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The cellular response to DNA damage, mediated by the DNA repair process, is essential in maintaining the integrity
and stability of the genome. E2F-7 is an atypical member of the E2F family with a role in negatively regulating transcrip-
tion and cell cycle progression under DNA damage. Surprisingly, we found that E2F-7 makes a transcription-indepen-
dent contribution to the DNA repair process, which involves E2F-7 locating to and binding damaged DNA. Further, E2F-7
recruits CtBP and HDAC to the damaged DNA, altering the local chromatin environment of the DNA lesion. Importantly,
the E2F-7 gene is a target for somatic mutation in human cancer and tumor-derived mutant alleles encode proteins with
compromised transcription and DNA repair properties. Our results establish that E2F-7 participates in 2 closely linked
processes, allowing it to directly couple the expression of genes involved in the DNA damage response with the DNA

repair machinery, which has relevance in human malignancy.

Introduction

Double-strand breaks (DSBs) are the most dangerous forms
of DNA damage, thus their faithful repair is essential for the
maintenance of genomic integrity and cell survival.! To protect
against the harmful effects of DSBs, cells employ a network of
biochemical cascades, termed DNA damage checkpoints, which
are responsible for detecting and translating DNA damage sig-
nals into a cellular response that prevents propagation and segre-
gation of damaged DNA.?

DSB repair is achieved by the error-prone non-homologous
end joining (NHE]) and the error-free homologous recombi-
nation (HR). While NHE] occurs primarily during the G /G,
phases of the cell cycle, HR occurs during the S/G, phases, where
an intact sister chromatid is used as a repair template.? HR is ini-
tiated by the assembly of DNA repair proteins to the DSB after
recognition by PI3K-like kinases, which phosphorylate the H2A
variant H2AX (YH2AX).* In turn, YH2AX signals the recruit-
ment of the MRE11-RAD50-NBS1 (MRN) complex, which
promotes DSB resection and creates long stretches of single-
stranded DNA (ssDNA), which are then coated with replication-
protein A (RPA) and serve as a scaffold for the recruitment of the
RADS5I1 recombinase and other accessory proteins to complete
the repair of damaged DNA?

The E2F family is a group of transcription factors that regulate
cell cycle, apoptosis, and differentiation.® The founding member,
E2F-1, is a key target for the retinoblastoma tumor suppressor
protein pRb, which regulates E2F-1 activity.”® The E2F-7 subunit

is an unusual member of the E2F family, whose DNA binding
activity does not require association with a DP partner and acts as
a transcriptional repressor independently of binding to pRb fam-
ily proteins.”' Instead, E2F-7 utilizes 2 tandemly arranged DNA
binding domains that enable efficient binding to E2F sites.”!!
During the DNA damage response, E2F-7 is upregulated, sup-
pressing transcription and DNA damage-induced apoptosis.'?
Here, we have examined whether E2F-7 performs a non-
transcriptional role in DNA damaged cells. We provide evidence
that E2F-7 makes a transcription-independent contribution to
the DNA repair process, which requires it to locate to the site of
damaged DNA. E2F-7 recruits CtBP and HDAC, which alters
the chromatin environment of the damaged DNA. Significantly,
the E2F-7 gene is a target for somatic mutation in cancer, which
results in mutant proteins that exhibit compromised transcrip-
tion and DNA repair properties. Thus, by coupling transcrip-
tion with DNA repair E2F-7 makes an important contribution to
DNA repair, and this process has significance in human cancer.

Results

E2F-7 influences the cellular response during DNA repair

The regulation of E2F-7 upon DNA damage'? prompted us
to examine the biological role of E2F-7 during the DNA damage
response. To distinguish between DNA damage-induced apoptosis
and repair, we depleted cells of E2F-7, treated them with a non-
lethal yet DNA damage-inducing dose of camptothecin (CPT;25
nM),* and released them into drug-free medium (Fig. 1A).
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Exposure to CPT increased the level of the DNA damage sensor
YH2AX, which subsequently began to decline by 6 h; a parallel
stabilization of E2F-7 occurred, which began to decline at 8 h
(Fig. 1A). In the absence of E2F-7, YH2AX levels were greater
and remained elevated over a longer time period than in the con-
trol NT siRNA-treated cells (Fig. 1A, i); this effect was also appar-
ent by immunostaining, where typical YH2AX foci were apparent
(Fig. 1A, ii). It is noteworthy that depletion of E2F-7 in the absence
of DNA damage was not sufficient to affect YH2AX (Fig. 1A, i),
indicating that the influence of E2F-7 on YH2AX occurred inde-
pendently of the increased expression of E2F target genes.

Under normal culture conditions, the absence of E2F-7 had
minimal effect on the cell cycle (Fig. 1B, i). However, in response
to DNA damage, the size of the G,/M phase cell population was
clearly affected by the absence of E2F-7 (38% compared with 30%
in the control cells), and fewer cells were evident in G /S phase
(Fig. 1B, i; Fig. S1). Furthermore, the loss of E2F-7 did not cause
any substantial perturbation in DNA synthesis, as BrdU incorpora-
tion in cells pulse-labeled prior to CPT treatment and then chased
in BrdU-free medium,remained relatively constant throughout the
time of analysis (Fig. 1B, ii; Fig. S1). In contrast, when cells were
labeled with BrdU post-CPT treatment, as a means to investigate
the effect of E2F-7 specifically during DNA repair, BrdU incorpo-
ration in the E2F-7 siRNA treated cells was initially delayed but
by 8 h was greater than the control treatment (Fig. 1C; Fig. S1).
These results are consistent with the increased G,/M phase popula-
tion upon E2F-7 depletion compared with the control NT siRNA
treatment (Fig. 1B, i), suggesting that a greater number of cells had
traversed S phase and entered G,/M phase, especially at the later
stages of the repair process. Overall, the results indicate that E2F-7
impacts on DNA repair (DSBs are repaired more slowly, reflected
in elevated and extended YH2AX level in E2F-7-depleted cells)
and DNA synthesis (more cells progressed through S phase into
G,/M and enhanced BrdU incorporation in E2F-7-depleted cells).

