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Activation of caspases is an integral
part of the apoptotic cell death pro-

gram. Collectively, these proteases target
hundreds of substrates, leading to the
hypothesis that apoptosis is “death by a
thousand cuts”. Recent work, however,
has demonstrated that caspase cleavage of
only a subset of these substrates directs
apoptosis in the cell. One such example
is C. elegans CNT-1, which is cleaved by
CED-3 to generate a truncated form,
tCNT-1, that acquires a potent phos-
phoinositide-binding activity and trans-
locates to the plasma membrane where it
inactivates AKT survival signaling. We
report here that ACAP2, a homolog of C.
elegans CNT-1, has a pro-apoptotic func-
tion and an identical phosphoinositide-
binding pattern to that of tCNT-1,
despite not being an apparent target of
caspase cleavage. We show that knock-
down of ACAP2 blocks apoptosis in
cancer cells in response to the chemother-
apeutic antimetabolite 5-fluorouracil and
that ACAP2 expression is down-regu-
lated in some esophageal cancers, leuke-
mias and lymphomas. These results
suggest that ACAP2 is a functional
homolog of C. elegans CNT-1 and its
inactivation or downregulation in human
cells may contribute to cancer develop-
ment.

The caspases (cysteine aspartic acid pro-
teases) are a class of proteases with diverse
roles in cellular physiology including dif-
ferentiation, inflammation and cell
death.1–3 Caspases play a critical role in
apoptosis, where they collectively target

hundreds of proteins. One prevailing view
is that caspases drive apoptosis through a
mass action effect due to hundreds of pro-
teolytic cleavage events that lead to cellular
disassembly and cell death.4 Recent stud-
ies, however, suggest that proteolysis of
most substrates may simply be a bystander
effect and that caspase cleavage of key pro-
teins controlling a few specific cellular
processes is what functionally drives apo-
ptosis.5 Although much of the work to
date has focused on factors acting
upstream of caspase activation, it is
becoming increasingly clear that events
downstream of this commitment step are
also tightly regulated and critically impor-
tant for apoptosis. Presently, there is evi-
dence of requirements for caspase-
mediated control of the BCL2 family of
anti-apoptotic proteins, mitochondrial
elimination, chromosome fragmentation,
phosphatidylserine externalization, and, as
we have recently reported, inactivation of
the AKT survival signaling pathway in
programmed cell death (Table 1).6-10

Therefore, a more thorough understand-
ing of physiologically relevant caspase tar-
gets will increase our understanding of
apoptosis in the context of animal devel-
opment and disease.

Caspase Control of Apoptosis

While hundreds of reported and pre-
dicted caspase substrates exist, depletion
of many of them has little or no impact
on apoptosis.11 Conversely, a substantial
body of work has demonstrated that some
caspase substrates actively drive apoptosis
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either by activating a cell-killing event or
by inactivating a survival function. The
BCL2 family (B-Cell Lymphoma-2)

includes key com-
ponents of the cell
death machinery,
and contains both
pro- and anti-apo-
ptotic members
that perform inte-
gral roles in pro-
grammed cell
death.12 Intrigu-
ingly, members of
the BCL2 family
act both upstream
and downstream of

caspase activation. BCL2 itself inhibits
apoptosis through direct interactions with
the pro-apoptotic family members BAX

and BAK, which form pores in mitochon-
dria to facilitate cytochrome C release.12

The C. elegans BCL2 homolog CED-9
was one of the first substrates discovered
for the C. elegans caspase CED-3.6,13,14

Subsequent studies demonstrated that
human BCL2 is also a caspase substrate
and that its cleavage is required for effi-
cient apoptosis.15 These early studies dem-
onstrated an important regulatory role for
caspase cleavage of a specific substrate, in
this case, a potent survival factor
(Table 1).

Studies elucidating mitochondrial
functions in apoptosis have steadily
expanded over the years. One new obser-
vation in mitochondrial apoptosis is that

Table 1 Human homologues of functional caspase targets in C. elegans. A
summary of identified caspase substrates and caspase downstream events
important for cell death execution in C. elegans and humans

Functional Caspase Targets

C. elegans Human Downstream Events

CED-9 BCL2 Inactivation of apoptosis inhibitors
DRP-1 DRP1* Mitochondrial elimination
DCR-1 DFF40/45# Chromosome fragmentation
CED-8 XKR8 PS externalization
CNT-1 ACAP2 Inactivation of AKT signaling

