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Abstract

B-cell leukemia/lymphoma 2 (BCL-2)/adenovirus E1B interacting protein 3 (BNIP3) and Nip-like protein X
(NIX) are atypical BCL-2 homology domain 3-only proteins involved in cell death, autophagy, and programmed
mitochondrial clearance. BNIP3 and NIX cause cell death by targeting mitochondria, directly through BCL-2-
associated X protein- or BCL-2-antagonist/killer-dependent mechanisms, or indirectly through an effect on
calcium stores in the endoplasmic reticulum. BNIP3 and NIX also induce autophagy through an effect on
mitochondrial reactive oxygen species production, or by releasing Beclin 1 from inhibitory interactions with
antiapoptotic BCL-2 family proteins. BNIP3 downregulates mitochondrial mass in hypoxic cells, whereas NIX is
required for mitochondrial elimination during erythroid development. BNIP3 and NIX have an emerging role in
human health. Cell death mediated by BNIP3 and NIX is implicated in heart disease and ischemic injury. Cancer
progression is linked to loss of the prodeath function of BNIP3, but also to induction of its prosurvival activity.
Finally, BNIP3 and NIX are implicated in mitochondrial quality control, which is important in aging and
degenerative disease. Elucidation of the mechanisms by which BNIP3 and NIX regulate cell death, autophagy,
and mitochondrial clearance may lead to treatments for these conditions. Antioxid. Redox Signal. 14, 1959–1969.

Introduction

Viruses are adept at manipulating a broad range of host
cellular processes. Along this line, the study of viruses

and virally encoded proteins has yielded insights into the
regulation of cell death. Adenovirus E1B 19 kDa protein (E1B-
19K) suppresses the death of adenovirus-infected cells, al-
lowing an increase in virus production. E1B-19K is a viral
B-cell leukemia/lymphoma 2 (BCL-2) homolog that binds
exposed BCL-2 homology domain 3 (BH3) domains, such
as those of BCL-2-associated X protein (BAX), BCL-2-
antagonist/killer (BAK), and BCL-2-interacting killer, and
inhibits their activity [reviewed by Cuconati and White (16)].
In addition to BAX, BAK, BCL-2-interacting killer, lamin A,
and lamin C, three novel E1B-19K-interacting proteins (BNIP
1–3) were identified by yeast two-hybrid screen (8). The
ability of these proteins to bind mutants of E1B-19K was
found to correlate with the ability of these mutants to sup-
press the death of adenovirus-infected cells, suggesting that
they regulate cell death pathways. Of these, BNIP1 is a target
membrane-associated soluble NSF attachment protein re-
ceptor protein, involved in membrane trafficking (71); BNIP2
is a Rho-GAP-related GTPase (60); and BNIP3 is an atypical

BCL-2 family protein, located in the mitochondrial outer
membrane (14, 86, 106). Here we review recent advances in
our understanding of BNIP3, and the closely related protein
BNIP3L (Nip-like protein X [NIX]).

BNIP3- and NIX-Dependent Cell Death

Role of BNIP3 and NIX domains in cell death

BNIP3 has a carboxy-terminal transmembrane domain
that directs BNIP3 to mitochondria (Fig. 1) (8, 14, 106).
E1B-19K lacks a transmembrane domain, and localizes to
the nuclear envelope-endoplasmic reticulum (ER) region.
Coexpression of BNIP3 and E1B-19K directs BNIP3 to the
nuclear envelope-ER, which may play a role in E1B-19K-
mediated repression of BNIP3 activity. BNIP3 also has the
motif L1KKNSD6W7IWDW11 (106), which is related to the
BH3 domain of the BCL-2 family. The hydrophobic residue at
position 1 and aspartic acid at position 6 are highly conserved
in other BH3 domains. Further, computational threading
programs align the BH3 domain of BNIP3 with that of BH3
interacting death domain agonist (3). On the other hand, this
motif has tryptophan residues at positions 7 and 11, which is
not typical of BH3 domains (3), and it is not evolutionarily
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conserved (105). Thus, BNIP3 appears to be an atypical
member of the BH3-only subfamily of BCL-2-related proteins.
Different results have been obtained regarding interactions
between the BNIP3 BH3 domain and antiapoptotic BCL-
2-related proteins. Some have found that the BNIP3 BH3
domain is required for an interaction between BNIP3 and
E1B-19K or BCL-2-like 1 (BCL-XL) (106), whereas others have
found that the BH3 domain is dispensable, and the interaction
depends on the amino terminus of BNIP3 or its transmem-
brane domain (86). Regardless, if BNIP3 interacts with BCL-2
or BCL-XL, it could have a proapoptotic effect. In this respect,
initial studies showed that enforced expression of BNIP3
causes cell death, which is delayed compared with other
proapoptotic BCL-2-related proteins (14, 86, 106). Later
studies found subtle or absent death-promoting activity (6, 81,
98). Evidence suggests that some death-promoting activity is
conveyed by the BNIP3 BH3 domain. First, it can substitute
for the BH3 domain of BAX in apoptosis assays (106). Second,
it is required to reverse the antiapoptotic effect of BCL-XL in a
p53-dependent model of cell death (106). On the other hand,
deletion of the BNIP3 BH3 domain has a modest effect on
death, and coexpression of BCL-2 and BNIP3 delays but does
not prevent this outcome (14, 86, 106). Taken together, the
evidence suggests that the BH3 domain of BNIP3 has a minor
role in its death-promoting activity.