E2F-7 is a regulator of the DNA repair process

The influence of E2F-7 on yYH2AX, together with the impli-
cation that DNA repair was under aberrant control, prompted
us to examine the role of E2F-7 in HR, which is the prominent
DNA repair process taking place in S/G, phase cells.'* We used
the DR-GFP reporter system,"” where site-specific DNA repair is
induced by IScel endonuclease-driven DSB formation within the
reporter GFP gene, and repair by HR results in the reconstitution
of full-length GFP gene, which gives rise to GFP-positive cells
(Fig. 2A; Fig. S2).

Cells treated with E2F-7 siRNA and transfected with IScel
showed a marked increase in GFP, reflecting an increase in HR
compared with control treated cells (Fig. 2B). As expected, HR
was abolished upon depletion of RADS51 (Fig. 2B; Fig. S2), which
is essential for HR.*® The effect of depleting E2F-7 was also appar-
ent at increased levels of IScel (Fig. S2). Importantly, depletion of
E2F-1 similarly increased GFP, although to a lesser extent (Fig.
S§2), suggesting that the effect of E2F-7 depletion was not linked to
upregulation of E2F-1. Conversely, expressing ectopic E2F-7 pro-
tein resulted in a decrease in the GFP signal and the effect on HR
was dependent on the integrity of its DNA binding and dimeriza-
tion domains (mutated in DBD and DD, respectively; Fig. 2C).
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Further, ectopic E2F-8 failed to affect the GFP signal (Fig. S2),
indicating that the role of E2F-7 in HR is not shared with its
closely related family member E2F-8.

Although E2F-7 did not influence DNA damage in the absence
of CPT (Fig. 1A), it was important to test whether the effect of
E2F-7 on HR, apparent in the DR-GFP assay, resulted from a
transcription-dependent or -independent mechanism. We found
that the RNA level of the recombining GFP locus (Fig. 2A and D)
did not change in E2F-7 expressing cells in both the presence and
absence of IScel (Fig. 2E). Further, analysis of the DNA sequence
of the DR-GFP cassette did not identify any canonical E2F bind-
ing motifs, and when discrete DNA regions of the DR-GFP cas-
sette were cloned into a luciferase reporter vector (Fig. 2D), E2F-7
failed to affect reporter activity, in contrast to the effect on E2F-1
promoter-luciferase (Fig. 2F).”** Thus, the absence of any nota-
ble change in GFP RNA levels and of cryptic E2F-7 promoter
sites argues against a direct transcription effect of E2F-7 on the
DR-GFP cassette.

E2F-7 is recruited to the double strand break and binds to
damaged DNA

We reasoned that E2F-7 may make direct contact with the
DNA of the DR-GFP cassette and examined this possibility by
chromatin immunoprecipitation (ChIP), where E2F-7-bound
chromatin was immunoprecipitated and the position of bind-
ing assessed by PCR using specific primers (Fig. 2D). E2F-7 was
detected upstream the IScel-cleavage site (Isc site), which was
apparent only upon expression of IScel at 8 to 16 h (Fig. 3A). In
contrast, E2F-7 constitutively bound to the E2F-1 promoter under
the same conditions (Fig. S3). The specificity of the ChIP signal
was confirmed by depleting E2F-7 with siRNA (Fig. 3A; Fig. S3).
Further, binding to the Isc site required the integrity of its dimer-
ization and DNA binding domains (Fig. 3B) and thus paralleled
the effects seen in the HR assay (Fig. 2C). Significantly, when
cells were microirradiated with UV irradiation,” E2F-7 localized
to DSBs and colocalized with YH2AX and 53BP1 (Fig. 3C). The
co-localization of E2F-7 with proteins directly involved in DNA
repair (YH2AX and 53BP1)*** combined with the ChIP analysis
(Fig. 3A) suggests that E2F-7 locates to and binds to areas of dam-
aged DNA.

To substantiate the role of E2F-7 at DSBs, we evaluated by
electrophoretic mobility shift assay (EMSA) whether E2F-7 can
bind directly to 5" overhang, 3" overhang or blunt end DNA probes
(Fig. 3D) that resemble DNA structures that occur during DSB
processing.” As expected, binding of purified His-tagged E2F-7
(Fig. 3D, ii-iv) to an E2F binding site derived from the E2F-1
promoter was evident (Fig. 3E, i; Fig. S3). E2F-7 could also bind
to the 5" and 3" overhang and blunt end DNA structures (Fig. 3E,
ii—iv). The addition of His antibody shifted the E2F-7: DNA com-
plexes (Fig. 3E) and an E2F-7 derivative that lacked the second
DBD (ADBD?2) failed to bind (Fig. S3). Thus, E2F-7 localizes to
chromatin regions where DSBs occur and has the intrinsic capacity
to bind to the type of DNA structures that occur during the HR
process.

