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Abstract In previous studies we have shown that all-trans retinoic acid (atRA)-treatment of the atRA-sensitive
ovarian carcinoma cell line CA-OV3 repressed AP-1 activity by about 50%, while a similar effect was not observed in the
atRA-resistant ovarian carcinomacell line, SK-OV3. These results suggested that the repressionofAP-1activitymaybeone
of the mechanisms by which atRA inhibits the growth of atRA-sensitive CA-OV3 cells. In the present studies, we
investigated further themolecularmechanismbywhichAP-1 activity is repressed by atRA.We show that the repression of
AP-1 activity correlateswith an increase in JunBprotein expression andadecrease inN-terminal phosphorylationof c-Jun.
The decrease in N-terminal phosphorylation of c-Jun does not appear to be modulated by JNK or ERK, since their protein
expression patterns and kinase activity do not correlatewith the repression of AP-1 activity following treatmentwith atRA.
However, the activity of the protein phosphatase PP2A was found to increase 24 h following atRA treatment in CA-OV3
cells.Moreover, the catalytic subunit of PP2Awas found to associatewith c-Jun in vivo following atRA treatment. Since the
inhibition of AP-1 activity following atRA treatment of CA-OV3 cells was abolished in the presence of specific PP2A
inhibitors, it is likely that PP2A plays an important role in the atRA-induced repression of AP-1. J. Cell. Biochem. 96: 170–
182, 2005. � 2005 Wiley-Liss, Inc.
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Ovarian cancer is a disease that claims the
lives of over 14,000 women each year in the
United States. This makes it the highest
mortality rate of all gynecological cancers. The
high incidence ofmortality is due to the absence
of symptoms until the very late stages of the dis-
ease [Daly and Obrams, 1998; Milde-Langosch
and Riethdorf, 2003]. Therefore, it is of great
importance to devise effective therapies to treat

this disease. Retinoid therapy has been used to
treat a variety of cancers and has been shown to
inhibit the growth of many carcinoma cells,
including ovarian tumor cell lines [Harant et al.,
1993; Saunders et al., 1995; Chao et al., 1997;
Wu et al., 1997, 1998a,b; Sabichi et al., 1998;
Pergolizzi et al., 1999]. However, its mechan-
isms of action are not fully understood.

Retinoids, which are vitamin A derivatives,
play a distinctive role in regulation of cell
growth and differentiation [Wu et al., 1998b].
It has been shown that retinoids are also able to
inhibit epithelial tumor progression inmice and
in established cell lines [Wu et al., 1997, 1998a].
We have previously shown that in human
ovarian carcinoma cell lines, such as CA-OV3,
all-trans retinoic acid (atRA) inhibits cell
growth, DNA synthesis, anchorage-indepen-
dent colony formation in soft agar, andmediates
cell cycle arrest inG1. In contrast, SK-OV3 cells,
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which are derived from amore aggressive, later
stage ascites ovarian tumor, are resistant to this
effect. This growth inhibition ismediated by the
interaction of atRA with its nuclear receptors,
retinoic acid receptor (RAR) and retinoid X
receptor (RXR) [Wu et al., 1997].
Many studies have shown that retinoic acid

represses the transcriptional activity of activa-
tor protein-1 (AP-1) [Schule et al., 1991; Soprano
et al., 1996; Zhou et al., 1999; Benkoussa et al.,
2002; Lin et al., 2002; Suzukawa and Colburn,
2002]. AP-1 is a transcription factor consisting
of a combination of dimers of Jun (c-Jun, JunB,
JunD), Fos (c-Fos, FosB, Fra1, Fra2), and
CREB/ATF (CREB, ATF2, ATF3, Maf, B-ATF)
families of transcription factors [Echlin et al.,
2000]. AP-1 is important in regulating theG0/G1

transition of the cell cycle. The activation of the
c-Jun component of AP-1 depends on posttran-
slational modification of specific serine and
threonine residues, which are phosphorylated
by mitogen-activated protein kinases (MAPKs)
[Clerk and Sugden, 1997; Chang and Karin,
2001; Cohen and Frame, 2001]. MAPKs are
proline-directedserine/threoninekinases,which
respond to chemical and physical stresses by
connecting cell surface receptor responses to
regulatory protein actions [Clerk and Sugden,
1997; Chang and Karin, 2001; Cohen and
Frame, 2001]. There are four groups of MAPKs:
ERK, JNK, p38 (a, b, g) and ERK 5 [Binétruy
et al., 1991; Clerk and Sugden, 1997; Chang and
Karin, 2001]. JNKs (c-Jun N-terminal kinases)
phosphorylate Ser-63 and Ser-73 of c-Jun.
These phosphorylations allow binding of c-Jun
to CBP (CREB binding protein), an adaptor
protein which makes the basal transcriptional
elements available to c-Jun [Karin, 1995]
and enhance its transactivation properties
[Binétruy et al., 1991; Fuchs et al., 1997; Chang
and Karin, 2001]. On the other hand, ERK 1/2
phosphorylate C-terminal residues Thr-231,
Ser-243, and Ser-249, inhibiting c-Jun tran-
scriptional activity by interfering with its
association with DNA [Minden et al., 1994;
Chang and Karin, 2001]. AP-1 activity can also
be regulated by serine/threonine protein phos-
phatase 2A (PP2A). There is evidence showing
that inhibition of PP2A with okadaic acid or
I2

PP2A, a potent and specific inhibitor of PP2A,
increases DNA-binding and transcriptional
activity of AP-1 aswell asN-terminal phosphor-
ylation of c-Jun [Black et al., 1991; Al-Murrani
et al., 1999].

Our previous studies show that atRA-
sensitive CA-OV3 cells exhibit approximately
a 50% decrease in AP-1 activity as early as 24 h
afteratRAtreatment. Conversely, SK-OV3cells
do not show changes in AP-1 activity after
similar treatment. Repression of AP-1 activity
can be induced in SK-OV3 cells by over-expres-
sing any of the RAR’s (a, b, and g) along with
RXR-a (SK-OV3 RARa/RXRa) [Soprano et al.,
1996]. Restoration of AP-1 antagonism in these
cells is accompanied by conversion of the growth
responses from atRA resistance to atRA sensi-
tivity. Additionally, we have shown that PP2A
protein levels and activity increase following
atRA treatment of CA-OV3 cells [Vuocolo et al.,
2003]. In the present studies, we investigated
potential mechanisms by which atRA might
repress AP-1 activity. Our results show that
atRA treatment of CA-OV3 cells leads to an
increase in JunB expression and a decrease in c-
Jun N-terminal phosphorylation, concomitant
with the repression of AP-1 activity. Moreover,
it appears that induction of PP2A by atRA plays
an important role in this reduction in c-Jun
phosphorylation.

MATERIALS AND METHODS

Cell Lines, Culture Conditions, and Growth Assays

CA-OV3 and SK-OV3 cells were obtained
from the American Type Culture Collection
(Rockville, MD) and cultured as previously
described [Tairis et al., 1995; Wu et al., 1998b].
All stock cultures were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS),
2 mM L-glutamine, and 100-U/ml penicillin and
streptomycin. They were maintained in an
incubator at high humidity, 5% CO2 and 378C.
The cells were passaged twice every week. Cell
growth and viability were determined by plat-
ing cells at a density of 1� 105 cells in 100 mm
dishes. Retinoic acid (atRA ) treatments were
done on days 1, 3, and 5 after plating the cells.
Cells were removed from tissue culture plates
with trypsin on day 6 following treatment. Cell
viability was determined by trypan blue exclu-
sion. Cellswere counted using a hemacytometer.

