2852—-2859 Nucleic Acids Research, 1999, Vol. 27, No. 14

© 1999 Oxford University Press

Cytosine methylation transforms an E2F site in the
retinoblastoma gene promoter into a binding site for
the general repressor methylcytosine-binding protein 2

(MeCP2)

Barbara Di Fiore, Antonella Palena, Armando Felsanil, Franco Palitti

and Patrizia Lavia*

2 Maurizia Caruso 1

CNR Centre of Evolutionary Genetics, c/o University ‘La Sapienza’, Via degli Apuli 4, Rome 00185, Italy,
ICNR Institutes of Biomedical Technology and of Cell Biology, Viale Marx 15, Rome 00137, Italy and
2Department of Biochemical Sciences, University ‘La Sapienza’, Pz. A. Moro 5, Rome 00185, Italy

Received April 12, 1999; Revised and Accepted June 2, 1999

ABSTRACT

The CpG-rich promoter of the retinoblastoma tumor
suppressor gene ( Rb-1) is normally unmethylated.
However, aberrant methylation of CpG dinucleotides
within the Rb-1 promoter has been depicted in
certain tumors, which determines transcriptional
inactivity of the gene and absence of the pRb retino-
blastoma protein. Here we have concentrated on an
E2F-binding site in the Rb-1 promoter. We show that
the E2F site is required for cell-cycle regulated Rb-1
transcription in non-transformed cells. The function

of the E2F site is associated with its ability to interact
with several activating factors of the E2F family. In
contrast, in vitro methylation of two tandemly
arranged CpGs in the E2F recognition site prevents
binding by E2F factors, and determines instead the
recruitment of the general repressor methylcytosine-
binding protein 2 (MeCP2). These results suggest
that the interaction of MeCP2 with the methylated
version of the E2F site may represent a step towards
Rb-1 promoter inactivity in tumor cells.

INTRODUCTION

pocket protein family, including the pRb product of tRé-1
retinoblastoma gene and the related p130 and p107 proteins.
Specific interactions are established between pocket proteins
and E2F/DP complexes. Cell cycle gene transcription is con-
trolled by the molecular balance between E2F/DP activators
and repressors of the pocket family (reviewed in 4).

With the remarkable exception of Spl, most mammalian
transcription factors are sensitive to CpG methylation in their
recognition sequence. Target elements of E2F factors (most
characterized sequences are listed in 3,5) contain one, and in
certain genes two, CpG dinucleotides, which can act as sub-
strates of methyltransferases and become methylated in mam-
malian cells. The promoters of many tumor suppressor genes
lie within CpG-rich DNA sequences that are normally unmeth-
ylated. However, aberrant CpG methylation has been reported
to occur within the promoters of several genes encoding tumor
suppressor proteins (reviewed in 6,7), including pRb, the p16
and pl5 inhibitors of cyclin-dependent kinases, the Von
Hippel-Landau protein and E-cadherin, in transformed cells
and tumors. Th&b-1gene is a major tumor suppressor gene,
whose disruption is associated with tumor cell growth (8).
Functional pRb is essential for negative control of prolifer-
ation; conversely, cell cycle progression requires pRb inact-
ivation by phosphorylation by cyclin-dependent kinases
(reviewed in 9,10). Several tumors are characterized by loss-
of-function mutations at both alleles of tib-1gene: in most

E2F factors regulate transcription of many cell cycle genes ang@ses, a germline mutation of one allele is followed by a
exert their activity by binding promoter elements harboringsomatic mutation affecting the homologous allele (11). In certain
TTTSSCGC or related sequences. The E2F DNA-bindingumors, oneRb-1allele carries an aberrantly methylated pro-
activity is shared by heterodimeric complexes, composed dhoter (12), while the homologous one carries a ‘conventional’
one protein synthesized by one of five related E2F-encodingtructural mutation. In those cases, aberrant methylation of the
genes (a sixth member of recent identification is regarded a8b-1promoter acts as an epigenetic mutation that can be func-
atypical, because it carries a DNA-binding, yet no transactivatiorfjonally equated to mutational inactivation of tib-1 gene
domain), and one of three related dimerization partners, D).

