
Loss of the tumor suppressor BIN1 enables ATM Ser/Thr
kinase activation by the nuclear protein E2F1 and renders
cancer cells resistant to cisplatin
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The tumor suppressor bridging integrator 1 (BIN1) is a core-
pressor of the transcription factor E2F1 and inhibits cell-cycle
progression. BIN1 also curbs cellular poly(ADP-ribosyl)ation
(PARylation) and increases sensitivity of cancer cells to DNA-
damaging therapeutic agents such as cisplatin. However, how
BIN1 deficiency, a hallmark of advanced cancer cells, increases
cisplatin resistance remains elusive. Here, we report that BIN1
inactivates ataxia telangiectasia–mutated (ATM) serine/threo-
nine kinase, particularly when BIN1 binds E2F1. BIN1 � 12A (a
cancer-associated BIN1 splicing variant) also inhibited cellular
PARylation, but only BIN1 increased cisplatin sensitivity. BIN1
prevented E2F1 from transcriptionally activating the human
ATM promoter, whereas BIN1 � 12A did not physically interact
with E2F1. Conversely, BIN1 loss significantly increased
E2F1-dependent formation of MRE11A/RAD50/NBS1 DNA
end-binding protein complex and efficiently promoted ATM
autophosphorylation. Even in the absence of dsDNA breaks
(DSBs), BIN1 loss promoted ATM-dependent phosphorylation

of histone H2A family member X (forming �H2AX, a DSB bio-
marker) and mediator of DNA damage checkpoint 1 (MDC1, a
�H2AX-binding adaptor protein for DSB repair). Of note, even
in the presence of transcriptionally active (i.e. proapoptotic)
TP53 tumor suppressor, BIN1 loss generally increased cisplatin
resistance, which was conversely alleviated by ATM inactivation
or E2F1 reduction. However, E2F2 or E2F3 depletion did not
recapitulate the cisplatin sensitivity elicited by E2F1 elimina-
tion. Our study unveils an E2F1-specific signaling circuit that
constitutively activates ATM and provokes cisplatin resistance
in BIN1-deficient cancer cells and further reveals that �H2AX
emergence may not always reflect DSBs if BIN1 is absent.

More than half a century ago, Rosenberg et al. (1) serendipi-
tously discovered a potent cell growth-inhibiting property of
cis-diamminedichloroplatinum (II) (cisplatin). During electro-
phoresis, cisplatin was released from a platinum electrode and
dramatically changed the morphology of Escherichia coli and
inhibited bacterial growth (1, 2). Because unlimited cell division
is a typical feature commonly observed in bacterial and cancer-
ous cells, they immediately applied this fascinating finding of
bacteriology to cancer research (3). Inspired by the compelling
anticancer activity of cisplatin originally documented in vitro
and in vivo by Rosenberg et al. in the late 1960s (1–3), Einhorn
and Donohue (4) conducted pioneering clinical trials using cis-
platin and reported a tremendously improved survival rate of
patients with deadly testicular cancer in the late 1970s. Plati-
num-based chemotherapy has since been recognized to be the
first-line anticancer therapy (5).

Cisplatin is a chemically-unstable and highly-reactive com-
pound in aqueous solution, so it easily cross-links two neigh-
boring purine bases of one strand of a dsDNA molecule (6, 7).
As a result, cisplatin forms platinum–DNA adducts, which then
interfere with DNA replication, DNA transcription, and DNA
repair in actively proliferating cells, such as cancer cells, hair
follicle cells, and hematopoietic progenitor cells, and provoke
cytostatic and cytotoxic effects (6 –8). Severe side effects, such
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as nephrotoxicity, persistent hearing loss, and compromised
immune systems, are observed in cisplatin-treated cancer
patients (9, 10). Besides these adverse effects, acquired resis-
tance to cisplatin of cancer cells is a major cause of treatment
failure (6, 7). Some advanced (or late-stage) cancer cells tolerate
cisplatin even before the cells are exposed to the drug, implying
that cancer cells naturally develop cisplatin resistance by intrin-
sic mechanisms (6, 7). To maximize the anticancer efficacy,
while minimizing the cytotoxic effects of cisplatin on healthy
tissues, it is crucial to better understand how cancer cells elicit
cisplatin resistance (8).

Platinum–DNA adducts are primarily removed by the nucle-
otide excision repair (NER)8 machinery. Impaired NER causes
genomic instability mainly producing ssDNA breaks (SSBs) (11,
12). SSBs by themselves are not immediately detrimental, but
unrepaired SSBs are easily converted to dsDNA breaks (DSBs),
the most harmful form of DNA lesions, typically after the col-
lapse of stalled replication forks (13). Therefore, in addition to
the NER pathways, cellular DSB-repair mechanisms, such as
homologous recombination and nonhomologous end-joining,
are also believed to enable cancer cells to survive and grow in
the presence of cisplatin.

When DSBs are produced by an environmental factor,
such as �-irradiation, the MRE11A/RAD50/NBS1 (MRN)
protein complex immediately binds DNA ends, and then
ataxia telangiectasia–mutated serine/threonine (Ser/Thr)
protein kinase (ATM, EC 2.7.11.1), a member of the phosphati-
dylinositol 3-kinase superfamily, is recruited. Consequently,
ATM protein is activated via autophosphorylation and triggers
phosphorylation of a variety of the ATM effectors essential for
DNA damage response (DDR) (14, 15), such as checkpoint
kinase 2 (CHK2) (16), breast cancer type 1 susceptibility protein
(BRCA1) (17), tumor protein p53 (TP53) (18 –20), transcrip-
tion factor E2F1 (21), histone H2AX (the member X of the core
histone H2A family) (22, 23), and mediator of DNA damage
checkpoint protein 1 (MDC1) (24, 25). Because ATM is essen-
tial for DSB repair (14 –17), ATM could be a potential target of
cancer chemotherapy (8, 26). In contrast, via TP53 phosphory-
lation, ATM could promote DNA damage-induced apoptosis
(18 –21). Thus, it is crucial to identify a genetic or epigenetic
trait that determines what type of cancer is more likely elimi-
nated by an ATM inhibitor in the presence of cisplatin.

Cisplatin resistance is promoted by activation of the cellular
DNA repair machinery, but it can also be enhanced by inacti-
vation of proapoptotic tumor suppressors (6, 7), such as TP53

(18 –20) and the bridging integrator 1 protein (BIN1) (27–37).
The proapoptotic activity of TP53 primarily depends on its own
transcriptional activity (18 –20). In contrast, little is known
about how BIN1 increases DNA damage-induced apoptosis.
BIN1 is the member of the BIN/amphiphysin/Rvs (BAR) family
of proteins (27, 28) and is ubiquitously expressed in untrans-
formed tissues (27, 33). In the nucleus, BIN1 interacts with and
attenuates the two major cell-cycle–promoting transcription
factors, MYC (27, 33, 34, 36) and E2F1 (27, 32, 35), and slows
cell-cycle progression (27–36).

Intriguingly, unlike other orthodox tumor suppressors, such
as TP53 and BRCA1, which normally preserve the integrity
of the genome (38), BIN1 is the first documented tumor sup-
pressor that continuously increases genomic instability (34).
BIN1 physically interacts with poly(ADP-ribose) polymerase 1
(PARP1, EC 2.4.2.30) and inhibits the catalytic activity of the
enzyme (34, 39, 40). In response to SSBs, PARP1 facilitates the
base excision repair (BER) pathway to promote SSB repair (39 –
41). Because combination therapy using a PARP inhibitor, such
as olaparib, with cisplatin has been reported to be clinically
useful (8), it is reasonable to speculate that BIN1-mediated
PARP1 inhibition is one of the potential mechanisms by which
BIN1 increases genomic instability and cisplatin sensitivity
(34).

In general, cancer cells, which inactivate tumor suppressors
by gene mutation, gene deletion, or epigenetic gene silencing,
obtain clonal advantage for growth and survival (38). Consis-
tent with this conjecture, BIN1 expression or its structure is
aberrantly regulated in cancer cells by, at least, the following
two mechanisms. First, the human BIN1 gene promoter is tran-
scriptionally repressed by the MYC oncoprotein (34). BIN1 was
identified originally as a transcriptional corepressor of MYC
(27, 28, 33), so the reduction in BIN1 levels by oncogenic MYC
is believed to form a positive feedback loop to infinitely accel-
erate the MYC activity (34). The lack of BIN1 is highly related to
the increase in cisplatin resistance (34), so we assume that
MYC-dependent BIN1 repression is a mechanism by which
MYC elicits cisplatin resistance (36).

Second, the BIN1 exon 12A mRNA, which encodes a unique
43-amino acid (aa) peptide, is aberrantly incorporated, and
BIN1 � 12A is thus expressed (28, 31, 33). In the normal brain
tissues, the BIN1 exons 12A–D are regularly spliced into the
BIN1 mRNA to generate a brain-specific BIN1 isoform (also
known as amphiphysin-II) (28). In some advanced cancer tis-
sues, such as metastatic melanoma (31), the exon 12A mRNA is
often incorporated next to a highly coiled-coil (CC) structural
motif in the BIN1 BAR domain, named BIN1/BAR-CC. We
previously identified almost the same region as a new BIN1
effector domain purely biochemically (33). It contains the BIN1
effector domain for cancer suppression (33). Hence, once
inserted adjacent to the BIN1/BAR-CC domain, the exon 12A-
encoding peptide would disrupt the proper three-dimensional
structure of BIN1 protein and compromise its anticancer prop-
erty (Fig. 1A) (31, 33). However, it remained unknown whether
the exon-12A peptide insertion alters BIN1-dependent cispla-
tin sensitivity.

Primary cancer cells are usually sensitive to cisplatin (3–5),
but some of them eventually acquire cisplatin resistance (6, 7).

8 The abbreviations used are: NER, nucleotide excision repair; A-T, ataxia-tel-
angiectasia; ATM, ataxia-telangiectasia–mutated serine/threonine protein
kinase; ATR, ataxia-telangiectasia and Rad3-related protein kinase; BAR,
BIN/amphiphysin/Rvs-related; BER, base excision repair; BIN1, bridging
integrator 1; CC, coiled-coil (domain); DAPI, 4�-6-diamidino-2-phenylin-
dole; DDR, DNA damage response; DNA-PKcs, DNA-dependent protein
kinase catalytic subunit; DSB, double-stranded DNA break; GAPDH, glycer-
aldehyde-3-phosphate dehydrogenase; �H2AX, phosphorylated serine
139 in histone H2AX (human and mouse); �H2A, phosphorylated serine
129 in histone H2A (yeast); MDC1, mediator of DNA damage checkpoint
protein 1; MRE11A, meiotic recombination 11 homolog-A; PARylation,
poly(ADP-ribosyl)ation; PAR, anti-poly(ADP-ribose); PARP1, poly(ADP-ri-
bose) polymerase 1; qRT-PCR, quantitative reverse–transcription polymer-
ase chain reaction; sh-RNA, short hairpin RNA; SSB, single-stranded DNA
break; nt, nucleotide; IP, immunoprecipitation; aa, amino acid.

