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Background: Expression patterns of E2F1 target genes differ during cellular senescence.

Results: Rb protein selectively represses specific E2F1 target genes via a TAAC element in senescent cells.

Conclusion: Cellular senescence is influenced by selective repression of E2F1 target transcription by Rb.

Significance: An understanding of how E2F1 target genes that participate in proliferation are regulated is crucial for elucidating

the mechanisms of cellular senescence.

The retinoblastoma (Rb) protein mediates heterochromatin
formation at the promoters of E2 transcription factor 1 (E2F1)
target genes, such as proliferating cell nuclear antigen and cyclin
A2 (CCNAZ2), and represses these genes during cellular senes-
cence. However, the selectivity of Rb recruitment is still not well
understood. Here, we demonstrate that a senescence-associated
gene is a direct target of E2F1 and is also repressed by hetero-
chromatin in senescent cells. In contrast, ARF and p27¥"1,
which are also E2F1 targets, are not repressed by Rb and hetero-
chromatin formation. By comparing the promoter sequences of
these genes, we found a novel TAAC element that is present in
the cellular senescence-inhibited gene, proliferating cell
nuclear antigen, and CCNA2 promoters but absent from the
ARF and p27%"™®! promoters. This TAAC element associates
with Rb and is required for Rb recruitment. We further deter-
mined that TAAC element-mediated Rb association requires
the E2F1 binding site, but not E2F1 protein. These results pro-
vide a novel molecular mechanism for the different expression
patterns of E2F1 targets and afford new mechanistic insight
regarding the selectivity of Rb-mediated heterochromatin for-
mation and gene repression during cellular senescence.

Cellular senescence causes irreversible exit from the cell
cycle and functions as a general protective mechanism against
proliferative stress responses and cancer in vivo (1-3). In fact,
senescent cells accumulate in benign tumors. Senescence-asso-
ciated growth arrest mainly occurs through the stable down-
regulation of cell cycle regulatory and DNA replication genes,
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such as CDC2, cyclin A2 (CCNA?2), PCNA,> and MCM3, many
of which are E2F1 targets. Based on the current understanding
of the field, the members of the retinoblastoma (Rb) gene fam-
ily, including pRb, p107, and pRb2/p130, negatively regulate the
activities of the E2F family of proteins (4). When cells undergo
senescence, Rb mediates the formation of senescence-associ-
ated heterochromatin foci (SAHF) by recruiting other hetero-
chromatin proteins, such as HPlvy, to E2FIl-responsive
promoters, which then stably repress these E2F1 targets (5).
Importantly, this mechanism may be the reason why growth
factors cannot induce E2F1 targets during cellular senescence
(6).

ARF (cyclin-dependent kinase inhibitor 2A, p14*%F) and
p27'"! are also reported to be E2F1 targets (7, 8), and the
expression of these genes is up-regulated during cellular senes-
cence. In fact, overexpression of E2F1 may induce a senescence
response through the activation of ARF (9). In addition, one of
the most important cyclin-dependent kinase inhibitors,
p27"!" was reported to accumulate in senescent cells (10). The
mechanism by which some E2F1 targets, such as PCNA and
CCNAZ2, are transcriptionally repressed by SAHF, whereas oth-
ers are not, such as ARF and p27*™"?, is important for under-
standing how E2F1 targets are transcriptionally regulated dur-
ing cellular senescence.

In our previous study, we identified a new senescence-asso-
ciated gene called cellular senescence-inhibited gene (CSIG;
RSL1D1) (11). CSIG is abundantly expressed in growing human
diploid fibroblast cells, but its expression decreases upon repli-
cative senescence. Overexpression of CSIG significantly pro-
longed the progression of replicative senescence by down-reg-
ulating PTEN and p27%™®* (12). CSIG was also reported to
facilitate nucleostemin transport between the nucleolus and
nucleoplasm (13). Therefore, it is important to explore the
mechanism by which CSIG is down-regulated in senescent
human cells to further characterize its function and understand

2The abbreviations used are: PCNA, proliferating cell nuclear antigen; Rb,
retinoblastoma; CSIG, cellular senescence-inhibited gene; SAHF, senes-
cence-associated heterochromatin foci; sh, short hairpin.
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the regulatory mechanisms of other senescence-associated
genes.

In this study, we demonstrate that CSIG is a direct target of
E2F1. The transcriptional profiles of CSIG, PCNA, CCNAZ2,
ARF, and p27"'"! are distinct during senescence. CSIG, PCNA,
and CCNA2 are repressed by Rb-mediated heterochromatin,
but ARF and p27%™** are not repressed. A comparison of the
promoter sequences demonstrated the existence of a novel
TAAC element in the CSIG, PCNA, and CCNA2 promoters,
which was absent in the ARF and p27*'"! promoters. Rb
associates with these proteins through the TAAC element,
and it is required for Rb recruitment. We further determined
that the association of the TAAC element with Rb is E2F
binding site-dependent, but E2F1 protein-independent.
These results provide a novel molecular explanation for the
different expression patterns of E2F1 targets and afford new
mechanistic insight regarding the selectivity of Rb-mediated
heterochromatin formation and gene repression during cel-
lular senescence.

