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RESEARCH PAPER

BNIP3L/NIX and FUNDC1-mediated mitophagy is required for mitochondrial
network remodeling during cardiac progenitor cell differentiation
Mark A. Lamperta*, Amabel M. Orogoa*, Rita H. Najora, Babette C. Hammerlinga, Leonardo J. Leona,
Bingyan J. Wang b, Taeyong Kim b, Mark A. Sussman b, and Åsa B. Gustafssona

aSkaggs School of Pharmacy and Pharmaceutical Sciences, University of California, San Diego, La Jolla, CA, USA; bSan Diego Heart Research Institute
and the Department of Biology, San Diego State University, San Diego, CA, USA

ABSTRACT
Cell-based therapies represent a very promising strategy to repair and regenerate the injured heart to
prevent progression to heart failure. To date, these therapies have had limited success due to a lack of
survival and retention of the infused cells. Therefore, it is important to increase our understanding of the
biology of these cells and utilize this information to enhance their survival and function in the injured
heart. Mitochondria are critical for progenitor cell function and survival. Here, we demonstrate the
importance of mitochondrial autophagy, or mitophagy, in the differentiation process in adult cardiac
progenitor cells (CPCs). We found that mitophagy was rapidly induced upon initiation of differentiation
in CPCs. We also found that mitophagy was mediated by mitophagy receptors, rather than the PINK1-
PRKN/PARKIN pathway. Mitophagy mediated by BNIP3L/NIX and FUNDC1 was not involved in regulating
progenitor cell fate determination, mitochondrial biogenesis, or reprogramming. Instead, mitophagy
facilitated the CPCs to undergo proper mitochondrial network reorganization during differentiation.
Abrogating BNIP3L- and FUNDC1-mediated mitophagy during differentiation led to sustained mitochon-
drial fission and formation of donut-shaped impaired mitochondria. It also resulted in increased
susceptibility to cell death and failure to survive the infarcted heart. Finally, aging is associated with
accumulation of mitochondrial DNA (mtDNA) damage in cells and we found that acquiring mtDNA
mutations selectively disrupted the differentiation-activated mitophagy program in CPCs. These findings
demonstrate the importance of BNIP3L- and FUNDC1-mediated mitophagy as a critical regulator of
mitochondrial network formation during differentiation, as well as the consequences of accumulating
mtDNA mutations.
Abbreviations: Baf: bafilomycin A1; BCL2L13: BCL2 like 13; BNIP3: BCL2 interacting protein 3; BNIP3L:
BCL2 interacting protein 3 like; CPCs: cardiac progenitor cells; DM: differentiation media; DNM1L:
dynamin 1 like; EPCs: endothelial progenitor cells; FCCP: carbonyl cyanide-4-(trifluoromethoxy)phenyl-
hydrazone; FUNDC1: FUN14 domain containing 1; HSCs: hematopoietic stem cells; MAP1LC3B/LC3:
microtubule-associated protein 1 light chain 3 beta; MFN1/2: mitofusin 1/2; MSCs: mesenchymal stem
cells; mtDNA: mitochondrial DNA; OXPHOS: oxidative phosphorylation; PPARGC1A: PPARG coactivator 1
alpha; PHB2: prohibitin 2; POLG: DNA polymerase gamma, catalytic subunit; SQSTM1: sequestosome 1;
TEM: transmission electron microscopy; TMRM: tetramethylrhodamine methyl ester
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Introduction

Heart disease remains the primary cause of mortality and
morbidity worldwide and there is a need to develop new
and more effective treatments [1]. Cell-based therapies repre-
sent a very promising strategy to repair and regenerate the
injured heart which will prevent progression to heart failure.
Numerous studies have demonstrated the beneficial effects of
transplanting various stem cells into the heart [2]. The bene-
ficial effects on the heart have been reported to be due to
differentiation of the transplanted cells into different cardiac
cells [3–5] as well as their secretion of protective paracrine
factors [6]. Currently, cell based therapies suffer from limitations
such as a failure of the cells to integrate into the myocardium
and lack of survival and retention of the infused cells [7–9]. In

fact, almost all infused cells are absent within a few days of
transplantation, making them ineffective as a therapy for chronic
heart diseases. To overcome some of these obstacles, it is neces-
sary to increase our understanding of the biology of these cells
and utilize this information to enhance their retention, survival
and function in the unfavorable environment of the injured
heart.

Endogenous adult progenitor cells are relatively rare and
exist in niches in various tissues where they maintain
a primarily glycolytic and quiescent state. As a result, mito-
chondria in a progenitor cell are sparse compared to a mature
cell [10,11]. Upon activation, the cells undergo a bioenergetic
switch from glycolysis to mitochondrial oxidative phosphor-
ylation (OXPHOS) that is accompanied by activation of
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mitochondrial biogenesis and expansion of the mitochondrial
network [10–13]. Studies have demonstrated that defects in
mitochondria impair stem cell function and differentiation
[10,14–16], confirming the critical role of mitochondria in
these cells. However, the molecular mechanisms underlying
the mitochondrial reorganization and reprogramming are still
unclear.

Autophagy is a lysosomal-dependent degradation pathway
that is involved in eliminating unwanted or damaged cellular
components, such as proteins and organelles [17].
Autophagosomes degrade mitochondria in a process known
as mitophagy [18]. Given the long durability of stem cells in
tissues, it is not surprising that autophagy plays a critical role
in maintaining stem cell homeostasis. Ho et al. [19] recently
uncovered that mitophagy plays an important role in main-
taining the stemness of hematopoietic stem cells (HSCs) by
suppressing oxidative metabolism and removing actively
respiring mitochondria [19]. Although a few studies have
also observed activation of macroautophagy/autophagy dur-
ing differentiation of various cells [20–22], little is still known
of how autophagy contributes to the stem cell commitment
and differentiation processes. It is possible that autophagic
degradation of immature and unwanted cellular components
allows for remodelling and structural changes in the differ-
entiating cell. For instance, recent evidence indicates that
mitophagy is involved in eliminating immature mitochondria
prior to the establishment of a new network of mature,
actively respiring mitochondria [22,23]. Conversely, repro-
gramming of fibroblasts into induced pluripotent stem (iPS)
cells requires a metabolic switch from mitochondrial oxidative
phosphorylation to glycolysis and involves the removal of
mature mitochondria by autophagosomes [24–26].

An orchestrated series of events are involved in stem cell
activation and fate determination. Although it is known that
mitochondria are important during differentiation, the mole-
cular mechanisms linking mitochondria to the regulation of
differentiation are still very poorly understood. Here, we have
shown that mitochondrial clearance by mitophagy receptors is
activated in CPCs during differentiation. Our findings
demonstrate that both BNIP3L (BCL2 interacting protein 3
like) and FUNDC1 (FUN14 domain containing 1) were sig-
nificantly upregulated during differentiation in CPCs and
were required for formation of a functional interconnected
mitochondrial network. Disrupting BNIP3L- and FUNDC1-
mediated mitophagy led to mitochondrial fission with forma-
tion of donut-shaped mitochondria, a greater susceptibility to
oxidative stress-mediated cell death, and reduced CPC reten-
tion in vivo. Thus, our studies highlight the critical role of
mitophagy in the formation of a functional mature mitochon-
drial network upon differentiation of progenitor cells.

