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Microcephalin (MCPH1) has a crucial role in the DNA damage
response by promoting the expression of Checkpoint kinase 1
(CHK1) and Breast cancer susceptibility gene 1 (BRCA1);
however, the mechanism of this regulation remains unclear.
Here, we show that MCPH1 regulates CHK1 and BRCA1 through
the interaction with E2F1 on the promoters of both genes.
MCPH1 also regulates other E2F target genes involved in DNA
repair and apoptosis such as RAD51, DDB2, TOPBP1, p73 and
caspases. MCPH1 interacts with E2F1 on the p73 promoter, and
regulates p73 induction and E2F1-induced apoptosis as a result of
DNA damage. MCPH1 forms oligomers through the second and
third BRCT domains. An MCPH1 mutant containing only its
oligomerization domain has a dominant-negative role by blocking
MCPH1 binding to E2F1. It also inhibits p73 induction in DNA
damage and E2F1-dependent apoptosis. Taken together, MCPH1
cooperates with E2F1 to regulate genes involved in DNA
repair, checkpoint and apoptosis, and might participate in the
maintenance of genomic integrity.
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INTRODUCTION
Primary microcephaly is an autosomal recessive disorder char-
acterized by reduced brain size. The first causative gene identified
encodes microcephalin (MCPH1; Jackson et al, 2002). Micro-
cephalin, also known as BRIT1 (BRCT-repeat inhibitor of human
telomerase reverse transcriptase (TERT) expression), was indepen-
dently identified in a genetic screen for transcriptional repressors of
human TERT (Lin & Elledge, 2003). Mutation of MCPH1 results in
premature onset of condensin II-mediated chromosome condensa-
tion (Trimborn et al, 2006). MCPH1 contains three Breast cancer
susceptibility gene 1 (BRCA1)-carboxy-terminal (BRCT) domains.
It is induced by DNA damage, and regulates both Checkpoint
kinase 1 (CHK1) and BRCA1 (Xu et al, 2004; Lin et al, 2005). It has

a role in the maintenance of chromosomal integrity and infrared-
or ultraviolet-induced foci formation (Rai et al, 2006). MCPH1 also
acts downstream from CHK1 in regulating Cell division cycle 25A
(Cdc25A) stability and consequently preventing premature entry
into mitosis (Alderton et al, 2006). A function of MCPH1 as a
tumour suppressor has been suggested by an association of
genomic instability and metastasis with decreased levels of
MCPH1 in human cancer (Rai et al, 2006). So far, the mechanism
by which MCPH1 regulates CHK1 and BRCA1 remains unclear.

The E2F transcription factor family has a crucial role in the
regulation of cell-cycle progression. In addition to genes directly
involved in cellular proliferation, E2F also regulates genes respon-
sible for checkpoint activation, DNA repair, apoptosis, chromatin
assembly, condensation and chromosome segregation (Dimova &
Dyson, 2005), supporting the role of E2F in the maintenance of
genomic integrity. The function of E2F in chromosome stability is
supported further by the observation that the combined loss of both
E2F1 and E2F2 leads to polyploidy in the liver, salivary gland and
exocrine pancreas (Li et al, 2003), and loss of E2F3 results in
aneuploidy (Saavedra et al, 2003). Although the role of E2F1 in the
control of cell-cycle-related genes has been well established, how
E2F participates in genomic surveillance remains to be investigated.

RESULTS AND DISCUSSION
Our previous studies have shown the crucial role of a BRCT
domain-containing protein DNA topoisomerase IIb binding protein 1
(TOPBP1) in controlling the transcriptional activities of E2F1 (Liu
et al, 2003, 2004, 2006). We compared the sequences of TOPBP1
and MCPH1 and found that they share 24% sequence identity and
32% sequence similarity. The sequence homology spans through-
out the entire 835 amino-acid (aa)-coding sequence of MCPH1
and the fifth to eighth BRCT domains of TOPBP1. This homology
region includes the E2F1-binding domain (sixth to eighth BRCT
domains) of TOPBP1; therefore, we speculated that MCPH1 could
interact with and regulate E2F1. Indeed, an interaction between
endogenous MCPH1 and E2F1 was detected by reciprocal co-
immunoprecipitation in human embryonic kidney 293 (HEK293)
cells either during normal growing conditions or on treatment of
a radiomimetic agent neocarzinostatin (NCS) or adriamycin
(Fig 1A,B). The complex formation increased after NCS (1.7-fold)
or adriamycin (1.5-fold) treatment, corresponding with a modest
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induction of E2F1 and MCPH1. An interaction between
endogenous MCPH1 and E2F1 was also observed in the T98G
glioblastoma cell line (data not shown). An in vitro glutathione
S-transferase pulldown assay showed a further direct binding

