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Abstract
Accumulating evidence suggests that autophagy can be selective in the clearance of organelles in
yeast and in mammalian cells. We have observed that the sequestration of mitochondria by
autophagosomes was defective in reticulocytes in the absence of Nix. Nixis required for the
dissipation of mitochondrial membrane potential (ΔΨm) during erythroid maturation. Moreover,
pharmacological agents that induce the loss of ΔΨm can restore the sequestration of mitochondria
by autophagosomes and promote mitochondrial clearance in Nix−/− erythroid cells. Our data suggest
that mitochondrial depolarization induces recognition and sequestration of mitochondria by
autophagosomes. Elucidating the mechanisms underlying selective mitochondrial autophagy not
only will help us to understand the mechanisms for erythroid maturation, but also may provide
insights into mitochondrial quality control by autophagy in the protection against aging, cancer, and
neurodegenerative diseases.

Keywords
Nix; autophagy; erythroid maturation; Bcl-2; BH3; mitochondrial membrane potential;
mitochondrial quality control

Autophagy is emerging as an important mechanism for regulating the development and
functions of a variety of cell types1, 2. Autophagy plays an important role in the degradation
of cellular organelles, RNA and proteins in multiple cellular processes. The inclusion of
cytoplasmic components by autophagosomes for macroautophagy has been considered to be
largely a non-specific event. However, accumulating evidence suggests that mitochondrial
autophagy can be selectively regulated in the yeast3, 4. To understand the functions of
autophagy in multiple cellular processes, it will be important to define the molecular events
involved in the regulation of selective organelle degradation by autophagy.

Bcl-2 family proteins play an essential role in regulating mitochondrion-dependent
apoptosis5–7. Their roles in regulating autophagy have also received increasing attentions2.
Binding of Bcl-2 or Bcl-xL to Beclin 1 has been shown to inhibit autophagy, and BH3-only
members of the Bcl-2 family may bind to and sequester Bcl-2/Bcl-xL, thereby releasing Beclin
1 from such inhibition to induce autophagy8–10. An atypical BH3-only protein, Bnip3, has
been shown to mediate hypoxia-induced autophagy11. Here we will discuss the roles for Nix,
a homolog of Bnip3, in the regulation of mitochondrial autophagy.
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Defective clearance of mitochondria in reticulocytes and the development of
hemolytic anemia in the absence of Nix

While studying the regulation of apoptosis in the immune system, we observed that several
BH3-only proteins, including Bim and Nix, can be induced by stimulation via toll-like receptors
in dendritic cells12. Because of the potential roles for Nix in mediating apoptosis siganling13,
14, we generated Nix-deficient mice to investigate whether Nix might regulate apoptosis in the
immune system. However, we did not find significant changes in dendritic cells or other
immune cell types in Nix−/− mice. Unexpectedly, we observed prominent defects in the
erythroid compartment of Nix−/− mice. During terminal differentiation, erythroid cells undergo
enucleation to become reticulocytes, followed by coordinated removal of organelles to form
mature red blood cells (RBCs)15, 16. Nix−/− mice contained increased reticulocytes and reduced
mature RBCs that are characteristic of hemolytic anemia17. The increases in the production of
erythropoietin suggests a feedback mechanism for reduced mature RBCs in stimulating
erythropoiesis in Nix−/− mice17, 18. Another study suggests that the resistance of Nix−/−

erythroblasts to cell death contributes to increased erythroid precursors in Nix−/− mice19.

Nix−/− RBCs showed abnormal retention of mitochondria17, 18. The loading and unloading of
oxygen can induce oxidative stress in RBCs20. Because the mitochondrion is a major site for
the generation of reactive oxygen species (ROS) and can also function as an apoptotic
machinery21, the retention of mitochondria is potentially harmful to RBCs. We observed that
Nix−/− RBCs produced more ROS, displayed more caspase activation in vitro and underwent
faster turnover in vivo18. This supports the conclusion that RBCs with abnormal retention of
mitochondria are prone to oxidative stress-induced cell death.

Autophagy has been implicated in terminal erythroid differentiation22, 23. Interestingly, Nix
deficiency does not affect the formation of autophagosomes in reticulocytes. Instead, we found
that mitochondria were clustered outside of autophagosomes in Nix−/− reticulocytes17, 18. This
indicates that Nix is required for the sequestration of mitochondria by autophagosomes17, 18.
While our revised manuscript was under consideration in Nature, another group using virally
transformed Nix−/− erythroid cells also reported the observation of defective inclusion of
mitochondria by autophagosomes24. These studies suggest an essential role for Nix in the
regulation of selective mitochondrial autophagy during erythroid maturation. In contrast to
defective mitochondrial clearance, various aspects of erythroid maturation, including the
removal of nucleus and ribosomes, as well as CD71 downregulation, can proceed despite a
defect in mitochondrial clearance in Nix−/− RBCs17, 18. Therefore, defective mitochondrial
clearance in the absence of Nix is not due to a general block in autophagy or erythroid
maturation.

