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ABSTRACT
Retinal ganglion cell axons are heavily myelinated (98%) and myelin damage in the optic nerve (ON) severely 
affects vision. Understanding the molecular mechanism of oligodendrocyte progenitor cell (OPC) differentiation 
into mature oligodendrocytes will be essential for developing new therapeutic approaches for ON demyelinat-
ing diseases. To this end, we developed a new method for isolation and culture of ON-derived oligodendrocyte 
lineage cells and used it to study OPC differentiation. A critical aspect of cellular differentiation is macroauto-
phagy/autophagy, a catabolic process that allows for cell remodeling by degradation of excess or damaged 
cellular molecules and organelles. Knockdown of ATG9A and BECN1 (pro-autophagic proteins involved in the 
early stages of autophagosome formation) led to a significant reduction in proliferation and survival of OPCs. 
We also found that autophagy flux (a measure of autophagic degradation activity) is significantly increased 
during progression of oligodendrocyte differentiation. Additionally, we demonstrate a significant change in 
mitochondrial dynamics during oligodendrocyte differentiation, which is associated with a significant increase 
in programmed mitophagy (selective autophagic clearance of mitochondria). This process is mediated by the 
mitophagy receptor BNIP3L (BCL2/adenovirus E1B interacting protein 3-like). BNIP3L-mediated mitophagy 
plays a crucial role in the regulation of mitochondrial network formation, mitochondrial function and the 
viability of newly differentiated oligodendrocytes. Our studies provide novel evidence that proper mitochon-
drial dynamics is required for establishment of functional mitochondria in mature oligodendrocytes. These 
findings are significant because targeting BNIP3L-mediated programmed mitophagy may provide a novel 
therapeutic approach for stimulating myelin repair in ON demyelinating diseases.
Abbreviations: A2B5: a surface antigen of oligodendrocytes precursor cells, A2B5 clone 105; ACTB: actin, beta; 
APC: an antibody to label mature oligodendrocytes, anti-adenomatous polyposis coli clone CC1; ATG5: 
autophagy related 5; ATG7: autophagy related 7; ATG9A: autophagy related 9A; AU: arbitrary units; BafA1: 
bafilomycin A1; BCL2: B cell leukemia/lymphoma 2; BECN1: beclin 1, autophagy related; BNIP3: BCL2/adenovirus 
E1B interacting protein 3; BNIP3L/NIX: BCL2/adenovirus E1B interacting protein 3-like; CASP3: caspase 3; CNP: 
2′,3′-cyclic nucleotide 3′-phosphodiesterase; Ctl: control; COX8: cytochrome c oxidase subunit; CSPG4/NG2: 
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Introduction:

Retinal ganglion cells (RGCs) are the cells that are responsible 
for transferring information from the eye to the brain via the 
optic nerve [1]. In the optic nerve (ON), 98% of the RGC 
axons are myelinated [1]. Enwrapping of the RGC axons by 
myelin that is generated by oligodendrocytes is absolutely 
essential for rapid impulse transmission along axons [2]. 
The dynamic regulation of myelination, which continues 
throughout an animal’s lifespan, is crucial for both cognitive 
processes and vision [3–5]. In patients with multiple sclerosis 
(MS), myelin damage that results from optic nerve inflamma-
tion leads to significant vision loss (often one of the earliest 
symptoms of MS) [6,7]. Since disruption of ON RGC axon 
myelination severely affects vision [8], understanding the 
molecular events leading to oligodendrocyte maturation will 
be critical for developing novel therapeutic strategies against 
demyelinating diseases affecting the ON [9]. At present, the 
detailed molecular mechanisms of oligodendrocyte differen-
tiation and myelination are still poorly understood. This is 
due largely to the lack of availability of purified oligodendro-
cyte lineage cells from the ON [10]. Here, we report a novel 
method for the isolation and culture of these cells and utilize 
this approach to investigate the molecular mechanisms of ON 
oligodendrocyte differentiation.

Differentiation of oligodendrocytes is accompanied by 
a marked increase in membrane extensions and substantial 
remodeling of cell morphology [11]. Generally, macroauto-
phagy (hereafter referred to as autophagy) selectively degrades 
organelles and proteins, a process that is crucial to cellular 
remodeling during differentiation [12,13]. In addition, several 
molecular nodes of interconnections between autophagy and 
cell death determine the life and death of cells [14,15]. 
However, the specific mechanisms by which autophagy reg-
ulates cellular differentiation are largely unknown [12,16]. It 
has been shown that ATG9A (autophagy related 9A) is the 
only transmembrane autophagy protein that is essential for 
autophagosome formation [17]. It has also been shown that 
Atg9a mRNA is highly expressed in oligodendrocyte lineage 
cells relative to other autophagy genes [18].

Mitochondria are organelles that regulate cellular energy 
and cell death [19]. Therefore, the removal of damaged mito-
chondria by autophagy, a process called mitophagy, is crucial 
for the viability of cells [20]. Moreover, mitophagy is tightly 
interconnected with mitochondrial dynamics, which is inte-
gral to preserving mitochondrial function and maintaining 
energy production [21,22]. Mitochondrial dynamics refers to 
the highly coordinated cycles of mitochondrial fusion and 
fission, which are key to multiple biological processes includ-
ing the coordination of cellular differentiation [23]. BNIP3L/ 
NIX (BCL2/adenovirus E1B interacting protein 3-like) is 
required for programmed mitophagy, a quality control 
mechanism necessary for degradation of mitochondria that 
occurs during differentiation of certain cell types, such as red 
blood cells and RGCs [24–26].

Our studies showed that ATG9A-mediated autophagy is 
required for the survival of ON-derived oligodendrocyte progeni-
tor cells (OPCs). Moreover, we found that BNIP3L-mediated 
programmed mitophagy plays a pivotal role in mitochondrial

remodeling during oligodendrocyte differentiation. Taken 
together, our data demonstrate that mitophagy is involved in 
the establishment of myelin-forming oligodendrocytes in the ON.

Results:

Culture of optic nerve oligodendrocyte lineage cells

The ability to isolate significant quantities of purified rodent 
OPCs is necessary to study the molecular mechanisms of 
lineage progression from OPC to mature oligodendrocyte. 
In addition, obtaining OPCs in such quantity from the ON 
would allow the study of RGC axon myelination and the 
role of oligodendrocytes in myelin repair after ON injury. 
Although techniques for isolating OPCs from the rat brain 
are well-documented, obtaining purified OPCs from the ON 
has remained challenging. Here, we describe a novel method 
for the preparation of enriched OPCs from rat ON (Figure 
1A). In comparison to previous established protocols, this 
method has some advantages. For instance, in the culture 
system based on mixed glial cells [27] that is usually used 
for isolation of oligodendrocytes from cerebral cortex, iso-
lation of a pure population of OPCs is very difficult. 
Moreover, in comparison to protocols that require several 
passages to obtain pure OPCs [28], our method is faster.

