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The regulated clearance of mitochondria is a well recognized but
poorly understood aspect of cellular homeostasis, and defects in this
process have been linked to aging, degenerative diseases, and cancer.
Mitochondria are recycled through an autophagy-related process,
and reticulocytes, which completely eliminate their mitochondria
during maturation, provide a physiological model to study this phe-
nomenon. Here, we show that mitochondrial clearance in reticulo-
cytes requires the BCL2-related protein NIX (BNIP3L). Mitochondrial
clearance does not require BAX, BAK, BCL-XL, BIM, or PUMA, indicat-
ing that NIX does not function through established proapoptotic
pathways. Similarly, NIX is not required for the induction of autoph-
agy during terminal erythroid differentiation. NIX is required for the
selective elimination of mitochondria, however, because mitochon-
drial clearance, in the absence of NIX, is arrested at the stage of
mitochondrial incorporation into autophagosomes and autophago-
some maturation. These results yield insight into the mechanism of
mitochondrial clearance in higher eukaryotes. Furthermore, they
show a BAX- and BAK-independent role for a BCL2-related protein in
development.

autophagy � mitochondria � BCL2 family

BCL2-related proteins play essential roles in the regulation of
programmed cell death. Members of the BCL2 family are

divided into subgroups based on the presence of one or more
BCL2 homology domains (BH1–BH4) (1). BCL2-related pro-
teins possessing a single BH3 domain (BH3-only proteins) are
activated by diverse death-inducing stimuli including DNA dam-
age, glucocorticoids, and growth factor deprivation, and their
signals are integrated at the mitochondria by the multidomain
proapoptotic proteins BAX and BAK (2). BH3-only proteins
activate BAX and BAK either directly or indirectly, through
binding to and inhibiting the function of antiapoptotic BCL2-
related proteins (3–5). BAX or BAK activation in turn causes
cytochrome c release, caspase activation, and apoptosis (6, 7).

BNIP3 and NIX (also known as BNIP3L) are related proteins
with limited homology to BH3-only proteins in a BH3-like
domain (8–10). BNIP3 and NIX have uncertain biological
function. BNIP3 and NIX localize to the mitochondria when
overexpressed, induce cytochrome c release, and cause apoptosis
(11–13), however, BNIP3 also causes necrosis-like cell death
(14). Hypoxia induces and retinoblastoma protein represses
BNIP3 expression through HIF-1� and E2F binding sites in the
BNIP3 promoter, respectively (15–17). In contrast, NIX is
induced by Gq-coupled hypertrophic agonists in neonatal rat
cardiomyocytes, by p53 in U2OS osteosarcoma cells, and by
differentiation of human erythroid cells (18–20). Accordingly,
NIX functions as an effector of Gq-dependent cardiomyopathy
and negatively regulates tumor growth in nude mice injected
with U2OS osteosarcoma cells (19, 21). NIX has a role in
erythroid development, because Nix�/� mice exhibit anemia and
erythroid hyperplasia (22).

Results and Discussion
Defective Erythropoiesis in Nix�/� Mice. NIX, BCL-XL, and PUMA
are up-regulated during terminal erythroid differentiation
(Fig. 1 and ref. 20). To gain insight into the function of NIX,
we generated mice with a targeted mutation of the Nix gene
[supporting information (SI) Fig. 6]. Friend virus-infected
erythroid cells (FVA cells) from Nix�/� mice did not express
NIX protein, confirming that the targeted mutation created a
null allele (Fig. 1). As previously reported (22), Nix�/� mice
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Fig. 1. Expression of BCL2-related proteins during terminal erythroid dif-
ferentiation. Expression of NIX, BCL-XL, and other BCL2-related proteins dur-
ing FVA cell differentiation. Wild-type and Nix�/� FVA cells were cultured for
48 h in the presence of erythropoietin. NIX monomer and a lower molecular
mass form of NIX (asterisk) are shown. Molecular mass marks are shown on the
right.
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had a reduced erythrocyte count and reticulocytosis (SI Table
1). Furthermore, their blood smear showed increased poly-
chromatophils and abnormally shaped erythrocytes, suggestive
of a maturation defect (Fig. 2A). Nix�/� mice also had mod-
erate splenomegaly (Nix�/�, 0.10 � 0.01 g; Nix�/�, 0.32 � 0.12
g) and increased numbers of splenic Ter119�, Gr1�, and
Mac1� cells (SI Fig. 7). Thus, NIX deficiency causes anemia,
reticulocytosis, and erythroid-myeloid hyperplasia. We repro-
duced this phenotype in bone marrow transplant recipients,
showing that the defect is intrinsic to the hematopoietic
compartment (SI Table 2).

