
Positive regulation of apoptosis by HCA66, a new
Apaf-1 interacting protein, and its putative role in the
physiopathology of NF1 microdeletion syndrome
patients
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As a component of the apoptosome, a caspase-activating complex, Apaf-1 plays a central role in the mitochondrial caspase
activation pathway of apoptosis. We report here the identification of a novel Apaf-1 interacting protein, hepatocellular carcinoma
antigen 66 (HCA66) that is able to modulate selectively Apaf-1-dependent apoptosis through its direct association with the CED4
domain of Apaf-1. Expression of HCA66 was able to potentiate Apaf-1, but not receptor-mediated apoptosis, by increasing
downstream caspase activity following cytochrome c release from the mitochondria. Conversely, cells depleted of HCA66 were
severely impaired for apoptosome-dependent apoptosis. Interestingly, expression of the Apaf-1-interacting domain of HCA66
had the opposite effect of the full-length protein, interfering with the Apaf-1 apoptotic pathway. Using a cell-free system, we
showed that reduction of HCA66 expression was associated with a diminished amount of caspase-9 in the apoptosome, resulting
in a lower ability of the apoptosome to activate caspase-3. HCA66 maps to chromosome 17q11.2 and is among the genes
heterozygously deleted in neurofibromatosis type 1 (NF1) microdeletion syndrome patients. These patients often have a distinct
phenotype compared to other NF1 patients, including a more severe tumour burden. Our results suggest that reduced
expression of HCA66, owing to haploinsufficiency of HCA66 gene, could render NF1 microdeleted patients-derived cells less
susceptible to apoptosis.
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Apoptosis is an evolutionarily conserved cell suicide process
that depends on the activation of caspases, a group of
cysteine aspartic acid-specific proteases.1 Two main activa-
tion pathways (extrinsic and intrinsic) of the initiator procas-
pases have been identified, involving engagement of death
receptors by their ligands or perturbation of mitochondria.2

The intrinsic pathway involves the formation of a large
caspase-processing complex termed the apoptosome. The
apoptosome is formed by Apaf-1 upon binding to cytochrome
c, which is released from the mitochondria by various forms of
apoptosis triggers.3 The Apaf-1-cytochrome c complex then
recruits the initiator caspase procaspase-9 in a dATP/ATP-
dependent manner, resulting in its activation.4,5

The intrinsic cell death pathway recognizes developmental
cues, genomic stress or cytotoxic damage. Indeed, Apaf-1
knockout mice exhibit severe developmental defects that lead
to embryonic lethality, and their cells are resistant to death
receptor-independent induction of apoptosis.6–8 In-vivo, loss
of expression of Apaf-1 is associated with tumour progres-

sion, suggesting that Apaf-1 inactivation may provide a
selective survival advantage to neoplastic cells.9 Even though
some apoptosis regulated by Bcl-2 can be elicited indepen-
dently of the apoptosome,10 the above information clearly
illustrate the critical role of Apaf-1 in mitochondria-dependent
cell death.
Although it is clear that the core of the apoptosome

complexes comprises Apaf-1 and caspase-9, other cellular
proteins may modulate the formation or the activity of the
apoptosome. A number of proteins have been reported to
regulate apoptosis through interaction with Apaf-1, including
Aven, NAC, Hsp70, Hsp90, Tucan, Nucling or APIP (see
Schafer and Kornbluth11 for review). Because of the crucial
role on Apaf-1 in the mitochondrial pathway, identifying new
regulators of Apaf-1-mediated cell death will be important.
Here, we report the identification of a novel regulator

of Apaf-1, HAC66. Hepatocellular carcinoma antigen 66
(HCA66) was able to potentiate drastically Apaf-1-dependent,
but not Apaf-1-independent apoptosis whereas an isoform of
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HCA66 representing the binding domain of HCA66 to Apaf-1
had the opposite effect. HCA66 maps to chromosome
17q11.2 and is among the genes heterozygously deleted in
neurofibromatosis type 1 (NF1) microdeletion syndrome
patients.12,13 Because these patients have a distinct pheno-
type compared to other NF1 patients, including a more severe
tumour burden,14–18 we examined the possibility that reduced
expression of HCA66, owing to haploinsufficiency of HCA66,
could render NF1microdeleted patients-derived cell lines less
susceptible to apoptosis.

Results

Identification of HCA66. To investigate further the
regulation of the apoptosome at the level of Apaf-1, we
developed a yeast two-hybrid strategy using the WD40-
deleted Apaf-1 (residues 1–591) as bait. Thirty-four interacting
cDNA clones were identified from 68 million yeast diploı̈de
using a CEMC7 random primed library. Among them, HCA66,
a putative hepatocellular carcinoma tumour antigen19

(GenBankTM accession number NM_018428) was identified
by four clones with two independent fragments and was
selected for further study.
HCA66 is a protein of 597 residues with unknown function

that is highly conserved between human and mouse
(Figure 1a). Sequence analysis shows that HCA66 contained
putative HAT (Half-A-TPR) repeats at its N-terminus. During
the cloning of HCA66, we isolated an alternatively spliced
form of HCA66 in which exon 9 of HCA66 is spliced out. This
clone contains an open reading frame that generates the first

207 residues of HCA66 followed by a non-specific portion of
54 residues and a stop codon, and was named HCA66-S.
To determine the distribution of HCA66, various normal

human tissues mRNA samples were subjected to Northern
blot analysis. As shown in Figure 1b, HCA66 mRNA
(B2.4 kbp) is constitutively expressed in most adult tissues
with high expression in heart and in liver.

