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Abstract

The GADD34 genc is transcriptionally induced by growth arrest and DNA damage. However, the mechanisms underlying the
transcriptional regulation are still unclear. We analyzed the promoter of mouse GADD34 gene and the methylmethane sulfonate (MMS)-
induced transcriptional regulation of this gene. By introducing genome mutants, which were linked to the luciferase reporter, into NIH3T3
cells, we defined a 100-bp fragment upstream of the transcriptional initiating site as the minimal promoter of the GADD34 gene. Subsequent
study revealed that CRE-binding site located in this minimal promoter was critical for MMS-induced transcription of the GADD34 gene. In
vitro binding experiments showed that phosphorylated ¢-Jun was contained in the CRE/DNA complex. Overexpression of the dominant
negative form of c-Jun led to a decrease of MMS-responsive promoter activity. From these results, we conclude that the CRE site of the
GADD34 promoter is indispensable to the MMS-responsive cis-clement that c-Jun is the essential transcription factor for MMS-stimulated
regulation of GADD34 gene expression and that the upstream signaling is dependent on JNK.

© 2004 Elsevier B.V. All rights reserved.

Keywords: GADD34; Transcription; DNA damage; Stress response; ¢-Jun

1. Introduction

In mammalian cells, the response to genotoxic stress
enhances DNA repair, transient growth arrest, and/or apopto-
sis. The 5 GADD genes, GADD7, GADD33, GADD34,
GADD 45, and GADDI153, were originally isolated after
ultraviolet irradiation in Chinese hamster ovary (CHO) cells
{Fomeace et al,, 1989). The GADD34 gene is the human/
hamster homologue of the mouse MyD116 ¢cDNA that was
subsequently isolated as a primary response transcript
expressed during myeloid differentiation of mouse M1 my-
cloid lenkemia cells (Abdollahi et al., 1991), Moreover,
GADD genes have a growth-inhibitory function and one or

Abbreviations: GADD, growth arrest and DNA demage; MMS,
methylmethane sulfonate.
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a combination of these GADD genes suppress cell growth
{Zhan et al, 1994). The GADD34 protein has a region of
homology with the herpes simplex virus-1 (HSV-1) protein
134.5 (Chou and Roizman, 1994; He et al, 1996). The
carboxyl-terminal domain of gamma 134.5 has the structural
and functional attributes of a subunit of protein phosphatase 1
(PP1) specific for eukaryotic translation initiation factor 2
alpha (elF2qa), which it has evolved to preclude shut-off of
protein synthesis. Recently, other groups (Novea et al., 2001,
2003)and we (Kojima et al., 2003) have reporied one function
of GADD34 under endoplasmic reticulum (ER) stress. ER
stress induces the GADD34 gene expression. GADD34 binds
to PP1 and this complex specifically dephosphorylates elF 20,
which precludes the shut-off of new protein synthesis.
Because GADD34 was originally cloned afier genotoxic
stresses, GADD34 appears to possess another function that
relates to genotoxic stresses. We have shown that transfec-
tion of GADD34 enhances the phosphorylation of p53 at
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Serl5, and induces p21/WAF1 transcription via the p53
binding site (Yagi et al., 2003). Further, we have found that
GADD34 is engaged in the pathway, which suppresses cell
growth by genotoxic stress (unpublished data). The next
step to determine how GADD34 is regulated by genotoxic
stresses. Here, we cloned mouse GADD34 genome and
determined DNA sequence of GADD34. We analyzed the
GADD34 transcription induced by genotoxic stress, MMS.
We defined the MMS-responsive cis-element and transcrip-
tion factors that induce GADD34 promoter activity.

2. Materials and methods
2.1. Cell culture and regents

NIH3T3 cells from the American type culture collection
(ATCC, Rockville, MD) were maintained in a 37 °C humid-
ified atmosphere containing 5% CO, with Dulbecco’s mod-
ified Eagle’s medium (Sigma) supplemented with 10% fetal
calf serum (GIBCO). Methylmethane sulfonate (MMS) was
purchased from Sigma-Aldrich (St. Louis, MO).

2.2. Genome library

We subcloned the lambda FIX II genome library (Stra-
tagene) using the mouse GADD34 probe designed the
—250- to +40-bp range (+1 was the relative start site of
the GADD34 promoter) and amplified it by polymerase
chain reaction (PCR) using the mouse genome as a tem-
plate. The PCR amplified fragment was subcloned into a TA
cloning vector (Promega) and sequences were confirmed by
dideoxy sequencing. Restriction fragment mapping and
preliminary DNA sequencing of various subclones revealed
the organization of the mouse GADD?34 gene.

2.3. Plasmid constructs

GADD?34 promoter-containing reporters were constructed
as follows, pGL3b — 4.0 kbp was constructed via insertion of
a 4.0-kbp fragment of the mouse GADD34 promoter region,
from — 4.0 kbp to + 100 bp relative to the TATA box, into a
firefly luciferase reporier vector, pGL3-basic, at Bglll sites.
The GADD34 §' -delation constructs were all based on the
promoter-less luciferase reporter gene vector pGL3basic, A
series of scanning mutants between GADD34 — 100 and
+49 bp were prepared by PCR amplification using the mouse
genome as a template, employing different mutated 5 -oligo-
nucleotide primers and a 3’ -primer. The oligonucleotides
used in these mutagenesis reactions were as follows:
pGL3b-0.2 kbp, 5 -TACGTGAGATCGACGGCTCT-3
and 5 -CAGCGC-GCCCTATAGCGTAC-Y ; pGL3b-55bp,
5/ -CCTTTTCCCAGGGACTTCCG-3' and 5'-
CAGCGCGCCCTATAGCGTAC-3 ; pGL3b-CRE, § -
CGA-GTCTCGACCTCTCCGGT-3' and 5'-CAGC
GCGCCCTATAGCGTAC-3 ; and pGL3-TATA, §' -

CTCCGGTGACAACAGCACAGCC-3 and 5 -CAGCGC
GCCCTATAGCGTAC-3. The fragments were subcloned
into TA cloning vectors (Promega) and mutant sequences
were contfirmed by dideoxy sequencing, pCRE-luc, pAP1-iuc
and pTAL-luc vectors were purchased from Clontech. The
pTAL-luc contains the firefly luciferase (luc) gene fused to a
TATA-like (TAL) promoter region from the Herpes simplex
virus thymidine kinase (HSV-TK) promoter. The pCRE-luc
contains the firefly huciferase gene and has five copies of the
CRE-binding sequence fused to the pTAL-luc vector. The
pAP!1-luc contains the firefly luciferase gene and has five
copies of the AP1-binding sequence. The mammalian ex-
pression vectors employed in this study were driven by the
cytomegalovirus (CMV) promoter. Dominant-negative c-Jun
{TAM67) and dominant-negative ATF-2 (ATF2-dn) expres-
sion vectors were a kind gift from Dr. Xiao. The dominant-
negative CREB (kcreb)expressions vector was purchased
from Clontech.