BIN1 loss elicits cisplatin tolerance by E2F1/ATM

J. Biol. Chem. (2019) 294(14) 5700 –5719 5701



To specifically block this malignant conversion, it is extremely
important to better understand when and how cancer cells
increase chemoresistance. In this study, we investigated the
functional interplay between BIN1, E2F1, and ATM in the pres-
ence and absence of DNA lesions. In response to DNA damage,
ATM activates the DDR pathways and controls chemoresis-
tance in cancer cells (8, 14 –16). However, little is known about
a signaling path through which ATM is activated before chro-
mosomal DNA is damaged (14, 15). Here, we report E2F1-spe-
cific signal circuits, by which ATM is constitutively activated
and provokes cisplatin resistance when BIN1 is lacking.

Results

BIN1 and BIN1 � 12A inhibit cellular PARylation, but only BIN1
displays anticancer activities

As reported previously (27, 31), overexpression of BIN1 in-
hibited formation of oncogenic foci (i.e. piled masses of cells

caused by the loss of contact inhibition and anchorage depen-
dence) in rat embryonic primary fibroblasts (REFs). Oncogenic
foci formation was routinely achieved by cotransfection of acti-
vated H-RasG12V and adenovirus E1A(13S) genes in rodent
embryonic primary fibroblasts (27). However, BIN1 � 12A did
not inhibit Ras/E1A cotransformation (Fig. 1B).

BIN1 inhibits cancer cell growth, at least in part, by inhibiting
c-MYC (27) and E2F1 (35), two major cell-cycle–promoting
transcription factors. In human LNCaP (castration-sensitive
prostate cancer) cell line, ectopically expressed BIN1 markedly
reduced colony-forming activity, and this anticancer property
was evidently mitigated by the presence of exon 12A (Fig. 1C).
In contrast, in human DU145 (castration-resistant prostate
cancer) cell line, BIN1 did not inhibit the colony formation as
efficiently as in LNCaP cells (Fig. 1C). This was not because
BIN1 was entirely dormant in this advanced cancer cell line.
Overexpressed BIN1 greatly increased cisplatin sensitivity of

Figure 1. BIN1 and BIN1 � 12A decrease cellular PARylation, but only BIN1 inhibits cancer cell proliferation and increases cisplatin sensitivity. A,
schematic diagrams of BIN1 and BIN1 � 12A proteins. The BIN1 exon 12A mRNA, which encodes 43 amino acids (aa) derived from the brain-specific BIN1 mRNA
(which is also known as amphiphysin II) (27, 28, 31), is aberrantly incorporated by alternative splicing in several advanced cancers (31). Western blot analysis
probed with an anti-BIN1 (clone D3) mAb detected both BIN1 and BIN1 � 12A proteins. BAR, BIN1/amphiphysin/Rvs-homologous domain (27, 28); BAR/CC, a
BAR coiled-coil domain, which encodes the BIN1 effector domain (33–35). PxxP, a putative SH3-interacting domain (P is proline and x is any aa); MBD,
MYC-binding domain; SH3, Src homology domain 3 (27, 28). B, primary REFs were transformed by cotransfection of two oncogenes, c-H-RasG12V and adenoviral
E1A(13S) genes (27). Oncogenic foci were stained with Giemsa’s solution and scored (27, 35). N.S. means (statistically) not significant. C, colony formation assays
demonstrated that ectopically expressed BIN1 inhibited formation of G418-resistant colonies in LNCaP (a castration-sensitive prostate cancer cell line) but not
in DU145 (a castration-resistant prostate cancer cell line). However, BIN1 � 12A transfection failed to suppress the colony-forming activity regardless of the cell
lines. G418-resistant colonies were stained with Giemsa’s solution and scored (33). D, at 24 h post-transfection with the indicated vectors, growing DU145 cells
were treated with cisplatin (2.0 �g/ml) or phosphate-buffered saline (PBS) (1:100 (v/v)) for 72 h and were subjected to the trypan blue exclusion assays. E,
Western blot analysis probed with an anti-poly(ADP-ribosyl)ated (PARylated) carbohydrate antibody (anti-PAR antibody) revealed reduced cellular PARylation
after overexpression of BIN1 or BIN1 � 12A proteins in plain DU145 cells, which naturally express abundant PARP1 (34). The pcDNA3 empty vector was used
as the negative control. F, immunoprecipitation probed with an anti-PAR antibody followed by Western blot analysis with an anti-PARP1 antibody demon-
strated the inhibitory effect of overexpressed BIN1 and BIN1 � 12A proteins on the self-PARylation (i.e. automodification) of PARP1 in DU145 cell lysates.
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DU145 cells, but BIN1 � 12A did not change it (Fig. 1D). Thus,
the mechanism by which BIN1 increases cisplatin sensitivity is
compromised by the exon 12A– encoding peptide.

Inhibition of PARP1 was thought to be a likely way to
increase cisplatin sensitivity of cancer cells (8). Therefore, we
hypothesized that PARP1 inhibition could be a mechanism by
which BIN1 (but not BIN1 � 12A) increases cisplatin sensitiv-
ity. The PARP1 activity is generally gauged by poly(ADP)-ribo-
sylation (PARylation) of various nuclear proteins, including
histone H1 and PARP1 itself (39, 40). To visualize the catalytic
activity of PARP1, we performed a Western blot analysis
probed with an anti-poly(ADP-ribose) (PAR) antibody. This is a
semi-quantified method to roughly estimate global cellular
PARylation (34, 35, 39, 40). As predicted, the intensity of the
numerous PAR-positive bands vastly increased after brief
treatment with hydrogen peroxide, H2O2 (a PARP activator),
whereas those signals were greatly diminished by a PARP-spe-
cific inhibitor, such as PJ-34 and olaparib (Fig. S1) (34, 35).
Importantly, the intensity of PAR-positive bands was visibly
reduced by ectopically expressed BIN1, whereas the PAR-pos-
itive signals clearly increased when BIN1 was depleted (Fig. S2).
Furthermore, in situ immunofluorescence signals probed with
the anti-PAR antibody showed that the PAR-positive images
detected exclusively in the nucleus were evidently enhanced by
H2O2, particularly when BIN1 was deficient (Fig. S3). We con-
cluded that the intensity of PAR-positive protein bands reflect
global PARylation activity, which was counteracted by the pres-
ence of BIN1.

Interestingly, overexpressed BIN1 and BIN1 � 12A almost
equally inhibited the cellular PARylation under optimal culture
conditions (Fig. 1E). This suggests that BIN1 and BIN1 � 12A
inhibit the catalytic activity of PARP1 to a similar extent, pos-
sibly because BIN1 and BIN1 � 12A commonly contain the
BIN1/BAR-CC effector domain (see Fig. 1A), through which
BIN1 binds PARP1 and inhibits its catalytic activity (34). We
noticed that there were a few PARylated bands, including a 100-
kDa band, the intensity of which was not lessened by ectopically
expressed BIN1 and BIN1 � 12A (Fig. 1E). BIN1 is known to
directly bind PARP1 by recognizing the PARP1 automodification
domain (34). We therefore assumed that those PARylated proteins
resistant to BIN1/BIN1 � 12A might be PARylated by a PARP1-
related enzyme, such as PARP2, which does not have the auto-
modification domain (39, 40). Because those BIN1/BIN1 � 12A–
resistant PARylated proteins were not major, we concluded that
the overall impact of those “BIN1-resistantly PARylated” proteins
was limited.

Besides histone H1, PARP1 is one of the major substrates of
PARP1-dependent PARylation in the nucleus (34, 35, 39, 40).
As the self-PARylation (i.e. automodification) of PARP1 is a
crucial step for initiation of the BER-mediated SSB-repair path-
way (39, 40), we performed a co-immunoprecipitation (co-IP)
experiment using an anti-PAR antibody, followed by Western
blot analysis probed with an anti-PARP1 antibody in the pres-
ence of BIN1 or BIN1 � 12A. We found that BIN1 and BIN1 �
12A equally inhibited the PARP1 automodification (Fig. 1F).
Because BIN1 � 12A did not increase cisplatin sensitivity (see
Fig. 1D), it was apparent that inhibition of PARP1 activity by
BIN1 � 12A was insufficient to elicit cisplatin sensitivity. We

conclude that, in parallel to (or independent of) the PARP1
inhibition by BIN1 (34), BIN1 curbs a PARP1-independent
function to elicit cisplatin sensitivity.

BIN1 inhibits the formation of �H2AX foci irrespective of
PARP1, whereas BIN1 � 12A does not alter �H2AX

During DNA replication, SSBs are readily converted to DSBs
after the collapse of replication forks (13). Because BIN1 and
BIN1 � 12A similarly inhibit the catalytic activity of PARP1
(see Fig. 1, E and F), BIN1 and BIN1 � 12A are supposed to
equally produce SSBs by limiting PARP1-dependent SSB repair
(39 –41). Thus, we hypothesized that BIN1 and BIN1 � 12A
would similarly generate DSBs during DNA replication. To
prove this theory, we monitored the generation of phosphory-
lated Ser-139 of histone H2AX (forming �H2AX) when BIN1
and BIN1 � 12A are ectopically expressed. The emergence of
�H2AX foci is known to correspond to an increase in DSBs
(22, 23). Paradoxically, under optimal conditions, ectopically
expressed BIN1 significantly reduced the formation of �H2AX
foci, whereas BIN1 � 12A did not alter it (Fig. 2A). Even in the
presence of cisplatin, which robustly increased �H2AX foci,
transfected BIN1 efficiently mitigated �H2AX formation in
mouse fibroblasts (Fig. 2B) and DU145 cells (Fig. S4A).

In general, heterologous expression of BIN1 does not cause
apoptosis in untransformed cells unless the cells are under
stress conditions, such as DNA damage or oncogenic stress (27,
32, 33). Consistent with this fact, the 3T3 fibroblasts did not
display any damaged (i.e. apoptotic) morphology after transient
transfection of BIN1 under optimal culture conditions (Fig.
2C). As shown above (see Fig. 1C), the transfection of BIN1
generally activates apoptosis in early-stage cancer cells, such as
LNCaP (33), whereas this was not the case in some advanced
cancer cells, such as DU145 (Fig. S4B). These results indicated
that BIN1-induced �H2AX reduction was not a consequence of
the impairment of cell viability by BIN1.

