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Oncogene-induced senescence is a stable proliferative arrest that serves as a tumor-suppressing defense mechanism. p38 mito-
gen-activated protein kinase (MAPK) has been implicated in oncogene-induced senescence and tumor suppression. However,
the specific role of each of the four p38 isoforms in oncogene-induced senescence is not fully understood. Here, we demonstrate
that p38� mediates oncogene-induced senescence through a p53- and p16INK4A-independent mechanism. Instead, evidence sug-
gests a link between p38� and the DNA damage pathways. Moreover, we have discovered a novel mechanism that enhances the
expression of p38� during senescence. In this mechanism, oncogenic ras induces the Raf-1–MEK– extracellular signal-regulated
kinase (ERK) pathway, which, in turn, activates the AP-1 and Ets transcription factors that are bound to the p38� promoter,
leading to increased transcription of p38�. These findings indicate that induction of the prosenescent function of p38� by onco-
genic ras is achieved through 2 mechanisms, transcriptional activation by the Raf-1–MEK–ERK–AP-1/Ets pathway, which in-
creases the cellular concentration of the p38� protein, and posttranslational modification by MKK3/6, which stimulates the en-
zymatic activity of p38�. In addition, these studies identify the AP-1 and Ets transcription factors as novel signaling components
in the senescence-inducing pathway.

Although aberrant activation of Ras is associated with human
tumors, activated ras in early-passage primary human and

rodent cells causes permanent growth arrest known as oncogene-
induced senescence (OIS) (1–4). Like apoptosis, OIS is a tumor-
suppressing defense mechanism, the disruption of which leads to
tumorigenesis (5–10).

Multiple signaling intermediates have been identified that play
critical roles in the pathways mediating oncogene-induced senes-
cence. The ability of ras to induce senescence depends on activa-
tion of the Raf–MEK– extracellular signal-regulated kinase (ERK)
mitogen-activated protein kinase (MAPK) pathway (4, 11) and is
accompanied by upregulation of p16INK4A, p53, p14/p19ARF, and
p21WAF1 (3, 12) and silencing of E2F target genes (13). We previ-
ously showed that ras-induced senescence relies on activation of
p38, a MAPK previously identified as a major mediator of inflam-
mation and stress responses (14). p38 and its upstream MAPK
kinases MKK3 and MKK6 are activated by oncogenic ras as a result
of persistent MEK/ERK activation in senescent cells. Constitutive
activation of p38 causes premature senescence, whereas inhibition
of p38 prevents ras-induced senescence (14). Consistent with the
important role of p38 in oncogene-induced senescence and tumor
suppression, targeted deletion of p38� or PRAK, a downstream
substrate kinase of p38, accelerates cancer development in mouse
models (10, 15, 16).

p38 MAK has four mammalian isoforms, �, �, �, and �, which
are encoded by different genes and differ in tissue-specific expres-
sion, substrate spectrum, and affinity for upstream MAPK activa-
tors (17–23). Our previous data indicated that p38� and p38�
contribute to oncogenic ras-induced senescence by upregulating
p16INK4A and p53, respectively, while p38� is not essential for
senescence induction (27). In the current study, we found that
p38� also regulates ras-induced senescence, yet through a p53-
and p16INK4A-independent mechanism. More importantly, in ad-
dition to the induction of p38� enzymatic activity through phos-
phorylation by MKK3/6, the transcription of the p38� gene is

greatly increased by oncogenic ras through the AP-1 and Ets tran-
scriptional factors upon their activation by the Ras–Raf-1–MEK–
ERK signaling pathway. These findings reveal that in response to
activation of ras, the prosenescent function of p38� is induced at
the levels of both gene transcription and posttranslational modi-
fication through multiple signaling cascades downstream of ras.

MATERIALS AND METHODS
Cell culture. BJ human foreskin fibroblasts were maintained in minimum
essential medium supplemented with 10% fetal calf serum, nonessential
amino acids, glutamine, and antibiotics. WI38 and IMR90 human fibro-
blasts, 293T cells, mouse embryonic fibroblasts (MEFs), and LinX-A ret-
roviral packaging cells were grown in Dulbecco’s modified Eagle medium
supplemented with 10% fetal calf serum, glutamine, and antibiotics.
MEFs were maintained in a 3% O2 incubator.

Plasmids. BabePuro-Ha-rasV12, -MEK1Q56P, -MKK3E, -MKK6E,
-MKK4E, and -MKK7D expression vectors were described previously
(14). cDNA for Raf-1 CAAX was obtained from Scott Lowe (Cold Spring
Harbor Laboratory); hemagglutinin (HA)-tagged wild-type and intrinsi-
cally active mutant (F324S) forms of p38� were from David Engelberg and
Oded Livnah (The Hebrew University of Jerusalem, Israel); MEK1E(�)
and MEK1-AA (a rabbit cDNA containing the Ser218/Ser222¡Ala mu-
tations) were from Shuang Huang (Medical College of Georgia); and
myristoylated p110� and AKT were gifts from Peter Vogt (the Scripps
Research Institute). These cDNAs were subcloned into pBabePuro, pW-
ZLHygro, or pWZLNeo to generate the retroviral expression vectors.

Oligonucleotides for small hairpin RNA (shRNA) targeting p38�-386
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(CTCCAGTACCTGGTGTATCAGA), p38�-695 (AACCAGCTGACCC
AGATCCTGA), and green fluorescent protein (GFP) (28) were cloned
into pSUPER.reto according to a published protocol (29). Targeted se-
quences for c-Jun and Ets1 shRNAs are the following: shc-Jun-1555 (GC
AAACCTCAGCAACTTCAA), shEts1-247 (CCAAGCAGCAAAGAAAT
GA), and shEts1-257 (GCAACTCAGGAAGTTCCTA). Appropriate
small hairpins were generated by PCR and cloned into the lentiviral pLV-
RNAi vector (Biosettia), according to the manufacturer’s protocol.

cDNA encoding TAM67, a dominant negative c-Jun mutant lacking
the transactivation domain, was amplified by PCR from pIRES-
Tam67puro (a gift from Robert Hennigan, University of Cincinnati Col-
lege of Medicine) (30) and cloned between the BamHI and EcoRI sites in
pBabePuro.

Retrovirus- and lentivirus-based gene transduction. Retroviruses
were packaged in LinX-A cells using calcium phosphate transfection and
transduced into primary human cells as previously described (31). Lenti-
viruses were packaged in 293T cells using a Lipofectamine-based transfec-
tion procedure and transduced into primary human cells as previously
described (32). Transduced cells were selected with 120 (BJ) or 50 (WI38
and IMR90) �g/ml of hygromycin B, 1.2 �g/ml of puromycin, 600 �g/ml
of G418, or 5 �g/ml of blasticidin.

Analysis of senescence. Senescence analysis in cell culture was per-
formed by measuring the rate of proliferation and the expression of the
senescence-associated �-galactosidase (SA-�-Gal) senescence marker, as
described previously (14). Population doublings (PD) were calculated
with the formula PD � log(N2/N1)/log2, where N1 is the number of cells
seeded and N2 is the number of cells recovered (33). To quantify SA-�-
Gal positives, at least 200 cells were counted in random fields in each well.
Each experiment was performed in triplicates or duplicates.

