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Activation of caspases 3 and 9 is thought to commit a cell irreversibly to apoptosis. There are, however,
several documented situations (e.g., during erythroblast differentiation) in which caspases are activated and
caspase substrates are cleaved with no associated apoptotic response. Why the cleavage of caspase substrates
leads to cell death in certain cases but not in others is unclear. One possibility is that some caspase substrates
generate antiapoptotic signals when cleaved. Here we show that RasGAP is one such protein. Caspases cleave
RasGAP into a C-terminal fragment (fragment C) and an N-terminal fragment (fragment N). Fragment C
expressed alone induces apoptosis, but this effect could be totally blocked by fragment N. Fragment N could
also block apoptosis induced by low levels of caspase 9. As caspase activity increases, fragment N is further
cleaved into fragments N1 and N2. Apoptosis induced by high levels of caspase 9 or by cisplatin was strongly
potentiated by fragment N1 or N2 but not by fragment N. The present study supports a model in which RasGAP
functions as a sensor of caspase activity to determine whether or not a cell should survive. When caspases are
mildly activated, the partial cleavage of RasGAP protects cells from apoptosis. When caspase activity reaches
levels that allow completion of RasGAP cleavage, the resulting RasGAP fragments turn into potent proapo-

ptotic molecules.

Apoptosis is a vital phenomenon that participates in the
elimination of unwanted or potentially harmful cells. Every cell
in a multicellular organism possesses the machinery to undergo
apoptosis in response to an appropriate death signal (e.g.,
stimulation of death receptors). The biochemical event that is
believed to commit a cell irreversibly to apoptosis is the acti-
vation of caspases, a family of proteases that cleave their sub-
strates after aspartic residues (25). Cells undergoing apoptosis
display characteristic morphological and biochemical changes,
including membrane blebbing, cell rounding, chromatin con-
densation, DNA cleavage, expression of apoptotic markers at
the cell surface, and inhibition of antiapoptotic signaling path-
ways. All of these events can be blocked by specific caspase
inhibitors (23, 28). It is thus the cleavage of the caspase sub-
strates that is responsible for most, if not all, of the character-
istic changes observed during apoptosis. Consequently, under-
standing the apoptotic process requires that the caspase
substrates be identified, followed by the characterization of the
functional roles of each cleavage event in the regulation of cell
death.

The caspase family of proteases can be divided in three
groups based on substrate specificity (23, 25). Group I (ICE
subfamily) is composed of caspases that do not play a direct
role in apoptosis but rather participate in the maturation of
proinflammatory cytokines such as interleukin-13 and gamma
interferon-inducing factor (13, 26). Group II and group III
(CED-3 subfamily), on the other hand, correspond to initiator
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caspases and executioner caspases, which are directly involved
in the apoptotic process (37).

Although the involvement of caspases of the CED-3 sub-
family has been widely confirmed for most apoptotic re-
sponses, there are a few cases where these proteases have been
suggested to play roles other than controlling the onset of
apoptosis. One recent example is the demonstration that
caspases stimulated by activated death receptors participate in
the negative regulation of erythropoiesis by cleaving GATA-1,
a transcription factor required for differentiation of mature
erythroblasts (7). Importantly, this negative regulation occurs
in the absence of any significant apoptotic response. Thus, in
proerythroblasts, there must be a mechanism, as yet unchar-
acterized, that prevents caspases of the CED-3 subfamily from
causing apoptosis. The notion that caspases may be implicated
in the control of cell differentiation is also supported by studies
using caspase-deficient mice. For example, mice deficient in
caspase 8, the caspase activated following stimulation of death
receptors, display unregulated erythropoiesis and lack of proper
heart muscle development (37).

The mechanisms that prevent a cell with activated caspases
from undergoing apoptosis have not yet been identified. One
possibility is that some caspase substrates generate an anti-
apoptotic signal when cleaved. In the present study we have
found that RasGAP, a regulator of Ras- and Rho-dependent
pathways (4, 19), is a caspase substrate. RasGAP caspase
cleavage fragments generate antiapoptotic signals in cells with
low levels of caspase activation but potentiate the apoptotic
response when caspase activity increases. RasGAP is the first
example of a caspase substrate that, when cleaved, negatively
or positively regulates apoptosis in a manner that is dependent
on the extent of caspase activation.
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MATERIALS AND METHODS

Cells and transfection. HeLa cells were maintained in RPMI 1640 containing
10% newborn calf serum (GIBCO/BRL) at 37°C and 5% CO,. Cells were
transfected using Lipofectamine (GIBCO/BRL) as described previously (34).
Briefly, 2 X 10° cells, plated the previous day in 10-cm-diameter petri dishes,
were incubated for 5 h with a DNA (6 wg)-Lipofectamine (10 pl) mixture in 5
ml of RPMI 1640 at 37°C in 5% CO,. The total amount of DNA was kept
constant using empty vectors when required. Five milliliters of RPMI 1640-20%
newborn calf serum was then added, and the cells were analyzed 16 to 20 h later.
When cisplatin was used, it was added at the time serum was added back to the
transfected cells. In many experiments, several plasmids were transfected to-
gether. To determine the cotransfection efficiency, HeLa cells were transfected
with 1 pg of a green fluorescent protein (GFP)-encoding plasmid, 1 pg of a
kinase-dead MEKK1 875-1493 mutant, and 4 pg of pcDNA3. Cells were then
fixed, and the presence of MEKKI1 was detected by immunocytochemistry. The
proportion of cells expressing both GFP and MEKK1 was found to be about
80%. Thus, this transfection procedure ensures that a majority of the cells are
cotransfected.