ON tissue was collected from rat pups and dissociated with 
papain. Dissociated cells were transferred into flasks and 
shaken inside an incubator at 37°C, 5% CO2 for a week. 
Slow shaking allowed for the selective attachment of astro-
cytes to the flask surface (Figure 1B, S1A), as the attachment 
affinity of astrocytes for the surface is higher than that of 
OPCs [29]. The non-adherent OPCs formed spheroids. As 
shown in Figure 1B, the morphology of the attached cells 
(astrocytes) was very different from the cells that formed 
spheroids, indicating that these were two distinct populations. 
After one week in culture, the spheroids (primary spheroids) 
were isolated, dissociated and prepared for flow cytometry. 
From the primary spheroids, approximately 35% of cells were 
immunolabeled for a marker of OPC, A2B5 (a surface antigen 
of oligodendrocyte precursor cells, A2B5 clone 105), 19% for 
O4 (oligodendrocyte marker O4) and A2B5 (pre- 
oligodendrocytes), 18% for O4 (immature oligodendrocytes), 
and 28% were unstained (Figure 1C, D). The flow cytometry 
data were confirmed by immunostaining of primary spheroids 
for CSPG4 (chondroitin sulfate proteoglycan 4), marker of 
OPCs and pre-oligodendrocytes (Figure 1E). To further cul-
ture OPCs, cells positive for A2B5, but negative for O4 were 
sorted by fluorescence-activated cell sorting (FACS) and 
transferred onto poly-D-lysine (PDL)-coated plates (Figure 
1A). The remaining cells dissociated from the primary spher-
oids were transferred into different flasks containing the same 
medium with shaking for an additional week. New spheroids 
(secondary spheroids) formed and were again dissociated and 
prepared for flow cytometry analysis. We found that in the 
secondary spheroids, approximately 55% of cells were A2B5 
and O4 positive and 40% were O4 positive, but A2B5 nega-
tive, with less than 5% of cells remaining unstained (Figure 
1D). The flow cytometry data were confirmed by immunos-
taining of secondary spheroids for O4 (marker of pre- and
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Figure 1. A novel method for isolation of oligodendrocyte lineage cells from ON. (A) Schematic showing the steps for isolation and culture of oligodendrocyte 
lineage cells. (B) Slow shaking ON-derived dissociated cells for a week led to separation of two cell types (left panel): spheroids and attached cells. When the 
spheroids are dissociated and cultured on PDL coated plates without shaking (right panel), the morphology of individual cells is very different from the adherent cells 
seen in the left panel. Scale bar: 70 μm. (C) Specific markers are expressed in different oligodendrocyte lineage cell types (DIV, days in vitro). (D) Flow cytometry 
analysis revealed the relative proportion of different cell populations; OPCs (A2B5 positive, O4 negative), pre-oligodendrocytes (A2B5, O4 positive), immature 
oligodendrocytes (O4 positive, A2B5 negative), and unstained cells from freshly prepared ON dissociated cells, and from primary or secondary spheroids obtained 
from expanding cells in culture. (E) Primary spheroids were fixed and immunostained against CSPG4; approximately 50% of cells were CSPG4 positive. (F) 
Immunostaining of secondary spheroids showed that the majority of cells were OLIG2 and O4 positive. Scale bar: 20 μm. (G) OPCs (A2B5-positive, O4-negative 
cells) were differentiated for 8 days in co-culture with HsESC-derived RGCs, immunostained for MBP and TUBB3 (neuronal marker) and examined by confocal 
microscopy. Myelin segments formed between neurons and differentiated OLs, as indicated by colocalization. Scale bar: 5 μm. 

3142 M. YAZDANKHAH ET AL.



immature oligodendrocytes) (Figure 1F). To culture pre- and 
immature oligodendrocytes, dissociated cells from the second-
ary spheroids (hereafter referred to as undifferentiated cells) 
were plated onto PDL-coated plates (Figure 1A). To show 
differentiation potential, these cells were exposed to differen-
tiation media. These cells differentiated into mature oligoden-
drocytes with high expression of MBP (myelin basic protein), 
marker of mature oligodendrocytes (Fig. S1B, C). Moreover, 
in a co-culture system, colocalization of MBP with the axons 
of human embryonic stem cell (HsESC)-derived RGCs 
demonstrated the potential of the differentiated cells to mye-
linate RGC axons (Figure 1G).

Autophagy is essential for survival of proliferating OPCs

To determine if autophagy machinery is active in A2B5- 
positive, O4-negative cells (OPCs), these cells were transduced 
with a green fluorescent protein (GFP)-LC3B (microtubule- 
associated protein 1 light chain 3 beta) construct. Blocking 
autophagic flux with bafilomycin A1 (BafA1), 
a lysosomotropic agent, for 2 h resulted in the accumulation 
of autophagosomes, indicating active autophagy flux in these 
cells (Figure 2A). To study the effect of this active autophagic 
flux on the proliferation of OPCs, autophagy machinery was 
downregulated in cultured OPCs using Atg9a-shRNA and 
Becn1-shRNA [30]. Infection of cultured OPCs with Ad-rat- 
Atg9a-shRNA led to a significant reduction in ATG9A expres-
sion (Fig. S2A, B). In addition, the protein expression of 
SQSTM1/p62 (sequestosome 1) [25,26] was significantly 
increased, however, there was not a significant change in 
mRNA levels of SQSTM1/p62, indicating impaired autophagy 
flux in these cells (Fig. S2C, D). Moreover, infection of Ctl 
and Atg9a-shRNA OPCs with RFP-GFP-LC3B (red fluores-
cent protein-GFP tandem fluorescent-tagged LC3B) construct 
showed that the ratio of autolysosomes to autophagosomes, 
an indicator of autophagy flux [13], was significantly reduced 
in Atg9a-shRNA OPCs relative to control (Figure 2B). 
Importantly, the number of proliferating cells was signifi-
cantly reduced when autophagy was impaired, indicating an 
essential role for autophagy in the self-renewal of OPCs 
(Figure 2C, 2SE). Confirming these findings, infection of 
cultured OPCs with Becn1-shRNA (AAV2-GFP-rat-Becn1- 
shRNA) led to a significant reduction in BECN1 expression 
(Fig. S3A, B) and a significant increase in SQSTM1/p62 pro-
tein [31,32], but not in mRNA, again indicating dysregulated 
autophagy flux in these cells (Fig. S3C, D). In addition, 
immunostaining of Ctl and Becn1-shRNA OPCs showed 
a significant reduction in the colocalization of LC3 with 
LAMP1 (lysosomal-associated membrane protein 1), indicat-
ing inhibition of autophagy flux in Becn1-shRNA treated 
OPCs relative to control (Fig. S3E). Notably, the number of 
proliferating cells was significantly reduced in Becn1-shRNA 
OPCs relative to control (Fig. S3F, G), suggesting an essential 
role for autophagy in the self-renewal of OPCs.

It is known that there is crosstalk between autophagy and 
cell death [14,30]. We consistently found that the level of cell 
death was significantly increased when ATG9A expression 
was inhibited by shRNA (Figure 2D). In addition, the level 
of CASP3 (caspase 3) activity is also increased in Atg9a-

shRNA treated cells (Figure 2E). To verify the involvement 
of CASP3 in death of autophagy deficient OPCs, the CASP3 
activity was inhibited by a selective inhibitor, Ac-DEVD- 
CHO. Our data showed that inhibition of CASP3 activity 
not only reduces cell death but also partially rescued the 
proliferation defect in autophagy deficient OPCs (Figure 2C, 
D, E), indicating a pro-survival role of autophagy in the 
maintenance of proliferating OPCs.

It has been previously shown that activated CASP3 can 
inhibit autophagy flux and promote cell death by degradation 
of certain autophagy-related genes [14]. Therefore, we tested 
if CASP3 inhibition leads to restored autophagy flux in our 
study. To this aim, the protein and mRNA expressions of 
SQSTM1/p62 were measured in Atg9a-shRNA treated cells 
with and without Ac-DEVD-CHO. No significant difference 
was seen in either protein or mRNA expression of SQSTM1/ 
p62 (Fig. S4A, B), indicating that CASP3 inhibition is not able 
to rescue the autophagy impairment in Atg9a-shRNA treated 
cells. In this study, the activation of CASP3 is secondary 
because autophagy machinery is directly targeted and signifi-
cantly inhibited. Therefore, it is expected that CASP3 inhibi-
tion may not affect autophagy flux.

