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The activation of p53 is a guardian mechanism to protect primary cells from malignant transformation; how-
ever, the details of the activation of p53 by oncogenic stress are still incomplete. In this report we show that in
Gadd45a�/� mouse embryo fibroblasts (MEF), overexpression of H-ras activates extracellular signal-regulated
kinase (ERK) and c-Jun N-terminal kinase (JNK) but not p38 kinase, and this correlates with the loss of H-
ras-induced cell cycle arrest (premature senescence). Inhibition of p38 mitogen-activated protein kinase (MAPK)
activation correlated with the deregulation of p53 activation, and both a p38 MAPK chemical inhibitor and the
expression of a dominant-negative p38� inhibited p53 activation in the presence of H-ras in wild-type MEF.
p38, but not ERK or JNK, was found in a complex with Gadd45 proteins. The region of interaction was mapped
to amino acids 71 to 96, and the central portion (amino acids 71 to 124) of Gadd45a was required for p38
MAPK activation in the presence of H-ras. Our results indicate that this Gadd45/p38 pathway plays an
important role in preventing oncogene-induced growth at least in part by regulating the p53 tumor suppressor.

Regulation of genomic stability and protection from malig-
nant transformation are complex processes involving a variety
of different mechanisms, including permanent cell cycle arrest
after expression of an activated oncogene (7). In normal pri-
mary cells, overexpression of an oncogene, such as activated
Ha-ras, can trigger growth arrest with features of cell senes-
cence, as well as apoptosis, in fibroblasts and epithelial cells (7,
9, 17, 35, 41). Such responses probably have a protective role in
vivo by removing cycling cells when an oncogene has become
active. The mechanism for premature senescence involves mul-
tiple pathways, including those involving p53 and Rb. To a
large extent, Ras-induced cell cycle arrest is dependent on p53
signaling, except with certain human cells, such as IMR-90,
where additional mechanisms are involved (41). In mouse cells,
growth arrest after oncogenic stimulation is dependent on the
p19/ARF pathway-mediated stabilization of p53 (17; S. Bates,
A. C. Phillips, P. A. Clark, F. Stott, G. Peters, R. L. Ludwig,
and K. H. Vousden, Letter, Nature 395:124-125, 1998; I. Palm-
ero, C. Pantoja, and M. Serrano, Letter, Nature 395:125-126,
1998), which is not the case for some human cell lines in which
p14/ARF is not induced (51). Although p53 accumulation is an
important feature, full activation of p53 involves other events,
including posttranslational modifications which involve a vari-
ety of regulatory kinases, including the mitogen-activated pro-
tein kinases (MAPK) (see reference 6 for more details).

In addition to the activation of the MEK1-extracellular sig-
nal-regulated kinase 1 and 2 (ERK1/2) pathway by oncogenic
Ras, which can regulate p16/Ink4a levels (34, 63), there is
increasing evidence that the other two major MAPK pathways,
p38 MAPK (p38) and c-Jun N-terminal kinase (JNK), have
important roles in the cellular response to oncogenic stress

(40). In the case of Ha-ras activation, all three (ERK, p38, and
JNK) of the major branches of the MAPK pathway are stim-
ulated. Sequential activation of the ERK pathway and then the
p38 pathway has recently been reported to contribute to the
induction of premature senescence by Ha-rasV12 (H-ras) (48).
In this study, the argument was developed that H-ras activation
of ERK and JNK can have growth-stimulating effects while
premature senescence relies on the subsequent activation of
p38. Growth arrest triggered by dominant-positive expression
of MEK1, MKK3, or MAPK kinase 6 (MKK6) was blocked by
inhibition of p38, which highlights the pivotal role of the p38
portion of the MAPK pathway as the cellular brake after on-
cogenic stress (3). In another recent study (40), pharmacologic
inhibition of p38, together with Raf activation of ERK, was
sufficient to mimic the morphological and growth transforma-
tions caused by oncogenic Ras. p38-mediated growth inhibition
has been shown to involve stimulation of p53 (8) as well as
inhibition of Cdc25B (10) and cyclin D1 (32). In human fibro-
blasts, overexpression of H-ras resulted in p53 posttranslation
modifications at Ser33 and Ser46 (9), which are the same sites
that exhibited p38-dependent phosphorylation after UV radi-
ation (8). Growth inhibition of human fibroblasts by H-ras was
prevented by pharmacologic inhibition of p38 (48). Studies
with the Wip1 phosphatase, which can inactivate p38 (45), also
support the contention that p38 is an important component in
mediating stress-induced growth arrest. Wip1, which is p53
inducible, has been shown to mediate negative feedback reg-
ulation of p53 by inactivation of p38 after UV radiation (45).
While single oncogenes such as those encoding H-ras, Myc,
and Neu do not transform primary wild-type (wt) mouse em-
bryo fibroblasts (MEF), coexpression of Wip1 did allow trans-
formation of wt cells with these oncogenes (9). In the same
study, frequent amplification of PPM1D, which encodes Wip1,
was found in wt p53 human breast tumors, which further sup-
ports the hypothesis that the Wip1 gene can function as an
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oncogene in some circumstances while p38 has tumor suppres-
sor properties.

Gadd45a (growth arrest and DNA damage inducible) has
been associated with negative growth regulation since its iso-
lation more than 12 years ago and is known to be regulated by
a variety of proteins with tumor suppressor properties, such as
p53 (recently reviewed in reference 21). Gadd45a is one mem-
ber of a three-protein family of small acidic proteins that bind
to several other proteins, including Cdc2, PCNA, p21 (Waf1/
Cip1), core histones, and MTK1 (see reference 21 for more
details). In the case of MTK1 (37, 47), a MAPK kinase kinase
(MAPKKK), its murine equivalent, MEKK4, which is ubiqui-
tously expressed, was originally reported to activate JNK but
not p38 or ERK (18), but evidence exists that it can also
activate p38. For example, overexpression of MTK1 in COS
cells activated both p38 and JNK, and a dominant-negative
form of MTK1 blocked p38 appreciably more than JNK (46).
The Drosophila homolog of MTK1 has also been reported to
activate p38 (25). All three Gadd45 proteins have been found
to bind to and activate MTK1, leading to activation of both
JNK and p38, and it has been proposed that induction of the
Gadd45 protein is required for normal activation of JNK and
p38 after stresses such as UV radiation (20, 37, 47).

