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Loss of E-cadherin—mediated cell-cell contacts can elicit a signaling pathway that leads to acquisition of an invasive
phenotype. Here, we show that at the receiving end of this pathway is the proto-oncogene c-Jun, a member of the activator
protein-1 family of transcription factors that play a key role in stimulation of cell proliferation and tumor promotion. Cell
separation or abrogation of E-cadherin—-mediated cell-cell contacts both cause a dramatic increase in accumulation of the
c-Jun protein. Unlike growth factors that enhance the expression of c-Jun by activating the transcription of the c-jun gene,
the cell contact-dependent increase in c-Jun accumulation is not accompanied by a corresponding increase in c-Jun mRNA
or c-Jun protein stability but rather in the translatability of the c-Jun transcript. Consistently, the increase in c-Jun
accumulation is not dependent on activation of the mitogen-activated protein kinase or B-catenin pathways but is
mediated by signals triggered by the restructured cytoskeleton. Depolymerization of the cytoskeleton can mimic the effect
of cell separation and cause a dramatic increase in c-Jun accumulation, whereas Taxol inhibits the cell contact-dependent
increase. This novel mechanism of c-Jun regulation seems to underlie the robust overexpression of c-Jun in tumor cells

of patients with colon carcinoma.

INTRODUCTION

Contact between neighboring cells plays an important role
in the process of embryonic development and malignant
transformation. Formation of cell-cell contacts is an integral
component of morphogenetic programs controlling struc-
tural and functional properties of the developing tissue,
whereas loss of cell-cell contacts is considered a key step in
the progression of tumors toward the invasive phase. The
ability of cell-cell contacts to affect physiological events
within the cell is well illustrated by the functional role of the
adhesion molecule E-cadherin. E-cadherin is a transmem-
brane glycoprotein that is primarily expressed in epithelia
and is a key player in inducing cell polarity and in organizing
an epithelium through the establishment of calcium-depen-
dent homophilic interactions at sites of cell-cell contacts. In
most cancers of epithelial origin, E-cadherin—-mediated cell-
cell adhesion is lost concomitantly with progression toward
tumor malignancy (Birchmeier and Behrens, 1994; Hiro-
hashi, 1998). Loss of E-cadherin promotes the progression
from adenoma to carcinoma, whereas reexpression of E-
cadherin results in reversion from an invasive mesenchymal
phenotype to a benign epithelial phenotype of cultured tu-
mor cells (Behrens ef al., 1989; Frixen et al., 1991; Vleminckx
et al., 1991; Birchmeier and Behrens, 1994; Perl et al., 1998).
The molecular mechanisms that underlie the loss of E-cad-
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herin-mediated cell-cell contacts have been extensively
studied in the past (Hirohashi, 1998; Thiery, 2002; Cavallaro
and Christofori, 2004), but the mechanisms by which
changes in cell contacts trigger a transition in the cellular
phenotype remained largely unknown.

Studies by us and by others have identified the proto-
oncogene c-Jun as a potential target for regulation by cell-
cell contacts. Cells cultured at low density have been shown
to accumulate a high level of c-Jun, whereas at high density
or in the intact tissue the accumulation of c-Jun is low
(Reisfeld and Vardimon, 1994; Lallemand et al., 1998). The
c-Jun protein is a transcription factor that forms a variety of
dimeric complexes, collectively termed activator protein
(AP)-1 and can positively regulate cell proliferation and
tumor progression. The c-Jun protein stimulates cell cycle
progression through two main mechanisms: 1) induction of
genes coding for components of the cell cycle clock machin-
ery, such as cyclin D1, and 2) repression of tumor suppressor
genes, such as p53 (Shaulian and Karin, 2002). In addition,
the c-Jun protein activates several events required for tumor
progression, including the expression of matrix metallopro-
teinases (MMPs), proteolitic enzymes that facilitate growth,
invasion, and metastasis of cancer cells (Chakraborti ef al.,
2003). Reduction of c-Jun/AP-1 activity, using dominant-
negative c-Jun (TAM67) or conditional inactivation of the
c-jun gene, causes cell arrest (Hennigan and Stambrook,
2001), interferes with tumor development (Young et al., 1999;
Eferl et al., 2003), suppress the invasive ability in keratino-
cytes (Dong et al., 1997) and fibroblasts (Lamb et al., 1997),
and blocks papilloma-to-carcinoma conversion (Cooper et
al., 2003). Given the physiological properties of the c-Jun
protein, the induction of c-Jun expression by loss of cell-cell
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contact might represent a key step in the transition to an
invasive phenotype.

