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The transcription factor p110 CUX1 was shown to stimulate cell proliferation by accelerating entry into S
phase. As p110 CUX1 can function as a transcriptional repressor or activator depending on promoter context,
we investigated its mechanism of transcriptional activation using the DNA polymerase � gene promoter as a
model system. Linker-scanning analysis revealed that a low-affinity E2F binding site is required for
transcriptional activation. Moreover, coexpression with a dominant-negative mutant of DP-1 suggested
that endogenous E2F factors are indeed needed for p110-mediated activation. Tandem affinity purification,
coimmunoprecipitation, chromatin immunoprecipitation, and reporter assays indicated that p110 CUX1
can engage in weak protein-protein interactions with E2F1 and E2F2, stimulate their recruitment to the
DNA polymerase � gene promoter, and cooperate with these factors in transcriptional activation. On the
other hand, in vitro assays suggested that the interaction between CUX1 and E2F1 either is not direct or
is regulated by posttranslational modifications. Genome-wide location analysis revealed that targets
common to p110 CUX1 and E2F1 included many genes involved in cell cycle, DNA replication, and DNA
repair. Comparison of the degree of enrichment for various E2F factors suggested that binding of p110
CUX1 to a promoter will favor the specific recruitment of E2F1, and to a lesser extent E2F2, over E2F3
and E2F4. Reporter assays on a subset of common targets confirmed that p110 CUX1 and E2F1 cooperate
in their transcriptional activation. Overall, our results show that p110 CUX1 and E2F1 cooperate in the
regulation of many cell cycle genes.

CUX1 (cut homeobox) belongs to a family of transcription
factors involved in the control of proliferation and differenti-
ation (reviewed in reference 52). Several CUX1 isoforms can
be expressed as a result of proteolytic processing or transcrip-
tion initiation at alternative sites (21, 23, 45, 49, 70). Cux1 gene
ablation in mice resulted in high perinatal lethality. Surviving
mice exhibited a number of mutant phenotypes, including
growth retardation, male infertility, curly whiskers, abnormal
hair follicle morphogenesis, and a shortage of T and B cells
(13, 43, 63, 73). Transgenic mice expressing p200 CUX1 ex-
hibited multiorgan hyperplasia and organomegaly (36),
whereas those expressing p75 or p110 CUX1 displayed en-
hanced susceptibility to malignancies in various tissues and cell
types (4; C. Cadieux and A. Nepveu, unpublished data).

Initial studies of mammalian CUX1 revealed its role as a
transcriptional repressor that is expressed in differentiating
precursor cells and serves to down-regulate the expression of
genes expressed only in terminally differentiated cells (41, 55,
64, 66, 67). CUX1 was also reported to regulate the expression
of cell cycle-regulated genes such as those encoding p21WAF1

(7), histones H1, H2A, H2B, H3, and H4 (12, 27, 74, 76), and
DNA polymerase (Pol) � (71). The full-length protein, p200
CUX1, interacts transiently with DNA and is expressed

throughout the cell cycle (48). Dephosphorylation by the
Cdc25A phosphatase and proteolytic cleavage by a nuclear
isoform of cathepsin L at the end of the G1 phase yield an
amino-terminally truncated isoform, p110 CUX1, which inter-
acts stably with DNA (7, 20, 49). Constitutive expression of
p110 CUX1 was shown to stimulate cell proliferation by accel-
erating entry into S phase (59). Genome-wide location analysis
revealed that p110 CUX1 binds to the promoters of several
genes that are involved in DNA replication and cell cycle
progression (25). Multiple approaches including silencing
RNA, transient or stable expression, and reporter assays dem-
onstrated that most cell cycle targets are activated whereas a
few are repressed or not affected by p110 CUX1 (25).

The E2F family of transcription factors is classically divided
into activator E2Fs (E2F1, E2F2, and E2F3a), repressor E2Fs
(E2F3b, E2F4, E2F5, E2F6, E2F7, and E2F8), and DP het-
erodimerization partners (DP1 and DP2) (reviewed in refer-
ence 42). Evidence from gene ablation studies has revealed
some functional redundancy among E2F family members.
While the loss of one E2F can be functionally compensated for
by other E2Fs (15, 29, 30, 38), the combined loss of two E2Fs
results in a more severe phenotype (6, 39). Loss of E2F1,
E2F2, and E2F3 prevents mouse embryonic fibroblasts from
reentering the cell cycle following quiescence (84). Indeed,
E2Fs play a critical role in the control of cellular proliferation.
In quiescence, pRB pocket protein family members bind E2Fs
and repress transcription of target genes (58, 65). Following
growth stimulation, cyclin–cyclin-dependent kinase (Cdk)
complexes phosphorylate the pocket protein, which then dis-
sociates from the promoter-bound E2F/DP heterodimer. This
results in derepression and allows the transcriptional activation
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of numerous genes with roles in DNA replication and cell cycle
progression. Importantly, however, while many target genes
conform to this model, other genes clearly are regulated in a
more complex manner (2, 31, 78, 80, 81).