The development of Gadd45a�/� mice has helped clarify the
cellular roles of this stress protein (24). Interestingly, primary
Gadd45a�/� MEF were able to undergo single oncogene
transformation by H-ras. In the case of UV radiation, normal
activation of the stress MAPK in Gadd45a�/� MEF was ob-
served (49). A more recent observation supports some role(s)
for the Gadd45 proteins in MAPK regulation. In T helper 1
cells from Gadd45g�/� mice, activation of p38 and JNK was
found to be severely compromised in response to T-cell recep-
tor signaling (36). Considering the central role of MAPK sig-
naling and premature senescence in preventing H-ras transfor-
mation, we carried out an analysis of these events with
Gadd45a�/� MEF. Oncogenic Ras triggered normal activation
of ERK and JNK, but there was a nearly complete loss of p38
activation. Loss of p38 activation correlated with deficient p53
activation and loss of normal G1 and G2 checkpoint activation.
Proficient JNK activation by H-ras indicated that proficient
upstream signaling by MAPK kinase (MAPKK) and MAP-
KKK could occur and raised the possibility that Gadd45a may
affect p38 directly. Gadd45a was found to interact with p38,
and the central region of Gadd45a was required for p38 bind-
ing and H-ras activation of p38.

MATERIALS AND METHODS

Cell culture. MEF were prepared from E13.5 embryos. Cells were maintained
in Dulbecco modified Eagle medium with 10% fetal bovine serum. For intro-
duction of an activated ras allele into MEF, Phoenix Eco packaging cells were
transfected with pBabe-puro and pBabe-H-ras retroviral plasmids (provided by
S. Lowe). pBabe-H-ras contains the H-rasV12 allele (41). Virus-containing me-
dium was collected and was used for infection as previously described (41). Four
days after selection with 2 �g of puromycin/ml, equal numbers of cells were
seeded for experiments. In some cases, MEK1 inhibitor (50 �M PD98059) or p38
inhibitor (10 �M SB202190) was added immediately after selection and cells
were cultivated in the presence of the inhibitor for 5 days. To analyze cells in S
phase, pulse-labeling with 10 �M bromodeoxyuridine (BrdU) was done for 2 h
as previously described (11). Senescence-associated-�-galactosidase-positive
cells were stained as previously described (41). Cell line 33-F expressing Flag-
tagged Gadd45a and the control line were obtained by stably transfecting human

colorectal RKO cells with pFlag-Gadd45a and pcDNA3.1-Flag vectors, respec-
tively (30).

Plasmids and transfection. All Ras-related expression vectors have been de-
scribed previously, and the chloramphenicol acetyltransferase (CAT) assay was
carried out as previously described (8). Constructs for expression of hemagglu-
tinin (HA)-tagged Gadd45a as well as Myc-tagged Gadd45a deletion mutant
proteins in mammalian cells have been described previously (27, 30). Plasmids
for expression of HA-tagged JNK1 and Flag-tagged p38� were kindly provided
by M. Karin (University of California—San Diego) and J. Han (The Scripps
Research Institute), respectively. Transfections were carried out with Effectene
(Qiagen) or Lipofectamine 2000 (Gibco-BRL) reagent according to the manu-
facturer’s protocol.

Immunoblot and in vitro kinase assays. Cultures were washed twice in ice-cold
phosphate-buffered saline, lysed in ice-cold radioimmunoprecipitation assay
(RIPA) buffer (50 mM Tris-HCl [pH 8.0], 0.14 mM NaCl, 1% NP-40, 20 mM
�-glycerophosphate, 10 �g of aprotinin/ml, 10 �g of leupeptin/ml, 1 mM phe-
nylmethylsulfonyl fluoride), and centrifuged at 14,000 � g for 15 min. For
immunoblot analyses, 50 to 100 �g of protein was applied to each gel lane.
Analysis of protein levels was carried out by using polyclonal antibodies (Abs)
against p16/ink4a (M-156; Santa Cruz) and p53 (AB7; Oncogene), monoclonal
Abs against p21/Waf1 (AB4; Oncogene) and actin (AB1; Oncogene), anti-Flag
monoclonal Ab M2 (Sigma) or anti-Flag monoclonal Ab M2 conjugated with
horseradish peroxidase (Sigma), anti-HA polyclonal Ab (Covance Research
Products), anti-Myc-tag monoclonal Ab 9E10 (Santa Cruz), anti-Gadd45a poly-
clonal Ab H-165 (Santa Cruz), anti-p38 polyclonal Ab C-20 (Santa Cruz), anti-
JNK polyclonal Ab C-17 (Santa Cruz), and anti-ERK2 polyclonal Ab C-14
(Santa Cruz). Secondary Abs were sheep anti-mouse or anti-rabbit immunoglob-
ulin G conjugated with horseradish peroxidase (Amersham Pharmacia). Endog-
enous ERK2 (MAPK2) or p38 was immunoprecipitated from MEF by incuba-
tion with the specific Ab. For immunoprecipitation, a sample of cleared total
lysates (with total protein ranging from 0.5 to 10 mg) was incubated with affinity
matrix–anti-Flag (M2) agarose (Sigma), anti-HA agarose (Covance Research
Products), or anti-Myc agarose (Santa Cruz) for 2 h or overnight at 4°C. Isolated
immunocomplexes were washed five times in RIPA buffer and subjected to
immunoblot analysis as described above.

