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Fis1 and Bap31 bridge the mitochondria-ER
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induction
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The mitochondria and the endoplasmic reticulum (ER) are
two organelles that critically contribute to apoptosis in-
duction. While it is established that they communicate,
how cell death signals are transmitted from the mitochon-
dria to the ER is unknown. Here, we show that the
mitochondrial fission protein Fission 1 homologue (Fis1)
conveys an apoptosis signal from the mitochondria to the
ER by interacting with Bap31 at the ER and facilitating its
cleavage into the pro-apoptotic p20Bap3l. Exogenous
apoptosis inducers likewise use this signalling route and
induce the procession of Bap31. Moreover, we show that
the recruitment of procaspase-8 to the Fis1-Bap31 platform
is an early event during apoptosis induction. The associa-
tion of procaspase-8 with the Fis1-Bap31 complex is de-
pendent on the variant of death effector domain (vDED) in
Bap31 and is required for the activation of procaspase-8.
This signalling pathway establishes a feedback loop by
releasing Ca®>" from the ER that activates the mitochon-
dria for apoptosis. Hence, the Fisl-Bap31 complex
(ARCosome) that spans the mitochondria—-ER interface
serves as a platform to activate the initiator procaspase-
8, and thereby bridges two critical organelles for apoptosis
signalling.
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Introduction

Caspase activation complexes are acknowledged to have a
critical role in the apoptosis process. At these protein aggre-
gates, the final decision to activate these destructive enzymes
is taken to dismantle the cells. The best-known caspase-
activating complexes are the DISC and the apoptosome,
both of which reside in the cytosol and are activated by the
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extrinsic and intrinsic pathways for apoptosis, respectively.
With the PIDDosome (Tinel and Tschopp, 2004), the Hip-
1-Hippi complex (Gervais et al, 2002), and unligated integ-
rins (Stupack et al, 2001), additional protein aggregates have
recently been determined to initiate the caspase cleavage
cascade. Initiator caspases are the apical apoptosis proteases
that comprise protein-protein interaction motifs in their
N-terminal prodomains that allow them to aggregate through
adaptor proteins such as FADD via homotypic DED-DED
(death effector domain) or CARD-CARD (caspase recruiting
domain) domain interactions within the caspase-activating
complexes. This induced proximity initiates the mutual clea-
vage of procaspases and fully activates them. Caspase-8 is
one of the most prominent initiator caspases, as it is activated
in the DISC complex of the Fas or the TNF receptor
(Schneider and Tschopp, 2000).

The mitochondria and the ER harbour diverse regulators
and signalling pathways for apoptosis (Ferri and Kroemer,
2001). While it was long established that these two organelles
interact physically (Vance, 1990; Rizzuto et al, 1998), only
recently factors such as Mitofusin 2 and Mmm1/Mdm10, 12,
34 were discovered that facilitate the physical association
between them (de Brito and Scorrano, 2008; Kornmann et al,
2009). Several proteins are known to mediate inter-organelle
signalling, and PACS-2 and BIK have shown to transmit
signals for apoptosis from the ER to the mitochondria
(Germain et al, 2005; Simmen et al, 2005). However, how
cell death signals are communicated in the reverse direction,
from the mitochondria to the ER, is unknown.

One of the mitochondrial regulators of cell death that
recently came to prominence are the fission factors. During
apoptosis, the mitochondria undergo controlled fission and
their network disintegrates (Detmer and Chan, 2007). This
process is evolutionarily conserved (Jagasia et al, 2005) and
universally associated with cell death (Suen et al, 2008).
Hence, it was proposed that mitochondrial fission factors
constitute essential components of apoptosis signalling path-
ways (Youle and Karbowski, 2005). This was supported by
the downregulation of Fission 1 homologue (Fisl) and
Dynamin-related protein (Drp1l), which led to reduced apop-
tosis (Lee et al, 2004). While various models could account
for this (Suen et al, 2008), emerging evidence suggests that
fission factors can signal for apoptosis independently of their
role in mitochondrial fission (James et al, 2003; Lee et al,
2004; Alirol et al, 2006; Cassidy-Stone et al, 2008; Sheridan
et al, 2008). In an attempt to uncover the signalling pathways
emanating from fission factors, it was recently reported that
Fisl requires the endoplasmic reticulum (ER) gateway for
apoptosis signalling (Alirol et al, 2006), but the exact mole-
cular target remained undefined.

Bap31 is a 28kDa integral membrane protein expressed
ubiquitously and highly enriched at the outer ER membrane.
Its cytosolic C-terminal domain has been shown to associate
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with and promote the vesicular trafficking of cellubrevin
(Annaert et al, 1997), major histocompatibility complex
class I molecules (Spiliotis et al, 2000; Paquet et al, 2004),
tetraspanins (Stojanovic et al, 2005), CD11b/CD18 (Zen et al,
2004), and the cystic fibrosis transmembrane conductance
regulator (Wang et al, 2008). Furthermore, Bap31 constitutes
a protein aggregate at the ER, comprising several apoptosis
regulators such as Bcl-2/Bcl-XL and the specific isoform of
procaspase-8L (Ng et al, 1997; Breckenridge et al, 2002).
During apoptosis, two sites in Bap31 are targeted by caspases
and one of the cleavage products, p20Bap31, which remains
anchored to the ER via a transmembrane domain, further
transmits the apoptosis signal (Breckenridge et al, 2002).
Our study describes a tripartite protein complex among
procaspase-8, Bap31, and the fission factor Fisl. We show
that Fisl physically interacts with Bap31 to bridge the mito-
chondria and the ER. Both proteins constitute a platform for
the recruitment and activation of procaspase-8. As this sig-
nalling pathway can be initiated by Fisl, the Fisl-Bap31l
complex serves to transmit an apoptosis signal from the
mitochondria to the ER and is, besides the DISC complex
(Muzio et al, 1996) and the Hip-1-Hippi complex (Gervais
et al, 2002), the third platform for procaspase-8 activation.