NIX is a BNIP3-related protein, identified by high-
throughput cDNA sequencing (65), in silico approaches (13,
104), and a yeast two-hybrid screen employing E1B-19K as
bait (as for BNIP3 itself) (78). Human NIX is 56% identical
with human BNIP3, and 97% identical with murine NIX (13).
Like BNIP3, NIX has a carboxy-terminal transmembrane do-
main, and localizes to mitochondria (13, 40, 104). Also, NIX
causes cell death when overexpressed in most but not all cell
lines (13, 40, 78, 104). Mutation of the NIX BH3 domain causes
partial loss of its death-promoting activity (40). NIX interacts
with E1B-19K, through its middle region (104), although more
weakly than the interaction between BNIP3 and E1B-19K (78).

There are reports that NIX can interact with BCL-2 and BCL-
XL (40, 104), but these are inconsistent (78), and coexpression
of NIX with BCL-2 or BCL-XL diminishes, but does not
eliminate, its death-promoting activity (13, 40). In sum, NIX
and BNIP3 have similar activities.

In contrast to the BH3 domain, the transmembrane
domains of BNIP3 and NIX are essential for their death-
promoting activity. Deletion of this domain causes the mis-
localization of BNIP3 and NIX to the cytoplasm, and renders
the proteins incompetent to induce cell death (14, 40, 86). This
may be relevant in vivo, since a naturally occurring splice
variant of NIX in the mouse heart, sNIX, which encodes a
carboxy-terminal truncated protein, localizes to the cytoplasm
and inhibits the proapoptotic activity of NIX (107). Im-
portantly, the death-inducing activity of BNIP3 is preserved
following the substitution of its transmembrane domain for
that of BCL-2 or cytochrome b5 (86). These sequences direct
BNIP3 to the mitochondria or ER, respectively. Thus, either
location is permissive for BNIP3-mediated cell death.

BNIP3 and NIX can trigger mitochondrial outer membrane
permeabilization (MOMP), cytochrome c release, caspase ac-
tivation, and cell death. However, they can also cause cell death
by other means. Vande Velde et al. showed that BNIP3 causes
cell death without cytochrome c release or caspase activation
(100). In this study, expression of BNIP3 was associated with
the mitochondrial permeability transition (MPT). The MPT is a
calcium-activated state change associated with the passive
diffusion of solutes < 1500 daltons across the mitochondrial
membranes, and leading to mitochondrial depolarization and
swelling (37). The precise structure of the MPT pore is not
known, but it includes cyclophilin D, and it is inhibited by
cyclosporin A or bongkrekic acid. Consistent with activation of
the MPT, BNIP3 causes an increase in mitochondrial mem-
brane permeability and reactive oxygen species (ROS) gener-
ation, and mitochondrial depolarization, which are inhibited
by cyclosporin A and bongkrekic acid (100). BNIP3-expressing
cells also exhibit an increase in plasma membrane permeability
and delayed DNA fragmentation, suggesting that they un-
dergo necrotic cell death. In addition, ultrastructurally, there is
evidence of excessive autophagy.

Role of BNIP3 and NIX in cardiomyocyte cell death

Study of primary cardiomyocytes exposed to hypoxia or
mechanical stress has yielded additional insights into the
mechanisms of BNIP3- and NIX-dependent cell death. Bruick
showed that BNIP3 is induced by hypoxia in cell lines
through a HIF response element in its proximal promoter (9).
Of note, BNIP3 and NIX are implicated in cardiomyocyte cell
death. In one study, BNIP3 was induced in cardiomyocytes
by hypoxia or heart failure, and caused caspase-dependent
cell death (87). In another, metabolic acidosis was required
in addition to BNIP3, and was associated with BNIP3 inte-
gration into the mitochondrial outer membrane and caspase-
independent cell death (51). In both cases, cell death was
associated with the MPT, and was prevented by inhibitors of
the MPT pore. NIX is also an important effector of cardio-
myocyte cell death (15, 23). Mitochondria-directed NIX-ActA
fusion protein causes BAX/BAK-dependent MOMP, and
caspase-dependent cell death. ER-sarcoplasmic reticulum
(SR)-directed NIX-cytochrome b5 fusion protein causes cyclo-
philin D-dependent opening of the MPT pore, mitochondrial

