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Histone modifications are regarded as the carrier of epigenetic memory through cell divisions. How the
marks facilitate cell cycle-dependent gene expression is poorly understood. The evolutionarily conserved AAA
ATPase ANCCA (AAA nuclear coregulator cancer-associated protein)/ATAD2 was identified as a direct target
of oncogene AIB1/ACTR/SRC-3 and a transcriptional coregulator for estrogen and androgen receptors and is
strongly implicated in tumorigenesis. We report here that ANCCA directly interacts with E2F1 to E2F3 and
that its N terminus interacts with both the N and C termini of E2F1. ANCCA preferentially associates via its
bromodomain with H3 acetylated at lysine 14 (H3K14ac) and is required for key cell cycle gene expression and
cancer cell proliferation. ANCCA associates with chromosomes at late mitosis, and its occupancy at E2F
targets peaks at the G1-to-S transition. Strikingly, ANCCA is required for recruitment of specific E2Fs to their
targets and chromatin assembly of the host cell factor 1 (HCF-1)-MLL histone methyltransferase complex.
ANCCA depletion results in a marked decrease of the gene activation-linked H3K4me3 mark. Bromodomain
mutations disable ANCCA function as an E2F coactivator and its ability to promote cancer cell proliferation,
while ANCCA overexpression in tumors correlates with tumor growth. Together, these results suggest that
ANCCA acts as a pioneer factor in E2F-dependent gene activation and that a novel mechanism involving
ANCCA bromodomain may contribute to cancer cell proliferation.

Histone modifications such as acetylation and methylation at
specific lysines of H3 and H4 are important epigenetic mech-
anisms in the maintenance of active transcription through cell
divisions (26, 57). Histone marks such as acetylated H3 Lys-9
and Lys-14 (H3K9K14ac) and trimethylated H3 Lys-4
(H3K4me3) retained at certain levels during mitosis at gene
promoters are thought to allow the imminent reactivation of
genes upon cells exiting mitosis (25, 47). In early G1, the marks
are likely recognized by protein complexes through corre-
sponding histone binding modules. In mammalian cells, such
marks are maintained at promoters of constitutively expressed
genes, even when transcription is blocked (25, 34, 49, 62).
However, for genes activated orderly during cell cycle progres-
sion, it is unclear how histone marks play the “bookmarking”
role for transcription to occur during different stages of the cell
cycle.

Multiple proteins and their associated complexes contain
modules to recognize, individually or in combination, specific
histone modifications and thus are regarded as epigenetic ef-
fectors (46, 51, 57, 64). The acetylation of histone lysines,
which is strongly linked to gene activation (50), is recognized
by bromodomains embedded in many nuclear proteins. These
proteins play critical roles in transcriptional regulation, includ-
ing histone acetylation (e.g., p300, CBP, GCN5, and PCAF),
chromatin remodeling (e.g., RSC, Brg,1 and Brm), and tran-

scription initiation (e.g., TAF1/TAFII250) or elongation (e.g.,
Brd4) (40, 70). Structural studies show that bromodomains
usually contain a conserved fold of four helices and recognize
acetyl-lysine through a hydrophobic pocket formed among the
interhelical loops (40). Selectivity in binding histones acety-
lated at different sites is likely conferred by sequence variations
in the loop regions, as demonstrated in CBP (binding to
H4K20ac) and PCAF (binding to H3K36ac) (73). While Brd2
and Brd4, members of the BET tandem bromodomain protein
family, both play important roles in facilitating transcription
elongation, Brd4 prefers H3K9K14ac and H4K5K8K12ac,
while Brd2 interacts primarily with H4K5K12ac (11, 16, 22, 30,
39, 68, 74).

The E2F-Rb complexes are primarily responsible for the
timely expression of genes with functions in DNA synthesis
and replication and for the control of cell cycle progression
(41, 45, 54, 67) as well as hormone-dependent cancer cell
proliferation (2, 6, 52, 66). Loss of Rb and deregulation of
E2Fs are common events in tumorigenesis (5, 8). Recent stud-
ies indicated that, like gene repression by E2F-Rb, gene acti-
vation by E2Fs also requires chromatin regulatory proteins (3).
During the G1-to-S transition, the so-called activator E2Fs
(E2F1 to E2F3) associate with target genes, and the process is
accompanied by increases in H3 and H4 acetylation and H3K4
methylation (54, 56, 60). Histone acetyltransferase (HAT)
GCN5 and its related protein PCAF were shown to interact
with E2Fs and coactivate E2F-mediated transcription (38, 43).
Ectopic E2F expression induces the recruitment of HAT Tip60
and its complex to a subset of E2F target genes at late G1 (56).
Likewise, the SET-containing histone lysine methyltrans-

* Correspondence author. Mailing address: UC Davis, School of
Medicine, UCD Cancer Center/Basic Science, UCDMC Res III,
Room 1400B, 4645 2nd Avenue, Sacramento, CA 95817. Phone: (916)
734-7743. Fax: (916) 734-0190. E-mail: hwzchen@ucdavis.edu.

� Published ahead of print on 20 September 2010.

5260



ferases (hKMTs) MLL1 and MLL2 were found to directly
interact with E2Fs and are required for histone methylation
and activation of key cyclin genes (33, 55). Interestingly, host
cell factor 1 (HCF-1) protein, a key regulator of mammalian
cell cycle progression, was demonstrated to facilitate the re-
cruitment of MLL complexes to chromatin targets through its
direct interaction with E2F1 and E2F4, underscoring the crit-
ical role of the H3K4 methylation in gene expression control of
cell cycle and apoptosis (13, 44, 60, 61, 72). Moreover, recent
studies by us and others found that optimal activation of E2F
target genes requires other nuclear factors, including the on-
cogenic, nuclear hormone receptor coactivator ACTR/AIB1/
SRC-3, c-myc, and the homeobox protein p110CUX1, suggest-
ing multiple regulator involvement in E2F-dependent gene
activation (31, 37, 42, 58). Recently, it was also demonstrated
that specific E2F members can associate with either ARID1A
or ARID1B, the alternative subunit of the SWI/SNF chroma-
tin-remodeling complexes, to activate or repress E2F target
genes (42), underscoring the dynamics of coregulator function
in the control of cell cycle gene expression.

