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Coupled positive feedbacks provoke slow induction plus fast switching
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Abstract Apoptosis is a form of a programmed cell death for
multicellular organisms to remove unwanted or damaged cells.
This critical choice of cellular fate is an all-or-none process,
but its dynamics remains unraveled. The switch-like apoptotic
decision has to be reliable, and once a pro-apoptotic fate is deter-
mined it requires fast and irreversible execution. One of the key
regulators in apoptosis is caspase-3. Interestingly, activated cas-
pase-3 quickly executes apoptosis, but it takes considerable time
to activate it. Here, we have analyzed this ‘‘slow induction plus
fast switching’’ mechanism of caspase-3 through mathematical
modeling and computational simulation. First, we have shown
that two positive feedbacks, composed of caspase-8 and XIAP,
are essential for the ‘‘slow induction plus fast switching’’ behav-
ior of caspase-3. Second, we have found that XIAP in the feed-
back loops primarily regulates induction time of caspase-3. In
many cancer cells activation of caspase-3 is suppressed. Our re-
sults suggest that reinforcement of the positive feedback by
XIAP, which relieves XIAP-mediated caspase-3 inhibition,
might favor a pro-apoptotic cellular fate.
� 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Apoptosis is a critical cellular process that induces death of

seriously damaged or unnecessary cells in various biological

processes including development, differentiation, proliferation,

and immune responses [1,2]. It is a programmed cell death by

which cells execute an intracellular suicide program and kill

themselves without damaging neighboring cells. Interestingly,

a characteristic behavior of ‘‘slow induction plus fast switch-

ing’’ has been observed for many of apoptotic cells [3,4]. How-

ever, the underlying mechanism remains mostly unsolved.
Abbreviations: IAP, inhibitor of apoptosis protein; XIAP, X chromo-
some-linked IAP; Cn, pro-caspase-n; Cn*, activated caspase-n; C3*-
XIAP, caspase-3-XIAP complex; PFA, positive feedback through
activation; PFI, positive feedback through inhibition
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When an apoptotic stimulus is applied either through

extrinsic or intrinsic stress signals, e.g., external death signals

or internal DNA-damages [5–9], an array of caspases includ-

ing caspases-2, -3, -6, -7, -8, -9, and -10 are activated [10–

14]. Among those, activation of caspase-3 is one of the

key events. Caspase-3 is known to be indispensable for chro-

matin condensation and DNA fragmentation in many cell

types [15,16]. It has been reported that the caspase-3 activa-

tion is a bistable (i.e., all-or-none) and irreversible procedure

[17–20]. A mathematical model of the caspase-3 activation in

the death receptor-induced apoptosis was proposed [17].

Here, to find any hidden topological structure in a cas-

pase-3 activation pathway for apoptosis, we employed a

mathematical model building approach. We first divided

the systems model into three sub-models, which corre-

sponded to three positive feedbacks through caspase-8, X

chromosome-linked IAP (XIAP), and caspase-3-XIAP com-

plex. We then investigated the regulatory mechanism of cas-

pase-3 focusing on topological structures among those

positive feedbacks.