JNK kinase activity was analyzed after pull-down of protein extracts with 10 �g
of glutathione S-transferase (GST)-Jun. Immunoprecipitates were washed twice
with lysis buffer and then with kinase buffer (20 mM HEPES [pH 7.9], 20 mM
MgCl2, 25 mM �-glycerophosphate). Kinase reactions were performed in 50 �l
of kinase buffer containing 10% glycerol, 1 mM dithiothreitol, 50 �M unlabeled
ATP, and 5 �Ci of [�-32P]ATP. For ERK2 and p38 analysis, 10 �g of myelin
basic protein and 2 �g of GST-ATF2, respectively, were used as substrates.
Reactions mixtures were incubated for 20 min at 30°C. Proteins were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis in 4 to 20% gradient
gels, and the dried gels were exposed to X-ray film (Kodak).

In vitro association assays. For in vitro association assays, the T7-based
coupled transcription-translation system with rabbit reticulocytes (TNT; Pro-
mega) and the EasyTag-[35S] protein labeling mix (NEN Life Science Products)
were used to produce 35S-labeled Gadd45a and p38� proteins. pCDNA-based HA-
Gadd45a- (30) or Flag-p38�-expressing plasmid constructs were used in these
reactions. In control reactions, only respective vectors were used. Transcription-
translation-coupled reactions were carried out according to the manufacturer’s
protocol. Five microliters of reaction mixture (approximately one-tenth of the re-
action mixture volume) was used for association assays. It was mixed with an
aliquot of sample or control reaction mixture, diluted to 250 �l with ice-cold RIPA
buffer supplemented with 100 �g of bovine serum albumin/ml, and incubated on
ice for 30 min. These reaction mixtures were then precleared with nonrelated
anti-Myc immunomatrix to minimize nonspecific precipitation. Supernatants of
precleared reaction mixtures were immunoprecipitated with specific immunoma-
trix (either anti-HA or anti-Flag). In the case of the GST pull-down assay, 5 �l
of 35S-labeled p38� reaction mixture was diluted to 250 �l with RIPA buffer and
precleared with glutathione-agarose (Sigma). Precleared sample was incubated
with GST-Gadd45-agarose or GST-agarose (control). Immunobeads were
washed extensively with RIPA buffer and subjected to sodium dodecyl sulfate–
12% polyacrylamide gel electrophoresis followed by protein electroblotting to a
polyvinylidene difluoride membrane. Membranes were autoradiographed and/or
immunoprobed with specific primary Abs.

RESULTS

Gadd45a�/� MEF do not undergo permanent cell cycle ar-
rest in the presence of H-ras. Since Gadd45a�/� MEF are able
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to undergo single oncogene transformation, unlike wt MEF
(24), and since permanent cell cycle arrest (premature senes-
cence) is believed to be a major protective response to an
activated oncogene (41), growth inhibition by H-ras was stud-
ied in wt, Gadd45a�/�, and Trp53�/� MEF. Cells were infect-
ed with retrovirus containing either a puromycin resistance
gene alone or the H-rasV12 gene and selected for 4 days in the
presence of 2 �g of puromycin/ml as previously described (41).
As reported previously (24), the Gadd45a�/� MEF used in this
study did not undergo replicative senescence. Analysis of
growth rate showed that H-ras overexpression blocked prolif-
eration in wt MEF but not in Gadd45a�/� or Trp53�/� cells
(Fig. 1, right panel). These data were further supported by
analysis of BrdU-positive cells on day 5 after puromycin selec-
tion. Neither Gadd45a�/� nor Trp53�/� cell cultures had a
decreased number of cells in S phase after H-ras overexpres-
sion. Moreover, analysis of senescence-associated-�-galactosi-
dase-positive cells did not reveal any difference between
pBabe-puro- and pBabe-H-ras-infected cells among either
Gadd45a�/� or Trp53�/� MEF, while this senescence marker
was increased in the wt cells (data not shown). These results
demonstrate that, as is the case for Trp53�/� cells, the mech-
anism for Ras-induced long-term cell cycle arrest, premature
senescence, is abolished after disruption of the Gadd45a gene.

Deregulation of p38 and p53 activation after H-ras overex-
pression in Gadd45a�/� cells. Since oncogenic H-ras can acti-

vate all three components of the MAPK pathway in wt cells
(Fig. 2A, left panel) (19), we investigated the activation of
these critical pathways in Gadd45�/� MEF. As shown in the
right panel of Fig. 2A, there was normal activation of ERK and
JNK, but p38 activation was completely abolished. Gadd45a
can participate in the regulation of JNK and p38 kinase
through positive regulation of an upstream kinase, MTK1,
which presumably will lead to activation of both p38 and JNK
(37, 47). Our results are consistent with this mechanism if a
compensatory mechanism, such as one involving a MAPKKK
other than MTK1, allows for the activation of JNK by Ras; e.g.,
in a previous study (46), a dominant-negative form of MTK1
primarily interfered with p38 stress activation. On the other
hand, these results are also consistent with a defect in p38
signaling downstream of MTK1 at a point after the p38 and
JNK pathways diverge.

Other components of the MAPK pathways have been im-
plicated in Ras-induced cell senescence; in particular, evidence
exists that supports a role for the MEK/ERK pathway in the
regulation of the p16/ink4a protein level as part of the mech-
anism to activate premature senescence in human and murine
cells (34, 63). However, recent analysis of MEF from p16/Ink4a
knockout mice showed that they remained susceptible to Ras-
induced senescence (31, 42). As shown in Fig. 2B for wt and
Gadd45a�/� MEF, there were no differences in the increases
in p16/Ink4a protein levels after H-ras overexpression for the

FIG. 1. H-ras-induced permanent cell cycle arrest is abolished in Gadd45a�/� MEF. wt, Gadd45a�/�, and Trp53�/� MEF were infected with
retrovirus expressing oncogenic H-ras and selected for 4 days with 2 �g of puromycin (puro)/ml. The numbers of BrdU-positive cells (S-phase cells
[S]) (left panel) and growth rates (right panel) after selection in puromycin are shown.
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two genotypes, indicating a different mechanism for inhibition
of H-ras-induced permanent cell cycle arrest in Gadd45a�/�

MEF.
There is a major dependence on p53 for activated-oncogene-

induced premature senescence in murine cells (41). Both
MEKK1/JNK and p38 have been shown to efficiently induce
p53-dependent transactivation (2, 8, 12). We next analyzed the
levels of induction of p53 and p21/Waf1 proteins in wt and
Gadd45a�/� MEF after infection with H-ras. H-ras induced
the accumulation of both proteins in wt MEF (Fig. 2B, left
panel). While the accumulation of p53 was not markedly af-

fected in Gadd45a�/� MEF after infection with H-ras, the
levels of p21/Waf1 showed some consistent differences. In con-
trast to wt cells, where p21/Waf1 levels remained elevated
throughout the experiment, the initial induction of p21/Waf1
during the first 3 days was followed by a decrease at later times
to levels approaching that of the control (Fig. 2B, right panel).
Interestingly, growth rates of Gadd45a�/� MEF with or with-
out H-ras were equivalent during the first 3 days after selection
(Fig. 1) and diverged at later times, when p21 levels were
reduced in the Gadd45a�/� cells. These results indicate that,
even though accumulation of p53 by protein stabilization was

FIG. 2. Disruption of Gadd45a abolishes p38 activation after H-ras overexpression. (A) wt and Gadd45a�/� MEF were infected with H-ras-
expressing retrovirus, and activities of ERK, JNK, and p38 were analyzed, with MBP, GST-Jun, and GST-ATF2 as substrates, respectively. puro,
puromycin. (B) At the same time that the protein extracts were obtained, the levels of p16/Ink4a, p53, and p21/Waf1 were determined. (C) MEF
were infected with either puromycin- or H-ras-expressing retroviruses, and 5 days after selection with puromycin, mRNA was purified and the levels
of p53-inducible genes (those encoding p21/Waf1, XPC, and ATF2) were analyzed by using a quantitative filter hybridization procedure (29). The
relative induction ratio was obtained after dividing the relative level of mRNA after infection with H-ras retrovirus by the level of mRNA after
infection with puromycin vector alone. (D) The levels of Gadd45a and p19/ARF mRNA in wt and Gadd45a�/� MEF on day 5 after retroviral
infection were measured by Northern blotting. GAPD was included as a loading control.
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not deregulated in Gadd45a�/� MEF, transactivation of p53
effectors, such as p21/Waf1, may be compromised. To confirm
this prediction, we analyzed the levels of p21/Waf1 mRNA as
well as those of two other p53-regulated genes, encoding ATF2
(4) and XPC (1, 5), by using a quantitative filter hybridization
procedure. As shown in Fig. 2C, induction of all three genes
was significantly reduced in Gadd45a�/� MEF compared to
that in wt cells.

Since regulation of p53 stability after oncogene-induced
stress is dependent on the p19ARF gene (Bates et al., letter;
Palmero et al., letter), the levels of p19ARF mRNA in wt and
Gadd45a�/� MEF after infection with H-ras were determined.
As shown in Fig. 2D, there was no appreciable difference in the
p19ARF levels for the genotypes after H-ras expression. This
observation is consistent with our results for the p53 protein, of
which comparable levels were seen for the two genotypes after
H-ras overexpression (Fig. 2B). Taken together with earlier
results for ERK and JNK, these results indicate that there is no
generalized defect in H-ras signaling in Gadd45a�/� MEF
other than that observed for p38.

An important connection has already been established be-
tween p53 and p38 in the case of the cellular stress response to
UV radiation. In particular, functional p38 is required for
normal p53-dependent apoptosis and transactivation after UV
radiation (8, 45). Since we found that disruption of the
Gadd45a gene affects H-ras-induced p38 activation, we inves-
tigated whether inactivation of p38 alone is sufficient to atten-
uate p53 activation by H-ras. wt and Gadd45a�/� MEF were
infected with either puromycin or H-ras, and specific inhibitors
for MEK1 (PD98059) or p38 (SB202190) were added 4 days
after the end of the selection in puromycin. Cells were grown
in the presence of these inhibitors, and protein extracts were
obtained 24 h later. Inactivation of MEK1 by PD98059 caused
a reduction in p16/Ink4a accumulation but did not affect either
the p53 or the p21/Waf1 protein levels in wt and Gadd45a�/�

MEF (Fig. 3A). The p38 inhibitor had no effect on p16/Ink4a
and p53 levels but did block the accumulation of p21/Waf1
after infection of wt MEF with H-ras, which is reminiscent of
what was seen in Gadd45a�/� MEF without the inhibitor. In
the case of Gadd45a�/� cells, H-ras had only a marginal effect
on p21/Waf1 accumulation, which was reduced relative to that
in the wt without the inhibitor, and the levels of p53 and
p16/Ink4a proteins were comparable to those in wt cells.

To rule out a p53-independent component in p21/Waf1 ac-
tivation after H-ras overexpression, we analyzed p53 trans-
activation directly by using a reporter system containing a
basal promoter with p53-binding sites (45, 60). Both wt and
Gadd45a�/� cells were cotransfected with p53RE-CAT and
either the puromycin or H-ras plasmid. For some samples,
we included a dominant-negative p38� expression vector
(p38DN). Three days later, cells were treated with either di-
methyl sulfoxide, PD98059, or SB202190, and CAT activity was
measured 24 h later. As shown in Fig. 3B, H-ras induced a
substantial increase in p53-dependent transcriptional activity
in wt MEF, while no appreciable increase occurred in
Gadd45a�/� MEF (Fig. 3B). Inactivation of p38, but not the
MEK1/ERK pathway, completely abolished p53 transactiva-
tion in wt MEF. To further demonstrate a role for Gadd45a in
p38 signaling and to define at what points in the pathway this
protein may be acting, p53 transcriptional activity was mea-

sured by the same approach as that used to obtain the results
shown in Fig. 2B after introduction of a constitutively active
form of the p38 upstream kinase MKK6, MKK6(E). wt and
Gadd45�/� MEF were cotransfected with p53RE-CAT and
the MKK6(E) expression vector, and 4 days later CAT activity
was analyzed. As shown in Fig. 3C, the ability of MKK6(E)
to activate p53 was reduced in Gadd45a�/� MEF. Taken to-
gether, our results show that either the disruption of the
Gadd45a gene or the inactivation of p38 can attenuate p53
transcriptional activity after H-ras overexpression and that loss
of Gadd45a results in a phenotype similar to that seen with
direct inhibition of p38 by either a dominant-negative p38
expression vector or a specific chemical inhibitor.

