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BNIP3L-dependent mitophagy accounts for mitochondrial clearance during
3 factors-induced somatic cell reprogramming
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ABSTRACT
Induced pluripotent stem cells (iPSCs) have fewer and immaturemitochondria than somatic cells andmainly
rely on glycolysis for energy source. During somatic cell reprogramming, somatic mitochondria and other
organelles get remodeled. However, events of organelle remodeling and interaction during somatic cell
reprogramming have not been extensively explored. We show that both SKP/SKO (Sox2, Klf4, Pou5f1/Oct4)
and SKPM/SKOM (SKP/SKO plusMyc/c-Myc) reprogramming lead to decreased mitochondrial mass but with
different kinetics and by divergent pathways. Rapid, MYC/c-MYC-induced cell proliferation may function as
the main driver of mitochondrial decrease in SKPM/SKOM reprogramming. In SKP/SKO reprogramming,
however, mitochondrial mass initially increases and subsequently decreases via mitophagy. This mitophagy
is dependent on the mitochondrial outer membrane receptor BNIP3L/NIX but not on mitochondrial
membrane potential (DCm) dissipation, and this SKP/SKO-inducedmitophagy functions in an important role
during the reprogramming process. Furthermore, endosome-related RAB5 is involved in mitophagosome
formation in SKP/SKO reprogramming. These results reveal a novel role of mitophagy in reprogramming
that entails the interaction betweenmitochondria, macroautophagy/autophagy and endosomes.
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Introduction

Generation of induced pluripotent stem cells (iPSCs) by
ectopic expression of SKP/SKO or SKPM/SKOM has shown
great promise in regenerative medicine, aside from consider-
ing issues of ethics and tissue rejection.1 Mechanisms of
somatic cell reprogramming have been revealed at many phe-
notypic levels: epigenetic,2 proteomic,3 chromosomal,4 meta-
bolic5-7 and others. Little has been reported on the effects of
reprogramming on the organelles. Whether and how organelle
remodeling and interorganellar interactions function in
reprogramming is largely unknown.

In addition to important roles in energy metabolism, cal-
cium homeostasis, cell signaling, and apoptosis, mitochondria
play crucial roles in cell fate determination.8,9 In pluripotent
stem cells, mitochondrial content is reduced and the organelles
have an immature structure and reduced oxidative phosphory-
lation, compared with somatic cells.8 Increasing evidence shows
that mitochondrial mass decreases significantly and energy
metabolism switches from oxidative phosphorylation to glycol-
ysis during the somatic cell reprogramming process,6,10 but the
precise molecular mechanism remains unclear.

One possible mechanism for the reduction of mitochondrial
mass and metabolism during reprogramming is autophagic
elimination of mitochondria, known as mitophagy.11 Auto-
phagy is a process by which cytoplasmic organelles can be
catabolized either to remove defective structures or provide
macromolecules for energy generation.12 The activation of
autophagy has been reported during SKPM/SKOM-induced
reprogramming.13-15

To date, several distinct mitophagy receptors have been
reported in mammals, and can be divided into 2 groups accord-
ing to the manner of targeting mitochondria. One group of
mitophagy receptors contains a ubiquitin-binding domain
which localizes them to PARK2/PARKIN-ubiquitinated mito-
chondria. This PINK1 (PTEN induced putative kinase 1
(PINK1)-PARK2/PARKIN system targets mitophagy receptors
to depolarized mitochondria via ubiquitination of mitochon-
drial outer membrane (OMM) proteins.16 The other group of
OMM-anchored receptors includes BNIP3, its paralog BNIP3L/
NIX, FUNDC1 and BCL2L13 (BCL2-like 13 [apoptosis facilita-
tor].17-23 Both BNIP3 and BNIP3L function as mitophagy recep-
tors in skeletal muscle24 and cardiac cells.25 BNIP3-mediated
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mitophagy participates in mitochondrial homeostasis in liver.26

BNIP3L is essential for mitochondrial clearance during reticulo-
cyte maturation,17-19 and is also involved in mitophagy in an
energy-status-dependent manner,27 as well as in reactive oxygen
species-mediated autophagy.28 FUNDC1, an integral mitochon-
drial outer-membrane protein, is a receptor for hypoxia-induced
mitophagy in mammalian cells.22 BCL2L13 is another mitoph-
agy receptor in mammalian cells and is an ortholog of yeast
Atg32, which is required for mitophagy.23,29 The implication of
mitophagy in the somatic cell reprogramming process presents
a new direction for mitophagy research.

Here, we show that mitochondrial-mass reduction in
SKP/SKO- and SKPM/SKOM-induced reprogramming follows
different patterns. In SKPM/SKOM reprogramming, MYC/c-
MYC is the main inducer for mitochondrial-mass decrease due
to rapid cell division. In SKP/SKO reprogramming, mitochon-
drial mass actually increases in the initial period but decreases
substantially from d 5 to d 7, without rapid cell proliferation.
We focused on SKP/SKO reprogramming and found that
mitophagy in fact occurs and accounts for the decrease of mito-
chondrial mass in reprogramming. It functions in a BNIP3L-
dependent manner independent of DCm. Furthermore, we
found that endosome-related RAB5 is involved in the forma-
tion of mitophagosomes in SKP/SKO-induced reprogramming,
which may imply an interorganellar interaction between endo-
some and mitophagosome.

