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Beside its central role in the mitochondria-dependent cell death pathway, the apoptotic protease activating factor 1
(Apaf-1) is involved in the DNA damage response through cell-cycle arrest induced by genotoxic stress. This non-
apoptotic function requires a nuclear translocation of Apaf-1 during the G1-to-S transition. However, the mechanisms
that trigger the nuclear accumulation of Apaf-1 upon DNA damage remain to be investigated. Here we show that the
main 4 isoforms of Apaf-1 can undergo nuclear translocation and restore Apaf-1 deficient MEFs cell cycle arrest in the S
phase following genotoxic stress through activation of Chk-1. Interestingly, DNA damage-dependent nuclear
accumulation of Apaf-1 occurs independently of p53 and the retinoblastoma (pRb) pathway. We demonstrated that
Apaf-1 associates with the nucleoporin Nup107 and this association is necessary for Apaf-1 nuclear import. The CED-4
domain of Apaf-1 directly binds to the central domain of Nup107 in an ATR-regulated, phosphorylation-dependent
manner. Interestingly, expression of the Apaf-1-interacting domain of Nup107 interfered with Apaf-1 nuclear
translocation upon genotoxic stress, resulting in a marked reduction of Chk-1 activation and cell cycle arrest. Thus, our
results confirm the crucial role of Apaf-1 nuclear relocalization in mediating cell-cycle arrest induced by genotoxic stress

and implicate Nup107 as a critical regulator of the DNA damage-induced intra-S phase checkpoint response.

Introduction

Apoptosis, an evolutionarily conserved cell suicide process,
relies on the activation of caspases, a group of cysteine proteases
which cleave an array of specific substrates to produce the charac-
teristic morphological features of the apoptotic cell death."* Cas-
pase activation can be initiated by 2 main pathways, extrinsic and
intrinsic. In vertebrates, the intrinsic pathway requires the release
of cytochrome ¢ from mitochondria, which then interacts with
the CED-4 homolog Apalf—l.3 In the presence of dATP/ATP,
cytochrome ¢ binding triggers the oligomerization of Apaf-1 into
a caspase-activating complex, the apoptosome, which sequentially
recruits and activates the initiator caspase-9.%*> Activated caspase-
9 in turn cleaves and activates downstream caspases including
caspase-3 and caspase-7. Apaf-1 is a multidomain adaptor pro-
tein comprised of an N-terminal caspase recruitement domain
(CARD), followed by a nucleotide binding/oligomerization
domain that is homologous to CED-4 and a series of 12-13
C-terminal WD40 repeats. Multiple Apaf-1 splice variants can
exist, but not all isoforms thus produced can activate procaspase-
9.%7 Indeed, in tumor cell lines, alternative splicing can create 4
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main isoforms of Apaf-1, which can be distinguished by the pres-
ence or absence of an N-terminal 11 amino acid insert between
the CARD and the CED-4 domains or an additional C-terminal
WD40 between the fifth and the sixth WD40s. Only those iso-
forms with the additional WD40 repeat can efficiently associate
with cytochrome ¢ and activate caspase-9.° Beside its role in the
activation of caspase-9, nonapoptotic functions of Apaf-1 have
been discovered.®” Among those, Apaf-1 has been demonstrated
to be involved in the DNA damage response in mediating cell-
cycle arrest induced by genotoxic stress.” Indeed, Apaf-1 knock-
down in human cancer cells reduced the activating phosphoryla-
tion of Chkl following genotoxic stress, such as sublethal doses
of cisplatin, which compromised the S phase arrest of treated
cells.” Interestingly, this cell-cycle-related function of Apaf-1 was
not modulated by caspases inhibitors and occurred in cells treated
with low doses of cisplatin that were not sufficient to induce apo-
ptosis, indicating that the influence of Apaf-1 on the cell cycle is
independent of its apoptotic role.” Whereas Apaf-1 mostly
resides in the cytoplasm of healthy cells,'® DNA damage elicits a
rapid nuclear translocation of Apaf-1, independently from the
apoptosis-related nuclear permeabilization.”'""'* This nuclear
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translocation of Apaf-1, which seems to be regulated by the
ataxia-telangiectasia-mutated (ATM) and the ATM- and Rad3-
related (ATR) kinases, precedes the activation of checkpoint
kinase-1 (Chk1), suggesting that Apaf-1 relocalization is critically
involved in the ATR/Chkl1 pathway activated by DNA damage.”
Interestingly, the nuclear presence of Apaf-1 constitutes a positive
prognostic in non-small cell lung cancer (NSCLC) patients.9’13
However, the mechanisms that trigger the nuclear accumulation
of Apaf-1 upon DNA damage remain to be determined. Here we
investigated the putative role of the main Apaf-1 isoforms in the
regulation of cell cycle. We show that the studied 4 isoforms of
Apaf-1 can undergo nuclear translocation and complement the
partial reduction of Chkl activating phosphorylation in Apaf-1
deficient MEFs upon DNA damage, thus restoring genotoxic
stress-dependent cell cycle arrest. Apaf-1 is imported to the
nucleus by a p53- and pRb-independent mechanism involving
direct binding to the nucleoporin Nup107 that is favored by
ATR-regulated phosphorylation of Apaf-1. These data confirm
that nuclear import of Apaf-1 is necessary for genotoxic stress-
induced cell-cycle arrest and implicate the nucleoporin Nup107
as a regulator of the DNA damage response.