The Gadd45a protein associates in vivo and in vitro with p38
but not with ERK or JNK. While there is clear evidence that
the Gadd45 proteins can regulate upstream components of the
p38/JNK portion of the MAPK pathway, such as MTK1, in
some cell types (36, 37, 47), there is not convincing evidence
with MEF, which may indicate a more downstream effect of
Gadd45a in this cell type. As discussed earlier, Gadd45a�/�

MEF showed normal UV activation of p38 and JNK (49) and
no evidence was found for abnormal JNK regulation after
H-ras overexpression (Fig. 2A). Moreover, MTK1 is far up-
stream of p38, and earlier studies have shown that compensa-
tion in the regulation of p38 could occur after disruption of
intermediate kinases, such as MKK3, in this pathway (54). In
addition, our results shown in Fig. 3C indicate that a signaling
defect downstream of a MAPKK exists in Gadd45a�/� MEF
and that activated MKK6 cannot rescue the phenotype. In light
of these observations, a reasonable question to ask is whether
Gadd45a has a more direct effect on p38 activation. As a first
step, in vivo binding of p38 to Gadd45a was studied in a human
RKO cell line, 33-F (30). This line stably expresses Flag-tagged
Gadd45a at levels comparable to that of the endogenous pro-
tein in the parental RKO line after stress, when protein levels
in this cell line can increase 10-fold (13, 30, 44). Anti-Flag
affinity matrix immunoprecipitates from total lysates of 33-F
and control cell lines were analyzed by immunoblotting with
anti-p38, anti-JNK, or anti-ERK2 polyclonal Ab, with results
shown in Fig. 4A. Only endogenous p38 was found by this
analysis to coprecipitate with Gadd45a (Fig. 4A, two left
lanes), suggesting a specific association of these proteins in
vivo. The levels of all three MAPKs in 33-F and control cell
lines were comparable, as demonstrated by immunoblot anal-
ysis (Fig. 4A, two right lanes). There was no significant copre-
cipitation of any endogenous MAPK from lysates of the con-
trol cells, which were stably transfected with Flag vector only
(Fig. 4A, control).

To study this interaction in vitro, 35S-labeled HA-Gadd45a
and Flag-p38� were produced by coupled transcription-trans-
lation and their interaction was analyzed in vitro by pull-down
and coimmunoprecipitation assays (Fig. 4B to D). It was found
that GST-Gadd45a beads can pull down 35S-labeled p38, thus
supporting the contention for a direct interaction between
these proteins (Fig. 4B). Further confirmation of this conclu-
sion was obtained from coimmunoprecipitation experiments in
which anti-Flag matrix was able to coprecipitate both Flag-
p38� and HA-Gadd45a proteins (Fig. 4C) and, reciprocally, in
which anti-HA immunomatrix coprecipitated HA-Gadd45a
and Flag-p38� (Fig. 4D).
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FIG. 3. Gadd45a and p38 are required for p53 activation after H-ras overexpression. (A) wt and Gadd45a�/� MEF were incubated in the
presence of a MEK1 (50 �M PD98059) or p38 (10 �M SB202190) inhibitor, and protein extracts were obtained on day 5 after selection (see
Materials and Methods). The levels of p16/Ink4a, p21/Waf1, and p53 proteins were analyzed. DMSO, dimethyl sulfoxide; puro, puromycin. (B) wt
and Gadd45a�/� MEF were cotransfected with p53RE-CAT reporter plasmid and expression vectors containing either puromycin or H-ras. Some
cells were additionally transfected with a dominant-negative p38� vector (p38DN). Four days later, cells were treated with either a MEK1
(PD90859) or p38 (SB202190) inhibitor, and CAT assays were carried out 12 h later. (C) wt and Gadd45a�/� MEF were cotransfected with p53RE-
CAT reporter plasmid and expression vectors containing either puromycin or MKK6(E). Four days later, CAT activity was analyzed, and
representative results are shown. Relative induction, as measured by increased CAT activity, was consistently twofold or greater in wt MEF
compared to that in Gadd45a�/� MEF.
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Mapping of Gadd45a interaction domain with p38 and its
role in activation of p38 after H-ras overexpression. To define
the Gadd45a region involved in the interaction with p38, a
series of Myc-tagged Gadd45a deletion mutant proteins were
generated. RKO cells were cotransfected with plasmids ex-
pressing Myc-tagged Gadd45a deletion mutant proteins and
Flag-tagged p38�. The lysates from transfected cells were im-
munoprecipitated with either anti-Myc immunomatrix (to pull
down Gadd45a) or anti-Flag immunomatrix (to pull down
p38�), after which they were analyzed by immunoblotting with
anti-Flag Abs (Fig. 5A and C, top panels) or anti-Myc Abs
(Fig. 5B, top panel), respectively. The expression levels of
Myc-tagged Gadd45a deletion mutant proteins as well as those
of Flag-tagged p38� were analyzed in the total extracts and
after immunoprecipitation (middle and bottom panels). The
proteins were found to be abundant, and levels were compa-

rable in all samples. Myc-tagged C-terminal deletion mutant
proteins (1-96)Gadd45a and (1-124)Gadd45a as well as N-
terminal deletion protein (48-165)Gadd45a were able to co-
precipitate full-length Flag-tagged p38�, while C-terminal de-
letion protein (1-71)Gadd45a was deficient in coprecipitation
(Fig. 5A, top panel). Consistently, full-length Flag-p38� was
able to coprecipitate all of the above-mentioned Myc-tagged
Gadd45a deletion mutant proteins except (1-71)Gadd45a (Fig.
5B, top panel), although the level of (1-96)Gadd45a was some-
what less than that of the other constructs containing addi-
tional carboxyl sequences. These results strongly suggest that
the p38-interacting region is localized to the central part of
Gadd45a protein, between amino acids 71 and 96. The ability
of the Myc-tagged deletion mutant protein (48-132)Gadd45a,
lacking both N-terminal and C-terminal parts, to still copre-