Results

Mitochondrial mass decreases in somatic cell
reprogramming

To visualize the change of mitochondrial mass at different days
during somatic cell reprogramming, ACTB fusion with GFP
(ACTB-GFP) and mitochondrial targeted-DsRed (mtDsRed)
were used to mark ACTB and mitochondria, respectively
(Fig. 1A). The mtDsRed fluorescent area per cell was quantified
to reflect mitochondrial mass, and cells infected with Flag ret-
rovirus were used as control to which mitochondrial area was
normalized. Compared to control, mitochondrial area per cell
of mouse embryonic fibroblasts (MEFs) undergoing SKP/SKO
reprogramming increased until d 5 and then decreased from d
7 to d 11 (Fig. 1B). Conversely, mitochondrial area per cell of
MEFs undergoing SKPM/SKOM reprogramming showed a
robust decrease at d 3 and maintained a similar level until d 11
(Fig. 1B). MYC/c-MYC has been reported to be the key regula-
tor in cell proliferation.30,31 We then measured mitochondrial
area per cell of MEFs with single MYC, which showed a pattern
similar to that with SKPM/SKOM (Fig. 1A and C). In addition,
MitoTracker Green was used to stain mitochondria in MEFs
undergoing reprogramming, and the fluorescence intensity (FI)
of cells was measured by flow cytometry to reflect mitochon-
drial mass per cell. Consistent with the data noted above, mito-
chondrial mass per cell showed a similar pattern as reflected by
mitochondrial area (Fig. 1D and E). To further confirm these
observations, we tracked the mitochondrial DNA (mtDNA)
copy number during reprogramming and showed that mtDNA
copy number changed in a similar pattern as mitochondrial

area and mass, confirming removal of mitochondria during the
reprogramming process (Fig. S1A).

Concurrent with mitochondrial mass measurements, we
quantified cell proliferation of MEFs undergoing reprogram-
ming with SKP/SKO or SKPM/SKOM. As shown in Fig. 1F,
MEFs undergoing SKPM/SKOM reprogramming displayed
much higher proliferation than either MEFs undergoing SKP/
SKO reprogramming or controls. This indicates that Myc
strongly promotes cell division resulting in the cell number rap-
idly increasing, consistent with previous reports.30,31 Then, we
asked if we rule out the factor of cell division rate, how the total
mitochondrial mass in a dish (mitochondrial mass/cell £ cell
number) is affected by SKP/SKO or SKPM/SKOM. Figure 1G
shows the different effects of SKPM/SKOM and SKP/SKO:
compared with the control, total mitochondrial mass was rela-
tively constant from d 3 to d 11 in SKPM/SKOM, whereas
SKP/SKO increased total mitochondrial mass until d 5, fol-
lowed by a sharp decrease from d 5 to d 7, then increased again
to d 11. In support of these observations, we detected the
expression level of the mitochondrial protein TOMM20 (trans-
locase of outer mitochondrial membrane 20 homolog [yeast])
and found that TOMM20 increased from d 3 to d 5 and was
maintained at a relatively constant from d 5 to d 11 in SKPM/
SKOM, whereas SKP/SKO increased TOMM20 expression
until d 5, followed by a sharp decrease from d 5 to d 7, then
increased again to d 11 (Fig. S1B). We also quantified the
expression of several mitochondrial biogenesis-related genes
and found the expression of these genes was upregulated in
both SKP/SKO and SKPM/SKOM reprogramming, excluding
the possibility that inhibition of mitochondrial biogenesis is
responsible for the decrease of mitochondrial mass (Fig. S2).
Western blot analysis of PPARGC1A/PGC1a provided further
evidence for this conclusion (Fig. S3). Together, these data indi-
cate that mitochondrial mass during reprogramming shows
highly dissimilar patterns in SKP/SKO and SKPM/SKOM
reprogramming. In SKPM/SKOM reprogramming, Myc func-
tions as one of the main inducers for the per cell reduction of
the mitochondrial content by cell proliferation that is not
accompanied by commensurate mitochondrial biogenesis. By
contrast, in SKP/SKO reprogramming the data imply an active
elimination of mitochondrial mass from d 5 to d 7.

Mitophagy accounts for the elimination of mitochondria
in a DCm-independent manner in SKP/SKO reprogramming

As degradation of mitochondria by the autophagy machinery is
a fundamental process conserved from yeast to humans,32 we
hypothesized that autophagy accounts for the decrease of mito-
chondrial mass during SKP/SKO reprogramming. MAP1LC3/
LC3 (microtubule-associated protein 1 light chain 3) is critical
for autophagosome formation and commonly used as a molec-
ular marker. The cytosolic LC3-I form is converted into a phos-
phatidylethanolamine-conjugated LC3-II form upon
autophagic stimuli.33,34 As shown in Fig. 2A, the LC3B-II form
(the lower band) is upregulated and peaked around d 7 in SKP/
SKO in the absence or presence of bafilomycin A1 (BAF), which
is an inhibitor of both lysosome acidification and autophago-
some-lysosome fusion.35,36 This indicates that an active auto-
phagic flux is induced in SKP/SKO reprogramming, thus
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excluding that LC3B-II accumulation is due to blockade of the
autophagy pathway.

