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ATF3 (activating transcription factor 3) gene encodes a member
of the ATF/CREB (cAMP-response-element-binding protein)
family of transcription factors. Its expression is induced by a wide
range of signals, including stress signals and signals that promote
cell proliferation and motility. Thus the ATF3 gene can be charac-
terized as an ‘adaptive response’ gene for the cells to cope with
extra- and/or intra-cellular changes. In the present study, we
demonstrate that the p38 signalling pathway is involved in the
induction of ATF3 by stress signals. Ectopic expression of CA
(constitutively active) MKK6 [MAPK (mitogen-activated protein
kinase) kinase 6], a kinase upstream of p38, indicated that activ-
ation of the p38 pathway is sufficient to induce the expression of
the ATF3 gene. Inhibition of the pathway indicated that the p38
pathway is necessary for various signals to induce ATF3, includ-
ing anisomycin, IL-18 (interleukin 18), TNFa (tumour necrosis
factor o) and H,0,. Analysis of the endogenous ATF3 gene
indicates that the regulation is at least in part at the transcription

level. Specifically, CREB, a transcription factor known to be phos-
phorylated by p38, plays a role in this induction. Interestingly,
the ERK (extracellular-signal-regulated kinase) and JNK (c-Jun
N-terminal kinase)/SAPK (stress-activated protein kinase) sig-
nalling pathways are neither necessary nor sufficient to induce
ATF3 in the anisomycin stress paradigm. Furthermore, analysis of
caspase 3 activation indicated that knocking down ATF3 reduced
the ability of MKK6(CA) to exert its pro-apoptotic effect. Taken
together, our results indicate that a major signalling pathway, the
p38 pathway, plays a critical role in the induction of ATF3 by
stress signals, and that ATF3 is functionally important to mediate
the pro-apoptotic effects of p38.

Key words: activating transcription factor 3 (ATF3), mitogen ac-
tivated protein kinase (MAPK), MAPK kinase (MKK), p38, stress
kinase, stress response.

INTRODUCTION

Cellular responses to extracellular stress signals play an important
role in the maintenance of homoeostasis under adverse conditions.
An early stress response is to activate cascades of phosphorylation
events that, in many cases, increase the expression of the imme-
diate early genes. The immediate early genes encode transcription
factors, which in turn regulate downstream genes, initiating a
network of transcriptional regulation. Overwhelming evidence
indicates that the ATF3 gene, which encodes a member of the ATF
(activating transcription factor)/CREB [CRE (cAMP-response
element)-binding protein] family of transcription factors, is an
immediate early gene induced by a variety of stress signals in
different cell types (reviewed in [1,2]). The wide use of the DNA
microarray technique has added to the long list of signals that
can induce the expression of ATF3 (see [3] for a list of signals).
One feature of ATF3 induction is that it is neither tissue-specific
nor stimulus-specific. As a few examples, ATF3 is induced in
the heart by ischaemia coupled with reperfusion, in the liver by
chemical toxicity [4], in the pancreatic S-cells by inflammatory
cytokines [5] and in the endothelium by endoplasmic reticulum
stress [6]. Interestingly, several other immediate early genes, such
as c-Jun and Erg, are often induced in the same cluster as ATF3 in
the microarray analysis. Therefore the initial genome response to
extra- and/or intra-cellular stress signals appears to turn on a set of

common genes, irrespective of the nature of the signals or the cell
types exposed to the signals. The diversity in the final readouts is
most likely to be determined by the context of the cells.

In addition to induction by stress signals, ATF3 expression is in-
duced under conditions that are not usually considered as stresses.
As an example, ATF3 is induced in the MCF-7 breast cancer cells
by adipokines [7], the secreted factors from adipocytes. Since
adipokines promote the cell survival and motility of MCF-7 cells,
they do not fit the conventional definition of stress signals. Further-
more, ATF3 expression is induced in S-phase [8,9]. Thus the
characterization of ATF3 as a stress-inducible gene is overly
simplistic. We suggest to characterize ATF3 as an ‘adaptive res-
ponse’ gene that participates in cellular processes to adapt to
extra- and/or intra-cellular changes. We note that, similar to the
microarray studies of stress responses, immediate early genes
such as Jun-B and Erg are induced in the same cluster as ATF3 in
the S-phase [8,9]. The involvement of these genes in apparently
unrelated processes — cell-cycle regulation and stress response —
indicates that a common subset of genes may be required for dif-
ferent cellular processes. Although this may appear to be counter-
intuitive, it is not a unique phenomenon. In yeast, a common set
of genes was found to play a role in widely divergent biological
processes [10]. Thus ATF3 is one of the common subset of
‘adaptive response’ genes that plays a role in a variety of cellular
processes.