between MCPH1 and E2F1 (supplementary Fig S1 online). Next,
we mapped the E2F1-binding domain to the second and third
BRCT domains of MCPH1 (Fig 1C,D). MCPH1 could also
associate with E2F2; however, their interaction seemed to be
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much weaker (Fig 1E). No interaction between MCPH1 and E2F3
was detected (Fig 1F). To detect the interaction between MCPH1
and E2F1 in cultured cells with minimal perturbation of the
normal cellular environment, we carried out a bimolecular
fluorescence complementation assay. When both YFP1-E2F1
(YFP for yellow fluorescent protein) and YFP2-MCPH1 proteins
were expressed in either 293T or NIH3T3 cells, the interaction of
MCPH1 and E2F1 led to reconstitution of functional YFP (Fig 1G).
The variation of YFP intensity is probably due to various levels of
protein expression in transient transfection. This interaction
depends on the amino terminus of E2F1 (aa 1–150; Fig 1H,I).
By contrast, a control zipper domain fusion protein YFP1-zipper
could not interact with YFP2-MCPH1.

To test whether MCPH1 is involved in E2F1 function, we
knocked down the expression of MCPH1 in HEK293 cells.
Consistent with previous reports, depletion of MCPH1 inhibited
the expression of BRCA1 and CHK1 (Fig 2A). The expression of
two E2F1 target genes p107 and Apoptotic peptidase activating
factor 1 (APAF1), but not cyclin D, was also decreased by MCPH1
short interfering RNA (siRNA), suggesting that MCPH1 controls
some of the E2F1 functions. We also established a U2OS
cell line stably expressing MCPH1 siRNA. Knockdown of
MCPH1 inhibited the expression of CHK1 and BRCA1 in these
cells, and also inhibited the expression of several E2F target genes,
including p73, p107, and caspases 3 and 7 (Fig 2B). As MCPH1 is
required for the maintenance of genomic integrity, we speculated
that it might regulate other E2F target genes involved in DNA
repair such as TOPBP1, RAD51 and DDB2. The expression
of these genes was also dependent on MCPH1. These effects
were derived from the depletion of MCPH1, as they could
be rescued by reconstitution of MCPH1 expression with an
MCPH1 complementary DNA (cDNA) carrying several silent
mutations within the MCPH1 siRNA target sequence. Interest-
ingly, MCPH1 siRNA did not alter the expression of cyclin
E, cyclin D or p21. Depletion of MCPH1 induced the expression
of TERT (Fig 2B), supporting an inhibitory function on TERT
expression (Lin & Elledge, 2003). Next, we examined the role of
MCPH1 in p73 and CHK1 expression during DNA damage and
found that adriamycin-mediated induction of p73 was inhibited
by MCPH1 depletion in HEK293 cells (Fig 2C). The effect was
rescued only by reconstitution of MCPH1 expression with wild-
type MCPH1, but not by a truncated mutant MCPH1D23, which
failed to bind to E2F1. Taken together, these results strongly
support the crucial role of MCPH1 in the regulation of E2F
target genes involved in DNA repair, checkpoint activation and
apoptosis under physiological conditions as well as during
DNA damage.

To investigate whether the regulation of CHK1 and BRCA1 by
MCPH1 depends on E2F1, we examined the effect of MCPH1
overexpression on CHK1 and BRCA1 in E2F1�/� mouse embryo-
nic fibroblasts (MEFs). As shown in Fig 2D, MCPH1 induced the
expression of CHK1 and BRCA1 in E2F1þ /þ MEFs. The induction
was largely abrogated in E2F1�/� MEFs, indicating the require-
ment of E2F1 in MCPH1-mediated induction of CHK1 and
BRCA1. There was a marginal induction of both CHK1 and
BRCA1 by MCPH1 overexpression in E2F1�/�MEFs. This might be
mediated by other E2Fs such as E2F2, as MCPH1 might interact
weakly with E2F2 (Fig 1E). Consistent with the results in Fig 2B,
MCPH1 failed to induce the expression of cyclin D and E,
suggesting that MCPH1 specifically regulates a subset of E2F1
target genes such as CHK1 and BRCA1. Conversely, p53 was not
required for the promoting effect of MCPH1 on CHK1 or p73
expression (Fig 2E). Therefore, we conclude that MCPH1 regulates
CHK1 and BRCA1 through E2F1 action.