Results

Autophagy and mitophagy are activated in
differentiating CPCs

Autophagy is a key regulator of intracellular degradation [27]
and has been reported to be increased during differentiation
of cells. To determine whether autophagy was increased in

CPCs following incubation in differentiation media (DM), we
assessed the levels of LC3-II (microtubule-associated protein
1 light chain 3 beta) by western blotting. LC3-II is present on
the autophagosome and the level of LC3-II reflects the num-
ber of autophagosomes in the cell [28]. We found that the
CPCs had low levels of LC3-II under baseline (D0) condi-
tions but that LC3-II levels increased upon incubation in DM
(Figure 1(a-b)). An increase in LC3-II could reflect either
increased autophagosome formation due to enhanced autop-
hagic activity, or an accumulation of autophagosomes due to
reduced activity or impairment in the downstream degrada-
tion pathway. The vacuolar-type H+-ATPase inhibitor bafi-
lomycin A1 (Baf) causes accumulation of autophagosomes
due to impaired fusion between autophagosomes and lyso-
somes and can be used to monitor autophagic activity [29].
We found that the presence of Baf led to a further increase in
LC3-II levels at day 4 (Figure 1(b)), confirming increased
autophagic activity in the CPCs. We also found that incuba-
tion of CPCs in DM led to a significant increase in BECN1
(beclin 1), a positive regulator of autophagy [30], and
a significant decrease in the autophagy substrate SQSTM1
(sequestosome 1) [31] (Figure 1(d-e)). These findings demon-
strate that autophagy was activated during differentiation.

Mice with a defective proofreading mitochondrial POLG/
DNA polymerase γ, polgD257A/D257A, experience premature
aging and develop accelerated age-related cardiomyopathy
due to accumulation of mtDNA mutations [32]. We have
previously reported that CPCs isolated from young POLG
mice have impaired mitochondrial function and differentia-
tion [10]. Here, we investigated whether autophagic activity in
POLG CPCs was altered by the mutated POLG. We found
that autophagy was increased in POLG CPCs upon incubation
in DM and that the presence of Baf resulted in a further
increase in LC3-II levels at day 4 in POLG CPCs (Figure 1
(a-b)). Finally, we compared the rate of autophagic degrada-
tion (i.e., the ratio of LC3-II+Baf:LC3-II-Baf) in WT and
POLG CPCs but we observed no significant differences
(Figure 1(c)). This suggests that the rate of autophagic activity
was at a steady state both at baseline and during differentia-
tion in WT and POLG CPCs.

Next, we examined whether mitophagy was activated dur-
ing differentiation. First, we assessed the level of co-
localization between GFP-LC3 positive autophagosomes and
TOMM20 (translocase of outer mitochondrial membrane 20)-
labeled mitochondria in WT and POLG CPCs. We found that
WT CPCs exhibited a significantly higher number of GFP-LC
3-positive autophagosomes that co-localized with TOMM20-
labeled mitochondria after just two days of incubation in DM
(Figure 1(f)). In contrast, we observed little colocalization
between autophagosomes and mitochondria in POLG CPCs
after incubation in DM (Figure 1(f)). To further confirm these
findings, we utilized the Cox8-EGFP-mCherry fluorescence
reporter that is targeted to the mitochondrial matrix [33].
Normal mitochondria are yellow due to simultaneous green
and red fluorescence, while mitochondria in the acidic envir-
onment of a lysosome are red due to quenched EGFP fluor-
escence [33]. Thus, the number of red-only mitochondria are
indicative of mitophagy. We found that the number of red-
only mitochondria per cell was low at baseline but increased
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significantly in WT CPCs after just 3 d in DM (Figure 1(g)).
Although the number of red-only mitochondria in POLG
CPCs was also increased after 3 d in DM, it was significantly
lower compared to WT CPCs (Figure 1(g)). Overall, these

findings indicate that mitophagy was activated in WT CPCs
during differentiation and that CPCs with mtDNA mutations
were unable to efficiently activate the mitophagy machinery in
response to differentiation.

Figure 1. POLG CPCs have reduced mitophagy upon induction of differentiation. (a) Representative western blots of LC3-II and ACTA1 in WT and POLG CPCs after
incubation in differentiation medium (DM). To assess flux, cells were incubated with 50 nM bafilomycin A1 (Baf) for 4 h before harvesting cells. (b) Quantification of
LC3-II:ACTA1 in WT CPCs and POLG CPCs (n = 3). (c) Quantification of LC3-II:ACTA1 ± Baf in WT and POLG CPCs (n = 3). (d) Representative western blots of BECN1 and
SQSTM1 in WT and POLG CPCs. Cells were incubated in DM for 7 d. (e) Quantitation of BECN1:ACTA1 and SQSTM1:ACTA1 in WT and POLG CPCs (n = 3). (f)
Representative fluorescent images of WT and POLG CPCs overexpressing GFP-LC3. Quantitation of GFP-LC3 and TOMM20 colocalization in WT and POLG CPCs (n = 3).
Cells were incubated in DM for the indicated time, fixed, and stained with anti-TOMM20 to label mitochondria. Scale bar: 20 μm. (g) Representative fluorescent
images of WT and POLG CPCs overexpressing COX8-EGFP-mCherry at D0 and D3. Quantification of acidic (red-only) mitochondria in WT and POLG CPCs (n = 3). Data
are mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n.s., not significant.
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Mitophagy machinery is functional in POLG CPCs

Mitophagy can bemediated via the PINK1-PRKNpathway or by
mitophagy receptors residing in the outer mitochondrial mem-
brane [18]. To determine the mechanism responsible for mito-
phagy in the CPCs, we first examined the role of PRKN (parkin
RBR E3 ubiquitin protein ligase), which is known for its role in
mediating the clearance of depolarized mitochondria [34].
Treatment of cells with mitochondrial uncouplers such as
FCCP leads to activation of PRKN-mediated mitophagy [35].
We found that exposure to FCCP led to a robust increase in
autophagy in both WT and POLG CPCs, as assessed by western
blotting for LC3-II (Figure 2(a-b)). Next, we measured changes
in mitochondrial content in response to FCCP treatment in WT
and POLG CPCs by western blotting for the mitochondrial
protein TIMM23 (translocase of inner mitochondrial membrane
23) and found that mitochondrial clearance occurred in both cell
types (Figure 2(c-d)). Additionally, overexpression of PRKN had
no effect on the induction of autophagy or the clearance of
mitochondria in response to FCCP exposure in WT and POLG
CPCs. Thus, these data demonstrate that the autophagic degra-
dation pathway was functional in the POLG CPCs and that the
cells retained the capability to clear depolarized mitochondria.

