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Jun N-terminal kinases (JNKs) are serine-threonine kinases that play a critical role in the regulation of cell
growth and differentiation. We previously observed that JNK activity is suppressed by all-trans-retinoic acid
(t-RA), a ligand for retinoic acid nuclear receptors (RARs), in normal human bronchial epithelial cells, which
are growth inhibited by t-RA. In this study, we investigated the mechanism by which t-RA inhibits JNK and
the possibility that this signaling event is blocked in non-small cell lung cancer (NSCLC) cells. Virtually all
NSCLC cell lines are resistant to the growth-inhibitory effects of t-RA, and a subset of them have a transcrip-
tional defect specific to retinoid nuclear receptors. We found that in NSCLC cells expressing functional ret-
inoid receptors, serum-induced JNK phosphorylation and activity were inhibited by t-RA in a bimodal pattern,
transiently within 30 min and in a sustained fashion beginning at 12 h. Retinoid receptor transcriptional
activation was required for the late, but not the early, suppression of JNK activity. t-RA inhibited serum-
induced JNK activity by blocking mitogen-activated protein (MAP) kinase kinase 4-induced signaling events.
This effect of t-RA was phosphatase dependent and involved an increase in the expression of the dual-specificity
MAP kinase phosphatase 1 (MKP-1). t-RA did not activate MKP-1 expression or inhibit JNK activity in a
NSCLC cell line with retinoid receptors that are refractory to ligand-induced transcriptional activation. These
findings provide the first evidence that t-RA suppresses JNK activity by inhibiting JNK phosphorylation.
Retinoid receptor transcriptional activation was necessary for the sustained inhibition of JNK activity by t-RA,
and this signaling event was disrupted in NSCLC cells with retinoid receptors that are refractory to ligand-
induced transcriptional activation.

Jun N-terminal kinases (JNKs) are serine-threonine kinases
that mediate cellular responses to growth factors, cytokines,
and environmental stress (reviewed in reference 20). JNKs
are activated by phosphorylation on threonine 183 and tyro-
sine 185 by mitogen-activated protein (MAP) kinase kinase 4
(MKK-4) and JNK kinase 2 (9, 25, 28, 43). Downstream effec-
tors are ATF-2, c-Jun, and Elk-1, which are directly phosphor-
ylated by JNKs (reviewed in reference 20). Biologic responses
attributed to JNK activation include apoptosis, apoptosis inhi-
bition, DNA repair, and neoplastic transformation (6, 12, 33,
35, 44). Activated JNKs are inhibited through dephosphoryla-
tion by MAP kinase phosphatases (MKPs) (8, 14, 31, 40).
MKPs are a family of dual-specificity phosphatases that recog-
nize the homologous tripeptide phosphorylation sites required
for activation of extracellular signal-regulated protein kinases
(ERKs) and JNKs, TEY and TPY, respectively. The MKPs
shown to target JNKs include MKP-1, MKP-2, and M3/6.

We previously observed that JNK activity was inhibited by
all-trans-retinoic acid (t-RA) (23). t-RA is a ligand for retinoic
acid nuclear receptors (RARs), and 9-cis-retinoic acid binds to
both RARs and retinoid X receptors (RXRs) (reviewed in
reference 27). These receptors form RXR-RAR heterodimers
and RXR homodimers. Retinoid receptor function is modu-
lated by binding to transcriptional coactivators and corepres-
sors (4, 15, 19, 34, 41). RXR-RAR heterodimers and RXR
homodimers bind to distinct retinoic acid response elements

(RAREs). Through these mechanisms, retinoid receptors ac-
tivate gene expression directly by binding to RAREs within
gene promoters and indirectly by interacting with other tran-
scription factors. Several studies have demonstrated the im-
portance of retinoid receptors in mediating the biologic effects
of t-RA (5, 29). We have shown that t-RA activates RXR-
RAR heterodimers in normal human bronchial epithelial
(HBE) cells, which are growth suppressed by t-RA treatment
(23). In contrast, non-small cell lung cancer (NSCLC) cells,
which are derived from normal HBE cells, are refractory to the
growth-inhibitory effects of t-RA (30). Potentially contributing
to this retinoid refractoriness, a proportion of NSCLC cell lines
have a transcriptional defect specific to retinoid nuclear recep-
tors (30). In these cells, RARs and RXRs are expressed but are
not transcriptionally activated by t-RA, and t-RA does not in-
crease the expression of genes typically activated by RXR-RAR
heterodimers such as RAR-b, which contains in its promoter
an RARE that positively regulates RAR-b expression (30).