HCA66 interacts with the CED-4 homologous domain of
Apaf-1. To confirm the interaction we detected by yeast
two-hybrid analysis, C-terminally Flag-tagged HCA66
was expressed in 293 T cells with T7-tagged Apaf-1 or
T7-tagged Ipaf, a CED-4-related protein that we described as
a caspase-1 activator.20 Western blot analysis of protein
complexes immunoprecipitated with anti-Flag antibody
revealed that T7-Apaf-1, but not T7-Ipaf, co-precipitated
with HCA66-Flag (Figure 2a). The immunoprecipitation was
also performed in reverse. As shown in Figure 2b, HCA66-
Flag co-precipitated with T7-Apaf-1 but not T7-Ipaf. To
confirm the HCA66-Apaf-1 interaction at the endogenous
level, endogenous HCA66 was immunoprecipitated from
HeLa cell extracts using an HCA66 polyclonal antibody
(antibody HCA66b) or a polyclonal antibody to ASC, a
protein involved in the pro-inflammatory response.21 The
resulting immune complexes were analysed by SDS-PAGE/
immunoblotting with an anti-Apaf-1 antibody. ASC failed to
immunoprecipitated any detectable Apaf-1 (Figure 2c, lane 1)
whereas immunoprecipitation with HCA66 pelleted Apaf-1 in
the absence but not in the presence of competing
immunogenic peptide (Figure 2c, lane 2 and 3). These
findings indicate that endogenous HCA66 associates with
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Figure 1 Sequence, tissue distribution and subcellular localization of HCA66. (a) Amino-acid sequence of human HCA66 (hHCA66) was aligned to the sequence of
mouse HCA66 (mHCA66). Black and grey shades indicate identical and similar residues, respectively. (b) Expression pattern of HCA66. Human tissue Northern blots
(Clontech) containing 2 mg of polyadenylated RNA were probed with radioactive HCA66 cDNA, exposed to X-ray films and photographed. PBL, peripheral blood leucocytes
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endogenous Apaf-1 in-vivo. To map the regions of HCA66
and Apaf-1 that are required for the interaction between the
two molecules, we expressed T7-tagged HCA66 together
with several Flag-tagged deletions mutants of Apaf-1. As
shown in Figure 2d, a deletion mutant containing only the
CED-4 homologous domain of Apaf-1 (residues 87–420) was
still able to co-precipitate with HCA66. Of note, HCA66 was

unable to interact with other components of the apoptosome
(cytochrome c and caspase-9) neither with any human
caspase (not shown). To extend the characterization of the
HCA66-Apaf-1 interaction, we expressed T7-tagged Apaf-1
(87–420) with several forms of truncated Flag-tagged
HCA66. Western blot analysis of Apaf-1 (87–420)
complexes with anti-T7 antibody revealed that the first 207
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Figure 2 HCA66 associates, through its N-terminus, with the CED-4 domain of Apaf-1. (a) and (b) 293 T cells were co-transfected with Flag-HCA66 together with either
empty vector or T7-tagged Apaf-1 or T7-tagged Ipaf. After 24 h transfection, cells were lysed and the lysates immunoprecipitated with either anti-Flag or anti-T7 antibodies, as
indicated. The immunoprecipitates were immunoblotted with anti-T7 or anti-Flag antibodies, respectively. Expression of T7- or Flag-tagged constructs was determined by
immunoblotting with anti-T7 or anti-Flag antibodies, respectively. (c) Endogenous HCA66 interacts with endogenous Apaf-1. Cytoplasmic extracts (500mg of proteins in
0.3 ml) derived from HeLa cells were subject to immunoprecipitation with anti-ASC (lane 1) or anti-HCA66 (antibody HCA66b) in the absence (lane 2) or presence (lane 3) of
10mg of competing immunogenic peptide. The resulting protein precipitates were analysed by immunoblotting with anti Apaf-1 antibody. (d) HCA66 interacts with the CED-4
domain of Apaf-1. 293 T cells were co-transfected with T7-HCA66 together with either empty vector or the indicated Apaf-1 Flag-tagged constructs. Cells were lysed and the
lysates immunoprecipitated with anti-Flag antibody, 24 h after transfection. The immunoprecipitates were immunoblotted with anti-T7 antibody. The expression of different T7-
or Flag-tagged chimeras was determined by immunoblotting with anti-Flag or anti-T7 antibodies, respectively. (e) The N-terminal part of HCA66 mediates its interaction with
Apaf-1. 293 T cells were co-transfected with T7-Apaf-1 (87–420) together with either empty vector or the indicated HCA66 Flag-tagged constructs. Immunoprecipitation and
Western blot analysis was performed as in (d). (f) In vitro interaction of the CED-4 domain of Apaf-1 with the N-terminus part of HCA66. 35S-labeled HCA66 full length,
N-terminus (residues 1–207) or C-terminus (residues 208-End; lane 1, 10% input) was incubated with an equal amount of glutathione Sepharose beads bound to an equal
amount of GST (lane 2) or Apaf-1 (87–420)-GST (lane 3). Bound proteins were then eluted and analyzed by SDS-PAGE and autoradiography
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residues of HCA66, corresponding to HCA66-S, were
sufficient for interaction with Apaf-1 (Figure 2e). These
observations were confirmed with glutathione S-transferase
(GST) pull-down assays (Figure 2f). Combined, these data
indicate that the interaction between HCA66 and Apaf-1
occurs through the N-terminal half of HCA66 and the CED-4
domain of Apaf-1.

