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Interferons are cytokines with potent antiviral and antiproliferative activities. We report that although a transient
exposure to B-interferon induces a reversible cell cycle arrest, a sustained treatment triggers a p53-dependent senescence
program. B-Interferon switched on p53 in two steps. First, it induced the acetylation of p53 at lysine 320 and its
dephosphorylation at serine 392 but not p53 activity. Later on, it triggered a DNA signaling pathway, the phosphorylation
of p53 at serine 15 and its transcriptional activity. In agreement, -interferon—treated cells accumulated y-H2AX foci and
phosphorylated forms of ATM and CHK2. The DNA damage signaling pathway was activated by an increase in reactive
oxygen species (ROS) induced by interferon and was inhibited by the antioxidant N-acetyl cysteine. More important, RNA
interference against ATM inhibited p53 phosphorylation at serine 15, p53 activity and senescence in response to
B-interferon. B-Interferon-induced senescence was more efficient in cells expressing either, p53, or constitutive allele of

ERK2 or RasV12. Hence, B-interferon-induced senescence targets preferentially cells with premalignant changes.

INTRODUCTION

Many cell types are able to enter a stable and viable post-
mitotic state in response to oncogenic stresses such as DNA
damage, short telomeres, and certain oncogenes. This con-
dition, known as cellular senescence, is regulated by tumor
suppressors such as p53, RB, pl6™NK4a, p19ARF and PML
and engages a specific gene expression program (Ferbeyre,
2002; Lowe et al., 2004; Shay and Roninson, 2004). By pre-
venting the expansion of potentially malignant cells, senes-
cence may act as a barrier to tumor formation. Several sig-
naling pathways must connect different stressors to the
senescence program. For example, short telomeres or DNA
damage activate the senescence program through the check-
point proteins ATM, ATR, CHK1, and CHK2 (d’Adda di
Fagagna et al., 2003; Herbig et al., 2004; Zglinicki et al., 2005).
On the other hand, oncogenic stresses do not regulate se-
nescence through telomere shortening and they may signal
to senescence regulators through the production of reactive
oxygen species (Lee et al., 1999; Wu et al., 2004; Catalano et
al., 2005). In addition, it is established that some senescence
regulators (p53, PML, and IFI16) are also targets of interfer-
on-stimulated transcription factors (Lavau et al., 1995; Sta-
dler et al., 1995; Takaoka et al., 2003; Xin et al., 2003, 2004; de
Stanchina et al., 2004). Accordingly, senescence prevented
ras-transformation in wild-type fibroblasts, but not in fibro-
blasts from mice lacking the interferon regulated transcrip-
tion factor IRF1 (Tanaka et al., 1994). Together, these studies
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suggest that signaling through the interferon pathway may
play a role in senescence.

Interferons comprise a family of cytokines with antiviral
and antiproliferative activity. They include the type I inter-
feron family (mainly « and B-interferon) and type II or
v-interferon (Taniguchi and Takaoka, 2002). Type-I inter-
feron, usually produced by cells infected with viruses, acts
locally, at high concentrations and in a paracrine manner
(Dianzani, 1992). B-Interferon can also act as an autocrine
growth inhibitor during hematopoietic cell differentiation
(Resnitzky et al., 1986) and is constitutively expressed by
terminally differentiated skin keratinocytes (Bielenberg et al.,
1999). These studies suggest that B-interferon can play a role
in promoting a permanent withdrawal from the cell cycle.

We show here that prolonged treatment with B-interferon,
but not a-interferon, induced senescence in normal cells.
Interferon-induced senescence was associated with high lev-
els of reactive oxygen species (ROS), activation of the ATM/
CHK2 DNA damage signaling pathway and engagement of
the tumor suppressors p53 and RB. Notably, inhibition of
P53 activity in p53 null mouse fibroblasts, human cells ex-
pressing the viral oncoprotein E6, or an shRNA against
ATM inhibited senescence in response to B-interferon. More
important, B-interferon induced senescence more efficiently
in cells expressing p53, an activated allele of ERK2 or
RasV12. This suggests that the senescence program is pref-
erentially activated in normal cells where viral or oncogenic
stresses are persistent.

MATERIALS AND METHODS

Cells and Retroviruses

Normal human diploid fibroblasts IMR90 (ATCC, Manassas, VA) were cul-
tured in DMEM (Invitrogen, Logan, Utah) supplemented with 10% fetal
bovine serum (FBS; Invitrogen) and 1% penicillin G/streptomycin sulfate
(Invitrogen). Retroviruses, pLPC and pLPCp53, were described in (Ferbeyre et
al., 2000), MSCV and MSCVshRNA-ATM were described in Mukhopadhyay
et al. (2005). TSP cells (p53 null fibroblasts expressing a temperature-sensitive
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p53) was previously described (Ferbeyre et al., 2002). Human -interferon was
kindly provided by Biogen; (Boston, MA) a-interferon A and mouse B-inter-
feron were purchased from Biosource (Camarillo, CA).

Cell Proliferation and Senescence Determination

To determine cell proliferation rates we used a BrdU incorporation kit (BD
Biosciences), a thymidine incorporation assay (Ferbeyre et al., 2000) and
estimated cell counts at different times after plating using a crystal violet
retention assay (Ferbeyre et al., 2000). Fluorescent-activated cell sorting
(FACS) and cell cycle analysis were done according to Ferbeyre et al. (2000).
Data were analyzed by the software CellQuest (version 3.3). Senescence-
associated B-galactosidase (SA-B-gal) activity was assayed as described by
(Dimri et al.,, 1995). Data were quantified from 200 cells counts in three
independent experiments (n = 3).

