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Isolation of Rab5-positive endosomes reveals a new mitochondrial degradation
pathway utilized by BNIP3 and Parkin
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ABSTRACT
Degradation of mitochondria is an important cellular quality control mechanism mediated by two
distinct pathways: one involving Parkin-mediated ubiquitination and the other dependent on
mitophagy receptors. It is known that mitochondria are degraded by the autophagy pathway;
however, we recently reported that the small GTPase Rab5 and early endosomes also participate in
Parkin-mediated mitochondrial clearance. Here, we have developed a protocol to isolate Rab5-
positive vesicles from cells for proteomics analysis and provide additional data confirming that
mitophagy regulators and mitochondrial proteins are present in these vesicles. We also
demonstrate that the mitophagy receptor BNIP3 utilizes the Rab5-endosomal pathway to clear
mitochondria in cells. These findings indicate that a redundancy exists in the downstream
degradation pathways to ensure efficient mitochondrial clearance.
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Introduction

Mitochondria play a critical role in multiple cellular pro-
cesses, such as oxidative phosphorylation, metabolism,
and apoptosis. However, when damaged, mitochondria
may become cytotoxic which can lead to activation of
cell death. The efficient and selective elimination of dam-
aged or excessive mitochondria is critical for maintaining
a healthy and appropriate population of mitochondria
and preventing unnecessary cell death. Mitochondrial
autophagy, or mitophagy, is considered to be a central
mechanism of mitochondrial quality and quantity con-
trol.1 In this process, a mitochondrion that has been
labeled for degradation is sequestered in a double mem-
brane autophagosome which is then delivered it to the
lysosome for degradation.2 Formation of autophago-
somes requires autophagy-related proteins (Atg), such as
Atg5 and Atg7.3,4

Mitophagy is mediated by two distinct pathways: one
involves Parkin-mediated ubiquitination5 and the other
depends on mitophagy receptors in the mitochondrial
outer membrane.6,7 The first pathway involves recruit-
ment of the E3 ubiquitin ligase Parkin to depolarized
mitochondria where it proceeds to ubiquitinate diverse
mitochondrial outer membrane proteins. Adaptor pro-
teins, such as p62 and NBR1, contain both an ubiquitin-
binding domain and a LC3-interacting region (LIR)
motif. They bind to ubiquitinated proteins on the

mitochondria and to LC3 on the autophagosome tether-
ing the 2 together. The second pathway involves proteins
that are integrated in the outer mitochondrial membrane
that harbor a LIR. These so-called mitophagy receptors
can directly interact with LC3 on the autophagosomal
membrane.8-11 BCL2/adenovirus E1B 19 kDa protein-
interacting protein 3 (BNIP3) is an atypical pro-apopto-
tic protein and a member of the BH3-only protein family
that can also function as a mitophagy receptor.12 It inter-
acts directly with LC3 via its LIR motif to promote
mitophagy, and this function is independent of its pro-
death activity.11

Recent studies have uncovered that additional path-
ways to traditional Atg-dependent autophagy exist in
cells that can degrade mitochondria. For instance, an
alternative Atg5/7-independent autophagy pathway13

participates in clearing mitochondria during maturation
of erythrocytes14 and reprogramming iPS cells.15 We
recently reported that the endosomal-lysosomal degrada-
tion pathway can also mediate the clearance of mito-
chondria and that this process is independent of
traditional and alternative autophagy.16 Members of the
small GTPases family are key regulators of the endoso-
mal pathway, and various Rab proteins regulate different
steps in the pathway.17 Rab5 is mainly associated with
early endosomes and controls biogenesis and function of
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this compartment, whereas Rab7 defines the late endo-
somes and is involved in their fusion with lysosomes.
We discovered that depolarized mitochondria that have
been marked for degradation by Parkin were sequestered
in Rab5-positive early endosomes.16 These early endo-
somes matured into late endosomes before fusing with
lysosomes.