Reagents

Anisomycin, PD98059, okadaic acid, endo-
thall, and fostriecin were obtained from Calbio-
chem (La Jolla, CA). Anisomycin is an activator
of MAPK/SAPK signaling pathways [Barancik
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et al., 1999]. PD98059 (10 mMstock) was used in
the assays requiring ERK inhibition [Wester-
marck et al., 2001; Bost et al., 2002]. Okadaic
acid (10 mM stock), endothall (10 mM stock), and
fostriecin (1 mM stock) were used in the assays
requiring inhibition of serine/threonine phos-
phatases. Okadaic acid inhibits PP2A at a
concentration of 10 nM, and PP1 and PP2A at
a concentration of 1 mM in vitro [Sasaki et al.,
1994; Walsh et al., 1997; Laidley et al., 1999].
Endothall and fostriecin are specific PP2A
inhibitors [Li et al., 1993; Thiery et al., 1999].

atRAwas supplied byHoffman LaRoche, Inc.
(Nutley, NJ). Stock solutions of 1 mM were
prepared in ethanol and stored at �208C. All
procedures involving the use of atRA were
carried out under subdued light. Fresh stocks
were prepared every 2 weeks.

Total Protein Isolation and
Western Blot Analysis

To determine protein expression following
the specified treatments, the cellswereplated in
100mmdishes at a density of 5� 106 cells/plate.
Treatments were carried out for a maximum
time of 24 h. The cells were treated as indicated
in each figure legend. To isolate total protein,
the cells were washed twice with ice cold PBS
and harvested by scraping. The cells were pel-
leted and resuspended in lysis buffer (50 mM
Tris, pH8.0, 150mMNaCl, 2mMEDTA,pH8.0,
1% NP-40) supplemented with protease inhibi-
tors: aprotinin, leupeptin, trypsin inhibitor
(10 mg/ml each, Sigma, Atlanta, GA), PMSF
(1 mM, Sigma), and pepstatin A (1 mg/ml,
Sigma). Usually 1 ml of lysis buffer was added
per 107 cells and incubated on ice for 30 min.
The cell lysate was vortexed two or three times
during the incubation and centrifuged at
14,000 rpm for 8 min at 48C. The supernatant
was saved. Protein concentration was deter-
mined using the Bradford assay (Bio Rad,
Hercules, CA). Approximately 100 mg of protein
was analyzed on 10%SDS–PAGE gels at 120 V/
35 mA for 3–5 h. The separated proteins were
transferred to a PVDF membrane (Millipore,
Bedford,MA) by electroblotting, using aHoeffer
apparatus.

The membranes were incubated on a rocking
platform in blocking buffer (5%non-fat drymilk
inTBST: 20mMTris, pH7.6, 150mMNaCl, and
0.01%Tween-20) at room temperature for 1 h or
at 48C overnight. The membranes were then
incubated in primary antibody diluted 1:500

(p-c-Jun, p-JNK, and p-ERK) or 1:1,000 (c-Jun,
c-Fos, ERK1, JNK2, actin) in blocking buffer for
1 h at room temperature, followed by three
washeswithTBSplus 0.1%Tween-20 for 10min
at room temperature. After washing, the mem-
branes were incubated with the corresponding
HRP-conjugated IgG secondary antibodies, at a
dilution of 1:2,000, in blocking buffer for 45 min
at room temperature. The membranes were
washed three times with TBST. Protein detec-
tion was performed using ECLTM (Amersham
Life Sciences, Buckinghamshire, England).

The primary antibodies used were: c-Jun(H-
79), c-Fos(H-125), JunD(329), JunB(N-17), p-c-
Jun(KM-1), JNK2(FL), p-JNK(G-7), ERK1(C-
16), PP2A(c-20), actin(I-19), obtained from
Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). Anti-phospho-MAP Kinase/ERK1/2(Y180),
anti-PP2A, B subunit, clone 2G9 and anti-
phospho MBP were obtained from Upstate
Biotechnology (Lake Placid, NY). The second-
ary antibodies used were: HRP-conjugated
anti-mouse and anti-rabbit (Amersham Life
Sciences), rabbit anti-sheep (Upstate Biotech-
nology), and donkey anti-goat (Santa Cruz
Biotechnology, Inc.).

Immunoprecipitation

Total protein isolates were prepared as des-
cribed above. Approximately 500 mg of protein
was incubated on a rocking platformwith 4 mg of
the corresponding antibody for at least 3 h at
48C. The antibody/antigen complexes were
collected by incubating with 40 ml of protein A/
G agarose beads (Santa Cruz Biotechnology,
Inc.), for at least 1 h at 48C. The immunopreci-
pitateswere eluted from the beads using 60 ml of
sample buffer (1.2 mM Tris, 20% glycerol, 2%
SDS, 10 mg/ml bromophenol blue, adjust to pH
6.8) followed by boiling for 5 min. The samples
weremicrofuged to collect the supernatants and
analyzed by Western blot.

JNK and ERK Kinase Activity Assays

To determine the activity of JNK and ERK
kinases following atRA treatments, the cells
were washed twice with ice cold PBS. Nuclear
protein was isolated as previously described
[Wu et al., 1997]. Briefly, the cell pellet was
resuspended in five times its volume with lysis
buffer A (10 mM HEPES, pH 7.5, 10 mM KCl,
0.2 mM EDTA, plus protease inhibitors, as
previously cited). The suspension was incu-
bated on ice for 10 min and lysed with a Dounce
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homogenizer. The suspension was then centri-
fuged and the nuclei resuspended in 1ml of lysis
buffer B (20 mM HEPES, pH 7.5, 420 mM KCl,
25% glycerol, 0.2 mM EDTA, plus protease
inhibitors). The tube was incubated at 48C for
30 min on a rotating platform and then
centrifuged at full speed for 15 min at 48C. The
supernatant was collected for protein concen-
tration determination using the Bradford assay
(Bio Rad). Approximately 100 mg of protein was
immunoprecipitated with 4 mg of JNK2 (FL) or
ERK1 (C-16) antibodies, as described. The
collected complexes were used with the non-
radioactive SAPK1a/JNK orMAPKinase assay
kits (Upstate Biotechnology), as indicated by
the manufacturer’s instructions. Briefly, the
immunoprecipitates were incubated in assay
dilution buffer with their corresponding sub-
strates c-Jun-GST (for SAPK/JNK assay) and
MBP (for MAP Kinase assay) and Mg2þ/ATP
cocktail for 30 min at 308C in a shaking
incubator. The kinase reaction was stopped by
adding sample buffer, followed by boiling for
5 min. The samples were microfuged to collect
the supernatants, which were separated on a
10% SDS–PAGE gel for Western blot analysis
to detect the phosphorylation state of the
substrates, using p-c-Jun (KM-1) and anti-
phospho MBP antibodies, respectively.