Chemicals and antibodies. Purified caspase 3 was from Pharmingen. Cisplatin
was from Sigma (catalog no. A7906). The z-VAD caspase inhibitor was from
Enzyme System Products (catalog no. FK-009). The antibody specific for poly-
(ADP)-ribose polymerase (PARP) was from New England Biolabs (catalog no.
9542). The antiserum specific for the carboxy-terminal part of RasGAP (directed
against sequence positions 1034 to 1047) was from Alexis Biochemicals (catalog
no. 210-781). The antiserum against the SH2-SH3-SH2 domains of RasGAP has
been described previously (29). Antibodies specifically recognizing the active
forms of caspase 3 and caspase 9 were from R&D Systems (catalog no. AF835)
and New England Biolabs (catalog no. 9502), respectively. The monoclonal
antibody specific for the hemagglutinin (HA) tag was purchased as ascites from
BabCo (catalog no. MMS-101R). This antibody was adsorbed on HeLa cell
lysates to decrease nonspecific binding as follows. HeLa cells from two 15-cm-
diameter petri dishes with confluent growth were lysed in 800 pl of monoQ-c (70
mM B-glycerophosphate, 0.5% Triton X-100, 2 mM MgCl,, 1 mM EGTA, 100
M Na;VO,, 1 mM dithiothreitol, 20 pg of aprotinin per ml). The proteins of
the cell lysate were coupled to 1.2 ml (dry bed volume) of Affi-Gel 10 beads and
Affi-Gel 15 beads (Bio-Rad catalog no. 153-6099 and 153-6051, respectively) as
per the manufacturer’s protocol. The two sets of beads were loaded in different
columns (Poly-Prep columns from Bio-Rad; catalog no. 731-1550). The Affi-Gel
10 column was placed above the Affi-Gel 15 column, and 500 pl of the anti-HA
ascites fluid was loaded over the Affi-Gel 10 bed volume. The columns were
eluted in a stepwise manner with 500 pl of TBS (1.5 mM NaCl, 2 mM Tris base
[pH 7.4])-0.1% Tween every 10 min. The fractions corresponding to the
flowthrough were then collected and pooled. The samples were aliquoted, com-
plemented with 0.05% azide (final concentration), and stored at —80°C until
used.

Plasmids. The extension dn3 in the name of a plasmid indicates that the
backbone plasmid is the expression vector pcDNA3 (Invitrogen). Plasmid h-
RasGAP.dn3 encodes the human RasGAP protein (h indicates the human ori-
gin) (33). Plasmid HA-GAP.dn3 encodes the full-length human RasGAP protein
bearing an HA tag (MGYPYDVPDYAS) at the amino-terminal end. The
RasGAP mutants with an aspartate-to-alanine substitution at position 455 (plas-
mid HA-D455A.dn3), position 157 (plasmid HA-D157A.dn3), or position 160
(plasmid HA-D160A.dn3) were generated by PCR mutagenesis, as described
previously (22), using HA-GAP.dn3 as the template. N-D157A.dn3 encodes the
uncleavable form of fragment N (i.e., the form bearing the D157—A mutation).
HA-GAPN.dn3, HA-N1.dn3, and HA-N2.dn3 encode the HA-tagged (at the N
terminus) versions of RasGAP fragments from positions 1 to 455, 1 to 157, and
158 to 455, respectively. GFP-GAPC is a fusion protein between GFP and the
fragment from position 456 to 1047 of RasGAP bearing an HA tag at the
carboxy-terminal end. It was not possible to express the unfused RasGAP 456-
1047 fragment in cells due to the inability of the corresponding RNA to be
translated (data not shown). Plasmid pEGFP-C1, encoding GFP protein, was
from Clontech. Plasmids V12Ras.cmv and N17Ras.cmv are pCMV5 plasmids
encoding the constitutively active G12—V mutant Ras protein and the S17—N
dominant negative mutant Ras protein, respectively. All of the constructs con-
taining PCR inserts have been sequenced to verify that no PCR errors occurred.

Western blotting. Cells were lysed in monoQ-c buffer as described above.
Western blotting was performed as described previously (31). The enhanced
chemiluminescence reagent was prepared by mixing 1 volume of solution 1 (2.5
mM Luminol [Sigma catalog no. A8511], 0.4 mM p-coumaric acid [Sigma catalog
no. C9008], 100 mM Tris [pH 8.5]) and 1 volume of solution 2 (0.02% H,O,, 100
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mM Tris [pH 8.5]). Quantitation was performed using a Bio-Rad Personal
Imager apparatus.

In vitro translation. In vitro translation was performed using the TNT quick
coupled transcription-translation system (Promega) as per the manufacturer’s
protocol.

In vitro caspase 3 cleavage assay. Five microliters of in vitro-translated >S-
labeled RasGAP proteins (see above) was incubated with the indicated amounts
of purified caspase 3 for 1 to 2 h at 37°C. The reaction volume was adjusted to
20 wl with 50 mM Tris-1 mM EDTA-10 mM EGTA.

Apoptosis, cell rounding, and detachment measurements. Apoptosis was de-
termined by scoring the number of transfected cells (as assessed by the expres-
sion of GFP) displaying pycnotic nuclei. Nuclei were labeled with Hoechst 33342
(10 pl of a 10-mg/ml solution in water into 10 ml of culture medium). Cell
rounding was assessed by determining the number of transfected cells that were
round (under control conditions, HeLa cells have a spread appearance). The
number of detached cells was determined after centrifugation of the cell culture
medium and resuspension in 100 to 300 pl of medium. For each condition, at
least 200 transfected cells (from at least five different fields) were analyzed blindly
(without knowledge of sample identity) using an inverted Leica DM IRB microscope
equipped with fluorescence and transmitted light optics. Assessment of apoptosis
and cell rounding was performed 1 day after the transfection of the cells.

Statistics. Statistical analysis was performed with ¢ tests using Excel 97 SR-1
software (Microsoft). In Fig. 5B, 6, and 7, error bars that are not visible are
within the width of the symbols.

RESULTS

Identification of the caspase cleavage site in RasGAP. We
have recently shown that RasGAP is cleaved in apoptotic Jur-
kat cells (33). To determine more precisely the kinetics of the
RasGAP cleavage, Jurkat cells stimulated with anti-Fas immu-
noglobulin M antibodies for various periods of time were lysed
and the lysates were analyzed by Western blotting using N- and
C-terminal RasGAP-specific antibodies. Figure 1A shows that
RasGAP is sequentially cleaved during the apoptotic process.
A first cleavage event generates a C-terminal fragment of
about 64 kDa (fragment C) and an N-terminal fragment of
about 56 kDa (fragment N). Fragment N is then further
cleaved into additional fragments. The N terminus-specific an-
tibody used here recognizes the SH2-SH3-SH2 domain of
RasGAP, and thus only one fragment (fragment N2) resulting
from the cleavage of fragment N is detected on the Western
blot (see below).