We have sought to identify the retinoid signaling events that
mediate growth inhibition in normal HBE cells and the mech-
anism by which NSCLC cells become retinoid resistant. Nor-
mal HBE cell growth is regulated through autocrine and para-
crine pathways involving a number of receptor tyrosine kinases
and their ligands (17). Receptor tyrosine kinases mediate their
effects through activation of MAP kinases. We have observed
that t-RA inhibits epidermal growth factor-induced JNK activ-
ity in normal HBE cells, which could contribute to the growth-
inhibitory effects of t-RA (24). Here, we investigated the mech-
anism by which t-RA inhibits JNK activity and the possibility
that this signaling event is blocked in NSCLC cells. In NSCLC
cells expressing functional retinoid receptors, t-RA inhibited
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JNK activity by decreasing JNK phosphorylation. This effect of
t-RA was phosphatase dependent and involved increased ex-
pression of MKP-1. Suppression of JNK activity and activation
of MKP-1 expression were mediated through RAR-dependent
pathways and did not occur in an NSCLC cell line expressing
retinoid receptors that are refractory to ligand-induced tran-
scriptional activation. These findings reveal a novel mechanism
of retinoid signaling that may be a crucial regulator of cell
growth.

MATERIALS AND METHODS

Cell lines and culture conditions. The NSCLC cell line H661 was obtained
from the American Type Culture Collection, and H226Br (46) was a gift from
Jack Roth, M. D. Anderson Cancer Center. These cells were maintained in
RPMI 1640 with 10% fetal calf serum. Cycloheximide, orthovanadate, arsenite,
and okadaic acid were purchased from Sigma Chemical Co. (St. Louis, Mo.). The
effects of t-RA on cell growth were examined by performing MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; thiazolyl blue) assays as
previously described (23).

Retinoids. t-RA was purchased from Sigma. The RAR-selective antagonist
LG100815 (1) was a generous gift from Richard Heyman (Ligand Pharmaceu-
ticals, San Diego, Calif.).

Northern analysis. Total cellular RNA was prepared as previously described
(24). RNA was subjected to electrophoresis (30 mg per lane) on a 1% agarose gel
containing 2% formaldehyde, transferred to a nylon membrane (Duralon UV;
Stratagene, La Jolla, Calif.), hybridized to an [a-32P]dCTP-labeled cDNA probe,
washed in high-stringency conditions, and autoradiographed for 24 to 48 h. The
human MKP-1 cDNA probe used in this study was a gift from Kun-Liang Guan
(University of Michigan Medical School, Ann Arbor), and the RAR-b cDNA
was a gift from Bill Lamph (Ligand Pharmaceuticals).

Western analysis. Whole-cell lysates were prepared in lysis buffer (50 mM
HEPES [pH 7.5], 150 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 0.2 mM EGTA,
1% Triton X-100, 10% glycerol, 1 mM dithiothreitol, (1 mM phenylmethylsul-
fonyl fluoride, 20 mM sodium fluoride, 5 mM sodium orthovanadate, aprotinin
[10 mg/ml], leupeptin [10 mg/ml], pepstatin [2 mg/ml], 1 mM benzamidine). Cells
were incubated for 20 min on ice and clarified by centrifugation at 13,000 3 g for
15 min. Supernatants were transferred to new tubes. Protein lysate was separated
by electrophoresis on a sodium dodecyl sulfate (SDS)-polyacrylamide gel, trans-
ferred to a BA-S-83-reinforced nitrocellulose membrane (Schleicher & Schuell,
Inc., Burlington, Vt.), and western blotted overnight at 4°C with primary mono-
clonal antibodies purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
Calif.) that recognize JNK-1, total c-Jun, c-Jun phosphorylated at serine 63,
MKP-1, MKP-2, and hemagglutinin (HA). Additional antibodies that recognize
JNK-1 and -2 dually phosphorylated at threonine 183 and tyrosine 185 were
purchased from Promega, Inc. (Madison, Wis.). Binding was detected by using
an enhanced chemiluminescence kit (Amersham, Inc., Arlington Heights, Ill.)
according to the manufacturer’s directions. Autoradiographs were densitometri-
cally analyzed by using Image IC software (Scion Corp.) on a Hewlett-Packard
Scanjet 4C.

Reporter plasmids and expression vectors. The luciferase reporter plasmids
used contained (i) RAREs (AGTTCA) in direct repeat separated by five nucle-
otides (DR5) in the context of a thymidine kinase (TK) heterologous promoter
(RARE-LUC) or (ii) a control plasmid containing the TK promoter but no
RARE (TK-LUC) (11). The constitutively active mutant human MKK-4
(SEK-1) cDNA (E-D mutant), under the control of the elongation factor (EBG)
promoter, was a gift from John M. Kyriakis (Harvard Medical School, Boston,
Mass.) (36). The dominant negative mutant human MAP kinase/ERK kinase
kinase (MEKK-1) cDNA (K432M mutant) under the control of the simian virus
40 (SV40) promoter was a gift from F. X. Claret (M. D. Anderson Cancer
Center) (28). An expression vector containing the full-length human JNK-1
cDNA fused with HA was a gift from Bing Su (M. D. Anderson Cancer Center).
SV40-driven expression vectors were purchased; these contain the DNA-binding
domain (DBD) of GAL4 alone (GAL-DBD) or fused to the transcription acti-
vation domain of c-Jun (Jun-GAL-DBD) (Stratagene). GAL-UAS-LUC (Strat-
agene) is a luciferase reporter plasmid containing five repeats of the GAL4
binding element. The C-terminally truncated RAR-a cDNA lacking the ligand-
binding domain (LBD) (403* [7]) under the control of a cytomegalovirus mod-
ified (CMX) promoter was a gift from Richard Heyman.