Autophagy flux is increased during differentiation of 
oligodendrocytes

It has been demonstrated that the effect of autophagy on 
cellular differentiation varies in different cell types [33]. The 
level of autophagic activity is reduced during differentiation of 
fibroblasts and neutrophils [33,34], but it is upregulated dur-
ing differentiation of neural and cardiac stem cells [30,35]. To 
assess changes in autophagy during oligodendrocyte differen-
tiation, immunoblotting of cell lysates was performed on both 
proliferating undifferentiated cells and mature oligodendro-
cytes isolated after six days of differentiation in culture. The 
levels of autophagy markers such as ATG5 (autophagy 
related 5) and ATG7 (autophagy related 7) were significantly 
increased in the differentiated cells, whereas the level of 
SQSTM1 was greatly reduced (Figure 3A). In addition, as 
shown in the histogram, the LC3-II flux in the differentiated 
cells was significantly increased relative to proliferating cells, 
indicating an increase in autophagy flux (Figure 3B). The 
expression of LAMP1 was significantly increased, consistent 
with differentiation (Figure 3C).

Changes in mitochondrial morphology during 
oligodendrocyte differentiation

The functional association of mitophagy with mitochondrial 
dynamics is critical for mitochondrial homeostasis [21]. It is 
well-known that mitochondrial dynamics plays a key role in 
the differentiation processes of various cell types [23]. 
Accordingly, we examined the changes in mitochondrial mor-
phology during OPC differentiation. Mitochondrial morphol-
ogy was compared in undifferentiated and differentiated cells 
in vivo by electron microscopy (EM) on optic nerves from 5, 
10, and 21 day old rat pups. Oligodendrocyte lineage cells 
were identified by labeling of specific markers with colloidal 
gold. In undifferentiated cells, mitochondria have a tubular
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Figure 2. Active autophagy flux in OPCs. (A) OPCs were transduced by GFP-LC3B construct and treated with the lysosomal inhibitor, bafilomycin A1 (BafA1, 50 nM) 
during the final 2 hours in culture. Confocal imaging showed an increase of GFP-LC3B puncta in the BafA1-treated cells, indicating active autophagy flux. Scale bar: 
10 μm. (B) Ctl and Atg9a-shRNA treated cells were transduced by RFP-GFP-LC3B construct. Yellow puncta correspond to autophagosomal structures since both GFP 
and RFP fluoresce at cytoplasmic pH. Red puncta represent autolysosomes because GFP is quenched by the acidity of lysosomes. Merged confocal images 
demonstrated many red puncta in Ctl-shRNA treated cells. In contrast, most puncta were yellow in Atg9a-shRNA treated cells, indicating blockage of autophagic flux. 
The numbers of autophagosomes and autolysosomes were quantified from 30 images per group for each experiment. Scale bar: 10 μm. (C) Proliferation rates of Ctl 
and Atg9a-shRNA treated cells were measured by counting the total number of cells after 72 h in culture and dividing by the initial number of cells. The cell 
proliferation is reduced and cell death is increased in Atg9a-shRNA treated cells relative to control. (D) Dead cell stain kit was used to measure the level of cell death 
by flow cytometry. Cell death was markedly increased in the Atg9a-shRNA treated cells. (E) CASP3 activity is significantly increased in Atg9a-shRNA cells. Treatment of 
Atg9a-shRNA cells with the selective CASP3 inhibitor (CI, Ac-DEVD-CHO) attenuated cell death and rescued the proliferation rate to control levels. Data are mean ± 
SEM. *p < 0.05; **p < 0.01.
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shape, whereas in mature oligodendrocytes, mitochondria 
have a more punctate (fragmented) shape (Figure 4A, S5A), 
denoting a change in mitochondrial dynamics during differ-
entiation. Consistently, a recent study has demonstrated that 
mitochondria in oligodendrocytes are far smaller and less 
abundant compared to neurons and astrocytes [36]. 
Furthermore, immunostaining of differentiating oligodendro-
cytes for both MBP and TOMM20 (translocase of outer 
mitochondrial membrane 20) showed that as differentiation 
progressed, MBP expression increased as mitochondrial mor-
phology changed from tubular to a fragmented and punctate 
shape (Figure 4B, S5B). The expression of proteins related to 
mitochondrial dynamics was then compared in cells at differ-
ent stages of differentiation. With increasing differentiation, 
the expression of mitochondrial fusion proteins such as 
MFN2 (mitofusin 2) and OPA1 (OPA1, mitochondrial dyna-
min like GTPase) decreased, while expression of FIS1 (fission,

mitochondrial 1) increased (Figure 5A). In addition, our data 
showed that when immature cells were incubated in differ-
entiation medium, SQSTM1 expression decreased as differen-
tiation advanced, while MBP increased (Figure 5A). These 
findings prompted us to investigate the effect of mitochon-
drial fission on the differentiation of oligodendrocytes. To this 
end, the expression of DNM1L (dynamin 1-like), a protein 
required for mitochondrial division in mammalian cells [37], 
was down regulated in undifferentiated cells by viral-mediated 
delivery of shRNA, then the cells were maintained in differ-
entiating medium for 6 days. We found that inhibition of 
DNM1L expression (Figure 5B, C, D) reduces MBP expres-
sion in oligodendrocytes (Figure 5E). Moreover, inhibition of 
DNM1L function in differentiating cells by mitochondrial 
division inhibitor 1 (Mdivi-1), a cell-permeable small mole-
cule derived from quinazolinone [38], led to a reduction in 
oligodendrocyte differentiation (Fig. S6A, B). Collectively,

Figure 3. The activation of autophagy during oligodendrocyte differentiation. (A) Western blotting of proteins extracted from proliferating (undifferentiated) cells 
and differentiated cells (oligodendrocytes) showed that levels of ATG5, ATG7 and MBP were significantly increased and SQSTM1 expression was greatly reduced in 
differentiated cells relative to proliferating cells. (B) Undifferentiated and differentiated cells were cultured in the presence or absence of the lysosomal inhibitor 
bafilomycin A1 (BafA1). The cells were then lysed and protein lysates analyzed for LC3 by western blotting. A significant increase in the accumulation of the 
autophagosome-positive LC3-II isoform was observed in differentiated cells relative to undifferentiated (proliferating) cells after BafA1 treatment, indicating an 
increase in autophagy flux during differentiation. (C) Immunoblotting showed that expression of LAMP1 was increased in differentiated cells relative to 
undifferentiated cells. Values are mean ± SEM. *p < 0.05; **p < 0.01.
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these findings suggest that inhibition of mitochondrial fission 
decreases MBP expression in oligodendrocytes. Furthermore, 
given that mitochondrial fission precedes mitophagy [39], 
these data suggest a possible role for mitophagy in the differ-
entiation of oligodendrocytes.

Mitophagy is activated during oligodendrocyte 
differentiation

As we demonstrated above, during differentiation of oligo-
dendrocytes mitochondrial fragmentation is associated with 
increased autophagy flux. We were interested in knowing 
whether mitophagy is activated during differentiation. To 
assess the level of mitophagy, we used the COX8 (cytochrome 
c oxidase subunit 8)-enhanced GFP (EGFP)-mCherry fluor-
escence reporter that is targeted to the mitochondrial matrix 
[40]. Yellow puncta correspond to normal mitochondria since

both EGFP and mCherry fluoresce at cytoplasmic pH, while 
red puncta represent mitochondria in lysosomes since EGFP 
is quenched by the lysosomal acidity. Therefore, the number 
of red puncta is indicative of mitophagy. We found that the 
number of red puncta greatly increased as the cells became 
more differentiated (Figure 6A).