Using classical approaches, such as transient reporter assays
and overexpression systems, a number of E2F targets were
identified, such as dihydrofolate reductase (DHFR), Cdc6,
Orc1L, Cdc25A, B-myb, and cyclin A (37, 54). In more recent
years, gene expression microarray profiling and chromatin im-
munoprecipitation-microarray (ChIP-chip) analysis have al-
lowed the unbiased identification of target genes (3, 24, 51, 78,
80). Other studies have explored the promoter occupancy, at
different stages of the cell cycle, of different E2F family mem-
bers and pocket proteins (2, 57, 69). The molecular basis for
the functional differences among E2F family members has
been the subject of many recent studies (17, 18, 24, 62).
Whereas no distinction in DNA binding specificity among
E2Fs has been determined (86), specific protein-protein inter-
actions were shown to contribute to promoter specificity. For
example, cooperativity was documented between E2F3 and
TFE3 (17) and both E2F2 and E2F3 and YY1 (62).

We began the present study by using the DNA Pol � gene
promoter as a model system to investigate the mechanism of
transcriptional activation by p110 CUX1. Linker-scanning
analysis identified a region that is required for p110-mediated
activation but is not bound by it. The homologous region in the
mouse DNA Pol � gene promoter had been shown to be
required for growth-dependent regulation and for E2F1-me-
diated stimulation (32). This finding as well as results of re-
porter assays in the presence of a dominant-negative mutant of
DP1 suggested that the binding of an E2F factor was necessary
for CUX1-mediated activation. ChIP confirmed the recruit-
ment of E2F factors to the DNA Pol � reporter plasmid and
showed that coexpression with p110 CUX1 enhances the re-
cruitment of E2F1 and E2F2 but not of E2F3 and E2F4.
Genome-wide location analysis identified a number of targets
that are common to p110 CUX1 and E2F1. Gene ontology
analysis revealed that functions related to cell cycle progres-
sion, DNA replication and DNA repair were overrepresented
in the list of common targets. Reporter assays confirmed that
p110 CUX1 and E2F1 cooperate in the regulation of their
common targets. Overall, our results suggest that weak pro-
tein-protein interactions contribute to the recruitment of dis-
tinct E2F factors to specific promoters.

MATERIALS AND METHODS

Plasmid and lentivirus construction. CUX1 and luciferase reporter constructs
were described in our previous studies (25, 26, 60, 71). The lentivirus vector was
constructed by inserting the CUX1 short-hairpin RNA (shRNA) sequence, AA
GAATCTTCTCGTTTGAAACTT, into pLVTHM (82). Lentiviruses were pro-
duced by transient transfection of 293FT cells by using Lipofectamine 2000
according to the manufacturer’s protocol (Invitrogen).

Cell culture, transfection, and synchronization. Hs 578T cells were grown in
Dulbecco’s modified Eagle medium supplemented with 5% fetal bovine serum
(FBS) (Gibco). Transient transfections were performed with GeneJuice (Nova-
gen) according to the manufacturer’s instructions. For synchronization by thy-
midine block, Hs 578T cells were cultured overnight in Dulbecco’s modified
Eagle medium plus 5% fetal bovine serum supplemented with 2 mM thymidine
and harvested.

Luciferase assay. Luciferase assays were performed as previously described
(49). Because the internal control plasmid is itself often repressed by CUX1, as
a control for transfection efficiency the purified �-galactosidase protein (Sigma)

was included in the transfection mix, as previously described (28). The luciferase
activity was then normalized based on �-galactosidase activity.

ChIP. Thymidine-blocked Hs 578T cells (2 �108) were used for each ChIP.
Immunoprecipitation was performed with affinity-purified CUX1 antibodies 861
and 1300 (49) or an E2F1 antibody (05-379; Upstate). The nuclei were lysed as
described in reference 79, lysed in radioimmunoprecipitation assay M buffer (10
mM Tris-HCl [pH 8], 1 mM EDTA, 0.5 mM EGTA, 150 mM NaCl, 1% Triton
X-100, 0.5% deoxycholate [DOC], 0.1% sodium dodecyl sulfate [SDS], 1 mM
phenylmethylsulfonyl fluoride, protease inhibitors), and sonicated on ice to ob-
tain 250- to 800-bp DNA fragments. After preclearing for 1 h and incubation
with antibodies overnight, immunocomplexes were washed three times each in
wash buffer I (20 mM Tris-HCl [pH 8], 2 mM EDTA, 2 mM EGTA, 150 mM
NaCl, 1% NP-40, 0.5% DOC, 0.2% SDS), wash buffer II (20 mM Tris-HCl [pH
9], 2 mM EDTA, 2 mM EGTA, 500 mM NaCl, 1% NP-40, 0.5% DOC, 0.1%
SDS), and wash buffer III (50 mM Tris-HCl [pH 7.5], 2 mM EDTA, 1 mM
EGTA, 0.5 M LiCl, 1% NP-40, 0.7% DOC) and then washed once in Tris-
EDTA. Cross-linked DNA was eluted with 1% SDS, 10 mM Tris-HCl (pH 8), 10
mM EDTA at 65°C for 30 min. After reversal of formaldehyde cross-linking,
chromatin-immunoprecipitated DNAs were treated with RNase A and protein-
ase K.

Enrichment calculation. Enrichment levels of genes were determined by real-
time PCR using G6PDH as an internal control and chromatin-immunoprecipi-
tated DNAs obtained by immunoprecipitation with either CUX1 antibodies or
no antibody. Specific enrichment of a promoter was calculated as follows: (CUX1
immunoprecipitation target/no-antibody immunoprecipitation target) � (no-an-
tibody G6PDH/CUX1 immunoprecipitation G6PDH).