2.4. Transient transfection and reporter gene assay

NIH3T3 cells were planted onto 24-well plates at a density
0f 20,000 cells/well. Cells were transfected with 100 ng/well
of plasmids by the effectene transfection reagent (Clontech).
MMS treatment was started 24 h after transfection, and
several hours later cells were lysed and Iuciferase assays in
the lysates were measured by luminometer. The transfection
efficiency was estimated via cotransfection with thymidine
kinase promoter-driven Renilla luciferase reporter vector
(pRL-TK plasmid, dual luciferase assay system, Promega).

2.5. Electrophoretic mobility shift assays

Nuclear extracts from either proliferating or MMS-trea-
ted NIH3T3 cells were prepared as described (Hasegawa et
al., 1999). A total of 5 ng of the nuclear extract was
incubated with 5 fmol of **P end-labeled double-strand
oligonucleotides with a sequence corresponding to the
region from —31 to — 14 bp from TATA box in the
GADD34 promoter. Incubation was carricd out in 1 volume
of 10 pl at room temperature fir 20 min. All binding
reactions contained 10 mM Tris—HCI (pH 7.5), 4% glycer-
of, 50 mM NaCl, 0.5 mM EDTA, 0.5 mM dithiothreitol
(DTT), 1 mM MgCl,, and 0.5 mg/ml of poly (dI-dC). For
competition, 1 pmol of unlabeled oligonucleotides were
incubated in the reaction. In supershift experiments, 1 pl of
antibody was added 10 min before the labeled probe. The
electrophoretic mobility shift assay (EMSA) products were
separated on a 4% polyacrylamide 0.5 X Tris—borate EDTA
gel at room temperature at 150 V for 90 min. The gel was
dried and subjected to autoradiography. The oligonucieo-
tides used in these experiments were as follows: CRE-probe:
5" -TCCGGTGACGTCAGCACAGCCC-3 and mutated
CRE-probe: §' -TCCGGTGACAACAGCACAGCCC-3'.
The antibodies directed against c-Jun, ATF-2 and CREB
and phosphorylated c-Jun, ATF-2 and CREB antibodies were
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purchased from Cell Signaling Biolab: anti-c-Jun antibody
(#9126), anti-phospho-c-Jun antibody (#9164), anti-ATF-2
antibody (#9222), anti-phospho-ATF-2 antibody (#9221),
anti-CREB antibody (#9192), and anti-phospho-CREB anti-
body (#9191). Anti-mouse IgG antibody was purchased from
Amersham.

2.6. Immunoblotting

Total cell lysates from either proliferating or MMS-treated
NIH3T3 cells were prepared as described (Xigo et al., 1999),
Cells were washed with ice-cold phosphate-buffered saline
(PBS) twice and lysed with an ice-cold lysis buffer containing
10 mM HEPES (pH 7.4), 30 mM NaCl, 2% glycerol, 0.2%
NP-40, 0.3 mM MgCl, 0.2 mM EDTA, 1 mM phenylme-
thyisulfony! fluoride (PMSF), 1 mg/ml leupeptine. Cytoplas-
mic extracts and nuclear exiracts were prepared as previously
described. Twenty-five micrograms of lysates was electro-
phoresed on 8%, 10%, or 12% SDS-polyacrylamide gels.
Proteins were detected using a chemiluminescent ECL kit
(Amersham) with one of the following antibodies: anti-c-Jun
antibody (#9126), anti-phospho-c-Jun (Ser63) antibody
(#9164), anti-phospho-ATF-2 (Thr71) antibody (#9221),
anti-phospho-CREB (Ser133) antibody (#9191), anti-phos-
pho-p38 antibody (Thr180/Tyr182) (#9211), anti-phospho-
SEK1(Thr223) (#9151, Cell Signaling Technology) or anti-
GADD34 antibody (C-19, Santa Cruz).

2.7. Statistics

Geometric means are expressed with S.EM. Statistical
significance of the differences among various groups was
evaluated by two-way repeated-measures ANOVA. Differ-
ences were considered to be significant when p <0.01.

3. Resuits
3.1. Organization of the mouse GADD34 gene

Using the mouse GADD34 probe, two positive clones,
lambda FIX TI 13 and 26, were identified. Restriction
fragment mapping and DNA sequencing of various sub-
clones revealed the organization of the mouse GADD34
gene (Fig. 1). The exon~intron organization of the mouse
GADD34 gene was determined by direct DNA sequencing
using oligodeoxynucleotide primers. A given exon—intron
boundary was indicated when the sequence from genomic
clones diverged from that of the cDNA. The entire mouse
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Fig. 2. Induction of GADD34 genc after MMS treatment. (A) Total cell
lysates from cither non-treated or MMS-trested NIH3T3 cells were
obtained at appropriate time points (at 0, 2, 4, 8, 12 and 18 h). Proteins
were detected by chemiluminescent ECL kit (Amersham). (B) Infleence of
MMS on the transcriptional activity of the mouse GADD34 promoter 4.0-
kbp luciferase-reporier construct in NIH3IT3 fibroblasts. NIH3T3 cells were
transiently transfected with mouse GADD34 promoter 4.0 kbp (pGL3b-4.0
kbp) and stimulated with MMS (0, 30, 60, 90, 120 jg/m!) for various time
periods. Results were correlated with renilla luciferase activity that came
from co-transfected pRL-TK, and expressed ag relative luciferase activity.
The results were the meen of four transfections from two separate
experiments. The crror bars indicate the S.E.M.