Protein Expression

To prepare total cell protein, cells were collected by trypsinization, washed
with phosphate-buffered saline (PBS), lysed in SDS sample buffer (60 mM
TrisHCI. pH 6.8, 10% glycerol, 2% SDS. and 100 mM DTT) and boiled for 5
min. For Western blots, 30-50 ug of total cell protein was separated on
SDS-PAGE gels and transferred to Immobilon-P membranes (Millipore. Bed-
ford, MA). We measured the levels of a-tubulin to verify equal loading of the
different samples. Primary antibodies used are listed in Supplementary Meth-
ods. Signals were revealed after incubation with anti-mouse or anti-rabbit
secondary antibodies coupled to peroxidase (Amersham Pharmacia, Amer-
sham, United Kingdom) by using enhanced chemiluminescence (ECL, Am-
ersham Pharmacia) or Lumi-Light Plus (Roche).

Fluorescence Microscopy

For fluorescence microscopy, 2 X 10* IMR90 cells were plated on coverslips
placed on six-well plates (Costar, Corning, NY). Twenty-four hours after
plating, the cells were fixed with 4% paraformaldehyde for 15 min at room
temperature. Subsequently, the cells were washed in PBS and permeabilized
using ice-cold 0.2% Triton X-100 in PBS/3% BSA solution for 5 min. Then the
cells were washed three times with PBS/BSA and incubated for 1 h at room
temperature with anti-phospho ERK1/2 (9106, 1:300, Cell Signaling), anti-
PML (PGM3, 1:200, Santa Cruz Biotechnology, Santa Cruz, CA), or anti-
phospho-H2AX (JBW301, 1:200, Upstate Biotechnology, Lake Placid, NY) as
primary antibodies. Images from independent field were captured and pro-
cessed with the software Metamorph. Each experiment was repeated three
times and representative fields are presented in each figure.

RT-PCR

Total cellular RNA was prepared from cells treated with 2000 IU of B-inter-
feron or vehicle for 6 or 12 d using Ultraspec (Biotecx Laboratories, Houston,
TX) reagents and instructions. The pool of first strand cDNAs was synthe-
sized with RevertAid H Minus First Strand Synthesis Kit (Fermentas) using
total RNA template and random hexameric primers. Primers used to amplify
p21; PIG3, total PML, and PMLIV are listed in Supplementary Methods. We
measured the levels of the B-actin mRNA to verify equal loading and ampli-
fication of the different samples.

Luciferase Assay

For luciferase assay, IMR90 cells were plated at 3 X 10° cells per 6-cm plate.
Cells were transfected using FUGENE 6 (Roche) with 2.5 pg of the firefly
luciferase reporter plasmid under the control of the HDM2 promoter, 0.5 ug
of pLPC or its derivative expressing p53 and 0.1 ug of the renilla luciferase
reporter plasmid under the control of the 8-globin promoter. Then we added
B-interferon (1000 U/ml), and cells were harvested 24 or 72 h later for
Dual-luciferase assay (Promega, Madison, WI).

Determination of Mitochondrial Mass and ROS

To measure mitochondrial mass we used MitoFluor-Green (Molecular Probes.
Eugene, OR) or MitoTracker-Red. Cells were incubated for 15 min with 100
nM MitoFluor-Green or MitoTracker-Red and then they were washed with
PBS and the intensity of labeling was measured by FACS (MitoFluor-Green)
or immunofluorescence (MitoTracker-Red). To measure ROS cells were incu-
bated with dichlorodihydrofluorescein diacetate (H,DCFDA) from Molecular
Probes. This compound emits fluorescence when oxidized by ROS. Fluores-
cence was monitored by immunofluorescence microscopy or FACS.

Statistics

Pairwise comparison between groups was performed using the Student’s ¢
test. A value of p = 0.05 was considered significant.
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RESULTS

Prolonged Treatment With B-Interferon Induces
Senescence in Normal Human Fibroblasts

Expression of oncogenic ras in normal human fibroblasts
IMRY0 triggers a permanent cell cycle arrest with features of
cellular senescence and expression of some interferon re-
sponsive genes (Serrano et al., 1997; Ferbeyre et al., 2000). To
evaluate whether interferon was sufficient to activate the
senescence program in normal fibroblasts, we treated these
cells with 2000 U of B-interferon every 3 d. In these condi-
tions, the cells proliferated very slowly during the first 9 d of
treatment and most of them arrested with a typical senescent
morphology around day 12 (Figure 1A). At this time, the
ability of B-interferon—treated cells to synthesize DNA was
lower than control growing cells and similar to that of cells
arrested in low serum, as measured by incorporation of
BrdU (p = 0.014; Figure 1B) or labeled thymidine (p = 0.01;
Figure 1C). DNA content analysis by flow cytometry of
propidium iodide-stained cells revealed that most of the
cells were arrested in G1 (Figure 1D).

