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Normal cells irreversibly stop dividing after being exposed to a
variety of stresses. This state, called cellular senescence, has recently
been demonstrated to act as a tumor-suppressing mechanism in
vivo. A common set of features are exhibited by senescent cells, but
the molecular mechanism leading to the state is poorly understood.
It has been shown that p38, a stress-induced mitogen-activated
protein kinase (MAPK), plays a pivotal role in inducing cellular
senescence in diverse settings. To better understand the senescence-
inducing pathway, microarray analyses of normal human fibroblasts
that ectopically activated p38 were performed. It was found that
five genes encoding ESE-3, inhibin ββββA, RGS5, SSAT and DIO2 were
up-regulated in senescent cells induced by RasV12, H2O2 and
telomere shortening, but not in quiescent or actively growing cells,
suggesting that these genes serve as molecular markers for various
types of cellular senescence. The ectopic expression of ESE-3
resulted in retarded growth, up-regulation of p16INK4a but not of
p21, and increased levels of SA-ββββ-gal activity. In contrast, RGS5,
SSAT and the constitutive active form of the inhibin ββββA receptor
gene did not induce such senescence phenotypes when ectopically
expressed. ESE-3 expression increased the activity of the p16INK4a

promoter in a reporter assay, and recombinant ESE-3 protein bound
to the Ets-binding sequences present in the promoter. These results
suggest that ESE-3 plays a role in the induction of cellular senescence
as a downstream molecule of p38. (Cancer Sci 2007; 98: 1468–1475)

N ormal cells undergo irreversible growth arrest, a state
referred to as cellular senescence, under various stress-

posing conditions. Most human primary cells lack telomerase
activity, and telomere length is reduced every time cells divide
due to the end replication problem. Accordingly, after a limited
number of cell divisions, the telomere becomes shortened to
a critical level, eliciting a form of cellular senescence called
replicative senescence.(1) Independent of telomere shortening,
cells that experience diverse kinds of stresses, such as sublethal
H2O2,

(2) activation of Ras(3) and Raf oncogenes(4) and inappropriate
culture conditions(5) also show cellular senescence within a relatively
short period (reviewed in(6)). This form of cellular senescence is
called premature senescence or stress-induced senescence.

Senescent cells show a common set of characteristic pheno-
types, including large and flat morphology of cytoplasm, SA-β-gal
activity(7) altered transcriptomes, increased levels of CDK inhib-
itors p21 and p16, and of the hypo-phosphorylated form of Rb.
The up-regulation of p16 encoded by the INK4a gene is one
of the critical steps of cellular senescence: the over-expression and
the inactivation of p16INK4a induced and bypassed cellular senes-
cence, respectively.(8,9) It has been demonstrated that the up-
regulation of p16INK4a is mediated by transcription factors Ets1
and/or Ets2 in Ras-induced senescence.(10) Ets1 and Ets2 are known
to be phosphorylated by MAPK Erk, one of the downstream
effectors of Ras, and bind to the Ets binding sequences present

in the p16INK4a promoter to activate its expression. However, it is
not clear whether the same mechanism operates in other types
of cellular senescence or not.

The authors and others have reported that the stress-induced
MAPK, p38, plays an important role in inducing cellular senes-
cence in diverse conditions.(11–14) p38 is activated by a variety of
stresses including UV light, heat, osmotic stresses, inflammatory
cytokines (TNF-α and IL-1) and growth factors (CSF-1; reviewed
in(15)). In such conditions, p38 is phosphorylated by the dual-
specificity upstream kinases, MAPKK, MKK3 or MKK6, at the
threonine and tyrosine residues in the Thr-Gly-Tyr (TGY) con-
text contained in the activation loop of the kinase. Activated p38
phosphorylates and activates transcription factors to alter gene
expression patterns, and/or phosphorylates other effectors includ-
ing further downstream kinases, MAPK-activated protein kinases
(reviewed in(16)). It has been found that the level of activated
p38, but not that of Erk or another stress-induced MAPK, JNK,
is commonly increased in replicative senescence and premature
senescence induced by H2O2, activated Ras and inappropriate
culture conditions.(13,14) The ectopic activation of p38 via the
over-expression of a constitutive active form of the upstream
MKK6 led to the induction of all aspects of cellular senescence,
including p16INK4a up-regulation, in young human fibroblasts.
Moreover, pharmacological or genetic abrogation of p38 activa-
tion resulted in at least partial bypassing of cellular senescence.
These results indicate that p38 comprises a common signaling
pathway for a variety of cellular senescence, and suggest that
the analysis of molecules downstream of p38 would lead to the
identification of molecules important for the execution of the
cellular senescence program. 