Abbreviations used: ATF, activating transcription factor; C/EBP, CCAAT/enhancer-binding protein; CA, constitutively active; Chop10, C/EBP-homologous
protein 10; CRE, cAMP-response element; CREB, CRE-binding protein; DMEM, Dulbecco’s modified Eagle’s medium; DN, dominant negative; DTT,
dithiothreitol; ERK, extracellular-signal-regulated kinase; FBS, fetal bovine serum; gaddi153, growth-arrest and DNA-damage-inducible protein 153;
B-Gal, B-galactosidase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GST, glutathione S-transferase; HA, haemagglutinin; HEK-293 cells,
human embryonic kidney 293 cells; IL-18, interleukin 18; IP-kinase, immunoprecipitation coupled with kinase; JNK, c-Jun N-terminal kinase; MAPK,
mitogen-activated protein kinase; MEF, mouse embryonic fibroblast; MEK1, MAPK/ERK kinase 1; MKK, MAPK kinase; NF-«B, nuclear factor «B; RT,
reverse transcriptase; SAPK, stress-activated protein kinase; shRNA, small-hairpin RNA; tetO, tet operator; TGF-B, transforming growth factor-8; TNFe,

tumour necrosis factor a.
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The induction of ATF3 under such a wide range of conditions
suggests that many signalling pathways may be involved in
the induction of ATF3. Dissecting the signalling pathways will
probably provide insights for future designs to dampen or enhance
ATF3 induction using either pharmacological or genetic means.
Although several signalling pathways have been demonstrated
to be involved in the induction of ATF3 by stress signals, many
gaps exist. In the present study, we examined three main MAPK
(mitogen-activated protein kinase) pathways — the ERK (extra-
cellular-signal-regulated kinase), JNK (c-Jun N-terminal kinase)/
SAPK (stress-activated protein kinase) and p38 pathways — for
their potential involvement in the induction of ATF3 by stress
signals. For the convenience of discussion, we will refer to the
JNK/SAPK pathway as the INK pathway in the rest of the report.
We focused on the MAPK pathways for the following reasons.
First, MAPKSs are a group of kinases that play an important role
in cellular response to extracellular signals [11-13], and many of
these signals are known to induce ATF3 expression (reviewed in
[1,2]). Secondly, the ATF3 promoter was shown to be activated
by ATF2 and c-Jun [14], two transcription factors that are the
downstream phosphorylation targets of MAPKSs [15-18]. Despite
significant cross-talks between the pathways in vitro, there appears
to be a reasonable specificity in vivo presumably by the formation
of protein—protein complexes through scaffold proteins [19,20].
Therefore it should be possible to distinguish the selective (if not
specific) roles of each pathway in the induction of ATF3.

Since all the work on ATF3 induction indicated an increase in
the steady-state mRNA level of ATF3, the induction could be due
to the increase in ATF3 gene transcription, or the increase in ATF3
mRNA stability, or both. The presence of binding sites for tran-
scription factors known to be phosphorylated (and thus activated)
by MAPKSs on the ATF3 promoter suggests that the induction is at
least in part at the transcription level. Therefore, in addition to the
signalling pathways, we addressed the issue of transcription. In
the present study, we demonstrate that the p38 pathway is neces-
sary and sufficient to up-regulate the transcription of the ATF3
gene. We also demonstrate for the first time that ATF3 is a func-
tionally important mediator for the pro-apoptotic effects of p38.

MATERIALS AND METHODS
Cell culture

HeLa cells were maintained in DMEM (Dulbecco’s modified
Eagle’s medium) supplemented with 10 % (v/v) FBS (fetal bovine
serum). COS-1 cells were maintained in MEM (minimum es-
sential medium) supplemented with 10 % FBS. Primary MEFs
(mouse embryonic fibroblasts) and immortalized MEFs derived
from wild-type or ATF3-deficient mice were detailed previously
[21] and maintained in DMEM supplemented with 10 % FBS,
2 mM glutamine, 0.1 mM non-essential amino acid and 55 uM
2-mercaptoethanol. All cells were maintained in the growing me-
dium in a humidified 5% CO, atmosphere at 37°C; no prior
serum starvation was included in any experiment.

Plasmid DNAs and reagents

Plasmid DNAs expressing different proteins were kindly provided
by various investigators: 8-Gal (8-galactosidase) by Dr A. Young
(Ohio State University), MEK1 (MAPK/ERK kinase 1)-ERK2 by
Dr M. Cobb (University of Texas Southwestern Medical Center
at Dallas), MKK7(CA) (where MKK7 is MAPK kinase 7 and
CA is constitutively active) by Dr M. Kracht (Medical School
Hannover, Germany), JNK1 by Dr J. Woodgett (Ontario Cancer
Institute, and Samuel Lunenfeld Research Institute, Ontario,
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Canada), MKK6(CA) by Dr J. Han (The Scripps Research
Institute, La Jolla, CA, U.S.A.), C/EBPB (CCAAT/enhancer-
binding protein) by Dr J. DeWille (Ohio State University), A-
CREB by Dr C. Vinson (National Cancer Institute, Bethesda, MD,
U.S.A.), MEF2A, MEF2C, MEF2C(R24L) and MEF2C(R3T)
by Dr J. D. Molkentin (Cincinnati Children’s Hospital Medical
Center, University of Cincinnati, Cincinnati, OH, U.S.A.). DNA
expressing gadd153/Chopl10 (growth-arrest and DNA-damage-
inducible protein 153/ C/EBP-homologous protein 10) was des-
cribed previously [4]. pCG-CREB was generated by inserting
the CREB open reading frame (from pCREB, a gift of Dr R.
Goodman, Vollum Institute, Oregon Health and Science Uni-
versity, Portland, OR, U.S.A.) into the pCG vector. DN (dom-
inant negative) MKK6 construct was generated by site-directed
mutagenesis to mutate Lys* to Ala (‘AAG’ to ‘GCG’). The ATF3
shRNA (small-hairpin RNA) construct targeting at the sense
sequence 5'-GAAUAAACACCUCUGCCAUCGGAUG-3" was
generated in pENTR/D-TOPO (Invitrogen) under the control of
the U6 promoter (pGEM-UG, a gift from Dr N. Hernandez, Cold
Spring Harbor Laboratory, Cold Spring Harbor, NY, U.S.A.).
Anisomycin (Sigma) was used at 50 ng/ml for all experiments
in the present study; SB203580, PD98059 (Calbiochem), IL-1p
(interleukin 18), TNFo (tumour necrosis factor o), TGF-8 (trans-
forming growth factor-B; R&D Systems), PMA, adriamycin,
camptothecin (Sigma) and H,0, (Fisher Scientific) were used
at the concentrations indicated in the Figure legends. JNKi
peptide, a cell-permeable peptide that inhibits the activity of the
JNK pathway [22], was custom-made by the Cleveland Clinic
Foundation (Cleveland, OH, U.S.A.) and used at the indicated
concentrations.