Western blot analysis. Western blotting was performed with lysates
prepared 7 to 10 days after transduction of Ras or MKK3/6E from sub-
confluent cells as described previously (14). Primary antibodies were from
Abcam (c-Fos, phospho-c-Fos-S374, ETS-1, phospho-ETS-1-T38, and
tubulin), Cell Signaling (phospho-p53-Ser33, phospho-p53-Ser15, phos-
pho-p38-Thr180/Tyr182, ERK2, phospho-p44/42 MAPK-Thr202/Tyr
204, phosphor-Chk1-Ser345, Chk1, phosphor-Chk2-Thr68, Chk2,
MKK7, and AKT), Santa Cruz [Ras C-20, p21 c-19, p53 FL-393, c-Jun
H-79, c-Jun (D), phospho-c-Jun-S73, p14ARF-C18, cyclin A-H432, cy-
clin E-C19, Cdk2-M2, Cdk4-H22, Cdk6-C21, MEK4-C20, Raf-1-C20,
p110�, and Myc N-262], BD Pharmingen (cyclin D1), and Sigma (actin
and p16INK4A DCS-50). Antibodies against p38�,- �, -�, and -� were
described previously (27). Antibodies against MKK3 (no. 1330), MKK6,
and MEK1 (no. 1329) were gifts from Jiahuai Han (Xiamen University,
China). Signals were detected using enhanced chemiluminescence and
captured by the FluorChem HD2 imaging system (Cell Biosciences).

Quantitative real-time PCR. RNA was isolated from BJ cells using
TRIzol reagent (Life Technologies). cDNA was synthesized from 100 ng of
RNA using iScript Reverse Transcription Supermix (Bio-Rad) according
to the manufacturer’s protocol. Quantitative real-time reverse transcrip-
tion-PCR (RT-PCR) was formed using SsoAdvanced SYBR green Super-
mix (Bio-Rad) on a CFX96 real-time system (Bio-Rad). Signals were
normalized to that of a housekeeping gene, the porphobilinogen deami-
nase (PBGD) or glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene. The primers used were 5=-ATAATGGCCGAGCTGTTGACTGG-3=
and 5=-TTTCTTGCCTCATGGCTTGGCATC-3= for p38�, 5=-ACTACA
TTGACCAGCTGAAGCGCA-3= and 5=-ACTGGATATATGTCCGGGC
GTGTT-3= for p38�, 5=-AGATGATCACAGGCAAGACGCTGT-3= and
5=-AGGGCTTGCATTGGTCAGGATAGA-3= for p38�, 5=-ACGAAACT
TTGCCCATAGCA-3= and 5=-GCAAGGAGAGCCTTTCAGAG-3= for c-
Myc, 5=-TCCAGTCCAATTATCACCAGC-3= and 5=-TGCTTGGAGTTA
ATAGTGGGAC-3= for Ets1, 5=-TCCAAGCGGAGCCATGTCTG-3= and
5=-AGAATCTTGTCCCCTGTGGTGGA-3= for PBGD, and 5=-CCCTTC
ATTGACCTCAACTA-3= and 5=-CCTTCTCCATGGTGGTGAA-3= for
GAPDH. Primers for p38� was purchased from Qiagen.

mRNA stability assay. RNA was prepared from BJ cells treated with 5
�g/ml of actinomycin D for 0, 0.5, 1, 1.5, and 2 h using the RNeasy Plus
minikit (Qiagen). Fifty nanograms of each RNA sample was converted
into cDNA by reverse transcription and analyzed by quantitative real-time
PCR for p38� and c-Myc levels. Signals for p38� and c-Myc were normal-
ized to that of a housekeeping gene, the PBGD gene.

Protein stability assay. Protein lysates were prepared from BJ cells
treated with 20 �g/ml of cycloheximide for 0, 1, 2, 6, 9, and 15 h and
analyzed by Western blotting. Signals for p38� and c-Myc were quantified
by AlphaView Imaging Software (Cell Biosciences) and normalized to that
of actin.

Luciferase reporter assay. The retroviral p53 reporter PG-Luc and its
non-p53-binding mutant control MG-Luc have been previously reported
(27).

To construct the 3kb-Luc reporter for p38�, a 3-kb p38� promoter
fragment (nucleotide �2970 to �20 relative to the transcriptional start
site) was amplified by PCR from genomic DNA of BJ cells and cloned
between BglII and EcoRI sites upstream of a firefly luciferase reporter in a
self-inactivating retroviral vector (pBabe-PGK-Blast-SIN-Luc) (34). To
generate reporters containing the 2-kb, 1-kb, 2.8-kb, 2.6-kb, and 2.4-kb
p38� promoter region upstream of the transcriptional start site, and those
containing the 3-kb p38� promoter lacking the AP-1 binding sites within
the region from kb �3 to �2.8 (see Fig. 6A), appropriate fragments were
amplified by PCR from the 3kb-Luc and cloned between BglII and EcoRI
sites upstream of a firefly luciferase reporter in pBabe-PGK-Blast-SIN-
Luc. The reporter containing the 3-kb p38� promoter with a mutant Ets
binding site within the region from kb �3 to �2.8 (Ets Mut-Luc [see Fig.
6A]) was generated by ligating a 5= BglII-XhoI fragment generated by
primers 5=-GGAATTCCTCCCTTTCATGACTCCCCAACTGGATCCT
C-3= and 5=-GGCCTCGAGTGACTCAGGCCTCCGACTCTGCTGACA
CTG-3= and a 3= XhoI-EcoRI fragment generated by primers 5=-CCGCT
CGAGGACCCTTGCTCAAGAGCATCCGGAGCTACAG-3= and 5=-GA
AGATCTCCAACGGGCTCCCAGCGCCCCGACCCCCGC-3= into the
BglII and EcoRI sites of pBabe-PGK-Blast-SIN-Luc.

The retroviral reporter constructs were transduced into BJ cells to
create stable reporter cells, which were in some cases transduced with
p38� shRNA, MEK1-AA, or TAM67 or proper controls. The resulting cell
lines were then transduced with Ha-rasV12, MEK1Q56P, or vector con-
trols at PD28-34. Cells were split into 12-well plates on day 7 or 8 after
ras/MEK1Q56P transduction and lysed on day 8 or 9. Luciferase activity
was determined using a luciferase assay system (Promega) according to
the manufacturer’s instructions and normalized to protein concentra-
tions as determined by Bradford assays. Each experiment was performed
in triplicates or duplicates.

Kinase assay with recombinant p38. Recombinant glutathione
S-transferase (GST)–MKK6E, His-p38�, His-p38�, and wild-type and
mutant human p53 (1-61) were prepared as described previously (27).

His-p38 (0.4 �g) was first incubated with 50 ng of GST-MKK6E at
30°C for 10 min in 14 �l of 1	 kinase buffer (20 mM Tris-HCl [pH 7.5],
20 mM NaCl, 10 mM MgCl2, 1 mM dithiothreitol [DTT], 20 �M cold
ATP, and 1 mM NaF). Subsequently, 6 �l of substrate mix in 1	 kinase
buffer (same as above) containing 20 �g of human p53 (1-61) (wild type
or S33A or S46A mutant) and 2 �Ci of [�-32P]ATP was added to each
reaction mixture. The resulting 20 �l of reaction mixture was incubated at
30°C for 30 min, the reaction was stopped by addition of 7 �l of 4	
Laemmli buffer, and the mixture was heated at 95°C for 10 min. The
reactions were separated on 4 to 20% gradient SDS-PAGE gels. Radioac-
tive signals were detected by a phosphorimager.