The cleavage of RasGAP by purified caspase 3 generated
the same fragments as observed in apoptotic Jurkat cells (plus
fragment N1, which was not recognized by the antibodies used
for the Western blots presented in Fig. 1A) (Fig. 1B). Similarly,
lysates from apoptotic Jurkat cells, but not from control cells,
were able to cleave in vitro-translated RasGAP into the same
fragments generated by purified caspase 3 (data not shown).
The ability of the lysate prepared from apoptotic Jurkat cells to
cleave in vitro-translated RasGAP was abrogated by the
caspase 3-specific inhibitor DEVD-CHO (data not shown).
These data indicate that RasGAP is cleaved by caspase 3 or
caspase 3-like enzymes during the apoptotic response.

Based on the sizes of fragments C and N, we estimated that
a cleavage site should be localized slightly before the middle of
the protein. In this region lies a caspase 3 consensus cleavage
site (DTVD[455]G). Indeed, mutation of aspartic acid 455 to
an alanine residue abrogated the ability of caspase 3 to cleave
RasGAP (Fig. 1B).

The sequence GTVDEGDSLDGPE of fragment N contains
two putative caspase 3 recognition sites (aspartate residues 157
and 160, underlined) that potentially could be used to generate
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FIG. 1. Characterization of the RasGAP cleavage sites. (A) Jurkat cells were stimulated with anti-Fas antibodies for the indicated periods of
time. Cell lysates (200 wg) were analyzed by Western blotting using antibodies specific for either the amino or the carboxy terminus of RasGAP.
(B) In vitro-translated RasGAP (wild type [wt] or D455—A mutant, generated from plasmids HA-GAP.dn3 and HA-D455A.dn3, respectively) was
incubated or not with 200 ng of purified caspase 3 for 1 h at 37°C. The reaction mixture was subjected to 10% polyacrylamide gel electrophoresis.
The gel was then dried and autoradiographed. (C) In vitro-translated RasGAP mutants (D157—A and D160—A, generated from plasmids
HA-D157A.dn3 and HA-D160.dn3, respectively) were incubated for 1 h at 37°C with the indicated quantities of purified caspase 3. The samples
were then processed as described for panel B. (D) In vitro-translated wild-type RasGAP (produced as described for panel B) was incubated with
the indicated amounts of caspase 3 and further processed as described for panel B. (E) Schematic representation of RasGAP cleavage by caspases.
SH, Src homology domain; PH, pleckstrin homology domain; PPPP, proline-rich region; C2, calcium-dependent phospholipid binding domain;

GAP domain, GTPase-activating domain.

fragments N1 and N2. These sites were thus individually mu-
tated into alanine residues, and the resulting mutants were
tested for their ability to be cleaved by purified caspase 3. Both
mutants were cleaved into fragment N and fragment C, but

further cleavage of fragment N was not observed in the case of
the mutant lacking the aspartate at position 157 (Fig. 1C). This
demonstrates that the second caspase cleavage site of RasGAP
corresponds to the DEGD[157]S sequence.
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Cleavage at position 157 occurs at a much higher caspase
concentration than cleavage at position 455. For example, at a
caspase 3 concentration of 40 ng/20 I, RasGAP is cleaved into
fragment N and fragment C but fragment N2 is not generated.
Only at higher caspase 3 concentrations is fragment N2 pro-
duced (Fig. 1D; see also Fig. 1C).

Interestingly, generation of fragments N1 and N2 did not
occur when cleavage at position 455 was abrogated (Fig. 1B).
Thus, the cleavage event at the DEGD[157]S site occurs only
after RasGAP has been cleaved at the DTVD[455] site. The
kinetics of RasGAP cleavage in apoptotic Jurkat cells also
supports this fact (see also Fig. 7D). Indeed, were RasGAP
cleaved at position 157 before or at the same time as at posi-
tion 455, fragments of about 100 and 20 kDa should be de-
tected (that is, fragments generated by cleavage at position 157
only). However, this is not the case, suggesting that the first
cleavage event induces structural modifications that allow the
second cleavage event to take place. A schematic representa-
tion of how RasGAP is cleaved by caspases is shown in Fig. 1E.

The RasGAP caspase cleavage fragments fulfill different
functions in the apoptotic process. Next, we assessed the roles
of the different RasGAP fragments generated by caspases in
the regulation of apoptosis. Since RasGAP has the potential to
modulate cell adhesion (20), we were concerned about the
possibility that RasGAP fragments could induce apoptosis as a
consequence of cell rounding and detachment (anoikis). We
assessed the ability of each of the RasGAP fragments to induce
apoptosis and cell rounding in HeLa cells, and we determined
whether or not these two features were correlated (Fig. 2).

Fragment C, but not full-length RasGAP or the other frag-
ments, induced a strong apoptotic response in HeLa cells as
assessed by its ability to induce the appearance of pycnotic
nuclei (Fig. 2A and C), activation of caspase 3, and cleavage of
PARP (a classical caspase 3 substrate) into a 85-kDa fragment
(Fig. 2B). Fragment C did not induce apoptosis as a conse-
quence of cell detachment, because (i) many (more than half)
of the apoptotic cells expressing fragment C were still adherent
(compare Fig. 2C with Fig. 2D and G) and (ii) in general it was
not possible to detect a normal nucleus among the round cells
expressing fragment C (Fig. 2F). These data indicate that frag-
ment C induces caspase activation, which results in an apopto-
tic response that eventually leads to cell rounding and detach-
ment.

The N-terminal fragments of RasGAP promoted cell round-
ing (particularly so for fragment N2) (Fig. 2A). In contrast to
the case for fragment C, cell rounding induced by fragment N2
was not the end result of apoptosis, because there were very
few pycnotic nuclei observed in spread cells expressing frag-
ment N2 (Fig. 2A and D) and most of the round cells express-
ing fragment N2 had a normal nucleus (compare Fig. 2E with
Fig. 2F and G). Also, the rounding process induced by frag-
ment N2 was much more regular and efficient than that in cells
expressing fragment C (compare the Nomarski images in Fig.
2A).

While the N-terminal fragments of RasGAP did not induce
a strong apoptotic response in spread or round adherent HeLa
cells, it was conceivable that they could promote apoptosis as a
result of cell detachment (anoikis). Thus, we determined
whether the fragment that induced the strongest cell rounding
response could promote cell detachment as well. Figure 3
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shows that while fragment N2 induced a four- to fivefold in-
crease in the number of round cells, it did not stimulate cell
detachment. Thus, the N-terminal RasGAP fragments pro-
mote cell rounding, but this does not result in cell detachment
and anoikis.