Mitochondrial Clearance Is Impaired in Nix�/� Reticulocytes. Reticu-
locytes contain RNA, which can be stained with thiazole orange
(TO) (23). Analysis of Nix�/� erythrocytes by TO staining and
flow cytometry confirmed the presence of marked reticulocy-
tosis (Fig. 2B and SI Table 1). Also, the presence of a discrete
population of cells that stained weakly with TO provided evi-
dence of a specific maturation defect and prompted further
analysis (Fig. 2B, asterisk). Ultrastructurally, Nix�/� erythro-
cytes either were featureless, like wild-type erythrocytes (Fig.
2C); contained ribosomes and mitochondria, consistent with
newly released reticulocytes (Fig. 2D); or had no ribosomes but
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Fig. 2. Defective mitochondrial clearance in Nix�/� reticulocytes. (A) Blood smears from Nix�/� and Nix�/� mice. The Nix�/� blood smear shows polychromato-
phils (blue-tinged cells), spherocytes (absent central pallor), and abnormally shaped erythrocytes. The slides are stained with Wright–Giemsa. (B) Flow cytometry
of Nix�/� and Nix�/� blood stained with TO. The asterisk marks erythrocytes that failed to clear their mitochondria. (C–F) Ultrastructure of erythrocytes from the
blood of Nix�/� (C) and Nix�/� (D–F) mice. Nix�/� erythrocytes contain mitochondria and ribosomes (D) and double-membraned autophagosomes (E and F,
arrows). (G) Flow cytometry of wild Nix�/� and Nix�/� blood stained with MTR. (H) Flow cytometry of erythrocytes stained with TO and MTR. (I) Flow cytometry
of Nix�/� and Nix�/� reticulocytes stained with MTR at baseline (black lines) or after (gray shading) 3 days in culture. (J) Immunofluorescence imaging of cultured
Nix�/� and Nix�/� reticulocytes stained with MTR.
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contained mitochondria and undegraded autophagosomes (Fig.
2 E and F, arrows). By Mitotracker Red (MTR) staining and flow
cytometry, approximately half of the circulating Nix�/� eryth-
rocytes contained mitochondria (Fig. 2G and SI Table 1).
Furthermore, consistent with the ultrastructural studies, Nix�/�

erythrocytes contained three populations of cells (MTR�TO�,
MTR�TO�, MTR�TOweak) (Fig. 2H). The MTR�TOweak pop-
ulation was not seen in wild-type cells, even under conditions of
erythropoietic stress, or in hemolytic diseases like �-thalassemia.
Thus, Nix�/� erythrocytes contain an abnormal subpopulation of
cells that have cleared their ribosomes but retained their mito-
chondria. Freshly isolated Nix�/� reticulocytes retained their
mitochondria after 3 days in culture, clearly showing that
mitochondrial clearance is defective in the absence of NIX (Fig.
2 I and J). Mitochondrial clearance is regulated by 15-
lipooxygenase (24); however, the effect of the lipooxygenase
inhibitor eicosatetraynoic acid on mitochondrial clearance was
modest compared with loss of NIX (data not shown),
consequently, we explored other potential mechanisms of NIX
activity.