To confirm that B-interferon—treated cells entered a senes-
cent cell cycle arrest, we measured several senescence mark-
ers along the treatment schedule. Cells did not significantly
stain positive for the senescence associated p-galactosidase
(SA-B-Gal) 6 d posttreatment. However, ~75% of the cells
were morphologically senescent and SA-B-Gal positive 12 d
after treatment (Figure 1E). We also studied the status of the
MAP kinases ERK1/2 and p38 in cells treated with p-inter-
feron. p-Interferon induced a nuclear exclusion of phospho-
ERK1/2 as early as 6 d after treatment, but most notably at
later time points (Supplementary Figure 1, A and B) in
correlation with an increase in the number of senescent cells.
Of note, PEA-15, a protein capable of promoting the cyto-
plasmic localization of phospho-ERK1/2 (Formstecher et al.,
2001; Gaumont-Leclerc et al., 2004), was increased in re-
sponse to B-interferon (Supplementary Figure 1B). B-Inter-
feron also induced the activation of the p38MAP kinase
(Supplementary Figure 1B). Hence, B-interferon-treated
cells display altered MAP kinase signaling pathways, as
described for senescence in response to short telomeres or
oncogenes (Iwase et al., 1997; Lim et al., 2000; Wang et al.,
2002; Gaumont-Leclerc et al., 2004).

B-Interferon—treated cells also displayed an increased
number of PML bodies and an increase in the levels of the
PML protein (Supplementary Figure 1C), as reported for
senescence induced by oncogenes or short telomeres (Fer-
beyre et al., 2000). This increase in PML was also detected at
the mRNA level and involved PML-IV (Supplementary Fig-
ure 1D), the only PML isoform known to induce senescence
(Bischof et al., 2002). Finally, B-interferon—treated cells were
strongly labeled by anti-K9-methyl histone 3, a marker of
SAHFs (senescence-associated heterochromatin foci), which
are typical of senescent cells (Narita ef al., 2003; Supplemen-
tary Figure 1D).

We also treated normal fibroblasts with a-interferon but
we could not induce senescence or cell cycle arrest with the
same efficiency (Supplementary Figure 2A). a-Interferon
was also less potent than B-interferon in inducing STAT1
phosphorylation (Supplementary Figure 2B), explaining its
inability to induce senescence in normal human fibroblasts
at doses similar to B-interferon. In agreement, it has been
reported that treatment of epithelial cell lines with a- or
y-interferon induced a reversible cell cycle arrest in G1 (Har-
vat and Jetten, 1996, Akiyama et al., 1999).

Senescence is considered a stable cell phenotype. To de-
termine whether B-interferon—treated cells remained senes-
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Figure 1. Treatment with B-interferon induces a senescent cell cycle arrest in normal fibroblasts. (A) Growth curves. Cell numbers were
followed for 12 d in IMR90 cells treated with B-interferon or vehicle. (B) Cells were treated with B-interferon or vehicle for 12 d and then they
were pulsed with BrdU for 3 h and fixed, and BrdU incorporation was measured by indirect immunofluorescence. Cells on low serum (LS)
were used as a control for cell cycle arrest. Data were quantified by counting 50 cells in different fields in three independent experiments and
analyzed with the Student’s ¢ test. (C) Cells were treated with -interferon or vehicle for 12 d; then they were pulsed with [°H] thymidine
for 24 h, and thymidine incorporation was measured by scintillation counting and analyzed with the Student’s ¢ test. (D) Cell cycle analysis
of cells treated with B-interferon. Cells were treated for 12 d with B-interferon or vehicle, stained with propidium iodide, and analyzed by
flow cytometry. The data represent a typical profile that was reproduce in three independent experiments. (E) Senescence associated
B-galactosidase at indicated times. (F and G) Reversibility of the senescence phenotype. Cells were treated with interferon for 18 d or
hydroxyurea (HU) for 12 d and then washed and incubated in normal medium. Cells were fixed and stained for SA-B-Gal 0, 3, and 6 d after
withdrawal of B-interferon or HU. The total amount of SA-B-Gal-positive cells per field in three independent fields of view was counted.
Values represent the mean and SD of three independent measurements. In comparison to the control cells the number of SA-B-Gal-positive

cells in samples treated with B-IFN of HU was statistically significant (p = 0.001).

cent, we washed the cells and incubated them in medium
without B-interferon. Then we counted the number of SA-
B-Gal-positive cells in different fields of view under the
microscope 3 or 6 d later. In this experiment, some cells
resumed proliferation but the total number of SA-B-Gal-
positive cells did not decrease with time (Figure 1, F and G).
As a positive control for this experiment we induced senes-
cence with hydroxyurea (HU; Yeo et al., 2000). The number
of SA-B-Gal-positive cells after HU withdrawal also re-
mained stable. Significantly, we reproducibly noticed an
increase in the number of SA-B-Gal-positive cells in B-in-
terferon—treated cells after we stopped the treatment. This
suggested that some cells that were nonsenescent by the
time of interferon withdrawal did carry out modifications
that eventually triggered their senescence. Taken to-
gether, our data indicate that long-term treatment with
B-interferon triggers a permanent cell cycle arrest with
features of cellular senescence in a significant fraction of
the cells.

Vol. 17, April 2006

B-Interferon Engages the p53- and RB-Tumor Suppressor
Pathways

The p53 and the RB tumor suppressor pathways are cen-
tral regulators of the senescence response (Ferbeyre, 2002;
Lowe et al., 2004). It is then reasonable to expect that
B-interferon activates specific signaling pathways to en-
gage these tumor suppressors. To collect evidence for the
activation of these two tumor suppressor pathways, we
performed an expression analysis of several proteins reg-
ulated by RB or p53.