To assess if the effects of fragment C and fragment N2 were
dependent on caspase activity, cells transfected with plasmids
encoding these fragments were incubated or not with z-VAD,
a general caspase inhibitor. Figure 4 shows that while the
apoptosis-promoting activity of fragment C was totally blocked
by z-VAD, the ability of fragment N2 to promote cell rounding
was not affected by the caspase inhibitor. These data confirm
that fragment C induces apoptosis in a caspase-dependent
manner, while fragment N2 promotes cell rounding in a
caspase-independent manner.

The apoptosis-promoting ability of fragment C can be in-
hibited by the N-terminal fragments. The effects of the differ-
ent RasGAP caspase cleavage fragments expressed within the
same cell were then determined. Strikingly, the combined ex-
pression of fragment C and fragment N or the combined ex-
pression of fragments C, N1, and N2 resulted in a weaker
apoptosis activity than expression of fragment C alone (see Fig.
7A, open bars). Figure 5A shows that fragments N, N1, and N2
inhibited the apoptosis-inducing ability of fragment C in a
dose-dependent manner without affecting the expression levels
of fragment C (Fig. 5C). Inhibition of the proapoptotic ability
of fragment C was not the result of a nonspecific inhibition
resulting from the expression of any transfected gene, since
increasing expression of B-galactosidase did not prevent frag-
ment C-induced apoptosis (Fig. 5B). The levels of expression
of each fragment were determined by quantitative Western
blot analysis using an antibody specific for the HA tag born by
each fragment (Fig. 5C). The N-terminal fragments inhibited
the proapoptotic ability of fragment C at levels of expression
that were much lower than those of fragment C. This indicates
that the inhibition of the proapoptotic ability of fragment C by
the N-terminal fragments does not occur as a result of stoichi-
ometric interactions. Moreover, no coimmunoprecipitation of
the N-terminal fragments with the C-terminal fragment could
be detected (data not shown). These results suggest that the
N-terminal RasGAP fragments indirectly block fragment C-
induced apoptosis by activating antiapoptotic pathways.

Regulation of caspase 9-induced apoptosis by the RasGAP
N-terminal fragments. We next assessed whether the RasGAP
N-terminal fragments were only counteracting the proapo-
ptotic activity of fragment C or whether they had broader
antiapoptotic functions. Therefore, we examined whether frag-
ment N or fragments N1 and N2 could inhibit caspase 9-in-
duced apoptosis. To prevent the processing of fragment N into
fragments N1 and N2 that would occur in presence of caspase
activity, we used an uncleavable form of fragment N (i.e.,
fragment N bearing the D157—A mutation). Figure 6 shows
that HeLa cells transfected with a vector encoding caspase 9
underwent apoptosis in a dose-dependent manner. Fragment
N or fragments N1 and N2 inhibited the apoptotic response
induced by low levels of caspase 9. In contrast, fragments N1
and N2, but not fragment N, potentiated the apoptotic re-
sponse induced by high levels of caspase 9. The ability of the
N-terminal fragments to regulate caspase 9-induced apoptosis
was not a consequence of a modulation of the expression of the
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caspase, since Western blot analysis revealed that the levels of
caspase 9 were not affected by coexpressing the N-terminal
fragments (data not shown). Our results indicate that the reg-
ulation of apoptosis by the N-terminal RasGAP fragments is a
complex event modulated by the extent of caspase activity and
by the cleavage of fragment N into fragments N1 and N2. The
uncleaved fragment N inhibits apoptosis induced by low levels
of caspases but does not potentiate apoptosis at higher levels
of caspases. When fragment N is cleaved into fragments N1
and N2, apoptosis is still inhibited at low levels of caspases, but
at higher levels of caspases, fragments N1 and N2 potentiate
apoptosis.

The RasGAP caspase cleavage fragments potentiate cell
death in genotoxin-treated cells. The ability of the RasGAP
cleavage fragments to inhibit cell death could be a mechanism
to prevent inappropriate apoptosis in cells having activated low
levels of caspases for reasons other than apoptosis. However,
we hypothesized that in cells that have been damaged, RasGAP
fragments may instead favor apoptosis. To test this hypothesis,
we subjected cells coexpressing different RasGAP fragments to
a low dose of the DNA-damaging drug cisplatin, which by itself
only marginally induced apoptosis. In the absence of the drug,
the combined expression of fragments N1, N2, and C did not
induce apoptosis. However, in the presence of 0.1 pM cispla-
tin, these fragments generated a potent apoptotic response
(Fig. 7A). To determine at what concentrations of cisplatin
HeLa cells were rendered more sensitive to apoptosis by the
RasGAP cleavage fragments, HeLa cells were transfected with
or without fragments N1, N2, and C and were incubated with
increasing concentrations of cisplatin. In the absence of RasGAP
fragments, HeLa cells underwent apoptosis at cisplatin con-
centrations of 5 wM and higher (Fig. 7B). In the presence of
the RasGAP fragments, a biphasic curve was obtained. In the
first phase, apoptosis was detected at concentrations of cispla-
tin as low as 50 nM and reached a plateau between 100 nM and
5 wM cisplatin. In the second phase, starting at a cisplatin
concentration of 5 uM, the percentage of cells with apoptosis
increased again and paralleled the extent of apoptosis ob-
served in the absence of the RasGAP fragments. Comparison
of the curves obtained with or without the RasGAP fragments
indicates that the presence of the RasGAP fragments rendered
HeLa cells about 100 times more sensitive to cisplatin treat-
ment. This effect was specific for the RasGAP fragments, since
expression of B-galactosidase did not sensitize cells towards
cisplatin (Fig. 7A and E). In cells transfected with control
plasmids, only high cisplatin concentrations (10 wM) activated
caspases as determined by the appearance of active caspase 3
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FIG. 3. Fragment N2 does not stimulate cell detachment. HeLa
cells were transfected with 2 g of an empty vector (pcDNA3) or with
2 pg of a plasmid encoding the HA-tagged form of fragment N2
(plasmid HA-N2.dn3) together with 2 pg of a plasmid encoding GFP
(to monitor transfected cells). The percentage of round cells and the
percentage of detached cells among GFP-positive cells were then
scored. These results are the pooled means * standard deviations from
four independent experiments.