*Roles of DRP1 and FIS1 in apoptosis related mitochondrial elimination have
not been extensively tested.
#Proteins have similar functions but are not homologous

Figure 1. ACAP2 is a mammalian homolog of CNT-1. (A) Sequence alignment of 2 C. elegans CNT-1 isoforms (CNT-1a and CNT-1b) with human ACAP2
and ACAP3. Residues that are identical in all 4 proteins are shaded in yellow and residues that are identical in 3 of the 4 proteins are shaded in blue. The
PH domain is underlined. The black arrowhead indicates the conserved lysine residue critical for lipid binding. The red arrow indicates the CED-3 cleav-
age site in CNT-1. (B) Schematic alignment of ACAP2 with CNT-1a with conservation information.
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the dismantling of the mitochondrial net-
work by the mitochondrial fission proteins
DRP1 and FIS1 can promote apopto-
sis.16,17 Interestingly, CED-3 caspase
cleavage of DRP-1 in C. elegans activates
a pro-apoptotic DRP-1 fragment that
acts with full length DRP-1 to promote
mitochondrial elimination and apoptosis,
indicating that DRP-1 can act down-
stream of the caspases to facilitate apopto-
tic progression.7

Chromosomal fragmentation is a hall-
mark of apoptosis that facilitates the cell
death process. In mammals, this fragmen-
tation is carried out by a number of nucle-
ases, including the 40 kDa DNA
Fragmentation Factor (DFF40).18 DFF40
is kept in check by its inhibitor, DFF45, a
substrate of caspase-3.18-20 Although C.
elegans has no predicted homologs of
either of these proteins, DCR-1 (a

homolog of human Dicer ribonuclease), is
cleaved by CED-3, which converts it from
an RNase to a DNase that directly ini-
tiates the chromosome fragmentation pro-
cess.8 This represents a remarkable
example of functional conservation via
divergent mechanisms (Table 1).

Within organisms, apoptotic cell
corpses are rapidly cleared by phagocy-
tosis, thus preventing inflammatory pro-
cesses triggered by release of
intracellular contents. A major mecha-
nism by which this is accomplished is
the externalization of phosphatidylserine
(PS) to the outer surface of the plasma
membrane (PM), which serves as a
marker for macrophage engulfment.21

While the exact mechanism of PS exter-
nalization remains poorly understood,
two studies recently showed that the
mammalian protein XKR8 (XK, Kell

blood group complex subunit-related
family, member 8) and its C. elegans
homolog, CED-8, are important for PS
exposure in apoptotic cells and that this
activity requires a caspase cleavage
event.9,22 Importantly, XKR8 is epige-
netically silenced in a number of human
cancer cell lines, including acute non-
lymphocytic leukemia (ANLL) and
Burkitt’s lymphoma (BL), hinting that
this protein may have a tumor suppres-
sive function.

The PI3K-AKT-mTOR pathway
controls a wide range of cellular func-
tions, ranging from cell proliferation,
metabolism and cell survival, and repre-
sents a prime target for chemotherapeu-
tic intervention due to the oncogenic
potential of its components.23 We
recently discovered a novel mechanism
for inactivating AKT during apoptosis

Figure 2. ACAP2 has an identical lipid-binding pattern to that of CNT-1. (A) Neither ACAP2 nor ACAP3 is cleaved by caspase-3 in vitro. PARP, ACAP2 and
ACAP3 were synthesized and labeled with S35-Methionine(*) in rabbit reticulocyte lysate, incubated with or without 1 unit of purified caspase-3 for
2 hours, and then resolved by 15% SDS-PAGE. (B) ACAP2 and ACAP3 are not cleaved during apoptosis. HCT116 cells were treated with DMSO or 375 mM
5FU for 24 hours and cell lysates subjected to immunoblotting. ACAP2 and ACAP3 are not cleaved during apoptosis, whereas Caspase-3, Caspase-8, and
PARP are. Nucleolin serves as a loading control. (C) ACAP2, but not ACAP3, displays a similar phosphoinositide binding activity to that of tCNT1a. ACAP2,
ACAP3, and GST-tCNT-1a were synthesized and labeled with S35-MET(*) as in A and quantified as described in Materials and Methods. 40 nM of each pro-
tein was then added to the membrane strips.
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by means of a screen for suppressors of
activated CED-3. We found that CNT-
1 (Centaurin 1), a protein containing
a Pleckstrin Homology (PH) domain, is
cleaved by CED-3, to generate a trun-
cated CNT-1 (tCNT1), which has a
potent phosphoinositide-binding activ-
ity. In turn, tCNT-1 translocates to the
inner leaflet of the PM where it com-
petes with AKT for binding to PIP3,
thus suppressing AKT activity.10 While
CNT-1 possesses no PIP3 binding abil-
ity, tCNT-1 binds to PIP3 through its
PH domain with »100-fold greater
affinity than AKT. This work uncovered
a previous unknown link between cell
death and cell survival signaling

pathways. We now report a putative
human homolog of CNT-1, ACAP2,
which has a similar phosphoinositide
binding pattern to that of tCNT-1 and
a pro-apoptotic function in human can-
cer cells.

