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The p16™X** and p14*%F proteins, encoded by the
INK4A-ARF locus, are key regulators of cellular senes-
cence, yet the mechanisms triggering their up-regulation
are not well understood. Here, we show that the ability
of the oncogene BMI1 to repress the INK4A-ARF locus
requires its direct association and is dependent on the
continued presence of the EZH2-containing Polycomb-
Repressive Complex 2 (PRC2) complex. Significantly,
EZH?2 is down-regulated in stressed and senescing popu-
lations of cells, coinciding with decreased levels of asso-
ciated H3K27me3, displacement of BMI1, and activation
of transcription. These results provide a model for how
the INK4A-ARF locus is activated and how Polycombs
contribute to cancer.

Supplemental material is available at http://www.genesdev.org.
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Cellular senescence is an irreversible growth arrest trig-
gered by several types of stress, including DNA damage,
telomere shortening, and oncogene activation (Dimri
2005). Recently, its relevance as a bona fide tumor-sup-
pressive mechanism in vivo has been highlighted (for
review, see Narita and Lowe 2005). The Polycomb group
(PcG) proteins BMI1, CBX7, and CBX8 are capable of
delaying the onset of senescence in mouse and human
embryonic fibroblasts (MEFs and HEFs) (Jacobs et al.
1999; Gil et al. 2004; Dietrich et al. 2007). This has
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been shown to correlate with a decrease in the levels of
pl6™E4A and, in some cases, pl4ARF (p192+ in mice).
Both of these proteins are encoded by the INK4A-ARF
locus and are tumor suppressors that act upstream of the
PRB and p53 pathways, respectively (Lowe and Sherr
2003).

The BMI1-containing Polycomb-Repressive Complex
1 (PRC1), of which many variants are thought to exist,
also contains the CBX (CBX2, CBX4, CBX6, CBX7, and
CBX8), PHC1-3, RNF1-2, and SCMLI-2 proteins (Levine
et al. 2004). A second complex, PRC2, contains the his-
tone methyltransferase EZH2, which together with EED
and SUZ12 trimethylates histone H3 on Lys 27
(H3K27me3) (Cao and Zhang 2004; Pasini et al. 2004b).
The ability of PRCI1 to bind to chromatin is dependent
on PRC2 function, and it has been proposed that this is
primarily achieved via binding to the H3K27me3 mark
(Rastelli et al. 1993; Hernandez-Munoz et al. 2005).

In this study, we address several outstanding questions
concerning the regulation of the INK4A-ARF locus by
BMII1. We establish that BMII together with other PcGs
and the associated H3K27me3 mark “blanket” the locus
both in vivo and in vitro (tissue culture) in both mouse
and human cells. We show that the repression of the
locus by BMI1 is dependent on the continued association
of the EZH2-containing PRC2 complex and that the lev-
els of EZH2 are down-regulated in stressed and senescent
cells. This down-regulation leads to the loss of
H3K27me3, displacement of BMII1, and activation of
INK4A transcription, resulting in senescence. Taken to-
gether, our results provide a model for how the INK4A-
ARF locus is regulated in response to multiple cellular
signals and how increased expression of the PcGs con-
tributes to cancer.

Results and Discussion

PcGs and associated H3K27me3 ‘blanket’
the INK4A-ARF locus both in vitro and in vivo

To determine how PcGs bind to the human INK4A-ARF
locus we probed tiled arrays representing the entire
INK4B and INK4A-ARF loci for the presence of PRC1
(CBX8), PRC2 (SUZ12), and the H3K27me3 mark in
TIG3-TERT HEFs. This revealed very strong enrich-
ments of SUZ12, CBX8, and H3K27me3 beginning up-
stream of the INK4A promoter and extending down-
stream beyond the end of the gene, a stretch of ~10 kb
(Supplementary Fig. S1). Similar “blanket” type enrich-
ments have recently been observed on several PcG regu-
lated genes in mammalian embryonic cells (Boyer et al.
2006; Bracken et al. 2006; Lee et al. 2006; Squazzo et al.
2006). This chromatin immunoprecipitation coupled
with microarray analysis (ChIP-on-chip) data was vali-
dated by performing real-time quantitative PCR (qPCR)
of immunoprecipitated DNA from an independent ChIP
experiment (Fig. 1A). Using this approach we also estab-
lished that BMI1 and EZH2 bind to the INK4A-ARF lo-
cus with similar, but interestingly not entirely identical,
profiles to CBX8 and SUZI12 (Fig. 1A). No significant
PcG or H3K27me3 enrichments were observed on the
ARF promoter. Therefore, even though the genetic evi-
dence for the regulation of ARF by PcGs is very strong in
mice (Jacobs et al. 1999; Bruggeman et al. 2005; Molofsky
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Figure 1. PcG proteins bind throughout the INK4A-ARF locus. (A) ChIP analy-
sis of the INK4B and INK4A-ARF loci in TIG3-TERT HEFs. The precipitated
DNA was amplified by real-time qPCR using primers specific for the regions
indicated by red bars in the top of the panel. Enrichments are presented as
percentages of total input. (B) ChIP analysis of the INK4B and INK4A-ARF loci
in CD34-positive BM cells.