GADD?34 gene comprises three exons. The 900-bp-promot-
er region of the mouse GADD34 gene was completely
sequenced from both strands. DNA sequences surrounding
the mouse GADDD34 gene transcriptional start site are highly
GC-rich and have a TATA box.

3.2. Induction of mouse GADD34 promoter activity by
MMS

MMS treatment invoked GADD34 expression at 4 h after
MMS treatment. Activity peaked at 8 h and continued to
18 h (Fig. 2A). We investigated GADD34 promoter

gadd34 pene
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A3 220bp B; 1653b C; 403bp
TA 603bp 416bp
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Fig. 1. Structure of the mouse GADD34 gene. Exon are indicated by boxes and designated as A, B and C. Restriction sites are shown,
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Fig. 3. Analysis of GADD34 5' -delation mutants and mutagenesis of the mouse GADD34 core promoter in NIH3T3 cells. (A) NIH3T3 cells were transicntly
transfected with mouse GADD34 5 -delation mutants of different length and incubated with or without MMS (90 ug/ml) for 8 h. Cell lysates were
subsequently analyzed for luciferase activity. (B) The pGL3-55bp, pGL3-CRE, pGL3-TATA and pGL3-basic reporter constructs were transiently transfected
into NIH3T3 cells. MMS stimulation and luciferase assay were perforined as above. (C) Analysis of the transcriptional activity of the CRE consensus promoter
vector (pCRE-luc) in MMS-treated NIH3T3 fibroblasts. NIH3T3 cells were transiently transfected with pCRE-luc. API-luc and pTAL-luc vectors and

incubated with or without MMS (90 pg/ml) for 12 h. Cell lysates were subsequently analyzed for luciferase activity. The results were the mean of four
transfections from two separate experiments. The error bars indicate the S.E.M.
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activity using the cells iransiently transfected with
pGL3b-4.0 kbp, driven by our longest mouse GADD34
promoter in the luciferase reporter gene. As shown in
Fig. 28, GADD34 promoier activity increased immedi-
ately and peaked at 10 h afier incubation with a dose of
90 pg/mi MMS. Lysates from the cells transfected with
pGL3b-4.0 kbp showed a 2.5-fold induction following
treatment of 90 pg/ml MMS relative to the basal activity
of this construct in untreated ceils. A dose response was
observed: increasing dose resulted in increasing promoter
activity and the higher dose of MMS treatment delayed
the maximal response. Because 120 pg/ml MMS resulted
in 20% survival, we performed the following experiment
with a dose of 90 pg/ml MMS.

3.3. Mapping of basal core promoter and MMS-responsive
element in mouse GADD34 promoter

To elucidate the MMS-responsive regions of the mouse
GADD34 promoter, NIH3T3 cells were transfected tran-
siently with a series of 5’ terminus-truncated mutants of the
GADD?34 promoter linked to the luciferase reporter gene.
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Fig. 4. EMSA of the mouse GADD34 — 31 to — 14 bp region. For EMSA cxperiments, double-strand oligonucleotides were synthesized and 32p_end labeled.
(A) Double-strand labeled probes were incubated with untreated NIH3T3 cell nuclear extracts (lanes 2 to 4) or MMS-treated nuclear extract (lanes 6 to 8), and
in the presence of unlabeled {cold) consensus oligonucleotides (lanes 3 and 7) and mutant oligonucleotides (lanes 4 and 8). Lanes 1 and 5 were without nuclear
extract. (B) For supershift assays, untreated NIH3T3 nuclear extracts were pre-incubated with antibodies prior to addition of the probe. Lane 1: without
antibody, lane 2: with anti-c-Jun antibody, lane 3: with anti-phospho-c-Jun antibody, lane 4: with auti-ATF-2 antibody, lane 5: with anti-phospho-ATF-2
antibody, lane 6: with anti-CREB antibody, lane 7: with anti-phospho-CREB antibody, and lane 8: with anti-mouse IgG antibody. Solid triangle bar shows
supershift complexes and open triangle bar shows diminished complexes. (C) MMS-treated NIH3T3 nuclear extracts were pre-incubated with antibodies prior

addition of the probe. Lancs 1 to 8 numbering is same as (B).
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As shown in Fig. 3A, the basal activities of the mutant
promoters remained at the same level until truncation up to
— 55 bp (100-bp fragment, from — 55 to — 40 bp relative to
TATA box; pGL3b-55 bp, 100 bp upstream of GADD34
initiation start site). The basal activity of constructs shorter
than — 55 bp dramatically decreased. 5’ -Delation analysis
of GADD34 §' -flanking DNA revealed that —55 bp
upstream of the GADD34 TATA box is able to confer full
responsiveness fo MMS. According to database analysis
(TFSEARCH: Searching Transcription Factor Binding Sites
(ver 1.3) Web site: hilp://www.cbre. jp/rescarch/db/
TFSEARCH.hunl), we noticed that there are consensus
protein binding elements in this region. A DNA-stretch
spanning —~42 to — 33 bp is comprises putative binding
sites for GC-box, and the region between - 27 and ~20
bp represented a consensus CRE/CREB element. A mu-
tation in the GC-box site decreased basal transcription
{Fig. 3B). These results suggest that the GC-box and the
CRE located in the minimal promoter are the basal
transcription element of the GADD34 promoter. On the
other hand, a mutation in the CRE site decreased MMS-
induced transcription. These results suggest that the CRE
site located in the minimal promoter is the cis-responsive
element for MMS-induced transcription of the GADD34
promoter.

To investigate whether the CRE site is the MMS-respon-
sive element, either the pCRE-luc vector or pAP1-luc vector

(hours)

Fig. 6. MMS-treatment induced SEK1 activation and c-Jun phosphorylation. Total cell lysates from cither non-treated or MMS-treatod NIH3T3 cells were
obtained at appropriate time poinis (at 0, 2, 4 and 8 h). Proteins were detected by chemiluminescent ECL kit (Amersham).
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was transfected into NIH3T3 cells {(Fig. 3C). Lysates from
the cells transfected with pCRE-luc had a 6.9-fold induction
of luciferase activity by the MMS treatment relative to the
basal activity of this construct in untreated cells. Conversely,
lysates from the cells transfected with pAP1-luc had only a
1.2-fold induction.

