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Gap junctional intercellular communication is inhibited in response to tumor promoters and oncogene

transformation, suggesting that loss of this function is an important step in tumor formation. To elucidate the
molecular mechanisms responsible for this inhibition, we examined the expression of gap junction proteins and
mRNA in mouse primary keratinocytes after treatment with the tumor promoter 12-O-tetradecanoylphorbol-
13-acetate (TPA) and/or ras transformation. During normal cell growth, keratinocytes express the a, (connexin
43) and P (connexin 26) proteins. Within 5 min of TPA treatment, the al protein became rapidly
phosphorylated on serine residues and its expression was dramatically reduced by 24 h. The 12 protein, after
an initial increase in expression, was also significantly reduced 24 h after treatment with TPA. ras

transformation caused changes similar to those induced by TPA. The al protein underwent an increase in
serine phosphorylation, although its expression declined only slightly, while 012 expression was greatly reduced.
The effects of TPA and ras on a, expression were additive; treatment of ras-transformed cells with TPA
resulted in increased a, phosphorylation, with greatly decreased protein levels, much lower than those
generated by either agent alone. These data provide a likely explanation for the similar and synergistic
inhibition of gap junctional intercellular communication by phorbol esters and ras.

Gap junctions are transmembrane channels that directly
link the cytoplasms of adjacent cells (3, 21, 35). While gap
junctions from different tissues are not identical, they share
a basic structural organization. Six protein subunits, termed
connexins, form a hemichannel or connexon in the plasma
membrane of one cell, and connexons from adjacent cells
then pair to generate a complete channel. Gap junctional
intercellular communication (GJIC) mediates transfer of ions
and low-molecular-weight metabolites (<1,000 daltons; 35)
which are thought to regulate growth and differentiation, as
well as maintain normal tissue homeostasis (34, 42). Anti-
bodies to gap junction proteins were found to interfere with
development when injected into amphibian embryos (51).
Many lines of evidence suggest that GJIC plays a role in

tumor formation. Tumor promoters have been shown to
inhibit GJIC both in vitro (37, 54) and in vivo (26, 27), and
the ability to communicate is lost in many types of tumor
cells (53). Transformation of cells by the src, ras, myc, and
neu oncogenes (2, 5, 7, 12, 16) also leads to suppression of
GJIC, showing that a decrease in GJIC is a common result of
oncogene activation.

Several connexins from different tissues have been cloned
in recent years (4, 20, 24, 31, 41, 58), yielding much
information concerning the structure, membrane topology,
and tissue distribution of the gap junction proteins. How-
ever, relatively little is understood about the molecular
mechanisms that control GJIC in both normal and trans-
formed cells. Modulation of junctional communication by
the src oncogene and retinoic acid was shown to be associ-
ated with posttranslational modifications of the gap junction
proteins (11, 44, 49). Retinoic acid treatment results in
increases in both GJIC and phosphorylation of ot (connexin

43; 44), while inhibition of GJIC by src correlates with
tyrosine phosphorylation of ot (11, 18, 49).
Mouse primary keratinocytes provide an ideal system for

studying the role of GJIC in carcinogenesis. Cells of primary
origin have not yet undergone the many changes which
occur during establishment in culture and are amenable to
the study of transformation in vitro, in vivo, and after
transplantation onto an animal (see, for instance, references
6, 15, 23, 36a, 45, and 56). Gap junctional communication in
this system is dramatically reduced after treatment with the
tumor promoter 12-O-tetradecanoylphorbol-13-acetate (TPA)
or transformation with the ras oncogene (12). Furthermore,
treatment of ras-transformed primary keratinocytes with
TPA completely abolishes GJIC (12). The similar and syn-
ergistic effects of ras and TPA on GJIC suggest that inhibi-
tion ofjunctional communication represents an initial step in
keratinocyte transformation.

In this study, the molecular mechanisms by which TPA
and ras regulate GJIC in mouse primary keratinocytes were
investigated. These agents affected both synthesis and mod-
ification of the gap junction proteins. Inhibition of GJIC by
TPA or the ras oncogene correlated with both phosphoryla-
tion of ao (connexin 43) and a decline in a, and 12 (connexin
26) expression. The effects of TPA and ras on a, expression
were additive; TPA treatment of ras-transformed cells re-
sulted in enhanced a, phosphorylation and marked reduction
of its protein, to a level much lower than that generated by
either agent alone. Inhibition of GJIC by ras or TPA in other
cell types may occur through similar effects on the produc-
tion and processing of gap junction proteins.

