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Metabolic programming of bone marrow stromal cells
(BMSCs) could influence the function of progenitor osteo-
blasts or adipocytes and hence determine skeletal pheno-
types. Adipocytes predominantly utilize oxidative phosphor-
ylation, whereas osteoblasts use glycolysis to meet ATP
demand. Here, we compared progenitor differentiation from
the marrow of two inbred mouse strains, C3H/HeJ (C3H) and
C57BL6J (B6). These strains differ in both skeletal mass and
bone marrow adiposity. We hypothesized that genetic regu-
lation of metabolic programs controls skeletal stem cell fate.
Our experiments identified Bcl-2–like protein 13 (Bcl2l13), a
mitochondrial mitophagy receptor, as being critical for adi-
pogenic differentiation. We also found that Bcl2l13 is differ-
entially expressed in the two mouse strains, with C3H adi-
pocyte progenitor differentiation being accompanied by a
>2-fold increase in Bcl2l13 levels relative to B6 marrow adi-
pocytes. Bcl2l13 expression also increased during adipogenic
differentiation in mouse ear mesenchymal stem cells (eMSCs)
and the murine preadipocyte cell line 3T3-L1. The higher
Bcl2l13 expression correlated with increased mitochondrial
fusion and biogenesis. Importantly, Bcl2l13 knockdown sig-
nificantly impaired adipocyte differentiation in both 3T3-L1
cells and eMSCs. Mechanistically, Bcl2l13 knockdown repro-
grammed cells to rely more on glycolysis to meet ATP
demand in the face of impaired oxidative phosphorylation.
Bcl2l13 knockdown in eMSCs increased mitophagy. More-
over, Bcl2l13 prevented apoptosis during adipogenesis. Our
findings indicate that the mitochondrial receptor Bcl2l13
promotes adipogenesis by increasing oxidative phosphoryla-
tion, suppressing apoptosis, and providing mitochondrial
quality control through mitophagy. We conclude that genetic

programming of metabolism may be important for lineage
determination and cell function within the bone marrow.

There is increasing awareness of the importance of under-
standing bone marrow adiposity because of its intimate rela-
tionship to bone remodeling and systemic energy metabolism
(1). Bone marrow stromal cells (BMSCs)2 give rise to both
osteoblasts and adipocytes that ultimately direct bone and adi-
pose generation within the niche. Lineage-specific transcrip-
tion factors have traditionally been thought to direct BMSC fate
into preosteoblasts or preadipocytes. Several transcription fac-
tors regulate adipogenesis, including peroxisome proliferator-
activated receptor � (PPAR�), CCAAT/enhancer-binding
protein � (CEBP�) during early differentiation, and fatty acid–
binding protein (FABP4) in terminal differentiation. We previ-
ously reported that C3H/HeJ (C3H) mice have higher bone
mass yet markedly more marrow adiposity than C57BL/6J (B6)
despite similar body weights (2). We also noted that C3H cal-
varial osteoblasts exhibited greater oxidative phosphorylation
than but similar glycolytic rates as B6 mice (3), and that prea-
dipocytes predominantly utilize oxidative phosphorylation to
generate ATP, whereas preosteoblasts utilize glycolysis (4).
Thus, we hypothesized that BMSCs from C3H mice were met-
abolically programmed to increase bone marrow adipogenesis
via enhanced oxidative phosphorylation.

Bcl-2–like protein 13 (Bcl2l13) is a member of the B cell
lymphoma 2 (BCL-2) family known for its central role in regu-
lating apoptosis and ubiquitously expressed in human cells (5).
Recently, it has been reported that Bcl2l13 is a mammalian ho-
molog of yeast Atg32 that mediates mitophagy and mitochon-
drial fragmentation (6). It binds to cleaved type II light chain 3
(LC3-II), the main component of the autophagosomal mem-
brane, to allow the mitochondria to be engulfed within an
autophagosome. Bcl2l13 is thought to have a role in controlling
the proper quality and quantity of mitochondria to maintain
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proper cellular homeostasis via regulation of mitophagy, but its
physiological and pathological role in stromal cell differentia-
tion is still unclear.

Due to the high oxidative phosphorylation requirement in
adipocytes, mitochondrial regulatory mechanisms are critical
during adipogenesis. In support of this notion, recent studies
have shown that mitochondrial biogenesis increases with 1)
adipogenic differentiation of human MSCs (7), 2) progression
of brown/beige adipocyte differentiation in white adipose tis-
sue (8), and 3) regulation of mitochondrial content through
autophagy pathways. The latter in turn has been suggested to be
critical for maintaining and controlling “beiging” during ther-
mogenesis (9). Furthermore, a recent report implicated a role
for Bcl2l13 in promoting beiging in response to cold and adre-
nergic activation (10). Despite these initial reports, there is still
no clear mechanistic understanding of how Bcl2l13 regulates
adipogenesis. To this end, using C3H mice as a model, we found
that the mitochondrial mitophagy receptor Bcl2l13 was essen-
tial for increasing oxidative phosphorylation activity by regulat-
ing mitophagy and apoptosis during adipocyte differentiation.
These new insights reflect a growing appreciation of how met-

abolic programming might influence lineage allocation in the
bone marrow.