As E2F1 can directly activate CHK1 and BRCA1 gene
promoters (supplementary information online), we speculated
that the interaction between MCPH1 and E2F1 might upregulate
the transcriptional activity of E2F1 on CHK1 and BRCA1
promoters. Indeed, MCPH1 enhanced the transcriptional activities
of E2F1 and E2F2, but not E2F3 or E2F4, in an E2F activity reporter
assay (Fig 3A,B; supplementary Fig S2 online). This is consistent
with its binding to E2F1 and E2F2, but not to E2F3. To test the
occupancy of MCPH1 on CHK1, BRCA1 and p73 promoters,
we performed chromatin immunoprecipitation (ChIP) in U2OS,
HEK293, MDA-MB453, p53þ /þ HCT116 and p53�/� HCT116
cell lines. The results showed that MCPH1 and E2F1 co-occupied
on these promoters in U2OS (Fig 3C,D) and HEK293 cells (Fig 3E),
and that this co-occupancy could be induced by adriamycin or
NCS treatment. A ChIP–re-ChIP assay further confirmed the
presence of MCPH1–E2F1 complex formation on CHK1, p73
and caspase 7 promoters in HEK293, U2OS and MDA-MB453
cells (Fig 3F). In line with the role of E2F1 rather than p53 in the
regulation, we found co-occupancy of MCPH1 and E2F1, but not
p53, on CHK1 promoter in both p53þ /þ and p53�/� HCT116
cells, indicating that the co-occupancy of MCPH1 and E2F1 does
not require p53 (Fig 3G). Both E2F1 and MCPH1 are also found
on the caspase 7 promoter. Interestingly, although p53 does not
regulate CHK1, we observed occupancy of p53 on caspase 7
promoter (Fig 3G), which is consistent with the role of p53 in
caspase 7 regulation ( Joshi et al, 2007). The data provide the first
evidence for a promoter-binding activity of MCPH1 in the
regulation of BRCA1, CHK1, p73 and caspase 7. Taken together,
these results establish a role for MCPH1 in the regulation of
E2F1 functions.

Fig 1 | MCPH1 interacts with E2F1. (A,B) HEK293 cells were left untreated (No tx) or treated with 300 ng/ml NCS for 4 h or 2mM adriamycin (Adr)

for 24 h. The cells were collected for immunoprecipitation (IP) using a rabbit MCPH1 (A) or mouse E2F1 antibody (B) or a control IgG followed

by immunoblotting (IB) as indicated. Input represents 10% of lysates added to each IP reaction. (C) Schematic structure of MCPH1 protein.

(D–F) 293T cells were co-transfected with Myc-tagged wild-type or mutant MCPH1 along with E2F1, E2F2 or E2F3. The next day, cells were collected

for IP with anti-Myc beads followed by immunoblotting. (G,H) 293T or NIH3T3 cells were co-transfected with YFP1-E2F1, YFP1-E2F1(1–150)

or YFP1-E2F1(151–437) and YFP2-MCPH1, or a control YFP1-zipper (containing a zipper domain derived from GCN4) and YFP2-MCPH1.

The next day, cells were fixed and nuclei were stained with Hoechst 33258. (I) Cellular lysates of 293T cells in (H) were analysed for expression

of YFP1-E2F1 or its deletional mutants and YFP2-MCPH1 using a GFP antibody for immunoblotting. BRCT, BRCA1 carboxy-terminal; GAPDH,

glyceraldehyde-3-phosphate dehydrogenase; GFP, green fluorescent protein; HEK, human embryonic kidney cells; MCPH1, microcephalin;

NCS, neocarzinostatin; YFP, yellow fluorescent protein.
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Depletion of MCPH1 did not affect the expression of cyclins E
and D, which are responsible for G1- to S-phase transition.
Instead, MCPH1 is required for the expression of p73, APAF1, and
caspases 3 and 7, which have been shown to be important
mediators for E2F1-induced apoptosis. These results indicate that

