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Mitophagy receptor FUNDCL1 is regulated
by PGC-1a/NRF1 to fine tune
mitochondrial homeostasis
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Abstract

Mitophagy is an essential cellular autophagic process that selec-
tively removes superfluous and damaged mitochondria, and it is
coordinated with mitochondrial biogenesis to fine tune the quan-
tity and quality of mitochondria. Coordination between these two
opposing processes to maintain the functional mitochondrial
network is of paramount importance for normal cellular and
organismal metabolism. However, the underlying mechanism is
not completely understood. Here we report that PGC-la. and
nuclear respiratory factor 1 (NRF1l), master regulators of
mitochondrial biogenesis and metabolic adaptation, also tran-
scriptionally upregulate the gene encoding FUNDC1, a previously
characterized mitophagy receptor, in response to cold stress in
brown fat tissue. NRF1 binds to the classic consensus site in the
promoter of Fundcl to upregulate its expression and to enhance
mitophagy through its interaction with LC3. Specific knockout of
Fundcl in BAT results in reduced mitochondrial turnover and
accumulation of functionally compromised mitochondria, leading
to impaired adaptive thermogenesis. Our results demonstrate
that FUNDC1-dependent mitophagy is directly coupled with mito-
chondrial biogenesis through the PGC-1a/NRF1 pathway, which
dictates mitochondrial quantity, quality, and turnover and contri-
butes to adaptive thermogenesis.
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Introduction

