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Regulation of E2Fs and senescence by PML
nuclear bodies

Mathieu Vernier,1,3 Véronique Bourdeau,1,3 Marie-France Gaumont-Leclerc,1 Olga Moiseeva,1

Virginie Bégin,1 Fred Saad,2 Anne-Marie Mes-Masson,2 and Gerardo Ferbeyre1,4

1Biochemistry Department, Université de Montréal, Montréal, Québec H3C3J7, Canada; 2Centre Hospitalier de l’Université de
Montréal (CHUM), Université de Montréal, Montréal, Québec H1L4M1, Canada

The tumor suppressor PML (promyelocytic leukemia protein) regulates cellular senescence and terminal
differentiation, two processes that implicate a permanent exit from the cell cycle. Here, we show that the
mechanism by which PML induces a permanent cell cycle exit and activates p53 and senescence involves
a recruitment of E2F transcription factors bound to their promoters and the retinoblastoma (Rb) proteins to PML
nuclear bodies enriched in heterochromatin proteins and protein phosphatase 1a. Blocking the functions of the Rb
protein family or adding back E2Fs to PML-expressing cells can rescue their defects in E2F-dependent gene
expression and cell proliferation, inhibiting the senescent phenotype. In benign prostatic hyperplasia, a neoplastic
disease that displays features of senescence, PML was found to be up-regulated and forming nuclear bodies. In
contrast, PML bodies were rarely visualized in prostate cancers. The newly defined PML/Rb/E2F pathway may
help to distinguish benign tumors from cancers, and suggest E2F target genes as potential targets to induce
senescence in human tumors.
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PML (promyelocytic leukemia protein) was discovered as
a gene target for translocations with the retinoic acid re-
ceptor gene in acute promyelocytic leukemia (Kakizuka
et al. 1991). The expression of PML in primary cells leads
to a permanent cell cycle arrest similar to the one trig-
gered by short telomeres or oncogenes and known as
cellular senescence (Ferbeyre et al. 2000; Pearson et al.
2000; Bischof et al. 2002). Senescence is an effective anti-
cancer mechanism in vivo (Braig et al. 2005; Chen et al.
2005; Michaloglou et al. 2005), and PML has been shown
to be important for the senescent response to oncogenic
ras (Ferbeyre et al. 2000; Pearson et al. 2000; de Stanchina
et al. 2004). PML also plays a role in the regulation of cell
differentiation (Li et al. 2009; Regad et al. 2009), a process
that often involves a terminal cell cycle arrest. PML ex-
pression is often lost in human cancers (Gurrieri et al.
2004), while mice with genetic inactivation of PML are
tumor-prone (Wang et al. 1998).

The mechanism by which PML contributes to senes-
cence involves the retinoblastoma (Rb) and the p53 tumor
suppressors (Ferbeyre et al. 2000; Pearson et al. 2000;
Bischof et al. 2002; de Stanchina et al. 2004), two proteins

that can interact directly with PML (Alcalay et al. 1998;
Fogal et al. 2000). PML is capable of inducing cell cycle
arrest and senescence in cells with inactivated p53, but
not in cells where the Rb family of pocket proteins (Rb,
p107, and p130) is disrupted by the E7 oncoprotein from
papillomavirus (Mallette et al. 2004). The Rb pathway
controls the cell cycle at the transcriptional level via re-
pression of E2F target genes (Dyson 1998; Muller et al.
2001; Chicas et al. 2010). However, the retinoblastoma-
mediated E2F repression can be observed both in a re-
versible cell cycle arrest and during the permanent cell
cycle arrest associated with senescence and cell differen-
tiation. Since high levels of PML expression characterize
senescence but not a reversible cell cycle arrest (Ferbeyre
et al. 2000; Bourdeau et al. 2009), it is plausible that PML
has a specific impact on the way E2F target genes are
regulated.

Here we describe a mechanism by which PML controls
the activity of the E2F transcription factors. We show that
Rb/E2F complexes were relocalized into PML nuclear
bodies along with heterochromatin proteins when in-
ducing senescence by the expression of oncogenic ras or
the tumor suppressor PML. PML overexpression was suf-
ficient to inhibit E2F target gene expression, block cell
proliferation, and induce DNA damage and senescence.
Adding back E2Fs to PML-expressing cells could rescue
their proliferation defect and senescent phenotype. The
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localization of E2Fs into PML bodies was found to be
dependent on the Rb protein family. The clinical rele-
vance of this mechanism was investigated in prostate
tumors. While benign prostate tumors displayed abun-
dant PML bodies, they were rare in prostate cancers.

