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Abstract
Bfl-1/A1 is generally recognized as a Bcl-2-related inhibitor of
apoptosis. We show that Bfl-1 undergoes constitutive
ubiquitin/proteasome-mediated turnover. Moreover, while
Bfl-1 suppresses apoptosis induced by staurosporine or
cytokine withdrawal, it is proapoptotic in response to tumor
necrosis factor (TNF) receptor activation in FL5.12 pro-B cells.
Its anti- versus proapoptotic effect is regulated by two
proteolytic events: (1) its constitutive proteasome-mediated
turnover and (2) its TNF/cycloheximide (CHX)-induced
cleavage by l-calpain, or a calpain-like activity, coincident
with acquisition of a proapoptotic phenotype. In vitro studies
suggest that calpain-mediated cleavage of Bfl-1 occurs
between its Bcl-2 homology (BH)4 and BH3 domains. This
would be consistent with the generation of a proapoptotic
Bax-like BH1–3 molecule. Overall, our studies uncovered two
new regulatory mechanisms that play a decisive role in
determining Bfl-1’s prosurvival versus prodeath activities.
These findings might provide important clues to counteract
chemoresistance in tumor cells that highly express Bfl-1.
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Introduction

The cellular apoptotic response to developmental or environ-
mental cues determines whether a cell will live or die, and has
obvious consequences for the fate and well-being of an
organism. Disease conditions that arise from too much or too
little apoptosis include autoimmune diseases, neurodegen-
erative disorders and cancer. Proteins in the Bcl-2 family are
key regulators of the apoptotic response, owing to their ability
to control mitochondrial permeability and the release of
apoptogenic factors in response to death-inducing stimuli,
thereby modulating the activation of caspases and amplifica-
tion of the apoptotic cascade.1,2 This family is comprised of
antiapoptotic factors (Bcl-2, Bcl-xL, Bfl-1/A1, Mcl-1, Bcl-w)
that possess Bcl-2 homology (BH) domains BH1, BH2, BH3
and BH4, and of multidomain proapoptotic proteins (Bax, Bak)
with BH1, BH2 and BH3 domains aswell as proapoptotic BH3-
only members like Bid, Noxa, Puma, Nbk/Bik, Bim, Hrk, Bmf
and Bad. Despite their opposite effects on the outcome of the
cell, several of these factors (Bcl-xL, Bcl-2, Bcl-w, Bax, Bid)
share structural homology with the pore-forming domains of
bacterial toxins.3

Mechanistically, cell death results from the combined
inhibition of the prosurvival activity of factors like Bcl-2 and
Bcl-xL by BH3-only proteins, together with the activation of
Bax or Bak.4–6 The ratio between these factors seems to
determine the cell susceptibility to apoptosis.7 Indeed,
synthetic peptides derived from the BH3 domains of Bid and
Bim were shown to induce apoptosis by activating Bax/Bak,
whereas those from Bad and Bik displaced BH3-only factors
from antiapoptotic Bcl-2 proteins.5 The recent demonstration
that a hydrocarbon-stapled Bid BH3 helix provoked apoptosis
in human leukemia cells and inhibited tumor growth in
xenografts further illustrates the important relevance of these
findings.8 In addition to their mutual interaction with one
another, members of the Bcl-2 family undergo post-transla-
tional modification and/or proteolytic cleavage that serve to
modulate their activity. For instance, phosphorylation of the
BH3-only protein Bad promotes its dissociation from Bcl-xL
allowing cell survival whereas cleavage of Bcl-xL, Bcl-2, Bid or
Bax by caspases, or in some cases by calpains, augments
mitochondrial permeability and cell death9–11 (for reviews, see
Cory and Adams,2 Wang12 and Chan and Mattson13).
The human Bfl-1 protein and its mouse homolog A1 are

antiapoptotic members of the Bcl-2 family.14,15 Akin to Bcl-2
and Bcl-xL, Bfl-1 possesses four BH domains. Although the N-
terminal BH4 region involved in Bcl-2 heterodimerization with
Bax is not well conserved in Bfl-1, Bfl-1 has been shown to

Cell Death and Differentiation (2005) 12, 1225–1239
& 2005 Nature Publishing Group All rights reserved 1350-9047/05 $30.00

www.nature.com/cdd



interact with Bax in a two-hybrid assay.16–17a Moreover,
several charged residues in Bfl-1 interrupt the hydrophobic
carboxyl-terminal region that is responsible for anchorage of
Bcl-2 and Bcl-xL at the mitochondrial membrane. In conjunc-
tion with the fact that Bfl-1 lacks the antiproliferative property
attributed to Bcl-2, these findings suggest that Bfl-1 might
function somewhat differently from other members of the Bcl-
2 family.18 While there are four a1 genes in the mouse
genome, the unique human bfl-1 gene encodes a full-length
protein that localizes at mitochondria as well as an alterna-
tively spliced variant (Bfl-1S) lacking 12 C-terminal amino
acids that localizes to the nucleus but is nevertheless
protective against apoptosis.19,20 bfl-1 transcripts are con-
stitutively expressed in bone marrow, lymphoid organs and
peripheral blood leukocytes and are induced in response to
activation of NF-kB transcription factors in many cell
types.14,21–26a These findings suggest an important role for
Bfl-1 in the survival of cells in the immune system.
Bfl-1/A1 can confer protection from apoptosis induced by a

variety of agents in different cells, including staurosporine
(STS), FAS activation and TRAIL in Jurkat T-cells, p53 in baby
rat kidney cells and antigen receptor ligation inB cells.18,26,27–29

However, its protective activity is not always absolute, as Bfl-
1/A1 is less protective than Bcl-xL in microvascular endothe-
lial cells treated with tumor necrosis factor (TNF)a and only
delays TNFa-induced apoptosis in HT1080 fibrosarcoma
cells.25,30 Similarly, while Bfl-1 potently blocks etoposide-
induced cell death in HT1080 fibrosarcoma cells, it is much
less effective against this agent in Jurkat T-cells.25,28 These
results suggest that the level of protection conferred by Bfl-1 is
perhaps subject to modulation in different cell contexts and in
response to particular apoptotic stimuli.
Here we report that the ubiquitin/proteasome pathway

regulates Bfl-1 protein stability and that Bfl-1 can act either as
an antiapoptotic or as a prodeath factor, depending on the
death-inducing stimulus. Our studies show that its differential
effect is regulated at two levels. Experiments indicate that
manifestation of its prodeath effect is dependent on Bfl-1
protein turnover, in conjunction with its cleavage by m-calpain
or a calpain-like activity in FL5.12 pro-B cells subjected to TNF
receptor activation. Overall, these studies identify two new
modes of Bfl-1 protein regulation, and reveal how these can
influence the outcome of the apoptotic response.

Results

Bfl-1 both prevents and promotes apoptosis in
response to different death-inducing stimuli in
FL5.12 pro-B cells

To gain further insight into the function of Bfl-1, we compared
its protective activity to that of Bcl-xL in response to different
death-inducing signals by stably expressing them in the
interleukin-3 (IL-3)-dependent mouse pro-B cell line FL5.12.
Since none of the commercially available antibodies could
recognize the human Bfl-1 protein (not shown), both Bfl-1 and
Bcl-xL were expressed with an N-terminal green fluorescent
protein (GFP) tag. After cell sorting, individual G418-resistant
cell clones expressing GFP-Bfl-1 were isolated by limited
dilution. Cell clone B3 was selected for further analysis, as it

showed GFP-Bfl-1 expression closest to that of cells expres-
sing GFP-Bcl-xL (Figure 1a). Both GFP-Bfl-1 and GFP-Bcl-xL
effectively protected FL5.12 cells from apoptosis induced by
the pan protein kinase inhibitor STS, as revealed by flow
cytometry analysis, although the protective activity of Bfl-1
was less pronounced than that of Bcl-xL (Figure 1b). This was
in contrast to control cells that showed approximately 60% of
cells in the sub-G0/G1 phase. Similar to STS treatment, Bfl-1
and Bcl-xL conferred protection toward apoptosis induced by
IL3 withdrawal compared to the control (Figure 1b). Whereas
on average 66% of control cells died following withdrawal of
IL3, approximately 34% of cells expressing GFP-Bfl-1 under-
went apoptosis while only 20% of cells expressing GFP-Bcl-
xL died. Overall, these results indicate that despite its
sequence divergence from classical Bcl-2 family members
Bcl-2 and Bcl-xL, Bfl-1 is protective in pro-B cells challenged
with STS or cytokine deprivation.
Unlike the C-terminal transmembrane (TM) domain of Bcl-2

and Bcl-xL, several charged residues interrupt the C-terminal
domain of Bfl-1. Since deletion of this region results in Bfl-1
localizing in a diffuse cytoplasmic pattern compared to the
punctate mitochondrial staining observed with wild-type GFP-
Bfl-1 (Simmons and Gélinas, unpublished data), we investi-
gated the importance of mitochondrial localization for the
protective function of Bfl-1 by analyzing FL5.12 cells expres-
sing a C-terminally truncated form of Bfl-1 lacking amino acids