Results

Fis1-induced apoptosis requires Bap31 and induces its
cleavage

We found the mitochondrial fission factor Fisl in a genetic
screen (Albayrak et al, 2003) for pro-apoptotic factors (data
unpublished). To study a potential functional interaction
between Fisl and Bap31 during the early phase of apoptosis,
we transfected HeLa cells with a mammalian expression
vector coding for Fisl and determined apoptosis as the
percentage of the cell population with subG1 DNA content.
While we detected only minor indications of apoptosis with
Fis1 30h post transfection, after 48h we observed DNA
degradation, indicative of robust apoptosis (Figure 1A), as
well as the activation of caspase-3 and poly-ADP-ribosomal
polymerase (PARP) cleavage (Supplementary Figure S1A and
B). Hence, the 30- and 48-h time points allowed for ordering
the signalling events for apoptosis caused by Fisl. We then
used Bap3l, C-terminally tagged with the enhanced yellow
fluorescent protein (Bap31-EYFP), which produces the GFP
variant coupled to eight additional amino acids when the
most C-terminal caspase recognition site in Bap31 is cleaved
(Figure 1B, top). On co-expression of Fisl with Bap31-EYFP,
immunoblotting revealed cleavage of this fusion construct
starting at 24 h after transfection and increasing over time
(Figure 1B, bottom, lanes 5-8), even though the cells dis-
played insignificant DNA fragmentation at 30 h (Figure 1A).
Similar results were obtained in HEK293T cells (data not
shown). In contrast, when Bax, a known potent apoptosis
inducer, was co-transfected with Bap31-EYFP under condi-
tions that caused apoptosis with comparable efficiency and
kinetics as Fisl (Figure 1A), no procession of this fusion
protein was observed (Figure 1B, bottom, lanes 9-12).
Application of the pan-caspase inhibitor zZVAD-fmk comple-
tely abrogated the cleavage of Bap31-EYFP induced by Fisl
(Figure 1C). We then sought to determine whether Fisl can
also provoke the cleavage of the endogenous Bap3l.
Immunoblotting at 27 h after Fisl transfection also revealed
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cleavage of the endogenous Bap31 and the generation of the
pro-apoptotic p20Bap31 fragment, thus recapitulating the
procession of the Bap31-EYFP protein at this time point
(Figure 1D). Overall, these data indicate that the cleavage
of Bap3l is caused by a specific and early caspase-like
protease activity during Fisl-induced apoptosis to produce
the pro-apoptotic p20Bap31 fragment. To further investigate
the functional relationship between Bap31 and Fisl, Bap3l
was downregulated by short interfering RNA (siRNA;
Figure 1E). Densitometric analysis revealed that the Bap3l
protein level was reduced by ~70% on day 2 and day 3, and
by ~50% on day 4 compared with the endogenous level
(data not shown). On day 3, Fisl was transfected into these
cells and apoptosis measured by the percentage of the subG1
cell population 48h post transfection. Figure 1F shows
that apoptosis induced by Fisl was significantly reduced
(53% reduction) in cells transfected with Bap31 siRNA
(17.0£2.1%) compared with control siRNA-transfected
cells (36.4£6.7%). To assess the specificity of this effect,
an expression vector for truncated Bid (tBid), which induces
apoptosis by direct signalling to the mitochondria (Li et al,
1998), was transfected and its apoptosis was found not to be
affected by the downregulation of Bap31 (Figure 1F). To
assess whether this signalling pathway progresses in a uni-
directional manner from Fisl to Bap3l, endogenous Fisl
was downregulated by shRNA (Figure 1G). Pro-apoptotic
p20Bap31 was then introduced into these cells on day 4
post-shRNA transfection and apoptosis measured on day 5.
No statistically significant change in the subG1 cell popula-
tion was detected on Fis1 downregulation (Figure 1H).

Fis1 and Bap31 interact and form a platform for
procaspase-8 recruitment

Having shown the functional relation between Fisl and
Bap31l, we sought to examine their physical interaction.
Using co-immunoprecipitations, we found that Fisl and
Bap31 associated endogenously (Figure 2A) and on over-
expression (Figure 2B). We also found that the cleavage
product of Bap3l, p20Bap31, can still interact with Fisl
(Figure 2B). Furthermore, immunostaining revealed that
Fis1 and Bap31 localized to the mitochondria and the ER,
respectively, as previously described (Ng et al, 1997; James
et al, 2003; Supplementary Figure S2A and B). Importantly,
merging signals from Fisl and Bap31 demonstrated a punc-
tual overlap in line with the juxtaposition of these organelles
within the cell (Supplementary Figure S2C). Collectively,
these data indicate a close physical and functional connection
between Fisl and Bap3l. We then tested two apoptosis
signals, actinomycin D and etoposide, and observed that
both led to Bap31 cleavage and to a concomitant reduction
of the uncleaved procaspase-8 (Figure 3A, lanes 2 and 4).
This led us to test zIETD-fmk, a specific inhibitor of caspase-8
that reduced the cleavage of Bap31 by both chemicals
(Figure 3B). The procession of the Bap31-EYFP fusion pro-
tein was also reduced in cells with stable downregulation of
Fisl by lentiviral shRNA (Supplementary Figure S3) when
treated with etoposide (Figure 3C, left panels). The basal
apoptosis level (2.8 % £ 0.68) in the control cells was slightly
increased (5.5% +4.2) when Fisl was downregulated.
Moreover, the activation of caspase-8 was significantly re-
duced when Fis1 was knocked down (Figure 3C, right panel).
The activation of this protease and the contribution of Bap31
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Figure 1 Fisl-induced apoptosis requires Bap31, but activated Bap31 does not depend on Fisl. (A) The percentage of apoptosis induced by
Fis1 or Bax (as a control) was measured at different time points with propidium iodide staining of the cells by FACS. For Bax transfections, the
amount of plasmid was 1/5 of Fisl to match the percentage of apoptosis. (B) EYFP was fused to the C-terminus of human Bap31 to generate
Bap31-EYFP. Its cleavage (indicated by triangles) can be determined by the production of EYFP plus an eight amino-acid extension (top panel).
Cells were transfected and harvested at the indicated time periods (bottom panel). For Bax transfections, the amount of plasmid used was as in
A. Bap31-EYFP cleavage was revealed by immunoblotting. Cell lysates from GFP-transfected cells were used as a size indicator. p.t.: post
transfection. (C) Cells were co-transfected with Fis1 and Bap31-EYFP with or without zZVAD-fmk (50 uM) and harvested at the indicated time
points p.t. The cleavage of Bap31-EYFP was determined by immunoblotting as in B. (D) Cells were transfected either with B-gal or Fisl and
harvested 27 h p.t. and the cleavage of the endogenous Bap31 was revealed by immunoblotting. Note that the blots shown were from the same
membrane with the same exposure time. (E) Cells were transfected with Bap31 siRNA (si) or control siRNA (co) and harvested on days 1 to 5.
Downregulation of Bap31 was analysed by western blot. (F) Cells were transfected with the indicated genes on day 3 after siRNA transfection
targeting Bap31 (or a control) and the percentage of subG1 population was quantified on day 5. (G) Cells were transfected with shRNA against
Fisl (pSuper Fis1) or an empty pSuper vector and harvested at the indicated time points. The vector-transfected cells were collected on day 5.
Fis1 downregulation was determined by western blot. (H) Cells were transfected either with pSuper Fisl or pSuper vector. On day 4 after
shRNA transfection, cells were transfected with -gal or p20Bap31 and the percentage of the subG1 cell population measured on day 5. All the
histograms are presented as means * s.d.