LIR BH3 TM

FIG. 1. Domains of B-cell leukemia/lymphoma 2 (BCL-2)/
adenovirus E1B interacting protein 3 (BNIP3) and Nip-like
protein X (NIX). Known functional domains of BNIP3 and
NIX are shown (teal boxes). The LC3-interaction region (LIR)
contains a critical tryptophan residue (bold), and is identical
between BNIP3 and NIX. An atypical BCL-2 homology do-
main 3 (BH3) contains highly conserved leucine and aspartic
acid residues at positions 1 and 6 (bold), and noncon-
served tryptophan residues at positions 7 and 11 (italic). The
carboxy-terminal transmembrane domain (TM) is indicated.
Also shown are amino acid residues at the extreme carboxy
terminus, which reside in the mitochondrial intermembrane
space. These residues have a role in BNIP3-induced mito-
chondrial depolarization (see Fig. 2 and text for details). NIX
differs from BNIP3 by the insertion of a proline residue
(bold) in this region. (To see this illustration in color the
reader is referred to the web version of this article at
www.liebertonline.com/ars).
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depolarization, and caspase-independent cell death. Mito-
chondrial depolarization causes mitochondrial swelling, and
disruption of the mitochondrial inner membrane; this in turn
causes release of noncaspase cell death mediators, such as
apoptosis-inducing factor and endonuclease G. A minor pro-
portion of NIX is associated with the ER-SR fraction in cardi-
omyocytes under normal conditions; however, this increases
following transverse aortic banding (23). Thus, NIX translo-
cates to the ER-SR under stress, and causes cell death. As
previously shown for BAX and BAK (77, 92), NIX increases
ER-SR calcium stores and mitochondrial calcium uptake,
which activates the MPT. In the absence of NIX, ER-SR calcium
stores decrease, which has a protective effect on cardiac
function. Restoration of ER-SR calcium stores reverses this
effect, showing that ER-SR calcium stores and NIX-mediated
cell death are causally linked.

Mechanisms of BNIP3- and NIX-dependent cell death

Several mechanisms are needed to account for all the death-
inducing activities attributed to BNIP3 and NIX. First, BNIP3
and NIX may engage antiapoptotic BCL-2 family members
located in the mitochondrial outer membrane to trigger BAX/
BAK-dependent MOMP, and caspase-dependent cell death
(Fig. 2A). BNIP3 and NIX are not direct activators of BAX and
BAK (43); therefore, they must act through other BH3-only
proteins. Second, BNIP3 and NIX may modulate ER-SR cal-
cium stores, which activates the cyclophilin D-dependent
MPT, and supports caspase-independent cell death (Fig. 2B).

Specific features of BNIP3 or NIX-induced cell death depend
on whether one or both mechanisms are activated, and on
factors such as the cell type or the nature of the stress. How-
ever, this is not the complete picture, since BNIP3 may also
function through a novel mitochondrial leak pathway
(Fig. 2C). Recombinant BNIP3, added to isolated liver mito-
chondria, causes cytochrome c release, depolarization, and
mitochondrial swelling (45). In contrast to the other two
mechanisms, these effects require the carboxy-terminal se-
quences of BNIP3, located in the intermembrane space. Fur-
ther, in an exception to the overall similarity between BNIP3
and NIX, recombinant NIX causes cytochrome c release, but
does not elicit depolarization or mitochondrial swelling (21).
Two recent studies suggest that the mechanism may involve
a direct interaction between the BNIP3 carboxy terminus and
the inner mitochondrial membrane-associated, dynamin-
related protein Opa1 (Fig. 2C, inset) (56, 84). Opa1 complexes
control the shape of mitochondrial cristae, and cytochrome c
release during apoptosis (30). The interaction between BNIP3
and Opa1 disrupts Opa1 complexes, and this is sufficient to
cause mitochondrial fragmentation, but not cell death, which
additionally requires the BNIP3 BH3 domain, and BAX or
BAK (56). The interaction with Opa1 causes remodeling and
permeabilization of the mitochondrial inner membrane;
however, in contrast to the classical MPT, these changes are
BAX/BAK dependent and cyclophilin D independent (56, 84).