Results

BMSCs in C3H mice showed higher differentiation ability for
adipocytes and osteoblasts than that in B6 mice

BMSCs from both B6 and C3H strains were cultured with
adipogenic medium for 9 days or with osteogenic medium for
14 days. As for adipogenic differentiation, BMSCs from C3H
mice showed significantly high staining with Oil Red O (Fig.
1A). Pparg expression in C3H BMSCs was increased during
adipogenesis and significantly higher than that of B6 mice (Fig.
1B). Other adipocyte marker genes, Cebp� and Adipoq, also
showed a trend toward higher expression in C3H than in B6.
Osteogenic differentiation cultures showed higher alkaline
phosphatase activity and von Kossa mineralization in BMSCs of
C3H mice than that of B6 mice (Fig. 1C). The expression of
Osterix (Sp7) was significantly greater in BMSCs from C3H
mice in osteogenic media with increases in other osteogenic
genes (Fig. 1D). Mouse ear mesenchymal stem cells (eMSCs),

Figure 1. Comparison of differentiation ability in BMSCs from B6 and C3H mice and identification of Bcl2l13 as a specific factor of adipogenesis. A and
B, BMSCs from B6 and C3H mice after 9 days in adipogenic differentiation medium. A, Oil Red O staining, scale bars � 10 �m. ORO/CV, Oil Red O/crystal violet
ratio, relative to B6 levels. n � 3. B, relative mRNA levels of Pparg, Cebpa, and Adipoq. The value for B6 on day 0 was set as 1. n � 3. C and D, BMSCs from B6 and
C3H mice after 14 days in osteogenic differentiation medium. C, alkaline phosphatase (red) and Von Kossa (black) staining. Scale bars, 10 �m. D, relative mRNA
levels of Bglap, Alpl, SP7, and Runx2. The value for B6 on day 0 was set as 1. n � 3. E, scheme of the inversion on chromosome 6 in the C3H/HeJ mouse. Bcl2l13
gene is located at 9 kb downstream of the distal cut point. F and G, relative mRNA levels (F) and protein levels (G) of BCL2L13 during adipogenic and osteogenic
differentiation culture. Pre-D, predifferentiation; Adipo, adipogenesis; OB, osteogenesis; ACTB, �-actin. The value for B6 in predifferentiation was set as 1. n � 3.
*, p � 0.05; **, p � 0.01; ***, p � 0.001. Error bars, S.E.
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which have been shown to differentiate into adipocytes in vitro
(11), also showed similar genetic patterns in adipogenic culture,
although osteogenic induction was not sufficient to compare
with BMSCs (Fig. 2, A–D).

The expression of mitochondrial mitophagy receptor Bcl2l13
in BMSCs was higher in C3H mice than in B6 mice during
adipogenesis

Next, we asked whether metabolic determinants could be
responsible for the enhanced marrow adipogenic phenotypes in
C3H/HeJ mice, which have a unique homozygous chromo-
somal inversion on chromosome 6 from 62 to 116 Mb (12). The
cut point for the distal inversion is located only 9 kb upstream of
Bcl2l13, which encodes a mitochondrial mitophagy receptor
protein (Fig. 1E). Bcl2l13 transcript and protein expression dur-
ing adipogenic or osteogenic culture of BMSCs demonstrated
that Bcl2l13 was significantly higher in BMSCs with adipogen-
esis compared with predifferentiation. Furthermore, BMSCs
from C3H mice cultured in adipogenic medium had a 2.7- and

2.6-fold increase of Bcl2l13 in gene and protein expression rel-
ative to that from B6 mice, respectively. Meanwhile, during
osteogenesis, Bcl2l13 gene and protein expression showed a
slight increase, but there was no difference between B6 and
C3H (Fig. 1, F and G). Bcl2l13 also had a higher expression
pattern in eMSCs during adipogenic culture (Fig. 2E).

Higher Bcl2l13 gene and protein during adipogenesis is
accompanied by mitochondrial biogenesis and dynamics in
BMSCs

To confirm the association between adipogenesis and
Bcl2l13, gene expression in BMSCs from B6 mice was per-
formed. During 9 days of adipogenesis, Bcl2l13 expression
increased progressively in a pattern similar to that of the adi-
pocyte marker genes, Pparg and Adipoq (Fig. 3A). Accompa-
nied by this increase of Bcl2l13 expression, mitochondrial/nu-
clear DNA ratio (Mt/N) also increased during adipogenesis
(Fig. 3B), revealing that the amount of mitochondria was
increased during adipocyte differentiation of BMSCs. Assaying
for mitochondrial fusion protein mitofusin-2 (MFN2) showed a
significant increase during adipogenesis but not in osteogenesis
(Fig. 3C), again reinforcing the tenet that oxidative phosphory-
lation is necessary for adipocyte differentiation.

Bcl2l13 knockdown in 3T3-L1 cells suppressed adipogenic
differentiation, mitochondrial biogenesis, and mitochondrial
dynamics

Bcl2l13 knockdown in 3T3-L1 cells by siRNA revealed that
Bcl2l13 expression, which was increased during adipogenesis,
led to �90 and 54% significant reduction by the knockdown
after 3 and 6 days, respectively (Fig. 4A). The knockdown also
showed a 50% reduction in its protein levels on day 6 (Fig. 4B).
There was a morphological difference between the knockdown
and control cells (Fig. S1A). The Bcl2l13 knockdown caused a
significant impairment in adipocyte differentiation as shown by
decreased Oil O Red staining (Fig. 4C). The expression of Pparg
during adipogenesis was significantly decreased in knockdown
cells compared with control. The knockdown also decreased
the other adipocyte marker genes, Fabp4 and Adipoq, and
increased preadipocyte marker gene Dlk1, but not significantly
(Fig. 4D). The mitochondrial/nuclear DNA ratio in 3T3-L1
cells increased during adipogenesis and was significantly
decreased by Bcl2l13 knockdown (Fig. 4E). The knockdown
resulted in a significant decrease of mitochondrial fusion pro-
tein MFN2, along with a decrease in the total amount of mito-
chondrial fission protein dynamin-related protein-1 (DRP1)
(Fig. 4F). Both the expression of phosphorylated DRP1, serine
616 (fission activation) and serine 637 (fission inactivation), did
not show differences between the knockdown and control cells.