Activation of caspase-3 is known to be regulated by the

inhibitor of apoptosis (IAP) proteins. In previous studies

[21–26], several human IAP family proteins including

c-IAP1, c-IAP2, XIAP, and survivin were shown to regulate

caspase-3. In particular, XIAP is reported to inhibit caspase-

3, -7, and -9, and cleaved by caspase-3. Although a positive

feedback formed by XIAP is suggested to be involved in acti-

vation of caspase-3 [26,27], the role of interactions of caspase-3

with caspase-8 and XIAP has not been understood. In this pa-

per, we built a mathematical model regarding the caspase-3

activation and attempted to characterize the potential mecha-

nism of ‘‘slow induction plus fast switching’’.
2. Materials and methods

The core pathway on the caspase-3 activation is shown in Fig. 1.
Caspase-3 regulates two proteins, i.e., caspase-8 and XIAP, whose
quantities are fed back directly or indirectly to the caspase-3 activation
[17,26]. There are two positive feedbacks involved in this caspase-3
activation: positive feedback through activation (PFA) (i.e., via cas-
pase-8) and positive feedback through inhibition (PFI), i.e., via XIAP.
As the level of caspase-3 increases, PFA increases the rate of caspase-8
activation while PFI decreases the rate of cleavage or inactivation of
caspase-3. As observed in Fig. 2B, C3* activates degradation of XIAP,
which in turn alleviates degradation of C3*. Consequently, a positive
feedback loop is formed for C3*. In a similar manner, C3* stimulates
formation of C3*-XIAP, which relieves degradation of C3*. This latter
blished by Elsevier B.V. All rights reserved.
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Fig. 2. Illustration of the coupled positive feedbacks for the caspase-3 activ
arrows denote the effective regulation of reaction coefficients. The dash-do
feedbacks, PFA and PFI, work together. PFI consists of two positive feedba
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releasing caspase-3 from C3*-XIAP increases simultaneously.

Fig. 1. The regulatory network of caspase-3 activation in apoptosis.
The solid arrows indicate the actual reactions and the dashed arrows
denote the effective regulation of reaction coefficients. The dashed
double-dot arrow indicates activation through multi-step reactions.
Caspase-8 is activated by external death signals and it activates pro-
caspase-9. Caspase-8 and caspase-9 activate pro-caspase-3. Caspase-8
can be inhibited by bifunctional apoptosis regulator (BAR), and
caspase-3 and caspase-9 can be inhibited by XIAP, which is inhibited
by caspase-3. In this paper, we have considered caspase-3 activation by
caspase-8 as well as caspase-3 inhibition by XIAP. The reactions
through caspase-9 are not included. The positive feedbacks through
caspase-8 and XIAP form PFA and PFI, respectively. The two
different feedbacks are coupled and activate caspase-3.
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mechanism also provides a positive feedback loop. Both PFA and PFI
have the positive effects on caspase-3 activation.

To present a precise feedback structure in Fig. 1, the coupled posi-
tive feedbacks for caspase-3 activation are illustrated in Fig. 2. For de-
tails, the positive feedback through caspase-8 is denoted by PFA C8� as
shown in Fig. 2A. Two positive feedbacks through XIAP denoted by
PFI_XIAP (Fig. 2B) and caspase-3-XIAP complex (C3*-XIAP) denoted
by PFI C3�-XIAP (Fig. 2C) are shown in Fig. 2.

We have separately described the interacting feedback systems of
PFI_XIAP and PFI C3�-XIAP to determine the overall effect of these feed-
backs on the caspase-3 activation. The interacting feedback systems
operate as follows: Caspase-3 inhibits XIAP by cleaving XIAP ((1)
in Fig. 2B) through ubiquitination and degradation [21,25,26], and also
by inactivating XIAP ((3) in Fig. 2C) through the formation of C3*-
XIAP [23,24]. XIAP is fed back to inhibit ((2) in Fig. 2B) caspase-3
by the degradation of caspase-3. Furthermore, C3*-XIAP is fed back
to activate ((4) in Fig. 2C) caspase-3 by releasing caspase-3 from
C3*-XIAP. If PFI C3�-XIAP works, the degradation level of caspase-3
by XIAP decreases and the activation level of caspase-3 by releasing
caspase-3 from C3*-XIAP increases simultaneously.

We employed the mathematical model developed by Eissing et al.
[17] to describe the interacting feedback systems (see Supplementary
Information). The mathematical model was implemented using Simu-
link of Matlab 7.1 (R14) with a particular focus on the embedded feed-
back systems in apoptosis (see Supplementary Figs. S1–S4).
3. Results

3.1. The coupled positive feedbacks in apoptotic switching

The coupled positive feedbacks are involved in the caspase-3

activation, where four molecules (i.e., caspase-8, caspase-3,
C3* XIAP
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caspase-3 by XIAP decreases and the activation level of caspase-3 by
.
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Fig. 3. The fast switching for apoptosis after long induction time. (A)
The dynamic behavior of caspase-3 activation can be divided into four
phases: induction phase, pre-switching phase, switching phase, and
apoptotic phase. The caspase-3 activation is reserved during the
induction phase until a fast switching occurs. (B) The dynamics of
apoptotic switching. In the induction phase, XIAP decreases and C3*-
XIAP increases, but caspase-3 hardly changes. In the pre-switching
phase, once the level of XIAP becomes lower than that of C3*-XIAP,
caspase-3 starts increasing. In the switching phase, C3*-XIAP starts
decreasing while caspase-3 rapidly increases. In the apoptotic phase,
caspase-3, XIAP, and C3*-XIAP keep their steady states.
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XIAP, and C3*-XIAP) interact with each other. Fig. 3A shows

