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The KRAB-type zinc-finger protein Apak was recently identified
as a negative regulator of p53-mediated apoptosis. However,
the mechanism of this selective regulation is not fully understood.
Here, we show that Apak recognizes the TCTTN2�30

TTGT consensus sequence through its zinc-fingers. This sequence
is specifically found in intron 1 of the proapoptotic p53
target gene p53AIP1 and largely overlaps with the p53-binding
sequence. Apak competes with p53 for binding to this site
to inhibit p53AIP1 expression. Upon DNA damage, Apak
dissociates from the DNA, which abolishes its inhibitory effect
on p53-mediated apoptosis.
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INTRODUCTION
The tumour suppressor p53 functions as a node for organizing the
cellular response to various types and levels of stress [1]. The p53-
mediated transactivation of specific target genes is an essential
feature of each stress response pathway, although some effects of
p53 might be independent of transcription [2]. The question of
how the activation of p53 leads to either cell-cycle arrest or
apoptosis has received much attention. Different proteins can bind
to the DNA-binding core, the tetramerization domain or the basic

domain of p53 to induce different cellular outcomes. Hzf, Brn3A,
YB1, c-Abl and p18/Hamlet selectively induce the p53 activation
of genes encoding cell-cycle regulators, such as p21, 14-3-3s and
Gadd45, to facilitate cell-cycle arrest. In contrast, ASPP1/2, hCAS,
Brn3b, p53b, NFkB/p52 and Muc1 selectively activate the
proapoptotic genes such as Puma, Bax and p53AIP1, to promote
cell death [3]. Whether a given promoter of a p53 downstream
target is activated or repressed depends on the abundance of
p53 protein, its modifications, the proteins that directly interact
with p53 and the proteins that interact independently of p53 with
the target promoters.

We recently reported that the KRAB-type zinc-finger (KZNF)
protein Apak (ATM and p53-associated KZNF protein, also known
as ZNF420) functions as a specific negative regulator of p53-
mediated apoptosis. Apak preferentially inhibits the activation of
the proapoptotic targets of p53 but has no significant effects on the
proarrest targets [4]. This selectivity is achieved partially through
the direct interaction of Apak with p53 and the recruitment of the
corepressor KAP-1 and the histone deacetylase HDAC1 to
attenuate p53 acetylation. Notably, Apak harbours 19 consecutive
C2H2 zinc-finger repeats in its carboxy-terminus [4]. Typically,
KZNF proteins bind to their corresponding target genes through
these zinc-fingers. For example, ZBRK1 binds to a specific
sequence, GGGN3CAGN3TTT (N represents an arbitrary nucleo-
tide), within the Gadd45 intron 3 [5]. ZNF333 recognizes the
consensus sequence ATAAT [6], whereas ZNF746 binds to
TATTTT (T/G) [7]. At present, the cognate DNA site recognized
by Apak remains unidentified, and the possible role of such
recognition in p53 regulation has not been characterized.

Here, we first performed a target screening and identified the
sequence TCTTN2�30TTGT as a specific recognition site of Apak.
Then, we searched for possible Apak target genes among the p53
targets and found that the proapoptotic p53AIP1 gene uniquely
contains the Apak-binding site. Intriguingly, the Apak-binding site
largely overlapped with the p53-binding site within the first intron
of p53AIP1. Apak competes with p53 to bind to the p53AIP1 gene.
This study provides a new molecular mechanism to explain why
Apak selectively inhibits p53-mediated apoptosis.
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RESULTS AND DISCUSSION
Identification of the Apak DNA-binding sequence
To identify the DNA-binding sequence for Apak, a cyclic
amplification and selection of targets assay was performed
(Fig 1A). Purified His-Apak (supplementary Fig S1 online)
was incubated with a pool of double-stranded 100-mer
oligonucleotides, each of which carried 20-base fixed-end
sequences flanking 60 central bases of random sequences. After
five rounds of selection and purification, the PCR product was
cloned, amplified and sequenced. The alignment analysis
revealed a consensus sequence with a core composed of two
elements, TCTT and TTGT, together with a spacer of 2–30
oligonucleotides (Fig 1B). In all 18 out of 20 sequences contained
the core and 1 out of 18 sequence tags were identified as
duplicated, indicating that this is the primary DNA-binding
sequence for Apak.