Results

PML represses E2F target gene expression

To investigate the effects of PML on E2F target gene
expression, we introduced PML-IV (referred to as PML
hereafter) into the human diploid fibroblast IMR90. PML-
expressing fibroblasts arrested their proliferation rapidly
after selection (Supplemental Fig. S1A) and developed
characteristics of cellular senescence, including a flat
morphology, positive staining for the senescence-associ-
ated b-galactosidase (SA-b-Gal) (Supplemental Fig. S1B),
expression of high levels of IL-8 (a cytokine highly
expressed by senescent cells) (Supplemental Fig. S1C;
Acosta et al. 2008), and markers of mitochondrial dys-
function and biogenesis (Supplemental Fig. S1D–F), which

also characterize senescence (Passos et al. 2007; Moiseeva
et al. 2009).

Next we measured the expression of several E2F target
genes in cells expressing PML at a time before senescence
markers were detected. Several E2F target genes that play
a role in DNA replication, cell cycle progression, and
DNA repair were found to be down-regulated in normal
fibroblasts expressing PML (Fig. 1A). To have an unbiased
representation of the E2F targets repressed by PML, we
performed a microarray analysis of cells expressing PML
or a vector control. The down-regulated genes were then
analyzed by two algorithms that search for transcription
factor-binding sites for any set of input genes: TFactS
(Essaghir et al. 2010) and DIRE (Gotea and Ovcharenko
2008). Genes with E2F-binding sites were enriched in the
data set (Fig. 1B; Supplemental Table 1) and an analysis of
their known functions indicates that PML represses
genes involved in DNA replication, repair, and check-
points (Supplemental Tables 2, 3). We also analyzed the
down-regulated genes in PML–senescence and compared
the data with the set of genes that bind E2F according to
data combining chromatin immunoprecipitation (ChIP)

Figure 1. PML represses E2F target genes
and induces p53 and the DNA damage
response. (A) qPCR for selected cell cycle
genes and DNA repair genes. Total RNA
was extracted from IMR90 fibroblasts five
days after infection with a PML-IV-expressing
retrovirus when cells were not yet senes-
cent according to the SA-b-Gal marker
(Supplemental Fig. S1B). (B) DIRE analysis
of genes found to be down-regulated in PML-
expressing cells using Affymetrix microar-
rays (Génome Québec). (C) PML and phos-
pho-ATMS1981 (pATM) foci in IMR90 cells
expressing PML or a vector control fixed 9 d
post-infection, as revealed by indirect im-
munofluorescence staining with specific
anti-PML and anti-phospho-ATMS1981 anti-
bodies followed by confocal microscopy.
(D) PML and gH2AX foci in cells as in C.
(E) Immunoblots for the indicated proteins
in cells expressing PML or a vector control
in cells as in C. (F) qPCR for the p53 target
gene GADD45A using RNA from cells at
days 5 and 10 post-infection.
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and microarray analysis (ChIP–chip) (Xu et al. 2007). E2F
targets were enriched sixfold among PML down-regulated
genes in comparison with a random set of genes (Supple-
mental Tables 4, 5).

The decrease in the expression of genes required for
DNA repair and checkpoints promptly after PML expres-
sion suggests a mechanism by which PML could contrib-
ute to the senescence cell cycle arrest, which we know
involves DNA damage signals (Bartkova et al. 2006; Di
Micco et al. 2006; Mallette et al. 2007). In agreement with
this, cells disabled for certain DNA repair genes senesce
in culture due to their inability to repair the DNA damage
triggered by endogenous metabolic processes (Cao et al.
2003; Neri et al. 2007; Zhang et al. 2007; Chang et al.
2008). Consistent with this idea, PML-expressing cells
contained DNA damage foci labeled by anti-phospho-
ATM (Fig. 1C) and anti-gH2AX (Fig. 1D) antibodies. We
also found that p53 was phosphorylated at the ATM/ATR
sites (Ser 15 and Ser 37) (Tibbetts et al. 1999; Armata et al.
2007) 9 d after PML expression (Fig. 1E), and that the p53-
dependant gene GADD45a was significantly up-regulated
10 d after PML expression but not at an earlier time
point (Fig. 1F). Taken together, our results reveal that the
down-regulation of E2F target gene expression in PML-
expressing cells precedes the activation of p53, the DNA
damage response, and the senescence phenotype.