(1-3). Promoters harboring E2F-binding sites can be subjectedTheRb-1promoter harbors a potential site for E2F factors in
to positive or negative control of transcription depending orthe region of transcription initiation. The functional role of that
the type of recruited transcriptional complex. E2F/DP heterosite in Rb-1 transcription has been the object of conflicting
dimers mostly act as activators; however, their transactivatioreports (13—-16) and remains as yet uncertain. The site contains
ability is neutralized by the interaction with members of thetwo tandemly arranged CpG dinucleotides. Previous experiments
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showed that a methylated E2 oligonucleotide was unable t€AT reporter construct, pRb-CAT(—227 to —175)xE2F, was
compete for factor(s) binding to the wild-type Adenovii®8  constructed as described for pRb-CAT(—227 to —175); to generate
promoter element, implying that cytosine methylation inhibitsthe mutant E2F site, the following downstream primer was
DNA binding by E2F factors (17). However, the binding used: 5'-gat&ztagAACCGTAGGAAAACGTCAC, in which
features of the methylated E2F site have not been addresselicleotides G —180 and C —181 were changed to T and A,
Since theRb-1promoter, including the E2F site, can be methyl-respectively. The upstream primer was the same used to obtain
ated in tumors, it was of interest to examine the interaction ofhe wild-type —227 to —175 sequence. The pTS-A clone, carrying
factors with the methylated version of the E2F site. the cell cycle-dependeriRanBP1promoter upstream of the
We show here that the E2F site contributes to up-regulate th@AT gene, was described previously (22).
Rb-1 promoter at the G1/S transition. The E2F element is ] )
bound by E2F factors vitro. In contrast, a methylated version 1ransfection experiments
of the site is not only refractory to binding by E2F family mem- Cells were transfected as described in (23) usipg 4f CAT
bers, but specifically assembles nucleoprotein complexes witfeporter construct andig of CMV-lacZ control plasmid. The
distinct factors. Model promoters carrying methylated CpGsmedium was replaced 6 h after transfection with 0.5% FCS-
undergo repression mediated by methylcytosine-bindingontaining medium to induce growth arrest. To induce syn-
protein 2 (MeCP2) (18). However, the binding of MeCP2 fromchronous cell cycle progression, cells were serum-starved for
cell extracts to genomic regulatory sequences has not be@g h, restimulated to cycle by adding 15% FCS, and collected
demonstrated as yet. We report here that MeCP2 complexeg regular intervals thereafter. Synthesized CAT enzyme was
interact with the methylated version of tib-}derived E2F  measured by CAT enzyme-linked immunosorbent assay
site. Thus, CpG methylation transforms the E2F site into 8Boehringer Mannheim) and normalized relative to the levels
binding site for MeCP2. These results suggest that inactivity ojf B-galactosidase from the cotransfected construct, measured

the methylatedRb-1promoter, such as seen in tumors, does nopy B_galactosidase enzyme-linked immunosorbent assay
simply reflect the loss of interaction with activating factors, but goehringer Mannheim).

may involve novel interaction(s) with MeCP2.
Gel shift mobility assays

MATERIALS AND METHODS Protein extracts were prepared from NIH 3T3 cells as
_ described in (23). E2F-1-enriched extracts were prepared 48 h
Cell cultures and FACS analysis after transfection of the pCMV-E2F1 and pCMV-DP1 expression

Murine NIH 3T3 embryo fibroblasts (ATCC CRL 1658) were COnstructs as previou_sly described (23). The following oligo-
cultured in Dulbecco’s modified Eagle medium. To induce cellnucleotides, and their reverse complementary strand, were
cycle synchronization, cells were brought to quiescence i§sed: wild-type Rb-1 E2F site, 5-AGTGACGTTTTCCC-
medium containing 0.5% fetal calf serum (FCS) for at leasGCGGTTGGA-3'; methylateRb-1E2F site, 5-AGTGACG-

48 h. The serum concentration was then raised to 15%, antl T TCC"CG"CGGTTGGA-3', wher€C indicates 5-methyl-
cells were collected at regular intervals after restimulation. T&Ytosine; E2F sites from thiRanBPIpromoter: b-E2F, 5'-CA-
monitor S phase, cells were incubated with bromo-deoxy] CGCCGCGGGCGTTTTGGCGGGAAGCGC-3', and c-E2F,
uridine (BrdU) for 30 min before harvesting. Cell samples5-AATTCGCGTTTCCCGCCGCTG-3'; E2F site from the
were subjected to either FACS analysis of the DNA contenfidenovirus 5E2 promoter, 5-TAGTTTTCGCGCTTAAA-
only, or biparametric analysis of the DNA content and of BrdUTTT-3'. Mutagenized versions of thRanBPtderived E2F

incorporation as described (19). sites include the DW oligonucleotide, harboring a mutated
. _ E2F-b site (underlined) and clustered CpGs on either side: 5'-
Plasmid construction GGCCGGCATCGCCGCGGGCGTTTTACTARAAGCG-

The pSVOt2CAT vector was obtained by inserting theCGGGGCG-3', and the EA fragment, harboring a mutated

polylinker from pCAT-basic (Promega) into the pSVOtCAT E2F-c site (underlined), with sparse CpGs throughout the
vector (20); for a detailed description, see the web site: http:fragment: 5-CTACACTGGTTTTGAATCACTGCGCGTTT-

mercury.itbm.rm.cnr.it . The humamb-1 promoter-CAT ACTCACGCTGGGGTCAGGGGTCGGGTTCGGGTGGG-
reporter construct, pREAT(-227 to —175) was obtained by GGGGCGGAGG-3'. Both fragments were methylaiteditro