A role for HCA66 in Apaf-1-mediated induction of
apoptosis. To assess the functional significance of the
interaction between Apaf-1 and HCA66, plasmids encoding
HCA66 or HCA66-S were transiently transfected in HeLa
cells. Whereas HCA66-S did not induce apoptosis, the full-
length protein caused about 20% cell death in the HeLa-
transfected cells (Figure 3a). Moreover, HCA66 was able to
increase dramatically, in a dose-dependent manner,
etoposide-, cisplatin- or staurosporine-induced apoptosis,
stimuli that activate the Apaf-1-dependent mitochondrial
pathway.22 In co-expression experiments, HCA66 was also
able to potentiate apoptosis induced by Bax whereas a
C287A dominant negative pro-caspase-9 mutant efficiently
blocked HCA66-induced apoptosis (Figure 3a). Whereas
full-length HCA66 induced apoptosis and enhanced Apaf-1-
dependent cell death, HCA66-S had the opposite effect,

interfering with apoptosis induced by etoposide, cisplatin,
staurosporine or co-expression with Bax (Figure 3a). To
determine whether HCA66 selectively modulates the Apaf-1
pathway, we transfected MCF7/Fas/casp3 cells with vectors
expressing HCA66 or HCA66-S and then treated the cells
with etoposide or agonist Fas antibody. These cells are
known to behave like type I cells, that is active caspase-8,
following death receptor stimulation, directly activates
caspase-3 without relying on mitochondrial signal
amplification.23 As shown in Figure 3b, HCA66 was able to
potentiate staurosporin-induced apoptosis, whereas HCA66-
S significantly inhibited apoptosis induced by the cytotoxic
drug. However, the agonist Fas antibody was able to induce
comparable levels of apoptosis in the presence or in the
absence of HCA66 or HCA66-S (Figure 3b). Finally, as
expected, neither HCA66 (1–190) nor HCA66 (211-End),
forms that are unable to interact with Apaf-1 (Figure 2e), had
an effect on drug-mediated apoptosis (Figures 3c). To
examine further the function of HCA66 in apoptosis, we
generated 293 T cell lines that stably expressed either
HCA66 or HCA66-S. We then compared staurosporine-
induced activation of downstream caspases (caspase-3
and -7) of the different cell lines. As shown in Figure 3d,
overexpression of HCA66 significantly increased
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Figure 3 HCA66 selectively modulates Apaf-1 function. (a) HeLa cells were cotransfected with either HCA66 or HCA66-S together with empty vector or the indicated
constructs in combination with a GFP-reporter plasmid. The cells were exposed to etoposide (ETP, 20 mM), staurosporine (STS, 0.5mM) or cisplatin (CPT, 20mM) for 16 h or
left untreated, after 24 h transfection. Cells were then stained with Hoechst 33342 and normal and apoptotic GFP-expressing cells were counted using fluorescence
microscopy. The percentage of apoptotic cells in each experiment was expressed as the percentage of apoptotic cells as a fraction of the total number of GFP-expressing cells.
Each bar represents the mean7S.D. from three independent experiments. (b) MCF7/Fas/casp3 cells were transfected with either HCA66 or HCA66-S together with a GFP-
reporter plasmid. The cells were exposed to staurosporine (STS, 0.5mM) for 16 h or treated with anti-Fas antibody (0.5mg/ml) plus cycloheximide for 4 h or left untreated, after
24 h transfection and percentages of apoptotic cells were determined as in (a). Each bar represents the mean7S.D. from three independent experiments. (c) HeLa cells were
co-transfected with either HCA66 or the indicated HCA66 truncated mutants together with a GFP-reporter plasmid. The cells were exposed to etoposide (ETP, 20mM) or
cisplatin (CPT, 20mM) for 16 h or left untreated, after 24 h transfection and percentages of apoptotic cells were determined as in (a). Each bar represents the mean7S.D. from
three independent experiments. (d) HCA66 and HCA66-S have opposite effects on staurosporine-induced caspase-3/7 activation. 293 T clones stably transfected with HCA66
or HCA66-S constructs or empty vector were treated with different amounts of staurosporine for 5 h. Caspase-3/7 activity was measured using the Apo-ONE Homogeneous
Caspase-3/7 Assay kit (Promega) according to the manufacturer’s protocol. Assays were measured by detection with a fluorescence microplate reader and the fluorescence
was measured at an excitation/emission wavelength of 485/535 nm. Results are presented as the mean values7S.D. of two independent experiments carried out in triplicate.
(e) Wild type or Apaf�/� MEFs were transfected with either HCA66 or HCA66-S in combination with a GFP-reporter plasmid. The cells were exposed to etoposide (20 mM) for
16 h or left untreated, after 24 h transfection. Percentages of apoptotic cells were determined as in (a). Each bar represents the mean7S.D. from three independent
experiments
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downstream caspases activation following treatment with
staurosporine compared with the activation in control cells.
Conversely, staurosporine-induced caspase activation was
markedly reduced in cells expressing HCA66-S (Figure 3d).
Collectively, these data demonstrate that the Apaf-1-
interacting domain of HCA66 is a dominant negative
regulator of Apaf-1-dependent apoptosis and that HCA66
might positively potentiate Apaf-1 function.
To assess further the function of HCA66 in Apaf-1-mediated

cell death, we transfected Apafþ /þ or Apaf�/� mouse
embryonic fibroblast (MEFs) with HCA66 full length or
HCA66-S encoding vectors and then treated the cells with
etoposide. As shown in Figure 3e, expression of HCA66
induced apoptosis in Apafþ /þ but not in Apaf�/� MEFs,
indicating that Apaf-1 is crucial for HCA66-induced cell death.

Moreover, HCA66 synergized etoposide-induced apoptosis in
Apafþ /þ cells, but etoposide treatment of Apaf�/� cells did
not induce apoptosis, even in the presence of HCA66
(Figure 3e).
We then further assessed the function of HCA66 in Apaf-1-