ChIP assays. A total of 2 	 106 of BJ cells/15-cm plate were cross-
linked with 1% formaldehyde for 10 min at room temperature. The cross-
linking was stopped by incubation in 0.125 M glycine for 5 min at room
temperature. Cells were washed with phosphate-buffered saline (PBS),
dislodged from plates in 1 ml of hypotonic buffer (25 mM HEPES [pH
7.8], 1.5 mM MgCl2, 10 mM KCl, and 1 mM DTT), and passed 5 times
through a 25.5-gauge needle. Nuclei were spun down at 5,000 rpm for 5
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min and lysed with 1 ml of lysis buffer (50 mM HEPES [pH 7.9], 140 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate
[NaDOC], 0.1% SDS, 0.5 mM phenylmethylsulfonyl fluoride [PMSF],
and Roche Complete protease inhibitor cocktail with no EDTA). Chro-
matin was sonicated to 0.5 to 1 kb in size, at an output of 4 with 5 15-s
pulses and 1 min 15 s of cooldown between each pulse (Branson Sonifier
150). Samples of the same cell line from different plates were pooled, and
protein concentrations were measured by the Bradford assay. Ten percent
of each sample was saved as total input. A 0.8- to 1-mg quantity of chro-
matin was incubated with 5 �g of an anti-c-Jun (H-79X; Santa Cruz),
anti-c-Fos (4X, Santa Cruz, or 9F6, Cell Signaling), or anti-Ets1 (C-20X;
Santa Cruz) antibody or normal rabbit or goat IgG (Santa Cruz) at 4°C
overnight and then with 50 �l (bead volume) of PureProteome protein A
or G magnetic beads (Millipore) at 4°C for up to 4 h. The beads were
washed three times sequentially with lysis buffer, buffer 2 (50 mM HEPES
[pH 7.9], 500 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% NaDOC,
and 0.1% SDS), buffer 3 (20 mM Tris-HCl [pH 8], 250 mM LiCl, 1 mM
EDTA, 1% NP-40, and 1% NaDOC), and Tris-EDTA (TE; pH 8). After
the final wash, protein-DNA-bead complexes were resuspended in 300 �l
of TE and treated with 10 �g/ml of RNase A at 37°C for 15 min. Cross-
linking was reversed by addition of NaCl to 300 mM and incubation at
65°C overnight, after which 2.5 �l of 20% SDS and 36 �g of proteinase K
were added and the reaction mixtures were incubated at 37°C for an
additional 2 to 4 h. After pelleting of the beads, DNA in the supernatant
was extracted with phenol-chloroform, precipitated with ethanol, and
dissolved in diethyl pyrocarbonate (DEPC)-treated water. DNA precipitated

by chromatin immunoprecipitation (ChIP) was quantified by real-time PCR
using primers amplifying the region from �3086 to �2759 of the p38� pro-
moter (5=-CCTGCCTCCATGCTCCATGCTCATA-3= and 5=-TGGCTGT
AGCTCCGGATGCTCTTGA-3=) or those amplifying the region from
�7007 to �6723 of the p38� promoter (5=-CTCGGTCCCACCATTTGG
GTCTTCA-3= and 5=-CCAGGCCTCCGCTCTGTTTGATCTC-3=).

RESULTS
p38� mediates oncogenic ras-induced senescence. In light of the
critical role of p38� and p38� in senescence, we investigated
whether p38� was also important for oncogenic ras-induced se-
nescence. Two independent p38� shRNAs (sh�386 and sh�695)
were constructed. These shRNAs effectively knocked down p38�
expression without affecting the expression of the other p38 iso-
forms when stably transduced into primary BJ human fibroblasts
via retroviruses (Fig. 1A). The p38� knockdown cell lines, sh�386
and sh�695, and shGFP control cell line were then transduced
with an activated ras allele, Ha-rasV12. While the control cells
transduced with Ha-rasV12 became growth arrested, BJ cells ex-
pressing the p38� shRNAs continued to proliferate in the presence
of activated ras (Fig. 1B). In addition, the p38� shRNAs greatly
decreased ras-induced accumulation of cells positive for senes-
cence-associated �-galactosidase (SA-�-Gal), a biomarker for se-
nescence (Fig. 1C). These results demonstrate that like p38� and

FIG 1 p38� mediates oncogenic ras-induced senescence. (A) Western blot analysis of BJ cells transduced with shRNA for GFP (shGFP) or p38� (sh�386 and
sh�695) and Ha-rasV12 (Ras) or vector (WH) on day 8 after ras transduction. Numbers represent relative levels of protein. (B) Population doublings of BJ cells
transduced with shRNA for GFP (shGFP) or p38� (sh�386 and sh�695) and Ha-rasV12 (Ras) or vector (WH) over 19 days starting at PD 30. Values are
means 
 SDs for triplicates. *, P � 0.05 versus shGFP by Student’s t test. (C) Percentage of SA-�-Gal-positive cells in BJ populations transduced with shRNA for
GFP (shGFP) or p38� (sh�386 and sh�695) and Ha-rasV12 (Ras) or vector (WH). Values are means 
 SDs for triplicates. *, P � 0.005 versus shGFP by Student’s
t test. (D) Western blot analysis of BJ cells transduced with Ha-rasV12 (Ras), wild-type p38�, the p38�-F324S mutant, or vector (BP) on day 8 posttransduction.
(E) Population doublings of BJ cells transduced with Ha-rasV12 (Ras), wild-type p38�, the p38�-F324S mutant, or vector (BP) over 9 days starting at PD 30.
Values are means 
 SDs for triplicates. *, P � 0.05 versus BP by Student’s t test. (F) Percentage of SA-�-Gal-positive cells in BJ populations transduced with
Ha-rasV12 (Ras), wild-type p38�, the p38�-F324S mutant, or vector (BP). Values are means 
 SDs for triplicates. *, P � 0.05 versus BP by Student’s t test. (G)
p38� deficiency disrupts ras-induced senescence in MEFs. p38��/� and p38��/� MEFs were transduced with Ha-rasV12 or vector (WH). A total of 2 	 104 cells
were seeded into 12-well plates on day 5 after ras transduction, after selection of transduced cells. Cells were counted 4 days after seeding, and PD was calculated
(top graph). Cells were stained for SA-�-Gal on day 10 after ras transduction. The percentage of cells positive for SA-�-Gal was quantified (bottom graph). Values
are means 
 SDs for duplicates. *, P � 0.05 versus p38��/�; **, P � 0.005 versus p38��/� (Student’s t test).
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p38�, p38� also plays an essential role in oncogenic ras-induced
senescence. Further supporting the notion that p38� is required
for senescence induction, oncogenic ras-induced senescence was
impaired in p38��/� mouse embryonic fibroblasts (MEFs) (Fig.
1G).

To further show the importance of p38� in senescence, we
explored the possibility that the constitutively active form of p38�
is sufficient to induce senescence in the absence of Ras. We utilized
an intrinsically active mutant (F324S) of p38� that had acquired
spontaneous protein kinase activity in vitro and in vivo, while pre-
serving the substrate and inhibitor specificities of the wild-type
protein (35, 36). The wild type and the constitutively active F324S
mutant of p38� were transduced into BJ cells via retrovirus. As
reported previously, p38�-F324S displayed a higher level of auto-
phosphorylation in the activation loop than wild-type p38� when
transduced into BJ cells, indicating that the mutant is indeed con-
stitutively active (Fig. 1D). Moreover, p38�-F324S reduced cell
proliferation rate (Fig. 1E) and induced an increase in the percent-
age of cells positive for SA-�-Gal (Fig. 1F) compared to those with
wild-type p38�. Thus, constitutively activated p38� is capable of

inducing senescence, although its effect is not as robust as that of
oncogenic ras. Taken together, our results demonstrate that p38�
plays an essential role in senescence induction by oncogenic ras.

p38� mediates oncogenic ras-induced senescence in a
p53/p21WAF1- and p16INK4A-independent manner. Since p38�
and p38� mediate oncogenic ras-induced senescence by upregu-
lating p16INK4A and p53, respectively (27), we investigated the
impact of p38� on these pathways in senescence.

p53 is one of the crucial mediators of ras-induced senescence.
The activity of p53 is regulated through phosphorylation of its
N-terminal transactivation domain. We showed previously that
p38� mediates ras-induced p53 activation by directly phosphory-
lating p53 at Ser33 (27). Like p38�, recombinant p38� phosphory-
lated p53, and the phosphorylation was abolished when Ser33 of
p53 was mutated to Ala (Fig. 2A), suggesting that p53-Ser33 is also
a p38� substrate in vitro. Nevertheless, while the p38� shRNAs
effectively knocked down p38� expression and disrupted ras-in-
duced senescence (Fig. 1A to C), they failed to reduce ras-induced
phosphorylation of p53 at Ser33 in BJ cells (Fig. 2B). This finding
suggests that although recombinant p38� can phosphorylate p53-