were further supported by the specific caspase-8 assay,
which revealed a prominent activation of the enzyme by
both chemicals and a significant reduction of this effect when
Bap31 was stably downregulated (Figure 3D and Supplementary
Figure S3). We also confirmed that this reduction in caspase-8
activation was not due to an alteration in the ER stress
response in these cells (Supplementary Figure S4).
Immunoprecipitation of the endogenous Fis1 protein revealed
that its interaction with Bap31 remained constant on applica-
tion of the chemicals, whereas procaspase-8 was only
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recruited to this complex on apoptosis induction by actino-
mycin D or etoposide (Figure 4A, upper panels). This
occurred even before any appreciable cleavage of PARP was
detectable (Figure 4A, lower panels). Procaspase-8 is re-
cruited to its activation complexes such as the DISC complex
through DED-DED domain interactions. Bap31 was reported
to display a variant DED (vDED) domain that deviates from
the generic DED domains in its sequence (Reed et al, 2004).
Using co-immunoprecipitations we tested the interaction of
procaspase-8 with full-length Bap31 (WT Bap31) and with a
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Figure 2 Fisl and Bap3l interact. (A) Total cell lysates were prepared from HeLa cells and the endogenous Fis1 (top) or Bap31 (bottom) were
immunoprecipitated (‘IP Fis1” and ‘IP Bap31’). The association of Bap31 or Fisl proteins was then detected in a western blot. (B) Fis1-HA was
co-expressed either with full-length Bap31-myc or p20Bap31-myc at a 1:1 plasmid ratio in HEK293T cells. Total cell lysates were then subjected
to immunoprecipitation with an o-myc antibody and the immunoprecipitates were analysed by western blot using a-myc (top) and a-HA
(bottom) antibodies. ** IgG light chain; * unspecific band. Note that input loadings were from cell lysates before immunoprecipitation.

A B
ActD Et Bap31
GFP NT — ° Evrp —»
2 10 30 100 pMm
Bap31 i
EYFP > - o il w |55kDa YEP —b
GAPDH —»
YEP —b | = = [27kDa
Procaspase-8 —» l""- . a— ]56 kDa
GAPDH —» |-”'- -—— -|36 kDa
1 2 3 4
c - pLKO 301mpLkO SC
SC Fis1 SC Fis1 o~ 25{®pLKO Fis1
Bap31 = 2\_0/ |
EYFP —> W W e |55 KDa % by 20
£ 0 151
= §
[2] 4
EYFP —» - |27kpa 2210
80 4|
NT 75 150 225

uTt Eto

Etoposide (uM)

Actinomycin D

Etoposide

GFPNT ——————————— GFPNT
10 15 20 .10 15 20 30 100 150 200 100 150 200 (M)
v || e, e | v | 55kDa
- e — K= - ol 27kDa
= s
-zIETD | +ZIETD —ZIETD +ZIETD
75 74 :
67 g : 73 :
g 60 64;
[0
(o]
[0
>
(]
Q
O
.pLKO SC
D 3570k Bapst 30 'PLKSSC
= pLKO Bap31
° 30 5] *P ap.
— O~
28 25 20
o — o>~ 20
T 20 ® oo
£9 £ 15
=815 s 8
i) %)
3 8 10 s 10
[SRS) 0O
5 5
0- 0
NT 01 2 5 NT 75 150 225
Act.D (uM) Etoposide (uM)

Figure 3 Caspase-8 activation is dependent on Fis1 and Bap31 (A) Cells were transfected with the Bap31-EYFP fusion construct. Following the
expression of the fusion protein, cells were treated with actinomycin D (Act.D, 2 or 10 uM) for 4 h or etoposide (Eto, 30 or 100 uM) for 30h.
Procession of Bap31-EYFP and procaspase-8 was analysed on immunoblot. Cell lysates from GFP-transfected cells were used as size indicators.
NT, lysates from non-treated cells. (B) Cells were transfected with Bap31-EYFP and treated either with actinomycin D (6 h) or with etoposide
(30h) with the indicated concentrations. Cells were also cultivated in the presence or absence of the caspase-8 inhibitor ZIETD-fmk during the
treatment. Cell lysates from GFP-transfected cells were used as size indicators. NT, lysates from non-treated cells (top). The percentages of the
cleavage of Bap31-EYFP were calculated by the intensity of the cleaved product (EYFP band) divided by the sum of intensities of the uncleaved
(Bap31-EYFP band) and the cleaved (EYFP band) bands obtained from densitometry analysis using the ImageJ programme (bottom). (C) The
cleavage of Bap31-EYFP was assessed in a western blot using a stable Fis1 knockdown cell line (Fis1) or a control cell line (SC) with etoposide
treatment (100 uM, 30h, left panels). Cell lysates from GFP-transfected cells were used as size indicators. The activation of caspase-8 was
determined using the stable Fis1 knockdown cell line (pLKO Fis1) with etoposide treatment of the cells (30 h, right panel). pLKO SC is a control
cell line for pLKO Fis1. (D) HeLa cells with stably downregulated Bap31 (pLKO Bap31) or control cells (pLKO SC) were treated with actinomycin
D (23 h, left panel) or etoposide (30h, right panel) and the activation of caspase-8 was measured.