Human CNT-1 Homolog ACAP2
has a Pro-Apoptotic Role in

Cancer Cells

To investigate whether CNT-1 has
human homologs, we performed a
BLAST analysis that identified ACAP2
and ACAP3 (Fig. 1A). The ACAP (Arf-
Gap with coiled-coil, ankyrin repeat and

PH domains) family consists of 4 mem-
bers in humans; ACAP1, ACAP2,
ACAP3 and ASAP3. Relatively little is
known about these ACAP proteins,
though ACAP2 is a demonstrated
RAB35 effector and a GTPase activating
protein (GAP) for ARF6.24-26 We
focused our studies on ACAP2 and
ACAP3, as these proteins display the
most significant homology with CNT-1
(33% identical, 50% similar and 35%
identical, 53% similar, respectively), espe-
cially within their PH domains (52%
identical, 75% similar and 52% identical,
76% similar, respectively, Fig. 1B),
which is the critical domain for tCNT-1-
mediated AKT inactivation.

Figure 3. Knockdown of human ACAP2 reduces 5FU-induced apoptosis in cancer cells. (A, C) HCT116 cells stably expressing shRNAs targeting ACAP2,
ACAP3, or a non-targeting control (Ctrl) were treated with 375 mM 5FU for 24 hours prior to analysis of phosphatidylserine externalization (Annexin V)
via flow cytometry. Where indicated, cells were pretreated with 2 mM Z-VAD-FMK for 1 hour. (B) A549 cells stably expressing shRNAs targeting ACAP2 or
a non-targeting control (Ctrl) were treated and analyzed as in A. All Data shown represent at least 3 independent experiments C/¡ SEM. P-values were
calculated using Student’s t-test (unpaired, 2-tailed). (D) Immunoblots showing degree of ACAP2 and ACAP3 knockdown for 2 independent shRNAs.
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Figure 4. For figure caption, see page 1776.
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We first tested whether these proteins
were caspase substrates. Interestingly, while
both ACAP2 and ACAP3 are proteolytic
cleavage targets in the Degrabase,27 neither
appear to be caspase-3 substrates in vitro or
cleaved in response to the chemotherapeu-
tic antimetabolite 5-fluorouracil (5FU) in
vivo in HCT116 colorectal cancer cells
(Fig. 2, A and B). We next examined their
phospholipid binding ability and found
that, whereas ACAP3 does not have any
detectable lipid binding, ACAP2 has an
identical phosphoinositide-binding pattern
to that of tCNT-1 (Fig. 2C).

To determine whether these two
CNT-1 homologs can promote apoptosis,
we generated cell lines stably expressing
short-hairpin RNAs (shRNAs) targeting
ACAP2 or ACAP3 and tested if 5FU-
induced apoptosis is compromised in
these cell lines. Knockdown of ACAP2
with two independent shRNAs reduces
5FU-induced apoptosis in HCT116 colo-
rectal carcinoma cells and this effect is
exacerbated by a partial blockage of
apoptosis with the pan-caspase inhibitor
Z-VAD-FMK (Fig. 3A), similar to the
enhanced apoptosis inhibition observed in
the cnt-1(tm2313); ced-3(n2438) double
mutant worm, in which the CED-3 cas-
pase is partially compromised.10 ACAP2
knockdown similarly reduces apoptosis in

response to 5FU in A549 non-small cell
lung cancer cells (Fig. 3B), which are
slightly more resistant to 5FU-induced
killing than HCT116 cells. In both
HCT116 and A549 cells, ACAP2
shRNA#2, which reproducibly has a
greater effect in reducing the level of
ACAP2 expression than ACAP2 shRNA
#1, shows a stronger apoptosis inhibitory
effect (Fig. 3A, B, D). Conversely, neither
of the two shRNAs targeting ACAP3
reduced apoptosis in HCT116 cells.
Instead, loss of ACAP3 appears to increase
levels of apoptosis, even in untreated cells,
indicating a potential pro-survival role for
this protein (Fig. 3C). Together, these
data demonstrate that while ACAP2 does
not appear to be a cleavage target of cas-
pases in our system, it does bind to PIP3
and has a pro-apoptotic role in cancer
cells. This raises the interesting question
of how ACAP2 pro-apoptotic activity is
controlled in living cells.