(Fig. 7C). In contrast, in the presence of the RasGAP frag-
ments (fragments C, N1, and N2), caspase activation was de-
tected at cisplatin concentrations (0.2 wM) that alone did not
stimulate apoptosis but that induced cell death when fragments
C, N1, and N2 were expressed in cells. These results suggest
that the RasGAP fragments generated when RasGAP is fully
cleaved potentiate apoptosis by favoring the activation of
caspases.

The extent of RasGAP cleavage in HeLa cells was a function
of the cisplatin concentration. At low cisplatin concentrations
(0.1 to 1 pM), RasGAP was cleaved at position 455 as dem-
onstrated by the appearance of fragment N (Fig. 7D). This
cleavage event could be totally blocked by the caspase inhibitor
z-VAD (Fig. 7E), indicating that low levels of cisplatin already
induce some caspase activity. At these cisplatin doses, how-
ever, the cells did not undergo apoptosis (Fig. 7B). At higher
cisplatin concentrations that induced apoptosis (3 to 30 uM),
fragment N was further cleaved at position 157 as shown by the
appearance of fragment N2 (Fig. 7D). This cleavage event
could also be totally blocked by z-VAD (Fig. 7E). These results
demonstrate, therefore, that the first cleavage of RasGAP oc-
curs at very low, barely detectable, levels of caspase activity
(Fig. 7C) and is associated with cell survival. The second cleav-
age, generating fragments N1 and N2, occurs only when
caspases are strongly activated and is associated with apopto-
sis.

FIG. 2. The C-terminal and N-terminal fragments of RasGAP differentially regulate apoptosis and cell shape. HeLa cells were transfected with
increasing amounts of plasmids encoding HA-tagged forms of wild-type RasGAP (using plasmid HA-GAP.dn3) or of the indicated RasGAP
caspase cleavage fragments (using plasmids GFP-GAPC, HA-GAPN.dn3, HA-N1.dn3, and HA-N2.dn3) together with 1 ug of a plasmid encoding
GFP (to visualize the transfected cells). (A) Nomarski and fluorescent images of control cells or cells expressing fragment C or fragment N2.
Arrows show cells with pycnotic (condensed) nuclei, and arrowheads show cells that are rounding up. Pycnotic nuclei were commonly observed
in spread cells expressing fragment C (e.g., the cell labeled with an asterisk). These cells eventually round up (e.g., the cell labeled with a white
dot) and detach. Fragment N2 induced cell rounding with no associated nuclear condensation or fragmentation. (B to G) One day after
transfection, the number of fluorescent cells that were round and/or that displayed pycnotic nuclei was determined. In panels C to G, these
parameters are expressed as a function of transfected protein levels (as determined by quantitative Western blot analysis using an anti-HA-specific
antibody). In panel B, cell lysates corresponding to conditions leading to similar protein expression levels (as determined from panels C to G) were
analyzed by Western blotting using an antibody that specifically recognizes the active form of caspase 3 or an antibody that recognizes the

caspase-generated p85 fragment of PARP.
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We next determined the combinations of the RasGAP frag-
ments that could sensitize HeLa cells towards cisplatin-in-
duced apoptosis. Figure 7A and F show that fragment N1
alone or fragment N2 alone strongly sensitized HeLa cells
towards cisplatin treatment. Fragment N did not sensitize
HeLa cells towards apoptosis. The combination of fragment N
and fragment C only mildly sensitized the cells towards cispla-
tin-induced apoptosis. This sensitization was much weaker
than those observed in cells expressing either fragments N1,
N2, and C or fragment N1 or N2 alone. Either fragment N1 or
fragment N2 could sensitize the cells to cisplatin-induced ap-
optosis to the same extent as when fragments C, N1, and N2
were used together. The presence of the proapoptotic frag-
ment C is thus not required for the sensitization process.
Taken together, these results indicate that fragments N and C
resulting from the first RasGAP cleavage event neither induce
apoptosis nor sensitize cells towards DNA damage-induced
apoptosis. In contrast, fragments resulting from the subsequent
cleavage of RasGAP (fragments N1, N2, and C), while still not
inducing apoptosis in control conditions, strongly sensitize cells
towards DNA damage-induced apoptosis.

Ras activity requirement for the regulation of apoptosis by
the RasGAP fragments. RasGAP negatively regulates Ras by
stimulating the intrinsic GTPase activity of Ras, but RasGAP
can also participate positively in Ras signaling by as-yet-unde-
fined mechanisms (21, 27). Thus, we determined whether Ras
activity was required for the effects on apoptosis mediated by
the different RasGAP fragments generated by caspase cleav-
age. For this purpose, a dominant negative Ras mutant
(N17Ras) known to block the activation of the wild-type Ras
protein was used. The N17Ras mutant was not able to inhibit
fragment C-induced apoptosis (Fig. 8A). In contrast, the ability
of fragment N or fragments N1 and N2 to block fragment
C-induced apoptosis was totally reversed by N17Ras (Fig. 8A).
N17Ras also completely blocked the ability of fragment N1
alone or fragment N2 alone to inhibit fragment C-induced
apoptosis (data not shown). This indicates that either fragment
N1 or fragment N2 inhibits apoptosis by stimulating the acti-
vation of Ras activity. In contrast, the ability of the N1 and N2
RasGAP fragments to potentiate cisplatin-induced apoptosis
was not blocked by N17Ras (Fig. 8B), showing that Ras activity
is not required for the proapoptotic ability of fragments N1
and N2.

The C-terminal fragment of RasGAP contains the GAP
activity towards Ras. If fragment C induces apoptosis by inhib-
iting Ras activity, it should be possible to reverse the apoptotic
response by expressing a constitutively active form of Ras into
cells. This is indeed what is observed. In the presence of the
constitutively active V12Ras mutant, fragment C is no longer
able to promote cell death (Fig. 8A). However, V12Ras was
not able to inhibit the ability of the N-terminal RasGAP frag-
ments to block fragment C-induced apoptosis, consistent with
the notion that the N-terminal fragments of RasGAP block
fragment C-induced apoptosis by activating Ras rather than by
inactivating it. Expression of V12Ras or N17Ras into cells did
not affect the expression levels of the RasGAP fragments as
determined by quantitative Western blot analysis using an an-
tibody directed at the HA tag born by all of the RasGAP
constructs (data not shown). These results indicate that the
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FIG. 4. Fragment C induces the appearance of pycnotic nuclei in a
caspase-dependent manner. HeLa cells were transfected with plasmids
encoding HA-tagged forms of fragment N2 or fragment C (plasmids
HA-N2.dn3 and GFP-GAPC, respectively) together with 1 pg of a
plasmid encoding GFP (to monitor transfected cells) in the presence
or in the absence of 30 puM z-VAD. One day later, the percentage
among transfected cells of round cells with a normal nucleus and the
percentage of spread cells with a pycnotic nucleus were determined.
These results correspond to the means * standard errors of the means
of duplicate values (this experiment was repeated four times with
similar results).
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effects seen in Fig. 8 are not due to modulation of the expres-
sion of the RasGAP fragments by the Ras mutants.