PML induces localization of E2F1–3 into PML
nuclear bodies

Next, we used immunostaining and confocal microscopy
of E2F-1, E2F-2, and E2F-3 in cells expressing PML at
a time point where the cells did not yet display senescent
markers (day 5 post-infection). We found that E2F1 and
E2F3 were dramatically confined to PML bodies, while
E2F2 was found both in the nucleoplasm and in PML
bodies (Fig. 2A–C). We also studied E2F3 localization in
cells where senescence was induced by serial passage
(replicative senescence) or with b-interferon, and found
that, in these conditions, E2F3 localized into endogenous
PML bodies as well (Fig. 2D).

To investigate the temporal relationship between E2F
localization to endogenous PML bodies and senescence,
we induced the process of oncogene-induced senescence
in normal fibroblasts, which is known to involve PML
(Ferbeyre et al. 2000; Pearson et al. 2000; de Stanchina
et al. 2004). For this experiment, we used an antibody
specific for E2F3, which is the most abundant isoform
among activator E2Fs (E2F1–3) in normal human fibro-
blasts (Supplemental Fig. S2A). We found few PML bodies
in normal growing cells and a diffuse nuclear staining
pattern of E2F3. Early after introduction of RasV12 (days 1
and 3 after infection), and before senescence markers can
be detected, E2F3 localized to PML bodies. This pheno-
type was maintained at later times after introduction of
RasV12, when senescence markers were readily expressed
(Fig. 3; Supplemental Fig. S2B). It has been suggested that
E2F target genes are permanently repressed during onco-
gene-induced senescence by formation of heterochromatin
structures known as SAHF (senescence-associated het-

erochromatin foci) (Narita et al. 2003, 2006). PML bodies
may play a role in SAHF formation because they recruit
heterochromatin components early in the senescence
process. These proteins are later found localized to the
SAHF (Zhang et al. 2005; Ye et al. 2007). As reported
before, we observed that the SAHF component HP1g

localizes to PML bodies early during the senescence
process induced by oncongenic ras (Supplemental Fig.
S2B,C), at about the same time that E2F3 is also visual-
ized at PML bodies (Fig. 3). However, by the time SAHF
are established, SAHF and PML bodies are two clearly
distinguishable nuclear structures (Supplemental Fig. S3).
This transient association of heterochromatin pro-
teins with PML bodies intriguingly suggests that PML
bodies are sites of nucleation for heterochromatin on
E2F promoters, and that the resulting repression of
E2F targets is the mechanism by which PML induces
senescence.

Figure 2. Association of E2F1–3 with PML bodies. (A–D)
Colocalization of PML with E2F1, E2F2, or E2F3 as revealed by
indirect immunofluorescence staining with specific anti-PML
and anti-E2F1–3 antibodies followed by laser-scanning confocal
microscopy. (A–C) IMR90 fibroblasts expressing PML 5 d post-
infection. (D) IMR90 fibroblasts after treatment for 6 or 13 d with
2000 U of b-interferon (INFb) or serially passed until they
reached replicative senescence.
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Does PML-induced senescence depend
on E2F inhibition?

It is well established that E2F-dependent transcription is
repressed in cells undergoing senescence by the tumor
suppressors of the Rb family (Dimri et al. 1994; Rowland
et al. 2002; Narita et al. 2003; Maehara et al. 2005; Chicas
et al. 2010). However, the Rb family also represses the E2F
transcription factors during quiescence and other forms
of reversible cell cycle arrests (Smith et al. 1996). During
senescence and terminal differentiation, the Rb protein
localizes to PML bodies (Ferbeyre et al. 2000; Mallette
et al. 2004; Regad et al. 2009), suggesting that PML bodies
confer a unique environment for Rb functions relevant to
senescence. Rb localization to PML bodies involves a di-
rect interaction with the PML protein (Alcalay et al.
1998), indicating that, upon an increase in PML expres-
sion, Rb can be recruited to PML bodies. Since Rb binds
E2Fs, the recruitment of the latter to PML bodies can be
a consequence of their interaction with Rb.