AAA� (ATPases associated with various cellular activities)
proteins constitute a large family of evolutionarily conserved
enzymes that function primarily to assemble or disassemble
their substrate protein complexes (15). AAA� proteins such as
p97/VCP, NSF, and dynein perform diverse cellular functions,
including membrane fusion, protein degradation, and micro-
tubule sliding. Others, such as the replication factor C (RFC)-
PCNA complex, are involved in chromatin loading of multi-
protein complexes during DNA replication (18). They contain
one or more AAA� ATPase domains with the Walker A and
B motifs and other structural features distinct from the other
ATPases, including the SWI/SNF family of chromatin-remod-
eling helicases (14). One salient feature is that AAA� proteins
usually function in an oligomeric form. We identified the gene
encoding the AAA nuclear coregulator cancer-associated pro-
tein (ANCCA, also known as ATAD2) as a target gene of the
oncogene ACTR/AIB1 and as a transcriptional coregulator of
estrogen receptor (ER) alpha and androgen receptor (17, 75,
76). We found that ANCCA expression is highly induced by
estrogen or androgen in the cancer cells and tumor xenografts
and that it is required for hormone-induced expression of a
subset of receptor target genes (e.g., cyclin D1, c-myc, E2F1,
IRS-2, and survivin) and for the proliferation and survival of
hormone-responsive cancer cells. Our further study indicated
that ANCCA mediates recruitment of other coregulators, such
as CBP, and is critical for hormone-induced histone hyper-
acetylation (75, 76). Intriguingly, orthologs of the ANCCA
gene can be found in other eukaryotes (e.g., yta7 in yeast and
lex-1 in Caenorhabditis elegans).

Here, we show that ANCCA acts as a crucial coactivator for
E2F and is important for the expression of key E2F target
genes and hormone-independent cancer cell proliferation. We
identified H3 acetylated at lysine 14 (H3K14ac) as a histone
mark recognized by the bromodomain of ANCCA and found
that chromatin occupancy of ANCCA is a prerequisite for cell
cycle-dependent recruitment of E2Fs to their target genes and
for the assembly of the HCF-MLL hKMT complex. These
results suggest that aberrant reading of epigenetic marks and
facilitation of E2F-hKMT complex loading to the chromatin

targets can be important mechanisms in promoting cancer cell
proliferation.

MATERIALS AND METHODS

Cell culture, cell cycle synchronization, and cell proliferation assay. SKBR3,
MCF7, T98G, HeLa, and HeLa-S3 cells were obtained from ATCC and grown
in Dulbecco’s modified Eagle’s medium (T98G, HeLa, HeLa-S3, and MCF7) or
McCoy’s medium (SKBR3), supplemented with 10% fetal bovine serum
(Omega). HeLa-S3 cells were synchronized in G1/S using double-thymidine
block or in G2/M using thymidine-nocodazole block as described previously (35).
Cells were collected at the indicated time points and processed for flow cytom-
etry and protein and RNA analysis or fixed with formaldehyde for chromatin
immunoprecipitation (ChIP) assay (see below). For cell proliferation assay, cells
were plated in 6-well plates in regular growth medium and transfected the next
day at a density of about 25% confluence with synthetic small interfering RNA
(siRNA) targeting ANCCA or with control siRNA at a 100 nM concentration
using Lipofectamine 2000 (Invitrogen) for HeLa and T98G cells or Dharma-
FECT I (Dharmacon) for SKBR3 cells by following the manufacturer’s proto-
cols. The medium was changed every other day, and cell proliferation was
measured by cell counting of coded samples.

Transfection with siRNA and expression plasmids and reporter gene assay.
HeLa cells were plated in 24-well plates and cotransfected the next day by using
Fugene-HD (Roche) with 200 ng of promoter-luciferase construct (pGL3-cyclin
E1 or 3� E2F-tk-luc), 50 ng of pCMX �-galactosidase, 50 ng of pHCMV-
ANCCA containing wild-type or mutant bromodomain, and 10 ng of empty
pCMV vector or pCMV-E2F1. Luciferase activity was measured 48 h later using
the luciferase reporter assay system (Promega) and normalized using the �-ga-
lactosidase assay.

For siRNA and plasmid DNA cotransfection, SKBR3 or HeLa cells were
plated in 24-well plates in regular growth medium and cotransfected the next day
at a density of about 40% confluence using DharmaFECT I, with synthetic
siRNA targeting ANCCA or control siRNA at 100 nM, 50 ng of promoter-
luciferase constructs, 200 ng of pHCMV vector mediating expression of siRNA-
protected ANCCA, and 50 ng of empty pCMV vector or pCMV-E2F1. Lucifer-
ase activity was measured 48 h later as described above and normalized to the
total protein concentration in the sample. For gene expression analysis, HeLa
cells plated in 6-well plates were cotransfected with siRNA at a 100 nM concentra-
tion using DharmaFECT I and 0.5 �g of pHCMV vector mediating expression of
siRNA-protected ANCCA. Cells were harvested 48 h later for Western analysis.

ChIP assay. ChIP assay was performed as previously described (7, 36) with the
following modifications. Approximately 5 � 106 cells were fixed with 1% form-
aldehyde for 8 min at room temperature (RT), washed, and harvested in phos-
phate-buffered saline (PBS). Cells were then lysed and sonicated for 20 min using
Bioruptor (Diagenode Inc.) in buffer containing 50 mM HEPES (pH 7.9), 140
mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate, 0.1% SDS,
1 mM phenylmethylsulfonyl fluoride (PMSF), and protease inhibitor cocktail
(Roche). After centrifugation, the crude chromatin solutions were incubated
overnight at 4°C with the following antibodies (for antibody sources, see below):
anti-ANCCA rabbit serum (75) at 10 �g/ml and at 2 �g/ml with anti-E2F1 (1:1
mixture of C-20 and KH-95), anti-E2F2 (C-20), E2F3 (1:1 mixture of C-18,
PG-14), and anti-E2F4 (1:1 mixture of C-20 and WUF-2), anti-acetyl H3K9K14
at 5 �g/ml, anti-acetyl H3K9 at 5 �g/ml, anti-acetyl H3K14 at 5 �g/ml, anti-acetyl
H4K5K8K12K16 rabbit serum at 10 �l/ml, anti-trimethyl H3K4 at 5 �g/ml,
anti-HCF-1 rabbit serum (60) at 5 �l/ml, anti-MLLC at 5 �g/ml, or antihemag-
glutinin (anti-HA) tag at 2 �g/ml. The solutions were then incubated with
preblocked protein A-Sepharose, 0.1 mg/ml salmon sperm DNA, and 0.1 mg/ml
bovine serum albumin (BSA) for 1 h at 4°C. Immunoprecipitates were washed
sequentially first with lysis buffer as described above, then with lysis buffer containing
500 mM NaCl, LiCl buffer (20 mM Tris [pH 8.0], 1 mM EDTA, 250 mM LiCl, 0.5%
NP-40, 0.5% Na-deoxycholate, 1 mM PMSF, and protease inhibitor cocktail
[Roche]), and finally two times with TE buffer (10 mM Tris-HCl [pH 8.0], 1 mM
EDTA). After the final wash, precipitated chromatin was eluted by incubation in
buffer containing 0.1 M NaHCO3 and 1% SDS overnight at 65°C. Genomic DNA
was purified using the QIAquick PCR purification kit (Qiagen) and analyzed by
PCR with specific primers. For quantitative PCR analysis, ChIP DNA was analyzed
by real-time PCR with the SYBR green kit on ICycler (Bio-Rad). PCR threshold
cycle (CT) values from purified normal IgG or preimmune serum were used to
subtract the values obtained from ChIP with test antibodies, while input DNA CT

values were used to normalize the values obtained from ChIP samples.
Nuclear extracts, coimmunoprecipitation, and glutathione S-transferase

(GST) pulldown assay. Asynchronously growing MCF-7 cells were processed for
nuclear extracts as described previously (76). The nuclear extracts were diluted
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1:3 with buffer containing 20 mM HEPES (pH 7.9), 0.2 mM EDTA, 1 mM NaF,
and 10 mM Na-pyrophosphate. After clearance, diluted nuclear extracts were
incubated with anti-E2F antibodies at 1 �g/ml for 2 h at 4°C, followed by
incubation with protein A-Sepharose beads (Amersham) for 1 h at 4°C. After
being washed extensively, the immunoprecipitates were analyzed by Western
blotting with anti-ANCCA antibody.