To confirm the binding of Apak to the selected sequences, we
performed electrophoretic mobility shift assay (EMSA) using the
randomly selected clone no. 17 as a probe. This probe contains
two TCTT elements and one TTGT element (Fig 1C). TCTT, TTGT
or both were mutated to generate the mutant (Mut) probes
(Fig 1C). Apak bound to the wild-type (WT) probe but not to any of
the Mut probes, suggesting that both elements are indispensable
for Apak binding.

Apak selectively binds to the intron of p53AIP1
We tested whether the downstream targets of p53 contain any Apak-
binding sites in their promoters or introns. A careful survey of the
proapoptotic targets, including p53AIP1, Puma and Bax, and the
proarrest targets, such as p21 and Gadd45, revealed that p53AIP1
contains a potential Apak-binding sequence (Fig 2A). This sequence is
located within the first intron and, strikingly, overlapped with the well-
defined p53-binding sequence, which is composed of two PuPuPu–
C(A/T)(A/T)G–PyPyPy elements (Fig 2A). EMSA showed that the
Apak-binding sequence (Apak/p53-BS) bound to the nuclear extract
expressing Myc-tagged Apak, whereas incubation with an Apak-
specific antibody resulted in a clear supershift (Fig 2B), confirming the
binding specificity. This probe also supported the formation of a
complex with the purified His-Apak protein (Fig 2C). Mg2þ was
required for efficient binding (Fig 2D). The mutation of TCTT (Mut4),
TTGT (Mut5) or both (Mut6) resulted in loss of the Apak/DNA
complex (Fig 2E; supplementary Table S1 online). Meanwhile, the
binding of Apak to the Apak/p53-BS probe was attenuated gradually
by the addition of increasing amounts of the unlabelled WT probe but
not the mutated probes (Fig 2F). In addition, these mutations also
abolished the binding of the probes to p53 (Fig 2G). Chromatin
immunoprecipitation (ChIP) assays showed that Apak interacted with
the endogenous p53AIP1 intron 1 in p53�/� HCT116 cells (Fig 2H),
suggesting that the binding is independent of the p53 status.
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Fig 1 | Identification of Apak DNA-binding sequence. (A) Strategy for the selection of the DNA consensus-binding site of Apak. (B) Alignment of

individual DNA sequences selected using a CAST assay. The deduced consensus Apak DNA-binding sequence is indicated below the individually

aligned sequences. (C) EMSA of His-Apak with the DNA sequence of clone no. 17 and its mutants. CAST, cyclic amplification and selection of targets;

EMSA, electrophoretic mobility shift assay; Mut, mutant.
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We used various Apak deletion Muts to test their binding ability
to the p53AIP1 intron. DNA–protein blotting analysis showed that
the zinc-fingers of Apak, but not its KRAB domain, were required
for DNA binding (Fig 2I). Apak also uses the zinc-fingers to bind to
the p53 protein [4]. Interestingly, a careful comparison showed
that the four zinc-fingers of Apak are sufficient for p53 binding [4]
but not for DNA binding, and that 14 zinc-fingers can mediate the
DNA binding efficiently (Fig 2J). A similar phenomenon has been
previously observed in the repressor NRSF [8].

Apak is a transcriptional repressor of p53AIP1
To evaluate the functional relevance of the DNA-binding activity
of Apak, we performed a reporter gene assay with the
heterologous luciferase gene fused to one copy of Apak/p53-BS

upstream in the pGL3 vector. Co-transfection of Apak/p53-BS-luc
with p53 into p53�/� HCT116 cells resulted in a 2.5-fold increase
of luciferase activity (Fig 3A). Overexpression of Apak repressed
the p53-mediated Apak/p53-BS-luc activity (Fig 3B), and the
repression was dose dependent (Fig 3C). Individual expression of
either the KRAB domain or the zinc-fingers of Apak resulted
in moderate effects on Apak/p53-BS activity compared with full-
length Apak (Fig 3D), suggesting that both KRAB and the zinc-
fingers contribute to the p53AIP1 repression. The insufficiency of
zinc-fingers for the repression might be due to the mislocalization
of the ZF truncate to the nucleolus during overexpression in
HCT116 cells (supplementary Fig S2 online).