repression may be due to the loss of H3K2.7me3
upon transfer of cells to tissue culture (see
Supplementary Fig. S5). Interestingly, the in-
crease in BMI1 association with the INK4A pro-
moter coincided with an increase in association
of the PRCI component CBX8, suggesting that
ectopic BMII associates as part of an intact PRC1
complex. Similar results were obtained in MEFs
albeit with a slight but significant increase in
CBX8 enrichment on the ARF promoter (Supple-
mentary Fig. S4).

Next we wished to determine if the chromatin
state around the INK4A-ARF locus is altered in
cells ectopically expressing BMI1. In human cells
we observed an increase in deposition of the his-
tone variant macroH2A on the INK4A promoter,
but not on the ARF promoter (Fig. 2D). This his-
tone variant is known to block transcriptional
initiation by limiting nucleosomal remodeling
and histone acetylation and has previously been
linked to PRC1-mediated repression (Henikoff et
al. 2004; Hernandez-Munoz et al. 2005). In addi-
tion, BMI1 overexpression led to a decrease in the
levels of H3K4me3, a mark associated with an
open, active/poised transcriptional state. We also
observed greater levels of the PRC2 complex and
H3K27me3 in BMIl-overexpressing cells. This
may be the consequence of increased EZH2
mRNA and protein levels in these cells (Fig. 2A;
data not shown). Interestingly, Trojer and Rein-
berg (2006) speculated recently that a dimer of
PRCI1 may function during replication to tether

et al. 2005), our data may suggest that it is not a direct the PRC2 complex to the daughter strand in order to
PcG target, at least in human cells. However, this does propagate the H3K27me3 mark. Supporting this specu-
not appear to be the case, because EZH2, CBX8, and lation is the observation of a transient interaction be-

H3K27me3 are significantly enriched throughout the tween PRC1 and PRC2 components during Drosophila
INK4B-ARF-INK4A locus in primary human CD34* development (Poux et al. 2001). It will be interesting to

bone marrow (BM) cells (Fig. 1B). Interesting, these perform double ChIPs on single nucleosomes to deter-
CD34" cells express high levels of EZH2 and do not ex- mine if both PRC2 and PRCI1 complexes coexist on tar-
press detectable levels of INK4A, INK4B, or ARF get genes such as INK4A. In any case, our results suggest
(Supplementary Fig. S3). A similar experiment performed that BMII, as part of an intact PRCI complex,
with mouse lin~ BM cells revealed similar EZH2, CBXS, represses INK4A transcription by direct binding to its
and H3K27me3 enrichments throughout the mouse promoter and downstream coding region, leading to
Ink4a-Arflocus (Supplementary Fig. S2). Taken together, chromatin alterations and displacement of RNA poly-

our data suggest that in addition to INK4A, both ARF merase II.

and INK4B are directly regulated by Polycomb proteins

in both human and mouse cells. This would be consis- EZH2 down-regulation in late passage fibroblasts

tent with the recent hypothesis that the all three genes correlates with displacement of BMI1 from the
are coordinately regulated (Gil and Peters 2006; Kim and INK4A-ARF locus

Sharpless 2006).

We next wished to determine if the known increase in
Ectopically expressed BMI1 represses the INKAA-ARF Ink4A and Arf expression in MEFs approaching cellular

locus by direct association

senescence could be a result of decreased PcG binding to
the Ink4a-Arf locus. As shown in Figure 3B, Ink4a and to