PCR amplification of humaRb-1promoter sequences comprised using theSs$ methylase and S-adenosyimethionine; one-
between —227 and —175 relative to the start of translation. Aenth of the reaction was incubated with radioactive S-adeno-
Hindlll-containing tail was fused to the 5' end of the upstreansyl-L-[methyl-*H]methionine and the incorporation ofH]-
primer (5-taagagctiCGGGAGCCTCGCGGACGTG, correspon- methyl groups was measured as described (24). Poly(dl-dC),
ding to the sequence spanning from —227 to —20%pa-con-  poly(dA-dT) (both from Sigma) and poly[d(5-methyl)C-dG]
taining tail was fused to the 5' end of the downstream primetAmersham Pharmacia Biotech) were used as non-specific
(5'-gatactagAACCGCGGGAAAACGTCAC corresponding competitors. Gel-shift reactions were set up as described in
to the sequence spanning from —175 to —193). Sequences (i23,25). For supershift experiments, the following antibodies
capital letters are from thRb-1promoter, sequences in bold- (0.1-0.2ug/ul of reaction) were added for 3 h on ice: pRb (C-15);
face indicate thédindlll and Xbd sites. The PCR amplification p107 (SD-9); p130 (C-20); E2F-1 (KH95); E2F-3 (C-18); E2F-4
template was the HRP-CAT (-509 to —85) construct (describe(C-20 sc866); E2F-5 (C-20) (Santa Cruz Biotechnology). Anti-
in 21). The PCR product was digested wiindlll and Xbad =~ MeCP2 antibodies [674 and 670 clones, see (26) for details]
and cloned into pSVOt2CAT. The E2F-mutated-1promoter-  were a gift from A. Bird and were used in a 1:10 dilution.
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Figure 1. Cell cycle expression of thRb-1promoter. A) FACS analysis of NIH 3T3 cultures brought to growth arrest by serum starvation and restimulated to
cycle. Cell numbers are plotted on thexis, the DNA content is plotted on tixeaxis, cell cycle progression (in hours from the time of restimulation) is indicated

on thezaxis. B) Western blot experiments with protein extract (&flane) from cells harvested after 0 (growth-arrested) and 15 h (G1/S transition) of cell cycle
re-entry. Filters were incubated with antibodies against pRb, p130 and tubulin as a loading c@)trttiyity of the wild-type Rb-1 promoter (pRb-CAT
construct) during cell cycle progression. Promoter activity was calculated by measuring synthesized CAT enzyme at each time point, and melatiaéziog

the amount of3-galactosidase from a cotransfected CMV-dependent plasmid. Values are expressed relative to the basal level recorded in growth-arrested (0 h
which was taken as 1; mean and SD values were calculated from four independent experiments.

Western immunoblotting 15 h of cell cycle re-entry, corresponding to the G1/S boundary

Extracts were prepared from serum starved and restimulated ourr(]experlrlrllents (F'gt]' 1A). Fron;lShto 18 ?Rglrestlmulftlon,
NIH 3T3 cells, resolved through SDS-PAGE and electroblotteé‘eaw en tce f_) ¥v<|a(;e_ (rjav?_rsw.]gf phase, tgg&no (Ielr
as described in (25). After blocking in 5% low-fat milk, mem- underwent a >-1o’d induction, for comparison ce

branes were incubated for 2 h with the following antibodies:Cy‘:le'independent promoter was induced by 1.3-fold [data not

anti-tubulin (Amersham Pharmacia Biotech), O.@pgml; anti- shown; also see (.22)]' Thus, the S phase-depender]t increase in
E2F-1, anti-E2F-4, anti-pRb, anti-p130 (Santa Cruz Biotechpr Ieyels in Figure 1B truly reflects transcriptional up-
nology, see above), fig/ml each. Bands were detected usingregulatlon of therb-1gene.

horseradish—peroxidase conjugated secondary antibodies and '€ RP-1 promoter harbors several transcription factor-
revealed using the enhanced chemioluminescence systetfiding sites. Elements recognized by EATF1 and CREB/ATF
(ECL-plus, Amersham Pharmacia Biotech). factors were previously found to be essential for transcription