Two major signaling pathways have been implicated in
the control of c-Jun expression. 1) The B-catenin signaling
pathway—this pathway elevates the expression of c-Jun by
inducing the transcription of the c-jun gene. The transcrip-
tional increase is mediated by a T cell factor (TCF)/ catenin
binding site in the regulatory region of the c-jun gene and is
dependent on transcriptional cooperation between TCF4,
c-Jun, and B-catenin (Nateri et al., 2005). 2) The mitogen-
activated protein kinases (MAPKSs), in particular c-Jun NH,-
terminal kinase (JNK), extracellular signal-regulated kinase
(ERK), and p38—these pathways are activated by a diverse
array of extracellular stimuli, including peptide growth fac-
tors, various cellular stresses, and UV irradiation, and they
cause a rapid and transient increase in c-Jun protein accu-
mulation, mainly by activating the transcription of the c-jun
gene. The induction of c-jun transcription is mediated by
JNK and p38, which phosphorylate the transcription factors
c-Jun, ATF2, and MEF2C and thereby activate the transcrip-
tion of the c-jun gene (Shaulian and Karin, 2002). The MAPK
pathways can also contribute to the stability of the c-Jun
protein. Phosphorylation by JNK protects c-Jun from ubiq-
uitination and subsequent degradation (Musti et al., 1997),
whereas ERK increases c-Jun stability via inactivation of
glycogen synthase kinase 3 (Lopez-Bergami et al., 2007).
Recent studies have shown that expression of c-Jun can also
be elevated by restructuring of the cytoskeleton. Overex-
pression of cofilin 1, an actin depolymerization protein
(Ruegg et al., 2004), or addition of cytoskeleton-disrupting
agents to intact tissue or to cells at high density (Oren et al.,
1999; Polak et al., 2006) can both cause a marked and sus-
tained increase in c-Jun protein accumulation. The cytoskel-
etal-dependent increase in c-Jun accumulation is not accom-
panied by an increase in c-Jun mRNA or in the half-life of
the c-Jun protein but rather in the translatability of the c-Jun
transcript (Polak et al., 2006). p-Catenin, MAPK, and the
cytoskeletal network have been all shown to be functionally
linked to cell adhesion complexes (Cavallaro and Christo-
fori, 2004) and therefore might be directly involved in me-
diating cell contact control of c-Jun expression. Here, we
show that loss of cell-cell contacts by cell separation or by
functional inhibition of E-cadherin can both cause a marked
increase in c-Jun protein accumulation and that this increase
is not transcriptionally but rather translationally controlled.
Consistently, the increase in c-Jun accumulation is not de-
pendent on activation of the B-catenin or MAPK signaling
pathways but rather on signals elicited by the restructured
cytoskeleton. This mechanism might be relevant to the con-
trol of ¢-Jun in human carcinomas, as in colon carcinoma
presented here.

MATERIALS AND METHODS

Reagents and Plasmids

Nocodazole (Noc), sodium orthovanadate (VOOH), and 12-O-tetradecanoyl-
phorbol-13 acetate (TPA) were purchased from Sigma Chemie (Deisenhofen,
Germany). PD98059 was purchased from A.G. Scientific (San Diego, CA), and
epidermal growth factor (EGF) was purchased from R&D Systems (Minne-
apolis, MN). The expression vector for dominant-negative E-cadherin,
pEcIM-W156A (Laur ef al., 2002), was kindly provided by Dr. S. Troyanovsky
(Washington University, St. Louis, MO). pTOPFLASH (contains multimer-
ized TCF-binding sites linked to luciferase reporter) and its mutated version
pFOPFLASH (Caspi et al., 2008) were kindly provided by Dr. R. Rosin-
Arbesfeld (Tel Aviv University, Tel Aviv, Israel). The reporter constructs
5XcollTRE-TATA-Luc (TRE-TATA), 5Xjun2TRE-TATA-Luc (Jun2-TATA),
and TATA-Luc (TATA) (van Dam et al., 1998) were kindly provided by Dr. P.
Angel (DKFZ, Karlsruhe, Germany). The expression vector for dominant-
negative c-Jun, pEGP-TAM67 (TAM67) (Hennigan and Stambrook, 2001), was
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kindly provided by Dr. R. F Hennigan (University of Cincinnati, Cincinnati,
OH). pTK-Renilla was generated by removing the cytomegalovirus (CMV)
promoter from the plasmid pRL-CMV (Promega, Madison, WI) and replacing
it with the TK promoter.

Cell Culture, Transfection Procedure, and Luciferase Assay

Cells were seeded at low (0.5 X 10°cells/10 cm?) or high (4.5 X 10°cells/10
cm?) density in DMEM supplemented with 10% fetal bovine serum. Conflu-
ent cultures were treated with drugs at the following final concentrations: Noc
(30 pg/ml), EGF (20 ng/ml), TPA (100 ng/ml), and VOOH (1 mM). To
generate clones with stable expression of dominant-negative E-cadherin (E-
Cad DN), HaCaT cells were transfected with the pEcIM-W156A plasmid, and
clones with altered and unaltered morphology were selected in the presence
of Geneticin (G418; 500 pg/ml; Invitrogen, Carlsbad, CA). Confluent cultures
were transiently transfected with 3 ug of DNA/6 X 105cells, by using jetPEI
(Polyplus transfection) according to the manufacturer’s instructions. In all
experiments, pTK-Renilla (0.5 pg of DNA/6 X 10°cells) was cotransfected to
control for transfection efficacy. The total amount of plasmid DNA was
adjusted with empty vectors. Forty-eight hours after transfection, the cells
were washed with phosphate-buffered saline and lysed in passive lysis buffer
(Promega). Luciferase activity was assayed using a dual-luciferase reporter
assay system (Promega) according to the manufacturer’s instructions and
recorded by a luminometer (LKB, Rockville, MD).

Cell and Tissue Staining and Fluorescence Imaging

To visualize the actin cytoskeleton, cells grown in six-well plates on glass
coverslips were washed with buffer B (2 mM CaCl, in Tris-buffered saline
[TBS]), fixed with 4% paraformaldehyde for 30 min, and washed twice with
buffer B. Cells were permeabilized with 0.2% Triton X-100 (Sigma Chemie) for
10 min at room temperature. Nonspecific binding was blocked by incubation
of the permeabilized cells for 1 h with buffer A (2 mM CaCl,, 2% bovine serum
albumin [BSA] in TBS). The cells were then incubated for 1 h with buffer B
containing 0.5% BSA and 0.2 U/ml Alexa Fluor 568 phalloidin (A12380;
Invitrogen). After three washes with buffer A, the cells were counterstained
with 0.1 ug/ml Hoechst dye 33258 (Sigma Chemie). Confocal imaging was
performed using a 510 META confocal laser scanning microscope (Carl Zeiss,
Jena, Germany).