EXPERIMENTAL PROCEDURES

Plasmids and Vectors—The following retroviral vectors were
used in this study: pWZL-Hygro (oncogenic Ras (H-RasV12)
and E2F1); pLPC-Puro (E2F1, E1A, and E1AAN; E1A and
E1AAN were generously provided by Dr. Scott Lowe (5));
pMSCV-miR30-puro (E2F1, p16™**, HMGA1, Rb, p130, and
p107); the shRNA sequences shp16™*** shHMGAT1, and shRb
were generously provided by Dr. Narita (14); sShRNA sequences
targeting p130 and p107 were generously provided by Dr. Scott
Lowe (15); the short hairpin RNAs specific for human E2F1
(5"-GACGTGTCAGGACCTTCGT-3') were cloned into the
pMSCV-miR30-puro vector (16) and pLNCX2-Neo (Ras and
E2F1). The ARF-promoter-PGL3 plasmid was generously pro-
vided by Dr. Hongti Jia. The primer sequences used to con-
struct the promoters were as follows: CSIG promoter, for-
ward, 5-CTAGCTAGCCATTTCTTCTACAACTTGA-
TTA-3" and reverse, 5'-CCGCTCGAGCATCTTGTTTCCA-
CCTC-3'; CCNA2 promoter, forward, 5'-CGGGGTACCCAT-
AGAAAGATAACGACG-3' and reverse, 5'-CCCAAGCTT-
AAAGAGAAACAGACAAGC-3'; PCNA promoter, for-
ward, 5'-CGGGGTACCATGAACGATTGAGTGATT-3' and
reverse, 5-CCCAAGCTTGGCTGAGACCTAGAAAGA-3';
and p27°™! promoter, forward, 5'-CGGGGTACCCCAGGG-
ATGGCAGAAACT-3’, and reverse, 5'-CCCAAGCTTAC-
ACCCCGAAAAGACGAG-3'. The E2F1 siRNA (siE2F1) se-
quence was as follows: 5'-GACGUGUCAGGACCUU-
CGU-3".

Cell Culture and Gene Transfer—Human diploid 2BS fibro-
blasts (National Institute of Biological Products, Beijing, China)
as well as IMR90 and W138 cells (American Type Culture Col-
lection) were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% FBS and antibiotics. Retroviruses were
packed using Phoenix cells (Dr. Narita, Cancer Research UK,
Cambridge Research Institute), and infections were performed
as previously described (17). The infected population was
selected with 0.8 wg/ml puromycin (Sigma) for 2-3 days, 25
pg/ml hygromycin B (Roche) for 2-3 days, or 150 pg/ml G418
for 5 days. For coinfection, the cells were sequentially selected
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with puromycin, hygromycin, and G418. Post-selection day 7
refers to 7 days after the puromycin selection. The wild-type
and TAAC-mutated CSIG promoter constructs in Fig. 5 (C and
D) were integrated into U20S cells using a retroviral system
(pWZL). Integrated cell populations were selected with hygro-
mycin B (Roche Applied Science) for 10 days.

Cell Proliferation and DAPI Staining—2BS cells were plated
on coverslips and subsequently labeled with BrdU (100 pg/ml,
Sigma) for 6 h. Nuclei incorporating BrdU were visualized by
immunolabeling using an anti-BrdU antibody (Pharmingen,
1:400) as previously described (18). DNA was visualized by
DAPI (1 ug/ml) after permeabilization with 0.2% Triton X-100
in phosphate-buffered saline.

Electrophoretic Mobility Shift Assay—The EMSAs in Fig. 1]
were performed using a human GST-E2F1 fusion protein that
was produced in Escherichia coli BL21 transfected with pGEX-
4T-E2F1. The EMSA probes were generated by end-labeling
30-bp duplexes using T4 polynucleotide kinase and [y-*>?P]-
ATP. DNA-protein binding reactions were performed by mix-
ing 5 pg of purified recombinant GST-E2F1 fusion protein, 2 ul
of 5X binding buffer, 2.5 ug/ul BSA, and 4,000 cpm/ul probes.
The competition experiments included a 50-fold molar excess
of unlabeled double-stranded oligonucleotide. The binding
mixtures were incubated for 20 min at room temperature.
DNA -protein complexes were resolved on 6.5% polyacrylamide
gels in 1X Tris borate-EDTA buffer at room temperature. The
EMSAs in Fig. 54 were 3'-biotinylated using the biotin 3'-end
DNA labeling kit (Pierce) according to the manufacturer’s
instructions and were annealed for 2 h at room temperature.
The sequences of the oligonucleotides used are 5'-ATAACCG-
GTACCCGCCCCCT-3' for the TAAC oligonucleotides and
5'-ATGACCGGTACCCGCCCCCT-3' for the TAAC mutant
oligonucleotides. The binding reactions were carried out for 20
min at room temperature in the presence of 50 ng/ul poly(dI-
dC), 0.05% Nonidet P-40, 5 mm MgCl,, 10 mm EDTA, and 2.5%
glycerol in 1X binding buffer (LightShift"™™ chemiluminescent
EMSA kit; Pierce) using 20 fmol of biotin end-labeled target
DNA and 4 pg of nuclear extract from senescent 2BS cells.
Unlabeled target DNA (4 pmol), anti-Rb (2 ul; Cell Signaling),
or anti-p16 (2 ul; Santa Cruz Biotechnology) was added per 20
wl of binding reaction where indicated. The assays were loaded
onto native 6% polyacrylamide gels that had been pre-electro-
phoresed for 60 min in 0.5X Tris borate-EDTA. Samples were
electrophoresed at 100 V before being transferred onto a posi-
tively charged nylon membrane (Hybond™-N+) in 0.5X Tris
borate-EDTA at 100 V for 30 min. Transferred DNA was cross-
linked to the membrane at 120 mJ/cm? and detected using
horseradish peroxidase-conjugated streptavidin (LightShift™
chemiluminescent EMSA kit) according to the manufacturer’s
instructions.