(13,14,27). A consensus E2F site is located in the region of

transcription initiation in the human (14) and murine (13)
RESULTS genes. Primer extension experiments with the pRb-CAT con-
. struct (data not shown) confirmed that mMRNA transcription in
An E2F promoter element contributes to S-phase the plasmid vector is also initiated at two sites flanking the E2F
up-regulation of Rb-1gene transcription sequence (summarized in Fig. 2A). Previous studies of the E2F
Several studies have examined the retinoblastoma protesite in theRb-1promoter indicated either a negative (15) or, on
during the cell cycle and have depicted increased levels in e contrary, a positive (16) role in cells of various origin. Most
phase (reviewed in 4,9,10), reflecting an increased abundanewailable evidence derives from transformed cell lines. We
of Rb-ImRNA (16). However, no parallel time-course analysis ofwere interested to assess whether the E2F site contributed to
the Rb-1promoter has been carried out. In this study we havérb-1 promoter up-regulation during a normal cell cycle, in
used murine NIH 3T3 cells, whose effective response to serumhich the endogenous pRb undergoes S phase-dependent up-
starvation/restimulation methods (19) enabled us to addresegulation. To that aim, thékb-1 promoter construct was
that question. As shown in Figure 1A, cells collected prior tosubjected to site-directed mutagenesis to inactivate the E2F site. The
serum stimulation were arrested in the GO/G1 state and, aftevild-type (pRb-CAT) and E2F-mutagenized (pRb-CATXE2F)
serum refeeding, progressed synchronously through the calbnstructs (Fig. 2A) were transfected in NIH 3T3 cultures. For
cycle. We controlled that pRb protein levels were up-regulatedomparison, we also analyzed the cell cycle-dependent pTS-A
in S phase cells by western blotting assays (Fig. 1B); S phasmnstruct, carrying thRanBP1gene promoter (22,23). Trans-
up-regulation was specific, as shown by comparison with théected cell cultures were growth-arrested by serum starvation
p130 retinoblastoma-related protein encoded byRhe&2gene, and subsequently restimulated to cycle; a biparametric FACS
which was instead abundant in GO cells and decreased durirggnalysis of the DNA content and of BrdU incorporation
S phase, as expected (4). We next examined promoter activishowed that 15 h after serum restimulation cells reached the
during cell cycle progression. The pRb-CAT construct contain&1/S transition (19). At that time, up-regulation of transcrip-
the minimalRb-1promoter, carrying all elements required for tion was comparable for both thib-1and the pTS-A promo-
transcription, upstream of the CAT gene. This construct waters, yielding a 3-fold increase (Fig. 2B). In contrast, the E2F-
transfected in NIH 3T3 cell cultures which were induced todefective Rb-1 promoter failed to undergo G1/S-dependent
synchronously progress through the cell cycle. Results imactivation, and transcriptional activity did not significantly
Figure 1C show that thBb-1promoter was up-regulated after differ from the basal level measured during growth arrest.
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Figure 2. Activity of the wild-type and mutateBb-1promoter constructs in growth-arrested and G1/S céllsSequence of the hum#&b-1promoter in the pRb-CAT
construct; relevant factor-binding sites are indicated; symbols are as follows: asterisks, murine transcription starts (13); lozend®ntrstasiyiin the endogenous
human gene (14); triangles, transcription starts in the transfected pRb-CAT plasmid (our unpublished results). Below, the E2F mutation inATeG#RB-C
construct is boxed; mutagenized bases are in boldf&elfansient expression assays of the wild-type (pRb-CAT) and E2F-mutated (pRb-CATXE2F) constructs
in growth-arrested and in G1/S cells. Parallel cultures were transfected with the cell cycle-depramRipromoter (pTS-A construct) and with vector alone.

CAT activities were measured and normalized relativB-galactosidase from a cotransfected plasmid as decribed forure 1. Histograms represent the activity
of each construct relative to that of pTS-A in S-phase cells, which was taken as 100%; mean and SD values (bars) weretalculated from three kulsjeedet e
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Figure 3. Gel-shift assay of the E2F site from tiRb-1promoter. A) Competition assays with characterized E2F sites. Nucleoprotein complexes are arrowed;
competitor E2F sites are from the Adenoviig (Ad-E2), andRanBP1(sites E2F-b and E2F-c), promoters; mut-E2 is a mutagenized version of site E2F-b.
(B) Immunological characterization of protein complexes interacting witlRifrd-derived E2F site; 1Qig of total protein extract from cycling cells were incubated
with no antibody (lanes 1 and 9), antibodies against E2F factors except E2F-2 (lanes 2-5), and pRb-related proteins (lanes 6-8). In lanes @eatsdnddeextr
enriched in E2F-1/DP1 proteins. Retarded complexes are indicated by a bracket and supershifts by @yafisksern immunoblotting of the endogenous E2F-1
and E2F-4 factors in whole extracts from standard cell cultures (lane 1) and after transfection with E2F-1 and DP1 expression constructs (lane 2).