In the present study, the authors performed a microarray analysis
to identify such molecules in ectopically p38-activated normal
human fibroblasts. ESE-3, a paralog of ETS genes, was identi-
fied as one of the genes up-regulated commonly in all cases of
Ras-, p38-, H2O2-induced premature senescence and replicative
senescence. The ectopic expression of ESE-3 induced some
aspects of cellular senescence including p16INK4a up-regulation.
In vitro experiments suggested that ESE-3 protein activates
p16INK4a by direct binding to the promoter region. These results
suggest that ESE-3 is a component of cellular-senescence-
executing molecules downstream of p38.
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Materials and Methods

Cell culture. Normal human fibroblast WI-38 cells were obtained
from Human Science Research Resources Bank (HSRRB; Japan).
Cells were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% FCS (Biowest, France).

Retroviral gene transduction. Retroviral particles were generated
and infected to cells as described.(14)

Growth curve analysis. Twenty thousand cells were plated
in 6-well dishes. After 2, 4 and 8 days, the cell number was
determined.

cDNA microarray analysis. Total RNA and poly (A)+ RNA were
isolated from MKK6-EE-expressing cells and from mock-
treated cells as a control using an RNeasy mini column (Qiagen,
Germany) and an mRNA Purification Kit (GE Healthcare of
former Amersham Biosciences, England), respectively. 1 µg of
poly (A)+ RNA from the MKK6-EE-expressing cells and mock-
treated cells was amplified using an Ampliscribe T7 Transcription
Kit (Epicentre Technologies, Madison, WI, USA), and 5 µg of
amplified RNA was labeled with Cy5-dCTP and Cy3-dCTP,
respectively, as described previously.(17) Establishment of the
microarray, procedures of hybridization and washing, and
photometrical quantification of signal intensities of each spot
were done as described previously.(18) Each slide contained 52
housekeeping genes, and the intensity of each hybridization
signal was evaluated photometrically by the ArrayVision computer
program (GE Healthcare) and normalized to the averaged
signals of 52 housekeeping genes. The Cy3:Cy5 ratio for each
sample was calculated by averaging spots. A cutoff value for
each expression level was automatically calculated according to
the background fluctuation. The fluctuation can be estimated
as the variance of the log ratio of Cy5:Cy3 minus the variance
of the log ratio of Cy5:Cy3 of highly expressed genes (the upper
30%, where the background fluctuation is so small that it could
be ignored). Genes with an expression level with a fluctuation less
than a critical value (1.0) were used because the other genes (those
that have low expression) are embedded in the background
fluctuation. If both Cy3 and Cy5 signal intensities were lower
than the cut-off values, the expression level of the corresponding
gene in that sample was assessed as low or absent. For other
genes we calculated Cy5/Cy3 as a relative expression ratio. We
defined the relative expression of each gene (Cy5/Cy3 intensity
ratio) into one of four categories: up-regulated (ratio ≥ 2.0),
down-regulated (ratio ≤ 0.5), unchanged (0.5 < ratio < 2.0), and
low or not expressed (under the cut-off level of detection).

RT-PCR analysis. RT-PCR was performed using the following
primers: ESE-3b, 5′-ATCTCGGTAGTTACGTATTGGGC-3′ and
5′-ACTTGTGAAGGCTTGTACGTTTC-3′; inhibin βA, 5′-
TCCTCTGGTATCATGCCAACTAC-3′ and 5′-TCTTCTCTGG-
ACAACTCTTGCTC-3′; RGS5, 5′-CCTTGGACCACCTTCAT-
GTTAG-3′ and 5′-CTCGATTACCCTCATACATGGC-3′; SSAT,
5′-CCTCCTACTGTTCAAGTACAGGG-3′ and 5′-CACCACC-
TTGTTGTTTATCGAA-3′; DIO2, 5′-CTCAGACTTAACAGA-
CCCAGCTC-3′ and 5′-ATAAGCACACATAGCACTCAGCA-3′;
and GAPDH, 5′-GCAAATTCCATGGCACCGT-3′ and 5′-
TCGCCCCACTTGATTTTGG-3′.

Immunoblotting analysis. Sub-confluent cells were washed with
cold PBS and lyzed with lysis buffer (20 mM Tris-HCl [pH 7.5],
150 mM NaCl, 0.5% NP-40, 3 mM EDTA, 3 mM EGTA and 1×
Complete as protease inhibitor (Roche, Switzerland). Whole cell
extracts were immunoblotted with anti-ESE-3 monoclonal anti-
body (described as clone 5A5.5 in(19)), anti-Ets1 (Santa Cruz Bio-
technology, USA; sc-350), anti-Ets2 (Santa Cruz Biotechnology;
sc-351), anti-Rb (Pharmingen BD, USA; 14001A), anti-p16 (Santa
Cruz Biotechnology; sc-4687), anti-p21 (Santa Cruz Biotechno-
logy; sc-817), c-Raf (Santa Cruz Biotechnology; sc-228), anti-H2B
(Upstate joins Millipore, USA; #07-371) or anti-actin (Chemicon
joins Millipore, USA) antibodies.