Probe generation and microarray hybridization. The generation of labeled
DNAs from individual chromatin affinity purification (ChAP) samples was per-
formed following the protocol of linker-mediated PCR as detailed previously
(57). Briefly, chromatin-immunoprecipitated and chromatin affinity-purified
DNAs and input DNA were blunted, ligated to a unidirectional linker and
amplified by PCR for 24 cycles to generate a sufficient amount of DNA. ChIP or
ChAP DNAs and input DNAs were fluorescently labeled with Cy5 fluorophore
and Cy3 fluorophore, respectively, by using a BioPrime array CGH genomic
labeling kit following the manufacturer’s instructions (Invitrogen). Prior to hy-
bridization, microarray slides were incubated in a blocking solution, 1.6% suc-
cinic anhydride in 1-methyl-2-pyrrolidinone, for 20 min at room temperature.
After washing, labeled DNAs were added to the hybridization buffer (25%
formamide, 5� SSC [1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 0.1%
SDS, 0.2% bovine serum albumin, 0.4 �g/�l of human Cot-1 DNA, 0.8 �g/�l of
yeast tRNA) and hybridized at 55°C for 20 h. The slides were washed once with
2� SSC, 0.1% SDS for 15 min, twice for 2 min with 0.1� SSC, 0.1% SDS, and
twice for 1 min with 0.1� SSC and then spin dried. Hybridized slides were
scanned with an Axon 4000b scanner, and the acquired images were analyzed
with the software GenePix Pro, version 4.1. Each set of hybridizations was
performed three times with independent ChIP or ChAP materials.

Microarray design. A microarray containing 19,000 human promoters was
generated as reported elsewhere (34). In brief, the regions ranging from 800 bp
upstream and 200 bp downstream of the transcription start sites from 18,660
human genes were amplified by PCR, quality-control tested, and applied to
poly-L-lysine glass slides.

Microarray data analysis. The ChIP-chip or ChAP-chip results were analyzed
as previously described (53). Promoters were considered bound when the binding
P value in the error model was �0.005. Functional categories were established
using programs from Expression Analysis Systematic Explorer (EASE) (http:
//david.abcc.ncifcrf.gov/). The list of genes from the 19,000-gene microarray was
used as the background.

Tandem affinity purification (TAP) and Western blot analysis. Hs 578T cells
stably expressing a recombinant p110-Tag2 protein or vector control were trans-
fected with the expression plasmid pCMV/HA-E2F1, pCMV/HA-E2F2, pCMV/
HA-E2F3a, or pCMV/HA-E2F5. A total of 2 � 108 to 4 � 108 cells were used
for purification by the Taptag purification method (56). Western blots were
performed using the antibodies 861 and 1300 (data not shown) or HA-11 (Co-
vance).

In vivo DNA binding to transfected reporter plasmids. Hs 578T cells were
transfected with pGL3-Pol � (�65/�47) or pCADluc, either pXJ42 or pXJ42/
Myc-CUX1 878–1336, and either pcDNA3, pCMV/E2F1, or pCMV/E2F2. DNA
was extracted approximately 24 h posttransfection and was processed as de-
scribed in reference 71.

Electrophoretic mobility shift assay. Electrophoretic mobility shift assay was
performed with various quantities of purified protein. Samples were incubated at
room temperature for 20 min in a final volume of 30 �l of 25 mM NaCl, 10 mM
Tris (pH 7.5), 1 mM MgCl2, 5 mM EDTA (pH 8.0), 5% glycerol, 1 mM DTT, 1
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mg BSA with 0.2 pmol of radiolabeled oligonucleotide probes. Where added,
samples were incubated with antibody for 10 min prior to addition of probe.
Samples were loaded on a 5% polyacrylamide (29:1), 0.5� Tris-borate-EDTA
gel and separated by electrophoresis at 8 V/cm in 1� Tris-borate-EDTA. Gels
were dried and visualized by autoradiography. The DNA Pol � (�40/�14) probe
was GGGCCGCTGATTGGCTTTCAGGCTGGCGCCTCGA, and the E2F
probe was TCGAGAAAAGAAGCTTTTCGCGCCCGTCTCGA. The CUX1
binding site is indicated by bold type; the E2F binding site is underlined.

Immunoprecipitation. Lysates from Hs 578T cells (10 mM Tris [pH 7.5], 5 mM
EDTA, 100 mM NaCl, 1% Brij 97, protease inhibitor cocktail [Roche]) were
treated with ethidium bromide at a final concentration of 100 �g/ml for 1 h,
precleared with protein G-agarose (Sigma), and incubated overnight with the
appropriate antibody. Immunoprecipitates were washed three times with lysis
buffer, and Western blot analysis was performed.

RESULTS

The dominant-negative DP1�103–126 mutant prevents
transcriptional activation by CUX1. Previous experiments us-
ing linker-scanning mutations identified distinct regions of the
DNA Pol � gene promoter that were necessary for transcrip-
tional activation by p110 CUX1 (71). The �35/�26 and the
�25/�16 regions, respectively, contain binding sites for p110
CUX1 and E2F (32, 71) (see the introduction). The require-
ment for an E2F binding site raised the possibility that an
endogenous E2F factor might participate in the transcriptional
activation mediated by p110 CUX1. As a preliminary approach
to test this hypothesis, we measured the activity of the DNA
Pol � gene reporter in the presence of CUX1 and a dominant-
negative mutant of DP1, DP1�103–126. This mutant was pre-
viously shown to interact with E2Fs but to be unable to bind
DNA, thereby keeping its E2F partners away from DNA (83).
Transcriptional activation was reduced from 10-fold down to
2.5-fold in the presence of DP1�103–126 (Fig. 1A). These
results suggested that functional endogenous E2F factors are
necessary for CUX1 to transactivate the DNA Pol � gene
promoter.