Results

Apaf-1 variants translocate to the nucleus and elicit cell-cycle
arrest in Apaf-1-deficient MEFs upon DNA damage

Multiple splice variants of Apaf-1 have been described, which
are known to have different abilities to activate caspase-9. To
examine the role of the Apaf-1 variants the DNA damage
response, we transduced the 4 main forms of Apaf-1 (Fig. 1A)
into apaf-1~"~ MEFs and studied their respective subcellular dis-
tribution as well as their cell cycle regulatory effect in the absence
and following genotoxic stress. The expression levels of the differ-
ent studied forms of Apaf-1 in the obtained cell lines were com-
parable to that of endogenous Apaf-1 in WT MEFs (Fig. 1B).
Consistent with previous findings,® comparative analysis indi-
cated that only the isoforms containing the extra WD40 repeat
were able of cytochrome c-dependent activation of procaspase-9
(Fig. 1C). As described previously,” treatment of wild-type (WT)
MEFs with a low, subapoptotic dose (20 wM) of cisplatin indu-
ces translocation of Apaf-1 from the cytoplasm to the nucleus, as
well as an S phase arrest (Fig. 1D and F). Interestingly, whereas
exhibiting cytoplasmic localizations in untreated cells, cisplatin
treatment resulted in translocation of all Apaf-1 forms to the
nucleus (Fig. 1D).

Upon DNA damage, Chk1, a major effector of intra- S check-
point signaling,'® is activated through phosphorylation at serine
317 or 345." In lane with the study of Kroemer and coworkers,”
cisplatin-treated @paf-1~~ MEFs exhibited a reduced Chkl
phosphorylation compared to WT MEFs (Fig. 1E). This obser-
vation confirms that Apaf-1 is involved in the optimal activation
of the essential cell cycle checkpoint kinase Chkl. As a conse-
quence, the extent of cisplatin-induced S phase arrest was largely
reduced in apaf-1 ~/~ MEFs (Fig. 1F). However, expression of
the different Apaf-1 isoforms resulted in a notably increased

www.tandfonline.com

Cell Cycle

Chkl phosphorylation upon cisplatin treatment (Fig. 1E).
Accordingly, all the tested Apaf-1 isoforms were able to restore
the cisplatin-induced cell cycle arrest in S phase of the apafi1 ™"~
MEFs (Fig. 1F). Combined, our results confirm the implication
of Apaf-1 in DNA damage-induced cell cycle arrest and indicate
that the main Apaf-1 isoforms, possibly as a result of their trans-
location to the nucleus, can mediate Chkl activation, actively
effecting cell cycle arrest at the S phase following genotoxic stress.

Apaf-1 associates with Nup107

The mechanisms that trigger Apaf-1 nuclear translocation
upon DNA damage are unknown. To determine whether p53
regulates the genotoxic stress-dependent Apaf-1 nuclear translo-
cation, we studied the effect of cisplatin treatment on Apaf-1 cel-
lular localization in A549 (p53+/+) and H1299 (p537/7) cells.
As shown in Figure 2A, cisplatin induced translocation of Apaf-1
from the cytoplasm to the nucleus in both A549 and H1299
cells, indicating that it constitutes a p53 independent
mechanism.

To gain access into the Apaf-1 signaling pathway, we per-
formed a yeast 2-hybrid assay using the WD40-deleted Apaf-
IXL (residues 1-591) as bait to screen a highly complex, random
primed ¢cDNA library from CEMC?7 cells. By this approach, sev-
eral overlapping fragments of the nucleoporin Nup107 (Gen-
BankTM accession number NM_020401) were identified,
allowing us to narrow down the precise interaction domain of
Nup107 to amino acids 457-618 (Fig. 2B). To confirm whether
the interaction we detected by yeast 2-hybrid analysis could take
place in mammalian cells, we transfected 293 T cells with expres-
sion vectors encoding T7-tagged Nup107 (457-618) and Flag-
tagged Apaf-1 (1-591). As shown in Figure 2C, Nup107 (457-
618) was detectable in Flag immunoprecipitates. To extend the
characterization of the Nupl07 (457-618)-Apaf-1 interaction,
we expressed T7-tagged Nup107 (457-618) together with several
Flag-tagged truncations of Apaf-1. As shown in Figure 2C, a
deletion mutant containing only the CED-4 homologous
domain of Apaf-1 (residues 87-420) was still able to co-precipi-
tate with Nup107 (457-618).

To rule out the possibility that other proteins were necessary
for the detected interaction, we analyzed the ability of a purified
GST-Apaf-1 (87-420) fusion protein to associate with in vitro
translated 35S-labeled Nup107 or Nup107 (457-618). In agree-
ment with a direct interaction, 35S-labeled Nup107 or Nup107
(457-618) bound to the GST-Apaf-1 (87-420) fusion protein
but not the GST control (Fig. 2D).

