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In addition to mitochondria, BCL-2 is located at the

endoplasmic reticulum (ER) where it is a constituent of

several distinct complexes. Here, we identify the BCL-2-

interacting protein at the ER, nutrient-deprivation autop-

hagy factor-1 (NAF-1)—a bitopic integral membrane

protein whose defective expression underlies the aetiology

of the neurodegenerative disorder Wolfram syndrome 2

(WFS2). NAF-1 contains a two iron–two sulphur coordi-

nating domain within its cytosolic region, which is neces-

sary, but not sufficient for interaction with BCL-2. NAF-1 is

displaced from BCL-2 by the ER-restricted BH3-only

protein BIK and contributes to regulation of BIK-initiated

autophagy, but not BIK-dependent activation of caspases.

Similar to BCL-2, NAF-1 is found in association with the

inositol 1,4,5-triphosphate receptor and is required for

BCL-2-mediated depression of ER Ca2þ stores. During

nutrient deprivation as a physiological stimulus of autop-

hagy, BCL-2 is known to function through inhibition of the

autophagy effector and tumour suppressor Beclin 1. NAF-1

is required in this pathway for BCL-2 at the ER to func-

tionally antagonize Beclin 1-dependent autophagy. Thus,

NAF-1 is a BCL-2-associated co-factor that targets BCL-2 for

antagonism of the autophagy pathway at the ER.
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Introduction

The BCL-2 family of proteins is responsible for regulating and

executing the mitochondrial pathway of apoptosis. In addi-

tion, all three sub-groups of the family—the pro-survival

members, the pro-apoptotic effectors BAX and BAK, and the

pro-apoptotic BH3-only activators/sensitizers—are also

found in association with the endoplasmic reticulum (ER)

in which they regulate and modulate both mitochondrial-

dependent and -independent apoptotic responses (Heath-

Engel et al, 2008). More recently, several pro-survival mem-

bers and BH3-only members have also been implicated in the

regulation of macroautophagy (Levine et al, 2008), a quality

control and cellular-survival mechanism that responds to

conditions of nutrient and metabolic stress. In this pathway,

pre-autophagosomal vesicles mature by engulfing organelles

and cytoplasmic complexes, encapsulating these contents

within a double membrane vesicle, which subsequently

fuses with lysosomes. The resulting degradation of autopha-

gosomal contents regenerates macromolecule precursors that

otherwise could not be generated if their metabolic biosynth-

esis was repressed (Yorimitsu and Klionsky, 2005).

Recent studies suggest that pre-autophagosomal vesicles

are generated at an ER-associated location, the omegasome,

which represents a specialized, phosphatidylinositol 3-phos-

phate (PI(3)P)-enriched ER membrane platform for assembly

of a phagosomal initiation complex (Axe et al, 2008). This

platform seems to be created through recruitment to the ER of

vesicles-containing Vps34, a class III phosphatidylinositol

3-kinase (PI3K) that associates with Beclin 1 and other

accessory proteins to generate a functional PI3K complex

(Kihara et al, 2001), thus resulting in enrichment of PI(3)P at

this ER-associated site (Axe et al, 2008). The exact topogra-

phy of the assembly of the PI3K complex at this site, however,

remains to be determined. Beclin 1 is a haploinsufficient

tumour suppressor and an important effector of autophagy,

whose antagonism can be achieved by BCL-2 that is located

at the ER (Liang et al, 1999; Pattingre et al, 2005). Beclin 1

contains a BH3 domain that contributes to its interaction with

BCL-2, but the avidity of this interaction is quite weak

compared with BH3 domains present in the BH3-only pro-

teins typically associated with apoptosis regulation (Feng

et al, 2007; Oberstein et al, 2007). Moreover, BH3-containing

Beclin 1 does not seem to antagonize the anti-apoptotic

function of BCL-2 at either the ER or mitochondria

(Ciechomska et al, 2009). Thus, canonical BH3-only proteins

such as BAD have been shown to displace Beclin 1 from

BCL-2 (Maiuri et al, 2007), leading to the proposal that a

signalling cascade analogous to the release of BCL-2 antag-

onism by BH3-only proteins in the apoptosis pathway also

extends to autophagy (Levine et al, 2008). In addition,

phosphorylation of the Beclin 1 BH3 region by the death-

associated protein kinase (DAPk) pathway (Zalckvar et al,

2009) or of BCL-2 in the c-Jun N-terminal protein kinase

(JNK) pathway (Wei et al, 2008) has been linked to disruption

of Beclin 1/BCL-2 or BCL-XL interactions. In addition to

BCL-2 interactions with Beclin 1 at the ER, BCL-2 can also

interact with BAX (White et al, 2005), with the BAP31

complex (Breckenridge et al, 2002), and with the calcium-

conducting inositol 1,4,5-triphosphate (IP3) receptor (Chen

et al, 2004) at this location. In view of these multiple BCL-2-

associated pathways at the ER and the relatively weak bind-
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ing between BCL-2 and Beclin 1, mechanisms presumably

exist to ensure adequate partitioning of ER BCL-2 to the

autophagy pathway at this organelle. Emerging genetic

(Lam et al, 2008) and biochemical evidence (Criollo et al,

2007; Vicencio et al, 2009), for example, have identified the

IP3 receptor complex as important in Beclin 1-mediated

autophagy, by providing a potential scaffold for regulating

BCL-2 and Beclin 1 interactions and/or for modulating

autophagy in response to BCL-2-regulated stores of ER Ca2þ .