For c-Jun staining, cells were fixed with methanol for 15 min and washed
twice with PBS. Cells were permeabilized with 0.1% Triton X-100 (Sigma
Chemie) for 5 min at room temperature and washed twice with buffer B.
Nonspecific binding was blocked by incubation for 1 h with blocking buffer
(PBS containing 1% BSA). The cells were stained with rabbit anti-c-Jun anti-
body (sc-1694; Santa Cruz Biotechnology, Santa Cruz, CA) and fluorescein
isothiocyanate-conjugated anti-rabbit (1:40; Dako Deutschland, Hamburg,
Germany), washed again, and finally sealed with VECTASHIELD mounting
medium (Vector Laboratories, Burlingame, CA) including 1 mg/ml 4,6-dia-
midino-2-phenylindole (DAPI) (Sigma Chemie). Images were collected by
fluorescence microscopy. Tissue sections of normal colon and colon carci-
noma were screened for c-Jun and E-cadherin protein expression by immu-
nohistochemistry. The tissues were deparaffinized, rehydrated, and subse-
quently incubated with primary rabbit anti-c-Jun antibody (Santa Cruz
Biotechnology) and mouse anti-E-cadherin antibody overnight at 4°C. The
secondary antibody (biotin-labeled anti-rabbit/anti-mouse; Dako Deut-
schland) was incubated for 30 min at room temperature, followed by incu-
bation with streptavidin-POD (Dako Deutschland) for 30 min. Antibody
binding was visualized using AEC-solution (Dako Deutschland). Finally, the
tissues were counterstained by hemalaun solution (Dako Deutschland). The
evaluation of the staining was performed semiquantitatively by light micros-

copy.

Protein Preparation and Western Blot Analysis

Cellular protein extracts were prepared by sonication of the cells in passive
lysis buffer (Promega) containing a cocktail of protease inhibitors (Roche
Diagnostics, Mannheim, Germany), followed by centrifugation at 20,000 X g
for 15 min at 4°C. Protein amounts were determined using the Bradford
reagent (Bio-Rad, Hemel Hempstead, United Kingdom). Western blot analy-
sis was performed using standard procedures. Briefly, equal amounts (40
pg/lane) of protein were separated on 10% SDS-polyacrylamide gel electro-
phoresis (PAGE) gels, electroblotted onto nitrocellulose, and incubated with
the following mouse monoclonal antibodies (Abs): anti-c-Jun (J31920; BD
Biosciences Transduction Laboratories, Erembodegem, Belgium), phospho-c-
Jun or p38 (sc-822 or sc-7972, respectively; Santa Cruz Biotechnology), phos-
pho-ERK (M8159; Sigma Chemie), and anti-myc (clone 9E10); or the following
rabbit polyclonal Abs: anti-JNK, phospho-p38, or c-Fos (sc-571, sc-17852, or
sc-52; Santa Cruz Biotechnology), phospho-JNK (9251; Cell Signaling Tech-
nology, Danvers, MA), or ERK (M5670; Sigma Chemie). The corresponding
horseradish peroxidase-conjugated secondary Abs (Valeant Pharmaceuticals,
Costa Mesa, CA, or Jackson ImmunoResearch Laboratories, West Grove, PA)
were used, and cross-reactivity was visualized by the enhanced chemolumi-
nescence procedure (Pierce Chemical, Rockford, IL).
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RNA Preparation, Northern Blotting, and Real-Time
Reverse Transcription-Polymerase Chain Reaction
(RT-PCR)

Cellular RNA was prepared with the EZ-RNA reagent (Biological Industries,
Kibbutz Beit Ha-Emek, Israel) according to the manufacturer’s instructions.
For Northern blot analysis, RNA was denatured by heating at 68°C for 10 min
in 2.2 M formaldehyde/50% formamide, and equal amounts (30 ug/lane)
were fractionated by electrophoresis in 1.2% agarose gels containing 2.2 M
formaldehyde. The fractionated RNA was transferred to a nitrocellulose filter
and hybridized with specific DNA probes, labeled with 32P by the random
primer DNA labeling mix (Biological Industries). The probes used for hybrid-
ization were a 1.1-kb PstI fragment of human GAPDH, and a 1.8-kb EcoRI
fragment of mouse c-Jun. The levels of hybridization were determined by
autoradiography. For real-time RT-PCR analysis, RNA was digested with
RNase-free DNase (MBI Fermentas, Hanover, MD) to remove residual DNA
and purified with phenol-chloroform. First-strand cDNA synthesis was pre-
formed using the Verso cDNA synthesis kit (AB-1453; Thermo Fisher Scien-
tific, Waltham, MA) according to the manufacturer’s instructions. Quantita-
tive real-time PCR was performed on a LightCycler (Takara Bio USA,
Madison, WI). cDNA template (2 ul), 0.5 ul (20 mM) of forward and reverse
primers, and 10 ul of SYBR Premix Ex Taq in a total of 20 ul were applied to
the following PCR program: 30 s at 95°C (initial denaturation); 20°C/s tem-
perature transition rate up to 95°C for 15 s, 3 s at 68°C, 5 s at 72°C, 86°C
acquisition mode single, repeated for 40 times (amplification). The PCR
reaction was evaluated by melting curve analysis and checking the PCR
products on 2% agarose gels. B-Actin was amplified to ensure cDNA integrity
and to normalize expression.

