Proc. Natl. Acad. Sci. USA
Vol. 94, pp. 157-162, January 1997
Cell Biology

Resistance of actin to cleavage during apoptosis
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ABSTRACT A small number of cellular proteins present
in the nucleus, cytosol, and membrane fraction are specifically
cleaved by the interleukin-13-converting enzyme (ICE)-like
family of proteases during apoptosis. Previous results have
demonstrated that one of these, the cytoskeletal protein actin,
is degraded in rat PC12 pheochromocytoma cells upon serum
withdrawal. Extracts from etoposide-treated U937 cells are
also capable of cleaving actin. It was assumed that cleavage of
actin represented a general phenomenon, and a mechanism
coordinating proteolytic, endonucleolytic, and morphological
aspects of apoptosis was proposed. We demonstrate here that
actin is resistant to degradation in several different human
cells induced to undergo apoptosis in response to a variety of
stimuli, including Fas ligation, serum withdrawal, cytotoxic
T-cell killing, and DNA damage. On the other hand, cell-free
extracts from these cells and the ICE-like protease CPP32
were capable of cleaving actin in vitro. We conclude that while
actin contains cleavage sites for ICE-like proteases, it is not
degraded in vivo in human cells either because of lack of access
of these proteases to actin or due to the presence of other
factors that prevent degradation.

Apoptosis or programmed cell death is a physiological mech-
anism responsible for the elimination of unwanted cells during
the process of development and the removal of self-reactive
lymphocytes (1, 2). The biochemical mechanisms underlying
apoptosis remain unclear, but several genes implicated in the
process have been identified (reviewed in refs. 3 and 4). It is
evident from recent results that a growing family of cysteine
proteases which share similarity with the interleukin-13-
converting enzyme (ICE) play a central role in the execution
phase of apoptosis (reviewed in refs. 5 and 6). Identification of
this family of ICE-like proteases is largely due to investigations
of the regulation of cell death in Caenorhabditis elegans (7). In
these studies several genes controlling cell death, including
ced3, ced4, and ced9, have been identified. Yuan et al. (8)
demonstrated significant sequence homology between Ced3
and ICE, which cleaves inactive pro-interleukin-1p to an active
form (9), and overexpression of this protein in fibroblasts
resulted in apoptosis (10). To date, eight homologs of ICE have
been isolated, including Nedd2/Ich-1 (11, 12), CPP32/
Apopain/Yama (13-15), TX/ICE,lI (16, 17), TY/ICE,III
(17, 18), Mch 2 (19), Mch 3/ICE-LAP3 (20, 21), Mch 4 (22),
and FLICE (23). Those proteases share similar structural
features, contain an active site QACRG pentapeptide, and are
unique in their requirement for an Asp residue at the P1
position in the cleavage site (6). Further support for a role for
ICE-like proteases in apoptosis are the observations that some
of these enzymes are activated by different stimuli that cause
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apoptosis (21, 24, 25); overexpression of mutated or truncated
forms fail to induce apoptosis (12, 13, 15); and specific
inhibitors, designed on the substrate cleavage sites, prevent
apoptosis (14).

Recent evidence points to a cysteine protease cascade in
apoptosis acting at two levels, initially interacting with and
cleaving each other in an apparently hierarchical fashion for
activation (22, 26), followed by degradation of a small number
of protein substrates that play important roles in cell function
or structure (5, 6). The best-described substrate is poly(ADP-
ribose) polymerase (PARP), which is activated by DNA dam-
age to poly(ADP-ribosyl)ate a number of nuclear proteins and
facilitate DNA repair (27, 28). PARP is cleaved by CPP32 and
Mch3 (14, 20, 29) and with lower efficiency by Nedd2, ICE,
TX, and Mch2 (19, 30). The degradation of PARP is expected
to interfere with DNA repair and facilitate DNA fragmenta-
tion. Degradation of a second enzyme involved in the recog-
nition and repair of DNA damage, DNA-dependent protein
kinase (DNA-PK) is also observed during apoptosis (31-34).
Other proteins thought to be targets for ICE-like proteases
include the Ul 70-kDa protein component of the small ribo-
nucleoprotein Ul SnRNP (35); topoisomerases (36, 37), nu-
clear lamins (36, 38, 39); the transcription factors SREBP-1
and 2 (40), Gas 2 (41), and protein kinase C& (42).

