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Both autophagy and apoptosis are tightly regulated pro-

cesses playing a central role in tissue homeostasis. Bax

inhibitor 1 (BI-1) is a highly conserved protein with a dual

role in apoptosis and endoplasmic reticulum (ER) stress

signalling through the regulation of the ER stress sensor

inositol requiring kinase 1 a (IRE1a). Here, we describe a

novel function of BI-1 in the modulation of autophagy. BI-

1-deficient cells presented a faster and stronger induction

of autophagy, increasing LC3 flux and autophagosome

formation. These effects were associated with enhanced

cell survival under nutrient deprivation. Repression of

autophagy by BI-1 was dependent on cJun-N terminal

kinase (JNK) and IRE1a expression, possibly due to a

displacement of TNF-receptor associated factor-2 (TRAF2)

from IRE1a. Targeting BI-1 expression in flies altered

autophagy fluxes and salivary gland degradation. BI-1

deficiency increased flies survival under fasting condi-

tions. Increased expression of autophagy indicators was

observed in the liver and kidney of bi-1-deficient mice.

In summary, we identify a novel function of BI-1 in multi-

cellular organisms, and suggest a critical role of BI-1 as

a stress integrator that modulates autophagy levels and

other interconnected homeostatic processes.
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Introduction

Macroautophagy, here referred to as autophagy, is a highly

conserved and regulated process involved in the catabolism

of cytoplasmic components that are recycled to maintain

energy production and macromolecule synthesis. Autophagy

involves the encapsulation of cargoes into double-membrane

vesicles (autophagosome), which fuse with lysosomes forming

the autolysosomes where cargoes are degraded (Levine

and Kroemer, 2008). Under nutrient starvation, autophagy

maintains energy homeostasis, but it also regulates tissue

remodelling during development, and catalyses the removal

of harmful or superfluous cellular organelles, aggregation-

prone proteins, and intracellular pathogens (Mizushima

et al, 2008; He and Klionsky, 2009). Furthermore, emerging

evidence indicates that altered autophagy also contributes to

a number of inflammatory and neurodegenerative diseases,

in addition to cancer and diabetes (Levine and Kroemer,

2008; Wong and Cuervo, 2010).

Autophagy-related (ATG) genes regulate different sequen-

tial steps in the autophagy process (Maiuri et al, 2007b; He

and Klionsky, 2009), starting with the formation of a protein

kinase-autophagy regulatory complex and a lipid kinase-

signalling complex. ATG proteins, including a class III PI-3-

kinase complex, are involved in vesicle nucleation, which is

positively regulated by Beclin-1 (He and Levine, 2010). A key

event in autophagosome formation is the conversion of

microtubule-associated protein 1 light chain 3 (LC3-I) into

the LC3-II form through its lipidation. Monitoring LC3 flux

through the autophagolysosomal pathway is the current gold

standard to monitor autophagy activity (Klionsky et al, 2008;

Tanida et al, 2008). A complex inter-relationship operates

between autophagy and apoptosis signalling pathways,

where the BCL-2 protein family plays a central role in

mediating the cross talk of both processes (Hetz and

Glimcher, 2008; Wei et al, 2008b; Pattingre et al, 2009;

Chen and Debnath, 2010). For example, the anti-apoptotic

BCL-2 and BCL-XL proteins negatively regulate autophagy by

binding to and inhibiting Beclin-1 (Pattingre et al, 2005). Pro-

apoptotic BH3-only proteins (Maiuri et al, 2007a) or BCL-2

phosphorylation by cJun-N terminal kinase (JNK; Pattingre

et al, 2009) antagonize BECLIN-1/BCL-2 interactions, enhan-

cing autophagy. This autophagy regulatory network is

proposed to operate at the endoplasmic reticulum (ER)

membrane (Pattingre et al, 2005). Although the BCL-2 family

of proteins has an essential role in apoptosis and autophagy

in mammals and C. elegans, the function of these proteins in
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other model organisms where autophagy is physiologically

relevant, such as fly and yeast, is not clear. This is based on

the fact that BCL-2 family homologues have not been de-

scribed in yeast and that the two BCL-2 family members

identified in Drosophila melanogaster (BCL-2/Buffy and BAX/

Debcl) have unclear roles in programmed cell death

(Sevrioukov et al, 2007; Galindo et al, 2009). Furthermore,

their apoptosis activities are restricted to specific conditions

(Quinn et al, 2003; Wu et al, 2010). Interestingly, a genetic

screening using a fly cell line identified Debcl and Buffy as

possible pro-autophagy regulators (Hou et al, 2008).

Bax inhibitor-1 (BI-1), also known as transmembrane BAX

inhibitor motif containing 6 (TMBIM6), is a highly conserved

cell death regulator and its sequence is present in mammals,

insects, plants, yeasts, viruses, and other species (Chae et al,

2003; Huckelhoven, 2004; Reimers et al, 2008). BI-1 is an ER-

located protein containing six transmembrane regions with

anti-apoptotic functions, involved in the suppression of in-

trinsic cell death mediated by ER calcium release (Xu and

Reed, 1998; Xu et al, 2008), ER stress (Chae et al, 2004;

Lisbona et al, 2009), and ischaemia (Bailly-Maitre et al, 2006;

Dohm et al, 2006; Krajewska et al, 2011). At the mechanistic

level, BI-1 has been shown to influence the steady state of ER

calcium levels (Westphalen et al, 2005; Kim et al, 2008; Xu

et al, 2008; Ahn et al, 2010). BI-1 inhibits the activity of the ER

stress sensor inositol requiring kinase 1 a (IRE1a) by a direct

interaction (Lisbona et al, 2009; Bailly-Maitre et al, 2010).

Interestingly, ER stress is a particularly efficient stimulus for

autophagy (Hoyer-Hansen and Jaattela, 2007). ER stress is

caused by the accumulation of incorrectly folded proteins in

the ER lumen, engaging an adaptive reaction known as the

unfolded protein response (UPR) (Hetz and Glimcher, 2009).

In mammals, the UPR signals through the activation of three

transmembrane proteins where IRE1a is the most conserved

stress sensor (Ron and Walter, 2007). IRE1a is a kinase/

endoribonuclease that, upon activation, initiates the splicing

of the mRNA encoding the transcription factor X-Box-binding

protein 1 (XBP-1), converting it into a potent activator of UPR

target genes (Hetz and Glimcher, 2009). IRE1a also regulates

autophagy levels during ER stress by binding to the adaptor

protein TNF-receptor associated factor-2 (TRAF2), followed

by the downstream activation of JNK (Ogata et al, 2006; Ding

et al, 2007). XBP-1 levels could also modulate autophagy in

mammals and fly cells (Arsham and Neufeld, 2009; Hetz

et al, 2009). In this study, we have identified a new function

of the evolutionary conserved protein BI-1 in the control

of autophagy. Our results indicate that BI-1 negatively

modulates the kinetics and amplitude of autophagy fluxes

in cells undergoing nutrient starvation. BI-1 expression con-

trolled autophagy by regulating JNK activation, possibly due

to a mechanism involving IRE1a and TRAF2. This study may

give additional clues about the physiological integration

between apoptosis and autophagy in different species.