Figure 1 FL5.12 cells expressing GFP-Bfl-1, GFP-Bfl-1DC or GFP-Bcl-xL are
protected from apoptosis induced by STS or IL-3 withdrawal. (a) Western blot
analysis of parental FL5.12 cells (lane 1) and those expressing GFP-Bfl-1 (lane
2), GFP-Bfl-1DC (lane 3) or GFP-Bcl-xL (lane 4) with an anti-GFP antibody
(Torrey Pines; top panel). The blot was reprobed with an anti-actin antibody as a
control (bottom panel). (b) Flow cytometry analysis of FL5.12-derived cells
untreated or subjected to STS treatment or IL3 withdrawal. Parental FL5.12 cells
and those expressing GFP-Bfl-1, GFP-Bfl-1DC or GFP-Bcl-xL were treated with
STS for 24 h, or cultured in medium lacking IL-3 for 48 h. After staining with
propidium iodide, cells were analyzed by flow cytometry. Percent cell death
represents the mean value from three independent experiments
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152–175 (GFP-Bfl-1DC). GFP-Bfl-1DC displayed increased
protection toward apoptosis induced by STS or IL-3-with-
drawal compared to GFP-Bfl-1, and its protective activity
toward cell death induced by cytokine withdrawal was
comparable to that of GFP-Bcl-xL (Figure 1b). It therefore
appears that Bfl-1DC remains a functional apoptosis inhibitor
despite its cytoplasmic relocalization compared to that of
Bfl-1.
In sharp contrast to the antiapoptotic activity of Bfl-1 toward

STS and IL3 withdrawal, apoptosis induced by TNF receptor
activation with TNFa in the presence of cycloheximide (CHX)
wasmarkedly enhanced in FL5.12 cells expressing GFP-Bfl-1
compared to SFFV-neo control cells or parental FL5.12 cells
(Figure 2a, left panel, and data not shown). Indeed, cell
treatment with TNF/CHX for 6 h triggered apoptosis in an

average of 54% of GFP-Bfl-1-expressing cells, compared to
about 23% for the SFFV-neo control. A similar increase in
sensitivity to TNF/CHX-induced apoptosis was observed with
another GFP-Bfl-1 cell clone as well as with a pool of GFP-Bfl-
1-expressing cells, ruling out the possibility that this enhanced
death phenotype resulted from clonal variation (data not
shown). The incidence of apoptosis in Bfl-1-expressing cells
was noticed with as little as 2 ng/ml of TNFa, indicating that a
relatively low concentration of TNFa was sufficient for
manifestation of this proapoptotic effect (data not shown).
When assayed under the same conditions, cells expressing
GFP-Bcl-xL were sensitized to TNF/CHX akin to those
expressing GFP-Bfl-1 (Figure 2a, left panel). A time-course
analysis revealed that enhanced apoptosis compared to the
control could be detected as early as 3 h post-TNFa/CHX

Figure 2 FL5.12 cells expressing Bfl-1 are sensitized to TNFa/CHX-induced apoptosis compared to control cells, while those expressing mutant GFP-Bfl-1DC are
protected. (a) Left panel: FL5.12 cells expressing GFP-Bfl-1 or GFP-Bcl-xL and those containing empty SFFV-neo vector were treated with TNFa/CHX for 6 h. Cell death
was evaluated upon staining with propidium iodide and flow cytometry analysis. Where indicated, cells were pretreated for 1 h with the caspase inhibitor zVAD-fmk or
overnight with the proteasome inhibitor MG132. Percent cell death represents the mean value from three independent experiments. Right panel: FL5.12 cells expressing
GFP-Bfl-1 or GFP-Bfl-1DC and those containing empty SFFV-neo vector were treated with TNFa/CHX for 6 h. Cell death was evaluated upon staining with propidium
iodide and flow cytometry analysis. Percent cell death represents the mean value from three independent experiments. (b) Time-course analysis of TNFa/CHX-induced
apoptosis in FL5.12 cells expressing GFP-Bfl-1. Cells were treated with TNFa plus CHX as described in (a) for 1, 2, 3 or 5 h. Cells were stained with propidium iodide and
analyzed by flow cytometry. (c) The TNF/CHX sensitivity of FL5.12 cells expressing 2xMyc-Bfl-1 was compared to that of FL5.12 cells expressing GFP-Bfl-1 or GFP-Bfl-
1DC or parental FL5.12 cells treated with CHX alone or TNF/CHX for 6 h. A representative experiment is shown
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treatment of GFP-Bfl-1-expressing cells (Figure 2b). In
agreement with our findings with GFP-Bfl-1, FL5.12 cells
expressing a 2xMyc-tagged form of Bfl-1 also showed a
marked increase in TNF/CHX-induced apoptosis compared to
controls, thereby ruling out the possibility of nonspecific
effects caused by fusion to GFP (Figure 2c).
As anticipated, cell pretreatment with the general caspase

inhibitor carbobenzoxy-Val-Ala-Asp-fluoromethyl ketone
(zVAD-fmk) significantly reduced apoptosis in GFP-Bfl-1-
and GFP-Bcl-xL-expressing cells, most likely due to its ability
to inhibit caspases activated downstream of TNF receptor
activation (Figure 2a, left panel). Interestingly however, cell
treatment with proteasome inhibitor MG132 suppressed the
enhanced death phenotype observed in GFP-Bfl-1 and GFP-
Bcl-xL cells treated with TNFa/CHX (Figure 2a, left panel). It is
noteworthy that contrary to cells expressing full-length Bfl-1,
FL5.12 cells expressing GFP-Bfl-1DC were not sensitized
to apoptosis induced by TNF/CHX and were rather somewhat
protected (Figure 2a, right panel, and Figure 2c). Western
blot analyses ruled out the possibility that the different
sensitivity of these cells toward TNF/CHX could be attributed
to differences in endogenous c-FLIP protein levels, an
important regulator of apoptosis in TNF/CHX-treated cells,
as no significant changes were observed (data not shown).
Taken together, the results indicate that Bfl-1 has opposite
effects in response to different death-inducing stimuli in
FL5.12 cells, that is, it is protective in cells challenged with
STS or cytokinewithdrawal, but it has a prodeath effect in cells
treated with TNF/CHX. In contrast, its C-terminal mutant Bfl-
1DC remained protective.

Bfl-1 undergoes proteolytic cleavage in FL5.12
cells treated with TNF/CHX

The prodeath phenotype that we observed in FL5.12 cells
treated with TNF/CHX led us to investigate possible changes
in Bfl-1 protein expression and/or stability. Western blot
analysis of cells treated with CHX, TNFa or both uncovered
two distinct features of the Bfl-1 protein involving its stability
and processing. Full-length GFP-Bfl-1 appeared to be
relatively short-lived as revealed by a very substantial

decrease in the amount of GFP-Bfl-1 in cells treated with
CHX alone for 6 h to block de novo protein synthesis, as was
GFP-Bcl-xL (Figure 3a, left panel, compare lanes 1 and 3; 7
and 8). In contrast, GFP-Bfl-1 remained intact in cells treated
with TNFa alone or with STS (lanes 2 and 4). Likewise, 2xMyc-
Bfl-1 was also short-lived (Figure 3a, right panel, compare
lanes 3 and 1). A time-course analysis in CHX-treated FL5.12
cells showed that the half-life of 2xMyc-Bfl-1 is less than 2 h
(data now shown).
Our studies in TNF/CHX-treated cells also revealed a

