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Suppression of the basal extracellular signal-regulated kinase (ERK) activity in PC12 cells markedly altered
their phenotype. Wild-type cells grew in a dissociated pattern adherent to the substrate. The stable expression
of an ERK inhibitory mutant resulted in the formation of calcium-dependent aggregates which were less
adherent to the substrate. Concomitantly, the cells reorganized their actin cytoskeleton and increased their
expression of several adherens junction proteins, particularly cadherin. Metabolic labeling demonstrated an
increased synthesis of cadherin and (3-catenin in these cells. Nontransfected PC12 cells and a ras-transformed
MDCK cell line also formed aggregates and increased their expression of adherens junction proteins following
treatment with the selective MEK inhibitor PD98059. A peptide containing the HAV cadherin recognition
sequence attenuated the aggregation. These studies suggest that in PC12 and epithelial cells, ERKs are
pivotally positioned to enhance substrate interactions when active or to release homotypic interactions when

suppressed.

To achieve the complexity of multicellularity, organisms
must strike a highly regulated balance between cell-cell inter-
actions, such as the adherens junction, and interactions with
the substrate, such as adhesion plaques. Although first de-
scribed as morphological entities, many of the individual mol-
ecules within various cellular contacts have been identified (18,
22), and some of the components involved in adhesive inter-
actions, such as B-catenin, also function in signaling systems
that control early development and differentiation. The neces-
sity to generate diverse types of junctions on individual cells
must require highly intertwined signaling cascades that can
readily modulate responses between various pathways. In situ
cells engage in both homotypic contacts with other cells and
interactions with the substrate; however, for most adherent
cells in culture, focal adhesions and interactions with the sub-
strate predominate. The formation of adherens junctions and
the expression of those proteins which reside in these junc-
tions, the cadherins and catenins, are associated with the tran-
sition of cell populations from a dispersed pattern to an ag-
gregated compact one.

The mitogen-activated protein (MAP) kinases integrate
multiple intracellular signals following activation by a variety of
external signals. The extracellular signal-regulated kinases
(ERKs) are the most highly studied members of the MAP
kinase family, which in mammalian cells also includes the JNK/
SAPK and p38/RK subfamilies (10). The ERK subfamily is
defined by dual phosphorylation on the TEY motif in domain
VII (1). These kinases lie downstream in a highly conserved
signal transduction cascade that begins with ligand binding to
a receptor tyrosine kinase or a G protein-coupled receptor
(23). The ERKs exert control over cellular proliferation (41,
43) and morphological transformation (41) by phosphorylating
both nuclear and cytoplasmic substrates, including the tran-
scription factors elk-1/p627<" (19, 26, 49), cjun (3, 37), c-myc
(3), NF-IL6 (33), and TAL1 (12), as well as RNA polymerase
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II (15), and the cytoplasmic substrates pp90™* (13, 44), cyto-
solic phospholipase A,, stathmin (25), epidermal growth factor
(EGF) receptor (34, 46), Raf-1 (4, 24), and MAP kinase kinase
(27). The cascade of regulatory molecules involved in the at-
tachment of cells to the substrate can lead to the activation of
ERKs (11, 30, 40). Signaling via integrin receptors, which in-
cludes the activation of ERKs as one of many downstream
elements (28), plays an important role in the formation of
substrate interactions. On the other hand, little is known re-
garding the relationship of ERK signal transduction to cell-cell
adhesion.

We prepared stable PC12 cell lines in which both the basal
activity of the ERKs and their activity after nerve growth factor
(NGF) stimulation were inhibited. These cells had a markedly
altered phenotype: they developed cell-cell contacts, became
less adherent to the substrate, reorganized their actin fila-
ments, and increased expression of proteins found in adherens
junctions. We conclude that the maintenance of substrate in-
teractions in preference to cell-cell contacts requires a basal
level of ERK activity.

MATERIALS AND METHODS

Materials. p42 MAP kinase (ERK2) cDNAs were from M. Cobb (Dallas,
Tex.). The mammalian expression vector pRc/CMV was from Invitrogen (San
Diego, Calif.). The lipofectin transfection kit was from GIBCO (Grand Island,
N.Y.). Flag antibodies were obtained from Eastman Kodak (New Haven, Conn.)
and Santa Cruz Biotech (Santa Cruz, Calif.). Affinity-purified polyclonal anti-
MAP kinases were from Santa Cruz Biotech, and anti-phosphorylated MAP
kinase was a gift from M. Greenberg (Boston, Mass.). Monoclonal antibodies
against a-, B-, and +y-catenins, B1 and B3 integrins, and paxillin were from
Transduction Laboratories (Lexington, Ky.). Monoclonal anti-integrin 3A3 was
a gift from D. Turner (Syracuse, N.Y.). Monoclonal and polyclonal antibodies
against the carboxyl terminus of chick N-cadherins as well as monoclonal anti-
E-cadherin (DECMA-1) were from Sigma (St. Louis, Mo.). Rhodamine phal-
loidin was from Molecular Probes (Eugene, Oreg.). [y-**P]JATP and [**S]methi-
onine were from Amersham (Arlington Heights, IIl.), and unless otherwise
indicated, all chemicals were from Sigma.