To further confirm these findings, we used the mt-Keima 
fluorescence reporter, a dual-excitation ratiometric fluores-
cent pH-sensitive protein that exhibits shorter-wavelength 
excitation at the physiological pH of normal cytoplasm, and 
longer-wavelength excitation within the acidic lysosomes 
[41,42]. We found that the longer-wavelength mt-Keima sig-
nal significantly increased in differentiated cells relative to less 
differentiated cells (Figure 6B), suggesting increased degrada-
tion of mitochondria in lysosomes. Furthermore, immunos-
taining revealed a significant increase in the colocalization of

Figure 4. Mitochondrial remodeling during OPC differentiation. (A) Representative electron microscopy images showing mitochondria (arrows) in undifferentiated 
precursor cells (OPCs and pre-oligodendrocytes) and differentiated oligodendrocytes from the ON. The undifferentiated cells from ON tissue of 5- and 10-day-old rat 
pups were identified by immunogold labeling using antibodies against A2B5 (marker of OPCs and oligodendrocytes) and O4 (marker of pre and immature 
oligodendrocytes at this age), while differentiated cells were identified using immunogold labeled antibodies against APC (an antibody to label mature 
oligodendrocytes) on the ONs of 21-day-old rat pups. In OPCs, mitochondrial morphology is more tubular while in differentiated cells the mitochondria are more 
fragmented. Scale bar: 800 nm. (B) Immunostaining of oligodendrocyte lineage cells against TOMM20 and MBP showed that as the expression of MBP is increased, 
the number of puncta from mitochondria (arrows) is also significantly increased. Scale bar: 10 μm.
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Figure 5. Changes in expression of proteins that regulate mitochondrial dynamics during differentiation of oligodendrocytes. (A) Undifferentiated cells (pre- and 
immature oligodendrocytes) were grown in differentiating media for 6 days. Immunoblotting showed a marked increase in MBP expression at the terminal stage of 
cell differentiation that is associated with a significant reduction in expression of mitochondrial fusion proteins (OPA1 and MFN2) and SQSTM1. However, the 
expression of mitochondrial fission protein (FIS1) is significantly increased. (B) Real-time PCR analysis showed that the mRNA expression of Dnm1l is significantly 
reduced in Dnm1l-shRNA treated cells relative to control. (C, D) Confocal microscopy and immunoblotting revealed a significant decrease in the staining pattern and 
protein expression of DNM1L in Dnm1l-shRNA treated cells compared to Ctl-shRNA. Scale bar: 10 μm. a.u., arbitrary units. (E) Undifferentiated cells treated with 
Dnm1l-shRNA or Ctl-shRNA were grown in differentiation medium for 6 days. Immunoblotting showed that expression of Dnm1l-shRNA in undifferentiated cells led 
to a significant reduction in MBP expression in differentiated cells relative to control. Data are mean ± SEM. *p < 0.05; **p < 0.01.
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Figure 6. Mitophagy is increased during OPC differentiation. (A) Oligodendrocyte lineage cells were transduced by Adenovirus-COX8-EGFP-mCherry and observed 
under a confocal microscope. The number of acidic (red-only) mitochondria is significantly increased as differentiation progressed. (mean ± SEM; n = 30 cells from 
three different experiments). Scale bar: 10 μm. (B) mt-Keima fluorescent protein was expressed in OPCs by lentiviral-mediated delivery and the cells were allowed to 
differentiate for 6 days. The mt-Keima signal was significantly increased in differentiated cells relative to OPCs (n = 40 cells from three different experiments). Scale 
bar: 10 μm. (C) OPCs and differentiated cells were transduced with Mito-GFP and then fixed and stained with anti-LAMP1. The Pearson’s correlation co-efficient 
analysis showed that colocalization greatly increased in differentiated cells. Arrows demonstrate colocalized mitochondria and LAMP1 in zoomed images (n = 20 cells 
from three different experiments). Scale bar: 10 μm. Data are mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 7. ATG9A is essential for autophagy and mitophagy during differentiation of oligodendrocytes (A) Real-time PCR analysis showed that expression of ATG9A 
mRNA is significantly reduced in Atg9a-shRNA treated cells relative to control. (B) Confocal microscopy and (C) immunoblotting revealed a significant decrease in 
immune-staining and protein expression of ATG9A in Atg9a-shRNA treated cells compared to control cells. Scale bar: 10 μm. (D) Undifferentiated cells treated with 
Atg9a-shRNA or Ctl-shRNA were allowed to grow in differentiation medium for 6 days with and without BafA1 during the last three hours of culture. The cells were 
then lysed and protein lysates were analyzed for LC3 by immunoblotting. A significant reduction in the accumulation of the LC3-II-positive autophagosomes was 
observed in Atg9a-shRNA treated cells relative to Ctl-ShRNA treated cells after BafA1 treatment. (E, F) During the last two days of culture, some cells were transduced 
with either COX8-EGFP-mCherry or mt-Keima fluorescent reporters. In (E), the number of acidic (red-only) mitochondria was significantly reduced in the Atg9a-shRNA 
cells relative to control. In (F), the mt-Keima signal was significantly reduced in the Atg9a-shRNA cells relative to control. Scale bar: 20 μm. Data are mean ± SEM. 
*p < 0.05; **p < 0.01.
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mitochondria with lysosomes in differentiated cells relative to 
OPCs (Figure 6C). Overall, these data indicate that mitophagy 
is increased in the terminal stages of oligodendrocyte 
differentiation.

To understand the effect of mitochondrial clearance on 
cell differentiation, we downregulated ATG9A expression in 
undifferentiated cells by viral transduction of shRNA 
(Figure 7A, B, C). After maintaining these cells in differ-
entiating media for six days, autophagy flux (Figure 7D) 
and mitophagy were dramatically reduced (Figure 7E, F). In 
addition, the level of cell death was increased in shRNA 
treated cells that was associated with a significant increase 
in CASP3 activity. Further, the level of cell death was 
significantly reduced by treatment of cells with a selective 
CASP3 inhibitor (Ac-DEVD-CHO) (Figure 8A, B). Our 
data showed that autophagy impairment led to 
a reduction in oligodendrocyte differentiation. However, 
reduction of CASP3 activity partially rescued this differen-
tiation defect (Figure 8C, D). Collectively, these data show 
that inhibition of autophagy flux augments CASP3- 
mediated cell death in differentiating cells and ultimately 
caused impaired differentiation.

BNIP3L is required for mitophagy in the terminal stage of 
oligodendrocyte differentiation

It has been demonstrated in many cell types that the PINK1- 
PRKN signaling pathway plays a critical role in mitophagy 
under cell stress [43–45]. We did not find a significant change 
in PRKN expression between differentiated and undifferen-
tiated cells (Fig. S7A). In addition, downregulation of PRKN 
in undifferentiated cells via viral-mediated delivery of shRNA 
led to no significant changes in mitophagy in differentiated 
cells (Fig. S7B, C, D), suggesting that the PRKN-dependent 
pathway is not required for programmed mitophagy during 
oligodendrocyte differentiation. Consistently, it has been 
shown that basal mitophagy occurs independently of PINK1 
(PTEN induced putative kinase 1) and PRKN (parkin RBR E3 
ubiquitin protein ligase) in mammalian cells [46,47].