MATERIALS AND METHODS

Cells and viruses. Primary keratinocytes isolated from
newborn Sencar mice were cultivated in low-calcium (0.05* Corresponding author.
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mM) minimal essential medium supplemented with 4%
Chelex-treated fetal calf serum and epidermal growth factor
(10 ng/ml; Collaborative Research, Inc., Cambridge, Mass.)
as previously described (23). Cells were infected with either
Moloney leukemia virus (MoLV) or Harvey sarcoma virus
(HaSV) 2 days after plating, as previously described (15),
and used 1 week after infection. TPA (Chemsyn Science
Laboratories, Lenexa, Kans.) was dissolved and stored in
dimethyl sulfoxide (100 ,ug/ml).
RNase protection assays. Total RNA was isolated as pre-

viously described (9). Plasmids pBSma1 and pBSmP2 were

used to produce antisense probes to the a1 and 12 connexin
mRNAs. pBSma1 consists of the 2.2-kb EcoRI fragment of
the mouse a1 cDNA (40) subcloned into the EcoRI site of
pBS(KS+) (Stratagene, LaJolla, Calif.). This construct was
digested with ClaI to generate an 855-base antisense probe.
pBSmP2 contains the 0.8-kb EcoRI fragment of the mouse 12

cDNA (40) ligated into the pBS(KS+) EcoRI site. This
plasmid was linearized with BglII to create the 559-base 12

antisense probe. Single-stranded antisense riboprobes were

labelled with [a-32P]UTP (400 Ci/mmol; Amersham) by using
T7 RNA polymerase. Samples containing equal amounts of
RNA (10 ,ug, as determined by spectrophotometry and
ethidium-stained agarose gels) were hybridized to the 32p_
labelled riboprobes and added in excess to the gap junction
transcripts, and RNase protection assays were performed as

previously described (1). Protected RNA-RNA hybrids were
resolved on 6% polyacrylamide gels containing 7 M urea.
This type of analysis yields multiple, specific, RNase-resis-
tant fragments. These fragments are likely to result from
limited degradation at the 3' ends or intramolecular RNase
digestion at AT-rich regions of the RNA-RNA hybrids (1).

Immunoblotting. Crude gap junction preparations were
obtained by NaOH fractionation. Briefly, 107 cells were
washed with phosphate-buffered saline (PBS), scraped in
0.02% EDTA, centrifuged (5 min; Eppendorf) to pellet the
cells, and suspended in 0.375 ml of 0.1 M NaHCO3 (pH 7.0)
containing 1 mM phenylmethylsulfonyl fluoride, 1 mM so-
dium orthovanadate, 10 mM sodium molybdate, 10 mM
sodium fluoride, and 10 mM sodium PPi. An equal volume of
40 mM NaOH (freshly prepared) was added; the sample was

sheared by passage through a 25-gauge needle, incubated on
ice for 30 min, and centrifuged (30 min; Eppendorf). The
NaOH-insoluble pellets were washed with the NaHCO3
buffer described above, recentrifuged for 30 min, and sus-

pended in 30 pJ of Laemmli sample buffer (32). Samples were
not boiled before electrophoresis to prevent aggregation of
12 protein. Protein samples (normalized by Coomassie blue
staining following sodium dodecyl sulfate [SDS]-polyacryl-
amide gel electrophoresis) were electrophoresed on SDS-
12.5% polyacrylamide gels (32) and transferred to nitrocel-
lulose membranes (50 V, 3 h) as described by Kamps and
Sefton (28). The immunoblots were stained with Ponceau S
to ensure that the amount of -transferred protein was the
same for each sample. Immunoblots were processed by the
method of Milks et al. (36). Immune complexes were de-
tected with 125I-labelled protein A and visualized by autora-
diography. a1 antibody a1S and 12 antibody P2J were previ-
ously described (43). The specificity of the antisera was
demonstrated in preliminary experiments by incubating sep-
arate blots with either preimmune, anti-al, or anti-132 serum.
Only a1 and 12 gap junction antibodies gave reproducible
signals on blots.