Transient transfection assays. The day after seeding 105 cells into six-well
plates, we transfected the cells with the indicated plasmids for 6 h, using Lipo-
fectamine (GIBCO-BRL). The transfection solution was removed, and the cells
were cultured overnight in serum-free medium. Cells were then untreated or
treated with retinoids for 24 h. In experiments that involved reporters which
contain GAL4 response elements, the cells were then treated for 6 h with 10%
serum. Cells were subjected to luciferase assays as previously described (22).
Luciferase activities were expressed as the means and standard deviations of five
identical wells and were normalized to cell number (105 cells per well). Varia-
tions in luciferase activities attributable to differences in transfection efficiencies
between H226Br and H661 cells were corrected by comparing b-galactosidase

activities of cells transfected with a b-galactosidase expression vector under the
control of the b-actin promoter (22). b-Galactosidase assays were performed
with the Galactolight Plus reporter system (Tropix, Inc., Bedford, Mass.) accord-
ing to the manufacturer’s instructions.

JNK assays. Immune complex kinase assays were performed as previously
described (24) to examine JNK activity. Briefly, H661 cells were grown for 24 h
in serum-free medium, treated for the indicated time periods with 1026 M t-RA
alone or in combination with LG100815, and then treated for 20 min with 10%
serum to activate JNK. Cells were removed from plates with a rubber policeman
and lysed in lysis buffer, and JNK-1 and -2 were immunoprecipitated from 100 mg
of cell extracts with antibodies (1 mg) that recognize JNK-1 (Santa Cruz Bio-
technology) by rotation at 4°C for at least 2 h. The total volume was adjusted to
0.5 ml with lysis buffer. Protein A-G–agarose beads (20 ml; Santa Cruz Biotech-
nology) were added and incubated at 4°C for 1 h. The beads were washed three
times with lysis buffer and once with kinase buffer (20 mM HEPES [pH 7.5], 20
mM b-glycerol phosphate, 10 mM p-nitrophenol phosphate, 10 mM MgCl2, 1
mM dithiothreitol, 50 mM sodium vanadate). Kinase assays were performed by
incubating the beads with 30 ml of kinase buffer to which 20 mM cold ATP, 5 mCi
of [g32P]ATP (2,000 cpm/pmol), and 2 mg of glutathione S-transferase (GST)–
c-Jun(1-79) (Santa Cruz Biotechnology), were added. The kinase reaction was
performed at 30°C for 20 min. The samples were suspended in Laemmli buffer
and boiled for 5 min, and the samples were analyzed by SDS-polyacrylamide gel
electrophoresis. The gel was dried and autoradiographed.

Immune complex assays were also performed on H661 cells transiently trans-
fected with expression vectors. In these experiments, H661 cells were transfected
with the indicated vectors by using Lipofectamine for 6 h, incubated overnight in
serum-free medium, treated for 24 h with 1026 M t-RA, and then treated for 20
min with 10% serum to activate JNK. Cell lysates were prepared and immune
complex assays were performed to measure JNK activity as described above.

In vitro phosphatase assays. H661 cells were treated first for 24 h with 1026

M t-RA or medium alone and then for 20 min with 10% serum. Cells were
washed three times with ice-cold phosphate-buffered saline (PBS) and then lysed
in protein tyrosine phosphatase (PTPase) buffer (50 mM HEPES [pH 7.6], 10
mM EDTA, 10 mM EGTA, protease inhibitors phenylmethylsulfonyl fluoride,
pepstatin, aprotinin, and leupeptin) alone or with phosphatase inhibitor (per-
vanadate, arsenite, or okadaic acid). Pervanadate was prepared from orthovana-
date by treatment with a 30% solution of H2O2 as described elsewhere (49). Cells
were lysed by sonication followed by freeze-thawing in liquid nitrogen. Cell
lysates were centrifuged (15,000 3 g) for 10 min to remove cell debris. Activated
JNK was isolated by immunoprecipitation from serum-treated H661 cells by
using antibodies that recognize JNK-1. JNK immunoprecipitates were washed
twice in 50 mM HEPES (pH 7.6) to remove any divalent ions. Activated JNK was
incubated at 30°C for 30 min with 100 mg of cell lysate. The JNK immune
complex was reisolated and washed three times with PTPase buffer containing
0.1% SDS and twice with kinase buffer. The samples were then subjected to
kinase assay using GST–c-Jun(1-79) as a substrate as described above.