how the levels of molecules related to the caspase-3 activation

change along with time. The overall reaction can be divided

into four phases according to the level of activated caspase-

3: an induction phase, a pre-switching phase, a switching

phase, and an apoptotic phase. In the induction phase, the le-

vel of activated caspase-3 stays low for a while and then the

caspase-3 activation gradually increases in the pre-switching

phase. In a little while, the reaction reaches the switching phase

where the pro-life state is rapidly changed into an apoptotic

state. Next, the apoptotic phase with a high level of caspase-

3 sustains.

As shown in Fig. 3A, the caspase-8 activation leads to the

caspase-3 activation [28]. The rate of caspase-3 activation de-

pends only on PFA and slowly increases along with time since

the XIAP-mediated inhibition of caspase-3 is still dominant

[26]. As caspase-3 keeps slightly increasing by PFA, XIAP

starts decreasing and PFI becomes stronger. When PFI works
stronger than PFA, caspase-3 rapidly increases. Fig. 4 shows

how PFA and PFI, consisting of PFI_XIAP, PFI C3�-XIAP (see

Section 2), work together within the system.
3.2. The role of each positive feedback

We have analyzed how the coupled feedbacks work in each

phase. The level change of caspase-3 activation is illustrated in

details in Fig. 3B. The effects of two positive feedbacks on the

caspase-3 activation in each phase are summarized in Table 1.

3.2.1. Induction phase. In the induction phase, PFA is

effective while the role of PFI is not significant. The level of

caspase-3 rarely increases since most of increased caspase-3

by PFA are inactivated or degraded again by XIAP. Hence,

caspase-3 is not significantly activated. As caspase-3 keeps

slightly increasing, XIAP begins to decrease and exhibits a po-

sitive feedback effect on caspase-3. As a result, the influence of

PFI becomes stronger.

3.2.2. Pre-switching phase. From the induction phase to

the pre-switching phase, PFI becomes stronger. Therefore,

the strength of PFI is enhanced as much as that of PFA. Since

PFI weakens the XIAP-mediated inhibition of caspase-3,

XIAP does not extensively inhibit caspase-3 as in the previous

phase. Hence, the increasing level of caspase-3 is substantially

more than the decreasing one. As XIAP keeps decreasing by

PFI, it becomes less probable that caspase-3 binds to XIAP.

Due to the fewer chance of degradation or inactivation of cas-

pase-3 by XIAP, caspase-3 begins to significantly increase in

this pre-switching phase.

3.2.3. Switching phase. In the switching phase, the overall

effect of feedbacks is most enhanced by two positive feedbacks

simultaneously working together. In this phase, PFI becomes

more dominant than PFA and caspase-3 overwhelms XIAP.

Note that the caspase-3 activation is switched on when PFI

is stronger than PFA. This fast switching behavior of cas-

pase-3 activation is due to the synergistic effect of PFI separat-

ing caspase-3 from C3*-XIAP and PFA activating caspase-3

by caspase-8.

3.2.4. Apoptotic phase. After switching, caspase-3, XIAP,

and C3*-XIAP maintain their steady states that are called

apoptotic steady states.
3.3. Slow induction plus fast switching behavior caused by the

coupled positive feedbacks

The primary finding is that the coupled positive feedbacks

are essential in provoking the slow induction plus fast switch-

ing behavior. Fig. 5 shows the profiles of caspase-3, caspase-8,

XIAP, and C3*-XIAP in four different feedback structures:

PFA, PFA plus PFI_XIAP, PFA plus PFI C3�-XIAP, and PFA

plus PFI (see Section 2). We have investigated the role of the

coupled positive feedbacks as follows.

First, we checked the level of caspase-3 (Fig. 5A). If PFA

only works, switching occurs in a very short induction time.

When PFA plus PFI_XIAP works, the level of caspase-3 stays

low. In case of PFA plus PFI C3�-XIAP, the caspase-3 activation

immediately occurs without any noticeable induction time.