To confirm the Apaf-1-nup107 interaction at the endogenous
level, endogenous Apaf-1 was immunoprecipitated from A549
whole cell extracts using a control or anti-Apaf-1 antibody. As
shown in Figure 2E, Nup107 was co-immunoprecipitated with
Apaf-1, but not with a control antibody, indicating that endoge-
nous Apaf-1 and Nup107 interact physiologically. Interestingly,
increased association of Apaf-1 and Nup107 was detected after a
24-hour treatment with cisplatin (Fig. 2E). This elevated interac-
tion was not due to upregulation of Apaf-1 or Nup107 proteins,
suggesting post-translational modification event(s). Therefore,
our data indicate that Apaf-1 interacts through its CED-4
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Figure 1. Apaf-1 main isoforms translocate to the nucleus and mediate cell-cycle arrest upon genotoxic stress. (A) Schematic diagram of the Apaf-1 iso-
forms examined in this study. The CARD domain, the CED-4 homology domain and the WD-repeats are indicated. (B) Expression of indicated Apaf-1 con-
structs in transduced apaf-1~~ MEFs as determined by immunoblotting with an anti-Apaf-1 antibody. (C) Cytochrome c-dependent processing of
procaspase-9 by the different Apaf-1 isoforms.>*S-labeled procaspase-9 was incubated with S100 extracts of apaf-1~/~ MEFs cells expressing the indi-
cated constructs for 30 min at 30°C in the presence or absence of 8 ug/ml cytochrome ¢ and 1 mM dATP. The samples were then analyzed by SDS-
PAGE and autoradiography. (D) Nuclear translocation of Apaf-1 isoforms upon DNA damage. WT MEFs or apaf-1~/~ MEFs expressing the indicated con-
structs, were treated or not with cisplatin (20 M, 24 h), fixed in Triton X-100 and immunolabeled with anti-Apaf-1 antibody (red). Nuclei were stained
with DAPI. Numbers indicate percentage of cells with nuclear Apaf-1 (means =+ s.e.m.); n = 3. (E, F) All Apaf-1 isoforms complement defective genotoxic
stress-induced Chk1 activating phosphorylation and S phase arrest in apaf-1~/~ MEFs. (E) WT MEFs or apaf-1~/~ MEFs cells expressing the indicated con-
structs were treated or not with cisplatin (20 wM, 24 h) and the phosphorylation of Chk1 (serine 317) was assayed by western blotting. (F) WT MEFs or

apaf-1="~
cycle analysis.

domain with the central domain of NUP107, and this interac-
tion is favored upon genotoxic stress.

ATR-dependent phosphorylation of Apaf-1 regulates its
interaction with Nup107

Phosphorylations of apoptosome-associated proteins have
been described, that are known to regulate cytochrome ¢-induced
¢ and Apaf-1 is known to be phosphorylated
both in vivo and in vitro,'”'® leading us to examine whether

. .51
caspase activation

Apaf-1 could be phosphorylated upon genotoxic stress. For that
purpose, extracts from A549 cells treated or not with cisplatin
were immunoprecipitated using an anti-Apaf-1 antibody fol-
lowed by immunoblotting with an anti-phosphoserine or anti-
phosphothreonine antibody. As shown in Figure 3A, significant
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MEFs cells expressing the indicated constructs were treated or not with cisplatin (20 M, 24 h) and the S phase arrest was assessed by cell-

level of serine phosphorylated Apaf-1 was detected in unstimu-
lated cells. Interestingly, this level increased following treatment
with cisplatin (Fig. 3A). However, Apaf-1 only appeared to be
weakly phosphorylated at threonine residue(s) prior or following
cisplatin treatment (Fig. 3A). Since cisplatin treatment increases
Apaf-1-Nup107 binding (Fig. 2D), this observation suggests that
phosphorylation of Apaf-1 at serine residue(s) could promote its
interaction with Nup107 and therefore its nuclear translocation
following genotoxic stress. To test this hypothesis, we used the
pan-kinase inhibitor staurosporine to examine whether protein
kinase inhibition could interfere with genotoxic stress-induced
Apaf-1 nuclear translocation. For that purpose, we studied Apaf-
1 location in the retinoblastoma (pRb) deficient tumorigenic
breast cancer cell line MDA-MB436. We use this cell line as, in
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Figure 2. Apaf-1 associates with the nucleoporin Nup107. (A) Apaf-1 nuclear translocation upon genotoxic stress is independent of p53. A549 (p5