DISCUSSION

There are cases in which activation of the usually proapo-
ptotic class IT and III caspases (23) does not lead to a cell death
response. Examples include the control of erythroblast differ-
entiation by the caspase-mediated cleavage of GATA-1 (7) and
activation and proliferation of T cells (1, 16). In these situa-
tions unknown mechanisms must be activated to prevent apo-
ptosis following caspase stimulation. There are several candi-
date molecules that could be involved in such processes. Some
of the members of the Bcl-2 family are well-known negative
regulators of apoptosis. However, these proteins are thought to
act upstream of caspase activation, in particular by preventing
the release of cytochrome ¢ from the mitochondria and/or by
inhibiting the activation of caspase 9 by Apaf-1. Thus, it is
unlikely that they block apoptosis once caspases are activated.
Caspase inhibitors such as IAPs (8, 17) could be induced, but
this would result in a reduction of caspase activities, which is
not observed in the cases mentioned. Our results showing that
the caspase-generated N-terminal fragments of RasGAP can
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FIG. 5. The N-terminal fragments inhibit fragment C-induced apoptosis. HeLa cells were transfected with 4 ug of the plasmid encoding
HA-tagged fragment C with or without increasing quantities (0, 0.125, 0.25, 0.5, and 1 ng) of plasmids encoding the indicated N-terminal fragments
(N, N1, N2, and N1 plus N2, all tagged with HA) or a plasmid encoding B-galactosidase as a specificity control. The closed circle in panel B
corresponds to cells transfected only with GFP. The extent of apoptosis was then scored (A and B), and the expression levels of the HA-tagged
RasGAP fragments were determined by Western blotting using an anti-HA antibody (C). Transfection of HeLa cells with fragment C resulted in
the appearance of two closely migrating bands. The asterisk indicates a nonspecific immunoreactive band that migrates close to fragment N2
(arrow). The experiment depicted in panel B is representative of two independent experiments performed in duplicate. The other experiments are
each representative of four independent experiments.

protect cells from apoptosis raise another provocative possi- located at amino acids 157 and 455, generating three frag-
bility: that the cleavage of some caspase substrates may induce ments: fragment N1 (amino acids 1 to 157), fragment N2 (ami-
antiapoptotic signals rather than proapoptotic signals. no acids 158 to 455), and fragment C (amino acids 456 to 1047)

RasGAP is a caspase substrate that is sequentially cleaved (Fig. 1E). Cleavage at position 157 can occur only if the protein
during apoptosis. RasGAP is cleaved by caspases at two sites is initially cleaved at position 455 (Fig. 1B), consistent with the
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FIG. 6. The N-terminal RasGAP fragments differentially regulate
apoptosis in a manner that is dependent on the levels of caspase 9
expression. HeLa cells were transfected with 1 g of empty vector
(pcDNA3), with plasmids encoding fragments N1 and N2 (HA-N1.dn3
and HA-N2.dn3, 1 g each), or with 1 pg of a plasmid encoding an
uncleavable form of fragment N (N-D157A.dn3) in the presence of
increasing amounts of a plasmid encoding caspase 9. The number of
transfected cells undergoing apoptosis was then scored (mean =+ stan-
dard deviation from triplicate determinations). This figure is represen-
tative of two different experiments. Fragments N, N1, and N2 inhibited
apoptosis induced by low levels of caspase 9, but only fragments N1
and N2 potentiated apoptosis induced by high caspase 9 levels.

observation that in cells subjected to apoptotic stimuli, cleav-
age at position 455 occurs much earlier than cleavage at posi-
tion 157 (Fig. 1A). This suggests that the first cleavage event at
position 455 induces structural modifications that allow the
second cleavage at position 157 to take place. Such sequential
cleavage events in protease substrates are not uncommon, with
a classical example being the sequential cleavage of factor Va
and factor VIIIa by protein C in the inhibition of the clot
cascade (9, 30). The cleavage of RasGAP by caspases at its two
sites is differentially regulated. Cleavage at position 455 is very
efficient, occurring at caspase activities that are barely detect-
able and that do not induce apoptosis (Fig. 7). In contrast, the
cleavage at position 157 occurs only when caspases are mark-
edly activated and when cells undergo apoptosis (Fig. 7). Thus,
cleavage at position 455 is not associated with apoptosis and, in
fact, generates fragments that have strong antiapoptotic func-
tions. In contrast, cleavage at position 157 is associated with
apoptosis and generates fragments that potently potentiate the
cell death response.

Regulation of apoptosis by the RasGAP caspase cleavage
fragments. When individually expressed in cells, fragment C
and fragments N1 and N2 have different functions in the ap-
optotic process. Fragment C promotes apoptosis in a caspase-
dependent manner, since this effect can be totally blocked by
the z-VAD caspase inhibitor. Fragment C is thus an amplifier
of the death response because it stimulates more caspase ac-
tivity. There are several other examples of caspase substrates
that when cleaved generate fragments that induce greater
caspase activity. Examples include MEKK1 (5, 32) and protein
kinase C theta (6).

In contrast to fragment C, the N-terminal fragments of
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RasGAP appear to regulate some of the cytoskeletal changes
associated with apoptosis. Indeed, fragment N2, and fragments
N and N1 to a lesser extent, promote cell rounding, a feature
invariably associated with apoptosis. This effect was not
blocked by caspase inhibitors, indicating that the ability of the
N-terminal fragments of RasGAP to promote cell rounding is
not a consequence of caspase activation. In some cell types, cell
rounding and detachment can be a signal that leads to apo-
ptosis (detachment-induced apoptosis is called anoikis) (11).
However, the N-terminal fragments, while able to promote cell
rounding, did not induce cell detachment (Fig. 3). Thus, it
appears that cell rounding induced by the N-terminal RasGAP
fragments is not a signal that promotes apoptosis. However, it
is possible that at later stages of apoptosis, the ability of the
N-terminal fragments to induce cell rounding facilitates elim-
ination of apoptotic cells by phagocytosis.