Here, we have identified a novel protein-binding partner of

BCL-2 at the ER, nutrient-deprivation autophagy factor-1

(NAF-1). The interaction between NAF-1 and BCL-2 is

independent of a BH3 domain, but rather depends on the

two iron–two sulphur (2Fe-2S) coordinating CDGSH domain

of NAF-1. Whereas NAF-1 is not required for BCL-2 to interact

with BH3-only BIK, NAF-1 contributes to the interaction of

BCL-2 with Beclin 1 and is required for BCL-2 to functionally

antagonize Beclin 1-mediated cellular autophagy in response

to nutrient deprivation of H1299 epithelial cells in culture. Of

note, NAF-1—similar to BCL-2 and Beclin 1—is a component

of the IP3 receptor complex and is required for BCL-2 to

depress ER Ca2þ stores. ER-restricted NAF-1, therefore, is a

BCL-2-associated co-factor that helps target BCL-2 antagonism

to the Beclin 1-dependent autophagy pathway at the ER.

Results

NAF-1 interacts with BCL-2 at the ER and is displaced

by BIK

Immunoblotting of ER proteins derived from the human

carcinoma cell line H1299 and resolved by non-denaturing

2D gel electrophoresis established that BCL-2 at the ER

migrates both as a monomer and as part of larger complexes

(data not shown). Part of the BCL-2 population co-migrated

with its binding partner IP3 receptor (Chen et al, 2004; Oakes

et al, 2005), as well as with other complexes devoid of IP3

receptor. To investigate the composition of BCL-2 complexes,

light membrane (LM) enriched in ER was isolated from

H1299 cells stably expressing ER-targeted HA-BCL-2b5, in

which the BCL-2 transmembrane (TM) segment was replaced

with that of ER-selective cytochrome b5 (Zhu et al, 1996;

Germain et al, 2005). Chemical cross-linking was performed

with the homo-bifunctional Cys-specific agent, bis-maleimi-

dohexane (BMH). Analysis of cross-linked complexes by

SDS–PAGE and immunoblotting with anti-BCL-2 antibody

confirmed that BCL-2 at the ER is present in complexes of

heterogeneous size (Figure 1A). As a filter for specificity, we

focused on those complexes in which BCL-2 can be displaced

from the complex by BIK, a BH3-only protein that localizes

predominantly to the ER and binds strongly to BCL-2 (Boyd

et al, 1995; Mathai et al, 2002). BIK was delivered using an

adenovirus expression system (either as Ad-BIK or Ad-

BIKb5). We focused on one of these BCL-2-displaced com-

plexes (denoted with a bold arrow in Figure 1A) and identi-

fied the cross-linked BCL-2-binding partner (Supplementary

Figure 1), which we designated as NAF-1.

The NAF-1 sequence (Figure 1B; 135 aa; 15 278 daltons),

which is widely expressed, was originally disclosed in a

former analysis of the subcellular localization of novel pro-

teins identified by large-scale human cDNA sequencing

(Simpson et al, 2000). A BLAST search of the NAF-1 amino-

acid sequence revealed that NAF-1 is evolutionarily con-

served, with orthologues of unknown function in species

ranging from C. elegans to human (Supplementary

Figure 2). Of note, the NAF-1 sequence does not seem to

contain a canonical BH3 domain. Displacement of the NAF-1

interaction with BCL-2 by BIK, therefore, is unlikely to be the

result of simple competitive binding for the BH3-binding

groove of BCL-2. Hydrophobicity analysis predicts the pre-

sence of a single TM segment (aa 41–60); all four Cys

residues that are potentially available for cross-linking with

BMH are C-terminal of this segment and the C-terminus ends

in KKEV, which corresponds to the canonical cytosolic-dis-

posed ER retrieval motif for integral ER proteins, KKxx

(where x is any amino acid; Jackson et al, 1990). As the

lone Cys residue in BCL-2 that is available for cross-linking

resides in the BCL-2 cytosolic domain, this means that NAF-1

is predicted to be oriented in the ER membrane as shown in

Figure 1C and consistent with the predicted cytosolic disposi-

tion of the KKEV C-terminus.

Interestingly, another recent report has established that NAF-

1 is a key protein involved in the Wolfram syndrome 2 (WFS2)

neurodegenerative disorder. A single missense mutation was

identified in the gene encoding NAF-1, wfs2, resulting in

abnormal splicing of the messenger RNA and introduction of

a premature stop codon, which truncates 75% of the protein

(Amr et al, 2007). No attribution to the function of either the

wild-type or mutant NAF-1 protein was reported. In addition,

NAF-1 was also recently identified as part of a three-member

family of proteins, which contain a unique CDGSH iron/

sulphur-binding domain (Figure 1B and C). Unlike its other

two family members, which localize to the mitochondria, NAF-

1 is distinct in that it localizes to the ER (Wiley et al, 2007a; see

also below). The founding member of this family, mitoNEETat

the mitochondria, has been shown to bind a 2Fe-2S cluster,

which is coordinated by three Cys and one His residues within

the CDGSH domain (Wiley et al, 2007b). Neither the function

of this domain nor of this family of proteins, however, has been

determined. Recent targeted disruption of the wfs2 gene in

mice, however, resulted in an early onset of ageing and

mortality (Chen et al, 2009).

The initial observation of NAF-1 as an interacting partner

of BCL-2b5 was the result of chemical cross-linking. We

confirmed this interaction by precipitation of the cross-linked

BCL-2 product with anti-NAF-1 antibody and blotting with

anti-BCL-2 antibody (Figure 1D). We also confirmed that

BH3-only BIK displaces NAF-1 from BCL-2b5. Purified LM

from H1299 HA-BCL-2b5 cells that had been either mock

infected or infected with Ad-BIK were subjected to cross-

linking and subsequent immunoprecipitation with anti-NAF-

1 antibody. Significantly less NAF-1/BCL-2 dimer was pre-

cipitated in the presence of BIK expression (Figure 1E). Thus,

although NAF-1 likely interacts with BCL-2 through a BH3-

independent mechanism, it can still be displaced from BCL-2

by a BH3-only protein. This could be the result of a con-

formational change in BCL-2 induced by the BH3-only bind-

ing partner (Dlugosz et al, 2006). Alternatively, it could arise

because BIK disrupts a larger complex that contributes to

NAF-1/BCL-2 interactions.