Knockdown of Bcl2l13 expression in 3T3-L1 cells inhibited
oxidative phosphorylation and resulted in increased glycolysis

Given the functional role for Bcl2l13 in mitochondrial respi-
ration during adipogenesis, we studied oxidative phosphoryla-
tion and glycolysis of 3T3-L1 cells with Bcl2l13 knockdown
during adipogenic or nondifferentiation culture conditions.
Using the Agilent XF Cell Mito Stress Test, 3T3-L1 cells with
Bcl2l13 knockdown showed no difference of oxygen consump-

Figure 2. Comparison of differentiation ability and Bcl2l13 expression in
eMSCs from B6 and C3H mice. eMSCs from B6 and C3H mice after 7 days
with adipogenic or 14 days with osteogenic medium. A, Oil Red O staining in
adipogenesis. Scale bars, 10 �m. ORO/CV, Oil Red O/crystal violet ratio, rela-
tive to B6 levels. n � 3. B, relative mRNA levels of Pparg in adipogenesis. The
value for B6 on day 0 was set as 1. n � 3. C, alkaline phosphatase (red) and Von
Kossa (black) staining in osteogenesis. Scale bars, 10 �m. D, relative mRNA
levels of Bglap in osteogenesis. The value for B6 on day 0 was set as 1. n � 3. E,
relative mRNA levels of Bcl2l13 in adipogenic or osteogenic culture. The value
for B6 on predifferentiation was set as 1. n � 3. Pre-D, predifferentiation;
Adipo, adipogenesis; OB, osteogenesis. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
Error bars, S.E.

Bcl2l13 stimulates adipogenesis

J. Biol. Chem. (2019) 294(34) 12683–12694 12685

http://www.jbc.org/cgi/content/full/RA119.008630/DC1


tion rate (OCR) in nondifferentiation culture but significantly
lower OCR in adipogenic cultures compared with control (Fig.
5A). In addition, the Bcl2l13 knockdown cells revealed a higher

extracellular acidification rate (ECAR) than control during
both nondifferentiation and adipogenic cultures (Fig. 5B). The
seahorse XFp glycolytic rate assay demonstrated that glycolytic

Figure 3. Bcl2l13 expression and mitochondrial biogenesis and dynamics in BMSCs from B6 mice during adipogenic differentiation. A, relative mRNA
levels of Bcl2l13, Pparg, and Adipoq in B6 BMSCs during a 9-day adipogenic culture. The value for day 0 was set as 1. n � 3. **, p � 0.01 versus day 0; ***, p � 0.001
versus day 0; ##, p � 0.01 versus day 3. B, mitochondrial/nuclear DNA ratio (Mt/N) shown by the rate of mitochondrial DNA (Mito) and �2-microglobulin (B2M).
n � 3. C, Western blotting for MFN2 protein during adipogenesis or osteogenesis and its relative protein level. Pre-D, predifferentiation; Adipo, adipogenesis;
OB, osteogenesis; ACTB, �-actin. The value for predifferentiation was set as 1. n � 3. **, p � 0.01. Error bars, S.E.

Figure 4. Bcl2l13 knockdown in 3T3-L1 cells during adipogenesis. 3T3-L1 cells with transduction of scramble siRNA (Scr) or Bcl2l13 siRNA were
cultured in adipogenic medium for 6 days. A, relative mRNA levels of Bcl2l13. The value for scramble on day 0 was set as 1. n � 3. B, BCL2L13 protein level.
The arrow in Western blotting shows a specific band of BCL2L13. CYPA, cyclophilin A. The value for scramble was set as 1. n � 3. C, Oil Red O staining. Scale
bars, 10 �m. ORO/CV, Oil Red O/crystal violet ratio. The value for scramble was set as 1. n � 3. D, relative mRNA levels of Pparg, Fabpa, Adipoq, and Dlk1.
The value for scramble on day 0 was set as 1. n � 3. E, mitochondrial/nuclear DNA ratio (Mt/N) shown by the rate of mitochondrial DNA (Mito) and
�2-microglobulin (B2M). n � 3. F, Western blotting of mitochondrial fission/fusion proteins and relative protein level of MFN2. The value for scramble
was set as 1. T-DRP1, total DRP1; pDRP1, phosphorylated DRP1; Ser616, serine 616; Ser637, serine 637; CYPA, cyclophilin A. n � 3. *, p � 0.05; **, p � 0.01;
***, p � 0.001. Error bars, S.E.
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ATP production, like total ATP production, was significantly
higher in Bcl2l13 knockdown cells than in control in both adi-
pogenic and nondifferentiation culture (Fig. 5C).

Bcl2l13 knockdown in eMSCs with nondifferentiation culture
increased mitophagy

In eMSCs, Bcl2l13 knockdown by siRNA resulted in more
than 75% reduction in Bcl2l13 expression in both gene and
protein levels after 6 days of adipogenesis, respectively (Fig. 6, A
and B). Morphological change was induced in the knockdown
cells as well as 3T3-L1 cells (Fig. S1B). Oil Red O staining also
revealed significant suppression of adipocyte differentiation in
the knockdown eMSCs (Fig. 6C). The expression of adipogenic
marker genes and mitochondrial/nuclear DNA ratio showed a
decrease in the knockdown cells (Fig. S2).

Using primary eMSCs from mito-QC mice, which have
mCherry-GFP tandem-tagged mitochondria for the visualiza-

tion of mitochondrial architecture and mitophagy (13), we
quantified the degree of mitophagy in the Bcl2l13 knockdown
cells. When there is active mitophagy taking place, we can visu-
alize the lysosome-engulfed mitochondria as mCherry-positive
red spots. After a 6-day culture in nondifferentiation medium,
the mCherry-positive red spots were confirmed in confocal
microscopy images (Fig. 6D). Using ImageJ, the pixels of each
mitochondria and mitophagy region were quantified, and the
ratio of mitophagy in the mitochondria was calculated (Fig. S3).
As a result, in the cells with scramble siRNA, the mitophagy/
mitochondria scores were significantly increased by 1.73-fold
with the mitophagy inducer deferiprone (DFP). Surprisingly,
the mitophagy/mitochondria scores in the cells with Bcl2l13
knockdown showed a significant increase compared with con-
trol by 1.39-fold, and furthermore, the addition of DFP led to
significant decrease of mitophagy in the knockdown eMSCs by
0.85-fold (Fig. 6E). Real-time PCR for the expression of the