The transmembrane domain is required for mitochondrial
localization of BNIP3 and NIX, but it may have an additional
role in cell death mediated by these proteins. BNIP3 and NIX
form SDS-resistant homodimers through their transmem-
brane domains (40, 96), which raises the possibility that they
can form a pore in the mitochondrial outer membrane, lead-
ing to mitochondrial dysfunction. Along this line, the struc-
ture of BNIP3 transmembrane domain dimers in lipid micelles
has been solved, and they form an acid-sensitive pore with a
Ser-His node at its entrance (7, 97). However, NIX also forms
SDS-resistant dimers, but does not activate the MPT in iso-
lated mitochondria. Further, while some studies have found
that dimerization-defective mutants of BNIP3 cannot induce
cell death (52), others have found that they still can cause cell
death (29, 86). Another possibility is that the transmembrane
domain may mediate interactions with other proteins. Indeed,
replacement of the BNIP3 transmembrane domain with that
of BCL-2 or Omp25 disrupts the interaction between BNIP3
and Opa1 (56). The transmembrane domains of BNIP3 and
NIX are highly related, but not identical, and their carboxy-
terminal ends differ by the presence of a proline residue in
NIX (Fig. 1). These differences may be important, indepen-
dent of an effect on dimerization. Thus, BNIP3 and NIX po-
tentially cause cell death by several distinct mechanisms. In
future studies, it will be important to account for all mecha-
nisms, and to include controls that allow their discrimination.

BNIP3- and NIX-Dependent Autophagy

Autophagy is a lysosomal degradative pathway, which is
stimulated by starvation, and serves to maintain cellular
homeostasis (103). Genetic experiments in yeast have led to
identification of the core autophagy machinery (102). BNIP3
and NIX are not part of this core machinery; however, they are
implicated in the induction of autophagy. As previously
noted, BNIP3 expression is associated with opening of the
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FIG. 2. Mechanisms of BNIP3- and NIX-induced cell
death. (A) Proapoptotic BH3-only proteins are held in check
by multidomain antiapoptotic proteins, such as BCL-2. NIX
(or BNIP3) can potentially disrupt these complexes, releasing
BH3-only proteins (arrow), and activating BCL-2-associated X
protein (BAX) or BCL-2-antagonist/killer (BAK). BAX or
BAK activation causes cytochrome c release and caspase-
dependent cell death. (B) NIX (or BNIP3) and BCL-2 mod-
ulate endoplasmic reticulum-sarcoplasmic reticulum (ER-SR)
calcium stores. Increased ER-SR calcium stores cause in-
creased mitochondrial calcium uptake, which in turn acti-
vates the mitochondrial permeability transition (MPT).
Activation of the MPT causes mitochondrial depolariza-
tion (shown in grey), and the eventual release of caspase-
dependent and -independent mediators of cell death. (C)
Physical interaction between the carboxy-terminal end of
BNIP3 and Opa1 (inset) causes disruption of Opa1 complexes
and mitochondrial inner membrane remodeling. This pro-
cess, which is dependent on BAX or BAK, causes opening of
an undefined pore, and mitochondrial depolarization.
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MPT pore, and ultrastructural changes consistent with autop-
hagy (100). Further, BNIP3 expression is associated with the
ceramide- and arsenic trioxide-induced autophagic death of
malignant glioma cells (17, 42). Since these initial studies link-
ing BNIP3 with autophagic cell death, considerable attention
has been focused on the induction of BNIP3 by hypoxia, and
the role of BNIP3-induced autophagy as a cell death or survival
mechanism. In one study, of glioma and breast cancer cells
exposed to hypoxia, autophagic cell death was mediated by
BNIP3 (4). Along the same line, BNIP3 was shown to be de-
repressed in the absence of RB1, and to cause autophagic cell
death in hypoxic fetal liver (98). In a study of HL-1 myocytes,
BNIP3 induced autophagy; however, in this case mitochondria
were targeted, and autophagy was protective against BNIP3-
induced mitochondrial dysfunction (36). Finally, induction
of autophagy by BNIP3 and NIX had a prosurvival effect in
primary fibroblasts, and breast and prostate cancer cell lines
exposed to hypoxia (6). Thus, BNIP3-induced autophagy is
protective, but if unchecked can contribute to cell death.

The mechanism whereby BNIP3 and NIX induce autop-
hagy is uncertain, although several ideas have been advanced.
The first is that BNIP3 and NIX can cause mitochondrial de-
polarization and dysfunction (Fig. 3A). This increases pro-
duction of ROS, which induce autophagy (20) [reviewed in
(89)]. The second is that BNIP3 and NIX can disrupt repressive
Beclin 1-BCL-2 (or BCL-XL) complexes, liberating Beclin 1, and
activating autophagy (Fig. 3B) (6, 61, 83). Consistent with this
latter model, addition of peptides derived from the BH3 do-
mains of BNIP3 and NIX to normoxic cells causes an increase
in autophagy and disruption of these complexes (6). BNIP3
binds and inhibits Rheb, an upstream activator of mammalian
target of rapamycin; thus, a third possibility is that BNIP3 and
NIX activate autophagy by inhibiting mammalian target of
rapamycin activity (58). All of these models require additional
genetic testing in vivo. It should also be noted that hypoxia
induces autophagy through AMPK, independent of BNIP3
and NIX (82), and that hypoxia is not the only pathway that
causes induction of BNIP3 and autophagy. With regard to the
latter point, the AKT-regulated transcription factor FoxO3
binds Bnip3, Bnip3l, and LC3 in skeletal muscle, activates their
expression, and causes induction of autophagy (62).