E2F-7 requires association with CtBP to regulate HR

Having established that the integrity of E2F-7 DNA bind-
ing and dimerization domains was important for its HR activity
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(Fig. 2C), it was of interest to explore whether other regions of  their activity in transcription and DR-GFP reporter assays. All
the protein could influence its activity. To this end, we generated  mutants were able to repress transcription of the E2F-1 promoter,
C-terminal deletion mutants (Al to A4; Fig. 4A) and compared  in contrast to the DBD and DD mutants, which, as previously
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Figure 1. E2F-7 regulates the cellular response during DNA repair. (A) (i) U20S cells were treated with NT or E2F-7 siRNA and subjected to camptothecin
(CPT; 25 nM) treatment or left untreated (UND) for 16 h, washed, and allowed to recover in drug-free media, as indicated. H2AX phosphorylation (yH2AX)
was analyzed by immunoblotting against total H2AX levels; GAPDH served as a loading control. (i) U20S cells were treated as in (i) and yH2AX was
monitored by indirect immunofluorescence. Cell nuclei were counter-stained with DAPI. (B) (i) U20S cells were treated as in (A) and cell cycle profiles
analyzed by flow cytometry. See also Figure S1A, i and ii. (i) BrdU incorporation analysis (%) in NT and E2F-7 siRNA treated cells at the indicated times,
data represent the means of three replicates. See also Figure S1A, iii. (C) BrdU incorporation analysis (%) of U20S cells, treated as in (a), where cells were
continuously labeled with BrdU (10 M) after removal of CPT. See also Figure S1B.
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reported, failed to do so (Fig. 4B, i; Fig. S4).> However, the
C-terminal deletion mutants had reduced effects in the HR assay,
exhibiting similar activity to the DBD and DD mutants (Fig. 4B,
ii). As the C-terminal region is dispensable for its transcription
effects, these results reinforce the transcription-independent role
of E2F-7 in HR and highlight the importance of the C-terminal
region.

In exploring the mechanism involved, we looked for motifs in
E2F-7 that informed on potential interaction partners and iden-
tified a binding site for the CtBP protein (Fig. 4C, i), an estab-
lished co-repressor for a variety of transcriptional repressors.*
Indeed, an interaction between E2F-7 and CtBP was apparent
in cells under DNA damage conditions (Fig. 4C, ii). A loss-of-
function E2F-7 deletion mutant (E2F-7ACBP; Fig. 4C, i; Fig.
S4) retained the ability to repress transcription (Fig. 4D; Fig. S4)
but failed to affect HR activity in the DR-GFP reporter system
compared with E2F-7 (Fig. 4E; Fig. S4; 90% reduced activity).
Significantly, CtBP could be detected by ChIP analysis on the
Isc site of the DR-GFP locus, and its presence was dependent
on E2F-7 (Fig. 4F; Fig. S4). Together, these results indicate that
the CtBP-binding motif in E2F-7 influences HR in the DR-GFP
reporter assay and implicate CtBP in the HR process.

E2F-7 influences chromatin acetylation at the site of
recombination

Since CtBP can exist in a complex with chromatin modify-
ing HDAC subunits,*** we tested for the presence of HDAC
subunits in the E2F-7 complex and identified both HDACI
and 2 (Fig. 5A). By ChIP analysis, both HDAC subunits were
detected at the Isc site of the DR-GFP locus, and their presence
was dependent on E2F-7 (Fig. 5B; Fig. S4).

The association of HDAC with E2F-7 prompted us to evalu-
ate the level of histone acetylation at the GFP locus by ChIP
analysis. Upon depletion of E2F-7, there was a considerable
increase (4-fold) in acetylation upstream of the Isc site (“up” site,
Fig. 2D), which was dependent on IScel and not apparent at the
other DNA sites tested (Fig. 5C). In contrast, the level of other
chromatin modifications (H3K4me3 and H3K27me3) and het-
erochromatic chromatin marks (H3K9me3) remained largely
unchanged (Fig. 5C). These results suggest that E2F-7, through
recruitment of chromatin modifiers like HDAC, regulates the
acetylation of chromatin around the recombining GFP locus.

Tumor mutations in human cancer

We were interested to evaluate the importance of the prop-
erties ascribed to E2F-7 here, in human cancer. We therefore
interrogated the Catalogue of Somatic Mutations in Cancer

(COSMIC) database and identified a number of somatic muta-
tions in the E2F-7 gene (28 total: 24 missense and 4 nonsense;
Fig. 6A), supported by the absence of the mutation in normal
matched tissue.

We sought to determine the functional relevance of the muta-
tions in the context of transcriptional repression and HR by
E2F-7, based on the premise that, if the properties of E2F-7 were
important for its normal biological role, then we might expect
them to be aberrant in tumor-derived mutants. With the excep-
tion of the C-terminal truncation R288* and R333*, where one
of the DNA binding and dimerization domains is truncated, all
the other E2F-7 mutants were able to undergo nuclear accumu-
lation and dimerize with E2F-7 (Fig. 6B and C). We evaluated
the activity of the mutant derivatives on transcription, when co-
expressed with E2F-1, an assay previously used to assess E2F-7
repression activity'? (Fig. 6D). In comparison to wild-type E2F-7
and the DBD mutant, which retain and lack repression activ-
ity, respectively, the missense derivatives displayed modest dif-
ferences in their ability to repress, with the exception of R185H,
which carries a mutation in a residue essential for DNA binding
(Fig. 6A). Notably, the E2F-7 truncations derived from nonsense
mutations exhibited impaired ability to repress, particularly in
the case of R288* and R333* (Fig. 6D; Fig. S5). When the
mutants were evaluated in the DR-GFP assay, a general coinci-
dence between the effect on HR and transcription was appar-
ent; the E2F-7 truncations in particular exhibited compromised
activity compared with the wild-type E2F-7 (Fig. 6E; Fig. S5).
Further, R185H failed to affect HR activity to the same extent
as wild-type E2F-7 (Fig. 6E). These results therefore suggest that
the functional properties that have been ascribed to E2F-7 are
affected by mutation in human cancer.