Serine/Threonine Phosphatase Activity Assay

CA-OV3 cells were plated at a density of
5� 106 cells in 100 mm dishes and treated with
phosphatase inhibitors 30 min prior to atRA
treatments. Cells were harvested 24 h following
atRA treatments. Phosphatase activity was
measured from total protein isolates using the
non-radioactive Serine/Threonine Phosphatase
Assay System (Promega, Madison, WI) as indi-
cated by the manufacturer’s instructions. The
reactions were performed in a 96-well, flat-
bottomed plate, using 2.5 mg of protein in a total
volume of 50 ml per sample. The suggested
reaction buffer (250 mM imidazole, pH 7.2,
1 mM EGTA, 0.1% b-mercaptoethanol, 0.5 mg
BSA), and thephosphopeptide substrate used in
this reaction were optimized to measure PP2A
activity and result in poormeasurements for the
activity ofPP1, anothermajor phosphatase. The
assay plate was incubated in a water bath at
308C for 30 min, followed by addition of 50 ml of
molybdate dye/additive cocktail and incubation
at room temperature for 15 min to stop the
reaction. The assay determines the amount of

released phosphates by measuring the absor-
bance of a complex formed by molybdate:
malachite green: phosphate at a wavelength of
620 nm [Ekman and Jager, 1993]. The absor-
bance was measured using a plate reader
(Bio Rad).

AP-1 Activity Assays

AP-1 activity assays were performed as
previously described [Soprano et al., 1996].
CA-OV3 cells were plated at a density of
5� 105 cells in 60 mm dishes. The cells were
transfected the next day with 1 mg pCMV-bgal,
4 mg pCAT-AP1, and 5 mg empty pSG5 vector
using the Ca2þ phosphate method. The pCAT-
AP1 reporter construct contains three repeats of
the AP-1 consensus sequence (50-GACTCAT-30)
inserted upstream of the promoter driving the
chloramphenicol acetyl transferase gene (CAT).
Twenty-four hours later, the cells were treated
with PD98059, endothall or fostriecin, 30 min
prior to atRA treatment. Following an addi-
tional 24 h, the cells were harvested and
assayed for b-galactosidase [Eustice et al.,
1991] and CAT [Seed and Sheen, 1988] activ-
ities. The efficiency of transfection was deter-
mined by b-galactosidase, which was then used
to normalize theCATactivity. The percentAP-1
activity was calculated setting the ethanol
treated control as 100% activity.

RESULTS

Effects of atRA Treatment on Protein Expression
of Select AP-1 Dimerization Partners in

Ovarian Carcinoma Cell Lines

We have previously reported that CA-OV3
cells exhibit 50%–60%growth inhibition follow-
ing atRA treatment, while SK-OV3 cells are
resistant to this growth inhibition [Wu et al.,
1998b]. Also our previous studies showed that
atRA treatment induced repression of AP-1
activity to about 50% in atRA sensitive CA-
OV3 cells, by 24 h after treatment, but did not
repress AP-1 activity in atRA-resistant SK-OV3
cells [Soprano et al., 1996]. AP-1 activity can be
regulated by the amount of AP-1 protein
components in the cell [Chiu et al., 1989; Angel
and Karin, 1991]. As a first approach to under-
standing the mechanism responsible for the
repression of AP-1 activity by atRA, we initially
determined the levels of protein expression of
members of the Jun family (c-Jun, JunB, and
JunD) and c-Fos, in atRA-sensitive CA-OV3, at
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various times following treatment with atRA.
We found that c-Jun protein levels did not
change in atRA-sensitive CA-OV3 cells after
atRA treatment (Fig. 1). c-Fos protein levels
fluctuated in CA-OV3 cells following atRA
treatment, however they did not exceed protein
levels of the control samplemore than twofoldas
analyzed by densitometry (data not shown).

InatRA-sensitiveCA-OV3 cells, JunBprotein
levels were increased at 4 and 8 h after atRA
treatment, and returned to control levels by 16h
following atRA treatment, when normalized to
actin protein levels. JunD protein levels did not
change significantly with treatment, as revea-
led by densitometric analysis (data not shown).

atRA Induces a Decrease in
Ser-63 Phosphorylation of c-Jun in

atRA-Sensitive CA-OV3 Cells

Anothermechanism bywhichAP-1 activity is
regulated is N-terminal phosphorylation of
c-Jun on serine residues 63 and 73 (Ser-63 and
Ser-73), a modification that allows binding to
CBP and accessibility to the transcriptional
machinery [Karin, 1995]. The top panel on
Figure2 shows that treatment ofatRA-sensitive
CA-OV3 cells with atRA leads to a decrease in c-
Jun phosphorylation on Ser-63 between 16 and
24 h after treatment. These results were not
observed in the atRA-resistant cell line SK-OV3
(Fig. 2). This experiment suggests that the
repression of AP-1 activity observed in CA-
OV3 cells may be due at least in part to a
reduction in N-terminal phosphorylation of
c-Jun.

Treatment With atRA Does not Change the
Protein Levels and Activity of JNK

Since atRA treatment was shown to decrease
theN-terminal phosphorylation of c-Jun onSer-

63, we decided to examine whether this change
was due to a decrease in the protein levels and/
or activity of Jun-N-terminal kinase (JNK).
JNK has been shown to phosphorylate Ser-63
and Ser-73 of c-Jun, increasing its transcrip-
tional activity [Minden et al., 1994b]. As shown
in Figure 3A, treatment with atRA slightly
increased JNK protein levels at 8, 16, and 24 h
after treatment inatRA-sensitiveCA-OV3 cells,
although the increase was less than twofold,
compared to the control sample, as determined
by densitometry. The phosphorylation of JNK
on Thr-183 and Tyr-185 activates its kinase
activity [Kyriakis et al., 1994]. Western blot
analysis using an antibody specific to phos-
phorylated Thr-183 and Tyr-185 of JNK,
showed no changes after treatment with atRA
(Fig. 3A). Additionally, we could not detect any
changes in JNK activity using a SAPK/JNK
activity assay, further confirming that JNK
activity is not altered by treatmentwith atRA in
sensitive cells (Fig. 3B).

atRA Induces ERK Activity in CA-OV3 Cells

The ability of c-Jun to bind DNA and thus
contribute to the induction of AP-1 responsive
genes is also regulated by the phosphorylation
of Thr-231, Ser-243, and Ser-249, located on the
DNAbinding domain. It has been demonstrated
that ERK1 and ERK2 are the kinases that
phosphorylate these residues and consequently
inhibit AP-1 activity [Papavassiliou et al.,
1995]. Therefore, we analyzed the effects of
atRA treatment on ERK protein levels and
activity in ovarian carcinoma cells. Treatment
with atRAdid not alter the protein expression of
ERK1 and ERK2 in atRA-sensitive CA-OV3

Fig. 1. Protein levels of select AP-1 dimerization partners
following all-trans retinoic acid (atRA) treatment. Cells were
treated with 1 mM atRA or ethanol control as indicated. Total
protein isolates fromCA-OV3ovarian carcinomacellswere used
for Western blot analysis using antibodies recognizing c-Jun and
c-Fos (left panels) or JunB and JunD (right panels). Reprobing of
themembraneswith an antibody recognizing actinwas used as a
loading normalizer.