For the GST pulldown assay, 100 ng of Flag-tagged ANCCA protein purified
from baculovirus-infected Sf9 cells or 50 ng of Flag-tagged E2F1 purified from
transiently transfected Ad293 cells was incubated with 5 �g of bead-bound GST
fusion proteins at 4°C for 1 h in a binding buffer containing 20 mM HEPES (pH
7.9), 150 mM NaCl, 1 mM EDTA, 4 mM MgCl2, 1 mM dithiothreitol (DTT),
0.05% NP-40, 10% glycerol, 1 mM PMSF, protease inhibitor cocktail (Sigma),
and 2 mg/ml of BSA. Beads were then washed four times with the binding buffer
containing 300 mM KCl. Flag-ANCCA or Flag-E2F1 proteins retained on the
beads were separated by SDS-PAGE and detected by immunoblotting with
anti-Flag antibody. GST-ANCCA and GST-E2F fusion proteins were expressed
and purified from Escherichia coli cells transformed by the corresponding
pGEX-KG constructs.

Recombinant adenoviruses and recombinant proteins. Plasmid vectors and
adenovirus expressing the full-length human ANCCA were described previously
(76). Viruses were purified by centrifugation in CsCl step gradients. Viral titers
were determined by the Adeno-X rapid titer kit (Clontech). Production of
full-length, recombinant ANCCA protein was also as described previously (76),
except that Sf9 cells were infected with baculoviruses generated using the Bac-
to-Bac baculovirus system (Invitrogen) with pFast-Bac-Flag-ANCCA vector. Re-
combinant E2F1 protein was produced in Ad293 cells by transfection with the
pCMV E2F1-Flag plasmid. ANCCA and E2F1 proteins were purified using
anti-Flag M2 affinity gel (Sigma-Aldrich) as previously described (7). Recombi-
nant GST proteins were expressed in E. coli and purified using glutathione-
conjugated agarose (Sigma) as previously described (7).

Histone peptide binding assay. Nuclear extracts from HeLa S3 cells infected
with adenovirus vectors for expression of HA-tagged ANCCA proteins were
prepared as described above. GST-ANCCA bromodomain (amino acids [aa] 985
to 1090) proteins were expressed and purified from E. coli transformed by
pGEX-KG-ANCCA-bromo. Nuclear extracts (500 �g) or purified GST-ANCCA
bromodomain proteins (10 to 50 ng) were incubated with 1 �g of biotinylated
histone peptides (Upstate/Millipore) and 15 �l of NeutrAvidin-conjugated aga-
rose beads (Pierce/Thermo Scientific) in 300 �l of binding buffer (20 mM
HEPES [pH 7.9], 200 to 400 mM KCl, 1 mM EDTA, 4 mM MgCl2, 1 mM DTT,
0.05% NP-40, 10% glycerol, 1 mM PMSF, protease inhibitor cocktail [Sigma],
and 1 mg/ml of BSA) for 4 h at 4°C. After extensive washes in binding buffer,
ANCCA proteins retained on the beads were resolved by SDS-PAGE and
analyzed by Western blotting with anti-GST or anti-HA antibodies.

Immunofluorescence (IF) microscopy and immunohistochemistry (IHC).
HeLa cells were treated with nocodazole at 100 ng/ml for 14 h, washed with
regular medium, and plated on glass chamber slides (Nunc). One hour later, cells
were fixed by 4% formaldehyde in PBS for 10 min at 4°C. After fixation, slides
were rinsed with PBS. Cells were permeabilized for 10 min at RT with 0.1%
Triton X-100 in PBS and blocked with 5% fetal bovine serum (FBS) in PBS
(blocking solution) for 30 min at RT. After 2 h of incubation with primary
antibodies diluted 1:100 in the blocking solution and being rinsed three times in
PBS, slides were incubated for 1 h with the appropriate secondary antibodies
diluted 1:1,000 in blocking solution. Following rinses (four times in PBS), slides
were mounted with Vectashield mounting medium (Vector Laboratories) and
sealed with clear nail polish. Images were acquired using a Zeiss LSM510 scan-
ning confocal microscope or Olympus BX61 at the same exposure settings.

For IHC, sections (5-�m thickness) of formalin-fixed, paraffin-embedded
breast carcinomas were deparaffinized and subjected to antigen retrieving in 0.01
M sodium citrate buffer (pH 6.0) in a microwave oven for 5 min at 1,000 W
followed by 30 min at 100 W. Nonspecific immunoglobulin binding was blocked
with 10% FBS in PBS for 30 min. They were incubated with primary antibodies
(anti-ANCCA at 1:300 and anti-Ki67 at 1:1,000) diluted in blocking solution for
30 min at RT. Then sections were washed and incubated with the appropriate
biotin-conjugated secondary antibodies for 30 min, followed by incubation with
avidin DH-biotinylated horseradish peroxidase complex for 30 min (Vectastain
ABC Elite kit, Vector Laboratories). At the end, the sections were developed
with the diaminobenzidine (DAB) substrate kit (Vector Laboratories) and coun-
terstained with Gill’s hematoxylin (Vector Laboratories), followed by dehydra-
tion and mounting with Permount medium (Sigma-Aldrich). Tissue sections
were obtained from the Department of Pathology, UC Davis School of Medicine,
in accordance with the Institutional Review Board on Biomedical Specimen
Usage.

Antibodies. The antibodies used in this study were obtained from the following
sources: ANCCA, described previously (75); HCF-1 (60), a kind gift from Win-
ship Herr, University of Lausanne, Switzerland; and E2F1 (C-20, KH-95), E2F2
(C-20), E2F3 (C-18, PG-14), E2F4 (C-20, WUF2), cyclin E1 (E-4), Cdc6 (D-1),
Cdk2 (M2), Cdc2 (B-6), MCM7 (G-7), and HA probe (F-7) were all from Santa
Cruz Biotechnology. Beta-actin (AC-74) and �-tubulin (DM1A) were from
Sigma. Acetyl H3K9K14 (06-599), acetyl H3K9 (06-942), acetyl H3K14 (06-911),
acetyl H4K5K8K12K16 (06-866), phospho-H3S10 (06-570), histone H3-CT pan
(07-690), histone H4 pan, clone 62-141-13 (05-858), MLLC/HRX clone 9-12
(05-765), acetyl-lysine, and clone 4G12 (05-515) were from Upstate/Millipore.
Acetyl H3K9 (ab61231), acetyl H3K14 (ab46984), trimethyl H3K4 (ab8580),
GST, and clone 3G10/1B3 (ab92) were from Abcam. Cyclin A2 (611268) was
from Beckton Dickinson. Ki-67 (SP-6) was from NeoMarkers. Alexa 488-conju-
gated anti-rabbit and Texas Red-conjugated anti-mouse antibodies were from
Invitrogen/Molecular Probes.