mediated apoptosis using RNA interference experiments.
Small interfering RNA (siRNA) directed against HCA66, but
not mock siRNA, reduced completely the level of HCA66
after 36 h whereas the levels of Apaf-1, pro-caspase-9 or
cytochrome c did not change (Figure 4a and not shown). We
next treated the transfected cells with etoposide and
evaluated cell death. As shown in Figure 4b, siRNA directed
against HCA66, but not mock siRNA, significantly prevented
etoposide-induced apoptosis. However, silencing of HCA66
did not block cytochrome c release from mitochondria into
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cytosol following etoposide treatment (Figure 4c). To verify
whether the observed reduced Apaf-1-dependent apoptosis
was due specifically to the loss of HCA66, we performed
rescue experiments by ectopically expressing a form of
HCA66 that cannot be degraded by the siRNA. For this
purpose, we introduced two silent mutations into the HCA66
cDNA in the region that is targeted by the siRNA. As shown in
Figure 4a, siRNA transfection abolished completely the
expression of ectopic wild-type HCA66, whereas the non-
degradable HCA66 was readily detectable. Moreover, trans-
fection of the mutated HCA66 together with HCA66 siRNA
restored etoposide-induced apoptosis (Figure 4b), indicating
that the effect of the siRNA could be explained by specific
silencing of HCA66. Finally, we compared staurosporine-
induced caspase-3/7 activity in 293 T cells transfected with
control or HCA66-specific siRNA. As shown in Figure 4d,
depletion of HCA66 resulted in a large reduction of effector
caspases activity following staurosporine treatment com-
pared with control cells. Thus, taken together, the above data
strongly suggest a role for HCA66 in the apoptotic process
and strengthen the notion that HCA66 specifically modulates
the Apaf-1-mediated pathway at the level of, but not above,
Apaf-1.
Activation of caspases by cytochrome c is a multistep

process, where Apaf-1 first oligomerizes, in the presence of
cytochrome c and dATP, to form a functional apoptosome
and then recruits pro-caspase-9 to the complex. We therefore
examined which events could be influenced by HCA66. To
assess the effects of HCA66 on oligomerization of Apaf-1
in vivo, T7-tagged Apaf-1 expressing HeLa cells were
transfected with empty vector or Flag-Apaf-1 in the absence
or together with siRNA directed to HCA66 ormock siRNA. Cell
lysates were incubated with or without cytochrome c/dATP
and immunoprecipitated with an anti-T7 antibody. Immunoblot
analysis of the immunoprecipitates with an anti-Flag antibody
indicated that, as expected, only in the presence of
cytochrome c and dATP an association between T7- and
the Flag-tagged Apaf-1 is detected (Figure 5a). This associa-
tion still occurred after silencing of theHCA66 gene, indicating
that HCA66 might not affect the oligomerization of Apaf-1 in
response to cytochrome c/dATP. We next sought to deter-
mine if HCA66 could influence the recruitment of pro-
caspase-9 to the apoptosome. Lysates from HeLa cells
depleted or not of HCA66 by siRNA treatment were incubated
with or without cytochrome c/dATP, in the presence of
the pan-caspase inhibitor z-VAD-fmk and the endogenous
Apaf-1 was immunoprecipitated with an Apaf-1 antibody. The
immunoprecipitates were then analysed with a caspase-9 or
Apaf-1 antibody. Here again, an association between Apaf-1
and caspase-9 was detected only in the presence of
cytochrome c and dATP (Figure 5b). However, depletion of
HCA66 significantly inhibited the amount of caspase-9
interacting with Apaf-1 (Figure 5b). Taken together, these
data support a model in which HCA66 may regulate Apaf-1-
dependent apoptosis by potentiating caspase-9 recruitment
by Apaf-1.
To confirm the immunoprecipitation results, we analysed

apoptosome formation by size exclusion chromatography of
S100 from HeLa depleted or not of HCA66. In the absence of
cytochrome c and dATP, Apaf-1 was mostly in a monomeric

form in both extracts (Figure 5c). Of note, HCA66 was
detected along with Apaf-1 as well as in lower molecular
weight fractions, indicating that HCA66 could associate with
monomeric Apaf-1. After incubating with cytochrome c and
dATP, most of the Apaf-1 shifted to a size of B650 000–
1 000000, indicating apoptosome formation. This shift was
similar in the presence or in the absence of HCA66
(Figure 5c), confirming that the apoptosome was still
efficiently formed even after depletion of HCA66. However,
only a reduced amount of caspase-9 was associated with the
apoptosome formed in the absence of HCA66 (Figure 5c). By
running the fractions 8–13 of both cell extracts side by side
in the same gel, we were able to estimate that there was a
roughly sixfold decrease in the amount of associated
caspase-9 in the absence of HCA66 (Figure 5c, lower panel).
Interestingly, in mock siRNA-treated cells, a significant
proportion of HCA66 now co-eluted with Apaf-1 in fractions
8–11, corresponding to the apoptosome. This indicates that
HCA66 can associate with both monomeric and oligomerized
Apaf-1. Finally, the ability of the apoptosome to activate
exogenous caspase-3 was found to be dramatically reduced
in the absence of HCA66 compared to that of control extracts
(Figure 5d). Combined, these results indicate that HCA66
does not act by promoting Apaf-1 oligomerization but rather by
increasing the amount of caspase-9 bound to the apoptosome
following cytochrome c/dATP stimulation.

Haploinsufficiency of HCA66 may causes apoptosis
defects in cell lines derived from patients with NF1
gene microdeletion. In 5–10% of the NF1 patients, a
microdeletion is found that encompasses the NF1 gene
and neighbouring genes, including HCA66.12,13

Haploinsufficiency of the deleted genes results in the so
called NF1 microdeletion syndrome, which is often
characterized by a severe clinical phenotype for the
microdeleted patients compared to the NF1 patients, with a
more severe tumour burden, lower average IQ and facial
dysmorphies.14–18 The outcome for microdeleted patients is
probably caused by haploinsufficiency of one or more of the
genes in the deletion interval, which spans at least 12
genes.24 Because of its role in apoptosis, we tested the
possibility that lower expression of HCA66, caused by
haploinsufficiency, might result in a lower Apaf-1-dependent
apoptosis in NF1 microdeleted patients. For this purpose,
Epstein-Barr virus (EBV) B lymphoblastoid cell lines were
derived from healthy donor (Bwt), NF1 patients (B1, B2 and
B3) and NF1 microdeleted patients (BM1, BM2 and BM3).
We first sought to investigate the expression level of HCA66
in these cell lines using real-time quantitative RT-PCR. As
shown in Figure 6a, expression of HCA66 was markedly
reduced in the 3 cell lines derived from NF1 microdeleted
patients compared to the cell lines from healthy donor or non-
microdeleted NF1 patients. Conversely, HCA66 expression
in NF1 non-microdeleted patients cell lines was at least
equal or higher to that of control cells. Western blot analysis
confirmed that protein levels of HCA66 were reduced in
microdeleted patients cell lines compared to non-
microdeleted NF1 patients or healthy donor cell lines
(Figure 6b). However, Apaf-1, caspase-9 or caspase-3
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protein levels were not markedly different among all the cell
lines (Figure 6b).
To determine if this reduction in HCA66 expression could

affect the Apaf-1 pathway, we treated the different cell lines
with staurosporine and evaluated cell death using annexin