Cleavage of another substrate, actin (43), and the actin-
associated protein fodrin (44) may contribute to the morpho-
logical changes characteristic of apoptosis, and it has been
suggested that cleavage of actin may allow for the activation of
DNase 1 and the subsequent fragmentation of DNA (43).
However, while actin has been shown to be a substrate of ICE
and ICE-like proteases, these data were largely acquired with
lysates prepared from cells undergoing apoptosis (43, 45).
Degradation of actin was demonstrated in response to serum
withdrawal in rat PC12 cells at 24 and 48 h after withdrawal
(43), but the pattern of cleavage differed from that in vitro. We
have carried out an extensive investigation of the fate of actin
in different cell types in response to a variety of stimuli that
cause apoptosis, and we failed to observe degradation. As in
previous studies, we observed that cell-free extracts prepared
from cells undergoing apoptosis and recombinant ICE-like
proteases cleave this substrate. These results demonstrate that
while a protein may contain recognition sites for an ICE-like
protease and be cleaved in vitro, enzyme access or other factors
may prevent its degradation during apoptosis.

MATERIALS AND METHODS

Reagents. An anti-human Fas monoclonal antibody (clone
CH-11) was from Upstate Biotechnology (Lake Placid, NY).

Abbreviations: ICE, interleukin-1B-converting enzyme; PARP, poly-
(ADP-ribose) polymerase; DNA-PK, DNA-dependent protein kinase;

DNA-PKGcs, catalytic subunit of DNA-PK; CTL, cytotoxic T lympho-

cyte; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-

sulfonate.

TTo whom reprint requests should be addressed. e-mail: gizhongS@
gimr.edu.au.



158 Cell Biology: Song et al.

Rabbit skeletal muscle actin and an anti-actin polyclonal
antibody against the C-terminal 11 amino acids of actin were
obtained from Sigma. An anti-actin monoclonal antibody
against amino acid region 23-34 of actin was from Boehringer
Mannheim. Apoptosis-inducing agents (etoposide, EDTA,
EGTA) were obtained from Sigma. DPK1, a polyclonal anti-
body against amino acid region 2018-2136 of DNA-PKcs, the
catalytic subunit of DNA-PK, was used for immunoblotting of
this protein.

Cell Lines and Culture Conditions. The Burkitt lymphoma
cell lines BL30A, BL30K, BM13674, WW2, and BL18 (33), the
monocytic cell line U937, the lymphocytic leukemia Molt-4
cell line, and HeLa cells were maintained in RPMI-1640
medium containing 10% heat-inactivated fetal calf serum at
37°C under a humidified atmosphere containing 5% CO,.
Cells were induced to undergo apoptosis by exposure to
etoposide (40 uM), EGTA (5§ mM), or EDTA (10 mM); by
exposure to 20 Gy of y-irradiation from a 37Cs source (4
Gy/min); by withdrawal of serum for 24 h; by Fas ligation for
10 h (50 ng/ml anti-Fas antibody); or by cytotoxic T-cell
killing. Apoptosis was determined by change in cell morphol-
ogy, which was evaluated by using fluorescence microscopy
with cells stained with 4’,6-diamidino-2-phenylindole dihydro-
chloride (DAPI) (1 pg/ml).

Cytotoxic T lymphocyte (CTL)-Mediated Apoptosis. The
CTL clone LC13 is HLA BS8-restricted and recognizes the
epitope FLRGRAYGL. In this system CTLs act as both
effector and target cells (46). For CTL-mediated cytolysis,
peptide FLRGRAYGL (10 uM) was added to U-shaped
microtiter wells containing 10° cells and incubated for 15 min
at 37°C prior to centrifugation at 200 X g and further incu-
bation at 37°C for the times indicated in individual experi-
ments, prior to harvesting and extraction of proteins. An
irrelevant peptide, EENLLDFVRE (10 uM), was used as a
control. An HLA B44-restricted clone, but not clone LC13,
recognizes this Epstein—Barr virus epitope (46).