ACAP2 is Downregulated in
Specific Cancer Types

We next surveyed the Oncomine data-
base and found that ACAP2, but not
ACAP3, is downregulated in a number of
cancers including esophageal cancer, and

similarly to XKR8, in leukemia and lym-
phoma (Fig. 4).22 Furthermore, analysis of
theCOSMIC(catalog of somaticmutations
in cancer, http://cancer.sanger.ac.uk/can-
cergenome/projects/cosmic/) database
revealed that while both ACAP2 and
ACAP3 are the targets of somatic muta-
tions, only ACAP2 has multiple identical
mutations within the PH domain
(Table 2).28 Additionally, SIFT (Sorting
Tolerant From Intolerant) predicts that
all reported G707 mutations are deleteri-
ous, as are the A114 mutations in
ACAP3 (Table 2). These data highlight
ACAP2 as a potential tumor suppressor,
however, further studies are required to
solidify the role of ACAP2 mutations in
cancer progression.29 Taken together,
these results indicate that ACAP2 plays a
pro-apoptotic role in human cells and its
inactivation or downregulation may con-
tribute to cancer development. Support-
ing this notion, one recent study
implicated somatic ACAP2 mutations in
Imatinib-resistant
dermatofibrosarcoma.30

Although ACAP2 does not appear to
be a direct caspase target, it shares two
important characteristics with tCNT-1.
First, it has an identical lipid-binding pat-
tern to that of tCNT-1, including PIP3
binding. Second, it has a pro-apoptotic

Figure 4 (See previous page) Oncomine analysis of ACAP2 and ACAP3 expression levels in cancer versus normal cells. (Left) A summary of comparisons
of ACAP2 and ACAP3 expression levels in different cancer vs. normal tissue datasets. The bottom rows in each case indicate the total number of unique
analyses and the number of unique analyses that show significant overexpression (red) or underexpression (blue) of the target gene in the cancer sam-
ples relative to the normal tissue samples. Color intensity indicates the percentile rank of genes (key at bottom) displaying significant overexpression or
underexpression. (Right) Box and whisker plots of representative studies profiling decreased expression of ACAP2 in esophageal cancer, leukemia and
lymphoma. Details include study name, P-value, t-test score and fold change. Tissue or cancer type is indicated below the plots with the number of ana-
lyzed samples indicated in parentheses.

Table 2 Mutations in ACAP2 and ACAP3 in COSMIC database. Summary of non-synonymous mutations in ACAP2 and ACAP3 with multiple reports in COS-
MIC. Columns include mutation in coding sequence, AA (amino acid) Mutation, COSMIC Mutation ID, number of reports in COSMIC and mutation type

ACAP2

CDS Mutation AA Mutation Mutation ID Count Type

c.1046G > A p.R349H 209355 2 Substitution-Missense
c.1532A> G p.K511R 1421812 1 Substitution-Missense
c.1532A> T p.K511I 50517 1 Substitution-Missense
c.2119G > T p.G707W 318470 1 Substitution-Missense
c.2119_2120GG > TC p.G707 > ? 308804 1 Complex
c.2120G > C p.G707A 318469 1 Substitution-Missense

ACAP3
CDS Mutation
c.340G > T p.A114S 4021389 1 Substitution-Missense
c.341C > T p.A114V 3472433 1 Substitution-Missense
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role in the cell. Perhaps, like DCR-1 and
DFF40/DFF45 in chromosome fragmen-
tation, ACAP2 and tCNT-1 play similar
roles in disabling AKT signaling through
competing for PIP3 binding, but are
activated through different mechanisms.
Further studies of ACAP2 action and
regulation in the cell will be important
for understanding the contribution of the
ACAP family to apoptosis.

