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Abstract The TNF-R1 like receptor Fas is highly expres-
sed on the plasma membrane of hepatocytes and plays an
essential role in liver homeostasis. We recently showed that
in collagen-cultured primary mouse hepatocytes, Fas stimu-
lation triggers apoptosis via the so-called type I extrinsic
signaling pathway. Central to this pathway is the direct cas-
pase-8-mediated cleavage and activation of caspase-3 as
compared to the type II pathway which first requires caspase-
8-mediated Bid cleavage to trigger mitochondrial cyto-
chrome c¢ release for caspase-3 activation. Mathematical
modeling can be used to understand complex signaling sys-
tems such as crosstalks and feedback or feedforward loops. A
previously published model predicted a positive feedback
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loop between active caspases-3 and -8 in both type I and type
II FasL signaling in lymphocytes and Hela cells, respectively.
Here we experimentally tested this hypothesis in our hepat-
ocytic type I Fas signaling pathway by using wild-type
and XIAP-deficient primary hepatocytes and two recently
characterized, selective caspase-3/-7 inhibitors (AB06 and
AB13). Caspase-3/-7 activity assays and quantitative western
blotting confirmed that fully processed, active p17 caspase-3
feeds back on caspase-8 by cleaving its partially processed
p43 form into the fully processed p18 species. Our data do not
discriminate if p18 positively or negatively influences FasL-
induced apoptosis or is responsible for non-apoptotic aspects
of FasL signaling. However, we found that caspase-3 also
feeds back on Bid and degrades its own inhibitor XIAP, both
events that may enhance caspase-3 activity and apoptosis.
Thus, potent, selective caspase-3 inhibitors are useful tools to
understand complex signaling circuitries in apoptosis.
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Abbreviations

BAR Bifunctional apoptosis regulator

DIABLO Direct IAP-binding protein

DISC Death-inducing signaling complex

FasL Fas ligand

N2A FasL.  Multimerised FasL obtained from stably
transfected Neuro2A cells

PARP Poly ADP ribose polymerase

Q-VD-OPh  Quinolyl-valyl-O-methylaspartyl-[-2,6-
difluorophenoxy]-methylketon

Smac Second mitochondrial-derived activator of
caspase

wt Wild-type

XIAP X-chromosome-linked IAP (inhibitor of
apoptosis protein)

Introduction

Cell death is an essential process for multicellular organ-
isms as it is crucial for their proper embryonic development
and tissue homeostasis in the adult [1]. High amounts of
Fas, a member of the tumor necrosis factor (TNF) receptor
superfamily also known as CD95, are constitutively
expressed on the surface of hepatocytes [2, 3]. In the liver,
Fas plays an important role during viral and autoimmune
hepatitis, alcoholic liver disease and endotoxin- or ische-
mia/reperfusion-induced liver damage with the possible
development of liver cirrhosis or hepatic carcinoma [2, 4—
7]. Indeed, mice injected with an agonistic Fas antibody
show extensive liver apoptosis and die rapidly from ful-
minant hepatitis [3, 8, 9].

After Fas ligand (FasL) binds to Fas on the surface, two
apoptotic signaling cascades can be initiated, a direct type I
pathway and a mitochondria mediated type II pathway
[10]. Both pathways start with the formation of the death
inducing signaling complex (DISC) at the activated Fas
receptor [11]. Following conformational change after FasL.
binding, the intracellular domain of Fas is able to bind to
the adaptor FADD which in turn recruits from the cytosol
two monomeric initiator procaspase-8a (p55) or -8b (p53)
molecules into close proximity [12—14]. This proximity
allows the p55 and p53 proforms of caspase-8 to be auto-
processed into their respective p43/pl2 and p41/pl0 tet-
rameric active forms. The tetrameric forms stay associated
with the DISC and then either cleave the BH3-only protein
Bid (type II pathway) [8, 9, 15] or directly process the p32
proform of caspase-3 to a partially active p19/p12, and
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through further autoprocessing, to a highly active p17/p12
tetrameric caspase-3 enzyme (type I pathway) [10, 11, 16].
In the type II pathway cleaved Bid (tBid) migrates to
mitochondria where it activates Bax/Bak leading to
increased mitochondrial membrane permeability (MOMP)
and the consequent release of cytochrome c¢ [17]. Cyto-
chrome ¢ forms with the adapter Apaf-1 and the initiator
caspase-9 a heptameric holoenzyme complex, called the
apoptosome, which in turn processes the p32 proform of
caspase-3 into the same p19/p12 and pl17/pl12 active tet-
rameric caspase-3 enzymes.

Interestingly, at least in lymphocytes and hepatocytes,
Fas signaling not only triggers apoptosis but also pro-
liferation [16]. This response seems to be crucial for liver
regeneration as it is reduced in Fas mutant/Ipr mice after
partial hepatectomy [18]. Perplexingly, the mitogenic
signaling induced by Fas also depends on caspase-8 [19,
20]. Moreover, caspase-8 has been implicated in macro-
phage differentiation [19], tumor cell migration [21] and
skin protection from inflammatory reactions [22]. How
the enzyme switches between apoptotic and non-apopto-
tic events has not yet been clearly defined. Recent evi-
dence from knock-in mice carrying cleavage mutants of
caspase-8 suggested that the processing of p55 or p53
pro-caspase-8 into p43/pl2 or p4l/pl0 complexes is
required for apoptosis, but not for non-apoptotic pro-
cesses [20].