CUX1 cooperates with E2F1 and E2F2 in the stimulation of
the DNA Pol � gene promoter. We next investigated which E2F
factors, if any, were able to transactivate the DNA Pol � gene
promoter. Hs 578T cells were transfected with the reporter
construct and increasing amounts of expression plasmids for
E2F1 to E2F6. Dose-dependent stimulation was observed for
E2F1, E2F2, and E2F4 (Fig. 1B).

We then asked if any E2Fs could cooperate with p110 CUX1
(Fig. 1C). Hs 578T cells were cotransfected with suboptimal
amounts of various combinations of effector plasmids. Under
these experimental conditions, p110 CUX1 and E2F1 on their
own mediated 11- and 5-fold activation, respectively (Fig. 1C).
When the factors were expressed in combination, synergy was
observed between CUX1 and either E2F1 or E2F2 but not
E2F4 (Fig. 1C). Therefore, directly or indirectly, E2F1 and
E2F2 cooperate with p110 CUX1 in the activation of the DNA
Pol � gene promoter.

Cooperation between p110 CUX1 and E2F1 requires bind-
ing sites for both factors. The above results indicated that
some E2F factors were able to potentiate the transcriptional
activation mediated by p110 CUX1. The effect of E2F could be
indirect or could involve a direct interaction with the DNA Pol
� promoter. To begin to investigate the mechanism by which
E2F and p110 CUX1 cooperate, we repeated the reporter
assay using linker-scanning mutants in which the CUX1 or the

FIG. 1. p110 CUX1 cooperates with E2F1 and E2F2 in the stimu-
lation of the DNA Pol � reporter. Hs 578T cells were transfected with
the DNA Pol � (�65/�47)/luciferase reporter construct and the indi-
cated vectors expressing CUX1, DP1�103–126 (A), or E2F1, E2F2,
E2F3, E2F4, E2F5, or E2F6 (B and C). Cytoplasmic extracts were
prepared and processed to measure luciferase activity. The means of
three or more transfections are shown. The dashed line (C) represents
the border between additive and synergistic cooperation between
CUX1 and E2F1. Synergistic activation is defined as activation greater
than the sum of activation by each factor on its own.
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E2F binding site, or other sequences, was replaced. The same
replacement sequence used in the �35/�26 and �25/�16 mu-
tants was used to replace the �45/�36 promoter sequence,
which was near, but did not contain, CUX1 and E2F binding
sites. We noted changes in the basal activity of the different
constructs, which are likely due to regulation by endogenous
factors. In particular, replacement of the �45/�36 region re-
sulted in a 2.3-fold reduction in promoter activity, which likely
prevented the binding of an endogenous activator (Fig. 2).
Interestingly, when CUX1 and E2F1 were coexpressed, tran-
scriptional activation was reduced 14.2- and 6.6-fold relative to
the wild-type promoter, upon replacement of the CUX1 or
E2F binding site, respectively (Fig. 2A). In contrast, replace-
ment of the �45/�36 region resulted in only a 1.3-fold reduc-
tion in stimulation by p110 CUX1 and E2F1 (Fig. 2A). We
conclude that the cooperation between p110 CUX1 and E2F1
requires that the DNA Pol � gene promoter contain binding
sites for both transcription factors. Interestingly, the coopera-
tion was not affected following the insertion of 10 bp between
the two binding sites (Fig. 2C). However, insertions of 25 and
35 bp weakened the cooperativity, while an insertion of 147 bp
annihilated it (Fig. 2C).

p110 CUX1 interacts with E2F1 and E2F2 in vivo. E2F and
p110 CUX1 may each bind to the promoter independently.
Alternatively, cooperation may involve physical interaction be-
tween the two factors. To investigate this possibility, TAP was
performed with Hs 578T cells stably carrying a retroviral vector
expressing CUX1 831–1336/tag2 and transiently transfected
with vectors for hemagglutinin (HA)-tagged E2F proteins. As
controls, transient transfections and TAP were performed in
parallel using Hs 578T cells carrying an empty retroviral vec-
tor. Western blot analysis revealed weak protein-protein inter-
actions between CUX1 and E2F1 and between CUX1 and
E2F2 (Fig. 3). In contrast, no band was observed for E2F5
(Fig. 3). A band for E2F3a was also observed in the purified
fraction; however, since this band was also present in the
empty-vector control, we dismissed this result as being evi-
dence for interaction. Thus, in affinity chromatography
CUX1 specifically interacted with E2F1 and E2F2. The in-
teractions between CUX1 and E2F1 or E2F2 were con-
firmed by coimmunoprecipitation assays in the presence of
ethidium bromide (Fig. 3B). However, in pull-down assays
with purified recombinant proteins, we did not observe a
specific interaction between CUX1 and E2F1, whether in
the presence or absence of DP-1 (data not shown). We