We first examined the status of several key cell cycle
regulators controlled by the RB tumor suppressor pathway
in cells treated with B-interferon. B-Interferon induced the
accumulation of hypophosphorylated RB, a reduction in
total RB levels and the repression of E2F genes such as cyclin
A and Mcmé (Figure 2A), as seen in other forms of senes-
cence (Ferbeyre et al., 2000; Mallette et al., 2004). We con-
clude that there is a clear signature of RB engagement in
B-interferon—treated cells.
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Figure 2. Status of several members of the RB and p53 pathways in
cells treated with B-interferon. (A) Immunoblots for RB and various
members of the RB pathway. (B) Immunoblots for p53, its modifi-
cations, and targets. C+, positive control. (C) RT-PCR for PIG-3,
p21, and B-actin in cells treated for 6 or 12 d with B-interferon, or
cells treated with adryamicin (Ad).

Next we measured the levels of several upstream regula-
tors of the RB pathway to get insight into the mechanism by
which B-interferon activates RB. We found no change in the
levels of CDK2 (unpublished data), CDK4, and cyclin D. The
levels of CDK6 were moderately reduced. Among the CDK
inhibitors, only p27, but not p21 or pl6™*42 was found
consistently increased (Figure 2A). The data suggest that
B-interferon engages the RB tumor suppressor pathway by
preventing RB phosphorylation due to low CDK6 activity
and high p27 levels.

Then, we measured total p53 levels and observed that
they were not significantly augmented in cells treated with
B-interferon for 6 or 12 d (Figure 2B). Next we studied p53
modifications because they are a more reliable marker of p53
activity. For example, a decrease in serine 392 phosphoryla-
tion and an increase in serine 15 phosphorylation were
reported in association with replicative senescence (Webley
et al., 2000), Ras-induced senescence and PML-induced se-
nescence (Ferbeyre ef al., 2000, 2002). As expected, we found
that B-interferon reduced phosphorylation at serine 392 and
increased the phosphorylation at serine 15. It was reported
that p53 is acetylated at lysine 382 during Ras-induced se-
nescence (Pearson ef al., 2000). However, we could not find
p53 acetylation at this site in -interferon—treated cells, even
after treatment with trichostatin A, which inhibits endoge-
nous deacetylases (unpublished data). One explanation for
this result could be that interferon-stimulated transcription
factors STAT1 or STAT2 titrate the acetylases CBP/p300
required for acetylation at lysine 382 (Hottiger et al., 1998).
Remarkably, B-interferon-induced acetylation of p53 at ly-
sine 320 (Figure 2B). This acetylation correlated with the
induction of pCAF by interferon, both at the mRNA and
protein level (Supplementary Figure 3, A and B). In agree-
ment, the oncoprotein E7 that blocks pCAF, but not E7
mutants unable to bind pCAF, inhibited the ability of inter-
feron to induce p53 acetylation at K320 (Supplementary
Figure 3D). Taken together the posttranslational modifica-
tions of p53 induced by B-interferon suggest activation of
the p53 pathway.

Next we measured the endogenous levels of two p53
target genes, HDM2 and p21. We found an accumulation of
HDM2 but not p21 protein levels. This poor accumulation of
p21 may be secondary to a decrease in p21 protein stability
in B-interferon—treated cells, because we readily detected an
induction of p21 by B-interferon after 12 d of treatment
using quantitative RT-PCR (Figure 2C). B-Interferon also
induced the p53 target gene PIG3 as early as 6 d after
treatment (Figure 2C). Hence, B-interferon engages the p53
tumor suppressor pathway and promotes p53-dependent
transcription.
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Figure 3. Two signaling stages from B-interferon to p53. (A) Im-
munoblots for several p53 modifications and HDM2 in cells treated
with B-interferon or vehicle for the indicated amounts of time. (B)
p53 and p53 modifications after 4, 12, or 36 h of B-interferon treat-
ment. (C) Luciferase reporter assays with the HDM2 promoter in
normal human fibroblasts transfected with p53 or treated with
B-interferon. Data were analyzed with the Student’s t test.

B-Interferon Signals to p53 in Two Stages

To get more insight into the mechanisms of p53 activation by
B-interferon, we first measured p53 levels and modifications
at 24 h intervals after treatment with B-interferon. Interferon
activity, as measured by PML induction, was detected 1 d
after treatment and remained elevated during the following
days. Also, acetylation at lysine 320 and dephosphorylation
at serine 392 were both early events in response to p-inter-
feron treatment (Figure 3A). In fact, acetylation at K320
appeared as early as 4 h after treatment with B-interferon
(Figure 3B). In contrast, serine-15 phosphorylation appeared
later, around 3 d after treatment, and coinciding with the
induction of the p53 target gene HDM2. Thus, p53 activity
and modifications in response to B-interferon evolved with
time, probably reflecting different signaling pathways acti-
vated by B-interferon. In agreement with the immunoblots,
transient reporter assays revealed that -interferon was un-
able to stimulate p53 activity on the HDM2 promoter after
1 d of treatment. However, 3 d of B-interferon treatment
were sufficient to stimulate the HDM2 promoter (p = 0.0003;
Figure 3C). The data suggest that the early signaling from
B-interferon to p53 does not activate its transcriptional ac-
tivity and that a second wave of signaling was required to
do so.