Although p43/p12 and p41/pl0 tetrameric caspase-8
complexes are thought to be fully active at the DISC and to
exhibit a broad substrate repertoire [23-25], both com-
plexes can be further processed to catalytically inactive p26
or p24 fragments, which stay at the DISC, and a catalyti-
cally active p18 form which is released into the cytosol and
forms with the p12 caspase-8a and p10 caspase-8b subunits
two soluble pl8/pl2 and pl8/pl0 tetrameric enzyme
complexes [24]. The role of these p18 caspase-8 complexes
in the cytosol is still debated. It is assumed that they can
further cleave Bid and pro-caspase-3 to enhance type Il and
I apoptosis signaling [11, 16]. However, recent experi-
mental evidence indicated that the formation of p18 may
rather downregulate or restrict Fas signaling because
cleavage mutants of caspase-8 which could not be pro-
cessed to p18 (D210A/D216A), and hence accumulated as
p43 or p4l complexes, exhibited enhanced apoptosis as
compared to wild-type caspase-8 [24, 26].

In type II Fas signaling it was reported that active cas-
pase-3 can cleave its initiator caspases-9 and -8 [27, 28].
This feedback mechanism was considered to occur via the
intermediate processing and activation of caspase-6 [29,
30] and thought to be a positive feedback mechanism to
further enhance apoptosis through mitochondria and cas-
pase-3 activation. A mathematical model developed by
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Eissing et al. [31] predicted bistability and a positive
feedback loop between caspase-3 and caspase-8 in type I
FasL signaling in SKW6.4 lymphocytes and type II FasL
signaling in Hela cells. Bistability is considered to be a
salient feature of cells which theoretically are either in the
stable state of life or death. To ensure a bistable system a
positive or double negative feedback loop is required [32,
33]. In the case of FasL signaling this could be represented
by further caspase-8 activation via active caspase-3. It has
already been shown by mathematical modeling that XIAP,
as an inhibitor of both caspase-3 and caspase-9, triggers a
positive feedback loop because cleaved caspase-3 seques-
ters XIAP away from caspase-9. This brings about bista-
bility of the mitochondrial pathway [34]. In addition,
positive feedback can be achieved through the caspase-3
mediated cleavage of Bid [35, 36].

In this study we wanted to obtain experimental evidence
for the existence and the possible biological significance of
a caspase-3 to -8 feedback loop in the type I FasL signaling
of primary hepatocytes. We recently showed that primary
mouse hepatocytes cultured on a collagen I monolayer died
in a type I manner in response to Fas stimulation, whereas
in the liver in vivo and in freshly isolated suspension cells,
the death was Bid-dependent, hence type II [37]. So far
unequivocal experimental proof of the caspase-3 to -8
feedback has been missing due to the lack of appropriate
experimental tools. The use of pan-caspase inhibitors such
as ZVAD or Q-VD-OPh (quinolyl-valyl-O-methylaspartyl-
[-2,6-difluorophenoxy]-methylketone) and some caspase
knock-out cell lines did not give a definitive answer
because general inhibitors also block initial caspase-8
processing, and other caspases could be redundant in the
feedback signaling. Here we used two novel selective and
potent caspase-3/-7 inhibitors AB06 and AB13 [38], as
well as wild-type and XIAP knock-out primary hepatocytes
to show that the formation of pl8 caspase-8 largely
depends on active caspase-3 and therefore constitutes a
feedback mechanism. Although we could not uncover the
significance of this process, it is most likely not a positive
feedback loop. A positive feedback is rather achieved
through caspase-3 mediated downregulation of its major
inhibitor XIAP and eventually Bid cleavage.

Experimental procedures
Isolation and cultivation of primary mouse hepatocytes

Primary mouse hepatocytes were isolated from 6 to
12 weeks old wild-type and XIAP knock-out C57BL/6
mice (Jackson Laboratories) based on the collagenase
perfusion technique [39]. The isolated hepatocytes were
plated on collagen I-coated 6-well plates containing

William’s medium E (WME) supplemented with 10%
FCS, 100 nM dexamethasone, 2 mM L-glutamine and 1%
penicillin/streptomycin solution (complete WME, Bio-
chrom). After 4 h of adherence, the cells were washed
twice in PBS and incubated overnight in complete WME
without dexamethasone in a 5% CO, incubator at 37°C
before treatment with FasL.

Collagen coating

6-well plates were incubated with 1 ml of collagen I
(4.5 mg/ml) per well for 30 min at 37°C, diluted 1:10 in
PBS. The collagen solution was removed before seeding
the cells.

Source of FasL

Neuro2A cells stably transfected with a mouse FasL
expression vector secreting FasL in a multimerized, exos-
omal form (N2A FasL) were kindly provided by Dr.
Adriano Fontana, University Clinic Zurich, Switzerland
[40]. The cell supernatants were collected and prepared for
apoptosis induction as previously described [37].

