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ABSTRACT

The Histone 3 lysine 4 methylation (H3K4me3) mark
closely correlates with active transcription. E2F-
responsive promoters display dynamic changes in
H3K4 methylation during the course of cell cycle pro-
gression. However, how and when these marks are
reset, is not known. Here we show that the retinoblas-
toma binding protein RBP2/KDM5A, capable of re-
moving tri-methylation marks on H3K4, associates
with the E2F4 transcription factor via the pocket
protein––p130––in a cell-cycle-stage specific man-
ner. The association of RBP2 with p130 is LxCxE mo-
tif dependent. RNAi experiments reveal that p130 re-
cruits RBP2 to E2F-responsive promoters in early G1
phase to bring about H3K4 demethylation and gene
repression. A point mutation in LxCxE motif of RBP2
renders it incapable of p130-interaction and hence,
repression of E2F-regulated gene promoters. We also
examine how RBP2 may be recruited to non-E2F re-
sponsive promoters. Our studies provide insight into
how the chromatin landscape needs to be adjusted
rapidly and periodically during cell-cycle progres-
sion, concomitantly with temporal transcription, to
bring about expression/repression of specific gene
sets.

INTRODUCTION

Cell cycle progression involves the temporal transcriptional
regulation of large sets of genes. These gene sets, which
are activated during one phase, must also be repressed
during a later phase of the cell cycle. The cyclic changes
in gene expression pattern are accompanied by conform-
ing alterations in chromatin signatures, which must be re-
established in each cell cycle. Methylation of Histone 3 ly-
sine 4 (H3K4) correlates closely with transcription activa-

tion. Consequently, the levels of H3K4 methylation are dy-
namically regulated during the cell cycle (1).

H3K4 methylation, basically, is regulated by two set of
enzyme families––the histone methyltransferases (HMTs)
depositing these marks––mixed lineage leukemia (MLL)
and SET family; and the demethylases which remove it––the
KDM5 family. Human KDM5 family consists of four mem-
bers (RBP2/KDM5A, Plu-1/KDM5B, SMCX/KDM5C
and SMCY/KDM5D), all of which are capable of demethy-
lating H3K4me 3/2/1 mark (2–6). These multi-domain pro-
teins contain a conserved catalytic N- and C-terminal Ju-
monji (JmjN/JmjC) domain, a DNA binding AT-rich In-
teracting domain (ARID), a C5HC2 zinc finger, a Plu-1 do-
main and two to three Plant homeodomain (PHD) fingers
(2). Even though KDM5 members contain several domains
capable of binding DNA, it is not clear how they are re-
cruited to specific target genes. Few different mechanisms
for chromatin binding have been proposed. For example,
ARID domain of KDM5A/RBP2 was shown to bind to
sequence-specific DNA motif (7). Other report implicates
the PHD3 domain of RBP2, which recognizes H3K4me 3/2
marks to bind chromatin (8). Similarly, PHD1 finger has
been shown to bind to unmethylated H3K4 residue (8,9).
However, H3K4me3/0 recognition cannot provide target-
gene specificity. Therefore, like with other chromatin mod-
ifiers, additional factors are likely to contribute to site-
specific recruitment.

The KDM5 proteins were discovered earlier but their
function as an H3K4me3/2 histone demethylase was dis-
covered later (2–6, 10–13). For instance, RBP2 was initially
isolated as a retinoblastoma (pRb) binding protein (13).
pRb is a well-characterized tumor suppressor that regulates
cell cycle by repressing E2F-family of transcription factors.
Though initial reports found that RBP2 and pRb had an-
tagonistic role in differentiation (14), subsequently, it was
discovered that RBP2 regulates a large number of E2F-
reponsive cell-cycle genes (15–18). Indeed, genome wide
analysis revealed that RBP2 co-occupies a large sub-set of
E2F4-bound target promoters to induce H3K4 demethy-
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lation and gene repression during differentiation (15,18).
Both proteins have been found together in different multi-
protein complexes including with pocket protein p130 (15)
and Sin 3 (18) but no consensus, on how RBP2 may be re-
cruited to E2F4 target promoters, has emerged. These re-
ports also raise the question of RBP2 involvement, if any,
in regulating E2F target genes during cell cycle progression.

The E2Fs regulate cell-cycle genes by periodical and re-
versible recruitment of the E2F-DP heterodimer to gene
promoters. In G0 or early G1 cells, the E2F-responsive pro-
moters are bound by E2F4/p130 complex and at this time
p130 recruits chromatin remodeling enzymes like the Sin3-
HDAC, Su(Var) 39 HMT and SWI/SNF to repress tran-
scription (19,20). As cells progress into S phase, E2F4 com-
plex dissociate from genes, giving way to E2F1/pRb com-
plex. E2F1, when freed of pRb by action of cyclin-CDK
complexes, recruits histone acetyltransferase and H3K4
HMTs leading to increase in H3 and H4 acetylation, and
H3K4 trimethylation; marks associated with active tran-
scription (20,21). These events provide a model in which
E2Fs periodically and reversibly recruit histone modifying
enzyme complexes to cell-cycle-regulated gene promoters to
reset the chromatin landscape during cell-cycle progression.
While the mechanism to reverse acetylation marks on E2F-
responsive promoters has been worked out in detail, it is still
unclear how H3K4me3 marks are removed.

Here, we show that RBP2 associates with E2F4 and
pocket protein p130 in a reversible fashion during the cell
cycle to bring about the demethylation of H3K4me3 of
E2F-responsive promoters. Its interaction with p130 is Lx-
CxE motif dependent. Using p130 shRNA, we show that
p130 is required to recruit RBP2 to E2F responsive promot-
ers. We also look at the general mechanism by which RBP2
may be recruited to the chromatin to repress transcription.

MATERIALS AND METHODS

Cloning and site-directed mutagenesis

GST-tagged constructs of full-length E2F4, its deletion
mutants, E2F1 and T/E1A domain of p130 protein were
cloned by ligating PCR generated fragments into BamH1
linearized pGEX4t1 vector. T/E1A domain of p130 and
GFP were cloned in Xho1 linearized pET-14b vector. The
PCR products were amplified by high fidelity Phusion
Polymerase (NEB) using pCMV E2F4, pCMV E2F1 or
cDNA synthesized from U2OS cells (T/E1A domain of
p130) as a template. Similarly, fragments of RBP2 were
cloned into Sma1 linearized pGEX4t1 vector. SFB–tagged
RBP2 was cloned into pcDNA5/FRT vector (Invitrogen).
RBP2 was amplified using pcDNA4/TO-RBP2 construct
(kind gift from Jun-ichi Nakayama). Single point muta-
tion in GST-RBP2 D5 (E1377K), SFB-RBP2 (E1377K),
SFB-RBP2 (W1625A), SFB-RBP2 (H483G, E485Q) and
in GST-E2F4TAD M1 (Y392H) and GST-E2F4TAD M2
(D404G, L405 P, F406 L, and D407G) constructs were gen-
erated by PCR based mutagenesis. All clones and mutants
were verified by sequencing the entire construct.

Cell culture and synchronization

Mouse embryonic fibroblasts, HeLa, and IMR90-tert
cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum, L-glutamine and
penicillin/streptomycin. Cells stably expressing pcDNA
5/FRT-SFB RBP2 and other point mutants were obtained
by transfecting HeLa Flp-In cells (kind gift from S.S. Tay-
lor) as described (22). Cell synchronization was achieved
by double thymidine or Nocodazole block. Cells in dif-
ferent stages were collected based on timed release from
G1/S phase or G2/M boundary as described before (23).
Cells were transfected with shRNAs against p130 tran-
script (Sigma) using polyethylenimine (Polysciences Inc.),
synchronized in early G1 phase, and harvested after 60 h
for ChIP (1.5 × 107for each antibody) or immunoblot anal-
ysis (see also Supplementary Figure S3).