3.4. c-Jun binding to the CRE site increased by MMS
treatment, while ATF-2 nor CREB did not

As the sequence of CRE of GADD34 promoter was
identical to the consensus sequence of CRE/CREB, we
investigated by EMSA assay whether the complexes con-
sisted of c¢-Jun, ATF-2 or CREB. The addition of c-Jun
(lane 2), ATF-2 (lane 4) or CREB (lane 6) antibody to the
binding reaction caused the complexes to be supershified
{Fig. 4A). By the MMS treatment, the amount of c-Jun or
phospho-c-Jun supershift increased (Fig. 4B). Conversely,
the amount of ATF-2, phospho-ATF-2, CREB or phospho-
CREB supershift was not obviously changed by the MMS
treatment,

3.5. Overexpression of dominant negative forms of c-Jun
repressed GADD34 promoter activity by MMS treatment

In order to confirm the EMSA assay, we used the dominant
negative form of c-Jun, CREB or ATF-2. When the dominant
negative form of c-Jun (TAM67) expression constructs was
co-transfected with pGL3b-55bp into NIH3T3 cells, reporter
gene activily was repressed after MMS treatment {Fig. 5).
However, neither dominant negative forms of ATF-2 (ATF2-
dn) nor CREB (kcreb) overexpression had any effect on
MMS-induced transcriptional activity.

3.6. Upstream signaling of MMS-responsive GADD34
promoter activity

ATF-2 was phosphorylated at 2 h after MMS treatment,
and continued to 8 h. Both protein amount of c-jun and that
of phospho-c-jun (ser67) increased from 2 h and maximized
at 8 h. SEK1, which phosphorylates c-JUN NH;-terminal
kinase 1/2 (JNK.1/2) and activates INK, was phosphorylated
at 8 h after MMS ireatment (Fig. 6).

4. Discussion

This is the first report to analyze mouse GADD34 pro-
moter activity. Using 5’ promoter deletion analysis, we have
shown that the minimal basal activity of GADD34 is about
— 55 bp from the TATA box. By site directed mutagenesis, we
concluded that the CRE site is indispensable to the MMS-
responsive cis-clement. Both the GC-box and the CRE site
are also found in tandem upsiream of the TATA box of human
and hamster GADD34 genes (Hollander e al., 1997). By
EMSA analysis we have shown that ¢c-Jun, ATF-2 and CREB

specifically bound the GADD34 promoter element. Although
three factors bind to the CRE site of the GADD34 promoter
{Fig. 44}, only c-jun and phospho-c-Jun increase the binding
to the GADD34 CRE site at —27 to — 20 bp by MMS
treatment. The transcription factor c-Jun is one component of
AP-1 that binds and activates franscription at AP1 sites. UV
irradiation and growth factors stimulate phosphorylation of c-
Jun and activate c-Jun-dependent transcription (Derijard ot
al,, 1994; Kyriakis et al., 1994}, As c-Jun gene expression
depends on transcription factor c-fos, a specific inhibitor of
MEK]1 might decrease the expression of ¢-fos, but PD 98059
did not influence MMS-induced Tuciferase activity of the
GADD34 promoter (data not shown). As consensus reporter
vectors showed that the CRE site is more responsive than the
AP-1 siie, we concluded that CRE site is essential for MIMS-
stimulate regulation of the GADD34 promoter.

Here we analyzed transcription of the GADD34 gene by
genotoxic stress. Recent findings show that GADD34 works
under both ER stress (Novea et al,, 2601, 2003; Kojima et al.,
2003} and DNA damaging stress (Yagi ot al., 2003 and our
unpublished data). Transcriptional regulation of GADD34
induced by both ER stresses and genotoxic stresses is
important. ATF3 has been recently shown to work as a
transcription factor for the ER siress-induced GADD34
promoter by using the same CRE binding site {liang et al.,
2004). ER stress inducer thapsigargin activates PERK, which
phosphorylates elF2a. The phosphorylated elF2a stops new
protein synthesis and induces GADD34 gene expression.
GADD?34 dephosphorylates elF2a and recovers from protein
synthesis arrest. The question then becomes whether or not
MMS treatment induces ER stresses. However, we found that
MMS did not stimulate ¢lF 2o phosphorylation or induce the
shut-off of new protein synthesis (unpublished data).
GADD34 was transcriptionally expressed by the MMS
treatment, which induces DNA damaging stress but not ER
stress. Here, we concentrated on the transcription of
GADD34 induced by genotoxic stress. GADDI153, which
is also induced by genotoxic stresses, uses the C/EBP-ATF
compogite site for transcription. The regulation of GADD153
gene transcription induced by arsenite was up-regulated by
ATF-4 and repressed by ATF-3 (Fawcett et al., 1999),

Monofunctional atkylating agents like MMS are potent
inducer of cellular stresses that lead to chromosomal aber-
rations and point mutations. Also such alkylating agents are
ubiquitous in our enmvironment, and are also produced
endogenously by cells as natural metabolites. MMS has
been shown to induce mitogen activation protein kinases
(MAPKSs) (Wilhelm et al., 1997). MAPKs comprise a
ubiquitous family of tyrosine/threonine kinase and include
extracellular signal-regulated kinase (ERKs), c-JUN NH;-
terminal kinase (JNKs) and p38MAPKs. Although some
studies have revealed a relation between GADD45 or
GADDI153 and MAPKs, the relation between GADD34
and MAPKs has not yet been elucidaied. Here we have
shown that JNK is one of the upstream signals of GADD34
gene transcription.
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Abstract Okadaic acid (OA) is a protein phosphatase (PP)
inhibitor and induces hyperphosphorylation of p53. We investi-
gated whether the inhibition of PP1 by OA promotes the
phosphorylation of the serine 15 of p53. In vitro dephosphoryl-
ation assay showed that PP1 dephosphorylated ultraviolet C
(UVC)-induced phospho-serl5 of p53, and that OA freatment
inhibited it. One of the PP1 regulators, growth arrest and DNA
damage 34 (GADD34), disturbed PP1 binding with p53,
interfered with the dephosphorylation of p53 and increased the
amount of phospho-p53 after UVC-treatment. This report
provides the first evidence that PP1, but not PP2A, dephosph-
orylates phospho-serine 15 of p53.