From these results, we interpret that the caspase-3 activation

can have the long induction time and fast switching behavior

only if both PFA and PFI work simultaneously.

Second, we examined the level of caspase-8 (Fig. 5B). The

profiles of caspase-8 in each feedback structure are similar to

those of caspase-3.
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Table 1
The state of caspase-3 and the relative strength of feedbacks in each phase, where the number of ‘+’ denotes the strength of feedback interaction

Induction phase Pre-switching phase Switching phase

The state of caspase-3 Activation� inhibition Activation P inhibition Activation� inhibition
The strength of PFA ++ ++ ++
The strength of PFI + ++ +++
The number of molecules Caspase-3 slightly increasing Caspase-3 increasing Caspase-3 fast increasing

C3*-XIAP increasing C3*-XIAP increasing C3*-XIAP decreasing
XIAP decreasing XIAP decreasing XIAP decreasing
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Third, we analyzed the level of XIAP (Fig. 5C). If PFA only

works, XIAP monotonically decreases through degradation

caused by the increasing caspase-3. In case of PFA plus

PFI_XIAP, XIAP rarely decreases since caspase-3 does not in-

crease. In case of PFA plus PFI C3�-XIAP, XIAP decreases faster

than the case with only PFA since caspase-3 increases more rap-

idly by PFA and PFI C3�-XIAP. If both PFA and PFI work to-

gether, XIAP has a slow decreasing rate and a long activation

time, and the long induction time of caspase-3 activation results.

Finally, we evaluated the level of C3*-XIAP (Fig. 5D). If

PFA only works, the profile of C3*-XIAP has a large over-

shoot because of the fast increasing caspase-3. If PFA plus

PFI_XIAP works, C3*-XIAP rarely increases since caspase-3 al-

most does not increase. If PFA plus PFI C3�-XIAP works, the

profile of C3*-XIAP has a larger overshoot than the case with

only PFA because of the fast increasing caspase-3 caused by

PFA and PFI C3�-XIAP. If both PFA and PFI work together,
C3*-XIAP has a slow increasing rate with a long activation

time and a fast decreasing rate.

Taking together, the slow induction plus fast switching

behavior results from the coupled positive feedbacks through

caspase-8 and XIAP. In particular, PFA uses the activation

mechanism to produce caspase-3 while PFI employs the inhibi-

tion mechanism to inhibit the degradation and the inactivation

of caspase-3. Only if these two positive feedbacks through cas-

pase-8 and XIAP are coupled, the slow induction plus fast

switching behavior of caspase-3 activation seems to occur.

3.4. The effect of XIAP in the coupled positive feedbacks

In the foregoing section, we have demonstrated that XIAP

regulates the induction time of caspase-3 activation. Fig. 6

shows the responses to different initial concentrations of

XIAP, i.e., 20000 molecules/cell (Fig. 6A–C), 40000 mole-

cules/cell (Fig. 6D–F), and 60000 molecules/cell (Fig. 6G–I).
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Fig. 5. The dynamics of molecules in four different feedbacks. (A) Caspase-3 is switched on after long induction time when two positive feedbacks,
PFA and PFI, work together. (B) The dynamics of caspase-8 is similar to that of caspase-3. (C) XIAP slowly decreases for a long activation time
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In the previous study [17], the induction time of caspase-3 acti-

vation was observed to become longer as the concentration of

caspase-8, i.e., the apoptotic signal input, is lower. This longer

induction time results in robustness against noises [29]. In

addition, we have found that the initial level of XIAP is highly

related to the induction time of caspase-3 activation. The reg-

ulation of caspase-3 activation by XIAP properly works only if

the two positive feedbacks are coupled. As the level of XIAP is

higher at the initial stage, the induction time of caspase-3 acti-

vation becomes longer. This finding suggests that the induction

time of caspase-3 activation can be shortened by enhancing the

role of PFI in the coupled positive feedbacks.
4. Discussion

Apoptosis is a crucial cellular process by which cells decide

their fate through a complex regulatory mechanism. From a

systems design viewpoint, reliability and robustness are two

of the required features. In this respect, the process could have

a slow induction step to facilitate a reliable decision making

process and a fast switching step to enforce a robust execution

process [17]. In addition, slow induction is required to assure

robustness against noises [29] and fast switching is desirable

to realize an irreversible all-or-none response to apoptotic sig-

nals [3].