Discussion

Cells depleted of E2F-7 exhibit an aberrant DNA damage
response in the extended time that YH2AX (an early response to
DNA double-strand breaks) is detected, suggesting failure to effi-
ciently repair DSBs. There was also a reduced number of cells in
S phase and concomitant increase in G,/M phase. These results
are consistent with the idea that E2F-7 performs a role in the
DNA repair process. Indeed, using the DR-GFDP assay to measure
the effect of E2F-7 in HR, we found that E2F-7 regulates HR
activity. Further, E2F-7 can co-localize with YH2AX and 53BP1
in DNA damaged cells, bind directly to the recombining DNA,
and, importantly, interact and recruit accessory factors, including

Figure 2 (See opposite page). E2F-7 regulates HR. (A) Schematic representation of the DR-GFP cassette, where expression of I1Scel endonuclease
cleaves its recognition site to generate a DSB. The second copy of the GFP gene (iGFP) acts as a template for DNA repair. GFP is expressed only after repair
by HR. (B) U20S DR-GFP cells were transfected with NT, E2F-7 or RAD51 siRNA and control vector (-) or IScel (+). Shown are normalized GFP levels. Error
bars, SD (n = 3). Statistical analysis by unpaired t test (***P < 0.001). See also Figure S2B. (C) U20S DR-GFP cells were co-transfected with control vector
(=) or IScel (+) and E2F-7 (7), dimerization domain (7DD) or DNA-binding domain (7DBD) mutant. Shown are normalized GFP levels. Error bars, SD (n =
3). Statistical analysis by unpaired t test (.., = P< 0.001, ,, = P < 0.01). See also Figure S2F. (D) Schematic representation of the DR-GFP cassette, indicating
the position of GFP RNA and ChIP primers designed against sequences that are not shared between SceGFP and iGFP, ensuring amplification only of the
SceGFP locus. (E) RNA extracted from U20S DR-GFP cells, transfected with control vector (=) or HA-IScel (+) and E2F-7 (7), 7DBD or ACtBP mutant (7ACt)
were subjected to RT-PCR with primers that amplify a SceGFP sequence only, for the indicated number of cycles (25 or 30). 18S rRNA serves as loading
control. (F) U20S DR-GFP cells were co-transfected with vector (v) or E2F-7 (7), together with DNA fragments of the DR-GFP cassette (up, Isc, thru, down;
Fig. 2D); E2F-1-luciferase reporter served as a positive control for the transcription effects of E2F-7, and CMV--gal as the internal control for transfection
efficiency. Transcriptional activity was assessed by luciferase reporter assay and the results represent the ratio of luciferase to B-gal activity. See also
Figure S2G.
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CtBP and HDACI and 2, to the DSB. Our results therefore are
consistent with the idea that E2F-7 contributes through both
transcriptional and non-transcriptional mechanisms to the DNA
repair process (Fig. 6F).

Multiple relationships between transcription and DNA repair
proteins have been previously reported in eukaryotic cells. For
example, certain subunits of transcription factor TFIIH are
involved with nucleotide excision repair,”® and transcriptional
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Figure 3A-C. E2F-7 localizes to DSBs and directly binds to damaged DNA. (A) Representative ChIP analysis on U20S DR-GFP cells transfected with IScel
from 0 to 16 h, and immunoprecipitated with non-specific (NS) or E2F-7 antibody. The input chromatin (IN) is indicated. The E2F-1 promoter served as a
positive control, Alb served as a negative control. (B) Representative ChIP analysis on U20S DR-GFP cells transfected with control vector (=) or IScel (+)
and HA-E2F-7 (7), dimerization domain (7DD) or DNA-binding domain (7DBD mutants). Cell lysates were immunoprecipitated with anti-HA antibody.
The input chromatin (IN) is indicated, and binding to the E2F binding sites in the E2F-1 promoter served as a positive control. Shown are the ratios of
immunoprecipitated Isc DNA over E2F-1 DNA fragments. See also Figure S3B. (C) U20S cells were transfected with GFP-E2F-7, treated with CPT (25 nM)
for 24 h, and subjected to immunofluorescence. GFP (green) and yH2AX or 53BP1 (red) foci were analyzed for co-localization by a composite image
(merged; yellow foci). Cell nuclei were counter-stained with DAPI.
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Schematic representation of His-tagged E2F-7 proteins used for EMSAs. Indicated are the positions of the DNA binding domains (DBD) and expected
size of the proteins. (iii) Input protein levels of His-tagged E2F-7 proteins (5 j.g), as detected by Ponceau stain. The actual size (kDa) of the proteins is
compared with proteins markers, as indicated. (iv) Input protein levels of His-tagged E2F-7 proteins (5 j.g), as analyzed by immunoblot with anti-His.
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www.landesbioscience.com

Cell Cycle

3043

. Do not distribute.

loscience

©2013 Landes B



A B _..
i &
8
DBD1  DBD2 2
E2F-7A1 1| I [T [ ] 406 i
E2F782 A1 | T T T 469 z
g
©
E2F-7A3 1 | I [] [ ] 540 £
g
©
E2F704 1 [ I [T T ] 726 E
E2F1-luc
ST ] I [ I Jot1 | .
(i) o
E2F-7DBD 1 | I ] I ] 911 35
(R185/334A) 3
RRIYD  RRLYD
1 1 25
A A ER
2
E2F-7DD 1 [ [ [ 1 | ] 911 15
| 1
(8191-194/ A s
A340-343) DNVLE  NVL U
0
v 7 7DD 7DBD  7A1 702 7A3  7A4
+IScel
C (I) CtBP-binding motif (ii)
DBD1 DBD2
1 | B | 911
I D\ ! - CPT IN
E2F-7 621PLSLV 625 IP: 7 NS 7 NS - CPT
116
hCtiP 487 MDKPLDLSDRF 498 E2F-7 | W= n" |
hE1A Ad2 276 SGQPLDLSCKR 287 fos]
, = — - *
hHDAC4 45 SAVPMDLRLDH s6 CtBP .- ah ” .
hTCF4 584 QPQPLSLVTKS 595
hE2F-7 618 EDGPLSLVMPK 628
mE2F-7 612 EDSPLSLVMPK 623
ACtBP 618 EDS MPK 628
D E 35
45
= 3
2 4
® 25
§ 35
3° g ?
3z 25 D! i
*x 2
2 1
2 18
&
B 1 05
T 05
E 0
0 IScel:
7DD |[7DBD| 7ACt |  E2F-1-luc
IScel: - Y
F siRNA: NT E2F-7
ChiP:  10% IN NS CtBP 10% IN NS CtBP
IScel: - + -+ -+ -+ -+ -+
8| " _
‘®
<
b4
normalised
IP/IN ratio: 02 004

Do not distribute.