V/propidium iodide staining. Microdeleted patients cell lines
clearly showed a lower rate of staurosporine-induced apop-
tosis compared with the healthy donor or non-microdeleted
NF1 patients cells (Figure 6c). Moreover, induction of
caspase-3/7 activity following staurosporine treatment was

IP:
Anti-T7

IB:
Anti-Flag

IB:
Anti-Flag

IB:
Anti-T7

Whole cell
extracts

Flag Apaf-1

Mock siRNA

HCA66 siRNA

-

-

-

-

-

-

-

+

+

-

-

-Cyt c/dATP

+

-

-

+

+

+

-

+

+

-

+

+
IP:
Anti-Apaf-1

IB:
Anti-Casp-9

IB:
Anti-Apaf-1

Whole cell
extracts

Mock siRNA

HCA66 siRNA

-

-

-

-

-

+

+

-

+Cyt c/dATP

-

+

+
IB:
Anti-Casp-9

IB:
Anti-Apaf-1

a b

Mock siRNA

HCA66 siRNA

0

50

100

150

200

250

300

8 9 10 11 12 13 14 15 16 17 18 19

D
E

V
D

as
e 

ac
tiv

ity
 (

A
.U

.)

Fractions

d

669 443 200MW (kDa)

Apaf-1

pro

p35

Casp-9

Apaf-1

Mock siRNA

pro

p35

Casp-9

Frac.

+ Cyt c
+ dATP

8 9 10 11 12 13 14 15 16 17 18 19

HCA66 siRNA
+ Cyt c
+ dATP

Apaf-1

HCA66

HCA66

Apaf-1

+
+

Mock siRNA
HCA66 siRNA

+
+

+
+

+
+

+
+

+
+

8 9 10 11 12 13Frac.

Apaf-1

pro

p35

Casp-9

66

20 21 22 23 23 25

c

Regulation of Apaf-1-mediated apoptosis by HCA66
V Piddubnyak et al

1228

Cell Death and Differentiation



markedly reduced in NF1 microdeleted patients-derived cell
lines compared to non-microdeleted NF1 patients or healthy
donor cell lines (Figure 6d). Measure of 3,30 dihexyloxacarbo-
cyanine iodide (DiOC6)

3 uptake indicated that staurosporine-
induced reduction in mitochondrial transmembrane potential
was comparable in all cell lines (Figure 6e), demonstrating
that the observed differences in apoptosis did not result
from variations in mitochondrial damage. Finally, silencing of
HCA66, with specific siRNA, in NF1 patients-derived cell lines
resulted in a clearly lower staurosporine-induced apoptosis
(Figure 6f and g). Collectively, these results indicate that the
level of HCA66 expression could be a crucial determinant of
the sensitivity of the used cells to Apaf-1-mediated apoptosis.

Discussion

In this report, we describe the identification, through a yeast
two-hybrid approach, of a novel interactor of Apaf-1, HCA66.
HCA66 was found to positively regulate Apaf-1-dependent
apoptosis whereas the N-terminus part of HCA66, which
mediates its interaction with Apaf-1, had the opposite effect,
interfering specifically with Apaf-1-dependent cell death.
Silencing the HCA66 gene markedly inhibited Apaf-1-depen-
dent apoptosis and reduced downstream effector caspases
activation. Because the siRNA used did not downregulate
expression of other apoptosome-related molecules nor
prevent cytochrome c release following treatment with
cytotoxic agent, our data indicate that HCA66 appears to
regulate apoptosis at the level of Apaf-1-induced activation of
caspase-9. Indeed, we found that, whereas the apoptosome
was still efficiently formed, depletion of HCA66 resulted in
a marked decrease of the amount of caspase-9 in the
apoptosome following cytochrome c/dATP stimulation. This
decrease was accompanied by a reduced ability for the
apoptosome to activate the effector caspase-3. Therefore, our
results indicate that HCA66 promotes apoptosis by increasing
the level of active apoptosome. It possible that the binding of
HCA66 can both induce a conformational change that would
increase the recruitment of caspase-9, maybe through amore
favourable orientation of the caspase recruitment domain of
Apaf-1, and retain activated caspase-9 in the apoptosome,
thus fine-tuning Apaf-1 function. Of note, the formation of the
apoptosome in the absence of HCA66 is very similar to what
was observed in the human ovarian carcinoma cell line
SKOV3, which exhibit analogous diminished apoptosome
activity.25 It is therefore possible that HCA66 could be missing

in these cells, thus explaining the observed phenotype.
Because HCA66 and HCA66-S bind to Apaf-1 in the same
way, it is likely that HCA66-S, when overexpressed, acts as a
dominant-negative inhibitor by competing with endogenous
HCA66 and interfering with its binding to Apaf-1, resulting in a
reduction of caspase-9 activation by the apoptosome.
Although HCA66 binds to the CED-4 domain of Apaf-1,
neither the long nor the short form (data not shown)modulates
Apaf-1 oligomerization. At this moment, one can only
speculate that HCA66-binding site on Apaf-1 is not
in a domain essential for the formation of the Apaf-1 oligomer,
like the binding pocket for dATP, which is crucial for
apoptosome assembly. However, determination of the de-
tailed structural organization of the HCA66-containing apop-
tosome as well as the precise mechanism of action of HCA66
awaits structural determination.
The gene HCA66 is located at 17q11.2, a region that is