To identify the pathway involved in mediating the mito-
chondrial clearance, we further examined the role of PRKN in
mediating mitophagy in the CPCs. Surprisingly, PRKN pro-
tein was undetectable in CPCs isolated from two different
mouse strains (Figure 3(a)). At the transcript level, Prkn
mRNA was also undetectable in WT and POLG CPCs both
before and after 7 d of differentiation (Figure 3(b)). To further
investigate the presence of a PRKN-independent mitophagy
pathway in CPCs, we examined mitophagy in CPCs isolated
from prkn−/- hearts [36]. We found that FCCP-mediated
mitochondrial clearance occurred to a similar extent in WT
and prkn−/- CPCs (Figure 3(c-d)). We also confirmed activa-
tion of mitophagy by immunofluorescence in prkn−/- CPCs
after FCCP treatment (Figure S1(a-b)) or incubation in DM
(Figure S1(c-d)) and we found no differences in the levels of
mitophagy in WT and prkn−/- CPCs under either condition.
Finally, we confirmed the lack of PRKN expression in CPCs
by single cell RNA sequencing. Prkn transcripts were only
detectable in 1.6% of freshly isolated mouse CPCs (P0) and
in 0.2% of cultured CPCs (P5) (Figure 3(e)). Instead, we
discovered that the CPCs contain transcripts for various mito-
phagy receptors including Bnip3l, Bnip3 (BCL2 interacting

Figure 2. Mitophagy of depolarized mitochondria is functional in POLG CPCs. Cells were infected with β-Gal or mCherry-PRKN prior to treatment with 25 μM FCCP for
24 h. (a) Representative western blots of LC3-II and GAPDH in WT and POLG CPCs. (b) Quantification of LC3-II:GAPDH in WT (n = 4) and POLG CPCs (n = 3). (c)
Representative western blots of the mitochondrial protein TIMM23 and GAPDH in WT and POLG CPCs. (d) Quantitation of TIMM23:GAPDH in WT (n = 4) and POLG
CPCs (n = 3). Data are mean ± SEM. *p < 0.05; **p < 0.01; ****p < 0.0001.
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protein 3), Fundc1, Phb2 (prohibitin 2), and Bcl2l13 (BCL2
like 13). We also analyzed transcripts of the various mito-
phagy proteins in three different cardiac stem cell popula-
tions: cardiac progenitor cells (CPCs), endothelial progenitor
cells (EPCs), and mesenchymal stem cells (MSCs), isolated
from human heart samples [37]. We found that while all the
mitophagy receptors were expressed in hCPCs, hEPCs and

hMSCs, PRKN transcripts were only detectable in 0.2–0.4% of
the cells in all three different stem cell populations (Figure 3
(f)). These results indicate that a PRKN-independent mechan-
ism of mitophagy exists in progenitor cells. It also suggests
that a defect exists in the upstream pathway in POLG CPCs
that signals to the cells to induce mitophagy during
differentiation.

Figure 3. PRKN is not required for mitophagy in CPCs. (a) Representative western blots of PRKN and GAPDH in mouse CPCs and adult hearts. (b) Real-time PCR
analysis of Prkn transcript levels in CPCs and heart tissue (n = 3). (c) Representative western blots of TIMM23 and ACTA1 in WT and prkn−/- CPCs after treatment with
25 μM FCCP for 24 h. (d) Quantification of TIMM23:ACTA1 in WT and prkn−/- CPCs (n = 3). (e) The number and percentage of cells with mRNA detected by single-cell
RNA sequencing for Prkn and mitophagy genes in mouse CPCs at passage 0 (fresh) or passage 5 (cultured). Violin plots display gene expression of mitophagy genes
in mouse CPCs. (f) The number and percentage of cells with mRNA detected by single-cell RNA sequencing for PRKN and mitophagy receptors in human CPCs at
passage 5 (cultured). Violin plots display gene expression of mitophagy genes in human CPCs. Data are mean ± SEM. ***p < 0.001; n.s., not significant.
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Mitophagy receptors induce mitochondrial clearance in
CPCs during differentiation

To investigate the mechanism of mitophagy during differentia-
tion, we examined the transcript and protein levels of mito-
phagy receptors FUNDC1, BNIP3L and BNIP3 in WT and
POLG CPCs. We discovered significant increases in Fundc1
and Bnip3l transcript levels after 4 and 7 d of incubation in
DM in WT CPCs, respectively (Figure 4(a-b)). Transcript levels
of Bnip3, Bcl2l13 and Phb2 were not increased in WT CPCs
upon incubation in DM (Figure 4(c) and S2). We confirmed
that FUNDC1 and BNIP3L protein levels were both signifi-
cantly increased after 7 d of incubation in DM (Figure 4(d-e)).
Protein levels of BNIP3 were undetectable in WT CPCs by
western blotting. In contrast, the POLG CPCs had
a significant decrease in mRNA levels of Fundc1, Bnip3l, and
Bnip3 after 4 d of differentiation (Figure 4(a-c)). At the protein
level, BNIP3L was reduced while FUNDC1 was increased upon
incubation in DM, but neither trend was significant (Figure 4
(d-e)). The fact that the decrease in Fundc1 transcript levels
during differentiation did not correlate with changes in protein
levels (Figure 4(a,d)) suggested that an additional level of gene
expression regulation exists in the POLG CPCs. It is possible
that the Fundc1 transcripts could be targeted by RNA binding

proteins. They are known to regulate translation [38] and could
potentially function to increase translation of FUNDC1.

We also examined whether overexpression of BNIP3L or
FUNDC1 in POLG CPCs would restore mitophagy during
differentiation. Interestingly, we found that overexpression of
BNIP3L alone, but not FUNDC1, increased mitophagy in
POLG CPCs at D0 (Figure S3(b,c)). We also noted that
BNIP3L, but not FUNDC1, induced formation of GFP-LC3-
positive autophagosomes at D0, indicating that FUNDC1 does
not function as a direct activator of autophagy. However,
overexpression of either BNIP3L or FUNDC1 increased mito-
phagy after 3 d of differentiation (Figure S3(d,e)). Overall,
these data suggest that the impairment of mitophagy in the
POLG CPCs during differentiation could be attributed to an
inability to upregulate the mitophagy receptors.

Knockdown of Bnip3l and Fundc1 leads to reduced
mitophagy during differentiation

To determine the functional role of mitophagy during differ-
entiation, we used siRNA to knockdown Bnip3l and Fundc1
in WT CPCs. We noted that knockdown of Bnip3l led to
a compensatory increase in FUNDC1 and vice versa

Figure 4. Mitophagy receptors are upregulated in WT CPCs upon differentiation. Real-time PCR analysis of mitophagy receptors (a) Fundc1, (b) Bnip3l and (c) Bnip3
transcript levels in WT and POLG CPCs at baseline and after incubation in DM (n = 4). (d) Representative western blots and quantification of FUNDC1:ACTA1 in WT
and POLG CPCs (n = 4). (e) Representative western blots and quantification of BNIP3L:ACTA1 in WT and POLG CPCs (n = 4). Data are mean ± SEM. *p < 0.05;
**p < 0.01; ***p < 0.001; n.s., not significant.
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(Figure 5(a-b)). In contrast, knockdown of Bnip3 did not
increase Bnip3l and Fundc1 transcript levels or affect induc-
tion of mitophagy after 3 d of incubation in DM (Figure S4
(b-c)). Therefore, we decided to perform our experiments in

cells with simultaneous knockdown of Bnip3l and Fundc1.
We confirmed that transfecting cells with siRNA against
Bnip3l and Fundc1 led to efficient knockdown at both the
transcript and protein levels (Figure 5(c)). While knockdown