Chromatin Immunoprecipitation Assay—ChIPs were per-
formed as previously described (19) using anti-E2F1 (C-20x;
Santa Cruz Biotechnology), anti-H3K9Me3 (Upstate), anti-
HP1vy (Upstate), anti-Rb (4H1; Cell Signaling), anti-p107 (C-18;
Santa Cruz Biotechnology), and anti-p130 (C-20; Santa Cruz
Biotechnology) antibodies. DNA released from the precipitated
complexes was amplified by PCR using sequence-specific prim-
ers. The primer sets that were used amplified the promoter
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FIGURE 1. CSIG is one of the target genes of E2F 1. A, schematic representa-
tion of E2F1 affinity sites. B, different constructs were analyzed for luciferase
expression in HelLa cells. The values represent the means and standard errors
of three independent experiments. C, deletion mutants of human CSIG pro-
moter constructs were cotransfected with siE2F1 oligonucleotides and small
interference nonsense control (siNC) in HeLa cells and were analyzed for lucif-
erase expression. The values represent the means and standard errors from
three independent experiments. D, 2BS cells stably expressing retroviral E2F1
expression plasmids were analyzed for the indicated proteins 7 days after
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regions of CSIG, CCNA2, PCNA, ARF, p27X'**, and B-actin.
The primer sequences for CCNA2, PCNA, and B-actin that
were used in the ChIP assays were a kind gift from Dr. Scott
Lowe (5). The ChIP primer sequences were as follows: CCNA2
promoter, forward, 5-CGCTTTCATTGGTCCATTTC-3'
and reverse, 5'-CCGGCCAAAGAATAGTCGTA-3’; PCNA
promoter, forward, 5-GCATGGACACGATTGGCCCT-3'
and reverse, 5'-CTCGAACATGGTGGCGGAGT-3'; B-actin
promoter, forward, 5'-AAATGCTGCACTGTGCGGCGAA-3’
and reverse, 5'-TGCTCGCGGGCGGACGCGGTCTCGG-3';
CSIG promoter, forward, 5'-GGCCAGGCTGGTCTGGAAC-3’
and reverse, 5'-GTCCTACCTACTCGGGAAGCT-3' (PCR of
the CSIG promoter between —255 bp and —35 bp generated a
220-bp product); ARF promoter, forward, 5'-GAAGAATGGAA-
GACTTTCGACGAGG-3' andreverse 5'-ACCTCCAAGATCT-
CGGAACGG-3' (PCR of the ARF promoter between —419 bp
and —53 bp generated a 366-bp product); p27<'"* promoter, for-
ward, 5'-CGGCCGTTTGGCTAGTTTGTTTGT-3' and reverse
5'-GGAGGCTGACGAAGAAGAAGATGA-3' (PCR of the p27
promoter between —615 bp and —326 bp generated a 294-bp
product); ChIP primers for the CSIG luciferase reporter and its
TAAC mutant, F-TAAC, forward, 5'-TACATCGTGACCTGG-
GAAGC-3' and reverse, 5'-CGGGAGCCACCCGGAGCCA-3';
E2F1-R, forward, 5'-CACTGCCCCGGAGAGCGA-3" and
reverse, 5'-CGACATTCAACAGACCTTGC-3'; and NC, for-
ward, 5'-TTTGAATACAGCCCAACAC-3' and reverse, 5'-
TGGATAACTGACAAATGGAA-3'. CSIG-T forward, 5'-CGG-
ACTGGTCTCCAACTC-3' and reverse, 5'-CGGGAGCCACC-
CGGAGCCA-3' (PCR of the CSIG promoter between —693 bp
and —469 bp generated a 224-bp product); PCNA-T, forward, 5'-
CCAAGTGTTTACGGAATGA-3' and reverse, 5'-GCGCTCG-
TAGGTGTCACAAGAT-3' (PCR for the presence of the PCNA
promoter DNA between —716 bp and —525 bp, generating a
191-bp product); and CCNA2-T, forward, 5'-GGGGCTCCCAG-
ATTTCGT-3' and reverse, 5'-ACTCCACGGGCTGCTGCTA-
C-3' (PCR for the presence of the CCNA2 promoter DNA between
—420 bp and —76 bp, generating a 344-bp product).