FIG 2 p38� mediates oncogenic ras-induced senescence through a p53/p21WAF1- and p16INK4A-independent mechanism. (A) Like p38�, recombinant p38�
phosphorylates p53 at Ser33. His-p38� or -p38� was incubated first with GST-MKK6E and cold ATP and then with wild-type p53 (1-61) (WT) or p53 (1-61)
carrying the S33A (A33) or S46A (A46) mutation in the presence of [�-32P]ATP. The reactions were separated by SDS-PAGE. Phosphorylated p53 was detected
using a phosphorimager. The input of substrate was determined by staining with Coomassie brilliant blue R. (B) Western blot analysis of BJ cells transduced with
shRNA for GFP (shGFP) or p38� (sh�386 and sh�695) and Ha-rasV12 (Ras) or vector (WH) on day 8 after ras transduction. Numbers represent relative levels
of proteins. (C) BJ cells stably transduced with a retroviral luciferase reporter driven by a promoter containing multiple copies of a functional p53-binding site
(PG-Luc, top) or a mutant p53-binding site (MG-Luc, bottom) were transduced with retroviruses encoding shRNA for GFP (shGFP) or p38� (shp38�-386 or
-695) at population doubling 33 and with Ha-rasV12 (Ras) or vector (WH) at population doubling 35. Cells were lysed on day 8 after Ras transduction. Luciferase
activity was measured and normalized to protein concentration. Fold induction by ras was calculated by dividing the luciferase activity in ras-expressing cells by
that in control cells. Values are means 
 SDs for triplicates. *, P � 0.1 versus shGFP by Student’s t test. (D and E) Western blot analysis of BJ cells transduced with
Ha-rasV12 (Ras), wild-type p38�, the p38�-F324S mutant, or vector (BP) on day 8 posttransduction, detecting indicated proteins. (F) Western blot analysis of
BJ cells transduced with shRNA for GFP (shGFP) or p38� (sh�386 and sh�695) and Ha-rasV12 (Ras) or vector (WH) on day 8 after ras transduction.
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S33 in vitro, p38� is not the major p38 isoform phosphorylating
this site during senescence induction in cells. Instead, our previ-
ous study identified p38� as the main p53-S33 kinase in senescent
cells (27). Supporting the notion that p38� does not play a key role
in p53 activation, silencing of p38� expression did not abrogate
ras-induced expression of p21WAF1, a transcriptional target of p53
and a critical effector of senescence (Fig. 2B), and had no effect on
the induction of p53 transcriptional activity by ras, as determined
by a reporter assay using a luciferase gene driven by a p53-depen-
dent promoter (PG14-Luc) (Fig. 2C). Moreover, although the
constitutively active mutant of p38� (F324S) induced a modest
level of senescence (Fig. 1E and F), it failed to increase p53-S33
phosphorylation and p21WAF1 expression (Fig. 2E). These results
indicate that p38� mediates ras-induced senescence without con-
tributing to p53 activation.

Besides p53 activation, another hallmark of senescence is the
induction of expression of p16INK4A, a key effector of stable pro-
liferative arrest associated with senescence. We found that
shRNA-mediated silencing of p38� did not alter ras-induced
p16INK4A expression (Fig. 2B) and that the constitutively active
mutant of p38� failed to increase the p16INK4A protein level (Fig.
2D). Taken together, our data demonstrate that p38� mediates
ras-induced senescence through a p53/p21WAF1- and p16INK4A-
independent mechanism. Moreover, p38� knockdown had no ef-
fect on some of the other cell cycle regulators, including p14ARF,
cyclin A, cyclin D1, cyclin E, cyclin-dependent kinase 2 (CDK2),
CDK4, and CDK6 (Fig. 2F). In addition, neither p38� knockdown
(Fig. 1A) nor overexpression of the wild type or active mutant of
p38� (Fig. 2D) had any effect on the activation of ERK, another
MAPK involved in senescence.

Oncogenic ras-induced senescence is mediated by DNA dam-
age responses caused by DNA hyperreplication (37, 38). We found
that p38� shRNAs reduced the ras-induced activating phosphory-
lation of Chk1 and Chk2, two DNA damage checkpoint kinases
(Fig. 2B). This finding suggests that p38� may participate in the
activation of DNA damage pathways in response to oncogenic ras.
How p38� regulates DNA damage responses in a p53- and
p16INK4A-indepdendent fashion is currently unclear.

Oncogenic ras induces both activity and expression of p38�
in senescent cells. As detected by Western blotting using an anti-
phospho-p38 antibody, oncogenic ras induced a phospho-p38
signal that comigrated with p38� (Fig. 3A). Moreover, we immu-
noprecipitated an equal amount of p38� from BJ cells transduced
with Ha-rasV12 or vector control, after adjusting the input, using
an antibody specific for p38�, and the p38� from ras cells dis-
played an increased protein kinase activity toward ATF2 com-
pared to that from control cells (Fig. 3B). These results indicate
that oncogenic ras induces the phosphorylation and activation of
p38�.

In the course of analyzing the role of p38� in senescence, we
observed that while the basal level of p38� is very low in the ab-
sence of ras, the p38� protein level was significantly increased by
oncogenic ras but not by MKK6E, a constitutively active mutant of
the p38 upstream activator MKK6 (Fig. 1A, 2B, and 3C). The
protein level of p38� was also increased by ras in BJ cells. How-
ever, neither ras nor MKK6E altered the levels of p38� and p38�
(Fig. 1A and 3C). We also examined the induction of p38� at the
mRNA level. Quantitative real-time PCR assays revealed that on-
cogenic ras, but not MKK6E, also increased the mRNA level of
p38� in senescent BJ cells while having no significant effect of the

mRNA expression of p38�, p38�, or p38� (Fig. 3D). In time
course analyses of the effect of ras on p38� expression, we found
that p38� was induced at both mRNA (Fig. 3E, bar graph) and
protein (Fig. 3E, inset) levels on as early as day 4 after transduc-
tion of oncogenic ras and that the induction persisted at least
into day 8.

Furthermore, the induction of p38� expression by oncogenic
ras was also observed in other primary human fibroblast lines such
as IMR90 and WI38 and mouse embryonic fibroblasts (Fig. 3F and
G). Again in these additional cell lines, constitutively active MKK3
or MKK6 failed to induced p38�, and the expression of p38� and
p38� was not significantly increased by ras.

These findings therefore indicate that p38� is unique among all
the p38 isoforms in that its activity is induced in senescent cells not
only through phosphorylation of the activation loop by its up-
stream kinases MKK3 and MKK6 (27) but also through upregu-
lation of its expression at protein and mRNA levels by oncogenic
ras.

Oncogenic ras induces p38� expression through the Raf-1–
MEK1–ERK pathway. Oncogenic ras activates multiple down-
stream effector pathways, including Raf-1–MEK–ERK, MKK3/
6-p38, MKK4/7–Jun N-terminal protein kinase (JNK), and
phosphatidylinositol 3-kinase (PI3K)–AKT. Since the constitu-
tively active MKK3 and MKK6 failed to increase the p38� level, it
is likely that oncogenic ras induces p38� expression through an-
other downstream effector pathway. To identify the ras effector
pathway that mediates the induction of p38� expression in senes-
cent cells, we examined the effects of constitutively active forms of
Raf-1 (hRaf-1 CAAX, membrane bound), MEK1 (MEK1E�
and MEK1Q56P), MKK3 (MKK3E), MKK4 (MKK4E), MKK7
(MKK7D), PI3K (MF-p110�, myristoylated), and AKT (MF-
AKT, myristoylated) (Fig. 4). The results indicate that the active
forms of Raf-1 and MEK1 induced p38� expression at both pro-
tein (Fig. 4A) and mRNA (Fig. 4B) levels, while the others failed to
do so. Moreover, a dominant negative mutant of MEK1 (MEK1-
AA) (see Fig. 8B) and a chemical inhibitor of MEK1 (U0126) (see
Fig. 8C) reduced the induction of p38� expression by ras. These
findings indicate that oncogenic ras induces p38� expression
through the Raf-1–MEK–ERK pathway.