Results

BI-1 deficiency leads to accumulation of acidic vesicles

and autophagosomes

To explore the possible impact of BI-1 on the lysosomal

pathway, we first visualized the content of acidic compart-

ments using lysotracker staining in BI-1 wild-type (WT) and

deficient (KO) mouse embryonic fibroblasts (MEFs). We also

monitor ER morphology expressing a Cytochrome b5–EGFP

fusion protein. Unexpectedly, augmented number of acidic

vesicles with larger size was observed in BI-1-deficient cells

cultured in standard media (Figure 1A). In contrast, the

distribution pattern of the ER network in BI-1 WT and KO

cells was similar under this condition, suggesting a specific

effect on acidic compartments (Figure 1A).

Recent reports indicate that autophagy involves enhanced

lysosome biogenesis (Settembre et al, 2011) and redistribu-

tion (Korolchuk et al, 2011). We exposed cells to nutrient

starvation to induce autophagy by incubations in Earle’s

Balanced Salt Solution (EBSS) or serum/glucose-free RPMI

media. These treatments led to a stronger redistribution and

accumulation of large acidic vesicles in BI-1 KO cells when

compared with WT control cells (Figure 1B), an effect

reverted by reconstituting cells with a BI-1–GFP expression

vector (Supplementary Figure S1A). Then, we analysed the

morphology of these acidic vesicles by electron microscopy

(EM) using the combined colocalization between fluores-

cence and EM images. A low magnification of BI-1 KO

MEFs cells subjected to nutrient starvation and stained with

lysotracker is shown in Figure 1C (panels a–e) (see also

Supplementary Figure S1B and C). Ultrastructural EM analy-

sis of the larger lysotracker-positive vacuoles revealed the

appearance of vesicular structures with distinct characteris-

tics, including multivesicular membranes (Figure 1C, panel

f), lysosomes with intracellular content (Figure 1C, panel g),

and late stage autophagy vesicles which accumulated in

clusters (Figure 1C, panel h), which is an indirect indicative

of enhanced autophagy (Korolchuk et al, 2011). To directly

monitor the possible impact of BI-1 on autophagosome for-

mation, we then visualized the presence of LC3-positive

vesicles in cells cultured in standard media or after nutrient

starvation. Increased accumulation of LC3-positive dots, that

also present dots of higher size, was observed in BI-1 KO cells

compared with control cells in both conditions (Figure 1D).

BI-1 deficiency enhances the kinetic and amplitude

of autophagy flux

The accumulation of autophagosomes in BI-1-deficient

cells could have two paradoxical interpretations: increased

autophagy activity or impaired fusion of autophagosome vesi-

cles, decreasing their flow through the autophagy pathway.

Thus, we performed LC3-II flux assays using inhibitors of

lysosomal activity and western blot analysis. First of all, we

monitored in kinetic experiments the levels of LC3-II in BI-1

WT and KO cells under resting or nutrient starvation condi-

tions (Figure 2A). Quantification revealed a faster induction

of LC3-II in BI-1-deficient cells (0–1 h) in relation to a loading

control after stimulation with EBSS or with serum/glucose-

free RPMI media (Figure 2B). In addition, an B2.5-fold

increase in LC3-II levels was observed after 3 h of nutrient

starvation compared with control cells (Figure 2B). Although,

a slight upregulation of LC3-I form was observed, no changes

on lc3 mRNA levels were detected in BI-1-deficient cells by

real-time PCR compared with control cells (Supplementary

Figure S1D).

We then measured LC3-II flux through the autophagy

pathway by exposing cells to nutrient deprivation in the

presence or absence of a cocktail of lysosomal inhibitors

(200 nM bafilomycin A1, 10 mg/ml pepstatin and 10mg/ml

E64d). A further accumulation of LC3-II in BI-1-deficient
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cells was observed when lysosomal activity was inhibited

(Figure 2C and D), indicating enhanced autophagy activity in

the absence of BI-1. In addition, blocking PI3K by the treat-

ment with 10 mM 3-methyladenine (3-MA) abrogated the

accumulation of LC3-II in cells undergoing nutrient starvation

(Figure 2C and D). Taken together, these data suggest that

BI-1 negatively controls the magnitude and the kinetic of

autophagy in response to starvation. As shown in Figure 2A,

we also observed a slight accumulation of LC3-II in BI-1 KO

cells grown in normal cell culture media. This prompts us to

perform an LC3 flux assay in the presence of nutrients. A

higher accumulation of LC3-II was observed in BI-1 KO cells

compared with control cells after inhibition of lysosomal

activity under this condition (Figure 2E), implying enhanced

basal autophagy levels in cells lacking BI-1. Finally, as addi-

tional control, we reconstituted BI-1 KO cells using retroviruses

to express BI-1WT–GFP, which as expected reduced LC3-II

levels in these cells after nutrient starvation (Figure 2F).

Figure 1 Increased accumulation of autophagosomes and lysosomes in BI-1-deficient cells. (A) BI-1 WT and KO MEFs cells were stably
transduced with retroviruses expressing cytochrome b5–GFP to visualize the ER (green). Then cells were stained with lysotracker (red) and
observed with a confocal microscope. Nucleus was stained with Hoechst (blue). Scale bar: 30 mm. (B) BI-1 WT and KO MEFs cells stimulated
with EBSS for 3 h to induce autophagy. Acidic vesicles were visualized with a confocal microscope after lysotracker staining. Data represent
the results of three independent experiments. Scale bar: 50mm. (C) (a) Epifluorescence imaging of BI-1 KO cells stained with lysotracker;
(b) electron micrograph of the same field of cells shown in (a); (c–e), magnification of lysotracker-positive vesicles in BI-1 KO cells exposed
to EBSS for 3 h and visualized with a fluorescent microscope (c) and the same field subsequently imaged by EM (d). Overlapping images
are presented (e). Left panel: analysis of vesicular structures by EM with morphologies resembling early (f), intermediate (g) and late (h)
autophagy vesicles. (D) Left panel: the distribution of endogenous LC3 was monitored by immunofluorescence and confocal microscopy in
BI-1 WT and KO MEFs cells at basal conditions (NT) or after exposure to EBSS for 3 h. Scale bar: left 15mm and right 10mm. Right panel:
quantification of the number cells containing three or more LC3-positive vesicles (N¼ 160 cells). Mean and standard deviation are presented
(N¼ 4). Student’s t-test was used to analyse statistical significance, **Po0.001 and *Po0.01. (E) BI-1 WT and KO cells were transiently
transfected with an expression vector for a monomeric-tandem LC3–RFP–GFP construct. After 24 h, cells were exposed to EBSS for 3 h.
Autophagy fluxes were monitored in living cells by visualizing the distribution of LC3-positive dots in the red and green channels using a
confocal microscope. Scale bar: 10 mm. Right panel: quantification of the ratio between red and yellow dots per cell is presented. Mean and
standard error of the analysis of 15 cells are shown.
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To examine autophagy flux in the absence of lysosomal