Luciferase reporter assay. Wild-type and mutant –247 reporter
plasmids(10,20) were kind gifts from Dr E. Hara (Tokushima
University). They were subcloned into pGL3-Basic (Promega,
USA) and used in this study. WI-38 cells grown to subcon-
fluence in a 24-well plate were transfected with 667 ng of a
reporter vector, 333 ng of an effector vector (pcDNA3-based)
and 16.7 ng of an internal control vector (phRL-TK) per unit
well. After incubation for 48 h, the luciferase activity was
measured with the Dual-Luciferase Reporter Assay System
(Promega).

Preparation of nuclear fraction. WI-38 cells (2–3 × 106) were
washed with cold PBS and suspended in 200 µL of buffer-A
(10 mM HEPES [pH 8.0], 10 mM KCl, 1.5 mM MgCl2, 340 mM
sucrose, 10% glycerol, 1 mM DTT and 1× Complete (Roche)).
This was followed by the addition of 2 µL of 10% Triton X-100
to a final concentration of 0.1% and incubation on ice for 5 min.
Suspensions were centrifuged at 1500g for 4 min at 4°C to
produce supernatant S1 and precipitant P1. S1 was centrifuged
at 13 000g for 10 min at 4°C to produce supernatant S2 (cyto-
plasmic fraction). P1 was washed in 200 µL of buffer-A, followed
by centrifugation at 1500g for 4 min at 4°C. The precipitates
were sonicated in 100 µL of lysis buffer (see immunoblotting
analysis) and extracted. The suspension was centrifuged at
13 000g for 10 min at 4°C to produce the supernatant (nuclear
fraction).

EMSA. EMSA was performed according to the procedure
described previously.(21) 6 µg of nuclear fraction and 40 fmol of
biotinylated oligonucleotide probes were incubated in 10 mM
HEPES [pH 7.5], 40 mM NaCl, 0.5 mM EDTA, 0.5 mM EGTA,
6 mM MgCl2, 10 mM DTT and 1× Complete (Roche) for 15 min
at room temperature and for an additional 15 min on ice. In some
experiments, competitor oligonucleotides (4 pmol) or antibodies
were incubated with the nuclear fraction at room temperature
for 30 min prior to the addition of oligonucleotide probes.

Results

Microarray analyses of MKK6-EE-expressing cells. To identify pot-
ential target genes that are activated by p38 in senescent cells,
the gene expression profile was analyzed using the microarray
technique. Normal human fibroblast WI-38 cells (PD38) were
infected with recombinant retroviruses encoding MKK6-EE or
empty vector controls. MKK6-EE is a mutant of MKK6, an
upstream kinase of p38, possessing substitutions of Glu at
Ser-207 and Thr-211 that lead to the constitutive activation of
endogenous p38 but not JNK or Erk.(22) Infected cells were
selected by puromycin treatment for 4 days. The culture medium
was replaced with a fresh one containing no puromycin on the
fifth day and the cells were re-plated on the sixth day (day 0).
The culture was continued until day 6, when the cells were
harvested (Fig. 1a).

Four independent experiments were performed to prepare
cells for microarray analyses. In all cases, the MKK6-EE-
expressing cells showed enlarged and flat cytoplasm (data not
shown and(14)), stopped growing (Fig. 1b), were positive for
SA-β-gal activity (Fig. 1c) and showed increased p21 mRNA
levels (Fig. 1d), as expected. Poly (A)+ RNA was prepared from
composite cells obtained from the four experiments and sub-
jected to the microarray analysis as described previously.(23)

Among more than 20 000 genes analyzed in the microarray, 463
and 567 genes were significantly up-regulated and down-regulated
in MKK6-EE-expressing cells compared with mock-treated
cells, respectively.

The microarray experiments identified 195 genes that were
up-regulated by more than five-fold in MKK6-EE-expressing
cells compared with mock-treated cells. Among these, 84 genes
failed to reproduce the microarray results in RT-PCR experi-
ments and were excluded from the candidate list. The remaining
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111 genes were examined for the relative expression levels in
WI-38 cells undergoing replicative senescence, H2O2-induced,
MKK6-EE-induced and Ras-induced premature senescence,
quiescence induced by serum starvation (0.1% FBS for 48 h) or
contact inhibition using RT-PCR, as well as actively growing
young control cells. Fifty-six genes were found to be up-regulated
in the quiescent cells induced by serum starvation or contact
inhibition, and were discarded. The RT-PCR results for the
remaining 55 genes that showed increased expressions in at
least one of the four senescence-related conditions, but not in
quiescent cells, are fully described in Supplementary Table S1.