Oncogenic ras induces p38� expression by stimulating tran-
scription from the p38� promoter through the AP-1 and Ets
transcription factor binding sites. To investigate the mechanism
for the induction of p38� level by ras, we explored several possible
modes of regulation of p38� expression.

By Western blotting, we first compared the stabilities of the
p38� protein in control and ras-expressing BJ cells after inhibition
of novel protein synthesis by cycloheximide. p38� appeared to be
a quite stable protein, and its half-life was unaltered in senescent
cells compared to control cells (Fig. 5A and B). Furthermore, the
stability of p38� mRNA was determined in control and senescent
cells that had been treated with actinomycin D, an inhibitor of
novel DNA transcription. Again, no difference was observed in
p38� mRNA stability between control cells and those undergoing
ras-induced senescence (Fig. 5E). As a positive control for these
experiments, c-Myc decayed rapidly at both protein (Fig. 5C and
D) and mRNA (Fig. 5F) levels in the protein stability and mRNA
stability assays, respectively. These results indicate that ras-in-
duced p38� expression does not occur through stabilization of
p38� protein or mRNA.

We next investigated whether oncogenic ras stimulates p38�
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FIG 3 Oncogenic ras induces p38� activity and expression. (A) Western blot analysis of BJ cells transduced with Ha-rasV12 (Ras) or vector (WH). Identical sets of lysates
were resolved side by side on the same SDS-PAGE gel and transferred to a nitrocellulose membrane. The membrane was cut into pieces, each containing one set of lysates,
which were then hybridized to the antibody against phospho-p38, p38�, p38�, and p38�, respectively. The enhanced chemiluminscence signals were captured after the
membranes were realigned into the original position. The positions of p38�, p38�,and p38� are marked by arrows. (B) Oncogenic ras induces the kinase activity of p38�.
An equal amount of p38� was immunoprecipitated from BJ cells transduced with Ha-rasV12 (Ras) or vector (WH) after adjustment of the input and assayed for kinase
activity toward ATF2. Part of the IPs was subjected to Western blotting to ensure an equal amount of p38� IP. (C) Western blot analysis of the protein levels of p38
isoforms in BJ cells transduced with Ha-rasV12, MKK6E, or vector (WH) on day 8 after ras transduction. (D) Analysis of the mRNA levels of p38 isoforms in BJ cells
transduced with Ha-rasV12, MKK6E, or vector (WH) on day 8 after ras transduction, by quantitative real-time RT-PCR. Signals for p38 were normalized to that of
PBGD. Values are means
SDs for triplicates. *, P�0.01 versus WH by Student’s t test. (E) Time course analysis of the p38�mRNA (bar graph) and protein (inset) levels
in BJ cells transduced with Ha-rasV12, MKK6E, or vector (BP) on day 4 through day 8 after ras/MKK6E transduction. Bar graph, signals for p38� mRNA were detected
by quantitative real-time RT-PCR and normalized first to that of PBGD and then to that from cells transduced with vector control (BP). Values are means 
 SDs for
triplicates. (Inset) The p38� and actin protein levels were detected by Western blotting. *, P � 0.05 versus BP by Student’s t test. (F) Western blot analysis of p38 isoforms
in IMR90 and WI38 cells transduced with Ha-rasV12, MKK3E, MKK6E, or vector (WH or BP) on day 8 after ras/MKK3/6E transduction. (G) Western blot analysis of
p38 isoforms in p38��/�, p38��/�, and p38��/� MEFs transduced with Ha-rasV12 (Ras) or vector (WH) on day 8 after ras transduction.
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gene transcription in senescent cells. To this end, a 3-kb p38�
promoter (a region from nucleotide �2970 to �20 relative to the
transcriptional start site) was cloned upstream of a firefly lucifer-
ase reporter in a self-inactivating retroviral vector (34) (Fig. 6A).
This construct (3kb-Luc) was transduced into BJ cells to generate
a stable reporter cell line for p38� promoter activity. Transduction
of oncogenic ras into this cell line led to increased transcription
from the 3-kb p38� promoter (Fig. 6B), indicating that ras induces
p38� expression by stimulating its transcription. Moreover, con-
stitutively active MEK1 (MEK1Q56P) also induced the p38� pro-
moter activity (Fig. 6D), while a dominant negative mutant of
MEK1 (MEK1-AA) abrogated ras-induced transcription from the
p38� promoter (Fig. 6F). These findings indicate that oncogenic
ras stimulates p38� transcription through MEK1, consistent with
our prior finding that p38� expression is induced by the Ras–Raf-
1-MEK–ERK pathway (Fig. 4).

To identify the cis-regulatory elements that mediate induction
by ras on the p38� promoter, luciferase reporters containing 2-kb
(2kb-Luc) or 1-kb (1kb-Luc) promoter sequences upstream of the
transcriptional start site were generated and tested for ras respon-

siveness. In contrast to findings with 3kb-Luc, transcription from
2kb-Luc and 1kb-Luc could no longer be induced by oncogenic
ras (Fig. 6B), suggesting that the ras-responsive element resides in
the region between kb �3 and �2 upstream of the transcriptional
start site. A series of 200-bp deletion mutants were made within
this region and analyzed by the luciferase reporter assay. Deletion
of the region from kb �3 to �2.8 (2.8kb-Luc) essentially abol-
ished ras-induced transcription (Fig. 6C). Moreover, deletion of
this region also disrupted transcriptional stimulation by consti-
tutively active MEK1 (Fig. 6D). These data indicate that the
region from kb �3 to �2.8 contains cis elements required for
the induction of p38� transcription by the ras–Raf-1–MEK–
ERK pathway.

We searched for potential transcription factor binding sites
within the region from kb �3 to �2.8 using bioinformatic tools
offered by Transcription Element Search System (TESS) and
Searching Transcription Factor Binding Sites (TFSEARCH). The
analysis revealed 3 potential binding sites for AP-1 followed by 1
potential binding site for Ets (Fig. 6A); AP-1 and Ets are transcrip-
tion factors previously shown to be activated by the MEK-ERK
cascade. In fact, this is the only region with clustered AP-1/Ets
binding sites along the whole 3-kb promoter. We deleted one, two,
or all three AP-1 binding sites and mutated the Ets binding sites in
the context of 3kb-Luc (Fig. 6A) and tested the effects of these
mutations on transcriptional stimulation by ras. While deletion of
the first AP-1 site (
APx1-Luc) had no effect on reporter expres-
sion compared to the control reporter (2.95kb-Luc), deletion of
two (
APx2-Luc) or all three (
APx3-Luc) AP-1 sites or muta-
tion of the Ets site (Ets Mut-Luc) partially reduced transcriptional
stimulation of the p38� promoter by ras (Fig. 6E). Furthermore,
combination of deletion of all the AP-1 sites and mutation of the
Ets site (
APx3/Ets-Luc) led to complete elimination of ras induc-
tion (Fig. 6E). These findings indicate that the binding sites for
AP-1 and Ets work cooperatively to mediate the induction of p38�
transcription.