To visualize the occurrence of mitophagy during reprog-
ramming, GFP-LC3B and mtDsRed were used to mark auto-
phagosomes and mitochondria, respectively. As shown in
Fig. 2B and C, the number of GFP-LC3B dots which colocalize
with mtDsRed (mitophagosomes) increased until d 5 and then

decreased gradually in SKP/SKO-induced reprogramming.
This indicates that mitophagy mainly occurs around d 5 dur-
ing reprogramming. As autophagosomes deliver their to-be-
recycled contents to the lysosome,37 we next visualized the
colocalization between lysosomes and mitochondria by coex-
pression of LAMP1 (lysosomal-associated membrane protein
1) fused to GFP (LAMP1-GFP, a marker of lysosomes) and

Figure 1. Mitochondrial mass decreases in MEFs undergoing reprogramming with SKP/SKO or SKPM/SKOM. (A) Indicative images for mitochondrial area in MEFs trans-
duced with Flag, SKP/SKO, SKPM/SKOM or MYC for d 3, 5, 7, 9, 11 (for each group of images, mitochondria are shown in red, ACTB in green) Scale bars: 10 mm. (B) Quanti-
fication of relative mitochondrial area per cell transduced with SKP/SKO, SKPM/SKOM in (A). Mean average of 200 cells is shown § 10. Error bars D s.e.m. (C)
Quantification of relative mitochondrial area per cell transduced with single MYC in (A). Mean average of 200 cells is shown § 10. Error bars D s.e.m. (D) Relative mito-
chondrial mass per cell transduced with SKP/SKO or SKPM/SKOM (n D 3). (E) Relative mitochondrial mass per cell transduced with MYC (n D 3). (F) Proliferation curves
for cells transduced with Flag, SKP/SKO and SKPM/SKOM, respectively. (G) Total mitochondrial mass of cells transduced with SKP/SKO or SKPM/SKOM in a dish (calculated
by mitochondrial mass/cell [Fig. 1D data] £ cell number [Fig. 1F data]).
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mtDsRed in MEFs undergoing SKP/SKO reprogramming
(Fig. 2D). Compared to cells infected with Flag, the colocaliza-
tion coefficient of mitochondria and lysosomes was signifi-
cantly higher in SKP/SKO reprogramming compared with
controls, confirming that mitochondria enter the autophagic
pathway and are degraded by lysosomes during SKP/SKO
reprogramming (Fig. 2E).

To further confirm the occurrence of mitophagy, we used
mt-mKeima, which emits different-colored signals at acidic
and neutral pH, to reflect mitophagy.38,39 As shown in Fig. 3A,
the ratio of 543:458 increased significantly in SKP/SKO reprog-
ramming in contrast to Flag, which implies an active elimina-
tion of mitochondria through mitophagy. In addition, BAF was
used during SKP/SKO reprogramming. We observed the

double-membrane autophagosomes enclosing mitochondria by
transmission electron microscopy (TEM) during SKP/SKO-
induced reprogramming, especially in the reprogramming cells
with BAF treatment (Fig. 3B). Furthermore, we detected the
expression level of mitochondrial protein TOMM20 by western
blot to reflect mitochondrial mass change in the absence and
presence of BAF. As shown in Fig. 3C and Fig. S4, mitochon-
drial mass reduction was blocked by the treatment with BAF in
SKP/SKO reprogramming at day 5. We inhibited the function
of ATG12–ATG5, a key complex in autophagosome forma-
tion,40 and found the expression level of TOMM20 was
restored to some extent by knockdown of Atg5 or Atg12
(Fig. S5). Moreover, the treatment with BAF significantly
restored the decrease of mitochondrial mass in reprogramming

Figure 2. Mitophagy occurs in MEFs undergoing reprogramming with SKP/SKO. (A) Protein expression levels of LC3B-I and LC3B-II forms from MEFs for d 3 to d 11 postin-
fection with SKP/SKO with or without BAF treatment (n D 3). (B) Colocalization between mtDsRed and GFP-LC3B during SKP/SKO reprogramming; scale bar: 10 mm. (C)
Number of GFP-LC3B dots overlapping with mtDsRed during SKP/SKO reprogramming. (D) Colocalization of LAMP1-GFP and mtDsRed during SKP/SKO reprogramming;
scale bar: 10 mm. (E) Colocalization coefficient of LAMP1-GFP and mtDsRed during SKP/SKO reprogramming at d 5 (Mean value of 20 cells is shown; ��� P < 0.001).
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(Fig. 3D). In addition, BAF was added during SKP/SKO-
induced reprogramming from d 5 to d 7 (4 h for each day), and
we found that reprogramming efficiency was significantly
reduced (Fig. S7) (characterization of iPSCs generated with
SKP/SKO is shown in Fig. S6). These data indicate that auto-
phagy accounts for the decrease of mitochondrial mass during
SKP/SKO reprogramming. The loss of DCm has been reported
as a signal for PINK1-PARK2-mediated mitophagy.16 To test
this possibility, tetramethylrhodamine methyl ester (TMRM),
an indicator of DCm, was used together with mt-CFP and YFP-
LC3B to visualize the relationship between DCm and autopha-
gosome formation. Mitochondria with both high DCm and low
DCm colocalized with YFP-LC3B dots, and the percentage of
high DCm mitophagosomes was 53.6 § 5.1% (Fig. 3E and F).
Besides, either in the Flag or SKP/SKO treatments, we could
not observe YFP-PARK2 dots (Fig. S8), which have been
reported to distribute from the cytosol to mitochondria for
mitophagy upon mitochondrial-uncoupler treatment.16 These
observations suggest that the occurrence of mitophagy in SKP/
SKO-induced reprogramming is independent of DCm, i.e. not
selective for damaged organelles.