Here, we have developed a protocol to isolate Rab5-
positive vesicles from cells for proteomic analysis and
provide additional data confirming that mitochondrial
proteins are present in these vesicles. In addition, we
demonstrate that the mitophagy receptor BNIP3 also uti-
lizes the Rab5-endosomal pathway to clear dysfunctional
mitochondria in cells. Overall, these findings indicate
that multiple pathways use the endosomal-lysosomal
degradation pathway ensuring efficient mitochondrial
quality and quantity control.

Results

The small GTPase Rab5 functions in the biogenesis and
homotypic fusion of early endosomes.18 Mutating the
glutamine to leucine at amino acid residue 79 in the
GTPase domain results in a constitutively active Rab5
that is unable to hydrolyze bound GTP. Thus, overex-
pression of Rab5Q79L in cells leads to fusion of early
endosomes resulting in oversized endosomes with an
average size of 2–5 mm.19,20 We recently reported that
depolarized mitochondria labeled for degradation by the
E3 ubiquitin ligase Parkin are sequestered in Rab5-posi-
tive endosomes for subsequent delivery to lysosomes, a
process that is independent of autophagy.16 Mouse
embryonic fibroblasts (MEFs) derived from Atg5¡/¡

embryos are deficient in autophagy as confirmed by the
lack of LC3II and accumulation of the autophagy sub-
strate p62 (Fig. 1A). Here, we confirmed that overexpres-
sion of Rab5Q79L led to formation of enlarged
endosomes (EE) in both wild type (WT) and the auto-
phagy-deficient Atg5¡/¡ MEFs overexpressing Parkin
(Fig. 1A and B). We also observed that the majority of
the enlarged endosomes did not contain mitochondria at
baseline. However, we found that a significant number of
mitochondria accumulated inside the enlarged endo-
somes in both WT and Atg5¡/¡ MEFs after treatment
with the mitochondrial uncoupler FCCP (Fig. 1B and C).
We have previously found that about 6–10 Rab5-positive
endosomes co-localize with mitochondria after FCCP
treatment and that there is an average of one mitochon-
drion per vesicle.16 Here, we observed that an increased
number of Rab5Q79L-positive vesicles co-localized with
mitochondria but more importantly, we found multiple
mitochondria per vesicle after FCCP treatment. The
increased number of mitochondria per vesicle is most

likely due to the homotypic fusion of the Rab5Q79L-pos-
itive vesicles and their inability to mature into late
endosomes.

Next, we aimed to perform proteomics analysis of iso-
lated Rab5-positive endosomes to confirm mitochondrial
content. In our previous study, we found that once the
mitochondria have been sequestered inside Rab5-posi-
tive endosomes, these vesicles mature very quickly into
late endosomes.16 Due to the transient number of early
endosomes containing mitochondria present in cells at
any given time, it was challenging to isolate a sufficient
number Rab5-positive vesicles for proteomics analysis.
Thus, we took advantage of cells overexpressing
Rab5Q79L which accumulate the enlarged early endo-
somes containing mitochondria. We have previously iso-
lated intact GFP-positive autophagosomes using
antibody against GFP conjugated to magnetic beads.11

Here, we adapted this protocol to enrich for Rab5-posi-
tive endosomes. We used the anti-GFP conjugated to
magnetic beads to capture the enlarged Rab5-positive
vesicles from Atg5¡/¡ MEFs (Fig. 1D). After confirming
that we successfully pulled down endosomes by blotting
for the markers Rab5 and Eea1 (Fig. 1E), but not lyso-
somal protein Lamp2, the purified endosomes were
resolved on one-dimensional SDS-PAGE, subjected to
in-gel tryptic digestion and analysis by LC MS/MS. The
mass spectrometry confirmed the presence of mitochon-
drial proteins in GFP-Rab5Q79L labeled endosomes.
The number of mitochondrial proteins was also
increased after FCCP treatment (Fig. 1F). GFP-
Rab5Q79L-labeled endosomes also contained higher lev-
els of proteins related to endosomal cargo and mitoph-
agy than DMSO controls after FCCP treatment (Fig. 1F).