Adenovirus

Adenoviral construct expressing HA (haemagglutinin)-tagged
ATF3 was generated using the Invitrogen Gateway® techno-
logy. A cassette expressing HA—ATF3 under the control of the
tetO (tet operator) was inserted in pENTR/D-TOPO (Invitrogen).
The leaky expression from the tetO promoter (in the absence of the
tet activator) provided a sufficient level of HA—-ATF3 for this
study. The tetO-HA—-ATF3 insert in the pPENTR-TOPO vector was
swapped into the destination vector pAd/PL-DEST (Invitrogen).
To generate adenovirus, the resulting DNA was transfected into
the HEK-293A (human embryonic kidney 293A) cells using
Lipofectamine™ 2000 (Invitrogen) according to the instructions
from the manufacturers. All viruses were purified following
a two-step caesium chloride gradient ultracentrifugation proto-
col [23]. The ratio of A, /A (Where A is absorbance) was
used to estimate the purity of the virus (expected to be ~1.2).
The titres were calculated as A, 1 =1 x 10" pfu (plaque-form-
ing units)/ml. Cells were infected at MOI (multiplicity of in-
fection) 50.

RT (reverse transcriptase)-PCR and real-time PCR

Total RNAs were isolated using the TRIzol® method (Invitrogen)
and converted into cDNAs using the oligo-dT primer. Five per
cent of the cDNAs were used for PCR or real-time PCR as
described previously [24] using the following primers. Regular
PCR: ATF3 upstream, 5-GCTGCAAAGTGCCGAAACAAG-
3’, downstream, 5'-TCTCCAATGGCTTCAGGGTT-3"; GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) upstream, 5'-CC-
GGATCCTGGGAAGCTTGTCATCAACGG-3, downstream,
5-GGCTCGAGGCAGTGATGGCATGGACTG-3'. Real-time
PCR: ATF3 upstream, 5-AGCCTGGAGCAAAATGATGCTT-3,
downstream, 5'~AGGTTAGCAAAATCCTCAAACAC-3', probe,
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5'-CACCCAGGCCAGGTCTCTGCCTC-3'; GAPDH upstream,
5'-TCATCAATGGAAATCCCATCA-3, downstream, 5-GCC-
AGCATCGCCCCACTT-3, probe, 5'-TCTTCCAGGAGCGAG-
ATCCCTCCAAA-3.

Immunoblot analysis

Whole cell lysates were prepared with 2% (v/v) Triton lysis
buffer [4 mM EDTA, 40 mM Tris/HCl, pH 7.5, 20 % (v/v) gly-
cerol, 2 % Triton X-100, 1 mM DTT (dithiothreitol) and 275 mM
NaCl] containing inhibitors for proteases and phosphatases. An
equal amount of total protein (30-50 pg) was resolved by SDS/
PAGE, and the fractionated proteins were transferred on to poly-
vinylidene fluoride membranes (Immobilon-P; Millipore). After
being blocked with 5 % (w/v) non-fat dry milk or 5 % (w/v) BSA
in TBST (Tris-buffered saline/Tween; 50 mM Tris/HCI, pH 7.5,
150 mM NaCl and 0.1 % Tween 20), the membranes were incub-
ated with the indicated primary antibodies diluted (1:1000) in
the blocking buffer: ATF3, ERK, p-ERK (phosphorylated ERK),
JNK, p38 (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.),
p-JNK (phosphorylated JNK), p-p38 (phosphorylated p38),
cleaved caspase 3 (Cell Signaling Technology, Beverly, MA), and
actin (Sigma, St Louis, MO, U.S.A.). Bound primary antibodies
were detected using the appropriate horseradish peroxidase-
conjugated secondary antibodies (Cell Signaling Technology)
at 1:3000 dilution and Lumi-Light Western Blotting substrate
(Roche).