FIG. 2. p110 CUX1 cooperates with E2F1 in the activation of the
DNA Pol � gene promoter in a binding site-dependent manner. (A
and C) Hs 578T cells were transfected with wild-type or mutant DNA
Pol � (�65/�47)/luciferase reporter constructs and the indicated vec-
tors expressing CUX1 or E2F1. Cytoplasmic extracts were prepared
and processed to measure luciferase activity. Results were expressed as
relative light units and were normalized to �-galactosidase activity
from an internal control. The means of three transfections are shown.
Results are representative of three separate experiments. (B) The
diagram and DNA sequence show the position of the linker scanner
and insertion mutations within the DNA Pol � gene promoter. The
sequences of CUX1 and E2F sites are underlined. Stimulation is ex-
pressed relative to the wild-type reporter construct. The transcription
start site is indicated with an arrow.
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conclude that an interaction between CUX1 and E2F1 or
E2F2 may occur only in vivo and necessitates either the
presence of additional proteins or the posttranslational
modification of one partner or the other.

p110 recruits E2F1 and E2F2 to the DNA Pol � gene pro-
moter. Given the proximity of the CUX1 and E2F binding sites
and the observed protein-protein interactions, we next asked if
coexpression of p110 and E2F would strengthen their interac-
tion with the DNA Pol � gene promoter. ChIP assays were
performed to measure the interaction in vivo between E2Fs or
CUX1 and the DNA Pol � gene reporter plasmid. Immuno-
precipitation using E2F1 or E2F2 antibodies indicated that
each factor was able to bind to the reporter plasmid in vivo
(Fig. 4A and B, lanes 5). Interestingly, coexpression with p110
CUX1 increased the interaction of either E2F1 or E2F2 with
the reporter plasmid (Fig. 4A, compare lane 5 with 4; Fig. 4B,
compare lane 4 with 5). Quantitative real-time PCR revealed
5.4-fold and 2.8-fold increases in promoter binding for E2F1
and E2F2, respectively, upon coexpression of CUX1 (Fig. 5A).
However, the recruitment of E2F1 and E2F2 by CUX1 was
significantly reduced by a linker-scanning mutation that over-
lapped the CUX1 binding site (Fig. 5A). Importantly, coex-
pression of p110 did not increase the steady-state level of E2F1
and E2F2 (data not shown). These results demonstrate that

FIG. 3. CUX1 interacts with E2F1 and E2F2 in vivo. (A) Hs 578T
cells stably carrying an empty vector or a vector expressing CUX1
831–1336/tag2 were transfected with the indicated HA-E2F constructs.
Cellular extracts were subjected to TAP, followed by Western blot
analysis with an HA antibody. Input (0.2%) was loaded as a protein
expression control. A schematic of CUX1 831–1336/tag2 is shown at
the bottom. (B) Hs 578T cells were transfected with Myc-CUX1 878–
1336 and HA-E2F1 or HA-E2F2. Whole-cell lysates were immunopre-
cipitated with the indicated antibodies in the presence of 100 �g/ml
ethidium bromide, followed by Western blot analysis.

FIG. 4. CUX1 enhances the recruitment of E2F1 and E2F2 to the
DNA Pol � gene promoter. Hs 578T cells were cotransfected with the
DNA Pol � reporter. The following day, ChIP assays were performed
using the indicated antibodies. PCRs were performed in parallel using
the immunoprecipitated chromatin and 0.5% total chromatin, as indi-
cated.
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overexpression of p110 CUX1 can help recruit E2F1 and E2F2
to the DNA Pol � reporter in vivo. This effect appears to be
specific to E2F1 and E2F2, since CUX1 did not enhance the
recruitment of E2F3 or E2F4 to the same reporter (Fig. 4C,
compare lane 3 with lane 4 and lane 5 with lane 6).

To ensure that the recruitment of E2F1 and E2F2 by p110 is
specific for promoters activated by E2Fs, we repeated the ChIP
with a CAD reporter plasmid which had previously been shown
not to be regulated by E2Fs (40). Immunoprecipitation with
CUX1 antibodies gave fivefold enrichment in binding; how-
ever, no binding by E2F1 or E2F2 was observed, whether they
were transfected alone or with p110 CUX1 (Fig. 5B). These
results indicate that p110 CUX1 does not recruit E2F1 and
E2F2 to every promoter to which p110 CUX1 binds.

Cell cycle genes are overrepresented among ChIP-chip tar-
gets common to p110 CUX1 and E2F1. Genome-wide location
analysis was recently performed to identify transcriptional tar-
gets of p110 CUX1 (26). The same 19,000-gene promoter
microarray was employed in location analysis with an E2F1
antibody. Two hundred sixty-two E2F1 targets were identified
with a P value below 0.005 (see Table S1 in the supplemental
material). Comparison of p110 CUX1 and E2F1 targets indi-
cated that 86 targets were common to E2F1 and p110 (see
Table S2 in the supplemental material). To this list, we added
22 genes that were identified as E2F targets in previous studies
(5, 8, 18, 46, 57, 81, 85, 87) (see Table S2 in the supplemental
material). Of the common targets, 20% were genes involved in
cell cycle progression, DNA replication, or DNA repair (see
Table S3 in the supplemental material). Gene ontology anal-
ysis using EASE revealed that these functions were clearly

overrepresented in the list of targets common p110 and E2F1
(Table 1). To validate these results, ChIP was performed with
CUX1 and E2F1 antibodies, and the enrichment of 14 pro-
moters was measured by was quantitative PCR. Enrichment
was observed for all tested targets (Table 2). ChIP with anti-
bodies specific for E2F2, E2F3, and E2F4 indicated that each
of these factors is recruited to a subset of targets (Table 2).
These results are in agreement with previous studies showing
that a given promoter could be bound by several E2F proteins
(75). Interestingly, comparison of the enrichment for each E2F
factor suggests that the interaction of p110 CUX1 with a given
promoter favors the specific recruitment of E2F1, and to a
lesser extent E2F2, over that of other E2F factors (Table 2).