Western Blot— W estern blot analysis was performed on 20 ug
of whole cell lysate using the chemiluminescent HRP substrate
(Millipore). Blots were probed with the following antibodies:
anti-CSIG (used as previously described (12), 1:5000), anti-p16
(C-20, Santa Cruz Biotechnology, 1:500), anti-Ras (F235, Santa

retroviral transduction. E and F, the 2BS cells stably expressing the hormone-
regulated E2F1-ER fusion construct were treated with 100 nm 4-hydroxyta-
moxifen (4OHT) for 18 h, and the protein and mRNA levels of the indicated
genes were determined by Western blot and quantitative RT-PCR. The values
represent the means and standard errors from three independent experi-
ments. G and H, the 2BS cells expressing vector alone (G) or a combination of
pWZL-Ras-Hygro (S), and vector (Ctrl) or shRNA against E2F1 (shE2F1) were
harvested to determine the protein and mRNA levels of the indicated genes
by Western blot and quantitative RT-PCR. The values represent the means
and standard errors from three independent experiments. /, growing (G) and
Ras-induced senescent (S) 2BS cells were processed for ChIP using an anti-
E2F1 antibody (C-20x; Santa Cruz Biotechnology). The primer set used
includes the region from —255 to —35 bp of the CSIG promoter. J, EMSA was
performed using E2F1 protein expressed in vitro through the GST expression
system. oligo, end-labeled oligonucleotide probes containing the E2F1 bind-
ing site on the CSIG promoter 5'-ATGACCGGTTCCCGCCCCCT-3'; mut, end-
labeled probes containing the mutant E2F1 binding site oligonucleotide
5'-ATGACCGGTACCCGCCCCCT-3'; competitor, unlabeled probes containing
the E2F1 binding site; Ctrl, control.
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FIGURE 2. CSIG, but not ARF and p27%'"’, is transcriptionally repressed during cellular senescence. A and C, Western blot of the 2BS cells lysates for
CSIG, PCNA, CCNA2, ARF, p27¥®", p16, E2F1, and Ras. GAPDH served as a loading control. The following conditions are shown: Q, quiescent (by low
serum); G, growing; S, Ras-induced senescence (pWZL-Ras-Hygro). Etoposide +, DNA damage-induced senescent cells. Early passage, 21 PD 2BS cells.
Late passage, 65 PD 2BS cells. B, Western blot of WI38 or IMR90 cell lysates for CSIG, PCNA, E2F1, and p16. GAPDH served as a loading control. G indicates
growing, and Sindicates Ras-induced senescent cells. D, the mRNA levels of the indicated genes were determined by quantitative RT-PCR in growing (G)
and Ras-induced senescent (S) 2BS cells. The values represent the means and standard errors from three independent experiments. E, different gene
promoters were analyzed for luciferase expression in U20S cells transfected with p16-pcDNA. The values represent the means and standard errors of

three independent experiments.

Cruz Biotechnology, 1:1000), anti-Rb (4H1, Cell Signaling,
1:1000), anti-E2F1 (KH95, Santa Cruz Biotechnology, 1:200),
anti-CCNA2 (C-19, Santa Cruz Biotechnology, 1:1000), anti-
PCNA (I88, Bioworld, 1:1000), anti-ARF (H132, Santa Cruz
Biotechnology, 1:1000), anti-p27*""* (MBL, 1:1000), anti-
HMGA1 (Biosynthesis, 1:500), p107 (C-18, Santa Cruz Biotech-
nology 1:1000), and p130 (C-20, Santa Cruz Biotechnology,
1:1000).

Real Time PCR—Gene-specific primers were designed
using Primer 5 (sequences are available from the authors
upon request). Real time PCR was performed in triplicate
using the SYBR Green PCR Master Mix (Applied Biosys-
tems) on an ABI Prism 7300 sequence detector (Applied Bio-
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systems). The B-actin gene served as an endogenous control
for normalization.

Luciferase Assay—The cells were plated in 24-well culture
plates in triplicate for each condition at an initial concentration
of 5 X 10* cells/well. The cells were cotransfected with 0.8 g of
the gene promoter reporter constructs (or 0.2 pg of reporter
construct and 0.6 ug of protein overexpression plasmid or
shRNA) and 8 ng (or 2 ng, respectively) of the Renilla luciferase
reporter plasmid pRL-CMYV vector, which served as an internal
control. Luciferase activity was assessed using a dual luciferase
reporter assay system (Promega) according to the manufactur-
er’s instructions. The enzyme activity was normalized for the
efficiency of transfection on the basis of Renilla luciferase activ-
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ity levels and is reported as relative light units. All of the
reporter assays were performed in triplicate in at least two indi-
vidual experiments, and standard errors are denoted by bars in
the figures.

RESULTS

CSIG Is a Target Gene of E2FI—As previously reported,
CSIG mRNA is significantly decreased in senescent cells com-
pared with actively growing cells (11), which suggests that CSIG
may be transcriptionally repressed during cellular senescence.
To test this hypothesis, we first constructed a series of plasmids
in which various lengths of the CSIG promoter (—1100, —838,
—482, —188, and —84 bp upstream from the ATG start codon
of the CSIG promoter) were placed upstream of the pGL3-basic
vector. The activity of the firefly reporter remained high in all
cases except when the region between —188 and —84 bp was
excised (Fig. 1B). This result indicates that the major transcrip-
tional regulatory elements of CSIG are located in the region
between —188 and —84 bp from the ATG start codon. Analysis
of the sequence from —188 to —84 bp revealed a putative E2F1
binding site from —102 to —95 bp (Fig. 1A). Moreover, the
activity of the CSIG promoter-luciferase reporter containing
the wild-type E2F1 binding site was almost 5-fold higher than
the E2F1 binding site mutant (—188m) (Fig. 1B). Furthermore,
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when we introduced E2F1 siRNA oligonucleotides and the
CSIG promoter luciferase reporter into HelLa cells, the activi-
ties of the different fragments of the CSIG promoter (—1100,
—838, —482, and —188 bp) were down-regulated. However,
this decrease did not occur with the promoter reporters in
which the E2F1 binding site was mutated (—188m) or deleted
(—84 bp) (Fig. 1C). These experiments suggest that the CSIG
luciferase reporter is induced by E2F1.