Plasmids, primers, and siRNA. pGL3-cyclin E1 promoter constructs, 3� E2F-
tk-Luc, pCMX �-galactosidase, pCMV E2F1, and pCMV E2F1-Flag were de-
scribed previously (37). The plasmid vector expressing the full-length human
ANCCA was described previously (76). Point mutations in ANCCA bromodo-
main or the siRNA target sequence were introduced using the quick site-directed
mutagenesis kit (Stratagene). Mutated bromodomain had four amino acid sub-
stitutions: V1013 to A, Y1021 to A, Y1063 to A, and L1073 to A. ANCCA
siRNA-protected mutants were generated by introduction of two silent muta-
tions in the siRNA target sequence. Expression plasmids for GST fusion proteins
were constructed through the insertion of PCR fragments from human cDNAs
of E2F1, E2F2, E2F3, E2F4, and ANCCA into the pGEX-KG vector. The
following constructs were used in the study: pGEX-KG-E2F1 aa 1 to 437 (full
length), pGEX-KG-E2F1 aa 1 to 284, pGEX-KG-E2F1 aa 284 to 437, pGEX-
KG-E2F1 aa 284 to 368, pGEX-KG-E2F1 aa 368 to 437, pGEX-KG-E2F1 aa 121
to 284, pGEX-KG-E2F1 aa 1 to 120, pGEX-KG-E2F2, pGEX-KG-E2F3,
pGEX-KG-E2F4, pGEX-KG-ANCCA aa 1 to 250, pGEX-KG-ANCCA aa 293
to 415, pGEX-KG-ANCCA aa 412 to 668, pGEX-KG-ANCCA aa 848 to 1115,
pGEX-KG-ANCCA aa 1110 to 1390, pGEX-KG-ANCCA aa 985 to 1090
(Bromo-WT), and pGEX-KG-ANCCA aa 985 to 1090 (Bromo-mut).

Primer sequences of reverse transcription (RT)-PCR and ChIP used in the
study were described previously (35, 37, 75, 76). The siRNA targeting ANCCA
(5�-GCTACTGTTTACTATCAGGCT-3�) and siGENOME SMARTpools tar-
geting E2F1 and E2F4 were purchased from Dharmacon.

RESULTS

ANCCA is required for the proliferation of cancer cells and
the expression of E2F target genes. Our analysis of clinical
samples revealed that ANCCA is highly overexpressed in dif-
ferent hormone-nonresponsive cancers, including ER-negative
breast cancer (21a). To examine whether ANCCA plays a role
in cell proliferation of these types of cancer, we knocked down
ANCCA in SKBR3 (ER-negative breast cancer), HeLa (cer-
vical carcinoma), and T98G (glioblastoma) cells and observed
strong inhibition of proliferation of all three cancer cell lines
(Fig. 1A and B and data not shown). Strikingly, gene expres-
sion analysis demonstrated that high levels of ANCCA are
required for the expression, at transcript and protein levels, of
key cell cycle/proliferation genes such as cyclin A2, cyclin E1,
cdk2, cdc6, and MCM7 (Fig. 1C and D). Further analysis dem-
onstrated that ANCCA is important for the expression of
genes that are involved in cell cycle progression and DNA
synthesis and replication, which include cyclin B1, cdc2, PCNA,
RFC2, MCM2, geminin, and RRM2 (data not shown).

ANCCA directly interacts with E2F1 to E2F4, and its inter-
action with E2F1 and E2F3 is mediated by both N- and C-
terminal domains of the E2Fs and its N terminus. Key cell
cycle and DNA replication genes, such as the ones described
above, are regulated primarily by the pRb-E2F complexes.
Given our previous finding that ANCCA is a novel nuclear
coregulator and the remarkable inhibitory effect of ANCCA
knockdown on the cell cycle gene expression, we next exam-
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ined whether ANCCA is involved in E2F function through
direct interaction. As shown in Fig. 2A, endogenous ANCCA
in breast cancer cells could be coprecipitated by antibodies
recognizing E2F1, E2F3, and E2F4 but not the control IgG,
indicating that a subpool (more than 2% of the input) of
ANCCA protein is in complex with the E2Fs. GST pulldown
experiments with purified, Flag-tagged ANCCA demonstrated
that 10 to 30% of ANCCA protein was pulled down by E2F1,
E2F2, E2F3, and E2F4 (Fig. 2B), suggesting a rather strong
and direct interaction between ANCCA and the E2Fs exam-
ined. Together, these results suggest that ANCCA strongly and
directly interacts with several members of the E2F family.

To identify the interaction interfaces between ANCCA
and E2F, we performed additional pulldown experiments
with subdomains or fragments of E2F1 and ANCCA. As
shown in Fig. 2C, for E2F1, the N-terminal 120-amino-acid
residue fragment containing the cyclin A binding domain
(CAD) and the C-terminal 70-amino-acid region containing
the transactivation (TA) domain (aa 368 to 437) specifically
mediate its interaction with ANCCA (Fig. 2C), while its
DNA binding domain (DBD) and the so-called dimerization
and marked box (DIM) showed no significant interaction in
the assay. Interestingly, like E2F1, the N terminus (aa 1 to
155) of E2F3 displayed strong binding to ANCCA (data not
shown). Using GST fusions of ANCCA fragments and Flag-
tagged E2F1 protein, we identified the N terminus (aa 1 to
250) of ANCCA as the primary region that mediates its
interaction with E2F1 (Fig. 2D).