Inhibition of CUX1 expression reduces the recruitment of
E2F1 and E2F2 to their endogenous targets. To verify whether
CUX1 is required for the efficient recruitment of E2F1 and

FIG. 5. CUX1 enhances the recruitment of E2F1 and E2F2 to specific promoters. Hs 578T cells were cotransfected with the wild-type DNA
Pol � reporter (A), the same reporter with the �35/�26 linker scanning mutation (B), or the CAD reporter (C) and the indicated expression
vectors. The following day, ChIP assays were performed using the indicated antibodies. Quantitative PCR was performed using primers recognizing
the CAD or DNA Pol � gene promoters and luciferase cDNA, and results were normalized to a sample transfected with reporter and empty vector
DNA. The values are means of three measurements, and error bars represent standard deviations.

TABLE 1. CUX1 and E2F1 targets include an overrepresentation
of cell cycle genesa

Category P value No. of genes

Cell cycle 3.59E�9 22
DNA replication 8.96E�7 9
DNA repair 2.45E�4 7
Nuclear organization 6.60E�4 7

a Targets common to CUX1 and E2F1 from ChIP-chip analysis were analyzed
for distribution among functional categories using EASE. The P values, calcu-
lated with the Fisher exact test, represent the probability that the number of
targets common to CUX1 and E2F1 would be randomly found. Shown are
categories from biological level 5 with at least five genes and P values below
0.001.
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E2F2 to some of these endogenous targets, we sought to in-
hibit CUX1 expression by infecting cells with a lentiviral vector
expressing CUX1 shRNA. T98G cells were preferred in this
experiment because we achieve a better inhibition of CUX1
expression in these cells than in the Hs 578T cells. Immuno-
blotting analysis showed that expression of CUX1, and in par-
ticular its p110 isoform, was reduced after a week in culture
(Fig. 6). At this time, chromatin was immunoprecipitated with
E2F1 or E2F2 antibodies and quantitative PCR was performed
to measure the recruitment of each factor to five target genes:
the CCNA2, MCM7, ORC1L, POLA, and PMS1 genes. The
results revealed a two- to threefold reduction in the recruit-
ment of E2F1 and E2F2 (Table 3). We conclude that the
optimal recruitment of these factors to some of their targets
requires the presence of CUX1.

p110 CUX1 and E2F cooperate in the stimulation of cell
cycle-regulated gene promoters. We recently showed, using
transient reporter assays, that p110 CUX1 can stimulate ex-
pression from a number of cell cycle-regulated gene promoters
that were identified in ChIP-chip analysis (25). We asked
whether E2F activity was necessary for the stimulation of cell
cycle-regulated genes by p110 CUX1. Cotransfection of
DP1�103–126 with p110 caused a significant decrease in the
stimulation of Cdc25A, MCM3, cyclin A2, and DHFR (Fig.
7A). However no change was observed with the CAD reporter,
which has previously been shown not to be an E2F target (Fig.
7A) (40). This suggested that E2F cooperates with p110 CUX1
in the stimulation of many CUX1-regulated gene promoters.
Reporter assays were repeated with p110 CUX1 and E2F1.
Coexpression of E2F1 resulted in greater-than-additive effects
on the stimulation of Cdc25A, MCM3, cyclin A2, and DHFR
(Fig. 7B). No increase in CAD promoter activity was observed,
confirming that the effect of E2F1 is specific to E2F-regulated

FIG. 6. shRNA-mediated inhibition of CUX1. T98G cells were in-
fected with pLVTHM lentivirus expressing CUX1 shRNA or with the
empty vector. EGFP-expressing cells were subjected to fluorescence-
activated cell sorting 3 days postinfection and cultured for 5 days.
Nuclear extracts were separated by SDS-polyacrylamide gel electro-
phoresis and analyzed by Coomassie blue staining and immunoblotting
with CUX1 antibodies.

TABLE 2. CUX1 and E2F1 bind many common cell cycle gene targetsa

Function Gene symbol
P value (location array)

Referenceb
Enrichment (ChIP-PCR)c

CUX1 E2F1 CUX1 E2F1 E2F2 E2F3 E2F4

Cell cycle, S CCNA2 6.0E�5 7.3E�3 5, 18, 56, 85 5.1 9.3 9.0 2.3 1.7
CDC25A 2.6E�4 9.0E�4 8, 56 8.4 64.4 49.3 10.3 2.8

Cell cycle, G2/M MAD2L1 2.1E�7 2.0E�3 56 3.8 16.1 13.9 9.9 1.9

DNA replication CDC7 3.0E�4 8.8E�4 5.4 14.2 5.5 2.0 2.0
MCM3 1.1E�9 6.7E�6 56 13.0 9.9 1.7 4.2 5.7
MCM7 1.9E�3 2.0E�2 36, 53 6.2 13.4 12.5 4.6 1.4
ORC1L 5.5E�14 3.9E�3 56 7.2 2.3 2.3 0.7 1.2
POLA 3.2E�3 4.4E�1 45, 56 2.5 7.8 3.4 8.9 1.7
POLD3 4.7E�3 1.4E�3 3.8 3.8 1.0 1.3 0.8
RPA3 6.2E�2 6.2E�2 56 3.0 29.6 14.0 11.4 9.6

Repair, checkpoint MLH1 2.1E�4 1.4E�3 56 5.2 5.2 2.4 1.4 2.0
PMS1 3.5E�3 3.2E�4 4.8 22.3 4.8 4.6 2.0
RAD51 2.5E�3 2.2E�3 56, 80 5.5 4.4 3.3 1.6 2.6
TP53 4.4E�4 7.2E�2 56 3.0 1.9 1.8 0.8 0.7

a A subset of gene targets from ChIP-chip analysis and their P values are shown.
b References for E2F1 targets previously found by chromatin immunoprecipitation.
c ChIP-quantitative PCR validation was performed with thymidine-blocked Hs 578T cells. Results are expressed as enrichment relative to a no-antibody ChIP control,

normalized for enrichment of G6PDH.