It was found that five genes encoding ESE-3, inhibin βA,
RGS5 (regulator of G-protein signaling 5), SSAT (spermin/
spermidine acetyltransferase) and DIO2 (type II iodothyronine
deiodinase) were up-regulated in each replicative senescence
and three types of premature senescence, but not in either type
of quiescent cells, or in actively growing young cells (Fig. 2).
The ESE-3, RGS5 and SSAT genes were individually over-
expressed in young WI-38 cells. Only the ESE-3 over-expression
resulted in inducing senescence phenotypes (see below). Over-
expression of the constitutive active form of ALK4, which encodes
the inhibin βA receptor, did not induce cellular senescence, either.
The authors therefore focused on ESE-3 for further investigation.

Roles of ESE-3 in cellular senescence. ESE-3 encodes an Ets-
domain-containing transcription factor.(19,24,25) Together with
ESE-1 and ESE-2, it comprises the ESE factor family, which is
characterized by the restricted expression as a nuclear protein in
terminally differentiated and non-dividing epithelial cells and
the presence of the N-terminal pointed domain and the C-terminal
Ets domain.(19) ESE-1 or ESE-2 expression was not detected in
Ras-induced senescent cells using RT-PCR with various numbers
of amplification cycles (data not shown), suggesting that ESE-3
is specifically expressed in the senescent cells.

The expression level of ESE-3 mRNA detected using RT-PCR
was highest in Ras-induced and MKK6-EE-induced senescent

WI-38 cells, and was moderate in WI-38 cells undergoing
H2O2-induced senescence or replicative senescence. It was not
detected in quiescent WI-38 cells induced by contact inhibition
or serum starvation, or in actively growing young WI-38 cells
(Fig. 2a). These findings were confirmed by quantitative real-
time RT-PCR experiments (Fig. 2b). Indeed, ESE-3 expression
levels were down-regulated in the two types of quiescent cells
compared with those in the actively growing young cells (Fig. 2b).
Anti-ESE-3 monoclonal antibody 5A5.5 detected ESE-3 protein
in Ras-induced and MKK6-EE-induced senescent cells, but not
in replicative senescence cells, H2O2-induced senescent cells or
quiescent cells (Fig. 2c). The authors have experienced that the
endogenous ESE-3 protein is physiologically produced at very
low levels and is hardly detected by conventional immunoblotting
techniques (data not shown). Accordingly, it is thought that the
failure of detecting ESE-3 protein does not exclude the possibility
that ESE-3 plays a role in H2O2-induced and replicative senescence.

It was reported that the treatment of SB203580, a chemical
inhibitor of p38, results in bypassing of the senescence pheno-
type.(13,14) When RasV12-expressing cells were treated with
10 µM SB203580, the ESE-3 protein level was significantly
reduced, concomitant with the bypassing of the retarded growth
and other senescence phenotypes (data not shown and(14)), sug-
gesting that p38 activation is required for the up-regulation of
ESE-3 in RasV12-expressing cells (Fig. 2d). It was found that
neither the Ets1 nor the Ets2 protein level was changed by
RasV12 expression or SB203580 treatment (Fig. 2d).

Human ESE-3 encodes two mRNA through alternative splic-
ing that accordingly produces two ESE-3 isoforms, ESE-3a and
ESE-3b.(25) Compared with ESE-3a, ESE-3b contains an extra
sequence of 23 amino acids between the pointed and Ets domains.
In Ras-induced senescent WI-38 fibroblasts, ESE-3b mRNA and
protein were detected, but hardly any ESE-3a mRNA or protein
(data not shown). N-terminally HA-tagged ESE-3b cDNA were
then expressed constitutively in young WI-38 cells using a

Fig. 1. MKK6-expressing WI-38 cells used for microarray analyses. (a) Experimental schemes showing sample preparation for microarray. Normal
human fibroblast WI-38 cells were infected with RasV12-expressing retrovirus or empty vector. Infected cells were selected by puromycin treatment
and harvested as indicated. (b) Growth curves of MKK6-EE-expressing WI-38 cells and empty-vector-infected cells. Retroviral infections were done
four times (represented by triangles, circles, diamonds and squares). Open and filled symbols indicate MKK6-EE-expressing and mock-treated cells,
respectively. (c) Percentages of SA-β-gal-positive cells at day 6. White and black bars represent MKK6-EE-expressing and mock-treated cells,
respectively. (d) Expression levels of CDK inhibitor p21 and GAPDH in MKK6-EE-expressing and mock-treated cells as revealed by northern blotting
analysis.
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retrovirus vector according to the protocol indicated in Fig. 1a.
After the selection of infected cells with puromycin, cell growth
was monitored (Fig. 3a). Compared with the mock-infected
cells, ESE-3b-expressing cells proliferated slowly. In contrast to
RasV12-expressing cells that stopped growing at day 6; ESE-3b-

expressing cells continued to grow slowly for 6 days, however.
When cells were maintained by regular feeding of fresh media,
ESE-3b-expressing cells stopped growing significantly earlier
than the mock-treated cells did (Fig. 3b). ESE-3b-expressing
cells also showed a higher level of SA-β-gal-positive cells than