Immunoblotting. After the various treatments, cells were
pelleted at 200 X g, washed twice in ice-cold PBS at pH 7.2,
and lysed in buffer (50 mM Tris'HCI/150 mM NaCl/2 mM
EDTA/2 mM EGTA/25 mM NaF/25 mM B-glycerol phos-
phate, pH 7.5) containing 0.2% Triton X-100, 0.3% Nonidet
P-40, 0.1 mM sodium vanadate, 0.1 mM phenylmethanesulfo-
nyl fluoride (PMSF), leupeptin (5 wg/ml), and aprotinin (5
pg/ml). Electrophoresis was performed on 20 pg of protein
sample in loading buffer on SDS/8% or 14% polyacrylamide
gels, proteins were transferred to poly(vinylidene difluoride)
(PVDF) membranes, and blots were probed with different
antibodies.

Preparation of Bacterial Lysates and Assay of Protease
Activity. Mch2a, TX, and CPP32 bacterial lysates were pre-
pared as described (20). In brief, exponentially growing bac-
teria carrying the protease expression plasmids were induced
with 1 mM isopropyl 1-thio-B-D-galactopyranoside for 3-6 h
and then lysed by sonication in a lysis buffer containing 25 mM
Hepes at pH 7.5, 5 mM EDTA, 2 mM DTT, and 0.1%
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfon-
ate (CHAPS). The lysates were centrifuged at 16,000 X g for
10 min, and the clear bacterial extracts were collected. To
confirm that the recombinant peptides were active, 4-ul ali-
quots of the extracts were incubated with 5 ul of the fluoro-
genic peptide DEVD-AMC (final concentration, 50 uM) for
different periods of time, and the release of 7-amino-4-
methylcoumarin (AMC) was measured by spectrofluorometry
as described previously (47).

In Vitro Actin Cleavage by CPP32, Mch2«, and TX Pro-
teases. Recombinant forms of the ICE-like proteases CPP32,
Mch2e«, and TX were prepared as bacterial lysates as described
above, and activities of these lysates were determined. For
cleavage of actin, 10-ul aliquots of the bacterial extracts were
incubated with 0.4 ug of purified protein in a 20-ul reaction
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volume containing 25 mM Hepes at pH 7.5, 5 mM EDTA, 5
mM DTT, and 0.1% CHAPS for 1 h at 37°C. The reactions
were terminated by addition of 5 ul of 5X loading buffer
followed by SDS/PAGE and immunoblotting with the appro-
priate antibody.

Preparation of Extracts for Actin Cleavage in Vitro. Cell
extracts were prepared from BL30A cells treated with 40 uM
etoposide, 6 h after treatment. Cells were pelleted at 200 X g,
washed twice in ice-cold PBS at pH 7.2, and then lysed by
sonication in lysis buffer containing 25 mM Hepes at pH 7.5,
5mM EDTA, 2 mM DTT, 0.1% CHAPS, 1 mM phenylmeth-
anesulfonyl fluoride, and aprotinin, leupeptin, and pepstatin at
2 pg/ml each. The lysates were centrifuged at 16,000 X g for
10 min, and the supernatants were collected and stored at
—20°C until required. For cleavage of actin, extracts (20 ug of
total protein) were incubated with 0.4 ug of purified protein
in 20-ul reaction volumes containing 25 mM Hepes at pH 7.5,
5mM EDTA, 5 mM DTT, and 0.1% CHAPS for 1 h at 37°C
prior to separation by SDS/PAGE and immunoblotting with
antibody.