We have shown that the core apoptosis pathway has two dif-

ferent positive feedbacks, i.e., PFA and PFI, and they are inti-
mately coupled. Caspase-3 activation is regulated by

weakening the caspase-3 inhibition. In the beginning, only

PFA works along with caspase-8. As PFI starts to affect the le-

vel of XIAP, PFI diminishes the effect of inhibiting caspase-3

activation. Finally, fast switching occurs when the strength

of PFI becomes stronger than that of PFA (Fig. 3B). We have

found that the coupled positive feedbacks through caspase-8

and XIAP in the core apoptosis pathway are essential for the

slow induction plus fast switching behavior (Fig. 5). We have

also demonstrated that this switching behavior is closely linked

to the level of XIAP (Fig. 6). In the previous studies [30], it was

observed that XIAP, an endogenous inhibitor of caspase, is

over-expressed. Resistance to apoptosis, which prevents acti-

vation of a caspase family, commonly occurs in many cancer

cells. Based on the current study, we postulate that apoptosis

of cancer cells might be stimulated by strengthening the effect

of PFI. For instance, polyphenylurea, known as an antago-

nist of XIAP, inhibits XIAP from its binding with caspase-3.

Thus it might enhance the role of PFI. As the effect of PFI be-

comes stronger, the induction time of caspase-3 activation is

shortened and apoptosis might become a favorable pathway

in cancer cells.

Acknowledgements: This work was supported by a grant from the Kor-
ea Ministry of Science and Technology (Korean Systems Biology Re-
search Grant, M10503010001-05N030100111 and Nuclear Research
Grant, M20708000001-07B0800-00110), by the 21C Frontier Micro-
bial Genomics and Application Center Program, Ministry of Science
& Technology (Grant MG05-0204-3-0), Republic of Korea, in part
by 2005-B0000002 from the Korea Bio-Hub Program of Korea Minis-



0 100 200 300 400
0

0.5

1

1.5

2

2.5
x 10

4 C3*

0 100 200 300 400
0

1

2

3

4
x 10

4 XIAP

0 100 200 300 400
0

2000

4000

6000

8000
C3*-XIAP

0 100 200 300 400
0

0.5

1

1.5

2

2.5
x 10

4 C3*

0 100 200 300 400
0

1

2

3

4
x 10

4 XIAP

0 100 200 300 400
0

5000

10000

15000
C3*-XIAP

0 100 200 300 400
0

0.5

1

1.5

2

2.5
x 10

4 C3*

0 100 200 300 400
0

1

2

3

4

5

6
x 10

4 XIAP

0 100 200 300 400
0

0.5

1

1.5

2
x 10

4 C3*-XIAP

No feedback
PFA
PFA + PFI

Time (min) Time (min) Time (min)

N
um

be
r o

f m
ol

ec
ul

es
(m

ol
ec

ul
es

/c
el

l)

N
um

be
r o

f m
ol

ec
ul

es
(m

ol
ec

ul
es

/c
el

l)

N
um

be
r o

f m
ol

ec
ul

es
(m

ol
ec

ul
es

/c
el

l)

Time (min) Time (min) Time (min)

Time (min) Time (min) Time (min)

N
um

be
r o

f m
ol

ec
ul

es
 

(m
ol

ec
ul

es
/c

el
l)

N
um

be
r o

f m
ol

ec
ul

es
 

(m
ol

ec
ul

es
/c

el
l)

N
um

be
r o

f m
ol

ec
ul

es
 

(m
ol

ec
ul

es
/c

el
l)

N
um

be
r o

f m
ol

ec
ul

es
 

(m
ol

ec
ul

es
/c

el
l)

N
um

be
r o

f m
ol

ec
ul

es
 

(m
ol

ec
ul

es
/c

el
l)

N
um

be
r o

f m
ol

ec
ul

es
 

(m
ol

ec
ul

es
/c

el
l)

A

D

G H I

E F

B C

Fig. 6. The different dynamics caused by different initial levels of XIAP. The higher the initial level of XIAP is, the longer the induction time is. The
concentration of caspase-8 is regarded as an input for induction of apoptosis. We examined varying initial concentrations of XIAP while keeping
others the same to those in the previous simulations (see Supplementary Information). In three graphs (D–F), the initial level of XIAP was set to
40000 molecules/cell [17]. Three graphs in the first row (A–C) show the responses for a lower initial level of XIAP, i.e., 20000 molecules/cell. Three
graphs in the last row (G–I) correspond to 60000 molecules/cell as a higher initial concentration of XIAP.