ANCCA is required for transcriptional activation by the
activator E2Fs. Next, we performed reporter gene assays to
examine whether ANCCA can facilitate E2F-mediated trans-
activation. As shown in Fig. 2E, left, ectopic expression of
ANCCA strongly stimulated cyclin E1 promoter reporter ac-
tivity, and coexpression of E2F1 and ANCCA induced the
reporter activity synergistically, suggesting that ANCCA in-
deed acts as a coactivator on the E2F target gene promoter. To
confirm that the coactivator activity was exerted through E2F,
we repeated the experiment with a reporter driven by synthetic
E2F binding sites and obtained similar synergistic activation
(Fig. 2E, right). To demonstrate that endogenous ANCCA
possesses the coactivator activity, we performed a knockdown
and rescue experiment and found that E2F1-mediated trans-
activation was almost completely blocked if the endogenous
ANCCA protein was depleted through siRNA (Fig. 2F). Re-
markably, when cells were simultaneously exposed to ANCCA-
siRNA and a vector carrying an siRNA-protected ANCCA
cDNA (marked with an asterisk), the reporter activities were
even higher than those obtained from cells without ANCCA
knockdown, indicating that the ectopic ANCCA was more than
sufficient to restore the full transactivation activity of E2F1.
Importantly, similar ANCCA rescue restored the expression of
endogenous E2F target genes cyclin A2 and cdc6 (Fig. 2G,
compare lanes 2 and 3). Further analysis using a mutant form
of ANCCA that lacks its N-terminal E2F interaction domain
(del 1, aa 1 to 250) indicated that the physical interaction with
E2Fs is required for ANCCA to act as an E2F coactivator, as
the mutant ANCCA was unable to stimulate the transactiva-
tion of E2F1 and E2F3 (data not shown). Together with our
finding that ANCCA directly interacts with E2Fs, these results
strongly suggest that ANCCA is a new bona fide coactivator for
E2F1 and E2F3 of the E2F family.

ANCCA is recruited to the E2F-responsive chromatin region
at late mitosis, and its occupancy peaks at late G1. To deter-
mine the functional mechanism of ANCCA as a coactivator of
E2F, we first performed ChIP assay to examine whether the
coregulator occupies E2F target genes. We found that in asyn-
chronously growing HeLa and T98G cells, a robust occupancy
of ANCCA, like that of E2F1, can be specifically detected at
the promoter (P) but not at a region 2 to 3 kb upstream (U) of
E2F target genes cyclin E1, cyclin A2, and cdk2 (Fig. 3A). To
examine whether ANCCA occupies E2F-responsive promoters
in a cell cycle-regulated manner, we synchronized HeLa cells
by treating them with nocodazole and harvested them at dif-
ferent hours after the release for analysis of the cell cycle
profile and ChIP. As shown in Fig. 3B (0-h time point), no-
codazole treatment led to the arrest of cells in mitosis. Nine
hours after its removal, a significant proportion (19%) of cells
passed G1 and entered S phase. Consistent with previous stud-
ies (25), we observed that in mitotic cells a significant level of
H3K9K14 double acetylation was preserved from interphase
on E2F-responsive cyclin A2 and cyclin E1 promoters but not
on a transcriptionally inactive prostate-specific antigen (PSA)
gene promoter (data not shown). Interestingly, a readily de-
tectable level of ANCCA occupancy at E2F target gene pro-
moters but not at the upstream regions was observed with
mitotic cells (Fig. 3C, 0-h point), suggesting that, in mitosis, at
least a fraction of ANCCA protein might associate with chro-
matin. Importantly, ANCCA occupancy at the promoters in-

FIG. 1. ANCCA is required for cancer cell proliferation and E2F
target gene expression. (A, B) Asynchronously growing SKBR3 and
HeLa cells were transfected with siRNAs targeting ANCCA or a
control sequence and harvested different days after transfection for
cell numeration. Data are representative of results from triplicate
experiments. (C, D) Cells transfected as above were harvested for
Western blotting (WB) or RT-PCR 48 h after transfection.
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creased markedly as cells entered G1 (Fig. 3C, 3-h point),
implying that ANCCA recruitment to E2F target genes is cell
cycle regulated.

Since most transcription factors, including E2Fs, are ex-
cluded from condensed chromosomes during mitosis (10, 12),
we wondered if ANCCA indeed associates with mitotic chro-
mosomes. We thus performed immunofluorescence staining
analysis of ANCCA (with ANCCA stained in green and chro-
mosomes in red). As shown in Fig. 3D, in prophase and meta-
phase, ANCCA was largely excluded from the condensed chro
mosomes. However, in anaphase and telophase, a significant
pool of ANCCA protein became associated with the chromo-

somes. To determine whether any fraction of the ANCCA
protein was recruited to E2F-responsive genes, we performed
ChIP assay with cells harvested shortly after release from a
prometaphase blockade and detected a significant occupancy
of ANCCA at cyclin A2 and cdc2 promoters at late mitosis
(Fig. 3F, 1-h and 2-h points), when levels of mitotic phosphor-
ylated H3-serine 10 remained high (Fig. 3G). Intriguingly, at
the 1-h and 2-h points, chromatin regions occupied by ANCCA
also displayed relatively high levels of acetylated H3 at lysine
14 (H3K14ac) (Fig. 3F; also see Discussion for the dynamics of
ANCCA occupancy versus H3K14ac). Further ChIP analysis
demonstrated that ANCCA occupancy at the E2F-responsive

FIG. 2. ANCCA interacts with E2Fs and mediates E2F-dependent gene expression. (A) Nuclear extracts prepared from asynchronously
growing breast cancer cells were immunoprecipitated with the indicated antibodies. The presence of ANCCA in the precipitates was analyzed by
Western blotting with anti-ANCCA antibody. (B, C) Purified, recombinant Flag-tagged ANCCA protein was used in the pulldown experiment with
bead-bound GST-E2F proteins (B) or GST-E2F1 fragments (C), which were displayed by Ponceau S staining. ANCCA retained on the beads was
detected by Western blotting with anti-Flag antibody. Amino acid number and domains contained in the fragments of human E2F1 are indicated.
CAD, cyclin A binding domain; DBD, DNA binding domain; DIM, dimerization domain; TA, transactivation domain; and PB, pocket protein
binding domain. Arrows in panel B indicate the full lengths of different E2F-GST fusion proteins. (D) Recombinant Flag-tagged E2F1 protein was
used in pulldown experiments with bead-bound GST-ANCCA fragments. E2F1 protein retained on glutathione beads was detected by immuno-
blotting with anti-Flag antibody. Loading of GST proteins was visualized by Ponceau S staining. D/E, aspartate- and glutamate-rich region; AAA
D1 or D2, AAA� domains; Bromo, bromodomain. (E) HeLa cells were transfected with a luciferase reporter construct containing the human cyclin
E1 promoter or synthetic promoter bearing 3 copies of E2F binding sites. Cells were also cotransfected with E2F1- and/or ANCCA-expressing
plasmids as indicated. Luciferase activity data are the means of results from three independent experiments. (F) Cells were cotransfected with the
reporters, ANCCA or control siRNA, E2F1, and/or siRNA-protected ANCCA-expressing (ANCCA*) plasmids as indicated. Fold induction was
obtained by comparison of normalized luciferase activities from different cells with the one transfected only with control siRNA set as 1. Data are
representative of results from three independent experiments. (G) HeLa cells were cotransfected with ANCCA or control siRNA and GFP or
siRNA-protected ANCCA expression plasmid (ANCCA*). Two days after transfection, cells were harvested for Western analysis with the
indicated antibodies.
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FIG. 3. ANCCA is recruited to E2F-responsive sites at late mitosis, and its occupancy peaks at late G1. (A) Asynchronously growing HeLa S3
and T98G cells were harvested for ChIP assay with anti-ANCCA or anti-E2F1 antibody. ChIP DNA was analyzed by semiquantitative PCR for
ANCCA occupancy at the promoter (P) or an upstream region (U) as indicated in the diagrams. (B, C) HeLa cells released from mitotic arrest
by nocodazole treatment were harvested at the indicated hours after the release for flow cytometry analysis (B) or ChIP with ANCCA antibody
(C). (D) HeLa cells released from mitotic block were processed for immunofluorescence staining followed by confocal microscopic analysis of the
localization of H3S10ph (red) and ANCCA (green) at different stages of the cell cycle. (E) HeLa cells released from mitotic arrest were harvested
at the indicated hours for ChIP with the indicated antibodies. The anti-H3K9K14ac antibody used here recognizes primarily K9 and K14 double
acetylated H3. ChIP DNA was analyzed by real-time PCR for enrichment of H3K9K14ac, E2F, and ANCCA occupancy at the indicated gene
promoters with PCR data from triplicate experiments and calculated as percentages of the input. (F, G) HeLa cells released from mitotic arrest
were harvested at the indicated hours after the release for ChIP (F) or Western analysis (G) with the indicated antibodies. The anti-H3K14ac
antibody used here recognizes only K14-acetylated H3.
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regions peaked at late G1 and that a robust occupancy by
E2F1, E2F3, and ANCCA remained in early S phase (Fig. 3E,
6 h and 9 h, respectively, and data not shown). Together, these
results suggest that ANCCA associates with chromatin at its
target gene promoter region at the end of mitosis and that its
recruitment increases as the cell cycle progresses from G1 to S.