second level of regulation, as GFP-Bfl-1 appeared to undergo
proteolytic cleavage in cells treated with TNF/CHX as
revealed by the appearance of a GFP-reactive band of
B32 kDa (Figure 3a, left panel, compare lane 5 to lanes 1–4).
Although not obvious in this particular gel, the steady-state
level of full-lengthGFP-Bfl-1 appeared to be further reduced in
cells treated with TNFa/CHX compared to those treated with
CHX alone, suggesting that TNFa/CHX might induce proteo-
lysis of GFP-Bfl-1. In a time-course analysis, progressive
disappearance of full-length GFP-Bfl-1 was detected starting
at around 3h following addition of TNF/CHX and coincided
with gradual accumulation of theB32 kDaGFP-reactive band
(Figure 3b, top panel, compare lanes 4–6 to 1–3). This
coincided with activation of cellular caspase-8, -9 and -3 and
the onset of ‘enhanced cell death’ in GFP-Bfl-1 cells
compared to SFFV-neo control cells (Figure 3b, center
panels, lanes 4–6, and Figure 2b). Importantly, no such
fragment was observed in GFP-Bfl-1-expressing cells treated
with STS in which GFP-Bfl-1 is protective (Figure 3a, left
panel, lane 2, and Figure 1b). Together, these results suggest
that GFP-Bfl-1 undergoes proteolytic cleavage in response to
receptor activation by TNF/CHX. The fact that the apparent
mobility of the resulting GFP-reactive band was slower than
that of a GFP control in stably transfected FL5.12 cells
suggested that cleavage occurred within Bfl-1 sequences
(Figure 3a, left panel, compare lanes 5 and 6).When analyzed
in parallel, GFP-Bcl-xL also underwent cleavage upon TNF/
CHX treatment to generate GFP-reactive fragments
(Figure 3a, left panel, lane 9). Taking into account the
apparent mobility of the GFP tag (B25 kDa), the size of these
fragments is reminiscent of previously documented Bcl-xL
cleavage products induced by m-calpain and caspase-3.11

Figure 3 Bfl-1 undergoes constitutive proteasome-mediated turnover and it is proteolytically cleaved upon treatment of FL5.12 cells with TNFa/CHX. (a) Left panel:
FL5.12 cells expressing GFP-Bfl-1 were left untreated (lane 1) or treated with STS for 24 h (lane 2), or treated for 6 h with CHX alone (lane 3), TNFa alone (lane 4) or
TNFa/CHX (lane 5) and analyzed by immunoblotting. Cells expressing GFP alone (lane 6) or GFP-Bcl-xL were analyzed in parallel (lanes 7–9). Whole-cell lysates were
probed with anti-GFP (Sigma; top panel) or anti-actin antibodies (bottom panel). Arrows point to the positions of full-length GFP-Bfl-1, GFP-Bcl-xL and GFP. The open
arrow indicates the B32 kDa GFP-reactive GFP-Bfl-1 cleavage product. Asterisks mark the positions of GFP-reactive GFP-Bcl-xL cleavage products. Right panel:
Parental FL5.12 cells (lane 1) or FL5.12 cells expressing 2xMyc-Bfl-1 were left untreated (lane 2), or treated with CHX alone (lane 3), TNF alone (lane 4) or TNF/CHX for
6 h (lane 5) and analyzed by immunoblotting. The blot was probed with an anti-Myc antibody (top panel) and reprobed with anti-actin (bottom panel). (b) Time-course
analysis of GFP-Bfl-1 protein cleavage in response to TNF/CHX treatment. FL5.12 cells expressing GFP-Bfl-1 were left untreated (lane 1) or treated with TNF/CHX as
described in (a) for 1, 2, 3, 5 or 6 h (lanes 2–6) followed by immunoblotting with an anti-GFP antibody (Sigma; top panel). The membrane was reprobed for caspase-8, -9
or -3 and actin as a control. (c) Full-length GFP-Bfl-1 is stabilized by proteasome inhibition and inhibitors of caspases or calpains block generation of its TNF/CHX-
induced cleavage product. FL5.12 cells expressing GFP-Bfl-1 were left untreated or incubated with TNFa/CHX for 6 h as described in (a). Where indicated, cells were
pretreated with proteasome inhibitor MG132 (10 mM for 6 h), pan-caspase inhibitor zVAD-fmk (50 mM for 30 min) or calpain inhibitor I ALLN. Lysates were analyzed by
immunoblotting with an anti-GFP antibody (Torrey Pines; top and middle panels) and reprobed with anti-actin as a loading control (bottom panel). Arrows point to the
position of full-length GFP-Bfl-1. Open arrows indicate the B32 kDa GFP-reactive GFP-Bfl-1 cleavage product that was detected upon longer exposure with this
antibody (Torrey Pines; middle panel). (d) FL5.12 cells expressing GFP-Bfl-1 (lanes 2–4) or GFP-Bfl-1DC (lanes 5–8) were left untreated (lanes 2 and 5) or incubated
with CHX alone (lanes 3 and 6) or with TNF/CHX (lanes 4 and 7). As a control, cells expressing GFP-Bfl-1DC were pretreated with pan-caspase inhibitor zVAD-fmk
(50 mM for 30 min) prior to addition of TNF/CHX (lane 8). Cells containing the empty SFFV-neo vector were used as control (lane 1). The blot was successively probed
with anti-GFP (Torrey Pines; top and middle panels) and anti-actin antibodies (bottom panel). Arrows point to the positions of full-length GFP-Bfl-1 and GFP-Bfl-1DC.
Open arrows indicate the B32 kDa GFP-reactive cleavage products from GFP-Bfl-1 and GFP-Bfl-1DC detected upon longer exposure with this antibody (middle panel)
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Since caspases and calpains have been implicated in
cleaving the prosurvival Bcl-2 and Bcl-xL proteins9–11,31–33

and pretreatment with zVAD-fmk or MG132 suppressed
TNFa/CHX-induced apoptosis in GFP-Bfl-1-expressing cells
(Figure 2a), we investigated possible effects of proteasome
inhibitor MG132, the broad-spectrum caspase inhibitor zVAD-
fmk and calpain inhibitor I N-acetyl-L-leucyl-L-leucyl-norleuc-
inal (ALLN) on the stability of the full-length Bfl-1 protein and
its TNF/CHX-induced cleavage in FL5.12 cells. As shown in
Figure 3c, full-length GFP-Bfl-1 was significantly stabilized by
MG132 in TNFa/CHX-treated cells (top panel, compare lanes
4 and 5). Interestingly, MG132 also blocked appearance of the
B32 kDa fragment (middle panel, compare lanes 5 and 4). In

contrast, the broad-spectrum caspase inhibitor zVAD-fmk
failed to prevent disappearance of full-length GFP-Bfl-1 but it
inhibited appearance of the B32 kDa cleavage product
(Figure 3c, top and middle panels, compare lane 6 to lanes
4 and 5). Thus, while inhibition of caspases promoted overall
cell survival (Figure 2a), caspases are not involved in full-
length Bfl-1 protein turnover. However, the results suggest
that caspases somehow participate in the generation of the
Bfl-1 protein fragment. Calpain inhibitor I ALLN enhanced the
stability of full-length GFP-Bfl-1, most probably due to its
ability to also suppress the calpain-like activity of the
proteasome,34 and also inhibited formation of the B32 kDa
cleavage fragment (Figure 3c, top and middle panels,
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compare lanes 7 and 5 to lane 4). Overall, these results
indicate that full-length Bfl-1 undergoes turnover via the
proteasome, and that caspases and calpains, or a calpain-like
protease, might be implicated in its proteolytic cleavage in a
direct or indirect fashion.
Contrary to wild-type GFP-Bfl-1 that sensitized cells to

apoptosis induced by TNF/CHX, FL5.12 cells expressing the
GFP-Bfl-1DC mutant were protected (Figure 2a). To gain
further insight into this observation, we examined the status of
the GFP-Bfl-1DC protein in TNFa/CHX-treated cells. In
Western blots, full-lengthGFP-Bfl-1DCprotein was noticeably
more stable (B2.8-fold) than wild-type GFP-Bfl-1 in cells
treated with CHX (Figure 3d, top panel, compare lanes 5 and 6
to 2 and 3). Interestingly, TNFa/CHX treatment of GFP-Bfl-
1DC-expressing cells also gave rise to a GFP-reactive
cleavage fragment of B32 kDa similar to that observed in
cells expressing wild-type GFP-Bfl-1 (Figure 3d, top and
middle panels, lanes 7 and 4). As with GFP-Bfl-1, caspase
inhibition with zVAD-fmk suppressed appearance of the GFP-
Bfl-1DC cleavage product, suggesting that caspase activation
is implicated either directly or indirectly in the proteolytic
cleavage of Bfl-1 (Figure 3d, compare lanes 8 and 7).
Moreover, the results suggest that deletion of the C-terminal
domain abrogates Bfl-1 protein turnover but not its TNF/CHX-
induced proteolytic cleavage. Taken together, the data
indicate that full-length Bfl-1 undergoes proteasome-
mediated turnover and that cell treatment with TNF/CHX
promotes cleavage of the protein, coincident with a marked
enhancement in cell death compared to control cells.
Furthermore, stabilization of GFP-Bfl-1 by proteasome inhibi-
tion or deletion of the C-terminal domain counteracted the
proapoptotic effects associated with TNFa/CHX treatment of
GFP-Bfl-1-expressing cells.