Using SK-Mel5 cells, endogenous NAF-1 was shown

to interact with endogenous wild-type BCL-2 by co-immuno-

precipitation (Figure 2A). Similar results were obtained for

BCL-XL (Supplementary Figure 3). As expected (and in

agreement with Wiley et al, 2007a), immunofluorescence
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analysis indicated that endogenous NAF-1 distributed pri-

marily to the ER in H1299 cells (Figure 2B). We also con-

firmed that the primary translation product of NAF-1-Flag in

rabbit reticulocyte lysate efficiently targeted and inserted into

dog pancreas microsomes in vitro (Wang et al, 2008) in which

it acquired resistance to extraction by NaCO3, pH 11.5 (diag-

nostic of membrane integration), but not into purified heart

mitochondria (McBride et al, 1992; Supplementary Figure 4).

In contrast, HA-BAK targeted and inserted into both ER

microsomes and mitochondria. The findings that NAF-1 re-

sides primarily at the ER (Wiley et al, 2007a; this study)

contrasts with the conclusions of Chen et al (2009), who

suggest a primarily mitochondrial location. This was based

on ectopic analysis of over-expressed GFP-fusion protein and

cell fractionation that did not include an ER marker.

An adenovirus vector was created that expresses full-

length NAF-1 containing a Flag-tag just upstream of the

KKEV ER retention signal (Figure 1B), and we verified that

NAF-1-Flag interacted with BCL-2b5 by co-immunoprecipita-

tion (Figure 2C). As a signature site in NAF-1 is the 39 amino-

acid-long CDGSH domain, we mutated the corresponding

critical three Cys and the His residues, which were shown

to be important for binding the 2Fe-2S cluster in mitoNEET

(Figure 1B; Wiley et al, 2007b). The three Cys residues were

converted to Ser and the His residue was converted to Gln

(C99S C101S C110S H114Q), and this modified protein was
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designated NAF-1-mut. Lysates were collected from H1299

HA-BCL-2b5 cells infected with adenovirus-expressing

NAF-1-Flag, NAF-1-mut-Flag, or rtTA protein (control), and

immunoprecipitation was performed with anti-BCL-2 anti-

body. Significantly less NAF-1-mut co-precipitated with

BCL-2 compared with wild-type NAF-1, whereas similar

amounts of BCL-2 were precipitated (Figure 2D). The

CDGSH domain, therefore, contributes to the interaction

between NAF-1 and BCL-2.

GST-fusion proteins were created, which contain the cyto-

solic domains of NAF-1 (GST-NAF1-C), of the Cys-3-His-1

NAF-1 mutant (GST-NAF1-C-mut), or of mitoNEET (GST-

MitoNEET-C). Of note, the GST-NAF1-C and GST-MitoNEET-C

proteins were rust coloured after purification on glutathione

beads signifying their ability to bind iron as earlier documen-

ted (Wiley et al, 2007a). In contrast, GST-NAF1-C-mut was

devoid of rust colour. GST and the GST-fusion proteins were

conjugated to glutathione beads and incubated with in vitro
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Figure 2 The NAF-1/BCL-2 interaction. (A) Co-immunoprecipitation of endogenous NAF-1 and BCL-2. Lysates from SK-Mel5 cells were
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translated HA-BCL-2 DTM (cytosolic BCL-2 lacking the TM

domain) in reticulocyte lysate. BCL-2 DTM was pulled down

by GST-NAF1-C, confirming that the two proteins interact

through their respective cytoplasmic domains (Figure 2E). In

accordance with the co-immunoprecipitation data, GST-

NAF1-C-mut did not pull down BCL-2 DTM, reaffirming the

importance of the CDGSH domain for this interaction.

Interestingly, cytosolic mitoNEET, which contains a func-

tional CDGSH domain, did not pull down BCL-2 DTM,

signifying that while a functional CDGSH domain is

necessary, it is likely not sufficient for the interaction

between NAF-1 and BCL-2. Other elements within the protein

sequence of NAF-1 besides a functional CDGSH domain,

therefore, likely contribute to the interaction of NAF-1

with BCL-2.

NAF-1 contributes to regulation of BIK-initiated

autophagy, but not BIK-initiated activation of caspases

Lentivirus encoding small hairpin RNA (shRNA) targeted

against NAF-1 mRNA was used to knock down NAF-1 ex-

pression in H1299 neo and H1299 BCL-2b5 cells (Figure 3A).

Knockdown of NAF-1 had no effect on the ability of

Ad-BIK to induce the activation of caspase-3, as determined

by immunoblot of the catalytic subunit cleaved from procas-

pase-3 (Figure 3A, lanes 5 and 6) or by assay of DEVDase

activity (Figure 3B), nor did knockdown influence the ability

of BCL-2 to antagonize these outcomes (Figure 3A, lanes 7

and 8; B). The pan caspase inhibitor zVAD-fmk strongly

inhibited induction of caspase-3 by BIK (Figure 3A and B),

and this extended for many hours (data not shown).