Figure 5. Knockdown of Bnip3l and Fundc1 decreases mitophagy in WT CPCs. (a) Representative western blots of BNIP3L and FUNDC1 protein levels after Bnip3l or
Fundc1 siRNA co-transfection. FUNDC1 protein increased upon Bnip3l knockdown, while BNIP3L protein increased upon Fundc1 knockdown. (b) Quantification of
BNIP3L and FUNDC1 protein levels after siRNA knockdown (n = 3). (c) Real-time PCR analysis of Bnip3l and Fundc1 transcript levels (n = 3). Representative western
blots of BNIP3L and FUNDC1 after Bnip3l+Fundc1 knockdown (n = 4). (d) Representative fluorescence images of CPCs overexpressing COX8-EGFP-mCherry. Cells were
transfected with siRNA against Bnip3l, Fundc1, or Bnip3l+Fundc1, and incubated in DM for 3 d. Scale bar: 20 μm. (e) Quantification of acidic (red-only) mitochondria in
CPCs (n = 3). (f) Representative western blots of TIMM23 after siRNA knockdown of Bnip3l+Fundc1 and treatment with 25 µM FCCP for 24 h. (g) Quantification of
TIMM23:ACTA1 in CPCs (n = 3). Data are mean ± SEM; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n.s., not significant.
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of either Bnip3l and Fundc1 alone did not affect induction of
mitophagy, knockdown of Bnip3l plus Fundc1 impaired
mitophagy in WT CPCs, as the number of red-only mito-
chondria was significantly reduced after 3 d of incubation in
DM (Figure 5(d-e)). Our earlier experiments indicate that
mitophagy of depolarized mitochondria occurs via a PRKN-
independent mechanism. To examine if BNIP3L and
FUNDC1 played a role in mediating mitophagy of depolar-
ized mitochondria, we assessed whether FCCP-induced
mitophagy was reduced in CPCs after Bnip3l and Fundc1
knockdown. However, we found that FCCP induced mito-
phagy to similar extent in both control and Bnip3l and
Fundc1 knockdown CPCs (Figure 5(f-g)). These data demon-
strate that BNIP3L and FUNDC1 served an important func-
tion in mediating mitophagy during differentiation in CPCs,
and that an alternative mitophagy pathway independent of
BNIP3L, FUNDC1 and PRKN was involved in clearing
depolarized mitochondria.

Mitophagy is dispensable for lineage commitment and
mitochondrial biogenesis in CPCs

Next, we examined the functional role of differentiation-induced
mitophagy in CPCs. We investigated whether BNIP3L- and
FUNDC1-mediated mitophagy was involved in regulating line-
age commitment of WT CPCs. We found that knockdown of
Bnip3l and Fundc1 did not affect the upregulation of lineage
markers such as Gata4, Gata6, and Mef2c (Figure 6(a)).
Moreover, it has previously been reported that mitophagy is
required before mitochondrial biogenesis can be activated in
differentiating C2C12 myoblasts [22]. Because we previously
observed rapid activation of mitochondrial biogenesis in CPCs
upon differentiation [10,39], we examined whether mitochon-
drial biogenesis was altered in CPCs with Bnip3l and Fundc1
knockdown. PPARGC1A (PPARG coactivator 1 alpha),
a member of the PPARG co-activator (PGC) family of transcrip-
tional co-activators, was significantly induced in CPCs at the
transcript level after incubation in DM, and Bnip3l and Fundc1
knockdown had no effect on Ppargc1a induction (Figure 6(b)).
We also compared mitochondrial OXPHOS protein levels
between normal CPCs andCPCs withBnip3l and Fundc1 knock-
down and found that incubation of the CPCs inDM still resulted
in increased expression of various OXPHOS proteins under both
conditions (Figure 6(c-d)). Additionally, the mechanism
through which CPCs provide therapeutic benefit to the heart
has recently been linked to its secretion of paracrine factors [40].
Therefore, we assessed transcript levels of three different key
paracrine factors after 3 d of incubation in DM but observed no
effect on the induction of Ccl2, Il6, orWnt5a during differentia-
tion in cells with Bnip3l and Fundc1 knockdown (Figure 6(e)).
To further investigate the potential differences in secreted fac-
tors, we performed an endothelial tube formation assay with
conditioned DM from control and Bnip3l and Fundc1 knock-
down CPCs undergoing differentiation. We found that DM
from CPCs with Bnip3l and Fundc1 knockdown resulted in
significantly less tube formation than DM from control CPCs
(Figure 6(f)). Taken together, these data indicate that activation
of mitophagy during differentiation was independent of lineage
commitment, activation of mitochondrial biogenesis, and

induction of select paracrine factors. However, it was required
for the production and/or release of functional factors involved
in promoting angiogenesis in vitro.

Knockdown of mitophagy receptors disrupts formation of
the mitochondrial network and accumulation of
dysfunctional mitochondria during differentiation

We have previously found that the early stages of commit-
ment in CPCs involves substantial expansion and remodeling
of the mitochondrial network [10]. To investigate the rela-
tionship between mitophagy and mitochondrial network for-
mation, we examined mitochondrial morphology in CPCs
during differentiation by immunofluorescence. We confirmed
that incubation in DM for 7 d led to formation of an extensive
interconnected mitochondrial network in CPCs (Figure 7
(a-b)). In contrast, in CPCs with Bnip3l and Fundc1 knock-
down, mitochondria adapted a fragmented spherical mor-
phology and failed to form a connected network of
elongated mitochondria upon incubation in DM.
Interestingly, knockdown of Fundc1 alone, but not Bnip3l,
also led to fragmentation of the mitochondrial network in
CPCs at D7 (Figure S5(a-b)). Although knockdown of
Fundc1 caused mitochondrial fragmentation at both D0 and
D7, we did not observe a change in mitochondrial membrane
potential, indicating that mitochondrial function was unaf-
fected (Figure S5(c-d)). The fragmented mitochondrial mor-
phology in CPCs with Bnip3l and Fundc1 knockdown was
also confirmed via transmission electron microscopy (TEM)
(Figure 7(c)). Unexpectedly, the TEM revealed a striking
alteration in mitochondrial structure where many of the mito-
chondria displayed a donut-shaped morphology with electron
dense material in the lumen (Figure 7(c)). Although knock-
down of Bnip3l and Fundc1 induced a moderate, but signifi-
cant, increase in mitochondrial fragmentation at baseline
(Figure 6(a-b)), the TEM showed that the mitochondria did
not adopt the donut morphology at this time point (Figure S6
(c)). Thus, the alteration in mitochondrial structure was only
evident during differentiation with Bnip3l and Fundc1
knockdown.

Because mitochondrial dynamics play a critical role in the
differentiation process of various stem cells [11,41,42], we
next examined expression of proteins involved in regulating
mitochondrial morphology in CPCs. DNM1L/DRP1 (dyna-
min 1 like) is involved in mitochondria fission and was not
significantly changed in control CPCs and Bnip3l and Fundc1
knockdown CPCs after 7 d of incubation in DM (Figure 7
(d-e)). In contrast, MFN1 (mitofusin 1) and MFN2, regulators
of mitochondrial fusion, were significantly increased in both
control CPCs and Bnip3l and Fundc1 knockdown CPCs after
incubation in DM. Interestingly, knockdown of Fundc1 alone,
but not Bnip3l, significantly increased DNM1L protein levels
after incubation in DM (Figure S6(d)). Knockdown of either
Fundc1 or Bnip3l had no effect on MFN1/2 protein levels
(Figure S6(d)). Phosphorylation of DNM1L at Ser616 leads
to activation of mitochondrial fission [43,44]. We found that
after 3 d of differentiation, phosphorylation of DNM1L at
Ser616 significantly decreased in control CPCs, while knock-
down of Bnip3l and Fundc1 abrogated the dephosphorylation
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of DNM1L (Figure 7(f-g)). Taken together, these data suggest
that abrogation of BNIP3L- and FUNDC1-mediated mito-
phagy led to sustained DNM1L activation and mitochondrial
fission during differentiation.