Subcloning and transfection. The cloning and mutagenesis of ERK2 were
described previously (8, 39). The product was then subcloned into pRc/CMV
(Invitrogen), and the flag sequence DYKDDDDK was fused to the amino-
terminal end as an epitope tag. The primary structure of p42 flag-ERK2 and the
mutation sites were validated by DNA sequencing. Transfections of PC12 cells
were performed in accordance with the GIBCO instructions for the lipofectin
transfection assay. The stable PC12 cells were selected and maintained in me-
dium containing neomycin.
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Cell cultures and immunohistochemistry. PC12 cells were plated onto Nunc
culture dishes with a Nunclon 3-treated surface (Fisher Scientific, Pittsburgh,
Pa.), and they were maintained in Dulbecco’s modified Eagle medium (DMEM)
with 10% horse serum and 5% fetal bovine serum. For some experiments, the
dishes were coated with rat tail type I collagen (Becton Dickinson, Bedford,
Mass.) to confirm the growth characteristics. For those cells which were stimu-
lated with 100 ng of NGF per ml to study PC12 cell differentiation, the culture
dishes were coated with polylysine. Neurite outgrowth was scored when the
length of the processes exceeded the cell diameter. Ras-transformed MDCK{3
cells were grown in DMEM with 10% fetal bovine serum (5). Cells used for
fluorescence studies were fixed in 4% paraformaldehyde and permeabilized with
0.2% Triton X-100. Following staining, the cells were mounted and photo-
graphed with a Zeiss Axioskope equipped with epifluorescence.

Aggregation/reaggregation assays and suspension cultures. To assess the cal-
cium dependence of cell aggregation, extracellular calcium was depleted by
adding 5 mM EDTA to the culture medium. Reaggregation was assessed after
the cells were returned to normal calcium-containing medium for 1, 3, 7, 10, and
21 days. To study the aggregation properties of nontransfected PCI12 cells,
spinner cultures with magnetic flasks (Bellco Biotech, Vineland, N.J.) were
prepared. The MEK inhibitor PD98059 (>95% pure as determined by a high-
performance liquid chromatograph [New England Biolabs, Beverly, Mass.]) was
dissolved in dimethylsulfoxide and stored at 25 mM as stock. Control cultures
were treated simply with 0.1% dimethyl sulfoxide. PD98059 at a concentration of
25 pM was included in the medium for 2 days before cell lysis. Similar experi-
ments with PD98059 were performed on MDCKI{3 cells.

To test whether the aggregation of PC12 cells in suspension is mediated by
cadherin, the synthetic decapeptide LRAHAVDVNG-amide (Peninsula Lab,
Belmont, Calif.) was used in control or PD98059-treated PC12 cells. Before
transferring the PC12 cells to spinner flasks, the peptide was incubated in culture
medium for 30 min. Afterward, the PC12 cells were returned to the incubator for
2 days in the presence or absence of the peptide. The cells were then photo-
graphed with a Leitz inverted light microscope.

Protein kinase assay. Stable PC12 cells were lysed in immunoprecipitation
buffer (10 mM Tris [pH 7.4], 50 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.2%
Nonidet P-40, 0.1% deoxycholate) containing protease and phosphatase inhibi-
tors (1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 10 pg of aproti-
nin per ml, 10 pg of pepstatin A per ml, 10 ug of leupeptin per ml, 1 mM sodium
orthovanadate, 10 mM sodium pyrophosphate, 20 mM sodium fluoride). The cell
lysates were centrifuged to remove cell debris, and the supernatants were im-
munoprecipitated with affinity-purified antibodies. To assay for total ERK activ-
ity, the cell lysates were immunoprecipitated with polyclonal anti-MAP kinase
C16 and polyclonal anti-flag D8 was used to immunoprecipitate flag-ERK kinase
only. The immunoprecipitates were captured by protein A-agarose and incu-
bated with myelin basic protein in the presence of 150 puM ATP and 1 to 2 pCi
of [y-*?P]ATP. After 30 min of incubation, the samples were then resolved by
sodium dodecyl sulfate-15% polyacrylamide gel electrophoresis (SDS-15%
PAGE) and exposed to Kodak film.

