 58) and hence activated (48, 56). To test this
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FIG. 4. Subcellular localization of tyrosine-phosphorylated and/or
GAP-associated proteins in differentiating keratinocytes. Cell ex-
tracts from keratinocytes treated with calcium for various amounts
of time (10 min and 1 or 24 h) were fractionated into particulate (P)
and soluble (S) fractions and were analyzed directly (WHOLE) or
immunoprecipitated with anti-GAP antibodies (ANTI-GAP) prior to
electrophoresis. Anti-phosphotyrosine antibodies were used for
immunoblotting. Molecular size markers are indicated on the left (in
kilodaltons), while on the right are the positions for the p62 protein
and the other bands of -80, 120, and 130 kDa discussed in text.

possibility, extracts from keratinocytes treated with calcium
or EGF were immunoprecipitated with anti-PLCy antibodies
and immunoblotted with anti-phosphotyrosine antibodies
(Fig. 7). The epidermoid carcinoma cell line A431 was used
as a positive control. When stimulated with EGF, these cells
showed increased phosphorylation of two proteins of the
expected molecular masses for the EGF receptor (180 kDa)
and PLC-y (145 kDa). (Overexpression of the EGF receptor
in A431 cells [23] may explain its significant level of basal
phosphorylation as well as why it was also found in normal
serum controls.) EGF treatment of keratinocytes for 10 mi
resulted in tyrosine phosphorylation of similar proteins.
These proteins were no longer detectable by 1 h after
exposure to EGF. In contrast, neither of these proteins
became phosphorylated during calcium-induced differentia-
tion (Fig. 7).
Calcium treatment of keratinocytes leads to increased PI

metabolism (31, 46, 57, 67), suggesting that a PI kinase might
be activated. By analogy to mitogenically stimulated cells
(12, 17, 50), the 85-kDa subunit of the PI-3K might become
tyrosine phosphorylated after calcium treatment of kerati-
nocytes. To test this possibility, extracts from keratinocytes
treated with calcium or EGF were immunoprecipitated with
anti-p85 antibodies and immunoblotted with anti-phosphoty-
rosine or anti-p85 antibodies (Fig. 8). Calcium treatment did
not cause tyrosine phosphorylation of p85, while this protein
became phosphorylated by EGF treatment of keratinocytes
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FIG. 5. Specific modification of GAP and p62 by calcium but not
by other agents which induce differentiation, growth arrest, or
mitogenesis. Cell extracts from keratinocytes untreated (0) or
treated with calcium (Ca2"), TPA (100 ng/ml), TGF-0 (TGFB) (10
ng/ml), or EGF (80 nM) for 10 min (10') or 1 h (1) were immunopre-
cipitated with anti-phosphotyrosine antibodies and immunoblotted
with anti-GAP antibodies (A) or immunoprecipitated with anti-GAP
antibodies and immunoblotted with anti-phosphotyrosine antibodies
(B). The positions of GAP and p62 are as indicated.

as well as A431 cells. As with PLCy, phosphoxylation of p85
was detected 10 min after EGF treatment but was no longer
present by 1 h.

In mitogenically stimulated cells, phosphorylation of p85
correlates with an increase in PI kinase activity in anti-
phosphotyrosine immunoprecipitates (14, 35). Calcium addi-
tion to keratinocytes did not result in a significant increase in
PI kinase activity, while such an increase was observed after
EGF treatment of A431 cells (data not shown).

In conclusion, in keratinocytes, tyrosine phosphorylation

VOL. 12, 1992
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FIG. 6. Tyrosine phosphorylation of GAP and GAP-associated
proteins in ras-transformed keratinocytes after calcium-induced
differentiation. Primary keratinocytes were infected with Harvey
sarcoma virus 1 week prior to the experiment. (A) Cells which were

either untreated or exposed to calcium for 1 or 24 h were immuno-
precipitated with anti-phosphotyrosine antibodies and immunoblot-
ted with anti-GAP antibodies (left panel) or immunoprecipitated
with anti-GAP antibodies and immunoblotted with anti-phosphoty-
rosine antibodies (right panel). The positions for GAP and p62 are
indicated. (B) Cell extracts from keratinocytes untreated (0) or
treated with calcium for 24 h (24) were fractionated into particulate
(P) and soluble (S) fractions. Samples were loaded directly onto the
gel (WHOLE) or immunoprecipitated with anti-phosphotyrosine
antibodies (ANTI-PTYR) prior to immunoblotting with anti-GAP
antibodies (left panel). These same samples were immunoprecipi-
tated with anti-GAP antibodies (ANTI-GAP) prior to immunoblot-
ting with anti-phosphotyrosine antibodies (right panel).

of PLC-y and PI-3K was detected after EGF stimulation of
growth but not after calcium-induced differentiation.