Caspase-3/-7 specific inhibitors (AB06 and AB13)

ABO6 and ABI13 are irreversible caspase inhibitors con-
taining an acyloxymethyl ketone (AOMK) reactive group
that covalently modifies the active site cysteine of caspase-
3 (and -7) and thereby prevents the autocatalysis of p19
caspase-3 to the highly active pl7 fragment as well as the
cleavage of classical caspase-3 substrates such as PARP
[38]. They were synthesized according to published
methods [38]. 1 M of these inhibitors (diluted in DMSO)
was used to block Fas-induced apoptosis in hepatocytes. As
a comparison 25 pM of the pan-caspase inhibitor Q-VD-
OPh (MP Biomedicals Europe, Illkirch, France) was used.

Visual documentation

Cells were photographed under the microscope Axiovert™
(Zeiss, Jena, Germany) after treatment with N2A FasL in
the presence or absence of caspase inhibitors. Images were
processed with the AxioVision™ software (Zeiss, Jena,
Germany). Magnification was 400x.

Antibodies and reagents

Rabbit polyclonal anti-caspase-3 antibodies detecting the
p32 proform (9661) and the pl7 active form (9662) were
obtained from Cell Signaling (diluted 1:500), rat mono-
clonal anti-caspase-8 (1G12) from Alexis (diluted 1:500),
mouse monoclonal anti-XIAP (2F1) from Assay Designs
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(diluted 1:1,000), rabbit polyclonal anti-PARP from Cell
Signaling (diluted 1:1,000), rabbit polyclonal anti-ERK
(9102) from Cell Signaling (diluted 1:1,000) and mouse
monoclonal anti-beta actin (C4) from MP Biomedical
(diluted 1:40,000). The rat monoclonal anti-Bid antibodies
were a kind gift from David Huang, WEHI, Australia
(diluted 1:700). Secondary horseradish peroxide-conju-
gated goat anti-rabbit and anti-mouse were purchased from
Jackson Immuno Research Laboratories and peroxide-
conjugated rabbit anti-rat (A5795) was purchased from
Sigma (diluted 1:5,000).

Preparation of whole cell lysates

At selected time points, hepatocytes treated or not with
N2AFasL in the presence or absence of AB0O6 or AB13
were washed in ice-cold PBS and lysed on-plate in ice-cold
lysis buffer containing 20 mM Tris—HCI pH 7.5, 150 mM
NaCl, 5 mM EDTA, pH 8.0, 5 mM sodium pyrophosphate,
1 mM sodium vanadate, 20 mM sodium phosphate pH 7.6
and 1% Triton-X, supplemented with protease and pro-
teasome inhibitors (20 pg/ml aprotinin, 20 pg/ml leupep-
tin, 400 ng/ml pepstatin, 10 pg/ml cytochalasin B, 200 uM
PMSF and 8 pM MG132). The lysate was centrifuged at
16,000x g, 4°C for 5 min and the supernatant was used for
DEVDase (caspase-3/-7) activity assays, determination of
protein concentration (BCA method) and western blotting.

DEVDase activity assay

Caspase-3/-7 (DEVDase) activity was measured by incu-
bating the protein extracts with 60 pM fluorogenic DEVD-
AMC in a buffer (100 mM Hepes—KOH, pH 7.5) con-
taining 10 mM DTT for 30 min at 37°C. Fluorescence was
detected in the Fluoroskan Ascent™ equipment (Thermo
LabsystemsTM) and the RFUs (relative fluorescence units)
were normalized according to the protein concentration.

SDS-PAGE and western blot analysis

Equal protein amounts (60-100 pg) were electrophoresed
on 10 and 15% gels (SDS-PAGE), transferred to nitrocel-
lulose membranes, probed with different antibodies and
visualized by enhanced chemiluminescence (PIERCE) as
recommended by the supplier.

Quantification of western blots

Caspase-3, caspase-8, Bid, PARP and XIAP bands
detected after ECL western blotting of wild-type and
XIAP knock-out extracts were quantified by measuring the
maximal luminescence intensities as Boehringer light
units (BLUs) with the Lumi Imager™ equipment (Roche).
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The unit “BLU” represents an absolute factor for the light
intensity. Maximal BLU values were divided by the BLU
values of the correspondent loading control (ERK or beta-
actin).

Data analysis

Because the measurement noise shows neither a pure
normal nor a pure log-normal distribution, an asinh-trans-
formation was applied to the raw data as a preprocessing
step. The asinh-transformation asinh(x) = log [x + sqrt
(x> 4+ 1)] has been suggested for cases in which the noise
has normal and log-normal error components [41]. After
transformation, the residuals were in good agreement with
a normal distribution according to qqg-plots and Kolmogo-
rov—Smirnov tests, which have been calculated for each
measured protein. Independently on the choice of data
transformations, we discovered systematic errors between
the measurements obtained from different cell prepara-
tions, i.e., the time course replicates measured for the same
treatment showed the same dynamics but at different
intensity levels. To adjust for this effect, the time course
replicates were normalized to the same average before the
means and the standard errors (SE) of individual time
points were calculated. For plotting the dynamics induced
by the stimulation, the final values were shifted to a
common initial data point (¢, = 0).