© 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

Keywords: Okadaic acid; DNA-damaging stress;
p53 Phosphorylation; Protein phosphatase 1;
Protein phosphatase 2A; GADD34

1. Introduction

Tumor suppressor p53 is tightly regulated by phosphoryla-
tion. The phosphorylated p53 induces cell-growth arrest
and/or apoptosis through p53 response gene transcription.
DNA-damaging stress, such as y-irradiation and ultraviolet
(UV) irradiation, activates ATM/ATR Kkinases, which in turn
phosphorylate the serine 15 residue of p53 protein [1]. The
phosphorylated serine 15 promotes the interaction with p300
[2], and p300 acetylated p53 and histones, which enhances
promoter activity of p53 response gene. It remains unclear
whether phospho-serine 15 stabilizes p53 protein. On the other
hand, the serine 20 residue of p53 is phosphorylated by CHK
proteins [3-5], and is the important site of interaction to
MDM2 protein. Phosphorylation of serine 20 dissociates from
MDM2, which promotes p53 stability [6].

It has been shown that multiple protein phosphatases (PPs)
can dephosphorylate p53 in vitro. These phosphatases include

* Corresponding author. Fax: +81-562-44-6591.
E-mail address: kenisobe@nils.go.jp (K.-i. Isobe).

Abbreviations: OA, okadaic acid; GADD, growth arrest and DNA
damage; UVC, ultraviolet C; MMS, methy! methanesulfonate

PP1, PP2A, PP5, Wipl and Cdcl4 [7-10]. Under normal
condition, PP1/PP2A dephosphorylates the C-terminal of p53
protein; this site is phosphorylated by protein kinase C, which
influences the DNA binding ability of p53 and transcriptional
activity {11]. Meanwhile, the phosphorylation at the N-termi-
nal of p53 is important for transcription and stabilization
[12,13], but dephosphorylation of that site has not been well
studied. Okadaic acid (OA), the inhibitor of PPl and PP2A
[14], accumulates hyperphosphorylated p53 [15,16] and the
PP2A inhibitor, SV40 small t antigen, promotes the DNA
binding ability of p53 and the transcriptional activity [17]. One
of the PP1 regulators, growth arrest and DNA damage 34
(GADD34) (PPPIRI15A, myd116), increases the amount of
total and phosphorylated p53, and promotes p2l1 (wafl)
mRNA expression [18]. These studies show that PPs regulate
p53 through these phosphatase activities. Under stressed
condition, however, the relations between PPs and p53 have
been unclear.

In the present study, we show the relation between p53 and
PP1 under DNA damaging conditions. We demonstrate that
OA increases the amount of phosphorylation at the serine 15,
which is related to the inactivation of PP1. Furthermore, by
using GADD34 deficient MEFs, we show that the regulation
of PP1 influenced p53 phosphorylation in vivo. These results
suggest that PP1 is the key regulator of p53 and is the major
phosphatase of phospho-serine 15 of p53.

2. Materials and methods

2.1. Cell lines and transfection

Human W38 cells and HEK 293 cells were maintained in Dulbecco’s
modified Eagle’s medium (GIBCO) supplemented with 10% fetal bo-
vine serum (GIBCO). Human p53 null cell lines SOAS-2 were main-
tained in modified McCoy’s 5A medium (GIBCO) with 5% fetal
bovine serum (FBS). All cells were grown at 37 °C in a humidified
atmosphere of 5% CO,. Transfections were performed with the effec-
tene reagent (Qiagen). Methyl methanesulfonate (MMS) was pur-
chased from Sigma-Aldrich.

2.2. Preparation of mouse embryonic fibroblasts

Mouse embryonic fibroblasts (MEFs) from GADD34-deficient mice
and wild-type mice were prepared from 14.5-day-old embryo [19]. All
cultures were maintained in Dulbecco’s modified essential medium
(Sigma) with 10% FBS. Cells were plated 2 x 10% cells/10-cm plates for
subculture.

0014-5793/$22.00 © 2004 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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2.3, Plasmids

Human p53 expression vector was provided by Bai and Merchant
[20]. PPl ¢cDNA was purchased from Invitrogen and cloned into the
BamH1/Xbal site of pcDNA3.1HisA vector with Xpress tag. Mouse
GADD34 myc-tagged expression vector was described previously [18].
SV40 small t antigen cDNA was obtained by polymerase chain reac-
tion (PCR) amplification using the cDNA of COS-1 cells as a template
and employing 5'- and ¥-oligonucleotide primers. The oligonucleo-
tides used in this experiment were as follows: small t antigen 5'-probe:
5'- CGGGATCCATGGATAAAGTTTTAAACAGAG -3'; small t
antigen 3'-probe: 5-CCGCTCGAGTTAGAGCTTTAAATCTCTG-
TA -3'. The fragments were subcloned into the BamH1/Xbal site of
pcDNA3.1HisA vectors. Sequences were confirmed by dideoxy se-
quencing. When cDNA expression vectors were transfected, protein
synthesis was inhibited by the phosphorylation of eukaryotic transla-
tion initiation factor 2 alpha (elF2u). We employed pAdVantage
vector (Promega) to preclude the termination of protein synthesis.

2.4. DNA-damaging and phosphatase-inhibitor treatments

WI38 cells and MEFs were grown to 50-80% confiuence in 6-cm
dishes in DMEM containing 10% FBS, DNA damage was achieved by
exposing the cells to ultraviolet C (UVC) (50 J/m2) or MMS (80 pg/
mi). Cells were harvested at indicated time points. In some experi-
ments, they were treated with increasing concentrations of OA (from 1
to 100 nM) 6 h before DNA-damage treatment. Four hours after
irradiation, cells were treated with 10 pg/ml of cyclohexamide to
arrest new pS53 protein synthesis and cells were then harvested at the
indicated time points. OA and cyclohexamide were purchased from
Sigma.