Immunoprecipitation and phosphoamino acid analysis. Pri-
mary keratinocytes were washed twice with PBS, preincu-
bated with phosphate-free medium for 30 min, and labelled

for 4 h with carrier-free H332P04 (1 mCi/ml; Amersham).
Immunoprecipitation of ao protein was carried out as fol-
lows. Cells were washed with PBS, incubated in 1 ml of
0.02% EDTA (370C, 5 min), scraped, and centrifuged (5 min
at room temperature [RT]; Eppendort). Pellets were sus-
pended in 0.4 ml of buffer B (10 mM Na2HPO4 [pH 7.0], 0.15
M NaCl, 10 mM EDTA, 10 mM NaF, 10 mM sodium PP,, 10
mM sodium molybdate, 1 mM phenylmethylsulfonyl fluo-
ride, 1 mM Na3VO4, 0.5% Nonidet P-40, 0.1% SDS), incu-
bated for 5 min (RT), precleared with prewashed Pansorbin
cells (10% [wt/vol]; incubated for 10 min at RT after vortex-
ing), and recentrifuged (5 min at RT). Antibody (10 ,ul) was
added, and the mixture was rocked overnight at 4°C. Pre-
swollen protein A-Sepharose CL-4B (50 IlI at 50% [vol/voll;
Pharmacia) was added, and the mixture was incubated for an
additional hour at 4°C. Samples were centrifuged (1 min at
RT), washed twice with buffer B containing 0.35 M NaCl,
recentrifuged, and washed twice with buffer C (buffer B
containing 0.2% Nonidet P-40 and lacking SDS) and then
twice with buffer A (buffer B without SDS and Nonidet
P-40). Immunoprecipitated proteins were resuspended in
sample buffer (30 ,ul) (32).

32P-labelled samples and similarly treated unlabelled sam-
ples were electrophoresed on an SDS-polyacrylamide gel
and transferred to an Immobilon membrane (Millipore
Corp., Bedford, Mass.). The unlabelled portion of the blot
was probed with a1 antibodies and '25I-labelled protein A as
described above and aligned with the portion of the blot
containing the 32P-labelled samples. Regions of the blot
corresponding to the 44- and 46-kDa a, species were ex-
cised, rehydrated in methanol, washed twice in distilled
water, hydrolyzed with HCI (110°C, 2 h), and lyophilized
(29). Individual 32P-labelled phosphoamino acids were re-
solved by two-dimensional thin-layer electrophoresis as pre-
viously described (10).

Immunofluorescence. Keratinocytes were fixed in metha-
nol (5 min at -20°C), washed with PBS, and incubated in
100% acetone for 7 min at -20°C. Cells were then washed
with PBS, incubated with preimmune serum or the a1S
antibody diluted 1:75 or 1:100 in PBS for 1 h at 37°C in a
humidified box, and extensively washed with PBS. Fluores-
cein isothiocyanate-conjugated F(ab')2 goat anti-rabbit im-
munoglobulin G (Cappel Laboratories, West Chester, Pa.)
diluted 1:100 in PBS was added and incubated for 30 min at
37°C in a light-tight, humidified box. Following incubation
with the secondary antibody, cells were washed with PBS
and mounted in PBS containing 0.1% N,N,N',N'-tetrame-
thyl-p-phenylenediamine and 90%o glycerol. All PBS washes
were repeated 15 times.