ANCCA via its bromodomain associates preferentially with
acetylated H3K14. Since E2Fs are excluded from condensed
chromosomes during mitosis (10, 12), we postulated that one
way ANCCA is recruited to chromatin at late mitosis could be
through its bromodomain (see Fig. 4A for amino acid se-
quences) association with histone marks such as H3K9K14ac
or H3K14ac at the mitotic stage. To examine whether ANCCA
associates with chromatin via recognition of acetylated his-
tones by its bromodomain, we performed pulldown assays with
purified histones from HeLa cells (Fig. 4B, top) or with re-
combinant histones acetylated in vitro by PCAF (bottom),
which acetylates free histones in vitro with a strong preference
to H3K14 (48). As shown in Fig. 4C, wild-type ANCCA-bro-

modomain (lane 1), but not the mutant form (lane 3), can
effectively pull down H3K14ac and H3K9K14ac from HeLa
cells (about 20% of input; compare lane 1 and lane 2 in Fig.
4C). Importantly, the ANCCA bromodomain protein showed
no significant binding to purified, nonacetylated H3 or H4 that
can be readily detected in the input by antihistone antibodies
(Fig. 4D, compare lanes 3 and 4 with lanes 1 and 2). Interest-
ingly, approximately 20% of the acetylated H3 was bound by
ANCCA bromodomain, while less than half of the input acety-
lated H4 was detected in the pulldown (compare lane 5 with
lane 2), suggesting that ANCCA bromodomain may prefer to
associate with acetylated H3 rather than H4. We thus focused
our analysis on H3 with acetylation at different lysines. Impor-
tantly, we found that among the H3 N-terminal tail peptides
examined, H3K14ac displayed the strongest binding to the
full-length ANCCA protein expressed in HeLa cells (Fig. 4F,
lane 5) or to purified ANCCA bromodomain expressed in E.
coli (Fig. 4E, lane 5). Taken together with the data demon-
strating that ANCCA associates with late mitotic chromo-

FIG. 4. Bromodomain of ANCCA binds preferentially to H3K14ac. (A) Amino acid sequence alignment of bromodomains from ANCCA and
other human proteins. Arrows indicate amino acid sequences changed in the mutant form of the ANCCA bromodomain.(B) Histones either acid
extracted from butyrate-treated HeLa S3 cells (top) or purified from E. coli and in vitro acetylated by PCAF (bottom) were subjected to Western
analysis for acetylation with the indicated antibodies. (C) GST-ANCCA bromodomain proteins, wild type or mutant, were incubated with histones
from HeLa cells. (D) GST-ANCCA bromodomain proteins were incubated with histones in vitro acetylated by PCAF. Histones retained on the
glutathione beads were detected by Western analysis with the indicated antibodies. (E, F) GST-ANCCA bromodomain proteins (E) or nuclear
extract from HeLa cells expressing HA-tagged full-length ANCCA (F) was incubated with biotinylated histone tail peptides with the indicated
acetylation. After being washed extensively, ANCCA proteins retained on the beads were analyzed by Western analysis with anti-GST (E) or
anti-HA (F) antibodies, respectively.
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somes and occupies E2F target promoters, these results sup-
port a hypothesis that ANCCA bromodomain may act as a
“histone code” reader with a preferential recognition of
H3K14ac on the E2F chromatin targets at late mitosis.

Association with acetylated histones is crucial for ANCCA
function as an E2F coactivator and for its role in cancer cell
proliferation. We expressed a wild-type and a bromodomain
mutant form of ANCCA by adenovirus vector (Fig. 5B) or via
transfection (Fig. 5C) in cell cycle-synchronized cells and an-
alyzed ANCCA recruitment upon cells exiting mitosis. ChIP
using anti-HA antibody that detects ectopically expressed
ANCCA (Fig. 5A) demonstrated a dramatic decrease in chro-
matin association of the mutant ANCCA at the E2F target
genes examined compared to that of wild-type ANCCA (Fig.
5B). It is important to note that, like most AAA� proteins,
ANCCA protein has a high tendency to oligomerize in vivo

(unpublished observation). Thus, the low-level chromatin oc-
cupancy observed with the bromodomain mutant ANCCA may
be derived from its oligomerization with endogenous ANCCA
protein. Next, reporter gene assays with endogenous ANCCA
depleted by siRNA and ectopic ANCCA expressed from an
siRNA-protected ANCCA cDNA clearly indicated that the
bromodomain-mutated ANCCA was completely inactive in co-
activating E2F1 and E2F3 at the cyclin E1 promoter (Fig. 5C
and data not shown). Importantly, ANCCA with mutated bro-
modomain was largely inactive in rescuing the inhibitory effects
of ANCCA knockdown on E2F-regulated endogenous protein
expression that includes cyclin A2, cyclin E1, cdc2, and cdc6
(Fig. 5D). More importantly, although ectopic expression of
the wild-type ANCCA protein displayed an ability to fully
restore the reduced proliferation of breast cancer cells due to
ANCCA siRNA treatment, expression of the bromodomain
mutant ANCCA failed to show any significant rescuing effect
on the cell proliferation (Fig. 5E), indicating a crucial role of
ANCCA bromodomain in mediating expression of the cell
cycle genes and cell proliferation.