2.5. Immunoblotiing

Proteins were analyzed by SDS-PAGE and detected by a chemilu-
minescent ECL kit (Amersham} with one of the following antibodies:
anti-p53 antibody, anti-phospho-serl5 p53 antibody (Cell signaling),
anti-GFP antibody (BD Biosciences), anti-GADD34 antibody (Santa
Cruz), anti-cIF2a antibody (Santa Cruz), anti-phospho-ser 51 elF2a
antibody (BIOSOURCE international), anti-p21 (wafl) antibody
(Santa Cruz), and anti-B-actin antibody (Amersham).

2.6. In vitro dephospharylation assay

WI38 cells wereUVC-treated (100 J/m?) and 1 h later the cells were
Iysed in low-stringency buffer (50 mM Tris-HCl, pH 7.5; 120 mM
NaCl; 0.5 mM EDTA; and 0.5% NP-40) in the presence of PMSF and
protease inhibitors. After pre-cleaning with protein G beads (Amer-
sham), the extracts were immunoprecipitated with anti-p53 antibody in
the presence of protein G beads for 4 h at 4 °C. The beads were then
washed three times with low-stringency buffer, and twice with PPt
reaction buffer containing 1 mM MnClI2 and 5 mM caffeine. One unit
of PPl (New England Biolabs, Inc.) was added to the immune com-
plexes for 1 h at 30 °C. For inhibition studies, the immune complexes
and PP1 were incubated with 1 pM of OA in PP1 reaction buffer for
I h at 30 °C. For positive control studies, Calf intestine alkaliphos-
phatase (CIAP) (Takara) was added to the immune complexes in CIAP
buffer for 1 h at 37 °C. Dephosphorylation was analyzed by SDS-
PAGE and was detected by immunoblotting with anti phospho-serine
15 of p53 antibody.

3. Results

3.1. Okadaic acid increases UV C-induced phosphorylation at
serine 15 residue of p53

OA is a inhibitor of PP1 and PP2A. To evaluate the role of
PPI/PP2A in regulating p53 phosphorylation after DNA-
damaging stress, WI38 cells were exposed to UVC (50 J/m?)
with increasing concentrations of OA. As shown in Fig. 1, the
high concentrations of QA (100 nM) induced an increase in
phosphorylated serine 15 of p33. On the other hand, the low
concentrations of OA (1 nM) slightly reduced the phosphor-
ylation of p53 after UVC treatment. The same treatment did
not affect the amount of B-actin. These results demonstrate
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Fig. 1. OA increases p53 phosphorylation by UVC treatment. WI38
cells were treated by UVC (50 J/m®) for 4 h with increasing concen-
trations of OA. Phosphorylated p53 (top panel) and total p53 (middie
panel) were determined. As a control, B-actin levels were determined
(bottom panel). These are the representative data of more than two
experiments.

that PPl and/or PP2A regulated the phosphorylation at the
serine 15 of p53 through phosphatase activity.

3.2. Protein phosphatase 1, but not protein phosphatase 24, is
the key regulator of phospho-serine 15 of p53

High concentrations of OA (100 nM) promoted the phos-
phorylation of p53, but it was unclear whether PP1 or PP2A
was more important for the regulation of phospho-serine 15 of
p53. To rule out the possibility that PP2A dephosphorylates
p53, the PP2A inhibitor, SV40 small t antigen, was co-trans-
fected to the culture cells to block p53 dephosphorylation.
After UVC treatment, small t antigen did not affect the
amount of p53, but induced a decrease in phospho-serine 15 of
p33 (Fig. 2). To confirm the possibility that PP1 dephosph-
orylates p53, the PPl regulator protein, GADD34, was
co-transfected to the cultured cells to block p53 dephospho-
rylation. After UVC treatment, mouse GADD34 increased the
amount of p53 and induced phosphorylation at the serine 15 of
p53 (Fig. 2). These results suggested that GADD34 interfered
in the dephosphorylation of p53, causing an increase in
phospho-serine 15.

3.3. Protein phosphatase 1 dephosphorylates the serine 15
residue of p53 in vitro

Because we found that PP1 bound p53 in vivo, we next in-
vestigated whether PPl could actually dephosphorylate
phospho-serl5 of p53. We employed in vitro dephosphoryla-
tion assay. As shown in Fig. 3, PPl dephosphorylated
UVC-induced phospho-serl5 of p53. 1 pM of OA treatment
inhibited the phosphatase activity of PP1. CIAP also dep-
hosphated p53.

3.4. The PPI regulator GADD34 enhances DNA damage-
induced p53 phosphorylation

To determine the relation between p53 phosphorylation and
GADD34, we analyzed the p53 protein expression and p53
phosphorylation using GADD34 deficient MEFs. In wild-type
MEFs, GADD34 was induced 8 h after MMS treatment
(Fig. 4). And the protein levels of p53 and phospho-serine 18
of mouse p33 (corresponding to serine 15 of human p53) were
highly expressed in a time-dependent manner at 8 h after
MMS treatment. On the other hand, in GADD34-deficient
MEFs, the levels of both p53 and phospho-serine 18 of p53
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Fig. 2. Mouse GADD34 promotes phospho-ser 15 of p53 and inter-
feres with the interaction between PP1 and p53. GADD34 promotes
phosphorylation of p53 at serine 15, but SV40 small t antigen decreases
phospho-serine 15. SOAS-2 cells were transfected with 0.1 pg of hu-
man p53 wild-type, 0.1 pg of GFP and 0.2 pg of Advantage vector (all
lanes), and co-transfected with one or more of the following vectors:
0.2 pg of mock vector (lane 1), 0.1 pg of mock vector and 0.1 pg of
small t antigen expression vector (lane 2), 0.2 pg of small t antigen
expression vector (lane 3), 0.1 pg of mock vector and 0.1 pg of mouse
GADD34 expression vector (lane 4), and 0.2 pg of GADD34 expres-
sion vector (lane 5). Phosph-ser 15 of p53 (top panel) and total p53
(middle panel) were determined. GFP was determined as the trans-
fection internal control (bottom panel). These are the representative
data of more than two experiments.

phospho-
PpB3(seris)