Mitochondrial clearance can also be mediated by
mitophagy receptors such as BNIP312. In our previous
study, we found that overexpression of BNIP3 led to an
increase in the number of Rab5-positive vesicles and
amount of mitochondrial clearance in both WT and
Atg5¡/¡ MEFs.16 Here, we confirmed the accumulation
of mitochondria inside enlarged Rab5Q79L-positive
endosomes in both WT and Atg5¡/¡ MEFs overexpress-
ing BNIP3 (Fig. 2A-C). This suggests that mitophagy
receptors can also utilize the endosomal pathway to clear
mitochondria. Furthermore, BNIP3 is known to induce
mitochondrial dysfunction and cell death when overex-
pressed in cells.21-23 Therefore, to examine whether
removal of mitochondria by Rab5-positive endosomes
was a protective response activated by the cell, we exam-
ined the effects of modulating Rab5 activity on cell via-
bility. We found that overexpression of BNIP3 caused a
significant increase in cell death as measured by BOBO-3
uptake in cells with compromised plasma membranes in
both WT and Atg5¡/¡ MEFs (Fig. 2D and E). We also
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found that the presence of GFP-Rab5Q79L did not
change BNIP3-mediated cell death in either WT or
Atg5¡/¡ MEFs (Fig. 2D), suggesting that merely seques-
tering mitochondria in vesicles is not sufficient to protect

against cell death. In contrast, overexpression of BNIP3
plus the Rab5 dominant negative, Rab5S34N, led to a sig-
nificant increase in BNIP3-mediated cell death in Atg5¡/¡

MEFs but not in WT MEFs (Fig. 2E). This is most likely

Figure 1. Mitochondria are sequestered inside Rab5-positive endosomes in WT and Atg5¡/¡ MEFs. (A) Western blot for Atg5, Parkin,
LC3, and p62 levels in WT and Atg5¡/¡ MEFs overexpressing myc or myc-Parkin. (B) Representative images of WT and Atg5¡/¡ MEFs
overexpressing GFP-Rab5Q79L plus myc-Parkin. Cells were treated with DMSO or 25 mM FCCP for 4 h, and then fixed and stained with
anti-COX IV to visualize mitochondria. Nuclei were counterstained with Hoechst 33342 (blue). Scale bars D 20 mm. (C) Quantification of
total number of mitochondria inside GFP-Rab5Q79L positive vesicles per cell (n D 3, ��p < 0.01 vs DMSO). EE D enlarged endosomes.
All values are means § s.e.m. (D) Scheme for isolation of GFP-labeled vesicles. (E) Immunoprecipitation (IP) of GFP or GFP-Rab5Q79L
with anti-GFP coupled to magnetic beads confirms enrichment for GFP-Rab5Q79L as well as endogenous Rab5. Pulldown also enriches
for the early endosome marker Eea1. The lysosomal protein Lamp2 was undetectable unless blot was subjected to a long (10 min) expo-
sure. (F) Heatmap of proteins from endosome isolation identified by mass spectrometry. Values were generated using a ratio of each
sample to the GFP DMSO control. Scale is in fold change over GFP DMSO control.
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due to the fact that the WT still have intact autophagy to
clear mitochondria.