BNIP3L is essential for the elimination of mitochondria
in SKP/SKO reprogramming

As BNIP3L functions as a mitophagy receptor in multiple
conditions,17-19,28 we speculated that BNIP3L might be
involved in mitophagy during SKP/SKO reprogramming.
We measured the expression of BNIP3L at different time

points of reprogramming and found that the BNIP3L
expression level peaked around d 5 (Fig. 4A and Fig. S9).
Together with the observation that mitophagy peaked
around d 5 (Fig. 2C), we hypothesized that BNIP3L corre-
lated the occurrence of mitophagy in SKP/SKO reprogram-
ming. To test this, we applied Bnip3l silencing in SKP/SKO-
induced reprogramming (Fig. S10). Bnip3l silencing by
shRNA dramatically decreased mitophagosomes in SKP/
SKO reprogramming (Fig. 4B and Fig. S11). Meanwhile, the
Bnip3l silencing had no effect on autophagy, reflected by the
expression level of LC3B (Fig. S12). Furthermore, Bnip3l
silencing significantly restored the decrease of mitochondrial
mass, indicating that BNIP3L played an important role in
mitophagy during SKP/SKO reprogramming (Fig. 4C).
Moreover, Bnip3l silencing restored the mitochondrial mass,
reflected by TOMM20, to some extent at d 5 (Fig. 4D and
Fig. S13). To investigate the involvement of BNIP3L-medi-
ated mitophagy in pluripotency acquirement, we applied
Bnip3l silencing in SKP/SKO reprogramming and found that
Bnip3l silencing significantly decreased the number of GFP-
positive colonies, which is an indicator for establishment of
pluripotency (Fig. 4E). This indicates that BNIP3L-depen-
dent mitophagy plays a role in SKP/SKO reprogramming. In
addition, dissimilar from SKP/SKO reprogramming, BNIP3L
expression was consistently upregulated in SKPM/SKOM
reprogramming (Fig. S14A). Meanwhile, Bnip3l silencing
plus SKPM/SKOM reprogramming had no effect on reprog-
ramming efficiency (Fig. S14B). Together, these data exclude
the possibility that decreased reprogramming efficiency in

Figure 3. Mitophagy contributes to the elimination of mitochondria in a DCm-independent manner in SKP/SKO reprogramming. (A) Double dual-excitation ratiometric
imaging of mt-mKeima in MEFs transduced with Flag or SKP/SKO; scale bar: 10 mm. (B) Representative TEM image of mitophagy during SKP/SKO reprogramming at d 5;
scale bar: 500 nm. The boxed regions are magnified below; scale bar: 500 mm (C) Western blot analysis of TOMM20 from MEFs transduced with Flag or SKP/SKO in the
absence and presence of BAF at d 5 (MEFs transduced with Flag or SKP/SKO were treated with BAF or DMSO for 4 h before sampling). (D) Relative mitochondrial mass of
MEFs undergoing SKP/SKO reprogramming with or without BAF treatment (�� P < 0.01). (E) DCm of mitophagosomes by triple labeling with YFP-LC3B, mt-CFP and
TMRM. FI value of TMRM reflects DCm (H: high DCm; L: low DCm); scale bar: 10 mm. (F) The percentage of mitophagosomes with high or low DCm.
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SKP/SKO plus Bnip3l silencing is related to its deleterious
effect on acquisition of pluripotency.

RAB5 is involved in the process of mitophagy in SKP/SKO
reprogramming

As disparate intracellular sources including the endoplasmic
reticulum (ER), Golgi and recycling endosome have been impli-
cated to contribute membrane to autophagosome formation
during different conditions,41-44 we then asked how these
organelles are related to autophagsome formation during SKP/
SKO-induced reprogramming. We used fluorescence-fusion
proteins including ER-mCherry and B4GALT-mCherry to label
ER and Golgi, while RAB5A-, RAB7- and RAB11A-mCherry

were used to mark early endosomes (EE),45 late endosomes
(LE),46 and recycling endosomes (RE),47 respectively. These
proteins were expressed together with GFP-LC3B in MEFs
undergoing SKP/SKO reprogramming. All types of endo-
somes—EE, LE and RE—but not Golgi or ER, showed substan-
tial colocalization with GFP-LC3B (Fig. 5A and B), and these
data imply that different types of endosomes are closely related
to autophagosomes in SKP/SKO-induced reprogramming.