To address how BMI1 can prevent stress-induced senes- a lesser extent, Arf levels increase in MEFs undergoing
cence and thereby contribute to tumorigenesis, we ecto- senescence. Consistent with previous observations
pically expressed the protein in both MEFs and HEFs (Kamminga et al. 2006), we observed a strong decrease in
(Fig. 2; Supplementary Fig. S4). As previously reported, Ezh2, but not Bmil, protein levels in MEFs undergoing
BMII overexpression leads to transcriptional repression senescence (Fig. 3A). This decrease correlated with the
of INK4A but not ARF in HEFs (Fig. 2A,B), whereas both disappearance of Ezh2, Suz12, and the H3K27me3 mark
Ink4a and, to a lesser extent, Arf expression are repressed along the Ink4a-Arf locus in senescing cells and the pro-
in MEFs (Supplementary Fig. S4). Concomitant with the gressive displacement of the PRC1 components Bmil,
repression of INK4A, BMI1 binding increased approxi- Cbx7, and Cbx8 (Fig. 3D). The low or background levels
mately twofold principally around the first exon (exon of Suzl12, Cbx7, and Cbx8 observed on the Arf promoter
la) of INK4A in HEFs (Fig. 2C). The lack of BMII asso- are due to the fact that most PcGs and H3K27me3 are
ciation with the ARF promoter and consequent lack of already displaced between Passage 0 and Passage 3
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(Supplementary Fig. S5). Consistent with the fact that
ectopic expression of BMI1 decreases RNA polymerase II
association and transcription, the dissociation of the
PcGs during cellular senescence has the opposite effect
of increasing RNA polymerase II association and tran-
scription (Fig. 3D; Supplementary Fig. S5).

Similar results were also observed in human TIG3
HEFs passaged to senescence (Supplementary Fig. S6).
Consistent with previous reports using human fibro-
blasts, INK4A was moderately up-regulated between
mid- and late passages, whereas ARF levels were un-
changed (Alcorta et al. 1996; Wei et al. 2001). The BMI1
mRNA and protein levels were slightly down-regulated
in late passage HEFs, as described previously (Itahana et
al. 2003). However, EZH2 mRNA and protein levels
were significantly more strongly down-regulated. This
correlated with a decreased binding of EZH2 along the
INK4A-ARF locus and loss of the associated H3K27me3
mark, displacement of BMII1, and an increase in RNA
polymerase II association in late passage TIG3 cells.

Interestingly, we also observed a strong decrease in the

mRNA levels of EZH2, but not of other PcG genes, in
cells exposed to multiple types of cellular stress, includ-
ing UV, IR, and bleomycin-induced DNA damage
(Supplementary Fig. S7; data not shown). In agreement
with this, the expression of EZH2 was recently shown to
be repressed by the p53 pathway (Tang et al. 2004). In-
deed, the decrease in EZH2 mRNA levels in DNA dam-
aged TIG3-TERT cells is dependent on the presence of
p53 (data not shown). This decrease in EZH2 mRNA
levels during cellular stress and the loss of PcGs from the
INK4A promoter (Supplementary Fig. S8) led us to specu-
late that it may be causally linked to the gradual activa-
tion of the INK4A-ARF locus in senescing populations of
cells. Therefore, to formally establish that a decreasing
pool of the PRC2 complex directly leads to senescence
and displacement of BMI1, we targeted the expression of
EZH2 and SUZ12 by short hairpin interference (Fig. 4A).
The loss of either protein results in the disruption of the
PRC2 complex (Pasini et al. 2004b) and leads to the de-
crease of H3K27me3 and displacement of both BMI1 and
CBX8 from the INK4A promoter (Fig. 4C). Significantly,
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(D) ChIP analysis using the indicated antibodies and the

cells shown in A on the Ink4a-Arf locus.
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@ sults, we did not find any change in
Bmil levels in late passage MEFs de-
spite the accumulation of Ink4a and
Arf. Taken together with the demon-
stration that EZH2 levels are de-
creased in senescent cells and that
the continuous presence of the PRC2
complex is required for Bmil func-
tion, this suggests that Ezh2 levels
may decrease in old stem cells, lead-
ing to the activation of the Ink4-Arf
locus and subsequent decrease in
stem cell self-renewal. To test this, it
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will be very interesting to determine
if Ezh2 levels decrease and if PcGs are
displaced from the Ink4a-Arf locus in
stem cells of old mice compared with
those from young mice.

Figure 4. Targeted depletion of PRC2 displaces BMII from the INK4A-ARF locus, increases
the expression of INK4A, and leads to senescence. (A) Western blot analysis of cell lysates
prepared from TIG3-TERT HEFs infected with pRS, pRSSUZ12, or pRSEZH?2, 7 d after selec-
tion with puromycin. (B) qPCR analysis of INK4A and ARF mRNA levels from cells from A.
(C) ChIP analysis of PcGs and H3K27me3 enrichments on the INK4A and ARF promoters in
pRS- and pRSSUZI12-infected cells. (D) B-galactosidase staining to detect senescent cells in
TIG3-TERT cells infected with pRS, pRSSUZ12, pRSEZH2, or pRSBMII constructs.

cells depleted of EZH2 or SUZ12, similar to cells de-
pleted of BMI1, activate INK4A transcription and be-
come senescent (Fig. 4; Supplementary Fig. S9).