Prolonged expression of BIK in cells in which apoptosis is

inhibited by zVAD-fmk, however, has been shown to lead to

caspase-independent cell death with autophagic features

(Rashmi et al, 2008). Thus, cell lysates were analysed by

immunoblot (Swerdlow et al, 2008) for conversion of the

cytoplasmic form of microtubule-associated protein 1 light

chain 3 (LC3 I form) to LC3 II, which is widely used to assay

autophagosome accumulation (Mizushima and Yoshimori,

2007; Figure 3C). In the absence of caspase activation

(zVAD-fmk treatment), BIK expression over 30 and 48 h

caused a progressive loss of LC3 I (Figure 3C, compare

lanes 1, 5, and 9). The most dramatic consequence of
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NAF-1 shRNA knockdown occurred in the presence of BCL-

2b5, in which BIK induced a significant increase in the ratio

of LC3 II to LC3 I at 48 h (Figure 3C, lane 12) compared with

control (CTRL) shRNA (Figure 3C, lane 11). Consistent with

the physical association between BCL-2 and NAF-1, these

results suggest a potential functional relationship between

these proteins in the regulation of autophagy. However, the

autophagic response to BIK was quite sluggish (30–48 h

versus 8 h for apoptosis induction); moreover, it required

co-application with zVAD-fmk to manifest, and as yet has

not been implicated in a physiological pathway of autophagy.

Thus, we explored the functional relationship between BCL-2

and NAF-1 in autophagy during the rapid and physiological

response to nutrient deprivation. Although nutrient depriva-

tion does not induce BIK (data not shown), the results with

BIK clearly show that the NAF-1/BCL-2 complex could be a

target of a BH3-only protein.

Contribution of NAF-1 to BCL-2-mediated antagonism

of Beclin 1-dependent autophagy during nutrient

deprivation

The autophagic process is dynamic in nature and LC3 II is

degraded after fusion of autophagosomes with lysosomes.

Hence, to permit the use of comparative LC3 II levels as a

measure of autophagic response, an inhibitor of vacuolar

type (Hþ )-ATPase, bafilomycin A1 (Baf A1), was used to

prevent the fusion of autophagosomes with lysosomes

(Mizushima and Yoshimori, 2007). H1299 cells that had

been treated with CTRL or NAF-1 shRNA were starved in

Earle’s balanced salt solution (EBSS) for 4 h in the presence of

DMSO (vehicle) or Baf A1 and examined by immunoblot.

In the presence of inhibitor, there was increased accumulation

of LC3 II in NAF-1 shRNA-treated starved cells compared with

control shRNA (Figure 4A, top panel, lanes 5 and 6). This

suggests that NAF-1 contributes to a restraint on starvation-

induced autophagy. To rule out the possibility that nutrient

deprivation in the absence of NAF-1 induces the apoptotic

pathway, we examined the cells for procaspase-3 processing

and detected only full-length procaspase-3 in both CTRL and

NAF-1 shRNA-treated cells (Figure 4A). Again, this signifies a

function for NAF-1 in autophagy as opposed to apoptosis.

Fluorescent GFP-LC3 is used extensively to measure

autophagy as it displays a uniform cytoplasmic distribution

under normal conditions and fluorescently labels autophago-

somes as punctate structures within the cytoplasm under

autophagy-inducing conditions (Mizushima et al, 2004).

To avoid protein aggregation problems commonly observed

in cells transiently over-expressing GFP-LC3, we generated

H1299 cell lines that stably express GFP-LC3 and have

confirmed that these cells are autophagy competent. H1299

GFP-LC3 cells were transfected with NAF-1 siRNA or control

(LUC) siRNA and either maintained in normal media (un-

treated) or starved for 4 h in EBSS (Figure 4B and C).

Untreated cells transfected with LUC siRNA displayed diffuse

GFP-LC3 staining, whereas starved cells displayed punctate

GFP-LC3 resembling typical autophagy induction. NAF-1

knockdown had no effect on autophagy in nutrient-replete

cells. Interestingly, however, starved cells with reduced NAF-

1 expression (NAF-1 siRNA) exhibited differences compared

with the starved LUC control, which was manifested as two

types of starvation phenotypes (Figure 4B). A total of 25% of

cells lacking NAF-1 displayed a morphology after starvation

similar to that of starved control cells. The majority of starved

cells lacking NAF-1 (75%), however, displayed a phenotype

that included larger fluorescent GFP-LC3 puncta as well as

the distribution of GFP-LC3 in membrane blebs or filopodia at

the cell periphery. Of note, similar membrane blebbing and

accumulation of large GFP-LC3-positive autophagic vesicles

has been reported as a phenotype associated with cell death

mediated by DAPk family members (Inbal et al, 2002).

The Beclin 1 dependency of autophagy mediated by NAF-1

knockdown in starved cells was investigated in H1299 GFP-

LC3 cells that were transfected with siRNA directed against

either LUC, Beclin 1, NAF-1, or both Beclin 1 and NAF-1 in

combination. Autophagy levels for each sample were quanti-

fied as the percentage of GFP-LC3-expressing cells that dis-

played punctate GFP-LC3. As expected, induction of GFP-LC3

aggregation on starvation for 4 h was dependent on Beclin 1

(Figure 4C; Beclin 1 siRNA). The enhanced autophagy after

NAF-1 knockdown in starved cells was also negated by

knockdown of Beclin 1 expression (Figure 4C; Beclin

1þNAF-1 siRNA), indicating that NAF-1 operates within

and upstream of Beclin 1 in the canonical Beclin 1-mediated

autophagy pathway. In contrast, ectopic over-expression of

NAF-1 provided no additional restraint over endogenous

levels of NAF-1 on autophagy activity in this pathway (data

not shown). However, as NAF-1 is a BCL-2-interacting pro-

tein, the autophagic restraint conferred by NAF-1 may be

coupled to BCL-2.