BNIP3- and NIX-Dependent Mitophagy

Role of NIX in erythroid development

Apart from the propensity of BNIP3 and NIX to cause
mitochondrial dysfunction, recent observations indicate that
they also regulate the opposing process of mitochondrial
clearance. Mitochondrial clearance is a type of quality control,
which is thought to be important for cellular homeostasis in
long-lived postmitotic cells, such as neurons and cardio-
myocytes. Mitochondrial clearance may also be involved in
the regulation of mitochondrial mass in response to stress. In
this regard, BNIP3 is involved in decreasing the mitochon-
drial mass in hypoxic murine embryonic fibroblasts (108).
Recently, insights into the mechanism of mitochondrial
clearance have come from the study of erythroid cell differ-
entiation. NIX is upregulated during erythroid development,
in parallel with BCL-XL (1, 91). In keeping with its proa-
poptotic role, erythroid cells that lack NIX are resistant to
erythropoietin deprivation-induced death (21). In addition,
they are developmentally abnormal. NIX-deficient mice are
anemic as a consequence of defective reticulocyte maturation
(88, 91). Reticulocytes are newly formed erythrocytes gener-
ated by the enucleation of late-stage erythroblasts in the bone
marrow. Nascent reticulocytes undergo cellular remodeling,
which includes elimination of the entire cohort of mitochon-
dria (34, 50). In the absence of NIX, a substantial proportion
(30%–50%) of circulating erythrocytes retain their mitochon-
dria (88, 91). Further, NIX-deficient reticulocytes exhibit de-
fective mitochondrial clearance in vitro. Thus, NIX has a
central role in mitochondrial clearance in erythroid cells.

Role of NIX in mitochondrial clearance in reticulocytes

Ultrastructural examination of mature erythroblasts shows
that mitochondria are cleared by an autophagy-related pro-
cess (38). Considering the previous discussion, this raises the
possibility that the role of NIX in mitochondrial clearance, in
erythroid cells, is to activate autophagy. However, this does
not appear to be the case, since autophagy is preserved in
NIX-deficient reticulocytes, as demonstrated by ultrastruc-
tural and biochemical approaches (91). In cultured nascent
reticulocytes from Nix + / + mice, mitochondria are surrounded
by autophagy-like double membranes, which fuse with the
plasma membrane, or with autophagosomes, resulting in
mitochondrial elimination by exocytosis (Fig. 4). Autopha-
gosome maturation in this setting appears to be mediated by
fusion with endocytic vesicles (110). Mitochondria inside au-
tophagosomes still have their outer mitochondrial membrane,
suggesting that this does not undergo direct fusion with au-
tophagosomal membranes. By contrast, in reticulocytes from
Nix - / - mice, most mitochondria are located in the cytoplasm,
or are in contact with the cytoplasmic face of autophago-
somes. These observations suggest that the main role of NIX is
to recruit membranes to mitochondria, and that this is re-
quired for subsequent fusion events (Fig. 5).

Two models of BNIP3- and NIX-dependent
mitochondrial clearance

Current evidence supports two models of mitochondrial
clearance, which are not mutually exclusive. The first is that
mitochondrial depolarization causes mitochondrial clearance.
Depolarization can be induced experimentally by proto-
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FIG. 3. Mechanisms of BNIP3- and NIX-induced autop-
hagy. (A) Mitochondrial depolarization (shown in grey)
causes mitochondrial dysfunction, and increased production
of reactive oxygen species (ROS), which upregulates autop-
hagy. This can be due to an indirect effect of NIX or BNIP3
on the MPT, as shown, or a direct effect of BNIP3 on mito-
chondria (as illustrated in Fig. 2). (B) The autophagy protein
Beclin 1 is bound in an inactive form at the ER by multido-
main antiapoptotic proteins. BH3-only proteins, such as NIX
and BNIP3, can disrupt these complexes releasing beclin 1
(arrow), and upregulating autophagy.
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nophores, like FCCP, and by photodamage, which activates
the MPT (55). In both cases, depolarization leads to clearance
(44, 72). This model fits well with the concept of mitochondrial
autophagy as a quality-control mechanism, since depolarized
mitochondria produce ROS, which are detrimental to cells.
Supportive evidence for this model comes from the study of
Parkinson’s disease. Parkin and PINK1 are two proteins that
are frequently mutated in autosomal recessive Parkinson’s
disease (19, 47). Studies show that mitochondrial depolar-
ization stabilizes PINK1, which recruits the E3 ligase Parkin,
and that Parkin ubiquitinates substrates, such as VDAC1, in
the mitochondrial outer membrane (20, 32, 73). This leads to
recruitment of the adaptor proteins p62 and HDAC6. p62
binds ubiquitin and the autophagy protein LC3 through its
LC3-interaction region (LIR). This suggests a mechanism for
recruitment of the autophagy machinery to mitochondria.