Mitochondrial Clearance Does Not Require Established Proapoptotic
Pathways. The proapoptotic activity of BH3-only proteins re-
quires the downstream functions of BAX or BAK (2). Therefore,
we tested whether NIX-dependent mitochondrial clearance was
similarly dependent on these proteins. Bax�/�;Bak�/� mice were

bred from compound heterozygotes and identified by genotyping
and the presence of interdigital webbing (25, 26). Bax�/�;Bak�/�

reticulocytes cleared their mitochondria normally (Fig. 3A).
Additionally, mitochondrial clearance from wild-type reticulo-
cytes was unaffected by chemical inhibitors of the mitochondrial
permeability transition pore (MPTP), cyclosporin A, and
bongkrekic acid (data not shown). Thus, NIX-dependent mito-
chondrial clearance is independent of BAX, BAK, and the
MPTP.

BH3-only proteins can be categorized as activators or sensi-
tizers depending on whether they activate BAX and BAK
directly or indirectly (27). BIM, BID, and possibly PUMA are
activators, whereas other BH3-only proteins are sensitizers.
BIM, BID, and PUMA are expressed in late-stage erythroblasts,
although BID is not present in its cleaved active form t-BID (Fig.
1); therefore, we examined the roles of BIM and PUMA.
Reticulocytes from Bim�/� and Puma�/� mice cleared their
mitochondria normally (Fig. 3A). Thus, mitochondrial clearance
depends on NIX but not the activator BIM or the putative
activator PUMA. Finally, the mitochondrial clearance defect in
Nix�/� and Nix�/�;Puma�/� mice was equivalent, indicating a
lack of redundancy between these proteins.

BCL-XL is up-regulated during late erythroid maturation in
parallel with NIX (Fig. 1). We therefore considered whether the
effect of NIX on mitochondrial clearance depends on BCL-XL.
BCL-XL is essential for erythroid cell survival; consequently, we
used a conditional model of BCL-XL deficiency (28). BclXfl/fl;
Tg(MMTV-Cre) mice develop severe anemia and massive spleno-
megaly because of ineffective erythropoiesis (28, 29). To rescue the
survival defect, we bred these mice with Bax and Bak mutant mice.
BclXfl/fl;Bax�/fl;Bak�/�;Tg(MMTV-Cre) mice showed dramatic cor-
rection of the anemia and splenomegaly (SI Table 3). Furthermore,
mitochondrial clearance was intact before or after erythropoietic
stress induced by phlebotomy in BCL-XL/BAX/BAK triply defi-
cient reticulocytes (Fig. 3B). Reticulocytes isolated from these mice
had no detectable BCL-XL, BAX, or BAK protein but had equal
levels of the mitochondrial marker protein succinate dehydroge-
nase subunit B used as an internal control (Fig. 3C). Therefore,
BCL-XL does not have a BAX- or BAK-independent role in
mitochondrial clearance from reticulocytes.
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Fig. 3. Mitochondrial clearance is BAX-, BAK-, and BCL-XL-independent. (A
and B) Flow cytometry of erythrocytes stained with TO and MTR. Genotypes
are indicated. (C) Western blots of BCL-XL, BAX, BAK, and succinate dehydro-
genase subunit B (SDHB). Reticulocytes were obtained from wild-type and
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Fig. 4. Ubiquitin-like conjugation activity is induced independently of NIX.
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Ubiquitin-Like Conjugation Activity Is Induced Independently of NIX.
Mitochondrial clearance is thought to be regulated through an
autophagy-related process, and autophagy is regulated by BCL2-
related proteins (30, 31); therefore, we examined the induction
of autophagy. Autophagy depends on two ubiquitin-like conju-
gation pathways (32). The final products of these pathways are
a covalently linked form of the proteins Atg5 and Atg12 (Atg5-
Atg12) and a phosphatidylethanolamine-linked form of the
protein Atg8 (Atg8-PE). The mammalian homologues of Atg8
are �2-GABA(A) receptor, golgi-associated enhancer of 16 kDa,
and microtubule-associated protein-1 light chain-3 (LC3) (33,
34). Activation of autophagy converts LC3 from a slower mi-
grating unconjugated form (LC3-I) to a faster migrating lipid-
conjugated form (LC3-II). To assess the induction of autophagy
during erythroid differentiation, and its regulation by NIX, we
monitored LC3 conjugation by Western blotting of FVA cells.
LC3-I was fully converted to LC3-II in Nix�/� and Nix�/� FVA

cells during terminal differentiation (Fig. 4). Therefore, auto-
phagy is induced during terminal erythroid differentiation, and
its induction is independent of NIX.