At present it is unclear how the H3K27me3 mark is
lost in senescing cells. Two apparent possibilities exist,
which include histone replacement or the action of an as
yet unidentified H3K27me3 demethylase. Considering
our demonstration that the histone variant macroH2A
increases on the locus in BMI1-overexpressing cells this
suggests that future studies should be directed at evalu-
ating if there are alterations in the distribution of histone
H3 variants levels along the INK4A-ARF locus during
entry into senescence. Such studies may also implicate
the involvement of the various chaperone complexes re-
quired for deposition of histone variants into chromatin
in the senescence process. Furthermore, it is very likely
that systematic approaches to identify chromatin modi-
fiers of the locus will uncover several novel oncogenes
and tumor suppressors. An example of this is the dem-
onstration that the tumor suppressor and chromatin re-
modeling factor hSNF5 binds to and activates transcrip-
tion from the INK4A promoter (Oruetxebarria et al.
2004).

Implications for our understanding of the role of PcGs
in cancer, stem cell biology, and cellular stress
responses

Bmil is essential for the maintenance of both adult (he-
matopoetic and neural) and cancer stem cell populations
(Lessard and Sauvageau 2003; Molofsky et al. 2003; Park
et al. 2003; Leung et al. 2004), and this has primarily
been attributed to its ability to repress the Ink4a-Arf
locus (Bruggeman et al. 2005; Molofsky et al. 2005). Re-
cently, Ink4a and Arf have been shown to accumulate in
stem cells of old mice; however, the levels of Bmil are
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In cancer the levels of EZH2 or
BMI1 are frequently found to be up-
regulated, and speculations have been
made that this may contribute to can-
cer development (Pasini et al. 2004a;
Raaphorst 2005). One possibility is
that it may allow cancer stem cells to
avoid stress/age-induced senescence,
thereby increasing the chance of ac-
quiring additional mutations on the road to becoming
full-blown tumors. However, surprisingly, unlike BMI1,
ectopically expressed EZH2 is not recruited to the
INK4A-ARF locus and therefore is incapable of confer-
ring repression in TIG3 cells (data not shown). This
could be because EZH2, a gene whose expression is very
tightly associated with proliferation status, is not limit-
ing in unstressed, asynchronously growing embryonic fi-
broblasts. Interestingly, in a previous study we found
that ectopically expressed EZH2 did not confer a prolif-
erative advantage to asynchronously growing MEFs,
whereas it did when cells were plated under stressful
conditions (Bracken et al. 2003). Mechanistically, it is
possible that another component of the PRC2 complex,
an associated factor, or a transcription factor capable of
recruiting PRC2 to the locus is also limiting. Future
studies will be required to determine the capability of
ectopically expressed EZH2 to associate and repress the
INK4A-ARF locus in different cellular contexts such as
in adult stem cells or cells of epithelial origins. Despite
this, the very presence of EZH2 on the INK4A promoter,
as reported here, raises the exciting possibility that it
contributes directly to its epigenetic silencing by DNA
methylation (Esteller et al. 2001). However, since the
INK4A promoter is not methylated in normal cells, there
must be a trigger independent of EZH2 to induce meth-
ylation during cancer progression.

Finally, our results should provide a valuable model
for future studies of the activation of the INK4B, INK4A,
and ARF genes in response to various cellular signals.
One can envision that, although the promoters of the
three genes may respond to different signals and different
promoter-specific transcription factors, the PcGs may
act as master regulators coordinately determining the
relative access of transcription factors (Fig. 5). Further-
more, we predict that the level of H3K27me3 along the
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Figure 5. Model for how PcG proteins regulate cellular senescence
in vivo. (A) In young proliferating normal diploid cells, the PRC2
complex is highly abundant and maintains the levels of H3K27me3
along the INK4B and INK4A-ARF loci. This in turn ensures the
continued association of the BMI1-containing PRC1 complex and
repression of the INK4A, INK4B, and ARF genes. (B) In older or
stressed cells the levels of EZH2 are down-regulated, leading to the
disruption of the PRC2 complex and loss of H3K27me3 along the
INK4B and INK4A-ARF loci. Without H3K27me3, the BMII-con-
taining PRC1 complex is displaced. We propose a model in which
cumulative stress leads to the progressive alteration of the chroma-
tin state around the INK4B and INK4A-ARF loci, thereby conferring
accessibility to specific transcriptional activators (X, Y and Z).