Metabolic labeling. PCI12 cells were preincubated in labeling medium
(DMEM-fetal bovine serum minus methionine) for 20 min. The medium was
then removed, and 800 wCi of [**S]methionine was added to the cells in a total
volume of 4 ml of labeling medium in 10-cm dishes. After the cells were labeled
for several time points, they were rinsed and then solubilized in a mixture
containing 50 mM NaCl, 10 mM PIPES [piperazine-N,N’-bis(2-ethanesulfonic
acid); pH 6.8], 3 mM MgCl,, 0.5% Triton X-100, 300 mM sucrose, 1.2 mM
phenylmethylsulfonyl fluoride, and 10 pg of leupeptin per ml for 20 min at 4°C
on a rocking platform. The cells were scraped off from the dishes and centrifuged
in a microcentrifuge for 10 min to collect both the supernatant (Triton-soluble
fraction) and the pellet (Triton-insoluble fraction).

Immunoprecipitation. Before incubation with primary antibody, cell lysates
(soluble and insoluble fractions) were precleared with protein G plus protein
A-agarose beads followed by centrifugation to remove the beads. The superna-
tants were then immunoprecipitated with the respective cadherin or catenin
antibody for 1 h at 4°C. Thirty microliters of protein G plus protein A-agarose
beads was added to the samples for an additional 2 h at 4°C. The samples were
washed sequentially with immunoprecipitation buffer (15 mM Tris [pH 7.5], 5
mM EDTA, 2.5 mM EGTA, 1% Triton X-100, 1% Na deoxycholate, 0.1% SDS,
120 mM NaCl, 25 mM KCl), high-salt buffer (15 mM Tris [pH 7.5], 5 mM EDTA,
2.5 mM EGTA, 1% Triton X-100, 1% Na deoxycholate, 0.1% SDS, and 1 M
NaCl), and a low-salt buffer (15 mM Tris [pH 7.5], 5 mM EDTA). Immunopre-
cipitates were separated by SDS-PAGE and transferred to polyvinylidene diflu-
oride for immunoblotting.

The stable PC12 cells were lysed as described above. Thirty micrograms of
total protein was loaded and resolved by SDS-10% PAGE. Proteins transferred
to a polyvinylidene difluoride membrane were blotted and then developed by
using the Amersham enhanced chemiluminescence system.

RESULTS

Phenotype induced by the expression of an ERK inhibi-
tory mutant (p42YF185) in PC12 cells. A mutant ERK2,
p42YF185, in which tyrosine 185 was replaced with phenylal-
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FIG. 1. Expression of p42 flag-ERK in PCI12 cells. (A) Immunoblots of
lysates taken from representative stable PCI12 clones expressing the p42wt or
p42YF185 mutant labeled with anti-MAP kinase (Erk2); (B) immunoblots of
lysates taken from representative stable PC12 clones expressing the p42wt or
p42YF185 mutant labeled with anti-flag (M5 monoclonal antibody). Molecular
weight markers (in thousands) are indicated to the left of the immunoblots.

anine in kinase subdomain VIII, was fused to a flag sequence
and subcloned into pRc/CMV. The substitution of the tyrosine
within the TEY motif is believed to function as a dominant
negative by binding to the upstream kinase, MEK, and pre-
venting it from phosphorylating all of the ERK isoforms (35).
The flag sequence can be detected specifically with monoclonal
antibody M5 or polyclonal antibody D8. Wild-type ERK2, des-
ignated p42wt, was subcloned in the same way. Studies utilizing
these stable transfectants were done with independent isolates
of p42YF185 and p42wt. Immunoblots demonstrated the sta-
ble expression of flagged constructs in the PC12 cells (Fig. 1).
Although the mock-transfected PC12 cells remained isolated
and rounded in culture (Fig. 2A), PC12 cells expressing the
inhibitory mutant p42YF185 formed large aggregates and did
not adhere well to the culture dishes (Fig. 2D). On culture
dishes coated with collagen, these cells grew as clusters and
remained aggregated when they were triturated for passage. In
contrast, PC12 cells that overexpressed p42wt became flatter
and were more adherent to the culture dishes (Fig. 2G).