Phosphatase digestion of a,. a1 protein was immunopre-
cipitated from untreated and TPA-treated (100 ng/ml, 2 h)
keratinocytes as described above, except that samples were
washed twice with phosphatase reaction buffer (50 mM
Tris-Cl [pH 8.0], 10 mM MgCl2, 150 mM NaCl) supple-
mented with 0.1% Triton X-100-0.05% SDS-2 m-M phenyl-
methylsulfonyl fluoride; suspended in 20 pd of phosphatase
reaction buffer containing 1% SDS, 1% 2-mercaptoethanol,
and 2 mM phenylmethylsulfonyl fluoride; and heated (60°C,
3 min). Samples were then divided in half (10 ,ul), diluted
with 40 ,ul of phosphatase reaction buffer, and incubated for
3 h at 37°C with or without 3 U of molecular biology grade
calf intestine alkaline phosphatase (Boehringer Mannheim;
38). Sodium orthovanadate (0.1 M; Fisher Scientific, Fair
Lawn, N.J.) was dissolved in water. The reaction was
terminated by addition of sample buffer. Samples were
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FIG. 1. Profile of a1 and P2 gap junction proteins in TPA-treated keratinocytes. (A) Cells were incubated in the presence of TPA (10 or
100 ng/ml) for the indicated times (hours). Proteins were isolated by NaOH fractionation, electrophoresed, and immunoblotted with anti-al
and anti-)2 antibodies. The a1 and P2 gap junction proteins (arrows) migrated at the expected positions, as verified by molecular weight
standards, as well as comigration with purified a1 and P2 proteins. (B) Pattem of al phosphorylation in keratinocytes at early times after TPA
exposure. Keratinocytes were treated with TPA (100 ng/ml) for the indicated times, and gap junction proteins were isolated by NaOH
fractionation. The crude gap junction preparations were analyzed by immunoblotting as described in Materials and Methods.

electrophoresed on 12.5% acrylamide-0.10% bis SDS gels
and analyzed by immunoblotting as described above.

RESULTS

Effects of TPA on gap junction protein expression and
modification. In our initial experiments, we found that mu-
rine primary keratinocytes express both the a1 (4) and P2 (58)
gap junction genes but not the 1 gene (31, 41; data not
shown). To elucidate the molecular mechanism responsible
for inhibition of GJIC by phorbol esters, the gap junction
protein profile was examined following exposure to TPA. a1

protein is posttranslationally phosphorylated in several cell
types to two more slowly migrating forms of 44 and 46 kDa
(the nonphosphorylated form is 42 kDa; 11, 38, 39). In
proliferating keratinocytes, the predominant form of a1

protein migrated as a 42-kDa species (Fig. 1A). The 44- and
46-kDa forms were present as minor fractions of a1 protein.
Following treatment with 10 ng of TPA per ml for 1 to 2 h,
the higher-molecular-weight species (44 and 46 kDa) in-
creased relative to the 42-kDa protein, resulting in equal
distribution of at1 among the three forms (Fig. 1A). By 4 to 8
h after treatment, most of the a1 protein was converted back
to the 42-kDa species. After 24 h, there was a dramatic
reduction in the total amount of the protein (Fig. 1A).
Gap junction protein localization was examined before

and 2 h after TPA treatment by indirect immunofluorescence
(Fig. 2). The characteristic punctate staining of large con-
nexons at the cell membrane which was observed in un-
treated keratinocytes (Fig. 2a) was lost in TPA-treated cells
(Fig. 2b). An increase of cytoplasmic staining with perinu-
clear localization was observed after TPA treatment. While
no attempt was made to quantify the signal strength, it was
consistently observed that the intensity of immunofluores-
cence was greater in TPA-treated samples than in controls.
The reason for this difference is not known, but several
possibilities can be suggested. These include (i) the lack of
detection of small gap junction plaques by immunofluores-
cence and/or (ii) different accessibility of epitopes in TPA-
treated versus untreated samples.
More drastic effects on the a1 protein profile were ob-

served with TPA at 100 ng/ml, which caused a dramatic shift

of most, if not all, of this protein to the more slowly
migrating 46-kDa species (Fig. 1A). In contrast to the
transient modification observed with 10 ng of TPA per ml,
the 46-kDa form predominated even at the later time points
(4 to 8 h). Similar to TPA at 10 ng/ml, the total amount of the
a1 protein declined to barely detectable levels by 24 h. A
second, more detailed time course of the response to TPA
treatment at 100 ng/ml confirmed these results and revealed
that the a1 protein shifted to the 46-kDa form as early as 5
min after TPA exposure (Fig. 1B).
To determine whether the mobility differences of the

various a1 species are due to phosphorylation, immunopre-
cipitated a1 protein from control and TPA-treated cells (100
ng of TPA per ml for 2 h) was digested with alkaline
phosphatase and electrophoresed on a low-bisacrylamide gel
(12.5% acrylamide-0. 10% bis). This gel system allows better
separation of the various a1 forms. Alkaline phosphatase
converted the 44- and 46-kDa species to the faster-migrating
42-kDa form present in control samples, and the migration of
the 42-kDa form was not altered by phosphatase treatment
(Fig. 3). Addition of vanadate prevented the phosphatase
from altering the mobility of the 46-kDa species (data not
shown).
To identify the amino acid phosphorylated in response to