Abnormal mitochondrial morphology and distribution in
cells are indicators of defective mitochondrial function.
Therefore, we examined the functional consequences of abro-
gating mitophagy during differentiation in CPCs. We found

that CPCs with Bnip3l and Fundc1 knockdown had signifi-
cantly reduced mitochondrial membrane potential compared
to control CPCs after seven days in DM as assessed by TMRM
staining (Figure 8(a-b)). Utilizing the Seahorse Extracellular
Flux analyzer, we confirmed that maximal oxygen consump-
tion rate was significantly decreased in CPCs upon Bnip3l
and Fundc1 knockdown compared to control CPCs (Figure
8(c)).

Figure 6. Mitophagy is dispensable for lineage commitment and mitochondrial biogenesis in CPCs. (a) Real-time PCR analysis of Gata4, Gata6, and Mef2c transcripts
in CPCs (n = 4). (b) Real-time PCR analysis of Ppargc1a transcript levels in CPCs (n = 4). (c) Representative western blots of mitochondrial OXPHOS subunit proteins
ATP5F1A, UQCRC2, MT-CO1, and SDHB in CPCs. (d) Quantitation of mitochondrial OXPHOS subunit protein levels (n = 4). (e) Real-time PCR analysis of secretome-
related Ccl2, Il6, and Wnt5a transcripts (n = 3). (f) Representative images and quantitation of endothelial tube formation (complete circles) after incubation in
conditioned CPC media for 14 h (n = 3). Data are mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n.s., not significant.
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Finally, we examined whether abrogation of mitophagy
altered susceptibility to cellular stress in vitro and in vivo.
We found that CPCs were remarkably resistant to H2O2

exposure, but abrogating mitophagy by knockdown of

Bnip3l and Fundc1 led to a significant increase in cell death,
from about 15% to 55% (Figure 8(d)). The presence of Mdivi-
1, an inhibitor of DNM1L-mediated mitochondrial fission
and promoter of mitochondrial fusion (Figure S6), reduced

Figure 7. Knockdown of mitophagy receptors leads to formation of a fragmented mitochondrial network. (a) Representative fluorescence images of mitochondrial
network in CPCs before and after incubation in DM. Scale bar: 20 μm. (b) Quantification of CPCs with fragmented mitochondria (n = 3). (c) Representative electron
microscopy images of mitochondria in CPCs before and after incubation in DM. Arrows point to donut-shaped mitochondria. Scale bar: 2 μm. (d) Representative
western blots of DNM1L, MFN1 and MFN2. (e) Quantification of DNM1L (n = 5), MFN1 (n = 3) and MFN2 (n = 3) protein levels. (f) Representative western blots of
p-DNM1L (Ser 616) and DNM1L. (g) Quantification of p-DNM1L (n = 3) and DNM1L (n = 3) protein levels. Data are mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; n.
s. not significant.
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H2O2-induced cell death in CPCs with knockdown of Bnip3l
and Fundc1, suggesting that the increased fission observed in
these cells contributes to reduced tolerance to stress.
Unexpectedly, Mdivi-1 produced the opposite results in con-
trol CPCs, where treatment with Mdivi-1 significantly
increased H2O2-induced cell death (Figure 8(d)). This sug-
gests that in differentiating CPCs, mitochondrial fission is

a protective response during stress. Lastly, we performed
adaptive transfer experiments to determine the in vivo reten-
tion capacity of the CPCs after a myocardial infarction in
mice [45]. Transplanted control CPCs were present in the
infarct border zone seven days post myocardial infarction as
previously reported [46,47]. We examined sections from five
different hearts injected with CPCs with Bnip3l and Fundc1

Figure 8. Knockdown of mitophagy receptors leads to reduced mitochondrial function and increased susceptibility to cell death. (a) Representative images of TMRM
fluorescence in CPCs. Scale bar: 20 μm. (b) Quantification of TMRM fluorescence (n = 3). (c) Mitochondrial respiration in CPCs at D7. Oxygen consumption rate (OCR)
was normalized to cell number (n = 4). (d) Quantification of cell death in differentiating CPCs (D7). Cells were treated with 200 μM H2O2 for 8 h in serum-free DM in
the presence or absence of 10 μM Mdivi-1 (n = 3). (e) Representative scans of mouse hearts for retention of GFP-positive CPCs. Hearts from animals injected with
either control CPCs or Bnip3l and Fundc1 knockdown CPCs were immunostained with GFP to detect surviving CPCs at 5 d after infarction. Dil dye was utilized to track
the injections through the heart. GFP-positive control CPCs were detected in the border zone of infarcted hearts (n = 2), while GFP-positive Bnip3l and Fundc1
knockdown CPCs were not present in the infarcted hearts (n = 5). Scale bar: 1 mm and 10 μm, respectively. Data are mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.
n.s., not significant.
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knockdown but were unable to detect any transplanted CPCs
in the infarcted hearts (Figure 8(e)). Overall, these data sug-
gest that mitophagy played an important role in the formation
of a healthy mitochondrial network that allowed for increased
protection against conditions of stress and survival of CPCs
in vivo.

Discussion

Our study provides new, important insights into the role of
mitophagy in the execution of the differentiation program.
First, we demonstrated that mitophagy was induced upon
initiation of differentiation in CPCs. This mitophagy was
mediated by the mitophagy receptor pathway, rather than
the well-known PINK1-PRKN pathway. Second, mitophagy
was not involved in regulating progenitor cell fate determina-
tion or mitochondrial reprogramming, but instead facilitated
the expansion and formation of a functional mitochondrial
network. Finally, aging is associated with accumulation of
mtDNA mutations in cells and we found that acquiring
mtDNA mutations selectively disrupted the differentiation-
activated mitophagy program in CPCs. Thus, our findings
demonstrate the importance of mitophagy as a critical regu-
lator of mitochondrial health and proper network formation
in differentiating progenitor cells, as well as the consequences
of accumulating mtDNA mutations.

Mitophagy can be mediated by two distinct signaling path-
ways: via PINK1/PRKN or mitophagy receptor pathways [18].
Most studies to date have focused on PINK1/PRKN-mediated
mitophagy and their critical role in clearing depolarized mito-
chondria [35,36,48]. However, we found that PRKN did not
play a role in programmed mitophagy during differentiation.
Instead, two different mitophagy receptors, BNIP3L and
FUNDC1, were required for mitophagy in CPCs after incuba-
tion in DM. Currently, little is understood about their tran-
scriptional regulation and there are no published reports on
potential common transcription factors that might turn on
their gene expression during differentiation. However,
BNIP3L and FUNDC1 levels can be regulated by
microRNAs and microRNA-137 has been reported to inhibit
mitophagy by targeting both Bnip3l and Fundc1 mRNA [49].
Thus, it is possible that specific microRNAs bind to their
mRNA and promote increased translation or degradation.
Further studies are needed to identify the exact mechanism
by which BNIP3L and FUNDC1 are selectively activated dur-
ing differentiation. Moreover, although mitophagy receptors
have not been investigated in the context of progenitor cell
differentiation, BNIP3L has previously been reported to play
a critical role in removing mitochondria during erythroid
maturation [50,51] and in differentiating retinal ganglion
cells [52]. A role for FUNDC1 in stem cell homeostasis or
differentiation has not been reported previously. However,
FUNDC1 has been reported to regulate hypoxia-induced
mitophagy [53]. Because stem cells exist in a hypoxic envir-
onment in vivo, it is not surprising that FUNDC1 plays a role
in mediating mitophagy in CPCs. It is possible that activation
of mitophagy to selectively remove mitochondria during early
differentiation represents a developmentally programmed step
toward maturation in a hypoxic stem cell environment.