However, the need for p62 is questionable, since it is required
for mitochondrial clustering, but not clearance (74). HDAC6
binds ubiquitin and dynein motors, and mediates mitochon-
drial aggregation, which is required for efficient clearance
(57). Of greater physiological relevance than chemically in-
duced depolarization, starvation can also activate the MPT,
and cause depolarization (12, 26). Interestingly, although ac-
tivation of the MPT is required for starvation-induced mito-
chondrial clearance, it is not required for LC3-containing
membrane recruitment to mitochondria (44). Mitochondrial
fission also gives rise to depolarized mitochondria, which are
eliminated by autophagy (99).

BNIP3 causes mitochondrial depolarization and clear-
ance (5, 36, 85, 108). Similarly, it has been suggested that
mitochondrial clearance in reticulocytes is caused by NIX-
mediated depolarization (Fig. 6A) (88). In support of this idea,
mitochondria depolarize before elimination (109), and mito-
chondrial clearance in NIX-deficient reticulocytes is rescued
by FCCP or the BH3-mimetic ABT-737 (88). On the other
hand, mitochondrial clearance in reticulocytes does not re-
quire BAX or BAK, nor activation of the MPT (91). Likewise,
BNIP3-mediated mitochondrial clearance does not require the
MPT (85). Further, NIX does not activate the MPT (except
indirectly via the ER, but ER is not abundant in reticulo-
cytes) (21). Finally, mitochondria in autophagy-defective re-
ticulocytes exhibit impaired depolarization, indicating that
depolarization is at least partially a consequence of autopha-
gosome formation (110). Together, these findings suggest
that mitochondrial clearance in reticulocytes is not primarily
driven by NIX-dependent mitochondrial depolarization.
The ability of protonophores and chemical inducers of MOMP
to rescue mitochondrial clearance in NIX-deficient reticulo-
cytes may reflect activation of a latent depolarization-driven
pathway.

The second model is that adaptor proteins directly recruit
components of the autophagy or vesicular trafficking ma-

FIG. 4. NIX is required for mitochondrial clearance in
reticulocytes. Ultrastructural appearance of mitochondrial
elimination in newly formed reticulocytes in culture. In the
presence of NIX (Nix + / + panel), mitochondria are directed to
degradative vacuoles, and eliminated by exocytosis. In the
absence of NIX (Nix - / - panel), most mitochondria are found
in the cytoplasm or in contact with the cytoplasmic face of
double-membraned autophagosomes.
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FIG. 5. Role of NIX in mitochondrial clearance in retic-
ulocytes. In the presence of NIX, double membranes are
recruited to mitochondria, which allows their subsequent
fusion with autophagosomes, or the plasma membrane. In
the absence of NIX, membranes are not recruited, and mi-
tochondria are unable to fuse with these structures.
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FIG. 6. Two models of NIX-dependent mitochondrial
clearance in reticulocytes. (A) In the first model, NIX causes
mitochondrial depolarization, which leads to membrane
recruitment. A caveat with this model is evidence is lacking
that NIX can directly act on mitochondria to cause depolar-
ization. (B) In the second model, NIX functions as an adaptor
for the recruitment of autophagy or membrane trafficking
proteins, which recruit membranes. In both models, once
mitochondria are completely surrounded by double mem-
brane, they undergo degradation and elimination.
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chinery to mitochondria (Fig. 6B). As discussed above for
PINK1 and Parkin, depolarization can cause changes in the
mitochondrial outer membrane that lead to the recruitment of
adaptors and autophagy proteins; hence, the two models are
not mutually exclusive. However, mitochondrial depolariza-
tion is not essential for autophagy membrane recruitment
(44). Two recent studies showed that the amino terminus of
NIX interacts with several different mammalian Atg8 homo-
logs, and causes their recruitment to mitochondria (76, 90).
Schwarten et al., employing phage display, found that GA-
BARAP interacts NIX. Similarly, Novak et al., using a yeast
two-hybrid screen, found that GABARAP-L1 and LC3 are
NIX interacting proteins. Both groups found that the interac-
tion is mediated through a ‘‘WVEL’’ LIR near the amino ter-
minus of NIX (Fig. 1). The LIR is a common motif in adaptor
proteins that link cargo (e.g., ubiquitinated protein aggregates)
to the autophagy machinery (46). It is also present in an
adaptor, Atg32, which is involved in mitochondrial clearance
in yeast (41, 80). Importantly, mutation of a critical tryptophan
residue in this motif impairs mitochondrial clearance in retic-
ulocytes (76). Further, colocalization of GABARAP-L1 and NIX
with mitochondria in CCCP-treated murine embryonic fibro-
blasts depends on an intact LIR in NIX. Thus, in reticulocytes,
NIX links mitochondria to the autophagy machinery, and this
contributes to mitochondrial clearance.