FIG. 4. Gadd45a associates with p38 both in vivo and in vitro. (A) Total lysates from 33-F cells stably expressing Flag-tagged Gadd45a and from
control cell lines (approximately 10 mg of total protein) were immunoprecipitated (IP) with anti-Flag immunomatrix followed by immunoblot (IB)
analysis of precipitates with anti-p38 (top panel), anti-JNK (second panel), anti-ERK2 (third panel), and anti-Gadd45a (bottom panel) polyclonal
Abs. The lysates (approximately 100 �g per lane) were also analyzed directly by immunoblotting (two right lanes of each panel). (B) 35S-labeled
Flag-p38�, obtained by coupled transcription-translation, was pulled down by GST-Gadd45a or GST beads and visualized by autoradiography.
(C) 35S-labeled Flag-p38a and HA-Gadd45a obtained by coupled transcription-translation were mixed and precipitated with anti-Flag immu-
nomatrix. Precipitates were analyzed either by using autoradiography (left panel) or by probing with anti-HA Ab (right panel). (D) Another
experiment was carried out as described in the legend to Fig. 2C, left panel, except that anti-HA immunomatrix was used for precipitation. As
controls for the experiments described in the legends to panels C and D, the 35S-labeled protein was mixed with in vitro transcription-translation
labeling mixtures containing only vector.
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cipitate p38� (Fig. 5C, top panel) further supports this conclu-
sion.

Next we analyzed which portion of Gadd45a is required for
p38 activation after H-ras overexpression. Gadd45a�/� MEF
were transiently transfected with Flag-tagged p38�, Myc-
tagged deletion mutants of Gadd45a, and either the puromycin
or H-ras expression vector. Two days later, p38 kinase was
immunoprecipitated and p38 kinase activity was measured
(Fig. 6). Transfection with the full-length Gadd45a expression
vector did not induce appreciable activation of p38 in wt MEF
(data not shown), nor did it activate p38 in Gadd45a�/� MEF
(Fig. 6, first lane). However, simultaneous cotransfection with
Gadd45a and H-ras resulted in the activation of p38 kinase
relative to activity in the control cells transfected with the

Gadd45a and control (puromycin) vectors (Fig. 6, first two
lanes). These data suggest that Gadd45a is required but not
sufficient for activation of p38 after oncogenic stress. Further
analysis of p38 activation by H-ras and various Gadd45a dele-
tion mutant proteins revealed that all the mutant proteins
containing the central portion of Gadd45a were proficient in
p38 activation. While the domain required for binding was
mapped to amino acids 71 to 96, p38 activation mapped to
amino acids 71 to 124, which again indicates a critical role for
the central portion of this protein.

DISCUSSION

Oncogene-induced cell senescence is an important protec-
tive mechanism in multicellular organisms to prevent aberrant
growth and malignant transformation, and it has several criti-
cal regulatory components. These include a MEK/ERK signal-
ing to p16/Ink4a, induction of p19/ARF, which stabilizes p53,
and activation of p53 (7, 17, 63; Bates et al., letter; Palmero

FIG. 5. The central region of Gadd45a protein is involved in the
interaction with p38. RKO cells were transiently transfected with Flag-
p38� and Myc-tagged Gadd45a deletion proteins (1-71)Gadd45a, (1-96)
Gadd45a, (1-124)Gadd45a, (48-132)Gadd45a, and (48-165)Gadd45a
as well as full-size Myc-tagged Gadd45a. The total lysates of trans-
fected cells were immunoprecipitated (IP) with either anti-Myc (A and
C, top panels) or anti-Flag (B, top panel) immunomatrix, and the pres-
ence of deletion mutant proteins in precipitate was analyzed by im-
munoblotting (IB) with anti-Flag or anti-Myc Ab, respectively. The
abundant expression of Flag-tagged p38� (A and C, middle panels)
and Myc-tagged Gadd45a proteins (B, middle panel, and C, bottom
panel) in total lysates was confirmed by immunoblotting with anti-Flag
and anti-Myc Abs, respectively. The blots presented at the top of pan-
els A and B were also reprobed with anti-Myc (bands that correspond
to various forms of Gadd45a are marked with asterisks in lanes where
there is more than one band) and anti-Flag Abs, respectively (A and B,
bottom panels) to confirm comparable levels of protein in the primary
immunoprecipitates. Cotransfection with Myc vector and Flag-p38� or
Flag vector and full-size Myc-Gadd45a was used as for controls.
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et al., letter). When H-ras was introduced into Gadd45a�/�

MEF, p16 and p19 levels as well as p53 accumulation were
equivalent to those in wt cells, while p53 activation, as mea-
sured by reduced p21/Waf1 induction and reduced p53 tran-
scriptional activity, was markedly attenuated. Reduced p53
activation correlated with deficient p38 activation by H-ras.
Deficient p38 signaling in Gadd45-deficient cells is not without
precedent since reduced p38 signaling as well as reduced JNK
signaling after activation of Gadd45g�/� T cells (36) and UV-
irradiated Gadd45a�/� keratinocytes (20) has been reported.
Our results further highlight the guardian role of p53 in pre-
venting malignant transformation. Approximately half of all
human tumors demonstrate mutations in TP53. Besides vari-
ous mutations, several other mechanisms can inhibit p53 func-
tion, and these mechanisms may be important during the early
stages of tumorigenesis. For example, methylation silencing of
the p53 promoter and partial deletion of the human p14/ARF
gene as well as amplification of Mdm2 are common mecha-
nisms causing functional inactivation of p53 (16, 22, 39). As
further discussed below, Wip1 amplification with resultant
down-regulation of p38 activity can also compromise p53 func-
tion. Our results suggest that mutation of Gadd45a is another
potential mechanism whereby p53 function can be compro-
mised.