To investigate whether E2Fs localize to PML bodies via
the Rb family, we used the oncoprotein E7 from papillo-
mavirus, which can simultaneously block the function of
the pocket proteins Rb, p107, and p130. Introduction of

E7 caused a release of both Rb (Fig. 4A) and E2F1 (Fig. 4B)
from the PML bodies without affecting the number of
PML bodies or the expression of PML (Mallette et al.
2004). This is consistent with the fact that E7 completely
bypassed PML-induced senescence (Mallette et al. 2004;
Bischof et al. 2005). Next, we used E7 in-frame deletion
mutants with different functionalities. E7D6–10 is a de-
letion of the CR1 region of E7, while E7D21–24 is a de-
letion in the LXCXE motif of the CR2 region of E7
responsible for binding Rb. These two regions are both
required for transformation by E7 and destabilization of
Rb (Phelps et al. 1992). Consistent with the proposed role
of Rb in the senescence functions of PML, E7D6–10 or
E7D21–24 was not able to inhibit senescence (Fig. 4C),
stimulate E2F gene expression (Fig. 4D), or inhibit E2F
localization to PML bodies (Supplemental Fig. S4) like
wild-type E7. In addition, the mutant E7D79–83, which
efficiently binds and destabilizes Rb (Helt and Galloway
2001), inhibited both senescence and E2F colocalization
with PML bodies while it stimulated E2F target gene
expression with an efficiency similar to wild-type E7 (Fig.
4C,D; Supplemental Fig. S4). Thus, the ability of E7 to
rescue PML-induced senescence correlated with its abil-
ity to bind and destabilize Rb. This also suggests that
PML-induced senescence depends on E2F inhibition.

Next, we investigated whether increasing the levels of
cellular E2F1–3 could block PML-induced senescence.
First, we coinfected human diploid fibroblast IMR90 with
plasmids expressing PML or E2F-1, E2F-2, or E2F-3 fused
with the ligand-binding domain of the estrogen receptor
(ER) (Vigo et al. 1999). After selection of the population
expressing the two plasmids, we treated them with 100
nM 4-hydroxytamoxifen (OHT) for 48 h to induce E2F
activity. We found that induction of E2F1–3 stimulated
DNA synthesis (Fig. 4E) and inhibited PML-induced se-
nescence (Fig. 4F). Deletion of the Rb-binding domain of
E2F2 impaired its ability to increase DNA synthesis (Fig.
4E) or inhibit senescence after PML expression (Fig. 4E,F).
Moreover, deletion of the Rb-binding domain of E2F2
prevented its localization into PML bodies (Supplemental
Fig. S5). These results support the hypothesis that PML
induces senescence by blocking E2F activity in associa-
tion with Rb at PML bodies.

PML inhibits E2F gene expression in tumor cells

The ability of PML to induce senescence in normal
human fibroblasts depends on genetic mechanisms that
remain unaltered in these cells. It is important to find to
what extent PML can engage the same pathway in tumor
cells, and which are the factors present in these cells that
may inhibit PML functions. We thus used U2OS osteo-
sarcoma cells that possess wild-type p53 and Rb. Expres-
sion of PML-IV in U2OS cells inhibited cell growth
(Supplemental Fig. S6A) and led to repression of E2F
target genes (Supplemental Fig. S6B) and DNA damage
foci (Supplemental Fig. S6C), which are characteristic of
cellular senescence. However, these cells did not stain for
SA-b-Gal. Nevertheless, we found a similar localization
of E2F3 and E2F1(Fig. 5A; Supplemental Fig. S6D) into

Figure 3. E2F3 localization in PML bodies in normal human
fibroblasts after expression of oncogenic ras. Cells expressing
oncogenic ras (RasV12) or an empty vector were fixed at the
indicated times after retroviral infection and costained with
anti-E2F3 and anti-PML antibodies. Signals were identified by
confocal immunofluorescence after immunostaining with sec-
ondary antibodies. Images are representative of most cells in the
populations. A magnified PML body is shown at the bottom

right.
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PML bodies in U2OS cells expressing PML. As reported
before, Rb was detected in PML immunoprecipitates
(Alcalay et al. 1998), and we found E2F3 in the same
complex (Fig. 5B). Since U2OS cells are p16INK4a-
deficient (Park et al. 2002), the data suggest that PML-
induced recruitment of Rb/E2Fs is independent of this

CDK inhibitor. Of note, the Rb phosphatase PP1a (pro-
tein phosphatase 1a) is found in PML bodies in both
U2OS cells (Fig. 5C) and IMR90 (Supplemental Fig. S7).
These results suggest that PML may protect Rb from CDK-
dependent phosphorylation and inactivation by localizing
it with a protein phosphatase.