IP-kinase (immunoprecipitation coupled with kinase)
reaction for JNK

Whole cell lysates were prepared with 0.1 % Triton lysis buffer
(0.2 mM EDTA, pH 8.0, 25 mM Hepes, pH 7.6, 1.5 mM MgCl,,
0.1 % Triton X-100, 1 mM DTT and 0.3 M NaCl) containing pro-
tease and phosphatase inhibitors. Lysates (250 pg) were immuno-
precipitated with 0.4 ug of pan-JNK antibody (Santa Cruz
Biotechnology) and 20 pl of 50 % (v/v) slurry of Protein A—
Sepharose (Sigma) for 2h at 4°C. Immunoprecipitates were
washed twice with lysis buffer and once with kinase reaction
buffer (20 mM Hepes, pH 7.6, and 20 mM MgCl), before incub-
ation with 20 pul of kinase buffer containing 20 uM unlabelled
ATP, 5 uCi [y-*P]JATP (at 3000 Ci/mmol) and 5 ug of GST
(glutathione S-transferase)—c-Jun-(1-79) substrate in the presence
or absence of JNKi peptide for 20 min at 30°C. The reaction was
stopped by the addition of an equal volume of 2 xLamini buffer.
The samples were boiled for 5 min before fractionation on an SDS/
10 % PAGE, and analysed by autoradiography using an X-ray film
(Kodak).

Transcription assay of endogenous ATF3 gene

To isolate nuclei, the cell pellet was resuspended in lysis buffer
(5 mM Pipes, pH 8.0, 85 mM KCI and 0.5 % Nonidet P40) fol-
lowed by incubation on ice for 10 min. The nuclei were collected
by centrifugation at 2000 g for 5 min at 4 °C. Nuclear RNAs were
extracted using the TRIzol® method (Invitrogen). ATF3 pre-
mRNAs were measured by RT-PCR using an intron—exon primer
set: upstream targeted at intron 1, 5-AGAGCTTCAGCAATGGT-
TTGC-3', and downstream targeted at exon B, 5'-CCGCTCG-
AGACCTGGCCAGGATGTTGAAGC-3'. The control primers
for mature ATF3 mRNA are the same as the ones described
above for regular RT-PCR. Reactions without RT were included
to confirm the lack of genomic DNA contamination. The PCR
reaction was carried out as follows: 94°C for 3 min (one cycle),
94°C for 45 s followed by 56°C for 45s and 72°C for 2 min
(40 cycles), 72°C for 10 min (one cycle).
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ERK e |
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p-p38 | | —— — |
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Actin l-—n—--——- l

RT-PCR

Anisomycin activates MAPKs and induces ATF3 expression

Figure 1

COS-1 cells were treated with anisomycin (50 ng/ml) for the indicated times and analysed
by immunoblot with the indicated antibodies or by RT-PCR with primers specific to ATF3 or
GAPDH.

RESULTS AND DISCUSSION

Anisomycin activates the MAPK pathways and increases
the expression of ATF3

As a stress paradigm to activate the MAPK pathways, we used
anisomycin, a well-characterized activator of the JNK and p38
pathways [25-27]. Whether anisomycin activates the ERK path-
way has been a subject of debate [25,28], and we found that it
also activated the ERK pathway under the condition we examined.
Immunoblot analyses using phospho-specific antibodies indicated
that anisomycin treatment of COS-1 cells activated all three main
MAPK pathways: ERK, JNK and p38 (Figure 1). Control anti-
bodies against the respective kinases confirmed that equivalent
amounts of kinases were loaded in each lane. Importantly, aniso-
mycin induced the expression of ATF3 and the time-course ana-
lysis indicated that the increase of ATF3 steady-state protein
level ensued after the activation of MAPK kinases (Figure 1).
Thus anisomycin represents a good model system to delineate
the importance of MAPK pathways in the induction of ATF3.
Although anisomycin is also a protein synthesis inhibitor, the con-
centration we used (50 ng/ml) is a sub-inhibitory concentration
that does not inhibit translation but activates the stress kinase
pathways [25]. RT-PCR confirmed that the steady-state mRNA
level of ATF3 also increased upon anisomycin treatment. This
increase was observed in a variety of cell lines examined so far, in-
cluding COS-1, HeLa, MEFs and HEK-293 cells (Figures 1-8 and
results not shown).

The ERK pathway is not necessary or sufficient for the
induction of ATF3

To address whether the ERK pathway is required for the induction
of ATF3 expression by anisomycin, we examined whether
PD98059, an MEK 1 inhibitor [29], affects the induction of ATF3.
As shown in Figure 2(A), this inhibitor efficiently blocked the
phosphorylation of ERK, but did not decrease the level of ATF3
mRNA, suggesting that ERK is not necessary for anisomycin to
induce ATF3. To address whether activation of the ERK pathway
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Figure 2 The ERK pathway is not necessary or sufficient for ATF3 induction

(A) HelLa cells were pretreated with DMSO or 25 ..M PD98059 (PD) for 30 min, followed by
anisomycin or buffer treatment (i.e. control) for 1h, and analysed by RT-PCR with primers
specific to ATF3 or GAPDH (top two panels). The effectiveness of the PD98059 pretreatment was
determined by the analysis of phospho-ERK at 30 min after anisomycin treatment: immunoblot
with antibody against p-ERK or ERK (bottom two panels). (B) COS-1 cells were transfected with
DNA expressing B-Gal or MEK1-ERK2 for 36 h, treated with anisomycin or buffer () for 1 hand
analysed by real-time RT-PCR. ATF3 mRNA level in the B-Gal-transfected untreated cells was
arbitrarily defined as 1. Results shown represent the means + S.E.M. for three experiments. (C)
The specificity of the MEK1—-ERK2 construct to activate the ERK but not the JNK or p38 pathway
was demonstrated by phospho-kinase blot. COS-1 cells were transfected with DNA expressing
B-Gal or MEK1-ERK2 for 36 h and analysed by immunoblot with the indicated antibodies. The
dotted ling indicates the grouping of images from different parts of the same gel.

is sufficient to induce ATF3, we used a novel CA ERK, whichis a
fusion protein between ERK2 and its upstream kinase MEK 1 [30].
As shown by real-time PCR, MEK1-ERK?2 did not increase the
steady-state ATF3 mRNA level either in the absence or presence of
anisomycin treatment (Figure 2B). Control immunoblot analysis
using phospho-specific antibodies confirmed that MEK1-ERK?2
activated the ERK pathway but not the JNK or p38 pathway
(Figure 2C). Taken together, these results indicate that activation
of the ERK pathway is not sufficient to induce ATF3, and is not
necessary for the induction of ATF3 by anisomycin.