Fig. 3. PP dephosphorylates phospho-ser15 of p53 in vitro. WI38 cells
were UVC-treated (100 J/m?) and p53 protein was immunoprecipitated
with anti-p53 antibody. As a control, the immune complexes were
incubated without PP1 (lanel). One unit of PP1 was added to the
complexes (lane 2). For inhibition studies, the complexes and PP1 were
incubated with 1 pM of OA (lane 3). As a positive control, CIAP was
added to the complexes (lane 4). The products were probed with anti
phospho-serine 15 of p53 antibody (upper panel). Same membrane was
re-probed with anti p53 antibody (lower panel). These are the repre-
sentative data of more than two experiments.

expressions were lower than in wild-type MEFs. The fold
induction of phosphorylated p353 per total p53 by MMS treat-
ment was lower than that of wild-type MEFs. In GADD34-
deficient MEFs, the level of p21 (wafl, cipl) expression was

173
GADD34+/+ MEFs GADD3-/- MEFs
MMS trentment MMS treatment
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GADD34 |

phosphe-
eil2a
(serS1)

ekif2e

phwspho
-p33{ser18)

ps3

B-actin

p2i{wafl)

Fig. 4. Determination of p53 and phospho-p53 protein levels in wild-
type and GADD34 deficient MEFs after MMS treatment. Cells were
treated with 80 pg/ml MMS and cell lysates were prepared at the in-
dicated time points. 50-pg lysate was run on 10% SDS-PAGE. To
investigate the status of protein synthesis, we examined total eIF2a and
phosphorylated elF2u. Total p53, phosphorylated p53 and p21 (wafl)
were determined by immunoblotting. As a control, B-actin levels were
determined. These are the representative data of more than two
experiments,

lower than that in wild-type MEFs. MMS treatment, unlike
endoplasmic reticulum (ER) stress, did not induce the phos-
phorylation of eIF2« (Fig. 4). The same treatment did not
affect the expression of P-actin, indicating that GADD34
protein did not have an overall positive effect on protein
expression after MMS treatment,

4. Discussion

PP1 is the cellular protein serine/threonine phosphatase and
the regulator of protein function through dephosphorylation.
Here, we showed that OA treatment enhanced the phosphor-
ylation of p53 at serine 15 after UVC treatment (Fig. 1). OA is
the inhibitor of PP1 and PP2A, and this agent inhibits PP2A
(50% inhibitory dose ICsp, 1-10 nM) more potently than PP1
(ICsp, 100 nM to 1 pM) [21]. Since 100 nM OA promoted the
phosphorylation of p53, PP1 was thought to be more impor-
tant in phospho-serine 15 of p53. To rule out the possibility
that PP2A dephosphorylates p53, the PP2A inhibitor, SV40
small t antigen, was co-transfected with p53 expression vector
to block p53 dephosphorylation. After UVC treatment, small t
antigen did not affect the amount of p53, but induced a de-
crease in phospho-serine 15 of p53 (Fig. 2). The corresponding
mechanisms remain unknown, but it is suggested that PP2A
may act as a negative regulator of PP1 or activate the serine 15
kinase.

The PPI regulator, GADD34 (PPPIRI15A, myd116), is in-
duced by ER stress [19,22,23], and GADD?34 relocates PP1 to
ER for dephosphorylation of elF2a. We employed GADD34
to confirm the possibility that PP1 dephosphorylates p33.
After UVC treatment, co-transfected mouse GADD34 ex-
pression increased the amounts of total and phospho-ser 15 of



174

p33 (Fig. 2). By using GADD34 deficient MEFs, we confirmed
the relation between GADD34 and p53 phosphorylation
(Fig. 4). In a previous study, we reported that PP1 regulator
GADD34 induced phospho-serine 15 of p53 and promoted p21
(wafl) mRNA expression through p53 DNA binding sites [18].

The phosphorylation at the N-terminal site of p53 is im-
portant for transcription and stabilization [12,13], but the de-
phosphorylation of N-terminal site has not been well studied.
Here, we revealed for the first time a relationship between N-
terminal phospho-serine 15 residue of p53 and PP1, and that
phospho-serine 15 temporarily promotes the stability of p53
protein. By in vitro dephosphorylation assay (Fig. 3), we
showed that PPl actually dephosphorylated phospho-serine 15
of p53. However, it is still unclear whether other phosphory-
lated sites of p53 are dephosphorylated by PP1.

In conclusion, we propose that in response to UVC treat-
ment, p53 is phosphorylated by the serine 15 kinases and
continuously dephosphorylated by PP1 but not by PP2A. This
dephosphorylation requires the phosphatase ability of PP1.
The PP1 regulator GADD34 interferes with the dephospho-
rylation of p53 and increases the phosphorylation at serine 15
of p53. These results support the speculation that GADD34
regulates p53 by modulating its phosphorylation levels.

Acknowledgements: This study was supported by the Fund from the
Ministry of Education, Science, and Culture of Japan.

References

{1} Canman, C.E. et al. (1998) Science 281, 1677-1679.
[2] Lambert, P.F., Kashanchi, F., Radonovich, M.F., Shiekhattar, R.
and Brady, J.N. (1998) J. Biol. Chem. 273, 33048-33053.