Bfl-1 is a substrate for ubiquitination and its
modification involves lysines and serine/threonine
residues in the C-terminal domain

The stabilizing effects of proteasome inhibitor MG132 on the
GFP-Bfl-1 protein, together with the increased stability of the
GFP-Bfl-1DC mutant compared to wild type, led us to explore
if Bfl-1 was a substrate for ubiquitination. Human 293T cells
were cotransfected with GFP-Bfl-1 or GFP-Bfl-1DC together
with Myc-tagged ubiquitin, followed by immunoprecipitation
with an anti-GFP antibody andWestern blotting with anti-Myc.
A significant amount of polyubiquitinated GFP-Bfl-1 was
observed in cells cotransfected with Myc-Ub in the presence
or absence of MG132 (Figure 4a, top panel, lanes 2 and 3). In
contrast, very low-level ubiquitination was seen for GFP-Bfl-
1DC, even in the presence of proteasome inhibitor (compare
lanes 4 and 5 to 2 and 3). Furthermore, when FL5.12 cells
stably expressing wild-typeGFP-Bfl-1 ormutant GFP-Bfl-1DC
were analyzed for endogenous ubiquitination in the absence
or presence of MG132, immunoprecipitation with anti-GFP
followed by Western blotting with anti-ubiquitin revealed
significant polyubiquitination of GFP-Bfl-1 in the presence of
MG132 (Figure 4b, top panel, lane 2). In contrast, GFP-Bfl-
1DC showed dramatically lower levels of endogenous
ubiquitin conjugation in MG132-treated cells (lane 4). These

data indicate that Bfl-1 is a substrate for polyubiquitination and
suggest that deletion of its C-terminal domain interferes with
its efficient modification.
Site-directed mutagenesis was then used to identify

residues in the C-terminal domain of Bfl-1 that might be
involved in regulating Bfl-1 ubiquitination and degradation.
The C-terminal domain of Bfl-1 contains three lysines that
could serve as potential substrates for covalent modification
by ubiquitin, two of which are conserved in its mouse homolog
A1 (Figure 4c). Substitution of arginine for lysines 151, 163
and 172 in the C-terminal domain of Bfl-1 slightly reduced its
ubiquitination in 293T cells cotransfected with Myc-ubiquitin
(Figure 4a, compare lanes 10 and 11 to 2 and 3). The effect of
this mutation was more pronounced when ubiquitination of
mutant K151,163,172R was analyzed endogenously in
FL5.12 pro-B cells. Akin to the GFP-Bfl-1DC mutant, the C-
terminal lysine mutant protein K151,163,172R showed
dramatically lower levels of endogenous ubiquitin conjugation
in the presence of MG132 compared to wild-type GFP-Bfl-1
when stably expressed in FL5.12 cells (Figure 4b, top panel,
compare lanes 5, 6 to 1, 2 and 3, 4). Overall, these results are
consistent with the identification of lysine residues involved in
ubiquitination and suggest that the residual ubiquitination of
mutant K151,163,172R that we observed in 293T cells
transiently transfected with Myc-ubiquitin might reflect ubiqui-
tination at alternate sites.
Addition of polyubiquitin chains is often regulated by

phosphorylation or, in some instances, by dephosphorylation
of serine(s) or threonine(s) in the vicinity of lysines that are
substrate for ubiquitination (reviewed by Fuchs et al.35).
Alignment of human Bfl-1 with its mouse homolog A1
identified serine 152 and threonines 156 and 161 to be
conserved in both species (Figure 4c). The combined
mutation of serine 152 and threonine 156 to alanine or
aspartic acid was used to mimic unphosphorylated or
constitutively phosphorylated Bfl-1 at these positions. As
shown in Figure 4a, GFP-Bfl-1 mutant S152A.T156A (ST/AA)
was highly ubiquitinated in the presence or absence ofMG132
when cotransfected in 293T cells with Myc-tagged ubiquitin
(top panel, compare lanes 6 and 7 to 2 and 3). In contrast, its
phosphomimetic counterpart S152D.T156D (ST/DD) showed
a marked decrease in ubiquitination compared to wild type,
akin to theGFP-Bfl-1DCdeletionmutant (Figure 4a, top panel,
compare lanes 8, 9 and 4, 5 to 2, 3). Overall, these assays
identified some critical substrate lysines and putative serine or
threonine phosphorylation sites in the C-terminus of Bfl-1 that
appear to be important for regulating its ubiquitination.

Mutation of C-terminal lysines attenuates the
proteasome-mediated turnover of Bfl-1 in FL5.12
cells and suppresses its prodeath phenotype in
cells treated with TNFa/CHX

We next went on to assess the effects of C-terminal lysine
mutations on the endogenous stability of GFP-Bfl-1 in FL5.12
pro-B cells. Protein levels in cells treated with protein
synthesis inhibitor CHX alone or with proteasome inhibitor
MG132 were assessed by immunoblotting with anti-GFP. As
anticipated, wild-type GFP-Bfl-1 was unstable in cells treated
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with CHX for 6 h, whereas cell treatment with MG132
stabilized the protein (Figure 4d, lanes 1–3). In contrast, C-
terminal mutant K151,163,172R was significantly more stable
than wild type in the presence of CHX, consistent with its
reduced susceptibility to undergo ubiquitination (KKK/RRR;
Figure 4d, lanes 3–6, and Figure 4b, lanes 5 and 6). Overall,

these data indicate that mutation of C-terminal lysines that
interfere with Bfl-1’s ubiquitination leads to increased stability
in FL5.12 pro-B cells.
The activity of Bfl-1 ubiquitination mutants toward TNF-

induced apoptosis was explored in stably transfected FL5.12
cells expressing wild-type or mutant proteins at equivalent

Figure 4 GFP-Bfl-1 and the S152A.T156A mutant are efficiently ubiquitinated in contrast to C-terminal mutants GFP-Bfl-1DC, S152D.T156D or K151,163,172R. (a)
Immunoblot analysis of Bfl-1 ubiquitination in transfected 293T cells. Human 293T cells were transiently transfected with constructs expressing GFP-Bfl-1 (lanes 1–3),
GFP-Bfl-1DC (DC; lanes 4 and 5) or GFP-Bfl-1 point mutants S152A.T156A (ST/AA; lanes 6 and 7), S152D.T156D (ST/DD; lanes 8 and 9) or K151,163,172R (KKK/
RRR; lanes 10 and 11), alone (lane 1) or together with Myc-tagged ubiquitin (lanes 2–11). Where indicated, cells were pretreated with proteasome inhibitor MG132
(20 mM) for 4 h (lanes 1, 3, 5, 7, 9 and 11). Extracts were immunoprecipitated with an anti-GFP antibody (Clontech) and immunoblotted with anti-Myc. Total lysates (20%
of input) were immunoblotted with anti-GFP as a control (Torrey Pines; bottom panel). (b) Effects of C-terminal mutations on the endogenous ubiquitination of Bfl-1 in
FL5.12 pro-B cells. FL5.12 cells stably expressing wild-type GFP-Bfl-1 (lanes 1 and 2), GFP-Bfl-1DC (lanes 3 and 4) or GFP-Bfl-1 point mutant K151,163,172R (KKK/
RRR; lanes 5 and 6) were left untreated (lanes 1, 3 and 5) or were incubated with MG132 for 4 h (lanes 2, 4 and 6). Extracts were immunoprecipitated with an anti-GFP
antibody (Clontech) followed by immunoblotting with an antibody to ubiquitin (Santa-Cruz). Total lysates (20% of input) were immunoblotted with an anti-GFP antibody
(lower panel). (c) Alignment of human Bfl-1 and mouse A1 protein sequences. The BH1–3 domains and putative BH4 sequences are indicated.17,18 The C-terminal
domain is underlined. Amino acids marked in bold were substituted by site-directed mutagenesis with alanine (A), aspartic acid (D) or arginine (R) residues. (d) Effects of
C-terminal lysine mutations on the stability of Bfl-1 in FL5.12 pro-B cells. FL5.12 cells stably expressing wild-type GFP-Bfl-1 (lanes 1–3) or GFP-Bfl-1 point mutant
K151,163,172R (KKK/RRR; lanes 4–6) were left untreated (lanes 1 and 4) or treated for 6 h with CHX alone (lanes 2 and 5) or with MG132 for 4 h (lanes 3 and 6).
Extracts were immunoprecipitated with an anti-GFP antibody (Clontech) followed by immunoblotting with an anti-GFP antibody (Torrey Pines; top panel). The blot was
reprobed for actin as a loading control (bottom panel)
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levels. As seen in Figure 5, the prodeath phenotype of Bfl-1 in
FL5.12 cells subjected to TNFa/CHX treatment was reduced
in cells expressing its degradation-resistant mutant
K151,163,172R. Similarly, the S152D.T156D mutant also
conferred increased survival compared to GFP-Bfl-1. To-
gether with the increased stability of the GFP-Bfl-1DC mutant
and its protective activity, these results indicate that mutations
that diminish proteasome-dependent degradation of Bfl-1
help to counteract its proapoptotic effect in FL5.12 cells
treated with TNF/CHX.