BCL-2 residing at the ER has been reported to bind to the

essential autophagy protein Beclin 1 and to inhibit Beclin 1-

dependent starvation-induced autophagy (Pattingre et al,

2005). As shown in Figure 5A, NAF-1 knockdown signifi-

cantly reduced the interaction between BCL-2b5 and Beclin 1

in H1299 HA-BCL-2b5 cells transfected with Flag-Beclin 1, as

judged by co-immunoprecipitation. Furthermore, clear evi-

dence for a contribution of NAF-1 to the functional antagon-

ism of Beclin 1-mediated autophagy by BCL-2 was obtained.

H1299 cell lines stably expressing GFP-LC3 and either neo or

BCL-2b5 were generated and transfected with either LUC

siRNA or NAF-1 siRNA, with or without subsequent starva-

tion. Similar to that observed in Figure 4B and C, knockdown

of NAF-1 had no effect on GFP-LC3 distribution in the

absence of cell starvation for either neo or BCL-2b5 cells

(data not shown). The number of cells exhibiting punctate

GFP-LC3 after starvation was significantly reduced in BCL-

2b5 cells treated with control LUC siRNA, compared with neo

cells (Figure 5B). Knockdown of NAF-1, however, prevented

BCL-2b5 from antagonizing starvation-induced autophagy as

judged by the accumulation of GFP-LC3 puncta (Figure 5B),

showing that BCL-2 inhibition of autophagy requires NAF-1.

These results were confirmed by electron microscopy (Figure

5C–E), as judged by quantification of autophagosome

vacuoles. H1299 neo LUC siRNA cells in the absence of

starvation displayed virtually no autophagosomal structures

(Figure 5Ca), whereas their starved counterpart (Figure 5Cb)

exhibited autophagosomal structures typical of autophagy

induction. Induction of these autophagosomes was inhibited

by BCL-2b5 (Figure 5Cd). The majority of the starved H1299

neo cells lacking NAF-1 (Figure 5Cc) exhibited more autop-

hagosomes per cell compared with LUC siRNA starved

cells (Figure 5Cb and E), thus portraying an enhanced

autophagy response. Importantly, elevated autophagosomes

in starved H1299 BCL-2b5 cells lacking NAF-1 was observed

BCL-2 antagonism of Beclin 1 requires NAF-1
NC Chang et al

&2010 European Molecular Biology Organization The EMBO Journal VOL 29 | NO 3 | 2010 611



(Figure 5Ce and E), as was the number of cells with elevated

autophagosomes (Figure 5D), again indicating that inhibition

of starvation-induced autophagy by BCL-2b5 requires NAF-1.

The incidence of autophagy was determined by measuring

the number of cells containing autophagic vacuoles as a

percentage of total cells counted (Figure 5D) and by counting

the number of autophagosomes per cell for each sample

(Figure 5E), which closely mirrored the data obtained with

fluorescent GFP-LC3 (Figures 4C and 5B).

Of note, we have extensively reviewed our electron micro-

graph analyses of control and NAF-1 knockdown cells, with

and without nutrient starvation, and did not observe any

obvious effect of NAF-1 knockdown on either mitochondrial

morphology (including fragmentation) or proximity to ER.

Although this does not rule out an effect on mitochondrial or

ER-mitochondrial functions, if such an effect is present, it is

not manifested by overt morphological changes in the time

frame (4 h) and experimental system used here.

Finally, as BCL-2b5 effectively blocks autophagy in re-

sponse to nutrient deprivation and this is dependent on its

binding partner NAF-1, we confirmed that this physical

association between the two proteins was retained after

starvation. As shown in Supplementary Figure 5, equivalent

co-immunoprecipitation of endogenous BCL-2 and endogen-

ous NAF-1 was observed in SK-Mel5 cells with and without

nutrient starvation for 4 h.

Physical and functional association of NAF-1 with the

IP3 receptor

An important target of BCL-2 at the ER is the IP3 receptor

(Chen et al, 2004; Oakes et al, 2005), the main channel in the

ER for efflux of ER Ca2þ . Similar to the interaction of BCL-2

with NAF-1, the interaction of BCL-2 with the IP3 receptor

does not involve the BCL-2 BH3-binding groove (Rong et al,

2009). In addition, both genetic (Lam et al, 2008) and

biochemical (Criollo et al, 2007; Vicencio et al, 2009)

evidence has implicated the IP3 receptor in the regulation

of autophagy. A hallmark consequence of elevated BCL-2 at

the ER in epithelial cells is a depression of the level of ER

luminal stores of mobile Ca2þ (Pinton and Rizzuto, 2006).

ER Ca2þ can be rapidly purged through the IP3 receptor by

blocking the SERCA ATPase, which is responsible for Ca2þ

uptake into the organelle. Thus, treatment of cells with the

SERCA ATPase inhibitor thapsigargin (TG) results in an
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immediate rise in cytoplasmic Ca2þ , the magnitude of which

depends on the ER Ca2þ levels. As shown in Figure 6Aa, b

and B, NAF-1 knockdown had no effect on the steady-state

level or releasable Ca2þ from the ER in H1299 cells. However,

the otherwise depressed ER Ca2þ levels in H1299 cells

expressing BCL-2b5 were returned to near normal (control)

(Figure 6Ac, d and B). Furthermore, similar to BCL-2b5,

endogenous NAF-1 physically associates with endogenous

IP3 receptor type 1 as judged by co-immunoprecipitation

(Figure 6C). Thus, NAF-1 is linked physically and function-

ally to the regulation of an important target of BCL-2 at the

ER, the IP3 receptor.