To determine whether BIN1 inhibits �H2AX formation in
the absence of PARP1, BIN1 and BIN1 � 12A expression vec-
tors were transiently transfected in the 3T3(�/�) fibroblasts,
in which the Parp1 allele was genetically eliminated (39). The
3T3(�/�) fibroblasts express the intact Parp1 gene, thus being
used as the control cell line. Irrespective of the status of the
Parp1 allele, heterologous expression of BIN1 markedly atten-
uated the �H2AX formation, whereas BIN1 � 12A did not
change it (Fig. 2D). We conclude that PARP1 is not involved in
BIN1-dependent �H2AX suppression.

We next tested whether the formation of �H2AX foci
increases when endogenous BIN1 decreases. For long-term
BIN1 silencing, we used the replication-incompetent sh-BIN1–
expressing lentivirus that constitutively expresses short-hair-
pin RNAs (sh-RNAs) directed against human BIN1 mRNA (28).
For short-term BIN1 depletion, we transiently transfected si-
BIN1 RNA duplexes, which were small-interfering RNAs (si-
RNAs) designed to specifically cleave the corresponding three
separate nucleotide (nt) sequences that the sh-BIN1–plasmid
DNAs also cleave (Fig. S5A). The efficiency of BIN1 depletion
by si-BIN1s was confirmed by separate transfection of si-BIN1
followed by Western blot analysis (Fig. S5B). The relevant phe-
notype caused by the si-BIN1 transfection (i.e. endogenous
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E2F1 activation) was verified in DU145 (BIN1-positive) cells.
As the negative control, the MCF7 (BIN1-null) cell line was
used (Fig. S5C). The E2F1 activity elicited by the BIN1 depletion
was offset by the overexpression of BIN1 cDNA (Fig. S5D).

Endogenous BIN1 protein (including the minor alternative
splicing isoforms) around 70 kDa was evidently reduced by the

sh-BIN1– expressing lentivirus infection in DU145 cells,
whereas formation of �H2AX foci was massively enhanced
even under optimal culture conditions (Fig. 2E and Fig. S6).
This was not a cell line-specific event or a by-chance result
because, in various human cell lines, heterologously expressed
BIN1 consistently decreased �H2AX formation. In contrast, the

Figure 2. BIN1 suppresses the formation of �H2AX foci, but BIN1 � 12A does not. A, scatter plot analysis of the number of �H2AX foci per nucleus in mouse
3T3 fibroblasts, transfected with pcDNA3, BIN1, and BIN1 � 12A expression vectors. Horizontal bars indicate mean values. One of the three independent results
is shown. N.S. means not significant. B, Western blot analysis of histone fractions of mouse 3T3 fibroblasts transiently transfected with the indicated vectors.
Approximately 24 h post-transfection, cells were treated with/without cisplatin (2.0 �g/ml, 24 h). The amounts of heterologously expressed BIN1 and BIN1 �
12A proteins were verified by Western blot analysis probed with an anti-BIN1 (D3) antibody. C, morphology of mouse 3T3 fibroblasts transiently transfected
with the indicated vectors in the presence and absence of cisplatin (2.0 �g/ml, 72 h). Scale bar, 100 �m. D, mouse 3T3 fibroblasts with (�/�) and without (�/�)
Parp1 allele (35) were transfected with the indicated vectors. Approximately 48 h post-transfection, in situ fluorescence microscopy analyses were conducted
using an anti-BIN1 (D3) antibody, which does not detect (endogenous) mouse Bin1 protein (W. P. Folk, A. Kumari, T. Iwasaki, and D. Sakamuro, unpublished
observations.), and an anti-�H2AX antibody. The number of �H2AX foci only in BIN1 (or BIN1 � 12A)-positive nuclei was counted. E, Western blot analysis of
DU145�sh-BIN1 cell lysates (left). The depletion of endogenous BIN1 was accomplished by stable infection of the recombinant lentivirus expressing BIN1
sh-RNA (short-hairpin RNA) (sh-BIN1). The scrambled (control) sh-RNA (sh-Cont.)-expressing lentivirus was used as the negative control. Under optimal culture
conditions (right), in situ immunofluorescence analysis displayed �H2AX foci (red) in the DU145�sh-BIN1 cell nuclei, which were counterstained with DAPI
(blue). Scale bar, 10 �m. F, Western blot analysis verified that overexpression of BIN1 by the transient transfection of pcDNA3-BIN1 for 48 h broadly reduced
�H2AX formation, whereas depletion of endogenous BIN1 via stable expression of sh-BIN1 evidently increased it.
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reduction in BIN1 always steadily increased �H2AX (Fig. 2F). We
concluded that BIN1 generally inhibited �H2AX formation in a
manner independent of PARP1 but vulnerable to the presence of
the exon 12A-encoding peptide.

BIN1-dependent �H2AX inhibition is not attributable to
apoptotic chromatin condensation or activation of DSB
repair by BIN1

Because BIN1 is a proapoptotic protein (27, 32, 33, 35) and
increases cisplatin sensitivity (see Fig. 1D) (34), we thought that
the nuclear chromatin machinery essential for �H2AX forma-
tion might be instinctively injured by BIN1-dependent aberrant
chromatin condensation, a typical morphological nuclear index
of apoptosis (32, 34). However, in situ immunostaining assays
revealed that, while ectopically expressed BIN1 effectively sup-
pressed �H2AX formation even in the presence of cisplatin, the
morphology of cellular nuclei stained by DAPI was almost
intact (Fig. 3A). This suggests that BIN1-dependent �H2AX
reduction occurs before apoptotic chromatin condensation
emerges.

It was unlikely that BIN1 (an inducer of genomic instability)
would promote cellular DSB-repair activity. To prove this
unlikelihood, we used RI-1, a small molecule inhibitor of
RAD51, a DNA recombinase essential for DSB repair via homo-
logous recombination (42). If BIN1 assists DSB repair, thereby
reducing �H2AX, we assumed that DSB-induced cell death
increased by RI-1 could be somehow mitigated by overex-
pressed BIN1. However, under optimal conditions, ectopically
expressed BIN1 did not decrease the RI-1–induced cell death
but rather promoted it (Fig. 3B). This result implies that BIN1-
induced �H2AX silencing is not attributable to an increase in
cellular DSB-repair activity. Consistently, the �H2AX forma-
tion caused by cisplatin (Fig. 3C) or etoposide (a chemical
inhibitor of topoisomerase II) (Fig. 3D) (32) was enhanced fur-
ther by the BIN1 loss. Our results indicate that BIN1 is directly
involved in a mechanism silencing �H2AX. Given the central
role of �H2AX formation in cellular DDR signals (8, 23), we
investigated whether the effect of BIN1 on �H2AX reduction is
evolutionarily conserved.

To do this, we used WT Schizosaccharomyces pombe (fission
yeast), which carries the BIN1 gene ortholog, hob1 (homolog of
BIN1), and the hob1-knockout fission yeast strain (hob1�) (43).
We monitored �H2A (phosphorylated serine 129 in yeast
H2A), which is equivalent to �H2AX in human (44). Western
blot analysis (Fig. 3E) and in situ immunostaining assay (Fig. S7)
showed that brief treatment with bleomycin, a radiomimetic
chemical, visibly increased the formation of �H2A in hob1�
strain more efficiently than in the WT yeast strain. We con-
clude that inhibition of �H2AX formation by BIN1/hob1 is evo-
lutionarily conserved between yeast and human. We hypothe-
sized a “�H2AX-promoting factor,” which is regularly activated
by DSBs, is constitutively suppressed by BIN1/hob1 (Fig. 3F).

BIN1 physically interacts with E2F1 and prevents E2F1 from
activating the human ATM promoter, whereas BIN1 � 12A
does not bind E2F1

In response to DSBs, serine 139 in H2AX is phosphorylated,
thus generating �H2AX (22). This process is catalyzed by the

phosphatidylinositide 3-kinase family of enzymes, including
ATM, ataxia-telangiectasia and Rad3-related kinase (ATR),
and DNA-dependent protein kinase catalytic subunit (DNA-
PKcs) (22, 23). We found that BIN1 depletion increased the
amount of ATM protein with minimal effects on the levels of
ATR and DNA-PKcs (Fig. 4A). Quantitative RT-PCR (qRT-
PCR) revealed that BIN1 depletion increased ATM transcrip-
tion (Fig. 4B).

The nt sequence of the human ATM promoter contains
several E2F-consensus sites and can be directly transactivated
by E2F1 (45). We previously reported that, in a manner depen-
dent on the BIN1/BAR-CC effector region (see Fig. 1A), BIN1
physically interacts with the central region of E2F1, which con-
tains the marked box domain of E2F1, thereby acting as an
E2F1-binding corepressor (35). Even in the absence of the ret-
inoblastoma 1 (RB1) transcriptional corepressor, the authentic
E2F1-interacting corepressor BIN1 inhibits E2F1-dependent
transactivation (35). Thus, we hypothesized that BIN1-depen-
dent E2F1 repression is a mechanism by which BIN1 reduces
ATM levels.

To test whether BIN1 attenuates the E2F1-sensitive ATM
promoter, two luciferase reporter vectors, 530ATM-Luc and
400ATM-Luc, were generated with genomic PCR cloning. The
530ATM (�237/�291) DNA fragment contained three E2F-
consensus sites upstream from the ATM transcription initia-
tion site (�1), whereas the 400ATM (�110/�291) DNA frag-
ment did not (Fig. 4C). In the DU145/sh-BIN1 cell line that
constitutively expresses sh-BIN1 by recombinant lentivirus
infection, the 530ATM-Luc activity was evidently increased,
whereas the induction of 400ATM-Luc activity was minimal
(Fig. 4D). Moreover, using the same stable BIN1-deficient cell
system, the 530ATM-Luc activity was robustly activated by the
BIN1 depletion but was significantly diminished by the cotrans-
fection of the si-RNAs directed against E2F1 mRNA (si-E2F1)
(Fig. 4E).

The BIN1/BAR-CC effector domain, which is required for
BIN1/E2F1 binding (35), is commonly present in BIN1 and
BIN1 � 12A (see Fig. 1A), implying that BIN1 � 12A might also
inhibit E2F1 activity via physical binding. Interestingly, co-IP/
Western blot analysis showed that BIN1 directly bound E2F1
in vivo, but BIN1 � 12A did not (Fig. 4F). Heterologous expres-
sion of BIN1 reduced the 530ATM-Luc activity, whereas
BIN1 � 12A did not (Fig. 4G). Western blot analysis confirmed
that ectopically expressed BIN1 � 12A was detectable as effi-
ciently as BIN1 (see Figs. 1A and 2B). Furthermore, transfected
BIN1 and BIN1 � 12A proteins were detected only in the
nucleus (Fig. S8), suggesting that the exon 12A peptide would
not alter the BIN1 protein stability and its nuclear localization.
These results suggest that insertion of the exon 12A peptide at
a position adjacent to the BIN1/BAR-CC effector domain per-
turbs a proper spatial interplay between BIN1 and E2F1 pro-
teins in the nucleus.