Bfl-1 is a substrate for l-calpain and its
endogenous cleavage in FL5.12 cells treated with
TNF/CHX coincides with acquisition of a prodeath
phenotype

Our observation that GFP-Bfl-1 protein cleavage during a
time-course analysis (Figure 3b) coincided with the onset of
enhanced cell death in FL5.12 cells treated with TNF/CHX
(Figure 2b) raised the possibility that its proteolytic cleavage
might be correlated with its prodeath phenotype in this
context. Studies in Figure 3c suggested that caspases and
calpains, or a calpain-like protease, might be implicated in a
direct or indirect fashion in its cleavage, as zVAD-fmk, MG132
or ALLN inhibited appearance of the B32 kDa GFP-Bfl-1

cleavage product in TNF/CHX-treated FL5.12 cells (middle
panel, lanes 5–7). Moreover, considering that both caspases
and calpains have been implicated in cleaving the prosurvival
Bcl-2 and Bcl-xL proteins.9–11,31–33 we first assayed whether
GFP-Bfl-1 was a substrate for cleavage by recombinant
caspase-3, -8 or -9. Although caspases were functional for
cleaving a control Myc-tagged Bid protein in vitro, none of
them could induce cleavage of radiolabeled GFP-Bfl-1 (data
not shown). It therefore appears that caspases might play an
indirect role in Bfl-1 protein cleavage, perhaps by acting at an
upstream step leading to processing of Bfl-1 in the TNFR
cascade.
Next, we investigated the possible implication of calpains.

Calpains are calcium-dependent cysteine proteases whose m-
and m-isoforms regulate several important intracellular
processes. Calpains have been shown to cleave several
proteins involved in apoptosis including members of the Bcl-2
family like proapoptotic members Bid and Bax, and cleavage
of the prosurvival factor Bcl-xL leads to the emergence of a
proapoptotic fragment.11,36–38 Pretreatment with the cell-
permeable calpain inhibitor I ALLN significantly decreased
the ‘enhanced death’ phenotype of GFP-Bfl-1 in TNFa/CHX-
treated FL5.12 cells (Figure 6a), similar to proteasome
inhibitor MG132 that incidentally can also suppress the
activity of calpains39 (Figure 2a; R Mellgren, personal
communication). However, since ALLN is a competitive

Figure 5 Mutations that interfere with efficient ubiquitination of GFP-Bfl-1 suppress its prodeath phenotype in FL5.12 cells treated with TNFa/CHX. Flow cytometry
analysis of FL5.12 cells expressing mutant Bfl-1 proteins following TNFa/CHX treatment. FL5.12 cells stably expressing GFP-Bfl-1 or mutants K151,163,172R (KKK/
RRR) or S152D.T156D (ST/DD) were left untreated (left) or treated with CHX alone (middle) or with TNFa/CHX (right) for 6 h, followed by staining with propidium iodide
and flow cytometry analysis. Cells containing the empty SFFV-neo vector served as a control. A representative experiment is shown
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inhibitor of calpain proteases40 (Ki 190 nM) and can also
suppress the activity of the proteasome34 (Ki 670 nM), we do
not rule out the possibility that its protective activity in this
context might result from suppression of Bfl-1 cleavage,
stabilization of full-length GFP-Bfl-1 or both.
Interestingly, the onset of endogenous GFP-Bfl-1 proces-

sing, as indicated by appearance of the B32 kDa GFP-
reactive fragment, during a time course of cell treatment with
TNF/CHX coincided with disappearance of the 80 kDa pro-
form of the large subunit of m-calpain, suggestive of cleavage-
mediated proteolytic activation of m-calpain (Figure 6b, top
and middle panels, lanes 3–5). Pretreatment with ALLN
partially suppressed cleavage of pro-m-calpain in vivo, to
levels seen at B3 h, and concomitantly reduced TNF/CHX-
induced production of the GFP-Bfl-1 cleavage fragment
(compare lanes 6 and 5). These findings raised the possibility
that calpain, or a calpain-like activity, was involved in Bfl-1
processing. This suggestion would agree with the fact that
calpains can be activated by caspases.
We further explored this hypothesis by testing the ability of

either m-calpain or m-calpain to cleave radiolabeled GFP-Bfl-1
produced by in vitro translation. m-Calpain completely cleaved
full-length GFP-Bfl-1 to produce a fragment B32 kDa,
reminiscent of the fragment observed in TNF/CHX-treated
cells (Figure 6c, compare lanes 1 and 2). As expected for a
calpain protease, this activity was dependent on the presence
of calcium, as omission of calcium in the reaction blocked Bfl-1
processing (lane 3). Likewise, calpain inhibitor I ALLN
abolished in vitro cleavage of GFP-Bfl-1 by m-calpain (lane
4). Consistent with previous reports,37,38 m-calpain also
cleaved a control Bax protein (compare lanes 7 and 8). m-
Calpain was much less efficient in inducing cleavage of GFP-
Bfl-1, whereas its control target Bcl-xL was cleaved under the
same conditions (Figure 6c, lanes 5 and 10).
Unlike caspases, m-calpain does not recognize a well-

defined cleavage motif although it cleaves the Bax protein
after an aspartic acid. However, mutant proteins with alanine
substitutions for each of the seven aspartic acids in Bfl-1 were
cleaved by m-calpain in vitro as efficiently as wild-type GFP-
Bfl-1 (data not shown). It therefore appeared that m-calpain
cleavage of Bfl-1 did not occur at a caspase-like motif. Since
GFP alone was not processed by m-calpain (data not shown),
we investigated if the cleavage occurred within the BH4
domain of Bfl-1. As shown in Figure 6d, full-length GFP-Bfl-1
and the GFP-Bfl-1DC mutant were cleaved with similar
efficiency by m-calpain (compare lanes 2 and 4). In contrast,
a hybrid protein containing amino acids 7–22 derived from the
BH4 domain of Bfl-1 substituted for amino acids 2–18 in Bcl-xL
(GFP-Bfl-1/xL) did not undergo significant proteolysis, similar
to the control GFP-Bcl-xL protein under the same conditions
(compare lanes 6 and 8). Combined with fact that in vitro
cleavage of GFP-Bfl-1 by m-calpain generated an N-terminal
GFP-reactive product that was B32 kDa (Figure 6c), these
results suggested that cleavage by m-calpain occurs down-
stream of amino acid 22 in Bfl-1.
In vitro cleavage of untagged Bfl-1 confirmed that Bfl-1 is a

bona fide substrate of m-calpain and that its cleavage by this
protease was not an artifact of its fusion to GFP (Figure 6e,
lane 2). As anticipated, cleavage was dependent on calcium
and was suppressed by ALLN (lanes 3 and 4). In conjunction

with theB32 kDa N-terminal GFP-reactive fragment detected
upon processing of GFP-Bfl-1 in vitro and in vivo (Figures 3
and 6c), the B16 kDa 35S-labeled cleavage product derived
from untagged Bfl-1 suggested that m-calpain cleaves in the
N-terminus of Bfl-1 somewhere in the vicinity of amino acids
B25–35. Altogether, these results suggest that cleavage by
m-calpain occurs between the BH4 and BH3 domains of Bfl-1.
This would be consistent with the generation of a Bax-like
multi-domain proapoptotic Bfl-1 fragment. However, since
none of the commercially available antibodies could recognize
the human Bfl-1 protein, we do not rule out the possibility that
m-calpain or a calpain-like activity might cleave Bfl-1 at
multiple sites in vivo. Future studies will help to determine
the cleavage site(s) in Bfl-1.
Overall, our findings implicate m-calpain or a calpain-like

activity in the post-translational processing of Bfl-1 in FL5.12
cells subjected to TNFa/CHX treatment and its conversion into
a multidomain BH1–3 proapoptotic factor in this context.
Since impairment of proteasome-mediated turnover of full-
length Bfl-1 antagonized its enhanced death phenotype in
TNFa/CHX-treated cells, it appears that these two distinct
proteolytic activities might act in concert to produce the
proapoptotic phenotype of Bfl-1 in this context.