The JNK pathway is not necessary or sufficient for the
induction of ATF3

To address whether the JNK pathway is required for the induction
of ATF3 by anisomycin, we used a cell-permeable peptide
inhibitor JNKi [22] to inhibit the JNK pathway. This peptide con-
tains the minimal inhibitory region derived from the human homo-
logue of JIP (JNK-interacting protein), linked to a ten-amino-
acid HIV-Tat (HIV transactivator of transcription) sequence that
allows rapid penetration of the peptide into the cytoplasm and
nucleus [31]. Real-time PCR indicated that JNKi did not reduce
the steady-state ATF3 mRNA level in the presence of anisomycin
(Figure 3A), suggesting that the JNK pathway is not necessary for
the induction of ATF3 by anisomycin. The effectiveness of this
peptide was confirmed by IP—kinase assay: JNK from COS-1 cells
treated with anisomycin was immunoprecipitated and assayed for
its ability to phosphorylate GST—c-Jun in the absence or presence
of JNKi. As shown in Figure 3(B), the JNKi peptide efficiently
inhibited the JNK activity (top panel). Coomassie Blue stain-
ing indicated that an equivalent amount of substrate (GST—c-Jun)
was used in each reaction (middle panel), and immunoblot assay
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< <2
2 2 S 04
s 1 < 02
o 0 © 01
Anisorrlycin o + + + e e B-Gal M7*+JNK1
JNKi (UM) — = 1 5 1 5 &
B D & o>
Anisomycin— + + + + + + i)
JNKi peptide (uM)— — 1 3 10 25 - p-JNK EEI
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Figure 3 The JNK pathway is not necessary or sufficient for ATF3 induction

(R) COS-1 cells were pretreated with the indicated amount of JNKi peptide for 30 min, followed by anisomycin or buffer treatment for 1 h and analysed by real-time RT-PCR. ATF3 mRNA level
in untreated cells was defined as 1 and means + S.E.M. for four experiments are shown. (B) COS-1 cells were treated with anisomycin for 30 min and analysed by IP—kinase assay for JNK activity in
the absence or presence of the indicated inhibitors (top panel). The bottom two panels indicate that comparable amounts of substrate and active kinase were used in each reaction: Coomassie Blue
stain of GST—c-Jun (middle panel) and immunoblot of p-JNK in the immunoprecipitate (bottom panel). (G, D) COS-1 cells were transfected with DNA expressing B-Gal or DNAs expressing CA
MKK?7 (M7*) and JNK1 for 36 h, and analysed by real-time RT-PCR (C) or immunablot (D). The ATF3 mRNA level in the B-Gal-transfected cells was arbitrarily defined as 1 and means + S.E.M. for
five experiments are shown in (C). The dotted line in (D) indicates the grouping of images from different parts of the same gel.
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Figure 4 The p38 pathway is necessary and sufficient for ATF3 induction

(A) HeLa cells were pretreated with DMSO or 1 1M SB203580 (SB) for 30 min, followed by anisomycin or buffer treatment for 1 h and analysed by RT-PCR. (B) Same as (A), except that the indicated
doses of SB203580 were used in the pretreatment (top panel). The lack of JNK inhibition by SB203580 at the indicated doses was demonstrated by the p-Jun/Jun ratio in the cell extracts at 30 min
after anisomycin treatment (bottom panel). The p-Jun/Jun ratio in untreated cells was arbitrarily defined as 1. (C) Hela cells were transfected with DNA expressing 8-Gal or MKK6 (DN) for 36 h
followed by anisomycin treatment for 1 h, and analysed by RT-PCR. (D, E) COS-1 cells were transfected with DNA expressing B-Gal or MKK6 (CA) for 36 h and analysed by real-time RT-PCR (D) or
immunoblot (E). ATF3 mRNA level in the B-Gal-transfected cells was arbitrarily defined as 1 and means + S.E.M. for three experiments are shown in (D). (F) Immortalized MEFs were transfected
with DNA expressing B-Gal or MKK6(CA) for 36 h and analysed by immunoblot. (G) Immortalized MEFs were pretreated with the indicated amounts of SB203580 (SB), followed by anisomycin

treatment for 3 h and analysed by immunoblot.

of the extracts confirmed that the same amount of activated JNK
(phospho-JNK) was used (bottom panel).

To address the issue of sufficiency, we transfected COS-1
cells with plasmids expressing JNK1 and a CA form of MKK?7,
an upstream kinase of JNK that has been demonstrated to activate
JNK but not ERK or p38 [32]. As shown in Figure 3(C), real-
time PCR indicated that co-transfection of JNK1 and MKK7(CA)
did not induce ATF3 gene expression. The selectivity of INK1 +
MKK7(CA) was demonstrated by the activation of the JNK
pathway but not the ERK or p38 pathway (Figure 3D).