Further studies are needed to examine the importance of
FUNDC1 in stem cell homeostasis and development, particu-
larly in vivo.

Our study linked activation of mitophagy to the formation
of a functional interconnected mitochondrial network.
Specifically, if the CPCs failed to activate mitophagy, mito-
chondrial fission was sustained and the cells started to accu-
mulate less functional donut-shaped mitochondria.
Additional studies are needed to determine if the structures
inside the mitochondria represent vesicles formed inside the
lumen and whether the electron dense material are damaged
mitochondrial components. Interestingly, other studies have
reported that loss of mitochondrial membrane potential can
lead to formation of ring- or donut-shaped mitochondria [54–
56]. Ding et al. found that exposure of MEFs to CCCP led to
formation of spherical mitochondria with an internal lumen
containing cytosolic material [56].

Another key finding is the effect on mitochondrial mor-
phology upon knockdown of Bnip3l and Fundc1. Studies have
demonstrated that there is a shift in the balance towards
mitochondrial fusion during differentiation which allows for
the formation of an elongated network. For instance, deletion
of Mfn1/2 leads to impaired differentiation of ESCs into
cardiac myocytes [42], while inhibiting DNM1L-mediated
mitochondrial fission promotes cardiac differentiation of
human iPSCs [57]. Our study shows that abrogating mito-
phagy during differentiation led to sustained DNM1L activa-
tion in CPCs. It has previously been reported that fetal
mitochondria must be removed in the neonatal hearts after
birth to allow for metabolic reprogramming [23]. Progenitor
cells do not rely on mitochondria as their main source of
energy. It is possible that CPCs contain a pool of fetal and/or
weak mitochondria that must be removed upon initiation of
differentiation. Thus, impaired mitophagy might lead to
expansion of a less functional mitochondrial network that
produces excessive reactive oxygen species, leading to sus-
tained activation of DNM1L and fission [58]. Although
FUNDC1 can directly alter mitochondrial morphology, our
data suggest that the disruption of mitophagy, rather than
a direct regulation of mitochondrial fission by BNIP3L and
FUNDC1, contributed to the mitochondrial phenotype in the
CPCs during differentiation. Our data also suggest that while
BNIP3L can directly induce both formation of autophago-
somes and mitophagy, FUNDC1 overexpression alone did
not activate these two processes in CPCs and other stimuli
are needed. This is in contrast to data from Liu et al. [53] who
reported that overexpression of FUNDC1 in HeLa cells led to
formation of autophagosomes and induction of mitophagy. It
is possible that the contrasting findings could be due to the
type of cells used in the study, as immortalized HeLa cells
differ from primary CPCs isolated from the hearts of mutant
POLG mice. Clearly, additional studies on FUNDC1’s func-
tion in stem cells are needed.

Another interesting and unexpected finding in our study
was that inhibition of mitochondrial fission produced oppo-
site effects depending on whether mitophagy was abrogated.
Inhibition of fission in differentiating CPCs exposed to H2

O2 led to enhanced cell death, while it was protective
against H2O2-mediated cell death when BNIP3L- and
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FUNDC1-mediated mitophagy was silenced. This suggests
that in normal differentiating CPCs, mitochondrial fission
protects against increased oxidative stress. However, when
mitophagy was abrogated and the cells accumulated frag-
mented abnormal mitochondria, shifting the balance
towards fusion protected the cells against H2O2-mediated
cell death. Changes in mitochondrial morphology are often
an adaptive response to perturbations in the intracellular
environment. Studies have reported that mitochondrial fis-
sion can be either protective or detrimental depending on
the context. For instance, excessive mitochondrial fission is
associated with increased cell death [59] and a contributor
to myocardial ischemia/reperfusion injury [59]. In contrast,
deletion of Dnm1l is detrimental to myocytes [60,61], sug-
gesting that baseline levels of fission are important for
cellular homeostasis. Also, fused mitochondria have
a lower threshold for mitochondrial permeability transition
pore (mPTP) opening and activation of necrosis [62], and
Mfn2 deficiency can delay mPTP opening in cardiac myo-
cytes [63]. Thus, whether DNM1L-mediated fission is pro-
tective or detrimental is clearly context-dependent.

Aging is associated with accumulation of mtDNA mutations
in cells and we have previously reported that CPCs isolated from
POLGmutant mice fail to activate mitochondrial biogenesis and
commit to the cardiac lineage when incubated in DM [10]. Here,
we found that the POLG CPCs had functional autophagic
machinery to degrade mitochondria but were defective in acti-
vating programmedmitophagy. This suggests that accumulation
of mtDNA mutations impaired the signals necessary to induce
mitophagy during differentiation. Another study has reported
that erythrocytes from POLG mice have a defect in clearing
mitochondria during erythrocyte maturation [64]. However,
this was due to excessive MTOR (mechanistic target of rapamy-
cin kinase) activation resulting in suppression of autophagy.
Although BNIP3L has been reported to be a critical regulator
of mitophagy during erythrocyte activation [50,51], the authors
did not examine whether BNIP3L levels were altered in these
cells. The defect in mitophagy of POLG erythrocytes was not
evident until after 4 months of age [64]. In contrast, the POLG
CPCs in our study were isolated from 2 month old mice and
were already showing severe mitochondrial defects at this young
age. These variations might be due to differences in cell type, age
of mice, and in vivo environment where they reside (bone
marrow versus heart).

In summary, we have demonstrated that mitochondrial num-
ber and morphology are modulated early on during CPC com-
mitment and contribute to mitochondrial network remodeling
to accommodate the bioenergetic need of the mature cell.
However, there are still many questions that need to be
answered. For instance, exactly how does differentiation signal
activation of mitophagy and which mitochondria are targeted
for degradation? Also, why does a failure to remove these mito-
chondria lead to a defect in mitochondrial network formation?
For cell-based therapies to be successful, it is important to gain
increased knowledge of the molecular basis for stem and pro-
genitor cell functions and why these cells do not thrive when
transplanted in vivo. This information can then be utilized to
improve the design of cell-based therapies and could have great
impact on the field of regenerative medicine.

Materials and methods

CPC isolation and culture

CPCs were isolated from ~2 month old homozygous
polgD257A/D257A, prkn−/- [65], and wild-type mice as
described previously [10]. CPCs were cultured in DMEM/
F12 (GIBCO, 11330-032; 1:1) media containing embryonic
stem cell grade FBS (GIBCO, 10439-016; 10%), leukemia
inhibitory factor (MilliporeSigma, LIF2010; 1:1000), insulin
transferrin selenium (Lonza, 17-838Z; 1:500), EGF/epider-
mal growth factor (MilliporeSigma, E9644; 1:5000), FGF2/
basic fibroblast growth factor (Peprotech Inc., 100-18B;
1:5000), and antibiotic-antimycotic (GIBCO, 15240-062;
1X). To induce differentiation, CPCs were incubated in α-
Minimal Essential Medium containing
10 nM dexamethasone (Alfa Aesar Chemicals, A17590) for
up to 7 d [10]. All experimental procedures were performed
in accordance with institutional guidelines and approved by
the Institutional Animal Care and Use Committee of the
University of California, San Diego.