To understand the roles of two important mitophagy 
receptors, BNIP3 (BCL2/adenovirus E1B interacting protein 3) 
and FUNDC1 (FUN14 domain containing 1) [35,48] during 
differentiation of oligodendrocytes, mRNA levels for 
FUNDC1 and BNIP3 were evaluated in undifferentiated and 
differentiated cells. There was no significant difference in

Figure 8. Autophagy impairment leads to increased susceptibility to cell death in newly formed differentiated cells. Undifferentiated cells infected with Atg9a-shRNA 
or Ctl-shRNA were grown in differentiation medium for 6 days. (A) Cell death and (B) CASP3 activity were increased in the Atg9a-shRNA treated cells relative to 
control. To measure cell death, the cells were stained with YO-PRO-1 and Hoechst followed by quantification of cell death with ImageJ software. In addition, 
treatment of Atg9a-shRNA cells with CASP3 inhibitor (CI, Ac-DEVD-CHO) led to a reduction in levels of cell death to the levels similar to those of Ctl-shRNA cells. (C) 
Representative immunoblot and (D) confocal images showing decreased MBP in Atg9a-shRNA treated cells, that was partially rescued by the CASP3 inhibitor. Scale 
bar: 100 μm. Values are mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
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mRNA expression of FUNDC1 (Fig. S8A), however, the 
mRNA expression of BNIP3 was significantly increased in 
differentiated cells (Fig. S8B). Therefore, to understand the 
role of BNIP3 in regulation of mitophagy during differentia-
tion, the expression of BNIP3 was downregulated in differ-
entiating cells by viral mediated shRNA (Fig. S8C, D) and the 
level of mitophagy analyzed by either COX8-EGFP-mCherry 
or mt-Keima fluorescence. No significant difference was seen 
in the level of mt-Keima or COX8-EGFP-mCherry signals in 
Bnip3-shRNA OPCs relative to control (Fig. S8E, F), indicat-
ing BNIP3 is not critical for programmed mitophagy in the 
differentiation of oligodendrocytes.

Therefore, to investigate the mechanism of mitophagy, we 
focused on BNIP3L, the main regulator of programmed mito-
phagy during differentiation of various cell types 
[25,26,35,49,50]. While Bnip3l mRNA is known to be upre-
gulated during oligodendrocyte maturation, neither the 
expression level nor the function of the protein in oligoden-
drocyte differentiation has been investigated [51]. Our data 
show that expression of BNIP3L is increased during the dif-
ferentiation of oligodendrocytes (Figure 9A). Given that oli-
godendrocyte differentiation is tied to increases in both 
mitophagy activation and BNIP3L expression, we hypothe-
sized that BNIP3L may be required for mitochondrial clear-
ance during oligodendrocyte differentiation. Therefore, in 
order to monitor the effect of this protein on the differentia-
tion of oligodendrocytes, we downregulated BNIP3L expres-
sion in undifferentiated cells via adenovirus-mediated delivery 
of shRNA (approximately 80% downregulation, Figure 9B, C), 
and then maintained the cells for 6 days in differentiating 
medium. By studying the cells after 6 days in differentiating 
medium, we found that downregulation of BNIP3L expression 
increased mitochondrial content (Figure 9D) and reduced 
mitophagy, as evidenced by reduced colocalization of lyso-
somes and mitochondria (Figure 9E). These data suggest that 
BNIP3L is required for mitochondrial clearance during differ-
entiation of oligodendrocytes. Moreover, downregulation of 
BNIP3L expression was associated with decreased autophagy 
flux (Figure 9F) and impaired oligodendrocyte differentiation 
(Figure 10A), indicating that BNIP3L regulates autophagy/ 
mitophagy during oligodendrocyte differentiation.

When mitophagy is impaired, modifications in the redox 
environment can induce cellular stress and cell death [52]. 
We found that dysregulation of BNIP3L-mediated mito-
chondrial clearance during differentiation reduced mito-
chondrial membrane potential (MMP) (Figure 10B) and 
increased mitochondrial superoxide anion generation 
(Figure 10C, D). Moreover SOD2 (superoxide dismutase 2, 
mitochondrial), a critical mitochondrial antioxidant, was 
significantly increased in Bnip3l-shRNA infected cells, rela-
tive to control, confirming increased oxidative stress signal-
ing in these cells (Figure 10E). Additionally, an impairment 
in BNIP3L-mediated mitophagy during the differentiation of 
oligodendrocytes led to an increase in CASP3 activity and 
cell death in newly formed differentiated cells (Figure 
10F, G).

To evaluate the importance of BNIP3L in regulating the 
proliferation in OPCs, BNIP3L expression was downregulated 
in these cells. We found that decreasing BNIP3L did not affect

the rate of proliferation or the level of SQSTM1 expression in 
OPCs (Fig. S9A-C), which indicates a specific role for BNIP3L 
in the regulation of autophagy and mitophagy during the 
latter stages of oligodendrocyte differentiation.

BNIP3L-mediated mitophagy is important for myelination

Our data so far showed the effect of mitochondrial clearance 
on the differentiation and survival of newly formed oligoden-
drocytes. However, to explore the effect of mitophagy on 
axonal myelination, we compared the ability of Ctl-shRNA 
or Bnip3l-shRNA-infected OPCs to myelinate RGCs in co- 
cultures. Myelin segments were recognized by immunostain-
ing for MBP and TUBB3 (tubulin, beta 3 class III). Cells 
expressing Ctl-shRNA formed significantly more myelin seg-
ments than Bnip3l-shRNA-expressing cells (Figure 10H).

Discussion:

Our study sheds light on the role of mitophagy in the terminal 
differentiation of oligodendrocytes. First, we demonstrated 
that while autophagy is required for the proliferation and 
survival of OPCs, the level of autophagy flux is increased 
during the differentiation of OPCs into mature oligodendro-
cytes. Second, we found an alteration in mitochondrial 
dynamics and morphology during differentiation of OPCs, 
which is associated with an increase in the mitophagy 
machinery. Finally, programmed mitophagy during differen-
tiation of OPCs is mediated by BNIP3L. Therefore, our stu-
dies demonstrate a key role of BNIP3L-mediated programmed 
mitophagy in the regulation of proper mitochondrial remo-
deling in the terminal differentiation of ON oligodendrocytes.

A growing body of evidence demonstrates that mitochon-
drial remodeling occurs during differentiation of various cell 
types [53]. We found significant mitochondrial remodeling dur-
ing the differentiation of OPCs. In OPCs, pre-oligodendrocytes, 
and immature oligodendrocytes, the mitochondria mainly exhi-
bit elongated morphology. In contrast, the mitochondrial net-
work in mature oligodendrocytes is characterized by a more 
punctate (fragmented) shape. This mitochondrial remodeling is 
accompanied by significant changes in the expression of mito-
chondrial fusion and fission proteins during the differentiation 
of oligodendrocytes. Our data showed that inhibition of mito-
chondrial fission significantly reduced oligodendrocyte differen-
tiation, suggesting this mitochondrial remodeling is required for 
the differentiation of oligodendrocytes.