The following oligonuleotide primers were used: 5-AAGTAAGAGT-
GCGGGAGGCA3' (forward) and 5'-GGGCATCGTCATAGAAGGTCG-3’
(reverse) for the c-jun transcript and 5'-CTACGTCGCCCTGGACTTC-
GAGC-3' (forward) and 5'-GATGGAGCCGCCGATCCACACGG-3' (reverse)
for the B-actin transcript.

Pulse-Chase Analysis

Pulse-chase analysis was performed as described previously (Polak et al.,
2006). Briefly, A12/1 cells were pulse labeled with 250 uCi of [3*S]methionine
and [3S]cysteine (PerkinElmer Life and Analytical Sciences, Boston, MA) per
milliliter, in methionine-free medium for 60 min, and chased in medium
containing 2 mM unlabeled methionine for the indicated periods. Total cell
extracts were prepared as described above. For immunoprecipitation, cell
extracts were precleared by incubation overnight at 4°C with preimmune
serum bound to protein A/G-Sepharose (Santa Cruz Biotechnology). Cleared
extracts were immunoprecipitated with protein A/G-Sepharose bound to
mouse anti-c-Jun antibodies overnight at 4°C. Immunoprecipitates were
washed twice with buffer I (10 mM Tris, pH 8, 150 mM NaCl) and once with
20 mM Tris, pH 8.0, before the addition of sample buffer, and separated by
SDS-PAGE (on 10% polyacrylamide gels), transferred to nitrocellulose, and
analyzed by autoradiography. Bends intensities were determined using the
Image] software (National Institutes of Health, Bethesda, MD). The identity of
the c-Jun protein was verified by Western blotting.
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Measurement of Translation Efficiency

To measure the rate of de novo c-Jun synthesis, HaCaT cells that express
(A12/1) or do not express (E8/2) the dominant-negative E-cadherin or cells
treated or untreated with EGF were pulse labeled with 250 uCi of [3°S]me-
thionine and [3°S]cysteine per milliliter in methionine-free medium for 30
min. Total cell extracts were immediately prepared, and the c-Jun protein was
immunoprecipitated and analyzed as described above. In parallel, total RNA
was prepared from duplicated cell cultures, and the cellular amount of c-Jun
mRNA was determined by real-time RT-PCR, as described above. Translation
efficiency was calculated as the ratio between the rate of de novo synthesis of
the c-Jun protein and the cellular amount of the c-Jun mRNA.

RESULTS

Loss of Cell-Cell Contacts Results in a Marked Increase
in c-Jun Protein Accumulation

Our previous studies have shown that dissociation of intact
retinal tissue into separate cells results in a marked increase
in accumulation of the c-Jun protein (Reisfeld and Vardi-
mon, 1994). To determine whether the increase in c-Jun
accumulation represents a general pattern of response, we
examined the influence of cell separation on c-Jun expres-
sion in chicken brain and liver tissues and in the spontane-
ously immortalized cell lines of mouse fibroblasts (NIH 3T3)
and human keratinocytes (HaCaT). Protein extracts were
prepared from intact tissues (T), from tissues that were
dissociated into separate cells and cultured monodispersed
(M) (Figure 1A), and from NIH 3T3 or HaCaT cells that were
cultured at low or high density (Figure 1, B and C). As
control, high-density cultures of NIH 3T3 or HaCaT cells
were treated with known activators of c-Jun expression, TPA
or EGF, respectively. Western blot analysis revealed that in
all cases, cells that were cultured at low density accumulated
a high amount of c-Jun, whereas at high density or in the
intact tissue the cellular amount of c-Jun was low. The
increase in c-Jun accumulation could not be attributed to a
general, nonspecific effect on protein expression, because
cell separation did not alter the cellular amounts of c-Fos,
c-Myec, or ERK (Figure 1, B and C). In addition, immuno-
staining of a wounded HaCaT culture with anti-c-Jun anti-
bodies revealed that cells at the edge of the wound, which
form no or only partial cell contacts, became c-Jun positive,
whereas most cells at the confluent area were c-Jun negative
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Figure 2. Abrogation of E-cadherin-depen-
dant cells adhesion results in elevation of
c-Jun expression. (A) Immunohistochemical
staining of c-Jun and E-cadherin in tissue
sections of human normal colon (left) or co-
lon carcinoma (right). (B) The E-cadherin
dominant-negative (E-cad DN) construct
pEcIM-W156A (illustrated schematically in
the top panel), was stably transfected into

HaCaT cells. Clones with altered (A12/1,
A10/1, E12/1) or unaltered (E8/2) epithelial

E-cadherin
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morphology were selected. Representative
phase-contrast images of the selected clones
are shown. Protein samples were analyzed
by Western blotting using anti-myc, c-Jun, or
ERK Abs.

(Figure 1D). This suggests that the cell contact effect is not
mediated by a freely diffusible factor but rather by the close
juxtaposition between cells.

Loss of E-cadherin-mediated cell-cell contacts is consid-
ered a key step in tumor progression. To examine whether
this step is also accompanied by an increase in c-Jun expres-
sion, we immunostained tumor sections from patients with
colon carcinoma with antibodies against c-Jun and E-cad-
herin. The staining revealed that although in normal colon
tissue E-cadherin was localized at the membrane and the
cells expressed no or only a low level of c-Jun, colon carci-
noma cells in all patients examined lost E-cadherin expres-
sion at the membrane and exhibited strong and selective
expression of c-Jun in the nucleus (Figure 2A). To examine
whether loss of the E-cadherin-mediated cell-cell contacts
may be a direct cause for the marked increase in c-Jun
expression, we stably transfected the E-cadherin-expressing
HaCaT cells with the myc-tagged dominant-negative E-cad-
herin construct, EEMW156A (E-cad DN) (Laur et al., 2002).
This construct abrogates cell adhesion due to a tryptophan-
to-alanine amino acid substitution (W156A) in the first cad-
herin-like repeat, a substitution that prevents the formation
of transdimers. Clones that exhibited altered (A12/1, A10/1,
E12/1) or unaltered (E8/2) epithelial morphology were se-
lected and assayed for the expression of the dominant-neg-
ative E-cadherin construct (via the use of an anti-myc anti-
body), c-Jun or ERK, as an internal control. Western blot
analysis revealed that expression of dominant-negative E-