Nix-dependent loss of mitochondrial membrane potential in the promotion of
mitochondrial autophagy

Our studies further demonstrated that Nix−/− reticulocytes were defective in the loss of
mitochondrial membrane potential (ΔΨm) during maturation18. Treatment with FCCP, an
uncoupling agent that dissipates the proton gradient across mitochondrial inner membrane,
dissipated ΔΨm and restored the sequestration of mitochondria by autophagosomes in
Nix−/− RBCs17, 18. Treatment with ABT-737, a BH3 mimetic, also had similar effects18. These
data indicate that Nix-dependent loss of ΔΨm promotes mitochondrial autophagy17, 18. We
have also observed that promoting mitochondrial depolarization helps to correct defective
mitochondrial autophagy in Nix−/− RBCs in vivo (our unpublished data). These studies may
provide valuable insights into the development of therapeutic approaches in treating various
diseases involving defective mitochondrial autophagy.
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In contrast to the effects of FCCP and ABT-737, an F0F1-ATPase inhibitor, oligomycin25, did
not induce the loss of ΔΨm or promote mitochondrial clearance in Nix−/− RBCs18, suggesting
that inhibiting ATP synthesis without disrupting ΔΨm is not sufficient to induce mitophagy.
Treatment with ROS scavengers did not inhibit the loss of mitochondria in FCCP-treated
Nix−/− RBCs18, indicating that ROS is not responsible for FCCP-mediated rescue of
mitochondrial autophagy in Nix−/− RBCs.

How depolarized mitochondria might be selectively sequestered by autophagosomes is unclear.
Consistent with our findings that loss of ΔΨm is important for selective mitochondrial
autophagy, a recent study shows that mitochondria with reduced ΔΨm and decreased
expression of a mitochondrial fusion protein, OPA1, are preferentially targeted for
autophagy26. Whether the loss of ΔΨm affects mitochondrial dynamics to regulate
mitochondrial autophagy remains to be determined. We propose that the loss of the
electrochemical gradient across the inner mitochondrial membranes results in differential
display of molecules on the outer membranes of mitochondria, facilitating the interactions with
autophagosomal proteins to promote mitochondrial autophagy (Fig. 1). Further identification
of these potential molecules will help us to understand mechanisms underlying selective
mitochondrial autophagy. Ulk1, a mammlian homolog of yeast Atg1, has recently been
implicated in regulating mitophagy in RBCs27. It will be interesting to test whether Ulk1 is
required for autophagosomes to target depolarized mitochondria.

The signaling pathway downstream of Nix in inducing the loss of ΔΨm is currently under
study. As a mitochondrial outer membrane protein, Nix contains a short c-terminus tail in the
mitochondrial intermembrane space. This intra-mitochondria tail may interact with other
proteins in mitochondria to disrupt the electrochemical gradient across the inner membrane
(Fig. 1). It is interesting to note that Aup1p is a mitochondrial phosphatase that promotes
mitochondrial autophagy in yeast4. It remains to be determined whether the mammalian
homolog of this mitochondrial phosphatase might mediate the Nix-dependent loss of ΔΨm to
promote mitochondrial autophagy in erythroid cells.

The upregulation of Nix during terminal erythroid differentiation28 may be important for the
expression of sufficient Nix to promote mitochondrial autophagy. Nix deficiency does not
affect mitochondria mass in lymphocytes which do not lose mitochondria
developmentally18. Why a defect in Nix causes significant phenotype in erythroid cells, but
not in other cell types is unknown. It has been suggested that each BH3-only protein in the
Bcl-2 family serves as specific sensors for different apoptosis stimuli29. Likewise, the roles of
Nix in mediating mitophagy may also be specific in erythroid cells. We observed that
deficiency in Bim but not Nix affects T cell development, whereas deficiency in Nix but not
Bim impedes erythroid maturation18. We propose that Nix is a specific sensor for the
maturation signals in RBCs undergoing terminal differentiation (Fig. 1), whereas Bim does
not respond to such maturation signals in RBCs. After triggering by the maturation signals,
Nix potentially interacts with intra-mitochondrial molecules to induce the loss of mitochondrial
membrane potential and promotes mitochondrial autophagy. Characterizing the maturation
signal will provide insights into the mechanism for the activation of Nix during erythroid
differentiation.

In summary, our study suggests that Nix-dependent loss of ΔΨm leads to specific recognition
and sequestration of mitochondria by autophagosomes during erythroid maturation (Fig. 1).
Successful clearance of mitochondria may prevent mitochondrion-dependent caspase
activation, reduce oxidative stress and sustain the survival of erythrocytes. However, several
questions remain to be answered. How does Nix sense the maturation signals in differentiating
erythroid cells? What are the molecules downstream of Nix to mediate the loss of ΔΨm? How
do autophagosomes recognize depolarized mitochondria for selective sequestration?
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Mitochondrial autophagy is emerging as an important mechanism for mitochondrial quality
control in the protection against aging, cancer, diabetes, and neurodegenerative diseases30.
Studying molecular mechanisms underlying mitochondrial autophagy in erythroid cells may
shed light on the regulation of autophagy in the development of other cell types, as well as in
various disease processes involving defective mitochondrial autophagy.
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Figure 1.
A model for Nix-dependent mitochondrial autophagy. During terminal erythroid
differentiation, maturation signals may activate Nix to signal into mitochondria to dissipate
ΔΨm. The loss of the electrochemical gradient across the inner mitochondrial membrane may
induce the differential display of molecules on the outer mitochondrial membrane. The
interactions of these molecules on mitochondria with autophagosomal proteins may lead to
selective sequestration of the depolarized mitochondria into autophagosomes.
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