Figure 4. E2F-inhibition is required for
PML-induced senescence. (A,B) E7 inhibits
Rb/E2F localization in PML bodies. Laser-
scanning confocal microscopy of cells ex-
pressing PML and E7 and stained with
both anti-PML and anti-Rb antibodies (A)
or with both anti-PML and anti-E2F1 anti-
bodies (B). (C) SA-b-Gal senescence marker
of IMR90 cells expressing PML and the
indicated vectors. (D) qPCR for E2F target
genes with RNA from cells expressing PML
and the indicated vectors. (E) BrdU incor-
poration in cells expressing PML and the
indicated vectors. (F) SA-b-Gal senescence
marker of IMR90 cells expressing PML and
the indicated vectors.

Figure 5. Regulation of E2Fs by PML in
U2OS osteosarcoma cells. (A) Localization
of E2F3 in PML bodies in U2OS cells
expressing the indicated vectors and stained
with antibodies against PML and E2F3. (B)
Detection of PML/Rb and PML/E2F3 com-
plexes after Flag immunoprecipitation of
Flag-PML in U2OS cells expressing Flag-
PML (P) or a Flag-expressing vector control
(V). mIgG is a nonspecific mouse antibody
used on Flag-PML extracts. (C) Localization
of PP1a into PML bodies. Cells with the
indicated expression vectors were stained
with specific antibodies against PML and
PP1a. Images were obtained by confocal
microscopy. (D) ChIP with anti-E2F1 or
anti-Flag antibody in U2OS cells expressing
Flag-PML-IV or a Flag-expressing vector
(Flag). (NS) Nonspecific normal mouse IgG.
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Next, we investigated whether tethering E2Fs to PML
bodies inhibited the DNA-binding activity of E2F tran-
scription factors or, alternatively, whether E2Fs were
confined to PML bodies in association with their target
promoters. We used ChIP to determine whether E2F1 and
PML bind to several E2F target genes in U2OS cells
expressing a Flag-PML or a Flag vector control. We found
that PML stimulated DNA binding by E2F1, and that
PML was associated with all tested E2F target genes (Fig.
5D). This result is consistent with the idea that PML
bodies are the sites for nucleation of heterochromatin at
E2F target promoters.

PML body formation is defective in prostate tumor
cells but is active in benign prostatic hyperplasia (BPH)

To investigate whether the PML/senescence pathway is
important in human cancers, we measured PML expres-
sion by immunohistochemistry in tissue microarrays
with samples from patients with benign or malignant
prostate tumors. BPH is a benign lesion of the prostate
characterized by the presence of senescence markers

(Choi et al. 2000) and low E2F target gene expression
(Davis et al. 2006). Of note, in the Oncomine database, we
found that multiple E2F target genes are down-regulated
in BPH (Supplemental Fig. S8), including some of the
genes found to be down-regulated in PML-induced senes-
cence (Supplemental Fig. S9). We also found a strong
staining for the senescence marker p16INK4a in the
samples taken from prostates with BPH (Fig. 6A). PML
staining in the normal prostate was very weak, but a few
PML bodies could be distinguished (Fig. 6B). In contrast,
PML staining was stronger in BPH samples where nu-
merous PML bodies were easily distinguished. On the
contrary, PML bodies were rarely distinguished in pros-
tate cancer samples, including prostatic intraepithelial
neoplasia (PIN), although we did detect some homoge-
nous expression in the nucleus or cytoplasm (Fig. 6B). To
investigate whether the number of PML bodies could
distinguish benign lesions from normal or malignant
tissues where we occasionally detected PML bodies, we
counted the number of PML bodies per cell in prostate
samples from different patients. The results clearly in-
dicate that cells from BPH contain more PML bodies than