HaCaT NIH 3T3
Low High Ilpow High |
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cadherin was restricted to clones with altered morphology
and that in these clones the expression of c-Jun was mark-
edly elevated (Figure 2B). Thus, disruption of cell-cell con-
tacts by cell separation or by functional inhibition of the
adhesion molecule E-cadherin both caused a marked in-
crease in accumulation of the c-Jun protein.

The Increase in c-Jun Accumulation Is
Posttranscriptionally Controlled

Loss of E-cadherin—mediated cell-cell contacts has been
shown to activate, in some systems, the B-catenin signaling
pathway (Conacci-Sorrell et al., 2003), a pathway that can
elevate the transcription of the c-jun gene (Nateri et al., 2005).
We examined therefore whether the cell-cell contact-depen-
dent increase in c-Jun protein accumulation was transcrip-
tionally regulated. Northern blot analysis revealed that the
increase in c-Jun protein accumulation in separate cells (Fig-
ure 3A) or in cells that express dominant-negative E-cad-
herin (Figure 3B) was not accompanied by a corresponding
increase in accumulation of the c-Jun transcript. This was in
clear contrast to the concomitant increase in c-Jun mRNA
and protein observed in cells treated with EGF, a known
activator of c-Jun transcription. Consistent with this finding,
transfection of B-catenin-LEF/TCF-responsive reporter plas-
mid showed that expression of dominant negative E-cad-
herin did not result in activation of B-catenin signaling in
HaCaT cells (Figure 3C). Thus, although in EGF-treated cells
the increase in c-Jun protein accumulation mainly reflects an

Figure 3. Cell contact dependent increase
in c-Jun accumulation is posttranscription-
ally controlled. Protein and RNA extracts
were prepared from NIH3T3 and HaCaT
cells that were plated at low or high cell
density and harvested after 18 h of culture
(A) or from confluent cultures of HaCaT,
E8/2 or A12/1 cells (B). As a control, EGF
was added to cells plated at high density for
the last 30 min of culture. Protein samples
were analyzed by Western blotting using an-
ti-c-Jun or ERK Abs. RNA samples were an-
alyzed by Northern blotting using a *?P-la-
beled probe specific for the cjun or the
GAPDH gene. (C) E8/2 or A12/1 cells were

—
W

—
(=)

o
(9

B-catenin transcriptional activity €%

E82 Al2/1

transfected with the reporter plasmids pTOPFLASH or pFOPFLASH together with pTK-Renilla. -Catenin transcriptional activity was
defined as ratio of pTOPFLASH/pFOPFLASH luciferase activities normalized to Renilla luciferase level detected in each transfection. The

results (means = SD) of three separate experiments are shown.
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increase in gene transcription, accumulation of c-Jun in cells
that have lost cell-cell contacts is posttranscriptionally con-
trolled. Interestingly, inspection of the Cancer Genomic
Anatomy Project data (cgap.ncinih.gov), which contains
collections of human cancer transcriptome profiles, revealed
that normal colon and colon carcinoma cells accumulate a
similar level of the c-Jun transcript. This suggests that sim-
ilarly to the in vitro situation, the increase in c-Jun accumu-
lation in vivo, in human colon carcinoma cells that lost
E-cadherin-mediated cell contact, is posttranscriptionally
controlled.

The c-Jun protein is known to autoregulate its own tran-
scription, via AP-1 sites in the regulatory region of the gene
(Shaulian and Karin, 2002). The finding that the increase in
c-Jun protein accumulation is not accompanied by an in-
crease in c-Jun mRNA raised the possibility that the accu-
mulated protein is transcriptionally inactive. The transacti-
vation activity of c-Jun is augmented by N-terminal
phosphorylation at serines 63 and 73 (Minden et al., 1994).
Analysis using anti-phospho-c-Jun antibodies revealed that
the accumulated c-Jun protein in A12/1cells is phosphory-
lated, albeit at a lower level (40%) than that in the EGF-
treated HaCaT cells (Figure 4A). To examine the transacti-
vating capability of c-Jun directly, A12/1 cells were
transfected with reporter constructs that contain a minimal
TATA box promoter attached to five copies of the AP-1
sequence from the regulatory region of MMP1 (TRE-TATA)
or of the cjun gene (Jun2-TATA). A reporter construct that
lacks the AP1 sequence was used as control. Analysis of
reporter gene expression revealed that expression of the two
AP-1-containing constructs differed significantly. Although
expression of Jun2-TATA was low, similar to that of the
control construct, expression of TRE-TATA was 17-fold
higher (Figure 4B). This high level declined considerably
upon cotransfection of TAM67, a dominant-negative form of
the c-Jun protein (Figure 4C). It should be noted that al-
though expression of Jun2-TATA was low in HaCaT cells
that express dominant-negative E-cadherin, it was elevated
in HaCaT cells that were treated with EGF (data not shown).
These findings suggest that the accumulated c-Jun is tran-
scriptionally active but incapable of activating its own pro-
moter.