TPA, the a1 protein was immunoprecipitated from 32p_
labelled cells and transferred to Immobilon membranes. No
32P-labelled 42-kDa species was observed in either TPA-
treated or control cells, confirming that this was the non-
phosphorylated form. The 46-kDa species induced by TPA
was excised and subjected to phosphoamino acid analysis,
which revealed phosphorylation exclusively on serine resi-
dues (Fig. 4A). This result was confirmed by direct phos-
phoamino acid analysis of the a1 protein in crude gap
junction preparations. Gap junctions, extracted by sodium
hydroxide fractionation of 32P-labelled and unlabelled cells,
were electrophoresed and transferred to an Immobilon mem-
brane, and the unlabelled portion of the blot was incubated
with a1 antibodies. Immune complexes were detected with
125I-labelled protein A and aligned with the portion of the
blot containing the 32P-labelled samples. Regions of the blot
corresponding to the 32P-labelled a1 protein from both con-
trol and TPA-treated samples were excised and subjected to

B TPA
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FIG. 2. Immunofluorescence staining of the a1 protein in TPA-treated keratinocytes. Cells were fixed and reacted with the a1S antibody
as described in Materials and Methods. Panels: A, untreated keratinocyte B, keratinocytes exposed to 10 ng of TPA per ml for 2 h; C,
TPA-treated keratinocytes incubated with preimmune serum. Panels A, B and C are phase-contrast images, and a, b, and c are indirect
immunofluorescence images. Bar, 40 p.m.

phosphoamino acid analysis. The only phosphorylated
amino acid detected was serine, and the amount of phos-
phorylated serine increased significantly upon TPA treat-
ment (Fig. 4B and C).
GJIC was measured by the scrape-loading-dye transfer

technique (17) at various times after TPA treatment to
determine whether early phosphorylation of a1 correlates
with inhibition of junctional communication (Fig. 5). Addi-
tion of 10 ng ofTPA per ml resulted in a substantial decrease
in GJIC by 1 h, which paralleled the appearance of the
46-kDa a1 species. Conversion of the phosphorylated a1
protein pattern to control levels by 8 h correlated with a
substantial increase in junctional communication, even
though GJIC was not restored to 100% of the control levels.
In cells treated with 100 ng of TPA per ml, a1 phosphoryla-
tion was detected as early as 5 min posttreatment (Fig. 1B)
and GJIC was already significantly reduced. By 2 h, a1 was
maximally phosphorylated and GJIC reached its lowest
level. Thus, phosphorylation of a1 may be directly respon-
sible for inhibition of GJIC at early times after TPA treat-
ment.
The P2 protein is expressed at rather low levels in primary

keratinocytes. In contrast to that of a1, the electrophoretic
mobility of P2 did not change after TPA treatment (Fig. 1A).
Furthermore, comparison of crude gap junction preparations
from 32P-labelled and unlabelled cells revealed no significant
32p signal in the region near p2 in either untreated or

CONTROL TPA
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FIG. 3. Identification of a1 phosphorylated forms by alkaline
phosphatase digestion. The a1 gap junction protein was immunopre-
cipitated from either control cells or cells treated with 100 ng ofTPA
per ml for 2 h. Immunoprecipitations were incubated with (+) or
without (-) calf intestine alkaline phosphatase as described in
Materials and Methods. Samples were analyzed by electrophoresis
on 12.5% acrylamide-0.10% bis SDS gels for greater resolution of
the a1 forms and immunoblotted as described in the legend to Fig. 1.
The various a1 species are indicated.