inhibitors, we transiently expressed a tandem monomeric

LC3–RFP–GFP construct (Klionsky et al, 2008) in BI-1 WT

and KO MEFs. Using this dynamic autophagy sensor, we

detected a large accumulation of LC3-red dots in BI-1 KO

cells undergoing nutrient starvation, which is indicative

of a flux of LC3 from autophagosomes (colocalization RFP

and GFP) to autophagolysosomes (quenched GFP signal by

acidic lysosomal environment) (Figure 1E). Colocalization

of EM images with fluorescent images confirmed the pre-

sence of autophagolysosomes vesicles in BI-1 KO cells

(Supplementary Figure S1E).

Additionally, we monitored the flux of the autophagy

substrate p62/SQSTM1 during the starvation period. Although

a slight increase in basal p62/SQSTM1 expression was observed

in BI-1 KO cells by western blot analysis, enhanced p62/SQSTM1

degradation was detected under conditions of nutrient starva-

tion over time (Supplementary Figure S2A, B and D), and

confirmed by immunofluorescence analysis of p62/SQSTM1

distribution (Supplementary Figure S2C).

BI-1 deficiency improves cell survival under nutrient

starvation conditions

To functionally address the cellular consequences of aug-

mented autophagy in BI-1-deficient cells, we determined

the rate of cell survival under nutrient starvation using

several complementary assays. We first monitored relative

cell number with the MTS assay over time. After exposing

cells to EBSS, we observed enhanced viability of BI-1 KO

cells compared with control cells (Figure 3A, left panel).

In sharp contrast, BI-1-deficient cells were more susceptible

to ER stress-induced apoptosis triggered by different concen-

Figure 2 BI-1 deficiency enhances autophagy flux. (A) BI-1 WTand KO MEFs were treated with EBSS (left panel) or glucose/serum-free RPMI
media (right panel) for the indicated time points. Then, levels of LC3 were determined by western blot analysis. LC3-I and LC3-II forms are
indicated. Hsp90 levels were assessed as loading control. (B) Quantification of LC3-II levels relative to Hsp90 expression was performed in
several experiments performed as presented in (A). (C) Cells were pre-treated with a cocktail of lysosomal inhibitors (200 nM bafilomycin
A1, 10mg/ml pepstatin, and E64d; left panel) or 10 mM 3-methyladenine (3-MA; right panel) for 12 h and then exposed to starvation. LC3 levels
monitored by western blot (D) and quantification of LC3-II levels relative to Hsp90 were performed in the experimental conditions described in
(C). (E) Basal autophagy flux was monitored in cells treated with a cocktail of lysosomal inhibitors (Lys. Inh.) in the presence of normal cell
culture media. Right panel: quantification of independent experiments is presented. (F) BI-1 KO cells were stably transduced with retroviruses
expressing BI-1–GFP or empty vector, and then levels of LC3-II were assessed over time by western blot analysis after exposure to EBSS. Right
panel: as control, the levels of BI-1–GFP were monitored by western blot. Hsp90 levels were used as loading control. In (B, D and E) mean and
standard deviation are presented. Two-way ANOVA was applied to analyse statistical significance. In parenthesis, the number of independent
experiments for each time point is indicated. Student’s t-test was also used in (E) to analyse the statistical significance between each time point
(*Po0.001). In (B, D and E), normalization was performed as a ratio with the LC3-II/Hsp90 normalized levels from non-treated BI-1 WTcells.
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trations of tunicamycin (Figure 3A, right panel), consistent

with previous reports describing a downstream regulation

of the apoptosis machinery (Chae et al, 2004; Bailly-Maitre

et al, 2006).

We then quantified the levels of cell death using propidium

iodide (PI) staining and FACS analysis. By stimulating with

three different conditions of nutrient starvation, we detected

a dramatic protection of BI-1 KO cells after 6 h of treatment

(Figure 3B). These effects were observed even after pro-

longed starvation (24 h of treatment, Figure 3B). Again,

treatment of cells with the ER stress agent tunicamycin led

to enhanced cell death of BI-1-deficient cells when compared

with control WT cells (Figure 3B). Then, we monitored the

ability of cells to adapt to nutrient starvation using transient

exposure to the stimuli and a replating assay. Using this

method, we observed a higher ability of BI-1-deficient cells

to survive under nutrient starvation conditions (Figure 3C),

which contrasted with their high susceptibility to tunicamy-

cin treatment. Finally, to confirm these results, we knocked

down the expression of BI-1 in WT cells using shRNA

and stable lentiviral transduction. This strategy leads to a

decrease of B75% of the bi-1 mRNA levels monitored

by real-time PCR (not shown) as described before (Lisbona

et al, 2009). Targeting bi-1 partially protected cells against

nutrient starvation, and slightly enhanced the susceptibility

to tunicamycin toxicity (Figure 3D). We also stably over-

expressed BI-1–GFP using retroviral transduction in BI-1 KO

MEFs and then monitored the susceptibility of these cells to

nutrient starvation (Figure 3E). An enhanced susceptibility

to cell death was observed in BI-1 expressing cells after

exposure to nutrient starvation (Figure 3E). Taken together,

these data suggest a direct correlation between the effect

of BI-1 expression on cell survival under nutrient starvation

and the regulation of autophagy levels.