Chromatin immunoprecipitation (ChIP) assays demon-
strated that BIN1 protein was present on the 530ATM-Luc pro-
moter, whereas BIN1 � 12A was not detectable on the same
promoter. Furthermore, BIN1 protein was detected on the
530ATM-Luc promoter only when endogenous E2F1 was pres-
ent there (Fig. 4H). We conclude that E2F1-dependent activa-
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tion of the ATM promoter is repressed by BIN1 in a manner
dependent on the E2F1/BIN1 interaction.

BIN1 loss promotes E2F1-dependent MRN formation in an
E2F1 transcription-independent manner

It has been reported that E2F1 directly interacts with the N
terminus of Nijmegen breakage syndrome protein 1 (NBS1),

one of the key elements of the MRE11A/RAD50/NBS1 (MRN)
DNA end-binding protein complex (46, 47). The central region
of E2F1, which contains the E2F1 MB domain, is required not
only for the BIN1/E2F1 interaction in vivo (35) but also for the
NBS1/E2F1 binding (47–49). Therefore, we wondered whether
BIN1 might interfere with the E2F1/NBS1 complex in vivo. As
predicted, co-IP/Western blot analysis revealed that the endog-

Figure 3. DNA damage-induced �H2AX formation is counterbalanced by BIN1. A, DU145/pLPC-BIN1 cell line stably expressing BIN1 (isoform 8) (27, 28) was
established previously with recombinant pLPC-BIN1 retroviral infection (34). The cells were treated with cisplatin (2.0 �g/ml) or PBS (1:100 (v/v)) for 24 h and
were subjected to in situ fluorescence microscopy analysis probed with an anti-�H2AX antibody (red). Nuclei were counter-stained with DAPI (blue). Scale bar,
25 �m. B, proliferating DU145�pLPC-BIN1 cell lines were incubated with RI-1 (30 �M), a chemical inhibitor of RAD51 (42), for 72 h. The loss of cellular viability
was detected with trypan blue exclusion assay. C, LNCaP�sh-BIN1 cell lines were briefly exposed to cisplatin (2.0 �g/ml) for 24 h and were subjected to Western
blot analysis probed with an anti-�H2AX antibody. D, DU145�sh-BIN1 cell lines were briefly exposed to etoposide (50 �M) for 24 h and were subjected to in situ
fluorescence immunostaining probed with an anti-�H2AX antibody (pink). Nuclei were counter-stained with DAPI (blue). Scale bar, 10 �m. E, S. pombe (fission
yeast) cells with intact hob1 allele (WT) or with hob1 deletion (hob1�) (43) were treated with bleomycin (40 �g/ml) (�) or PBS(�) (1:100 (v/v)) (�) for 2 h and
were subjected to Western blotting analyses probed with an anti-(yeast) �H2A antibody (44). CBB, Coomassie Brilliant Blue. F, we hypothesize that BIN1 (not
BIN1 � 12A) constitutively inhibits a “�H2AX-promoting (cellular) factor” that is responsible for the formation of �H2AX foci in response to DNA damage.
Therefore, in the absence of BIN1, the “�H2AX-promoting factor” may be automatically hyper-activated even in the absence of DSBs.
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enous E2F1/NBS1 protein complex, which was prominently
stabilized by bleomycin, was lessened by ectopically expressed
BIN1 (Fig. 5A).

BIN1 is a potent E2F1 corepressor, so the lack of BIN1 is
sufficient to increase E2F1-dependent transcription (35). This
means that, in the absence of BIN1, the E2F1 MB domain is not
occupied by BIN1. If so, the NBS1/E2F1 binding via the E2F1
MB domain would be more stabilized. Therefore, we tested
whether NBS1 controls E2F1-dependent ATM gene transcrip-
tion in the absence of BIN1. To test this possibility, the si-RNA
directed against the human NBS1 mRNA (si-NBS1) was tran-
siently co-transfected with the 530ATM-Luc plasmid DNA in
the DU145/sh-BIN1 cells. We observed that the reduction in
NBS1 levels did not alter the ATM promoter activity in the
absence of BIN1 (Fig. 5B). We conclude that the NBS1/E2F1

interaction does not participate in the E2F1-dependent ATM
gene transcription.

Meiotic recombination-11 homolog-A (MRE11A) protein
is a hub element of the MRN complex. It physically recog-
nizes dsDNA termini, while binding both RAD50 and NBS1
proteins. Thus, MRE11A is believed to physically tether the
entire MRN complex to DNA ends (46, 47). To study the
effect of the E2F1/NBS1 direct interaction on the MRN for-
mation in the absence of BIN1, we monitored the retention
of endogenous MRE11A protein at the ends of broken DNA
fragments in vivo in the presence and absence of NBS1 in
BIN1-deficient cancer cells.

To visualize the presence of MRE11A protein at the DNA
termini in transfected cells, we developed a ChIP-based in vivo
DNA end-binding assay (Fig. 5C). The binding affinity of

Figure 4. BIN1 physically interacts with E2F1 and prevents E2F1 from transcriptionally activating the human ATM promoter, whereas BIN1 � 12A does not
bind E2F1. A, Western blot analysis determined the amounts of BIN1 (�70 kDa), ATM (�350 kDa), ATR (�317 kDa), and DNA-PKcs (�470 kDa) in the indicated cell lines
stably expressing sh-BIN1 or scrambled (control) sh-RNA (sh-Cont). B, quantitative real-time RT-PCR (qRT-PCR) analysis of ATM mRNA expressed in the indicated cell
lines�sh-BIN1 under optimal culture conditions. GAPDH mRNA was used as the internal control. C, schematic diagram of two human ATM promoter-driven luciferase
reporters. The 530ATM promoter (�237/�291) contains three E2F-consensus sites upstream from the transcription initiation site (�1), whereas the 430ATM promoter
(�110/�291) does not. For ChIP analysis, the (�143/�1) region of the human ATM promoter was amplified by genomic PCR. D, indicated Luc reporter vectors were
transiently transfected in DU145�sh-BIN1 cells. The raw luciferase activities were normalized with the cotransfected �-gal (pcDNA3–�-gal: 1:10 (w/w)) activity. AU,
arbitrary unit. E, E2F1 siRNA (si-E2F1) or scrambled control siRNA (si-Cont) was cotransfected with 530ATM-Luc in DU145�sh-BIN1 cells. F, co-IP/Western blotting (WB)
analysis of transfected BIN1 (or BIN1 � 12A) and HA-tagged E2F1 proteins. For IP of BIN1 and BIN1 � 12A, an anti-BIN1 mAb (clone 99D), which recognizes the BIN1
exon 13, was used. To detect the exon 12A, we used an anti-BIN1 exon 12A-specific antibody. HA, hemagglutinin. G, 530ATM-Luc vector was cotransfected in growing
DU145 cells with BIN1 and BIN1 � 12A expression vectors. AU, arbitrary unit. N.S., not significant. H, 530ATM-Luc vector was transiently cotransfected with the
indicated vectors: 1) pcDNA3; 2) pcDNA3-BIN1; 3) pcDNA3-BIN1 � 12A, for 48 h. To deplete endogenous E2F1, si-E2F1 was cotransfected for 48 h. The scrambled
siRNAs (si-Cont) were used as the negative control. The cell lysates treated with formaldehyde were subjected to IP probed with the indicated antibodies. The
(�143/�1) region of the human 530ATM promoter region was amplified by genomic PCR.

BIN1 loss elicits cisplatin tolerance by E2F1/ATM

J. Biol. Chem. (2019) 294(14) 5700 –5719 5707



endogenous MRE11A protein to the linearized pGL2-Luc DNA
fragments was prominently increased when endogenous BIN1
protein was depleted. The super-coiled (uncut) pGL2-Luc plas-
mid DNA, which did not have any broken DNA termini, was
used as the negative control (Fig. 5D). Interestingly, the DNA
end-binding efficiency of endogenous MRE11A protein in
BIN1-deficient cells was almost completely abolished when si-
NBS1 was cotransfected (Fig. 5E). These results suggest that the
loss of BIN1 enhances the physical retention of MRE11A pro-
tein at DNA termini in an NBS1-dependent manner.

To study a possible inhibitory effect of BIN1 on the MRN for-
mation through other MRN components, we tested whether the
lack of BIN1 facilitates in vivo protein/protein interaction
between MRE11A and RAD50, a coiled-coil adaptor protein
containing a zinc hook domain through which the homo-

dimerization of MRN is mediated (46). As expected, co-IP/
Western blotting analyses revealed that the physical binding
between endogenous MRE11A and RAD50 proteins in vivo was
evidently enhanced by bleomycin (Fig. 5F). Notably, even in the
absence of DSBs, the MRE11A/RAD50 binding was clearly pro-
moted by BIN1 loss (Fig. 5G). Furthermore, the MRE11A/
RAD50 complex in the absence of BIN1 was almost entirely
eliminated by E2F1 depletion (Fig. 5H). These results suggest
that, by directly interacting with NBS1, E2F1 stabilizes MRE11/
RAD50 complex in vivo in BIN1-deficient cellular nuclei.

The E2F1-dependent stabilization of the protein/protein
interaction between key elements of the MRN complex in
BIN1-deficient cellular nuclei was also verified by in situ MRN/
MRE11A foci in BIN1-deficient cells. In situ fluorescence
immunostaining experiments demonstrated that, under opti-

Figure 5. E2F1 is vital for MRN formation in BIN1-deficient nuclei under optimal culture conditions. A, co-IP/Western blot analysis of endogenous
E2F1/NBS1 protein complex in DU145�pLPC-BIN1 cell lines in the presence and absence of bleomycin (40 �g/ml, 1 h). B, NBS1 siRNA (si-NBS1) or scrambled
control siRNA (si-Cont) was cotransfected with 530ATM-Luc in DU145�sh-BIN1 cells. The raw luciferase activities were normalized with the cotransfected �-gal
(pcDNA3–�-gal: 1:10 (w/w)) activity. AU, arbitrary unit. N.S., not significant. C, schematic diagram of ChIP-based in vivo DNA end-binding assay. Cells were
transfected with the pGL2-control luciferase (Luc) plasmid DNA linearized by HindIII restriction (pGL2/HindIII-Luc DNA fragment). The super-coiled (uncut)
pGL2-Luc plasmid DNA was used as the negative control. D, to determine whether a BIN1 loss enhances the MRE11A/DNA end-binding activity, the indicated
240-bp region of the Luc cDNA was amplified by genomic PCR after an immunoprecipitation with an anti-MRE11A antibody in the DU145�sh-BIN1 cell lysates
treated with formaldehyde. E, ChIP-based DNA end-binding assays verified that endogenous NBS1 is vital for the MRE11/DNA-end interaction. To deplete
endogenous NBS1 protein, si-NBS1 was cotransfected. F, co-IP/Western blot analysis demonstrated the physical binding of endogenous MRE11A with RAD50
in the presence of bleomycin (20 �g/ml, 30 min). G, co-IP/Western blot analysis verified that similarly to bleomycin treatment, the loss of BIN1 stabilizes the
MRE11A/RAD50 protein complex in vivo. H, co-IP/Western blot analysis revealed that the BIN1 loss-mediated stabilization of the MRE11A/RAD50 protein
complex was canceled by depleting E2F1. I, scatter plot analysis of the MRE11A foci per nucleus in the DU145�sh-BIN1 (stable) cell lines after transient
transfection of si-E2F1 or si-Control. The cells were counterstained with an anti-E2F1 antibody, and the number of MRE11A foci in si-E2F1-transfected nuclei
was counted. Horizontal bars indicate mean values.
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mal culture conditions, the lack of BIN1 robustly increased for-
mation of MRE11A foci, which was evidently abolished by the
cotransfection of si-E2F1 (Fig. 5I). BIN1 loss did not greatly
increase the MRE11A mRNA, but slightly stabilized MRE11A
protein (Fig. S9). Therefore, even in the absence of DSBs, E2F1
directly promotes the formation of MRN foci in a manner de-
pendent on the E2F1/NBS1 binding but independent of E2F1-
mediated transcription, particularly when BIN1 is deficient.