To determine whether the transfections altered ERK activ-
ity, myelin basic protein (MBP) was used as a substrate for the
kinase immunoprecipitated from total cell extracts with either
an anti-flag or an anti-ERK antibody (Fig. 3 and 4A to D).
Compared to control mock-transfected cells, which have a low,
but clearly detectable, basal ERK activity that rapidly increases
after NGF treatment, the flag-p42YF185 mutant had reduced
basal activity (Fig. 3A). Densitometric analysis showed approx-
imately 50% lower basal ERK activity in p42YF185-trans-
fected cells than in mock-transfected cells and more than 90%
lower activity in p42YF185-transfected cells than in p42wt-
transfected cells (Fig. 3B). p42YF185 cells also visibly failed to
differentiate after NGF stimulation (Fig. 2E). In addition, the
flag-p42YF185 mutant had a minimal response to NGF stim-
ulation in comparison to control mock-transfected cells (Fig.
4A to D). NGF-stimulated ERK activity peaked at 5 min, and
we found that p42YF185 cells followed a similar time course as
the control and p42wt cells did but with reduced activity at
each time point tested (data not shown). The inhibition of
flag-ERK activity in the flag-p42YF185 cells was confirmed in
a kinase immunocomplex assay using anti-flag immunoprecipi-
tates (data not shown). Transfection of flag-p42wt resulted in
increased basal ERK activity in PC12 cells (Fig. 3), but, com-
pared to control PC12 cells, p42wt-transfected cells did not
show a significantly higher ERK activity in response to NGF
stimulation (Fig. 4A and B). However, p42wt cells displayed a
more sustained activation after NGF treatment that lasted for
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FIG. 2. Morphology and growth characteristics of stable PC12 transfectants expressing p42 ERK2. (A to C) Mock-transfected PC12 cells; (D to F) PCI2 cells
transfected with p42YF185, the mutant ERK2 in which tyrosine 185 was mutated to phenylalanine; (G to I) PC12 cells transfected with p42wt. (A, D, and G)
Unstimulated PC12 cells; (B, C, E, F, H, and I) PC12 cells stimulated with NGF for 4 days; (C, F, and I) PC12 cells labeled with rhodamine phalloidin to stain F-actin.
Arrowheads indicate processes where F-actin is concentrated in mock-transfected cells and p42wt-transfected PC12 cells. A honeycomb pattern indicates that actin
extends uniformly around the periphery of cells transfected with p42YF185. Bars, 24 um.

several days (Fig. 4C and D). Although these cells did not
spontaneously develop long processes, they did elaborate
stubby protrusions (Fig. 2G) that were focally reactive for
F-actin. Upon NGF stimulation, p42wt cells formed neurites in
less than 1 day, whereas control PC12 cells required 3 to 4 days
to attain a similar degree of differentiation (compare Fig. 2G
to I with Fig. 2A to C). After NGF stimulation for 6 days, ERK
activity returned to near-basal levels in control PC12 cells,
remained high in p42wt cells, and dropped below basal levels in
p42YF185 cells (Fig. 4C and D). Similar changes were ob-
served when ERK activity was examined with an anti-phos-
phorylated ERK antibody (Fig. 4E).

Induction of reorganized actin filaments and adherens junc-
tion proteins in p42YF185 cells. To understand the basis for
the observed phenotypic change in the p42YF185 stable trans-

fectants, actin filaments were labeled with rhodamine phalloi-
din. In control mock-transfected PC12 cells and p42wt cells,
actin filaments were not uniformly distributed around the pe-
riphery; instead, they were most concentrated within lamelli-
podia, and particularly within their distal microspikes (Fig. 2C
and I). However, actin filaments in p42YF185 cells were ar-
ranged uniformly along the cell-cell boundaries, reminiscent of
adherens junctions seen among epithelial cell contacts (Fig.
2F). Consistent with the presence of adherens junctions, cad-
herin staining was evident at the periphery of PC12 cells ex-
pressing p42YF185 (Fig. SA) while in control cells there was a
weak, diffuse cadherin staining in the cytoplasm (Fig. 5C).
Markers of focal adhesions such as alp1 integrin were only
weakly detectable in PC12 cells (Fig. SD) and did not localize
to the cell-cell contact region in p42YF185 cells (Fig. 5B).
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FIG. 3. Assay for basal MAP kinase (ERK) activity in PC12 transfectants.
(A) Basal ERK activity is altered in PC12 cells transfected with ERK ¢cDNAs.
(Upper panel) Basal activity of total ERK in transfected PC12 cells as measured
by immunoprecipitation and incubation with MBP and [y-*?P]ATP. (Lower
panel) ERK immunoblot showing equal amounts of immunoprecipitated ERK.
(B) Quantification of ERK activity in p42YF185 cells, mock-transfected cells,
and p42wt cells. The values are means *+ standard errors of the means from three
experiments.