Results

Specific caspase-3 inhibitors effectively block type I
Fas-induced apoptosis of primary mouse hepatocytes

When primary hepatocytes isolated from wild-type (wt)
and XIAP knock-out (XIAP ~'~) mice plated on collagen I
were treated with 100 ng/ml N2A FasL, they showed
typical hallmarks of apoptosis such as loss of cell—cell
contact, cell shrinkage and membrane blebbing (Fig. 1a) as
well as increased caspase-3/-7 activity (Fig. 1b). As
expected, morphological apoptosis (Fig. 1a) and caspase-
3/-7 activity (Fig. 1b) were much higher in XIAP™'~ cells.
Interestingly, the kinetic pattern of caspase-3/-7 activation
was similar between wt and XIAP™'~ cells (Fig. 1b) indi-
cating that increased caspase-3/-7 activity was due to the
removal of a crucial caspase-3 inhibitor (XIAP) and not
due to the elimination of a blockage upstream of caspase-3.
Conversely, the concomitant addition of either 1 uM AB06
or AB13 completely prevented the apoptotic morphology
(Fig. 1a) as well as caspase-3/-7 activation (Fig. 1b) in
both FasL-treated wt and XIAP™'~ cells. The inhibitors
alone did not have any effect on the cell morphology
(Fig. 1a, mock + ABO6 and mock + AB13).
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A . a2 il mock + AB13 18

XIAP KO

Fig. 1 The caspase-3/-7 inhibitors ABO6 and AB13 inhibit FasL-
induced apoptotic morphology and caspase-3/-7 activation. a Mor-
phological examination and b caspase-3/-7 enzymatic activity
(DEVDase assay) of wt and XIAP~~ (KO) primary mouse hepato-
cytes challenged with 100 ng/ml N2A FasL in the presence or

This finding indicates that, at the concentrations chosen,
ABO06 and AB13 were effective caspase-3/-7 inhibitors in
our system as they not only blocked apoptosis in wt but
also in XIAP™'~ cells where caspase-3/-7 activity was
around four times higher (Fig. 1b—note that the ordinates
for XIAP KO are approximately threefold higher than for
wt). Their potency was also similar to that of the pan-
caspase inhibitor QVD-OPh (Suppl. Fig. 1A). However,
QVD-OPh not only blocked the processing and activation
of caspase-3 but also that of caspase-8 and its substrate Bid
(Suppl. Fig. 1B).

ABO6 effectively blocks PARP cleavage and XIAP
degradation by inhibiting the autoprocessing of p19
to pl17 and the catalytic activity of p17 caspase-3

Concomitant with elevated caspase-3/-7 activity, we observed
an effective processing of the p32 proform of caspase-3 into its
active pl9 and pl7 fragments in FasL-treated wild-type
hepatocytes (Fig. 2a). While in the first 2 h only p19 was
formed due to caspase-8 mediated cleavage between the large
and small subunit of caspase-3, thereafter p19 was gradually
autoprocessed to the highly active pl17 fragment. The auto-
processing was completely inhibited by ABO6 indicating that

WT
50,00 -
45,00 4 = WTuntreated (n=8}
40,00 - = WTABOG (n=5)
35,00 4

¥ WTAB13 (n=3)

RFU

mock  1h 2h 3h 4h Sh

25% N2AFasL
XIAP KO
140,00 = XIAP KO untreated (n=8)
120,00 1 L yiap KO ABOG (n=5)
100,00 4 = XIAP KO AB13 (n=3)
80,00 +

RFU

60,00 -
40,00 -

mock 1h 2h 3h 4h Sh
25% N2A FasL

absence of 1 pM of the caspase-3/-7 inhibitors AB06 or AB13; mock
means untreated with FasL. The values are shown in relative
fluorescence units (RFU). The data in b are the means of at least
three independent experiments (1) £ SEM, p < 0.02. Please note that
ordinates for XIAP KO are higher than for wt

this inhibitor fully blocked the autocatalytic activity of p19
caspase-3 (Fig. 2a). This was less pronounced with AB13, as
some pl7 was still formed from p19. Indeed, the covalent
interaction of AB06 with p19 shifted the band up (see “+” in
Fig. 2a), meaning that the p19 enzyme was fully blocked by
the inhibitor. By contrast, with AB13, it was not p19, but p17,
which shifted up (see “*” in Fig. 2a). Thus, autoproteolysis
was still proceeding with AB13, but the enzymatic activity of
p17 was blocked. Consistent with this notion, proteolysis of
PARP, a classical caspase-3 substrate was entirely prevented
by the caspase-3/-7 inhibitor AB06 and drastically diminished
by AB13 (Fig. 2a). Importantly, the inhibitors were specific
for caspase-3 (and also for caspase-7 which was not tested
here) and did not affect caspase-8 activity as the processing of
p32 procaspase-3 to p19 occurred at similar kinetics between
inhibitor treated and untreated cells (Fig. 2a).