Metabolic labeling. H661 cells were grown to confluency and then serum
starved for 24 h. Cells were then treated with t-RA alone or with LG100815 at
the indicated concentrations for 24 h, washed with PBS, and incubated in RPMI
1640 without methionine or cysteine (Sigma) for 1 h. Cells were pulse-labeled for
30 min by treatment with 35S-labeled methionine and cysteine (0.5 mCi; ICN
Pharmaceuticals, Costa Mesa, Calif.). Serum (10%) was added to the medium
for the last 20 min of the pulse. The medium was then changed to RPMI 1640
containing cold methionine and cysteine to final concentrations of 150 mg/liter.
At different time points, cells were washed in ice-cold PBS and lysed in radio-
immunoprecipitation assay buffer. Cell extracts were subjected to immunopre-
cipitation at 4°C overnight with an antibody to MKP-1 (Santa Cruz Biotechnol-
ogy). Immunoprecipitates were washed with lysis buffer, electrophoresed on an
SDS–12% polyacrylamide gel, and autoradiographed.

RESULTS

t-RA inhibits JNK in a biphasic pattern. We investigated
whether JNK is a component of retinoid signaling in H661, an
NSCLC cell line previously shown to express retinoid receptors
that are transcriptionally activated by t-RA (30). Western anal-
ysis was performed on H661 cells treated first with 1026 M
t-RA for different time periods and then for 20 min with 10%
serum to activate JNK, using antisera specific for JNK-1 and -2
dually phosphorylated on Thr-183 and Tyr-185. t-RA inhibited
JNK phosphorylation by serum in a biphasic pattern (Fig. 1A).
A transient reduction was observed at 30 min, and a sustained
reduction appeared at 12 h. Using extracts from the same
experiment, we examined JNK activity by immune complex
assays using GST–c-Jun(1-79) fusion protein as the substrate.
t-RA inhibited JNK activation by serum in a pattern that cor-
related with JNK phosphorylation (Fig. 1A).

We examined the effect of t-RA on the phosphorylation and
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transcriptional activity of c-Jun, a JNK target that is a compo-
nent of the AP-1 complex. Western analysis using antisera
specific for c-Jun phosphorylated on serine 63 revealed that
t-RA inhibited c-Jun phosphorylation by serum in a pattern
that correlated with JNK activity (Fig. 1A). JNK and c-Jun
protein levels did not appreciably change with t-RA treatment
(Fig. 1A). Transient cotransfection experiments were per-
formed with a reporter containing GAL4 response elements
(GAL-UAS-LUC) and an expression vector containing the
GAL4 DBD alone (GAL-DBD) or fused with the transcrip-
tional activating domain of c-Jun (Jun-GAL-DBD). Serum
increased c-Jun transcriptional activity, and t-RA inhibited c-
Jun transcriptional activation by serum (Fig. 1B).

Distinct pathways mediate early and late suppression of
JNK activity by t-RA. The bimodal regulation of JNK phos-
phorylation and activity raised the possibility that t-RA inhibits
JNK activity through more than one pathway. We investigated
whether the early suppression and late suppression of JNK
activity differ in their dependence on retinoid receptor tran-
scriptional activation. H661 cells were treated with the RAR
antagonist LG100815, a retinoid that binds but does not tran-
scriptionally activate RARs (1). The suppression of JNK
activity by t-RA LG100815 was not detectably altered by
LG100815 within the first 2 h (Fig. 2A) but was blocked by
LG100815 in a concentration-dependent manner at 24 h (Fig.
2B). The role of RARs was further investigated by transfection
of an RAR-a cDNA that has a C-terminal truncation in the
LBD (403*) and functions as a dominant negative mutant.

Transfection of H661 cells with 403* blocked the suppression
of JNK activity by t-RA at 24 h (Fig. 2C). These findings
suggest that retinoid receptor transcriptional activation was
necessary for the late, sustained suppression of JNK activity
but not for the earlier, transient effects of t-RA on JNK.

t-RA blocks JNK activation by MKK-4 through a phospha-
tase-dependent pathway. We investigated the mechanism by
which t-RA inhibited serum-induced JNK phosphorylation. We
examined whether t-RA inhibited JNK activation by upstream
kinases. JNK is a substrate of MKK-4, which is a substrate of
MEKK-1 (20). Transient transfection of a dominant negative
mutant MEKK-1 cDNA partially suppressed JNK activation by
serum (Fig. 3A), providing evidence that serum activated JNK
through MEKK-1. This result underestimated the effect of the
dominant negative mutant MEKK-1 because of the low effi-
ciency of transient transfection. Transient transfection of a
constitutively active mutant MKK-4 cDNA stimulated JNK,
and t-RA inhibited JNK activation in MKK-4-transfected cells
(Fig. 3B). Thus, t-RA inhibited serum-induced JNK activation
by blocking MKK-4-induced signaling events.