Mitochondria are highly dynamic and undergo constant turnover
through two opposing processes: mitophagy, which selectively
removes superfluous and damaged mitochondria by the autolysoso-
mal pathway, and mitochondrial biogenesis, which generates fresh,
functional ones (Gottlieb & Gustafsson, 2011; Palikaras & Tavernar-
akis, 2014; Dorn et al, 2015; Pickles et al, 2018). Mitochondrial
biogenesis preserves mitochondrial function and cellular homeosta-
sis under diverse (patho-)physiological conditions such as physical
exercise, nutrient deprivation, temperature fluctuations (Rasbach &
Schnellmann, 2007; Miwa et al, 2008; Gottlieb & Carreira, 2010),
and during cell differentiation (Chen et al, 2012). On the other hand,
mitophagy, by removing the “old” or damaged mitochondria,
reduces the source of oxidative stress (Schofield & Schafer, 2020),
limits the risk of cell senescence and apoptosis (Hickson-Bick et al,
2008), and allows the cell to undergo metabolic reprogramming
during developmental and environmental stress. However, exces-
sive mitophagy in the absence of mitochondrial biogenesis causes
stress to the remaining mitochondria and leads to mitophagic cell
death (Dagda et al, 2008; Kubli & Gustafsson, 2012; Gottlieb &
Thomas, 2017; Manfredi et al, 2019; Pirooznia et al, 2020). Proper
coordination of mitophagy and mitochondrial biogenesis is essential
for the quantity and quality control of mitochondria and allows cells
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to change their mitochondrial mass in response to the ever-changing
cellular metabolic state and to intracellular or environmental cues
(Palikaras et al, 2015a; Altshuler-Keylin & Kajimura, 2017). An
imbalance between mitochondrial degradation and biogenesis leads
to functional impairment of biological systems and cell death
(Ploumi et al, 2017). The significance of coordination between these
processes is further underlined by evidence showing that altered
mitochondrial mass is a common feature of numerous pathologic
conditions (Vafai & Mootha, 2012; Dorn et al, 2015). During aging
and in many diseases, gradual changes in mitochondrial mass and
progressive mitochondrial dysfunction are observed (Preston et al,
2008; Artal-Sanz & Tavernarakis, 2009; Kaeberlein, 2010; Palikaras
et al, 2015a). Thus, the crosstalk between mitophagy and mitochon-
drial biogenesis is vital to maintain normal cellular and organismal
physiology. Both mitophagy and mitochondrial biogenesis are
emerging as potential targets for therapeutic interventions against
diseases associated with aging (Valero, 2014; Palikaras et al, 2017).
Mitochondrial biogenesis is spatiotemporally regulated by acti-
vating different transcription factors. Among these are nuclear respi-
ratory factors (NRF1 and NRF2) (Scarpulla, 1997, 2008), estrogen-
related receptors (ERR-a, ERR-f, ERR-y) (Fan & Evans, 2015), and
myocyte enhancer factor 2 (MEF2) (Scarpulla, 2002). Their tran-
scription activity is orchestrated by the peroxisome proliferator-acti-
vated receptor gamma co-activator 1-alpha (PGC-1a) in response to
diverse stimuli, such as hormones, growth factors, fasting/feeding
transition, physical exercise, and temperature fluctuations (Ander-
son et al, 2008; Fernandez-Marcos & Auwerx, 2011; Miller et al,
2019). PGC-1a acts as a sensor for different signaling pathways,
which regulate its expression, phosphorylation, stability, and tran-
scriptional activity (Kelly & Scarpulla, 2004; Dominy & Puigserver,
2013). Once activated, PGC-1a is recruited to the chromatin where it
physically interacts with or indirectly activates these transcriptional
regulators, which are involved in diverse cellular functions includ-
ing metabolic adaptation and mitochondrial biogenesis in a context-
dependent manner (Puigserver, 2005; Scarpulla et al, 2012). For
example, in brown adipose tissue (BAT), chronic cold exposure
stimulates the B-adrenergic signaling pathway to activate PGC-la
through post-translational modifications and increased expression
of the PGC-1a gene (Puigserver et al, 1998; Lowell & Spiegelman,
2000; Cannon & Nedergaard, 2004). Subsequently, the activated
PGC-1a enhances the transcription activities of NRF1 along with
PPARy to drive mitochondrial biogenesis and adaptive metabolic
gene programs leading to metabolic reprogramming and increased
non-shivering energy expenditure. Notably, mice deficient in PGC-
la are extremely cold-sensitive (Lin et al, 2004; Leone et al, 2005),
and only half of PGC-1o KO pups survive the early postnatal period
and grow into adults (Lin et al, 2004). Deficiency of NRF1 caused
embryonic lethality in mice (Huo & Scarpulla, 2001). These results
highlight the important role of PGC-lo. and NRF1-mediated mito-
chondrial biogenesis in development and metabolic adaptations.
Significant advances have been made in understanding the regu-
lation of mitophagy, mostly based on cultured cell systems (Ashrafi
& Schwarz, 2013; Liu et al, 2014). Two major pathways have been
described to mediate the recruitment of the autophagic machinery
for subsequent degradation of mitochondria, one depending on
PINK1/Parkin and the other relying on a set of receptor proteins
such as FUNDCI1, NIX, BCL2L13, FKBP8, and PHB2 (Novak et al,
2010; Liu et al, 2012; Okamoto, 2014; Murakawa et al, 2015;
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Bhujabal et al, 2017; Wei et al, 2017; Lampert et al, 2019). Upon loss
of mitochondrial membrane potential, or treatment with mitochon-
drial toxins or hypoxia, these pathways become activated to recruit
other autophagy receptors and autophagy-related proteins (ATGs)
including ULK1 to mitochondria for formation of mitophagosomes
(Corti & Brice, 2013; Zhang & Lin, 2016; Laker et al, 2017). Loss of
Parkin, NIX, FUNDCI, or ULK1 leads to the accumulation of func-
tionally compromised and swollen mitochondria, indicative of defec-
tive mitophagy (Kundu et al, 2008; Sandoval et al, 2008; McWilliams
& Mugqit, 2017; Li et al, 2019). Surprisingly, however, there are other
reports showing that dysfunctional mitochondria caused by the
specific knockout of mitochondrial transcription factor A (Tfam) do
not recruit Parkin in vivo, and neither the clearance of defective
mitochondria nor the neurodegeneration phenotype is affected by
the absence of Parkin (Sterky et al, 2011). Also, exercise-induced
mitophagy in skeletal muscle occurs in the absence of stabilization
of PINK1 on mitochondria (Drake et al, 2019). These results
suggest that that Parkin and PINK1 do more than just activate
mitophagy (Scarffe et al, 2014). Thus, the molecular regulation
of mitophagy and its contribution to mitochondrial and cellular
(patho-)physiology and aging or aging-related diseases requires
further clarification.