Figure 6. Expression of PML is increased
in BPH and altered in prostate cancer.
(A) Staining for the senescence marker
p16INK4a in normal prostates and BPH
samples. (B) PML bodies in normal, benign,
and malignant prostate tumors. PML was
assessed by staining prostate tissue samples
of BPH (n = 7) and tissue microarrays
containing cores with normal prostate (n =

49), normal prostate adjacent to tumors
(n = 55), PINs (n = 32), and prostate carci-
noma (n = 64). Percentages indicate nuclei
positive for four or more PML bodies.
Magnification, 403. (C) PML bodies were
counted in individual epithelial cells from
sections of normal prostate (12 patients,
1306 cells), prostate carcinoma (five pa-
tients, 340 cells), and BPH (six patients,
489 cells). However, since no PML staining
was observed in the normal prostate adja-
cent to tumors or in PIN lesions, we did not
count PML bodies in those samples. In
tumors, the counts refer to the few samples
where PML bodies were observed.
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cells from normal tissues or cells from the few cases of
prostate carcinomas where PML bodies were visualized
(Fig. 6C). Taken together, our results suggest that PML
bodies may suppress malignant transformation in the
prostate by promoting senescence, and that PML staining
could be used to distinguish benign from malignant
lesions.

Discussion

Senescence is a permanent cell cycle arrest induced by
oncogenes, short telomeres, and some cytokines, pre-
venting the proliferation of cells with malignant poten-
tial. The promyelocytic leukemia tumor suppressor PML
plays a critical role in senescence, and its activity has been
linked to the tumor suppressors p53 and Rb (Bourdeau
et al. 2009). PML can induce senescence in cells with
disabled p53 (Mallette et al. 2004), indicating that its
mechanism of action does not solely involve its direct
interaction with this tumor suppressor. Here, we report
a novel mechanism by which PML can regulate senes-
cence. PML promotes the localization of Rb/E2F proteins
into PML bodies, inhibiting the transcriptional activation
function of E2Fs. This mechanism was found not only
after enforcing PML expression from a retroviral vector, but
also after induction of endogenous PML by b-interferon,
oncogenic ras, or short telomeres.

The inhibition of E2F-dependent gene expression has
two important consequences for senescence. First, E2Fs
regulate genes required for cell proliferation, explaining
why cells expressing PML arrest their proliferation and do
not replicate their DNA. Second, many E2F target genes
mediate DNA repair and checkpoints, and, in their ab-
sence, cells accumulate DNA damage signals that we
know are essential for activation of p53 and the senes-
cence process (Bartkova et al. 2006; Di Micco et al. 2006;
Mallette et al. 2007). The relationship between PML and
p53 is complex. PML and p53 were first linked in the
context of PML-induced senescence where p53 was
shown to undergo modifications typical of the DNA dam-
age response (Ferbeyre et al. 2000; Pearson et al. 2000).

PML interacts directly with the DNA-binding domain of
p53 (Guo et al. 2000) and with the p53 inhibitor MDM2
(Wei et al. 2003). On the other hand, p53 can activate PML
gene expression, and pml-null cells are defective in both
p53-dependent senescence and apoptosis (de Stanchina
et al. 2004). We conclude that these two tumor suppres-
sors are interlinked in positive feedback mechanisms that
can be further reinforced by the repression of DNA repair
genes and activation of the DNA damage response in-
duced by PML (Fig. 7A).

The localization of Rb/E2F complexes in PML bodies
adds another layer of complexity to the classic model of
E2F inhibition by the Rb family. These complexes may
better resist the inactivation of Rb by the CDKs because
the relevant CDK phosphorylation sites may be hidden in
PML bodies. Alternatively, PML-localized phosphatases
may protect the complex from CDK-mediated disruption.
Interestingly, one such phosphatase—PP1a—has an ab-
normal subcellular distribution in neural progenitor cells
from Pml�/� mice that correlates with a dispersed Rb
localization and its hyperphosphorylation (Regad et al.
2009). Normally, Rb and PP1a are expressed in nuclear
granules whose expression partially overlaps with those
of each other and PML bodies. By localizing PP1a with Rb
in PML bodies (Fig. 5C; Supplemental Fig. S7), PML
provides a CKI-independent mechanism to activate the
Rb pathway and repress E2F targets during senescence.