Discussion

In this study, we demonstrate that if we use Rab5Q79L to
enrich for early endosomes, a sufficient number of

Rab5-positive vesicles can be isolated for proteomic anal-
ysis from cultured cells. The ability to isolate vesicles
from cells provides investigators the potential to analyze
the content of the vesicles which might vary depending
on the extracellular or intracellular environments.
Because the vesicles were isolated based on their GFP
label, it is possible to adapt this protocol to other vesicles

Figure 2. BNIP3 promotes engulfment of mitochondria into Rab5-positive endosomes. (A) Western blot for BNIP3 in WT and Atg5¡/¡

MEFs overexpressing myc or myc-BNIP3. (B) Representative images of WT and Atg5¡/¡ MEFs overexpressing GFP-Rab5Q79L plus empty
vector or BNIP3. 24 h post-transfection, the cells were fixed and stained with anti-COX IV to label mitochondria. (C) Quantification of
total number of mitochondria inside GFP-Rab5Q79L positive vesicles per cell (n D 4, �p < 0.05, ��p < 0.01 vs DMSO). EE D enlarged
endosomes. (D) Quantification of BOBO-3 positive (dead) cells. Sequestration of mitochondria in Rab5Q79L-positive vesicles has no
effect on BNIP3-mediated cell death in WT and Atg5¡/¡ MEFs. (E) Quantification of BOBO-3 positive (dead) cells. Abrogation of Rab5
activity increases susceptibility to BNIP3-mediated cell death in Atg5¡/¡ MEFs. Cell death was assessed by BOBO-3 Iodide uptake in cells
overexpressing the indicated constructs (n D 3, �p < 0.05, ��p < 0.01, ���p < 0.001, ns = not significant). All values are means § s.e.m.
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such as autophagosomes. In fact, we have used a similar
protocol to isolate GFP-labeled autophagosomes from
cells.11 Thus, adaptation of our protocol will allow inves-
tigators to compare contents and compositions of
different vesicles, such as early endosomes and autopha-
gosomes, in response to various stressors. Also, an out-
standing question is still whether Rab5-positive
endosomes involved in sequestering mitochondria are
different from the Rab5-positive endosomes involved in
receptor degradation. The average size of an early endo-
some is about 20–50 nm,24 whereas we found that the
Rab5-positive vesicles containing mitochondria are about
500 nm in size.16 Whether the early endosomes undergo
homotypic fusion to accommodate the larger mitochondria
still needs to be confirmed. Interestingly, previous studies
have reported that early endosomes are heterogeneous in
terms of morphology, localization, and function.25

In this study, we have also confirmed that the mitoph-
agy receptor BNIP3 can promote sequestration of mito-
chondria into Rab5-positive endosomes and that this
process occurs independently of autophagy. We also
found that abrogation of Rab5 led to increased suscepti-
bility to BNIP3-mediated cell death in both WT and
autophagy-deficient Atg5¡/¡ MEFs, suggesting that this
is a protective mechanism activated by the cells. BNIP3
is known to induce autophagy and mitophagy when
overexpressed in cells.21,26,27 Thus, additional studies are
needed to examine if BNIP3 simultaneously activates
autophagy and endosomal-mediated mitochondrial
clearance or if their timing of activation is different. In
our previous study, we found that treatment of cells with
a mitochondrial uncoupler led to increased formation of
Rab5-positive early endosomes before formation of auto-
phagosomes.16 The cells contain a large number of
Rab5-positive endosomes even under baseline condi-
tions, whereas autophagosomes must be generated de
novo upon demand. This suggests that mitochondria can
be sequestered more quickly into existing early endo-
somes and may represent a first line of defense.

Mitophagy receptors such as BNIP3 directly target
mitochondria to autophagosomes via their LIR motifs,
therefore bypassing the need for Parkin and ubiquitina-
tion.8,11,28 Interestingly, our data suggest that BNIP3
can also target mitochondria to the early endosomes,
but how this occurs is still unclear. Internalization of
cargo into endosomes is mediated by the endosomal
sorting complex required for transport (ESCRT)
machinery.29 The ESCRT complexes bind to ubiquiti-
nated cargo and pull them into the endosome through
invagination and scission.29 Parkin labels mitochondria
for degradation by ubiquitinating mitochondrial pro-
teins, and we found that Parkin-mediated removal of
mitochondria by the Rab5-positive endosomes involves

the ESCRT machinery.16 Here, we found that BNIP3
promotes engulfment of mitochondria into endosomes
in the absence of Parkin. However, whether BNIP3 uti-
lizes the ESCRT machinery in capturing mitochondria
needs to be investigated further. It is possible that
BNIP3 recruits a different E3 ubiquitin ligase to the
mitochondria or activates a resident mitochondrial E3
ubiquitin ligase, such as MITOL/MARCH5.30 Future
studies need to focus on how BNIP3 targets mitochon-
dria to early endosomes.