We next assessed whether E2F1 could also stimulate endog-
enous CSIG expression by using a 2BS cell line stably expressing
retroviral E2F1 expression plasmids. CSIG was up-regulated
when E2F1 was overexpressed, as were other E2F1 targets,
including PCNA and CCNA2 (Fig. 1D). This result was con-
firmed by the activation of a 2BS cell line stably expressing the
E2F1-ER fusion construct upon the addition of 4-hydroxyta-
moxifen (Fig. 1, E and F). Furthermore, CSIG was down-regu-
lated after the knockdown of E2F1 (Fig. 1, G and H). These
results suggest that E2F1 stimulates endogenous CSIG
expression.

We next sought to determine whether E2F1 binds to the
CSIG promoter in vivo and in vitro by using ChIP and EMSAs
(Fig. 1, I and /). The results of the ChIP assays suggested that
E2F1 binds to the endogenous CSIG promoter in growing cells
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FIGURE 4. Rb represses the transcription of CSIG but does not affect the
transcription of ARF or p27¥'®" during senescence. A, growing (G) and
Ras-senescent (S) 2BS cells were processed for ChIP using an antibody against
Rb, p107, or p130 or using nuclear extract (input) or IgG as a negative control.
DNA fragments were amplified by PCR from the promoter regions of CSIG,
PCNA, CCNA2, ARF, p27, and B-actin. B, the 2BS cells expressing vector alone
(Ctrl) or H-Ras (pWZL-Ras-Hygro) with the indicated combination of vector,
shRNA against Rb (shRb), p107 (shp107), and p130 (shp130) were analyzed for
theindicated proteins. C, the cell populations described in Bwere assessed for
BrdU incorporation and SAHF formation. The values represent the means and
standard errors for the three independent experiments. D, the 2BS cells
expressing a combination of Ras and the vector (Ctrl), E1A, or ETAAN were
analyzed for the indicated proteins. E, the cell populations described in D
were assessed for BrdU incorporation and SAHF formation. The values repre-
sent the means and standard errors from three independent experiments.
Ctrl, control.

but not senescent cells in vivo. Using an EMSA, we found a high
affinity E2F1 binding site located —102 bp upstream of the
ATG codon. Importantly, a point mutation of this binding site
blocked E2F1 binding (Fig. 1)). These results demonstrate that
E2F1 can bind to the CSIG promoter ixn vivo and in vitro at the
E2F1 binding site.

CSIG, but Not ARF and p27°'', Is Transcriptionally
Repressed during Cellular Senescence—Because E2F1 is a well
known transcription factor, we sought to characterize the
expression patterns of E2F1 targets during cellular senescence
by examining CSIG, PCNA, CCNA2, ARF, and p27*'"" in
growing, quiescent, and Ras-induced senescent 2BS cells. We
found that the protein levels of CSIG, PCNA, and CCNA2, but
not ARF or p27*'"*, decreased in Ras-induced senescent cells
relative to growing cells (Fig. 24). The same result was con-
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Rb/E2F1 pathway by inhibiting cyclin D-dependent kinases. As
shown in Fig. 2E, when p16 was overexpressed in U20S cells,
the activities of the CSIG, PCNA, and CCNA2 promoters were
down-regulated. In contrast, the activities of the ARF and
p27%'™®! promoters were not affected by p16 overexpression.
These data indicate that the transcriptional programs that reg-
ulate CSIG, PCNA, CCNA2, ARF, and p27*'"! are different
during cellular senescence.

Heterochromatin Accumulates at the CSIG Promoter, but Not
the ARF and p27°"™' Promoters—One central question that
remains to be elucidated is why E2F1 target genes are differen-
tially transcribed during cellular senescence. Because it is
known that SAHF are involved in the stable repression of sev-
eral E2F1 targets, including PCNA, CCNA2, and MCM3 (5), we
next sought to determine whether the chromatin remodeling
was different at the CSIG, ARF, and p27*'"! promoters. We
examined the association of the histone H3 trimethylated lysine
9 (H3K9Me3) and HP1+y with the promoters of CSIG, ARF, and
p27"""! using a ChIP assay (Fig. 34). As expected, the quantities
of both H3K9Me3 and HP1ybound to the CSIG promoter were
higher in senescent cells compared with growing 2BS cells,
which was consistent with the PCNA and CCNA?2 data. In con-
trast, H3K9Me3 and HP1+y did not accumulate at the ARF and
p27¥'"®! promoters during cellular senescence. Furthermore,
when we knocked down high mobility group AT-hook 1
(HMGA1), one of the essential structural components of SAHF,
using shRNA in 2BS cells transfected with Ras, SAHF accumu-
lation was almost completely prevented (Fig. 3B). These results
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are consistent with previous reports. Similarly, knockdown of
HMGA1 activated CSIG, but did not up-regulate ARF and
p27"'"! (Fig. 3C). These results demonstrate that heterochro-
matin formation is responsible for the stable repression of
CSIG, but not ARF and p27*™* in senescent cells.