To confirm that the involvement of endosomes for autopha-
gosome formation during SKP/SKO reprogramming, we per-
formed the photobleaching outside the region of interest (ROI)
assay,48 which has been reported to study membrane transfer
and stability. RAB5A-mCherry and GFP-LC3B were coex-
pressed in cells, and the dot which is mCherry- and

Figure 4. BNIP3L-dependent mitophagy accounts for the decrease of mitochondrial mass during SKP/SKO reprogramming. (A) Protein expression levels of BNIP3L in MEFs
transduced with Flag or SKP/SKO (nD 3). (B) Representative images of mitophagosomes in MEFs undergoing SKP/SKO reprogramming with shRNA against Bnip3l or lucif-
erase (Luc) as control at d 5; scale bar: 10 mm. (C) Quantification of relative mitochondrial mass in MEFs transduced with Flag or SKP/SKO plus shBnip3l or shLuc at d 5
(� P < 0.05). (D) Western blot analysis of TOMM20 from MEFs transduced with Flag or SKP/SKO plus shBnip3l or shLuc at d 5 (nD 3). (E) Reprogramming efficiency (repre-
sented by GFP-positive colonies) in MEFs transduced with SKP/SKO plus shBnip3l or shLuc (�� P < 0.01; ��� P < 0.001) (MEFs transduced with SKP/SKO retrovirus can be
reprogrammed into iPSCs colonies, and GFP-positive colonies are used to define the fully reprogrammed iPSCs).
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GFP-double-positive was selected and defined as the ROI. Then
we applied photobleaching outside the ROI to deplete all
mCherry signal except that present on selected, isolated auto-
phagic vesicles. After photobleaching, fluorescence of the ROI
cannot be compensated by the signal from outside of the ROI.
Upon photobleaching, fluorescence in the ROI was monitored,
and RAB5A-mCherry showed a persistent signal on these iso-
lated autophagosomes for more than 3 min (Fig. 5C). LE and
RE also showed similar results after photobleaching outside the
ROI (Fig. S15). The stability of the RAB-mCherry constructs
indicates that endosomes are not undergoing autophagy and
disappearing, but are involved in regulating the formation of
autophagosomes.

To further elucidate the roles of Rab5a, Rab7 and Rab11a in
autophagy in SKP/SKO reprogramming, Rab5 silencing by
shRNA was applied in this context (Fig. S16A). We found that
it had no effect on LC3B dots, while the colocalization of auto-
phagosomes and mitochondria was dramatically decreased in
SKP/SKO reprogramming compared with controls, which indi-
cates that the mitophagosome number decreased upon Rab5
silencing (Fig. 6A and B). Furthermore, we applied Rab7 and
Rab11 silencing, and both had no effect on mitophagosome for-
mation (Fig. S16B and C and Fig. S17). Overall, these data dem-
onstrate that Rab5 is involved in the formation of
mitophagosomes in SKP/SKO reprogramming.

Discussion

Here we present a novel function of mitophagy in somatic cell
reprogramming that leads to a decrease in mitochondrial mass
when reprogramming is mediated by SKP/SKO. Mitophagy
plays important roles in physiological and pathological

conditions.49 However, in cell fate or cell lineage determination,
mitophagy has seldom been explored. In erythroid cell and T
cell development, mitophagy plays an essential role.17-19,50 In
pluoripotent stem cells including embryonic stem cells and
iPSCs, the mitochondrial amount has been reported to be
markedly reduced compared with somatic cells.13 Interestingly,
we observed an elevated LC3B-II conversion (Fig. 2A) and
transient mitophagosome formation at d 5 during SKP/SKO
reprogramming (Fig. 2B and C). Only mitochondria, but not
ER or Golgi (Fig 5A and B) undergo autophagy. In addition,
peroxisomes were not found to undergo autophagy, either
(Fig. S18). Indeed, we demonstrated the occurrence of mitoph-
agy by using mt-mKeima (Fig. 3A), to detect the colocalization
between mitochondria and lysosomes (Fig. 2D and E) and also
by analyzing the effect of shAtg5 and shAtg12 on mitochondrial
amount (Fig. S5). Specifically, we determined that mitophagy in
SKP/SKO reprogramming was BNIP3L-dependent. BNIP3L
showed an expression peak similar to that of mitophagosome
occurrence (Fig. 2B and C and Fig. 4A) and was required for
mitophagy (Fig. 4C and D and Fig. S13). Thus, we ruled out the
possibility that the observed mitophagy is a byproduct of over-
activated autophagy, but it is BNIP3L-mediated. Our findings
on mitophagy in somatic cell reprogramming shed light on the
role of mitochondrial mass regulation during cell fate
determination.