MCPH1 might not be involved in the proliferative activity of E2F1,
but that it regulates its pro-apoptotic function. Consistent with this
is the result that depletion of MCPH1 does not alter cell-cycle
profiles under normal growing conditions (supplementary Fig S3
online; Xu et al, 2004; Lin et al, 2005). Instead, MCPH1 depletion
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significantly inhibited E2F1-induced apoptosis in U2OS cells, and
reconstitution of the expression of MCPH1 restored the apoptosis
induced by E2F1 (Fig 4A; supplementary Fig S4 online). The
apoptosis was specific for E2F1 and could not be induced by
AdE2F2, AdE2F3 and AdE2F4 (Fig 4B). To test further the role of
MCPH1 in E2F1-mediated apoptosis during DNA damage, we

assayed its effect on the apoptosis induced by adriamycin in
HEK293 cells, in which adriamycin-induced apoptosis has been
shown to be specifically dependent on E2F1 (Wang et al, 2004).
Overexpression of MCPH1 enhanced adriamycin-induced
apoptosis (Fig 4C), whereas depletion of MCPH1 by two different
MCPH1 RNAis inhibited both adriamycin-induced apoptosis and
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p73 expression (Fig 4D). Taken together, we conclude that
MCPH1 cooperates with E2F1 in the activation of checkpoint/
DNA repair proteins, as well as pro-apoptotic proteins, and that it
is required for the pro-apoptotic function of E2F1.

Several BRCT domain proteins such as TOPBP1 (Liu et al,
2006) and Crumbs homologue 2 (CRB2; Du et al, 2004) can form
oligomers and this structural change regulates their functions. The
fact that the sequence homologous region between MCPH1 and
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TOPBP1 contains an oligomerization domain (the seventh and
eighth BRCT domains of TopBP1) prompted us to investigate
whether MCPH1 also forms oligomers. There is an intermolecular
interaction between Flag- and Myc-tagged MCPH1 as shown by
reciprocal immunoprecipitation (Fig 5A,B). Flag-MCPH1 inter-
acted only with the second and third BRCT domains (referred
to as BRCT23 hereafter), but not with the first BRCT domain or
with the portion between the first and second BRCT domains

(supplementary Fig S5 online). An MCPH1 deletional mutant (D1)
lacking the first BRCT domain still bound to MCPH1, although less
efficiently; however, an MCPH1 deletional mutant (D23) lacking
the BRCT23 domain completely lost the interaction (supplemen-
tary Fig S6 online). Finally, BRCT23 is sufficient to self-associate
(Fig 5A). Therefore, we conclude that BRCT23 is responsible for
the oligomerization of MCPH1; however, an optimal interaction
might need the first BRCT domain. A bimolecular fluorescence
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complementation assay further confirmed the self-association
of MCPH1 in living cells during normal growth and on NCS
treatment (Fig 5C). MCPH1 also interacted with MCPH1D1 in this
assay (Fig 5D). Taken together, these data support a BRCT23-
dependent oligomerization of MCPH1.

Next, we tested whether BRCT23 could function as a dominant-
negative inhibitor to block MCPH1 function in E2F1 binding
and activation. Indeed, overexpression of BRCT23 inhibited the
interaction of endogenous MCPH1 and E2F1 (Fig 5E) and on
co-overexpression with BRCT23 (Fig 5F). We investigated further the
dominant-negative effect of BRCT23 on the induction of p73 after
DNA damage. BRCT23 significantly blocked the induction of p73 by
NCS in a dose-dependent manner (Fig 5G). BRCT23 also inhibited
adriamycin-mediated induction of p73 in HEK293 cells (supple-
mentary Fig S7 online). Finally, we examined the effect of MCPHI
and BRCT23 on the pro-apoptotic activity of E2F1. MCPH1
enhanced E2F1-dependent apoptosis, whereas BRCT23 inhibited
E2F1-induced apoptosis (Fig 5H). These results show a dominant-
negative effect of BRCT23 in inhibiting E2F1-mediated apoptosis and
the crucial role of MCPH1 in p73 induction during DNA damage.
These data also indicate that in addition to BRCT23 (Figs 1D,5F),
other domains of MCPH1 are required for the cooperation with E2F1
in transcriptional activation. The dominant-negative activity of
BRCT23 could be due to competition with endogenous MCPH1
for E2F1 binding and/or forming a non-functional complex with
endogenous MCPH1 through oligomerization.