GFP-stable CPCs were generated by lentiviral infection.
In short, WT CPCs were infected with 10 MOI of Lenti-
PGK-EGFP (puromycin) in the presence of 8 μg/mL poly-
brene (MilliporeSigma, TR-1003). Cells were incubated for
48 h, after which GFP-positive cells were selected for using
10 μg/mL puromycin (MilliporeSigma, P9620). GFP-CPCs
were subsequently cultured in CPC media with puromycin
until a stable line was established.

Human CPCs for single cell RNA seq experiments were
isolated as previously described [37]. The National
Institutes of Health guidelines for human subject research
are consistent with Institutional Review Board exemption
based on the use of tissues that are waste discards from
normal and routine clinical procedures of LVAD surgery
(45 CFR 46.101). Briefly, cardiac biopsies were obtained
from patients undergoing LVAD implantation. The car-
diac tissue was minced and digested in collagenase solu-
tion (Worthington Biochemical Corporation, LS004174;
type II 225 U/mg dry weight) for 1.5–2 h at 37°C with
continuous shaking. After digestion, the suspension was
centrifuged at 350 g for 5 min and resuspended in human
CPC media. The cells were filtered through a 100 µm
filter (Corning, 352360) followed by a 40-µm filter
(Corning, 352340) and centrifuged at 150 g for 2 min to
eliminate cardiomyocytes. The supernatant was further
centrifuged at 350 g for 5 min and resuspended in
human CPC media and incubated overnight at 37°C in
a CO2 incubator.

Transfections and adenoviral infections of CPCs

For identifying acidic mitochondria, CPCs were transfected
with pCLBW-Cox8-EGFP-mCherry, a gift from David Chan
(Addgene, 78520) [33], using Fugene 6 Transfection Reagent
(Promega, E2691) according to the manufacturer’s instruc-
tions. For siRNA knockdowns, CPCs were transfected with 5
nM of Bnip3l, Fundc1, and/or Bnip3 siRNA (Sigma
Mm01_00038852, Mm01_00049694, and Mm01_00115985,
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respectively) using the HiPerfect transfection reagent accord-
ing to the manufacturer’s instructions (Qiagen, 301705). CPCs
were re-transfected mid-way through differentiation for 7 d
experiments. CPCs were infected with adenoviruses (100
MOI) encoding β-Gal, mCherry-PRKN, or GFP-LC3 for 4
h as previously described [66]. All experiments were per-
formed 24 h after the infection.

Gene expression analysis by quantitative polymerase
chain reaction

RNA was extracted from cells using the RNeasy Mini kit
(Qiagen, 74704), and cDNA was synthesized using the
Quantitect Reverse Transcription Kit (Qiagen, 205311)
according to the manufacturer’s instructions. TaqMan pri-
mers for Rn18s (18S Mm03928990), Prkn (Mm00450187),
Bnip3 (Mm01275600), Bnip3l (Mm00786306), Fundc1
(Mm00511132), Gata4 (Mm00484689), Gata6
(Mm00802636), Mef2c (Mm01340842), Il6 (Mm00446190)
and Ppargc1a (PGC-1α Mm01208835) were obtained from
ThermoFisher Scientific. Bcl2l13 (Mm.PT.58.41776912),
Phb2 (Mm.PT.58.7430511), Ccl2 (Mm.PT.58.42151692) and
Wnt5a (Mm.PT.58.16402801) were obtained from Integrated
DNA Technologies. qPCR utilized TaqMan Universal Master
Mix II (Applied Biosystems, 4440040). qPCR was run on
a CFX96 real-time PCR detection system (Bio-Rad
Laboratories). Relative amounts of mRNA were normalized
to 18S, and fold change in gene expression was calculated
using the 2 (-ΔΔCt) method [67].

Single-cell RNA sequencing

Freshly isolated (P0) or cultured (P5) CPCs were loaded on
a Chromium™ Controller (10x Genomics) to generate single-
cell Gel Bead-In-EMulsions (GEMs). Single-cell RNA-Seq
libraries were prepared using Chromium™ Single Cell 3ʹ
Library & Gel Bead Kit v2 (10x Genomics, 120267). GEM-
reverse transcription (RT) was performed in a C1000 Touch
Thermal cycler. After RT, GEMs were broken and the single-
strand cDNA was cleaned up with DynaBeads MyOne Silane
Beads (Thermo Fisher Scientific, 37002D) and SPRIselect
Reagent Kit (Beckman Coulter, B23317; 0.6X SPRI). cDNA
was amplified and then cleaned up with the SPRIselect
Reagent Kit. Indexed sequencing libraries were constructed
using the reagents in the Chromium™ Single Cell 3ʹ Library &
Gel Bead Kit v2, following these steps: (1) end repair and
A-tailing; (2) adapter ligation; (3) post-ligation cleanup with
SPRIselect; (4) sample index PCR and cleanup. For quality
control of libraries, each library was tested with Bioanalyzer
(average library size: 450–490 bp). The sequencing libraries
were quantified by quantitative PCR using KAPA Biosystems
Library Quantification Kit (Illumina, KK4824) and Qubit 3.0
with dsDNA HS Assay Kit (Thermo Fisher Scientific,
Q32851). Sequencing libraries were loaded at 2 pM on an
Illumina HiSeq2500 with 2 × 75 paired-end kits using the
following read length: 98 bp Read1, 8 bp i7 Index, and 26 bp
Read2. For the single-cell RNA sequencing of mouse CPCs in
Figure 3, 1608 and 850 cells were recovered from freshly
isolated and cultured CPC samples, respectively. For the

single-cell RNA sequencing of human cardiac stem cells in
Figure 3, 814, 1693, and 1765 cells were recovered from
cultured CPCs, EPCs, and MSCs, respectively. Samples were
down-sampled until all samples have an equal number of
confidently mapped reads per cell. The gene-cell barcode
matrix was filtered based on number of genes detected per
cell (any cells with less than 1000 genes per cell were filtered)
and percentage of mitochondrial UMI counts (any cells with
more than 10% of mitochondrial UMI counts were filtered).
Altogether, 2383 cells and 15786 genes were kept for analysis
by Seurat [68]. 2221 variable genes were selected based on
their expression and dispersion (expression cutoff = 0.0125,
and dispersion cutoff = 0.5), and the first 10 principal com-
ponents were used for clustering analysis.

Myocardial infarction and intramyocardial injection

All animal protocols and studies were approved by the review
board of the Institutional Animal Care and Use Committee at
San Diego State University. Myocardial infarctions were car-
ried out on 8-week old C57/B6 male mice under 2% isoflurane
anesthesia as previously described [69]. Briefly, the heart was
popped out through the fourth intercostal space, and the left
anterior descending artery was ligated at the distal diagonal
branch with a 7–0 suture. Infarction was confirmed by
blanching of anterior left myocardium wall. Following liga-
tion, either control CPCs or Bnip3l and Fundc1 siRNA CPCs
stably expressing GFP together with DiI stain as an injection
tracer (Thermo Fisher Scientific, D3911; 25 µg/mL) were
delivered intramyocardially at three sites at the border of the
blanching area with a total of 100,000 cells/10 µL per heart.
The heart was immediately placed back into the intrathoracic
space followed by muscle and skin closure.