I0Science.

©2013 Landes B

Figure 4. For figure legend, see page 3045.

3044 Cell Cycle Volume 12 Issue 18



activators bound to cognate DNA binding sites induce local chro-
matin remodeling (for example mediated by acetyl transferase)
to facilitate DNA repair.?” Moreover, it has become increasingly
evident that the chromatin environment is altered in response to
DSBs, which frequently involves proteins with established roles
in chromatin modification and transcription.?®?° In fact, we sug-
gest that E2F-7 is a contributory factor recruited to chromatin in
response to DSBs. There are established precedents for this idea,
including histone-modifying enzymes and chromatin-modeling
factors, many of which are known transcription regulators that
become recruited to damaged DNA.?3° We would place E2F-7
and its associated chromatin modifiers in this category, rather
than in a mechanistic effector group involved with DNA dam-
age. We suggest that this is an attractive model, which fits with
the data presented in the paper and the properties of E2F-7.

Tumor suppressor p53 provides notable example of a multi-
functional transcription factor. Transcription-independent roles
of p53 are known to control the efficiency of DNA repair and
recombination.’ For example, p53 directly interacts with pro-
teins such as the TFIIH complex, which allows transcription to
be coupled with nucleotide excision repair.?? p53 also binds to the
replication protein A complex which functions in DNA replica-
tion, HR, and NER.*** It has been suggested that p53 can bind
directly to damaged DNA, as it has short, single-stranded DNA
binding activity and interacts directly with lesions in DNA.% In
this respect, the properties of E2F-7 overlap considerably with
p53; both proteins function in DNA damaged cells to limit cell
cycle progression, in part by regulating an overlapping set of
genes, but also influence the DNA repair process directly.

Of considerable importance is the evidence for somatic muta-
tion in the E2F-7 gene in human cancer. These include not only
a range of missense mutations, but also nonsense mutations that
result in the expression of truncated E2F-7 proteins. Some of
the mutant E2F-7 proteins had compromised transcription and
DNA repair activity, particularly clear for the nonsense muta-
tion (R288* R333* K423* and 1748*). The somatic mutation
of the E2F-7 gene suggests that its mutation provides a survival
advantage during tumorigenesis. Releasing the expression of E2F
target genes, many of which are connected with cell cycle pro-
gression, and overcoming the negative impact of E2F-7 on HR
(and thus perhaps augmenting the cellular mutation rate) are 2
possibilities that might explain the significance of E2F-7 muta-
tion in cancer.

In conclusion, our study suggests that E2F-7 influences both
transcriptional and non-transcriptional mechanisms in response

to DNA damage. As such, E2F-7 allows coupling of transcription
of many genes involved in DNA replication and repair directly
with the mechanism of DNA repair, thus enabling cell cycle pro-
gression to be integrated with DNA repair.

Materials and Methods

Cell culture and transfection

Cells were cultured in Dulbecco modified Eagle medium
(DMEM) supplemented with 5% (v/v) fetal calf serum (FCS),
100 U/ml penicillin, and 100 pg/ml streptomycin at 37 °C in a
5% CO, atmosphere. U20S DR-GFP cells were supplemented
with puromycin (1 pg/ml) to maintain stable expression of the
DR-GFP cassette.” For DNA repair time-course experiments,
cells were incubated with camptothecin (CPT) for 24 h, washed
3x with PBS and incubated with pre-warmed media, as indi-
cated. Compounds were added at a 1:1000 dilution to minimize
vehicle effects. Cells were transfected with 1-4 pg of total DNA
at 30-50% confluency, using GeneJuice® (Merck). For short
interfering RNA (siRNA)-mediated RNAi cells were trans-
fected at 20-40% confluency with Oligofectamine (Invitrogen)
and 21 bp oligonucleotides at 2040 nM. Cells were routinely
incubated with DNA/siRNA for 48—72 h. Untransfected and
mock controls were routinely used and empty vector or NT#3
(Dharmacon) were used to equalize for the amount of DNA or
siRNA, respectively, in the case of co-transfection.

Expression vectors and siRNA

Previously described vectors are: HA-E2F-7, HA-E2F-7DD,
HA-E2F-7DBD, Flag-E2F-7, HA-E2F-1, pCMV-B-gal, pBB14-
GFP and pE2F-luc,”? and HA-IScel.” The E2F-7 mutants
E2F-7ACtBP and E2F-7A1, E2F-7A2, E2F-7A3, E2F-7A4 were
generated by using Agilent’s QuikChange Multi Site-Directed
Mutagenesis kit. The up-, Isc-, thru-, down-luc vectors were
generated by cloning PCR fragments amplified with the cor-
responding ChIP primers into pGL3-basic luciferase vector
(Promega). The GFP-E2F-7 was sub-cloned into a pCMV-GFP
construct. HA-HDACI and Flag-HDAC2 were cloned from cel-
lular mRNA using standard techniques. His-tagged E2F-7N and
His-tagged E2F-7N ADBD?2 were kindly provided by Structural
Genomics Consortium Oxford. The siRNA sequences used were:
non-targeting 3 (NT#3), E2F-7 siRNA(i): AAAGGTACGA
CGCCTCTATGA, E2F-7 siRNA(Gi): AACAGAAGAG
CGAGGTCGTAA, RAD5I siRNA (Dharmacon Smartpool)
and E2F-1 siRNAl: ACTGACCATC AGTACCTGGUU;
E2F-1 siRNA2: GAAGTCCAAG AACCACATCUU.