In XIAP™'~ hepatocytes, the kinetic of p32 cleavage to
p19 was similar to that in wt cells (Fig. 2a, lower panels)
indicating that this caspase-8 mediated step was not
affected by the lack of XIAP and the higher caspase-3
activity. By contrast, pl9 caspase-3 was more rapidly
converted to pl7, and PARP cleavage occurred earlier and
more extensively due to the higher caspase-3/-7 activity in
XIAP™~ cells (Fig. 2a, lower panels). Again whereas
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Fig. 2 Autoprocessing of p19 to pl7 caspase-3, PARP cleavage and
XIAP degradation are entirely blocked by AB06, autoprocessing only
partially by AB13. a Anti-caspase-3, -PARP and -XIAP western blots
of whole cell lysates of wt and XIAP™~ (KO) primary mouse
hepatocytes challenged with 100 ng/ml N2A FasL in the absence or
presence of 1 uM of the caspase-3 AB06 or AB13 for up to 5 h. 42
kDa ERK served as loading control. The molecular masses of the
respective protein bands are indicated on the right of the blots. Note
that in the presence of AB06 the p19 caspase-3 band slightly shifts up
due to the covalent interaction of the inhibitor with the catalytic
pocket of the enzyme (marked with “+4”). The same happens for the

ABO06 blocked both the p19 to p17 conversion and PARP
cleavage, AB13 did not fully inhibit these processes.
Interestingly, FasL induced the degradation of XIAP which
was fully blocked by both AB06 and AB13 (Fig. 2a). Thus,
in type I Fas signaling, caspase-3 seems to degrade its own
inhibitor which constitutes a positive feedback loop.

To obtain reproducible data of our finding, we quantified
the maximal luminescence intensities of western blot bands
from 3 to 8 independent experiments in a Lumi Imager™ and
normalized the data against the loading control of p42 ERK
using the Lumi Analist™ software. Figure 2b and ¢ show
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pl7 caspase-3 band with AB13 (marked with “*”). Light intensity
quantification of b the p32, p19 and p17 caspase-3 (C3) and ¢ the p55
XIAP and p89 PARP bands from 3 to 8 independent experiments
(n) of which one is represented in a. Values are depicted in
Boehringer light units (BLU). The data were processed by asinh-
transformation, normalized to the same average and shifted to a
common initial data point (fy = 0) as described in “Experimental
procedures”. The mean of at least three independent experiments is
shown with standard errors. Please note that ordinates for wt and
XIAP KO are not the same

the average luminescence of these analyses in so-called
Boehringer Light Units (BLUs) with respective standard errors
as described in “Experimental procedures”. The untreated
samples of all experiments were normalized to zero (7o = 0).
In general, the quantified data obtained from these many
experiments corroborated the qualitative findings shown in
Fig. 2a. After FasL stimulation, the kinetics of p32 procas-
pase-3 disappearance and formation of its first p19 cleavage
fragment were similar between caspase-inhibitor treated or
untreated wt and XIAP™'~ cells (Fig. 2b). However, the
autoprocessing of p19 to the fully active p17 form was more
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Fig. 2 continued
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pronounced in XIAP™'~ than wt cells (compare scales in
Fig. 2b) and entirely prevented by AB06 in both. Again
AB13 still allowed the formation of some p17. But consis-
tent with the blockage of pl7 caspase-3 activity by both
ABO6 and AB13, the cleavage of PARP into its p86 frag-
ment was significantly impaired upon inhibitor treatment of
FasL-stimulated wt and XIAP™'~ hepatocytes (Fig. 2c).
Moreover, ABO6 and AB13 were similarly effective in
blocking FasL-induced XIAP degradation (Fig. 2c).

Thus our data show that ABO6 is a potent, selective
caspase-3/-7 inhibitor that blocks all aspects of the caspase-
3 enzyme (p19 to p17 autoprocessing, PARP cleavage and
XIAP degradation). AB13 is less potent in inhibiting p19 to
p17 caspase-3 autoprocessing but effectively blocks PARP
cleavage and XIAP degradation (hence pl7 activity) as
well.

XIAP™'~ cells and ABO6/AB13 treatments reveal
a caspase-3 to caspase-8 feedback loop after FasL.
stimulation

To monitor the processing and activation of caspase-8 in
response to FasL treatment, we determined the kinetics of

formation of p43 or p4l and pl8 fragments in wt and
XIAP™'~ cells in the presence or absence of AB06 and
AB13 by anti-caspase-8 western blotting. As primary
hepatocytes express only one procaspase-8 isoform (p55 or
p53), we refer here to caspase-8 forms as p55, p43 and p18.
The smaller pl0 and p12 subunits of caspase-8 were not
recognized by our anti-caspase-8 antibody. As the so-called
caspase-8 specific substrate IETD-AMC can also be
cleaved by other caspases [42], including caspase-3, we
decided to determine caspase-8 activity by the cleavage of
its major substrate Bid by western blotting instead of a
fluorogenic IETDase assay.