Although the molecular regulation of both mitochondrial biogen-
esis and mitophagy is well characterized, it is less clear how these
two opposing processes are coordinated to produce a functional
mitochondrial network under (patho-)physiological settings. It is
interesting to note that both mitochondrial biogenesis and mito
(auto-)phagy are induced in response to (patho-)physiological stim-
uli that are known to induce mito(auto-)phagy, such as nutrient
deprivation, physical exercise (Memme et al, 2019), ischemia
preconditioning (Gottlieb & Pourpirali, 2016), and other stresses
(Rasbach & Schnellmann, 2007; Diaz & Moraes, 2008; Gottlieb &
Carreira, 2010). It appears that mito(auto-)phagy and mitochondrial
biogenesis share common signaling pathways (Jager et al, 2007;
Canto & Auwerx, 2009; Birkenfeld et al, 2011). It was also suggested
that mitophagy also impacts on mitochondrial biogenesis so to
balance mitochondrial turnover. Knockout of NIX or BNIP3 leads to
the increased mitochondrial mass (Dorn, 2010), while overexpres-
sion of Bnip3 reduces the levels of both nuclear- and mitochondrial-
encoded proteins owing to the stimulation of mitochondrial turn-
over (Rikka et al, 2011). Parkin was found to regulate mitochondrial
biogenesis through the regulation of PARIS (ZFN746), a zinc finger
protein and a substrate of Parkin (Shin et al, 2011). In an effort to
understand the mechanism of cold-induced mitophagy in brown
fat tissue, we demonstrated that PGC-1o/NRF1, two master regula-
tors of mitochondrial biogenesis, also transcriptionally regulate
FUNDC1. We showed that FUNDCl-dependent mitophagy is
coupled with mitochondrial biogenesis, and defective mitophagy
leads to abnormal mitochondrial turnover. We suggest that this
regulation of FUNDC1 by PGC-1a/NRF1 controls mitochondrial
number, quality, and turnover, thereby contributing to thermogene-
sis in response to cold stress.
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Results
Expression of FUNDCL1 is induced by cold exposure in BAT

Brown adipose tissue (BAT) has a high abundance of mitochondria,
and mitochondrial biogenesis is strongly induced during cold accli-
mation (Puigserver et al, 1998). Indeed, when mice were kept at 4°C
for 3 days, compared to control mice which were housed under
thermally neutral conditions (30°C), we observed that the levels of
some mitochondrial proteins, such as cytochrome ¢ (CYCS) and
TIM23, were increased 1.7-fold (Fig 1A and B). Many of the corre-
sponding mRNAs were also upregulated (Fig 1C). The mitochon-
drial uncoupling protein 1 (UCP1) was induced up to 3-fold (Fig 1A
and B), while the induction of Ucpl mRNA was much higher than
that of the protein (Fig 1C). This reflects the fact that UcpI is tran-
scriptionally regulated by both PGC-1a and PPARa (Barbera et al,
2001), and the half-life of Ucpl mRNA is dramatically reduced upon
cold exposure (Jacobsson et al, 1987; del Mar Gonzalez-Barroso
et al, 2000; Nedergaard et al, 2001). In agreement with a previous
report in rats (Watanabe et al, 2008), VDACI is unaffected upon
cold exposure in BAT in mice. We also found that the protein level,
but not the mRNA level, of HSP60 is increased upon cold exposure,
which indicates that some mitochondrial protein levels are
subjected to post-transcriptional regulation in BAT. We also
detected a two-fold increase in the mtDNA copy number (Fig 1D),
further supporting the notion that mitochondrial biogenesis is
induced upon cold exposure. The fold increases of mRNA, protein,
and mtDNA levels are different, which suggests that distinct regula-
tory mechanisms are involved in gene expression and protein stabil-
ity. Surprisingly, we also found a robust induction of FUNDCI, a
previously characterized mitophagy receptor, at both the protein
(2.6-fold) and mRNA (2.3-fold) levels in BAT after 3 days of cold
exposure (Fig 1A-C). The relative increase of mitochondrial
proteins was analyzed by normalizing proteins levels to the mtDNA
levels, which showed that more FUNDC1 was induced compared to
the other mitochondrial proteins, such as HSP60, TIM23, and
VDAC1 (Fig 1E). The levels of NIX, another reported mitophagy
receptor, were not affected at either the mRNA or protein levels
(Fig 1A-C). The protein and mRNA levels of Parkin were signifi-
cantly reduced upon cold exposure (Fig 1A-C), consistent with a
previous report that Parkin expression is repressed by thermogenic
stimuli (Cairo et al, 2019). We also found that the protein level of
PINK1 was increased, while the mRNA level of PINK1 was reduced
upon cold exposure (Fig 1A-C), which indicates the protein level of
PINK1 is regulated by post-transcriptional mechanism (Jin et al,
2010; Greene et al, 2012; Cairo et al, 2019). Immunohistochemical
analysis further confirmed the increased expression of FUNDC1 in
BAT after cold exposure (Fig 1F and G).