As suggested by the immunofluorescence studies, cadherin
levels detected by a monoclonal antibody against N-cadherin
were markedly increased in p42YF185 compared to those of
control mock-transfected cells and p42wt cells (Fig. 6A). The
levels of the cytoplasmic cadherin-binding proteins a-, B-, and
v-catenin (Fig. 6A) were also increased. On the other hand,
proteins involved in focal adhesion and integrin function, such
as B1 and B3 integrin, showed no major alterations in expres-
sion (Fig. 6B), although the levels of B1 integrin and paxillin
did appear to decrease slightly in the p42YF185 cells (Fig. 6B).
p42wt cells that overexpress ERK2 had focal collections of
actin filaments at the plasma membrane as did the mock-
transfected control cells (Fig. 2C and I), and the expression of
cadherin and the catenins was suppressed even relative to that
of the control cells (Fig. 6A).

The aggregation of p42YF185 cells is inhibited by low cal-
cium. Because adherens junctions are calcium sensitive (47),
we sought to test whether the maintenance of p42YF185 cell
aggregates depended on Ca®" levels. Trituration in DMEM
containing 1.8 mM Ca*" readily dissociated control PC12 cells,
but this same treatment failed to dissociate the p42YF185 cells
(Fig. 7A). However, addition of 5 mM EDTA to p42YF185 cell
aggregates resulted in the rapid dissociation of the cells (Fig.
7B).

Reaggregation assays of wild-type PC12 cells were compli-
cated by the fact that, unlike CHO cells, the PC12 cells spon-
taneously formed aggregates when dissociated from culture
dishes and grown in suspension as spinner cultures. However,
in contrast to p42YF185 cells, aggregates of wild-type PC12
cells in suspension were dissociable with trituration and were
not accompanied by increased cadherin levels (data not
shown). When p42YF185 cells were dissociated in EDTA,
replating them in calcium-containing buffer induced the re-

MoL. CELL. BIOL.

A N B
&
5 & & & 7000
O O o 5
s § 5 gg o
§&S & <5 00
ST % 4000
‘ S8 3000
- o 2000
l.' ‘MBP galom
0
[m=as]-me T b 5 b
P i s
o
8§ X %
C D
& &K
& O 2
& éz,é&,h§¢)°§ :éﬁzsoo T
\§§,§$§ 22 2000
é’°§’°éf§f§vé\» gglsoo =
& & < 38 100 =
gésoo
—— -MBP
0 |_ T T T
E & & g
§ § % &
-] Q a
E & § % 1
$ &85
¥ &3
R | JURT

FIG. 4. Assay for MAP kinase (ERK) activity in PC12 transfectants stimu-
lated with NGF. (A) Activity of total ERK in transfected PC12 cells treated with
NGF for 45 min. It is important to note the inhibition of ERK activity by
p42YF185. (B) Quantification of ERK activity in p42YF185 cells, mock-trans-
fected cells, and p42wt cells. The values are means * standard errors of the
means from three experiments. (C) ERK activity is sustained in PCI2 cells
expressing p42wt but not in those expressing p42YF185. After 6 days in NGF,
cell lysates were immunoprecipitated with anti-MAP kinase and incubated with
MBP and [y-*?P]ATP. (D) Quantification of ERK activity in p42YF185 cells,
mock-transfected cells, and p42wt cells. The values are means *+ standard errors
of the means from two experiments. (E) After 6 days in NGF, cell lysates were
immunoblotted with affinity-purified polyclonal antibody against phosphorylated
ERK. Similar to the results in panel C, there is sustained activation of ERK in
PC12 cells expressing p42wt but not p42YF185.

aggregation of the p42YF185 cells (Fig. 7C). Reaggregation
was apparent after 2 to 3 days, and by 10 days, the cells formed
large aggregates. Mock-transfected PC12 cells did not aggre-
gate (Fig. 7D).

MEK inhibitor PD98059 enhanced cadherin expression of
native PC12 cells in suspension culture and in ras-trans-
formed MDCKI(3 cells. To demonstrate that the formation of
adherens junctions and increased cadherin levels were not an
artifact of transfection, native PC12 cells grown in suspension
were treated with PD98059, a selective synthetic MEK inhib-
itor (16). At 25 wM, a concentration capable of inhibiting the
ERKs in vitro and in vivo (2), PD98059 inhibited the phos-
phorylation of the ERKs in NGF-stimulated PC12 cells (Fig.
8A). Incubation of PC12 cells grown in suspension with 25 uM
PD98059 enhanced cadherin (Fig. 8B) and B-catenin levels but
not B1 integrin expression (data not shown). This effect was
most apparent when the cells were grown in suspension; treat-
ment with PD98059 was less effective on cells attached to
culture dishes. These data supported the finding in the trans-
fected cells that suppression of basal ERK activity releases the
expression of adherens junction proteins.