VOL . 1 l, 1991

"Affi-
qw :.amomfi-



5368 BRISSETTE ET AL.

A B C

s

10 ng 100 ng

s_

T

V

D

y

T

y

E

ssmt
T

y

s

y

FIG. 4. Phosphoamino acid analysis of the al gap junction pro-
tein from TPA-treated or ras-transformed keratinocytes. Cells
which were metabolically labelled with H332PO4 for 4 h were either
treated with 100 ng of TPA per ml for 2 h or infected with HaSV as
described in Materials and Methods. Samples were either immuno-
precipitated with a1 antibodies (A, D, and E) or fractionated by
using NaOH treatment (B and C), electrophoresed on a 12.5%
acrylamide-.10o bis SDS gel, and immunoblotted onto Immobion
membranes. Regions of the filters corresponding to the phosphory-
lated a1 forms were excised, eluted, and hydrolyzed for two-
dimensional phosphoamino acid analysis. (A) Immunoprecipitated
46-kDa a1 from TPA-treated cells. (B) Region corresponding to the
46-kDa al in TPA-treated, NaOH-fractionated keratinocytes. (C)
Region corresponding to the 46-kDa a1 in untreated, NaOH-frac-
tionated cells. (D) Immunoprecipitated 44-kDa al from ras-trans-
formed keratinocytes. (E) The 46-kDa al protein immunoprecipi-
tated from ras-transformed cells. Internal standards for the
phosphoamino acids serine (S), threonine (T), and tyrosine (Y) are
indicated.

TPA-treated samples (data not shown), suggesting that the
12 protein was not phosphorylated in response to TPA. The
12 protein levels seemed to increase to a maximum at 4 h
after treatment with 10 ng of TPA per ml, or at 8 h after
treatment with 100 ng/ml, and then decreased to undetect-
able levels by 24 h (Fig. 1A). These results are consistent
with RNA expression studies (see below) which showed
modulation of 12 expression by TPA.

Regulation of al and I,2 gene expression by TPA. The
dramatic decrease in a1 and 12 protein levels after prolonged
treatment with TPA (8 to 24 h) suggested that TPA affects
expression of the gap junction genes as well. Consequently,
the steady-state levels of a1 and 12 RNAs were examined

TPA 0 rng: ri TPA 100 ng; ml

2,, 4n 8t,24)- 15' O' 2t4P, 8-

FIG 5.GJIC in keratinocytes after exposure to TPA. Cells were

treated with either 10 or 100 ng of TPA per ml for the indicated
times, and GJIC was measured by the scrape-loading-dye transfer
technique (17). For each condition, the numbers of secondary dye
recipient cells were counted in four microscopic fields, and the
values shown represent 16 independent measurements. Standard
deviations are indicated by bars. C, control.
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FIG. 6. Effect of TPA on al and 12 RNA expression. Kerati-
nocytes were treated with TPA (10 or 100 ng/ml) for the designated
times (hours), and total RNA was isolated and analyzed by RNase
protection assay. Samples treated with 100 ng of TPA per ml and
probed for a, transcripts contained 5 ptg of total RNA. All other
samples contained 10 ,ug of total RNA. C, tRNA control.

after addition of either 10 or 100 ng ofTPA per ml by RNase
protection analysis. Following treatment with 10 ng of TPA
per ml, the level of a1 RNA was significantly reduced by 8 h
(Fig. 6). A similar a1 RNA profile was seen when cells were
exposed to TPA at a higher concentration (100 ng/ml; Fig. 6;
5 p.g of total RNA, rather than 10 ,ug, was used in this
analysis, yielding a lower basal a1 signal).

In the case of P2, the steady-state level of RNA continu-
ously increased, reaching a peak at either 4 h in the presence
of 10 ng of TPA per ml (Fig. 6) or 8 h in the presence of 100
ng of TPA per ml (Fig. 6). Similar to the a, mRNA, the 12
message then declined to barely detectable levels by 24 h.
These variations in RNA expression paralleled the protein
profile and indicated that, in addition to inducing phosphor-
ylation of a,, TPA modulated the steady-state levels of both
the a1 and 02 gap junction transcripts.
Gap junction expression and modification following ras

transformation. Transformation of mouse primary kerati-
nocytes by the activated ras oncogene introduced via infec-
tion with HaSV results in partial disruption of the differen-
tiation program of these cells in vitro (8, 56) and a
tumorigenic phenotype in vivo (15, 36a, 45). Since GJIC in
these transformed keratinocytes is significantly reduced (70
to 80%; 12), the effect of ras transformation on the expres-
sion of gap junction RNA and protein was examined.
The concentrations of a1 mRNA and protein were only

slightly reduced in HaSV-infected cells compared with those
of control cultures infected with helper MoLV alone (Fig. 7A
and B). In contrast, the levels Of 02 mRNA and protein were
greatly reduced in HaSV-infected keratinocytes, similar to
the pattern observed after TPA treatment.