Fig. 2. ESE-3 expression is up-regulated in senes-
cent cells but not in quiescent cells. (a) Expression
levels of ESE-3 were measured using RT-PCR in
WI-38 cells exhibiting the following conditions.
CI, contact inhibition; H2O2, H2O2-induced senes-
cence; MKK6-EE, MKK6-EE-induced senescence;
RasV12, Ras-induced senescence; Rep., replicative
senescence; SS, serum starvation; Young, actively
growing young cells. (b) Quantitative analyses of
ESE-3 mRNA levels as revealed by real-time PCR.
The value obtained for the young cells was set at 1.
(c) ESE-3 proteins as revealed by immunoblotting
analyses using 5A5.5. WI-38 cells retrovirally
expressing HA-ESE-3b protein were similarly
analyzed as control. (d) ESE-3, Ets1 and Ets2
protein levels as revealed by immunoblotting
analyses in mock and RasV12-expressing cells
with or without SB203580 treatment. The band
that appears in all lanes (asterisk) is a non-
specific signal. Coomassie Brilliant Blue (CBB)
staining indicates that an equal amount of the
total protein was loaded in each lane
(representative parts of staining where ESE-3
migrated are shown).

Fig. 3. Ectopic expression of ESE-3b induces cellular senescence phenotypes in WI-38 cells. (a) Growth curves of HA-ESE-3b-expressing (squares),
RasV12-expressing (triangles) and mock-infected (diamonds) cells. (b) Increases of population doublings for mock (open diamonds) and HA-ESE-3b-
expressing (filled squares) WI-38 cells. Cells were cultured by feeding medium at intervals. Increases of population doublings after day 6 were
calculated and indicated in the vertical axis. (c) Percentages of SA-β-gal-positive cells for mock (white column), HA-ESE-3b-expressing (gray) and
RasV12-expressing (dark gray) WI-38 cells at day 6. (d) Rb, ESE-3, p16 and p21 proteins as revealed by immunoblotting analyses in mock, HA-ESE-
3b- and RasV12-expressing cells at day 6. Hypo-phosphorylated Rb is indicated by an asterisk. The migration of ESE-3b in HA-ESE-3b-expressing
cells is slower than that in RasV12-expressing cells due to the presence of an HA tag.
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the mock-infected cells, although to a lesser degree than that
shown by the RasV12-expressing cells (Fig. 3c). Rb protein was
largely hypo-phosphorylated in both cells whereas hyper- and
hypo-phosphorylated Rb existed in mock-treated cells at day 6
(Fig. 3d). The amount of p16 but not that of p21 was increased
in ESE-3b-expressing cells, while both were increased in
RasV12-expressing cells (Fig. 3d). Taken together, it was con-
cluded that the ectopic expression of ESE-3b induces some
senescence phenotypes, that is, reduced growth rates, early ces-
sation of cell proliferation, increased SA-β-gal activity, and
increased levels of p16 and hypo-phosphorylated Rb. However,
no increase in p21 level was observed. To investigate the effect
of knock-down of the ESE-3 gene expression on the senescence
phenotypes, multiple retroviruses encoding differently designed
ESE-3-targeting shRNA were constructed. However, it was
observed that when WI-38 cells were transfected with Ras- and
shRNA-expressing retroviruses simultaneously, all cells died
from unknown reasons in all cases, which prevented completion
of the experiments.

ESE-3b transactivates p16 promoter. The constitutive activation
of p38 through the ectopic expression of MKK6-EE resulted in
up-regulation of p21 (Fig. 1d) and p16INK4a (data not shown and(14)),
as well as ESE-3 (Fig. 2a,b). In contrast, the ectopic expression of
ESE-3 led to activation of p16INK4a but not p21 (Fig. 3d), suggesting
the specific role of ESE-3 in p16INK4a regulation. Because it is
well established that Ets1 and Ets2, founding members of the
Ets transcription factor family, directly activate the p16INK4a gene
promoter during Ras-induced senescence,(10) the authors were
interested in the possibility that ESE-3 also activates the p16INK4a