Loss of Cell-Cell Contacts Enhances the Translation of
the c-Jun Transcript

The possibility that cell contact dependent increase in c-Jun
accumulation is due to an increase in the stability of the
c-Jun protein was examined next. The half-life of c¢-Jun has
been shown to be elevated upon activation of the MAPK
pathways, in particular JNK and ERK (Musti ef al., 1997;
Lopez-Bergami et al., 2007). To examine whether the MAPK

athways are activated in the E-cadherin dominant-negative
cells (A12/1), we used specific antibodies that recognize
phosphorylated (and therefore activated) JNK, ERK, and
p38. HaCaT cells treated with EGF or VOOH, a general
phosphatase inhibitor, were used as positive control. The
results disclosed that loss of E-cadherin-mediated cell con-
tacts did not activate the MAPK pathways (Figure 5A). We
occasionally observed a small increase in ERK phosphory-
lation, but inhibition of the ERK pathway by the specific
mitogen-activated protein kinase kinase (MEK) inhibitor
PD98059 did not prevent the accumulation of c-Jun (Figure
5B). Consistent with this finding, expression of c-Fos, a
known target of the MAPK pathway, was not altered upon
cell separation (Figure 1, B and C) or abrogation of E-cad-
herin—mediated cell adhesion (Figure 5A). Thus, cell contact-
dependent increase in c-Jun accumulation was not depen-
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Figure 4. The accumulated c-Jun protein is transcriptionally ac-
tive. (A) Protein samples from confluent cultures of E8/2, A12/1, or
HaCaT cells, untreated (—) or treated (+) for 1 h with EGF, were
analyzed by Western blotting using anti-phospho-c-Jun (P-c-Jun),
c-Jun, or ERK Abs. (B) A12/1 cells were transfected with the re-
porter constructs TATA, TRE-TATA, or Jun2-TATA together with
pTK-Renilla. In each experiment, luciferase activity obtained in the
presence of the reporter construct TATA was given the arbitrary
value of 1 and used to normalize all other results. The data shown
are the means *=SD of three separate experiments. (C) A12/1 cells
were transfected with the reporter constructs TATA or TRE-TATA
together with the dominant-negative c-Jun expression vector
TAMS67 (+) or with an empty vector and with TK-Renilla. In each
experiment, luciferase activity obtained in presence of the control
vector and the reporter construct TRE-TATA was given the arbi-
trary value of 100 and used to normalize all other results. The data
shown are the means * SD of two separate experiments.

dent on activation of the MAPK pathways. Pulse-chase
analysis indeed revealed that the increase in c-Jun protein
accumulation was not due to an increase in the stability of
the c-Jun protein. From the pulse-chase results shown in
Figure 5C, the half-life of c-Jun in A12/1 cells was estimated
at 70 min, shorter than the reported half-life of endogenous
c-Jun in EGF-treated (130 min) or untreated (90 min) cells
(Lamph et al., 1988; Treier et al., 1994; Musti et al., 1997).
Given that changes in cell-cell contacts did not alter the
transcription or stability of c-Jun, the possibility arose that
the increase in c-Jun protein accumulation is translationally
controlled. We measured the rate of de novo c-Jun synthesis
in HaCaT cells that express (A12/1) or do not express (E8/2)
the dominant-negative E-cadherin or in cells treated with
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Figure 5. Accumulation of the c-Jun protein is not
dependent on MAPK activity and is not due to an
increase in c-Jun stability. (A) Protein samples from
confluent cultures of E8/2, A12/1, or HaCaT cells, un-
treated (—) or treated for 1 h with EGF or for 15 min
with VOOH were analyzed by Western blotting using
the indicted antibodies. (B) Protein samples from con-
fluent cultures of E8/2 or A12/1 cells, untreated (—) or

— (o] treated for the indicated times with 50 uM of the MEK

~ 100 —+Exp.2 inhibitor PD98059, were analyzed by Western blotting

P-INK = = Exp. | using anti-c-Jun, phospho-ERK (P-ERK), or ERK Abs, as
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EGF. Protein extracts from cells labeled metabolically with
[3°S]Met/Cys were immunoprecipitated with anti-c-Jun an-
tibodies (Figure 6A). In parallel, the cellular amount of c-Jun
mRNA was determined by real-time RT-PCR (Figure 6B).
Translation efficiency was calculated as the ratio between the
rate of de novo synthesis of the c-Jun protein and the cellular
amount of the c-Jun mRNA (Figure 6C). The results demon-
strated that although translation efficiency of c-Jun was not
altered by EGF, it was elevated by more than fivefold upon
expression of dominant-negative E-cadherin.

Cell Contact-dependent Increase in c-Jun Expression Is
Mediated by the Cytoskeleton Network

Previous studies have demonstrated that depolymerization
of the cytoskeleton causes an increase in ¢-Jun accumulation
(Oren et al., 1999; Ruegg et al., 2004) and that this increase is
not transcriptionally but rather translationally controlled
(Polak et al., 2006). Considering that the cytoskeletal network
is linked to adherent junctions and is restructured upon
changes in cell contacts, we examined whether the cytoskel-
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etal network might be involved in transmitting the cell
contact signals to the translation machinery of c-Jun. We first
examined whether depolymerization of the cytoskeleton in
HaCaT cells can mimic the effect of cell separation and cause
an increase in accumulation of the c-Jun protein. HaCaT cells
were treated with the microtubule-disrupting agents no-
codazole, vinblastine, or colchicine, and c-Jun expression
was assayed. The results showed that each of these agents
caused a marked increase in c-Jun protein accumulation and
that here, too, the increase in c-Jun protein accumulation
was not accompanied by a corresponding increase in c-Jun
mRNA (Figure 7A). Staining with phalloidin revealed that
treatment with nocodazole promoted, as expected, the for-
mation of stress fibers and that similar changes occurred
upon loss of E-cadherin (Figure 7B, a—c). Formation of stress
fibers could also be observed in wounded HaCaT culture, in
cells at the edge of the wound, but not in cells at the
confluent area (Figure 7B, d—f). To examine whether restruc-
turing of the cytoskeleton is an essential step in the cell
contact signaling pathway, we used the microtubule-stabi-