Co-immunoprecipitation and immunoblot analysis

Nuclear extract was made as described (24). Co-
immunoprecipitation experiments were done using
anti-E2F4 (c-20, sc-866, Santa Cruz) or anit-RBP2 an-
tibody (A300-897A, Bethyl Labs, #3876, Cell Signaling
Technology) and analyzed by immunoblots scanned on
Odyssey infrared imager (LI-COR) as described (23). For
pull down experiments with GST tagged proteins, equal
amount of purified bead-bound proteins were incubated
with HeLa, IMR90-tert cell or MEFs nuclear extract
overnight. In case of SFB-tagged proteins, cells were lysed
in NETN (20 mM Tris–HCl, pH 7.4, 100 mM NaCl,
0.5 mM EDTA, 0.5% NP-40, containing freshly added
protease inhibitors, PMSF and Complete EDTA free;
Roche) on ice for 20 min, centrifuged, and supernatant was
incubated with S-protein beads (Novagen) overnight.

Protein expression and purification

All the GST-tagged and His-tagged proteins were expressed
in Rosetta Gami DE3 Escherichia coli strain (Novagen).
Protein production was induced by adding 0.1 mM IPTG
for 6 h at 18◦C. The cells were pelleted and lysed in ly-
sis buffer (50 mM Tris pH 7.5,150 mM NaCl, 0.5% NP-
40 and 1 mM PMSF), incubated with glutathione agarose
beads (Sigma) (or Talon beads; Clontech, in case of His-
tagged proteins) at 4◦C for 2 h. Subsequently, the beads were
washed with ice-cold lysis buffer 3–4 times. Protein con-
centration was estimated by SDS-PAGE followed by CBB
staining.

Chromatin immunoprecipitation (ChIP) assays

ChIP experiments were done as described (25) with the
minor modifications. Detailed protocol, antibodies and
primers used are provided in supplemental information.

Chromatin affinity purification (ChAP) assay

Approximately 1.5 × 107 stable HeLa Flp-In cells or 3
× 107 transiently-transfected IMR90-tert cells expressing
SFB-tagged RBP2 or point mutants were used. Cells were
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fixed with 1% formaldehyde for 10 mins at room tempera-
ture followed by quenching by 0.125 M Glycine. Two PBS
washes were given and the cells were lysed in cell lysis buffer
as described in ChIP protocol. This was followed by nu-
clear lysis and sonication (see ChIP protocol in Supplemen-
tal information). The chromatin was diluted by 1× IP dilu-
tion buffer and incubated with S-protein beads overnight.
The beads were washed sequentially with dialysis buffer
two times, IP wash buffer three times followed by TE one
time. The DNA was eluted in elution buffer, containing Pro-
teinase K, overnight at 65◦C. This was followed by Phenol
extraction, RNase treatment and second round of Phenol
extraction. The DNA samples were precipitated at –20◦C
overnight by adding 100% ethanol and analyses by real time
PCR.

RNA isolation and real time PCR

RNA isolation and real time PCR experiments were per-
formed as described (26). Primer sequences are provided in
Supplementary data.

Statistical analysis

For comparison of two groups Student’s t-test was used. For
comparison of multiple groups Two-way ANOVA followed
by Tukeys’s or Dunnett’s test was employed. The kind of
analysis done is indicated in the figure legend.

RESULTS

RBP2 associates with E2F4

In order to study the E2F4 association with RBP2, we
expressed E2F4 as a C terminal fusion of Glutathione-S-
transferase (GST) protein. Bacterially expressed GST-E2F4
was purified by affinity chromatography on glutathione-
agarose beads and incubated with mouse embryonic fibrob-
lasts (MEFs) nuclear extract (NE). E2F4-bound protein
complexes recovered from the beads were resolved by SDS-
PAGE and analyzed by immunoblotting. As shown in Fig-
ure 1A, RBP2 was significantly enriched in the GST-E2F4
sample. We also tested the association of RBP2 with an-
other E2F protein: E2F1, and found that E2F1 was unable
to pull down RBP2 under our experimental conditions (see
Figure 1A, panel b).

In the same way, a HeLa Flip-In cell line, expressing
triple-epitope (SFB short for––S protein-Flag-streptavidin
binding peptide,) tagged-RBP2 was used to pull down
RBP2 protein using S-protein agarose beads. E2F4 was vis-
ibly enriched in SFB-RBP2 over SFB-GFP pull down frac-
tions indicating that RBP2 could associate with E2F4 in
mammalian cells (Please see Supplementary Figure S1A in
the Supplemental Data available with this article online).

RBP2 associates with E2F4 during early G1 phase

The cellular levels of RBP2 have been reported not to
change during cell cycle (15). In contrast, subcellular lo-
calization of endogenous E2F4 is known to change during
the cell cycle (27,28). Although E2F4 is present in both nu-
cleus and cytoplasm throughout the cell cycle, it is mostly

nuclear in G1 phase (27,28). This is also the cell cycle phase
when E2F4 is active in repressing E2F-responsive promot-
ers (29,30). Therefore, we questioned if E2F4-RBP2 associ-
ation is cell cycle stage-specific, and probed for E2F4-RBP2
association in different stages of cell cycle. We synchronized
MEFs using nocodazole and isolated cells at various stages
by differential timed release of cells in normal media. Cell
populations were synchronized for early G1 (G1E), late G1
(G1L), G1/S, and S phases (Supplementary Figure S1C).
Consistent with previous report (15), we observed no sig-
nificant change in the cellular or nuclear levels of RBP2
during the different cell cycle phases (Supplementary Fig-
ure S1D and S1E). As shown in Figure 1B, MEFs synchro-
nized in early G1 showed substantial association between
RBP2 and E2F4 when compared to MEFs synchronized
in G1/S. The cell cycle stage-specific associations observed
here are not due to limiting nuclear levels of E2F4, as ample
E2F4 protein was present in the NE of both phases analyzed
here (Supplementary Figure S1E). Moreover, the amount of
endogenous E2F4 immunoprecipitated in both phases was
comparable (Figure 1B).

In order to ascertain that RBP2-E2F4 association was
not limited to one cell type, we performed similar experi-
ments in HeLa cells. HeLa cells were synchronized in G1/S
by using double thymidine block and cells were harvested
at different time points as indicated (Supplementary Fig-
ure S2A). We observed that RBP2 was present in all cell
cycle phases analyzed here (Supplementary Figure S2B and
S2C). Similar to our observations in MEFs, RBP2 showed
significant association with E2F4 in the G1E fraction than
in the G1/S fractions in HeLa cells as well (Supplementary
Figure S2D). This indicates that RBP2 associates with E2F4
in a temporal fashion irrespective of cell type (transformed
as well as untransformed cells) or method of synchroniza-
tion (double thymidine as well as nocodazole block).

RBP2 associates with the transactivation domain of E2F4

In order to map the domain of E2F4, which associates
with RBP2, we made GST fusion of E2F4 truncations. Fig-
ure 1C illustrates the human E2F4 protein and three dele-
tions used here. We systematically deleted the Transactiva-
tion domain (TAD); and the Dimerization domain, used
to form heterodimer with DP protein, from the C-terminal
of E2F4. Surprisingly, when compared to full-length E2F4
protein, none of the two deletions showed any association
with RBP2 (Figure 1D) indicating that either RBP2 only in-
teracted with the full-length E2F4 protein or the TAD was
important for this association. We next made the GST fu-
sion of E2F4 TAD (GST-E2F4TAD) and probed it for as-
sociation with RBP2. The 76 amino-acid TAD was able to
pull down RBP2 from the HeLa cell NE, indicating that this
domain was sufficient for association with RBP2 (Figure 1E
panel a, lane 5).