The synthetic decapeptide which contains the tripeptide
HAV, a sequence common to all cadherins, blocks cadherin-
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FIG. 5. Anti-N-cadherin (A and C) and anti-al-integrin (B and D) immu-
nofluorescence staining of p42YF185 (A and B) and mock-transfected (C and D)

cells. Bar, 30 pM.

C
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mediated interactions (7). A 1-mg/ml concentration of the
peptide LRAHAVDVNG was incubated with PD98059-
treated cells in spinner culture for 2 days. The peptide signif-
icantly reduced the numbers of aggregates (Fig. 7E and F),
while incubation with an unrelated protein did not (data not
shown). These results demonstrated that the aggregation prop-
erties of ERK-suppressed PC12 cells are mediated through
cadherin.

To demonstrate that this mechanism was not limited to
PC12 cells, we treated MDCKT{3 cells with PD98059. MDCK(f3
cells are a ras-transformed MDCK cell line that displays a
fibroblastic phenotype, does not aggregate, and has diminished
E-cadherin-mediated cell-cell adhesion (5). Incubation of
MDCKT{3 cells with 25 wM PD98059 reversed the phenotype of
these cells from a fibroblastic to an epithelial morphology and
led to the reexpression of E-cadherin at the cell-cell junction
(data not shown). These data strongly support the conclusion
that the inhibition of basal MAP kinase activity releases the
expression of proteins involved in adherens junction forma-
tion.

p42YF185 cells have increased levels of cadherin and
B-catenin synthesis and increased levels of (3-catenin associ-
ated with cadherin-containing complexes. The increased levels
of adherens junction proteins when ERK was suppressed may
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FIG. 6. Immunoblots (IB) of cell lysates from representative stable PC12 clones expressing p42wt and the inhibitory p42YF185 mutant. (A) Adherens junction
protein expression is markedly enhanced. Immunoblots show that monoclonal anti-a-catenin labels a 102-kDa protein in p42YF185 cells more strongly than in p42wt
cells; monoclonal anti-B-catenin specifically labels a 92-kDa protein in p42YF185 cells and minimally detects the same-molecular-weight protein in p42wt cells;
monoclonal anti-y-catenin specifically labels an 83-kDa protein in p42YF185 cells but only weakly labels the protein in p42wt cells; monoclonal antibody against
N-cadherin specifically labels a 120-kDa protein in p42YF185 cells but not in p42wt cells. In all cases, the control cells show an intermediate degree of labeling. (B)
Focal adhesion protein expression is only minimally affected by altered ERK expression. Immunoblots show that monoclonal anti-B1 integrin strongly labels a doublet
protein at ~130 kDa; monoclonal anti-B3 integrin strongly labels a 90-kDa protein with two relatively weaker bands in all clones; monoclonal anti-paxillin antibody
specifically stains a 70-kDa protein in all clones.
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FIG. 7. Aggregation-reaggregation properties of PC12 cells with suppressed ERK activity. (A and B) p42YF185 cell aggregation is calcium dependent. Phase images
of p42YF185 cells triturated in DMEM containing 1.8 mM Ca** (A) or 5 mM EDTA (B) for 20 min are shown. Bar, 35 pM. (C and D) Reaggregation of p42YF185
cells. p42YF185 cells (C) and mock-transfected PC12 cells (D) were dissociated in culture medium containing both trypsin and EDTA. They were then returned to
the incubator and cultured in standard calcium-containing medium for 2 weeks. Reaggregation was apparent after 2 to 3 days, and by 10 days, the cells formed large
aggregates. (E and F) PC12 cell aggregation in suspension is mediated through the cadherin pathway. Aggregates of PC12 cells were grown in suspension in the presence
of PD98059 (E). PC12 cell aggregation was substantially reduced when similarly grown cells were incubated with 1 mg of the cadherin cell adhesion recognition peptide
LRAHAVDVNG per ml (F). Bar, 30 uM.

be due to increased synthesis or decreased degradation. antibody (Fig. 9A). Among the immunoprecipitated proteins,
p42YF185 cells versus control mock-transfected PC12 cells those bands representing N-cadherin and -catenin were iden-
were metabolically labeled with [>*S]methionine, lysed, and tified by immunoblotting the radiolabeled gel. In comparison
immunoprecipitated with an N-cadherin antibody or B-catenin to epithelial cells, the relatively low synthesis rates of the cad-
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WB: anti-Pan cadherin

FIG. 8. Effects of the MEK inhibitor PD98059 on nontransfected PC12 cells.
(A) PD98059 inhibits NGF-induced ERK activity. Blots with anti-phosphory-
lated ERK demonstrate immunoreactivity in control cells but not in PD98059-
treated cells. (B) Immunoblot of suspended PC12 cell culture stained with
monoclonal antibody against N-cadherin. Compared to control cells, PD98059-
treated cells have increased N-cadherin immunoreactivity. WB, Western blot.