Figure 5. Mitochondrial respiratory function analysis in 3T3-L1 cells with Bcl2l13 knockdown. 3T3-L1 cells with transduction of scramble siRNA (Scr) or
Bcl2l13 siRNA were cultured in nondifferentiation or adipogenic medium for 6 days. A and B, OCRs (A) and ECAR (B). Oligomycin (Oligo), FCCP, and the
combination of antimycin and rotenone (Anti/Rot) were injected in sequence. Basal, basal respiration; Maximal, maximal respiration; Spare, spare respiration
capacity. Data shown are representative of three independent seahorse runs. C, ATP production rate from mitochondrial respiration (mito-ATP) or glycolysis
(glyco-ATP), calculated from rate of proton efflux from total and respiration. p values are for glycolytic contribution (dashed lines) and total ATP production rate
(solid lines). *, p � 0.05; **, p � 0.01; ***, p � 0.001. Error bars, S.E.
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genes associated with other mitophagy systems, Bnip3, Bnip3l
(coding Nix), Pink1, and Prkn2, was performed. Bnip3, Pink1,
and Prkn2 showed a significant increase during adipogenesis,
although there was no difference between Bcl2l13 knockdown
and control in their expression except Prkn2 (Fig. 6F).

Bcl2l13 suppressed apoptosis during adipogenic
differentiation

The number of 3T3-L1 cells with or without Bcl2l13 knock-
down was counted at 6 days of adipogenic or nondifferentiation
culture. As a result, the cell population showed significant
decrease in Bcl2l13 knockdown cells in both cultures compared
with control cells (Fig. 7A). Annexin V and propidium iodide
(PI) staining flow cytometry performed after adipogenic culture

in 3T3-L1 cells revealed that the ratio of annexin V–positive
and PI-negative cells, which represent early apoptotic cells, was
significantly higher in Bcl2l13 knockdown cells (24.0%) com-
pared with control (7.4%) (Fig. 7B).

Reactive oxygen species (ROS) production was not
significantly changed in 3T3-L1 cells with Bcl2l13 knockdown

3T3-L1 cells with Bcl2l13 knockdown were stained with the
ROS-responsive dye CellROX Deep Red and analyzed by flow
cytometry. During adipogenesis, the rate of ROS-positive living
cells was significantly increased by 3 times in cells with both
scramble and Bcl2l13 siRNA. In nondifferentiation culture,
Bcl2l13 knockdown cells showed an increased tendency in
ROS-positive rate by 2.0-fold compared with control, although

Figure 6. Mitophagy analysis of eMSCs with Bcl2l13 knockdown. eMSCs with transduction of scramble siRNA (Scr) or Bcl2l13 siRNA were cultured in
nondifferentiation (NonD) or adipogenic (Adipo) medium for 6 days. A, relative mRNA levels of Bcl2l13. The value for scramble on day 0 was set as 1. n � 3. B,
BCL2L13 protein level. CYPA, cyclophilin A. The value for scramble was set as 1. n � 3. C, Oil Red O staining; scale bars, 10 �m. ORO/CV, Oil Red O/crystal violet
ratio. The value for scramble was set as 1. n � 3. D, confocal microscope images of eMSCs from mito-QC mice cultured with nondifferentiation medium. In
contrast to the yellow region (merge of GFP and mCherry, representing cytosolic mitochondria), red spots (only mCherry-positive, representing mitolysosomes)
were observed. Scale bars, 20 �m. E, comparison of mitophagy/mitochondria ratio among each culture group of mito-QC eMSCs. n � 49, 57, 54, and 59 for
scramble, scramble � DFP, siRNA, and siRNA � DFP group, respectively. F, relative mRNA levels of Bnip3, Bnip3l, Pink1, and Parkin2 during nondifferentiation
or adipogenic culture. The value for scramble on day 0 was set as 1. n � 3. *, p � 0.05; **, p � 0.01; ***, p � 0.001. Error bars, S.E.
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it was not statistically significant (Fig. S4). Hence, increased
ROS was not responsible for the changes in mitochondrial
activity in the knockdown cells.

Discussion

In this work, we demonstrated that the mitochondrial
mitophagy receptor Bcl2l13 is necessary for adipogenesis, but
not osteogenesis, in the marrow and that it provides a quality
control mechanism for oxidative phosphorylation via regula-
tion of mitophagy and apoptosis during adipogenesis.

Initially, we sought to test the hypothesis that BMSCs from
C3H/HeJ mice were metabolically programmed to increase
bone marrow adipogenesis via enhanced oxidative phosphory-
lation, by determining the responsible gene or genes that drove
bone marrow adipocyte differentiation and their relationship to
mitochondrial function. After confirming the higher differen-
tiation capacity of C3H BMSCs during both adipogenesis and
osteogenesis, we found differential expression of the Bcl2l13
gene, which is located only 9.0 kb downstream of the distal cut
point of a unique chromosomal inversion in C3H/HeJ mice
(14). Results of higher Bcl2l13 gene and protein expression in
BMSCs from C3H versus B6 during adipogenesis but not osteo-
genesis implied that Bcl2l13 was directly related to adipocyte
differentiation. It is noteworthy that we previously made a con-
genic mouse B6.C3H.6T (6T) that had the same genomic back-
ground of the C57BL6J mouse but with the chromosomal 6
inversion of C3H/HeJ backcrossed 10 generations (15). Unlike
C3H, the 6T mice had B6 alleles for Bcl2l13 combined with
the more proximal C3H alleles in the inversion yet only
showed high bone marrow adiposity after being exposed to a
high-fat diet (12, 16). Furthermore, stromal cells from the
bone marrow of 6T mice in vitro did not show an increase in
adipogenesis relative to BMSCs from B6 mice.3 Thus, the
genetic background of Bcl2l13 and the presence of more
proximal enhancers or repressors in the inverted chromo-
somal region ultimately determine its expression in C3H/
HeJ mice. Nevertheless, adipogenic differentiation and the
function of mitochondria were directly related to high
Bcl2l13 expression during adipogenesis in BMSCs and
eMSCs of C3H/HeJ mice.