Discussion

In this study, we demonstrate that while Bfl-1 generally
suppresses apoptosis triggered by several death-inducing
stimuli including STS or cytokine withdrawal, it can behave as
a prodeath factor in certain cells in response to TNF receptor
activation in the presence of CHX. Our experiments demon-
strate that manifestation of Bfl-1’s proapoptotic effect is
regulated by the combined action of two different proteolytic
events: (1) ubiquitin-dependent proteasome-mediated turnover
of full-length Bfl-1 via modification of residues in its C-terminal
domain, and (2) proteolytic cleavage by m-calpain or a calpain-
like activity in vivo. The observation that mutations that
interfered with ubiquitin-mediated turnover of Bfl-1 suppressed
its prodeath phenotype, despite cleavage by m-calpain, under-
scores the fact that these two different proteolytic events are
both necessary to convert Bfl-1 from an antiapoptotic protein
into a prodeath factor. Consistent with our findings with GFP-
tagged Bfl-1 in the FL5.12 cell model, cells expressing a Myc-
tagged form of Bfl-1 were also sensitized to TNF receptor-
mediated apoptosis, but not STS, compared to control FL5.12
cells. Overall, this study uncovered two new regulatory
mechanisms for Bfl-1 that play a decisive role in determining
the extent of its antiapoptotic activity.
The protective activity of Bfl-1 in FL5.12 cells against

apoptosis induced by STS or cytokine deprivation is in sharp
contrast to its capacity to enhance their demise following
treatment with TNFa/CHX. This suggests that Bfl-1 can exert
differential effects depending on the nature of the death-
inducing stimulus. While Bfl-1 was previously reported to
potently inhibit cell death caused by the chemotherapeutic
agent etoposide, it only partially suppressed apoptosis
induced by TNFa in the HT1080 fibrosarcoma cell line.25 Bfl-
1 also delays endothelial cell apoptosis in response to TNFa
but does not abrogate it.41 These observations with Bfl-1
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agree with the capacity of other Bcl-2 family proteins like Bcl-2
and Bcl-xL to either suppress cell death (fully or partially) or
promote apoptosis depending on the stimulus and/or the cell
type.9,10,31 Contrary to a recent report indicating that GFP-Bfl-
1 is proapoptotic in transiently transfected 293T cells in the
absence of a death-inducing signal,42 we found no evidence
that GFP-Bfl-1 is by itself proapoptotic, as FL5.12 cells stably
expressing GFP-Bfl-1 were viable and proliferated normally.
Moreover, GFP-Bfl-1 showed no toxicity when transiently
expressed in other cell lines such as MCF-7 or HeLa cells
(data not shown). Importantly, we obtained similar results with
a Myc-tagged form of Bfl-1. Thus, the phenotype that was
reported in 293T cells is perhaps cell specific.
Proteasome-mediated degradation regulates the stability of

certain pro- and antiapoptotic Bcl-2 family members, and is
often triggered in response to a death-inducing stimulus. For
example, the prosurvival Mcl-1 protein is rapidly degraded
early in apoptosis and is necessary for cell death to
ensue.43,44 In our study, we found that Bfl-1 undergoes
constitutive proteasome-mediated turnover. However, we do
not rule out the possibility that Bfl-1 might also undergo signal-
induced proteasome-mediated turnover to accelerate its
elimination in response to certain death-inducing stimuli
and/or in certain cells.
Dephosphorylated Bcl-2 undergoes proteasomal degrada-

tion in endothelial cells treated with TNFa.45,46 Alanine
substitution of S152.T156 in Bfl-1 led to a remarkable increase
in GFP-Bfl-1 ubiquitination. This suggests that dephosphor-
ylation of Bfl-1might trigger its ubiquitination and proteasome-
dependent decay, and T156 is a potential phosphorylation site
for casein kinase I or II. Interestingly, although the S152D/
T156D and K151,163,172R mutations decreased ubiquitina-
tion of Bfl-1 and reduced its proapoptotic phenotype, they did
not confer full resistance to TNF/CHX-induced apoptosis in
FL5.12 cells, unlike the Bfl-1DC mutant that was protective.
This raises the possibility that additional modifications else-
where in the proteinmight also be required to stabilize fully Bfl-
1 in FL5.12 cells. Incidentally, mutation of potential phosphor-
ylation sites in Bcl-2, distinct from those previously described
to be targeted by MAP kinase, also affected Bcl-2 protein
stability.47 Based on these results, we do not rule out the
possibility that additional sites within Bfl-1 might also be
involved in regulating its turnover. Future studies will help to

address this issue and to identify the E3 ligase and kinase(s)
responsible for its modification.
There is increasing evidence supporting a role for calpains

in apoptosis, although their function in this context appears to
be cell- and stimulus-dependent and has been the subject of
conflicting observations (for review, see Wang12 and Goll
et al.48). For instance, calpains have been described by some
to act upstream of caspase processing, but others implicated
them downstream of caspase activation.49–54 Likewise, some
found apoptosis induced by FAS ligand to be independent of
calpains, but others implicated them in FAS receptor-
mediated apoptosis of neutrophils.55,56 Our observation that
Bfl-1 sensitizes cells to TNF/CHX-induced death, coincident
with its proteolytic processing by m-calpain or a calpain-like
activity in vivo, is consistent with reports indicating that
caspases and calpains can cleave prosurvival Bcl-xL or Bcl-2
proteins leading to the emergence of a prodeath fragment.9–
11,31–33 However, it should be noted that these proteins are
often partially cleaved in vivo and that coexistence of death-
promoting fragments along with the full-length proteins can
yield an overall antiapoptotic outcome, akin to the behavior of
the GFP-Bfl-1DC mutant. It is therefore possible that cleaved
Bfl-1 readily manifests its proapoptotic phenotype because its
half-life is fairly short (o2 h for 2xMyc-Bfl-1) compared to that
of Bcl-2 (B10 h).57,58

Although the cleavage site(s) in Bfl-1 remain(s) to be
mapped precisely, our studies raise the possibility that Bfl-1
might be converted into a proapoptotic Bax-like multi-BH1–3
protein. For example, cleavage of Bcl-2 and Bcl-xL by
caspases or calpain generates a Bax-like fragment, and the
proapoptotic activity of Bcl-2-derived fragment was shown to
depend on the integrity of the BH3 and TM domains.10,11,59

The fact that our Bfl-1DC mutant was not converted into a
proapoptotic factor although it was still processed by m-calpain
suggests that Bfl-1 might be processed into a Bax-like factor
whose death-inducing activity requires anchoring at the
mitochondria (Figure 7). In addition, we do not rule out the
possibility that the greater stability of full-length GFP-Bfl-1DC
compared to GFP-Bfl-1 might also be responsible for the
positive outcome of the cells, since Bfl-1 protein turnover is
required for manifestation of its prodeath phenotype and
residues that regulate Bfl-1 ubiquitination map to its putative
C-terminal TM domain (Figure 7).