The p38 pathway is necessary and sufficient
for the induction of ATF3

To examine the involvement of the p38 pathway in the induction of
ATF3 by stress signals, we treated the cells with SB203580, a p38
kinase inhibitor [33], before the induction of ATF3 by anisomycin.
ATF3 mRNA levels were reduced in the presence of SB203580
(Figure 4A) in a dose-dependent manner within the range from
0.05 to 1 uM (Figure 4B, top panel). At high concentrations,
SB203580 was demonstrated to also inhibit JNK activity [34]. To
determine whether SB203580 inhibited JNK at the concentrations
used, we examined the phosphorylation of endogenous c-Jun, a
substrate of JNK. As shown in Figure 4(B) (bottom panel), c-
Jun phosphorylation was not affected by SB203580 at the doses
examined, indicating that the conditions we used did not inhibit
JNK activity. As another method to inhibit the p38 pathway, we
used a DN inhibitor of MKK6, a p38 upstream kinase. Consistent
with SB203580, MKK6(DN) reduced the induction of ATF3 by
anisomycin (Figure 4C). Taken together, these results indicate

that the p38 pathway is required for the induction of ATF3 by
anisomycin.

To determine whether activation of the p38 pathway is sufficient
to induce ATF3, we transfected the cells with DNA expressing
MKK6(CA) and examined ATF3 mRNA by real-time PCR. As
shown in Figure 4(D), the MKK6(CA) construct induced ATF3
expression. Immunoblot using phospho-specific antibodies indi-
cated that MKK6(CA) activated the p38 but not the ERK path-
way (Figure 4E). It also activated the JNK pathway, but only
slightly (Figure 4E). Therefore our results suggest that the p38
pathway is necessary and sufficient for ATF3 induction. We have
repeated these experiments in several other cells and found similar
results. Figures 4(F) and 4(G) show representative immunoblots
from immortalized MEFs, confirming the induction of ATF3 by
MKKG6(CA) (Figure 4F) and inhibition by SB203580 (Figure 4G).
Results from HEK-293 cells and primary MEFs are not shown.

Since ATF3 is induced by various signals, we asked whether
the p38 pathway plays a necessary role in treatments other
than anisomycin. We first examined several signals to determine
whether they can activate the p38 pathway. Among those exam-
ined, IL-18, PMA, H,0, and TNF« activated the p38 pathway,
but TGF-p, adriamycin and camptothecin did not (slightly if any)
(Figure 5A). We then examined the role of p38 by pretreating the
cells with SB203580 before inducing ATF3 by these agents. As
shown in Figure 5(B), SB203580 clearly reduced the induction of
ATF3 by IL-18, TNF-« and H,0,. Although it also reduced the
induction of ATF3 by PMA, the effect was less obvious. Thus
the p38 pathway plays a necessary role in the induction of ATF3
by various signals (that activate p38), not just anisomycin. As a
control, we also pretreated the cells with SB203580 and examined
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Figure 5 p38 pathway is necessary for ATF3 induction by various stress
signals

(A) HeLa cells were treated with the indicated stresses for 30 min (10 ng/ml IL-18, 0.5 wg/ml
PMA, 100 uM H,0,, 60 ng/ml TNFe, 5ng/ml TGF-B, 0.5 ug/ml adriamycin, 10 M
camptothecin and 50 ng/ml anisomycin) and analysed for p38 activation by immunoblot using
the antibody against p-p38 or p38. (B) HeLa cells were pretreated with 1 .M SB203580 (SB)
for 30 min, followed by the treatment with IL-18, TNFa, H,0, or PMA at the above indicated
concentrations for 3 h, and analysed by immunablot using the indicated antibodies. Shown
is a representative result of three repeats. (C) Hela cells were pretreated with the indicated
amounts of SB203580 (SB) for 30 min, followed by adriamycin treatment (0.5 g/ml) for 3 h
and analysed by immunoblot.

its effect on ATF3 induction by adriamycin, camptothecin and
TGF-B. As expected, SB203580 did not reduce the induction
of ATF3 to any appreciable degree (Figure 5C and results not
shown).

Previously, several studies demonstrated the involvement of
MAPKSs in the induction of ATF3 by stress signals. As an
example, ERK was shown to be necessary for the induction of
ATF3 by sulindac sulfide and troglitazone in the HCT-116 human
colorectal cancer cells [35]. JNK was shown to be necessary
for the induction of ATF3 by homocysteine in endothelial cells
[6], by pro-inflammatory cytokines in pancreatic §-cells [5], and
by injury in neurons [36]. Both JNK and p38 were shown to be
necessary for ionizing radiation to induce ATF3 in fibroblasts [37].
However, these studies did not systematically compare all three
major MAPK pathways side-by-side. Thus it is not clear whether
the pathway(s) that were not addressed in the reports play(s)
a role in the given stress paradigms. During the course of the
present study, Inoue et al. [38] reported that inhibition of the p38
pathway reduced the ability of TNFo to induce ATF3. However,
the effect was less obvious than the one we observed (Figure 5B).
A potential explanation is the differences in cell types — epithelium
in our studies versus endothelium in their studies. Furthermore,
they described that the ERK pathway inhibits but the JNK pathway
promotes the induction of ATF3 by TNF« in the endothelium.
This is in contrast with our findings that neither ERK nor JNK
played a role using the anisomycin paradigm. These differences
again highlight the importance of cellular and stress contexts in
signalling events.