Bcl2l13 knockdown in 3T3-L1 cells and eMSCs decreased
Oil Red O staining and reduced the master adipogenic tran-
scriptional factor Pparg mRNA. This strongly suggested a crit-
ical role of Bcl2l13 in the regulation of adipogenesis. Fabp4
coding FABP4, which reversibly binds to fatty acids in adi-
pocytes to regulate their storage (17–19), was also decreased
following knockdown. On the other hand, Dlk1 coding preadi-
pocyte factor-1 (PREF1), an inhibitor of adipogenesis (20) and
regulator of MSCs adipogenesis (21), showed a slight but not
significant increase after the knockdown of Bcl2l13 in 3T3-L1
cells. These results suggested that reduced Bcl2l13 might par-
tially contribute to a deficiency in fatty acid storage or regula-
tion during preadipocyte differentiation.

Recently, it has been suggested that the regulation of mito-
chondrial dynamics and function is essential for normal adipo-
genic differentiation of MSCs (22). Our studies, which were
consistent with other work, demonstrated that mitochondrial
amount was increased in BMSCs during adipogenic differenti-
ation (7). Furthermore, Bcl2l13 knockdown caused a decrease
in the amount of mitochondria in 3T3-L1 and eMSCs, implying
an important role for Bcl2l13 in mitochondrial biogenesis. Rel-
ative to mitochondrial dynamics, two genes, Mfn2 and Drp1,
are essential for mitochondrial turnover, the former for fusion
(23, 24) and the latter for fission (25). Forni et al. (26) reported
that Mfn2 was up-regulated during the early stages of adipo-
genesis, and knockdown resulted in a loss of adipogenic dif-
ferentiation. Our study also showed an increase of MFN2
protein in BMSCs and 3T3-L1 cells during adipogenesis but
not during osteogenesis. Silencing of Bcl2l13 led to a signif-
icant decrease of MFN2 and a trend for decreased DRP1 in
3T3-L1 cells reflecting not only a decrease in mitochondrial
mass but also a change in mitochondrial dynamics during
adipocyte differentiation.

A previous study reported that oxidative phosphorylation is
the predominant mechanism for ATP generation during adi-
pocyte differentiation (7). We also previously reported that dif-
ferentiated 3T3-L1 adipocytes met ATP demand primarily by
oxidative phosphorylation (4). The present study demonstrated
that Bcl2l13 knockdown caused a marked reduction in oxida-
tive phosphorylation and a significant increase of ATP genera-
tion from glycolysis in fully differentiated 3T3-L1 cells. In
addition, glycolysis was also markedly enhanced in the knock-
down nondifferentiated cells. This higher glycolytic activity

3 S. Bornstein, M. Fujiwara, A.R. Guntur, V.E. DeMambro, and C.J. Rosen, man-
uscript in preparation.

Figure 7. Apoptosis analysis of 3T3-L1 cells with Bcl2l13 knockdown. 3T3-L1 cells with transduction of scramble siRNA (Scr) or Bcl2l13 siRNA were cultured
in nondifferenatiation (NonD) or adipogenic (Adipo) medium for 6 days. A, the cell population of 3T3-L1 cells, which were detached and resuspended in 1 ml of
medium. n � 4. B, flow cytometry analysis on day 6 of adipogenic culture. The x and y axes represent annexin V (AV) and PI, respectively. p value is for cell rate
of early apoptosis (AV�PI�). *, p � 0.05; **, p � 0.01; ***, p � 0.001. Error bars, S.E.
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during early and later stages of adipogenic differentiation in
3T3-L1 with Bcl2l13 knockdown implies a significant compen-
sation of ATP production for the reduction in oxidative phos-
phorylation. These data also reflect the importance of meta-
bolic flexibility during lineage determination. In addition, this
shift toward glycolytic energy generation could be partially
responsible for impairment in adipocyte differentiation ob-
served with knockdown of Bcl2l13.

To investigate the mechanisms regulating adipogenesis by
Bcl2l13, we considered the association of Bcl2l13 with
mitophagy and apoptosis. Mitophagy is the specific and selec-
tive system via which excess or damaged mitochondria can be
eliminated by autophagy (27), and is responsible for basal mito-
chondrial turnover or removal of damaged mitochondria as a
stress-response mechanism. In addition to Bcl2l13, several
mitochondrial mitophagy receptors including B-cell lym-
phoma 2 19-kDa interacting protein 3 (Bnip3) and NIP3-like
protein X (Nix) are also known to connect with LC3-II on the
autophagosome structure (28). In addition, PTEN-induced
putative kinase protein 1 (Pink1) and Parkin are also associated
with mitophagy (29). The present investigation showed that
Bcl2l13 knockdown significantly increased the mitophagy of
eMSCs prior to differentiation, which might imply that Bcl2l13
represses mitochondrial autophagic flux for mitochondrial bio-
genesis during adipogenesis. Our results are in contrast to the
findings of Murakawa et al. (6) using HEK293 expressing
mKeima, a fluorescent mitochondrial protein resistant to lyso-
somal proteases, possibly because of differences in cell types.
Although Bcl2l13 knockdown did not show significant changes
in the expression of the other genes associated with mitophagy
except Prkn2, the increase of Bnip3 during adipogenesis was
still maintained with Bcl2l13 knockdown.

Endogenous Bcl2l13 has been reported to be involved in the
mitochondrial uncoupler carbonyl cyanide m-chlorophe-
nylhydrazone–induced mitophagy (6). Our results showed that
mitophagy was significantly decreased in the iron chelator
DFP-treated Bcl2l13-knockdown eMSCs. It was previously
reported that loss of iron triggers Pink1/Parkin-independent
mitophagy (30). This suggests the involvement of Bcl2l13 in
DFP-induced mitophagy. Further studies are needed to better-
characterize the association of Bcl2l13 function and mitophagy
during adipogenesis.