Rb Represses the Transcription of CSIG but Does Not Affect
the Transcription of ARF and p27<""" during Senescence—It has
been reported that Rb is required for SAHF formation at the
promoters of E2F1 targets, such as PCNA and CCNA2 (5).
Therefore, we investigated whether Rb is responsible for the
differential chromatin remodeling between CSIG, ARF, and
p27%'®! by examining the association of Rb with the promoters
of these genes using a ChIP assay. As shown in Fig. 44, Rb was
absent from these gene promoters in growing 2BS cells. In con-
trast, Rb was detected only on the CSIG promoter and not on
the ARF and p27*'"! promoters in senescent cells. To further
investigate the role of Rb, we utilized 2BS cells infected with
retroviral ShRNA against Rb, p107, or p130. shRNA targeting of
Rb, but not pl07 or p130, reduced SAHF formation and
induced CSIG in Ras-induced senescent cells. However, shRb
did not induce the up-regulation of ARF or p27*'"* expression
(Fig. 4, B and C). Moreover, considering that E1A can block Rb
function (5), we examined the effect of E1 A on the expression of
CSIG/PCNA/CCNA2/ARF/p27*™! in response to Ras (Fig. 4,
D and E). As expected, full-length E1A abrogated Ras-induced
SAHF formation and up-regulated CSIG, but not ARF or
p27"'""*. To verify that these effects are derived from E1A coun-
tering Rb, we chose E1A-AN, which cannot bind to p300 and
p400 but still possesses the binding domain that interacts with
the Rb LXCXE motif (5). In this setting, although E1A-AN was
not as effective as its full-length in preventing cell cycle arrest
(Fig. 4E), it can still prevent SAHF formation and repression of
E2F1 targets (Fig. 4, D and E). These data demonstrate that the
selectivity of Rb binding is responsible for the differential chro-
matin remodeling of the promoters for these genes during cel-
lular senescence.

The TAAC Element Is Present in the Promoters of CSIG,
PCNA, and CCNA2 but Is Not in the ARF and p27<"!
Promoters—Our data showed that Rb is responsible for the dif-
ferential expression of the E2F1 targets examined. However, it

FIGURE 5. Rb associates with the TAAC element in vitro and in vivo. A, an
EMSA was performed using the protein extracts of senescent 2BS cells.
Extracts, core protein extracted from the senescent 2BS cells; TAAC oligo, 3’
end-labeled oligonucleotide probes containing the TAAC element on the
CSIG promoter 5'-ATAACCGGTACCCGCCCCCT-3'; TAAC mut competitor, unla-
beled probes containing the TAAC mutant element 5'-ATGACCGGTACCCGC-
CCCCT-3'. B, schematic view of the promoter constructs used for integration
into U20S cells and the primer locations (small arrows) for the ChIP assay.
pWZL-For, forward sequencing primer for pWZL; pWZL-Rev, reverse sequenc-
ing primer for pWZL. C, ChIP analysis of the CSIG promoter constructs in U20S
cells ectopically expressing p16. Lanes C, pcDNA3.1 vector control; F-TAAC,
fragment from pWZL-For to the TAAC element; E2F1-R, fragment from E2F
binding site to pWZL-Rev; NC, nonsense control fragment on the CSIG pro-
moter; Tmt, TAAC mutant. D, ChIP analysis of the CSIG promoter constructs in
U20S cells ectopically expressing p16. Lanes C, pcDNA3.1 vector control;
F-TAAC, fragment from pWZL-For to the TAAC element; E2F1-R, fragment
from E2F binding site to pWZL-Rev; NC, nonsense control fragment on the
CSIG promoter; Emt, E2F binding site mutant; TEmt, TAACand E2F binding site
mutants. E, growing (G) and Ras-induced senescent (S) 2BS cells were pro-
cessed for ChIP using Rb antibodies or using nuclear extract (Input) or IgGas a
negative control. The primer sets used for CSIG-T, PCNA-T, and CCNA2-T
include the CSIG/PCNA/CCNA2 promoter regions containing the TAAC ele-
ment. NC, nonsense control fragment on the CSIG promoter.
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was unclear what events regulate the specificity of the Rb asso-
ciation. To address this question, we characterized the pro-
moter sequences of the E2F1 target genes (supplemental Table
S1) using the online tool TESCAN. We found that apart from
some general transcription factors, such as E2F1, SP1, and c-Ets
(Table 1), C-Myb was predicted to be involved in CSIG/PCNA/
CCNA2 transcriptional regulation, but not in ARF/p27*'"* reg-
ulation. Moreover, it has been reported that Myb is involved in
Rb binding activity (23, 24). Based on our TESCAN results and
previous reports (25, 26), the core binding element for C-Myb is
TAAC. Therefore, we further characterized the role of the
TAAC element in CSIG transcriptional regulation.

Rb Associates with the TAAC Element in Vitro and in Vivo—
To assess the role of the TAAC element, we first investigated
whether Rb binds to the TAAC element in vitro using EMSA.
As shown in Fig. 54, using extracts from senescent 2BS cells, we
detected Rb complexes bound to a biotin-labeled CSIG pro-
moter fragment containing the TAAC element. Wild-type cold
probes, but not TAAC mutant cold probes, were able to com-
pete for Rb complex binding. These results suggest that Rb can
bind to the TAAC element in vitro. We next assessed binding in
a ChIP assay, which showed that Rb binds to the TAAC element
of endogenous CSIG/PCNA/CCNA2 promoters in senescent
cells but not growing cells in vivo (Fig. 5E). To further investi-
gate whether Rb can bind to the TAAC element in vivo, we
generated two U20S cell lines containing an integrated CSIG
promoter or its TAAC mutant and performed a ChIP assay
using these cell lines. Rb bound the TAAC element and the
E2F1 binding site of the integrated wild-type CSIG promoter,
but not the TAAC element mutant (Fig. 5C). These data dem-
onstrate that the TAAC element associates with Rb and is
required for Rb binding to the CSIG promoter in vivo during
cellular senescence.