p38 signaling as a brake for cellular growth. Our present
findings provide new evidence for how p38 can be regulated by
Gadd45a to prevent unregulated growth after oncogenic stim-
ulation. In the case of human p53, we have found an important
role for p38-dependent phosphorylation of key regulatory sites
in p53 after UV irradiation (8). Moreover, recent findings on
the interaction of p53 with Pin1 protein highlight the impor-
tant role of p53 phosphorylation at certain sites in the regula-
tion of the transcriptional activity of p53 (53, 58, 62). Intrigu-
ingly, mutation of p38 MAPK sites (serine 33 and serine 46) in
human p53 was sufficient to nearly completely abolish p53

binding to Pin1 and thus indicates a critical role for p38 in the
regulation of p53-Pin1 binding (53). The role of p38 in p53
activation is further supported by the finding that the Wip1
phosphatase, which inactivates p38, can block normal p53 ac-
tivation (9, 45). Inhibition of p38 by either Wip1 or chemical
inhibitors has been shown to prevent normal growth arrest
after expression of H-ras (9, 40). In addition to its effects on
p53, p38 can affect other growth-regulating mechanisms by
means such as inhibiting Cdc25B phosphatase. p38 has been
shown to directly phosphorylate inhibitory sites in Cdc25B
phosphatase and to initiate a G2 checkpoint after UV irradi-
ation (10) or osmotic stress (15). In the case of Ras-induced
senescence in human fibroblasts, evidence has recently been
reported that signaling by p38, unlike ERK and JNK, has a role
in premature senescence (48). Considering that the Wip1 gene
has oncogene-like properties (9, 33), the argument can be
made that p38, which is inhibited by Wip1, has tumor suppres-
sor-like properties. In support of this contention, we recently
found that p38�-null MEF containing H-ras and E1A onco-
genes developed substantially larger and more frequent tumors
in nude mice compared to those observed with wt MEF (9).

The situation with stresses other than oncogenic H-ras and
in different cell types is complicated for the Gadd45 proteins.
While all three family members are ubiquitously expressed,
Gadd45a was determined by real-time PCR to be the dominant
isoform expressed in MEF, which may be why its disruption is
not compensated for by the other two family members, which
are expressed at lower levels and bind with lower affinity to p38
(data not shown). In contrast, Gadd45g is expressed at high
levels during T-cell activation (36). In the case of UV radiation
of Gadd45a�/� cells, T cells and keratinocytes appear to be
unique in exhibiting reduced checkpoint activation, and this
may indicate that compensatory pathways for p38 activation
vary in different cell types. While it is clear that the Gadd45
proteins can bind to and contribute to the activation of MTK1,
Gadd45a has lower affinity than Gadd45b and Gadd45g (37,
47), and thus, Gadd45a may have a more prominent effect
downstream directly on p38 than upstream on MTK1 after
expression of H-ras. The timing of the effect of Gadd45a on
p53 and p38 is also complicated since some delay would be
expected to be required to induce increased expression of
Gadd45a. Gadd45a is known to be regulated by both p53 (28)
and p53-independent signaling involving p38 (38), as well as by
posttranscriptional transcript stability (26). Our results (Fig. 2
and 3) support such a role for Gadd45a in the sustained acti-
vation of both p38 and p53 after oncogenic stress.

Mechanisms for Gadd45a stimulation of p38. There are two,
not mutually exclusive, mechanisms whereby Gadd45a may
contribute to the activation of p38. As discussed previously,
there is evidence that Gadd45a can bind to and activate MTK1/
MEKK4 (37, 47), which is upstream of p38 (46). This is sup-
ported by findings with Gadd45g�/� T cells (36) in which
activation of JNK and p38 was deficient. The situation in
Gadd45a�/� MEF and many other cell types is more compli-
cated since defects in MAPK signaling or checkpoint control
have not been observed previously, except with T cells (24, 50)
and keratinocytes (20). In the case of UV radiation, normal
JNK and p38 signaling was observed in Gadd45a�/� MEF (43,
49). Regardless of whether MTK1 activation by H-ras is defi-
cient in Gadd45a�/� MEF, the argument could be made that

FIG. 6. The central region of Gadd45a is required for p38 activa-
tion by H-ras. Gadd45a�/� MEF were cotransfected with p38�-Flag,
different forms of Myc-Gadd45a, and plasmids with either puromycin
(puro) or H-ras (1:3:9 ratio). Two days later, p38 activity was analyzed
after immunoprecipitation with anti-Flag Ab in an in vitro kinase
reaction with GST-ATF2 as the substrate.
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the lack of any defect in JNK signaling indicates a more down-
stream effect of Gadd45a on the p38 pathway. There are mul-
tiple signaling components, such as the MAPKK, between up-
stream MTK1 and downstream p38, and it is possible that
redundant compensatory mechanisms exist to counteract the
loss of normal MTK1 activation. This possibility is supported
by the observation that the disruption of the genes encoding
MKK3, MKK4, and MEKK1 does not completely inhibit p38
or JNK stress activation (54, 56, 57). While the lack of a defect
in JNK activation by H-ras in Gadd45a�/� MEF points to a
primary role for Gadd45a downstream of MTK1, it does not
directly preclude some contribution by MTK1 since compen-
satory mechanisms may differ for JNK and p38 signaling when

MTK1 is not activated normally. For example, dominant-neg-
ative MTK1 was found to primarily affect p38 stress activation
rather than JNK in overexpression studies with COS cells (46).