These results indicate that integrity of the E2F element idases of which are included in the E2F gel-shift probe. Thus,
required for G1/S-dependent up-regulatiorRti-1transcription  theRb-1E2F element is a bona fide E2F-binding site. E2F sites
in NIH 3T3 cells. with slight sequence variations act as targets for different E2F
membersn vivo (23,28,29) andh vitro (30). To identify com-
ponents interacting with thRb-1-derived E2F site, we used
specific antibodies against E2F and retinoblastoma-related
The protein-binding features of thb-1derived E2F element proteins. Nucleoprotein complexes were reactive to antibodies
were examined in gel-shift experiments using extracts fronagainst E2F-3, E2F-4 and pRb, but not against the retinoblastoma-
proliferating NIH 3T3 cells. Assembled nucleoprotein complexeselated p130 and pl107 proteins (Fig. 3B). pRb preferentially
were competitively inhibited by characterized E2F sites, butnteracts with, and antagonizes transactivation by, E2F-1, E2F-
not by a mutated E2F sequence (Fig. 3A), nor by a CREB/ATR and E2F-3 members (reviewed in 1,4). In our experiments,
oligonucleotide (data not shown); the latter was included folE2F-3 effectively binds the E2F site (Fig. 3B, lane 3) and thus
control, because the E2F site in tRd-1 promoter is imm- may bridge at least part of the pRb protein to Ri1promoter.
ediately flanked by a site for CREB/ATF factors, the most 3 The E2F-2 antibody gave no reaction using various sources of

The E2F site in theRb-1promoter interacts with
transactivating members of the E2F family
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Figure 4. Specific nucleoprotein complexes interact with the methylated E2Hgi}eGel shift assays using the unmethylated (wt) E2F probe with no competitor
(lane 1), and with increasing amounts of homologous (lanes 2—4), or methylated (lanes 5-7) E2F site; E2F complexes and complexes containidigg@ted.are in
Lane 8, gel shift assays using the methylated (met) E2F probe without competitor DNA, and with increasing amounts of methylated (lanes 9-13jatednmeth
(lanes 12 and 13) E2F site, and of methylated (lanes 14 and 15) or unmethylated (lanes 16 and 17) EA fragmeriR&nBRHE&BP1) promoter. Nucleoprotein
complexes are indicated as m1, m2 and nB3.Jupershift assays of the binding reaction with methylated E2F probe using antibodies against E2F and pRb factors.
Two exposures of the same experiment are shown. The short exposure shows that methylcytosine-binding complexes (lane 1) are unaffecteddigsthe antibo
(lanes 2-5); no trace of supershifted complexes is seen even after overexposure of the autoradiograph (lanes 6-10).

protein extract (data not shown). The anti-E2F-1 antibody alsin Figure 4A confirmed that the methylated oligonucleotide
apparently failed to give a distinct supershift, despite the manglid not compete for factors binding to the wild-type E2F site
demonstrations that E2F-1 biologically acts as the preferreflanes 1-7). When the methylated oligonucleotide was used as
pRb target (1-4). In previous experiments, we found that théhe probe, three novel DNA-binding complex(es) were
absence of a discrete supershift reflects a low relative abundandetected (Fig. 4A, lane 8): m1 and m3 indicate the complexes
of E2F-1 compared to other E2F species in NIH 3T3 cells (23)of lowest and highest electrophoretic mobility, respectively,
Western blot experiments in Figure 3C (lane 1) show that E2Fwhile m2 migrates with an intermediate mobility. All three