Activation of JNK mediates the enhancement of

autophagy in BI-1-deficient cells

We monitored the phosphorylation of an mTOR target, as a

direct measure of the nutrient starvation sensing activity

regulating the TORC1 protein complex. A similar level of

dephosphorylation of the mTOR target p70S6 kinase was

observed in BI-1 WT and KO cells after stimulation with

EBSS for 3 h (Figure 4A), indicating that BI-1 deficiency

does not alter the ability of the cell to detect and initiate

the response to starvation. JNK is a critical modulator of

autophagy in different settings (Maundrell et al, 1997;

Figure 3 BI-1 deficiency increases cell survival under nutrient starvation conditions. (A) Left panel: BI-1 WT and KO MEFs cells were
incubated in EBSS, and then cell viability was monitored using the MTS assay. Right panel: a similar experiment was performed after treating
cells with the indicated concentration of tunicamycin for 24 h. Mean and standard deviation are presented of triplicates representative of three
independent experiments. (B) BI-1 WT and KO cells were treated with three different starvation stimuli for 6 and 24 h. Cell death was
determined after propidium iodide (PI) staining and FACS analysis. In addition, cells were treated with 100 ng/ml tunicamycin (Tm) for 24 h.
Mean and standard deviation are presented of one experiment performed in triplicates. (C) Cells were exposed to EBSS for 6 h or 1mg/ml Tm for
2 h, and then replated in normal cell culture media. After 5 days, cell viability was monitored by staining with crystal violet. Data are
representative of three independent experiments. (D) BI-1 WT MEFs were stably transduced with lentiviral expression vectors to deliver an
shRNA against bi-1 mRNA or control mRNA (luciferase shRNA). Cell survival was measured after treatment of cells as described in (B). Mean
and standard deviation of an experiment made by triplicate, representative of two independent experiments. (E) BI-1 KO cells were stably
transduced with retroviruses expressing BI-1–GFP or empty vector, and then exposed to EBSS for indicated time points. Cell viability was
monitored after PI staining by FACS. Mean and standard deviation are presented of triplicates representative of two independent experiments.
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Pattingre et al, 2005, 2009; Wei et al, 2008a). Interestingly, it

has been reported that bi-1-deficient mice show enhanced

JNK phosphorylation in models of ischaemia reperfusion

(Bailly-Maitre et al, 2006; Krajewska et al, 2011). To explore

a possible mechanism underlying the enhancement of autop-

hagy levels in BI-1-deficient cells, we determined the levels of

JNK phosphorylation in BI-1 WTand KO cells, and monitored

changes in the kinetic of activation. We observed stronger

Bax inhibitor-1 controls autophagy
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and sustained JNK phosphorylation in BI-1-deficient cells

after stimulation with nutrient starvation when compared

with control experiments (Figure 4C). We then treated cells

with the specific JNK inhibitor SP600125 and studied LC3

parameters as an indicator of autophagy induction. Treatment

of cells with SP600125 decreased the activation of JNK

(Figure 4C) and the induction of LC3-II conversion in

BI-1-deficient cells under nutrient starvation (Figure 4C).

Similarly, the accumulation of LC3-positive vesicles in BI-1

KO cells was decreased by the treatment with SP600125

(Figure 4B; Supplementary Figure S3A).

JNK regulates autophagy in part by phosphorylating

BCL-2, releasing Beclin-1 from this inhibitory interaction

(Wei et al, 2008a). We monitored BCL-2 phosphorylation in

BI-1 KO cells after exposure to nutrient deprivation. A marked

shift in the electrophoresis pattern of BCL-2 was observed

in BI-1-deficient cells when compared with control cells

(Figure 4D). This phenomenon was partially reverted by

treating cells with SP600125 (Figure 4D). As positive control

for the electrophoretic shift, cells were treated with taxol,

which induces JNK-dependent phosphorylation of BCL-2

(Supplementary Figure S3B; Bassik et al, 2004).

We then evaluated the impact of BI-1 on the stability of the

Beclin-1/BCL-XL complex under conditions of nutrient star-

vation. We transiently expressed a MYC tag construct of

Beclin-1 together with a FLAG-tagged BCL-XL. A faster dis-

sociation of the Beclin-1/BCL-XL complex was observed in BI-

1 KO cells when compared with wild-type cells (Figure 4E).

Since BI-1 physically interacts with BCL-2 and BCL-XL (Xu

and Reed, 1998; Lisbona et al, 2009), we performed addi-

tional experiments to evaluate if BI-1 interacts with Beclin-1

and BCL-XL/BCL-2 complexes. Immunoprecipitation (IP) of

Beclin-1–MYC confirmed the interaction of Beclin-1 with

BCL-XL (Figure 4F), but we did not observe any interaction

between BI-1 and Beclin-1. In addition, we were able to co-IP

BI-1–MYC with BCL-XL–FLAG (Figure 4G), but no interaction

with Beclin-1–FLAG was detected, suggesting that BCL-XL

could form distinct and independent complexes with BI-1 or

Beclin-1.

To address the possible functional role of Beclin-1 in the

control of autophagy downstream of BI-1, we knocked down

Beclin-1 expression in BI-1-deficient cells. As shown in

Figure 5A, decreasing Beclin-1 expression diminished the

basal accumulation of LC3-II in BI-1 null cells. Similarly,

the enhancement of autophagy by stimulation with EBSS

was attenuated by knocking down Beclin-1, which was

confirmed by monitoring LC3 distribution by immunofluor-

escence (Figure 5C; Supplementary Figure S3C). Thus, BI-1

deficiency triggers JNK/Beclin-1-dependent autophagy.

BI-1 negatively regulates IRE1a-dependent autophagy

Based on the observation that BI-1 interacts and control the

activity of IRE1a (Lisbona et al, 2009) and IRE1a regulates the

activation of JNK under ER stress conditions (Urano et al,

2000), we monitored the possible contribution of IRE1a to the

regulation of autophagy by BI-1. We targeted IRE1a mRNA

with an shRNA construct in BI-1 KO cells. Knocking down

IRE1a decreased the basal levels of LC3-II in BI-1-deficient

cells (Figure 5A), in addition to reduce the induction of

LC3-II after nutrient starvation (Figure 5B and D; Supplemen-

tary Figure S3D). No significant changes on IRE1a mRNA or

protein levels were observed between BI-1 WT and KO cells

(Supplementary Figure S1F).

IRE1a interacts with the adaptor protein TRAF2 through its

cytosolic region, leading to JNK activation (Urano et al, 2000;

Nishitoh et al, 2002). Consistent with the effects of IRE1a
knockdown on autophagy levels in BI-1-deficient cells, tran-

sient expression of a dominant-negative form of TRAF2

reduced LC3-II levels at resting conditions and under nutrient

starvation (Figure 5E). We then tested the possible impact of

BI-1 on the binding of TRAF2 to IRE1a using IP experiments.

We transiently transfected 293T cells with HA-tagged IRE1a,

as well as a FLAG-tagged version of TRAF2, in the presence or

absence of MYC-tagged BI-1. After IP of IRE1a–HA, we

detected the specific co-precipitation of TRAF2, which was

significantly reduced by the expression of BI-1–MYC

(Figure 5F). In addition, we monitored whether or not the

interaction of BI-1 with IRE1a is modulated by nutrient

starvation. An enhanced association of BI-1–MYC with

IRE1a–HA was detected in cells exposed to EBSS media for

4 h (Supplementary Figure S3E). Together, these data suggest

that the association of BI-1 with IRE1a is dynamic and

represses the binding of TRAF2 to the UPRosome, correlating

with decreased JNK activation under starvation conditions.