Bap31 deletion mutant that lacks the vDED domain (Bap31-
AvDED). Figure 4B shows that this deletion construct
retained its ability to interact with Fisl. However, it was
rendered unable to facilitate the recruitment of procaspase-8
to Bap3l when cells were treated with actinomycin D or
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etoposide (Figure 4C). We then sought to determine the
requirement of Fisl in the recruitment of caspase-8 to the
Fis1-Bap31 complex. Figure 4D shows that the interaction
between endogenous caspase-8 and Bap31 was diminished in
the absence of Fisl on etoposide (21 £16% of control cells,
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Figure 4 Procaspase-8 is recruited to the Fis1-Bap31 platform on apoptosis induction. (A) Cells were treated with actinomycin D (2 uM) for
4h or with etoposide (100puM) for 28h, and cell lysates subjected to immunoprecipitation with an antibody against endogenous Fisl.
Immunoprecipitates were separated on a SDS-PAGE and subsequently probed for endogenous Fisl, Bap31, and procaspase-8 (top). The
procession of poly-ADP-ribosomal polymerase (PARP) was determined in parallel using the same cell lysates before immunoprecipitation
(bottom). Staurosporine (STS) was used as a positive control. cPARP, cleaved PARP. (B) Fis1-HA was co-transfected either with full-length
Bap31-Flag or Bap31AvDED-Flag in HEK293T cells (left, input). Cell lysates were immunoprecipitated with o-Flag (right, top panels) or a-HA
antibody (right bottom panels) and the immunoprecipitates were analysed for the indicated proteins by western blot using a-Flag or a-HA
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for endogenous procaspase-8 (C8) on treatment with actinomycin D (Act.D, 0.2uM, 23h) or with etoposide (Eto, 100 uM, 30h). The
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The association of caspase-8 with endogenous Bap31 was determined by co-immunoprecipitation of endogenous caspase-8 in cell lines
depleted of Fis1 or Bap31 (as a control) on etoposide (Eto, 100 uM, 30h) or actinomycin D (Act.D, 0.5 M, 23 h) treatment. NT, no treatment.
Numbers below show the percentage association between caspase-8 and Bap31 with respect to scramble-treated cells (SC), as revealed by
densitometry analysis using the ImageJ programme. Figures are means + s.d. of three independent experiments.

left panel) and actinomycin D (49 £ 24 % of control cells, right the ARCosome and (ii) as the mitochondria are regarded as
panel) treatment. On the basis of its ability to bridge two the executioner organelle of apoptosis, how this signal is
critical organelles for apoptosis regulation, we have named transferred back to the mitochondria. As chemical apoptosis
this complex ARCosome. inducers such as actinomycin D and etoposide can have