Another important implication of our findings con-
cerns the SAHF. It has been shown that PML can help the
formation of SAHF (Narita et al. 2003; Zhang et al. 2005),
and that several SAHF components localize to PML
bodies early in the senescence process. However, once
cells are senescent, SAHF and PML bodies are distinct
nuclear structures (Supplemental Fig. S3). The details of
the dynamic interactions between SAHF components
and PML require further study. Nevertheless, our findings
suggest that PML bodies recruit E2F target promoters into
close proximity to high concentrations of histone deace-
tylases (HDACs) (Wu et al. 2001), HP1 (Seeler et al. 1998;
Zhang et al. 2005), and other heterochromatin factors also
in PML bodies. In theory, this concentration effect would

Figure 7. Models of PML functions in
senescence. (A) Several positive feedback
mechanisms between p53 and PML regu-
late senescence. In cells expressing PML,
the primary effect is the inhibition of E2F
target genes, leading to proliferation arrest,
DNA damage, and p53 activation, which
further activates the PML/Rb/E2F pathway.
(B) Schematic view showing a model for
a role of PML in E2F target gene repression
and formation of heterochromatin foci in
senescent cells. Of note, the actual number
of E2F promoters per single PML body is
unknown.
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allow HP1 proteins to effectively recognize the histone
methylation marks catalyzed by Rb-interacting histone
methylases (Fig. 7B; Nielsen et al. 2001). Thus, PML
bodies could in fact be the site of ‘‘nucleation’’ or
initiation of the chromatin condensation on E2F target
genes that later become the detectable sites of SAHF.

Finally, the clinical significance of PML-induced senes-
cence was investigated in prostate tumors. In BPH,
a benign lesion characterized by the presence of senes-
cence markers (Choi et al. 2000), we found abundant
expression of PML and several PML bodies per cell. In
multiple samples from normal prostates, we found a mod-
erate PML expression and only two to four PML bodies
per cell (Fig. 6C). Prostate cancer patients displayed a
varied pattern of PML staining. Areas of negative and
positive staining were found in the same tumor, and PML
bodies were rarely visualized. This lack of PML bodies in
tumor cells can explain why prostate tumors exhibit high
levels of expression of E2F target genes such as EZH2
(Stanbrough et al. 2006) and BRCA1 (Schayek et al. 2009;
Fiorentino et al. 2010). Interestingly, BRCA1 was one of the
genes more efficiently down-regulated in PML–senescent
fibroblasts. Given the mechanistic links between PML and
the senescence program, the PML status and the number of
PML bodies could be used to distinguish malignant from
benign tumors in the prostate and, perhaps, other organs.

Materials and methods

Cells, reagents, and plasmids

U2OS and IMR90 cells were obtained from American Type
Culture Collection (ATCC), and were cultured in Dulbecco’s
modified Eagle medium (DMEM; GIBCO) supplemented
with 10% fetal bovine serum (FBS; Wisent) and 1% penicillin
G/streptomycin sulfate (GIBCO). Retroviral-mediated gene
transfer and BrdU incorporation were done as described pre-
viously (Ferbeyre et al. 2000). OHT was from Sigma-Aldrich.

Retroviruses pLPC, pLPC-PML-IV, pWZL, and pWZL-PML-IV
were described in Ferbeyre et al. (2000); pBABE-ER-E2Fs were
gifts from Dr. K. Helin; and pLXSN-E7, pLXSN-E7D6–10,
pLXSN-E7D21–24, and pLXSN-E7D79–83 were gifts from Dr.
D. Galloway.

Cell proliferation and senescence determination

To determine cell proliferation rates, we estimated cell counts at
different times after plating using a crystal violet retention assay
(Ferbeyre et al. 2000). SA-b-Gal activity was assayed as described
(Ferbeyre et al. 2000). Data were quantified from 100 cell counts
in triplicate in at least two independent experiments.

Immunoprecipitation, immunoblotting, and ChIP

Coimmunoprecipitation, ChIP, and immunoblotting assays were
performed as described before (Calabrese et al. 2009). Details can
be found in the Supplemental Material.