TABLE 3. Inhibition of CUX1 expression reduces the recruitment
of E2F1 to endogenous gene targetsa

Gene

Enrichment

E2F1 E2F2

Vector Cux1 shRNA Vector Cux1 shRNA

CCNA2 9.2 2.9 8.7 2.8
MCM7 16.5 9.0 20.2 8.5
ORC1L 8.1 3.4 9.2 3.6
POLA 11.5 5.6 4.3 2.5
PMS1 7.7 2.5 3.8 2.1

a T98G cells were infected with pLVTHM lentivirus expressing CUX1 shRNA
or with the empty vector. EGFP-expressing cells were sorted by fluorescence-
activated cell sorting 3 days postinfection, cultured for 5 days, and then processed
for ChIP assay with E2F1 antibodies. Quantitative PCR results are expressed as
enrichment relative to no antibody ChIP control and normalized for enrichment
of G6PDH. Expression of CUX1 is shown in Fig. 6.
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gene promoters. No cooperation was observed between p110
CUX1 and E2F3 (Fig. 7C); however, we observed an additive
effect when p110 CUX1 was coexpressed with E2F4 (Fig. 7D).
Together, these results suggest that p110 CUX1 specifically
cooperates with E2F1 to stimulate the expression of many cell
cycle-regulated gene promoters.

DISCUSSION

CUX1 was originally characterized as a transcriptional re-
pressor, but recent results indicated that its shorter isoforms
could also function in transcriptional activation (22, 49, 61, 71,
72). In particular, p110 CUX1 was shown to stimulate expres-

FIG. 7. CUX1 and E2F1 cooperate in the activation of their common target genes. Hs 578T cells were transfected with the reporter plasmids for
Cdc25A, MCM3, cyclin A2, DHFR, and CAD and vectors expressing p110 CUX1 and DP1�103–126 (A), E2F1 (B), E2F3 (C), or E2F4 (D). Cytoplasmic
extracts were prepared and processed to measure luciferase activity. Results are expressed as relative light units (RLU) normalized to �-galactosidase (bgal)
activity from an internal control. The means from three transfections are shown, and the values are representative of three separate experiments.
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sion from the DNA Pol � gene promoter, whether in reporter
assays or following the infection of cells with a high-titer ret-
roviral vector (71). Direct involvement of CUX1 in activation
was demonstrated from the correlation between the stimula-
tion of gene expression and the binding of p110 CUX1 to the
DNA Pol � gene promoter, both in vitro and in vivo (71). A
similar correlation has now been established using a number of
promoters from other genes, including those encoding cyclin
A2 (59), MCM3, Cdc25a, and Orc1l (25).

The mechanism by which short isoforms of CUX1 function
in transcriptional activation was not immediately apparent,
since in the Gal4 DNA binding domain fusion assay two active
repression domains were identified downstream of the Cut
homeodomain, but no region of CUX1 was found to function
as an activation domain (44). One clue, however, was sug-
gested from the finding that CUX1 is the DNA binding subunit
of the HiNF-D protein complex that regulates transcription of
cell cycle-regulated histone genes (1, 27, 35, 74–77). These
results suggested that CUX1 could be part of larger nucleo-
protein complexes that regulate transcription. This line of rea-
soning led us to investigate a replacement mutation, at position
�25/�16 of the DNA Pol � gene promoter, that prevented
transcriptional activation by p110 CUX1 without affecting its
DNA binding site (71). In the present study, we present evi-
dence that E2F is the factor that binds to this region and
cooperates with p110 CUX1 to transactivate the DNA Pol �
gene. Briefly, in reporter assays we observed an increase in
transcriptional activation upon coexpression of p110 CUX1
and E2F1 or E2F2 (Fig. 1C). Replacement mutations of the
CUX1 or E2F binding sites reduced stimulation by each factor
individually (Fig. 6B and C in reference 71) (Fig. 2) and also
reduced cooperative stimulation when both factors were coex-
pressed (Fig. 2A and B). Importantly, coexpression of a dom-
inant negative DP1 significantly reduced the transcriptional
activation mediated by p110 CUX1, implying that the activity
of endogenous E2F factors was necessary for the stimulatory
effect of p110 CUX1 (Fig. 1A). Results from TAP, coimmu-
noprecipitation, and ChIP suggested a potential mechanism
for the cooperation between p110 CUX1 and E2F factors.
Firstly, E2F1 and E2F2 were found to interact with a tagged
version of p110 CUX1 (Fig. 3A), and these interactions were
confirmed by coimmunoprecipitation (Fig. 3B). Secondly,
ChIP assays had previously shown that both p110 and E2F1
could bind to the DNA Pol � gene promoter (18, 46, 71) (data
not shown). In the present study, we demonstrated that coex-
pression with p110 CUX1 leads to an increase in the recruit-
ment of E2F1 and E2F2 to this promoter (Fig. 4). In contrast,
we did not observe cooperation in the recruitment to, nor the
activation of, the CAD promoter, which in previous studies was
shown not to be a target of E2F (Fig. 4C and 7). Altogether,
the accumulated data suggest a scenario in which the DNA Pol
� gene promoter contains suboptimal binding sites for p110
CUX1 and E2F. Consequently, each factor exhibits a low af-
finity for its binding site and, at physiological concentration,
would not be expected to bind to the promoter on its own.
However, the proximity of the two binding sites makes it pos-
sible for the two proteins to interact with each other or with
another partner as they bind to their respective sites on DNA.
Thus, when present together, E2F and p110 CUX1 would bind
to the promoter with an affinity that is equal to the sum of their