Figure 4 (See previous page). E2F-7 requires association with CtBP to regulate HR. (A) Schematic representation of the E2F-7 C-terminal deletion (A1-
A4), DBD and DD mutants. The colored areas indicate the DNA binding domains. (B) (i) U20S DR-GFP cells were transfected with IScel and E2F-7 (7),
7DD, 7DBD or E2F-7 C-terminal deletion (A1-A4) mutants and E2F-1-luciferase reporter. Shown are the ratios of luciferase to -gal activity. Error bars,
SD (n = 3). Also see Figure S4A. (ii) U20S DR-GFP cells were transfected with IScel (IScel) and the E2F-7 mutant derivatives. Shown are the normalized
GFP levels. Error bars, SD (n = 3). (C) (i) Schematic representation of the E2F-7ACtBP mutant and sequence alignment of CtBP-binding motifs in CtBP
interacting proteins and human (h) and mouse (m) E2F-7. (ii) Hela cells were treated with CPT (25 nM) for 16 h, or left untreated, endogenous E2F-7 was
immunoprecipitated from lysates and immunoblotted, as indicated. CtBP is indicated by arrow, asterisk indicates non-specific polypeptide. (D) U20S
DR-GFP cells were transfected with control vector (-) or IScel (+) and E2F-7 (7), 7DD, 7DBD, or 7ACt and E2F-1-luciferase reporter construct. Shown are the
ratios of luciferase to B-gal activity. Error bars, SD (n = 3). See also Figure S4C. (E) U20S DR-GFP cells were co-transfected with control vector (-) or IScel
(+) and E2F-7 (7), 7DD, 7DBD, or 7ACt. Shown are the normalized GFP levels. Error bars, SD (n = 3). See also Figure S4D. (F) Representative ChIP analysis
on U20S DR-GFP cells transfected with NT or E2F-7 siRNA, control vector (=) or IScel (+) for 16 h and immunoprecipitated with NS or CtBP antibody. The
input chromatin (IN) is indicated, Alb served as a negative control. Shown are the ratios of immunoprecipitated DNA over input, and normalized to input
levels. Also see Figure S4E.
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Figure 5. E2F-7 interacts with HDACs and alters the local chromatin environment of the DSB. (A) (i) U20S cells were transfected with Flag-tagged E2F-7 or
HA-tagged HDAC1 or both and treated with camptothecin (CPT +; 25 nM) for 16 h or left untreated (-). Lysates were immunoprecipitated with anti-Flag
and immunoblotted with anti-HA. (ii) U20S cells were transfected with HA-tagged E2F-7 or Flag-tagged HDAC2 or both and treated with camptothecin
(CPT +; 25 nM) for 16 h or left untreated (). Lysates were immunoprecipitated with anti-Flag and immunoblotted with anti-HA. (B) Representative ChIP
analyses on U20S DR-GFP cells transfected with NT or E2F-7 siRNA, control vector (-) or IScel (+) for 16 h and immunoprecipitated with NS or HDACT1 (i)
or HDAC2 (ii) antibodies. The input chromatin (IN) is indicated, Alb served as a negative control. Shown are the ratios of immunoprecipitated DNA over
input, and normalized to input levels. Also see Figure S4F. (C) (i) Representative ChIP analysis from U20S DR-GFP cells treated with NT or E2F-7 siRNA,
subsequently transfected with control vector (=) or HA-IScel (+) for 16 h and immunoprecipitated with non-specific (IgG) or acetylated histone 3 (Ac),
trimethylated lysine 4 histone 3 (K4), trimethylated lysine 27 histone 3 (K27), or trimethylated lysine 9 histone 3 (K9) antibody. The input (IN) chromatin
is indicated. Shown are the ratios of immunoprecipitated DNA over input, and normalized to input levels for each PCR fragment. Also see Figure S4F.
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Reverse-transcriptase polymerase chain reaction

RNA was extracted using the Trizol reagent (Invitrogen),
according to the manufacturer’s protocol. ¢cDNA was syn-
thesized from total RNA using the MMLV system (Promega)
and the target cDNA was amplified by polymerase chain reac-
tion (PCR) using primers pairs E2F-7, 185'% and GFP Fwd: 5'-
TATATCATGG CCGACA -3', GFP Rev 5'- ACATGGTCCT
GCTGGAGTTC -3'. The PCR reaction was as follows: 95 °C

for 5 min, 25 or 30 cycles of 95 °C for 30 s, 58 °C for 1 min,
72 °C for 1 min, and 72 °C for 5 min. PCR products were run
on 2% agarose gel containing 0.5 pwg/ml ethidium bromide and
visualized under UV.

Protein extraction, SDS-PAGE, and immunoblotting

Cells were lysed either in TNN lysis buffer (50 mM Tris-Cl
pH 7.5, 5 mM ethylene diamine tetra-acetic acid [EDTA] pH
8.0, 200 mM NaCl, 0.5% Igepal CA-360, 10 mM NaF, 1 mM
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Figure 6A-C. Tumor derived mutants have compromised transcription and DNA repair properties. (A) Schematic representation of E2F-7, indicating
the location of the mutations identified from the COSMIC database. Shown are 28 point mutations, of which 24 are missense and 4 are nonsense, as
indicated, which are confirmed somatic by comparison to matched (non-tumor) germline DNA (http://cancer.sanger.ac.uk/cancergenome/projects/cos-
mic/). For clarity, the mutant derivatives of E2F-7 were categorized based on their position on the E2F-7 protein, in N-terminal (N), DNA binding domain
(D), C-terminal (C1), and C-terminal tail (C2). (B) U20S cells were transfected with HA-E2F-7 mutant derivatives together with Flag-E2F-7 WT, as indicated,
and protein localization was assessed by indirect immunofluorescence with anti-HA and anti-Flag. Protein co-localization is shown in yellow. (C) U20S
cells were transfected with Flag-E2F-7 WT and HA-E2F-7 mutant derivatives, as indicated. Cell lysates were immunoprecipitated with anti-Flag, followed
by immunoblotting with anti-HA (mutant derivatives) and anti-Flag (E2F-7 WT).
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DNA damage response