pleiotropic consequences, which could obscure the down-
Fis1 causes Ca’" release from the ER for apoptosis stream signals of the Fis1-Bap31 complex, Fisl upregulation
induction was used for the following experiments. We asked whether
We wanted to explore the downstream signals and sought to Fisl expression results in an increased cytosolic calcium
address (i) how the ER reacts to the apoptosis signals from concentration, as expression of Bap31l, when processed by
The EMBO Journal VOL 30 | NO 3| 2011 ©2011 European Molecular Biology Organization
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caspase-8 (p20Bap31), produces an increase in the concen- was measured. After baseline Fluo-4/AM fluorescence
tration of this ion (Ng et al, 1997; Breckenridge et al, 2003). determination, thapsigargin, a SERCA inhibitor, was added
As observed, on p20Bap31 transfection (which, similar to to empty the ER calcium store. The difference between the
Bap31-EYFP, localized to the ER, Supplementary Figure S5A baseline calcium measurement and the peak fluorescence
and B), Fisl expression led to a significant increase of the intensity after addition of thapsigargin indicated the ER
calcium concentration in the cytosol on day 1 (27h post calcium capacity (Figure 5B, right panel). Our data revealed
transfection) and more prominently on day 2 (48h post that the calcium content of this organelle decreased on day 1
transfection; Figure 5A), although, as expected, the effect and day 2 after Fisl expression, mirroring the increase in
was less pronounced than with p20Bap31, as our data had cytosolic calcium over the same time period and suggesting
placed Fisl upstream of this factor. To determine the source that this was due to calcium release from the ER (Figure 5B).
of the increased cytosolic calcium, the ER calcium content The p20Bap31 control yielded a similar effect. We then asked
A B C
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Figure 5 Fisl expression leads to increased cytosolic calcium. (A) Cells were transfected and the cytosolic calcium concentration was
measured after 27 h (Day 1) and 48 h (Day 2) after transfection by FACS using the Fluo-4/AM dye. The mean Fluo-4/AM fluorescent intensities
of the B-gal-transfected cells were set to 100% in both Day 1 and Day 2, and the relative cytosolic calcium increase was calculated for Fis1- and
p20Bap31-transfected cells. (B) The ER calcium content was measured in the same samples as A at Day 1 and Day 2 after transfection as the
Ca*>" released from the ER into the cytosol by thapsigargin. The ER calcium content was measured as the difference between the peak after
addition of 10 uM thapsigargin (Tg) and the baseline fluorescence measured for 30's (right panel). Similar to A, the mean ER calcium content
measured by B-gal transfections was set to 100% on each day. (C) Cells were transfected with Fisl, with or without addition of zVAD-fmk.
Cytosolic calcium was measured 27 h after transfection using the Fluo4/AM dye. The data are presented as the percentage reduction of
cytosolic calcium in Fisl-transfected cells (without zZVAD-fmk addition). (D) Baseline cytosolic calcium concentration of cells incubated either
in DMEM containing 1.8 or 0.1 mM calcium were analysed. (E) Cells were transfected with the indicated genes, either in a medium containing
1.8 or 0.1 mM calcium. The percentage of subG1 population was analysed at 48 h p.t. (F) Cells were transfected with the indicated genes in two
medium formulations, and the cleavage of Bap31-EYFP was determined after 24 h (top) and 30h (bottom). (G) Cells were transfected either
with B-gal or Fisl in DMEM with 1.8 mM (lanes 1 and 4), 0.1 mM calcium (lanes 2 and 5), or 1.8 mM calcium with 5 uM BAPTA-AM (lanes 3
and 6). Cells were harvested at 27h p.t. and the endogenous Bap31 cleavage was analysed by immunoblotting.
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whether the cleavage of Bap31 is responsible for the calcium
release. The data showed that application of zVAD-fmk,
which inhibits Bap31 cleavage (Figure 1C), reduced the
early increase of cytosolic calcium on Fisl expression
(Figure 5C). This observation led us to ask whether the
observed cytosolic calcium increase was critical for the
induction of apoptosis. We incubated cells in medium with
two calcium concentrations, 1.8 mM (corresponding to nor-
mal medium) or 0.1 mM (18-fold reduction), which led to a
concomitant reduction of cytosolic calcium (Figure 5D). On
incubation in the two different medium formulations, cells
were transfected with expression vectors for Fisl or
p20Bap3l. Both, the transfection efficiency (71.0+3.1% in
normal DMEM and 70.0 £0.54% in reduced calcium med-
ium) and the background apoptosis (8.5+1.2% in normal
DMEM and 7.4+ 0.6% in reduced calcium) were unaffected
by this treatment. However, apoptosis induced by Fisl and
p20Bap3l was significantly diminished in medium with
reduced calcium (Figure SE). Hence, the increase of the
cytosolic calcium concentration is required for apoptosis by
both Fisl and its downstream signalling factor p20Bap31. To
determine at which stage, relative to the activation of Bap31,
calcium is required for Fisl-induced apoptosis, the cleavage
of Bap31 was assayed as before (Figure 1B). Figure S5F and G
shows that the cleavage of the Bap31-EFYP fusion protein,
both at 24 and 30h after Fis1 transfection, and the procession
of the endogenous Bap31 were unchanged in medium with
reduced calcium and also when the intracellular calcium was
chelated by BAPTA (Figure 5G; compare lanes 2 and 5, and
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lanes 3 and 6). This indicated that the release of Ca** from
the ER is positioned downstream of the Fisl-induced cleavage
and activation of Bap31. To further assess the role of the
Bap31-Fis1 platform for the calcium release, we used the
stable downregulation of Bap31 or Fisl by lentiviral shRNAs
(Supplementary Figure S3). While these knockdown cells did
not display an altered baseline calcium levels (Figure 6A),
Fisl transfection in Bap31 knockdown cells revealed a sig-
nificant decrease in cytosolic calcium when compared with
the control cells (Figure 6B). We then investigated whether
the cytosolic calcium increase induced by Fisl is mediated by
p20Bap3l. A site-directed mutagenesis was performed on the
mammalian expression vector coding for a caspase cleavage-
resistant Bap31 (crBap3l; Nguyen et al, 2000), which har-
bours two mutations, D164A and D238A, in order to intro-
duce six silent mutations (crBap31-mut) so that the lentiviral
shRNAs expressed in pLKO Bap31 cells were unable to target
this construct (Supplementary Figure S6). The expression of
this vector was confirmed in both, pLKO SC and pLKO Bap31,
cell lines (Figure 6C, bottom). We then co-transfected cells
with crBap31-mut and Fis1, and determined the level of the
cytosolic calcium concentration. As Figure 6C shows, control
cells expressing both endogenous Bap31l and crBap31-mut
showed robust cytosolic calcium increase with Fisl co-trans-
fection, whereas Bap31 knockdown cells expressing only
crBap31-mut failed to reveal any cytosolic calcium increase.
This indicates that the increase of cytosolic calcium mediated
by Fisl (Figure 5A) is solely mediated by the production of
pro-apoptotic p20Bap31. Moreover, both Fisl and Bap31
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Figure 6 Bap3l and Fisl mediate cytosolic calcium release and the effects of apoptosis-inducing drugs. (A) Baseline cytosolic calcium
concentrations of three virally transduced stable cell lines were measured: pLKO SC (control cell line), pLKO Bap31 (Bap31 knockdown cells),
and pLKO Fisl (Fisl knockdown cells). AU, arbitrary unit (B) Stable Bap31 knockdown cells were transfected either with p-gal or Fisl. The
cytosolic calcium concentration was measured 48 h after transfection with Fluo-4/AM dye using FACS. The mean Fluo-4/AM fluorescent
intensity of the B-gal-transfected cells were set to 100% as before. (C) Stable Bap31-downregulated cells (pLKO Bap31) were co-transfected with
crBap31-mut and Fisl. The cytosolic calcium level was determined using Fluo-4/AM staining and FACS analysis. The mean calcium level of
pLKO SC B-gal-transfected cells were set to 100%. (D, E) pLKO SC control cells and knockdown cells for Bap31 or Fisl were treated with
actinomycin D (C) or etoposide (D) at the indicated concentrations for 6 and 20 h, respectively, and the relative cytosolic calcium levels were

measured using Fluo-4/AM dye and FACS analysis.
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downregulation showed a markedly reduced accumulation of
cytosolic calcium on treatment with actinomycin D or etopo-
side (Figure 6D and E).

The mitochondria contain sensors for Ca?* that eventually
activate these organelles for apoptosis induction (Orrenius