ATG9A and BECN1 are two critical components of mam-
malian autophagy and play important roles in embryonic 
development [17,54,55]. Autophagy flux is high in proliferat-
ing neural and cancer progenitor cells, and BECN1-mediated 
autophagy is required for self-renewal and survival of these 
cells [30,56]. Likewise, our studies showed that autophagy is 
active in OPCs, and that the same autophagy machinery is 
essential for their proliferation. Indeed, autophagy controls 
the expansion of OPCs in part through regulation of cell 
death, since inhibition of CASP3 activity partially rescued 
the proliferation defect in autophagy-deficient OPCs. OPCs 
undergo extensive morphological changes during differentia-
tion [57]. It is also well-documented that autophagy
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Figure 9. BNIP3L regulates mitophagy during differentiation of oligodendrocytes. (A) Immunoblotting of protein extracts from cultured undifferentiated cells and cells 
differentiated for 6 days showed that expression of BNIP3L was significantly increased in differentiated cells relative to undifferentiated cells. (B) Real-time PCR analysis 
showed that expression of Bnip3l mRNA is significantly reduced in Bnip3l-shRNA cells relative to control. (C) Expression of BNIP3L in undifferentiated cells was significantly 
reduced after treatment with Bnip3l-shRNA. (D) Immunoblotting showed that expression of Bnip3l-shRNA in undifferentiated cells led to a significant increase in TOMM20 in 
differentiated Bnip3l-shRNA oligodendrocytes relative to Ctl-shRNA. (E, F) Undifferentiated cells were treated with Bnip3l-shRNA or Ctl-shRNA and allowed to grow in 
differentiation medium for 6 days. (E) Then, these cells were transduced with Mito-RFP, fixed and immunostained with LAMP1. The fluorescent signal in the fully 
differentiated cells was visualized using confocal microscopy. An analysis of Pearson’s colocalization coefficient showed a significant reduction in colocalization of 
mitochondria and lysosomes in Bnip3l-shRNA cells (arrows) relative to Ctl-shRNA. Scale bar: 20 μm. Data are mean ± SEM; n = 25 cells from three different experiments. 
(F) On the sixth day, the Bnip3l-shRNA or Ctl-shRNA differentiating cells were cultured in differentiation medium with or without BafA1 during the last three hours of culture. 
Then, cells were then lysed and protein lysates were analyzed for LC3 by immunoblotting. A significant reduction in the accumulation of the LC3-II-positive autophagosomes 
was observed in Bnip3l-shRNA treated cells relative to Ctl-ShRNA after BafA1 treatment. Scale bar: 10 μm. Values are mean ± SEM. *p < 0.05.
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Figure 10. BNIP3L is required for mitochondrial function and survival of newly differentiated oligodendrocytes. Undifferentiated cells were infected with Bnip3l- 
shRNA or Ctl-shRNA and cultured in differentiation medium for 6 days. (A) Immunoblotting analysis showed a decrease in expression of MBP in Bnip3l-shRNA treated 
cells relative to those treated with control shRNA. (B) Representative confocal microscope images and quantitative analysis of TMRM fluorescence indicated 
a significant reduction in MMP in Bnip3l-shRNA cells relative to control. Scale bar: 50 μm. (C) Quantitative analysis of superoxide release showed that the level of 
superoxide is enhanced in Bnip3l-shRNA infected cells relative to control. (D) Representative images and quantification of MitoSOX fluorescence showed that the level 
of mitochondrial ROS is increased in Bnip3l-shRNA cells compared to control. Scale bar: 20 μm. (E) Immunoblotting of proteins extracted from differentiated cells 
showed elevated SOD2 expression in Bnip3l-shRNA infected cells relative to control. (F) Quantification of cell death (%) showed a significant reduction in the viability 
of Bnip3l-shRNA infected cells relative to control. (G) The level of CASP3 activity is increased in the Bnip3l-shRNA cells relative to control. (H) OPCs treated with Bnip3l 
or Ctl-shRNA were co-cultured with HsESC-dervied RGCs for 8 days in differentiation medium, then immunostained for MBP and TUBB3. Cells treated with Bnip3l- 
shRNA had fewer myelin segments (arrows) compared to Ctl-shRNA-treated cells. Scale bar: 10 μm. Values are mean ± SEM. *p < 0.05.

AUTOPHAGY 3153



contributes to the cell remodeling occurring during differen-
tiation of certain cells types, as a crucial homeostatic quality 
control mechanism [11]. Consistently, our data showed that 
both the expression of the lysosomal marker (LAMP1) and 
autophagy flux are increased during the differentiation of 
oligodendrocytes. Recent studies suggest that autophagy is 
essential for proper myelin formation in both brain (oligo-
dendrocytes) and the peripheral nervous system (Schwann 
cells) [58,59]. However, the specific molecular mechanisms 
largely remain unknown. Degradation of excess and damaged 
cellular molecules and organelles allows for structural changes 
in differentiating cells [60]. Recent studies indicate that mito-
chondrial clearance is required for the elimination of dysfunc-
tional mitochondria in precursor cells, and the establishment 
of new functional mitochondria in differentiated cells [61]. 
Furthermore, we show that mitophagy is significantly 
increased with the progression of differentiation in OPCs. In 
addition, autophagy impairment in differentiating cells led to 
reduced mitochondrial clearance, increased susceptibility to 
cell death and ultimately impaired oligodendrocyte differen-
tiation. Thus, we demonstrate that increased autophagy flux 
and mitophagy is essential for differentiation of 
oligodendrocytes.

Two distinct signaling pathways can regulate mitophagy: 
either PINK1-PRKN or receptor-mediated mitophagy [62]. 
Most studies to date have focused on PINK1-PRKN-mediated 
mitophagy because it is recognized as the main pathway for 
clearing depolarized mitochondria under cell stress [43–45]. 
However, in an elegant study, McWilliams et al, showed that 
PINK1 is not essential for basal mitophagy in mammalian cells 
[46,47]. Consistent with that study, we show that PRKN is not 
critical for programmed mitophagy in oligodendrocytes.

BNIP3L is considered to be the main regulator of pro-
gramed mitophagy during cell differentiation [25,26,35,49]. 
In addition, BNIP3L is a mitophagy receptor that can directly 
induce mitophagy, independent of PINK1-PRKN [62]. Our 
data revealed that increased expression of BNIP3L is required 
for the regulation of programmed mitophagy and the mito-
chondrial network remodeling that accompanies oligodendro-
cyte differentiation.

Mitophagy eliminates dysfunctional mitochondria and 
their harmful generation of reactive oxygen species, thereby 
helping maintain cellular homeostasis [48,63]. During the 
differentiation of oligodendrocytes, mitophagy-deficient cells 
displayed increased mitochondrial ROS generation, compared 
to control cells, suggesting a protective role for mitophagy in 
maintenance of a healthy mitochondrial network during oli-
godendrocyte differentiation. In addition, downregulation of 
BNIP3L in differentiating cells reduced mitochondrial func-
tion and increased susceptibility to cell death. Previous studies 
have shown a pro-survival role for BNIP3L-mediated mito-
phagy in cardiac progenitor cell differentiation [35], and in 
different disease models [64,65]. We found that BNIP3L- 
mediated mitophagy is not only important to the survival of 
newly formed oligodendrocytes, but also to axonal myelina-
tion, indicating a critical role of functional mitochondria in 
myelin formation. Our data showed that BNIP3L regulates 
autophagy flux and mitophagy during the differentiation of 
oligodendrocytes. Although we showed that autophagy was

required for proliferation and survival of OPCs, the down-
regulation of BNIP3L expression in these cells did not affect 
the rate of proliferation. Therefore, this suggests that autopha-
gy machinery might be regulated by different molecular 
mechanisms at different stages of cellular differentiation in 
oligodendrocytes.

In conclusion, our data demonstrate that significant 
remodeling of the mitochondrial network is essential for 
the differentiation of oligodendrocytes and that this remo-
deling is dependent on a marked upregulation of mito-
phagy. We found that BNIP3L-mediated programmed 
mitophagy plays an important role in the mitigation of 
mitochondrial oxidative stress and the survival of newly 
formed differentiated oligodendrocytes. Therefore, targeting 
BNIP3L-mediated mitophagy may be a novel therapeutic 
approach for promoting myelination in demyelinating 
diseases.

Materials and Methods:

Animals

All animal studies were performed in accordance with the 
institutional guidelines for the Care and Use of Animals 
(National Academy Press) and were approved by the 
University of Pittsburgh Animal Care and Use Committee. 
The Sprague-Dawley rats (neonatal pups) used in this study 
were housed in the animal facility of the John G. Rangos 
Sr. Research Center at Children’s Hospital of Pittsburgh.