Transformation by ras also resulted in an altered pattern
of phosphorylation of the a1 protein (Fig. 7B). Whereas the
a1 protein in MoLV-infected cells was present as the 42- and
44-kDa species, the al found in HaSV-infected cells was
equally distributed among its three forms. This pattern
closely resembled that observed in cells treated with TPA at
10 ng/ml. To identify the phosphorylated amino acid residue,
the a1 gap junction protein was immunoprecipitated from
32P-labelled, ras-transformed keratinocytes. No 32p label
was found in the 42-kDa a1 form, while both the 44- and
46-kDa species were labelled. These bands were excised and
subjected to phosphoamino acid analysis. Phosphoserine

MOL. CELL. BIOL.
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FIG. 7. Expression of a, and P2 RNAs and proteins in ras-transformed primary keratinocytes. Total RNA and protein were isolated from
primary keratinocytes 1 week after infection with either MoLV or HaSV. (A) RNase protection analysis of al and P2 RNAs as described in
Materials and Methods. C, tRNA control. (B) Protein profile of a, and 2 gap junction proteins as determined by immunoblot analysis as
described in the legend to Fig. 1. (C) Additive effects of ras and TPA on a, protein expression. Keratinocytes were infected with MoLV or
HaSV for 1 week. Infected cells were either untreated (-) or exposed to 10 ng of TPA per ml for 1 h (+). Gap junction proteins which were
extracted by NaOH fractionation were subjected to immunoblot analysis as described in Materials and Methods.

was the only amino acid detected in both the 44- and 46-kDa
a1 species (Fig. 4D and E).
Treatment of ras-transformed keratinocytes with 10 ng of

TPA per ml for 1 h caused, in addition to phosphorylation of
a1 protein, a substantial reduction in the a1 concentration.
The total level of a1 protein in TPA-treated, ras-transformed
cells was much lower than that found in TPA-treated,
MoLV-infected control cells (Fig. 7C). Thus, the effects of
ras and TPA on a1 expression were additive and these
molecular events are consistent with synergistic inhibition of
GJIC by these agents (12).

DISCUSSION

In this report, we show that TPA treatment and ras
transformation of mouse primary keratinocytes results in
both phosphorylation of a1 protein and decreased expression
of the a1 and P2 genes. These results provide a molecular
explanation for the decrease in GJIC that ras and TPA cause
in these primary cells and suggest a possible mechanism for
the GJIC inhibition produced by these agents in other cell
types.

Phosphorylation of a1 has been implicated in the regula-
tion of gap junctional communication. Treatment of the
mouse cell line C3H 10T1/2 with a synthetic retinoid, a
potent inhibitor of experimental carcinogenesis, increased
both GJIC and phosphorylation of a1 (at unidentified resi-
dues; 44). In a separate study, serine phosphorylation was
shown to correlate with increased GJIC, as certain commu-
nication-deficient cell lines were unable to phosphorylate a1
on serine residues to generate the 46-kDa form (39). The
kinase(s) responsible for these modifications is not known.
The fact that TPA-induced serine phosphorylation of a1 was
associated with inhibition of GJIC, rather than an increase,
suggests that the phosphorylated sites in TPA-treated cells
are different from the sites associated with increased com-
munication. An alternative explanation is that the cellular
compartment where phosphorylation occurs differentially
alters the properties of the gap junction protein (e.g., stabil-
ity, targeting, etc).