Molecular Biology of the Cell



Figure 4. Role of p53 in PB-interferon—in- A
duced senescence. (A) SA-B-Gal: IMRI0 cells
infected with the retroviral vector pLPC or its
derivative expressing p53 were treated with
B-interferon or vehicle. Data were analyzed
with the Student’s t test. (B) Immunoblots
from cells as above collected 6 d after retro-
viral infection. (C) SA-B-Gal: IMR90 cells
were infected with the retroviral vector LXSN
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were used as a positive control for induction of a permanent cell cycle arrest after activation of p53 at 32°C. Colonies were counted in three
independent experiments, and the data were analyzed for significance with the Student’s ¢ test.

Role of p53 in B-Interferon—induced Senescence

Next we asked whether interferon would cooperate with
enforced p53 expression to regulate senescence. We have
shown that increasing p53 levels in normal human or mouse
cells was not sufficient to trigger senescence. However, in-
troduction of p53 in p53 null cells expressing oncogenic ras
did induce senescence (Ferbeyre et al., 2000, 2002). We rea-
soned that B-interferon, like oncogenic ras, might also con-
vey complementary signals to p53. To explore that possibil-
ity, we enforced p53 expression in normal human fibroblasts
IMR90 using a retroviral vector. As shown before, p53 in-
duced a cell cycle arrest from which the cells slowly escape
10 d after infection (unpublished data). However, treating
p53-expressing cells with B-interferon induced a higher pro-
portion of senescent cells than p53-expressing or interferon-
treated cells alone (p = 0.001). More important, B-interferon
only required 6 d to induce senescence in p53-expressing
cells, whereas it required 12 d in control cells (Figure 4A).
Although B-interferon did not further stabilize exogenous
p53, it did promote its phosphorylation at serine 15 (Figure
4B). These results suggest that stimuli that stabilize p53
might sensitize normal cells to B-interferon.

Then, we asked whether p53 was required for B-interfer-
on-induced senescence. To do so, we prepared cells express-
ing the viral oncoprotein E6, widely used to interfere with
p53 functions (Scheffner et al., 1990). In E6-expressing cells,
B-interferon slowed cell growth and engaged the RB path-
way, but p53 levels and activity were dramatically impaired
and as a consequence most cells did not stain positive for
SA-B-Gal (Figure 4, C and D and Supplementary Figure 4).
Of note E6 did not interfere with interferon signaling to p53,
because we could still detect modifications of p53 at serine
15 (Figure 4D) and lysine 320 (unpublished data).

E6 has been extensively used as a reagent to demonstrate
the p53 requirements for a variety of processes in human
cells. However, in principle E6 may have other targets rele-
vant to senescence. To further demonstrate the requirement
for p53 in B-interferon—induced senescence we used p53 null
mouse embryonic fibroblasts engineered to express a tem-
perature sensitive p53 (TSP cells; Ferbeyre et al., 2002). TSP
cells are immortal as long as they are kept growing at 39°C.
Activation of p53 in these cells can be achieved by incubat-
ing the cells at 32°C and results in a reversible cell cycle
arrest. This is seen in Figure 4E where the mean number of
colonies obtained from cells after incubating for 8 d at 32°C
(170 = 13) was slightly higher although not significantly
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different (p = 0.06) from that obtained from cells growing at
39°C (148 = 22). We previously showed that expression of
oncogenic ras in these cells turned the p53-mediated tran-
sient cell cycle arrest into a permanent senescent arrest (Fer-
beyre et al., 2002). Treatment of TSP cells growing at 39°C
with mouse B-interferon did not induce growth arrest (Fig-
ure 4E). However, treatment of cells at 32°C with B-inter-
feron for 8 d reduced significantly (p = 0.005) their colony
formation ability in comparison with untreated cells ar-
rested at 32°C for the same amount of time. These results
indicate that B-interferon, like oncogenic ras, was able to
signal to p53 to induce a permanent cell cycle arrest. To-
gether, our data indicate that p53 is critical for the long-term
cell cycle effects of B-interferon, raising the question about
the mechanism by which B-interferon triggers these p53-
activating signals.

Activation of the ATM/CHK2 Checkpoint Pathway
by B-Interferon Is Required for p53 Activation and
Senescence

B-Interferon induced phosphorylation of p53 at serine 15, a
modification catalyzed by kinases of the DNA damage sig-
naling pathway, such as ATR and ATM (Canman et al., 1998;
Hammond et al., 2002). Intriguingly, B-interferon induced
the phosphorylation of CHK2, but not CHK1 (Figure 5A),
suggesting that it activates the ATM signaling pathway
(Falck et al., 2001). To prove whether ATM acts downstream
B-interferon to activate p53 and senescence, we used a pre-
viously validated anti-ATM shRNA (Mukhopadhyay et al.,
2005). This shRNA was able to knockdown 90% of ATM
expression (Figure 5B) and inhibited the ability of p-inter-
feron to induce CHK2 phosphorylation (Figure 5A). In ad-
dition, the ATM shRNA reduced the stimulation of the
HDM2-luciferase reporter (p = 0.005; Figure 5C) and senes-
cence (p = 0.014; Figure 5D) in cells treated with B-inter-
feron. This genetic study was supported by the presence of
additional biochemical markers of ATM activation in B-in-
terferon—treated cells. First, B-interferon—treated cells accu-
mulated phospho-H2AX foci (Figure 5E), which are typical
of DNA damage or dysfunctional telomeres (d’Adda di
Fagagna ef al., 2003; Takai et al., 2003). In addition, pB-inter-
feron—treated cells accumulated ATM protein phosphorylated
at serine 1981, a modification that indicates ATM activation
(Bakkenist and Kastan, 2003; Figure 5F). We concluded that
B-interferon activates the DNA damage signaling pathway and
requires the ATM kinase to signal to p53 and induce senes-