M. Haneda et al. | FEBS Letters 567 (2004) 171174

[3] Chehab, N.H., Malikzay, A., Appel, M. and Halazonetis, T.D.
(2000) Genes Dev. 14, 278-288.
[4] Hirao, A. et al. (2000) Science 287, 1824-1827.
{5} Taylor, W.R. and Stark, G.R. (2001) Oncogene 20, 1803-1815.
[6] Chehab, N.H., Malikzay, A., Stavridi, E.S. and Halazonetis, T.D.
(1999) Proc. Natl. Acad. Sci. USA 96, 13777-13782.
[7] Scheidtmann, K.H., Mumby, M.C., Rundell, K. and Walter, G.
(1991) Mol. Cell. Biol. 11, 1996-2003.
{8} Fiscella, M. et al. (1997) Proc. Natl. Acad. Sci. USA 94, 6048~
6053.
91 Zuo, Z., Dean, N.M. and Honkanen, R.E. (1998) I. Biol. Chem.
273, 12250-12258.
{10} Li, L., Ljungman, M. and Dixon, J.E. (2000} J. Biol. Chem. 275,
2410-2414.
{11] Takenaka, 1., Morin, F., Seizinger, B.R. and Kliey, N. (1995) J.
Biol. Chem. 270, 5405-5411.
[12] Turenne, G.A., Paul, P., Laflair, L. and Price, B.D. (2001)
Oncogene 20, 5100-5110.
[13] Dohoney, K.M., Guillerm, C., Whiteford, C., Elbi, C., Lambert,
P.F., Hager, G.L. and Brady, J.N. (2004) Oncogene 23, 49-
57.
[14} Cohen, P., Holmes, C.F. and Tsukitani, Y. (1990) Trends
Biochem. Sci. 15, 98-102.
{15] Yatsunami, J., Komori, A., Ohta, T., Suganuma, M. and Fujiki,
H. (1993) Cancer Res. 53, 239-241.
{16} Zhang, W., McClain, C., Gau, J.P., Guo, X.Y. and Deisseroth,
A.B. (1994) Cancer Res. 54, 4448-4453.
(17] Mateer, S.C., Fedorov, S.A. and Mumby, M.C. (1998) J. Biol.
Chem, 273, 35339-35346.
[18] Yagi, A. et al. (2003) J. Ceil. Biochem. 90, 1242--1249.
[19] Kojima, E. et al. (2003) FASEB J. 17, 1573~1575.
[20] Bai, L. and Merchant, J.L. (2001) Mol. Cell. Biol. 21, 4670-
4683.
[21] Gupta, V., Ogawa, A K., Du, X., Houk, K.N. and Armstrong,
R.W. (1997) J. Med. Chem. 40, 3199-3206.
[22} Novoa, 1., Zeng, H., Harding, H.P. and Ron. D. (2001) 1. Cell.
Biol. 153, 1011-1022.
[23] Novoa, 1., Zhang, Y., Zeng, H., Jungreis, R., Harding, H.P. and
Ron, D. (2003) EMBO J. 22, 1180-1187.



Laboratory Investigation (2004) 84, 173-181
© 2004 USCAP inc Al rights reserved 0023-6837/04 $25.00

www.laboratoryinvestigation.org

Toll-like receptor 4 is expressed with
enteroviral replication in myocardium from
patients with dilated cardiomyopathy

Mamoru Satoh, Motoyuki Nakamura, Tomonari Akatsu, Yudai Shimoda, Ikuo Segawa
and Katsuhiko Hiramori

Second Department of Internal Medicine, Iwate Medical University School of Medicine, Iwate, Japan

Expressions of innate immune response proteins, most notably proinflammatory cytokines, against enteroviral
(EV) infection have been documented in the heart of human dilated cardiomyopathy (DCM). Toll-like receptor 4
(TLR4) activates signaling pathways leading to the expression of proinflammatory cytokines implicated the
etiology of DCM. We sought to determine whether EV replication activates TL.R4-dependent immune response
in myocardium obtained from patients with DCM. Endomyocardial biopsy tissues were obtained from 56
patients with DCM and 10 controls. Levels of plus- and minus-strand EV RNA and TLR4 mRNA were measured
by real-time RT-PCR. Immunohistochemical analysis was performed to identify the cellular source of EV capsid
protein VP1 and TLR4. Both plus- and minus-strand EV RNA were detected in 19 DCM patients (34%). Neither
strand of EV RNA was detected in controls. TLR4 mRNA levels were higher in DCM patients than in controls
(P<0.001). A positive correlation was found between TLR4 levels and each strand type of EV RNA in EV RNA-
positive patients (plus-strand vs TLR4: r=0.89, P<0.001; minus-strand vs TLR4: r=0.65, P=0.002). VP1/TLR4
double staining showed extensive colocalization of VP1 and TLR4 proteins in cytoplasm of cardiac myocytes in
myocardium obtained from DCM patients. EV RNA-positive patienis showed lower systolic function and larger
ventricular volume compared with EV RNA-negative patients left ventricular ejection fraction (LVEF): P=0.002;
left ventricular end-systolic diameter (LVESD): P=0.004). The DCiMf subgroup with high TLR4 levels showed
lower LVEF and larger LVESD than the subgroup with TLR4 levels (both P<0.001). This study suggesis that
myocardial expression of TLR4 associates with EV replication in human DCM. EV RNA and TLR4 mRNA levels
may correlate with LV dysfunction in DCM. The expression of TLR4 against EV replication may be involved in
the pathogenesis of DCM.

Laboratory Investigation (2004) 84, 173-181, advance online publication, 15 December 2003; doi:10.1038/1abinvest.3700031

Keywords: cytokines; immunology; infection/inflammation; signal transduction; viral diseases

Enteroviral (EV) RNA has been detected in a
proportion of patients with dilated cardiomyopathy
(DCM).>* 1t has been demonstrated that the detec-
tion of EV RNA in myocardium of DCM patients is
associated with adverse prognosis.® In particular,
the presence of minus-strand EV RNA indicates
active viral replication, and plays a role in the
development of myocardial injury in DCM.* Our
previous study has reported that myocardial expres-
sion levels of tumor necrosis factor-a (TNF-«) and EV
RNA were increased in patients with DCM regard-
less of etiology of left ventricular (LV) dysfunction.®®
It is likely that an immune response against viral
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pathogens is important in the pathogenesis of DCM.
However, the precise mechanism underlying tissue
injury in virus-mediated cardiomyopathy is not
clear.

A family of toll-like receptors (TLRs) has recently
been identified as a key component of pathogen-
associated molecular pattern recognition machi-
nery.’ At least nine types of human TLRs have
recently been identified.” It has been shown that
active TLR4 led to expression of nuclear factor-«B
(NF-xB)-controlled genes for proinflammatory cyto-
kines that are required for activation of the immune
response.’ TLR4 may therefore be an important
factor in the signaling pathway in the host immune
system in response to infectious disease. It has
recently been reported that activation of antiviral
immune response via TLR4 is important in the
pathogenesis of viral infection.®

The purpose of this study was to determine
whether TLR4 was expressed with EV replication,