ANCCA mediates chromatin loading of activator E2Fs and
histone methyltransferase complexes and is required for
trimethylation of H3K4. We previously demonstrated that
ANCCA is required for estrogen-induced chromatin recruit-
ment of HAT protein CBP but not ER (76). Therefore, we
examined the effect of ANCCA depletion on the recruitment
of the E2F-coregulator complex at E2F-responsive sites. As
shown in Fig. 6A, E2F1 knockdown dramatically decreased
E2F1 levels with no significant effect on ANCCA at the exper-
imental condition. Likewise, silencing ANCCA did not signif-
icantly affect E2F1 expression under the same condition. As
expected, E2F1 knockdown strongly diminished its occupancy
at the E2F target genes cyclin E1, cyclin A2, and cdc6 (Fig. 6B,
anti-E2F1 ChIP, compare lanes 3, 6, and 9 with lanes 2, 5, and
8). Interestingly, no significant effect on ANCCA occupancy
was observed (anti-ANCCA ChIP, compare the same lanes),
suggesting that E2F1 alone did not play a major role in
ANCCA recruitment to E2F targets. Unexpectedly, knocking
down ANCCA dramatically inhibited the recruitment of E2F1
at the key E2F target genes, with a blocking effect equal to that
of E2F1 silencing (Fig. 6B, anti-E2F1 ChIP, compare lanes 3,
6, and 9 with lanes 1, 4, and 7). Similar blocking effects by
ANCCA depletion were also observed on target gene occu-
pancy by E2F2 and E2F3 (data not shown). Intriguingly, we
observed no significant negative impact on E2F4 chromatin
occupancy in the cells examined (data not shown), indicating
that the essential role of ANCCA in mediating E2F loading to
the chromatin is E2F family member specific.

Previous studies suggest that gene activation by E2Fs in-
volves histone modifications at the promoters; one major event
is trimethylation of H3 at lysine 4 (H3K4me3) by the HCF-
MLL histone methyltransferase complex (3, 60). As demon-
strated in Fig. 6C, ANCCA depletion resulted in a marked
decrease in H3ac, H4ac, and H3K4me3. Since the most strik-
ing impact of ANCCA depletion was on H3K4me3, we deter-
mined whether chromatin occupancy of the HCF-MLL com-
plex was affected. Indeed, ANCCA knockdown significantly
attenuated promoter occupancy of the intermediary factor
HCF-1 and its associated hKMT protein MLL1 (Fig. 6C, bot-
tom). Western analysis indicated that ANCCA depletion did

FIG. 5. ANCCA bromodomain is essential for ANCCA chromatin
association and for mediating E2F target gene expression and cancer
cell proliferation. (A, B) HeLa-S3 cells ectopically expressing HA-
tagged ANCCA with wild-type or mutant bromodomain (Br-mut) or
GFP via adeno-vector were released from mitotic block for 4 h and
then harvested for Western analysis (A) or ChIP (B) with anti-HA
antibody. (C) HeLa cells were cotransfected with ANCCA or control
siRNA and plasmid constructs for expression of GFP, siRNA-pro-
tected ANCCA (marked with an asterisk) with wild-type or mutant
bromodomain, E2F1, and the 1.2-kb cyclin E1 promoter reporter.
Luciferase activities were measured as described in the legend to Fig.
2. (D, E) SKBR3 cells were transfected with ANCCA or control
siRNA and infected 24 h later with adeno-vectors for the indicated
expression. Cells were harvested 48 h after infection for Western
analysis with the indicated antibodies (D) or cell numerations (E).
Data are representative of results from three independent experi-
ments.
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FIG. 6. Overexpressed ANCCA is required for chromatin assembly of E2Fs and the HCF-1–MLL hKMT complex and correlates with cancer
cell proliferation. (A to C) SKBR3 cells were transfected with siRNA targeting ANCCA, E2F1, or the control sequence and harvested at 24 h after
transfection for Western blotting (A) or ChIP (B and C) with the indicated antibodies. (D, E) Sections of breast tissues from 58 patients were
subjected to IHC with ANCCA or Ki67 antibodies. The correlation between the IHC scores of ANCCA and Ki67 was analyzed by a Student t test
with the coefficient of correlation and P values indicated.
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not affect the global level of histone modifications or HCF-1
and MLL1 protein expression (data not shown). Together,
these results strongly suggest that binding to chromatin targets
by the activator E2Fs (E2F1, E2F2, and E2F3) is a facilitated
process and requires ANCCA. Given that ANCCA depletion
impacted histone acetylation and methylation, these results
also indicate that ANCCA not only is essential for chromatin
occupancy by the E2Fs but also plays an important role in the
chromatin assembly of histone-modifying enzyme complexes
such as HCF-MLL.

Overexpression of ANCCA correlates with a high prolifera-
tion index for tumors of human breast cancer. The essential
role of ANCCA in mediating E2F-dependent gene activation
and cell proliferation prompted us to examine whether
ANCCA expression in human tumors correlates with cancer
cell proliferation. We thus performed IHC analysis of ANCCA
and the cell proliferation marker Ki67 in a cohort of randomly
selected human breast carcinoma tissue. While very little anti-
ANCCA antibody staining was observed in the normal tissue,
strong staining in the nuclei of tumor cells was observed in the
majority of breast cancer specimens examined (Fig. 6D and E).
When adjacent tumor sections were stained with either
ANCCA or Ki67 antibody and analyzed statistically, positive
ANCCA staining correlated strongly with Ki67 staining (Fig.
6E; r � 1.23, P � 0.001), suggesting that overexpressed
ANCCA may drive cell proliferation in the tumor.

DISCUSSION

Deregulated E2Fs are thought to play pivotal roles in cancer
cell proliferation by their direct association with target gene
promoters. We revealed here that the knockdown of coregu-
lator ANCCA strongly impedes E2F1 and E2F3 occupancy at
their chromatin targets, suggesting that chromatin association
by specific E2Fs is a facilitated process. Our results also suggest
that ANCCA can act as a “pioneer” factor for the E2Fs by
anchoring itself at specific chromatin locations during mitosis
and G1 and then loading activator E2Fs and the MLL-hKMT
complex. These findings support a new notion that DNA bind-
ing transcription factors such as E2Fs utilize the coregulators
to read histone marks for their proper recruitment to chroma-
tin targets.