1587



O. Moiseeva et al.

Vector
A ShRNA cz, o
Vector c-ATM B = ‘z‘:E B
IFN(12d) - + - + 3 25 <6
p53Sert5 - —= — £ 5L 8 s
Chk2Thr68 == wa i = g,
QLT ][ — e i 3
2
D 2 420 % 2
3 — Controls o C p53 IFN
{ — [FN
£ 1® 4. 0-ATM ShRNA
1w Em
io ¥
S 40! § 8
S =
¢ 201 § 4
= ol 22
& Vector o-ATM i
go
C p53 IFN
Control  IFN 6days IFN 12days
-... - : %
IFN - + +
PATM =0 & wa
Tubulin s s -

Figure 5. pB-Interferon induces the DNA damage-signaling path-
way. (A) Immunoblots of phospho-p535!® and phospho-CHK28 in
cells with an empty vector or its derivative expressing a shRNAs
against ATM. (B) ATM levels in cells with an empty vector or its
derivative expressing a shRNAs against ATM. (C) Luciferase re-
porter assays with the HDM2 promoter in normal human fibro-
blasts infected with a control vector or anti-ATM shRNA and
treated with B-interferon or vehicle. (D) Relative percent of SA-S-
Gal-positive cells bearing an empty vector or its derivative express-
ing shRNAs against ATM after treatment with B-interferon or ve-
hicle for 12 d. Control cells treated with B-interferon were taken as
100%. Differences between each group and the control and between
cells with the shRNA and control vector were statistically assessed
with the Student’s f test. (E) Representative fields of immunofluo-
rescence for H2AX foci in cells treated with B-interferon for the
indicated times or H,O,. (F) Immunoblots for phospho-ATM51981,

cence after long-term stimulation. These results raised the
important question about how interferon may activate the
DNA damage signaling pathway.

To investigate the mechanism of activation of the DNA
damage signaling pathway in p-interferon—treated cells, we
look for the possibility of production of endogenous DNA-
damaging agents. We first noticed that early after treatment,
B-interferon—treated cells displayed an increase in mitochon-
drial mass (labeling with MitoFluor-Green; Figure 6A) or
MitoTracker-Red (Figure 6B). Because mitochondria are an
important source of ROS, we stained the cells with 2',7'-
dichlorofluorescein diacetate (H,DCFDA), a compound that
fluoresces in the presence of high levels of ROS (Figure 6, C
and D). We found that B-interferon induced ROS produc-
tion, suggesting a mechanism for inducing DNA damage
and activation of the DNA damage signaling pathway.

To prove the role of ROS in the DNA damage signaling
pathway activated by B-interferon, we treated the cells with
N-acetyl-cysteine (NAC). As expected, NAC reduced ROS
accumulation in B-interferon-treated cells (Figure 6D). More
important, NAC inhibited the phosphorylation of CHK2 and
the accumulation of phospho-H2AX foci in B-interferon-
treated cells (p = 0.02; Figure 6, E and F). However, we
could not study whether NAC could block senescence in
response to B-interferon, because long-term incubation with
NAC was toxic for the cells. Together the data indicate that
DNA damage, at least in part, as a consequence of ROS
accumulation, engages the ATM-CHK?2 pathway in normal
cells treated for several days with B-interferon.

Constitutively Active ERK2 or RasV12 Sensitizes Normal
Cells to Senescence Induced by B-Interferon

Normal cells would be rarely exposed to constitutively high
levels of B-interferon unless they are experiencing viral in-
fections, oncogenic stress, or specific cell differentiation pro-
grams (Resnitzky et al., 1986; Bielenberg ef al., 1999). There-
fore we wanted to know whether early oncogenic changes
would sensitize normal cells to B-interferon. To investigate
the effect of oncogenic threats on the response of normal
cells to B-interferon, we prepared normal human fibroblasts

Figure 6. Interferon increases mitochondrial
mass and accumulation of reactive oxygen
species. (A) FACS measurement of mitochon-
drial mass with MitoFluor-Green in cells
treated for 2 d with B-interferon or vehicle. (B)
Immunofluorescence of cells labeled with Mi-
toTracker-Red. (C) Immunofluorescence de-
tection of cells labeled by the ROS sensor
H,DCFDA. (D) FACS detection of ROS with
the H,DCFDA probe. Control cells or cells
treated with interferon for 12 d were also
treated with 4 mM N-acetyl L-cysteine for 12 d.
(E) Immunoblots for phospho-CHK2™r8 in
cells as in C. (F) Immunofluorescence of H2AX
foci in cells treated as in C. Cells with at least
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one foci were scored as positive and the mean
and SD of three independent experiments is
indicated at the bottom right of each panel.
Cells with multiple foci were only seen in
interferon-treated cells.