3+

and H1299 (p53*/*) cells were treated or not with cisplatin (20 M, 24 h) and immunolabeled with anti-Apaf-1 antibody (red). Nuclei were stained with
DAPI. Numbers indicate percentage of cells with nuclear Apaf-1 (means =+ s.e.m.); n = 3. (B) Top: Schematic representation of Apaf-1 XL (1-591), which
was used as bait for the yeast 2-hybrid screening. Bottom: Overlapping fragments of the nucleoporin Nup107 (NM_020401) that interact with Apaf-1 in
the yeast-2-hybrid assay. Black lines indicate the fragments of Nup107 that interact with Apaf-1. The number of times the fragments were identified in
the screen are indicated. The minimal interacting domain is from aa 457 to aa 618. (C) Nup107 (457-618) interacts with the CED-4 domain of Apaf-1.
293T cells were cotransfected with T7-Nup107 (457-618) together with the indicated Apaf-1 Flag-tagged constructs. Cells were lysed and the lysates
were subjected to anti-Flag immunoprecipitation (IP) followed by immunoblotting (IB) with anti-T7. The expression of different T7- or Flag-tagged con-
structs was determined by direct immunoblotting. (D) In vitro interaction of Apaf-1 with Nup107. 35S-labeled Nup107 or Nup107 (457-618) (lane 1, 10%
input) were incubated with an equal amount of glutathione Sepharose beads bound to an equal amount of GST (lane 2) or GST- Apaf-1 (87-420) (lane 3).
Bound proteins were eluted and analyzed by SDS-PAGE followed by autoradiography. (E) Endogenous Apaf-1 interacts with endogenous Nup107. Whole
cell extracts derived from A549 cells treated or not with cisplatin were immunoprecipitated with a control antibody or anti-Apaf-1 antibody and analyzed

by immunoblotting with anti-Nup107 antibody.

contrast to pRb™ cells, pRb ™~ cells are refractory to the G1-arrest-
ing abilities of staurosporine.'” As shown in Figure 3B, treatment
of the MDA-MB436 cells with cisplatin resulted in nuclear reloc-
alization of Apaf-1, indicating that the retinoblastoma pathway is
not involved in Apaf-1 nuclear translocation. Interestingly, treat-
ment with 4 nM of staurosporine abolished cisplatin-induced
Apaf-1 nuclear accumulation (Fig. 3B). Moreover, staurosporine
treatment prevented Apaf-1 phosphorylation upon genotoxic
stress (Fig. 3C) and drastically reduced its interaction with
Nup107 (Fig. 3D). Combined, these data indicate that Apaf-1
phosphorylation is a prerequisite for its nuclear translocation.
Genotoxic stress in response to cisplatin activates numerous
signal transduction pathways. Indeed, beside the apical PI3
kinase related kinases (PIKKs) ATM, ATR, and DNA-PK, cis-
platin is known to activate several effectors, such as the MAPK
(mitogen-activated protein kinase) pathway members extracellu-
lar signal-regulated kinase (ERK) and c-Jun-N-terminal kinase 1
(JNK1).%° To determine the identity of the kinases(s) involved in
DNA damage-induced Apaf-1 nuclear translocation, we screened
a panel of kinase inhibitors to assess their effects on Apaf-1
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translocation upon cisplatin treatment. Interestingly, only the
ATR-selective inhibitor VE-821 was able to prevent cisplatin-
induced Apaf-1 nuclear accumulation (Fig. 3E). Inhibition of
ATR prevented Apaf-1 serine phosphorylation and markedly
reduced its association with Nup107 following cisplatin treat-
ment (Fig. 3F and G), whereas the other kinase inhibitors failed
to do so (not shown). We then further assessed the role of ATR
in Apaf-1 phosphorylation-dependent nuclear relocalization
upon cisplatin treatment using RNA interference experiments.
As shown in Figure 3H, silencing of ATR drastically reduced cis-
platin-induced phosphorylation of Apaf-1 as well as its interac-
tion with Nupl07 (Fig. 3I). Consequently, as previously
observed,” nuclear accumulation of Apaf-1 was reduced in ATR-
depleted cells following cisplatin treatment (Fig. 3]). However,
using purified components, we failed to demonstrate a direct role
for ATR in phosphorylating Apaf-1 (not shown), suggesting that
adaptor/scaffold molecules or other kinase(s) downstream of
ATR might be required. Still, taken together, our data indicate
that ATR regulates the phosphorylation-dependent Apaf-1

nuclear translocation upon cisplatin treatment.
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Figure 3. For figure legend, see page 1247.

Nuclear import of Apaf-1 involves binding with Nup107

We next sought to determine if the interaction with
Nupl07 contributes to nuclear import of Apaf-1 following
genotoxic stress. For that purpose, we first explored the func-
tional consequence of Nupl07 depletion on the cisplatin-
induced distribution of Apaf-1 in A549 cells. Small interfer-
ing RNA (siRNA) directed against Nupl107, but not mock
siRNA, effectively depleted Nupl07 whereas the level of
Apaf-1 did not change (Fig. 4A and not shown). As
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previously shown,”’ immunofluorescence analysis of mock-
transfected A549 cells with a-Nupl07 demonstrated nuclear
rim staining (Fig. 4B). In agreement with the data shown in
Figure 4A, the nuclear rim staining was no longer detected
in the Nup107 siRNAs-transfected cells (Fig. 4B). Interest-
ingly, whereas Apaf-1 nuclear translocation occurred in mock
siRNA transfected cells, Apaf-1 did not efficiently translocate
to the nucleus in Nupl07-knockdown cells following cis-
platin  treatment, and remained

essentially  cytoplasmic
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(Fig. 4B). These data point to a crucial role for Nup107 in
DNA damage-elicited nuclear translocation of Apaf-1.