Culture of oligodendrocyte lineage cells

The ONs were collected from postnatal (P) 4 to P7 day old rat 
pups, dissociated with papain (Worthington Biochemical, 
LS003126) and transferred into T25 collagen IV coated flasks 
(Thermo Fisher, 132706). Cells were shaken at 20–30 revolu-
tions per minute (rpm) while incubating at 37°C, 5% CO2 for 
a week. The basal medium composition was: Dulbecco’s mod-
ified eagle medium and Ham’s F-12 medium (DMEM:F12) 
(Thermo Fisher, 11330032), penicillin-streptomycin (Thermo 
Fisher, 15140163), SM1 neuronal supplement, N2 supplement 
B (STEMCELL Technologies, 5711, and 07156, respectively), 
N-acetyl-cysteine (Sigma, A8199), forskolin (Calbiochem, 
344270) and CNTF (ciliary neurotrophic factor; PeproTech, 
450–50). For the proliferation medium, growth factors PDGF 
(platelet-derived growth factor) and NT3 (neurotrophin 3) 
(PeproTech, 100–13A, 450–03) were added. The final concen-
tration of each compound is reported in supplementary infor-
mation (Table S1). To prepare the differentiation medium, 
40 ng/mL of triiodothyronine (T3; Sigma-Aldrich, T5516- 
1 MG) was added to the basal media. After culturing for 
one week in proliferation media, primary spheroids were 
dissociated with 0.25% trypsin (Thermo Fisher Scientific, 
25200072) for 5 min, and then labeled with A2B5 Alexa 
Fluor 405-conjugated and O4 Alexa Fluor 750-conjugated 
(R&D Systems, FAB1416V, FAB1326S) for fluorescence- 
activated cell sorting (FACS).
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Flow cytometry

For flow cytometry experiments, spheroids were collected 
after one or two weeks in culture and washed with phos-
phate-buffered saline (PBS; Gibco, 10010–023) followed by 
treatment with 0.25% trypsin (Gibco, 25200–072) for 5 min. 
Trypsin was deactivated with trypsin inhibitor (Sigma, 
T9253), and cells were centrifuged at 300 x g for 5 min, 
and suspended in flow cytometry buffer (BD Bioscience, 
554656). Cells were then stained with a mixture of A2B5 
Alexa Fluor 405-conjugated and O4 Alexa Fluor 750- 
conjugated antibodies in flow cytometry buffer for 15 min 
at room temperature. Excess cell suspensions were com-
bined for unstained and single stain controls. Samples 
were run on a BD Aria III flow cytometer (BD 
Biosciences, San Jose, CA, USA) and analyzed using BD 
FACS DIVA software [66].

Gene silencing

To examine expression of genes of interest in oligodendro-
cytes, cells were infected with rat adenovirus (Ad)-YFP-U6- 
Atg9a-shRNA or Ad-YFP-U6-scrambled-shRNA (Vector 
Biolabs, shADV-293236, 1783), Adenovirus (Ad)-GFP-U6- 
Bnip3l-shRNA or Ad-GFP-U6-scrambled-shRNA (Vector 
Biolabs, shADV-294092, 1122), AAV2-GFP-Becn1-shRNA or 
AAV2 control shRNA (Vector Biolabs, shAAV-290735, 7041) 
at 100 multiplicity of infection (MOI) for 48 h before con-
ducting experiments [67]. SMARTvector Rat Lentiviral Bnip3 
shRNA and lentiviral shRNA control (Dharmacon, 
V3SR7594, RHS4348), Prkn shRNA lentiviral particles (Santa 
Cruz Biotechnology, sc-270243-V), Dnm1l shRNA lentiviral 
particles (Santa Cruz Biotechnology, sc-270298-V), and con-
trol shRNA lentiviral particles (Santa Cruz Biotechnology, sc- 
108080) were administered at 20 MOI (multiplicity of infec-
tion) for 48 h before conducting experiments. Infection and 
gene knockdown efficiency was evaluated by fluorescence 
microscopy, quantitative RT-PCR or immunoblotting.

Labeling autophagosomes and mitochondria in live cells

To visualize autophagosomes and mitochondria, we used the 
commercially available Premo autophagy sensor LC3B-GFP 
kit (Life Technologies, P36235; expresses GFP-LC3B) and 
mitochondria-RFP (Mito-RFP) kit (Life Technologies, 
C10505) respectively, according to the manufacturer’s proto-
cols. Autophagosomes and mitochondria in the Ad-Bnip3l- 
shRNA-infected differentiating cells were visualized by Premo 
autophagy sensor LC3B-RFP kit (Life Technologies, P36236; 
expresses RFP-LC3B) and MitoTracker Deep Red (Cell 
Signaling Technology, 8778S) respectively, as stated by the 
manufacturer’s protocol.

MMP and superoxide generation

MMP was measured with tetramethylrhodamine methyl ester 
(TMRM; Invitrogen, T668), and MitoSOX Red Mitochondrial 
Superoxide Indicator (Thermo Fisher Scientific, M36008) was 
used to measure mitochondrial superoxide, following the

manufacturer’s instructions. At least 30 live cells per condition 
for each experiment were imaged using a Zeiss LSM 710 confocal 
microscope (Zeiss, Switzerland). Alternatively, mitochondrial 
superoxide generation was measured with lucigenin (bis- 
N-methylacridinium nitrate; Sigma, M8010) as previously 
described [68]. In brief, 5 mM lucigenin was prepared in Hanks’ 
balanced salt solution (HBSS) and 100 μL of pre-warmed luci-
genin buffer was added to the culture plates and incubated at 37°C 
and 5% CO2 for 5 min. Luminescence was then measured using 
a Glomax bioluminescence apparatus (Promega, E5311), with 5 
consecutive readings per sample taken for 1 s each. The lumines-
cence signal was normalized to total protein content and repre-
sented as arbitrary units (AU) per mg of protein.

Keima targeted to mitochondria (mt-Keima)

mt-Keima plasmid, kindly provided by Dr. Toren Finkel 
(Director, UPMC Aging Institute), and mt-Keima lentivirus 
were prepared as described before [69]. In summary, the 
lentivirus (LV) constructs were packaged with Virapower 
lentiviral packaging mix and transfected into 293 T cells 
using lipofectamine 3000 (Invitrogen, L3000015). 
Supernatants were concentrated at 96 h post transfection 
using Lenti-X concentrator (Clontech, 631231), then pro-
cessed according to manufacturer’s specifications. Cells were 
infected with LV-mt-Keima at a MOI of approximately 3, 
using 6 µg/ml polybrene (Sigma Aldrich, TR-1003) during 
infection. Culture medium was changed 24 h after infection. 
Fluorescence change in mt-Keima was analyzed by confocal 
microscopy, and mt-Keima fluorescence signal was calculated 
as described previously [41,42].

COX8-EGFP-mCherry

pCLBW COX8 EGFP mCherry plasmid was purchased 
(Addgene, 78520; deposited by the laboratory of Dr. David 
Chan) and the sequence corresponding to COX8-EGFP- 
mCherry was subcloned into an adenovirus vector at Vector 
Biolabs as a paid service. The cells were infected at 50 MOI for 
24 h before conducting experiments.

qRT-PCR

RNA isolation, cDNA synthesis and qRT–PCR were per-
formed as described previously [70]. PCR amplification was 
performed using the 7500 PCR Fast Real-Time System 
(Applied Biosystems, Carlsbad, CA, USA), using custom- 
made TaqMan probes from Life Technologies for rat Becn1 
(Rn00586976_m1), Bnip3l (Rn01534668_g1), Atg9a 
(Rn01400691_m1), Dnm1l/Drp1 (Rn00586466_m1), Prkn 
(Rn00571787_m1), Bnip3 (Rn00821446_g1), and Fundc1 
(Rn01430711_m1). Actb (Rn01412977_g1) was used as 
a loading control. All data were analyzed with the ABI 7500 
Real-Time PCR system, using Data Assist Software (Applied 
Biosystems); the graphs were plotted using Microsoft Excel 
(Microsoft, Redmond, WA, USA).
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Cell death assay

LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit (Invitrogen, 
L34961) was used to measure the level of cell death in OPCs 
by flow cytometry, following the manufacturer’s instructions. 
The level of cell death in differentiated cells was determined as 
described previously [35]. In brief, cells were stained with YO- 
PRO-1 (Thermo Fisher Scientific, Y3603) and Hoechst 33342 
(Thermo Fisher Scientific, 62249) for 5 min at 37°C. Cells 
were imaged and cell death was quantified with ImageJ soft-
ware. At least 150 cells were quantified for each experimental 
condition in three replicates.