DISCUSSION
Several signal-transducing molecules which may be al-

tered in their activity by tyrosine phosphorylation have been
identified (for a review, see reference 12). We have shown
here that of these molecules, GAP undergoes specific
changes during calcium-induced keratinocyte differentiation.
The amount of GAP which is immunoprecipitable by anti-
phosphotyrosine antibodies progressively increases and is
associated with its translocation to the membrane. In addi-
tion, one GAP-associated protein of -62 kDa, p62, becomes
heavily tyrosine phosphorylated. These effects of calcium
treatment are not observed after exposure of keratinocytes
to other agents such as EGF, TGF-p, or TPA. Thus,
modification of GAP and p62 is a specific event in kerati-
nocyte differentiation and involves a tyrosine kinase which is
activated, directly or indirectly, by calcium.
The amount of GAP that can be immunoprecipitated with

anti-phosphotyrosine antibodies increased significantly dur-
ing calcium-induced keratinocyte differentiation. However,
no induction of tyrosine phosphorylation of GAP could be
detected on anti-phosphotyrosine immunoblots. Thus, in
differentiating keratinocytes, GAP may be immunoprecipi-
tated by anti-phosphotyrosine antibodies because of its
association with other tyrosine-phosphorylated proteins

FIG. 7. Tyrosine phosphorylation of PLC-yl as affected by cal-
cium or EGF treatment. Cell extracts from primary keratinocytes
kept in low-calcium medium (0) or treated with calcium for 10 min
(10') or 1 h (1) or serum starved for 24 h (0) and then stimulated with
EGF for 10 min (10') or 1 h (1) were immunoprecipitated with
control (-) or anti-PLC-yl (+) antibodies. In parallel, cell extracts
from A431 cells which were serum starved for 24 h (0) and
stimulated with EGF for 10 min (10') were similarly immunoprecip-
itated. Anti-phosphotyrosine antibodies were used for immunoblot-
ting.

rather than as a result of its direct tyrosine phosphorylation.
Even in src-transformed or mitogenically stimulated cells,
only a small fraction (3 to 4%) of GAP is tyrosine phosphor-
ylated (45). Tyrosine phosphorylation of GAP may not be
necessary for it to form complexes with other proteins (11).
Rather, tyrosine phosphorylation of other proteins may
increase their affinity for the SH2 domains of GAP (2, 44).

Since most anti-phosphotyrosine-immunoprecipitable
GAP was found at the membrane, association with other
tyrosine-phosphorylated proteins may be involved in the
translocation of GAP to the membrane. Changes in cellular
localization and/or association with other proteins or phos-
pholipids could modify the function of GAP (for a review,
see references 10 and 40). Given that GAP is able to increase
the GTPase activity of ras (40), variations in GAP activity
might be associated with alterations in ras activation. In
three independent experiments, the amount of GTP-bound
ras was found to increase approximately twofold during
calcium-induced keratinocyte differentiation (our unpub-
lished observation). This slight activation may have biolog-
ical significance, as it is comparable to that of 3T3 cells
stimulated with fetal bovine serum or PDGF (54, 55). The ras

protein may control keratinocyte differentiation in a manner

analogous to that observed for differentiation of other cells
(5, 7, 19, 47, 49). Furthermore, ras may act synergistically
with GAP, as has been shown in atrial membranes where
these proteins uncouple the muscarinic receptor from the
potassium channel (63).

Besides GAP, two GAP-associated proteins of 62 and 190
kDa (p62 and p190) become tyrosine phosphorylated after
EGF stimulation of cells overexpressing the EGF receptor
or after transformation with tyrosine kinase oncogenes (11,
16, 45). Tyrosine phosphorylation of p62 and p190 in normal

A. B.

-200-
a

GAP- -_ II.-_-"J7-:

-68 -

-43 -

MOL. CELL. BIOL.