If the Nup107-Apaf-1 interaction is required for genotoxic
stress-induced Apaf-1 nuclear accumulation, one can expect that
preventing this interaction would prevent Apaf-1 nuclear import
following DNA damage. To address this hypothesis, we
expressed Nup107 (457-618) as a “decoy” to interfere with the
interaction between endogenous Apaf-1 and Nup107. Immuno-
fluorescence microscopy of Nupl07 (457-618) transfected cells
indicated that the construct was largely cytoplasmic. (Fig. 4C)
Interestingly, Nup107 (457-618) exhibited a cellular localization
similar to that of endogenous Apaf-1. As shown in Figure 4C,
Apaf-1 failed to accumulate in the nucleus following cisplatin
treatment when Nupl07 (457-618) was expressed, and both
proteins exhibited fluorescence overlap, suggesting that Nup107
(457-618) “trapped” Apaf-1 in the cytoplasm. Fitting with the
hypothesis that Apaf-1 nuclear accumulation, upon genotoxic
stress, is required for its cell cycle function, Nup107 (457-618)
expressing cells failed to enter S phase after cisplatin treatment
(Fig. 4D). This absence of cell cycle arrest correlated with an
absence of activating phosphorylation of Chk1 (Fig. 4E), indicat-
ing that Chkl acts downstream of Apaf-1 nuclear accumulation.
Together, these data suggest that Apaf-1 is imported in the
nucleus by interacting with Nup107 and this nuclear accumula-
tion is essential for Apaf-1 role in the DNA damage checkpoint.

Discussion

Apaf-1, an adaptor protein critically involved in mitochon-
drial cell death, is known to possess an essential role in mediating
the S phase arrest following DNA damage.” Whereas this func-
tion seems to require Apaf-1 nuclear accumulation, the mecha-
nisms responsible for Apaf-1 nuclear import upon genotoxic
stress, which is devoid of a putative nuclear localization signal

(NLS), are unknown. Different transcripts of apaf-I are pro-
duced by alternative splicing, containing or not NH2- or
COOH-terminal inserts, but the respective role of the different
Apaf-1 isoforms in cell cycle regulation remains to be clarified. In
this report, we show that the main expressed forms of Apaf-1 can
all accumulate in the nucleus and mediate cell cycle arrest follow-
ing DNA damage. The cell cycle arrest induced by the Apaf-1
isoforms seemed to be dependent on Chkl activation, as all the
Apaf-1 forms were able to complement Chkl phosphorylating
activation in apaf-1~'~ MEFs. Previous studies indicate that only
the isoforms containing an additional WD40 are able to interact
with cytochrome ¢ and activate caspase-9, whereas the 11-amino
acid insert between the CARD and the CED-4 domain was not
required for binding to cytochrome ¢ or caspase-9 activation.’®
Therefore, contrary to what observed for Apaf-1 apoptotic func-
tion, our data exclude a role for Apaf-1 NH2- or COOH-termi-
nal inserts in nuclear translocation and S phase arrest upon
genotoxic stress.

Using a yeast 2-hybrid approach, we identified the nucleo-
porin Nup107 as a binding partner of Apaf-1. Nup107 is part of
a conserved nuclear pore sub-complex that is crucial for nuclear
pore complex (NPC) assembly.”**> The NPC is a large, multi-
protein assembly located at the fusion points between the outer
and the inner nuclear membranes that mediates macromolecular
traffic between the nucleus and the cytoplasm.** The Nup107
complex, which in vertebrates is formed by 9 subunits, is now
known to be involved in a wide array of functions, including
macro-molecular transport, transcription, and DNA repair (see>
for review). Here we show that Apaf-1 binds, through its CED-4
domain, to the central domain of Nup107, and that this interac-
tion is responsible for Apaf-1 nuclear accumulation upon geno-
toxic stress. In lane with this hypothesis, expression of the central
domain of Nup107, Nupl107 (457-618), prevented DNA dam-
age-induced Apaf-1 nuclear translocation, indicating that bind-
ing of Apaf-1 to the central domain of endogenous Nup107 is a