As Apak can interact with p53 directly and inhibit p53 acetylation
by recruiting the KAP1–HDAC1 complex via the KRAB domain, the
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inhibitory effect of Apak on p53AIP1 might be caused by the
regulation of p53 activity, direct binding to the p53AIP1 intron or a
combined effect. To clarify this issue, we generated a mutated
p53AIP1 intron sequence that loses the ability to bind to Apak but
retains the ability to bind to p53. The Apak-binding TCTT and TTGT
elements were therefore mutated to GCTT and TTGC, respectively.
EMSA showed that the produced Mut (Mut7) indeed failed to interact
with Apak (Fig 3E) but retained the ability to bind to p53 (Fig 3F).
Through a reporter assay with the Mut7-driven luciferase, we found
that ectopic p53 expression resulted in a 4-fold increase of luciferase
activity (Fig 3G). The higher sensitivity of Apak/p53-BS-Mut7
compared with Apak/p53-BS-WT (Fig 3B) might be caused by the
prevention of endogenous Apak binding. Indeed, Apak overexpres-
sion had only weak repression effects on Mut7 activity (Fig 3H),

indicating that the direct binding of Apak to the p53AIP1 intron has a
critical role in Apak’s repression of p53AIP1 transcription.

To obtain further proof that Apak competes with p53 to bind
directly to the p53AIP1 intron, we set up an in vitro competition
experiment. EMSA showed that increasing amounts of Apak competed
and displaced the binding of p53 to Apak/p53-BS but had no
significant effect on p53’s binding to the Mut7 probe (Fig 3I), strongly
indicating that Apak competes with p53 through direct DNA binding.
The above data suggest that Apak functions as a transcriptional
repressor of p53AIP1 through direct binding to the p53AIP1 intron.

Apak specifically regulates p53AIP1
We next examined whether Apak binds to other proapoptotic
genes in addition to p53AIP1. EMSA showed that Apak did not

B

0.1

0.2

0.3

0.4

0.5

Normal IgG
Apak IP

0.0

Pum
a

Bax

p53
AIP

1
p21

Gad
d45

GAPDHA
p

ak
 o

cc
up

an
cy

 a
t 

p
53

-B
S

 (%
 in

p
ut

) 

+
 C

om
p

et
ito

r

A

B
ax

P
um

a

p
53

A
IP

1

G
ad

d
45

p
21

p
53

A
IP

1

p
53

A
IP

1

His-Apak

+
 A

p
ak

-A
b

  

+

Probes

Supershift

Apak-DNA

Free probe

1 2 3 4 5 6 7

EMSA

E shRNA-con shRNA-Apak

15

20
* * * 

A
p

op
to

si
s 

(%
)

siRNA NC

p53
AIP

1-
1

p53
AIP

1-
2

NC

p53
AIP

1-
1

p53
AIP

1-
2

5

0

10

C

Puma Bax p53AIP1 p21 Gadd45

2.2×

2.6×

8.1×

1.1×

0.9×1.5

2.0

2.5

3.0

3.5

p
53

 o
cc

up
an

cy
 a

t 
p

53
-B

S
 (%

 in
p

ut
)

Normal IgG
shRNA-NC/p53 IP
shRNA-Apak/p53 IP

Apak

0.0

0.5

1.0

shRNA NC Apak

p53

Actin

D

Puma

Myc-Apak

Bax p53AIP1 p21 Gadd45

16.2×

0.9×

1.2×

2.1×

2.2×0.6

0.8

1.0

1.2

1.4

1.6

1.8 Normal IgG
Control/p53 IP
Myc-Apak/p53 IP

– +

0.0

0.2

0.4

p
53

 o
cc

up
an

cy
 a

t 
p

53
-B

S
 (%

 in
p

ut
)

Myc

p53

Actin

Fig 4 | Apak specifically regulates p53AIP1 depending on its DNA-binding activity to regulate apoptosis. (A) The binding activity of Apak to

oligonucleotides containing p53-binding sites in the promoter of Puma, Bax and p21, the intron 1 of p53AIP1, and the intron 3 of Gadd45 was

determined by EMSA. (B) ChIP assays were performed in p53�/� HCT116 cells using control IgG or anti-Apak antibody, and PCR was performed.