c-Jun and Ets1 transcription factors directly bind to the ras-
responsive element on the p38� promoter. AP-1 transcription
factors are dimers mainly composed of members of the Jun (c-
Jun, JunB, and JunD) and Fos (c-Fos, FosB, Fra-1, and Fra-2)
families of proteins (39). While c-Jun is the most potent transcrip-
tional activator in the Jun family, c-Fos and FosB are the only Fos
proteins containing transcriptional activation domains. Chroma-
tin immunoprecipitation (ChIP) was performed to determine
whether c-Jun, c-Fos, and Ets1 directly bind to the region from kb
�3 to �2.8 of the p38� promoter (Fig. 7). Chromatin DNA asso-
ciated with c-Jun, c-Fos, and Ets1 was immunoprecipitated by
appropriate antibodies and quantified by real-time PCR using
primers amplifying the region from �3086 to �2759 of the p38�
promoter, which encompasses the predicted AP-1 and Ets binding
sites. The results showed that c-Jun and Ets1 constitutively bound
to this region in BJ cells, although their binding increased mod-
estly in the presence of oncogenic ras (Fig. 7A). In contrast, c-Fos
failed to bind to this region with or without ras. We failed to detect
enrichment of the region from �3086 to �2759 of the p38� pro-
moter after ChIP using 2 independent ChIP-grade anti-c-fos an-
tibodies, 4X from Santa Cruz (Fig. 7A) and 9F6 from Cell Signal-
ing (data not shown). As a negative control, none of these
transcription factors bound to a distal region (�7007 to �6723)
on the p38� promoter (Fig. 7B). These results indicate that c-Jun
and Ets1 directly bind to the ras-responsive element on the p38�

FIG 4 Induction of p38� expression by the Ras–Raf-1–MEK pathway. (A)
Western blot analysis of the p38� protein levels in BJ cells on day 8 after
transduction of Ha-rasV12 (Ras), the constitutively active forms of the indi-
cated Ras downstream effectors, or vector controls (BP or WN). Numbers
represent relative levels of the protein. (B) Analysis of the p38� mRNA levels by
quantitative real-time RT-PCR in BJ cells on day 8 after transduction of
Ha-rasV12 (Ras), the constitutively active forms of the indicated Ras down-
stream effectors, or vector controls (BP or WN). Signals for p38� mRNA were
normalized first to that of PBGD and then to that from cells transduced with
vector control (BP or WN). Values are means 
 SDs for triplicates. *, P � 0.05
versus BP or WN by Student’s t test.
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promoter in cells. The lack of c-Fos binding suggests that c-Jun
may bind to this region either as homodimers or as heterodimers
with another Fos family member.

AP-1 and Ets transcription factors are activated by oncogenic
ras through the MEK-ERK pathway during senescence induc-
tion. The observation that MEK1 mediates ras-induced transcrip-
tion from the p38� promoter region from kb �3 to �2.8 contain-
ing the AP-1 and Ets binding sites (Fig. 6D and F) raises the
possibility that the Ras–Raf-1–MEK–ERK pathway induces p38�
transcription by activating the AP-1 and Ets transcription factors.
Indeed, previous studies showed that oncogenic Ha-rasV12 stim-
ulates the transcriptional activity of c-Jun through phosphoryla-
tion at Ser63 and Ser73 within its transactivation domain, which
can be mediated at least partly by ERK (40, 41). The Ets transcrip-
tion factors, Ets1 and Ets2, contain conserved ERK phosphoryla-
tion sites (Thr38 in Ets1 and Thr72 in Ets2) that are critical for the
induction of transcriptional activity by oncogenic ras signaling
(42–44). ERK also phosphorylates c-Fos on multiple sites, includ-

ing Ser374, in its transactivation domain, leading to activation of
c-Fos (45, 46).

We thus investigated the contribution of the MEK-ERK path-
way to AP-1 and Ets activation during ras-induced senescence. We
found that like oncogenic ras, constitutively active MEK1
(MEK1Q56P and MEK1E�) induced phosphorylation of c-Jun-
S73, c-Fos-S374, and Ets1-T38, which are critical for the induction
of transcriptional activity of these transcription factors (Fig. 8A).
Activated ras and MEK1 also increased the total c-Jun protein level
in BJ cells, consistent with a previous report that Ha-ras stimulates
c-Jun gene expression in NIH 3T3 fibroblasts (47). As expected,
ras and active MEK1 induced activating phosphorylation of ERK
and increased the expression of p38� (Fig. 8A). Furthermore, a
dominant negative mutant of MEK1 (MEK1-AA) abrogated ras-
induced activating phosphorylation of c-Jun, Ets1, and c-Fos and,
at the same time, greatly reduced the induction of p38� expression
by ras (Fig. 8B). Treatment of BJ cells with a MEK inhibitor,
U0126, essentially abolished ras-induced ERK phosphorylation as

FIG 5 Oncogenic ras does not stabilize p38� protein or mRNA. (A) Western blot analysis of p38� protein levels in BJ cells transduced with Ha-rasV12 (Ras) or
vector (WH) after treatment with cycloheximide (Cycl) for 0, 1, 2, 9, or 15 h on day 8 after ras transduction. (B) Quantification of relative p38� protein levels in
panel A. The relative p38� protein level was calculated by dividing the p38� signal at each time point after cycloheximide treatment by that at 0 h, after
normalization to the actin signal. (C) Western blot analysis of c-Myc protein levels in BJ cells transduced with Ha-rasV12 (Ras) or vector (WH) after treatment
with cycloheximide for 0, 1, 2, 6, 9, or 15 h on day 8 after ras transduction. (D) Quantification of relative c-Myc protein levels in panel C. The relative c-Myc
protein level was calculated by dividing the c-Myc signal at each time point after cycloheximide treatment by that at 0 h, after normalization to the actin signal.
(E) Quantification of p38� mRNA levels by real-time RT-PCR in BJ cells transduced with Ha-rasV12 or vector (WH), after treatment with actinomycin D for 0,
0.5, 1, 1.5, or 2 h on day 8 after ras transduction. The relative p38� mRNA level was calculated by dividing the p38� signal at each time point after actinomycin
D treatment by that at 0 h, after normalization to the PBGD signal. Values are means 
 SDs for triplicates. (F) Quantification of c-Myc mRNA levels by real-time
RT-PCR in BJ cells transduced with Ha-rasV12 or vector (WH) after treatment with actinomycin D for 0, 0.5, 1, 1.5, or 2 h on day 8 after ras transduction. The
relative c-Myc mRNA level was calculated by dividing the c-Myc signal at each time point after actinomycin D treatment by that at 0 h, after normalization to the
PBGD signal. Values are means 
 SDs for triplicates.
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well as the induction of p38� expression (Fig. 8C). Our results thus
demonstrate that oncogenic ras activates the AP-1 and Ets tran-
scription factors through phosphorylation mediated by the MEK-
ERK pathway, leading to induction of p38� expression associated
with ras-induced senescence. Notably, the MEK1-AA mutant
greatly reduced, but did not completely abolish, ras-induced p38�
expression and c-Jun and Ets1 phosphorylation, likely because the
MEK1-AA mutant did not completely eradicate the activity of the
endogenous MEK1 when acting in a dominant negative fashion.

AP-1 and Ets1 are required for ras-induced p38� transcrip-
tion and ras-induced senescence. The requirement of the AP-1
binding sites for ras-induced p38� transcription (Fig. 6E) suggests
that the AP-1 transcription factors may play an essential role in the
induction of p38� in senescence. To investigate the role of AP-1 in
p38� expression and senescence, we utilized a dominant negative
c-Jun mutant, TAM67 (30, 48). TAM67 lacks the transactivation
domain (amino acid 3 to 122) but retains the DNA binding do-
main of c-Jun. As a result, ectopic expression of TAM67 dominant