Figure 6 Bfl-1 is a substrate for m-calpain and is cleaved by a calpain-like activity in FL5.12 cells treated with TNF/CHX, coincident with acquisition of a prodeath
phenotype. (a) Cell pretreatment with calpain inhibitor I ALLN suppresses the prodeath phenotype of GFP-Bfl-1 in FL5.12 cells treated with TNFa/CHX. Cells were left
untreated or treated with TNFa/CHX for 6 h followed by staining with propidium iodide and flow cytometry analysis. Where indicated, cells were pretreated with calpain
inhibitor I ALLN. The results are representative of three independent experiments. (b) In vivo processing of GFP-Bfl-1 in FL5.12 cells during a time course of TNF/CHX
treatment coincides with disappearance of the 80 kDa proform of endogenous m-calpain. FL5.12 cells stably expressing GFP-Bfl-1 were treated with TNFa/CHX for 1, 2,
3, 5 or 6 h in the absence (lanes 1–5) or pretreated for 1 h with ALLN before incubation with TNF/CHX (lane 6). Cell extracts were analyzed by immunoblotting with an
anti-GFP antibody (Sigma) and reprobed with anti-m-calpain to monitor cleavage-induced activation of endogenous pro-m-calpain. The blot was reprobed with anti-actin
as a loading control. An asterisk marks a nonspecific band that is occasionally seen above GFP-Bfl-1. (c) GFP-Bfl-1 is a substrate for m-calpain cleavage in vitro. 35S-
labeled GFP-Bfl-1 produced by in vitro translation was incubated with m-calpain (lanes 2–4) or m-calpain (lanes 5 and 6) in the absence (lanes 2, 3 and 5) or presence of
calpain inhibitor I ALLN (lane 4) or calpain inhibitor II ALLM (lane 6). Buffer lacking calcium and containing the chelating agent EGTA was used as a control (lane 3). In
vitro-translated 35S-labeled Flag-Bax (lanes 7 and 8) and GFP-Bcl-xL (lanes 9 and 10) were used as positive controls to verify the activity of m-calpain (lane 8) or m-
calpain (lane 10). An open arrowhead marks the GFP-tagged calpain-induced cleavage product of GFP-Bfl-1. (d) Contrary to GFP-Bfl-1 and GFP-Bfl-1DC, GFP-Bcl-xL
and a GFP-Bfl-1/xL hybrid containing amino acids 7–22 of Bfl-1 are not efficiently cleaved by m-calpain in vitro. 35S-labeled GFP-Bfl-1 (lanes 1 and 2), GFP-Bfl-1DC
(lanes 3 and 4), GFP-Bcl-xL (lanes 5 and 6) or GFP-Bfl-1/xL (lanes 7 and 8) was incubated with purified m-calpain as described in (c), followed by PAGE and
autoradiography. Arrows point to the positions of the full-length proteins. (e) Like GFP-tagged Bfl-1, untagged Bfl-1 is a substrate for m-calpain in vitro. 35S-labeled
untagged Bfl-1 was incubated with m-calpain (lanes 2–4) in the absence (lanes 2 and 3) or presence of calpain inhibitor I ALLN (lane 4). Buffer lacking calcium and
containing the chelating agent EGTA was used as a control (lane 3). An open arrowhead marks theB16 kDa 35S-labeled C-terminal cleavage product of Bfl-1 generated
by m-calpain
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Our experiments in FL5.12 cells expressing GFP-Bfl-1
suggest that TNF receptor activation in the presence of CHX
triggers a pathway leading to cleavage of Bfl-1 by m-calpain or
a calpain-like activity in vivo. Although it remains to be
determined how calpain proteases might be activated in this
context, FAS-induced activation of caspase-8 in neutrophils
was reported to result in inactivation of the calpain inhibitor
calpastatin, thereby promoting cleavage of Bax by m-
calpain.56 Moreover, previous work showed that calpastatin
is sensitive to proteolysis by recombinant caspase-1, -3 and -7
and that FAS-induced cell death in Jurkat T-cells or in human
neuroblastoma cells converges on calpastatin degradation.54

Thus, by converging on caspase activation, death receptor
pathways might activate calpain via degradation of calpasta-
tin. A model positioning caspase-8 upstream of calpastatin
and m-calpain activation is supported by the inability of
recombinant caspase-8 to cleave directly GFP-Bfl-1 in our in
vitro assays (Figure 7 and data not shown). Alternatively, we
do not rule out the possibility that phospholipid mediators,

including second messengers implicated in TNFa signaling,
might activate the catalytic activity of calpain by binding to its
30 kDa regulatory subunit to lower its calcium requirement to a
range normally found intracellularly.60–62 Future studies will
undoubtedly help to define the pathway(s) involved.
Overexpression of antiapoptotic genes including those

encoding prosurvival Bcl-2 family proteins is a characteristic
of many chemoresistant tumor cells, including diffuse large B-
cell lymphoma and Hogdkin’s Reed–Sternberg cells in which
endogenous bfl-1 transcripts are highly expressed.63–65 Our
results raise the possibility that, in some instances, high
endogenous expression of Bfl-1 could perhaps be exploited to
facilitate cell death in otherwise chemoresistant cells. It will
therefore be interesting to seewhether these findings could be
extended to human tumor cells that display high endogenous
levels of bfl-1 expression. In conclusion, our studies uncov-
ered two proteolytic mechanisms involving the proteasome
and calpains or a calpain-like activity that are interdependently
necessary to convert Bfl-1 from an antiapoptotic protein into a
prodeath factor.

Materials and Methods

Plasmids and mutagenesis

Plasmid pSFFV-neo66 was used to stably express Bfl-1 or Bcl-xL under the
control of the spleen focus-forming virus LTR promoter in FL5.12 cells.
The cDNA for Bcl-xL was a gift from C Labrie (CHUL). GFP-tagged forms
of wild-type or mutant Bfl-1 or Bcl-xL were generated by cloning into the
pEGFP-C3 vector (Clontech), followed by PCR-mediated subcloning into
the EcoRI site of pSFFV-neo. This plasmid was also used in in vitro
translation reactions in rabbit reticulocyte lysates from the T3 promoter.
GFP-Bfl-1 mutants were generated in the pEGFP vector using the
QuickChange Site-Directed Mutagenesis Kit (Stratagene). 2xMyc-Bfl-1
was generated by fusing two consecutive 10-amino-acid Myc epitopes to
the N-terminus of Bfl-1 by PCR, followed by cloning into the EcoRI site of
pSFFV-neo. Bid-Myc was expressed from the CMV promoter of
pcDNA3.1/HisB (Invitrogen) and was a gift from E White (CABM &
Rutgers Univ.). Flag-Bax was generated by subcloning Bax from a His-
Myc-Bax construct along with a Flag tag into pcDNA3.1/HisC (Invitrogen).
They were used for in vitro translation using the T7 promoter. Plasmid
PCW7, used for transient transfection of 293T cells, expressed 6-His-Myc-
tagged ubiquitin from the CMV promoter of pRBG4 and was a gift from J-Y
Springael (Université Libre de Bruxelles).

Cell culture and transfection

Mouse WEHI-3B cells and the IL3-dependent mouse FL5.12 pro-B cells
were maintained in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS), 20 mM HEPES, 2 mM L-glutamine, penicillin (100 U/
ml) and streptomycin (100 mg/ml). The culture medium for FL5.12 cells
was supplemented with 10% supernatant from confluent WEHI-3B cell
cultures as a source of IL-3. FL5.12 cells transfected with SFFV-neo-
derived vectors were selected and maintained in the presence of G418
(1 mg/ml). The human adenovirus-transformed embryonic kidney cell line
293T, expressing the SV40 large T antigen, was cultured in DMEM
medium supplemented with 10% FBS, penicillin (100 U/ml) and
streptomycin (100 mg/ml). Cell culture reagents were purchased from
Invitrogen, unless indicated otherwise, and cells were maintained at 371C
in an atmosphere of 5% CO2.