1 is indeed significantly less represented than E2F-4 in wholeomplexes were inhibited by homologous competitor DNA
cell extracts. To establish whether E2F-1 can actually interaqFig. 4A, lanes 9-11). Complexes m1 and m3 were unaffected
with the Rb-I-derived E2F site, we transfected cycling cellsby the addition of unmethylated E2F competitor (lanes 12 and 13),
with constructs expressing E2F-1 and its DP1 dimerizatiorand thus represent true methylcytosine-specific complexes. In
partner, and repeated the experiments using protein extradsldition, both m1 and m3 were sensitive to competition by a
from transfected cells. Under these conditions, the relativaniformly methylated fragment from the CG-ri&anBP 1pro-
abundance of E2F-1 and E2F-4 was comparable as revealed impter carrying a mutated E2F site (25), but not by its unmethyl-
western immunoblotting (Fig. 3C, lane 2), and a complex reacated counterpart (lanes 14-17); this result indicates that the
tive to anti-E2F-1 was clearly visualized in binding assayspresence of methylated CpGs, rather than a specific sequence,
(Fig. 3B, lane 10). That result was specific, since over-s important for assembly of both m1 and m3. The complex of
expressed E2F-1/DP1 complexes do not bind all consensiistermediate mobility, m2, had the lowest DNA-binding
E2F sites, but show a clear preference for particular DNAspecificity, as its assembly was perturbed by both methylated
sequences (23). In summary, therefore, Relderived E2F  (lanes 9-11, 14 and 15) and unmethylated (lanes 12, 13, 16 and
site is recognized by several E2F family members, and, among7) DNAs. The m2 complex migrates close to, though not
pocket proteins, by pRb. quite at the identical position of, E2F complexes (compare
. . . . lanes 7 and 8). To unambiguously rule out the possibility that
Cytosine methylation abolishes binding by E2F factorsand 5 efiected residual binding by E2F factors to the methylated
targets unrelated DNA-binding activities to the E2F site site, the reaction was challenged with E2F-specific antibodies.
The Rb-1 promoter is aberrantly methylated in tumor cellsAs shown in Figure 4B, m2 was totally unaffected in the
(12). DNA footprinting experiments with the Adenovirus- presence of anti-E2F or anti-pRb antibodies (lanes 1-5); over-
derivedE2 elements previously showed that a methylated sitexposure of the gel-shift autoradiograph enabled us to rule out
failed to compete for factors interacting with the unmethylatedhat minor amounts of complex(es) were supershifted (lanes 6-10),
site (17). However, the sensitivity of E2F factors to CpGindicating that no residual binding of E2F factors to the methyl-
methylation was not directly assessed. To address thated site took place. These results clearly indicate that cytosine
question, we synthesized an E2F oligonucleotide in which botmethylation prevents the assembly of all E2F complexes.
tandemly repeated CpGs, characteristic of Rielsite, were Finally, we examined the stability of complexes assembled
methylated and examined it in gel-shift assays. The experimentgith the methylated and unmethylated E2F sites by assaying
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Figure 5. Stability of the complexes interacting with unmethylatég énd

methylated B) E2F site, in the presence of synthetic competitor DNAs. Molar Figure 6. Immunological detection of MeCP2 in nucleoprotein complexes

excesses are indicated on tkexis. The radioactivity associated to free and with methylated E2F probe. Gel-shift reactions with methylated E2F probe

complexed probe was measured by microdensitometry. In (A) each pointvere set up after preincubation with either 640 or 647 anti-MeCP2 antisera.

represents the value obtained for retarded E2F complexes/input probe (i.e. E2fethylated DNA-binding complexes (m1, m2 and m3) are arrowed; open triangles

complexes + free E2F probe); (B) shows the values obtained for (m1 + m3)indicate the supershifted complexes generated by anti-MeCP2 antibody.

input probe (i.e. m1 + m2 + m3 + free probe); in both panels, the value

obtained in the absence of competitor DNA was taken as 100%. Mean values

from two independent experiments are shown. supershifted virtually all of the m1 complex, of lower abun-
dance, and a variable proportion of the more abundant m3

complex. Preincubation of protein extract with sodium deoxy-
their sensitivity to competition by synthetic DNA polymers: cholate, which disrupts weak protein—protein interactions,
factors binding to the wild-type E2F oligonucleotide were dis-prevented the assembly of complex ml, while leaving m3
placed in the presence of increasing amounts of poly(dl-dC), asnaffected (data not shown). Together, these observations
expected of genuine E2F factors (Fig. 5A). Factors binding tondicate that MeCP2 is indeed present both in m3 and, as a
the methylated E2F site were instead highly sensitive to commultiprotein complex, in m1.
petition by poly[d(5-methyl)C-dG], while remaining stable in
the presence of either poly(dl-dC), or poly(dA-dT) (Fig. 5B).
Togzther, these resulgs yi$1dicat)e thgt )(/j(istinct )fg\c'g)rs ;rQISCUSSION
recruited in stable complexes with the methylated, versus thEhe Rb-1 gene encodes the pRb tumor suppressor protein,

unmethylated, E2F site. whose role in negative control of cell growth is extensively
. . . documented (4,8-10). The pRb protein acts largely, though not
MeCP2 binds the methylated version of the E2F site exclusively, as a repressor of transcription of cell cycle genes