FIG 6 Induction of p38� transcription by oncogenic ras requires the AP-1 and Ets transcription factor binding sites on the p38� promoter. (A) Schematic
diagram of the p38� promoter reporter constructs carrying deletion or mutation of the AP-1 and Ets transcription factor binding sites within the upstream region
from kb �3 to �2.8 of the transcription start site. (B) BJ cells stably transduced with a retroviral luciferase reporter containing a 3-kb, 2-kb, or 1-kb p38�
promoter sequence (3kb, 2kb, or 1kb, respectively) upstream of the transcription start site was transduced with Ha-rasV12 (Ras) or vector (WH). *, P � 0.001
versus 3kb by Student’s t test. (C) BJ cells stably transduced with a retroviral luciferase reporter containing a 3-kb, 2.8-kb, 2.6-kb, or 2.4-kb p38� promoter
sequence upstream of the transcription start site was transduced with Ha-rasV12 (Ras) or vector (WH). *, P � 0.01 versus 3kb by Student’s t test. (D) BJ cells
stably transduced with a retroviral luciferase reporter containing a 3-kb or 2.8-kb p38� promoter sequence upstream of the transcription start site was transduced
with Ha-rasV12 (Ras), MEK1Q56P, or vector (WH). *, P � 0.005 versus 3kb by Student’s t test. (E) BJ cells stably transduced with a retroviral luciferase reporter
containing a 2.95-kb wild-type p38� promoter sequence upstream of the transcription start site (2.95kb) or that harboring deletion of one (
APx1), two
(
APx2), or all three (
APx3) AP-1 binding sites and/or mutation of the Ets binding site within the region from kb �3 to �2.8 (Ets Mut) was transduced with
Ha-rasV12 (Ras) or vector (WH). *, P � 0.05; **, P � 0.5 (versus 2.95kb; by Student’s t test). (F) BJ cells stably transduced with a retroviral luciferase reporter
containing a 3-kb p38� promoter sequence upstream of the transcription start site was transduced first with a dominant negative mutant of MEK1 (MEK1-AA)
or vector (WH) and then with Ha-rasV12 (Ras) or vector (BP). *, P � 0.005 versus WH by Student’s t test. For panels B to F, cells were lysed on day 6 to 8 after
Ras transduction. Luciferase activity was measured and normalized to protein concentration. Fold induction by ras/MEK1Q56P was calculated by dividing the
luciferase activity in ras/MEK1Q56P-expressing cells by that in control cells. Values are means 
 SDs for triplicates.
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negatively inhibits AP-1 activity by blocking the DNA binding of
endogenous Jun-Jun homodimers and Jun-Fos heterodimers.
When stably transduced into BJ primary fibroblasts, TAM67
greatly reduced the induction of p38� mRNA (Fig. 9A) and pro-
tein (Fig. 9B) levels by oncogenic ras. In addition, while ras in-

duced transcription from the luciferase reporter for the p38� pro-
moter (3kb-Luc), this induction was abolished by TAM67 (Fig.
9C). Together, these results indicate that the AP1 transcription
factor is essential for the induction of p38� gene transcription by
ras in senescent cells.

Moreover, we investigated the effect of TAM67-mediated AP-1
inhibition on ras-induced senescence. As reported previously
(30), ectopic expression of TAM67 led to a proliferative arrest in
BJ cells, which precluded the analysis of the effect of TAM67 on
cell proliferation. However, ras-induced accumulation of SA-�-
Gal-positive cells was essentially abolished in cells expressing
TAM67 compared to the control cells (Fig. 9D), indicating disrup-
tion of ras-induced senescence upon AP-1 inhibition by TAM67.
TAM67 also prevented the induction of the enlarged and flattened
morphology characteristic of senescence in ras-expressing cells
(Fig. 9E). In addition, a shRNA (shJun1555) that silenced c-Jun
expression (Fig. 9H) disrupted ras-induced proliferative arrest
(Fig. 9F) and accumulation of SA-�-Gal (Fig. 9G) and greatly
reduced induction of p38� expression by ras (Fig. 9H). These find-
ings indicate that c-Jun is essential for ras-induced senescence and
p38� expression.

We further investigated the role of Ets1 in ras-induced senes-
cence and p38� expression. Two shRNAs were constructed that
knocked down Ets1 expression at both mRNA and protein levels
when stably transduced into BJ cells (shEts247 and shEts257) (Fig.
10A). These Ets1 shRNAs disrupted oncogenic ras-induced pro-
liferative arrest (Fig. 10C) and accumulation of SA-�-Gal-positive
cells (Fig. 10D) and concurrently abrogated induction of p38�
mRNA and protein expression by ras (Fig. 10B). Moreover, these
Ets1 shRNAs greatly reduced ras-induced transcription from the
3-kb p38� promoter reporter (Fig. 10E and F). These results indi-
cate that Ets1 is required for the induction of senescence and p38�
expression by oncogenic ras.

Moreover, we investigated the epistatic relationship among
p38�, c-Jun, and Ets1 in the senescence pathway. While c-Jun and

FIG 7 c-Jun and Ets1 directly bind to the ras-responsive element on the p38�
promoter. Chromatin was immunoprecipitated from BJ cells transduced with
Ha-rasV12 (Ras) or vector (WH) using an anti-c-Jun, anti-Ets1, or anti-c-Fos
antibody or control IgG (rabbit IgG for the anti-c-Jun and anti-Ets1 antibodies
and goat IgG for the anti-c-Fos antibody). DNA present in the immunopre-
cipitated complexes was quantified by real-time PCR using primers that am-
plify the region from �3086 to �2759 (A) or that from �7007 to �6723 (B) of
the p38� promoter. Fold enrichment was calculated by dividing signals from
the antibody immunoprecipitates by that from the IgG immunoprecipitates.
Values are means 
 SDs for triplicates. *, P � 0.01 versus IgG by Student’s
t test.

FIG 8 c-Jun, c-Fos, and Ets1 are activated by oncogenic ras through the MEK-ERK pathway during senescence induction. Numbers represent relative levels of
proteins. (A) Western blot analysis of BJ cells transduced with Ha-rasV12 (Ras), constitutively active MEK1 (MEK1Q56P and MEK1E�), or vector (BP) on day
8 after ras transduction. (B) Western blot analysis of BJ cells transduced first with a dominant negative mutant of MEK1 (MEK1-AA) or vector (WH) and then
with Ha-rasV12 (Ras) or vector (BP) on day 8 after ras transduction. (C) Western blot analysis of BJ cells transduced with Ha-rasV12 (Ras) or vector (WH) and
treated with 5 �M U0126 or vehicle (Ctrl) on day 8 after ras transduction.
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FIG 9 Activity of the AP-1 transcription factor is required for oncogenic ras-induced p38� expression and senescence. (A) Analysis of p38� mRNA levels by quantitative
real-time RT-PCR in BJ cells transduced with a dominant negative mutant of c-Jun (TAM67) or vector (BP); and Ha-rasV12 (Ras) or vector (WH) on day 8 after ras
transduction. The signals for p38� mRNA were normalized to that of PBGD. Values are means 
 SDs for triplicates. *, P � 0.05 versus BP by Student’s t test. (B) Western
blot analysis of p38� protein levels in BJ cells transduced with a dominant negative mutant of c-Jun (TAM67) or vector (BP) and Ha-rasV12 (Ras) or vector (WH) on day
8 after ras transduction. (C) BJ cells stably transduced with a retroviral luciferase reporter containing a 3-kb p38� promoter sequence upstream of the transcription start
site were transduced with Ha-rasV12 (Ras) or vector (WH). Cells were lysed on day 8 after Ras transduction. Luciferase activity was measured and normalized to protein
concentration. Fold induction by ras was calculated by dividing the luciferase activity in ras-expressing cells by that in control cells. Values are means 
 SDs for triplicates.
*, P � 0.005 versus BP by Student’s t test. (D) Percentage of SA-�-Gal-positive cells in BJ cell populations transduced with a dominant negative mutant of c-Jun (TAM67)
or vector (BP) and Ha-rasV12 (Ras) or vector (WH). *, P � 0.05 versus BP by Student’s t test. (E) Morphology of BJ cells transduced with a dominant negative mutant
of c-Jun (TAM67) or vector (BP) and Ha-rasV12 (Ras) or vector (WH). (F) Growth curves of BJ cells transduced with a scrambled shRNA (shSC) or c-Jun shRNA
(shJun1555) and Ha-rasV12 (Ras) or vector (WH) over 21 days starting at PD32. Values are means 
 SDs for triplicates. *, P � 0.01 versus shSC by Student’s t test. (G)
Percentage of SA-�-Gal-positive cells in BJ populations transduced with a scrambled shRNA (shSC) or c-Jun shRNA (shJun1555) and Ha-rasV12 (Ras) or vector (WH).
Values are means
SDs for triplicates. *, P�0.01 versus shSC by Student’s t test. (H) Western blot analysis of BJ populations transduced with a scrambled shRNA (shSC)
or c-Jun shRNA (shJun1555) and Ha-rasV12 (Ras) or vector (WH). Numbers represent relative levels of proteins.
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Ets1 shRNAs disrupted ras-induced senescence, they failed to ab-
rogate senescence induced by constitutively active p38� (Fig.
11A). In addition, wild-type p38� restored ras-induced senes-
cence in BJ cells expressing c-Jun or Ets1 shRNA (Fig. 11B). These
results indicate that p38� acts downstream of c-Jun and Ets1 to
mediate senescence.