BI-1 controls autophagy in vivo in mice and fly models

To validate the possible role of BI-1 in autophagy in vivo, we

developed gain and loss of function approaches in D. mela-

nogaster. Using the Gal4/UAS system (Brand and Perrimon,

1993), we targeted the expression of endogenous fly BI-1

(dBI-1) with a specific RNAi. This construct, together with

the human LC3 fused to GFP (huLC3:GFP) (Rusten et al,

2004) and the RNAse III Dicer-2 was ubiquitously co-ex-

pressed producing a highly efficient knockdown of dBI-1

Figure 4 BI-1 regulates Beclin-1-dependent autophagy by controlling JNK activation. (A) BI-1 WTand KO MEFs were treated with EBSS for 2 h,
and the levels of phospho-p70S6k were determined by western blot analysis. Total p70S6k is also shown. (B) LC3 was monitored by
immunofluorescence in cells treated with EBSS for 3 h in the presence or absence of 10mM JNK inhibitor SP600125. Mean and standard
deviation are presented (N¼ 3). Student’s t-test was used to analyse statistical significance, *Po0.001 and **Po0.0001. (C) BI-1 WT and KO
cells were treated with EBSS for indicated time points, in the presence or absence of 10mM of the JNK inhibitor SP600125. Levels of
phosphorylation of JNK (pJNK) and LC3-II were determined by western blot. The levels of total JNK and Hsp90 are shown as control (N¼ 4).
Image was assembled from cropped lanes of the same western blot analysis of the same gel. (D) BI-1 WT and KO cells were treated with EBSS
for indicated time points in the presence or absence of 10mM SP600125, and the electrophoretic shift associated with BCL-2 phosphorylation
was monitored by western blot. (E) BI-1 WT and KO cells were co-transfected with expression vectors for Beclin-1–MYC, BI-1—HA, and BCL-
XL–FLAG. After 24 h, cells were treated with EBSS for 2 h or left untreated. The association of MYC-tagged expressed Beclin-1 and BCL-XL–FLAG
was assessed by immunoprecipitation of Beclin-1 followed by western blot analysis. (F) 293Tcells were co-transfected with expression vectors
for Beclin-1–MYC, BI-1–HA, and BCL-XL–FLAG. Cell extracts were prepared in CHAPS buffer and Beclin-1–MYC immunoprecipitated, and the
possible co-precipitation of BI-1–HA, and BCL-XL–FLAG was assessed by western blot analysis (N¼ 3). Asterisks indicate BI-1 oligomers.
(G) 293Tcells were co-transfected as described in (F) and BI-1–HA was immunoprecipitated, and the possible co-precipitation of Beclin-1–MYC,
and BCL-XL–FLAG determined by western blot analysis (N¼ 3). Figure source data can be found with the Supplementary Information.
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and the expression of human LC3:GFP fusion protein (Figure

6A and C). The levels of human LC3 were monitored in total

tissue extracts by western blot analysis. Knocking down BI-1

led to a massive upregulation of LC3-II expression at basal

levels and after exposure of fly larvae to nutrient starvation

(Figure 6B). Furthermore, accumulation of LC3 in dBI-1 RNAi

larvae was reduced by treatments with 100 mM of SP600125

after 6 h of nutrient starvation (Figure 6B), confirming the

requirement of JNK for the enhancement of autophagy levels

by BI-1 deficiency.

The degradation of fly salivary gland during pupae devel-

opment is a well-established model of autophagy in vivo

(Berry and Baehrecke, 2007; Simon et al, 2009; Denton

et al, 2010). To address the impact of dBI-1 expression on

this physiological process, we evaluated in control and dBI-1

knockdown animals the appearance of LC3:GFP-positive

dots, actin cytoskeleton structure, and tissue degradation

during salivary gland development. We monitored an early

time point at 6 h after puparium formation (APF), when

autophagy has not been induced yet in wild-type animals,

and a late time point at 14 h APF when tissue has activated

autophagy and partially degraded the salivary gland. We

observed a marked accumulation of LC3:GFP-positive dots

in the salivary gland of synchronized early dBI-1 RNAi pupae

at 6 h APF compared with control animals, where B75% of

cells presented LC3-positive dots, whereas in control RNAi

animals this phenomena was observed in o5% of the cells

(Figure 6C, left panel). A faster elimination of salivary gland

cells was observed in dBI-1 RNAi pupae, which was asso-

ciated with enhanced cell shrinkage along with a decreased

and disorganized pattern of rhodamine-phalloidin staining

(Figure 6C, left panel).