Fig. 2. Phosphorylation state of c-Jun following atRA treatment.
Western blot of total protein isolates from CA-OV3 and SK-OV3
ovarian carcinoma cell lines, using antibodies recognizing c-Jun
phosphorylated on Ser-63 (p-c-Jun), and total c-Jun (c-Jun), to
measure total loading. Cell lines were treated with vehicle (�) or
1 mM atRA for the indicated times. NIH 3T3 cells were treated
with anisomycin 30min prior to harvesting, and the total protein
isolates were used as positive control for the induction of MAPKs
and their substrates (þ).
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cells (Fig. 4A, top panel). Similar to JNK, the
kinase activity of ERK depends on the phos-
phorylation of a key tyrosine residue (Tyr-180)
[Wilsbacher et al., 1999]. Western blot analysis
of ERK using an antibody recognizing ERK
phosphorylated on Tyr-180 (p-ERK) showed an
increase in phosphorylated ERK between 4 and
8h, followedbya reduction to basal levels at 16h
following atRA treatment (Fig. 4A, bottom
panel). In atRA-resistant SK-OV3 cells, the
levels of phosphorylated ERK were slightly
altered by atRA treatment at 16 h following
atRA treatment. Additionally, it appears that
the basal levels of p-ERK are higher in atRA-
resistant SK-OV3 cells compared to atRA-
sensitive CA-OV3 cells. Analysis of ERK activ-
ity in atRA-sensitive CA-OV3 cells, showed an
increase inERKkinase activity at 4, 8, and 16 h.
ERK activity returned to basal levels by 24 h
following treatment. No changes in ERK activ-
ity were detected in atRA-resistant SK-OV3
cells following atRA treatment (Fig. 4B). Taken

together, these results suggest that the repres-
sion of AP-1 activity by atRA could be mediated
by an increase in ERK activity and subsequent
phosphorylation of the DNA binding domain
of c-Jun. This post-translational modification
could hinder the ability of c-Jun to bind to AP-
1 consensus sequences, resulting in a reduced
AP-1 activity in the cells.

Inhibition of ERK Activity Does not Reverse
atRA-Induced Repression of AP-1 Activity

in CA-OV3 Cells

To correlate the repression of AP-1 activity by
atRA in CA-OV3 cells to the phosphorylation of
serine and threonine residues on the DNA
binding domain of c-Jun by ERK, we assayed
AP-1 activity following treatment with PD98059
and atRA. PD98059 has been shown to inhibit
ERK when used at a concentration of 20 mM in
human embryonal fibroblasts [Westermarck
et al., 2001]. Treatment with 1 mM atRA repre-
ssed AP-1 activity by about 35%, compared to

Fig. 3. Analysis of proteinexpressionandkinase activity of JNK,
following atRA treatment. Total protein isolates from CA-OV3
cells were analyzed by Western blot. Cells were treated with
1 mM atRA for the indicated times.A: Antibodies recognizing JNK
and JNK phosphorylated on Thr-183 and Tyr-185 were used for
detection. Phosphorylation of these two residues is required for
kinaseactivity.B: Kinase activity assay for JNK.Cellswere treated
with 1 mM atRA for the indicated times and the nuclear proteins
were isolated and assayed for SAPK/JNK activity using c-Jun-GST
as a substrate. The reaction was carried out as indicated in the
‘‘Materials andMethods.’’ The productwas analyzedbyWestern
blot using an antibody specific to c-Jun phosphorylated on Ser-
63. CA-OV3 and SK-OV3 cells were treated as indicated.
Recombinant active JNK incubated with the kinase reaction
cocktail was used as a positive control.

Fig. 4. Analysis of proteinexpressionandkinaseactivityof ERK,
following atRA treatment. CA-OV3 and SK-OV3 ovarian
carcinoma cells were treated with 1 mM atRA for the indicated
times. A: Total protein from the indicated cells lines was isolated
and analyzed by Western blot using an antibody recognizing
ERK1/ERK2 (upper panel) or ERK phosphorylated on Tyr-180
(lower panel). Phosphorylation of this residue is required for
kinase activity. B: Kinase activity assay for ERK. Cells were
treated with 1 mM atRA for the indicated times and the nuclear
proteins were isolated and assayed for MAPK activity using MBP
as a substrate. The reaction was carried out as indicated in the
‘‘Materials andMethods.’’ The productwas analyzedbyWestern
blot using an antibody specific to phosphorylatedMBP. CA-OV3
and SK-OV3 cells were treated as indicated. GST-purified
thiophosphorylated p42 MAPK incubated with the kinase
reaction cocktail was used as a positive control.
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control cells. Treatment with 15 mM PD98059
alone or following atRA treatment did not
change AP-1 activity, compared with control or
atRA treated cells. Treatment of cells with a
higher dose of PD98059 (30 mM), actually
increased AP-1 activity twofold, and did not
alter the effect of atRA on repression of AP-1
activity (Fig. 5). These results suggest that the
mechanism through which ERKmodulates AP-
1 activity may be different from that through
which atRA mediates repression of AP-1 activ-
ity in atRA-sensitive CA-OV3 cells.

Reduction of c-Jun N-Terminal Phosphorylation
Correlates With the Induction of PP2A Activity

Following atRA Treatment of CA-OV3 Cells

AP-1 activity can also be regulated by the
serine/threonine phosphatase 2A (PP2A),
which dephosphorylates c-Jun on the N-term-
inal residue Ser-63 [Black et al., 1991; Al-
Murrani et al., 1999]. We have previously
shown that atRA treatment of CA-OV3 cells
induces an increase in protein levels and
activity of the catalytic subunit ofPP2A (PP2Ac)
[Vuocolo et al., 2003]. In the present experi-

ments we observed a 2.5-fold increase in
phosphatase activity in CA-OV3 cells 24 h
following atRA treatment (Fig. 6A). The use of
endothall, a specific inhibitor of PP2A, produced
a concentration-dependent reduction in phos-
phatase activity in both control and atRA-
treated samples (Fig. 6B), suggesting that at
least a portion of the increase in phosphatase
activity by atRA corresponds to an increase in
PP2A. To begin to determine if the increase in
PP2A activity modulates the reduction of
phosphorylation of c-Jun on Ser-63 following
atRA treatment, we treated CA-OV3 cells with
phosphatase inhibitors and determined the
effect on phosphorylation of c-Jun at Ser-63.
As shown in Figure 6C, the inhibition of
phosphatase activity (PP1 and PP2A) with
1 mM okadaic acid in the presence of atRA
partially restored the protein levels of c-Jun
phosphorylated on Ser-63 to those of control
cells. The inhibition of PP2A activity by treat-
ment with 10 mM of the PP2A-specific inhibitor,
endothall, in the presence of atRA, restored the
protein levels of c-Junphosphorylated onSer-63
to those of control levels (Fig. 6D). Moreover,
treatmentwith25mMof endothall increased the
protein levels of c-Junphosphorylated onSer-63
above basal levels in both control and atRA-
treated cells. These data strongly suggest that
PP2A is able tomodulate the dephosphorylation
of residue Ser-63 of c-Jun following atRA
treatment.

c-Jun Interacts With the Catalytic
Subunit of PP2A in CA-OV3 Cells

To support the proposed mechanism of the
dephosphorylation of residue Ser-63 of c-Jun by
PP2Ac inCA-OV3cells,we immunoprecipitated
c-Jun from protein extracts obtained from CA-
OV3 cells that hadbeen treatedwithatRA for 16
and 24 h. A Western blot using an antibody
specific for PP2Ac showed that PP2Ac associ-
ates with c-Jun in vivo (Fig. 7). The association
between c-Jun and the catalytic subunit of
PP2A appears to be greater than the association
of c-Jun with the B-regulatory subunit, PR56.
However, thismay reflect the fact that thePR56
B-regulatory subunit is most highly expressed
in brain and is not highly expressed in ovary
[Janssens and Goris, 2001]. Moreover, the
modest signal with PR56 may be a consequence
of the nature of the PR56 antibody used for the
assay. Finally, it should be noted, however, that
the interaction between c-Jun and PP2Ac did

Fig. 5. Effects of ERK inhibition onAP-1 transcriptional activity,
following atRA treatment in ovarian carcinoma cells. CA-OV3
cells were transiently transfected with 4 mg pCAT-AP1, 1 mg
pCMV-bgal, and5mgpSG5.Twenty-four hours after transfection,
cellswere treatedwith the indicated concentrations of PD98059,
a specific inhibitor of ERK activity, followed by 1 mM atRA
treatment 30min later. Cellswere harvested24h after additionof
atRA and assayed for CAT activity. b-galactosidase activity was
used to measure transfection efficiency. The experiments were
performed in triplicate, and the values presented represent the
mean values for each sample with their corresponding standard
errors. Statistical analysis using the paired t-test (P<0.05) was
made using InstatTM software fromGraphPad. (*) Indicates there
is a statistically significant difference between themean values of
the samples treated with 15 mM PD98059 alone versus the
samples treated with 15 mM PD98059 plus 1 mM atRA. (**)
Indicates there is a statistically significant difference between the
mean values of the samples treated with 15 mM PD98059 plus
1 mM atRA versus control.
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not appear to be enhanced or reduced by
treatment with atRA.