As shown in Fig. 3a, p55 caspase-8 was cleaved into
p43 after 2 h of FasL treatment while the production of the
second cleavage product, p18, was slightly delayed. The
presence of AB0O6 did not prevent p43 formation, but
entirely blocked the generation of p18. In fact, p43 even
slightly accumulated, indicating that it could not be further
processed to p18 due to a block in caspase-3 activity. The
less potent caspase-3/-7 inhibitor AB13 still allowed the
formation of some pl8 suggesting that p18 caspase-8 for-
mation correlated with the amount of active p17 caspase-3
levels.

+ ABO6 + AB13
A
FasL(h) - 1 2 3 4 5 1 2 3 4 5 2 3 4 5
P B, s, s <5500 |, S N A g A 55 10 D, R, s, s | = 55 kDa
: - — — -3k
Caspase-8 43k0s 5y A3kDa 4
WT = = o= |—18kDa — 18 kDa A _ | —138kDa
Bid | % g —22kDa - T m S - —22kDa R —22kDa
ERK | == o o e o o | —42kDa 34— S ——————J
+ ABO6 + AB13
FasL (h) - i1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
ARt e — — SRR A | PRl BTN
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Caspase-8
-
XIAP KO | 1840 —18kDa N w4 WP |—18kDa
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Fig. 3 The formation of pl8 caspase-8 and Bid cleavage are
dependent on caspase-3 activity. a Anti-caspase-8 and anti-Bid
western blots of whole cell lysates of wt and XIAP~'~ (KO) primary
mouse hepatocytes challenged with 100 ng/ml N2A FasL in the
absence or presence of 1 uM of the caspase-3 AB06 or AB13 for up
to 5 h. 42 kDa ERK served as loading control. The molecular masses
of the respective protein bands are indicated on the right of the blots.
Note that in the presence of AB06 no p18 caspase-8 is formed and Bid
is stabilized. ABI3 had only partial effects. Light intensity
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quantification of b the p55, p43 and pl8 caspase-8 (C3) and c the
p22 full length Bid bands from 3 to 8 independent experiments (n) of
which one is represented in a. Values are depicted in Boehringer light
units (BLU). The data were processed by asinh-transformation,
normalized to the same average and shifted to a common initial data
point (o = 0) as described in “Experimental procedures”. The mean
of at least 3 independent experiments is shown with standard errors.
Please note that ordinates for wt and XIAP KO are not the same
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In XIAP™'~ hepatocytes, we noted a higher amount of
p18 caspase-8 with time of FasL treatment (Fig. 3a). This
would be expected if, due to the lack of XIAP, increased
caspase-3 activity cleaved p43 more rapidly into p18. As in
wt cells, ABO6 entirely blocked the formation of p18 while
some pl8 was still generated in the presence of ABI13.
These data clearly show that pl8 formation depends on
caspase-3 activity.

Unfortunately, we were unable to correlate the for-
mation of the p43 and/or p18 forms of caspase-8 with the
cleavage of its major substrate Bid. As expected, in
FasL-treated wt and XIAP™'~ hepatocytes, the disap-
pearance of full length p22 Bid (and the consequent
formation of pl5 tBid, not shown) correlated with p43
and pl8 formation (after 2-3 h of FasL addition)
(Fig. 3a). However, in the presence of AB06, where p43
accumulated and caspase-8 activity should be higher, less
Bid was proteolyzed. On the other hand, Bid was simi-
larly cleaved in ABI13 treated as compared to untreated
cells. We speculate that this discrepancy was due to the
fact that Bid is not only a good substrate for caspase-8,
but also for caspase-3 [35, 36]. Thus, as for p18 caspase-
8 formation, cleavage of Bid was dependent on caspase-3
activity levels (Fig. 3a).

Again quantification of the luminescent caspase-8 bands
of 3-8 experiments by Lumi Imager™ (Fig. 3b, ¢) con-
firmed the data shown by the representative western blots
in Fig. 3a. In general, little p43 caspase-8 was detected in
response to FasL,, presumably because little active caspase-
8 is needed to transmit the apoptotic signal and/or because
p43 is further converted to p18. This was especially true in
XIAP™'~ cells where p43 levels were so low that their
quantitation greatly varied and was barely above back-
ground/noise (Fig. 3b). By contrast, p18 caspase-8 gradu-
ally accumulated after 3 h of FasL treatment, the
upregulation was more pronounced in XIAP™'~ cells and
fully inhibited by ABO06, but only partially by ABI3
(Fig. 3b—mnote that the ordinates for XIAP KO are higher
than for wt). Moreover, the disappearance of the full-length
p22 Bid molecule due to proteolysis correlated with the
levels of caspase-3 activity (Fig. 3c).