RESULTS

Cleavage of Actin by ICE-Like Proteases in Vitro. Previous
studies have shown that both ICE and an unidentified ICE-like
protease are capable of cleaving actin in cell lysates (43, 45).
We have utilized a number of recombinant ICE-like proteases
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Fic. 1. Cleavage of actin by ICE-like proteases and extracts from
etoposide-treated BL30A cells. (4) Immunoblotting with a monoclo-
nal antibody against the N terminus of actin, amino acids 23-34. Lane
1, actin alone; lane 2, CPP32 + actin; lane 3, TX + actin; lane 4, Mch2«
+ actin; lane 5, extracts from cells undergoing apoptosis + actin; and
lane 6, extracts from cells undergoing apoptosis. (B) Immunoblotting
with a polyclonal antibody against the C-terminal 11 amino acids of
actin. Lane 1, actin alone; lane 2, CPP32 + actin; lane 3, extracts from
cells undergoing apoptosis + actin; and lane 4, extracts from cells
undergoing apoptosis.
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to investigate the cleavage of actin in more detail. Use of a
monoclonal antibody recognizing amino acid residues 23-34 of
actin demonstrated that CPP32 cleaved actin into one major
fragment of 30 kDa (Fig. 14, lane 2); at longer periods of
incubation the amount of the 30-kDa fragment increased and
further degradation of this fragment was evident (results not
shown). Degradation to the 30-kDa fragment was identical to
that observed when extracts from a Burkitt lymphoma cell line
(BL30A), induced to undergo apoptosis with etoposide (40
uM), were incubated with purified actin (Fig. 14, lane 5). In
this case also the 30-kDa fragment was further degraded with
time (results not shown). Mashima et al (45) have previously
reported a similar pattern of actin degradation in extracts from
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FiG. 2. Lack of cleavage of actin during apoptosis induced by
etoposide in BL30A cells. (4) A polyclonal antibody against the
C-terminal 11 amino acids of actin was used for the immunoblot. (B)
Immunoblotting with a monoclonal antibody against amino acid region
23-34 of actin. (C) Time course of cleavage of DNA-PKcs after
exposure of BL30A cells to 40 uM etoposide. DNA-PKcs was detected
by using a polyclonal antibody against amino acid region 2018-2136 of
DNA-PKcs (DPK1).
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etoposide-treated U937 cells. Very little cleavage was obtained
when actin was treated with recombinant Mch2a and the
fragment was less than 30 kDa (Fig. 14, lane 4), and no
cleavage was detected with TX protease (lane 3) or when
extracts only were used (lane 6). Since the monoclonal anti-
body was directed against the N terminus of actin, we also
employed a polyclonal antibody against the C-terminal 11
amino acids of actin that, on the basis of the cleavage pattern
described elsewhere (43) and in Fig. 14, was predicted to
detect a 14-kDa fragment. This antibody detected a fragment
of the expected size, when either the recombinant enzyme
CPP32 (Fig. 1B, lane 2) or extracts from BL30A cells under-
going apoptosis (lane 3) were incubated with actin. The
additional bands in lanes 3 and 4 (extracts only) are due to
cross-reacting bands, since they are also present in untreated
extracts (results not shown). It is also clear from lane 4 that
incubation of extracts alone does not lead to degradation of
endogenous actin (largely polymerized), indicating that actin is
susceptible to cleavage only in the unpolymerized G form. This
observation agrees with a recent report, in which several
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Fi1G. 3. Lack of degradation of actin during apoptosis of BL30A
cells induced by a variety of agents and serum withdrawal. (4) Effect
of different agents and serum withdrawal on the cleavage of DNA-
PKecs. Cells were treated with y-irradiation (20 Gy) and incubated for
8 h; EGTA (5 mM) for 8 h; EDTA (10 mM) for 6 h; or serum was
withdrawn for 24 h. In all cases, ~40-60% of the cells were undergoing
apoptosis. (B) Lack of degradation of actin after treatment of BL30A
cells with the same agents and serum withdrawal. A polyclonal
antibody against the C-terminal 11 amino acids of actin was used for
the immunoblot.
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FiG. 4. Lack of actin cleavage in different cell types by a variety of
agents causing apoptosis. (4) Lack of cleavage of actin in different
Burkitt lymphoma cells after exposure of cells to 40 uM etoposide. A
polyclonal antibody against the C-terminal 11 amino acids of actin was
used for immunoblotting. (B) Cleavage of DNA-PKcs during apopto-
sis induced by etoposide (40 uM) in different Burkitt lymphoma cells.
DNA-PKcs was detected with DPK1 antibody. (C) Lack of degrada-
tion of actin in HeLa, Molt-4, U937, and CTL cells undergoing
apoptosis induced by different agents. For HeLa cells, extracts were
prepared from detached cells after 8 h of treatment with etoposide (40
uM). For Molt-4 cells, cells were irradiated (20 Gy) and extracts were
prepared 8 h after irradiation. For U937 cells, cells were pretreated
with interferon y (200 international units/ml) for 24 h and then
incubated with anti-Fas antibody at 50 ng/ml for 10 h prior to
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protein substrates were cleaved when extracts from Jurkat cells
were incubated with nuclei in the presence of granzyme B or
CL granules, but there was no cleavage of actin observed
within these extracts (48).