E C] "'i40 --ii,
p :1.

L',,



CHANGES IN GAP AND p62 IN KERATINOCYTE DIFFERENTIATION 5325

P-TYR Pl-3K

2-
Ca

I.I--1

EGF
A43 1
EGF

0 10. 1 0 10' 1 0 10'
- r-+ -+ -+ -+ -+ r--- +

A43 1
Ca 2+ EGF EGF

I I 1 1- 1
0 10 1 0 10' 1 0 10'

r Ir-I-I II I r-[--l
_ + - + _ + - +- + - +- + -+

._ _ ..

FIG. 8. Tyrosine phosphorylation of the p85 subunit of PI-3K as affected by calcium or EGF treatment. Extracts from cells treated as in
Fig. 6 were immunoprecipitated with control (-) or anti-p85 (+) antibodies and immunoblotted with anti-phosphotyrosine antibodies (P-TYR)
or the same anti-p85 antibodies used for immunoprecipitation (PI-3K). The position of p85 is indicated.

cells in response to mitogenic stimuli is hard to detect (our
unpublished observation). Similarly, growth stimulation of
keratinocytes with EGF did not lead to detectable tyrosine
phosphorylation of p190 or p62. In contrast, induction of
differentiation by calcium caused rapid and heavy tyrosine
phosphorylation of p62. This protein appears to be the major
tyrosine-phosphorylated protein that is induced at very early
times of keratinocyte differentiation. This, together with the
fact that tyrosine kinase-specific inhibitors significantly in-
terfere with keratinocyte differentiation (18), suggests that
phosphorylation of p62 is more than coincidental and may
play a direct regulatory role in keratinocyte differentiation.

In contrast to p62, the weak level of phosphorylation of
p190 detected on anti-phosphotyrosine immunoblots was not
significantly increased by calcium treatment. Although it is
possible that p190 becomes phosphorylated on serine or
threonine residues after calcium treatment, no significant
increase in phosphorylation of p190 was detected in GAP
immunoprecipitates of in vivo-labelled keratinocytes (our
unpublished observations).
The recent isolation ofcDNA clones for p62 (61) and p190

(55) should be of great help in elucidating their function.
GAP seems to form separate complexes with these proteins
(45), and this differential association could have specific
functional effects. In particular, association with p190 in the
cytoplasm may significantly decrease GAP activity (45). The
purpose of binding to p62 is not known. The fact that only a
small fraction of p62 (10% in transformed fibroblasts [45]) is
associated with GAP suggests that p62 might have a role of
its own, other than as a regulator and/or effector of GAP.
Consistent with this possibility is our finding that in kerati-
nocytes, tyrosine phosphorylation of p62 is accompanied
neither by its translocation to the membrane nor by its
specific association with GAP at the membrane.
The predicted amino acid sequence of the p62 protein

present in src-transformed fibroblasts has several similarities
with those of nuclear proteins involved in RNA metabolism
(61). An important question is whether the p62 protein found
in src-transformed fibroblasts is identical or closely related
to the one we have described here. Available anti-p62
antibodies are much less efficient than anti-GAP antibodies
in immunoprecipitating tyrosine-phosphorylated p62 from

src-transformed fibroblasts (our unpublished observations).
No tyrosine-phosphorylated p62 was detected with these
antibodies in differentiating keratinocytes. However, given
the lower level of p62 phosphorylation present in these cells,
it is hard to reach a definitive conclusion, and anti-p62
antibodies with a substantially higher affinity will have to be
obtained.

In keratinocytes, changes of GAP and its associated
protein, p62, seem to be specific to calcium treatment.
Similar effects were not observed after mitogenic stimulation
with EGF or after exposure to other agents (TGF-0 or TPA)
which cause growth arrest and/or some partial aspects of
keratinocyte differentiation. Growth arrest is an important
aspect of the keratinocyte terminal differentiation program.
TGF-3 is a potent growth inhibitor of keratinocytes which
has been found to induce differentiation of these cells in
some cases (41, 42, 53), even if not in others (13). TGF-3
treatment of keratinocytes did not stimulate tyrosine phos-
phorylation of p62, GAP, or of any other proteins (our
unpublished observation), suggesting that TGF-1 triggers
signaling mechanisms distinct from those caused by calcium.
TPA elicits a program of keratinocyte differentiation