E2Fs including E2F4 are known to interact with the
pocket proteins via their Transactivation domain (31,32;
see the schematic in Figure 1C). RBP2 was discovered in
a screen for cellular proteins that bind to pRb and has been
reported to interact with the second pocket protein––p107
(13,33). Therefore, we wanted to ascertain if the E2F4-
RBP2 association observed here was direct or via the pocket
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Figure 1. RBP2 associates with the Transactivation Domain of E2F4. (A) Association of GST-E2F4 with endogenous RBP2. Bacterially expressed GST,
GST-E2F4 and GST-E2F1 were used for pull down experiment using nuclear extract (NE) produced from Mouse embryonic Fibroblasts (MEFs). The blot
was probed with anti-RBP2 antibody (panel a). Panel b shows the bead-bound GST, GST-E2F1 or GST-E2F4 proteins stained with Coomassie Brilliant
Blue (CBB). (B) Cell cycle-stage specific immunoprecipitation of E2F4 from mouse embryonic Fibroblasts. MEFs were synchronized by Nocadazole block
and timed release in normal media to obtain cells populations in early G1 (G1E) or G1/S stage (see also Supplementary Figure S1 and S2). NE from these
phases was immunoprecipitated by E2F4 or IgG antibody. The blots were probed with anti-RBP2 and anti-E2F4 antibodies as indicated. E2F4 antibody
used for immunoblotting is described in Supplementary Figure S1B. (C) Schematic structure of E2F4 protein. Full-length and deletions of E2F4 used
in this study are shown. All deletions were expressed as C-terminal fusion of GST protein. Functional domains are indicated on top. Numbers indicate
amino acids. FL, full length; TAD, transactivation Domain; DD, DP protein dimerization domain. (D) Mapping of E2F4 domain which associates with
RBP2. GST-tagged E2F4FL (lane 5) and its deletions: GST-E2F4�TAD (lane 4) and GST-E2F4�DD (lane 3), were used for pull down experiment from
HeLa NE. The blots were probed with anti-RBP2 (panel a) and GST (panel b) antibody. (E) The Association between E2F4 and RBP2 is mediated by
p130. GST-E2F4TAD (wild type, lane 5) and its mutant forms GST-E2F4TAD M1 (Y 392 H, lane 3) and GST-E2F4TAD M2 (D 404 G, L405 P, F 406 L,
and D 407 G, lane 4) (see also Supplementary Figure S3A) were used for pull down experiment from HeLa cell NE. The blot was probed with anti-RBP2
(panel a), p130 (panel b) and GST (panel c) antibody. (A–B, D–E) The positions of the molecular weight markers are indicated on the left.
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protein associated with E2F4. As shown above, we observed
maximum E2F4-RBP2 association in G1E phase (Figure
1B) and p130 associates with E2F4 at this time (34). Corre-
spondingly, we probed the immunoblot with p130 antisera.
As expected, p130 was present in the GST-E2F4TAD pull
down (Figure 1E panel b). In order to establish that this ob-
served RBP2-E2F4 association was being mediated by the
pocket protein (p130 here), we took advantage of the con-
servation of pocket protein-binding domain in E2Fs (31,32)
and created two sets of amino acid mutations in the GST-
E2F4TAD, M1 (Tyr 392 His) and M2 (Asp 404 Gly, Leu 405
Pro, Phe 406 Leu, and Asp 407 Gly) (Supplementary Figure
S3A). Both sets of amino acids mutations have been shown
to abolish the E2F––pocket protein interaction previously
(31,32). p130 associated with the wild type GST-E2F4TAD

but not GST-E2F4TAD M1 and GST-E2F4TAD M2 (Figure
1E panel b, compare lane 5 with lane 3 and 4). These re-
sults are consistent with the conservation of E2F––pocket
protein-binding and the interaction of pRb with other E2Fs
(31,32). However, when probed for RBP2, only wild type
GST-E2F4TAD (Figure 1E, panel a) showed significant as-
sociation with RBP2 but not the mutants. These results indi-
cates that RBP2-E2F4 association might be mediated by the
pocket protein p130 and when we disrupt the E2F4-p130 in-
teraction, p130-bound RBP2 is also not detected.

p130 interacts with RBP2

Our results suggested that p130 could be mediating the
association between RBP2 and E2F4 proteins. To test
this hypothesis, we depleted p130 in HeLa cells using
shRNA (Supplementary Figure S3B and S3C). As indi-
vidual shRNAs were not able to achieve desired levels of
p130 knockdown, we used a combination of two shRNAs
(#3 + 5, Supplementary Figure S3C, Figure 2A panel a).
We used GST-E2F4TAD to pull down RBP2, as before,
from nuclear extracts of cells treated with scrambled non-
targeting or p130 shRNA. While in the samples treated with
scrambled shRNA, GST-E2F4TAD showed robust associa-
tion with RBP2, the E2F4-RBP2 association was substan-
tially decreased in p130 shRNA treated samples (Figure
2A). These results indicated that for E2F4 to interact with
RBP2, p130 is important.

Next we wanted to test if p130 will interact with RBP2.
To achieve this, we fused the conserved T antigen /E1A
protein-interacting domain (T/E1A domain, residues 417–
1024), also called the ‘small pocket’ of p130 to C terminal of
GST and used this fusion protein to pull down RBP2 from
MEFs NE as described above. p130 was able to pull down
RBP2 robustly and specifically (Figure 2B). We also per-
formed the similar experiments with nuclear extracts from
HeLa and IMR90-tert cells (Supplementary Figure S3D
and S3E). In both cases, p130 could pull down substantial
amounts of RBP2, indicating that RBP2-p130 interaction
was seen in multiple cell types. As expected, E2F4 was inter-
acting with p130 in all cases (see panel b in Figure 2B, Sup-
plementary Figure S3D, S3E). The interaction between en-
dogenous RBP2 and p130 proteins was tested by immuno-
precipitating RBP2 using specific antibody from HeLa cells.
Both endogenous p130 as well as E2F4 associated strongly
with RBP2 as shown (Figure 2C).

A

B

C

Figure 2. p130 interacts with RBP2. (A) The association of E2F4 with
RBP2 is mediated by p130. HeLa cells were transfected with shRNA ei-
ther targeting p130 (two shRNA: #3and #5,were used for efficient knock-
down) or Scramble (non-targeting) shRNA (see also Supplementary Fig-
ure S3B and S3C). Nuclear extract was prepared from both types of cells
and used for pull-down experiment using GST or GST-E2F4 TAD. The
blot was probed with antibody against p130 (panel a) and RBP2 (panel b).
Panel c shows bead-bound GST or GST-E2F4TAD proteins stained with
CBB. (B) The interaction between p130 and RBP2. MEFs were used for
making nuclear extract and pull-down experiment was performed using
GST or GST-p130 T/E1A (small pocket). The blot was probed with anti-
bodies against RBP2 (panel a) and E2F4 (panel b). Panel c shows the CBB
staining of bead-bound protein used in each lane (see also Supplementary
Figure S3D and S3E). (C) Endogenous RBP2 interacts with endogenous
p130. Endogenous RBP2 was immunoprecipitated from Hela cell NE with
anti-RBP2 or IgG antibody and immunoblotted with anti- RBP2 (panel a),
anti-p130 (panel b) and anti-E2F4 (panel c) antibody. (A–C) The positions
of the molecular weight markers are indicated on the left.