promoter. It was reported that the p16INK4a promoter construct
containing 247 nucleotides upstream of the p16 translation start
site (designated –247) is activated by RasV12, MEK, Ets1 or Ets2
through direct binding of Ets1/2 to the Ets-binding sequence
that is conserved between human and mouse (–108~–102 in the
human sequence, EBS1 in Fig. 4a).(10) The Ets-binding motif
consists of the core sequence of GGAA. EBS1 contains two
tandemly positioned copies of this core sequence. Another
potential Ets-binding sequence present in the human gene but
not in the mouse gene was noted (–121~–118, EBS2 in Fig. 4a),
but its contribution to Ets2-induced p16INK4a activation appeared
negligible.(10) It was found that ESE-3b significantly activated
the –247 promoter construct as efficiently as Ets2 in young WI-
38 cells (Fig. 4b). Moreover, ESE-3b∆C, which lacks a region
within the C-terminal DNA-binding Ets domain (a.a. 258–300,
Fig. 4d), did not activate the reporter, suggesting the specificity
of the ESE-3b-induced activation. In contrast, the Mut1 reporter
construct having nucleotide substitutions at EBS1 was activated
to a significantly less extent by the wild-type ESE-3b, indicating
the importance of EBS1 (Fig. 4c). The Mut2 reporter construct
having nucleotide substitutions at both EBS1 and EBS2 did not
show further reduction in ESE-3b-induced activation, suggesting
the relatively minor role of EBS2 in this setting as reported for
Ets2-induced p16 activation.(10) Taken together, it was shown
that over-expressed ESE-3b activates the p16INK4a promoter in a
manner dependent on EBS1.

The binding activity of ESE-3 protein to EBS1 was analyzed
using EMSA. WI-38 cells were infected with LacZ-expressing
or ESE-3b-expressing adenoviruses. The adenovirus-encoded

Fig. 4. ESE-3b activates p16INK4a promoter. (a) The p16INK4a promoter construct (–247) was fused with the luciferase gene.(10) Potential Ets-binding
sequences (EBS1 and EBS2) present in the region are indicated by bold letters. Sequences of mutant –247 reporter constructs (Mut1 and Mut2(10))
are shown with substituted nucleotides in lowercase. Nucleotide numbers are counted from the translation initiation site. (b) Reporter assays of
wild-type –247 construct in young WI-38 cells. Empty pcDNA3 (mock), pcDNA3 encoding the wild-type ESE-3b (ESE-3b), the C-terminally truncated
form of ESE-3b (Ese-3b∆C), or Ets2 was cotransfected with the –247 reporter plasmid into young WI-38 cells. Reporter activity was calibrated to
the transfection efficiency. The value obtained for the mock experiment was set at 1. RLU, relative luciferase unit. (c) Reporter assays of the wild-
type (WT), Mut1 and Mut2–247 constructs in young WI-38 cells. Empty pcDNA3 (white bars) or HA-ESE-3b-expressing pcDNA3 was cotransfected
with the indicated reporter plasmids into young WI-38 cells. Reporter activity was calibrated to transfection efficiency, and activity measured by
the indicated reporters is shown. (d) Schematic of ESE-3b (wild-type) and ESE-3b∆C (C-terminal truncated mutant) is shown. Light and dark gray
boxes represent PNT (pointed) and Ets domains, respectively. The PNT domain is suggested to function as a protein–protein interaction domain.
Black bar indicates a potential nucleotide-associating site within the Ets domain.
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ESE-3 protein lacks any tag sequence. ESE-3b protein was
found in the nuclear fraction, under the condition that cytoplas-
mic c-Raf and nuclear histone H2B proteins were detected in
cytoplasmic and nuclear fractions, respectively, as expected
(Fig. 5a). A 47-bp oligonucleotide containing EBS1 and EBS2
(–134~–88) labeled with biotin at both 5′-termini (Fig. 5b) was
incubated with nuclear protein fractions derived from LacZ-
or ESE-3b-expressing WI-38 cells, and subjected to EMSA as
described in the experimental procedures (Fig. 5c). A slowly
migrating intense band was observed when nuclear proteins
derived from ESE-3b-expressing WI-38 cells (lane 3), but not
from LacZ-expressing cells (lane 1), were used. This band
represents the ESE-3b-oligonucleotide complex because the
addition of anti-ESE-3 antibody (lane 4), but not that of anti-
tubulin antibody (lane 5), further retarded the band migration.
The signal intensity of the band was significantly reduced when
100-fold excess of non-biotinylated probe was included in the
reaction (lane 6), further indicating the specificity of the reaction.