Conclusions and Future
Perspectives

Caspase activation is considered to be
the point of no return for cell death and a
crucial checkpoint for uncontrolled cell
proliferation and cancer prevention. As
such, much attention has been focused on
studying upstream regulators of caspases
and therapeutic manipulation of these reg-
ulators. However, increasing evidence sug-
gests that effectors acting downstream of
caspases are also important for apoptosis
execution, and similarly could play impor-
tant roles in suppressing uncontrolled cell
proliferation. It will be interesting to
determine whether the collective action of
multiple caspase downstream effectors is
sufficient to activate apoptosis. Identifica-
tion of additional downstream effectors
will continue to unravel novel modes of
regulation in the apoptotic cascade post
caspase activation. One intriguing ques-
tion which has arisen from the newly
defined roles of these caspase downstream
effectors is whether or not they are addi-
tive in their contributions to the apoptotic
process. Further study into the roles of
human FIS1, DRP1 and ACAP2 is also
required to determine whether FIS1 and
DRP1 are involved in apoptotic mito-
chondrial fragmentation and to determine
the mechanism of activation of ACAP2.

Materials and Methods

Lipid binding assays
tCNT-1a, ACAP2 and ACAP3 were

synthesized and labeled with 35S-Methio-
nine using the TNT system as described
previously.10 Membrane strips containing
various lipids (Echelon Biosciences) were
blocked in 3% fatty-acid free bovine

serum albumin (Sigma) in PBST (PBS C
0.01% Tween 20) for 1 hour and washed
3 times with PBST. The membrane strips
were then incubated with the labeled pro-
teins in PBST at 1/1,000 dilution for
1 hour at room temperature. After wash-
ing 3 times with PBST, the membrane
strips were subjected to autoradiography.

Cell culture, lentiviral work, and drug
treatments

Cell culture, lentiviral work and drug
treatments were performed as described.31

HCT116 cells were cultured in McCoy’s
5A Medium and A549 cells in DMEM/
F12 (Media from Gibco). Media were
supplemented with 10% (v/v) FBS (SAFC
Biosciences) and antibiotic/antimycotic
mix (Gibco Cat. No. 15240). shRNA cell
lines were generated via linear polyethele-
nimine transfection of HEK293FT cells
with pLKO vectors (University of Colo-
rado-Functional Genomics Facility) for
48 hours, followed by a 24-hour transduc-
tion of target cells with polybrene. Trans-
duced cells were selected with 10 mg/mL
puromycin (Sigma). 5FU (Sigma) and Z-
VAD-FMK (Tocris) were solubilized in
DMSO and used to treat cells at the indi-
cated concentrations for the indicated
times.

shRNA sequences: Non-Targeting: 50

CCGGCAACAAGATGAAGAGCAC-
CAAC-TCGAGTTGGTGCTCTT-
CATCTTGTTGTTTTT 30

ACAP2 #1: 50 CCGGCCTAGCTTT-
CATACACATAATCTCGAGAT-
TATGTGTA-TGAAAGC-
TAGGTTTTTG 30

ACAP2 #2: 50 CCGGCCAG-
TATTGCTACTGCTTATACTCGAG-
TATAAGCAGT-AGCAA-
TACTGGTTTTTG 30

ACAP3 #1: 50 CCGGCCAG-
CAACGCTTTCAAGACATCTCGAG-
ATGTCTTGAA-
AGCGTTGCTGGTTTTTTG 30

ACAP3 #2: 50 CCGGCGATGAGTC-
CAAAGTGGAGTTCTCGAGAACTC-
CACTT-TGGACTCATCGTTTTTTG

Flow cytometry and immunoblotting
Cells were harvested by trypsinization

and washed once in PBS. 1 £ 105 cells
were resuspended in 100 mL Annexin
V binding buffer (10 mM HEPES,

140 mM NaCl, 2.5 mM CaCl2) with
5 mL of Annexin V-FITC (Life Technolo-
gies Cat. No. A13199) for 10 minutes at
room temperature in the dark. An addi-
tional 400 mL of Annexin V Binding
Buffer were added to each sample and
they were analyzed on an Accuri C6 Flow
Cytometer. Antibodies used for western
blots are as follows: Caspase-3 (Cell Sig-
naling Technology, Cat. No. 9661), Cas-
pase-8 (Cell Signaling Technology, Cat.
No. 9746), Actin (Santa Cruz Biotechnol-
ogy, Cat. No. sc-1616), Nucleolin (Santa
Cruz Biotechnology, Cat. No. sc-8031),
ACAP2 (Santa Cruz Biotechnology, Cat.
No. sc-48959), ACAP3 (Abcam, Cat. No.
ab100851), and PARP (Enzo Life Scien-
ces, Cat. No. BML-SA250).
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