Data are means±s.d. (n¼ 3). (C) ChIP assays were performed in Apak-depleted or control p53þ /þ HCT116 cells using control IgG or anti-p53

antibody. Data are means±s.d. (n¼ 3). (D) ChIP assays were performed in p53þ /þ HCT116 cells harbouring overexpressed Myc-Apak using IgG or

anti-p53 antibody. Data are means±s.d. (n¼ 3). (E) HCT116 cells were transfected with Apak shRNA, p53AIP1 siRNA (no. 1 and 2) alone or in

combination, and cell apoptosis was measured. Data are means±s.d. (n¼ 3). *Po0.05, **Po0.01. ChIP, chromatin immunoprecipitation; EMSA,

electrophoretic mobility shift assay; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IP, immunoprecipitation; NC, non-targeting control; shRNA,

short hairpin RNA; siRNA, short interfering RNA.
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bind to the p53-responsive elements of other p53 targets we
examined in vitro, including the proapoptotic genes Puma and
Bax and the proarrest genes p21 and Gadd45 (Fig 4A). ChIP assays
revealed that Apak was co-immunoprecipitated with the p53AIP1
intron with a higher affinity in p53�/� HCT116 cells, while it
showed very weak affinity to the promoter of Puma, Bax, p21
or intron 1 of Gadd45 (Fig 4B). Moreover, in p53þ /þ HCT116
cells, Apak depletion by short hairpin RNA resulted in a marked
increase in the binding of p53 to p53AIP1 gene and a moderate
increase in binding to Puma and Bax, but had no significant
effect on p21 and Gadd45, as indicated by quantitative ChIP
assays (Fig 4C). Conversely, Apak overexpression inhibited the
binding of p53 to p53AIP1 gene and, to a lesser extent, to
Puma and Bax, but had no significant effect on p21 and Gadd45
(Fig 4D). The observed moderate effects of Apak depletion or
overexpression on Puma and Bax should be caused by the
altered interaction between Apak and p53 proteins, followed by
changes in p53 acetylation, as we reported previously [4].
Consistent with this hypothesis, we previously showed that a
decrease in Apak levels caused a 5–17-fold increase in
mRNA expression and significant increases in the protein
expression of proapoptotic p53 targets, including Puma,
p53AIP1, Noxa and FAS, but had only weak effects on proarrest
targets, including p21, 14-3-3s and Gadd45 (Fig 1e in reference
4). Notably, the regulatory effect of Apak on p53AIP1 gene
was more significant than that on other proapoptotic genes
(Fig 4C,D; reference 4, Fig 1e,g). This should be caused by the
unique ‘direct DNA competition’ mechanism on p53AIP1.

p53AIP1 was originally identified as the p53-inducible
apoptotic target [9]. However, the inhibitory mechanism of the
p53AIP1 gene remains poorly understood. These results indicate
that Apak specifically regulates p53AIP1 through its DNA-binding
activity. As far as we know, the current findings provide the first
evidence to identify the transcriptional repressor of p53AIP1.

We then asked whether the inhibition of p53AIP1 is critical for
the antiapoptotic effect of Apak. As seen in Fig 4E, Apak
depletion alone promoted apoptosis, whereas the simultaneous
depletion of p53AIP1 relieved such effects, indicating that
Apak regulates apoptosis through the regulation of p53AIP1,
at least partially.

Apak dissociates from p53AIP1 upon DNA damage
If the DNA-binding activity of Apak contributes to its negative
regulation of p53 activity, Apak should dissociate from the
p53AIP1 intron in response to DNA damage in order to promote
the transcription of p53AIP1. To verify this hypothesis, we
investigated the cooperation of Apak with the p53AIP1 gene in
response to DNA damage induced by methyl methanesulphonate

(MMS). To rule out the involvement of p53 during this response,
p53�/� HCT116 cells were used to express ectopic Apak proteins.
ChIP assays confirmed that Apak dissociated from the p53AIP1
gene after MMS treatment (Fig 5A,B, columns 1–3). Similar to the
case of p53�/� HCT116 cells, Apak dissociated from the p53AIP1
intron in p53þ /þ HCT116 cells (Fig 5B, columns 4–6). EMSA
showed that the Apak protein/p53AIP1–intron complex could
not be formed in the nuclear extract derived from MMS-treated
cells, although the Apak protein levels were comparable to
the untreated cells (Fig 5C). Thus, the MMS-induced Apak
dissociation from the p53AIP1 gene was independent of p53.