Because the MKK-4 mutant cDNA was constitutively active,
we hypothesized that t-RA blocked JNK activation by inhibit-
ing MKK-4-induced JNK phosphorylation. MKK-4 phosphor-
ylates JNK at Thr-183 and Tyr-185, and JNK phosphorylation
at these sites is inhibited by dual-specificity phosphatases (8,
14, 31, 40). To investigate the role of phosphatases in retinoid
actions, we examined whether the inhibition of JNK activity
by t-RA could be blocked by phosphatase inhibitors. Activated

FIG. 1. t-RA inhibits serum-induced JNK activation in H661 cells. (A) H661 cells were serum starved and then treated with medium alone or 1026 M t-RA for the
indicated time periods, followed by 10% serum for 20 min to activate JNK. Western analysis was performed with antibodies specific for JNK-1 and -2 dually
phosphorylated on Thr-183 and Tyr-185 (JNK-P), c-Jun phosphorylated at serine 63 (Jun-P), JNK-1 (JNK), or total c-Jun (cJun). Using the same extracts, we performed
immune complex assays with GST–c-Jun(1-79) as a substrate. Laser densitometry was performed to measure intensities of the bands relative to that of serum-starved
cells. (B) Transient cotransfection assays were performed to measure JNK activity in H661 cells, using the GAL-UAS-LUC reporter and 1 mg of the GAL-DBD or
Jun-GAL-DBD expression vector as a substrate for JNK. Following transfection, the cells were treated for 24 h with (1) or without (2) 1026 M t-RA, followed by
10% serum for 6 h, and then subjected to luciferase assays. Luciferase activities represent the means and standard deviations of values from five identical wells.
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JNK was isolated from serum-treated H661 cells by immuno-
purification and incubated with extracts of untreated or t-RA-
treated H661 cells that were lysed in the presence or absence
of phosphatase inhibitors. The immunopurified JNK was then
washed, reisolated, and subjected to immune complex kinase
assays using GST–c-Jun as a substrate. JNK activity was inhib-
ited by extracts of t-RA-treated cells but not untreated cells
(Fig. 4A). PTPase inhibitors (pervanadate and arsenite) re-
versed, in a concentration-dependent manner, the inhibition of
JNK activity by extracts of t-RA treated cells, but the serine-
threonine phosphatase inhibitor okadaic acid did not (Fig.
4A). These findings suggest that t-RA-treated H661 cells con-
tain a JNK phosphatase(s) that is sensitive to arsenite and
pervanadate but not okadaic acid. Pervanadate and arsenite
did not measurably alter JNK activity when added to extracts
of untreated cells (Fig. 4A), suggesting that the phosphatase(s)
was not active in untreated cells.

t-RA increases MKP expression. We investigated whether
t-RA alters the expression of dual-specificity phosphatases
known to inhibit JNK activity. We found that t-RA increased
MKP-1 and, to a lesser extent, MKP-2 protein levels in a
time-dependent manner (Fig. 4B). The mechanism by which
t-RA activated MKP-1 expression was investigated. LG100815
partially blocked the increase in MKP-1 levels induced by t-RA
(Fig. 5A), demonstrating that retinoid receptor transcriptional
activation was required for the increase in MKP-1 expression.
However, retinoid receptors did not directly activate MKP-1

gene transcription, as Northern analysis of H661 cells revealed
that t-RA did not measurably alter MKP-1 mRNA levels (data
not shown). Cycloheximide abrogated the increase in MKP-1
protein and the suppression of JNK activity by t-RA (Fig. 5B),
supporting a role for protein synthesis in the activation of
MKP-1 expression and the inhibition of JNK activity by t-RA.
Without evidence for transcriptional regulation of MKP-1, new

FIG. 2. RAR transcriptional activation is required for the late, but not the
early, inhibition of JNK activity. Immune complex assays were performed, using
GST–c-Jun(1-79) as a substrate, on H661 cells treated for the indicated time
periods with t-RA alone or in combination with the RAR antagonist LG100815
(A), or for 24 h with t-RA and the indicated doses of LG100815 (B), followed by
10% serum for 20 min to activate JNK. Western analysis of JNK levels (JNK) was
performed on the same extracts. (C) Immune complex assays were performed on
H661 cells transiently transfected with expression vectors (5 mg) containing 403*
or, in the absence of 403*, an empty CMX-driven control vector. The transfec-
tants were treated for 24 h with (1) or without (2) 1026 M t-RA, followed by
10% serum for 20 min, and then subjected to immune complex assays using
GST–c-Jun(1-79) as a substrate or Western analysis using an antibody that
recognizes JNK-1 (JNK).