Fate of Actin in Cells Undergoing Apoptosis. The data
obtained with lysates suggest that CPP32 is responsible for the
cleavage of actin in cells undergoing apoptosis, as appears to
be the case for other substrates, PARP (29), DNA-PKcs (33),
and U1 70-kDa protein (35). To investigate the degradation of
actin during apoptosis, we used BL30A cells, which had
previously been shown to be highly susceptible to apoptosis
induced by a variety of agents (33, 49). We found no evidence
for actin degradation up to 10 h after treatment with etoposide
using the two antibodies (Fig. 24 and B), at which time more
than 80% of BL30A cells are undergoing apoptosis (results not
shown). Under these conditions degradation of DNA-PKcs is
detected by 4 h, and it is extensive by 10 h (Fig. 2C). When
different agents were used under conditions that gave rise to
50% apoptosis, DNA-PKcs was degraded to approximately
50% (Fig. 34, lanes 2-5). However, there was no evidence for
cleavage of actin under the same conditions (Fig. 3B). Con-
trary to a previous report showing that in PC12 cells deprived
of serum, degradation of actin occurred 24—48 h later (43), we
saw no evidence for such degradation over the same time
period in BL30A cells when the same polyclonal antibody was
used (Fig. 3B, lane 5).

Use of Different Cell Lines. To rule out that the resistance
of actin to degradation in BL30A cells was a peculiarity of that
cell line, we chose four other Burkitt cell lines, known to
undergo apoptosis in response to different agents (33, 49). In
all cases, we failed to detect cleavage of actin (Fig. 44). Under
these conditions 40—-60% of cells were undergoing apoptosis
(results not shown). However, as observed previously, DNA-
PKcs was again degraded in response to treatment with the
different agents in all the cell lines used (Fig. 4B). Non-Burkitt
cells were also used to check for actin degradation. No cleavage
was evident in HeLa cells treated with 40 uM etoposide (Fig.
4C, lane 2); in U937 cells treated with anti-Fas antibody (lane
8); in +y-irradiated (20 Gy) Molt 4 cells (lane 4); and in
Epstein-Barr virus-specific CTLs (clone LC13) (lane 6), which
we have demonstrated previously to be effective targets for
their own lysis in the presence of specific epitope (46). In all
these cell types with the different apoptosis-inducing stimuli,
DNA-PKcs was degraded as expected (Fig. 4D).

DISCUSSION

It is becoming increasingly obvious that activation of a family
of ICE-like proteases is common to apoptosis induced by a
variety of stimuli (5, 6). On the basis of substrate preference
and order of activation, it seems likely that an amplifiable
protease cascade exists involving several activation pathways
(22, 26). One such pathway involves the activation of Mch4,
which in turn cleaves and activates CPP32 and Mch3 (22).
Once activated, these proteases target a number of important
substrates involved in functional and structural roles in the cell
(5, 6). Since the majority of proteins, as determined by
Coomassie blue staining, remain intact in cells undergoing
apoptosis, it is evident that cleavage by the ICE-like proteases