BIN1 loss constitutively promotes ATM autophosphorylation
in an E2F1/MRE11A-dependent manner

In response to DSBs, the MRN complex physically recruits
the ATM homodimers (the latent form), which is then acti-
vated via autophosphorylation at Ser-1981 to become an
active ATM monomer (14, 15). In contrast, even in the
absence of DSBs (this study), the ATM transcription is
enhanced by E2F1 in BIN1-deficient cells (see Fig. 4). The
formation of MRE11A foci is also directly promoted by E2F1,

when BIN1 is deficient (see Fig. 5). Therefore, we examined
whether ATM is autophosphorylated in BIN1-deficient cells
under optimal culture conditions.

Western blotting experiments and subsequent densitometry
analysis revealed that, in the absence of BIN1, ATM autophos-
phorylation augmented more efficiently than the total amount
of ATM protein (Fig. 6A). Furthermore, the transient transfec-
tion of si-E2F1 evidently decreased ATM autophosphorylation
in BIN1-depleted cells, whereas the high levels of pan-ATM
protein were sustained after the si-E2F1 transfection for a while
under the experimental condition we employed (Fig. 6B). This
result was seemingly attributable to slow turnover of pooled
ATM protein in response to transfected si-E2F1. These results
suggest that, besides E2F1-dependent ATM transcription, a
separate but still E2F1-mediated mechanism promotes ATM
autophosphorylation.

According to the critical role of E2F1 in the formation of
MRN foci in the absence of BIN1 (see above, Fig. 5), we

Figure 6. ATM autophosphorylation requires both E2F1 and MRE11A in BIN1-deficient cells. A, Western blotting (left) and densitometry analysis (right) of
the amount of pan-ATM and pSer-1981 ATM proteins in DU145�sh-BIN1 cell lines cultured under optimal conditions. �-Actin was used as the loading control.
B, Western blot analysis of pan-ATM, pSer-1981 ATM, E2F1, and BIN1 in DU145�sh-BIN1 cell lines transiently transfected with si-E2F1 or si-Cont. GAPDH was
used as the loading control. C, Western blot analysis of pan-ATM, pSer-1981 ATM, MRE11A, and BIN1 in the human fibroblast cell line (GM00637) transiently
transfected with si-BIN1, si-MRE11A, or si-Cont. �-Actin was used as the loading control. D, in human normal (GM00637) fibroblasts cultured under optimal
conditions, the effects of transient transfection with si-BIN1 alone, si-MRE11 alone, and the combination of these two siRNAs on pSer-1981 ATM were analyzed
with in situ immunofluorescence microscopy, probed with an anti-phospho-ATM (Ser-1981)-specific antibody (red). Nuclei were counter-stained with DAPI
(blue). Scale bar, 10 �m.
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investigated whether the impairment of E2F1-dependent
MRN formation would reduce the ATM autophosphoryla-
tion in BIN1-deficient cells. Western blot analysis (Fig. 6C)
and in situ immunostaining experiment (Fig. 6D) verified
that the transient transfection of MRE11A si-RNA (si-
MRE11A) clearly reduced the ATM autophosphorylation
mediated by the BIN1 deficiency. We conclude that ATM
autophosphorylation is directly promoted by E2F1 and sub-
sequent MRN formation when BIN1 is absent, even under
optimal culture conditions.

ATM is essential for BIN1 loss-dependent �H2AX formation
and subsequent MDC1 phosphorylation, irrespective of
phosphorylated Tyr-142 of H2AX

We determined whether the DSB-independent ATM activa-
tion mediated by a BIN1 loss is functionally meaningful. To
do this, we investigated whether BIN1 deficiency promotes
�H2AX formation in the absence of ATM. Under optimal cul-
ture conditions, the �H2AX formation by the BIN1 loss was
clearly detectable in normal human fibroblasts, whereas it was
undetectable in human ataxia telangiectasia (A-T) fibroblasts,
in which endogenous ATM was hereditary-deficient (Fig. 7A).
Similarly, in two independent human cancer cell lines, DU145
(prostate cancer) and SK-MEL-28 (skin cancer), BIN1 loss-in-
duced �H2AX foci were markedly reduced by transiently trans-
fected ATM siRNA (si-ATM) (Fig. 7B). We concluded that
ATM was vital for DSB-independent �H2AX formation in
BIN1-depleted cells.

If the level of DSBs is tolerable, cells generally promote
DSB repair/cell survival but not apoptosis (23). To promote
DSB repair and cell survival in response to DSBs, Mediator of
DNA damage checkpoint protein 1 (MDC1) needs to physi-
cally bind �H2AX, thus being ATM-dependently phosphor-
ylated and activated for DSB repair and subsequent cell sur-
vival (24, 25). However, if phosphorylated tyrosine 142 of
histone H2AX remains phosphorylated, MDC1 would not
physically bind �H2AX, probably because of steric interfer-
ence between the pTyr-142 residue and the pSer-139 residue
(i.e. �H2AX) within an H2AX molecule (50, 51). If so, ATM-
dependent MDC1 phosphorylation (and subsequent activa-
tion of DSB repair) would not occur (50). Besides �H2AX,
the phosphorylation status of Tyr-142 of H2AX seemed to be
another determinant for cells to select either cell survival or
apoptosis (50, 51).

In general, the loss of BIN1 is expected to protect cancer cells
from DNA damage-induced apoptosis (32, 34, 35). Concur-
rently, BIN1 deficiency promotes the formation of �H2AX foci
in the absence of DSBs (this study). Therefore, we assumed that
Tyr-142 of H2AX would be already dephosphorylated in BIN1-
deficient cells so that the cancer cells could ATM-dependently
phosphorylate MDC1 to survive longer even under DNA-
damaging conditions. However, Tyr-142 of H2AX remained
phosphorylated even after BIN1 was diminished (Fig. 7C and
Fig. S10A). Interestingly, when BIN1 was reduced, nearly all
�H2AX foci coexisted with the pTyr-142 H2AX foci, whereas
many pTyr-142 H2AX foci were observed even in the nuclear
region where little or no �H2AX foci were present (Fig. S10B).
Our results suggest that dephosphorylation of Tyr-142 of

H2AX is not required for generating �H2AX foci in BIN1-de-
ficient cells.

More importantly, even in the presence of pTyr-142 in
H2AX, the loss of BIN1 markedly enhanced MDC1 phos-
phorylation, which was boosted further by brief treatment
with bleomycin (Fig. 7D). The phosphorylation of MDC1
in BIN1-deficient cell nuclei was clearly abolished by
KU-60019, a small molecule ATM-selective inhibitor (Fig.
7E and Fig. S11) (52). Our results were apparently inconsis-
tent with the previous reports (50, 51). To reconcile this
discrepancy, we wondered whether there might be two dif-
ferent chromatin structures in the vicinity of �H2AX. We
presumed that the steric accessibility of MDC1 protein to
�H2AX would be higher when �H2AX is formed by BIN1
deficiency than when �H2AX formation is triggered by DSBs
(see “Discussion”). We conclude that, in BIN1-deficient
cells, ATM is required for �H2AX formation and subsequent
MDC1 phosphorylation, regardless of the phosphorylation
status of Tyr-142 in H2AX.

E2F1-induced ATM autophosphorylation is required for
acquisition of cisplatin resistance in BIN1-deficient cancer cells
even in the presence of transcriptionally active TP53

The tumor suppressor TP53 is well-known to play a key role
in promoting DNA damage-induced apoptosis by transcrip-
tionally activating a number of apoptotic genes (20). Because
BIN1 is also a proapoptotic protein in response to DNA damage
(32, 34, 35), we wondered whether the cisplatin resistance pro-
voked by a BIN1 loss is lessened by TP53. To do this, we used
two TP53-positive cancer cell lines, LNCaP (prostate cancer)
and U2OS (osteosarcoma), and a TP53-null cancer cell line,
SAOS2 (osteosarcoma). These cell lines naturally express WT
BIN1, thus being sensitive to cisplatin (32–35).

As expected, the majority of the sh-control cancer cells was
eliminated by cisplatin within 72 h. However, the sh-BIN1–
expressing cancer cells were resistant to cisplatin, regardless
of the expression status of the TP53 gene (Fig. 8A). We
noticed that the majority of cisplatin-treated LNCaP/sh-
BIN1 and U2OS/sh-BIN1 cells were apparently bigger in size
with more flattened morphology than untreated cells. In
contrast, the cisplatin-treated SAOS2/sh-BIN1 cell line did
not display such a morphological change. This implied that
endogenous TP53 was certainly activated by cisplatin and
elicited senescence-like growth arrest but not apoptosis in
BIN1-deficient cancer cells. As predicted, the TP53-sensi-
tive gene promoters were robustly activated when BIN1 was
absent, particularly in the presence of cisplatin (Fig. 8B and
Fig. S12). The TP53-dependent transactivation was likely
due to stabilization of TP53 protein by ATM-dependent phos-
phorylation or E2F1-dependent induction of p14ARF (a TP53
stabilizer) or both (19, 20, 32). These results suggest that
BIN1 loss promotes cisplatin resistance, even in the presence
of transcriptionally active TP53.