Taken together, our results demonstrate that by stimulating
the expression of p38�, AP-1 and Ets1 play an essential role in
oncogenic ras-induced senescence.

DISCUSSION

In the current study, we identified p38� as an important mediator
of oncogenic ras-induced senescence. Combined with our previ-
ous report (27), our results indicate that 3 out of the 4 p38 iso-
forms, p38�, p38�, and p38�, play an essential role in senescence
induction by ras. Interestingly, these p38 isoforms seem to con-
tribute to senescence induction by activating distinct downstream
signaling pathways. While p38� and p38� induce p16INK4A and
p53/p21WAF1, respectively, p38� mediates senescence through a
mechanism that is independent of these senescence effectors. As

previously reported for p38� and p38� (27), the constitutively
active mutant of p38� only induced a partial senescence pheno-
type compared to oncogenic ras, as manifested by reduced, rather
than arrested, cell proliferation and a lower percentage of SA-�-
Gal-positive cells (Fig. 1E and F). This finding is consistent with
the notion that each of these p38 isoforms is able to activate only
some, and not all, of the senescence effectors required for the full
induction of senescence.

Our findings demonstrate that activation of p38� in the course
of ras-induced senescence occurs at 2 levels. Oncogenic ras in-
duces the Raf-1–MEK–ERK pathway, which, in turn, activates
AP-1 and Ets transcription factors, leading to increased p38� tran-
scription. Once expressed at elevated levels, p38� serves as the
substrate for MKK3 and MKK6, which, upon activation by ras,
induce p38� activity through direct phosphorylation in its activa-
tion loop. It is important to note that the basal level of p38� ex-
pression is very low and barely detectable by Western blotting
in various primary human fibroblasts. A mechanism for the en-
hancement of p38� expression may therefore be essential, in order
to provide MKK3/6 with a sufficient amount of substrates and to

FIG 10 Ets1 is essential for oncogenic ras-induced p38� expression and senescence. (A) Relative levels of Ets1 mRNA in BJ cells transduced with a scrambled
shRNA (shSC) or Ets1 shRNA (shEts247 and shEts257) and Ha-rasV12 (Ras) or vector (WH), as detected by quantitative real-time RT-PCR on day 8 after ras
transduction. Signals were normalized first to that of PBGD and then to that from cells transduced with scrambled shRNA control (shSC). Values are means 

SDs for triplicates. *, P � 0.05 versus shSC by Student’s t test. (Inset) Western blot analysis of BJ cells transduced with a scrambled shRNA (shSC) or Ets1 shRNA
(shEts247 and shEts257). (B) Relative levels of p38� mRNA in BJ cells transduced with a scrambled shRNA (shSC) or Ets1 shRNA (shEts247 and shEts257) and
Ha-rasV12 (Ras) or vector (WH), as detected by quantitative real-time RT-PCR on day 8 after ras transduction. Signals were normalized first to that of PBGD and
then to that from cells transduced with vector control (WH). Values are means 
 SDs for triplicates. *, P � 0.05 versus shSC by Student’s t test. (Inset) Western
blot analysis of the same cell lines. (C) Growth curve of BJ cells transduced with a scrambled shRNA (shSC) or Ets1 shRNA (shEts247 and shEts257) and
Ha-rasV12 (Ras) or vector (WH) over 21 days starting on day 5 after ras transduction at PD 29. Values are means 
 SDs for duplicates. *, P � 0.05 versus shSC
by Student’s t test. (D) Percentage of SA-�-Gal-positive cells in BJ populations transduced with a scrambled shRNA (shSC) or Ets1 shRNA (shEts247 and
shEts257) and Ha-rasV12 (Ras) or vector (WH) on day 12 after ras transduction. Values are means 
 SDs for duplicates. *, P � 0.01 versus shSC by Student’s t
test. (E and F) BJ cells stably transduced with the 3-kb p38� promoter luciferase reporter were transduced first with a scrambled shRNA (shSC) or Ets1 shRNA
(shEts247 in panel E and shEts257 in panel F) and then with Ha-rasV12 (Ras) or vector (WH). Cells were lysed on day 8 after Ras transduction. Luciferase activity
was measured and normalized to protein concentration. Fold induction by ras was calculated by dividing the luciferase activity in ras-expressing cells by that in
control cells. Values are means 
 SDs for triplicates. *, P � 0.005 versus shSC by Student’s t test.
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ensure that the p38� signaling is strong enough for senescence
induction. Supporting the notion that ras-induced senescence re-
quires a high level of p38� protein, shRNA-mediated reduction in
p38� expression led to abrogation of senescence. In addition to
p38�, the expression of p38� was also induced by oncogenic ras in
BJ cells; however, the induction of p38� occurs without an in-
crease in mRNA (Fig. 3A and B). The mechanism and functional
significance of ras-induced p38� expression are under investiga-
tion.

The current study identified the AP-1 and Ets transcription
factors as novel signaling components in the pathway that medi-
ates oncogene-induced senescence. We show that upon activation
by oncogenic ras through the MEK-ERK effector pathway, AP-1
and Ets stimulate p38� gene transcription on the p38� promoter.
Most importantly, inhibition of AP-1 or Ets activity leads to dis-
ruption of oncogenic ras-induced senescence. These findings
demonstrate that AP-1 and Ets transcription factors are integral
components of the senescence-inducing pathway, which play an
essential role in senescence by mediating the induction of p38�
expression.

It has been reported previously that Ets binding sites and AP-1
binding sites often reside next to each other and that Ets and AP-1
cooperate in transcriptional activation (49, 50). Consistent with
these reports, we found that Ets and AP-1 indeed bind to sites
immediately adjacent to each other in the ras-responsive element
of the p38� promoter and cooperate to mediate p38� induction by
ras. However, the exact identities of the Ets and AP-1 transcription
factors mediating the ras induction on the p38� promoter remain
to be fully elucidated. While our data indicate that Ets1 directly
binds to the ras-responsive element of the p38� promoter, the role
of Ets2, the other member of the Ets family of transcription fac-
tors, is currently unknown. Moreover, ChIP analysis detected di-

rect binding of c-Jun but not c-Fos to the ras-responsive element.
Thus, it remains to be determined whether c-Jun stimulates tran-
scription on the p38� promoter as a homodimer or a heterodimer
with a Fos family member other than c-Fos.

p53 is a key senescence effector and a known substrate of p38
MAPK. In fact, our previous study indicated that p38� contributes
to ras-induced senescence by mediating p53 activation through
direct phosphorylation of p53 at Ser33 (27). However, despite the
ability of recombinant p38� to phosphorylate p53 at Ser33 in vitro,
p38� is not essential for ras-induced p53-Ser33 phosphorylation
or p53 transcriptional activity in cells, and a constitutively active
mutant of p38� also fails to induce p53-Ser33 phosphorylation or
a p53 transcriptional target, p21WAF1. Therefore, similar to p38�
but unlike p38�, p38� is not the major protein kinase for p53-
Ser33 phosphorylation during senescence induction. It is possible
that in cells, the kinase activity of different p38 isoforms toward
p53 is differentially regulated by posttranslational modifications,
subcellular localization, or interactions with inhibitory or stimu-
latory factors.
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