We have recently characterized a mutant fly that over-

expresses dBI-1 (dBI-1EY03662) (Lisbona et al, 2009; Figure 6C,

Figure 5 The regulation of nutrient starvation-induced autophagy by BI-1 depends on IRE1a and TRAF2. (A) BI-1 KO MEFs were stably
transduced with lentiviral vectors expressing an shRNA against beclin-1 (shBeclin-1) or ire1a (shIRE1a) mRNA or luciferase (shLuc) as control.
The levels of LC3, Beclin-1, IRE1a and Hsp90 were monitored by western blot. (B) BI-1 KO MEFs were stably transduced with lentiviral vectors
as described in A. Cells were exposed to EBSS for 3 h, and then LC3 levels were analysed by western blot. Image was assembled from cropped
lanes of the same western blot analysis. (C) Endogenous LC3 distribution was visualized using immunofluorescence and confocal microscopy
in BI-1 KO/shLuc and BI-1 KO/shBeclin-1 cells. Quantification represents the visualization of at least 180 cells. Student’s t-test was used to
analyse statistical significance. Mean and standard deviation are presented, *Po0.001, NS: non-significant. (D) LC3 was visualized and
quantified in BI-1 KO/shLuc and BI-1 KO/shIRE1a cells described in (B) by immunofluorescence and confocal microscopy analysis. (E) BI-1 KO
cells were transiently transfected with a TRAF2 dominant-negative (TRAF2-DN) construct or empty vector (mock), and after 48 h cells were
stimulated with EBSS and the levels of LC3-II and Hsp90 were monitored by western blot. Right panel: quantification of relative LC3-II levels
normalized with Hsp90 and non-treated cells. Mean and standard deviation are presented. (F) 293T cells were co-transfected with expression
vectors for HA-tagged IRE1a (IRE1–HA), TRAF2–FLAG, and MYC-tagged BI-1 (BI1–MYC). After 48 h of transfection, HA-tagged proteins were
immunoprecipitated and the possible interaction with TRAF2 was analysed by western blot. Right panel: the percentage of TRAF2 dissociation
from IRE1a by the presence or absence of BI-1 was quantified and normalized with the expression levels observed in the inputs. For
comparison, the co-IP signal observed in the absence of BI-1 was normalized as 100% co-IP in each independent experiment (N¼ 3). Mean and
standard deviation are presented, *Po0.05. Figure source data can be found with the Supplementary Information.
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Figure 6 BI-1 controls autophagy activation in vivo in Drosophila melanogaster. (A) The expression of dBI-1 was knocked down in Drosophila
melanogaster. Then, relative expression levels of dBI-1 mRNA were monitored by semiquantitative PCR. Actin levels were monitored as control.
(B) LC3 levels were monitored in control (Da-Gal44huLC3:GFP) or dBI-1 RNAi larvae (Da-Gal44huLC3:GFP, Dcr2, dBI-1i) under basal or
fasting conditions. Then, huLC3–GFP levels were analysed by western blot. In addition, dBI-1i larvae were treated with 100mM SP600125
(added in the growing media). (C) Left panel: the presence of LC3-positive vesicles (white arrowheads) was monitored by confocal microscopy
in control (Da-Gal44huLC34GFP) and dBI-1 knockdown pupae (Da-Gal44huLC3:GFP, Dcr2, dBI-1i) after 6 h of puparium formation. The
organization of actin cytoskeleton was monitored by staining with phalloidin (Ph, red). Nucleus was stained with Topro (blue). Scale bar: left
20mm and right 11mm. Right panel: overexpression of dBI-1 (dBI-1EY03662) delays salivary gland degradation. Overexpression
of dBI-1 was confirmed by semiquantitative RT–PCR. Actin levels were monitored as loading control. Right panel: wild-type control and
dBI-1EY03662 pupae were analysed at 14 h after puparium formation. Superficial and internal confocal planes of the cells are presented.
Scale bar: 40 mm. (D) Wild-type control and dBI-1EY03662 larvae were cultured in fasting conditions for different periods of time and fat
body stained with lysotracker (red) and Hoechst (blue). Then, lysosomal content in the fat body was visualized by epifluorescence microscopy.
The percentage of cells presenting lysotracker-positive stain is indicated. Scale bar: 50mm. (E) Control or dBI-1 knockdown adult flies were
exposed to nutrient starvation and then animal viability was monitored over time for several days. In all, 100 individuals were monitored in
each condition. Data represent mean and standard error (N¼ 3). Two-way ANOVA was used to analyse statistical significance between groups.
(F) Second instar dBI-1 RNAi or control larvae were grown in food supplemented with 25mg/ml Tm dissolved in DMSO or 0.5% DMSO as
control. The number of individual reaching the adult fly stage was evaluated. Mean and standard error are presented (N¼ 3), **Po0.01.
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right panel). Consistent with the repressor activity of dBI-1 in

autophagy induction, the actin cytoskeleton structure and

morphological changes associated with the degradation of

the salivary gland at 14 h APF were markedly delayed by the

overexpression of dBI-1 (Figure 6C, right panel). This phe-

notype was reflected in an attenuated reduction on the cell

size and the maintenance of phalloidin staining (Figure 6C).

Using this dBI-1 overexpression fly model, we also visualized

under fasting and control conditions the content of acidic

compartments by lysotracker staining of the fat body, a tissue

analogous to the liver and adipose tissue of mammals. Larvae

overexpressing dBI-1 showed a marked delay in the accumu-

lation of lysotracker-positive dots compared with control

animals (Figure 6D). Visualization of LC3–GFP-positive va-

cuoles in dBI-1 knockdown larvae indicated an augmentation

in the number of autophagosomes, in addition to increased

number of lysosomes in the fat body of fasting larvae

(Supplementary Figure S4A).

To further determine the impact of dBI-1 on adaptation to

nutrient starvation, we fasted adult dBI-1 RNAi flies and then

followed by animal survival over time. Remarkably, a sub-

stantial extension of fly lifespan was observed during nutrient

starvation when we knocked down dBI-1 expression in the

whole animal (Figure 6E; Supplementary Figure S4B). In

contrast, treatment with the ER stress agent tunicamycin

leads to decreased survival in dBI-1 RNAi animals when

compared with the control RNAi strain (Figure 6F). Taken

together, our results indicate an essential role of BI-1 in the

control of autophagy levels in vivo.

Autophagy has a relevant role in maintaining basal liver and

kidney function (Periyasamy-Thandavan et al, 2008; Jiang et al,

2010; Yang et al, 2010). For this reason, we also analysed the

levels of autophagy markers in tissue derived from bi-1�/�mice

(Lisbona et al, 2009). We measured the levels of LC3 in liver

tissue from 6-month-old mice and observed an increased ex-

pression of both LC3-I and LC3-II forms in bi-1�/� mice when

compared with littermate control wild-type animals (Figure 7A).

In agreement with this observation, a higher expression of the

Atg5–Atg12 complex was observed in bi-1�/� liver samples

(Figure 7A). As control experiments, we monitored the expres-

sion levels of Bcl-2, Bcl-XL, IRE1a, and Beclin-1, and observed

no significant differences in total protein levels between the

studied genotypes (Figure 7A). Similarly, LC3-II levels and

Atg5–Atg12 expression were markedly increased in bi-1�/�

kidney samples (Figure 7B). In order to monitor the relative

levels autophagy fluxes in vivo, we stimulated autophagy by

injecting bi-1�/� mice with tunicamycin, which is a potent

inducer of autophagy (Ogata et al, 2006; Yorimitsu et al, 2006;

Criollo et al, 2007). Analysis of the extent of LC3-II degradation

after intraperitoneal injection of a low dose of tunicamycin

(50 ng/g mice) in bi-1�/� and control wild-type littermate

mice revealed higher amplitude of LC3-II degradation in the

BI-1-deficient mice (Figure 7C). These results suggest that

BI-1 expression modulates the level of basal and inducible

autophagy in vivo in mice.

A putative yeast homologue of BI-1 has been identified,

termed Ynl305c (Chae et al, 2003). To determine the possible

function of Ynl305c in autophagy in yeast, we measured

starvation-induced autophagy in wild-type and Dynl305c

cells using the established Pho8D60 assay (Noda et al,

1995; Noda and Klionsky, 2008). Pho8D60 is a cytoplasmic

alkaline phosphatase that is kept inactive by an autoinhibi-

tory propeptide until it is delivered into lysosomes by autop-

hagy and the propeptide is cleaved off. As negative controls,

we included cells lacking the key autophagy gene ATG7 or the

PEP4 gene. We starved yeast of nitrogen for 9 h and measured

the induction of alkaline phosphatase and did not find

differences between wild-type and Dynl305c cells

(Supplementary Figure S5A–C). We corroborated these re-

sults using the GFP-Atg8 cleavage assay (Supplementary

Figure S5D). These findings suggest that Ynl305c is dispen-

sable for nutrient starvation-induced autophagy in yeast.