Molecular Biology of the Cell



Figure 7. Constitutively active ERK2 sensi-
tizes normal fibroblasts to p-interferon. (A)
Cell expressing constitutively activated ERK2,
RasV12, or vector control were treated with
1000 U of B-interferon for 12 d and then fixed
and stained for of SA-B-Gal. Data were ana-
lyzed by the Student’s f test: for (V; ERK2)
p = 0.006 and for (V; RasV12) p = 0.003. (B)
Growth curves. Cell numbers were followed
for 12 d in IMR90 cells bearing a vector control
or its derivative expressing constitutively active
ERK2 and treated with B-interferon or vehicle.
(C) Immunoblot for phospho-STAT1 in IMR90
cells with empty vector or its derivative ex-
pressing activated ERK2 and treated with B-in-
terferon or vehicle for 12 d (Akiyama et al.,
1999). (D) Luciferase reporter assays with the
B-interferon promoter in normal human fibro-

Vector

ERK2

GAPDH Ras V12

blasts expressing constitutively active ERK2 or ¢ IFN
a vector control and treated with B-interferon
or vehicle. Data were analyzed with the Stu- PSTAT1

dent’s t test.

IMR90 expressing a constitutively activated allele of ERK2
(Emrick ef al., 2001; Gaumont-Leclerc et al., 2004). We also
took advantage from the fact that cells expressing RasV12
from a weak promoter (PGK) do not enter senescence (Deng
et al., 2004). We used these oncogenes because constitutive
ERK signaling as a result of ras mutations or autocrine
growth factors is a hallmark of many tumors (Johnson and
Lapadat, 2002). As expected, more cells expressing activated
ERK2 or RasV12 entered senescence in response to S-inter-
feron in comparison with a control bearing an empty vector
(Figure 7A). Also, growth arrest in response to B-interferon
was more efficient in ERK2-expressing cells than in control
vector—bearing cells (Figure 7B). Intriguingly, ERK2-ex-
pressing cells arrested their proliferation as small cells with
few points of attachment to the plate. This morphology was
originally reported in cells that entered senescence in re-
sponse to a constitutively active allele of MEK, the kinase
upstream ERK in the Ras/MAP kinase pathway (Lin et al.,
1998).

To get insight into the mechanism by which the ERK1/2
MAP kinase pathway might sensitize normal cells to B-in-
terferon, we studied STAT1 phosphorylation, which is a
direct consequence of interferon binding to its receptor. We
found that cells expressing the constitutively active ERK2
allele have more phospho-STAT1 than control cells. STAT1
in complex with STAT2 and IRF9 induce the expression of
multiple interferon target genes, including STATT1, IRF1, and
IRF7. The last two can activate the B-interferon promoter
(Taniguchi and Takaoka, 2002), generating a powerful pos-
itive feedback mechanism that amplifies the interferon re-
sponse and sensitizes cells to interferon stimulation. To
check whether such a mechanism could operate in cells with
constitutive activation of the MAP kinase pathway, we stud-
ied the activation of the pB-interferon promoter reporter. As
expected, B-interferon significantly activated transcription
form its own promoter (p = 0.001). Interestingly, constitu-
tive ERK dramatically increased the ability of B-interferon to
stimulate the B-interferon promoter reporter (16 * 0.9 vs.
2.3 = 0.3; p = 0. 001; Figure 7D). Hence, constitutive ERK
signaling sensitized normal fibroblasts to p-interferon and
this effect correlates with higher STAT1 phosphorylation
and increased B-interferon activity.
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DISCUSSION

We report here that B-interferon can block cell cycle progres-
sion in normal human fibroblasts and trigger a cellular
senescence program by engaging a DNA damage signaling
pathway, ATM, and the tumor suppressor pathways con-
trolled by RB and p53. The cellular response to B-interferon
was time dependent. Early after treatment, B-interferon only
induced a reversible growth arrest and was unable to acti-
vate p53 transcriptional activity or induce senescence. How-
ever, upon long-term treatment, B-interferon induced p53-
dependent senescence in normal fibroblasts, a process that
was potentiated in cells with a constitutive activation of the
ERK1/2 MAP kinase pathway or enforced expression of
p53. In agreement with our results, it was reported that
B-interferon induced a “noncharacteristic senescent arrest”
in a glioma cell line, but the mediators and mechanism of the
senescence response were not described (Kaynor et al., 2002).

One critical question is what is the signal that converts a
reversible cell cycle arrest into senescence after prolonged
treatment with B-interferon. First, we found that p53 was
required for senescence, suggesting that the signal that trig-
gers senescence may interact with the p53 tumor suppressor
pathway. Subsequently, we observed that early after inter-
feron treatment p53 was acetylated at lysine 320, dephos-
phorylated at serine 392 and transcriptionally inactive.
Serine 392 phosphorylation is catalyzed by casein kinase 2 in
UV-treated cells (Blaydes and Hupp, 1998), and it may in-
crease the DNA-binding ability of p53 in those conditions
(Hupp et al., 1992). In agreement, hypoxia decreased phos-
phorylation at 5392 and inhibited p53-dependent apoptosis
(Achison and Hupp, 2003). Also, mice engineered to express
a p53 allele that cannot be phosphorylated at serine 389, the
equivalent to human Serine 392, are predisposed to UV-
induced skin tumors and acetyl-aminofluorene-induced
bladder tumors (Hoogervorst et al., 2005). Our observation
that p53 is transcriptionally inactive and dephosphorylated
at serine 392 early after interferon treatment is consistent
with those reports. However, we did observe an increase in
p53 activity in our cells, despite lack of phosphorylation at
serine 392, after 3 d of treatment with B-interferon. Several
models may account for this apparent contradiction. One
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idea is that, in some settings, phosphorylation at serine 392
may play a negative role on p53 because it was reported that
this phosphorylation could promote p53 export from the
nucleus (Kim et al., 2004). Another explanation is that the
lack of phosphorylation at serine 392 is compensated by
other p53 modifications that arise later in interferon-treated
cells. This is consistent with the fact that p53.S389A mice are
not tumor prone in normal conditions, perhaps because
most oncogenic threats induce compensating p53 modifica-
tions (Hoogervorst et al., 2005). The other modification in-
duced early by interferon on p53 is acetylation at lysine 320,
a reaction catalyzed by pCAF. This modification may con-
tribute to p53 activation by increasing the recruitment of
histone acetyl transferases to p53-dependent promoters
(Barlev et al., 2001). Hence, together acetylation at K320 and
dephosphorylation at S392 may have induced a preactiva-
tion stage upon which further modifications could confer
senescence-inducing abilities to p53. Although the constel-
lation of p53 modifications required for p53-dependent se-
nescence remains to be identified, our results suggest that
serine 15 phosphorylation catalyzed by the ATM kinase is
one of the critical modifications.