In summary, our data show that while the formation of
the active p43 caspase-8 fragment is due to autoprocessing
of clustered p55 procaspase-8 molecules, pl8 caspase-8
formation largely depends on caspase-3 activity in FasL-
treated primary hepatocytes dying via the direct type I
signaling pathway. We could therefore confirm the math-
ematical model by Eissing et al. [31] that caspase-3 feeds
back on caspase-8 to further process p43 caspase-8 to a p18
form. Moreover, we show that caspase-3 triggers the pro-
teolysis of Bid either directly or indirectly by enhancing
caspase-8 activation. It also downregulates its own inhib-
itor XIAP.
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Caspase-3 to caspase-8 feedback loop: is it further
enhancing caspase-3 activity (positive)
or downregulating caspase-8 activity (negative)?

The question remained. What is the physiological signifi-
cance of this caspase-3 to caspase-8 feedback loop in the
type I FasL signaling pathway for apoptosis? One possi-
bility is that p18 is a highly active form of caspase-8, which
processes more p32 procaspase-3 into pl9/pl7 active cas-
pase-3 (positive feedback). As shown in Fig. 1b, caspase-3
processing and activity further increase during the forma-
tion of p18 caspase-8 formation in both wt and XIAP™/~
cells (between 3 and 5 h of FasL treatment) indicating that
pl8 could positively influence caspase-3 activity and
thereby accelerate FasL-induced apoptosis (Fig. 4a).
Alternatively, p18 may just be a degradation product of
p43 that does not further cleave p32 procaspase-3 as a
substrate (negative feedback) or is directed towards other,
not yet identified substrates implicated in the recently
published, pleiotropic effects of caspase-8 (Fig. 4b). We
cannot distinguish between these two possibilities because

A Simplified scheme of the type | model
(modified from Eissing et al., 2004)
FasL
Fas

p32 C3

p43 C8 — p18 C8 —bl

XIAP — Degradation
p17 C3 C I

Positive

feedback loop p17 C3
Apoptosis
7
FasL
Fas

p32 C3

p43 C8 —— p18 C8 —|J

XIAP — Degradation
p17 C3 C I

p17 C3

Negative
feedback loop

Apoptosis

Fig. 4 Simplified scheme of the type I apoptotic pathway (modified
from Eissing et al. [31]) in which p17 caspase-3 feeds back to p18
caspase-8. a Putative positive feedback loop by which the pl8
caspase-8 (C8) generated by proteolysis from pl7 caspase-3 (C3)
further enhances p32 to pl17 C3 processing and thereby accelerates
apoptosis b Putative negative feedback loop by which the pl8
caspase-8 (C8) generated by proteolysis from pl7 caspase-3 (C3)
shuts down p32 to pl7 C3 processing, thereby restricting apoptosis.
Alternatively, p18 caspase-8 may target others yet unknown sub-
strates implicated in non-apoptotic processes of FasL signaling
(question marks). While our data shown here cannot distinguish
between a positive or negative feedback loop, we can show that p17
C3 also degrades its own inhibitor XIAP, thereby enhancing caspase-
3 activation and apoptosis in a positive manner
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no specific inhibitor against p18 caspase-8 is available
which does not also affect caspase-3. However, recent data
from other laboratories suggested that pl8 formation
diminishes rather than enhances FasL-induced apoptosis
(see “Discussion” below).

Discussion

A mathematical model developed by Eissing et al. [31]
predicted that a positive feedback loop between caspase-3
and caspase-8 activation caused bistability of the type I and
type II signaling cascades induced by FasL. We used here
two caspase-3/-7 specific inhibitors and genetic deletion of
the major endogenous caspase-3 inhibitor XIAP to show
that in type I FasL signaling of primary mouse hepatocytes,
such a caspase-3 to caspase-8 feedback loop indeed exists,
but its impact cannot be estimated until we have access to
better tools (such as specific caspase-8 inhibitors) and
quantified kinetic data.

In FasL signaling, p55/p53 pro-caspase-8a/b are rapidly
recruited to the DISC, triggering the autoprocessing of the
initiator caspase into p43/p4l and pl0/pl2 fragments
which form active tetrameric p43/p12 and p41/pl0 com-
plexes at the DISC. As recently shown, this autoprocessing
is absolutely required for apoptosis signaling, either by
directly processing p32 procaspase-3 into active pl9 and
pl7 fragments or by cleaving Bid which activates caspase-
3 via Bax/Bak mediated MOMP, cytochrome c release and
Apaf-1/caspase-9 apoptosome formation [20, 24, 26]. We
do not know if primary hepatocytes express both pS55
caspase-8a and p53 caspase-8b. It seems that we detect
only one band for both the p55/p53 proforms as well as the
p43/p41 autoprocessed forms. We however consistently
see autoprocessing of caspase-8 in response to FasL
treatment, which is concomitant in time with the process-
ing of p32 pro-caspase-3 into p19 and pl7. Most impor-
tantly, 1 pM of the highly selective, potent caspase-3/-7
inhibitor AB06 blocks not only pl9 to pl7 caspase-3
processing, caspase-3/-7 DEVDase activity and apoptosis,
but also the further cleavage of the DISC-associated p43 to
a cytosolic p18 caspase-8 fragment. As the autoprocessing
of p43 is not affected by this inhibition, it is clear that
ABO6 does not block caspase-8 activity. Indeed, Berger
et al. [38] showed that the Ki(app) of ABO06, the value for
the speed of the inhibitor binding to the target enzyme, was
250 times higher for caspase-3 than for caspase-8. In the
same study, it was reported that 10 pM of AB06 or AB13
cross-inhibited other caspases, including caspase-8,
whereas 1 UM was specific for caspases-3 and -7 [38]. In
addition, in XIAP™'~ cells where more caspase-3 activity
and processing is detected, the levels of pl8 caspase-8
increase and this enhancement is also fully blocked by