Figure 7 Enhanced LC3-II levels in the liver and kidney of bi-1-deficient mice. (A) The levels of LC3, Atg5/Atg12 complex, Beclin-1, Bcl-2, Bcl-
XL, IRE1a and Hsp90 were monitored in liver protein extracts of bi-1þ /þ and bi-1�/� at 6-month-old mice. Each well represents independent
mice. (B) A similar analysis was performed for indicated markers in kidney protein extracts as described in liver. (C) bi-1þ /þ and bi-1�/�mice
were injected with 50 ng/ml of tunicamycin by intraperitoneal injection (N¼ 3) and then LC3 levels were monitored in liver protein extracts by
western blot analysis. Right panel: quantification of relative LC3-II levels, **Po0.005.
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Discussion

Autophagy (self eating) and apoptosis (self killing) are inter-

connected processes, essential to maintain homeostasis dur-

ing development and in adult tissue. Deregulation of these

two pathways results in diverse pathological conditions

including cancer, neurodegeneration, and many other dis-

eases (Mizushima et al, 2008). Accumulating evidence sug-

gests that apoptosis-regulatory proteins actually are part of

distinct protein complexes with components of the core

autophagy machinery in mammalian cells (Maiuri et al,

2007b; Ravikumar et al, 2010). Here, we provide evidence

for a role of the anti-apoptotic protein BI-1 as a negative

regulator of autophagy. A contrasting aspect of the intercon-

nection between apoptosis and autophagy regulatory proteins

is the fact that in most of the cases autophagy has an adaptive

and pro-survival effect (Maiuri et al, 2007b; Ravikumar et al,

2010), which is blocked by several classical anti-apoptotic

proteins (i.e., BCL-2 and BCL-XL). Similarly, autophagy is

engaged by pro-apoptotic factors (i.e., BH3-only proteins)

(Mills et al, 2004; Pattingre et al, 2009; Stevens et al, 2009;

Galluzzi et al, 2010; Yogev et al, 2010). This conundrum may

actually represent an alternative function of apoptosis-related

proteins beyond cell death in stress responses by the forma-

tion of distinct regulatory protein complexes. Similar exam-

ples have been described for several BCL-2 family members,

where they modulate several stress responses (see reviews in

Hetz and Glimcher, 2008 and Danial et al, 2010).

Although many members of the BCL-2 family of proteins

have key functions in the regulation of mammalian autop-

hagy, it is puzzling to notice that most of ATG-related proteins

are actually highly conserved in other organisms such as

flies, where only two putative BCL-2 family homologues have

been identified. Phylogenetic analysis revealed that BI-1 is

part of a family of proteins, the BI-1 family proteins, which is

conserved across many multicellular organisms (Chae et al,

2003; Huckelhoven, 2004). BI-1 homologues are present in

flies, plants, and yeast, with a conserved pro-survival activity

against cell death (Chae et al, 2003; Bailly-Maitre et al,

2006; Reimers et al, 2008). Here, we explored the possible

role of BI-1 in autophagy and observed that BI-1 deficiency

leads to elevated LC3-II accumulation even at resting

conditions, showing a faster and stronger activation of au-

tophagy under nutrient starvation. Remarkably, dBI-1 expres-

sion modulated the degradation of the larvae salivary gland

in D. melanogaster, a developmental process strictly depen-

dent on autophagy and not on apoptosis (Berry and

Baehrecke, 2007; Denton et al, 2010). More importantly, BI-

1 deficiency in adult flies led to a significant enhancement of

animal lifespan under fasting conditions. All these data

together suggest a conserved autophagy inhibitory activity

of BI-1.

The enhancement of autophagy observed in BI-1 KO cells

is dependent on Beclin-1 expression and mediated by IRE1a
and JNK. These effects may be related to antagonizing TRAF2

binding to IRE1a, enhancing JNK activation. Of note, autop-

hagy stimuli did not induce XBP-1 mRNA splicing (not

shown), despite the engagement of IRE1a-dependent JNK

phosphorylation. Interestingly, recent reports indicated that

IRE1a is specifically phosphorylated on Ser724 by glucose

stimulation, and unlike the activation of IRE1a by inducers

of ER stress, glucose-induced phosphorylation did not cause

a shift of the IRE1a protein as detected by western blot

(Lipson et al, 2006; Qiu et al, 2010), and did not release

the inhibitory interactions with BiP (Lipson et al, 2006).

Moreover, modulation of Ser724 phosphorylation, as opposed

to ER stress, does not trigger XBP-1 mRNA splicing (Qiu et al,

2010), consistent with our observations. Together with the

current study, these data suggest that IRE1a has a meta-

bolic sensing activity with signalling outputs and regulatory

aspects that are distinct from the events classically described

under ER stress conditions.

Autophagy is becoming an emerging pathway relevant to

the physiology of different organs, and alterations in the

autophagy process contribute to the occurrence of several

diseases (reviewed in Levine and Kroemer, 2008 and

Ravikumar et al, 2010). The data presented here uncover a

novel non-apoptotic function of BI-1, namely the control of

autophagy. Together with our findings, a common denomi-

nator of the distinct functions identified so far for BI-1

emerges, where it operates as a specialized ‘stress integrator’

that modulates multiple adaptive responses against cellular

insults. BI-1 may also participate in cell fate decisions when

cell damage is deemed irreversible, and thus have a dual role.

Based on the emerging cross talk between apoptosis and

autophagy regulatory components, exploring the function

of the TMBIM family may offer fundamental insights into

conserved molecular mechanisms underlying adaptation to

metabolic and protein folding stress.

Materials and methods

Materials
Tunicamycin (Tm) was purchased from Calbiochem EMB
Bioscience Inc. Cell culture media, fetal bovine serum, and
antibiotics were obtained from Life Technologies (MD, USA).
Hoechst, Lysotracker, and ALEXA secondary antibodies were
purchased from Molecular Probes (Eugene, OR). Bafilomycin A1,
3-methyladenine, E64D, and Pepstatin were provided by Sigma.
EBSS and RPMI were purchased from Sigma (cat. #E2888 and
R5886, respectively).

Western blot analysis
Cells were collected in RIPA buffer (20 mM Tris (pH 8.0), 150 mM
NaCl, 0.1% SDS, 0.5% DOC, and 0.5% Triton X-100) containing a
protease inhibitor cocktail obtained from Roche (Basel, Switzer-
land) as described before (Hetz et al, 2006). The following
antibodies and dilutions were used: anti-LC3B 1:2000, anti-HSP90
1:5000, anti-Beclin 1:2000, anti-ATG5/12 1:1000, anti-pJNK 1:1000,
anti-JNK 1:1000, anti-IRE1a 1:1000 (Cell Signaling Technology),
anti-phosphoIRE1a 1:800 (Novus Biologicals), anti-p62/SQSTM1
1:10000 (Abcam), anti-BCL-2 1:1000 (BD Transduction Labora-
tories), and anti-GFP 1:3000, anti-TRAF-2 1:1000 (Santa Cruz
Biotechnology).