Discussion

This study reports the identity of NAF-1, a small (15 kDa),

earlier uncharacterized single-spanning integral membrane

protein located at the ER, and shows that NAF-1 is a binding
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partner of BCL-2 at this membrane. Using different methodol-

ogies, the results further indicate that NAF-1 seems to be

required for BCL-2 at this site to inhibit Beclin 1-mediated

autophagy in response to nutrient deprivation in H1299

epithelial cells. Beclin 1 has been identified as a BH3-only

protein (Oberstein et al, 2007), lending credence to the model

that BCL-2 antagonizes Beclin 1-mediated autophagy through

direct binding and inhibition of Beclin 1 (Pattingre et al, 2005;

Maiuri et al, 2007). Given that Beclin 1 is a non-membrane

protein and has a weak BH3 domain (Feng et al, 2007;

Oberstein et al, 2007), however, the fact that BCL-2 located

at the ER can inhibit Beclin 1 requires further elucidation.

Recent work, for example, suggests that part of the class III

PI3K population that is responsible for generating a PI(3)P-

enriched membrane compartment that can nucleate the for-

mation of pre-autophagosomal vesicles, may be assembled at

a site associated with the ER (Axe et al, 2008). Interestingly, a

non-membrane integrated constituent of this site that associ-

ates with PI(3)P (double FYVE domain-containing protein 1)

can also be delivered to this site when anchored to the ER

membrane through a cytochrome b5 membrane anchor,

suggesting that this site can be accessed by lateral diffusion

within the ER bilayer. Assembly of the PI3K complex contain-

ing Vps34, Beclin 1, and accessory proteins that generates the

PI(3)P-enriched compartment at the ER likely involves deliv-

ery of Vps34-containing vesicles to the vicinity of the ER,

where Vps34 presumably interacts with Beclin 1 (Axe et al,

2008). Interestingly, knockdown of NAF-1 resulted in an

unusual distribution of LC3 in starved cells, including at

blebs or filopodia-like structures at the cell periphery

(Figure 4B). As LC3 targets PI(3)P-enriched membrane sites

during autophagy, this may indicate that loss of NAF-1

influences the normal biogenesis, distribution, or fate of

PI(3)P in response to nutrient depletion.

One possibility is that the ER-associated Beclin 1/Vps34

PI3K complex assembly site is also a site that can be accessed

by the BCL-2/NAF-1 membrane-integrated complex at the ER,

targeting ER BCL-2 to Beclin 1 for functional inhibition of the

Beclin 1/Vps34 PI3K complex. In this context, in which BCL-2

expression was targeted to the ER through BCL-2b5, we

showed a clear contribution of endogenous NAF-1 to BCL-

2b5/Beclin 1 interactions using NAF-1 siRNA (Figure 5A).

In contrast, NAF-1 is not required for BCL-2 interaction with

BIK, and BIK is able to inhibit the interaction between BCL-2

and NAF-1 (Figure 1E). The simplest explanation for why

NAF-1 targets BCL-2 to the BIK autophagy pathway versus

the apoptosis pathway, therefore, is that NAF-1 is required for

BCL-2 to interact with and antagonize Beclin 1 interactions,

but NAF-1 is not required for BIK to interact with BCL-2 and

antagonize its anti-apoptotic function.

A current model suggests that BCL-2 constitutively inter-

acts with Beclin 1 and prevents Beclin 1 from initiating

autophagy. An autophagic stimulus such as nutrient depriva-

tion, on the other hand, can result in changes to the phos-

phorylation status of BCL-2 (Wei et al, 2008) or Beclin 1

(Zalckvar et al, 2009) to inhibit this interaction. Alternatively,

Beclin 1/BCL-2 interactions may be disrupted by a competing

BH3-only protein in response to the autophagic stimulus

(Maiuri et al, 2007). In the BCL-2b5-expressing cells used

here, Beclin 1 was predominantly distributed throughout the

cell as judged by immunofluorescence (data not shown),

consistent with the idea that the BCL-2/NAF-1 complex at

the ER is targeting a sub-population of Beclin 1. NAF-1 does

not contain a BH3 domain, as expected if NAF-1 promotes

BCL-2/Beclin 1 interactions (otherwise NAF-1 would com-

pete with Beclin 1 for interaction with BCL-2). BH3-indepen-

dent interactions between BCL-2 and certain binding partners

have earlier been observed, notably the interaction between

BCL-2 and the IP3 receptor at the ER (Rong et al, 2009). In the

case of NAF-1, we identified the CDGSH domain within

the cytosolic region as being essential, but not sufficient for

NAF-1/BCL-2 interactions. Despite the fact that NAF-1 does

not contain a canonical BH3 domain, we also found that the

ER-restricted BH3 protein, BIK, was able to displace NAF-1

from BCL-2. Emerging evidence, however, suggests that BCL-

2 undergoes significant conformational changes on binding of

a potent BH3 ligand (Dlugosz et al, 2006; Shore and Nguyen,

2008). Although BIK is not a known physiological stimulus of

autophagy and is not induced in response to nutrient depri-

vation, other more relevant BH3-only proteins such as BAD

(Maiuri et al, 2007) might interfere with both the Beclin BH3-

and the NAF-1-dependent (and potentially other) interactions

with BCL-2, disassembling the complex and freeing Beclin 1

from BCL-2 inhibition.