The mechanism of ATM activation in interferon-treated
cells seems to depend on an increase in ROS production and
subsequent DNA damage. However, the mechanism of ROS
induction, in response to B-interferon, remains to be eluci-
dated. Interferon-treated cells displayed a significant in-
crease in mitochondrial mass as measured with MitoFluor-
Green or MitoTracker-Red. An increase in mitochondrial
mass is commonly associated to mitochondrial defects (Ros-
signol et al., 2003), which in general increase the rate of
superoxide generation by the mitochondria (Raha and Rob-
inson, 2000). Several groups have reported that interferon
treatment reduces several components of the electron trans-
port chain (ETC; Lou et al., 1994; Lewis et al., 1996; Inagaki et
al., 1997; Le Roy et al., 2001). Taken together our data and
previous reports suggest a model in which interferon first
inhibits mitochondrial functions with the subsequent in-
crease in the production of ROS and DNA damage. At the
same time interferon signals directly to the p53 system,
increasing its mRNA (Takaoka ef al., 2003) and promoting
modifications that can potentially enhance its transcriptional
activity (this study). These two mechanisms cooperate to
trigger a full p53 response in cells bearing oncogenes, high
levels of p53 or exposed to sustained levels of B-interferon
(Figure 8). Normal fibroblasts, for reasons not yet clear, enter
into senescence in response to p53 activation. However,
other cell types, or tumor cells where the senescence path-
way is usually inactivated, die through apoptosis. In this
context it is tempting to speculate that dephosphorylation at
serine 392 may be involved in the regulation of the decision
to regulate senescence versus apoptosis by p53. This idea
is supported by studies showing that cells expressing
Pp53.S389A have a reduced apoptotic response (Bruins ef al.,
2004) as seen in senescent cells (Marcotte ef al., 2004), which
also have p53 dephosphorylated at serine 392 (Webley et al.,
2000).

We predict that stresses activating the DNA damage-
signaling pathway will synergize with B-interferon to in-
duce cellular senescence. For example, oncogenes may dam-
age DNA by inducing the production of ROS (Lee et al.,
1999; Benhar et al., 2002; Catalano et al., 2005) and therefore
they may sensitize cells to B-interferon as shown here. In
addition cells with defects in the repair of O4,-methyl gua-
nine are known to be more sensitive to the killing effects of
interferon (Yarosh ef al., 1985). Of note, viral replication
accumulate replication intermediates that activate the DNA
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Figure 8. Proposed model for interferon-induced senescence. The
immediate effects of interferon treatment are a reversible growth
arrest, mitochondrial changes, and p53 modifications (acetylation at
K320 and dephosphorylation at serine 392). These changes do not
commit the cells to an irreversible withdrawal from the cycling pool.
However, chronic stimulation results in an increase in ROS produc-
tion and activation of the DNA damage signaling pathway. The
ATM kinase is a central regulator of the DNA damage response
induced by interferon and it activates p53 by promoting its phos-
phorylation at serine 15 and inducing its transactivation potential.
Activation of p53 is then critical to trigger a senescent cell cycle
arrest in normal fibroblasts.

damage signaling pathway (Kudoh et al., 2005) and may
sensitize them to interferon. Viruses in turn, have evolved
proteins that interfere with the interferon pathway and with
senescence regulators such as the tumor suppressors PML,
p53 or RB (Whyte et al., 1988; Dyson et al., 1989; Scheffner et
al., 1990; Gutch and Reich, 1991; Barnard and McMillan,
1999; Everett, 2001). Consequently, some of these viral pro-
teins, alone or in combination, can block cellular senescence
and promote transformation (Ferbeyre et al., 2000; Mallette et
al., 2004). Together, the data suggest that the senescence
response triggered by interferon may contribute both to
tumor suppression and antiviral responses.

Concluding Remarks

The interferon response is known for its antiviral and anti-
proliferative activity and it has been proposed that it may
also act as a tumor suppressor pathway (Taniguchi and
Takaoka, 2002). Here we provide substantial evidence for
placing p53 downstream the interferon pathway to trigger a
cellular senescence program. B-Interferon triggered senes-
cence in normal cells after long-term stimulation but the
response was potentiated or accelerated in cells with high
p53 levels or expressing a constitutively active allele of ERK2
or RasV12. These conditions may naturally occur in cells
with DNA damage, viruses, or mutated oncogenes. There-
fore, our results are relevant to understand both the tumor
suppression and antiviral functions of interferon.
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