Mitochondrial mass decreases in both SKP/SKO- and
SKPM/SKOM-induced reprogramming but according to differ-
ent patterns (Fig. 6C). Myc has been reported to promote rapid
cell division,51 while our data (Fig. S2 and S3) and previous
reports8,52 show that the expressions of mitochondrial biogene-
sis genes remained unchanged or increased during SKPM/
SKOM reprogramming. Thus, the cell division is much faster

Figure 5. Endosomes are involved in autophagosome formation in SKP/SKO-induced reprogramming. (A) Chimeric markers targeted to different organelles were
expressed during SKP/SKO reprogramming at d 5 (top to bottom: early endosomes (EE, RAB5A), late endosomes (LE, RAB7), recycling endosomes (RE, RAB11A), Golgi
(B4GALT), and endoplasmic reticulum (ER); scale bar: 10 mm (B) Quantification of GFP-LC3B overlap with different organelle membrane markers. (C) Persistent signal of
early endosome membrane on an autophagosome by a photobleaching outside the ROI assay during SKP/SKO reprogramming at d 5. All fluorescence outside the ROI
(marked by square) was photobleached. The fluorescence within ROI was monitored after photobleaching. Scale bars: 5 mm, upper panel; 1 mm, lower panel.
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than mitochondrial biogenesis, resulting in smaller cells with
fewer mitochondria in SKPM/SKOM reprogramming. At pres-
ent, Myc is considered to be dispensable for somatic cell reprog-
ramming.53,54 In SKP/SKO reprogramming, the cell proliferation
rate is not obviously affected, but the reprogrammed iPSCs also
have reduced mitochondrial content. This supplies us with an
ideal system to test hypotheses of the involvement of mitophagy
in cell fate determination. Consistent with the previous reports
in SKPM/SKOM reprogramming,13,14 activation of autophagy
was also observed in our SKP/SKO reprogramming system,
whereby autophagy reached a peak around d 7 and then sub-
sided. Besides, decreased mitochondrial mass and active auto-
phagy was also observed in tail-tip fibroblasts (TTFs) transduced
with SKP/SKO (Fig. S19). We have demonstrated the occurrence
of mitophagy and its responsibility for mitochondrial clearance
in SKP/SKO reprogramming by multiple methods.

The mechanisms of mitophagy described in yeast and mam-
mals seem to be limited to particular physiological conditions.27

Recent studies demonstrate that damaged mitochondria are
selectively degraded by mitophagy in a DCm-dependent man-
ner.16,55 BNIP3L or BNIP3 serve as mitophagy receptors in

liver, muscle and reticulocyte maturation.17-19,24-26 However,
the mitophagy receptors in stem cell fate remain to be investi-
gated. In our study, we exclude this possibility in somatic cell
reprogramming because autophagosome formation was
observed to be associated with mitochondria with both high
and low DCm, and YFP-PARK2 dots were not observed.
BNIP3L, an outer mitochondrial membrane LC3 receptor, is
essential for targeting mitochondria for autophagic degrada-
tion17-19 and our data show that BNIP3L-mediated mitophagy
accounts for the decrease of mitochondrial mass in SKP/SKO-
induced reprogramming process.

We revealed a paradigm for membrane trafficking between
organelles during the process of mitophagosome formation in
SKP/SKO-induced reprogramming: Different types of endo-
somes but not ER or Golgi are involved in the early step of
autophagosome formation, and RAB5 is required for the pro-
cess of generating mitophagosomes. Members of the small
GTPase RAB protein family, well-known regulators of mem-
brane trafficking and fusion events, play key roles in the regula-
tion of the autophagic process. RAB5 is a regulator of the early
steps of autophagosome formation that recruits the autophagy-

Figure 6. Rab5 is involved in the process of mitophagy in SKP/SKO reprogramming. (A) Representative images of mitophagosomes in MEFs undergoing SKP/SKO reprog-
ramming at d 5 with shRNA against Rab5 or Luc as control; scale bar: 10 mm. (B) Quantification of mitophagosomes in MEFs undergoing reprogramming with SKP/SKO
plus shRab5 or shLuc (n D 20; ��� P < 0.001). (C) Model of mitophagy in SKP/SKO reprogramming.
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specific BECN1-PIK3C3 complex resulting in subsequent
PtdIns3P production on the phagophore membrane.56-59

RAB11 is required for providing an RE-derived membrane
source for the autophagosome precursors44 and phagophore
expansion.60 In particular during PARK2-mediated mitophagy,
RAB7 plays a role in autophagosomal membrane formation by
regulating phagophore expansion.61 For the first time, we dem-
onstrate the role of RAB family proteins in the mitophagic pro-
cess, representing a novel interaction among endosomes,
autophagy and mitochondria in SKP/SKO-induced reprogram-
ming. Further molecular mechanisms need to be elucidated.

Our parallel finding of mitochondrial clearance in SKP/SKO
reprogramming and a recent report on SKPM/SKOM reprog-
ramming are complementary: 62Neither study observed obvi-
ous mitochondrial clearance by canonical autophagy in SKPM/
SKOM reprogramming. In SKPM/SKOM reprogramming, Ma
et al. studied from the angle of the occurrence and role of non-
canonical autophagy,62 but the mitochondrial receptor remains
unknown. ConsideringMyc is not required for reprogramming,
our work focused on SKP/SKO-induced reprogramming, and
studied from the perspective of the role of mitochondria. Inter-
estingly, ATG5-independent autophagy has been reported to
mediate mitochondrial clearance in embryonic reticulocytes,63

wherein BNIP3L is well known to be required.17-19 Future stud-
ies will be required to identify the relationship between BNIP3L
dependency and canonical and noncanonical autophagy in
mitophagy in cell fate determination.