We next examined whether activation of E2F1 and subse-
quent ATM autophosphorylation are essential for the cisplatin
tolerance mediated by BIN1 deficiency. As shown in Fig. 8C,
inhibition of endogenous ATM activity by KU-60019 signifi-
cantly compromised cisplatin resistance in BIN1-depleted can-
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cer cells. Similarly, the transfection of si-E2F1 prominently
curbed the cisplatin resistance (Fig. 8D). Among the E2F family
of transcription factors, E2F1, E2F2, and E2F3a are all tran-
scriptional activators (32, 35). Interestingly, E2F2 or E2F3a
depletion did not recapitulate the cisplatin sensitivity mediated
by E2F1 diminution (Fig. 8D). We conclude that the E2F1-de-
pendent ATM activation is extremely important for BIN1-de-
ficient cancer cells to provoke cisplatin resistance, irrespective
of the status of TP53.

Discussion
In this study, we have identified the new E2F1-dependent

signaling circuit through which a deficiency in the BIN1 tumor
suppressor promotes cisplatin resistance in an ATM-depen-
dent manner. Because BIN1 is an E2F1 corepressor (35), BIN1
reduction constitutively reactivates E2F1-sensitive gene pro-
moters (35), including the ATM promoter (45). In parallel, in a
manner dependent on the E2F1/NBS1 association (47–49),
E2F1 directly increases the formation of foci of MRE11/MRN

Figure 7. ATM is essential for both �H2AX formation and MDC1 phosphorylation in BIN1-depleted cells. A, human normal (GM00637) and
ataxia-telangiectasia family-derived, i.e. ATM-deficient, GM16666 fibroblasts were transiently transfected with the BIN1 siRNA (si-BIN1) or the control
siRNA (si-Cont). Approximately 48 h post-transfection, cells were analyzed with in situ fluorescence immunostaining. Endogenous BIN1 in the nuclei (red)
and �H2AX foci (green) were detected with an anti-BIN1 antibody (99D) and an anti-�H2AX antibody, respectively. Nuclei were counterstained with DAPI
(blue). Scale bar, 10 �m. Three representative images of each transfection are shown. B, �H2AX foci (green) were detected with in situ immunofluorescent
staining after transient transfection of the ATM siRNA (si-ATM) or the control siRNA (si-Cont) in two cancer cell lines in the presence and absence of BIN1
(DU145�sh-BIN1 and SK-MEL-28�sh-BIN1). �100 nuclei in each transfection experiment were analyzed, and three independent transfection experi-
ments were performed. The nuclei were counterstained with DAPI (dark blue). Scale bar, 10 �m. Western blotting analyses in the DU145�sh-BIN1 stable
cell lines are demonstrated. C, induction of �H2AX by BIN1 depletion and phosphorylation of tyrosine 142 (pTyr-142) of H2AX. D, phosphorylation of
MDC1 in the absence of BIN1 with/without brief treatment with bleomycin (20 �g/ml, 30 min); E, inhibitory effect of KU-60019, an ATM-selective
chemical inhibitor (3 �M, 72 h), on the impaired BIN1-induced MDC1 phosphorylation.
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DNA end-binding protein complex in BIN1-deficient cellular
nuclei. Subsequently, ATM is autophosphorylated, thereby
phosphorylating a variety of ATM effectors, such as H2AX,

which forms �H2AX (a prevalent DSB biomarker, when phos-
phorylated) (22, 23) and the �H2AX-binding adaptor protein
MDC1 (24, 25), regardless of the phosphorylation status of Tyr-

Figure 8. Deficiency of BIN1 increases cisplatin resistance in a manner dependent on ATM and E2F1 irrespective of the status of TP53. A, phase-contrast
microscopy demonstrated the morphology of the indicated cancer cell lines�sh-BIN1 in the presence and absence of cisplatin (2.0 �g/ml, 72 h). B, WWP-Luc–
transfected LNCaP�pLPC-BIN1 cells were subjected to luciferase assays in the presence or absence of cisplatin (2.0 �g/ml) at 24, 32, and 42 h. The WWP-Luc
reporter vector is driven by the human p21WAF1 gene promoter, a direct transcriptional target of TP53 (20). AU, arbitrary unit. C, trypan blue exclusion assay of
the LNCaP�sh-BIN1 cell lines treated with cisplatin (2.0 �g/ml, 72 h) in the presence of KU-60019 (3.0 �M, 72 h). Dimethyl sulfoxide (DMSO) was used as the
vehicle control. N.S., not significant. D, LNCaP/sh-BIN1 cells were transiently transfected with si-Cont, si-E2F1, si-E2F2, or si-E2F3 for 72 h. The cells were then
treated with cisplatin (2.0 �M, 72 h) and were subjected to phase-contrast microscopy and trypan blue exclusion assay. The si-E2Fs–transfected cell lysates in
the absence of cisplatin were subjected to Western blot analysis.
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142 of H2AX (50, 51). We also discovered that BIN1 loss–
induced cisplatin resistance occurs even in the presence of tran-
scriptionally active TP53, whereas the resistance to cisplatin is
evidently abolished by E2F1 or ATM inactivation. We conclude
that, in BIN1-deficient cancer cells, E2F1 enables ATM activa-
tion, thereby promoting subsequent DSB-independent �H2AX
formation, MDC1 phosphorylation, and cisplatin resistance
(Fig. 9A).

In BIN1-deficient cancer cells, how does E2F1 not activate
apoptosis by cisplatin but rather promote cisplatin resistance?

In response to DSBs, checkpoint kinase 2 (CHK2) is phos-
phorylated by ATM (16, 53). Subsequently, E2F1 is phosphor-
ylated by ATM and CHK2. As a result, E2F1 protein is stabilized
and becomes transcriptionally active to mediate DNA damage–
induced apoptosis (53–55). Hence, apoptosis is an established
biological outcome of activated E2F1 in response to DNA dam-
age (32, 35, 55). Contradictorily, in this study, we found that
endogenous E2F1, which is constitutively activated in BIN1-
deficient cancer cells, never elicits cisplatin-induced apoptosis
but rather actively protects cancer cells from cisplatin. There-
fore, the status of BIN1 expression seems to be a key determi-
nant that enables E2F1 to select cell survival or apoptosis fol-
lowing DNA damage.

BIN1 is a nucleocytoplasmic adaptor protein that is involved
in the E2F1-dependent DDR pathways through, at least, two
separate (but closely interconnected) pathways. First, the
human BIN1 gene promoter is directly activated by E2F1 in
response to DSBs, at least, in most human cancer cells and
mouse fibroblasts (32). Second, among a number of E2F1-in-
ducible proapoptotic proteins, such as p14ARF (a TP53-stabiliz-
ing factor), TP73, APAF1, caspases, and BIN1 (32, 55), only
BIN1 protein also acts as an E2F1-binding transcriptional core-

pressor (35). This means that, in the presence of BIN1, there is
a negative feedback loop that gradually curbs E2F1-dependent
gene transcription (32, 35, 55). If so, in the absence of BIN1, we
thought that E2F1-mediated apoptosis following DNA damage
would be accelerated infinitely because of the disappearance of
the E2F1-dependent negative feedback loop.

Nonetheless, as demonstrated above, in BIN1-deficient can-
cer cells, little or no apoptosis is elicited by cisplatin. This is not
because endogenous E2F1 in the cancer model systems we used
is latent or mutated, because forced elimination of E2F1 prom-
inently mitigates the cisplatin tolerance mediated by BIN1 defi-
ciency (this study). To better understand the antiapoptotic (i.e.
cell survival) mechanism caused by E2F1 following DNA dam-
age in the absence of BIN1, it would be reasonable to speculate
that, in BIN1-deficient cancer cells, a cell survival factor (or
mechanism) is activated and promotes the ATM-dependent
cisplatin resistance. Consistent with this conjecture, the BIN1
loss offsets cisplatin-induced apoptosis even in the presence
of transcriptionally competent (i.e. proapoptotic) TP53 (this
study). It is possible that, when BIN1 is absent, activated E2F1
promotes various cellular activities essential for the develop-
ment of cisplatin resistance, such as greater DSB repair activi-
ties, silenced apoptosis, efficient drug detoxification, and/or
increased drug efflux (6, 7).

It would be ideal to specifically inactivate the aforesaid cell
survival factor (or mechanism) for reversal of E2F1-dependent
cisplatin resistance in BIN1-deficient cancer cells. However, in
general, before we reach this goal, there remain many tasks to
be accomplished, such as identification of a critical ATM effec-
tor responsible for DNA repair/cell survival and subsequent
high-throughput screening for drug discovery. Meanwhile, it is
noticed that several ATM-specific small-molecule inhibitors

Figure 9. BIN1 loss enables ATM activation by the nuclear protein E2F1. A, BIN1 is an E2F1 corepressor (35), so BIN1 loss, one of the hallmarks of advanced
cancers, constitutively activates E2F1. In contrast, BIN1�12A, an aberrant BIN1 splicing variant, does not physically bind E2F1, so it does not participate in
BIN1-dependent E2F1/ATM regulation. In BIN1-deficient cancer cells, E2F1 stimulates ATM transcription and increases the amount of ATM homodimers (the
latent form). In parallel, by physically interacting with NBS1 (which is not involved in E2F1-dependent transcriptional machinery), E2F1 retains MRE11A at DNA
termini and facilitates the MRE11A/RAD50 binding in vivo even in the absence of DNA damage. Consequently, E2F1 facilitates the formation of the MRN DNA
end-binding complex, thereby promoting ATM autophosphorylation in BIN1-deficient cancer cells. Accordingly, BIN1 loss constitutively promotes ATM-de-
pendent �H2AX formation (thus, producing a pseudo-DSB signal) and then ATM-dependent MDC1 phosphorylation, which is essential for activating the
downstream DSB repair/cell survival signals (25, 50). We propose that late-stage cancer cells, which are frequently deficient in BIN1 expression, may develop
cisplatin resistance through the E2F1/ATM-dependent pathway even before they are exposed to the DNA-damaging agent. B, loss of BIN1 enables E2F1 to
activate ATM, thereby provoking cisplatin resistance. In BIN1-deficient cancer cells (which creates the 1st deficit), it may be recommended to specifically inhibit
ATM autophosphorylation (thus, causing the 2nd deficit) to establish new synthetic lethality that increases cisplatin sensitivity.
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have already been approved and are commercially available for
clinical trials in patients with a set of advanced cancers (8, 26,
52). Hence, as a feasible, practical, and quick approach to
rebuilding cisplatin sensitivity in cisplatin-resistant cancer
cells, in which BIN1 is frequently missing (1st deficit), we pro-
pose to create new synthetic lethality by generating the 2nd
deficit using an ATM inhibitor (Fig. 9B).

How does BIN1 deficiency allow MDC1 to be phosphorylated
by ATM regardless of pTyr-142 in H2AX?