preparation of extracts. CTLs were incubated with specific peptide for
4 h prior to preparation of extracts. Lane 1, Molt4 untreated; lane 2,
Molt4 exposed to 20 Gy of y-irradiation; lane 3, HeLa untreated; lane
4, HeLa + 40 uM etoposide; lane 5, CTL untreated; lane 6, CTL +
specific peptide; lane 7, U937 untreated; lane 8, U937 + 50 ng/ml
anti-Fas antibody. A polyclonal antibody against the C-terminal 11
amino acids of actin was used for immunoblotting. (D) Cleavage of
DNA-PKcs during apoptosis induced by different agents in HelLa,
Molt-4, U937, and CTL cells. DNA-PKcs was detected with DPK1
antibody.
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is highly selective, certainly at the earlier stages of the process
(5, 33). Several of these targets are present in the nucleus,
where fragmentation of DNA has been a classical indicator of
apoptosis (reviewed in ref. 50). Nuclear events occur at several
levels, including degradation of lamins, which would be ex-
pected to lead to chromatin collapse (38, 39); cleavage of two
key DNA repair enzymes, DNA-PKcs and PARP, which would
facilitate the fragmentation of DNA (13-15, 31-34, 37); the
loss of a number of proteins involved in DNA processing and
maintaining chromatin structure (36, 37, 51); and the degra-
dation of proteins implicated in splicing and maturation of
mRNA (19, 35). Outside the nucleus the specific degradation
of fodrin, a major component of the cortical cytoskeleton
during apoptosis induced by different agents, has been linked
to the characteristic morphological changes such as membrane
blebbing and condensation of the cytoplasm (44). In support
of this, Kayalar et al. (43) have shown that actin, which
associates with fodrin, is degraded at 24 h after withdrawal of
serum from rat PCI12 cells. This cleavage would also be
expected to alter cell morphology as a result of depolymer-
ization of F-actin. In addition, actin cleaved with ICE in vitro
has a reduced capacity to inhibit DNase 1, an enzyme impli-
cated in DNA fragmentation during apoptosis (52, 53), and the
cleaved product is diminished in its ability to polymerize (43).
On the basis of these in vitro data and the observation that actin
is degraded in PC12 cells undergoing apoptosis, Kayalar et al.
(43) have proposed a model in which actin normally inhibits
DNase 1, but on degradation of actin by an ICE-like protease,
this endonuclease is free to enter the nucleus and fragment
DNA. In addition, the degradation of actin would disrupt the
cytoskeleton and contribute to the morphological changes seen
in apoptosis.

While this hypothesis is attractive, it depends very much on
the universality of actin cleavage. The major outcome of the
present study was the observation that actin was not degraded
during the process of apoptosis in a variety of human cells, nor
was it degraded when treated extracts were incubated at 37°C.
Degradation was observed only when exogenous unpolymer-
ized actin was added to treated extracts. This agrees with the
resistance of polymerized actin to degradation in whole cells.
We have investigated several stimuli that induce apoptosis,
including DNA-damaging agents, Fas ligation, serum with-
drawal, and CTL-mediated killing, and in no case did we obtain
evidence for any degradation of actin, but another known
substrate, DNA-PKcs, was cleaved in response to all the
different agents. On the other hand, when extracts were
prepared from cells undergoing apoptosis and incubated with
actin, a monoclonal antibody against the N terminus detected
a 30-kDa fragment. This pattern was supported by the use of
a C-terminal antibody that would be expected to detect a
fragment of approximately 14 kDa. These observations are
compatible with the predicted site of cleavage at Asp-244 to
generate the 30-kDa product (43). Kayalar et al. (43), using
purified ICE incubated with actin, demonstrated a similar
pattern of cleavage of actin, and Mashima ez al. (45) observed
the same patterns when they used actin incubated with cyto-
solic extracts from U937 cells undergoing apoptosis. Use of
peptide inhibitors prevented cleavage of actin, indicating that
it was a substrate from an unidentified ICE-like protease (45).
These results demonstrate that while cytosolic extracts are
useful to identify potential substrates in apoptosis (14, 15, 20,
22, 43, 45), this extrapolation cannot always be made. Actin is
a typical example of the latter, being a good substrate for
extracts and recombinant ICE-like proteases in vitro but
resistant to degradation in vivo.

Ann Knight is acknowledged for typing the manuscript. We thank
the Australian National Health and Medical Research Council and the
Queensland Cancer Fund for support.
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