Endothelial tube formation assay

Adapted from a protocol as described previously [70], CPCs
were incubated for 3 d in DM to generate conditioned media.
Bovine aortic endothelial cells (75,000 cells/well) were plated
on Geltrex (Invitrogen, A14132-02) coated 24-well plates with
conditioned media from CPCs [70]. Tube formation was
assessed using a Carl Zeiss Axio Observer Z1 at 10x magnifi-
cation after 14 h and tube formation was quantitated as
previously described [71]. Each condition was quantitated
from at least 15 images per well in replicate.

Immunohistochemistry

Mice were sacrificed at 6 d post injection by chloral hydrate
sedation. Hearts were infused with heparin and arrested in
diastole under CdCl2 and KCl solution and perfused with 1%
paraformaldehyde (ThermoFisher, 28908) in PBS for 5 min at
80–100mmHg via retrograde cannulation of the abdominal
aorta. Retroperfused hearts were removed from the thoracic
cavity and fixed overnight in 1% paraformaldehyde at 4ºC.
Fixed hearts were gradually dehydrated by 30% sucrose
(Fisher Chemical, S3-212) and 1:1 mix of 30% sucrose:
Neg50 frozen section medium (ThermoFisher Scientific,
6502) before mounting in Neg50 on dry ice, followed by
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cryosectioning at 20-µm thickness at −18-20ºC. Heart sections
were rehydrated with 1X PBS (GIBCO, 14200-075), permea-
bilized and blocked with 0.1% Triton X-100 (Sigma, T9284-
500ML), 0.1 M glycine (Fisher, BP381-500), 1% BSA (Sigma,
A9418), and 10% donkey serum (Millipore, S30-100mL) in
PBS for 45 min at room temperature. Sections were incubated
in primary antibodies anti-GFP (Rockland Immunochemicals
Inc., 600-101-215) and anti-DES/desmin (Abcam, 15200)
overnight at 4ºC, followed by incubation in secondary anti-
bodies (ThermoFisher Scientific, A-11055 and A-31573) for
90 min at room temperature. Representative images were
scanned using Leica SP8 confocal microscopy.

Western blot analysis

Cells were homogenized in ice-cold lysis buffer containing
50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EGTA,
1 mM EDTA, 1% Triton X-100, and protease inhibitor mixture
(Roche Applied Science, 11873580001). The proteins were
separated on NuPAGE Bis-Tris gels (Invitrogen,
NP0302BOX) and then transferred to nitrocellulose mem-
branes (GE Healthcare Life Sciences, 10600001). The mem-
branes were blotted with the following antibodies: LC3A/B
(Cell Signaling Technology, 4108), PRKN (Cell Signaling
Technology, 4211), GAPDH (GeneTex, 627408), TIMM23
(BD transduction laboratory, 611222), BNIP3L (ProSci,
2289), FUNDC1 (Aviva Biosystems, ARP53280_P050),
MFN1 (Santa Cruz Biotechnology, 50330), MFN2
(MilliporeSigma, M6319), MYC (MilliporeSigma, M4439),
OXPHOS (Abcam, ab110413), ACTA1 (Genetex, 110003),
TUBA4A (MilliporeSigma, T6074), p-DNM1L-S616 (Cell
Signaling Technology, 3455) and DNM1L (BD transduction
laboratory, 611113). Membranes were imaged using
a ChemiDoc XRS+ System (Bio-Rad).

Electron microscopy

CPCs were fixed, mounted, and sectioned as previously
described [36]. Sections were imaged using a TECNAI G2
Spirit BioTWIN Transmission Electron Microscope equipped
with an Eagle 4k HS digital camera (FEI).

Immunofluorescence microscopy

Cells were fixed, permeabilized, and stained with antibodies as
previously described [10]. The cells were stained anti-TOMM20
(Santa Cruz Biotechnology, 11415) to label mitochondria. In
BNIP3L and FUNDC1 overexpression experiments, cells were
co-stained with anti-MYC and anti-TOMM20 to identify trans-
fected cells and label mitochondria, respectively. Cells were
incubated with Alexa Fluor 488 or 594 secondary antibodies
(Life Technologies, A11037) and Hoechst 33342 (Life
Technologies, H3570; 10 μg/ml) to stain nuclei. To visualize
autophagosomes, cells were infected with an adenovirus encod-
ing GFP-LC3 24 h prior to fixation. Cells were imaged using
a Carl Zeiss Axio Observer Z1, and Z-stacks were acquired using
a high resolution AxioCam MRm digital camera, a 63x oil
immersion objective, and Zeiss AxioVision 4.8 software (Carl
Zeiss). A minimum of 100 cells per group were counted for each

condition. Images were analyzed for mitochondrial fragmenta-
tion using ImageJ software. Mitophagy was assessed by analyz-
ing colocalization between GFP-LC3-positive autophagosomes
and TOMM20-labeled mitochondria. Mitophagy was also
assessed using the COX8-EGFP-mCherry reporter [33]. Red-
only mitochondria were identified by thresholding images for
red on merged images, and then quantified by the ‘analyze
particles’ function in ImageJ.

Cell death assay

CPCs in DM were incubated with vehicle or 10 μM Mdivi-1
(MilliporeSigma, M0199) for 16 h prior to addition of 200
μM H2O2 (MilliporeSigma, H1009). After 8 h, CPCs were
stained with YOPRO1 (ThermoFisher Scientific, Y3603;
1:1000) and Hoechst 33342 (Life Technologies, H3570; 10
μg/ml) for 5 min at 37°C. Cells were imaged using a Carl
Zeiss Axio Observer Z1 at 10x magnification and cell death
was quantified with ImageJ software. At least 175 cells were
quantitated per condition in replicate.

Mitochondrial function

Mitochondrial membrane potential was measured by incubat-
ing CPCs with tetramethylrhodamine methyl ester
(Invitrogen, T668; 25 nM) and Hoechst 33342 (Life
Technologies, H3570; 10 μg/ml) for 20 min at 37°C. Live
cells were imaged using a Carl Zeiss Axio Observer Z1 at
40x magnification and fluorescence intensity was quantified
using ImageJ software. At least 30 cells were quantified per
condition in replicate. Mitochondrial oxygen consumption of
monolayers of CPCs was measured using the Seahorse XF96
analyzer (Agilent Technologies, Santa Clara, CA), adapted
from a previously described protocol [72]. 1 × 104 cells/well
were equilibrated in XF Base medium (Agilent Technologies,
102353-100) supplemented with 1 mM sodium pyruvate
(MilliporeSigma, S8636), 3 mM glutamine (ThermoFisher
Scientific, 25030149), and 10 mM glucose (MilliporeSigma,
G8769) for 1 h before addition of 2 µM oligomycin
(MilliporeSigma, 75351) to measure ATP-linked respiration.
Three successive additions of 1.5 µM FCCP (MilliporeSigma,
C2920) were added to measure maximal respiration, with the
full respiration profile obtained after addition of antimycin
A (MilliporeSigma, A8674). Oxygen consumption rates were
normalized against cell number.

Statistical analysis

All experiments were independently repeated in the laboratory at
least three times. Data are expressed as mean ± SEM. Differences
between groups were assayed using repeated-measure ANOVA
tests with Tukey’s post-hoc test or Student’s t-test. Differences
were considered to be significant when p ≤ 0.05.
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