herins and B-catenin in PC12 cells required longer periods of
labeling. After 4 h of labeling, there was no significant differ-
ence in the levels of newly synthesized cadherin between
p42YF185 cells and control cells; however, by 22 h, there was
approximately three times more cadherin in the p42YF185
cells (Fig. 9B). The level of newly synthesized B-catenin was
also higher in p42YF185 cells than in control cells (data not
shown). Thus, increased synthesis contributes to the increased
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FIG. 9. Metabolic labeling demonstrates that N-cadherin synthesis is in-
creased in p42YF185 cells compared to that in mock-transfected cells. (A)
N-cadherin was immunoprecipitated from cell lysates, separated by SDS-PAGE,
and visualized by autoradiography. (B) The relative amounts of newly synthe-
sized N-cadherin in control versus p42YF185 cells were quantified. O.D., optical
density.
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FIG. 10. B-Catenin in p42YF185 cells is associated with adherens junctions.
(A) The level of B-catenin in both Triton X-100-soluble (TXs) and -insoluble
pools (TXi) was higher in p42YF185 cells than in mock-transfected cells. Sam-
ples were immunoprecipitated with mouse monoclonal antibody to B-catenin and
immunoblotted with B-catenin antibody. (B) The level of B-catenin pool associ-
ated with cadherin is higher in p42YF185 cells than in mock-transfected control
cells. Samples were immunoprecipitated (IP) with a polyclonal antibody against
N-cadherin and immunoblotted (IB) with anti-B-catenin. The cell lysates were
prepared as described in Materials and Methods. The amounts of B-catenin
which remained in the supernatant (sup) of control and p42YF185 cells after the
cadherin complex was pelleted were approximately equal.

levels of adherens junction proteins in p42YF185 cells. The
rather long half-lives of these proteins in PC12 cells compared
to MDCK cells made it difficult to assess the contribution of
turnover in pulse-chase experiments. Semiquantitative support
for the observation of increased synthesis in the p42YF185
cells was derived from reverse transcription-PCR analysis
where, after 25 cycles, the levels of both N-cadherin and
B-catenin PCR products were higher in the p42YF185 cells
than in the control cells (data not shown).

B-Catenin is present in cells in at least two pools: one asso-
ciated with cadherin in the adherens junctions and a soluble
pool which lies in the Wnt pathway. We wanted to determine
whether the increased B-catenin in the p42YF185 cells was
present in the pool associated with adherens junctions. First,
B-catenin levels were determined in Triton X-100-soluble and
-insoluble pools. Relative to the control cells, p42YF185 cells
showed an increase in the level of B-catenin recovered by
immunoprecipitation in both the insoluble pool and the solu-
ble pool (Fig. 10A). N-cadherin antibody was then used for
coimmunoprecipitations from p42YF185 cells; higher levels of
B-catenin were recovered in the cadherin complex than from
immunoprecipitations from control cells (Fig. 10B). Therefore,
at least a portion of the increased B-catenin was associated
with cadherins and Triton-insoluble actin cytoskeletons in
p42YF185 cells.

DISCUSSION

We have provided evidence that markers for homotypic in-
teractions found in adherens junctions, such as cadherins and
catenins, were upregulated when ERKs were inhibited in un-
stimulated PC12 cells. Concomitantly, these cells formed cal-
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cium-dependent cell aggregates and reorganized their actin
filaments. Conversely, the overexpression of ERK2 resulted in
the reduced expression of both cadherins and catenins. We
suppressed basal ERK activity by using several independent
experimental conditions. Confirmation of our observations
that the phenotypic alterations arose from changes in ERK
activity came from (i) the replication of the findings for inde-
pendent clones from different transfections; (ii) the induction
of a distinct and, in some senses, opposite phenotype after
wild-type ERK transfection; (iii) the absence of changes after
control vector transfections; and (iv) the induction of a similar
expression pattern of adherens junction proteins when the
ERKSs were inhibited by the MEK inhibitor PD98059. Further-
more, repeated passages of the p42YF185 mutants resulted in
a gradual disassembly of the aggregates as the cells lost the
transfected plasmid and the expression of the mutant kinase
decreased as monitored on immunoblots. The conclusion that
upregulation of adherens junction proteins can occur by the
inhibition of basal ERK activity also applies to an epithelially
derived cell line, the MDCKI{3 cells.