Viability assay
To induce starvation, the culture medium was replaced by EBSS or
glucose/serum-free RPMI starvation media for various time points.
PI permeability was evaluated by flow cytometry (FACS Canto A,
BD). For cell replating experiments, 3.0�105 cells were harvested in
3.5 cm dishes and treated with 1 mg/ml of Tm for 4 h or exposed to
EBSS or RPMI for 6 h. Cells were washed and then trypsinized.
In all, 2�105 MEFs cells were replated into 10 cm dishes and
cultured for 5 days in regular DMEN media and then stained with
crystal violet.

RT–PCR and knockdowns
Real-time PCR assays were previously described (Lisbona et al,
2009). Primer sequence for LC3 as follow: forward 50-CCCATCTCC
GAAGTGTACGAG-30 and reverse 50-TACAGGAAGCCGTCTTCATCT-30.
Primer sequence for p62 as follow: forward 50-CGATGACTGGACA
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CATTTGTCT-30 and reverse 50-GTCCTTCCTGTGAGGGGTCT-30. We
generated stable MEFs cells with reduced levels of BI-1, IRE1a,
and Beclin-1 as previously described (Hetz et al, 2007) by targeting
the respective mRNA with shRNA using the lentiviral expression
vector pLKO.1 and puromycin selection. As control, an shRNA
construct against the luciferase gene was employed. Constructs
were generated by The Broad Institute (Boston, MA). Targeting
sequences identified for mouse BI-1, Beclin-1, and IRE1a were
50-CCTCTTTGATACTCAGCTCAT-30, 50-CCAGGATGATGTCCACAGAA-30,
and 50-GCTCGTGAATTGATAGAGAAA-30, respectively (Hetz et al,
2009). To produce stable cell lines for reconstitution of BI-1 KO
cells with human BI-1–GFP, we use retroviral expression of tagged
protein with MSCV Retroviral Expression System (Clontech) and
puromycin selection according to manufacturer’s guidelines.

Immunoprecipitation
IP experiments were conducted in NP-40 0.2% (for Beclin-1 IP) or
CHAPS buffer (1% CHAPS, 100 mM KCl, 50 mM Tris (pH 7.5),
50 mM NaF, 1 mM Na3VO4, 250 mM PMSF, and protease inhibitors)
using antibody protein A/G complex (Santa Cruz), anti-HA
antibody–agarose complexes (Roche), or anti-MYC antibody–
agarose complexes (Upstate Technology) as described before (Hetz
et al, 2006). To assess the interaction between IRE1a and TRAF2,
co-IP was performed using NP-40 buffer (0.2 % NP-40, 100 mM KCl,
50 mM Tris (pH 7.5), 50 mM NaF, 1 mM Na3VO4, 250 mM PMSF, and
protease inhibitors) (Yoneda et al, 2001).

Fluorescent labelling
Lysosomes were visualized by staining living cells with 50 nM
lysotracker 30 min at 371C and 5% CO2. Cells were washed two
times with cold PBS and then fixed for 30 min with 4%
formaldehyde on ice. For correlative light-electron microscope
analysis, living cells cultured in plastic coverslips bearing identifi-
cation patterns were stained with 50 nM lysotracker for 30 min at
371C and 5% CO2. Cells were imaged in an inverted fluorescence
microscope and then fixed and processed using standard techniques
for EM as described (Barrientos et al, 2011). Using the identification
patterns, cells imaged by fluorescent microscopy were re-identified
in semithin Epon sections and thin sections of the corresponding
cells were analysed and imaged by EM. LC3 distribution was
visualized by indirect immunofluorescence as described before
(Hetz et al, 2009). LC3–RFP–GFP tandem biosensor of autophagy
process was transfected in BI-1 WT and KO cells using Lipofecta-
mine LTX transfection system (Invitrogen).

Fly stocks and starvation treatments
The fly stocks used were Canton S, UAS-Dicer 2, UAS-dBI-1i (v3235,
VDRC stock center), UAS-eGFP-huLC3; Da-Gal4 and dBI-1EY03662

(Lisbona et al, 2009). The UAS-eGFP-huLC3; Da-Gal4 line and
UAS-Dicer 2, UAS-dBI-1i were obtained by standard genetic crosses.
For salivary gland analysis, animals were aged following puparium
formation and processed according to Martin and Baehrecke (2004).

For the starvation assays, Canton S or dBI-1EY03662 larvae were
grown in standard media until they reached the wandering third
larva stage, then 20 larvae were shifted to 0.4% agar-PBS media and
cultured for 1–6 h. To monitor adult fly viability after nutrient
starvation, animals were kept in standard medium with a 12-h
dark/light cycle for 1 week. After this period, animals were
transferred to vials with agar 1%. The number of dead flies was
scored five times a day for 5 days. In survival experiments after

tunicamycin exposure, 100 s instar larvae were fed with food
supplemented with 25mg/ml Tm or control DMSO.

Yeast strains and autophagy assay
Yeast strains were generated by homologous recombination using
PCR products (Longtine et al, 1998; Janke et al, 2004). To monitor
autophagy by GFP-Atg8 cleavage, W303 wild-type, ynl305c::HIS3
and atg7::kan cells were transformed with plasmid pRS316-
GFPAtg8, grown to logarithmic phase in SC-URA medium at 301C,
harvested by centrifugation, resuspended to OD600¼ 0.3 in nitro-
gen-free SD-N starvation medium, and grown for another 8 h and
processed for western blotting using mouse anti-GFP antibodies
7.1/13.1 (Roche). To measure autophagy with the Pho8D60 alkaline
phosphatase assay, a pho13::HIS3 kan::pGPD-Pho8D60 strain was
derived from wild-type W303 and served as a starting point to
generate strains additionally lacking the YNL305C, ATG7 or PEP4
genes. Strains were grown to logarithmic phase in YPD medium at
301C, harvested by centrifugation and resuspended to OD600¼ 0.3
in YPD (control) or nitrogen-free SD-N medium (starvation). One
mmol/l PMSF was added to the pep4 mutant to completely block
lysosomal proteolysis. To measure non-selective autophagy, a
Pho8D60 alkaline phosphatase assay was performed as described
(Noda, 2008; Noda and Klionsky, 2008).

Tunicamycin injection in mice
bi-1þ /þ and bi1�/� mice were given a single 50 ng/g body weight
intraperitoneal injection of a 0.05 mg/ml suspension of Tm in
150 mM dextrose as we previously described (Hetz et al, 2006).

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