FIG. 3. t-RA inhibits serum-induced JNK activity by blocking MKK-4-in-
duced signaling events. (A) Immune complex assays were performed on H661
cells transiently transfected with an expression vector containing a dominant
negative MEKK-1 mutant cDNA (K432M) under the control of the SV40 pro-
moter or, in its absence, an empty SV40-driven control vector. After being
treated for 24 h with or without 10% serum, the transfectants were subjected to
immune complex assays using GST–c-Jun(1-79) as a substrate or Western anal-
ysis using an antibody that recognizes JNK-1 (JNK). (B) Immune complex assays
were performed on H661 cells transiently cotransfected with an expression vector
containing HA-tagged JNK-1 (HA-JNK) and a constitutively active SEK-1 mu-
tant cDNA (E-D) under the control of the EBG promoter or, in its absence, an
empty EBG-driven vector. After being treated for 24 h with or without 1026 M
t-RA, the transfectants were subjected to immune complex assays using GST–
c-Jun as a substrate or Western analysis using an antibody that recognizes HA.

FIG. 4. Inhibition of JNK activity by t-RA is phosphatase dependent, and
t-RA activates the expression of MKP-1 and -2. (A) An in vitro phosphatase
assay was performed on H661 cells treated for 24 h with 1026 M t-RA (RA) or
medium alone (Con), followed by 10% serum for 20 min. Whole-cell extracts
were prepared in the presence or absence (2) of arsenite (As31), pervanadate
(PV), or okadaic acid (OA) at the indicated concentrations, and the extracts
were incubated for 30 min with activated JNK immunopurified from serum-
treated H661 cells. As a control, immunopurified JNK was incubated with buffer
alone (buffer). The immunopurified JNK was then washed and subjected to
immune complex assays using GST–c-Jun as a substrate. (B) Western analysis of
MKP-1 and -2. H661 cells were treated with medium alone or 1026 M t-RA for
the indicated time points, followed by 10% serum for 20 min, and then subjected
to Western analysis.
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protein synthesis could be required for translational or post-
translational regulation of MKP-1. We investigated whether
MKP-1 expression was regulated posttranslationally by per-
forming pulse-chase experiments. t-RA increased the stability
of MKP-1 protein, and this effect was blocked in a concentra-
tion-dependent manner by LG100815 (Fig. 5C). These findings

suggest that t-RA increased MKP-1 protein levels posttransla-
tionally through a retinoid receptor-dependent mechanism.

JNK suppression does not occur in an NSCLC cell with
defective retinoid receptors. Our findings paint a complex pic-
ture in which retinoid receptor transcriptional activation is
necessary for some, but not all, of the effects of t-RA on the
regulation of JNK activity. To further investigate the impor-
tance of ligand-induced retinoid receptor transcriptional acti-
vation in the regulation of JNK activity, we examined the effect
of t-RA on the H226Br cell line, which is representative of a
subset of NSCLC cells that has a transcriptional defect specific
to retinoid receptors (30). In comparison to H661 cells,
H226Br cells transiently transfected with a reporter containing
an RARE (RARE-LUC) only minimally increased RARE ac-
tivity in response to t-RA treatment (Fig. 6A). Further, in
contrast to H661 cells, t-RA treatment of H226Br cells did not
detectably increase the mRNA levels of RAR-b (Fig. 6B),
demonstrating that a gene which is transcriptionally activated
by retinoid receptors is not detectable in these cells.

We hypothesized that H226Br cells would be deficient in the
ability to activate MKP-1 expression and suppress JNK activity
in response to t-RA treatment. Western analysis of MKP-1
expression by H226Br cells treated first with 1026 M t-RA for
different time periods and then for 20 min with 10% serum
revealed a transient increase in MKP-1 detectable at 30 min
that was, by 12 h, reduced to the level of untreated cells (Fig.
7A). In the same cell extracts, JNK phosphorylation was tran-
siently decreased by t-RA, but a sustained reduction was not
observed (Fig. 7B). t-RA transiently inhibited JNK activation
and c-Jun phosphorylation in a pattern that correlated with
JNK phosphorylation (Fig. 7B). JNK and c-Jun protein levels
did not measurably change with t-RA treatment (Fig. 7B).
Transient cotransfection assays using GAL4-based vectors
demonstrated no detectable effect of t-RA on serum-induced
c-Jun transcriptional activity (Fig. 7C). These results provide
evidence that t-RA had transient, but no sustained, effects on
MKP-1 expression and JNK activity in cells with retinoid re-

FIG. 5. t-RA activates MKP-1 expression posttranslationally through a reti-
noid receptor-dependent mechanism. (A) Western analysis of MKP-1 and -2 was
performed on H661 cells treated for 24 h with t-RA alone or in combination with
the indicated doses of LG100815, followed by 10% serum for 20 min. Laser
densitometry was performed to quantitate the density of the MKP-1 bands
relative to that of cells treated in the absence of t-RA and LG100815. (B)
Immune complex assays, using GST–c-Jun as a substrate, and Western analysis
of MKP-1 and JNK-1 and -2 (JNK) were performed on H661 cells treated for
24 h with or without 1026 M t-RA and 10 mg of cycloheximide (CHX) per ml and
then with 10% serum for 20 min. (C) MKP-1 protein stability was examined by
pulse-chase analysis. H661 cells were treated for 24 h with t-RA (RA), t-RA
combined with the indicated doses of LG100815, or medium alone. Cells were
then cultured for 1 h in methionine- and cysteine- poor medium, pulsed for 30
min with 35S-labeled methionine and cysteine, chased with cold methionine and
cysteine for the indicated time periods, and subjected to immunoprecipitation
using an antibody specific for MKP-1 or rabbit preimmune serum (lanes C). The
immunoprecipitant was subjected to electrophoresis and autoradiography.