protein-protein and protein-DNA interactions. Since purified
E2F1, DP1, and CUX1 did not bind to each other in pull-down
assays (data not shown), we speculate that their interaction in
vivo requires the presence of one or more additional proteins
or the posttranslational modification of one partner or the
other.

Interestingly, the cooperation between E2F and p110 CUX1
in the regulation of cell cycle genes was independently brought
to light by using a genomic approach: the location array. Gene
ontology analysis of the common targets between E2F1 and
p110 CUX1 showed a striking overrepresentation of genes that
play a role in cell cycle progression, DNA replication, and
DNA repair. Indeed, a role for both E2F and p110 CUX1 in
cell cycle regulation was previously established by using cell-
based assays and transgenic models (4, 59; reviewed in refer-
ence 9). Importantly, using CUX1 shRNA we demonstrated
that CUX1 expression was needed for the efficient recruitment
of E2F1 and E2F2 to some of these targets (Fig. 6; Table 3).
We note that genes involved in apoptosis were not overrepre-
sented among the targets common to p110 CUX1 and E2F1.
This result is also in accordance with the known cellular func-
tions of E2F1 and p110 CUX1. While overexpression of E2F1
was shown to induce quiescent cells to enter S phase and then
to undergo apoptosis, p110 CUX1 was unable to stimulate
quiescent cells to reenter the cell cycle. In the presence of
growth factors, however, cells overexpressing p110 CUX1 were
able to enter S phase more rapidly and proliferated faster than
control cells, with no evidence of apoptosis. Future experi-
ments should verify whether the induction of apoptosis by
E2F1 could be circumvented by overexpressing p110 CUX1.

Results from location array analyses confirmed that E2F1
and p110 CUX1 do not cooperate in the induction of apoptotic
genes but do cooperate in the regulation of cell cycle genes.
These findings confirm that the location array analysis is an
unbiased method that can effectively reveal the biological func-
tions of a transcription factor. Moreover, comparative analysis
of data obtained with several transcription factors can point
out the cellular activities in which two or more transcription
factors cooperate. As transcriptional regulation is a combina-
torial process involving the concerted action of several factors
and cofactors, a better understanding of how transcriptional
programs are established will require the completion of a re-
pository of all overlapping sets of targets for various transcrip-
tion factors. The location array will be essential in the accom-
plishment of this task.

We obtained evidence that p110 CUX1 cooperates with
E2F1 and E2F2, but we did not observe cooperation with
E2F3. The interaction with p110 CUX1, therefore, appears to
be specific to some E2F factors, but the significance of this
specificity is not immediately apparent. Recent results using
RNAi-mediated knockdown in mouse embryo fibroblasts sug-
gested that E2F3 is the primary E2F factor responsible for the
expression of genes involved in cell proliferation (33). These
findings, however, do not exclude the possibility that E2F1 and
E2F2 play an essential role in promoting proliferation in dis-
tinct cell types or in specific situations. Moreover, the activator
E2Fs are likely to have partially redundant functions, as re-
vealed from the various knockout mouse models (15, 29, 30,
38). One particular situation where the stimulation of cell
proliferation could be induced by any of the activator E2Fs is
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cancer. While deregulation of the cyclin D/pRb pathway was
most often reported, amplification and/or overexpression of
E2F1 and E2F3 has been observed in erythroleukemia cell
lines, primary human acute lymphoid or myeloid leukemias,
gastric and colorectal carcinomas, non-small-cell lung carcino-
mas, esophageal squamous cell carcinomas, and bladder and
prostate cancers (11, 14, 16, 19, 68). On the other hand, from
mRNA and immunohistochemical analyses, CUX1 was found
to be overexpressed in breast tumors and in malignant plasma
cells, and studies addressing the specific isoforms of CUX1
established that p110 and p75 were overexpressed in some
uterine leiomyomas and breast tumor cell lines, respectively
(10, 23, 47, 50). Moreover, in transgenic mice, both p110 and
p75 CUX1 exhibited oncogenic potential (4; C. Cadieux et al.,
unpublished data). Therefore, we envision that the combined
expression of both CUX1 and E2F factors in cancer cells may
contribute to the aberrant stimulation of cell proliferation at
the expense of differentiation.

Targeting of transcription factors to specific regulatory sites
does not rely exclusively, or even primarily, on their interac-
tions with high-affinity binding sites. Indeed, location array
analysis has revealed that a sizeable fraction of targets do not
include high-affinity binding sites. In these cases, targeting can
be accomplished by the formation of a larger nucleoprotein
complex that is stabilized by the accumulation of weak protein/
DNA and protein/protein interactions. The results presented
here support a model whereby p110 CUX1 recruits E2F1 to a
subset of cell cycle-regulated promoters in order to stimulate
gene expression.
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