Results thus far indicate that both m1 and m3 complexes copy antagonizing several activating factors (1-3), including
tain methyl-cytosine binding protein(s) (Figs 4 and 5). Twomembers of the E2F family. Here we have determined the timing
such proteins are extensively characterized: MeCP1 (31) aref activation of theRb-1promoter and have mapped it to the
MeCP2 (32,33). MeCP1 is a large protein requiring severaG1/S boundary (Fig. 1). Transcriptional activation is reflected
methylated CpGs to bind DNA, and is therefore unlikely toby increased levels of pRb protein in S phase cells. It is well
bind the methylated E2F oligonucleotide. MeCP2 is a generaistablished that cell cycle progression requires pRb inactiv-
transcriptional repressor (18) and, in the purified form, caration by cyclin-dependent kinases, which phosphorylate pRb
bind synthetic DNA fragments carrying as little as one singleand neutralize its biological activity (9). Thus, the time-course
CpG (34). To assess the presence of MeCP2 in m1/m3 conanalysis presented here contributes to define the cell cycle
plexes, we used two antibodies (described in 26), whiclwindow during which the balance betwe&b-1gene tran-
respectively recognize residues 1-390, including the DNAscription and pRb inactivation is crucial for cell cycle control.
binding domain (antiserum 674), and the C-terminal region Previous studies of theb-1promoter consistently identified
(residues 207-492), containing the transcriptional repressiamo essential regulatory elements, harboring sites for RBF/
domain (antiserum 670), of MeCP2. Extract preincubatiorE4TF1 and CREB/ATF factors, respectively (13,14,27). An
with either antibody yielded supershifted complexes, indicatE2F site in the region of transcription initiation may represent
ing that MeCP2 is indeed part of the complexes that bind tha third regulatory element. Functional studies of that site
methylated E2F site (Fig. 6). Densitometric scanning of thregielded conflicting results. CertaiRb-1 derivatives carrying
independent gel-shift experiments showed that antibody additigmarticular E2F mutations, TTTAAACC (13) or TTTTCTT (15),
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were more effectively expressed than their wild-type counter- ,

part. These results were taken to indicate that the E2F site neg =

E2F/DP

atively controls transcription. However, due to the location of (@o off
the E2F site in the region of transcription initiation (Fig. 2A), -
particular mutations may in fact favor the recruitment of initi- E2F site E2F site methylated E2F site
ation factors to thd&kb-1promoter, which lacks a TATA box. —cyclin/kinases

. . A Go Rb phosphorylation GI/s Aberrant de novo methylation
Most TATA-less promoters indirectly recruit the TATA- Ll Y
binding protein via initiator-binding factors (reviewed in 35). Cell cycle control Tumor

By comparison with characterized initiator sequences (36),
certain E2F mutagenized versions may coincidentally increase

L S : Figure 7. Hypothetical model of the interactions between proteins anéRthé
transcription initiation from theRb-1 promoter. In fact, an derived E2F site. InX) the E2F site is occupied by E2F/DP complexes that are

independent mutation that changed the E2F sequence {@cked in the interaction with pRb, and hence are transcriptionally ineffective;
TTTACCACG, bearing no TATA or initiator resemblance, pRb bridges deacetylase (HDAC) molecules to the promoter which is inactive

impaired Rb-1 promoter activity and responsiveness to exo-(eft panel). As cells approach the G1/S transition (right panel), pRb is inactivate

_ ; ; ; ; hrough phosphorylation by cyclin-dependent kinases. These mechanisms
genous E2F-1 (16)' Different results obtained with different nsure cell cycle-regulatdrb-1promoter activity. In B) methylated CpGs in

Ce_” tyr_JeS may also ref_leCt the ability of the E2F site to Interacfhe E2F site are indicated with m. If aberrant methylation takes place within
with different factors in particular cellular contexts. Severaline E2F site, E2F factors are excluded whereas MeCP2 is stably recruited.

Rb-1promoter studies were carried out in transformed cells, iMeCP2 bridges deacetylase (HDAC) molecules near the transcription start and
which the pool of transcriptional regulators may be alteredremodel the surrounding chromatin in an inactive state.

These experiments depict mechanisms whose control is lost

during tumorigenesis, yet may not necessarily identify those

mechanisms which normally ensure cell cycle-dependent tra

scription of theRb-1gene. -
44). Activity of the Rb-1promoter was unaffected tiypall
Here we have used NIH 3T3 cells that were synchronous| ethylase, whose recognition sites fall outside genetically

progressing_thr_ough the cell cycle and have add_ressed the "Yentified promoter elements, i.e. RBF/EATF1, CREB/ATF
g{Jge izzisgiggtf)r?rgg?l'e{'?'ecrgxggg:ilrtrqarz;isrcerclipﬂo-nr'elnu?;tzonand E2F. In contrast, promoter activity was abolished after
Y, P p-reg methylation by the mammalian CpG methyltransferase, and

of the Rb-1promoter at the G1/S boundary (Fig. 2). The E2FWas drastically reduced (24% of the wild-type level)EyDI|

site recruits several E2F family members vitro (Fig. 3). e :
Among those, E2F-4 is functionally regulated by Compart_methylase. These results indicate that methylation of CpG

mentalization, being nuclear in GO cells and exiting the nucleug'nudemIdes differentially affects ttfeo-1promoter, depending

atthe G1/S boundary (23,37,38). The binding of E2F-4 depicte n whether it does, or does not, interfere with the interaction of
here is likely to reflect th’e high ébundance of E2F-4 in wholetranscription factors with regulatory elements. Examination of

cell extracts (Fig. 3C), yet does not necessarily indicate a biot-he Rb-1 promoter sequence reveals that neither the CREB/