In conclusion, mitochondrial clearance is mediated by
two distinct processes, and multiple downstream degra-
dation pathways exist to degrade the mitochondria.
These include traditional1 and alternative autophagy,13,31

microautophagy,32 and endosomal-lysosomal degrada-
tion pathway.16 Thus, future studies should focus on
characterizing the mechanisms underlying BNIP3-medi-
ated targeting of mitochondria to early endosomes, and
determining whether other mitophagy receptors can uti-
lize this pathway. Clearly, mitochondrial quantity and
quality control comprises an intricate network of pro-
teins and pathways. It is very likely that future studies
will reveal additional proteins and pathways involved in
this important process. Mitochondrial dysfunction plays
a role in the development of many neurodegenerative
and cardiovascular diseases. Increased knowledge into
the pathways that regulate mitochondrial health will
allow for identification of new therapeutic targets to treat
various diseases.

Materials and methods

Cells and culture conditions

Mouse embryonic fibroblasts (MEFs) were cultured in
MEF media (DMEM (Thermo Fisher Scientific,
10569044) supplemented with 10% FBS (Thermo Fisher
Scientific, 16000044), 100 U/mL penicillin and 100 mg/mL
streptomycin (Gemini, 400–401)) and maintained in a 5%
CO2 atmosphere at 37�C. WT and Atg5¡/¡ MEFs were
generously provided by Dr. Noboru Mizushima (The
University of Tokyo, Japan).4

Immunofluorescence

Cells were transiently transfected with DNA using
FuGENE 6 Transfection Reagent (Promega, E2691)
according to the manufacturer’s instructions with myc-
Parkin (gift from Ted Dawson, Addgene plasmid #17612)
and GFP-Rab5Q79L (gift from Qing Zhong, Addgene
plasmid #28046). For imaging of mitochondria in BNIP3
experiments, cells were transfected with myc vector or
myc-BNIP333 plus GFP-Rab5Q79L and cultured in the
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presence of 50 mM ZVAD (Millipore, 627610) to inhibit
apoptosis. Cells undergoing FCCP treatment were treated
with DMSO or 25 mM FCCP (Sigma, C2920) for 4 h and
fixed with 4% paraformaldehyde (Ted Pella Inc., 18505)
in Dulbecco’s Phosphate Buffered Saline without calcium
chloride and magnesium chloride (PBS; Thermo Fisher
Scientific, 14200–075). BNIP3 cells were fixed 24 h after
transfection. All cells were permeabilized with 0.2% Triton
X-100 in PBS, blocked in 5% normal goat serum, and
incubated with the primary antibody OxPhos Complex
IV subunit 1 (1:100, Thermo Fisher Scientific, 459600) at
4oC overnight, rinsed with PBS, incubated with secondary
antibody Alexa Fluor 594 goat anti-mouse (1:200, Thermo
Fisher Scientific, A11032) at 37oC for 1 h, and counter-
stained for nuclei with Hoechst 33342 (Thermo Fisher
Scientific, H3570). Fluorescence images were captured
using a Carl Zeiss Axio Observer Z1 fitted with a motor-
ized Z-stage with a 63X Plan-Apochromat (oil immersion)
objective. Z stacks separated by 0.6 mm along the z-axis
were acquired with an ApoTome using a high-resolution
AxioCam MRm digital camera and Zeiss AxioVision 4.8
software (Carl Zeiss). Scoring of mitochondria was per-
formed manually by counting the total number of mito-
chondria found within the enlarged GFP-Rab5Q79L-
positive endosomes within a given cell. A minimum of 30
cells were counted per condition in 3–4 independent
experiments.