Fis1 induces apoptosis via Bap31
R lwasawa et al

et al, 2003). Hence, we studied whether and how the signal
induced by Fis1 feeds back to the mitochondria for cell death
induction. As calcium released from the ER can be taken up
by the juxtaposed mitochondria, we determined the mito-
chondrial calcium concentration. Figure 7A shows that this
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Figure 7 Fisl expression leads to increased mitochondrial calcium accumulation and to outer mitochondrial membrane depolarization.
(A) Cells were transfected and the mitochondrial calcium concentration was determined 27 h (Day 1) and 48 h (Day 2) after transfection by
FACS using the Rhod-2/AM dye. Measurements of -gal (control) were set as 100%. (B) Cells were transfected and the mitochondrial outer
membrane depolarization was quantified at 24 and 48 h p.t. using DiOCs. The percentage of DiOCs-negative population is shown. (C) Cells
were transfected in the presence or absence of bongkrekic acid (75 uM), an inhibitor of the PT pore. At 48 h after transfection, mitochondrial
outer membrane depolarization was measured as in B. (D) pLKO SC or pLKO Bap31 cells were transfected either with p-gal or Fis1, and the
dissipation of mitochondrial membrane potential was measured with DiOCy at 48 h after transfection. (E) HeLa cells were treated with
etoposide (225puM, 30h, left panel) or with actinomycin D (5puM, 23 h, middle panel), or transfected with Fisl (right panel), either in the
presence or absence of bongkrekic acid (BA). Cells were subsequently analysed for caspase-8 activation. (F) An expression vector for crBap31-
mut was co-expressed with Fisl in Bap31 knockdown (pLKO Bap31) or control (pLKO SC) cells. The loss of the mitochondrial membrane
potential AW, was measured 48 h after transfection with DiOCg staining and analysed with FACS. (G) A cell line with stable knockdown of
caspase-8 was created with lentiviral shRNA. The inset panel shows the western blot of control (SC) and caspase-8-downregulated (C8) cell
lysates. Using this stable cell line (pLKO Casp.8), Fis1 was expressed and the activation of Bax (left panel) and the dissipation of mitochondrial
membrane potential AW¥,, (right panel) were measured 48 h after transfection. All the histograms are presented as means + s.d.
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calcium concentration was significantly increased in the
mitochondria by both Fisl and p20Bap31 on day 2, but not
on day 1 post transfection, suggesting that the increased
cytosolic calcium observed in Figure 5A is absorbed by the
mitochondria. To investigate whether this mitochondrial
calcium increase has an effect on apoptosis, we measured
the mitochondrial membrane potential (AW¥,,), as its dissipa-
tion is linked to outer mitochondrial membrane permeabili-
zation for cell death induction. As Figure 7B shows, the
majority of cells underwent membrane depolarization at
48h, but not 24h, post Fisl- or p20Bap31 transfection, a
time point that also corresponds to the observed mitochon-
drial calcium increase (Figure 7A). This collapse of the
mitochondrial membrane potential was reduced when
bongkrekic acid, the inhibitor of the permeability transition
pore complex, was added, indicating that this protein aggre-
gate is finally activated by the apoptosis signalling induced by
Fisl (Figure 7C). Finally, the dissipation of A¥,, was sig-
nificantly reduced when Fisl was expressed in Bap31 knock-
down cells, in comparison with control cells (Figure 7D). We
used our insights to further support the ordering of the
signalling from the ARCosome to caspase-8 activation, cal-
cium release and mitochondrial activation for apoptosis.
Bongkrekic acid was unable to reduce the activation of
caspase-8 on treatment of the cells with etoposide or actino-
mycin D or on transfection of Fisl (Figure 7E). Also, the
expression of crBap31-mut in Bap31 knockdown cells failed
to induce the loss of AW, (Figure 7F). Furthermore, when we
knocked down caspase-8, we reduced the number of cells
with active Bax and loss of A¥,, on transfection of Fisl
(Figure 7G). We then sought to determine the interrelation
between caspase activation and mitochondrial fission. We
recorded the consequences of Fisl expression on the fission
of mitochondria when caspases were inhibited. Whereas
control-transfected cells retained their normal mitochondrial
structure, the upregulation of Fis1 led to a striking disintegra-
tion of the mitochondrial network, which persisted even on
the application of pan-caspase inhibitor zZVAD-fmk (Figure
8A-C). The experimental settings were also validated by
observing an increase of the mitochondrial network when
Fis1 was downregulated (Supplementary Figure S7). As the
above data (Figure 8A-C) were still compatible with fission
being upstream of the ARCosome, we treated the cells with
etoposide and assayed for fission at a time point when Bap31
cleavage was detectable (Figure 3A). As Figure 8E shows, the
mitochondrial network was not changed, indicating that
mitochondrial fission is not required for the cleavage of
Bap3l.

Discussion

Our study demonstrates that the association between the
fission factor Fisl and Bap3l is responsible for the transfer
of an apoptosis signal from the mitochondria to the ER. The
Fis1-Bap31 interaction is already detectable in normal, non-
apoptotic cells (Figure 4A), indicating that it constitutes a
preformed scaffold complex along which the cell death signal
can be quickly transferred. The cleavage and the activation of
Bap31 suggest that it is a genuine signalling complex, and not
only a structural component in the cell that tethers the
mitochondria to the ER. We have named this protein complex
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ARCosome to indicate that it spans two organelles critical for
cell death induction.

Our data show that the generic procaspase-8 isoform is
recruited to the ARCosome when various signals, such as
chemical cell death inducers, are applied (Figure 4). The
association of Bap31 with the specific isoform of procas-
pase-8L that comprises 59 additional N-terminal amino
acids has previously been shown for apoptosis induced by
the viral E1A protein (Breckenridge et al, 2002). Hence,
besides the DISC complex (Muzio et al, 1996), the Hip-1-
Hippi complex (Gervais et al, 2002) and unligated integrins
(Stupack et al, 2001), the Fis1-Bap31 complex (ARCosome)
represents another platform for procaspase-8 activation.
Homotypic DED-DED domain interactions are responsible
for the recruitment of procaspase-8 molecules. While, in the
DISC complex, procaspase-8 associates with the DED domain
protein FADD, Hip-1 and Hippi have only a weak consensus
DED domain, and integrins lack such a domain all together.
Fisl is also devoid of a DED domain, but Bap31 contains a
vDED domain (Reed et al, 2004). On the basis of the
sequence, this DED domain represents a member of a sub-
cluster of the DED domain family. We have presented here
evidence for the essential role of this sequence by showing
that the recruitment of procaspase-8 is abolished when it is
deleted in Bap31 (Figure 4C).

It is currently being discussed in the apoptosis field
whether mitochondrial fission is required for apoptosis in-
duction or whether it constitutes a cellular feature that
merely accompanies the cell death process (Sheridan et al,
2008; Tanaka and Youle, 2008). The procession of Bap31l
makes the signalling pathway of the ARCosome to be depen-
dent on caspases, while the fission of mitochondria is not
(Sheridan et al, 2008; Figure 8). Hence, the signalling circuit
for apoptosis, as outlined in this study, is not required for
fission of mitochondria and this further separates the process
of mitochondrial fission from apoptosis signalling, while,
nevertheless, both are mediated by components of the fission
factors. Our failure to observe any change in fission when
caspases—and in extension, the activation of caspase-8 in the
ARCosome—were inhibited (Figure 8A-C) suggests that the
signalling pathway described here is independent of mito-
chondrial fission. It is known that the Fisl signal for apop-
tosis can be repressed by Bcl-XL, without compromising its
effect on fission (James et al, 2003). This is also supported by
our finding on the kinetics of mitochondrial fission (Figure
8D and E), compared with Bap3l cleavage (Figure 3A).
Hence, it seems that fission factors such as Fisl have a role
in both apoptosis signalling and fission that are separable, a
notion that is also supported by several other studies (James
et al, 2003; Lee et al, 2004; Alirol et al, 2006; Cassidy-Stone
et al, 2008; Sheridan et al, 2008).