The N-terminal RasGAP caspase cleavage fragments pro-
tect cells from apoptosis, provided that the cells are not dam-
aged and/or that caspase activity is not too high. When ex-
pressed together, the RasGAP cleavage fragments do not
induce apoptosis. Since fragment C alone can generate a
strong apoptotic response, this suggests that the N-terminal
fragments have the capacity to inhibit cell death. This is indeed
what is observed. The RasGAP N-terminal fragments, which
are produced at the same time as fragment C, can totally block
the proapoptotic ability of the latter (Fig. 6). Since there are no
indications that the N-terminal fragments (fragment N2 in
particular) are more prone to degradation than fragment C
(see Fig. 1A for an example), the exact role of fragment C in
the amplification of caspase activation in cells subjected to
apoptotic stimuli remains to be determined.

The inhibitory effect of the N-terminal fragments is not
restricted to fragment C-induced apoptosis, since they can also
block caspase 9-induced apoptosis (providing that the levels of
caspase 9 expression are not too high). The N-terminal frag-
ments could thus inhibit apoptosis induced by different mech-
anisms.

The N-terminal RasGAP fragments generate their antiapo-
ptotic response in a Ras-dependent manner (Fig. 8). Several
pathways downstream of Ras have been shown to be antiapo-
ptotic, including the phosphatidylinositol 3-kinase/Akt path-
way (10) and the extracellular signal-regulated kinase (ERK)
mitogen-activated protein kinase (MAPK) pathway (35). Ad-
ditional experiments using specific inhibitors will be required
to determine if these pathways are used by the N-terminal
RasGAP fragments to inhibit apoptosis.

Cleavage of fragment N into fragments N1 and N2 generates
a potent sensitization signal towards DNA damage-induced
apoptosis. The ability of the N-terminal fragments to protect
cells from apoptosis is observed only in cells displaying low
caspase activity. In contrast, in cells with higher caspase activ-
ity, fragments N1 and N2, but not the parent molecule (frag-
ment N), potentiated apoptosis (Fig. 6). Similarly, in lightly
damaged cells (i.e., cells treated with low levels of genotoxins),
fragments N1 and N2 render cells about 100-fold more sensi-
tive towards apoptosis (Fig. 7). Under these conditions, the
parent fragment N protein was not able to potentiate the
apoptotic response. The proapoptotic function of fragments
N1 and N2 did not depend on Ras activation (Fig. 8).



Vou. 21, 2001 REGULATION OF APOPTOSIS BY RasGAP CASPASE CLEAVAGE 5355

A - D.
60 |[o Control n=4 n=27 B | 0 Iu.1lo.3[ 1 I 3 |10 | 30 Ipﬂcllplttln
= 0.1 uM cisplatin et 173kDa =
o 50 LRI T — <4 RasGAP
g 40 n=9 85kDa =
n=14
2 30 =6 61kDa =
2‘ 20 | =29 n=4 49 kDa = v_ 4N
£ 10
0 36 kDa = 4-N2
R Lo >
& F S o OO < Qit?
F <
B. 25kDa =
—e—control
™ —o—-N1+N2+C
@ E
g_ Control Z-VAD
2 (] ] u.1l 10| 0 ]n.1| 10 | pM cisplatin
:: 172 kDa »
TITKDE = e e~ i . s o}~ RasGAP
0___8:__'// 79kDa =
0 0025 0.1 1 5 25 61kDa =
005 02 [cisplatin] (uM) 49kDa —_ <N
c.
36kDa = - 4 N2
Control Ni+N2+C
0o 02 10 0 02 10 | uMcisplatin| G-
Active
— — = Caspase 3 ;
O pgal 50{ A N1 ON2
@ 50 50
- 40
2 40 40
- 30 ® control
g 30
=P 20 20 O N1+N2+C
R 10 10 10 0 pgal
[__01 5 _! 0.1 I 0.4 A
I 005 05 005 05 Io0s 05 |ant
00025 1 00025 1 00025 1
[cisplatin] (uM) o N2
50 50 50
A RasGAP aN & N+C AT
(]
.g 40 40 40 -
= 30 30 30
E . *N+C
& 20 20 20
R 10 10 10
o Lo oLf o ol -8
WTo0s o5 oos 05 005 05

00025 1 00025 1 00025 1
[cisplatin] (uM)

FIG. 7. Fragments N1 and N2 sensitize cells towards DNA damage-induced apoptosis. (A) HeLa cells were transfected as described for Fig.
2 with plasmids encoding HA-tagged forms of RasGAP or the indicated HA-tagged RasGAP caspase cleavage fragments. The amounts of plasmid
used for the transfection were adapted so as to result in similar protein expression levels. The cells were treated or not with 0.1 uM cisplatin for
16 to 18 h. The number of transfected cells undergoing apoptosis was then scored. The results are expressed as the mean =+ standard deviation
from the indicated number of experiments. (B) HeLa cells were transfected with 1 pg of a GFP-expressing plasmid with or without plasmids
encoding fragment N1 and N2 (1 ng each) and C (4 pg) in the presence of increasing concentrations of cisplatin. The number of transfected cells
undergoing apoptosis was then scored and expressed as the mean *+ standard error of the mean from duplicate determinations. This figure is a
representative example of eight different experiments. (C) HeLa cells were transfected as for panel B. The cells were then incubated with the
indicated cisplatin concentrations for 18 h and lysed, and the presence of activated caspase 3 in the cell lysates was detected by Western blot analysis
using an antibody specifically recognizing the active form of the caspase. (D) HeLa cells were incubated with the indicated cisplatin concentrations
for 18 h. The cells were then lysed, and the presence of RasGAP, fragment N, and fragment N2 was identified by Western blot analysis using an
antibody directed at the SH2-SH3-SH2 domains of RasGAP. (E) HelLa cells were incubated with the indicated cisplatin concentrations for 18 h
in the absence (control) or in the presence of 30 uM caspase inhibitor z-VAD. The cells were then processed as described for panel D. Inhibition
of caspases blocked the appearance of both fragment N and fragment N2. (F) HeLa cells were transfected with 1 ug of a GFP-expressing plasmid
with or without the indicated combinations of plasmids (4 g of the fragment C-encoding plasmid; 1 pg of the others) in the presence of increasing
concentrations of cisplatin. The number of transfected cells undergoing apoptosis was then scored. B-gal, B-galactosidase.
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FIG. 8. Role of Ras in the regulation of apoptosis by the RasGAP fragments. (A) HeLa cells were transfected with 1 pug of a GFP-expressing
plasmid together with either empty pcDNA3 vector (control), 4 pg of the fragment C-encoding plasmid, 4 ug of the fragment C-encoding plasmid
and 1 pg of the plasmid encoding fragment N, or 4 pg of the fragment C-encoding plasmid and 1 pg of plasmids encoding fragments N1 and N2
in the absence (—) or in the presence of 1 pg of a plasmid encoding the constitutively active V12Ras mutant (V12) or the dominant negative
N17Ras mutant (N17). The number of transfected cells undergoing apoptosis was then scored and expressed as the mean = standard deviation from the
number of determinations indicated over the bars. The asterisk denotes a significant difference between the indicated conditions (P < 0.001). (B) HeLa
cells were transfected with 1 pg of a GFP-expressing plasmid together with either empty pcDNA3 vector (control) or 1 pg of plasmids encoding fragments
N1 and N2 in the absence (—) or in the presence of 1 ug of a plasmid encoding the N17Ras mutant. The cells were then stimulated or not with 0.1 pM
cisplatin for 18 h. The number of transfected cells undergoing apoptosis was then scored and expressed as the mean * standard deviation from four
independent determinations. The asterisk denotes a significant difference between the indicated conditions (P < 0.001).