ABO06. As we performed the western blot experiments up to
8 times, accurately quantified the caspase-3 and -8 bands
by luminescence measurements and ensured the specificity
of the inhibitors by using a final concentration of 1 pM, we
can be confident that the processing of p43 to p18 caspase-
8 is a caspase-3 dependent feedback event. The caspase-3/-
7 inhibitor AB13 turned out to be less potent in blocking
caspase-3/-7 activity, most likely because it did not effec-
tively interact with p19 (no band shift, see Fig. 2a) and
hence could not entirely block its autoproteolysis to pl17.
However, AB13 was as efficient as AB06 in inhibiting the
enzymatic activity of p17 (Fig. 1b) and by consequence the
proteolysis of PARP, Bid as well as XIAP (Fig. 2a, c). Our
data are consistent with Berger et al. [38], showing that
ABI13 binds about 2 times slower to caspase-3 than AB06.

What is the significance of the caspase-3 to caspase-8
feedback loop for FasL-induced apoptosis? Such a loop has
been predicted by Systems Biology simulations in the type I
SKW6.4 and the type II HeLa cells using XIAP as caspase-3
and BAR (bifunctional apoptosis regulator) as caspase-8
inhibitor [43]. However, neither one of these two inhibitors
were selective for the respective caspases and thus experi-
mental proof of such a feedback loop has been so far missing.
Moreover, although the mathematical modeling suggested a
positive feedback loop in both cases (type I and type II), it
could not been proven that a further processing of the p43 or
p41 caspase-8 to p18 indeed accelerated caspase-3 activation
and apoptosis. Recently, Hughes et al. [24] and Oberst et al.
[26] generated caspase-8 mutants, which could still be auto-
processed to the p43, but not to p18. (D216A/D210A). Sur-
prisingly, these mutants were even more potent in processing
and activating caspase-3 and inducing apoptosis than the wild-
type forms suggesting that pl8 formation was either an
apoptosis down-regulating event or a means to direct pl8
caspase-8 towards another substrate than Bid or caspase-3.
Caspase-8 has been implicated in a variety of other cellular
processes such as cell proliferation and differentiation [19-22].
However, mice carrying knock-in caspase-8 mutants revealed
that it was the clustered, non-processed p55/p353 rather than the
fully processed p18 form of caspase-8, which was responsible
for these non-apoptotic effects [20]. It is therefore still unclear,
what substrates and signaling pathways are affected by p18
caspase-8 and the significance of the caspase-3 to caspase-8
feedback loop described herein remains to be identified.

By contrast, we obtained good evidence from our analysis
that caspase-3 could amplify type I FasL signaling through the
cleavage of Bid and the degradation of its own inhibitor XIAP.
In type II signaling, XIAP is neutralized by the release of
Smac/DIABLO and other apoptogenic factors [17]. These
factors bind to XIAP and prevent its interaction with caspase-9
and caspase-3. Like this, both caspases can be fully activated
and the apoptotic signaling through mitochondria is acceler-
ated. In type I signaling, the release of apoptogenic factors
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from mitochondria is not detectable and hence another
mechanism has to prevail in order to eliminate XIAP and
enhance apoptosis signaling through caspase-3. Based on our
data that XIAP degradation is blocked by AB06 and AB13,
together with structural evidence that caspase-3 binds to
XIAP’s BIR2 domain [44] and both proteins co-immunopre-
cipitate hepatocyte lysates [45], we propose that in type I FasL
signaling low levels of pl17 caspase-3 cleave and neutralize
XIAP, thereby increasing caspase-3 activity and consequent
apoptosis with time. With regard to the cleavage of Bid by
caspase-3, it is not clear if this really constitutes a positive
feedback loop. It was very difficult to detect the tBid cleavage
fragment by our antibody and in fact, not much of tBid is
needed to trigger Bax/Bak-mediated MOMP [46]. Thus, we
cannot say if caspase-3-mediated cleavage of Bid leads to type
II, mitochondrial apoptosis amplification loop rather than a
simple degradation and inactivation of Bid. Further experi-
ments with caspase-3 cleavage mutants of XIAP and BID will
unveil the significance of these feedback loops for type I FasL
induced apoptosis signaling. Moreover, the development of a
mathematical model connecting caspase-3 with Bid and XIAP
will shed more light on these mechanisms.

Our data show how in silico models can be used to
predict biological outcome of complex signaling events.
However, we still need optimal tools, such as the caspase-
3/-7 specific inhibitors ABO6 and AB13 and XIAP deletion
to prove that the prediction is right. Even then more
mathematical models and experimental tools are required
to identify the significance of the feedback loops and
crosstalks implicated in these complex signaling systems.
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