Figure 7 Model illustrating the interplay between constitutive proteasome-
mediated turnover of Bfl-1 and its TNF/CHX-induced cleavage in Fl5.12 cells. Left
panel: (a) Wild-type Bfl-1 localized at mitochondria is antiapoptotic and
undergoes constitutive proteasome-mediated turnover as a result of ubiquitina-
tion in its C-terminal domain. (b) TNF receptor activation in FL5.12 cells by TNF/
CHX treatment leads to activation of m-calpain, or a calpain-like activity, that
cleaves Bfl-1 to generate an B3 kDa N-terminal fragment and a multidomain
Bax-like C-terminal BH1–3 cleavage product that localizes to mitochondria and is
proapoptotic. Right panel: (a) Mutant Bfl-1DC does not localize to mitochondria
but is nevertheless antiapoptotic. Because it lacks the C-terminal domain of Bfl-1,
Bfl-1DC is less susceptible to ubiquitin/proteasome-mediated turnover than wild-
type Bfl-1. (b) TNF/CHX-mediated activation of m-calpain, or a calpain-like
activity, cleaves Bfl-1DC to generate an B3 kDa N-terminal fragment and a
multidomain C-terminal BH1–3 cleavage product that fails to localize to
mitochondria. We propose that the increased stability of full-length Bfl-1DC
together with the failure of its BH1–3 cleavage product to localize to mitochondria
may be responsible for the fact that Bfl-1DC is not proapoptotic in FL5.12 cells
treated with TNF/CHX, contrary to wild-type Bfl-1. The apical steps proposed in
this model are suggested by prior studies56
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For transfection, FL5.12 cells (1� 107) in 0.4 ml of complete culture
medium were incubated with 15 mg of pSFFV-neo-derived vector DNA for
10 min on ice and electroporated at 200V and a capacitance of 960 mF
with a Gene Pulser (Biorad). Cells were incubated on ice for 10 min,
transferred to 10 ml of complete culture medium and incubated for 36–48 h
at 371C before selection for neomycin resistance with G418 (1 mg/ml).
Drug-resistant GFP-expressing FL5.12 cells were isolated on a Beckman
Coulter EPICS Elite cell sorter. Pools of GFP-positive cells were generally
used in this study. Where indicated, GFP-Bfl-1-expressing cell clone B3
was used, as it matched most closely the expression levels of GFP-Bcl-xL
in FL5.12 cells. Its behavior was identical to that of a pool of sorted GFP-
Bfl-1-expressing cells, ruling out the possibility of clonal variation. Human
293T cells used for analysis of Bfl-1 ubiquitination were transfected with a
total of 10 mg DNA using Lipofectamine 2000 (Invitrogen).

Cell death assays and flow cytometry analysis

FL5.12-derived cell lines were treated with STS (20 nM; Sigma) for 24 h or
with mouse recombinant TNFa (10 ng/ml; Sigma) plus CHX (10 mg/ml;
Sigma) for 6 h unless specified otherwise. To assay cell death in response
to cytokine deprivation, FL5.12-derived cell lines were washed three times
with RPMI-1640 medium and resuspended in complete FL5.12 culture
medium lacking IL-3 at a density of 5� 105 cells/ml. Where indicated, cell
death assays were performed following cell pretreatment overnight with
proteasome inhibitor MG132 (20 mM; Calbiochem). Cell pretreatment with
the pan-caspase inhibitor zVAD-fmk (Enzyme Systems Products) was at
50mM for 1 h. Pretreatment with calpain inhibitor I ALLN (Calbiochem) or
calpain inhibitor II N-acetyl-L-leucyl-L-leucyl-methioninal (ALLM; Calbio-
chem) was for 1 h at 20mM. Cell death was monitored by flow cytometry
analysis of cells (1–2� 106) fixed in 70% ethanol for 30 min at 41C,
washed with PBS and resuspended in 0.5 ml PBS in the presence of
DNase-free RNase (50 mg; Sigma) and propidium iodide (5 mg; Sigma) for
30 min at room temperature before analysis of DNA content on a Beckman
Coulter Cytomics FC500 flow cytometer.

Immunoblotting

Cell extracts were prepared in EBC lysis buffer (50 mM Tris pH 8.0, 120 mM
NaCl, 0.5% NP-40, 10% glycerol) in the presence of 1� protease inhibitor
cocktail (Roche). Total protein concentration was determined by the
method of Bradford.67 Proteins were resolved by sodium dodecyl sulfate
(SDS)–polyacrylamide gel electrophoresis (PAGE), transferred to nitro-
cellulose membranes (Schleicher & Schuell) and incubated with primary
monoclonal anti-GFP (Sigma G-6539; 1 : 2000), polyclonal anti-GFP
(Torrey Pines #TP401; 1 : 5000), monoclonal anti-Myc (Invitrogen 46-0603;
1 : 5000), polyclonal anti-caspase-3 (BD Pharmingen 552785; 1 : 1000),
polyclonal anti-caspase-8 (BD Pharmingen 559932; 1 : 1000), monoclonal
anti-caspase-9 (Stressgen AAM-139; 1 : 1000), polyclonal anti-m-calpain
(Calbiochem 208751; 1 : 1000), anti-ubiquitin (Santa-Cruz SC-8017;
1 : 1000) or polyclonal anti-actin (Sigma A-2066; 1 : 500). Secondary
antibody detection was performed by enhanced chemiluminescence (ECL;
Amersham Life Sciences).

Ubiquitination assays

Human 293T cells at 90% confluence in a 10 cm dish were transiently
transfected with PCW7 expressing Myc-tagged ubiquitin (5 mg) along with
GFP-tagged constructs expressing wild-type or mutant Bfl-1 (5mg) using
Lipofectamine 2000 (45 ml). Cells were lysed in RIPA buffer (50 mM Tris
pH 8.0, 120 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS) in

the presence of 1� protease inhibitor cocktail, 1 mM phenylmethane-
sulfonyl fluoride (PMSF) and 0.005 M iodoacetamide (Calbiochem). After
preclearing with protein A-sepharose beads (Amersham), lysates (500 ml)
were immunoprecipitated with a polyclonal anti-GFP antibody (Clontech
8372-2; 3 ml) and protein A-sepharose for 4 h each, washed four times in
RIPA buffer and boiled in SDS loading buffer. Immunoprecipitates were
resolved by 7.5% SDS–PAGE and transferred to nitrocellulose
membranes followed by immunoblotting with an anti-Myc antibody. For
each experiment, straight lysates (20% of input) were analyzed by
immunoblotting with anti-GFP (Torrey Pines; 1 : 5000) as a control.
Endogenous ubiquitination of Bfl-1 was monitored in stably transfected
FL5.12 cells (1� 107) expressing wild-type or mutant GFP-Bfl-1. Cell
extracts were immunoprecipitated with an anti-GFP antibody (Clontech) as
described above and immunoblotted with an anti-ubiquitin antibody
(Santa-Cruz).

In vitro cleavage assays of in vitro-translated proteins
by calpains and caspases

GFP-Bfl-1, GFP-Bfl-1DC, GFP-Bfl-1/-xL, GFP-Bcl-xL, GFP or untagged
Bfl-1 was produced by in vitro transcription/translation from the T3
promoter of SFFV-neo using the TNT-coupled reticulocyte lysate system
(Promega) in the presence of [35S]methionine (Amersham). Control Flag-
Bax was expressed from the T7 promoter of pcDNA3.1/HisC.
Radiolabeled GFP-Bfl-1, GFP-Bfl-1DC, GFP-Bfl-1/-xL, GFP-Bcl-xL, GFP
or untagged Bfl-1 proteins (5ml) or Flag-Bax control (1 ml) were incubated
with purified porcine m-calpain (Calbiochem; 10ml) in 30ml of m-calpain
reaction buffer (30 mM Tris-HCl pH 7.5, 750 mM CaCl2, 1.5 mM DTT),68 or
with recombinant rat m-calpain (10 ml; Calbiochem) in 30 ml of m-calpain
reaction buffer (20 mM HEPES pH 7.5, 50 mM KCl, 2 mM MgCl2, 5 mM
CaCl2, 1 mM DTT).36 Control reactions included buffer lacking CaCl2 and
supplemented with calcium chelator EGTA (1.5 mM), or containing calpain
inhibitor I ALLN (Calbiochem) or calpain inhibitor II ALLM (Calbiochem) at
10 mM each. Reactions were incubated at 301C for 2 h for m-calpain or at
371C for 2 h for m-calpain, and terminated on ice by addition of 2� SDS
loading buffer. The susceptibility of radiolabeled GFP-Bfl-1 to serve as
substrate for caspase cleavage was assayed upon incubation with 1 U of
recombinant caspase-3, caspase-9 (Apotech) or caspase-8 (Biovision) in
2� caspase reaction buffer (Biovision) and incubated at 371C for 2 h.
Bid-Myc expressed from the T7 promoter of pcDNA3.1/HisB was used as
a positive control. The reaction was terminated by addition of SDS loading
buffer. Proteins were resolved by 15% SDS–PAGE and the gels were
vacuum dried and exposed to XOMAT film.
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