It has been reported that preadipocytes undergo apoptosis,
whereas mature adipocytes are not susceptible to apoptosis
during adipogenesis (31), and Bcl2 was associated with the mat-
uration of those preadipose cells (32, 33). BCL-2 family proteins
govern mitochondrial outer membrane permeabilization and
regulate apoptosis. As a member of the BCL-2 family, BCL2L13
protein has a single transmembrane domain and four con-
served BCL2 homology domains. However, there have been
conflicting reports about the effects of Bcl2l13 on apoptosis,
proapoptotic (5, 34, 35) or antiapoptotic (36). Previously, osteo-
blasts from C3H mice were shown to be less apoptotic (50%
fewer) than those of osteoblasts from B6 mice both in vivo and
in vitro (37), which might in fact be due to higher expression of
Bcl2l13 in C3H mice.

We demonstrated Blc2l13’s antiapoptotic effect on preadi-
pocytes by analyzing the cell population of Bcl2l13 knockdown

cells and confirmed it by annexin V and PI staining flow cytom-
etry in adipogenic 3T3-L1 cells. Although these data might also
imply the possibility of an effect of siRNA-induced growth
arrest on the number of knockdown cells, the results still sup-
port the tenet that Bcl2l13 has an important role in regulating
apoptosis during adipocyte differentiation.

ROS production is increased during adipogenesis (38).
Recently, it has been reported that the ROS generation is not
merely a result of differentiation but a causal factor in promot-
ing adipocyte differentiation in MSCs (39). Our analysis of ROS
production in Bcl2l13 knockdown cells revealed that ROS pro-
duction was indeed required in adipogenesis and that Bcl2l13
does not directly impact ROS production.

There are several caveats and limitations to our study. First,
analysis of Mitophagy using mito-QC eMSCs was not per-
formed in adipogenic culture due to the low expression of
mCherry and GFP in adipocyte-differentiated eMSCs. Second,
the effect of Bcl2l13 overexpression on adipogenesis and the
regulation of Bcl2l13 expression have not been explored. Third,
further investigations will be needed to determine the physio-
logical role of Bcl2l13 in vivo on adipose tissue development; we
are currently phenotyping mice with a genetic deletion of
Bcl2l13.

In sum, we found that the mitochondrial mitophagy receptor
Bcl2l13 is necessary for adipocyte differentiation. Although the
precise role and regulation of Bcl2l13 still need to be ascer-
tained, Bcl2l13 is critical for adapting to adipogenesis by regu-
lating mitophagy and apoptosis during the increase in oxidative
phosphorylation activity that accompanies differentiation (Fig.
8). These data imply that metabolic programming via mito-
chondrial respiration may influence lineage cell fate in the
marrow.

Experimental procedures

Animals

C3H/HeJ and C57BL/6J mice were obtained from the Jack-
son Laboratory (Bar Harbor, ME). Mito-QC mouse were ini-
tially obtained from Dr. Ian Ganley (University of Dundee) and
rederived in the Maine Medical Center Research Institute

Figure 8. The role of Bcl2l13 on adipogenesis. Mitochondrial mitophagy
receptor Bcl2l13 is essential for adapting to adipogenesis, including increase
of oxidative phosphorylation activity via regulating apoptosis and
mitophagy.
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mouse facility. At 8 weeks of age, male mice were euthanized for
harvesting primary cells using CO2 followed by cervical dislo-
cation. The Institutional Animal Care and Use Committee at
the Maine Medical Center Research Institute approved all
experimental procedures.

Primary cell isolation

BMSCs were isolated from dissected femurs and tibiae of
mice. The bone marrow contents were spun out from the bones
with small cuts at both ends by short centrifuging and resus-
pended in culture medium consisting of minimum essential
medium-� (MEM�) (Gibco), 10% (v/v) fetal bovine serum
(FBS), 100 units/ml penicillin, 100 �g/ml streptomycin (Gibco)
in a canted neck culture flask. Cultures were maintained at
37 °C with 5% CO2 in a humidified incubator, and 48 h after the
isolation, BMSCs were plated in 6- or 12-well plates.

Primary eMSCs were isolated from the outer ears of mice.
The samples were finely chopped in PBS containing 2 mg/ml
collagenase I (Worthington) and incubated for 1 h at 37 °C on a
shaker. After being passed through a 70-�m cell strainer, cells
were resuspended in DMEM/nutrient mixture F-12 (DMEM/
F-12) (Gibco) and centrifuged. The pellets were resuspended in
Red Blood Cell Lysis Buffer (Sigma-Aldrich) and incubated for
1 min, followed by the addition of DMEM/F-12 to quench it.
Samples were centrifuged, resuspended in cell culture medium
composed of DMEM/F-12 supplemented with 15% (v/v) FBS
and 100 �g/ml Primocin (Invivogen), and plated on a 6-well
plate. Once they reached 40 –50% confluence, cells were plated
in 6- or 12-well plates.

Cell culture

Isolated primary cells from mice were cultured in vitro to
evaluate adipogenesis and osteogenesis

BMSCs adipogenesis—Adipocyte base medium was com-
posed of DMEM high glucose with 10% (v/v) FBS, 100 units/ml
penicillin, 100 �g/ml streptomycin, and 2 �M insulin (Sigma-
Aldrich). Once BMSCs were confluent, the medium was
switched to the adipocyte differentiation medium consisting
of adipocyte base medium, 500 �M isobutylmethylxanthine
(IBMX) (Sigma-Aldrich), 1 �M dexamethasone (Sigma-Al-
drich), and 20 �M rosiglitazone (Cayman Chemical), and
changed after 48 h. Medium was switched to base medium
with 20 �M rosiglitazone on day 5 and replaced with base
medium on day 7.

eMSC adipogenesis—DMEM/F-12 with 5% (v/v) FBS and 100
�g/ml Primocin was used as adipocyte base medium. When
cells reached 100% confluence, they were cultured an extra day
and switched to adipocyte base medium with 500 �M IBMX, 1
�M dexamethasone, and 10 �M insulin, and the same medium
was changed at day 2. At day 5, medium was changed to the
adipocyte base medium containing 5.7 �M rosiglitazone and 0.1
�M insulin.