Materials and methods

Cell culture, generation of iPSCs and treatments

MEFs were derived from ICR mice and OG2 mice carrying the
Pou5f1/Oct4-GFP transgenic allele, and cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Hyclone, SH30022.01) con-
taining 10% fetal bovine serum (FBS; Industria Argentina,
NTC-HK008), GlutMAX (Gibco, 35050–061) and NEAA
(Gibco, 11140–050). Plat-E cells were cultured in DMEM
medium containing 10% FBS for retrovirus packaging. Retrovi-
rus packaging was performed according to standard protocols.
These plasmids were transfected into Plat-E cells using polye-
thyleneimine-mediated transfection (Polysciences, 23966). The
viral supernatants were then collected, and filtered 48 h later
and we repeated this on the following day. Equal volumes of
the supernatants were mixed and supplemented with polybrene
(Sigma, H9268). MEFs were infected with retrovirus encoding
SKP/SKO or SKPM/SKOM, with day defined as d 0. Medium
was changed to iPSCs culture medium 24 h after the second
infection. iPSCs culture medium was DMEM containing 15%
FBS (Gibco, 10099–141), GlutMAX (Gibco, 35050–061) and
NEAA (Gibco, 11140–050), sodium pyruvate (Gibco, 11360–
070), mercaptoethanol (Invitrogen, 21985–023), penicillin/
streptomycin (Hyclone, SV30010) and Lif (synthesized at
GIBH). OG2 MEFs were derived from E13.5 embryos that
carry the Rosa26-lacZ allele and a transgenic Pou5f1/Oct4 pro-
moter driving GFP expression and used for reprogramming
within 2 passages as described.64 Pluripotency is acquired for
transcription factor-induced reprogramming only when the
fused GFP appeared. All cells used in the experiments were

cultured in water-jacked cell incubator (Thermo Scientific,
3111) containing 5% CO2 at 37�C. BAF (Gene Operation,
C2501) was dissolved in DMSO (Sigma, D5879) at a concentra-
tion of 1 mM. MEFs undergoing reprogramming were treated
with 100 nM BAF (diluted in growth media) or equivalent
amounts DMSO for 2 to 4 h before sample. TTFs were cultured
and reprogrammed generally as MEFs.

All mouse cell cultures (MEFs and TTFs) and generation of
iPSCs were approved by the Ethics Committee of Guangzhou
Institutes of Biomedicine and Health (Guangzhou, China).

Blastocyst injection

For generation of chimaeras, iPSCs were injected into ICR blas-
tocysts using a Piezo Micromanipulator (PMM-MB-A, Japan).
Injected blastocysts were transplanted into pseudopregnant
ICR females. Germline transmission of resulted chimeric mice
was determined by breeding F2 mouse with ICR mouse. iPSC
colonies (GFP-positive colonies) were picked up and character-
ized as described.65

Plasmids

pMXs based vectors encoding mouse POU5F1/OCT4, SOX2,
KLF4 and MYC was a gift from Shinya Yamanaka (Addgene,
13366;13367;13370;13375). The ER localization sequence
(Calreticulin signal sequence at N-terminal and KDEL at
C-terminal), Golgi marker protein B4GALT, lysosome marker
protein LAMP1, and endosome marker proteins RAB5A,
RAB7 and RAB11A, with mCherry fusions were cloned into
pMXs-Flag plasmids. The insert mtDsRed was cut out from the
original construct pDsRed2-Mito purchased from Clontech
(Takara, 632421) and was cloned into a pMXs vector. ACTB-
GFP was generated by fusion of human ACTB to GFP and was
cloned into a pMXs vector. mCherry-Peroxisomes-2 was a gift
from Michael Davidson (Addgene, 54520). mt-mKeima was
cloned into a pMXs vector and pCHAC-mt-mKeima was a gift
from Richard Youle (Addgene plasmid, 72342). shRNA for tar-
geted genes was constructed into the pSUPER vector(oligoen-
gine, VEC-PRT-0002). Target sequences for a variety of genes
are shown in Table S1. Cells infected with pSUPER were
selected with puromycin (Genomeditech, GM-040401–2; 2 mg/
mL for 48 h) before sampling.

Quantification of mitochondrial mass, mitochondrial area
and mtDNA copy number

Cells were washed with phosphate-buffered saline (PBS; Gibco,
C14190500BT) twice and stained with 20 nM MitoTracker
Green (Life Technology, M7514) for 30 min and subsequently
washed once with PBS. Cells were detached with 500 mL 0.25%
trypsin (Gibco, 25200–056) and diluted with 500 mL PBS.
MitoTracker Green FI of cells was measured by flow cytometry
(BD Biosciences), and FI value per cell was calculated to reflect
mitochondrial mass per cell. First, MEFs were infected with ret-
rovirus expressing ACTB-GFP and mtDsRed and split into
appropriate confluence (15,000 for a 24-well plate). Flag, SKP/
SKO, SKPM/SKOM or MYC were introduced into cells
through a retrovirus. Then cells were fixed with 4%
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paraformaldehyde (Genesion, wj0012) and stained with DAPI
(Sigma Aldrich, D9542). Images were acquired with a Zeiss 710
NLO laser-scanning confocal microscope system (Germany)
and quantification of mitochondrial area was analyzed through
ZEN 2010 software. For mtDNA copy number determination,
total DNA was extracted by a TIANamp Genomic DNA Kit
(Tiangen, DP304–03). The mtDNA copy number was detected
by quantitative PCR (q-PCR) as described previously.66