p130–RBP2 interaction is LxCxE motif dependent

RBP2 is a large protein with multiple domains like PHD,
Zinc finger etc. (see Introduction and Figure 3A). In order
to map the domain of RBP2, which interacted with p130,
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(E1377K) was created by changing Glutamate 1377 to Lysine (see also Supplementary Figure S3F). Numbers indicate amino acid residues. At the bottom,
GST-RBP2 D5 (wild type, lane 3) and its mutant GST-RBP2 M (E1377K, lane 4) were used for pull-down experiment. The blot was probed with anti-
p130 (panel a) and E2F4 (panel b) antibody. Bead-bound GST or GST-RBP2 deletions stained with CBB are shown in panel c. (D) In vitro interaction
between RBP2 and p130. Bacterially expressed His-p130 T/E1A or His-GFP were used for pull-down of GST-RBP2 D5 from the bacterial lysate. The
blot was probed with anti-GST antibody (panel a). Panel b shows the amount of proteins used for pull-down. (E) LxCxE motif in full-length RBP2 is
major determinant for interaction with p130. Lysate from HeLa cells stably expressing SFB-RBP2 wt or SFB-RBP2 E1377K were used for pull-down
experiments using S-protein beads. The blot was probed with RBP2 (panel a, d), p130 (panel b, e) and E2F4 (panel c, f) antibody. Pull-down (PD) and
input (IN) are shown as indicated. (F) Cell-cycle phase selective association of p130 and RBP2. GST or GST-p130 T/E1A (GST-p130) was used for pull
down experiments from early G1 (G1E) and G1/S NE derived from MEFs. The blots were probed with anti-RBP2 (panel a) and E2F4 (panel b) antibody.
Panel c shows bead-bound GST or GST-p130 stained with CBB. (B-F) The positions of the molecular weight markers are indicated on the left.
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we created five fragments of RBP2 protein as shown in the
schematic in Figure 3A and expressed them as GST fusions.
Although fragment 4 of RBP2 (D4, see Figure 3B) showed
weak association with p130, only fragment 5 (D5, Figure
3B, compare lane 6 and 7) was able to pull down p130 repro-
ducibly. Fragment 5 contains the PHD3 domain of RBP2
as well as the conserved leucine-X-cysteine-X-glutamic acid
motif (LxCxE, where X is any amino acid, Figure 3C and
S3F) (33). The proteins having LxCxE motifs are known to
associate with pocket proteins; and the T/E1A domain of
both pRb and p107 interact with RBP2 via the LxCxE mo-
tif (33). Interestingly, the mutation in LxCxE motif in RBP2
is sufficient to abrogate its interaction with p107 but not
pRb (33). RBP2 has 15kDa fragment (‘non-T/E1A bind-
ing’ domain), which contributes to pRb interaction in Lx-
CxE mutant background. This 15kDa fragment is indepen-
dent of LxCxE motif but present in our RBP2 D5 fragment
(Figure 3C, top). Therefore, to test if binding of RBP2 to
p130 was LxCxE motif-dependent, we mutated glutamic
acid to lysine (here E1377K), a mutation that is known to
abrogate the LxCxE mediated interactions (33). As shown
in Figure 3C (panel a), the RBP2 D5 (E1377K) mutant
could not pull down p130 like the wild type. The RBP2
D5 (E1377K) mutant also lost its ability to associate with
E2F4 (Figure 3C, panel b) further confirming our results
from Figures 1E and 2A, that RBP2 does not associate di-
rectly with E2F4. We further tested the association between
RBP2 D5 and His-p130 T/E1A domain and found them to
interact, albeit weakly (Figure 3D). Even though bacterially
expressed RBP2 associates with bacterially expressed p130,
this interaction may be stabilized in cells, most likely by a
post translational modification.

In order to ascertain that RBP2 associated with p130
only via the LxCxE motif, we mutated the LxCxE motif
(E1377K) in full-length RBP2. As described in Supplemen-
tary Figure S1A, we made cell lines using HeLa Flip-In
system which stably expressed SFB-RBP2 and SFB-RBP2
(E1377K). We used cell lysate to pull down full-length SFB-
RBP2 and SFB-RBP2 (E1377K) and probed for associated
proteins (Figure 3E). When full-length LxCxE point mutant
[SFB-RBP2 (E1377K)] was used for pull down, the RBP2-
p130 interaction was abrogated (as also seen in Figure 3C).
These results indicated that RBP2 LxCxE is the primary
motif for interaction with p130 and a point mutation in this
motif is enough to destabilize the p130–RBP2 interaction.
We also note that in its interaction with RBP2, p130 behaves
like p107 (33; this study).

RBP2 interacts with p130 and E2F4 in early G1 phase

We detected the association of RBP2 with E2F4 in early G1
phase. Is the interaction of p130 with RBP2 also cell-cycle-
stage specific or RBP2 and p130 associate with each other
throughout the cell cycle? In order to answer this question
we used MEFs NE from cell populations in early G1 and
G1/S phase to probe for p130–RBP2 association. RBP2 as-
sociated with p130 in early G1 phase and not G1/S (Figure
3F). We probed the same blot for E2F4 and, as expected,
E2F4 associated with p130 primarily in early G1 phase. The
same results could be reproduced in differential synchro-
nized HeLa cells (Supplementary Figure S3G). Our results

suggest that RBP2 complexes with p130 and E2F4 in early
G1, a phase in which E2F4 and p130 actively repress E2F-
responsive promoters.

Binding of RBP2 to E2F responsive promoters is regulated
during cell cycle

RBP2 has been shown to bind to E2F-responsive promot-
ers during differentiation (15,18). To extend this observa-
tion to dividing cells, we asked whether RBP2 associated
with E2F-responsive promoters during the cell cycle. As the
interaction of RBP2 with p130 and E2F4 is primarily seen
in early G1, we used double-thymidine synchronized HeLa
cells from two cell-cycle stages for performing our chro-
matin immunoprecipitation (ChIP) experiments––early G1,
where these promoters are inactive due to repressive E2Fs
binding, and G1/S phase, where these promoters are ac-
tive and repressive E2Fs are displaced by activating E2Fs
(30). We selected 6 E2F-regulated promoters that have been
studied before (15,17,18,23,30). For negative control, we
used U2 snRNA gene (U2C) (23). We also analyzed two
mitochondrial promoters to which RBP2 binds, but these
promoters are not known to be E2F-responsive or cell cy-
cle regulated––ATP50 and MTRF1 (17,35,36; this study).
Consistent with previous reports, we observed that associ-
ation of E2F4 and p130 proteins on these E2F-responsive
promoters was prominent in early G1 while E2F1 protein
showed binding predominantly in G1/S fraction (Figure
4A). Consistent with our hypothesis and cell cycle stage-
specific association of RBP2 with E2F4 and p130, RBP2
bound these promoters primarily in early G1.

Previously we have shown that H3K4me3 was deposited
on E2F-responsive promoters in G1/S and S phase, by re-
cruitment of H3K4 HMTs in these cell-cycle phases, to ac-
tivate transcription (23,37). In accordance with previous re-
sults, we observed high fold enrichment of H3K4me3 mark
on E2F-responsive promoters in G1/S over early G1 sam-
ples (Figure 4B, Supplementary Figure S4A). However, we
could not obtain reproducible variation in H3K4 dimethyl
mark in the two fractions (Figure 4B).

Next we used MEFs, synchronized using nocodazole
block, to perform similar ChIP experiments in early G1
and G1/S phase. Consistent with our observations in HeLa
cell, RBP2 like p130 and E2F4, was enriched in early G1
on E2F-responsive promoters when compared to G1/S
(Figure 4C, Supplementary Figure S4B). Correlatively the
H3K4me3 mark was low in early G1 and high in G1/S frac-
tions while no significant variations were observed in his-
tone H3 (Figure 4D, Supplementary Figure S4C).

p130 recruits RBP2 to E2F-responsive promoters for
demethylation

Our results so far suggest that RBP2 may be recruited to
E2F-responsive promoters by p130 to erase the H3K4me3
mark and prepare the promoters for next cycle of activa-
tion. If this hypothesis is correct then loss of p130 by RNAi
should lead to loss of RBP2 recruitment to E2F-responsive
promoters during the early G1 phase. We put our hypothe-
sis to test by depleting p130 in HeLa cells using shRNA as
described before (Supplementary Figure S3C), synchroniz-
ing them in early G1 and performing ChIP with these cells.
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Figure 4. p130 and RBP2 bind to the E2F responsive promoters in a cell-cycle stage specific manner for demethylation of H3K4me3. (A, B) p130 and
RBP2 bind to E2F-responsive promoters in early G1 phase. Chromatin immunoprecipitation (ChIP) assay with E2F4, E2F1, p130 and RBP2 (A) and,
H3K4me3 and H3K4me2 (B) antibodies, performed on the HeLa cells synchronised in early G1 (G1E; light grey) and G1/S (black) phase using double
thymidine block are shown. See Supplementary Figure S4A for H3 and IgG ChIP. All experiments shown were done at least three, usually more times
with similar results. (C, D) ChIP assay with p130 and RBP2 (A) and, H3K4me3 (B) antibodies, performed on mouse embryonic fibroblasts synchronized
in early G1 (G1E; grey) and G1/S (black) phase, using Nocodazole block, are shown. See Supplementary Figure S4B for E2F4 and S4C for H3 and IgG
ChIP. The data shows average of two independent experiments. (A–D) The immunoprecipitated DNA was quantified with real-time PCR and the results
are plotted as percent input enrichment. The antibody used is indicated in the top right corner of each box. The error bars represent S.D. Student’s t-test,
*P ≤ 0.05, **P ≤ 0.01, *** P ≤ 0.001, ****P ≤ 0.0001, ns: not significant, P > 0.05.
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Consistent with previous reports, we did not observe any
significant effect on cell cycle progression in p130-shRNA
treated cells (38; Supplementary Figure S5A).