Osteogenesis of BMSCs and eMSCs—Osteoblast differentia-
tion medium, composed of MEM� containing 8 mM �-glycerol
phosphate (Sigma-Aldrich) and 200 �M ascorbic acid (Sigma-
Aldrich), was switched when the cells became confluent. The
medium was changed every other day.

3T3-L1 cells were purchased from ATCC (Manassas, VA)
and grown in culture medium consisting of DMEM high glu-
cose, 10% (v/v) FBS, 100 units/ml penicillin, and 100 �g/ml
streptomycin. On day 0 of adipogenesis, the medium was
switched to adipocyte differentiation base medium composed
of culture medium supplemented with 1 �M insulin, 1 �M

rosiglitazone, 500 �M IBMX, and 1 �M dexamethasone. The
medium was changed on day 2 and switched to the base
medium with 1 �M insulin and 1 �M rosiglitazone on day 4.

Real-time quantitative PCR assay

Total RNA was extracted using TRI Reagent (MRC) accord-
ing to the manufacturer’s instructions. After treatment with
recombinant DNase I (Roche), cDNA was constructed with 500
ng of RNA as a template by the High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific) according to the
manufacturer’s protocol. To quantify RNA expression, all real-
time PCR experiments were performed on a Bio-Rad CFX384
Real-Time System C1000 Thermal Cycler using the iQ SYBR
Green Supermix Kit (Bio-Rad) according to the manufacturer’s
instructions. cDNA samples were analyzed for the expression
of both genes of interest and a reference gene, �-actin (Actb).
-Fold inductions in gene expression levels were estimated using
the ��Ct method. Primers for Pparg, Cebpa, Adipoq, Actb,
Alpl, Runx2, Sp7, Bglap, Fabp4, and Dlk1 were purchased from
Primerdesign Ltd. (Chandler’s Ford, UK). Primers for Bcl2l13
were designed using Primer3Plus (http://primer3plus.com/),4
(41) and primers for Bnip3, Bnip31, Pink1, and Prkn2 were
obtained through the Harvard Primer Bank, whose sequences
and expected sizes of the PCR products are listed in Table S1.

Cell staining

Oil Red O staining was performed as follows. Cells were fixed
by using 10% neutral buffered formalin for 1 h, washed with 60%
isopropyl alcohol, and stained with a filtered 3.5 mg/ml solution
of Oil Red O (Sigma-Aldrich) in 60% isopropyl alcohol for 15
min. After washing twice with water, Oil Red O concentration
was quantified by elution with isopropyl alcohol and an optical
density measurement at 490 nm. Thereafter, cells were washed
with water and stained with 0.4% crystal violet (CV) (Sigma-
Aldrich) for 10 min. CV eluted with 10% acetic acid was quan-
tified by an optical density measurement at 650 nm.

An alkaline phosphatase staining kit (Sigma-Aldrich) was
used for alkaline phosphatase and von Kossa staining according
to the manufacturer’s instructions. Briefly, cells were fixed in
4% paraformaldehyde for 12 min at room temperature, washed
three times with PBS, and stained with AP solution mixed with
0.5 ml of sodium nitrite solution, 0.5 ml of FRV-alkaline solu-
tion, 22.5 ml of H2O, and 0.5 ml of naphthol AS-BI alkaline
solution, respectively, for 30 min in a dark place. Thereafter, for
von Kossa stain, cells were washed three times with water fol-
lowed by staining with 5% silver nitrate solution. After exposure
to strong light for 1 h, cells were rinsed with deionized water,
and residual silver nitrate was neutralized with 5% sodium thio-
sulfate solution.

4 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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Western blotting

Proteins from cell culture were extracted by scraping the cul-
ture wells in presence of radioimmune precipitation assay
buffer (Cell Signaling Technology). After centrifugation, pro-
tein quantity in the supernatant was measured using the Pierce
BCA protein assay kit (Thermo Scientific) according to the
manufacturer’s guidelines. 10 �g of each sample was loaded on
4 –15% Mini-PROTEAN TGX precast gels (Bio-Rad), run at
100 –200 V for 30 – 45 min, and transferred to polyvinylidene
fluoride membrane using the Trans-blot Turbo Transfer Sys-
tem (Bio-Rad) at 25 V for 7 min. The membrane was blocked in
TBS plus 0.1% Tween 20 containing 5% nonfat dry milk for 1 h
at room temperature, followed by incubating with primary anti-
body in blocking medium at 4 °C overnight: BCL2L13 poly-
clonal antibody (Proteintech, 16612-1-AP, 1:1000), MFN2 (Cell
Signaling Technology, USA, catalog no. 9482, 1:1000), DRP1
(D6C7) (Cell Signaling Technology, catalog no. 8570, 1:1000),
phospho-DRP1 (Ser-616) (Cell Signaling Technology, catalog
no. 3455, 1:500), phospho-DRP1 (Ser-637) (Cell Signaling
Technology, catalog no. 4867, 1:1000), �-actin (Santa Cruz Bio-
technology, Inc., sc-47778, 1:2000), or cyclophilin A (Cell Sig-
naling Technology, 2175S, 1:1000). The membrane was incu-
bated in blocking media with secondary antibody: anti-rabbit
IgG (NA934V) or anti-mouse IgG (NA931V) horseradish
peroxidase– conjugated antibodies purchased from GE Health-
care. Western blots were developed using the SuperSignal West
Dura Extended Duration Substrate (Thermo Fisher Scientific)
for 1 min and exposed with the ChemiDoc Touch imaging sys-
tem (Bio-Rad). The intensities of the bands were quantified
using the ImageJ software (National Institutes of Health).