Western blot analysis

Cells were homogenized in lysis buffer (50 mM Tris-
HCl, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% Tri-
ton-X 100, and Complete protease inhibitor cocktail
(Roche)) and centrifuged at 20,000 x g for 20 mins at
4�C. Proteins were separated by gel electrophoresis on
NuPAGE Bis-Tris gels (Life Technologies) and trans-
ferred to nitrocellulose membranes. Membranes were
probed for Actin (1:2000, Sigma, A4700), Atg5 (1:1000,
Abgent, AP1812a), BNIP3 (1:1000, Sigma, B7931),
Gapdh (1:2000, Genetex, GTX627408), LC3 (1:1000, Cell
Signaling, 4108), p62 (1:1000, ARP, 03-GP62-C), or Par-
kin (1:1000, Cell Signaling, 4211) primary antibodies and
imaged on a Bio-Rad ChemiDoc XRSC imager. Immu-
noblots for the GFP-Rab5Q79L pulldown were probed
with Eea1 (1:1000, Cell Signaling, 3288), Lamp2 (1:1000,
Santa Cruz Biotechnology, sc-18822), or Rab5 (1:1000,
Cell Signaling, 3547) primary antibodies.

Endosome pull down and mass spectrometry

GFP-Rab5Q79L-positive endosomes were isolated from
Atg5¡/¡ MEFs using a protocol adapted from Hanna
et. al. 201211. Briefly, MEFs were infected with

mCherry-Parkin (MOI: 75) plus GFP or GFP-Rab5Q79L
(MOI: 50) for 12 h. After treatment with DMSO or 25
mM FCCP for 4 h, MEFs were homogenized in ice-cold
buffer (0.25 M sucrose, 20 mM Tris-HCl, pH 7.0) sup-
plemented with protease inhibitors (Roche) and then
centrifuged for 5 min at 600 x g. The supernatants were
incubated with a monoclonal mouse GFP antibody
coupled to MACS magnetic beads (Miltenyl Biotech,
130-091-125) overnight before being applied to a MACS
MS separation column (Miltenyl Biotech, 130-042-201).
Endosomes were eluted in a buffer containing 50 mM
Tris-HCl (pH 6.8), 120 mM DTT, 1% SDS, 1 mM
EDTA, 0.005% bromophenol blue, and 10% glycerol.
The constituent proteins were separated on SDS-PAGE,
subjected to in-gel trypsin digestion, and analyzed by
LC-MS/MS as described.34 The proteomics data were
obtained from a Q Exactive instrument at the Rutgers
University Neuroproteomics Core Facility. Heat map
was generated as a ratio of the spectra counts for a given
condition over the spectra counts for GFP DMSO for
each protein. A value of 2 was added to each spectra
count to generate ratios.

Cell death assays

WT and Atg5¡/¡ MEFs were transiently transfected with
empty myc vector, myc-BNIP3, empty pEGFP-C1
(Clontech, 6084-1), GFP-Rab5Q79L, or GFP-Rab5S34N
(generously donated by JoAnn Trejo, UCSD) using
FuGENE 6 according to the manufacturer’s instructions.
Cells were transfected for 24 h. To assess permeability of
cell membranes, cells were stained with BOBO-3 Iodide
(1:1000, Thermo Fisher Scientific, B3586) plus Hoechst
33342 for 20 minutes. BOBO-3 is taken up by dead cells
but impermeant to live cells. BOBO-3 positive cells were
divided by total number of Hoechst 33342 positive cells
as described.2

Statistical analysis

Statistical significance was calculated using ANOVA fol-
lowed by Tukey’s posthoc test for multiple comparison.
Differences were considered to be significant when p <

0.05.
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