As noted above, the displacement model for Beclin 1

activation assumes that Beclin 1 is constitutively constrained

by BCL-2 proteins and is activated on release from the BCL-2

inhibitor. In this model, inhibition of autophagy by elevated

BCL-2 presumably arises because the autophagic stimulus

cannot overcome the higher BCL-2 sink for Beclin 1. Here, we

show that NAF-1 depletion interferes with the ability of BCL-2

to interact with Beclin 1 and strongly overcomes the ability of

BCL-2 to inhibit Beclin 1-mediated autophagy in response to

nutrient deprivation. Of note, however, and in contrast to the

model, depletion of NAF-1 in the absence of a cell starvation

stress (i.e. in control cells) does not result in a spontaneous

induction of autophagy. This is analogous to the function of

BCL-2 in regulating BAX and BAK in response to an apoptotic

stimulus (reviewed in Shore and Nguyen, 2008). Knockdown

or inhibition of pro-survival BCL-2 proteins leads to cell death

only in ‘primed’ cells (i.e. cells in which sufficient levels of

activator BH3-only proteins or some other mechanism are

present to activate BAX or BAK once the inhibition by the pro-

survival member is removed). In the absence of such a

priming mechanism to activate BAX and BAK, then inhibition

of pro-survivals does not lead to cell death. Clearly, we show

that knockdown of NAF-1 on its own does not activate

autophagy in cell lines maintained in 10% serum, but reduces

the potential BCL-2/Beclin 1 interaction. In contrast, NAF-1

depletion coupled with nutrient deprivation resulted in en-

hanced autophagy compared with control cells. This could

mean that additional Beclin 1 priming may be required for

autophagy induction. It may be, for example, that activation

of JNK, which leads to phosphorylation of BCL-2 and disrup-

tion of BCL-2/Beclin 1 interactions (Wei et al, 2008), or of

DAPk, which results in phosphorylation of the Beclin 1 BH3

domain (Zalckvar et al, 2009) and disruption of BCL-XL/

Beclin 1 interactions, or a number of other stress pathways,

results in both the inhibition of BCL-2/Beclin 1 interactions

and the activation of parallel ‘priming’ pathways that

activate Beclin 1-mediated autophagy, that is analogous to

the regulation of BAX and BAK. Consistent with this model is

the finding in mice that, in contrast to nutrient-replete cell

culture (this study), targeted deletion of the wfs2 gene
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(naf-1/cisd2/eris) resulted in early onset ageing and mortality

with evidence of autophagic cell death (Chen et al, 2009).

Of note, however, this study also reported that embryonic

fibroblasts harbouring the wfs2 gene deletion grew normally

in complete medium. One explanation is that the accumu-

lated stress in live animals coupled with loss of NAF-1

expression ultimately leads to enhanced autophagy.

Genetic evidence in Dictyostelium has implicated the IP3

receptor in autophagy (Lam et al, 2008) and a recent report

has proposed that the receptor may constitute a platform to

permit the inhibition of Beclin 1 by BCL-2 (Vicencio et al,

2009). In addition, BCL-2-mediated regulation of autophagy

through ER Ca2þ modulation has been reported (Brady et al,

2007; Hoyer-Hansen et al, 2007; but see Criollo et al, 2007).

Given the direct involvement of BCL-2 interaction with the

IP3 receptor and regulation of ER Ca2þ stores (Heath-Engel

et al, 2008; Pinton et al, 2008), we investigated the influence

of NAF-1. Similar to BCL-2b5, endogenous NAF-1 was found

in physical association with IP3 receptor type 1. Moreover,

elevated BCL-2 at the ER can result in depressed levels

of ER Ca2þ stores in epithelial cells (Distelhorst and

Shore, 2004; Pinton and Rizzuto, 2006), but this property of

BCL-2b5 was lost after knockdown of NAF-1 by shRNA.

Although further studies are required to determine whether

and how the association of the NAF-1/BCL-2 complex with

the IP3 receptor regulates autophagy, these findings serve to

tie NAF-1 to a major site of BCL-2 regulation at the ER.

Furthermore, mitochondrial damage was reported in aged

mice harbouring the wfs2 gene deletion (Chen et al, 2009), a

fact that can be explained by potential dysregulated Ca2þ

transmission from the ER to mitochondria through the

IP3 receptor.

Finally, the point mutation in the wfs2 gene results in the

theoretical production of a severely truncated version of

NAF-1 (Figure 1B), and it is this truncated gene product

that represents the underlying aetiology of WFS2, a neurode-

generative condition (Amr et al, 2007). As the WFS2 mutation

removes a critical BCL-2-binding site within the cytosolic

domain of NAF-1, a key question for future studies is the

consequences of defective regulation of NAF-1 and presum-

ably autophagy on this and perhaps other degenerative

syndromes. Moreover, it will be important to determine

whether gene deletion in mice recapitulates the wfs2

mutation. At least provisionally, ectopic expression of

the WFS2 mutant of NAF-1 tagged with HA in H1299 cells,

whose endogenous NAF-1 was strongly knocked down

by NAF-1 shRNA (which does not target the WFS2 mutant),

had no effect on starvation-induced conversion of LC3

(Supplementary Figure 6). Of interest, however, will be the

fate of the WFS2 protein and phenotype of transgenic wfs2-

null mice expressing the WFS2 protein.

Materials and methods

Antibodies
The following antibodies were used in this study: mouse anti-actin
(ICN), rabbit anti-Beclin 1 (Santa Cruz), hamster anti-BCL-2 (BD
Biosciences), rabbit anti-BCL-XL (Cell Signaling), goat anti-BIK
(Santa Cruz), mouse anti-Calnexin (BD Biosciences), rabbit anti-
Caspase 3 (Cell Signaling), mouse anti-Cytochrome c (BD Bios-
ciences), mouse anti-FLAG M2 (Santa Cruz), mouse anti-GST
(Santa Cruz), mouse anti-HA (BAbCO), rabbit anti-IP3R1 (Affinity
Bioreagents), rabbit anti-LC3B (Cell Signaling), and rabbit

anti-MCL-1 (Stressgen). Rabbit pAbs were raised against the
cytosolic domain of NAF-1. Rabbit anti-IP3R1 Rbt03 antibody was
kindly provided by Jan Parys (Parys et al, 1995).