Figure 3 (See previous page). ATR-dependent Apaf-1 phosphorylation increases its association with Nup107. (A) Apaf-1 is phosphorylated at serine res-
idue(s) following genotoxic stress. Whole cell extracts derived from A549 cells treated or not with cisplatin were immunoprecipitated with an anti-Apaf-1
antibody and analyzed by immunoblotting with anti-phosphoserine, anti-phosphothreonine or anti-Apaf-1 (as an immunoprecipitation control) anti-
body. (B) The kinase inhibitor staurosporine prevents Apaf-1 nuclear translocation upon genotoxic stress. MDA-MB436 cells were treated or not with cis-
platin (20 wM, 24 h) in the presence or absence of staurosporine (4 nM). After fixation, cells were immunolabeled with anti-Apaf-1 antibody (red). Nuclei
were stained with DAPI. Numbers indicate percentage of cells with nuclear Apaf-1 (means =+ s.e.m.); n = 3. (C) Staurosporine prevents Apaf-1 phosphor-
ylation upon genotoxic stress. Lysates of cells treated as in (B) were immunoprecipitated with anti-Apaf-1 antibody and analyzed by immunoblotting
with anti-phosphoserine or anti-Apaf-1 (as an immunoprecipitation control) antibody. (D) Staurosporine reduces Apaf-1-Nup107 interaction. Lysates of
cells treated as in (B) were immunoprecipitated with anti-Apaf-1 antibody and analyzed by immunoblotting with anti-Nup107 antibody. (E) Inhibition of
ATR drastically reduces Apaf-1 nuclear translocation upon cisplatin treatment. A549 cells were left untreated or were pretreated for 1 h with DMSO,
10 wM NU-7026, 10 M KU-55933, 10 wM VE-821, 20 uM U0126, 20 M SP600125, 50 M LY294002 or 10 wM BI-D1870. Cells were then treated or not
with cisplatin (20 wM, 24 h), fixed and nuclear Apaf-1 assessed by immunofluorescence (means =+ s.e.m., n = 3). (F) Inhibition of ATR prevents Apaf-1
phosphorylation upon genotoxic stress. A549 cells pretreated for 1 h with vehicle or 10 wM VE-821 were treated or not with cisplatin (20 wM, 24 h),
lysed and the lysates immunoprecipitated and analyzed as in (C). (G) Inhibition of ATR reduces Apaf-1-Nup107 interaction. Lysates of cells treated as in
(F) were immunoprecipitated with anti-Apaf-1 antibody and analyzed as in (D). (H) Deregulation of ATR prevents Apaf-1 phosphorylation upon genotoxic
stress. A549 cells were transfected with mock or ATR specific siRNAs. After 48 h, cells were treated or not with cisplatin (20 .M, 24 h), lysed and the
lysates immunoprecipitated and analyzed as in (C). (I) Deregulation of ATR reduces Apaf-1-Nup107 interaction. A549 cells were transfected with mock or
ATR specific siRNAs. After 48 h, cells were treated or not with cisplatin (20 wM, 24 h), lysed and the lysates immunoprecipitated with anti-Apaf-1 anti-
body and analyzed as in (D). (J) Deregulation of ATR prevents Apaf-1 nuclear translocation upon genotoxic stress. A549 cells were transfected with mock
or ATR specific siRNAs. After 48 h, cells were treated or not with cisplatin (20 wM, 24 h). After fixation, cells were immunolabeled with anti-Apaf-1 anti-
body (red). Nuclei were stained with DAPI. Numbers indicate percentage of cells with nuclear Apaf-1 (means =+ s.e.m.); n = 3.
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Figure 4. Deregulation of Nup107 prevents Apaf-1 role in DNA damage checkpoint. (A) A549 cells transfected with 2 rounds of control or Nup107 siRNAs
were harvested and lysed 48 h after second round of siRNA transfection. Cell lysates were analyzed by immunoblotting with anti-Nup107 or anti-B-actin
antibody. (B) Silencing of Nup107 prevents Apaf-1 nuclear translocation upon genotoxic stress. A549 cells transfected with 2 rounds of control siRNA or
Nup107 siRNAs were treated or not with cisplatin (20 wM, 24 h) 24 h after second round of siRNA transfection. After fixation, cells were immunolabeled
with anti-Apaf-1 antibody (red) or anti-Nup107 antibody (green). Nuclei were stained with DAPI. Numbers indicate percentage of cells with nuclear Apaf-
1 (means =+ s.e.m.); n = 3. (C) Expression of Nup107 (457-618) prevents Apaf-1 nuclear translocation upon genotoxic stress. A549 cells expressing Flag-
Nup107 (457-618) were treated or not with cisplatin (20 wM, 24 h), fixed in Triton X-100 and immunolabeled with anti-Apaf-1 antibody (red) or anti-Flag
antibody (green). Nuclei were stained with DAPI. Numbers indicate percentage of cells with nuclear Apaf-1 (means =+ s.e.m.); n = 3. (D, E) Expression of
Nup107 (457-618) prevents S phase arrest and Chk1 activating phosphorylation upon genotoxic stress. (D) A549 cells expressing Flag-Nup107 (457-618)
were treated or not with cisplatin (20 wM, 24 h) and the cell-cycle distribution of viable cells was assessed by cell-cycle analysis. (E) A549 cells expressing
Flag-Nup107 (457-618) were treated or not with cisplatin (20 wM, 24 h) and the phosphorylation of Chk1 (serine 317) was assayed by protein gel

blotting.

prerequisite for its nuclear import. Moreover, because expression
of Nup107 (457-618) prevents both DNA damage-induced acti-
vation of Chk1 and S phase arrest, our data confirm that nuclear
translocation of Apaf-1 is required for its cell cycle function.
Increasing amount of data indicate that the NPC contributes to
DNA repair. Indeed, members of the Nupl07 complex have
been demonstrated to potentiate the double strand breaks repair
processes by inducing the recruitment of damaged DNA and
sumoylation enzymes to nuclear pores.”>*” Thus, our data con-
firm the crucial role of the Nup107 complex in the DNA damage
response.