Compared with normal tissues, several types of human cancer
such as prostate, ovarian and breast cancer express much lower
concentrations of MCPH1, and the concentrations of MCPH1 are
correlated with genomic instability and metastasis (Rai et al, 2006).
It would be interesting to determine whether cancer cells contain-
ing lower concentrations of MCPH1 are defective in the expression
of p73, APAF1, caspases, BRCA1, CHK1, RAD51 or DDB2. Any
deficiency in the expression of these genes might contribute to
genomic instability in cancer. Given the crucial role of E2F1–p73
axis in the chemotherapeutic response, decreased concentrations
of MCPH1 in cancer might have dampened the apoptotic response
to chemotherapy owing to lesser induction of p73.

The fact that the C-terminal second and third BRCT motifs of
MCPH1 are required for both oligomerization and E2F1 binding
suggests that E2F1 might bind to MCPH1 oligomers. Although the
oligomerization domain is required for E2F1 binding, the N
terminus of MCPH1 is also required for cooperation with E2F1 in
transcriptional activation. It is unclear at this moment how the
interaction between MCPH1 and E2F1 facilitates transcriptional
activation. However, it is important to note that activation of E2F1
target genes by MCPH1 is guided towards genes involved in
genomic surveillance. MCPH1 binds to chromatin (Lin et al, 2005)
and recruits other complexes such as Mediator of DNA
damage checkpoint 1 (MDC1), p53 Binding protein 1 (p53BP1)
and Nijmegen breakage syndrome 1 (NBS1) to chromatin (Rai
et al, 2006); therefore, MCPH1 could alter chromatin structure
around promoters of its target genes. It is also possible that the N
terminus of MCPH1 (for example, the first BRCT domain) recruits
other factors that modify E2F1 or chromatin and activate
transcription. Further investigation is needed to determine the
mechanism by which MCPH1 regulates E2F1 activity, and the
physiological role of E2F2–MCPH1 binding remains to be
determined. A minor induction of BRCA1 and CHK1 by MCPH1

overexpression in E2F1�/� MEFs (Fig 2D) suggests an E2F1-
independent activity of MCPH1. We propose that E2F2 might, to a
lesser degree, compensate for E2F1 loss during normal growth.
However, only E2F1 is induced after DNA damage (Lin et al,
2001); therefore, E2F1 is largely responsible for induction of its
target genes by DNA-damaging agents.

In summary, we have identified a new function for
MCPH1 in transcriptional regulation. By forming a complex with
E2F1, MCPH1 regulates a subset of crucial E2F target
genes involved in DNA repair, checkpoint activation and
apoptosis. We have also shown the crucial role of MCPH1 in
the expression and induction of p73 during DNA damage and
E2F1-dependent apoptosis. Through regulation of these genes, the
MCPH1–E2F1 complex might be important in the maintenance of
genomic integrity and correct response to DNA damage. The
identification of another BRCT domain-containing protein for
E2F1 regulation also has further implications. The pRb family
members have long been considered to be the chief regulators of
E2F. TOPBP1 and MCPH1 seem to be a new class of regulators for
E2F1; they both contain several BRCT motifs and interact with the
N terminus of E2F1 through their BRCT motifs. TOPBP1 is a
negative regulator, whereas MCPH1 is a positive regulator of E2F1
target genes in checkpoint/repair and apoptosis. Both proteins are
also directly involved in DNA damage checkpoint activation;
therefore, they might coordinate the DNA damage response
signalling with transcriptional regulation.

METHODS
Cell culture. HEK293, 293T, T98G and U2OS cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS); p53þ /þ

HCT116 and p53�/� HCT116 cells in McCoy’s 5A medium with
10% FBS; and MDA-MB453 cells in DMEM with 2 mM glutamine,
non-essential amino acids and 10% FBS. E2F1þ /þ or E2F1�/�

primary MEFs (Liu et al, 2003) were cultured in DMEM
with 10% FBS. Transfection was performed by the standard
calcium phosphate method or by using the Gene Pulser Xcell
electroporation system (Bio-Rad, Hercules, CA, USA) or FuGENE 6
transfection reagent (Roche Applied Science, Basel, Switzerland)
or Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s instructions.
Chromatin immunoprecipitation assay. ChIPs were performed
as previously described (Liu et al, 2004). For re-ChIP assay,
endogenous E2F1 complexes were first immunoprecipitated using
a mouse E2F1 antibody. The complexes were eluted by incubation
for 0.5 h at 37 1C in 10 mM dithiothreitol, diluted 20 times in RIPA
buffer and subjected to a second chromatin immunoprecipitation
using a rabbit MCPH1 antibody. The detailed procedures and
primer sequences for PCR are described in the supplementary
information online.
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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