To investigate whether ESE-3b recognizes EBS1 or EBS2 in
the oligonucleotide probe, mutant probes harboring nucleotide
substitutions at the core sequence of EBS1 (Mut1), EBS2
(Mut3) or both (Mut2) were prepared (Fig. 5b). It was found
that ESE-3b and Mut1 formed a complex showing mobility
indistinguishable from that of the complex formed by ESE-3b
and the wild-type probe (data not shown and Fig. 5d). This
result suggests that ESE-3b binds to EBS2. To estimate the rel-
ative affinity of ESE-3b to EBS1 and EBS2, the biotinylated
wild-type probe, together with 100-fold excess of unbiotinylated

competitors of either wild-type, Mut1, Mut2 or Mut3, was incu-
bated with ESE-3b-containing nuclear protein fractions (Fig. 5d).
The signal intensity of the complex was reduced by the competitors
in the order of WT > Mut1 >> Mut2 = Mut3, indicating that the
mutations in EBS1 did not result in a large loss of binding
between the probe and ESE-3b, whereas those in EBS2 did.
Therefore, the EMSA experiment suggested that although
both EBS1 and EBS2 are binding targets of ESE-3b, EBS2 is
preferred to EBS1.

Discussion

It has been argued that cellular senescence plays an adaptive
role as a tumor suppressing activity.(6,26) However, as most
studies have been conducted in culture systems, the question
whether it indeed operates in vivo has been left unanswered
until very recently, when it was found that cellular senescence
actively inhibits progression from premalignant to malignant
tumors in vivo.(27–31) Therefore, it is important to understand the
molecular pathways leading to cellular senescence, because
the genes involved in such pathways likely function as tumor-
suppressors and are subject to a selective pressure to be mutated
during tumor progression.

Premature senescence is elicited by a number of stimuli, among
which the Ras-induced senescence has been most frequently
studied. Ras provokes several distinct downstream pathways.
Among them, it is well established that the Ras–MAPK (Raf–Mek–
Erk) pathway is responsible for the induction of Ras-induced

Fig. 5. ESE-3b binds to EBS sequences in the p16INK4a promoter. (a) Adenovirus encoding ESE-3b produced nuclear ESE-3b protein in WI-38 cells.
WI-38 cells were infected with mock or ESE-3b-expressing adenoviruses. Cytoplasmic (cyto) and nuclear (nuc) protein fractions were
immunoblotted with anti-c-Raf, anti-H2B or 5A5.5 antibodies (right). (b) Oligonucleotide probes used in EMSA. Nucleotide numbers relative to the
translation initiation site are indicated. Bold and lower case letters indicate EBS1 and EBS2, and mutated nucleotides, respectively. (c) Wild-type
oligonucleotide probe was incubated with nuclear protein derived from LacZ-expressing (mock, lane 1) or ESE-3b-expressing (ESE-3. lanes 3–6) WI-
38 cells, or without any nuclear protein (lane 2). The oligonucleotide-protein complex was subjected to EMSA with or without antibodies or 100-
fold excess of cold wild-type competitor, as indicated. The positions of the free probe, the oligonucleotide/ESE-3b complex (Shift) and the complex
further retarded for migration by anti-ESE-3b incubation (Super Shift) are indicated. (d) The wild-type probe was subjected to EMSA with ESE-3b-
containing nuclear protein. 100-fold excess of unbiotinylated cold competitor of wild-type (WT), Mut1, Mut2 or Mut3 oligonucleotides was
included in the reaction mixture as indicated.
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senescence.(9) It has been demonstrated that Ets1 and/or Ets2,
which are known to be phosphorylated and activated by Erk(32)

bind to the p16INK4a promoter to induce p16 in Ras-induced
senescence.(10) Together, it is believed that the MAPK–Ets–p16
pathway plays a central role in p16INK4a induction in Ras-induced
cellular senescence. However, it remains to be examined
whether this scenario is relevant to other types of senescence
such as those induced by inappropriate culture conditions or
oxidative stress.

The authors analyzed the expression profile of normal human
fibroblasts in which p38 was constitutively activated. Because
p38 is activated in most, if not all, cases of cellular senescence,
and is involved in cellular senescence induction, we expected to
identify molecules commonly involved in the diverse forms of
cellular senescence. It has been previously reported that eight
genes are up-regulated in MEK1 (MAPKK in the Ras-MAPK
pathway)-induced cellular senescence but not in transformed
cells.(27) Among these, five genes were analyzed in the present
microarray experiment: One (MCL1) was up-regulated whereas
the remaining four (CST1, CDKN2B, BHLHB2 and NFYA) were
not detected for expression in either mock-treated or MKK6-EE-
expressing fibroblasts. These results suggest that most of these
genes are indeed specifically up-regulated in oncogene-induced
cellular senescence (OIS). Consistently, it was argued that none
of the eight genes were found to be up-regulated in a microarray
study on replicative senescence.(27) The authors would like to pro-
pose that the five genes identified in this study serve as molecular
markers commonly positive for various types of cellular sene-
scence, as a complement to the OIS-specific markers identified
by Collado et al. Future studies are necessary to investigate
whether they are positive in senescent cells in vivo or not.