Although Nup107 binds to the CED-4 domain of Apaf-1,
we do not know if this binding involves a domain essential
for Apaf-1 oligomerization, like the binding pocket for
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dATP, which is crucial for apoptosome assembly. The discov-
ery of Apaf-1 dual implication in caspase activation and cell
cycle blockade would call for the identification of approaches
that facilitate the dissection of Apaf-1-dependent pathways.
Indeed, at this moment, very little is known about the pat-
tern of crosstalk between these 2 signaling pathways. Interest-
ingly, QM31, a recently developed small molecule that binds
to Apaf-1, has been shown to inhibit these 2 functions of
Apaf-1.”® Even known this remains to be demonstrated, it is
possible that this inhibitor could alter Apaf-1 structure in a
way that it would prevent Apaf-1 interaction with some of its
molecular partners. Therefore, this novel class of inhibitor
provides a new molecular tool as lead to identify compounds
that could be used as probes to study Apaf-1 interaction with
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putative or identified interactors and understand their respec-
tive roles in Apaf-1 signaling mechanisms.

Our study indicates that Apaf-1 appears to interact with
Nup107 in a phosphorylation-dependent manner that is regu-
lated by ATR. Indeed, Apaf-1 phosphorylation levels increased
upon genotoxic stress, and blockade of cisplatin-induced Apaf-1
phosphorylation by the ATR-specific inhibitor VE-821 or dereg-
ulation of ATR compromised its interaction with Nup107 and
its nuclear translocation. Thus, one might speculate that phos-
phorylation of Apaf-1 can result in conformational changes that
favor its interaction with Nup107. Our data confirm the crucial
role of ATR, through nuclear translocation of Apaf-1, in the
proper execution of the DNA damaging response in terms of S
phase checkpoint arrest. Biochemically, however, we were not
able to demonstrate a direct phosphorylation of Apaf-1 by ATR.
This suggests that adaptor or scaffold proteins may modulate
ATR activity in phosphorylating Apaf-1, or that additional
kinase(s) that function in downstream signaling are required.
Apaf-1 is known to be phosphorylated at $256 by the 90-kDA
ribosomal S6 kinase (Rsk).'” However, inhibition of Rsk did not
prevent Apaf-1 nuclear accumulation upon cisplatin treatment
(this work) and a S256A Apaf-1 mutant was still able to interact
with Nup107 and accumulate in the nucleus following genotoxic
stress (data not shown). Therefore, the precise site(s) of phos-
phorylation remain to be identified. The Nup107 complex is
also known to be phosphorylated in a cell-cycle-dependent man-
ner.”” However, we could not detect an increase of the phosphor-
ylation state of Nupl07 following genotoxic stress (data not
shown). Even known this represents principally a mitotic event,
it is therefore possible that phosphorylation state of the Nup107
complex can also regulate its interaction with Apaf-1.

Proteins containing nonclassical NLS are known to be trans-
ported through the nuclear pore in an importin B-dependent
fashion.”® However, we haven’t been able to detect any interac-
tion between Apaf-1 and importin a or B (Jagot-Lacoussiere L.
and Poyet J.L., personal communication). Therefore, Apaf-1
could, as in the case of B—catenin,31 translocate to the nucleus
through direct binding of nucleoporins.

In addition to its cell-cycle function, Apaf-1 has recently been
demonstrated to participate to the centrosomal microtubule
nucleation process, and spindle assembly.® Interestingly, the
Nup107 complex is known to relocalize to spindle fibers during
prophase, where it affects spindle assembly, kinetochore function,
and the spindle assembly checkpoint.’” Therefore, our finding
that Apaf-1 interacts with Nup107 may have potentially impor-
tant implications for understanding the molecular basis for the
abnormal bipolar mitotic spindle formation observed in Apaf-1
deficient cells.®

In summary, our results show that genotoxic stress-induced
Apaf-1 nuclear translocation, which occurs in a p53- and pRb-
independent mechanism, is mediated through direct interaction
with the nucleoporin Nup107, and that this relocalization is cru-
cial for the DNA damage checkpoint role of Apaf-1. Although
future studies will be needed to provide the molecular mecha-
nisms involved in this cell-cycle function, the present study con-
firms a crucial role for the Nup107 complex in the DNA damage
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response, indicating that nucleoporins, by modulating nuclear
trafficking of signal molecules, contribute significantly to the
intra-S-phase checkpoint, and therefore to preservation of geno-
mic stability.

Material and Methods

Cell culture

Cells were cultivated either in Dulbecco’s modified Eagle
medium (MEFs, A549, MDA-MB436 or 293 T cells) or RPMI
1640 (H1299 cells) (Gibco), supplemented with 10% fetal
bovine serum, 200 pg/ml penicillin and 100 pg/ml streptomy-
cin sulfate.

Materials and antibodies

Protease, kinases and phosphatase inhibitors, RNAse A, staur-
osporine and cisplatin were purchased from Sigma, Santa Cruz
and APIs Chemical. Antibodies used for immunoprecipitation
and Western blotting were: mouse anti-Apaf-1 (Abcam),
rabbit anti-Apaf-1 (RD Systems), mouse anti-Flag M2 (sigma),
mouse anti-T7 (Sigma), mouse anti-T7 HRP-conjugated
(Sigma), mouse anti-phosphoserine (Invitrogen), mouse anti-
phosphothreonine (Invitrogen), mouse anti-B-tubulin (BD Phar-
Mingen). Rabbit anti-Nup107 was a gift from Dr. Valerie Doye.