Checkpoint activation
DNA repair

Figure 6D-F. (D) U20S cells were transfected with control vector (v) or E2F-7 mutant derivatives, as indicated, together with HA-E2F-1, E2F-1-luciferase
reporter construct and CMV-B-gal (as the internal control for transfection efficiency). The results represent the ratio of luciferase to 3-gal activity. Error
bars, SD (n = 3). Also see Figure S5A. (E) U20S DR-GFP cells were transfected with control vector (v) or HA-IScel endonuclease (I) and the E2F-7 mutant
derivatives, as indicated. The results represent the level of GFP intensity as measured by flow cytometry. Error bars, SD (n = 3). Also see Figure S5B. (F)
Proposed model for E2F-7 mechanism of action during the DNA repair process. In addition to the role of E2F-7 as a transcriptional regulator, E2F-7 locates
to areas of DNA damage, such as a DSB, recruiting histone modifiers like HDAC. This allows E2F-7 to act on the chromatin environment of the damaged
DNA. It is possible that this property of E2F-7 is relevant in checkpoint activation and DNA repair processes that occur upon DNA damage.
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Na,VO,, and protease inhibitor [PI] cocktail) on ice for 30 min.
Protein concentration was measured using the Bradford method
(BioRad). Standard SDS-PAGE electrophoresis and immunob-
lotting protocols were followed; visualization was performed
by enhanced chemiluminescence (ECL) and exposure of mem-
branes to X-ray Film (Kodak).

Antibodies

The antibodies used were: E2F-7 N-20 (Santa Cruz), E2F-1
KH-95 (Santa Cruz) GAPDH V-18 (Santa Cruz), YH2AX
05-636 (Millipore), H2AX ab20669 (Abcam), RAD51 H-92
(Santa Cruz), 53BP1 (Bethyl Laboratories), HA-11 (Gibco),
CtBP E-12 (Santa Cruz), Flag M2 (Sigma), HDAC1 H-11
(Santa Cruz), HDAC2 H-54 (Santa Cruz), acetyl-H3 06-599
(Millipore), H3K4me3 ab8580 (Abcam), H3K9me3 07-442
(Millipore), H3K27me3 ab24684 (Abcam), FITC-conjugated
BrdU 556028 (BD Biosciences), His H1029 (Sigma), and control
immunoglobulins (IgG) (GE Healthcare) .

Luciferase reporter assay

Cells were transfected with pE2F1-luc (0.5 pg) and pCM V-
gal (0.5 pg) as an internal control as previously described.*
Twenty-four—36 h after transfection, cells were harvested and
used for luciferase and B-galactosidase activity assays. All assays
were performed in triplicate and were normalized relative to
B-galactosidase activity.

Immunoprecipitation

Cells were washed in PBS and lysed in reduced NaCl (150
mM) TNN buffer. Lysates were incubated overnight at 4 °C with
20 pl HA-agarose (Sigma) or Flag-agarose for ectopic IPs or 2
wg of E2F-7 and 20 pl protein A/G beads. Beads were washed
4x with TNN followed by protein elution with 2x SDS loading
buffer; analysis was by SDS PAGE and immunoblotting. Band
intensities were quantified by Image J.

Immunofluorescence

Cells were seeded on coverslips and 48 h after transfection
with siRNA were subjected to treatments, as indicated. Coverslips
were subsequently washed in 1x PBS and fixed with 3.7% form-
aldehyde in PBS with 1% Triton X-100 for 15 min, permeabi-
lized in 0.5% Triton X-100 in PBS for 5 min, and incubated with
specific antibodies, as indicated. Coverslips were then washed in
3x PBS 0.05% Tween-20 and subsequently incubated with fluo-
rescently labeled secondary antibodies (Alexa, Invitrogen) and
mounted onto microscope slides using DAPI Vectashield mount-
ing media (Vector labs). Protein localization was then visualized
using a BX60 transmitted-reflective light fluorescence micro-
scope (Olympus) and data was analyzed using OpenLab software
(Improvision).

UV light-induced microirradiation

UV induced microirradiation, as previously described.”
Briefly, cells were seeded on coverslips and 24 h after DNA
transfection, 10 wM BrdU (BD Biosciences) was added to the
media for an additional 48 h. Prior to UV irradiation, the cul-
ture medium was removed, and coveslips were washed with PBS.
Immediately after removal of PBS, coverslips were covered with
a micropore membrane (Isopore 5 WM, Millipore) and exposed
t0 30 J/m? UV in a UV crosslinker (GE Healthcare). After expo-

sure, cells were replenished with culture medium and incubated
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at 37 °C in a CO, incubator for 30 min. Coverslips were sub-
jected to immunofluorescence, as described above.

Flow cytometry of cell cycle distribution and BrdU
incorporation

For propidium iodide (PI) staining cells were harvested in
Trypsin-EDTA (Lonza) until they detached from the plates, fol-
lowed by addition of 5% FCS in DMEM. Cells were washed
with PBS, fixed by addition of 1 ml of ice-cold 50% ethanol/
PBS and resuspended in 25 U/ml RNaseA (Sigma) and 50 g/
ml propidium iodide (PI) (Sigma) and incubated for 30 min on
ice in the dark. Cells were collected on an Accuri C6 flow cytom-
eter (Becton-Dickinson) and analyzed using the Accuri CFlow
(Becton-Dickinson). In the case of BrdU incorporation, BrdU
(BD Biosciences) was added to cells at 10 wM, as indicated, and
cells were stained with anti-BrdU (Becton-Dickinson) and PI,
according to the manufacturer’s protocol.