The physical interaction between �H2AX and MDC1 and
the subsequent ATM-dependent MDC1 phosphorylation are
rate-limiting steps to initiate the downstream paths to DNA
repair and cell survival (24, 25). Cook et al. (51) previously
reported that the �H2AX/MDC1 protein/protein interaction
occurs only when pTyr-142 in H2AX is dephosphorylated. In
this study, we observed that BIN1 loss, which greatly enhances
the formation of �H2AX foci in a manner independent of DSBs,
stimulates ATM-dependent phosphorylation of MDC1 even in
the presence of pTyr-142 in H2AX (see Fig. 7, C–E, and Figs. S9
and S10). This suggests that the steric accessibility of MDC1 to
�H2AX in chromatin is blocked by pTyr-142 of H2AX when
H2AX is provoked by DSBs, whereas the steric barrier would
be drastically alleviated when �H2AX is formed by BIN1
deficiency.

Histone H1 is one of the major PARP1 substrates of
PARylation (34, 39, 40). In general, PARP1 activity is associated
with the deconcentration of higher-order chromatin structures
(39, 40). Because BIN1 is the only natural PARP1-inhibitory
nuclear protein documented so far (34), it is proposed that a
BIN1 loss is likely to stimulate chromatin remodeling due to
hyper-PARylation of histone H1 (see Fig. S3) (34). We presume
that the chromatin structure close to the �H2AX foci caused by
DSBs would be sterically different, at least, to some extent from
the chromatin microenvironments adjacent to �H2AX foci
triggered by a BIN1 loss. Although it remains unknown how
PARylated histone H1 alters the spatial interplay between
pTyr-142 of H2AX and pSer-139 of H2AX (i.e. �H2AX), we
hypothesize that MDC1 is practically allowed to directly inter-
act with �H2AX in hyper-PARylated chromatin, regardless of
phosphorylated Tyr-142 of H2AX.

What biological messages are transmitted by the �H2AX foci
formed by a BIN1 loss in the absence of actual DSBs?

Soutoglou and Misteli (56) reported that, when DSB repair-
initiating nuclear proteins, such as MRE11A, NBS1, and
MDC1, are artificially (i.e. experimentally) immobilized to the
chromatin in the absence of DNA lesions, the cellular DDR
effector pathways (including the formation of �H2AX foci) are
promptly activated in a manner dependent on ATM and DNA-
PKcs, as if there are real DNA lesions. This work was epoch-
making because it evidently demonstrated that prolonged asso-
ciation of major DDR-initiation factors with chromatin is
sufficient to stimulate the downstream DDR effector pathways
even in the absence of DNA damage and that there is an ordered
binding of DSB-repair proteins to amplify the DDR signal (56).
However, the method used for prolonged immobilization of
several key DDR-initiating factors fused with the E. coli lac-

repressor was extremely artificial. Therefore, the physiological
relevance of the DSB-independent DDR signal amplification
(including �H2AX foci) and the biological message thereof
have yet to be fully understood.

In this study, we reported that, even under optimal culture
conditions, the loss of BIN1 is sufficient to stimulate the immo-
bilization of the endogenous MRN complex and the subsequent
ATM autophosphorylation in an E2F1-dependent manner.
Consequently, the BIN1 loss constitutively promotes ATM-de-
pendent cellular DDR-signaling events, including �H2AX for-
mation and MDC1 phosphorylation regardless of the phosphor-
ylation status of Tyr-142 of H2AX. Our results suggest that,
even in the absence of DSBs, intrinsic cellular DDR-signaling
machinery can be naturally activated if BIN1 is absent. It is
well-known that the amount of BIN1 protein in the nucleus is
altered according to cell-cycle progression (57) and cell differ-
entiation (58). Thus, even in the absence of DNA lesions,
�H2AX emergence due to a decrease in BIN1 levels in the
nucleus is a physiological and dynamic phenomenon.

In response to DNA damage, the formation of �H2AX foci
has been widely recognized not only as one of the most reliable
DSB biomarkers but also as scaffold sites in chromatin on which
the DDR downstream proteins are assembled to initiate either
DNA repair/cell survival or apoptosis (23). Thus, we propose
that the �H2AX appearance caused by a BIN1 loss creates a
pseudo-DSB signal. Conversely, a reduction in �H2AX foci may
not directly prove the repair of DSBs if BIN1 is abundant. The
�H2AX foci that are increased by BIN1 deficiency in the
absence of actual DSBs could be like a fire alarm that keeps
ringing even though nothing is burning yet. Hence, the pseudo-
DSB signals, such as �H2AX foci generated by the BIN1 loss,
may automatically hypersensitize downstream DSB-repair
machinery even through cancer cells have yet to be physi-
cally exposed to DNA-damaging therapeutic agents. If so,
the increase in the formation of �H2AX foci by BIN1 defi-
ciency under optimal conditions may create a self-defense
message by which cancer cells constantly activate cellular
DSB-repair machinery, thereby sustaining a DNA-damage–
resistant phenotype.

How does BIN1 loss select the positions of �H2AX foci on
undamaged chromatin?

Clearly separated numerous foci of �H2AX caused by DSBs
in cellular nuclei are expected to correspond to broken sites of
chromosomal DNA (22, 23). As shown in this study, even in the
absence of DNA lesions, the �H2AX foci formed in BIN1-defi-
cient nuclei also constantly display distinct multiple foci. This
suggests that certain chromatin-associated mechanisms partic-
ipate in the process of the formation of �H2AX foci on unbro-
ken chromatin in BIN1-deficient nuclei. We hypothesize that
an unknown chromatin-associated nuclear factor is stimulated
by BIN1 loss and promptly assembles cellular DDR-initiating
machinery, such as the MRN complex. Subsequently, down-
stream DDR effector pathways, including ATM activation and
�H2AX formation, are naturally activated. If so, the positions of
�H2AX foci produced by BIN1 loss on unbroken chromatin
would be close to (or in the vicinity of) the hypothetical chro-
matin-associated nuclear factor.
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One most likely candidate protein as the chromatin-associ-
ated nuclear factor is E2F1. We reported previously that the
physical interaction between E2F1 and BIN1 is stabilized by
endogenous PARP activity and that E2F1-dependent transacti-
vation is attenuated by BIN1, particularly when E2F1 is
PARylated (35). It is believed that an E2F1-dependent nuclear
function, no matter whether it is transcription-dependent or
not, could be controlled, to some extent, by E2F1’s post-trans-
lational modification, such as phosphorylation, acetylation, and
PARylation (21, 32, 35, 53, 55). It is also apparent that the time/
space-specific E2F1 function would greatly depend on what
nuclear proteins the E2F1 protein interacts with (35, 55). As
discussed above, E2F1 physically binds NBS1 (a key component
of MRN) (47–49) in a manner dependent on the E2F1 MB box
(47) but independent of E2F1-mediated transcription (this
study). Moreover, the E2F1 MB box is also necessary for the
BIN1/E2F1 interaction (35). Because PARylation is one of
the most likely post-translational modifications of E2F1 in the
absence of BIN1 (34), it would be interesting to determine
whether hyper-PARylated E2F1 modifies in situ E2F1/NBS1
binding and subsequent formation of �H2AX foci close to the
NBS1 protein in BIN1-depleted cellular nuclei.

How does BIN1, an inducer of genomic instability, act as a
tumor suppressor?

Cancer is a disease associated with genomic instability and
aging (59). In general, oncoproteins (which act as drivers of
tumorigenesis) increase genomic instability, whereas tumor
suppressors (i.e. anti-oncoproteins) preserve the integrity of the
genome (38). The BRCA1/2 tumor suppressors are required for
DSB repair via homologous recombination (17, 38, 50). In
response to DNA damage, the tumor suppressor TP53 activates
cell-cycle checkpoints to halt replication of damaged genomic
DNA. Therefore, TP53 is recognized to be the “guardian of the
genome” (20).

Accumulating evidence indicates that BIN1 acts as a bona
fide tumor suppressor in vitro and in vivo (27–37), insofar as the
protein induces apoptosis or senescence in response to onco-
genic stress (34, 35) and genotoxic stress (32, 34). However,
unlike conventional tumor suppressors, BIN1 naturally in-
creases genomic instability, at least partly, by constitutively
inhibiting two major DNA repair-facilitating enzymes, PARP1
(34, 39 – 41) and ATM (this study and Refs. 14, 15). Intriguingly,
similarly to BIN1, hob1 (homolog of BIN1) of fission yeast
inhibits the formation of �H2A (yeast’s �H2AX) (this study)
and restricts the elongation of telomere length (by which the
termini of the chromosome are protected) (60). These results
indicate that BIN1/hob1 commonly decreases genomic and
chromosomal stability (34).

In general, most likely biological reactions against accumu-
lated genomic instability would be senescence-like growth
arrest or apoptosis (38, 59). Because of the BIN1-dependent
increase in genomic instability, we assume that senescence
and/or apoptosis would be naturally triggered at a much earlier
stage of genomic instability at which cancer would occur. In this
respect, BIN1 certainly reduces the risk of spontaneous tumor-
igenesis by stimulating a DNA damage-sensitive cellular
response (i.e. senescence and apoptosis). Hence, distinct from

other traditional tumor suppressors, which are known to pre-
serve the integrity of the genome (20, 38), the BIN1 tumor
suppressor is categorized to be a “cancer-preventing” tumor
suppressor that naturally destabilizes the genome. If a cancer-
preventing factor like BIN1 is genetically or epigenetically inac-
tivated, aged cells (even expressing WT TP53) would become
less-sensitive to accumulated DNA damage. If so, it is antici-
pated that cells lacking BIN1 would gain biological privilege for
further growing and surviving even after the extent of DNA
damage exceeds the threshold for senescence and apoptosis.

In summary, we have identified the DSB-independent E2F1
signaling circuit through which the BIN1 loss constitutively
promotes ATM autophosphorylation, �H2AX formation (i.e.
pseudo-DSB signal), and cisplatin resistance (Fig. 9A). The sur-
vival of BIN1-deficient cancer cells in the presence of cisplatin
primarily requires E2F1-mediated ATM activation. Therefore,
it is reasonable to presume that ATM inhibition creates new
synthetic lethality to reestablish cisplatin sensitivity in cispla-
tin-resistant cancer cells often lacking BIN1 (Fig. 9B). It is also
advised to confirm the status of BIN1 expression to precisely
interpret the biological message of �H2AX foci.

Experimental procedures

Mammalian cell lines

All primary, immortalized, and cancer cell lines used in this
study were obtained from the American Type Culture Collec-
tion (ATCC, Manassas, VA) or have been described previously
(27–35). The normal human (ATM-proficient, GM00637) and
A-T (ATM-deficient, GM16666) fibroblasts were obtained
from the Coriell Institute (Camden, NJ). All mammalian cell
lines used in this study were maintained in 5% CO2 at 37 °C.