As shown in Figure 5A, p130 shRNA transfection de-
pleted majority of p130 protein. As a consequence, the
p130 binding on E2F-responsive promoters was also re-
duced (Figure 5B). Consistent with our hypothesis, there
was analogous decrease in the RBP2 binding to these pro-
moters. However, we also observed a decreased binding of
E2F4 on these promoters. It has been shown that the nu-
clear localization of E2F4 is impaired in absence of p130
(28,39; see also Supplementary Figure S5B) and this can be
a reason for low E2F4 binding in our experiments as the
cellular levels of E2F4 (and RBP2) were largely unaffected
upon p130 knockdown (Figure 5A). In any case, this exper-
iment proves our hypothesis where E2F4 and p130 recruit
RBP2 to E2F-responsive promoters, and RBP2 removes the
H3K4me3 mark to reset the E2F-responsive promoters and
repress transcription. Consistent with the latter, and de-
creased RBP2 binding, H3K4me3 mark was significantly
increased on E2F-responsive promoters, but not globally
(Figure 5C and A panel d). However, p130 knockdown did
not change the levels of histone H3 in the same experiments
(Supplementary Figure S5C). Our results indicate that just
like acetylation marks, H3K4me3 also needs to be actively
removed during the cell cycle progression.

We also analyzed the non-E2F-responsive promoters
ATP50 and MTRF1. First we ensured that these promoters
are negative for E2F4 and p130 binding in early G1 phase
(Supplementary Figure S5D). Then we checked if the lev-
els of RBP2 varied during early G1 and G1/S phase on
these promoters (Supplementary Figure S5E). As expected,
RBP2 bound to both promoters in similar fashion during
early G1 and G1/S phases. Finally, we tested the effect
of p130 knockdown on RBP2-binding on these promoters.
ATP50 and MTRF1 did not show any significant variation
in RBP2 binding in control vs. knockdown samples (Figure
5B). Similarly, the H3K4me3 levels were largely unaffected
on these promoters upon p130 knockdown (Figure 5C, Sup-
plementary Figure S5F). These results indicate that p130
is engaged in recruitment of RBP2 to E2F-responsive pro-
moters specifically and recruitment of RBP2 to non-E2F-
responsive promoters may be carried out in different man-
ner.

Different mechanisms for recruitment of RBP2 to chromatin

The dramatic decrease in RBP2 binding upon p130 knock-
down was a little surprising, given that RBP2 has three do-
mains capable of binding to the chromatin, namely ARID
(sequence specific binding), PHD1 (binds to H3K4me0)
and PHD3 (binds to H3K4me3) (7–9). All these bind-
ings have been mapped to single amino acid residue (7–
9). In order to understand the role of RBP2 binding at
E2F-responsive promoters better, in addition to SFB-RBP2
wild type (wt.; described above) and RBP2 LxCxE mutant
(E1377K), we made HeLa Flip-In cell lines stably express-
ing RBP2 PHD3 mutant (W1625A), incapable of binding
H3K4me3 (8). We also created a catalytic dead mutant of
RBP2 (H483G, E485Q) based on previously published re-
ports (2,4). Clones expressing similar amount of RBP2 pro-

tein were selected for further experiments. [We tried to make
cell lines expressing point mutants of ARID and PHD1 do-
main that have been proposed to abrogate chromatin bind-
ing (7,9) however we were unsuccessful despite several at-
tempts.]

We used S-protein-agarose beads to pull down ectopically
expressed RBP2 and performed Chromatin Affinity Purifi-
cation (ChAP) experiments (40,41). A fraction of the beads
were analyzed by immunoblot to determine the amount of
RBP2 protein being pull down in each cell line and its inter-
action status with p130 (Supplementary Figure S6A). Con-
sistent with our previous results, RBP2 wt. was able to in-
teract with p130 but not the RBP2 (E1377K) mutant. Other
two RBP2 point mutants were capable of interacting with
p130, indicating that only LxCxE motif affects the RBP2-
p130 protein interaction.

In our ChAP experiments, the recombinant SFB-RBP2
wt. showed specific binding to RBP2 positive promoters
(Figure 6A). Pleasantly, LxCxE mutant RBP2 E1377K was
impaired in binding to E2F-responsive promoters (Fig-
ure 6A) but not the non-E2F responsive promoters, while
the catalytic dead mutant RBP2 (H483G, E485Q) showed
binding comparable to wild type protein in all cases. We
observed the same binding pattern for RBP2 and mu-
tants when we transfected non-transformed cells––IMR90-
tert––with above constructs and performed ChAP (Sup-
plementary Figure S6B). Mutation in PHD3 (W1625A)
domain also compromised the binding of RBP2 to E2F-
responsive promoters, but in contrast to LxCxE mutation,
its effects were seen on all promoters including ATP50
and MTRF1 (Figure 6A). These results indicate that while
RBP2 may use the PHD3 domain as a general mechanism
to bind its target promoters, site-specific recruitment by ex-
trinsic factors (here p130) is also employed.

We also utilized the above cell lines to validate our find-
ings in Figure 5C. We performed H3K4me3 ChIP in cell
lines expressing either SFB-RBP2 wt or RBP2 mutant defi-
cient in binding p130 (i.e. E1377K). Expression of wild type
RBP2 decreased the levels of H3K4me3 on E2F-responsive
promoters, corroborating our observations from Figure 5C.
In direct contrast, the LxCxE mutant of RBP2 behaved like
the empty vector in its ability to remove H3K4me3 marks
(Figure 6B), although histone H3 levels were unchanged
in all samples (Supplementary Figure S6C). This observa-
tion was not reproduced in non-E2F-responsive promot-
ers, where both the wt. and the LxCxE mutant RBP2 dis-
played similar effect on H3K4me3 levels (Figure 6B). Sim-
ilar results were obtained with IMR90-tert cells indicating
that RBP2 regulates E2F-specific promoters in different cell
types (Supplementary Figure S6D).