Next we asked whether Apak dissociates from the p53AIP1 gene
in response to other damage triggers. A relatively mild DNA-
damaging agent, doxorubicin, was used to treat p53�/� HCT116
cells. We previously showed that the ATM kinase phosphorylates
Apak on Ser68 in response to DNA damage, and that the
phosphorylation is critical for p53-induced apoptosis [4,10]. As
expected, doxorubicin treatment induced a gradual increase of
Apak phosphorylation on Ser68 without altering Apak protein levels
(Fig 5D). During this process, the interaction between Apak and the
p53AIP1 intron was gradually decreased, as indicated by both
EMSA (Fig 5D) and ChIP (Fig 5E). The phosphorylation level of
Apak-Ser68 was inversely related to the binding affinity between
Apak and the p53AIP1 gene. The Apak S68A mutation (preventing
phosphorylation) blocked the dissociation of Apak from the
p53AIP1 gene when damage occurred, whereas the S68D mutation
(mimicking phosphorylation) resulted in a significant attenuation of
such binding, even in the absence of damage (Fig 5F).

Then we examined whether the subcellular localization of
Apak is altered upon DNA damage. GFP-tagged Apak was used to
analyse the localization of Apak. GFP-Apak overexpression
downregulated the protein level of p53AIP1 but not 14-3-3s,
nor p53; this ability was diminished after treatment with MMS
(supplementary Fig S3 online). These results suggested that GFP-
Apak was functional and inhibited p53-mediated p53AIP1
induction similar to non-fused Apak. Confocal analysis revealed
that GFP-Apak was translocated from the nucleoplasm into the
nucleoli at the late stage after MMS treatment (Fig 5G). The Apak-
S68A Mut was retained in the nucleoplasm, and Apak-S68D was
translocated rapidly into the nucleoli following stress (Fig 5G). The
changes in the subcellular localization of Apak proteins were
consistent with the alterations of Apak–p53AIP1 intron binding.
These results indicated that in response to DNA damage, Apak
was phosphorylated and dissociated from the p53AIP1 gene,
which might contribute to the removal of Apak repression and the
simultaneous p53 activation of the p53AIP1 gene.

Taken together, our work shows that the p53AIP1 intron 1
contains a specific Apak-binding site that overlaps with, but is not

Fig 5 | In response to DNA damage, Apak dissociates from the p53AIP1 gene. (A) ChIP assays in MMS-treated p53�/� HCT116 cells. (B) ChIP assays in

p53�/� and p53þ /þ HCT116 cells that were treated with or without MMS (0.02% for 4 h). Data are means±s.d. (n¼ 3). **Po0.01. (C) Biotin-labelled

Apak/p53-BS was used in an EMSA with nuclear extract derived from cultured p53�/� HCT116 cells that were transfected with Myc-Apak and treated

with or without MMS. (D) EMSA was performed with Apak/p53-BS and nuclear extract derived from p53�/� HCT116 cells harbouring Myc-Apak and

treated with Dox for the indicated times. (E) p53�/� HCT116 cells were transfected with Myc-Apak and treated with Dox. ChIP assays were performed

to amplify the p53AIP1 gene. Data are means±s.d. (n¼ 3). *Po0.05; **Po0.01. (F) p53�/� HCT116 cells were transfected with Myc-Apak WT, S68A

and S68D, respectively. After treatment with or without MMS for 4 h, ChIP assays were performed to amplify p53AIP1. Data are means±s.d. (n¼ 3).

**Po0.01. (G) Subcellular localization analysis of GFP-Apak WT, S68A and S68D in response to MMS treatment. Selected frames from time-lapse

movies of representative cells are shown. Dox, doxorubicin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IB, immunoblotting; IP,

immunoprecipitation; MMS, methyl methanesulphonate; WT, wild type.
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identical to, the p53-binding site. Apak directly competes with p53 to
bind to the p53AIP1 gene and then inhibits p53AIP1 transcription.
These findings provide a new mechanism to explain why Apak
selectively inhibits p53-mediated apoptosis. Apak represses the
expression of not only p53AIP1 but also Puma, Bax and Noxa, all
of which belong to the proapoptotic subset of genes activated by p53
[4]. Therefore, we propose that Apak might utilize two modes to
regulate p53 activity. The first is by the recruitment of the corepressor
KAP-1 and the histone deacetylase HDAC1 to attenuate p53
acetylation [4], and the other is by competition with p53 binding
to the target gene p53AIP1 (this study). Compared with other selective
regulators of p53, including Hzf, Brn3, hCAS and ASPP1/2, Apak
seems to the only regulator that directly binds to the p53-binding site
in the target gene. Therefore, this ‘direct DNA competition’
mechanism provides new insight into selective p53 regulation.