PGC-1a regulates FUNDC1 expression

It is well established that PGC-1a and NRF1 are responsible for mito-
chondrial biogenesis in BAT in response to cold acclimation (Wu
et al, 1999). We were thus prompted to examine whether they are
responsible for the induction of FUNDCI1. Some of the commercial
antibodies against PGC-1a are not suitable for Western blotting.
After several tests, we found that the mouse monoclonal antibody
4C1.3 gives a consistent result in detecting a 113-kD PGC-1a band in
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Western blots (Aquilano et al, 2010; Ruas et al, 2012; Park et al,
2015). The levels of NRF1 and PGC-1a proteins were increased by
1.6- to 3.8-fold in BAT after cold exposure (Fig 2A and B). The
mRNA level of PGC-1a was also significantly increased upon cold
exposure; however, the mRNA level of NRF1 was unchanged, which
suggests that the stability of NRF1 protein is increased by cold expo-
sure or the increase of NRF1 mRNA occurs at an earlier time point
(Fig 2C). It was reported that PGC-1a expression is highly induced
during brown adipocyte differentiation (Uldry et al, 2006). We thus
wanted to know whether the expression of FUNDCI is also induced
during this process. We isolated brown fat preadipocytes from mice
and immortalized these cells by infection with SV40 large T antigen.
We found that, like UCP1 and CYCS, which are PGC-lo-regulated
proteins, the FUNDCI protein level was elevated when the immortal-
ized preadipocytes were treated with an adipogenic cocktail to
induce their differentiation into brown adipocytes, while the protein
level of VDAC1 was unchanged during the differentiation process
(Fig EV1A-C). We then infected the immortalized brown preadipo-
cytes cells with adenoviruses encoding PGC-1a or GFP and found
that the FUNDCI protein level was markedly enhanced along with
other PGC-lo/NRF1-regulated gene products such as CYCS
(Fig EVID-F). The levels of other mitochondrial proteins such as
TIM23 and VDAC1 were not affected by PGC-la re-introduction,
which indicates that the induction of FUNDCI is not due to the over-
all increase of mitochondrial content induced by PGC-1a (Fig EV1D-
F). Moreover, the FUNDCI protein level was also elevated by 2- to 3-
fold in HeLa and 293 cells when PGC-1a was ectopically introduced
(Fig EV1G and H), which suggests that PGC-lo regulation of
FUNDCI is of general significance. Conversely, knockdown of PGC-
1o in the immortalized brown preadipocytes reduced the protein and
mRNA levels of FUNDCI, and this effect could be rescued by reintro-
ducing PGC-1a into stable PGC-1a knockdown brown preadipocytes
(Fig 2D-F). We found that both in preadipocytes and in mature
adipocytes, when PGC-1a was knocked down, the level of the PGC-
lo-regulated mitochondrial protein CYCS also decreased like
FUNDCI, although the expression of another mitochondrial protein,
VDACI1, was unaffected (Fig 2D-H). The regulation of FUNDCI1
expression by PGC-1a is specific, as knockdown of its close homolog
PGC-1, which also functions in mitochondrial biogenesis and regu-
lation of energy expenditure, had no effect on FUNDC1 expression
(Fig EV2A-C). Taking these results together, we conclude that the
expression of FUNDCI is specifically regulated by PGC-1a.

NRF1 transcriptionally regulates FUNDC1 expression

Since PGC-1a stimulates mitochondrial biogenesis through NRF1 in
response to cold stress, we considered the possibility that FUNDC1
is transcriptionally regulated by NRF1. To pursue this, we identified
two putative NRF1 binding sites in the promoter of the FundclI gene
using the online promoter analysis tool AliBaba2.1. These sites are
located at -1315/-1305 and -186/-176 (Fig 3A). Deletion and muta-
tion analysis identified that the -186/-176 NRF1 binding element is
functional (Fig 3A and B). This site is identical to the sequence
previously identified in the VSNLI promoter (Fu et al, 2009) and is
required for Fundcl promoter activity (Fig 3A and B). To determine
whether NRF1 directly binds to the FundcI promoter, we performed
electrophoretic mobility shift assay (EMSA) analysis with nuclear
proteins extracted from HeLa cells. Firstly, we synthesized a positive
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Figure 1. Expression of FUNDC1 is induced by cold exposure in BAT.
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A-E BATs were isolated from cold-exposed mice (4°C, 72 h) or control mice (30°C, 72 h), then lysed, and subjected to Western blotting for analysis of the indicated
proteins (A). Relative protein expression levels, normalized to actin, are shown in (B). mRNA expression levels of the indicated genes were assayed by real-time PCR
and normalized to Actb (C). Mitochondrial DNA copy numbers were determined by real-time PCR and normalized to nuclear DNA standards (D). Relative increase of
mitochondrial proteins was normalized to mtDNA copy numbers and plotted (E). Data information: n = 6 biological replicates, data are represented as the
mean + SEM. Statistical analysis was performed using two-tailed Student’s t-test. ns: no significant difference; *P < 0.05; **P < 0.01; ***P < 0.001.