Cell culture and adenovirus
SK-Mel5, H1299 neo and HA-BCL-2b5 cells were cultured as
described earlier (Germain et al, 2005; Nguyen et al, 2007). To
generate H1299 cell lines stably expressing GFP-LC3, cells were
transfected with pEGFP-C1 vector (Lipofectamine Plus, Invitrogen)
encoding rat LC3 cDNA (gift from Heidi McBride). G418-resistant
colonies were screened for expression of GFP-LC3. Adenoviral
vectors expressing NAF-1-Flag and NAF-1-mut-Flag were generated
and infections were performed as described (Mathai et al, 2002).
For infections with Ad-BIK, cells were infected for the indicated
times and caspase-3 activity assays were conducted as described
earlier (Germain et al, 2005).

Knockdown of NAF-1 using shRNA and siRNA
For knockdown of NAF-1 with lentiviral shRNA, target sequences
were cloned into pSIH1-H1-Puro shRNA Expression Lentivector
(System Biosciences). The target sequence for NAF-1 was GGAT
AGCTTGATTAATCTT. The non-targeting CTRL shRNA, GATCCAAT
AGCGACTAAACACATCAA, was kindly provided by Shengbing
Huang (Huang and Sinicrope, 2008). Pseudovirus production and
lentivirus infections were carried out using the pPACKH1 Lentivec-
tor Packaging kit (System Biosciences) according to manufacturer’s
protocol. Forty-eight hours after infection with the lentivirus and
selection with puromycin, cells were treated as described. siRNA
smart pools for NAF-1, Beclin 1, and Luciferase were purchased
from Dharmacon. Cells were transfected with 100 nM siRNA using
Lipofectamine 2000 (Invitrogen), 24 h post-transfection cells were
split and re-transfected with siRNA at 48 h, at 72 h cells were treated
or collected as described.

Purification of NAF-1
LM from H1299 BCL-2b5 cells (Germain et al, 2002) was cross-
linked with 1 mM BMH (Pierce). Cross-linked LM was subjected to
preparative 8.5% SDS–PAGE (Ng et al, 1997). Fractions containing
NAF-1/BCL-2 were combined and 10� RIPA buffer (0.5 M Tris pH
7.2, 0.45 M NaCl, 10% sodium deoxycholate, 10% Triton X-100) was
added to modify the solution for immunoprecipitation. The
precipitate was resolved by SDS–PAGE and stained with Colloidal
Blue (Invitrogen). The corresponding band was excised and
analysed by microcapillary reverse-phase HPLC nano-electrospray
tandem mass spectrometry (mLC/MS/MS) on a Finnigan LCQ DECA
XP Plus quadrupole ion trap mass spectrometer at the Harvard
Microchemistry Facility.

Cloning of NAF-1
NAF-1 cDNA was cloned by RT–PCR using H1299 mRNA and PCR
primers derived from the human NAF-1 sequence (GeneBank
Accession NM_001008388). The primers used were 50-CCGGATCC
AGGATGGTGCTGGAGAGCGTGGCCCGT-30 and 50-CCGAATTCTGTT
CAACCAGTAGTAATAATT-30, containing BamHI and EcoRI sites,
respectively. PCR was used to insert a Flag-tag upstream of the
KKKEV ER localization signal. To generate the cytosolic domain of
NAF-1, the primer 50-CCGGATCCCTCCCGAAGAAGAAACAACA
GAAG-30 was used with the reverse primer of full-length NAF-1
and cloned into pGEX 2T. The C99S C101S C110S H114Q NAF-1
mutant was generated by PCR site-directed mutagenesis.

Immunofluorescence
H1299 cells were seeded onto glass coverslips and samples were
prepared and visualized as described earlier (Germain et al, 2005).

Immunoprecipitation
Immunoprecipitation was performed from whole cell extracts or
cross-linked LM and then analysed by immunoblot using the
antibodies indicated. Immnoprecipitations performed with anti-
NAF-1 or anti-BCL-2 antibody were carried out as described earlier
(Breckenridge et al, 2002). Immunoprecipitation of IP3R1 was
performed as described (Chen et al, 2004) using anti-IP3R1 Rbt03
antibody.

GST pulldowns
GST-fusion proteins were purified and coupled to glutathione beads
using the GST Gene Fusion System (GE Healthcare). HA-BCL-2DTM
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was translated using the TNTs T7 System (Promega). Lysates were
diluted in HIM buffer and incubated with GST-fusion protein beads
overnight. Beads were washed, eluted with SDS sample buffer, and
analysed by western blot.

Autophagy assays
Cells were either starved for 4 h in EBSS (starvation medium) or
maintained in aMEM with 10% FCS (normal media). Where
indicated, cells were starved in the presence of either Baf A1
(Sigma) at 100 nM or DMSO vehicle. For immunoblot analysis of
LC3 conversion, cells were lysed, resolved by 15% SDS–PAGE, and
transferred in CAPS transfer buffer as described (Swerdlow et al,
2008). For analysis of GFP-LC3, GFP-LC3 staining of cells was
visualized by light microscopy and autophagy was measured by
quantitation of the percentage of GFP-LC3-expressing cells display-
ing punctate GFP-LC3. A minimum of 100 cells per sample was
counted for triplicate samples. For analysis by electron microscopy,
cells were grown on glass coverslips, fixed, prepared, and examined
as described earlier (Germain et al, 2005). Autophagy was
measured by quantitation of the percentage of counted cells
containing autophagic vacuoles and by quantifying the average
number of autophagosomes per cell for each sample. A minimum of
100 cells per sample was counted.

ER Ca2þ measurements
ER Ca2þ stores of H1299 neo and HA-BCL-2b5 cells treated with
either CTRL or NAF-1 shRNA were measured as described earlier
(Germain et al, 2005).

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