Figure 6. The cell contact-dependent in-
crease in c-Jun accumulation is translationally
controlled. (A) Confluent cultures of E8/2,
A12/1, or HaCaT cells treated (+) or un-
treated (—) with EGF were metabolically la-
beled with [**S]Jmethionine/[**S]cysteine for
30 min. Total cell extracts were prepared, frac-
tionated by electrophoresis before or after im-
munoprecipitation with anti-c-Jun Abs, trans-
ferred to a nitrocellulose filter, and visualized
by autoradiography. The identity of the c-Jun
protein was verified by Western blot analysis
(data not shown). To determine the rate of de
novo c-Jun synthesis, the blot was scanned

HaCal E28 A2 04 the intensity of the c-Jun band was cal-

culated using the Image] software. (B) Parallel cultures were used to prepare total RNA extracts. RNA samples were quantitatively analyzed
for c-Jun and B-actin mRNA by real-time RT-PCR. The data were quantified and are represented as ratios of c-Jun to B-actin mRNA. The ratio
of c-Jun to B-actin mRNA in untreated HaCaT cells was assigned the arbitrary value of 1 and used to normalize all other results. The data
shown are the means = SD of two independent experiments. (C) Translation efficiency was calculated as the ratio between the rate of de novo
synthesis of the c-Jun protein and the cellular amount of the c-Jun mRNA. The calculated ratio in untreated HaCaT cells was assigned the
arbitrary value of 1 and used to normalize all other results. The data shown are the means * SD of two separate experiments.
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Figure 7. The cytoskeletal network is functionally
involved in cell-contact control of c-Jun expression.
(A) Confluent cultures of HaCaT cells were un-
treated (—) or treated with nocodazole (Noc), colchi-
cine (Colchi), or vinblastine (Vin) for 18 h or with
EGF for 1 h. Protein and RNA extracts were pre-
pared. Protein samples were analyzed by Western
blotting using anti-c-Jun or ERK Abs. RNA samples
were analyzed by Northern blotting using a ?P-
labeled probe specific for the c-Jun or the GAPDH
gene. (B) Confluent cultures of HaCaT cells, un-
treated (a), treated with nocodazole for 16 h (b),

Cell Contact Control of c-Jun

stably transfected with dominant-negative E-cadherin (c), or wounded by using a pipette tip and cultured for additional 16 h (d-f) were fixed
and stained with phalloidin to visualize the actin cytoskeleton and with Hoechst 33258 to visualize the nuclei. (C) HaCaT cells were
pretreated with the indicated amounts of Taxol or with dimethyl sulfoxide (DMSO, vehicle control) for 6 h and then wounded using a pipette
tip. Cells were allowed to grow for additional 16 h and then stained with DAPI to visualize nuclei and with anti-c-Jun Abs.

lizing agent Taxol. Confluent HaCaT cultures were treated
with or without Taxol and subsequently wounded by
scratching. Immunostaining with anti-c-Jun antibodies re-
vealed that in contrast to untreated cultures, in cultures that
were pretreated with Taxol, cells at the edge of the wound,
which exhibited no or only partial cell-cell contact, re-
mained c-Jun negative (Figure 7C).

DISCUSSION

Loss of E-cadherin contributes to tumor progression not
only by altering the adhesion status of the cell but also by
stimulating the expression of genes that are integral compo-
nents of the malignant process. Here, we showed that loss of
E-cadherin-mediated cell adhesion triggers a signaling
pathway that elicits robust overexpression of the proto-
oncogene c-Jun, a critical regulator of genes that define the
invasive phenotype. Several signaling pathways may be
used for transmitting cell contact signals. A most attractive
candidate is the B-catenin pathway, because p-catenin ex-
hibits a dual function as a structural component in adherent
junctions and a regulatory protein in the transcription ma-
chinery of the c-jun gene (Nateri et al., 2005). However, the
B-catenin-LEF/TCF-dependent transactivation assay re-
vealed that functional inhibition of E-cadherin in HaCaT
cells did not activate the B-catenin signaling, and consis-
tently Northern blot and real time RT-PCR analysis showed
that the cell contact-dependent increase in c-Jun accumula-
tion was posttranscriptionally controlled. Abrogation of E-
cadherin—-mediated cell adhesion activates the B-catenin sig-
naling pathway in some experimental systems, such as in
SW480 cells (Conacci-Sorrell ef al., 2003), but not in others
(Comijn et al., 2001). SW480 cells, unlike HaCaT cells, ex-
press a truncated form of the adenomatous polyposis coli
(APC) protein, which is part of a complex that targets B-cate-
nin for degradation. The presence of functional APC mole-
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cules in HaCaT cells might prevent the accumulation of
B-catenin and inhibit thereby the TCF/B-catenin-mediated
transcription activity. The finding that the increase in c-Jun
protein accumulation is posttranscriptionally controlled was
also supported by transfection experiments that assayed the
expression of reporter constructs that contain the AP-1 se-
quence from the c-Jun or the MMP1 promoter. The results
indicated that the accumulated c-Jun protein is transcrip-
tionally active but incapable of activating its own promoter.
The transcription activity of c-Jun is executed by forming
AP-1 complexes that consist of homo- or heterodimers with
members of the Jun, Fos, and ATF protein subfamilies. These
c-Jun/AP-1 complexes display subtle but important varia-
tions in DNA binding specificity, and their formation de-
pends on the relative abundance of each of the Jun, Fos, and
ATF proteins in the cell (van Dam et al., 1998; Eferl and
Wagner, 2003). Thus, the observed differences in transacti-
vation of reporters that contain the AP-1 sequence from the
c-Jun or the MMP1 promoter suggest that in cells expressing
the dominant-negative E-cadherin, the cellular context facil-
itates the formation of c-Jun/AP1 complexes that can inter-
act with the AP-1 sequence of the MMP1 promoter (and
thereby activate the expression of proteolytic enzymes that
contribute to the invasive capability of cancer cells), but not
with that of c-Jun. Cell-cell contact signals may also be
transmitted by the MAPK pathways, through the engage-
ment of tyrosine kinase receptors, such as the EGF receptor
(Takahashi and Suzuki, 1996; Pece and Gutkind, 2000).
These pathways are known to be triggered by various ex-
tracellular signals and to cause an increase in both c-jun gene
transcription and c-Jun protein stability. Here, we showed
that loss of E-cadherin—mediated cell contacts did not sig-
nificantly alter the phosphorylation and therefore the acti-
vation of JNK, ERK, and p38 and consistently that the sus-
tained increase in c-Jun protein accumulation was not due to
an increase in transcription or stability of the c-Jun protein
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but rather due to an increase in the translatability of the
c-Jun transcript. We measured the rate of de novo c-Jun
synthesis in HaCaT cells that express (A12/1) or do not
express (E8/2) the dominant-negative E-cadherin or in cells
treated with EGF. Our results clearly demonstrated that
unlike EGF, which causes an increase in c-Jun protein accu-
mulation by stimulating the transcription of the c-jun gene,
the cell contact-dependent increase was translationally con-
trolled.