The Selective Repression of CSIG, PCNA, and CCNA2 by Rb Is
TAAC Element-dependent—To further investigate the role of
the TAAC element in the repression of CSIG, PCNA, and
CCNA2 by Rb, we utilized U20S cells that were cotransfected
with p16 and shRb constructs together with the CSIG promot-
er-luciferase reporter. When p16 was overexpressed, the activ-
ity of wild-type CSIG promoter was down-regulated. The shRb

FIGURE 6. The selective repression of CSIG, PCNA, and CCNA2 by Rb is
TAAC element-dependent. A, U20S cells cotransfected with vectors alone
(Ctrl) or p16 and shRNA against Rb (shRb) with CSIG, PCNA, or CCNA2 pro-
moter luciferase reporter constructs or their TAAC element mutants or dele-
tions. CSIG TAAC mut, TAAC to TGAC mutant of the CSIG promoter; PCNA TAAC
mut, TAAC to TGAC mutant of the PCNA promoter; CCNA2 TAAC del, the frag-
ment of the CCNA2 promoter with a TAAC element deletion. The values rep-
resent the means and standard errors for three independent experiments.
B, U20S cells cotransfected with vectors alone (Ctrl) or with p16 and E2F1
overexpression vectors with CSIG promoter luciferase reporter constructs or
the TAAC element mutant were analyzed for luciferase expression. The values
represent the means and standard errors for three independent experiments.
C, U20S cells cotransfected with vectors alone (Ctrl) or p16 and shRNA against
Rb (shRb) with ARF and p27X"" promoter luciferase reporter constructs or
their TAACinsertion mutants. Insertion of the TAAC elementinto p27 and ARF
promoters was constructed by introducing a TAAC element into the —244-bp
position of the p27 promoter and the —478-bp position of the ARF promoter.
The values represent the means and standard errors for three independent
experiments. D, U20S cells cotransfected with vectors alone (Ctr/) or p16 and
shRNA against Rb (shRb) together with wild-type CSIG promoter luciferase
reporter constructs or their E2F binding site mutant. The values represent the
means and standard errors for three independent experiments. Ctrl, control.
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containing the TAAC element. Ctrl, control.

construct rescued the decrease observed with the wild-type
CSIG promoter, but not with the TAAC element mutant (Fig.
6A). Similar results were observed for the PCNA and CCNA2
promoters. Moreover, E2F1 did not induce the wild-type CSIG
promoter when p16 was overexpressed. In contrast, the TAAC
mutant was up-regulated by E2F1, even when p16 was intro-
duced (Fig. 6B). These data suggest that the TAAC element is
required for the repression of CSIG, PCNA, and CCNA2 by Rb
during cellular senescence. Because the loss of the TAAC ele-
ment in the CSIG, PCNA, and CCNA2 promoters inhibited
Rb-mediated repression, we wondered whether the introduc-
tion of the TAAC element into the p27*'"'/ARF promoter
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would enable Rb binding or Rb-mediated repression during
senescence. Using U20S cells, we found that the p27*™* and
ARF promoters containing the TAAC element were still not
repressed by p16 overexpression or affected by the knockdown
of Rb (Fig. 6C). These results suggest that introducing the
TAAC element alone is not sufficient for Rb recruitment or
gene repression.

An E2F1 Binding Site Is Required for the Recruitment of Rb to
the TAAC Element on the CSIG Promoter—We next investi-
gated whether TAAC element-mediated Rb binding activity is
E2F1 binding site-dependent using a ChIP assay in U20S cells
transfected with the CSIG promoter or its E2F binding site
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mutant. We found that when the E2F1 binding site was
mutated, Rb did not bind to the TAAC element or the CSIG
promoter (Fig. 5D). Moreover, when we overexpressed pl6 in
U20S cells, the activity of wild-type CSIG promoter was down-
regulated, and shRb rescued this down-regulation (Fig. 6D). In
contrast, p16 overexpression or the expression of shRb did not
affect activity of the CSIG promoter containing a mutated E2F1
binding site. Therefore, these data demonstrate that the E2F1
binding site is required for recruiting Rb to the TAAC element
on the CSIG promoter.