Our data allow for ordering the temporal succession of the
apoptosis signalling events initiated by Fisl, and reveal how
the signal that is transmitted from the mitochondria to the ER
by the ARCosome is ferried back to the organelle of its origin.
On day 1, we could observe only two features of this path-
way: Bap3l cleavage (Figure 1B) and Ca*" release from the
ER (Figure 5A). On the second day, we detected more down-
stream processes such as uptake of calcium into the mito-
chondria (Figure 7A), the dissipation of the mitochondrial
membrane potential (Figure 7B), and the cleavage of procas-
pase-3 and PARP (Supplementary Figure S1). Frieden et al
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Figure 8 Mitochondrial fission is not required for Fisl-induced apoptosis. (A-C) HeLa cells were transfected with p-gal (A) or Fisl (B, C). The
pan-caspase inhibitor zVAD-fmk was added to one of the Fisl-transfected wells (C). Mitochondrial morphology was analysed 24 h after
transfection. (D, E) HeLa cells were treated with etoposide (100 uM, 30 h) or control treated with DMSO. Mitochondria were stained with TMRE
and analysed using confocal microscopy. Three representative panels are shown.

(2004) observed a similar change in Ca?* homeostasis. This
supports that the cleavage of Bap31 is a very early event in
the apoptosis signalling caused by Fisl. Thus, Fisl can
activate a signalling pathway that, rather than directly
impacting on the mitochondria and initiating mitochondrial
fission for apoptosis, progresses from the mitochondria to the
ER through the interaction of Fis1 with Bap31, its cleavage,
and finally the release of Ca? ", which then feeds back to the
mitochondria. The integration of the ER with its numerous
apoptosis regulators and calcium-binding proteins (Orrenius
et al, 2003; Groenendyk et al, 2004) into this signalling circuit
could allow for incorporating additional layers of signal
regulation. This scenario would ensure that input from both
organelles, the mitochondria and the ER, are processed and

©2011 European Molecular Biology Organization

converge on the executioners for apoptosis. While activated
Bap31 in the form of p20Bap31 does not rely on Fisl for
apoptosis signalling (Figure 1H), we cannot exclude that, in
some cases, the ARCosome also functions to convey signals
from the ER to the mitochondria.

Our study reveals a crucial role of Ca®>* released from the
ER in the downstream signalling of the ARCosome. This Ca**
could function as an amplifier of cell death in this signalling
circuit that is able to reach many mitochondria in close
proximity to the ER to engage them in apoptosis induction.
In fact, high-resolution imaging of the mitochondrial network
estimated that 5-20% of all mitochondria are in close contact
with the ER (Rizzuto et al, 1998) and a recent report even
suggested that all mitochondria are associated with the ER
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(Csordas et al, 2010), thus facilitating the efficient uptake of
calcium in the microdomains of high calcium levels. Ca*™"
release from the ER is a general mediator in many cell death
scenarios (Orrenius et al, 2003), including those initiated by
caspase-8 (Wozniak et al, 2006). Hence, as our data indicate
that its cytosolic increase is a direct consequence of
the activation of mitochondrial fission factors, the activation
of Bap3l could tie in two generally observed features of
apoptosis. The amplification of the apoptosis signal by
Ca®" could constitute an important aspect of ARCosome
activation, as only a minority of the Bap31 and Fis1 proteins
in the cell are engaged in this complex, as we detected them
in co-immunoprecipitations but not in whole cell lysates
(Figure 4A and B).

In summary, our data collectively suggest the existence of
a novel protein complex that bridges the mitochondria and
the ER and signals for apoptosis. The locale between two
crucial organelles involved in apoptosis and the participation
of fission factors make this protein aggregate especially
intriguing and suggest that it establishes an additional level
of cell death regulation.

Materials and methods

Cell culture and reagents

HeLa and HEK293T cells were cultivated in DMEM (Invitrogen)
supplemented with 10% FCS (Sigma), 2 mM L-glutamine (Invitro-
gen), 2mM sodium pyruvate (Invitrogen), penicillin (100 U/ml),
and streptomycin (100 pg/ml). Etoposide, actinomycin D, stauros-
porine, bongkrekic acid, and BAPTA were purchased from Sigma-
Aldrich. zIETD-fmk were from Merck Biosciences. zVAD-fmk was
purchased from MP Biomedicals. Calcium-free DMEM was obtained
from PAA Laboratories GmbH.

Plasmid vectors and transfections

All the plasmid vectors were cloned into the pcDNA3A (Invitrogen)
vector unless otherwise stated. Fis1 was isolated in a genetic screen
for apoptosis inducers (Albayrak et al, 2003), Bap31-myc, tBid,
Bap31-EYFP, crBap3l-myc, and Bax were previously described
(Mund et al, 2003; Schoenfeld et al, 2004). p20Bap31 was subcloned
using Phusion™ DNA polymerase (Thermo Fisher Scientific) with
the following primers: 5-AAAAGGAAAAGCGGCCGCCGTCAACAG
CAGCTCCCTTC-3' (forward) and 5'-CCGGAATTCAGGATGAGTCTG
CAGTGG-3’ (reverse). Bap31AvDED mutant and crBap31-mut were
produced using QuickChange II site-directed mutagenesis Kkit
(Agilent Technologies) with the following primers: 5-GTCGGGA
ATGCTGAGCACGCAAAGCTGCAG-3’ (forward) and 5'-CTGCAGCTT
TGCGTGCTCAGCATTCCCGAC-3’ (reverse) for Bap31AvDED mutant
and 5'-TCCTTGCTGCTGTCCTTCCTGCTTCGCAGATTAGTGACTCTC
ATTTCGCAGCAGGC-3' (forward) and 5'-GCCTGCTGCGAAATGAGA
GTCACTAATCTGCGAAGCAGGAAGGACAGCAGCAAGGA-3' (reverse)
for crBap31-mut. Production of WT Bap31-Flag and Bap31AvDED-
Flag was constructed using StrataClone mammalian expression
vector system (Agilent Technologies) with the following primers: 5'-
GGGCCGCCATGAGTCTGCAGTGGA-3' (forward) and 5'-CTCTTCCT
TCTTGTCCAT-3’ (reverse). shRNA against Fis1 was cloned into the
pSuper vector (OligoEngine) with the following target sequence
5’-GAGCACGCAGTTTGAGTAC-3'. Effectene or SuperFect (QIAGEN)
was used to transfect plasmid DNA into HeLa or HEK293T cells,
respectively. siRNA transfections for Bap31 (Szczesna-Skorupa and
Kemper, 2006) were performed using Oligofectamine (Invitrogen).