How are cell-cell contact signals transmitted to the trans-
lation machinery of c-Jun? Recent studies have demon-
strated that depolymerization of the actin or microtubule
networks can both cause a marked increase in c-Jun protein
accumulation (Oren et al., 1999; Ruegg et al., 2004) and that
this increase is not accompanied by a corresponding in-
crease in c-Jun mRNA accumulation or c-Jun protein stabil-
ity but rather in the translation efficiency of the c-Jun tran-
script (Polak et al., 2006). The increase in c-Jun translation is
mediated by the untranslated regions (UTRs) of the c-Jun
transcript, in particular by the 5" UTR, and is not dependent
on activation of the MAPK pathways (Polak et al., 2006).
Given that E-cadherin is linked via its cytoplasmic domain
to the actin and microtubule networks and that loss of
cell-cell contacts results in restructuring of the cytoskeleton
(Cavallaro and Christofori, 2004), we examined whether cell
contact control of c-Jun translation is mediated by the cy-
toskeletal network. Our results demonstrated that 1) depo-
lymerization of the microtubules in HaCaT cells mimicked
the effect of cell separation and caused a marked increase in
¢-Jun protein accumulation; 2) loss of cell contacts in HaCaT
cells resulted in restructuring of the cytoskeleton; and 3)
Taxol, a microtubule-stabilizing agent, prevented the accu-
mulation of c-Jun in cells that lost cell contacts. Based on
these findings we suggest that the cytoskeletal network
plays a critical role in mediating the cell contact dependent
control of c-Jun translation.

Several studies point at connection between the transla-
tion machinery and the components of the cytoskeleton
(Howe and Hershey, 1984; Suprenant, 1993; Blower et al.,
2007). All major cytoskeletal structures, including microtu-
bules and microfilaments, have been implicated in the tar-
geting and transport of mRNA molecules directly, via spe-
cific localization signals in the mRNA molecules or through
components of the translation machinery. The microtubule
network has also been shown to associate with clusters of
ribosomes (Hamill et al., 1994) and recently to be physically
connected to processing bodies (P-bodies), subcellular ribo-
nucleoprotein granules that have been implicated in trans-
lational control (Sweet et al., 2007). Although the mechanism
that underlies the cytoskeletal control of c-Jun translation
has yet to be unraveled, it seems to involve the untranslated
regions of the c-Jun transcript (Polak et al., 2006). These
regions are exceptionally long (the 5" and 3" UTRs of the
human transcript are 974 and 1364 nucleotides, respec-
tively), are conserved across species, and have the potential
of forming stable secondary structures. It is possible that the
c-Jun 5" UTR forms a physical barrier that blocks the trans-
lational machinery and that this inhibition is alleviated upon
binding of a specific protein complex, whose assembly is
influenced by cytoskeletal dynamics. This mechanism might
harness an internal ribosome entry site, which has been
identified in chicken c-Jun 5’ UTR (Sehgal et al., 2000) and is
known to stimulate initiation of translation during the
G2/M phase of the cell cycle, when cap-dependent protein
synthesis is inhibited (Bonneau and Sonenberg, 1987). Such
a mechanism might be activated during epithelial-mesen-
chymal transition, a phenomenon which involves loss of
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E-cadherin and massive remodeling of the cytoskeleton and
occurs during embryonic development and malignant pro-
gression of carcinoma (Thiery, 2002). Indeed, analysis of
patients with colon carcinoma revealed that loss of mem-
brane E-cadherin in tumor cells is accompanied by a robust
increase in accumulation of the c-Jun protein but apparently
not of c-Jun mRNA (cgap.nci.nih.gov). Further elucidation
of the mechanism that underlies the cell contact and/or
cytoskeletal control of c-Jun translation may provide novel
molecular targets for inhibition of the invasive phenotype.
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