found to be deleted in 5–10% of NF1 patients. This
heterozygous deletion, usually a 1.5Mb region flanked by
large paralogous sequences called NF1REPs,12,26 involves
12 genes, including NF1 and HCA66. Microdeleted patients
usually exhibit a more severe clinical phenotype, including
lower average IQ, dysmorphic features and numerous and
precocious neurofibromas.14–17 These patients also appear to
have a more severe malignant tumours burden, both NF1
associated and those not known to be associated with
NF1.14,16–18,27–32 It has long been suspected that deletion of
NF1 gene and one of the adjacent genes favours the
development of these tumours. We found that B lymphoblas-
toid cell lines from microdeleted patients exhibited a lower
level of HCA66 expression compared to non-microdeleted
NF1 patients or control cells. Interestingly, apoptosis re-
sponse following staurosporine treatment as well as staur-
osporine-induced caspase-3/7 activity was found to be
significantly reduced for microdeleted patients-derived cell
lines. NF1 patients exhibit a mutation of the gene encoding
neurofibromin. Loss of function of neurofibromin results in
deregulation of Ras signaling owing to failure to inactivate Ras
signal transduction.33 Ras controls Raf, MEK/ERK and PI-3K/
Akt pathways, which regulate basic cell biologic functions
such as cell proliferation, differentiation, survival and apopto-
sis. However, in our conditions, staurosporine-induced
apoptosis from cells derived from non-microdeleted NF1 a
patient was not reduced compared to that of the control cells,
in contrast to microdeleted patients cell lines. Moreover,
silencing of HCA66 in non-microdeleted NF1 patients cell

Figure 5 Reduced amount of caspase-9 in the apoptosome following deregulation of HCA66. (a) T7-tagged Apaf-1 expressing HeLa cells were transfected with empty
vector or Flag-tagged Apaf-1 in the absence or together with siRNA to HCA66 or mock siRNA. Cytosolic lysates were incubated for 30 min at 301C in the presence or absence
of 1 mM cytochrome c and 0.5 mM dATP and immunoprecipitated with anti-T7 antibody, after 36 h transfection. The immunoprecipitates were immunoblotted with anti-Flag
antibody. The expression of Flag-tagged Apaf-1 as well as T7-Apaf-1 was determined by immunoblotting with anti-Flag or anti-T7 antibodies, respectively. (b) HeLa cells were
transfected with siRNA to HCA66 or mock siRNA. Cytosolic lysates were incubated with or without cytochrome c and dATP, in the presence of 100mM of z-VAD-fmk, and
immunoprecipitated with anti-Apaf-1 antibody, after 36 h transfection. The immunoprecipitates were immunoblotted with antibodies against caspase-9 and Apaf-1. The
expression of Apaf-1 as well as caspase-9 was determined by immunoblotting with anti-Apaf-1 or anti-caspase-9 antibodies, respectively. (c) HeLa cells were transfected with
siRNA to HCA66 or mock siRNA. After 36 h transfection, aliquots (0.5 ml) of S100 extracts (2.5 mg ml�1) were incubated with or without cytochrome c and dATP and
fractionated on a Superdex 200 HR column. HCA66, Apaf-1 and caspase-9 were detected in the various fractions by immunoblotting. Pro, unprocessed pro-caspase-9. The
elution profiles and sizes of selected standards are indicated by arrowheads on the top. Lower panel, fractions 8–13 from cytochrome c/dATP-activated extracts were run side
by side on the same gel. Apaf-1 and caspase-9 were detected in the various fractions by immunoblotting. (d) The Apaf-1-containing fractions from cytochrome c/dATP-
activated extracts were analysed for their caspase-3 processing activity as described in ‘Material and Methods’. The produced DEVD-AMC cleaving activity was measured and
expressed as arbitrary units (normalized fluorescence at 465 nm)
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lines with specific siRNA resulted in a significant reduction of
staurosporine-induced apoptosis. Therefore, it is possible that
insufficient expression of HCA66 protein could explain the
observed default in apoptosis. Even although the precise role
of HCA66 in the physiopathology of microdeleted patients
remains inconclusive at the moment, one can suspect that the
severe phenotype of microdeleted patients could be at least
partially explained by a default in the apoptotic response, and

in particular the Apaf-1-dependent response, owing to a
reduction in HCA66 expression. However, in a syndrome as
complex as NF1, all dosage-sensitive genes are likely to
contribute to particular features of the phenotype.24 There-
fore, one has to be careful in drawing potential phenotype-
genotype correlation as for the impact of haploinsufficiency for
HCA66 in microdeleted patients, and mouse models will have
to be generated to address the role of HCA66 in the disease.
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In summary, our results show that HCA66 acts as a positive
regulator of Apaf-1-dependent apoptosis, and that reduced
expression of this protein in NF1 microdeleted patients-
derived cell lines might causes apoptosis defects. More and
more data indicate that the apoptosome may be altered in
various pathological conditions. Targeting HCA66 could be a
potential mean for effective therapy for tumour and degen-
erative or developmental disorders.

Materials and Methods
Yeast two-hybrid screening procedure. Two-hybrid screens was
performed using a cell to cell mating protocol as described previously34 using
WD40-deleted Apaf-1 (residues 1–591) as bait and a random cDNA library from
T-cell leukaemia cells CEMC7 poly(Aþ ) RNA. Positive clones were obtained using
the HIS3 reporter gene reporter gene selection. Inserts of the positive clones were
amplified by PCR and sequenced on an ABI 3700 automatic sequencer (Applied
Biosystem).

Northern blot analysis. Tissue distribution analysis of HCA66 mRNA was
performed by Northern blot analysis on normal MTN Blot (Clontech). Each lane
contains 2 mg of poly(A)þ RNA from specific tissues or cell lines. The blots were
probed with a radiolabelled riboprobe prepared from a full-length human HC66
cDNA template and then subjected to autoradiography.