Role of autophagy in mitochondrial
clearance in reticulocytes

The ability of NIX to recruit Atg8 homologs to mito-
chondria raises the question of the role of autophagy in
mitochondrial clearance. Two pathways that are essential
for autophagy in yeast are the Atg12–Atg5 and Atg8–
phosphatidylethanolamine (PE) ubiquitin-like conjugation
pathways (39, 67). The products of these pathways, Atg12–
Atg5 and Atg8–PE, are required for the expansion of autop-
hagosomal membranes. To address the role of autophagy in
mitochondrial clearance in mammals, several groups have
studied mice in which these pathways have been disrupted.
Initially, it was noted that erythrocytes in the circulation of
Atg5 - / - neonates did not contain mitochondria, suggesting
that Atg5 was dispensable for mitochondrial clearance (64);
however, the effect of Atg5 deficiency on autophagy in these
cells was not examined. Subsequently, our laboratory gener-
ated Atg7 - / - fetal liver transplanted mice (110). Atg7 is an E1
enzyme that is required for the activity of both ubiquitin-like
conjugation pathways. Circulating erythrocytes in Atg7 - / -

transplant recipients did not exhibit retained mitochondria;
nonetheless, mitochondrial clearance in Atg7-deficient retic-
ulocytes was defective. Importantly, Atg12–Atg5 and Atg8–
PE conjugates were not detected in Atg7 - / - fetal liver cells,
indicating that both ubiquitin-like conjugation pathways
were inactive. A similar study of Atg7fl/fl; Tg(Vav-Cre) mice,
which delete Atg7 in the hematopoietic lineage, identified a
moderate mitochondrial retention defect (15% of circulating
CD71-negative mature erythrocytes) (68). For reasons that are
not entirely clear, these mice develop severe, progressive
anemia. Thus, mitochondrial clearance is partially impaired
in the absence of Atg7, arguing that it is regulated by both
autophagy-dependent and -independent mechanisms.

Atg1 is a central regulator of autophagy that functions as a
switch between the cytoplasm-to-vacuole targeting and au-

tophagy pathways in yeast. In mammals, there are two Atg1
homologs, Unc-51 like kinase 1 (ULK1) and ULK2. ULK1 is
upregulated during erythroid differentiation, and is the major
Atg1 homolog in these cells (53). To study the role of ULK1
in autophagy, Kundu et al. generated Ulk1 - / - mice. ULK1-
deficient erythrocytes exhibit abnormal mitochondrial retention.
Interestingly, this defect is more severe than the one caused by
the absence of Atg7 (but less severe than that caused by loss of
NIX). This result is potentially explained by the recent dis-
covery of an alternative autophagy pathway that is regulated
by ULK1, and redundant with Atg5 and Atg7 (75).

Biological Role of BNIP3 and NIX In Vivo

The lifespan of certain postmitotic cells, such as those of the
brain or heart, equals that of the whole organism, whereas the
lifespan of mitochondria is measured in days. Clearance of
effete and poorly functioning mitochondria is presumed to be
critical for the maintenance of cellular homeostasis. Given that
Bnip3 - / - and Nix - / - mice are viable and exhibit specific
phenotypes (21, 88, 91), it is reasonable to ask whether BNIP3
or NIX have a general role in this process. In this regard, the
absence of a generalized defect in these mice may be ex-
plained by functional redundancy between these closely
related proteins. Indeed, we have found that enforced ex-
pression of BNIP3 rescues mitochondrial clearance in NIX-
deficient reticulocytes (unpublished results). Further, mice
with combined deficiency of NIX and BNIP3 in the heart were
recently described. The hearts in these mice exhibited in-
creased mitochondria, loss of subcellular organization, and
mitochondrial size heterogeneity and degeneration (25).
This result is consistent with a general role for BNIP3 and NIX
in mitochondrial quality control. The absence of a more
severe defect may also be explained by the presence of
other redundant mechanisms. An interesting speculation
is that BNIP3 and NIX are part of a mechanism for the rou-
tine elimination of minimally damaged or dysfunctional
mitochondria, whereas the ubiquitination machinery, in-
volving E3 ligases such as Parkin, provides a second line of
defense for the elimination of severely damaged, depolarized
mitochondria.