This work demonstrates that specific binding of Gadd45a to
p38 but not to JNK or ERK is a potential mechanism by which
Gadd45a has a direct role in p38 activation by H-ras. As sum-
marized in Fig. 7A, the critical region in Gadd45a required for
p38 binding was in the central portion of this small acidic
protein. Expression of various Gadd45a deletion mutants
along with H-ras demonstrated that the central region of
Gadd45a was required, while N- and C-terminal regions were
dispensable for both p38 binding and activation by H-ras. In-
terestingly, the domains for the binding of Gadd45 to MTK1

FIG. 7. (A) Schematic diagram of regions involved in protein associations as determined by analysis of Gadd45a deletion proteins (see
reference 21 for more detail). Results for p38 binding are taken from the experiment described in the legend to Fig. 5 and those for p38 activation
by H-ras (gray bar) are from the experiment described in the legend to Fig. 6. (B) Model for growth-inhibitory responses triggered by oncogenic
Ras and role of Gadd45/p38 pathway in activation of p53. The positive-feedback loop is designated by the gray circle with arrowheads (see text
for further explanation). Some other relevant components, including Wip1, which is not induced by H-ras (9), are shown. To simplify the diagram,
multiple components, such as MTK1, which also interacts with Gadd45 proteins (37, 47), have been omitted.
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map to other regions in Gadd45 (D. Liebermann, personal
communication), thus indicating that the primary effect of
Gadd45a on p38 is direct and not via MTK1 in the presence of
H-ras. The exact mechanism for p38 activation of Gadd45a
remains to be determined since Gadd45a expression did not
directly activate p38 in Gadd45a�/� MEF without H-ras (Fig.
6), thus indicating that Gadd45a is necessary but not sufficient
for p38 activation. In addition, incubation of purified p38�
protein with increasing concentrations of purified Gadd45a
had no effect on p38 kinase activity in vitro (data not shown),
and Gadd45a was a poor substrate for p38 kinase in vitro (data
not shown). A reasonable explanation for these results is that
Gadd45a functions as an adapter or scaffold protein in a com-
plex with p38 and other proteins. Recent structural analysis of
p38 complexes with binding proteins indicates a variety of
overlapping and sometimes distinct binding sites (14). Associ-
ation with various adapter proteins probably confers signaling
specificity through p38 (52) and may account for the differ-
ences in p38 signaling that we have observed after oncogenic
stress with H-ras and after genotoxic stress with UV radiation
in Gadd45a�/� MEF, as well as differences between MEF and
other cell types.

Defective signaling of p53 after oncogenic stress by H-ras in
Gadd45a�/� MEF is remarkably similar to that seen when p38
activity is blocked. For example, Wip1 (9), a phosphatase that
directly blocks p38, or chemical inhibition of p38 (8, 9) (Fig.
3A) blocked p53 transcriptional activity in a manner remark-
ably similar to that seen with Gadd45a�/� MEF (Fig. 2B and
C and 3B). While the most straightforward explanation is that
dampening of p38 activity is the mechanism for deficient p53
activation in Gadd45a�/� MEF after the expression of H-ras,
an alternate explanation could be that Gadd45a has a role in a
parallel signaling pathway that is also required for p53 activa-
tion after oncogenic stress. This latter possibility is unlikely
based on our finding that p53 activation by constitutively active
MKK6 [MKK6(E)], which is immediately upstream of p38, was
reduced in Gadd45a�/� MEF (Fig. 3C). Another important
conclusion from the MKK6(E) study is that a signaling defect
exists in Gadd45a�/� MEF that is downstream of MAPKKK,
such as MKT1, and the p38-specific MAPKK, MKK6. A role
for Gadd45a in p38 signaling rather than in a parallel pathway
is also supported by our finding that chemical inhibition of p38
resulted in no increase in transformation, as measured by col-
ony growth in soft agar, in Gadd45a�/� MEF or in double-null
MEF lacking Gadd45a as well as p21 or Trp53 (data not shown)

Evidence for a feedback loop involving p38, p53, and
Gadd45a in H-ras-induced cellular senescence. Aberrant on-
cogene expression triggers permanent growth arrest, so there
must be one or more ongoing mechanisms to prevent escape
from this senescent state. One component is the p53-regulated
gene PPM1D, which encodes Wip1, whose induction after
genotoxic stresses, such as UV radiation, can mediate negative
feedback regulation of p53 by inactivation of p38 (45). While
PPM1D induction occurs at later times after UV irradiation
when human fibroblasts reenter the cell cycle, no induction was
observed after the introduction of H-ras (9); as a result, p38
can remain active and positively regulates p53. Another re-
quired component for H-ras growth arrest is Gadd45a, which
is known to be regulated by p53 (28). We now show that
Gadd45a is required for normal H-ras activation of p38, and

thus p38, p53, and Gadd45a form a positive-feedback loop
during oncogene-induced senescence (Fig. 7B). There are sev-
eral important implications of such a loop. Activation of p53
induces expression of genes involved in the regulation of the
G1/S checkpoint and apoptosis. p53-dependent activation of
14-3-3� and Gadd45a can also contribute to G2/M checkpoint
control. Gadd45 can directly regulate Cdc2 activity by displac-
ing cyclin B1 from the Cdc2 complex (59). Through its positive
effect on p38 activity, Gadd45a can also be involved in inhib-
itory phosphorylation of Cdc25B phosphatase, which blocks
progression into mitosis (10). Maintenance of this feedback
loop should prevent escape from H-ras-induced growth arrest,
leading to permanent growth arrest

The concept of a positive-feedback loop is particularly at-
tractive since one prediction is that disruption of any compo-
nent of this loop can facilitate cell transformation. While the
connection with human carcinogenesis is established for p53
(7) and p38 (9, 33), the role of Gadd45a in human cancer is less
certain in this regard than is the role of this protein in cancer
in Gadd45a�/� mice. Such mice show genomic instability and
increased carcinogenesis after exposure to ionizing radiation
(24) or dimethylbenzanthracene (23), and Gadd45a�/� cells
share some characteristics with Trp53�/� cells (24). Recently, a
significant frequency of mutations in GADD45A in human
pancreatic cancer specimens has been reported (55). In the
case of GADD45G, gene silencing at the mRNA level in 83%
of human pituitary adenomas was recently reported (61). Loss
of expression of a Gadd45 family member may therefore con-
tribute to tumor formation.
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