Materials and antibodies. Protease inhibitor cocktail, staurosporine,
etoposide, cisplatin and DiOC6

3 were purchased from Sigma. Agonist Fas
antibody was from Roche. Antibodies used for immunoprecipitation and Western
blotting were rabbit anti-Apaf-1 (BD Pharmingen), rabbit anti-caspase-9 (Cell
Signaling Technology), rabbit anti-caspase-3 (Cell Signaling Technology), mouse
anti-cytochrome c (BD PharMingen), mouse anti-b-tubulin c (BD Pharmingen),
rabbit anti-Cox4 (Abcam), rabbit anti-ASC (Abcam). Polyclonal antibodies to HCA66
were generated using keyhole limpet haemocyanin (KLH)-conjugated synthetic
peptides with sequences corresponding to residues aa 477–491 (antibody HCA66a)
or aa 35–53 (antibody HCA66b) of HCA66. Antibodies were purified by antigen-
affinity chromatography using a NHS-activated Sepharose 4B column (Pharmacia).

Expression vectors. Constructs encoding full-length HCA66, Apaf-1, or
truncated mutants were generated by PCR using modified complementary PCR
adapter-primers. Flag- and T7-epitope tagging was carried out by cloning the PCR-
generated cDNAs of the respective genes in-frame into pFLAG CMV-2 (IBI Kodak)
and pcDNA3-T7 (Invitrogen) vectors, respectively. GST tagging was done by
cloning the PCR-generated cDNAs together with GST cDNA in-frame into pET-28
vector (Novagen). To introduce silent mutations into the region of the HCA66 cDNA
targeted by the siRNA used in this study, the codons at amino acid positions 142
and 143 were mutated from GCT to GCC (codon 142) and TTG to TTA (codon 143).

Cell culture. Cells were cultivated either in Dulbecco’s modified Eagle medium
(DMEM; HeLa, MCF-7/Fas/Casp3 or 293 T cells) or RPMI 1640 (B lymphoblastoid

cells) (Gibco), supplemented with 10% fetal bovine serum, 200mg ml�1 penicillin
and 100 mg ml�1 streptomycin sulphate.

Transfection, immunoprecipitation and Immunoblot analysis
and GST pull-down analysis. 293 T cells (5� 105 cells) in 60 mm dishes
were transiently transfected with the expression plasmids using the JetPeit
(Polyplus Transfection) method as per the manufacturer’s instructions. Cells were
lysed, and the cellular lysates were immunoprecipitated and Western blotted as
described before.20 For endogenous immunoprecipitation, cells were lysed by
syringing (� 20) in buffer A (20 mM HEPES-KOH, pH 7.5, 10 mM KCl, 1.5 mM
MgCl2, 1 mM sodium EDTA, 1 mM sodium EGTA, 1 mM dithiothreitol and 0.1 mM
PMSF) and centrifuged at 15 000 g for 15 min. NP-40 and KCl were then added to a
final concentration of 0.5% and 100 mM, respectively and the protein complexes
were immunoprecipitated from the lysate with an anti-HCA66 (antibody HCA66b) or
the indicated antibodies immobilized on protein G-sepharose beads for 3 h at 41C.
The bead-bound proteins were then fractionated by SDS-PAGE and immunoblotted
with an anti-Apaf-1 antibody. For GST pull-down assays, GST fusion proteins were
overexpressed in Escherichia coli strain BL21 and equal amounts of proteins
were immobilized on glutathione-Sepharose beads. Labelled interacting proteins
were prepared by in vitro transcription and translation in the presence of
35[S]methionine using Promega’s T7-coupled transcription/translation TNT kit
according to the manufacturer’s recommendations. After translation, equal amounts
of the translation reactions were incubated with the protein-bound Sepharose beads
in 100ml of binding buffer (50 mM Tris-HCl, pH 7.6, 100 mm NaCl, 0.5% Brij, and
protease inhibitors) for 3 h at 41C. The beads were washed four times with the same
buffer, boiled in SDS sample buffer. The proteins were then resolved on SDS-PAGE
and visualized by autoradiography.

SiRNA transfection assay. The 21-nt-long interfering RNA duplexes with
two 30-end overhanging dT nucleotides on the antisense strand were synthesized
by Eurogentech. The sequences of the siRNA were for HCA66: 50-
(CCAGCUUUGUGGAUUAUGG)dTT-30 (nucleotides 421–439) and for control
siRNA: 50-(CGUUUAUUAUGAGCUGCGG)dTT-34. This control siRNA possess the
same nucleotide composition as HCA66 siRNA but which lacks significant sequence
homology to the genome. 293 T or HeLa cells were transfected with siRNAs or with
siRNA together with the indicated plasmids using the JetSi endo transfection kit
(Q-Biogene) as described by the manufacturer. B lymphoblastoid cells were
transfected with siRNA with the Amaxa biosystem according to the B-cell
transfection protocols provided by the manufacturer. HCA66 expression was
analysed by Western blotting 36–48 h post transfection.

Apoptosis and in vitro caspase-3/7 assays. HeLa or MCF7 cell lines
(1� 105 cells/well) in 12-well plates were transfected with 0.1mg of pEGFP-N1
(Clontech) reporter plasmid and the specified expression plasmids using the
JetPeit (Polyplus Transfection) method as per the manufacturer’s instruction, and
treated as indicated. Cells were then stained with Hoescht 33342 and normal and
apoptotic GFP-expressing cells were counted using fluorescent microscopy. The
percentage of apoptotic cells in each experiment was expressed as the mean
percentage of apoptotic GFP-expressing cells as a fraction of the total number
of GFP-expressing cells (n¼ 3). FACS analysis of apoptosis and mitochondrial