Among the five genes, it was found that ectopic expression of
ESE-3, but not of RGS5, SSAT or the effector gene of inhibin βA,
induced cellular senescence phenotypes. The human Ets family
consists of approximately 30 transcription factors characterized
by the presence of a wHTH (winged helix-turn-helix)-type
DNA-binding domain called the Ets domain (reviewed in(33,34)).
The Ets domain binds to the GGAA/T core sequence. Ets1 and
Ets2 are phosphorylated by MAPK Erk at threonines 38 and 72,
respectively, to induce their transcriptional activation capabi-
lity.(32) Besides the post-translation modification, it is known that
Ets family proteins are regulated by associating with themselves
(homodimerization) and other transcription factors belonging to
the Ets family or other families. Some members are ubiquitously
expressed (for example, Ets2), whereas others are tissue- and
differentiation-stage-specific (for example, Ets1 in lymphoid organs
and vascular endothelium). The members are proposed to regulate
various aspects of cellular processes, including angiogenesis,
lymphoid organ development, and apoptosis.

ESE-3 is an Ets family member belonging to the ESE subgroup.
Although the precise physiological function is not known, it is
assumed that ESE factors are involved in epithelial cell differen-
tiation. ESE-3 is expressed in terminally differentiated epithelial
cells in various organs including salivary gland, prostate, trachea,
lung, colon, stomach, mammary gland, pancreas, kidney and
bladder, but not in proliferating epithelial cells at the basal
layer.(19,24) ESE-3 is located at 11p12, which is known as a hot
spot for LOH in lung, breast and prostate carcinomas(35,36) that
originate from ESE-3-expressing tissues. Moreover, ESE-3
expression levels were found to be relatively reduced in the
advanced stages of tumors compared with those in the early
stages.(19,24) These observations led to the proposal that ESE-3
functions as a tumor-suppressor gene. The findings in the present

study that ESE-3 expression induces cellular senescence pheno-
types, including retarded cellular proliferation, are consistent
with the notion that ESE-3 has a tumor-suppressing function
in vivo, and is inactivated during the transition from premalignant
to malignant tumors, a hypothesis that should be tested in the
future. Recently, it has been reported that siRNA-mediated
knockdown of ESE-3/EHF resulted in premature senescence in
mouse embryonal fibroblast cells and several cancer cell lines.(37) It
is possible that ESE-3 shows pleiotropic effects on senescence
in different cell types and/or species.

p16INK4a up-regulation by Ets1 and Ets2 in Ras-induced senes-
cence is well established.(10) However, ETS1 expression levels
have been reported to be higher in more advanced stages of
tumors (reviewed in(33,34)), an observation inconsistent with the
simple hypothesis that Ets1 functions as a tumor suppressor via
the induction of cellular senescence. Therefore, the relative con-
tributions of Ets family members, including ESE-3, to cellular
senescence appear complicated and probably depend on tissue
type and tumor stage. The phenotypes observed in the present study
for ectopically ESE-3-expressing normal human fibroblasts appear
relatively modest compared with those reported for ETS1- and
ETS2-expressing cells. It was reported that ETS1- or ETS2-
expressing normal human fibroblasts completely stopped growing
before reaching confluence.(10) Although ESE-3b-expressing cells
showed significantly slower growth than mock-treated cells, they
did not stop growing. Similarly, ESE-3-expressing cells exhibited
mild and partial senescence phenotypes compared with the full-
blown phenotypes found in RasV12-expressing cells in the same
experimental system used in the present study. ESE-3b-expressing
cells showed a small number of SA-β-gal positive cells and
induced p16 but not p21 up-regulation. These results suggest
that although ESE-3 comprises a component of the cellular
senescence-executing pathway, it is not the sole one. Given that
the Ets family proteins are activated by various post-translational
modifications and protein–protein interactions, proper modifica-
tion and/or physically interacting partners may be missing in the
ESE-3b-expressing WI-38 cells.

The amino acid sequences around the threonine residues of
Ets1 and Ets2 that are phosphorylated by MAPK Erk agree well
with the proposed MAPK phosphorylation target sequences
(PLLS/TP). In contrast, ESE-3 protein does not possess such a
consensus sequence, and is not phosphorylated by Erk in vitro.(19)

It has been reported that the transactivation activity of Ets1 and
Ets2 to the p16INK4a promoter was enhanced by cotransfection of
RasV12 or MEK.(10) RasV12 expression did not cooperate with the
transactivation by ESE-3b (data not shown), further suggesting
that ESE-3 is not a direct downstream molecule of the Ras-MAPK
pathway. It has been reported that Ku70/Ku86 physically inter-
acts with ESE-1, the closest paralog of ESE-3, and that this
interaction reduces the DNA-binding activity of ESE-1.(38) Future
studies are required to elucidate how ESE-3 is post-translationally
activated in senescent cells.
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