Inhibition of PP2A Reverses the Repression of
AP-1 Activity Induced by atRA in CA-OV3 Cells

To demonstrate that the repression of AP-1
activity induced by atRA is a function of the
increase in PP2A activity and subsequent
dephosphorylation of c-Jun on Ser-63, we
measured AP-1 activity in CA-OV3 cells treated
with atRA in combination with the PP2A
specific inhibitors, endothall or fostriecin. As
shown in Figure 8A, treatment with endothall
alone did not affect the basal AP-1 activity.
When the cells were treated with 25 mM
endothall and atRA for 24 h, AP-1 activity was
restored to control levels. Similar results were
obtained in an assay using fostriecin, another
specific inhibitor of PP2A (Fig. 8B). Treatment

with either 5 or 25 mM of fostriecin, a potent
inhibitor of PP2A, did not affect basal AP-1
activity. However, these concentrations, to-
gether with 1 mM atRA were able to restore
AP-1 activity to those of control levels. Together
these results strongly suggest that the increase
in PP2A activity following atRA treatment
reduces the N-terminal phosphorylation of c-
Jun, resulting in the repression of AP-1 tran-
scriptional activity.

DISCUSSION

A correlation between growth inhibition and
repression ofAP-1 activity in ovarian carcinoma
cell lines has been previously demonstrated.
AP-1 activity was repressed by �50% following
atRA treatment in ovarian carcinoma cells that
are growth inhibited by atRA [Soprano et al.,

Fig. 6. Reduction of c-Jun N-terminal phosphorylation corre-
lates with the induction of PP2A activity following atRA
treatment. A: Phosphatase activity assay using total protein
extracts from CA-OV3 cells treated with 1 mM atRA for the in-
dicated time points. Phosphatase activity was measured as free
phosphate released from a phosphopeptide substrate specific
forSer/Thrphosphatasesanda reactionbufferoptimized forPP2A
activity, as described in the ‘‘Materials and Methods.’’ B:
Phosphatase activity assay was performed on CA-OV3 cells
treated with 1 mM atRA for 24 h. Total protein was isolated
and phosphatase activity was measured as previously described.

To determine the specificity of the inhibition of phosphat-
ase induced by PP2A, endothall, a specific PP2A inhibitor
(IC50¼ 90 nM), was added directly to the reaction cocktail. The
experiments in (A) and (B) were performed in triplicate, and the
values presented represent themean values for each samplewith
their corresponding standard errors. C, D: CA-OV3 cells were
treatedwith 1 mM atRA and/or decreasing concentrations (1, 0.1,
0.01 mM) of okadaic acid (C) or increasing concentrations (5, 10,
25 mM ) of endothall (D), for 24 h as indicated. Total protein was
isolated and analyzed by Western blot with an antibody
recognizing c-Jun phosphorylated on Ser-63.
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1996]. The purpose of this report was to
elucidate the mechanisms through which atRA
represses AP-1 activity in ovarian carcinoma
cells. Several mechanisms for atRA induced
repressionofAP-1 activityhave been suggested,
and vary depending on the cell systems studied.
For example, there is evidence that liganded
RAR sequesters AP-1 components and inhibits
the dimerization of c-Jun to c-Fos [Schule et al.,
1991; Pfahl, 1993; Zhou et al., 1999; Suzukawa
and Colburn, 2002]. Other evidence shows that
atRA represses AP-1 activity by inhibiting the
Jun N-terminal kinase (JNK) signaling path-
way [Caelles et al., 1997; Lee et al., 1999; Chung
et al., 2002]. Another suggested mechanism
involves the induction of transcription and
protein expression of JunB and Fra, which have
been described as AP-1 components acting as
negative regulators of AP-1 activity [Benkoussa
et al., 2002].Furthermore, it has been suggested
that AP-1 activity is repressed by competitive
association of liganded RAR to the co-activator
CREB binding protein (CBP). However, this
evidence has been disproved by indication that
the RAR domain capable of inhibiting AP-1
activity does not interact with CBP [Kamei
et al., 1996; Lee et al., 1998; Lin et al., 2002].

We have tested a number of potential
mechanisms which could be responsible for
repression of AP-1 activity by atRA treatment.
Our results suggest that twomechanismsmight
contribute to atRA-induced anti-AP-1 activity:
(1) induction of the protein phosphatase PP2A,
leading to the dephosphorylation of the amino
terminal of c-Jun; and (2) increased expression
of JunBwhichmayact as an inhibitor of AP-1 by
sequestering c-Jun in dimeric complexes which
bind weakly to AP-1 sites resulting in poor
transcriptional transactivation.

AP-1 activity can be regulated by the amount
of its components available in the cell. We found

Fig. 7. PP2Acandc-Jun associate in vivo. Immunoprecipitation
of total protein extracts from CA-OV3 cells using an antibody
specific to c-Jun, followed by Western blot using antibodies
recognizing the catalytic subunit of PP2A (PP2Ac) and B regu-
latory subunit (PR56). The nitrocellulosemembranewas stripped
and reprobed with an antibody to c-Jun, to verify total protein
loading. Fig. 8. Effects of PP2A inhibition on AP-1 transcriptional

activity, following atRA treatment in ovarian carcinoma cells.
CA-OV3 cells were transiently transfectedwith 4 mg pCAT-AP-1,
1 mg pCMV-bgal, and 5 mg pSG5. Twenty-four hours after
transfection, cells were treatedwith the indicated concentrations
of endothall (A) or fostriecin (B), followed by 1 mM atRA 30 min
later. Cells were harvested 24 h after addition of atRA and
assayed for CAT activity. b-galactosidase activity was used to
measure transfection efficiency. The experiments were per-
formed in triplicate, and the values presented represent themean
values for each sample with their corresponding standard errors.
Statistical analysis using the paired t-test (P< 0.05) was made
using InstatTM software from GraphPad. (*) Indicates there is a
statistically significant difference between themean values of the
samples treatedwith 1 mM atRAalone, versus the samples treated
with phosphatase inhibitor plus 1 mM atRA.