The E2F1 Protein Is Dispensable for Rb Binding to Both the
E2F1I Binding Site and the TAAC Element—Despite the obser-
vation that the E2F1 binding site is required for the recruitment
of Rb to the TAAC element on the CSIG promoter, it is difficult
to explain why Rb accumulation on the promoters of E2F1 tar-
gets coincides with a decrease in E2F1 expression in senescent
cells (9, 20). It is possible that E2F1 protein is dispensable for
Rb-mediated heterochromatin formation. Therefore, we
assessed this notion in 2BS cells cotransfected with E2F1
shRNA and the Ras overexpression plasmid. We found that
knockdown of E2F1 did not affect SAHF formation during cel-
lular senescence (Fig. 74). Furthermore, using a ChIP assay, we
found that shE2F1 did not affect Rb binding to either the E2F1
binding site or the TAAC element in the CSIG, PCNA, and
CCNA2 promoters (Fig. 7B). These data suggest that the E2F1
protein is dispensable for Rb-mediated heterochromatin for-
mation on the CSIG, PCNA, and CCNA2 promoters.
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DISCUSSION

The expression of E2F1 targets varies in senescent cells, and
our results suggest that distinct transcriptional programs regu-
late these genes. ARF and p27*'"* were not repressed at the
transcriptional level by Rb or heterochromatin, which are
responsible for the silencing of CSIG, PCNA, and CCNA2 dur-
ing cellular senescence. Thus, E2F1 targets might be selectively
regulated based on their functions. CSIG, PCNA, and CCNA2,
which promote cell cycle progression, are repressed perma-
nently in senescent cells, whereas ARF up-regulation is respon-
sible for increasing p53 levels in senescent cells (9). p27**
functions as a cyclin-dependent kinase inhibitor and also con-
tributes to the senescent phenotype (27). However, various
mechanisms may influence ARF and p27*'""! up-regulation
during senescence. For instance, ARF can be restored by the
removal of the Polycomb genes BMII and CBX7 (28, 29), and
p27"'"! can be degraded by the E3 ligase Skp2 (30).

Rb has a nonredundant role in senescent cells by mediating
heterochromatin formation at E2F1 targets. Our results dem-
onstrate that Rb binding and the subsequent heterochromatin
formation are selective, and Rb does not bind to the promoters
of ARF and p27"'"!, This is consistent with the fact that not all
E2F1 targets are up-regulated by the knockdown of Rb in senes-
cent cells (15). The mechanism by which Rb binds to its targets
has not yet been fully elucidated. Various epigenetic signals and
specific sequences on the promoters of E2F1 targets may be
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responsible for the selectivity of Rb binding and heterochroma-
tin formation. Importantly, our study has identified one poten-
tial candidate, the TAAC element. This element is required for
Rb recruitment to the CSIG/PCNA/CCNA2 promoters, and a
mutation in the element of the CSIG/PCNA/CCNA2 promot-
ers causes a loss of response to Rb knockdown and p16 overex-
pression in U20S cells. However, transcriptional activity is a
collective process that is dependent on the interaction between
the element and cotranscription factors, which results in the
recruitment of RNA polymerase II. Thus, the TAAC element
itself is not sufficient to repress E2F1 target genes, and the
downstream effects of the presence of this element are context-
dependent. In this study, we demonstrate that the TAAC ele-
ment plays a role in the expression of the CSIG, PCNA, and
CCNA2 genes. Currently, we cannot yet extend this conclusion
to other genes, and therefore additional functions of the TAAC
element must be investigated. It has also been reported that
other factors are required for Rb binding activity. This is con-
sistent with the fact that introducing the TAAC element alone
into the promoters of ARF or p27*'"! does not confer Rb-me-
diated repression of gene expression (Fig. 6C). Rb repressor
activity and growth suppression also require interaction with
BRG1 or BRM, which are central components of SWI/SNF
chromatin-remodeling complexes. HPC2 is also required for
the repression of CCNA2 and CDC2 by Rb (20). Therefore,
elements and factors that assist Rb in specifically repressing
genes remain to be identified.

Our data demonstrate that the E2F1 binding site, but not the
E2F1 protein, is required for the TAAC element-mediated
recruitment of Rb. This result is consistent with previous
results demonstrating that Rb cannot directly bind DNA with-
out the help of E2F family proteins (20, 32). In fact, in U20S
cells, upon p16 induction, Rb can be observed on the CCNA2
promoter together with a substantial amount of E2F4 at the
same binding site, whereas E2F1 is absent (20). In mouse
embryonic fibroblasts lacking E2F4/5, cell cycle regulatory
genes are not repressed upon accumulation of hypophosphory-
lated Rb (33-36). Collectively, E2F4/5, but not E2F1, might
facilitate Rb binding to E2F1 target promoters at the E2F1 bind-
ing site. Alternatively, although E2F1 was repressed in senes-
cent cells, E2F2 and E2F3 may compensate for E2F1 function
(37). In fact, we found that ARF and p27*'"* are not affected by
the decrease in E2F1 when cells undergo senescence (Fig. 1G).

An important unaddressed question is how the TAAC ele-
ment mediates Rb recruitment. Interestingly, the TAAC ele-
ment can specifically recruit Myb family proteins (25, 26)
according to TESCAN. Among these, B-Myb recognizes an
N-terminal p107 region that overlaps with the larger cyclin-
binding domain. In contrast, the E2F transcription factors bind
the p107 C-terminal pocket domain (31). Moreover, Rb-depen-
dent repression is mediated in part by the multisubunit protein
complex Drosophila RBF, E2F, and Myb (AREAM), which con-
tains homologs of the Caenorhabditis elegans synthetic multi-
vulva class B (synMuvB) gene products (24). These reports sug-
gest that the TAAC element might aid Rb binding to the
promoters through Myb (Fig. 8).

In summary, our results provide a novel molecular explana-
tion for differential transcriptional regulation of E2F1 targets
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and afford new mechanistic insights into the selectivity of Rb-
mediated heterochromatin formation and gene repression dur-
ing cellular senescence.
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