Histone marks H3K4me3 and H3K9K14ac are associated
with transcriptionally active genes and therefore have been
regarded as common chromatin cures for imminent activation
of gene programs that are constitutively expressed. Interest-
ingly, we identified H3K14ac as a mark that is present abun-
dantly at promoters of E2F-responsive genes in late mitotic
cells that are poised to be activated as the cells enter G1, while
the level of H3K9K14ac is low in mitotic cells and reaches
the highest level at late G1. These data suggest that distinctive
histone marks exist for coordinated regulation of cell cycle-
specific gene programs. How acetyl-H3K14ac levels change
during the cell cycle on the E2F target chromatin is unclear at
this point. Given that neither HATs nor histone deacetylases
(HDACs) are shown to display specific histone acetylation in a
cell cycle-regulated fashion, it is more likely that concerted
activities from HATs, HDACs, and specific chromatin-binding
proteins that can modulate histone modification levels are in
play (21). For instance, HMGN1 has been shown to enhance

global H3K14 acetylation by PCAF and the expression of im-
mediate early genes (32). Myc has been shown to recruit
TRRAP-GCN5 or Tip60 HAT complexes (28, 38), which may
mediate histone acetylation at its target genes during S or G2.
Many bromodomain-containing proteins may also be involved,
as they associate dynamically with acetylated chromatin in in-
terphase and mitosis and may modulate histone acetylation
levels at specific loci (19, 22, 23, 27, 63). It is well demonstrated
that the double bromodomain protein Brd4 associates with
chromosomes throughout the different stages of mitosis and
appears to mark specific genes for expression as cells enter the
next cell cycle (12, 71). Interestingly, Brd4 does not appear to
play a key role in the control of ANCCA-E2F target genes such
as cyclin A, cyclin E, cyclin B, and cdc2. Likewise, a recent
genome-wide, comparative analysis of MLL occupancy in in-
terphase versus mitosis indicates that although MLL is widely
distributed in interphase on a large number of genes, including
E2F targets, in mitosis MLL associates with only a specific
subset of genes, such as the ones of the Hox family in the
condensed mitotic chromatin for their high levels of imminent
induction as cells exit the M phase (4). However, the cell
cycle-regulated, E2F target genes were not noted for MLL
occupancy during mitosis. These findings suggest that different
chromatin regulators, including bromodomain-containing pro-
teins, may mark distinct subsets of genes in mitosis for induc-
tion in interphase.

We propose the following model for ANCCA-mediated,
E2F-dependent activation of genes in proliferating cells (Fig.
7). At the end of mitosis, E2F coregulator proteins such as
ANCCA associate with specific chromatin loci through their
histone binding modules. By binding H3K14ac and possibly
H3K9K14ac via its bromodomain, ANCCA anchors itself at a
subset of its targets, including some of the E2F target genes.
As cells enter G1, activator E2Fs, through interaction with
ANCCA, are recruited to their targets. During G1-to-S pro-
gression, recruited E2Fs may facilitate additional ANCCA
recruitment, generating a feed-forward loop for chromatin
loading of the ANCCA-E2F complex and assembly of histone-
modifying complexes such as HCF-1–MLL. This model is con-
sistent with our results that mutations in ANCCA bromodo-
main that inactivate its recognition of acetylated histones
severely compromised the activity of ANCCA to associate with
chromatin at E2F promoters and its ability to serve as an E2F
coactivator. The model also takes into consideration that high
levels of the H3K14ac mark overlap with ANCCA occupancy
at the E2F target promoters, primarily at the late mitosis and
beginning of G1 (Fig. 3G). As cells move from early G1 to late
G1, it is possible that the E2F-ANCCA-positive loop plays a
more important role in mediating ANCCA recruitment, while
the recognition of H3K14ac by ANCCA bromodomain be-
comes less crucial for ANCCA recruitment. Alternatively,
ANCCA recruitment at the later points may be facilitated by the
H3K9K14 double-acetylated mark at the E2F target chroma-
tin, which ANCCA bromodomain recognizes and increases
dramatically as the cell cycle progresses. The other possibility
is that as more ANCCA occupies the E2F target chromatin,
less H3K14ac epitope at the chromatin becomes accessible for
the anti-H3K14ac antibody to recognize, resulting in lower
ChIP signal at the later time points. In any event, it is likely
that other mechanisms are at play in conjunction with
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H3K14ac in ANCCA occupancy of the E2F targets as cells exit
mitosis and in enforcement of the E2F-ANCCA feed-forward
loop for the complex assembly. Given our previous study indi-
cating that the coregulator ACTR acts as an E2F coactivator
and that ACTR interacts with ANCCA (1, 37, 76), it is tempt-
ing to speculate that proteins such as ACTR may be important
in the positive feed-forward loop.

The notion of ANCCA as an E2F chromatin loader is also
consistent with ANCCA being an AAA ATPase protein. One
major biochemical activity of the AAA family proteins is their
ability to assemble or disassemble protein complexes. Our pre-
vious study with estrogen induction of gene expression re-
vealed that ANCCA is crucial for the recruitment of coactiva-
tor CBP to ER target genes (76), supporting the role of

ANCCA in protein complex assembly. As described in the
introduction, several E2F coregulators have been identified.
Interestingly, while HCF-1 interacts with the N terminus of
E2Fs, ANCCA interacts with both the N terminus and the
C-terminal transactivation/pocket binding domain of E2Fs.
Since several cofactors, including ANCCA, ACTR, ARID1 in
SWI/SNF complexes, HCF-1, MLL, p300/CBP, Tip60, and
TRRAP, may interact with E2Fs at overlapping sites, it is
possible that an ordered assembly of these coregulators may
take place at E2F-responsive promoters as the cell cycle
progresses. A similar process has been observed in hormone
induction of gene expression by nuclear receptor-coregulator
complexes (20, 24, 29, 65, 69). Intriguingly, ANCCA appears to
play a more fundamental role in mediating the E2F transcrip-
tion program than in the hormonal programs, as it acts at the
initial steps of transcriptional activation, namely, the assembly
of DNA binding E2Fs at their target promoters. Since ANCCA
promoter occupancy increases from G1 to S, it is tempting to
speculate that ANCCA may not only serve as an anchoring
factor for the initial assembly but may also play a role in the
later reorganization of E2F-coregulator complexes. Examining
the functional association of ANCCA with the other E2F co-
regulators will likely provide relevant new insights. Finally, our
finding that ANCCA is a key coregulator of E2F is also sup-
ported by genetic evidence obtained for lex-1, the ortholog of
the ANCCA gene in C. elegans. Although its exact function is
still poorly understood, lex-1 was identified as one of the class
B synthetic Multivulva genes, which include the C. elegans
homologs of Rb, E2F, and DP transcription factors, therefore
indicating a genetic interaction between lex-1 and the Rb-E2F
pathway (53, 59).

In this study, we provide evidence for a novel mechanism of
E2F activation of gene expression in cancer cell proliferation.
Our data reveal a crucial role of the bromodomain in a newly
identified chromatin coregulator ANCCA in E2F-dependent
gene expression and identify H3K14ac as a distinct histone
mark recognized in mitosis and early G1 by ANCCA bromo-
domain for expression of genes crucial for cell cycle progres-
sion. Our results also demonstrate that while ANCCA anchors
itself at the E2F chromatin targets likely via association with
H3K14ac, the coregulator is in turn required for chromatin
occupancy of E2Fs and the HCF-1–MLL hKMT complex.
Thus, these findings highlight a unique function of ANCCA in
directly coupling histone code reading with histone code writ-
ing. Given the prevalent defects of the Rb-E2F pathway and
the aberration of ANCCA expression detected in multiple
cancers (9, 75), the unveiled mechanism may represent a novel
molecular underpinning of chromatin coregulator involvement
in tumorigenesis.
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