Figure 6 Reduced HCA66 expression and Apaf-1-dependent apoptosis in NF1 microdeleted patients-derived cell lines. (a) Quantitative real-time PCR for HCA66 in
control (Bwt), NF1 patients (B1, B2 and B3) and NF1 microdeleted patients (BM1, BM2 and BM3) derived lymphoblastoid cell lines. Quantification was performed by real-time
PCR using cyclosporine A as the endogenous control. Values are means7S.E. of three experiments expressed in arbitrary units. (b) Expression of HCA66 and apoptosome-
related molecules in used cell lines. Cytoplasmic cell extracts from the different cell lines were immunobloted with the indicated antibodies. (c) Reduced staurosporine-induced
apoptosis in NF1 microdeleted patients-derived cell lines. The indicated cell lines were exposed to staurosporine (0.2 mM) for 16 h or left untreated and the percentage of cells
that had become annexin V positive/PI negative was assessed by flow cytometry. Results are presented as the fold induction of cell death over untreated. Each bar represents
the mean7S.D. from three independent experiments. (d) Reduced staurosporine-induced caspase-3/7 activation in NF1 microdeleted patients-derived cell lines. The
indicated cell lines were exposed to staurosporine (0.2mM) for 5 h or left untreated and caspase-3/7 activity was measured as in Figure 3(c). Results are expressed as fold
increase in caspase-3/7 activation over untreated. Each bar represents the mean7S.D. from two independent experiments done in triplicate. (e) Staurosporine-induced
reduction in mitochondrial transmembrane potential is not modified in NF1 microdeleted patients-derived cell lines. The indicated cell lines were exposed to staurosporine
(0.2mM) for 16 h or left untreated. Mitochondrial transmembrane potential loss (DCm) was then determined by flow cytometry using DiOC6.

3 Each bar represents the
mean7S.D. from three independent experiments. (f) and (g) Deregulation of HCA66 protects NF1 patients-derived cell lines from apoptosis induced by staurosporine. (f) NF1
patients-derived cell lines were transfected with siRNA to HCA66 or mock siRNA using the Amaxa biosystem according to the manufacturer’s protocol. Cytoplasmic extracts
were immunobloted using anti-HCA66 (antibody HCA66a) or anti-tubulin, after 36 h transfection. (g) NF1 patients-derived cell lines were transfected with siRNA to HCA66 or
mock siRNA. After 36 h transfection, the cells were exposed to staurosporine (0.2 mM) for 16 h or left untreated and apoptosis induction was estimated as in (c)
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membrane potential modifications for HeLa cells transfected with siRNAs or B
lymphoblastoid cell lines from NF1 patients were realized as described previously.35

Caspase-3/7 activities were measured using the Apo-ONE Homogeneous
Caspase-3/7 Assay kit (Promega) according to the manufacturer’s protocol.
Assays were measured by detection with a fluorescence microplate reader
(FLUOstar OPTIMA, BMG Labtechnologies), and the fluorescence was measured
at an excitation/emission wavelength of 485/535 nm. Results are presented as the
mean values7S.D. of two independent experiments carried out in triplicate.

Gel filtration analysis of apoptosome assembly. S100 extracts were
prepared from HeLa cells transfected with mock or HCA66 siRNA in buffer A and
incubated at 301C for 30 min in the presence or absence of 1 mM cytochrome c
and 0.5 mM dATP. After treatment, lysates were fractionated by gel-filtration
chromatography using a Superdex-200 HR column (Amersham) pre-equilibrated
with buffer A at a flow rate of 0.4 ml/min. The column was calibrated with a Sigma
HMW gel-filtration protein standards kit. 0.4 ml fractions were collected. Aliquots of
40ml from each fraction were then analysed for Apaf-1, caspase-9 and HCA66 by
SDS-PAGE and immunoblotting. The biological activity of the apoptosome
complexes was assayed as published previously.36,37 Briefly, 100ml of the Apaf-
1-containing fractions were incubated with 100 nM of purified procaspase-3 for
30 min at 371C. Ac-DEVD-AMC (100mM) were then added and AMC release
was measured, at emission wavelength of 465 nm with an excitation wavelength of
360 nm, at various times. The DEVD-AMC cleaving activity was expressed as
normalized fluorescence produced after 3 h incubation at 371C.

Genotyping of NF1 patients. A two-step approach was used to identify NF1
gene large deletions. In the first step, patients were genotyped using four intragenic
microsatellite markers located in introns 1, 27 and 38. In the second step, patients
hemi-homozygous for all markers were analysed with a real-time quantitative PCR-
based gene dosage targeted on exons 6, 21, 28 and 48 of the NF1 gene with the
ALB gene as endogenous control, as described previously38 (primers sequences
available upon request). Results were reported to a normal DNA control. Samples
with a value of 0.5 are considered to be deleted at least from exon 6 to 48.

Establishment of B-cell lines from PBMCs of NF1 patients. B
lymphoblastoid cell lines were generated from peripheral blood mononuclear cells
(PBMCs) by Epstein–Barr virus (EBV) immortalization. The cells were then
passaged by partial medium change every 3–4 days.

Nucleic acid extraction and preparation of cDNA templates. RNA
was isolated from lymphoblastoid cells using an RNeasyt Mini Kit and an RNase-
Free DNase Set (QIAGEN). Oligo(dT) primed cDNA was prepared from this RNA by
reverse transcription using a SuperScriptt III First-Strand Synthesis System for
RT-PCR kit (Invitrogen).

Real-timequantitative RT-PCR. The relative expression level of transcripts
for HCA66 was quantified by real-time RT-PCR using the SYBR-Green PCR Master
Mix on an ABI PRISM 7300 Sequence Detection System (Applied Biosystems,
France), according to the manufacturer’s instructions. A nontemplate control was
run with each assay and the cyclophilin A housekeeping gene was used as an
endogenous control (primers sequences available upon request). The relative
amount of each mRNA was estimated using a standard curve constructed from
serial dilutions of cDNA. The results are expressed in arbitrary units and are the
average of three separate experiments (Mean7S.D., n¼ 3).

Acknowledgements. We are grateful to Dr. Emad Alnemri (Thomas Jefferson
University, Philadelphia, PA, USA) and Dr. Wei-Feng Chen (Peking University
Health Science Center, Beijing, People’s Republic of China) for sharing reagents.
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