178 Ramı́rez et al.



that c-Jun and c-Fos protein levels did not
change significantly in the atRA-sensitive cell
line CA-OV3 following treatment. These results
coincide with those reported by Kaiser et al.
[1999] in the atRA-sensitive pancreatic carci-
noma cell lineDAN-G.Wedid observe, however,
that there was an inverse proportion of c-Jun
and c-Fos protein expression between the atRA-
sensitive CA-OV3 cells and the atRA-resistant
SKOV3 cells. In SK-OV3 cells, c-Fos protein
levels appeared lower than those detected in
CA-OV3 cells, whereas c-Jun protein levels
appeared much higher in SK-OV3 cells. It is
possible that one of the reasons why SK-OV3
cells do not exhibit repression of AP-1 activity,
and are resistant to atRA induced growth
inhibition, is due to an excess of c-Jun protein.
AP-1 can be comprised of either c-Jun homo-
dimers or c-Jun/c-Fos heterodimers [Angel
et al., 1987; Mechta-Grigoriou et al., 2001].
Therefore, it is plausible that the excess of c-Jun
protein overcomes the pathways of AP-1 repres-
sion by atRA. Although this does not fully
explain the lack of repression of AP-1 activity
in atRA-resistant SK-OV3 cells, since c-Jun/c-
Fos heterodimers formmore stable dimers than
c-Jun homodimers [Shaulian and Karin, 2001].
c-Jun can form AP-1 dimers with JunB and

JunD. In atRA-sensitive CA-OV3 cells JunB
protein levelswere increasedbetween4and16h
following atRA treatment. JunB has been
described as a negative regulator of AP-1
activity. JunB is less efficient at DNA-binding
and transactivation of the AP-1 responsive
genes. It is associated with cell cycle inhibition
and quiescence, represses the cyclin D-1 pro-
moter and suppresses transformation [Bakiri
et al., 2000; Passegue and Wagner, 2000;
Mechta-Grigoriou et al., 2001]. Furthermore,
there is evidence that RARs induce JunB
[Benkoussa et al., 2002]. Thus, it is possible
that the changes in JunB levels elicited by atRA
treatment in CA-OV3 cells play a role in the
repression of AP-1 activity.
AP-1 activity can also be regulated by post-

translational modifications, such as phosphor-
ylation of key serine and threonine residues.
Thesemodifications are elicited by the activities
of Jun N-terminal kinase (JNK) and the extra-
cellular signal-regulated kinase (ERK), which
phosphorylate the N-terminal transactivation
domain and the DNA-binding domain of c-Jun,
respectively. The phosphorylation of c-Jun on
Ser-63 and Ser-73, located on the N-terminal

transactivation domain, enables c-Jun to bind
CBP and access the transcriptional complexes
[Karin, 1995; Benkoussa et al., 2002]. Our
results show a decrease in protein levels of c-
Junphosphorylated onSer-63 inatRA-sensitive
CA-OV3 cells following treatment. This de-
crease was detected between 16 and 24 h after
treatment, an event which is concomitant with
the time point in which the repression of AP-1
activity was detected in these cells following
atRA treatment [Soprano et al., 1996]. The
decrease in protein levels of c-Jun phosphory-
lated on Ser-63 was not observed in atRA-
resistant cell lines SK-OV3. It should be noted
that most of the c-Jun protein detected by
Western blot analysis in SK-OV3 cells, was
phosphorylated onSer-63 (data not shown), and
that this phosphorylation state could not be re-
duced byatRA treatment. This occurrence could
also explain the inability of atRA to repress AP-
1 activity and consequently the growth of SK-
OV3 cells.

Since atRA has been shown to repress AP-1
activity through the inhibition of JNK signaling
pathways, and JNK binds to c-Jun, phosphor-
ylating Ser-63 and Ser-73 in response to various
stimuli [Minden et al., 1994; Lee et al., 1999],
we decided to test the effects of atRA treatment
on JNK protein levels and activity. Surpris-
ingly, we could not detect any changes in JNK
protein levels or its activity following atRA
treatment in either atRA-sensitive or atRA-
resistant cell lines. This contrasts with findings
by two other groups in different cell model
systems stating that JNK activity is inhibited
by atRA treatment in sensitive cells [Caelles
et al., 1997; Lee et al., 1999]. Minden et al.
[1994b] demonstrated that ERK phosphory-
lates key serine and threonine residues (Thr-
231, Ser-243, and Ser-249) located on the C-
terminal DNA-binding domain, an event which
inhibits DNA-binding and consequently the
activity of AP-1. Therefore, we assayed the
effects of atRA treatment on ERK protein levels
and activity. Our results illustrate that ERK
activity, but not its protein levels, is increased
between 4 and 16 h following atRA treatment in
atRA-sensitive CA-OV3 cells. This would agree
with our hypothesis that atRA induces the
repression of AP-1 activity through upregula-
tion of ERK activity, which would result in a
decrease in binding ofAP-1 dimers containing c-
Jun to the promoters of AP-1 responsive genes.
However, two lines of evidence argue against
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this. First, the activity of ERKdetected in atRA-
resistant SK-OV3 cells appeared to be much
higher than that detected in atRA-sensitive CA-
OV3 cells, regardless of atRA treatment. Sec-
ond, the selective inhibition of ERK activity
with PD98059 produced a twofold increase in
AP-1 activity in both control and atRA treated
sensitive cells. This effect did not appear to be
related to PD98059 dose. Rather, it seemed as if
the mechanisms through which ERK and atRA
modulate AP-1 activity in these cells are
divergent.

Protein phosphorylation is regulated by a
balance between kinase and phosphatase activ-
ities. For example, JNKactivity ismodulated by
MAP kinase phosphatases (MAPKP) [Lee et al.,
1999]. PP2A, a major serine/threonine phos-
phatase in eukaryotic cells, has been implicated
in cell cycle regulation and the modulation of
protein kinase signalingmodules [Janssens and
Goris, 2001]. Additionally, PP2A has been
shown to repress AP-1 activity by dephosphor-
ylation of c-Jun on Ser-63 [Black et al., 1991; Al-
Murrani et al., 1999]. Recent studies from our
laboratory, by Vuocolo et al. [2003], show an
increase in protein levels and activity of the
catalytic subunit of PP2A (PP2Ac) in atRA-
sensitive ovarian carcinoma cells. Based on
these findings, we tested whether the increase
in PP2Ac protein levels and activity correlated
with the repression of AP-1 activity elicited by
atRA in these cells. Phosphatase activity was
induced by about threefold in CA-OV3 cells
following 24 h of atRA treatment, as assayed
using a peptide substrate that is highly specific
for PP2A. To further investigate the specificity
of the induction of phosphatase activity, the
PP2A-specific inhibitor, endothall, was used in
the phosphatase activity assay. Endothall is a
cantharidin derivative used in the formulation
of pesticides that has been shown to interact
with the 36 kDa catalytic subunit (C) and the
65 kDa regulatory subunit (A) of PP2A [Erdodi
et al., 1995]. The addition of endothall partially
reversed the atRA-mediated induction of phos-
phatase activity in CA-OV3 cells, suggesting
that at least half of the induced phosphatase
activity could be attributed to PP2A. The
inhibition of serine/threonine phosphatases
with okadaic acid in atRA treated CA-OV3 cells
also partially restored phosphorylated c-Jun
protein levels to those of the control cells.
Inhibition of PP2A activity with the specific
inhibitor endothall, restored phosphorylated c-

Jun protein levels to those of control samples at
a concentration of 10 mM, in atRA-treated CA-
OV3 cells. Moreover, a concentration of 25 mM
endothall increased phosphorylated c-Jun pro-
tein levels above those of control samples in
atRA-treated CA-OV3 cells. Furthermore, c-
Jun and PP2Ac associated in vivo in control and
atRA-treated in CA-OV3 cells. Finally, it
appears that the specific inhibition of PP2A
activity with endothall was able to reverse the
repression of AP-1 activity by atRA in a dose
dependent manner. Similar effects on AP-1
activity were obtained using fostriecin, another
specific inhibitor of PP2A. Our results are
consistent with those of Al-Murrani et al.
[1999] and Shanley et al. [2001] who also
showed thatmodulation of PP2Aactivity affects
AP-1 activity, presumably by upregulation of
phosphorylation of c-Jun on Ser-63. It remains
to be determined whether the inhibition of
PP2Ac results in increased JNK activity, as
reported by Shanley et al. [2001]. Future ex-
periments will include gene silencing of PP2Ac
to provide further evidence in support of our
hypothesis.