H.-S. Choi et al. / FEBS Letters 581 (2007) 2684–2690 2689
try of Commerce, Industry & Energy, and by a grant from NITR/
KOREA FDA for the National Toxicology Program in Korea
(KNTP). H.-S. Choi and K.-H. Cho were supported by the second
stage Brain Korea 21 Project in 2007, and H. Yokota was supported
by NIH AR50008 and IUPUI International Development Funds.
Appendix A. Supplementary data

Supplementary material is available at the FEBS Letters

website. Supplementary data associated with this article can

be found, in the online version, at doi:10.1016/j.febslet.

2007.05.016.

References

[1] Meier, P., Finch, A. and Evan, G. (2000) Apoptosis in develop-
ment. Nature 407, 796–801.

[2] Chang, H.Y. and Yang, X. (2000) Proteases for cell suicide:
functions and regulation of caspases. Microbiol. Mol. Biol. Rev.
64, 821–846.

[3] Rehm, M., Dussmann, H., Janicke, R.U., Tavare, J.M., Kogel, D.
and Prehn, J.H. (2002) Single-cell fluorescence resonance energy
transfer analysis demonstrates that caspase activation during
apoptosis is a rapid process. Role of caspase-3. J. Biol. Chem. 277,
24506–24514.
[4] Tyas, L., Brophy, V.A., Pope, A., Rivett, A.J. and Tavare, J.M.
(2000) Rapid caspase-3 activation during apoptosis revealed using
fluorescence-resonance energy transfer. EMBO Rep. 1, 266–270.

[5] Ashkenazi, A. and Dixit, V.M. (1998) Death receptors: signaling
and modulation. Science 281, 1305–1308.

[6] Nicholson, D.W. and Thornberry, N.A. (2003) Apoptosis. Life
and death decisions. Science 299, 214–215.

[7] Earnshaw, W.C., Martins, L.M. and Kaufmann, S.H. (1999)
Mammalian caspases: structure, activation, substrates, and
functions during apoptosis. Annu. Rev. Biochem. 68, 383–
424.

[8] Sartorius, U., Schmitz, I. and Krammer, P.H. (2001) Molecular
mechanisms of death-receptor-mediated apoptosis. Chembiochem
2, 20–29.

[9] Salvesen, G.S. and Renatus, M. (2002) Apoptosome: the seven-
spoked death machine. Dev. Cell 2, 256–257.

[10] Kuida, K., Zheng, T.S., Na, S., Kuan, C., Yang, D., Karasuyama,
H., Rakic, P. and Flavell, R.A. (1996) Decreased apoptosis in the
brain and premature lethality in CPP32-deficient mice. Nature
384, 368–372.

[11] Kuida, K. et al. (1998) Reduced apoptosis and cytochrome c-
mediated caspase activation in mice lacking caspase 9. Cell 94,
325–337.

[12] Hakem, R. et al. (1998) Differential requirement for caspase 9 in
apoptotic pathways in vivo. Cell 94, 339–352.

[13] Varfolomeev, E.E. et al. (1998) Targeted disruption of the mouse
Caspase 8 gene ablates cell death induction by the TNF receptors,
Fas/Apo1, and DR3 and is lethal prenatally. Immunity 9, 267–
276.

http://dx.doi.org/10.1016/j.febslet.2007.05.016
http://dx.doi.org/10.1016/j.febslet.2007.05.016


2690 H.-S. Choi et al. / FEBS Letters 581 (2007) 2684–2690
[14] Bergeron, L. et al. (1998) Defects in regulation of apoptosis in
caspase-2-deficient mice. Genes Dev. 12, 1304–1314.

[15] Porter, A.G. and Janicke, R.U. (1999) Emerging roles of caspase-
3 in apoptosis. Cell Death Differ. 6, 99–104.