RasGAP signaling shifts from anti- to proapoptotic signal-
ing as caspase activity increases: the apoptostat model. Our
data suggest that in situations where caspases are activated to
low levels (possibly to fulfill functions other than apoptosis),
partial cleavage of RasGAP into fragment N and fragment C
generates a Ras-dependent antiapoptotic response that pre-
vents the cells from engaging themselves in the apoptotic path-

way (Fig. 9). In contrast, in situations where caspases are
strongly activated, the RasGAP fragments are no longer able
to protect cells from apoptosis. Moreover, in the presence of
high enough caspase activity, RasGAP would be further
cleaved, leading to the generation of fragments N1 and N2.
These fragments strongly potentiate apoptosis in a Ras-inde-
pendent manner (Fig. 9). RasGAP could thus be viewed as an
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FIG. 9. Model of the roles of RasGAP caspase cleavage fragments in the regulation of apoptosis. See text for details.

“apoptostat” in the sense that it could allow the cell to deter-
mine when caspases have been mildly activated to fulfill func-
tions other than apoptosis or when caspases are strongly acti-
vated to mediate apoptosis. The antiapoptotic mode involves
the cleavage of RasGAP at position 455 that occurs at low
caspase activity and that results in the generation of the anti-
apoptotic N-terminal fragment. The proapoptotic mode in-
volves the cleavage of RasGAP at position 157 when caspase
activity reaches a certain threshold, generating two potent pro-
apoptotic fragments that actively participate in the apoptotic
process.

What could be the mechanisms mediating the proapoptotic
functions of the RasGAP cleavage fragments? Ras activation is
not involved, since the dominant negative N17Ras mutant does
not block the potentiation of apoptosis induced by fragments
N1 and N2 (Fig. 8). The SH2 domains of RasGAP interact with
RhoGAP, and thus RasGAP has the potential to regulate Rho
activity (3, 15, 27). It has been shown recently that RhoB can
inhibit NFkB (12). Since NFkB has been implicated in anti-
apoptotic signaling (2), its inhibition by Rho proteins could
favor apoptosis. p629°* is another possible candidate protein
that could mediate the proapoptotic signals generated by the
RasGAP fragments. p629°* interacts with RasGAP via the SH2
domain borne by fragment N2 and has recently been shown to
inhibit the activation of the ERK MAPK pathway in B cells

(24, 36). As mentioned above, activation of the ERK MAPK
pathway can lead to antiapoptotic signaling. Inhibition of the
ERK MAPK pathway in a p629°*-dependent manner could
thus be a mechanism employed by fragment N2 to favor apo-
ptosis. Additional experiments are needed to resolve these
issues.

There is no conserved sequence between N1 and N2. Thus,
it is surprising that they both regulate apoptosis in similar
manners. The only salient feature of N1 is a proline-rich re-
gion, while N2 bears one SH3 domain flanked by two SH2
domains, structures that are involved in protein-protein inter-
actions (15). The fact that the N1 and N2 fragments regulate
apoptosis similarly but independently of each other suggests
that both fragments may interact with the same partner to relay
their anti- or proapoptotic properties. Alternatively, the two
fragments may regulate apoptosis by different mechanisms.
These possibilities are currently being investigated.

Possible roles of the RasGAP cleavage fragments in non-
apoptotic cells. It appears that caspase activation occurs, and
may even be required, during some differentiation processes
(1,7, 16). The function of RasGAP cleavage in these situations
may be to protect cells from apoptosis that would normally
occur after caspase activation. There is in fact strong evidence
that RasGAP could generate antiapoptotic signals. Indeed,
inhibition of RasGAP by microinjection of specific anti-RasGAP
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antibodies induces apoptosis in several tumor cell lines (18).
Moreover, in mice lacking RasGAP, increased apoptosis is
observed in the first branchial arch, in the hindbrain, in the optic
stalk, and in the telencephalon (14). Since we have shown that the
N-terminal fragments of RasGAP generated by caspase cleavage
can protect cells from apoptosis, it remains to be determined
whether the increased neuronal apoptosis observed in RasGAP
knockout mice results from the absence of the full-length protein
or the absence of the antiapoptotic fragments.

Studies using RasGAP knockout mice have also shown that
RasGAP plays a role during development and differentiation.
In the absence of RasGAP, the reorganization of yolk sac
endothelial cells into a vascular network does not occur (14).
Thus, RasGAP is required for the development of some em-
bryonic structures. Whether cleavage of RasGAP is required
for this function remains to be determined.

Conclusion. Research on apoptosis performed during the
previous decade has permitted the generation of a framework
model in which caspases and their substrates play a central role
in the induction of the cell death response. Recent evidence
that caspases may be implicated in processes other than apo-
ptosis and our findings that caspase substrates such as RasGAP
can generate an antiapoptotic response indicate that the func-
tion of caspases and their substrates is more complex than
originally thought.
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