Several mechanisms could account for the decreased

communication associated with a1 modification in TPA-
treated cells. Phosphorylation could interfere with connexon
formation, pairing of connexons in neighboring cells, or
gating of assembled channels (the ability of a channel to open
and close). Phosphorylation of a1 does not appear to inter-
fere with membrane insertion, since the 46-kDa form frac-
tionates with membranes. The rapid effects of TPA on GJIC
suggest that TPA is likely to influence existing cell surface
junctional proteins. The fact that the amount of a1 protein
recognizable by immunofluorescence on the cell surface is
decreased 2 h after treatment with TPA is consistent with the
notion that phosphorylation induces a conformational
change at the cell membrane.
TPA and related tumor promoters are thought to exert

most, if not all, of their effects through activation of one or
more forms of protein kinase C (PKC), the TPA receptor
(30). PKC may be directly responsible for TPA-induced
phosphorylation of a1. Such PKC activity is consistent with
the early time course of phosphorylation and the fact that a1
was entirely phosphorylated on serine residues. Several
potential PKC modification sites are present in the carboxy
terminus of the a1 protein (20). Further, addition of PKC to
electrically coupled cell pairs resulted in loss of junctional
conductance (48).
Treatment of keratinocytes with TPA at 10 ng/ml caused

transient phosphorylation of a1 (1 to 2 h), which then
returned to control levels (at 8 h). This correlates with the
initial inhibition of GJIC (12), which is followed by an
increase in junctional communication by 8 h. The fact that
GJIC did not return to 100% of the control levels may be due
to the presence of small amounts of the 46-kDa form of a1.
Alternatively, the conformation of a1 after dephosphoryla-
tion may be altered, interfering with its ability to form
functional channels.

In addition to a1, primary keratinocytes expressed the 2
gap junction protein at rather low levels. Our results suggest
that the P2 protein is not modified by phosphorylation in
TPA-treated keratinocytes. It has been previously shown
that 2 is not phosphorylated in hepatocytes or by purified
cyclic AMP-dependent protein kinase, PKC, or calcium/
calmodulin-dependent protein kinase 11 (46, 50). P2 expres-
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sion initially increased in response to TPA. Although the
significance of this increase is not clear, it is possible that 12

forms heteropolymeric channels (58). If the a, and 12

proteins form such channels in keratinocytes, then even an

increase in 12 expression may not be expected to compen-

sate for the inactivated ae protein. It is interesting that both
the a, and 12 products are utilized by skin in vivo (24, 42a).

Expression of ao and 12 was repressed at the RNA level
upon prolonged treatment with TPA. The kinetics of a1 and
12 repression differed markedly from that of the TPA-
repressible gene CEF-10 (47). TPA treatment for 1 h induces
PKC activity and suppresses CEF-10 expression (47). By 24
h, TPA down regulates PKC and increases CEF-10 expres-

sion (47). In contrast to CEF-10, down modulation of gap

junction proteins occurs several hours after TPA treatment
and appears to be indirectly linked to PKC activity. TPA
induces a differentiation response in primary keratinocytes
similar to that of calcium (13, 19, 22, 55, 57), and calcium,
like prolonged TPA treatment, suppresses gap junction
expression (unpublished data). Thus, the effects of TPA on
gap junction expression may result from induction of some
aspects of keratinocyte differentiation.
The ras oncogene was previously shown to cause a 70 to

80% decrease in GJIC in primary keratinocytes and com-

pletely inhibit communication in synergism with TPA (12).
In this study, we found that ras, like TPA, induced seine

phosphorylation of al and that the phosphorylation pattern
resulting from ras transformation was similar to the pattern
induced by 10 ng ofTPA per ml. While it is not known which
kinase(s) is activated by ras, one possible candidate is PKC,
as ras has been shown to act through PKC-dependent (as
well as PKC-independent) pathways (33, 52). Like TPA, ras

did not appear to induce modification of 12, but it caused
substantial down modulation of its expression.
The effects of ras and TPA were additive. In ras-trans-

formed cells treated with TPA, phosphorylation of the al
protein increased and its expression was reduced to a level
lower than that found in cells exposed to either agent alone.
Such a rapid effect on a1 expression may be due to protein
destabilization. However, decreased levels of a, mRNA 15
to 30 min after treatment of ras-transformed cells with TPA
were also observed (unpublished data). Cooperation be-
tween ras and TPA has been shown both in vitro in focus
formation of cells (14, 25) and in vivo in induction of skin
tumors (6). The additive effects of ras and TPA in blocking
GJIC (12) via modulation of gap junction proteins may
contribute to clonal expansion of initiated cells during neo-

plastic development.
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