To conclude, this study presents evidence
suggesting that PP2A is involved in mediating
atRA induced repression of AP-1 activity, con-
sequently leading to atRA-induced growth
suppression. Presumably cell cycle arrest
occurs via a mechanism that involves depho-
sphorylation by PP2A of c-Jun N-terminal
transactivation domain, therefore reducing
the transcription of thoseAP-1 responsive genes
which regulate G0/G1 transition. Additionally,
the upregulation of JunB protein, a known
negative regulator of AP-1 activity, after atRA
treatment of CA-OV3 cells, may also be in-
volved in the atRA-mediated repression of AP-1
activity.

REFERENCES

Al-Murrani SW, Woodgett JR, Damuni Z. 1999. Expression
of I2PP2A, an inhibitor of protein phosphatase 2A, in-
duces c- Jun and AP-1 activity. Biochem J 341:293–298.

Angel P, Karin M. 1991. The role of Jun, Fos and the AP-1
complex in cell-proliferation and transformation. Bio-
chim Biophys Acta 1072:129–157.

Angel P, Baumann I, Stein B, Delius H, Rahmsdorf HJ,
Herrlich P. 1987. 12-O-tetradecanoyl-phorbol-13-acetate
induction of the human collagenase gene is mediated by
an inducible enhancer element located in the 50flanking
region. Mol Cell Biol 7:2256–2266.

Bakiri L, Lallemand D, Bossy-Wetzel E, Yaniv M. 2000.
Cell cycle-dependent variations in c-Jun and JunB

180 Ramı́rez et al.



phosphorylation: A role in the control of cyclin D1
expression. EMBO J 19:2056–2068.

Barancik M, Htun P, Schaper W. 1999. Okadaic acid and
anisomycin are protective and stimulate the SAPK/JNK
pathway. J Cardiovasc Pharmacol 34:182–190.

Benkoussa M, Brand C, Delmotte MH, Formstecher P,
Lefebvre P. 2002. Retinoic acid receptors inhibit AP1
activation by regulating extracellular signal-regulated
kinase and CBP recruitment to an AP1-responsive
promoter. Mol Cell Biol 22:4522–4534.

Binétruy B, Smeal T, Karin M. 1991. Ha-Ras augments c-
Jun activity and stimulates phosphorylation of its
activation domain. Nature 351:122–127.

Black EJ, Street AJ, Gillespie DA. 1991. Protein phospha-
tase 2A reverses phosphorylation of c-Jun specified by
the delta domain in vitro: Correlation with oncogenic
activation and deregulated transactivation activity of
v-Jun. Oncogene 6:1949–1958.

Bost F, Caron L, Marchetti I, Dani C, Le Marchand-Brustel
Y, Binetruy B. 2002. Retinoic acid activation of the ERK
pathway is required for embryonic stem cell commitment
into the adipocyte lineage. Biochem J 361:621–627.

Caelles C, Gonzalez-Sancho JM, Munoz A. 1997. Nuclear
hormone receptor antagonism with AP-1 by inhibition of
the JNK pathway. Genes Dev 11:3351–3364.

Chang L, Karin M. 2001. Mammalian MAP kinase sig-
nalling cascades. Nature 410:37–40.

Chao WR, Hobbs PD, Jong L, Zhang XK, Zheng Y, Wu Q,
Shroot B, DawsonMI. 1997. Effects of receptor class- and
subtype-selective retinoids and an apoptosis-inducing
retinoid on the adherent growth of the NIH:OVCAR-3
ovarian cancer cell line in culture. Cancer Lett 115:1–7.

Chiu R, Angel P, Karin M. 1989. Jun-B differs in its bio-
logical properties from, and is a negative regulator of,
c-Jun. Cell 59:979–986.

Chung J, Chavez PR, Russell RM,Wang XD. 2002. Retinoic
acid inhibits hepatic Jun N-terminal kinase-dependent
signaling pathway in ethanol-fed rats. Oncogene 21:
1539–1547.

Clerk A, Sugden PH. 1997. Cell stress-induced phosphor-
ylation of ATF2 and c-Jun transcription factors in rat
ventricular myocytes. Biochem J 325:801–810.

Cohen P, Frame S. 2001. The renaissance of GSK3. Nat Rev
Mol Cell Biol 2:769–776.

Daly M, Obrams GI. 1998. Epidemiology and risk assess-
ment for ovarian cancer. Semin Oncol 25:255–264.

Echlin DR, Tae HJ, Mitin N, Taparowsky EJ. 2000. B-ATF
functions as a negative regulator of AP-1 mediated
transcription and blocks cellular transformation by Ras
and Fos. Oncogene 19:1752–1763.

Ekman P, Jager O. 1993. Quantification of subnanomolar
amounts of phosphate bound to seryl and threonyl
residues in phosphoproteins using alkaline hydrolysis
and malachite green. Anal Biochem 214:138–141.

Erdodi F, Toth B, Hirano K, Hirano M, Hartshorne DJ,
Gergely P. 1995. Endothall thioanhydride inhibits pro-
tein phosphatases-1 and -2A in vivo. Am J Physiol 269:
C1176–C1184.

Eustice DC, Feldman PA, Colberg-Poley AM, Buckery RM,
Neubauer RH. 1991. A sensitive method for the detection
of beta-galactosidase in transfected mammalian cells.
Biotechniques 11:739–740.

Fuchs SY, Xie B, Adler V, Fried VA, Davis RJ, Ronai Z.
1997. c-Jun NH2-terminal kinases target the ubiquitina-

tion of their associated transcription factors. J Biol Chem
272:32163–32168.

Harant H, Korschineck I, Krupitza G, Fazeny B, Dittrich C,
Grunt TW. 1993. Retinoic acid receptors in retinoid
responsive ovarian cancer cell lines detected by poly-
merase chain reaction following reverse transcription. Br
J Cancer 68:530–536.

Janssens V, Goris J. 2001. Protein phosphatase 2A: A
highly regulated family of serine/threonine phosphatases
implicated in cell growth and signalling. Biochem J 353:
417–439.

Kaiser A, Brembeck FH, v Marschall Z, Riecken EO,
Wiedenmann B, Rosewicz S. 1999. Fra-1: A novel target
for retinoid action. FEBS Lett 448:45–48.

Kamei Y, Xu L, Heinzel T, Torchia J, Kurokawa R, Gloss B,
Lin S, Heyman RA, Rose DW, Glass CK, Rosenfeld MG.
1996. A CBP integrator complexmediates transcriptional
activation and AP-1 inhibition by nuclear receptors. Cell
85:403–414.

Karin M. 1995. The regulation of AP-1 activity by mitogen-
activated protein kinases. J Biol Chem 270:16483–
16486.

Kyriakis JM, Banerjee P, Nikolakaki E, Dai T, Rubie EA,
Ahmad MF, Avruch J, Woodgett JR. 1994. The stress-
activated protein kinase subfamily of c-Jun kinases.
Nature 369:156–160.

Laidley CW, Dauben WG, Guo ZR, Lam JY, Casida JE.
1999. 2-Carboxymethylendothal analogues as affinity
probes for stabilized protein phosphatase 2A. Bioorg
Med Chem 7:2937–2944.