Mitochondrial Autophagy Is Defective in Nix�/� Reticulocytes. To
determine the cellular processes affected by deficiency of NIX,
we examined the ultrastructure of Nix�/� and Nix�/� reticulo-
cytes cultured in vitro for 3 days. In Nix�/� reticulocytes,
mitochondria showed an increase in electron density and loss of
internal structure but did not show significant swelling or
blebbing of the outer mitochondrial membrane (Fig. 5 Upper).
Mitochondria were found individually in small vacuoles (regular
white arrows) and in multiples in mature autophagic vacuoles
(closed white arrows). These structures were eliminated through
exocytosis, and the number of mitochondria correspondingly
decreased with time. The number of ribosomes also decreased
with time, although their mode of elimination was not obvious.
The ultrastructural appearance of Nix�/� reticulocytes was strik-
ingly different (Fig. 5 Lower). Mitochondria in Nix�/� reticulo-
cytes were intimately associated with autophagosomes and in-
completely formed isolation membranes (barbed white arrows).
Notably, although some mitochondria were located inside au-
tophagosomes, the majority were associated with the cytoplas-
mic face of the outer autophagosomal membranes, and the
contents of the autophagosomes were frequently undegraded.
Thus, mitochondrial clearance depends on the incorporation of
mitochondria into autophagosomes, and autophagosome matu-
ration, and these processes depend on NIX.

Collectively, these results show a critical role for NIX in
programmed mitochondrial clearance during reticulocyte mat-
uration. Recent studies show that the autophagy-inducing activ-
ity of beclin-1 is negatively regulated through interactions with
multidomain antiapoptotic BCL2-related proteins and positively
regulated through interactions with BH3-only proteins or the
coiled-coil protein UVRAG (30, 31, 35). In the present context,
however, NIX does not appear to function through beclin-1,
because, as we have shown, NIX is dispensable for the induction
of autophagy in erythroid cells. Indeed, the role of macroauto-
phagy in mitochondrial clearance is not well established; Atg7�/�

hepatocytes contain defective mitochondria, but Atg5�/� reticu-
locytes clear their mitochondria normally (36, 37). Instead, as
recently described for two unrelated genes in yeast (38, 39), our
results indicate that NIX is required for a selective form of
autophagy that targets mitochondria for elimination.

NIX may function through the controlled release of cyto-
chrome c or other mitochondrial effector molecules. In that
regard, there are other examples of compartmentalized, caspase-
dependent degradation in development (40, 41). However, to be
consistent with our results, any pore-forming activity of NIX that
mediates mitochondrial clearance must be independent of BAX
and BAK, and the MPTP. Other mechanistic roles of NIX can
be envisioned but remain to be tested. Mitochondrial clearance
is important for the health of long-lived postmitotic cells, and
defects in this process have been linked to aging, degenerative
diseases, and cancer; therefore, the identification of NIX as a
protein to regulate this process in higher eukaryotes, represents
a significant advance.