Homologous recombination assay

HR-dependent DNA DSB repair was assessed using the
DR-GFP/IScel assay, as previously described.'® Briefly, cells were
transfected with 1 pg HA-IScel, unless otherwise indicated,
and incubated for a minimum of 48 h. Cells were harvested,
washed, resuspended in PBS, and analyzed for GFP expression
on the Accuri C6 flow cytometer. In siRNA experiments, cells
were treated with siRNA for 48 h, trypsinized, and allowed to
replate before DNA transfection. In ectopic expression experi-
ments, DNA was co-tranfected with HA-IScel for the same
length of time. To rule out differences in transfection efficiency,
the transfection efficiency of HR assays was measured by parallel
transfection of pCMV-GFP instead of HA-IScel, as previously
described.?”*® The DR-GFP fluorescence data are presented as
the absolute percentage of GFP-expressing cells normalized for
transfection efficiency by generating transfection efficiency ratios
to the control non-IScel treatment and subsequently normalizing
all other treatments accordingly. The corresponding input pro-
tein levels were loaded on total protein content and are, therefore,
indicative of ectopic protein expression, without reflecting trans-
fection efficiency for each sample.

Electrophoretic mobility shift assays

Oligonucleotides were synthesized and purified by PAGE
(PAGE) by SIGMA Genosys. The following oligonucleotides
were used: E2F-1 F -GGCTCTTTCG CGGCAAAAAG

GATTTGGCGC GTAAAAGTGG -3'); E2F1 R (5-
CCACTTTTAC GCGCCAAATC CTTTTTGCCG
CGAAAGAGCC -3'); Repair-5’ F (5-ATTTACTTAT
TTTGTATTAT CCTTATTTAT ATCCTTTCTG
CTTTATCAAG ATAATTTTTC GACTCATCAG
AAATATCCG-3'); Repair-3'F (CTGCTTTATC
AAGATAATT TTTCGACTCA TCAGAAATAT
CCGTTTCCTA TATTTATTCC TATTATGTTT
TATTCATTTA);  Repair R (5- CGGATATTTC

TGATGAGTCG AAAAATTATC TTGATAAAGC AG-3');
Repair blunt end F (5"TAATACAAAAT AAGTAAATGA
ATAAACAGAGAA AATAAAG-3'); Repair blunt end
R (5-CTTTATTTTC TCTGTTTATT CATTTACTT
ATTTTGTATTA-3"). To generate the different double-stranded

DNA probes, oligonucleotides were annealed at a 1:1 molar ratio

Cell Cycle 3049

©2013 Landes Bioscience. Do not distribute.



in annealing buffer (100 mM Tris-Cl pH 7.6, 10 mM DTT, 20
mM MgClz, 2 mM Spermidine) as follows: E2F-1 F and R for
the E2F probe (40-mer), repair 5’ F and repair R for the 5 over-
hang probe (79-mer with 42 nt in double strand and 37 nt 5’
overhang), repair 3" F and repair R for the 3’ overhang probe
(79-mer with 42 nt in double strand and 37 nt 3" overhang), and
repair blunt end F and R for the BE probe (40-mer). Repair oli-
gonucleotides were modified from* to generate probes of similar
length to E2F-1. Bacterially expressed and purified His-E2F-7N
and His-E2F-N ADBD2 were incubated with 500 pg of double-
stranded DNA substrate for 20 min at RT in 1x EMSA binding
buffer (400 mM KCl, 150 mM Hepes pH7.9, 10mM EDTA, 5
mM DTT, 50% glycerol). For supershift, protein was pre-incu-
bated with anti-His or IgG for 10 min at RT before DNA was
added for 20 min. Where indicated, proteins were denatured by
incubation at 95 °C for 10 min. The reactions were resolved by
electrophoresis on a 1% agarose gel in TAE (40 mM Tris-acetate
pH7.5,0.5mM EDTA) buffer for 1 h at 100 mAmp. The gel was
then stained in 1XTAE buffer containing EtBr at 0.5 pg/ml for
15 min and visualized under UV.

Chromatin immunoprecipitation

Chromatin  immunoprecipitations were performed as
described.”” For DR-GPF ChIPs, cells were transfected with
HA-IScel plasmid at the indicated concentrations and cells were
routinely harvested for ChIP 16-24 h post-transfection unless
otherwise indicated. For siRNA DR-GFP ChIPs cells were
treated with siRNA for 72 h, trypsinized, and allowed to re-
plate before transfection with DNA. DNA was amplified with
Paq5000 polymerase (Agilent) with specific primers pairs for pro-
moter regions of E2F-1, Alb'%; DR-GFP primers (up, Isc, thru,
down) designed to amplify regions the DR-GFP cassette, as indi-
cated. Primer sequences are available upon request. PCR settings
were as follows: 95 °C for 3 min, 32 cycles of 95 °C for 30 s,

61 °C for 1 min, and 72 °C for 1 min, and 72 °C for 5 min.
Products were visualized on 2% agarose gel with 0.5 pg/ml
ethidium bromide. Band intensities were quantified by Image].

Analysis of human tumor derived mutations of E2F-7

The Catalogue of Somatic Mutations in Cancer (COSMIC)
database  (http://www.sanger.ac.uk/genetics/ CGP/cosmic/)*
was interrogated for mutations of E2F-7 (NM_203394.2) in
human tumor samples. At the point of submission, 42 simple
mutations were identified from 348 samples analyzed. The
majority of these mutations were missense (28) and nonsense (4);
9 synonymous mutations were also identified. For the muta-
tions selected for further analysis, corresponding HA-E2F-7
constructs were generated by using Agilent’s QuikChange Multi
Site-Directed Mutagenesis kit with specific primers introducing
a substitution at the desired positions.
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