RBP2 regulates E2F-responsive promoters

Finally, we checked the mRNA levels of E2F-responsive
genes in cells stably expressing the various recombinant
RBP2 proteins. Recombinant RBP2 expression causes de-
crease in gene expression (2,4–6). Consistent with these ob-
servations, we also detected a decrease in transcript levels
in samples expressing wild type RBP2 when compared to
untransfected HeLa and IMR90-tert cells (Supplementary
Figure S7A and S7B respectively). However, the cells ex-
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A

C

B

Figure 5. Removal of p130 leads to decreased recruitment of RBP2 and increase H3K4me3 on E2F promoters. (A) Western blot showing the levels of
different proteins upon p130 knockdown. HeLa cells treated with two p130 shRNAs (shRNA#3 and shRNA #5), or scrambled (scrmb) shRNA were
subject to immunoblot analyses. The blot was probed p130 (panel a), E2F4 (panel b), RBP2 (panel c), H3K4me3 (panel d) and alpha-tubulin (panel e)
antibodies. See also Supplementary Figure S5. The positions of the molecular weight markers are indicated on the left. (B, C) Knockdown of p130 leads
to decrease in recruitment of RBP2. HeLa cells transfected with shRNA, which either targets p130 transcripts (shRNA #3 and #5; black) or non-specific
scramble (grey), were used for performing ChIP experiment with indicated antibodies in early G1 phase. Scrmb; scramble shRNA. See Supplementary
Figure S5C for H3 and IgG ChIP. The immunoprecipitated DNA was quantified with real-time PCR and the results are plotted as percent input enrichment.
The antibody used is indicated in the top right corner of each box. All experiments shown are done at least three times with similar results; the results from
single representative experiment is shown here. The error bars represent S.D. Student’s t-test, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, ns:
not significant, P > 0.05.
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Figure 6. Interaction with p130 is essential for the recruitment of RBP2 onto the E2F-responsive promoters. (A) Mutation of LxCxE motif in RBP2 leads
to loss of binding of RBP2 to the E2F-responsive promoters. Chromatin affinity purification (ChAP) assay was performed in HeLa cells stably expressing
either wild type (wt.) SFB-RBP2, SFB-RBP2 (E1377K), SFB-RBP2 (H483G, E485Q) or SFB-RBP2 (W1625A) are shown. The amount of RBP2 pulled
down in each sample is shown in Supplementary Figure S5A. The error bars represent S.D. Tukey’s multiple comparison test *P≤0.05, **P ≤ 0.01, ***P
≤ 0.001, ****P ≤ 0.0001, ns: not significant, P>0.05. (B) ChIP assay was performed in cells expressing either RBP2 wt., RBP2 E1377K or empty SFB-
pcDNA5-FRT vector. The H3K4me3 levels on different promoters are shown. H3 levels are shown in Supplementary Figure S6B. The error bars represent
S.D. Tukey’s multiple comparison test was employed to calculate the significance *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, ns: not significant,
P > 0.05. (C) RBP2 affects transcription of E2F-responsive gene. G1/S synchronized cells were treated with either siRNA against 3′UTR region of RBP2
or control (luciferase) siRNA in cells stably expressing either empty vector, RBP2 wt., RBP2 E1377K or RBP2 H483G, E485Q. cDNA synthesized from
total RNA was amplified using real-time PCR for indicated mRNAs. All signals were normalized to actin mRNA levels from respective samples. The
expression level is relative to control siRNA-treated cells (which is arbitrarily set to 1) from respective cell line but for ease of understanding only one
control bar is shown. The error bars represent S.D. Dunnett’s multiple comparison test was employed to calculate the significance*P ≤ 0.05, **P ≤ 0.01,
***P ≤ 0.001, ****P ≤ 0.0001, ns: not significant, P > 0.05.
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pressing E1377K and W1625A mutant proteins displayed
either no change or an unexpected increase (in case of HeLa
cells which we are not able to explain) in transcript levels
when compared to empty-vector transfected samples, in-
dicating that these promoters were not repressed (Supple-
mentary Figure S7A and S7B respectively). Consistent with
these observations, the LxCxE mutant RBP2 did not show
any significant change in the cell cycle profile when com-
pared to wild type RBP2 protein (Supplementary Figure
S7C).

In order to ensure that endogenous RBP2 is not a fac-
tor in our interpretation, we made use of RBP2 RNAi.
We used siRNA targeting the 3′UTR of RBP2 mRNA to
knock down endogenous RBP2 but not the recombinant
RBP2 (expressed from SFB constructs; Supplementary Fig-
ure S7D and S7E). After siRNA transfection, we synchro-
nized the cells in G1/S–– the phase where expression of
these genes has been reported (42). Our results show that
similar to observation made in Supplementary Figure S7A
and S7B, overexpression of RBP2 causes decrease in gene
expression when compared to control (Figure 6C). The Lx-
CxE mutant as well as catalytic dead mutant showed ei-
ther no change or an increase in gene expression on E2F-
responsive genes as observed before (Supplementary Figure
S7A and S7B). However, on non-E2F responsive promot-
ers, the LxCxE mutant behaved like the wild type protein,
while the catalytic dead mutant was still unable to show re-
pression, indicating that RBP2 catalytic activity was impor-
tant for the repression of all RBP2 target genes. Altogether,
our results indicate that the LxCxE mediated recruitment
of RBP2 (by p130) to E2F-responsive promoters is essen-
tial for its function as a demethylase and as a transcriptional
repressor.

Taken together our results reveal that RBP2 has a role
in repression of E2F-responsive promoters and chromatin
binding of this protein is requisite for its activity. Our results
indicate that while RBP2 may have a general mechanism
to reach its target promoters and repress them, site-specific
recruitment is also employed during the cell cycle to ensure
cyclic, reversible and precise recruitment.

DISCUSSION

The H3K4me3 mark is modulated in a cell cycle stage-
specific manner to reset the E2F responsive promoters from
active state to repressed state (23). However, experimental
evidence on how this was achieved, was lacking. Here, we
show that RBP2 interacts with the pocket-protein––p130––
via the LxCxE motif and p130 recruits RBP2 to E2F-
responsive promoters in a cell cycle-specific manner. Dur-
ing early G1, RBP2 demethylates the E2F-regulated cell-
cycle gene promoters to bring about repression. Our find-
ings highlight how, in contrast to permanent silencing, mul-
tiple layers of regulation are enforced on epigenetic modi-
fiers to ensure their dynamic, periodical and specific recruit-
ment to cell cycle gene promoters.

RBP2 associates with E2F4 and p130 in early G1 phase

We show that RBP2 associates with E2F4 via p130 in
cycling cells. Previously, although a functional relation-
ship has been recognized between RBP2 and E2F4 us-
ing genome–wide location analyses during differentiation
(15,18), physical association between the two proteins had
not been established. Previous efforts to show associations
might have been unsuccessful because of the fact that RBP2
is chromatin bound protein and not easily released from the
chromatin fraction. We used high salt extraction during our
nuclear extract preparation (24), which releases RBP2 from
the chromatin and makes it available for interaction. Simi-
lar results were reported previously where only high salt ex-
traction was able to produce interaction between pRb and
RBP2 (14). Exogenous expression of RBP2 is another way
to make this protein available for interaction. Even though
we tested the association of E2F4–p130–RBP2 here, E2F5,
another ‘repressor’ E2F has been known to bind p130 (19).
It is likely that E2F5 may also play a role in recruitment of
RBP2 in regulation of E2F-responsive promoters.

Our results also show that RBP2 and p130 interaction is
cell cycle-stage-specific despite the fact that both proteins
are present throughout the cell cycle. What limits this asso-
ciation to early G1? Most likely a post-translational modi-
fication may be requisite. In support of this hypothesis, out
of the three pocket proteins, only p130 is known to undergo
phosphorylation during early G1 phase (43,44). RBP2 itself
may be post- translationally modified in early G1 leading
to this interaction (45–47). In context of the LxCxE bind-
ing between pocket proteins and its interacting partner, even
though these proteins are capable of binding directly, post-
translational/ phosphorylation events are known to regu-
late this binding (48,49) and may provide a perfect mecha-
nism to turn on and turn off the p130–RBP2 interaction in
accordance with growth signals.

The relationship of RBP2 with the three pocket proteins

RBP2 has been shown to interact with pocket
proteins––pRb and p107 previously (13,14,33) and p130
(this study). The pocket protein family members contain
conserved domain A and B linked by a spacer region, to-
gether called the ‘pocket’ or ‘T/E1A binding’ domain. This
region is important for binding to LxCxE motif present
in numerous viral and cellular proteins (50). The LxCxE
motif is present in RBP2 and responsible for its interaction
with all three pocket-proteins. However, RBP2 can interact
with pRb in an LxCxE-motif-independent manner through
a 15kDa region called ‘non-T/E1A binding’ domain (see
Figure 3C; 33). This is also reflected in its interaction with
pRb �663, which shows decreased binding to LxCxE motif
(14). The LxCxE-dependent and -independent interactions
provide RBP2 with a range of binding-surface affinities
for complex formation with its partner pocket proteins.
RBP2 is a multi-facet demethylase, which functions in
activation as well as repression (14–16,18,51–53). The
diverse interactions with pocket proteins provides RBP2
with an opportunity to occur in different complexes, and
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function in context-dependent manner (14–16; this study).
It also increases the site-specific recruitment possibilities
for RBP2––with pRb on some promoters and with p130
on other promoters (14–16).