CAPS3 activity assay

The level of CASP3 activity was measured by using the CASP3 
Activity Assay Kit (Cell Signaling Technology, 5723S) accord-
ing to the manufacturer’s protocol. Reduction of CASP3 
activity was achieved by using a selective CASP3 inhibitor 
(Ac-DEVD-CHO; Santa Cruz Biotechnology, sc-506284) that 
was prepared in DMSO. Cells were treated with CASP3 inhi-
bitors or DMSO (equal volume). The effective dose of Ac- 
DEVD-CHO for treatment of cells was 2 μM. At this dose, the 
CASP3 activity of Atg9a-shRNA cells was reduced to levels 
similar to those of Ctl-shRNA cells, rather than complete 
inhibition.

Immunocytochemistry

Cells were fixed and permeabilized as described previously 
[71]. Cells were stained with the following primary antibodies: 
TOMM20, SQSTM1 (Abcam, ab11415, ab91526), MBP 
(Biolegend, 808401), MKI67 (Invitrogen, MA5-14520), 
A2B5, O4 (R&D Systems, MAB1416, MAB1326), OLIG2, 
DNM1L/DRP1, BECN1 (Novus Biologicals, NBP1-28667, 
NB110-55288, NB500-249), ATG9A, LAMP1 (Abcam, 
ab108338, ab25245) and LC3 (Cell Signaling Technology, 
2775). Secondary antibodies were: Alexa Fluor 488 (Life 
Technologies, A21206, A21202), Alexa Fluor 555 (Life 
Technologies, A31570, A31572) or Alexa Fluor 633 (Life 
Technologies, A21082).

Densitometry

For quantitative analysis of immunofluorescence intensity, 
images were processed using ImageJ software. Images were 
split by red, green and blue (RGB) channels and converted 
from 24-bit to 8-bit. Regions present in each membrane were 
automatically identified in the red channel using the “triangle” 
auto-threshold method. Mean intensity and total area mea-
sured were then determined using ImageJ.

Western blotting and antibodies

Western blotting and quantification was carried out as 
described previously [71,72]. The signal intensity of the 
bands was quantified by using ImageJ software [3]. All tar-
geted proteins and internal loading controls were detected 
and verified within the same linear range. Primary antibodies

used were LC3, ATG5, ATG7, BNIP3L, GAPDH (Cell 
Signaling Technology, 2775S, 12,994, 8558S, 12,396, 5174), 
SQSTM1 (Novus Biologicals, NBP1-42821), SOD2 (Abcam, 
ab13533), ATG9A (Abcam, ab108338), ACTB (Sigma Aldrich, 
A2066), TOMM20, MFN2, OPA1, FIS1, PRKN, DNM1L/ 
DRP1, BNIP3 (Novus Biologicals, H00009804-M01, NBP2- 
6638355, NBP2-59770SS, NB100-56646SS, NBP1-80515, 
NB110-55288, NB100-56150), LAMP1 (Abcam, ab24170) 
and MBP (Biolegend, 808401). Secondary antibodies used 
were peroxidase-labeled goat anti-rabbit and anti-mouse 
(KPL, 074–1506 and 074–1806).

Transmission electron microscopy (TEM)

ONs were dissected from rats at different ages and fixed in 4% 
paraformaldehyde (PFA) for 12 h followed by 24 h treatment in 
30% sucrose (Sigma, S0389). Tissues were embedded in optimal 
cutting temperature compound (OCT), and cryosections were 
cut with 12 micrometer thickness. Sections were subject to 24 h 
immunolabeling with primary antibodies: APC (Calbiochem, 
OP80), A2B5, and O4 (R&D Systems, MAB1416, MAB1326). 
Sections were then treated with a secondary antibody, goat anti- 
mouse IgG + IgM (H + L), 6-nm colloidal gold (Jackson 
Immunoresearch, 115–195-068). Specimens were then fixed 
with a cold solution of 2.5% glutaraldehyde (25% glutaraldehyde 
stock EM grade; Taab Chemical, G002) in 0.01 M PBS (Fisher 
Scientific, BP3994) at pH 7.3. After rinsing in PBS, specimens 
were post-fixed in 1% osmium tetroxide (Electron Microscopy 
Sciences, 19110) with 1% potassium ferricyanide (Fisher 
Scientific, P232-500) and dehydrated through a graded series 
of ethanol (30% – 90% – Reagent Alcohol, Fisher Scientific, 
A962-4; and 100% – Ethanol 200 Proof, Pharmco, 
111000200CSPPTF). For sectioning, samples were embedded 
in Poly/Bed® 812 (Luft Formulations kit; Polysciences, 
02600–1; dodecenyl succinic anhydride, nadic methyl anhy-
dride, Poly/Bed 812 resin and dimethylaminomethyl). Semi- 
thin (300 nm) sections were taken with a Leica Reichart 
Ultracut (Leica Microsystems, Buffalo Grove, IL, USA) stained 
with 0.5% Toluidine Blue (Fisher Chemical, T161-25) in 1% 
sodium borate (Fisher Scientific, LC229551)) and examined 
under a light microscope. Ultrathin sections (65 nm) were 
stained with 2% uranyl acetate (Electron Microscopy Sciences, 
22400) and Reynold’s lead citrate (lead nitrate, sodium citrate 
and sodium hydroxide; Fisher Scientific, L62-100, S470-212, 
S318-100), and examined on a JEOL 1400 transmission electron 
microscope (JEOL Peabody, MA, USA) with a side mount AMT 
2k digital camera (Advanced Microscopy Techniques, Danvers, 
MA, USA).

Co-culture of OPCs and HsESC-derived RGCs

Human ESC-derived RGCs were prepared as described pre-
viously [73] and were plated (50,000 cells/coverslip) on PDL- 
laminin-coated coverslips in medium (containing neurobasal 
media, B27 supplement and N2 supplement) to permit neurite 
outgrowth for a week, prior to seeding with Bnip3l-shRNA or 
Ctl-shRNA OPCs. Once seeded, OPC HsESC-derived RGC 
co-cultures were maintained for 8 days in a 1:1 mixture of 
neuronal culture and OPC differentiating media to permit
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OPC maturation. Finally, cells were fixed, and immunocyto-
chemistry assessment of myelin segments was performed by 
MBP (Biolegend, 808401) and TUBB3 (Abcam, ab18207) 
immunostaining.

Statistical analysis
Statistical analysis was performed using GraphPad 6.0 software. The 
P-values were assayed using 2-tailed Student’s t-test and repeated- 
measure ANOVA tests with Tukey’s post-hoc test based on the data 
obtained from at least 3 independent experiments. The difference 
between groups were considered as significant when * P < 0.05; ** P < 
0.01; *** P < 0.001. Data are presented as mean ± SEM and each 
biological replicate has at least three technical replicates.
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