Quantification of apoptosis

To measure the percentage cells with subGl DNA content, cells
were harvested and lysed in hypotonic lysis buffer (0.1% sodium
citrate and 0.1% Triton X-100 in ddH,O) in the presence of
propidium iodide (Sigma-Aldrich, 20 pg/ml) and analysed immedi-
ately. The mitochondrial depolarization was quantified using DiOCg
(Sigma-Aldrich, 40 nM) and counter stained with propidium iodide
(6 ug/ml) in PBS. Cells were incubated for 90 min before analysis.
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Sample data were acquired using flow cytometer (BD Biosciences)
and analysed with the FlowJo programme (TreeStar Inc.).

Caspase-8 and Bax activity assay

Caspase-8 assay was performed using CaspaTag™ caspase-8 assay
kit (Millipore) according to the manufacturer’s instructions. An
antibody that specifically recognizes the activated form of Bax was
used to measure its activity. Briefly, cells were incubated with the
mouse o-Bax antibody (BD Pharmingen, clone 6A7) for 1h in PBS
with 3% BSA. Following washing, cells were incubated with an
a-mouse Alexa Fluor 488 antibody (Invitrogen, Molecular Probes)
for 1h. Sample data were acquired using flow cytometer (BD
Biosciences) and analysed with the FlowJo programme
(TreeStar Inc.).

Immunoprecipitation and immunoblotting

Cells were lysed in RIPA buffer (50 mM Tris-HCI (pH 7.4), 150 mM
NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% IGEPAL) contain-
ing protease inhibitors (Fermentas), centrifuged, and the super-
natant was pre-cleared with PureProteome™ protein G magnetic
beads (Millipore). After pre-clearing, lysates were subjected to
incubation with the respective antibody overnight with rotation at
4°C. The antibody-protein complexes were then immunoprecipi-
tated with protein G magnetic beads and incubated for 1h at 4°C.
The beads were washed in RIPA buffer, resuspended in gel-loading
dye (Fermentas), and were subjected to SDS-PAGE. Total cell
lysates were prepared in RIPA buffer, likewise separated by SDS-
PAGE, and the standard immunoblotting procedure was used.
Antibodies used were mouse o-Bax, mouse o-GAPDH, GFP-HRP,
mouse o-myc, and rabbit o-p38 from Santa-Cruz Biotechnologies;
rabbit o-Bid and rabbit o-PARP from Cell Signalling; rabbit a-HA
and rabbit o-Flag from Sigma-Aldrich; rabbit a-caspase-8 from Enzo
Life Sciences; rabbit a-Bap31 from Proteintech; and rabbit «-Fisl
produced in our laboratory. Densitometry analysis was performed
using ImageJ software.

Cytosolic and mitochondrial calcium measurement

Cells were harvested and resuspended in PBS (without CaCl,
supplement) containing either 2 uM of Fluo-4/AM or 1.0 ug/ml of
Rhod-2/AM (Molecular Probes, Invitrogen) for 45min in the
incubator with frequent agitation. Cells were then washed and
resuspended in PBS for FACS acquisition (BD Biosciences). To
quantify the ER calcium content, 10uM of thapsigargin (Merck
Chemicals) was added to the tube after 30s baseline calcium
measurement.

Viral production and stable cell lines

The pLKO.1-TRC cloning vector (Moffat et al, 2006) was purchased
from AddGene. The shRNA target sequence was cloned into the
Agel and EcoRlI sites of the vector. The primers used were as follows:
5’-CCGGCAAGAGCACGCAGTTTGAGTACTCGAGTACTCAAACTGCG
TGCTCTTGTTTTTG-3' (forward) and 5'-AATTCAAAAACAAGAG
CACGCAGTTTGAGTACTCGAGTACTCGAGTACTCAAACTGCGTGCTC
TTG-3' (reverse) for Fis1 shRNA and 5-CCGGGACGCCTGGTG
ACTCTCATTTCTCGAGAAATGAGAGTCACCAGGCGTCTTTTTG-3’
(forward) and 5'-AATTCAAAAAGACGCCTGGTGACTCTCATTTCTC
GAGAAATGAGAGTCACCAGGCGTC-3' (reverse) for Bap3l shRNA.
The plasmid encoding lentiviral shRNA against caspase-8 was
purchased from Sigma-Aldrich (TRCN0000003576). Viral particles
were produced in HEK293T cells using the following protocol.
Plasmids encoding for pVSV-G (5.4 pg, Invitrogen), pRev (3.8 ug,
Invitrogen), pGag.Pol (7.8pg, Invitrogen), pAdVantage (9png,
Promega), and pLKO vector (20pg) were mixed, replenished to
437.5pl with water, and 62.5pl of 2M CaCl, was added. After
5min, DNA-calcium mix was transferred to 2 x HBS (500 ul) and
added to cells dropwise for each 10 cm? dish. Following overnight
incubation, the medium was replaced with DMEM containing 1 mM
sodium butyrate (Sigma-Aldrich). The supernatant was collected
48 h post transfection, centrifuged, and filtered (0.45 pm pore size).
HeLa cells were transduced for 6h in the presence of polybrene
(6 ug/ml, Sigma). Cells were selected with puromycin (5pg/ml) 3
days after transduction and cultured for further 3 days. Following
the selection, cells were kept in the presence of 1 ug/ml puromycin.

Mitochondrial immunofluorescence

Cells were seeded on a glass-bottomed 24-well plate (Greiner Bio-
One) and transfected. Cells were stained with tetramethylrhodamine
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ethyl ester (Invitrogen) diluted in DMEM for 15min. Cells were
washed twice with DMEM, 250 ul of DMEM was added, and were
observed under a Leica TCS SP5 confocal laser-scanning microscope.

Statistical analysis
Statistical analysis was performed using the unpaired student’s
t-test.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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