FIG. 6. Relative to their function in H661 cells, retinoid receptors in H226Br cells are refractory to ligand-induced transcriptional activation. H661 and H226Br cells
were transiently transfected with reporters (2 mg) containing a DR5 RARE under the control of a TK heterologous promoter (RARE-LUC) or a control vector
(TK-LUC), treated for 24 h with 1026 M t-RA, and subjected to luciferase assays. Results represent the means and standard deviations of luciferase values from five
identical wells. (B) Northern analysis of RAR-b was performed on total cellular RNA (30 mg per lane) prepared from H661 and H226Br cells treated for 24 h with
1026 M t-RA or medium alone. A photograph of an ethidium bromide-stained gel indicates relative amounts of RNA loaded per well.
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ceptors that are refractory to ligand-induced transcriptional
activation, supporting the notion that t-RA inhibited JNK ac-
tivity through two distinct pathways that are distinguishable on
the basis of their requirement for retinoid receptor transcrip-
tional activation. Further, these findings demonstrate that
NSCLC cells can have a signaling defect involving JNK, an
important modulator of cell growth, that is linked to retinoid
receptor function.

DISCUSSION

In this study, we investigated the mechanism by which t-RA
inhibits JNK activity. We provide the first evidence that t-RA
inhibits serum-induced JNK phosphorylation, suppressing
JNK activity in a phosphatase-dependent manner. This has not
been described previously and represents a novel mechanism
by which retinoids regulate AP-1 activity. Interestingly, JNK
suppression was biphasic, raising the possibility that t-RA in-
hibited JNK through more than one mechanism. Supporting
this possibility, retinoid receptor transcriptional activation was
required for the late, sustained JNK suppression but not for
the early, transient effect of t-RA on JNK. Potentially contrib-
uting to the early suppression of JNK activity by t-RA, RARs
interact with some proteins in a ligand-dependent manner,
altering the activity of signal transduction pathways through
mechanisms that do not require transcriptional activation of
downstream genes (19). We also found that serum activated
JNK through MKK-4-dependent pathways. This is consistent
with prior observations that serum activates JNK through stim-

ulation of phosphoinositol 3-kinase, which activates MKK-4
through Rac-dependent pathways (26, 32).

Evidence presented here suggests that t-RA inhibits AP-1
through its effects on JNK substrates. t-RA inhibited c-Jun
phosphorylation at serine 63. Dephosphorylation at this site
negatively regulates c-Jun transcriptional activity (38). We pre-
viously showed that in addition to inhibiting c-Jun transcrip-
tional activity, t-RA decreased c-fos gene transcription through
JNK inhibition (24). JNK activates the c-fos promoter by phos-
phorylating Elk-1 (42), a component of the ternary complex
factor. Further, t-RA inhibits AP-1 through sequestration of
the transcriptional coactivator CREB binding protein (CBP)
(19). These findings suggest that t-RA inhibits AP-1 through
multiple mechanisms and point to AP-1 as a central compo-
nent of retinoid signaling. Our findings differ in some respects
from previous observations. Caelles et al. (2) reported that
suppression of UV light-induced JNK activity by dexametha-
sone required the presence of the glucocorticoid receptor
(GR), but a transcriptionally inactive GR mutant was as effi-
cient as wild-type receptor in suppressing JNK activity, and
actinomycin D treatment did not block JNK suppression by
dexamethasone, suggesting that GR inhibited JNK through a
transcription-independent mechanism. In addition, dexameth-
asone did not change MKP-1 protein levels. One possible ex-
planation for this disparity is that the mechanism by which
steroid receptors inhibit JNK is specific to the JNK-activating
stimulus (UV light or serum) and the cell type examined (lung
cancer or HeLa cells). An alternative explanation is that GR
and retinoid receptors differ in the mechanism by which they