The different mechanisms of RBP2 to bind chromatin

Different mechanisms for chromatin binding have been pro-
posed for RBP2. The ARID, PHD1 and PHD3 domain
have been implicated in recruiting RBP2 to the chromatin
(7–9). In vitro experiments propose that PHD1 binds un-
methylated H3K4 to stimulate catalytic-domain mediated
demethylase activity of RBP2, and concurrent binding of
RBP2 to its substrate (H3K4 me0 via PHD1) and product
(H3K4 me3 via PHD3) provides a positive-feedback mech-
anism to facilitate the spread of demethylation on chro-
matin (9). However, others have shown that PHD1 do-
main has an insignificant effect on in vitro enzymatic ki-
netics of the KDM5 family (54). Recently it was reported
that abrogating the recognition of H3K4me2/3 in KDM5
Drosophila homolog––Lid–– by a point mutation in PHD3,
marginally attenuated promoter binding of only a subset of
Lid- target genes (55). Therefore, H3K4me2/3 recognition
cannot be the only mechanism for RBP2 to reach its target
promoters, more so in a particular cell cycle phase. Previ-
ous reports of other KDM5 members reveal associations
with gene-specific transcription factors, such as REST and
Myc that could mediate their promoter specific recruitment
(6,56). Notably, RBP2 itself has been shown to be recruited
to hTERT promoter by Mad1 (57). Here, we show that
RBP2 is recruited to E2F-responsive promoters by p130.
However, we observe that PHD3 domain is also involved in
recruiting RBP2 to promoters. Considering these results, it
seems likely that a more complex chromatin binding mech-
anism is in play, which involves both recruitment by co-
factor(s) and/or histone modifications, and RBP2 has the
opportunity to use more than one domain/motif to stabi-
lize its interaction with chromatin.

There is growing evidence for the oncogenic function of
RBP2 in cancer, and its potential role as a drug target in
cancer therapy. However, our work here suggests a tumor-
suppressive role for RBP2 during cell proliferation. Are the
pro-oncogenic functions of RBP2 limited to certain cell
types/cancers, or do these predominate in an environment
where E2F/pRb pathway has been inactivated? In any case,
our work here, highlights the role of RBP2 in cell cycle regu-
lation and puts the focus back on proliferation, rather than
cell differentiation, in context of cancer.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank W. Herr and S.S. Taylor for HeLa Flp-In cell
lines, R. Joshi, M.S. Reddy, R. Bhandari, J. Lees and, J.
Nakayama for cDNA constructs, C. Balaniaddileti, A.S.
Thakur, M. Mudassir, S. Kavela and J.P. Vallentyne for tech-
nical assistance, J. Thakur for her help with ChIP experi-
ments, S. Chodisetty and A.M. Karole for their help with

generating pCDNA-SFB construct, S. Galande and A.M.
Karole for critical reading of the manuscript and our col-
leagues for discussions.
Author Contribution: Z.U.Z. performed all experiments ex-
cept the ones mentioned below. M.R.K. performed experi-
ments presented in S1A-B, S2B, S3B-C,G, S5A and made
RBP2 (H483G, E485Q) and (W1625A) mutants used in
Figure 6 and Supplementary Figure S7. S.T. and Z.U.Z.
designed and analyzed the experiments and wrote the
manuscript.

FUNDING

Z.U.Z. is the recipient of Junior and Senior Research Fel-
lowships of the Council of Scientific and Industrial Re-
search (CSIR), India towards the pursuit of a Ph.D. degree
of the Manipal University; CSIR [37/1681/17/EMR-II] to
S.T.; DST [EMR/2016/000406] to S.T. (in part); CDFD
core funds. Funding for open access charge: CDFD core
funds.
Conflict of interest statement. None declared.

REFERENCES
1. O’Sullivan,R.J., Kubicek,S., Schreiber,S.L. and Karlseder,J. (2010)

Reduced histone biosynthesis and chromatin changes arising from a
damage signal at telomeres. Nat. Struct. Mol. Biol., 17, 1218–1225.

2. Christensen,J., Agger,K., Cloos,P.A.C., Pasini,D., Rose,S.,
Sennels,L., Rappsilber,J., Hansen,K.H., Salcini,A.E. and Helin,K.
(2007) RBP2 belongs to a family of demethylases, specific for tri-and
Dimethylated Lysine 4 on Histone 3. Cell, 128, 1063–1076.

3. Iwase,S., Lan,F., Bayliss,P., de la Torre-Ubieta,L., Huarte,M.,
Qi,H.H., Whetstine,J.R., Bonni,A., Roberts,T.M. and Shi,Y. (2007)
The X-linked mental retardation gene SMCX/JARID1C defines a
family of histone H3 lysine 4 demethylases. Cell, 128, 1077–1088.

4. Klose,R.J., Yan,Q., Tothova,Z., Yamane,K., Erdjument-Bromage,H.,
Tempst,P., Gilliland,D.G., Zhang,Y. and Kaelin,W.G. (2007) The
retinoblastoma binding protein RBP2 is an H3K4 demethylase. Cell,
128, 889–900.

5. Lee,M.G., Norman,J., Shilatifard,A. and Shiekhattar,R. (2007)
Physical and functional association of a trimethyl H3K4 demethylase
and Ring6a/MBLR, a polycomb-like protein. Cell, 128, 877–887.

6. Tahiliani,M., Mei,P., Fang,R., Leonor,T., Rutenberg,M., Shimizu,F.,
Li,J., Rao,A. and Shi,Y. (2007) The histone H3K4 demethylase
SMCX links REST target genes to X-linked mental retardation.
Nature, 447, 601–605.

7. Tu,S., Teng,Y.-C., Yuan,C., Wu,Y.-T., Chan,M.-Y., Cheng,A.-N.,
Lin,P.-H., Juan,L.-J. and Tsai,M.-D. (2008) The ARID domain of the
H3K4 demethylase RBP2 binds to a DNA CCGCCC motif. Nat.
Struct. Mol. Biol., 15, 419–421.

8. Wang,G.G., Song,J., Wang,Z., Dormann,H.L., Casadio,F., Li,H.,
Luo,J.-L., Patel,D.J. and Allis,C.D. (2009) Haematopoietic
malignancies caused by dysregulation of a chromatin-binding PHD
finger. Nature, 459, 847–851.

9. Torres,I.O., Kuchenbecker,K.M., Nnadi,C.I., Fletterick,R.J.,
Kelly,M.J.S. and Fujimori,D.G. (2015) Histone demethylase KDM5A
is regulated by its reader domain through a positive-feedback
mechanism. Nat. Commun., 6, 6204.

10. Yamane,K., Tateishi,K., Klose,R.J., Fang,J., Fabrizio,L.A.,
Erdjument-Bromage,H., Taylor-Papadimitriou,J., Tempst,P. and
Zhang,Y. (2007) PLU-1 is an H3K4 dernethylase involved in
transcriptional repression and breast cancer cell proliferation. Mol.
Cell, 25, 801–812.

11. Lu,P.J., Sundquist,K., Baeckstrom,D., Poulsom,R., Hanby,A.,
Meier-Ewert,S., Jones,T., Mitchell,M., Pitha-Rowe,P., Freemont,P.
et al. (1999) A novel gene (PLU-1) containing highly conserved
putative DNA/chromatin binding motifs is specifically up-regulated
in breast cancer. J. Biol. Chem., 274, 15633–15645.