Mitochondria DNA quantification analysis

Total genomic and mitochondrial DNA was extracted using
the QIAamp DNA Mini Kit (Qiagen) according to the manufa-
cturer’s instructions. The template concentration of DNA was
adjusted to 10 ng/�l. Referring to the report of Malik et al. (40),
mitochondrial DNA content was assessed by absolute quantifi-
cation using real-time PCR as described above. Primers for
mouse mitochondrial DNA (mMitoF and mMitoR) and mouse
�2-microglobulin (mB2MF and mB2MR) were used to amplify
the respective products from mouse genomic DNA (Table S2).

Knockdown of Bcl2l13

Silencer Select Bcl2l13 siRNAs against Bcl2l13 (Life Tech-
nologies, Inc., s96920) was transfected into 3T3-L1 cells and
eMSCs by using Lipofectamine RNAiMAX reagent (Invitro-
gen) according to the manufacturer’s instructions. Select Neg-
ative Control No. 1 siRNA (Life Technologies, catalog no.
4390843) was used as scramble siRNA. Briefly, the day before
transfection, cells were plated on a 12-well plate to be 60 – 80%
confluent at transfection (3T3-L1 cells, 3 � 104/well; eMSCs,
2 � 104/well). The next day, transfection reagents containing
siRNA (10 or 30 pmol for 3T3-L1 cells or eMSCs, respectively)
and 1:3 of Lipofectamine RNAiMAX in a final volume of 100 �l
with FBS-free medium were added to each well. The cells were
incubated for 24 h prior to the differentiation assay. During the
differentiation culture, DFP (Sigma, catalog no. 379409) were
used as needed.

Apoptosis analysis

Apoptosis during adipogenesis was analyzed using the FITC
annexin V/Dead Cell Apoptosis Kit with FITC annexin V and PI
for flow cytometry (Invitrogen) according to the manufactu-
rer’s protocol. Briefly, after washed with cold PBS, cells were
resuspended to the concentration of 5 � 105 cells/ml with 1�
annexin-binding buffer, incubated with FITC annexin V and
propidium iodide at room temperature for 15 min, and imme-
diately analyzed by flow cytometry by MACSQuant analyzer
(Miltenyi Biotec). Camptothecin (Sigma-Aldrich), a topoi-
somerase inhibitor, was used for a positive control for
apoptosis.

Mitochondrial respiratory function analysis

OCR and ECAR were determined by using the XF Cell Mito
Stress Test Kit with a Seahorse XFe96 analyzer (Agilent Tech-
nologies). As for adipogenic differentiation, 3T3-L1 cells were
seeded in a 96-well Seahorse XF cell culture microplate 1 day
after siRNA transfection at a density of 1 � 103 cells/well and
started adipogenesis. Meanwhile, 3T3-L1 cells with nondiffer-
entiation culture were seeded in the plate 5 days after transfec-
tion at a density of 5 � 103 cells/well. On day 6 of transfection,
OCR and ECAR were measured on a Seahorse XFe96 analyzer
as described by the manufacturer. Briefly, medium was changed
to Seahorse XF Base Medium Minimal DMEM without phenol
red with 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose,
pH 7.4, and the cells were equilibrated for 1 h at 37 °C in a
CO2-free incubator. After measurements of the basal rate, the
responses were evaluated toward the application of oligomycin
(1.25 �M final concentration), FCCP (1 �M), and a combination
of antimycin (0.5 �M) and rotenone (0.5 �M). In addition, the
Seahorse XFp Glycolytic Rate Assay Kit (Agilent Technologies)
was used to assess accurate measurements of glycolytic rates.
Cells were changed over to Seahorse XF DMEM, pH 7.4, with
no phenol red or sodium bicarbonate containing 5 mM HEPES,
1 mM pyruvate, 2 mM glutamine, and 10 mM glucose for 1 h at
37 °C in a CO2-free incubator. Prior to the start of the assay,
medium was changed again according to the manufacturer’s
instructions. After establishing a baseline, 0.5 �M rotenone and
antimycin A and 50 mM 2-deoxyglucose were sequentially
added, and the responses were measured. OCR, ECAR, and
glycolytic proton efflux rate and ATP production rates were
calculated by the Seahorse XFe96 software, Wave version 2.6.

Quantitative analysis of mitophagy

eMSCs from mito-QC mice were cultured in maintenance
medium for 5 days, and positive control cells of mitophagy were
followed by the addition of 1 mM deferiprone (Sigma, catalog
no. 379409) for the last 24 h. Cells were fixed by 4% paraformal-
dehyde, mounted with VECTASHIELD Mounting Medium
with DAPI (Vector Laboratories), and viewed with a Leica SP8
confocal microscope (Leica, Germany) equipped with an oil
objective (�63). Images were processed and analyzed using
ImageJ software.

ROS analysis

The CellROX Deep Red Flow Cytometry Assay Kit (Life
Technologies) was used for analysis of the ROS production.
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After 6 days of culture in adipogenic or maintain medium, cells
(1 � 105 cells/ml) were incubated with 750 nM CellROX Deep
Red for 60 min. During the final 15 min of staining, SYTOX
Blue Dead Cell stain solution was added to 1 �M concentration.
The stained cells were immediately analyzed by flow cytometry,
carried out on a MACSQuant analyzer. CellROX-positive and
SYTOX-negative cells were recognized as living ROS-positive
cells. tert-Butyl hydroperoxide (oxidative stress inducer) and
N-acetylcysteine (increasing the antioxidant capability) were
used for positive and negative control of ROS production,
respectively.

Statistical analysis

Using Prism version 6 statistical software (GraphPad Soft-
ware, Inc.), samples were tested for normal distribution using
the D’Agostino and Pearson omnibus normality test. Statistical
significance was calculated with unpaired t test or one-way
analysis of variance with the Tukey–Kramer post hoc test for
equally distributed samples, and the Mann–Whitney test or
Kruskal–Wallis test was performed for nonequally distributed
samples. All experiments were carried out in triplicate and
repeated at least three times. All data are presented as mean 	
S.E. p value � 0.05 was considered as significant.
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