© 2007 Biochemical Society
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Figure 6 The p38 pathway increases the transcription of ATF3 gene

(A) Immortalized MEFs were treated with anisomycin for 40 min. Nuclear RNAs (for pre-mRNA
detection, lanes 1-5) and total RNAs (for mature mRNA detection, lanes 6-9) were isolated
and analysed by RT-PCR using the indicated primer sets. The intron—exon primers hybridize
to intron 1 and exon B; they detect the ATF3 pre-mRNA and genomic DNA (G. DNA) but not
mature mRNA. The control primers hybridize to exon C and exon E; they detect the mature ATF3
mRNA. (B) Immortalized MEFs were pretreated with SB203580 (SB) for 30 min, followed by
anisomycin treatment for 40 min and analysed by RT-PCR using the intron—exon primers to
detect ATF3 pre-mRNA (as indication of transcription). (C) Immortalized MEFs were transfected
with DNAs expressing 8-Gal or MKK6(CA) for 36 h and analysed by RT-PCR as in (B).

Anisomycin increased the transcription of the endogenous
ATF3 gene

To address whether the increase in ATF3 steady-state mRNA level
is at least in part due to the increase in ATF3 promoter activity,
we analysed the transcriptional activity of the endogenous
ATF3 gene. An established method to detect endogenous gene
transcription is to measure the primary transcripts (pre-mRNAs)
[39]. We thus isolated the nuclear RNAs from anisomycin-treated
or untreated cells, and examined their ATF3 pre-mRNA levels
by RT-PCR using an upstream primer targeted at intron 1 and a
downstream primer targeted at exon B of the ATF3 gene. As shown
in Figure 6(A), the ATF3 pre-mRNA level was easily detectable in
anisomycin-treated cells (Iane 5) but not in untreated cells (lane 4).
The lack of RT-PCR signals in the absence of the RT (lanes 2 and
3) confirmed that the signals were not derived from the genomic
DNAs. That the primer set (intron—exon primers) only detected
pre-mRNAs but not mature mRNAs was confirmed by the lack
of signals when oligo-dT was used to generate the cDNAs from
the total RNAs (lanes 6 and 7). The lack of signals from oligo-
dT-derived cDNAs was not due to the degradation of the RNAs,
since the control primer set targeted against the mature ATF3
mRNAs detected strong signals (lanes 8 and 9). Using this assay,
we demonstrated that SB203580 inhibited anisomycin-induced
transcription of the ATF3 gene (Figure 6B) and MKK6(CA) was
sufficient to increase the transcription (Figure 6C), indicating that
the regulation of ATF3 expression by the p38 pathway is at least
in part at the transcriptional level.

To determine the specific transcription factor(s) mediating the
effects of p38, we used a candidate search approach. We inspected
the conserved regions of human and mouse ATF3 promoters for
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Figure 7 The p38 pathway induces ATF3 gene expression at least in part via the transcription factor CREB

(A) The conserved regions of the human (h) and mouse (m) ATF3 promoter contain potential binding sites for several transcription factors known to be phosphorylated by p38: CREB, C/EBPS,
gadd153/Chop10, MEF2A and MEF2C. (B) Immortalized MEFs were transfected with DNA expressing g-Gal, CREB, C/EBP B, gadd153/Chop10, MEF2A, MEF2C or MKK6(CA) as indicated for 36 h
and analysed by immunoblot. (C) Left panel: immortalized MEFs were transfected with DNA expressing 8-Gal, CREB, MKK6(CA), or MKK6(CA) plus A-CREB (a DN CREB) for 36 h and analysed
by immunoblot. Right panel: immortalized MEFs were transfected with DNA expressing 8-Gal or increasing amounts of A-CREB for 36 h, followed by anisomycin treatment for 3 h and analysed by
immunoblot. (D) Immortalized MEFs were transfected with DNA expressing B-Gal, MEF2C, MKK6(CA), or MKK6(CA) plus DN MEF2C (R24L or R3T) for 36 h and analysed by immunoblot. Shown

in (B-D) are representative results of three repeats.

binding sites of transcription factors that are known to be the
phosphorylation targets of the p38 pathway (reviewed in [40]).
Figure 7(A) listed several potential candidates: CREB, C/EBPS,
gadd153/Chop10, MEF2A and MEF2C. As a first step to test these
candidates, we transiently transfected DNAs expressing
these transcription factors and examined ATF3 expression by
immunoblot. As shown in Figure 7(B), ectopic expression
of CREB and MEF2C increased the expression of the endogenous
ATF3 gene, but C/EBPS, gadd153/Chop10 and MEF2A did not.
In this experiment, $-Gal was used as a negative control and
MKKG6(CA) as a positive control. To examine whether CREB
plays a necessary role, we used A-CREB, a DN CREB [41]. As
shown in Figure 7(C), A-CREB reduced the ability of MKK6(CA)
(left panel) and anisomycin (right panel) to induce ATF3. The
effect of A-CREB on anisomycin is less efficient than that on
MKKG6(CA). One explanation is that not all cells were transfected
by pA-CREB but they all received anisomycin treatment. This
was not an issue for the experiment using MKK6(CA), since
pMKKG6(CA) and pA-CREB were delivered by co-transfection.
We also examined the effects of two DN MEF2C constructs: one
expressing the R24L mutation and the other R3T [42]. As shownin
Figure 7(D), neither DN construct reduced the induction of ATF3
by MKK6(CA) to any appreciable degree. MEF2C is selectively
expressed in brain, muscle and spleen [43]. Thus the lack of
abundant MEF2C levels in fibroblasts may provide an explanation
for the results we observed. We note that many binding sites
have been identified in the ATF3 promoter, including the AP-1,
CRE/ATF, E2F, p53, NF-«B (nuclear factor «B), SBE [STAT
(signal transducer and activator of transcription)-binding ele-
ment], C/EBP, MEF2 and Egr-1 (early-growth-response-gene pro-