Downloaded from https://academic.oup.com/nar/article-abstract/46/1/174/4559796
by guest
on 15 January 2018



Nucleic Acids Research, 2018, Vol. 46, No. 1 187

12. Wu,J.S., Ellison,J., Salido,E., Yen,P., Mohandas,T. and Shapiro,L.J.
(1994) Isolation and characterization of xe169, a novel human gene
that escapes x-inactivation. Hum. Mol. Genet., 3, 153–160.

13. Defeo-Jones,D., Huang,P.S., Jones,R.E., Haskell,K.M.,
Vuocolo,G.A., Hanobik,M.G., Huber,H.E. and Oliff,A. (1991)
Cloning of cDNAs for cellular proteins that bind to the
retinoblastoma gene product. Nature, 352, 251–254.

14. Benevolenskaya,E. V., Murray,H.L., Branton,P., Young,R.A. and
Kaelin,W.G. (2005) Binding of pRB to the PHD protein RBP2
promotes cellular differentiation. Mol. Cell, 18, 623–635.

15. Beshiri,M.L., Holmes,K.B., Richter,W.F., Hess,S.,
Islam,A.B.M.M.K., Yan,Q., Plante,L., Litovchick,L., Gévry,N.,
Lopez-Bigas,N. et al. (2012) Coordinated repression of cell cycle
genes by KDM5A and E2F4 during differentiation. Proc. Natl. Acad.
Sci. U.S.A., 109, 18499–18504.

16. Chicas,A., Kapoor,A., Wang,X., Aksoy,O., Evertts,A.G.,
Zhang,M.Q., Garcia,B.a, Bernstein,E. and Lowe,S.W. (2012) H3K4
demethylation by Jarid1a and Jarid1b contributes to
retinoblastoma-mediated gene silencing during cellular senescence.
Proc. Natl. Acad. Sci. U.S.A., 109, 8971–8976.

17. Lopez-Bigas,N., Kisiel,T.A., DeWaal,D.C., Holmes,K.B.,
Volkert,T.L., Gupta,S., Love,J., Murray,H.L., Young,R.A. and
Benevolenskaya,E. V. (2008) Genome-wide analysis of the H3K4
histone demethylase RBP2 reveals a transcriptional program
controlling differentiation. Mol. Cell, 31, 520–530.

18. van Oevelen,C., Wang,J., Asp,P., Yan,Q., Kaelin,W.G., Kluger,Y. and
Dynlacht,B.D. (2008) A role for mammalian Sin3 in permanent gene
silencing. Mol. Cell, 32, 359–370.

19. Bertoli,C., Skotheim,J.M. and de Bruin,R.A.M. (2013) Control of cell
cycle transcription during G1 and S phases. Nat. Rev. Mol. Cell Biol.,
14, 518–528.

20. Blais,A. and Dynlacht,B.D. (2007) E2F-associated chromatin
modifiers and cell cycle control. Curr. Opin. Cell Biol., 19, 658–662.

21. Zargar,Z.U. and Tyagi,S. (2012) Role of host cell factor-1 in cell cycle
regulation. Transcription, 3, 187–192.

22. Tighe,A., Johnson,V.L. and Taylor,S.S. (2004) Truncating APC
mutations have dominant effects on proliferation, spindle checkpoint
control, survival and chromosome stability. J. Cell Sci., 117,
6339–6353.

23. Tyagi,S., Chabes,A.L., Wysocka,J. and Herr,W. (2007) E2F activation
of S phase promoters via association with HCF-1 and the MLL
family of histone H3K4 methyltransferases. Mol. Cell, 27, 107–119.

24. Dignam,J.D., Lebovitz,R.M. and Roeder,R.G. (1983) Accurate
transcription initiation by RNA polymerase II in a soluble extract
from isolated mammalian nuclei. Nucleic Acids Res., 11, 1475–1489.

25. Wells,J., Boyd,K.E., Fry,C.J., Bartley,S.M. and Farnham,P.J. (2000)
Target gene specificity of E2F and pocket protein family members in
living cells. Mol. Cell. Biol., 20, 5797–5807.

26. Ali,A., Veeranki,S.N. and Tyagi,S. (2014) A
SET-domain-independent role of WRAD complex in cell-cycle
regulatory function of mixed lineage leukemia. Nucleic Acids Res., 42,
7611–7624.

27. Verona,R., Moberg,K., Estes,S., Starz,M., Vernon,J.P. and Lees,J.A.
(1997) E2F activity is regulated by cell cycle-dependent changes in
subcellular localization. Mol. Cell. Biol., 17, 7268–7282.

28. Lindeman,G.J., Gaubatz,S., Livingston,D.M. and Ginsberg,D. (1997)
The subcellular localization of E2F-4 is cell-cycle dependent. Proc.
Natl. Acad. Sci. U.S.A., 94, 5095–5100.

29. Balciunaite,E., Spektor,A., Lents,N.H., Cam,H., Te Riele,H.,
Scime,A., Rudnicki,M.A., Young,R. and Dynlacht,B.D. (2005)
Pocket protein complexes are recruited to distinct targets in quiescent
and proliferating cells. Mol. Cell. Biol., 25, 8166–8178.

30. Takahashi,Y., Rayman,J.B. and Dynlacht,B.D. (2000) Analysis of
promoter binding by the E2F and pRB families in vivo: Distinct E2F
proteins mediate activation and repression. Genes Dev., 14, 804–816.

31. Lee,C., Chang,J.H., Lee,H.S. and Cho,Y. (2002) Structural basis for
the recognition of the E2F transactivation domain by the
retinoblastoma tumor suppressor. Genes Dev., 16, 3199–3212.

32. Shan,B., Durfee,T. and Lee,W.H. (1996) Disruption of RB/E2F-1
interaction by single point mutations in E2F-1 enhances S-phase
entry and apoptosis. Proc. Natl. Acad. Sci. U.S.A., 93, 679–684.

33. Kim,Y.W., Otterson,G.a, Kratzke,R.a, Coxon,a.B. and Kaye,F.J.
(1994) Differential specificity for binding of retinoblastoma binding

protein 2 to RB, p107, and TATA-binding protein. Mol. Cell. Biol.,
14, 7256–7264.

34. Vairo,G., Livingston,D.M. and Ginsberg,D. (1995) Functional
interaction between E2F-4 and p130: evidence for distinct
mechanisms underlying growth suppression by different
retinoblastoma protein family members. Genes Dev., 9, 869–881.

35. ENCODE,Project Consortium (2012) An integrated encyclopedia of
DNA elements in the human genome. Nature, 489, 57–74.

36. Xu,X., Bieda,M., Jin,V.X., Rabinovich,A., Oberley,M.J., Green,R.
and Farnham,P.J. (2007) A comprehensive ChIP-chip analysis of
E2F1, E2F4, and E2F6 in normal and tumor cells reveals
interchangeable roles of E2F family members. Genome Res., 17,
1550–1561.

37. Tyagi,S. and Herr,W. (2009) E2F1 mediates DNA damage and
apoptosis through HCF-1 and the MLL family of histone
methyltransferases. EMBO J., 28, 3185–3195.

38. Classon,M., Salama,S., Gorka,C., Mulloy,R., Braun,P. and
Harlow,E. (2000) Combinatorial roles for pRB, p107, and p130 in
E2F-mediated cell cycle control. Proc. Natl. Acad. Sci. U.S.A., 97,
10820–10825.

39. Magae,J., Wu,C.L., Illenye,S., Harlow,E. and Heintz,N.H. (1996)
Nuclear localization of DP and E2F transcription factors by
heterodimeric partners and retinoblastoma protein family members.
J. Cell Sci., 109, 1717–1726.

40. Soleimani,V.D., Palidwor,G.A., Ramachandran,P., Perkins,T.J. and
Rudnicki,M.A. (2013) Chromatin tandem affinity purification
sequencing. Nat. Protoc., 8, 1525–1534.

41. Li,H., Xiao,J., Li,J., Lu,L., Feng,S. and Dröge,P. (2009) Human
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