Western blotting

Cells were lysed in radioimmunoprecipitation (Beyotime,
P0013B) buffer, together with cocktail (Roche, 04693116001)
and phenylmethanesulfonyl fluoride (Beyotime, ST506). Rela-
tive ratio of respective density of each proteins band was quan-
tified using Image J software. The detailed information of
primary antibodies used in this study is shown in Table 1. The
secondary antibodies were goat anti-rabbit (Kangchen, KC-RB-
035) and goat anti-mouse (Kangchen, KC-MM-035) with HRP.
We used ECL (Merck Millipore, WBKLS0500) to detect the tar-
get proteins.

TEM

For electron microscopy, cells were washed with PBS twice and
then fixed with 2.5% glutaraldehyde (G5882, Sigma Aldrich) at
4�C for more than 4 h and then washed 3 times with 2.5% glu-
taraldehyde in 0.1M phosphate buffer (pH 7.4). For detecting
mitophagy, BAF and DMSO was added 4 h before fixation,
respectively. The ultrastructure of mitochondria and autopha-
gosomes was visualized by TEM (FEI Tecnai G2 Spirit, USA).

Reverse transcription-PCR (RT-PCR) and q-PCR

Cells were washed with PBS twice and were then lysed with Tri-
zol reagent (Molecular Research Center, TR118). Total RNA
was extracted following the manufacturer’s protocol. The
cDNA synthesis was performed with RT-PCR Kit (Takara,
639522). q-PCR was performed using a real time PCR-SYBR
Green kit (Takara, RR430S) and reactions were performed in
CFX Connect (Bio-Rad, USA), and mouse Actb was used as a
control.

Fluorescence microscopy

MEFs were infected with virus expressing GFP-LC3B and dif-
ferent organelle-localized fluorescent proteins and split into
appropriate confluence (15,000 per 24-well plate and 70,000 for

35-mm dish, respectively). Flag or SKP/SKO were introduced
into cells through a retrovirus. Then, cells were fixed with 4%
paraformaldehyde (Genesion, wj0012) and stained with DAPI.
Images or movies were acquired with a Zeiss 710 NLO laser-
scanning confocal microscope system. For TMRM (Invitrogen,
T668) staining, cells were washed twice and treated with 25 nM
TMRM for 30 min, and then with 5 nM TMRM for imaging.
For photobleaching outside the ROI, we used the 405-nm and
488-nm laser to deplete all signal except that present on
selected autophagic vesicles. For mt-mKeima, double dual-exci-
tation (458/543) ratiometric imaging of mt-mKeima was used
to monitor mitophagy as described previously.38 YFP-PARK2,
was used together with mt-TFP and TMRM staining to moni-
tor mitophagy as described previously.16

Statistical analyses

The significance of statistical differences observed for all experi-
ments was evaluated using the Student t test as indicated in the
legends of relevant figures.

Abbreviations

BAF bafilomycin A1

BNIP3L BCL2/adenovirus E1B interacting
protein 3-like

d day
DMEM Dulbecco’s modified Eagle’s medium
EE early endosome
ER endoplasmic reticulum
FI fluorescence intensity
iPSCs induced pluripotent stem cells
LAMP1 lysosomal-associatedmembrane pro-

tein 1
LE late endosome
MAP1LC3/LC3 microtubule-associated protein 1 light

chain 3
MEFs mouse embryonic fibroblasts
mtDNA mitochondrial DNA
mtDsRed mitochondrial targeted-DsRed
OMM mitochondrial outer membrane
PBS phosphate-buffered saline
PINK1 PTEN induced putative kinase 1
q-PCR quantitative PCR
RE recycling endosome
ROI region of interest
SKP/SKO, Sox2, Klf4 Pou5f1/Oct4
SKPM/SKOM, Sox2, Klf4 Pou5f1/Oct4 andMyc/c-Myc

Table 1. Primary antibodies used in this study.

Antigen Host Company Catalog number Dilution

ACTB Mouse Sigma-Aldrich A2228 1:5000 (WB)
ATG5 Rabbit Abcam ab108327 1:1000 (WB)
ATG12 Rabbit Cell Signaling Technology 4180 1:500 (WB)
BNIP3L Rabbit Cell Signaling Technology 12396 1:1000 (WB); 1:200 (IF)
LC3B Rabbit Cell Signaling Technology 2775 1:1000 (WB)
TOMM20 Rabbit Abcam ab78547 1:1000 (WB)
TOMM20 Mouse Abcam ab56783 1:500 (WB)
PPARGC1A/PGC1-a Rabbit Abcam ab191838 1:1000 (WB)
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TEM transmission electron microscopy
TMRM tetramethylrhodamine methyl ester
TOMM20 translocase of outer mitochondrial

membrane 20 homolog (yeast)
TTFs tail tip fibroblasts
DCm mitochondrial membrane potential
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