BNIP3 is induced by hypoxia (9, 18, 95), and can cause cell
death during ischemia (35, 51, 87). A series of elegant ex-
periments from the Dorn laboratory has elucidated the role
of BNIP3 and NIX in heart disease in mice. In these studies,
enforced expression of BNIP3 caused cardiomyopathy in
nonischemic mice, whereas BNIP3 deficiency limited post-
infarction ventricular remodeling and improved cardiac
performance (22). The basic helix-loop-helix transcription
factor p8 negatively regulates FOXO3 activity, BNIP3, and
basal autophagy. Consistent with an observed increase in
BNIP3 expression, p8-deficient mice developed left ventric-
ular dilation and posterior wall thinning (48). NIX is in-
duced in the setting of hypoxia, by p53 and CBP (28);
however, in cardiomyocytes NIX is primarily regulated by
Gaq signaling, which is associated with cardiac hypertrophy
(31). Enforced expression of NIX causes lethal perinatal
cardiomyopathy in mice, whereas NIX deficiency protects
mice from Gaq-mediated and pressure overload cardiomy-
opathy (24, 107). Collectively, these studies suggest that
BNIP3 and NIX contribute to the pathophysiology of heart
disease.
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BNIP3 and NIX in Human Disease

There are reports of BNIP3 and NIX deregulation in cancer,
including pancreas, prostate, colon, liver, breast, lung, brain,
and blood (10, 11, 27, 33, 49, 69, 70, 79, 93, 94). Deregulation of
BNIP3 is correlated with tumor grade, metastases, and poor
prognosis. Methylation of the Bnip3 promoter is associated
with decreased BNIP3 expression (11, 69, 70, 79), and nuclear
sequestration interferes with its proapoptotic activity (10).
Not only are BNIP3 and NIX subject to epigenetic silencing,
but also Nix is located in the 8p21 genomic region that exhibits
frequent loss of heterozygosity in human cancer; however,
except for a small series of hepatocellular carcinoma cases,
there is little evidence for Nix mutation or deletion in cancer
(54, 59, 101). Consistent with the notion that there is selective
pressure against BNIP3 and NIX expression in cancer, defi-
ciency of either protein promotes the growth of breast or os-
teosarcoma cell lines, respectively, in mice (28, 63). BNIP3 and
NIX are also upregulated in the setting of ischemic injury,
such as glaucoma, stroke, hemorrhagic shock, and myocardial
infarction (2, 22, 66, 111, 112). Collectively, these studies make
a case that BNIP3 and NIX are involved in disease in various
clinical settings. In some situations it appears that they cause
disease by promoting cell death, whereas in others they may
be prosurvival.

Conclusions

That BNIP3 and NIX have many different activities makes
them intriguing. They cause cell death, but weakly so or in a
delayed manner. They induce autophagy and they are me-
diators of mitochondrial clearance. A unifying theme under-
lying these various activities is they all involve mitochondria.
BNIP3 and NIX function upstream of mitochondria, by sev-
eral different mechanisms, to cause mitochondrial dysfunc-
tion and the release of prodeath molecules. Mitochondria are
also important intermediaries of BNIP3- and NIX-induced
autophagy. Finally, mitochondria are targeted for elimination
by BNIP3 and NIX during development and under stress. By
comparison, classical BH3-only proteins are strong inducers
of cell death, but do not have other activities. In this regard,
study of BNIP3 and NIX may provide a more nuanced picture
of the relationship between mitochondria and cells, which
is an important question in cell biology. Our preliminary
analyses of NIX suggest that some of these properties may
be separable, and this area appears open to examination. A
greater appreciation of the mechanisms by which BNIP3 and
NIX operate may also yield unexpected insights, for exam-
ple, insights into the process whereby cells eliminate intra-
cellular pathogens. Indeed, although some of the activities
of BNIP3 and NIX are modest, there is increasing evidence
for their involvement in human disease. In the settings
of ischemic injury and heart disease, expression of BNIP3
and NIX appears to be maladaptive, and contributes to an
overall decline in function. The role of BNIP3 and NIX in
cancer is more complex, as they may be prodeath or pro-
survival, depending on the context. Still, BNIP3 and NIX are
deregulated in a broad range of common cancers, suggesting
that they have an impact upon cancer progression. In this
review, we have discussed a variety of BNIP3- and NIX-
dependent mechanisms. In the future, the challenge will be
to fully elucidate these mechanisms, and to determine their
role in human disease.
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NIX¼Nip-like protein X

PE¼phosphatidylethanolamine
ROS¼ reactive oxygen species
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ULK1¼Unc-51 like kinase 1
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