FIG. 7. t-RA does not activate MKP-1 expression or induce a sustained inhibition of JNK in H226Br cells. (A) Western analysis of MKP-1 expression was performed
on H226Br cells treated with 1026 M t-RA for the indicated time periods, followed by 10% serum for 20 min. (B) H661 cells were serum starved and then treated with
medium alone or 1026 M t-RA for the indicated time periods, followed by 10% serum for 20 min to activate JNK. Western analysis was performed with antibodies
specific for JNK-1 and -2 dually phosphorylated on Thr-183 and Tyr-185 (JNK-P), c-Jun phosphorylated at serine 63 (Jun-P), JNK-1 (JNK), or total c-Jun (cJun). Using
the same extracts, we performed immune complex assays with GST–c-Jun as a substrate. (C) Transient cotransfection assays were performed to measure JNK activity
in H661 cells, using the GAL-UAS-LUC reporter and 1 mg of GAL-DBD or Jun-GAL-DBD expression vector as a substrate for JNK. Following transfection, the cells
were treated for 24 h with (1) or without (2) 1026 M t-RA, followed by 10% serum for 6 h, and then subjected to luciferase assays. Luciferase activities represent
the means and standard deviations of values from five identical wells.
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inhibit JNK. Previous studies support the notion that GR and
retinoid receptors inhibit AP-1 through different mechanisms.
GR directly associates with AP-1, converting AP-1 into a tran-
scriptional suppressor (18, 21), while retinoid receptors inter-
act with AP-1 indirectly through competition for CBP (19).

In this study, JNK phosphatase activity was detected in H661
NSCLC cells treated with t-RA. Several findings support the
possibility that this activity reflects the presence of a dual-
specificity phosphatase. First, the phosphatase activity was in-
duced by t-RA, and most members of the MKP group are
inducible (31, 40). Second, the phosphatase activity was inhib-
ited by pervanadate and arsenite but not okadaic acid, which
reflects the sensitivity of dual-specificity phosphatases to phos-
phatase inhibitors. Pervanadate inhibits all PTPases at concen-
trations of between 10 and 100 mM (49). Arsenite has been
shown to inhibit the activity of low-Mr PTPases (3, 48), which
include the dual-specificity phosphatases. Okadaic acid is a po-
tent inhibitor of the serine-threonine protein phosphatases 1
and 2A (39) but not dual-specificity phosphatases (3). Third,
we previously observed that t-RA inhibited the activity of
ERKs (24), which are additional targets of dual-specificity
phosphatases (31, 40). These findings point to a role for dual-
specificity phosphatases in the suppression of JNK activity by
t-RA. One candidate is MKP-1, which increased in abundance
with t-RA treatment in this study. Although MKP-1 induction
did not correlate with the late suppression of JNK activity, it
clearly correlated with the early suppression, which is consis-
tent with a role for MKP-1 in at least some of the effects of
t-RA. Other dual-specificity phosphatases could also have con-
tributed to the suppression of JNK activity by t-RA, and t-RA
could have increased the activity of MKPs through mecha-
nisms other than increasing their expression, such as posttrans-
lational modification of MKPs by protein phosphorylation or
farnesylation, which are important regulators of phosphatase
activity (10, 37). Supporting a role for posttranslational regu-
lation, MKP-1 protein stability was enhanced by t-RA in this
study.

Retinoids potently inhibit the growth of normal HBE cells
but have either no effect or minimally inhibit the growth of
virtually all NSCLC cell lines (22, 30), including H661 and
H226Br (data not shown). Growth inhibition by t-RA requires
transcriptional activation of retinoid receptors, but retinoid
receptor transcriptional activation does not occur in a subset of
NSCLC cells lines (5, 29, 30). We found evidence that retinoid
receptors were transcriptionally activated by t-RA in H661
cells but not in H226Br cells. A previous report on H661 cells
differs from ours in that t-RA did not increase RAR-b mRNA
but was similar in the activation of an RARE (47). These
findings suggest that the basis of retinoid resistance in NSCLC
cells is complex, involving disruption of retinoid signaling at
the level of retinoid receptor function in some cells (H226Br)
and events downstream of retinoid receptor activation in oth-
ers (H661). The growth-inhibitory signals downstream of ret-
inoid receptor activation that are dysregulated in NSCLC cells
have not been defined. We propose JNK as a potentially im-
portant target of retinoid receptor activation. JNK has been
implicated in the regulation of apoptosis, both positively and
negatively (6, 12, 33, 44). However, findings presented here
suggest that JNK inhibition is not sufficient to inhibit growth,
as H661 cells were resistant to the growth-inhibitory effects of
t-RA. Retinoids activate a number of other growth-inhibitory
signaling pathways in normal HBE cells, including those acti-
vated by insulin-like growth factor binding proteins, transglu-
taminases, and transforming growth factor b (13, 45). Com-
bined with JNK suppression, these pathways may inhibit cell
growth in an additive or synergistic manner, and retinoid re-

sistance may be conferred by the dysregulation of one or more
of these pathways. Dysregulation of growth-inhibitory path-
ways occurs in cancer cells as a consequence of inactivating
mutations in genes encoding adenomatous polyposis coli,
transforming growth factor b receptor, SMAD-4, and pRB
(reviewed in reference 16). It is postulated that these genes
encode tumor suppressors, and inactivation of these gene
products is central to the development of many types of cancer
(16). Similarly, the transcriptional defect specific to retinoid
receptors and the signaling abnormalities downstream of reti-
noid receptor activation may inactivate a tumor suppressor
pathway, potentially contributing to lung cancer development.
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