duct 1) sites [14,35,44-46]. The above result identified CREB as
a necessary transcription factor for the p38 pathway to induce
ATF3, but is by no means a comprehensive study. Other factors are
likely to play arole. In addition, it is possible that the transcription
factors required to induce ATF3 under various stress conditions
are context-dependent.

The functional relevance of ATF3 induction by the p38 pathway

To address the functional significance of ATF3 induction in the
context of p38 activation, we first examined the importance of
p38 activation upon anisomycin treatment. Activation of the p38
pathway has been implicated to either enhance or reduce apoptosis
[47], depending on the cell types and stimuli used in the studies.
We found that anisomycin treatment activated caspase 3 in
MEFs, and inhibition of p38 by SB203580 reduced anisomycin-
induced caspase 3 cleavage (Figure 8A), indicating that p38
is pro-apoptotic in this stress paradigm. Previously, ATF3 was
demonstrated to be pro-apoptotic in various stress paradigms
using different cells types, including fibroblasts [21], epithelium
[5] and endothelium [48]. We found that, in the context of aniso-
mycin treatment, ATF3 was also pro-apoptotic in the MEFs. As
shown in Figure 8(B), MEFs derived from the ATF3 knockout
(ATF3~/~) mice had reduced caspase 3 activation upon aniso-
mycin treatment compared with those from ATF3*/* mice. Thus
both p38 and ATF3 are pro-apoptotic in the context of anisomycin
treatment in MEFs. Although the p38 pathway induces the
expression of the ATF3 gene (shown above), it undoubtedly elicits
other downstream events. To dissect the functional importance of
ATF3, we designed the following experiment. We ectopically
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Figure 8 ATF3 is a downstream effector to mediate the pro-apoptotic effect of p38

(A) Immortalized MEFs were pretreated with SB203580 for 30 min, followed by anisomycin or buffer treatment for 36 h and analysed by immunoblot with antibody against cleaved caspase 3 or
actin. (B) Immortalized wild-type (WT) or ATF3 knockout (KO) MEFs were treated with anisomycin for the indicated times and analysed for caspase 3 activation by immunoblot. (C) Immortalized
MEFs were infected with adenavirus expressing HA—-ATF3 or a control vector for 6 h, pretreated with 5 ..M of SB203580 (SB) for 30 min, followed by anisomycin treatment for 36 h and analysed for
caspase 3 activation by immunoblot. (D) Immortalized MEFs were co-transfected with the indicated DNAs expressing the following products: MKK6 (CA), shRNA targeted at mouse ATF3 (ShATF3),
and HA-tagged human ATF3 that is resistant to the above ShATF3. Cells were transfected for 36 h before immunoblot analysis using the indicated antibodies.

expressed ATF3 in the presence of SB203580 to restore only the
expression of ATF3 without restoring other p38 functions. As
shown in Figure 8(C), ATF3 restored the activation of caspase 3
by anisomycin under the condition that p38 was inhibited. Thus,
in the context of anisomycin stress condition, ATF3 is sufficient
to activate caspase 3 in the absence of other downstream events
elicited by p38. We then asked whether ATF3 is necessary for
the p38 pathway to induce apoptosis. As shown in Figure 8(D),
ectopic expression of MKK6(CA) activated caspase 3, and reduc-
tion of ATF3 by shRNA knockdown diminished the ability of
MKKG6(CA) to activate caspase 3, supporting a necessary role
of ATF3 in the pro-apoptotic function of p38. This effect was
reversed by the expression of shRNA-resistant ATF3 (Figure 8D,
lane 4), excluding the possibility that the effect of the ATF3
shRNA is due to its non-specific inhibition of other genes.

Taken together, our results indicate that the p38 pathway plays
a critical role in the induction of ATF3 by anisomycin and are the
first to show that ATF3 is a functionally important downstream
effector for p38 to exert its pro-apoptotic effect. The pro-apoptotic
role of ATF3 reported here is consistent with our recent finding
that ATF3 represses Ras-mediated tumorigenesis of MEFs in
part through promoting apoptosis [21]. Interestingly, ATF3 was
shown to be induced by anticancer agents such as curcumin and
LY294002, and this induction contributes to the pro-apoptotic
effects of these anticancer compounds [49,50]. Similarly, the p38
pathway was demonstrated to mediate the pro-apoptotic effects
of anticancer drugs [51], including cannabinoids [52] and 8-
chloro-cAMP [53]. Thus our study identifying ATF3 as a func-
tionally important target of the p38 pathway may provide a new
mechanistic understanding for p38-mediated apoptosis during
chemotherapy.
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