[16] Budihardjo, I., Oliver, H., Lutter, M., Luo, X. and Wang, X.
(1999) Biochemical pathways of caspase activation during apop-
tosis. Annu. Rev. Cell Dev. Biol. 15, 269–290.

[17] Eissing, T., Conzelmann, H., Gilles, E.D., Allgower, F., Bullinger,
E. and Scheurich, P. (2004) Bistability analyses of a caspase
activation model for receptor-induced apoptosis. J. Biol. Chem.
279, 36892–36897.

[18] Slee, E.A. et al. (1999) Ordering the cytochrome c-initiated
caspase cascade: hierarchical activation of caspases-2, -3, -6, -7, -
8, and -10 in a caspase-9-dependent manner. J. Cell Biol. 144,
281–292.

[19] Cowling, V. and Downward, J. (2002) Caspase-6 is the direct
activator of caspase-8 in the cytochrome c-induced apoptosis
pathway: absolute requirement for removal of caspase-6 prodo-
main. Cell Death Differ. 9, 1046–1056.

[20] Van de Craen, M., Declercq, W., Van den brande, I., Fiers, W.
and Vandenabeele, P. (1999) The proteolytic procaspase
activation network: an in vitro analysis. Cell Death Differ. 6,
1117–1124.

[21] Huang, H., Joazeiro, C.A., Bonfoco, E., Kamada, S., Leverson,
J.D. and Hunter, T. (2000) The inhibitor of apoptosis, cIAP2,
functions as a ubiquitin-protein ligase and promotes in vitro
monoubiquitination of caspases 3 and 7. J. Biol. Chem. 275,
26661–26664.
[22] Salvesen, G.S. and Duckett, C.S. (2002) IAP proteins: blocking
the road to death’s door. Nat. Rev. Mol. Cell Biol. 3, 401–410.

[23] Huang, Y., Park, Y.C., Rich, R.L., Segal, D., Myszka, D.G. and
Wu, H. (2001) Structural basis of caspase inhibition by XIAP:
differential roles of the linker versus the BIR domain. Cell 104,
781–790.

[24] Srinivasula, S.M. et al. (2001) A conserved XIAP-interaction
motif in caspase-9 and Smac/DIABLO regulates caspase activity
and apoptosis. Nature 410, 112–116.

[25] Suzuki, Y., Nakabayashi, Y., Nakata, K., Reed, J.C. and
Takahashi, R. (2001) X-linked inhibitor of apoptosis protein
(XIAP) inhibits caspase-3 and -7 in distinct modes. J. Biol. Chem.
276, 27058–27063.

[26] Deveraux, Q.L., Leo, E., Stennicke, H.R., Welsh, K., Salvesen,
G.S. and Reed, J.C. (1999) Cleavage of human inhibitor of
apoptosis protein XIAP results in fragments with distinct spec-
ificities for caspases. Embo J. 18, 5242–5251.

[27] Legewie, S., Bluthgen, N. and Herzel, H. (2006) Mathematical
modeling identifies inhibitors of apoptosis as mediators of positive
feedback and bistability. PLoS Comput. Biol. 2, e120.

[28] Kruidering, M. and Evan, G.I. (2000) Caspase-8 in apoptosis: the
beginning of ‘‘the end’’ IUBMB Life 50, 85–90.

[29] Eissing, T., Allgower, F. and Bullinger, E. (2005) Robustness
properties of apoptosis models with respect to parameter varia-
tions and intrinsic noise. Syst. Biol. (Stevenage) 152, 221–228.

[30] Schimmer, A.D. et al. (2004) Small-molecule antagonists of
apoptosis suppressor XIAP exhibit broad antitumor activity.
Cancer Cell 5, 25–35.


	Coupled positive feedbacks provoke slow induction plus fast switching in apoptosis
	Introduction
	Materials and methods
	Results
	The coupled positive feedbacks in apoptotic switching
	The role of each positive feedback
	Induction phase
	Pre-switching phase
	Switching phase
	Apoptotic phase

	Slow induction plus fast switching behavior caused by the coupled positive feedbacks
	The effect of XIAP in the coupled positive feedbacks

	Discussion
	Acknowledgements
	Supplementary data
	References