Lee SK, Kim HJ, Na SY, Kim TS, Choi HS, Im SY, Lee JW.
1998. Steroid receptor coactivator-1 coactivates activat-
ing protein-1-mediated transactivations through inter-
action with the c-Jun and c-Fos subunits. J Biol Chem
273:16651–16654.

Lee HY, Sueoka N, Hong WK, Mangelsdorf DJ, Claret FX,
Kurie JM. 1999. All-trans-retinoic acid inhibits Jun N-
terminal kinase by increasing dual-specificity phospha-
tase activity. Mol Cell Biol 19:1973–1980.

Li YM, Mackintosh C, Casida JE. 1993. Protein phospha-
tase 2A and its [3H]cantharidin/[3H]endothall thioanhy-
dride binding site. Inhibitor specificity of cantharidin and
ATP analogues. Biochem Pharmacol 46:1435–1443.

Lin F, Kolluri SK, Chen GQ, Zhang XK. 2002. Regulation of
retinoic acid-induced inhibition of AP-1 activity by
orphan receptor chicken ovalbumin upstream promoter-
transcription factor. J Biol Chem 277:21414–21422.

Mechta-Grigoriou F, Gerald D, Yaniv M. 2001. The
mammalian Jun proteins: redundancy and specificity.
Oncogene 20:2378–2389.

Milde-Langosch K, Riethdorf S. 2003. Role of cell-cycle
regulatory proteins in gynecological cancer. J Cell Physiol
196:224–244.

Minden A, Lin A, Smeal T, Derijard B, Cobb M, Davis R,
Karin M. 1994. c-Jun N-terminal phosphorylation corre-
lates with activation of the JNK subgroup but not the
ERK subgroup of mitogen-activated protein kinases. Mol
Cell Biol 14:6683–6688.

Papavassiliou AG, Treier M, Bohmann D. 1995. Intramo-
lecular signal transduction in c-Jun. EMBO J 14:2014–
2019.

Passegue E, Wagner EF. 2000. JunB suppresses cell
proliferation by transcriptional activation of p16(INK4a)
expression. EMBO J 19:2969–2979.

PP2A Mediates atRA AP-1 Antagonism 181



Pergolizzi R, Appierto V, Crosti M, Cavadini E, Cleris L,
Guffanti A, Formelli F. 1999. Role of retinoic acid
receptor overexpression in sensitivity to fenretinide and
tumorigenicity of human ovarian carcinoma cells. Int J
Cancer 81:829–834.

Pfahl M. 1993. Nuclear receptor/AP-1 interaction. Endocr
Rev 14:651–658.

Sabichi AL, Hendricks DT, Bober MA, Birrer MJ. 1998.
Retinoic acid receptor beta expression and growth inhi-
bition of gynecologic cancer cells by the synthetic retinoid
N-(4-hydroxyphenyl) retinamide. J Natl Cancer Inst 90:
597–605.

Sasaki K, Murata M, Yasumoto T, Mieskes G, Takai A.
1994. Affinity of okadaic acid to type-1 and type-2A
protein phosphatases is markedly reduced by oxidation of
its 27-hydroxyl group. Biochem J 298(Pt 2):259–262.

Saunders DE, Christensen C, Williams JR, Wappler NL,
Lawrence WD, Malone JM, Malviya VK, Deppe G. 1995.
Inhibition of breast and ovarian carcinoma cell growth by
1,25-dihydroxyvitamin D3 combined with retinoic acid or
dexamethasone. Anticancer Drugs 6:562–569.

Schule R, Rangarajan P, Yang N, Kliewer S, Ransone LJ,
Bolado J, Verma IM, Evans RM. 1991. Retinoic acid is a
negative regulator of AP-1-responsive genes. Proc Natl
Acad Sci USA 88:6092–6096.

Seed B, Sheen JY. 1988. A simple phase-extraction assay
for chloramphenicol acyltransferase activity. Gene 67:
271–277.

Shanley TP, Vasi N, Denenberg A, Wong HR. 2001. The
serine/threonine phosphatase, PP2A: Endogenous regu-
lator of inflammatory cell signaling. J Immunol 166:966–
972.

Shaulian E, Karin M. 2001. AP-1 in cell proliferation and
survivial. Oncogene 20:2390–2400.

Soprano DR, Chen LX, Wu S, Donigan AM, Borghaei RC,
Soprano KJ. 1996. Overexpression of both RAR and RXR
restores AP-1 repression in ovarian adenocarcinoma cells
resistant to retinoic acid-dependent growth inhibition.
Oncogene 12:577–584.

Suzukawa K, Colburn NH. 2002. AP-1 transrepressing
retinoic acid does not deplete coactivators or AP-1
monomers but may target specific Jun or Fos containing
dimers. Oncogene 21:2181–2190.

Tairis N, Gabriel JL, Soprano KJ, Soprano DR. 1995.
Alteration in the retinoid specificity of retinoic acid

receptor-beta by site-directed mutagenesis of Arg269 and
Lys220. J Biol Chem 270:18380–18387.

Thiery JP, Blazsek I, Legras S, Marion S, Reynes M, Anjo
A, Adam R, Misset JL. 1999. Hepatocellular carcinoma
cell lines from diethylnitrosamine phenobarbital-treated
rats. Characterization and sensitivity to endothall, a
protein serine/threonine phosphatase-2A inhibitor.
Hepatology 29:1406–1417.

Vuocolo SC, Purev E, Zhang D, Bartek J, Hansen K,
Soprano DR, Soprano KJ. 2003. Protein phosphatase 2A
associates with Rb2/p130 and mediates retinoic acid
induced growth suppression of ovariancarcinoma cells.
J Biol Chem 278:41881–41889.

Walsh AH, Cheng A, Honkanen RE. 1997. Fostriecin, an
antitumor antibiotic with inhibitory activity against
serine/threonine protein phosphatases types 1 (PP1) and
2A (PP2A), is highly selective for PP2A. FEBS Lett 416:
230–234.

Westermarck J, Li SP, Kallunki T, Han J, Kahari
VM. 2001. p38 mitogen-activated protein kinase-
dependent activation of protein phosphatases 1 and
2A inhibits MEK1 and MEK2 activity and collagenase
1 (MMP-1) gene expression. Mol Cell Biol 21:2373–
2383.

Wilsbacher JL, Goldsmith EJ, Cobb MH. 1999. Phosphor-
ylation of MAP kinases by MAP/ERK involves multiple
regions of MAP kinases. J Biol Chem 274:16988–
16994.

Wu S, Donigan A, Platsoucas CD, Jung W, Soprano DR,
Soprano KJ. 1997. All-trans-retinoic acid blocks cell cycle
progression of human ovarian adenocarcinoma cells at
late G1. Exp Cell Res 232:277–286.

Wu S, Zhang D, Donigan A, Dawson MI, Soprano DR,
Soprano KJ. 1998a. Effects of conformationally restricted
synthetic retinoids on ovarian tumor cell growth. J Cell
Biochem 68:378–388.

Wu S, ZhangD, Zhang ZP, SopranoDR, SopranoKJ. 1998b.
Critical role of both retinoid nuclear receptors and
retinoid-X-receptors in mediating growth inhibition of
ovarian cancer cells by all-trans retinoic acid. Oncogene
17:2839–2849.

Zhou XF, Shen XQ, Shemshedini L. 1999. Ligand-activated
retinoic acid receptor inhibits AP-1 transactivation by
disrupting c-Jun/c-Fos dimerization. Mol Endocrinol
13:276–285.

182 Ramı́rez et al.