Materials and Methods
Targeted Disruption of Nix. The Nix targeting construct was pre-
pared by subcloning fragments from bacterial artificial chromo-
some 199e23 (Children’s Hospital, Oakland Research Institute).
Embryonic stem cell clones with homologous recombination
were identified by Southern blot of genomic DNA digested with
EcoRV. PCR primers used to generate the probe for hybridiza-
tion were gcactgagtagtttgccattggcgt and ccaataaagcgtatcacaaagg.
Chimeric mice were produced by the Transgenic Core Unit of St.
Jude Children’s Research Hospital (SJCRH).
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Fig. 5. Mitochondrial autophagy is defective in Nix�/� reticulocytes. Ultra-
structure of Nix�/� (Upper) and Nix�/� (Lower) reticulocytes. (Upper) Regular
white arrows point to individual mitochondria in vacuoles, and closed white
arrows point to mitochondria in mature autophagic vacuoles. Both were
observed undergoing exocytosis. (Lower) Barbed white arrows point to iso-
lation membranes and double-membraned autophagosomes. The length of
time in culture (days) is indicated in the lower right corner of each panel as d0,
d1, d2, or d3.
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Animal Studies. Reticulocytosis was induced by phlebotomy of 0.4
ml of blood daily for 4 days with saline volume replacement
through i.p. injection. On the fifth day, mice were anesthetized
and terminally bled by cardiac puncture with a heparinized
syringe and a 23-gauge needle. For bone marrow reconstitution
studies, 5 � 106 Nix�/� or Nix�/� bone marrow cells were injected
into the tail vein of lethally irradiated (1,100 rads) C57BL6/J
recipient mice. Bax and Bak mice were a gift of the Stanley
Korsmeyer laboratory (Dana Farber Cancer Institute, Boston).
BclXfl/fl;Tg(MMTV-Cre) mice were a gift of Lothar Hen-
nighausen (National Institutes of Health, Bethesda) (28, 42).
Puma mice were a gift of Gerard Zambetti (SJCRH) (43). Bim
mice were purchased from The Jackson Laboratory (stock
number 004525). All studies were performed under an animal
protocol approved by the institutional animal care and use
committee of SJCRH.

Flow Cytometry and Immunofluorescence. Reticulocytes stained
with MTR CMXRos (Molecular Probes) were analyzed on a BD
FACSVantage SE DiVa cell sorter. Optimal separation was
obtained with an argon/krypton laser excited at 568 nm, and a
610-nm-long pass filter. Reticulocytes stained with TO were
analyzed with a 488-nm argon laser and a 525-nm band-pass
filter. For some studies, reticulocytes were enriched by positive
selection with magnetic beads for CD71 expression. For the
imaging of mitochondria by immunofluorescence, reticulocytes
were stained with MTR, transferred to a glass-bottom dish, and
viewed with a Nikon TE2000-E inverted microscope equipped
with a C1Si confocal system and a �60 Plan Apo oil-immersion
objective (N.A. 1.45).

Electron Microscopy. Reticulocytes were fixed in 2.5% glutaral-
dehyde (Tousimis). The cell pellet was postfixed with osmium
tetroxide, progressively dehydrated in ethanol, and embedded in
low-viscosity resin. We cut 80-nm-thin sections, mounted the
sections on copper grids, and stained them with uranyl acetate
and lead citrate. Sections were examined with a Jeol JEM-

1200EX II electron microscope and archived with a Gatan
ES500W digital camera.

Protein Assays and Antibodies. FVA cell culture was performed as
described in ref. 44. Whole-cell extracts of FVA cells were made
with RIPA buffer (150 mM NaCl, 1.0% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS, 1 mM EDTA, and 50 mM
Tris�HCl, pH 8.0) with protease and phosphatase inhibitors. For
the NIX Western blot, we resolved 50 �g of protein on an 11%
SDS/PAGE gel with Laemmli running buffer and transferred to
nitrocellulose. For the LC3 Western blot, we resolved 100 �g of
protein on a 12% NuPAGE Bis-Tris gel (Invitrogen) with
NuPAGE Mes SDS running buffer and transferred to PVDF
membrane. We used the following primary antibodies: NIX
(X1120P; Exalpha Biologicals), BCL-X (610209; BD Bio-
sciences), PUMA (JM-3339–100; Medical and Biological Lab-
oratories), BIM (AAP-330; Stressgen Bioreagents), MCL1 (600-
401-394; Rockland Immunochemicals), BAK (06-536; Upstate
Cell Signaling Solutions), �-actin monoclonal (A5441; Sigma–
Aldrich), SDHB (sc-34150; Santa Cruz Biotechnology), LC3
monoclonal (M115–3; Medical and Biological Laboratories),
and beclin-1 (sc-11427, Santa Cruz Biotechnology). BAX and
BID antibodies were a gift of the Stanley Korsmeyer laboratory.
Secondary antibodies were donkey anti-rabbit IgG-HRP conju-
gate, and sheep anti-mouse IgG-HRP conjugate (GE Healthcare
Bio-Sciences).
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