Many signaling systems converge upon members of the
MAP kinase family, enzymes whose effects are highly depen-
dent upon the degree and duration of their activity as well as
their localization. The data here show the requirement for a
basal level of ERK activity to maintain PC12 cells in a disso-
ciated state adherent to the substrate. Unstimulated PC12 cells
have a low basal ERK activity, and much of this constitutively
active pool of ERKs is associated with the microtubules (31).
How might the suppression of the ERKs result in the induction
of homotypic interactions? It is possible that effectors in the
ERK pathway also suppress homotypic adhesive interactions
that are released in a default manner when ERK activity falls
below a certain level. Alternatively, the regulation of homo-
typic and substrate adhesive interactions may operate with
distinct sets of intermediates that would allow the cell to en-
gage effectors in these pathways in parallel.

The serum response element (SRE), which mediates imme-
diate-early gene expression, is one target of the ERK signal
transduction pathway (19, 21, 26); however, the expression of
immediate-early genes is not a prominent feature of unstimu-
lated PC12 cells. Therefore, basal ERK activity may not be
sufficient to activate these genes, but cytoplasmic substrates of
the ERKs may be affected by basal ERK activity. Among these
substrates is pp90** (13, 44), which partially suppresses
GSK-3B (17, 45). GSK-3pB is also inhibited by the Wg-Wnt
signal (14), which stabilizes B-catenin and in PC12 cells in-
creases the expression of adherens junction proteins (9). Be-
cause GSK-3p is positioned at a point where it could modulate
signals between the MAP kinase and the Wg-Wnt pathways,
changes in its activity may contribute to the observed pheno-
typic effects.

Cell culture is an artifactual condition which allows substrate
interactions to predominate, and in PC12 cells, one pathway
that may maintain basal ERK activity could be that initiated by
the integrins. In 3T3 or REF52 fibroblasts, MAP kinase is
activated and translocates to the nucleus when the cells adhere
to integrin ligands such as fibronectin or laminin (11). This
pathway involves the creation of multiple SH2 binding sites on
FAK, and, in particular, the binding of GRB2 leads to the
formation of signaling complexes which promote the activation
of the Ras signaling pathway (40). Although proteins involved
in focal adhesions such as B1 and B3 integrin and paxillin
showed minimal changes in expression levels (Fig. 6B) in the
p42YF18S5 cells, the ability of these molecules to trigger ERK
activation was probably blunted. Therefore, the ability to sus-
tain substrate interactions may require more than the presence
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of focal adhesion components in cells, namely, the activation of
the MAP kinase pathway and possibly an undetected alteration
in the functional state of focal adhesion components. Also
notable was the detection of a similar basal ERK activity even
when the cells were grown in suspension, suggesting that inte-
grin-mediated pathways arising from substrate interactions are
not exclusively responsible for maintaining basal ERK activity.

Two completely independent ways of suppressing ERK ac-
tivity both resulted in the increased expression of adherens
junctions proteins, and in the p42YF185 cells, there was in-
creased synthesis of cadherins and B-catenin. The more pro-
longed half-lives of these molecules in PC12 cells did not allow
us to determine whether stabilization of the adherens junction
proteins also occurred. Regulation of the cadherins involves a
multifactorial array of mechanisms (38), and the cadherin lev-
els themselves serve as one regulatory control over catenin
expression. For example, L cells contain significant levels of a
102-kDa catenin mRNA, but only after transfection with E-,
N-, or P-cadherin did significant quantities of protein appear
(32). The interaction of B-catenin and the Tcf-Lef family of
transcription factors (6, 20, 29) may also lead to altered ex-
pression patterns of gene products involved in the formation of
adherens junctions. Alternatively, the ERKs may directly reg-
ulate catenins via the multiple potential ERK phosphorylation
sites in catenin family proteins.

PCI12 cells may be able to regulate the levels of adherens
junction proteins via stimulation of the Wnt signaling pathway.
Wnt-1 expression in PC12 cells leads to an increased expres-
sion of y-catenin and E-cadherin and increased calcium-de-
pendent cell-cell adhesion (9). Following NGF stimulation,
these cells do not undergo tyrosine phosphorylation of the p44
(ERK1) and p42 (ERK2) MAP kinases (48) or neurite exten-
sion (42). They also fail to induce the neuronal marker SCG10
(42), a protein related to stathmin, which is a downstream
cytoplasmic substrate of MAP kinase (36). To implement a
repertoire of cellular behaviors that leads to homotypic inter-
actions, it may be necessary to suppress the ERKs. Suppression
of the ERKSs in PCI12 cells leads to a phenotypic conversion in
which homotypic interactions predominate. Basal ERK activity
may be one of the key factors which establishes a set point to
balance homotypic and substrate interactions.
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