Plasmid constructs

Apaf-1 constructs encoding Myc-tagged Apaf-1XL, LN, LC
and S were a gift from Prof. Gabriel Nunez. The complete
cDNA of Nupl07 was isolated from a human Hela cDNA
library by the polymerase chain reaction (PCR) using Nup107
specific primers. Truncated mutants of Apaf-1 or Nup107 were
generated by PCR using modified complementary PCR adapter
primers. Flag- and T7-epitope tagging was done by cloning the
PCR generated ¢cDNAs of the respective genes in-frame into
pcDNA3-Flag and pcDNA3-T7 vectors (Invitrogen), respec-
tively. GST-tagging was done by cloning the PCR generated
cDNAs together with GST ¢DNA in-frame into pGEX-4T
(Amersham).

Lentiviral transduction

Apaf-1XL, LC, LN and S ¢cDNAs were cloned into the pLVX-
IRES-ZsGreen lentiviral vector (Clontech). To produce lentiviral
particles, 293T cells were transfected with the pLVX-IRES-
ZsGreen lentiviral constructs together with the packaging plas-
mids psPAX2 and pMD2G (Addgene) using FuGENE HD
Transfection Reagent (Promega). Lentiviral supernatants were
harvested 48 h after transfection, filtered before being used to
infect apaf™'~ MEFs with 4 pg/ml of polybrene. 72 h after trans-
duction, cells were diluted for immunoblot selection of individ-
ual clones. Clones with similar Apaf-1 levels to WT MEFs were
selected, expanded, and analyzed.

Yeast two-hybrid screening procedure
Two-hybrid screen was performed using a cell-to-cell mating
as described earlier’ using WD40-deleted Apaf-1 (residues
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1-591) as bait and a ¢cDNA library from T-cell leukemia cells
CEMCY7 poly(A+) RNA. Positive clones were obtained using
the HIS3 reporter gene reporter gene selection.

In vitro caspase-9 assay

Cytosolic extracts were prepared by resuspending the cells in
buffer A (20 mM HEPES-KOH, pH 7.5, 10 mM KCl,
1.5 mM, MgCl2, | mM sodium EDTA, 1 mM sodium EGTA,
1 mM dithiothreitol). Cells were lysed by syringing (x20) using
a 21-gauge needle followed by centrifugation at 17 000 g for
30 min at 4°C. Labeled procaspase-9 was prepared by in vitro
transcription and translation in the presence of [*°S]methionine
using a TNT Quick System of coupled transcription-translation
(Promega). Ten pg of the cytosolic extracts were incubated with
1 wl of in vitro translated procaspase-9 in the presence or with-
out dATP (1 mM) and cytochrome ¢ (8 pg/ml) in a final volume
of 25 pl for 30 min at 30°C. The reactions were then boiled in
SDS sample buffer and subjected to SDS-PAGE analysis fol-
lowed by autoradiography.

Cell-cycle analysis

5 x 105 cells were washed twice with ice-cold PBS, fixed in
cold 70% ethanol for at least 1 hour at 4°C, washed twice in
cold PBS, treated with 200 U per mL DNAse-free RNase A for
30 minutes at 37°C, and stained with 25 pwg/mL PIL. Distribu-
tion of cell-cycle phases was determined within the hour using PI
fluorescence emission (15 000 events) on FACScalibur and ana-
lyzed with Modfit Software (BD Biosciences).

Immunocytochemistry

Cells, grown on coverslips, were washed twice with PBS, fixed
in 4% PFA for 10 min and permeabilized with 0.2% Triton X-
100/PBS for 5 min. After blocking with 2% BSA/PBS for 1 h,
the cells were incubated with specific antibodies diluted in 1%

BSA/PBS for 1 h. Cells were washed 3 times in blocking buffer
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and incubated for 1 h with labeled anti-mouse or anti-rabbit sec-
ondary antibodies (Alexa Fluor 488 or Alexa Fluor 568; Molecu-
lar Probe). After rinsing in blocking buffer and PBS, nuclei were
counterstained with DAPIL. Images were acquired using a Zeiss
Axiovert 200 M microscope or by confocal microscopy on a
Zeiss LSM 510 META confocal laser microscope (Zeiss, Ober-
kochen, Germany) with a Plan Apochromat 63 x N.A.1.4 oil-
immersion objective using the LSM510 software v4.0 (Zeiss).

Transfection, immunoprecipitation and immunoblot
analysis and GST pull-down analysis

293 T cells (5 x 105 cells) in 60 mm dishes were transiently
transfected with the expression plasmids using the JetPei (Poly-
plus Transfection) method as per the manufacturer’s instructions.
Cells were lysed, and the cellular lysates were immunoprecipi-
tated and Western blotted as described before.>* GST pull-down
were performed as previously described.*® For siRNA knock-
down, cells were transfected using HiPerFect Transfection
Reagent (Qiagen) according to the manufacturer’ instructions.
After 24 h, another round of siRNA transfections were carried
out, and after 48h, cells were processed for further analysis.
siRNA oligo sequences used were as follows: ATR, 5-AAC-
CUCCGUGAUGUUGCUUGA-3"  Nupl107, 5-CUGC-
GAAUACACUUUCCUCTT-3' and scrambled, 5'-
UAGAUACCAUGCACAAUCCTT-3'.
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