. - : : ; ; TF element, nor the site recognized by RBF/E4TF1—as
logically relevant interaction, since E2F-4 is not present in théA‘ . : A .
nucleus in the cycle phase during whiBfp-1transcription is defined in a study of RBF1/EATF1 binding requirements

up-regulatedn vivo. Among factors that bind theb-Lderived ~ (4°)—contain methylatable sites BywDII (CGCG). The E2F

E2F sitein vitro (Fig. 3B), both E2F-1 and E2F-3 are candidateelemem contains instead oRauDII site. Thus, changes in the
trans-activators of theRb-1promoter in S-phase celis vivo, methylation status of the E2F site can be expected to yield

based on cell cycle distribution of E2F family members (4).weSignificant functional consequences. We have found that not
have also found that enforced pRb expression yiBlisl pro- only the methylated E2F site beqomes r_efractory to blndlng by
moter repression in both growth-arrested and S-phase NIH 3182F factors, but also acts as a binding site for MeCP2 (Fig. 6).
cells (data not shown), consistent with previous indications The binding of MeCP2 to genuine promoter elements had
that pRb controls an auto-regulatory loop by regulating thé'ot been previously examined, because most binding studies
activity of its own promoter (14—16,39). Exogenous pRb caWith methylated DNA have made use of random oligonucleo-
repress both the wild-typRb-1promoter and various mutated tides. Here we show for _the_ f|rst_t|me that the same promoter
derivatives (our unpublished data and 14,15), indicating thatlement can act as a binding-site for E2F activators, or for
PRb regulates its own promoter through several element¥eCP2, depending on its methylation status. These alternative
besides the E2F site. It has recently been shown that repressip@ssibilities are schematized in Figure 7. MeCP2 binding to the
of transcription by pRb is exerted, at least in part, through th&b-Ederived E2F site may be stabilized due to the presence of
interaction with histone deacetylases, which remodel chromdwo tandem CpG dinucleotides; such a tandem repetition does not
tin in an inactive conformation (40-42). E2F factors bound tooccur in all identified E2F sites (3,5). These findings suggest
target promoter elements play a pivotal role in recruiting pRbthat once aberrant methylation takes place within the E2F element
bound deacetylases to E2F-driven promoters (43). of the Rb-1 promoter, which was mimicked here by using a
In certain tumors, th&b-1gene promoter undergoes aberrantmethylcytosine-substituted oligonucleotide, E2F factors are
methylation (12). Several studies of CpG-rich promoters SugeXC|Uded, while MeCP2 is stably recruited. Thus, the present
gest that inactivation of key factor-binding sites following observations suggest that inactivity of tRb-1gene in tumors
mutation, or methylation, trigger transcriptional inactivity, i not only due to failure of promoter binding by transcription
which will ultimately be ‘sealed’ by methylation spreading factors, but also to MeCP2 recruitment to the promoter.
throughout the surrounding CG-rich sequences. A previous MeCP2 interacts with methylated DNA in chromatin com-
study using methylases with different substrate specificitieplexes containing the Sin3 co-repressor and histone deacetylases

rh’elps to understand how methylation afféRts-1transcription



(26,46). This suggests that MeCP2 acts as a bridge betweéh.

methylated promoter sequences and proteins favoring nucleg-
some deacetylation, which inhibit transcription. Furthermore;

repression of aberrantly methylated tumor suppressor gengs

cannot be relieved by exposing tumor cells to histone deacetylase

inhibitors, suggesting that DNA methylation and nucleosomels.
deacetylation synergize in imposing a transcriptionally inactivel®-

chromatin organization (47). In situations in which tRé-1

promoter becomes aberrantly methylated, MeCP2 bound to the0

methylated E2F element may recruit proteins that mediate histong .

deacetylation in the region of transcription initiation. This

would remodel the nucleosomal organization in an inactive?2-

state and contribute tRb-1 transcriptional repression. Other
sequences in thieb-1promoter may also contribute to MeCP2 54
recruitment; however, the presence of two tandem CpG

dinucleotides in the E2F site, and its proximity to the transcriptiore4.

starts, suggest that the E2F site may be important for integratin
different regulatory signals which determine the transcriptiona
state of theRb-1gene. Once methylation-linked repression is ,g
established at th&®b-1 promoter, it will override the cyclic

control of transcription which normally relies on cell cycle- 27.

regulated interactions between promoter elements and ‘free’,
or pRb-bound, E2F complexes (Fig. 7). It is interesting to not
that both MeCP2, interacting with methylated promoters, antezg
pRb, physiologically regulating repression of cell cycle-regulated

promoters, ultimately recruit the same class of histone deceatyo.

lases to inactivate transcription.

31.
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