Fluorescence microscopy

Cells were plated on coverslips at least 24 h prior to fixation with
4% paraformaldehyde in PBS for 10 min at 4°C. After washing

with PBS, cells were treated as follows: For immunofluorescence
involving either the E2F1–3 or Rb antibodies, cells were rinsed
with Cytoskeleton buffer (10 mM PIPES at pH 6.8, 100 mM
NaCl, 300 mM glucose, 3 mM MgCl2, 1 mM EGTA, 1.2 mM
PMSF) for 10 min, washed with PBS, and permeabilized for 5 min
at 4°C with 0.5% Triton X-100 in Cytoskeleton buffer. Then,
cells were washed with 3% bovine serum albumin (BSA) in
PBS (PBS/BSA) and incubated overnight with the following
primary antibodies diluted in PBS/BSA: anti-E2F1 (1/50; KH-95,
SantaCruz Biotechnology), anti-E2F2 (1/200; C-20, SantaCruz
Biotechnology), anti-E2F3 (1/200; C-18, SantaCruz Biotechnol-
ogy), anti-Rb (1/200; G3245, BD Pharmingen), and anti-PP1a (1/200;
C-19, SantaCruz Biotechnology). For the staining with other
antibodies, cells were directly permeabilized with 0.5% Triton
X-100 in PBS/BSA after fixation and were incubated overnight
with the following primary antibodies: anti-PML (1:400, PG-M3;
SantaCruz Biotechnology), anti-PML rabbit polyclonal (1:400;
produced by our laboratory against the peptide comprising
amino acids 352–356 of human PML-IV, a region common to
all PML isoforms), anti-phopho-ATMSer1981 (1/200; #9298, Cell
Signaling), anti-phospho-H2AX (JBW301, 1/200; Upstate Bio-
technologies), and anti-HA tag (1/200; 6E2, Cell Signaling).

After primary antibodies, cells were washed three times in
PBS/BSA and incubated with the appropriate secondary antibody
combination (1/4000, AlexaFluor 488 goat anti-mouse, Alexa-
Fluor 488 goat anti-rabbit, AlexaFluor 568 goat anti-mouse, or
AlexaFluor 568 goat anti-rabbit; Molecular Probes-Invitrogen)
for 1h at room temperature. Finally, cells were rinsed three times
with PBS alone and once with PBS containing 300 mM DAPI
for 10 min when needed. Images were captured with an Olym-
pus FV300 confocal laser microscope and were processed with
Metamorph.

Immunohistochemistry

We used samples from seven patients diagnosed with BPH and
four different tissue microarrays. The first tissue microarray is
comprised of 49 normal prostate specimens from autopsies. The
second is comprised of normal tissues adjacent to prostate cancer
from 55 patients who underwent radical prostatectomy. The
third is comprised of PINs from 32 patients. The fourth one was
obtained from 64 patients with prostate cancer. Regions of
normal or cancerous epithelial tissue were identified by two
pathologists and were subsequently spotted on tissue micro-
arrays (Diallo et al. 2007). Specimens were obtained from con-
senting patients, and the institutional ethics review committee
approved the study. Samples were immunostained with a mouse
monoclonal anti-PML antibody (1:300; PG-M3, SantaCruz Bio-
technology) or anti-p16INK4a (1:25; F12, SantaCruz Biotechnol-
ogy). Primary antibody detection was done using the LSAB 2
peroxidase system from DAKO, Inc., as described previously
(Lessard et al. 2003). Briefly, tissue samples were deparaffinized,
rehydrated, and treated with 0.3% H2O2 in methanol to elimi-
nate endogenous peroxidase activity. Antigen epitope retrieval
was performed by heating for 15 min at 95°C in Tris-EDTA buffer
(10 mM Tris Base, 1 mM EDTA solution at pH 9.0) for PML or
10 mM citrate buffer (pH 6.0) for p16INK4a. All subsequent steps
were done at room temperature. The sections were blocked with
a protein-blocking serum-free reagent (DAKO), incubated with
primary antibody for 60 min followed by a 20-min treatment
with the secondary biotinylated antibody (DAKO), and then
incubated for 20 min with streptavidin-peroxidase (DAKO).
Reaction products were developed with diaminobenzidine
(DAKO) containing 0.3% H2O2 as a substrate for peroxidase.
Nuclei were counterstained with Harris hematoxylin (Sigma-
Aldrich).
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