which partially resembles that triggered by calcium (64).
Exposure to TPA induces some of the same enzymatic
markers as calcium treatment, as well as similar changes in
DNA and protein synthesis (61, 64). However, some impor-
tant aspects of keratinocyte differentiation which are caused
by calcium, such as desmosome formation and stratification,
are not reproduced by TPA (18, 64). In keratinocytes, the
overall pattern of protein phosphorylation induced by TPA
overlaps only partially with that stimulated by calcium (60a).
We have previously shown that in keratinocytes TPA causes
rapid tyrosine phosphorylation of a protein of -80 kDa that
also seems to be phosphorylated after calcium treatment but
with different kinetics (18). Another protein of -65 kDa is
phosphorylated after calcium but not TPA treatment (18).
Similarly, TPA did not affect GAP or p62, suggesting that
TPA and calcium either activate separate tyrosine kinases or
affect the substrate specificity of the same kinase differently.

In fibroblasts, expression of a transforming ras protein
leads to an attenuated response to PDGF (8, 51, 52, 68),
including a loss of PDGF-induced GAP phosphorylation

_m ..* -p85
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(34). In primary keratinocytes, ras transformation represses
calcium modulation of some differentiation markers (pem-
phigoid/pemphigus antigens), without preventing growth ar-
rest or activation of enzymatic markers (epidermal transglu-
taminase) (65, 66; our unpublished observation). This partial
block of calcium-induced differentiation by oncogenic ras
was not associated with an inhibition of calcium-induced
tyrosine phosphorylation. The calcium-induced modifica-
tions of GAP or p62 were not affected, nor was the general
induction of tyrosine phosphorylation by calcium sup-
pressed (our unpublished observations). Thus, an oncogenic
ras protein appears to interfere with tyrosine phosphoryla-
tion signals in mitogenic stimulation of fibroblasts but not
with those in keratinocyte differentiation. In keratinocytes,
transforming ras might act downstream of these signals by
interfering with endogenous ras function. The activity of
normal ras may depend on a balance between its active and
inactive states (GTP- versus GDP-bound forms), which
would be disrupted by a constitutively active ras. Alterna-
tively, ras transformation may interfere with keratinocyte
differentiation by a more indirect mechanism, involving, for
example, critical alterations in gene expression (4, 9).
Growth stimulation of keratinocytes with EGF caused

transient phosphorylation of PLCy and the p85 subunit of
PI-3K, while neither of these proteins was phosphorylated
after induction of keratinocyte differentiation. While ty-
rosine phosphorylation of PLC-y is well established (38, 40,
58), that of PI-3K is variably found. This enzyme is tightly
associated with the PDGF receptor and, in response to
PDGF stimulation, appears to be directly tyrosine phosphor-
ylated in some cells (36), even if not in others (30). In several
cell types, PI-3K associates with the EGF receptor to a
much lesser extent than with the PDGF receptor (12). The
observed tyrosine phosphorylation of PI-3K in EGF-treated
keratinocytes raises the interesting possibility of a tight
interaction of this enzyme with the EGF receptor in this
particular cell type.
Our observations suggest that the increase in PLC activity

observed in calcium-induced keratinocyte differentiation
(31, 46, 57) involves mechanisms other than tyrosine phos-
phorylation. For instance, calcium (or other ion) influx in
response to increased extracellular calcium might stimulate
PLC directly, as calcium ionophores are capable of mimick-
ing the effect of calcium on PI metabolism (31). Similarly, the
apparent increase in PI kinase activity in differentiating
keratinocytes (31, 46, 67) cannot be explained by tyrosine
phosphorylation of the 85-kDa subunit of PI-3K.
No tyrosine kinase tested to date modifies GAP and p62

without affecting other signal-transducing molecules such as
PLC-y and PI-3K (12). The selectivity of substrates observed
during calcium-induced keratinocyte differentiation suggests
that a new type of tyrosine kinase may be involved. Alter-
natively, keratinocytes may activate a known kinase by a
novel calcium-specific mechanism. The maintenance of ty-
rosine phosphorylation of p62 (up to at least 24 h) also seems
unusual. This effect could be due to constant stimulation of
a kinase or the result of inactivation of a specific phos-
phatase. Identification of the enzyme(s) involved in this
process will help elucidate the signal transduction mecha-
nisms underlying keratinocyte differentiation.
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