Yeast strains, media, and growth conditions

The S. pombe WT strain used in this study was FY71 (h-,
ade6-M216, leu1-32, and ura4D18), and the hob1� mutant
strain was derived from FY71 (h-, ade6-M216, leu1-32,
ura4D18, hob1::kan) (43). These yeast cells were cultured non-
selectively at 25–30 °C in YES medium, in which YE medium
(0.5% yeast extract) was supplemented with 2.5% dextrose.
DSBs were induced in WT cells and hob1� mutant cells with
YES medium supplemented with 40 �g/ml bleomycin for 2 h.
Yeast whole-cell extracts were prepared using 20% trichloro-
acetic acid and glass beads.

Oligonucleotides, antibodies, si-/sh-RNAs, and chemicals

The oligonucleotide primers, antibodies, si-RNAs (or sh-
RNA-expression lentiviral plasmid DNAs), and chemicals used
in this study are listed in the Tables S1–S4, respectively.
According to the vendor’s information (Santa Cruz Biotechnol-
ogy., Santa Cruz, CA), the si-BIN1 RNA product (sc-29804)
contains three different 19-nt RNA duplexes, which are
designed to specifically cleave three different positions of the
human BIN1 mRNA (28). Similarly, the sh-BIN1– expression
lentivirus plasmid DNA (sc-29804-SH) is a mixture of three
different sh-BIN1– expressing plasmid DNAs that cleave the
three corresponding 19-nt sites on the human BIN1 mRNA
(Fig. S5A). The Blast homology search of every single 19-nt
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sequence targeted by the si-/sh-BIN1 RNA molecules con-
stantly identified the corresponding nt sequence of the human
BIN1 mRNA (28). BIN2, BIN3, and amphiphysin-I mRNAs
belong to the human BAR family and are structurally similar
to BIN1 mRNA (28). However, the si-/sh-BIN1–targeting nt
sequences did not detect any similar sequence with any of these
BIN1-related mRNAs (data not shown). Transient transfection
of every single si-BIN1 molecule effectively eliminated BIN1
protein (Fig. S5B). Transient transfection of si-BIN1s (sc-
29804) robustly released endogenous E2F1 activity in DU145
(BIN1-positive) cells but not in MCF7 (BIN1-null) cells (Fig.
S5C). Increased activities of endogenous E2F1 in sh-BIN1–
expressing DU145 cells were reversed by the cotransfection of
the pcDNA3-BIN1 expression vector (Fig. S5D). Thus, the si-/
sh-BIN1 RNA molecules we used in this study effectively and
specifically decreased endogenous BIN1 levels.

Plasmid DNAs

The expression vectors for the human BIN1, BIN1 � 12A,
HA-tagged E2F1 (pRcCMV-HA-E2F1), and two TP53-sensi-
tive luciferase reporter vectors (WWP-Luc and PIG3-Luc) have
been described previously (27–35). To construct the human
ATM promoter-driven luciferase reporter vectors, 530ATM-
Luc and 400ATM-Luc, two human genomic DNA fragments,
530ATM (�237/�291), which contains the three E2F-consen-
sus sites upstream from the transcription initiation site (�1),
and 400ATM (�110/�291), which does not contain those sites
(45), were amplified by PCR using genomic DNA extracted
from the human DU145 cell line, respectively. The purified
genomic PCR DNA fragments were restriction-digested with
XhoI and HindIII and then subcloned into the pGL2-basic
luciferase vector (Promega, Madison, WI).

BIN1 gene-silencing lentivirus production

The human BIN1 sh-RNA– expressing lentivirus plasmid
DNA (sc-29804-SH, Santa Cruz Biotechnology) was cotrans-
fected in the HEK293T cells (a packaging cell line) with the
psPAX2 plasmid DNA (a lentivirus packaging vector) (Add-
gene, Cambridge, MA) and the pMD2.G plasmid DNA (a len-
tivirus VSV-G envelope– expressing vector) (Addgene). The
sh-RNA plasmid vector that expressed scrambled sh-RNAs (sc-
108060, Santa Cruz Biotechnology) was used as the negative
control (sh-control) (32, 34, 35). Approximately 72 h post-
transfection, the packaging culture supernatant (containing
replication-incompetent, infectious sh-BIN1-expressing lenti-
virus particles) was harvested, precleared, and overlaid on the
indicated host cell line in the presence of puromycin (a selec-
tion marker) for 72 h. All drug-resistant colonies were pooled
and expanded for further biochemical and functional analysis.

BIN1-expressing retrovirus production

As described previously (32, 34, 35), the human BIN1 (iso-
form 8) cDNA-expressing retrovirus plasmid DNA, pLPC-
BIN1, or its control vector, pLPC, was transfected in the Bing
cell line (an amphotropic retroviral packaging cell line, ATCC)
for 72 h. The supernatant of the culture medium, which con-
tained the amphotropic, replication-incompetent retrovirus
pLPC or pLPC-BIN1, was overlaid on an indicated actively pro-

liferating host cell line. The infected cells were selected by puro-
mycin (a selection marker) for 72 h. Drug-resistant colonies
were pooled and expanded.

Immunoprecipitation and Western blot analysis

Approximately 1.5 mg of precleared cell lysates were incu-
bated with 1.5 �g of an IP antibody at 4 °C for 4 h with gentle
rocking. Purified preimmune IgG (Pierce) was used as the neg-
ative control. The immunoprecipitated complexes or pre-
cleared protein lysates were resolved by SDS-PAGE and trans-
ferred to a nitrocellulose membrane for 1 h at 100 V in Towbin
buffer (192 mM glycine, 20% methanol, and 25 mM Tris-HCl,
pH 8.3). Protein-blotted membranes were blocked using 5%
nonfat skim milk in PBST (PBS containing 0.1% Tween 20)
overnight at 4 °C with gentle rocking, followed by hybridization
with the appropriate primary and secondary antibodies. As the
loading control, �-actin or glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was used.

ChIP

ChIP assays were performed as described previously (32, 34,
35). To detect endogenous BIN1 and E2F1 proteins on the
human ATM promoter, a 142-bp DNA fragment (�143/�1)
encompassing the promoter region was amplified using 35
cycles of PCR at 94 °C for 30 s, 55 °C for 30 s, and 72 °C for
30 s.

ChIP-based in vivo DNA end– binding assay

We have established a ChIP-based in vivo DNA end– binding
assay. The super-coiled pGL2-luciferase (Luc) plasmid DNA,
which contained a unique HindIII restriction site at �29 bp
upstream from the translational initiation site (�1) corre-
sponding to the initial methionine of Luc, was restric-
tion-digested with HindIII. A linearized pGL2-Luc DNA
fragment (pGL2/HindIII-Luc) was transiently transfected.
Super-coiled pGL2-Luc plasmid DNA (uncut) was used as the
negative control. The sonicated DNA/protein complexes were
subjected to a ChIP assay probed with a ChIP-grade anti-
MRE11A antibody. The Luc open-reading frame (ORF) cDNA
sequence does not naturally exist in untransfected cells. A
240-bp DNA fragment (�1053/�1293) encompassing the Luc
ORF cDNA was amplified using 35 cycles of PCR at 94 °C for
30 s, 56 °C for 30 s, and 72 °C for 30 s. A single 240-bp PCR
product was confirmed on a 2% agarose gel.

qRT-PCR

qRT-PCR assays were carried out as described previously
(32, 34, 35). Briefly, 1.0 �g of purified total RNA was used for
first-strand cDNA synthesis using the iScript cDNA synthesis
kit, according to the vendor’s protocol (Bio-Rad). For qRT-
PCR, we used iQ SYBR Green Supermix (Bio-Rad) according to
the vendor’s protocol.

Luciferase reporter assay

Luciferase reporter assays were performed as described pre-
viously (28, 32–35). To normalize transfection efficiency, a
�-gal expression vector (pcDNA3–�-gal) was cotransfected
with a one-tenth quantity of a luciferase reporter vector.
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In situ immunofluorescence analysis

The formaldehyde-fixed cells were blocked in 3% bovine
serum albumin (BSA) at room temperature for 1 h. The cells
were hybridized with primary and secondary antibodies cou-
pled to Alexa Fluor 488 (Molecular Probes, Eugene, OR) at
room temperature in the dark. DAPI (Sigma) was used for
nuclear counter-staining. The cell images were recorded with a
Leica DM 5500 fluorescence microscope (Leica Microsystems,
Buffalo Grove, IL) and a digital camera CoolSNAP HQ2 (Pho-
tometrics, Tucson, AZ).

Oncogenic transformation assay

REFs (ScienCell Research Laboratories, Carlsbad, CA)
were cultured at a density of 0.5 � 105 cells in a 6-cm tissue-
culture dish. Using the X-tremeGENE DNA transfection re-
agents (Roche Applied Science), the cells were transfected
with 0.5 �g of the pT22 plasmid DNA (which expresses
human H-RasG12V oncogene), 0.5 �g of the p1A/neo plasmid
vector (which expresses the adenovirus E1A(13S) onco-
gene), and one of the following vectors: 1.0 �g of the
pcDNA3 control vector, 1.0 �g of the pcDNA3-BIN1 expres-
sion vector, or 1.0 �g of the pcDNA3-BIN1 � 12A expres-
sion vector (27, 31, 33, 34). About 72 h post-transfection, the
cells were trypsinized, transferred to a 10-cm dish, and were
fed twice a week with fresh optimal growth medium for 2–3
weeks. All emerged foci (evidence of oncogenic transforma-
tion) were fixed with 100% methanol for 2 min and stained
with Giemsa (Invitrogen) for 30 min.

Colony formation assay

The indicated cancer cells, which were freshly plated at a
density of 5.0 � 103 cells/cm2 in a 6-cm tissue-culture dish,
were transfected with 2.0 �g of the indicated plasmid DNA
(G418-resistant) for 24 h at 37 °C. The cells were trypsinized
and transferred to a 10-cm dish and were fed twice a week
with fresh optimal growth medium containing G418 (500
�g/ml) (Invitrogen) for 2–3 weeks. The drug-resistant colo-
nies were then fixed with 100% methanol and stained with
Giemsa.

Trypan blue exclusion assay

Cell viability was determined by trypan blue exclusion
assay as described previously (32–35). Floating (i.e. dead)
cells and adherent (i.e. alive) cells were briefly suspended in
PBS at room temperature and then gently mixed at a 1:1 ratio
with the trypan blue solution (HyClone, Logan, UT) for 5
min at room temperature. 10 �l of this mixture was imme-
diately used for cell counting to determine the percentage of
blue-stained (dead) cells.

Statistical analysis

All biochemical, molecular biological, and cell-based results
presented in this study were obtained after repeating essentially
the same experiments at least three times to confirm rigor,
reproducibility, and statistical significance. The data were pre-
sented as means � S.E. Statistical significance was determined
with Student’s t test. Any p values less than 0.05 were consid-
ered statistically significant.
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