We also found that, in response to DNA damage, Apak
dissociates from the p53-responsive element of the p53AIP1 gene.
Thus, there is a dynamic interaction between the p53AIP1 gene
and Apak. Given that the critical domains of Apak are highly
conserved among the approximately 400 members of the KZNF
superfamily and that more members of the KZNF family than Apak
itself are involved in p53 regulation [4], whether more KZNF
proteins have a role in the selective regulation of the diverse
downstream outcomes of p53 and whether the current findings
can be expanded to other KZNF proteins to explain the selectivity
is worthy of further investigation. Moreover, identification of the
target sequence of each KZNF protein will surely contribute to the
elucidation of its function. In support of this hypothesis, previous
studies have identified the specific binding sequences of ZBRK1
[5], K-RBP [11], ZNF333 [6] and ZNF746 [7].

METHODS
Cyclic amplification and selection of targets assay. A pool of
double-stranded random oligomers was obtained by PCR ampli-
fication using the 100-base random oligonucleotide (50-GTAC
ACATAGAACCAGCAGA-N60-TCTCATACTTGTAGCAGTCG-30) as
the template (125 ng). The double-stranded DNA (B0.5mg) was
incubated with 0.5mg of His-Apak protein for 1 h with rotation in a
final volume of 150ml of binding buffer (25 mM HEPES, pH 7.9,
50 mM KCl, 50 mM MgCl2, 0.1% NP-40, 1 mM phenylmethyl
sulphonyl fluoride, 0.16 mM dithiothreitol, 10mM ZnSO4, 10%
glycerol) containing 10mg/ml poly(dI–dC). The resulting Apak/DNA
complex was resolved by gel-shift assay selection, and the bound
oligonucleotides were recovered and subjected to PCR amplification
using primers corresponding to the 20 fixed bases at both ends of the
100-mer. After five rounds of selection and purification, the final PCR
product was cloned directly into the pGEM-T easy vector system
(Promega), amplified and sequenced. The sequences were analysed,
aligned using the BioEdit analysis program and adjusted manually.
Electrophoretic mobility shift assay. The double-stranded oligo-
nucleotides used for EMSA were end-labelled with biotin. The
labelled probes were incubated with the protein(s) for 30 min in
binding buffer (10 mM Tris–HCl (pH 7.5), 5 mM KCl, 5 mM MgCl2,
10 mM ZnSO4, 50mg/ml of poly[dI–dC], 5 mg/ml bovine serum
albumin, 0.67 mM dithiothreitol, 0.67 mM phenylmethyl
sulphonyl fluoride, 2.5% glycerol) in the presence or absence
of unlabelled probes. If an antibody was added to detect the
supershift, the antibody and protein were pre-incubated for 20 min
before the labelled probes were added. The protein/DNA-binding

samples were loaded onto a native 6–10% polyacrylamide gel in
TBE (Tris/borate/EDTA) buffer and then transferred to a Biodyne
membrane. The membrane was blocked and then incubated with
the HRP-conjugated streptavidin for 15 min. The membrane was
washed three times, treated with SuperSignal (Pierce Biotechnology)
detection reagents and exposed to Kodak Light films.
Chip assay. The ChIP assays were performed as described
previously [4]. Primer sequences used for all ChIPs are listed in
supplementary Table S2 online.
Luciferase reporter assay. The p53AIP1 intron sequence and the
mutated sequences were each cloned into the pGL3 luciferase
plasmid. The luciferase reporter assays were performed as
described previously [4]. After transfection for 48 h, cells were
lysed in a passive lysis buffer (Promega). Luciferase activity was
measured with the Dual Luciferase Assay System (Promega) in
accordance with the manufacturer’s protocol.
Statistical analysis. Statistical evaluation was carried out using
the Student’s t-test.
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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