INK4B and INK4A-ARF loci in vivo acts as an epigenetic
index or memory of prior aging and stress.

Materials and methods

Tissue culture

The human diploid lung embryonic fibroblast cell line TIG3 was grown
in DMEM supplemented with 10% (v/v) FCS. Primary MEFs were pre-
pared from C57BL6 embryos taken at embryonic day 13.5 during em-
bryogenesis. SA-B-gal assays were performed as previously described
(Narita et al. 2003).

Generation of antibodies

Mouse monoclonal antibodies for BMI1 were generated against full-
length human BMII fused to the maltose-binding protein (MBP). Clone
DC9 was used for immunoblotting. To attain an antibody capable of
performing BMI1 ChIPs, we screened 15 monoclonal antibodies first for
their ability to function in normal immunoprecipitation and subse-
quently for their ability to efficiently coimmunoprecipitate histone H3
in ChIP conditions. Clone AF27 was selected as the only antibody ca-
pable of immunoprecipitating both BMI1 and H3 in ChIP conditions.
Two polyclonal CBX7 antibodies, “GAPEL” and “RELF,” were produced
in rabbits using synthetic peptides corresponding to amino acids 121-144
(GAPELVDKGPLVPTLPFPLRKPRK[K]) and 154-178 (KKFPPRGPNL
ESHSHRRELFLQEPP) of human CBX?7, respectively. These were coupled
to Keyhole Limpet Hemocyanin (KLH) through the C- or N-terminal
lysine residues, respectively, and injected subcutanously into rabbits ac-
cording to standard procedures (DAKO). Specific antibodies from positive
sera were affinity-purified on the respective peptide antigens according to
standard procedures. For ChIP assays, 5 pg of a pool of both affinity-
purified antibodies were used per immunoprecipitation.

Western blot analysis
Immunoblotting was performed with the following antibodies: rabbit
anti-Suz12 (Upstate Biotechnology), mouse anti-EZH2 (BD43) (Pasini et

PcGs and stress-induced activation of INK4A-ARF

al. 2004b), mouse anti-EED (Bracken et al. 2003), mouse anti-BMI1 (DC9,
described above), mouse anti-p16 (DCS50), and rabbit anti-p19 (Abcam).

ChIP assays

ChIPs were performed and analyzed essentially as described (Bracken et
al. 2003). The antibodies used were rabbit anti-H3K27me3 (07-449; Up-
state Biotechnology), anti-SUZ12 (07-379; Upstate Biotechnology), anti-
Polll (sc-899; Santa Cruz Biotechnology), anti-HA (sc-805; Santa Cruz
Biotechnology), anti-macroH2A (07-219; Upstate Biotechnology), anti-
H3K4Me3 (ab8580; Abcam), an equal mix of anti-CBX8 “LAST” and
“GALD” (Bracken et al. 2006), an equal mix of anti-CBX7 “GAPEL” and
“RELF” described above, and mouse monoclonals specific for EZH2
(AC22) (Pasini et al. 2004b) and BMI1 (AF27) described above. For normal
ChlIPs, the immunoprecipitated DNA was quantified by real-time qPCR.
The sequences of the PCR primers are available on request. Instead, for
the ChIP-on-chip analysis, the immunoprecipitated DNA was amplified
by LMPCR as described previously (Bracken et al. 2006) and hybridized to
NimbleGen (http://www.nimblegen.com) tiled arrays spanning 50 kb of
DNA spanning positions 21,953,000 to 22,003,000 on chromosome 9
according to the University of California at Santa Cruz Genome Browser
(hgl7) at http://genome.ucsc.edu/cgi-bin/hgGateway. High-resolution
mapping was achieved by representing 690 probes of 50 base pairs (bp)
with an average spacing of 22 bp between probes.

Quantification of mRNA levels by gPCR

c¢DNA was generated by RT-PCR using the PE Applied Biosystems Taq-
Man Reverse Transcription Reagents. Relative mRNA levels were deter-
mined using the SyBR Green I detection chemistry system (Applied Bio-
systems), using an ABI Prism 7300 Sequence Detection System. Ubiqui-
tin was used as a control gene for normalization. The sequences of the
primers used are listed in Supplementary Table 1.
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