F, G Representative images showing immunohistochemical detection of FUNDC1 in sections of BATs from mice kept at 30 or 4°C for 72 h. Scale bar, 50 um. The
expression of FUNDC1 was quantified by analyzing and normalizing the average optical density of FUNDC1 staining. Data information: n = 4 biological replicates,
data are represented as the mean + SEM. Statistical analysis was performed using two-tailed Student’s t-test. **P < 0.01.

control oligonucleotide probe according to the NRF1 binding site
sequence in the VSNLI promoter (Fu et al, 2009) and compared it to
an oligonucleotide probe containing the NRF1 binding sequence in
the Fundcl promoter (Fundcl probe). The biotinylated Fundcl
probe but not the mutant Fundcl probe was retarded in the same
way as the positive control probe in the presence of HeLa nuclear
proteins (Fig 3C). Furthermore, the retarded band was competitively
blocked by a cold oligonucleotide but not by a mutant oligonu-
cleotide (Fig 3D). A super-shifted band was observed when an
NRF1 antibody was added, which indicates that NRF1 binds to the
Fundcl promoter (Fig 3D). We further performed ChIP-PCR analysis
with the NRF1 antibody on the Fundcl promoter to verify NRF1
binding to the Fundcl promoter in HeLa cells (Fig 3E). Additionally,
in the immunoprecipitate of Flag-PGC-1la-transfected cells, we were
able to detect the region of the Fundcl promoter containing the
NRF1 binding element, which indicates cobinding of PGC-1a and
NRF1 on the Fundcl promoter in HeLa cells (Fig 3F). Next, we
asked whether NRF1 was responsible for the expression of FUNDC1
in cells. The protein level of FUNDC1 was reduced in NRF1 stable
knockdown HeLa cells, and this reduction was rescued by reintro-
ducing NRF1 (Fig 3G). We also confirmed that the expression of
FUNDCI was also regulated by NRF1 in mature adipocytes, while
the level of the FUNDCI1 protein decreased when NRF1 was knocked
down (Fig EV2D and E). Also, the induction of FUNDCI1 by PGC-1a
was partially suppressed by knockdown of NRF1 (Fig 3H). Finally,
by ChIP-PCR, we showed that PGC-la binding on the Fundcl
promoter was also compromised in NRF1 stable knockdown cells
(Fig 3I). Together, these data demonstrated that the PGC-1a/NRF1
axis is responsible for transcriptional regulation of the expression
of FUNDC1.

Cold exposure induces mitophagy and the interaction between
FUNDC1 and LC3

The robust induction of FUNDC1 in BAT after cold exposure
prompted us to examine whether mitophagy is also induced in a
FUNDCI1-dependent manner. Early studies suggested that cold
suppresses autophagy (Cairo et al, 2016). However, recent studies
showed that some (if not all) ATG genes are induced upon cold
exposure (Martinez-Lopez et al, 2016; Lu et al, 2018). Western blot-
ting analysis showed that several autophagy marker proteins,
including ATGS, ULK1, LC3B (Kabeya et al, 2000), and the lipidated
form of LC3B (LC3BII) (He & Klionsky, 2009), were drastically
elevated in BAT upon cold challenge (Fig 4A and B). The mRNA
levels of the corresponding ATG genes were also moderately
increased (Fig EV2F). We found that the protein levels of both
AMPKa and phosphorylated AMPKa (at Thr172) are enhanced upon

© 2021 The Authors

cold exposure, which suggests that activation of AMPKa is involved
in the induction of autophagic flux by cold (Fig 4A and B).
Immunostaining further confirmed that expression of the autophagy
marker LC3B was induced in BAT after cold exposure (Fig 4C).
Next, we treated mice with chloroquine for 72h and found that the
LC3B-II levels upon cold exposure were significantly higher than
that treated with chloroquine at 30°C, indicating the induction of
autophagic flux upon cold exposure (Fig EV2G and H). To ascertain
that mitophagy occurs, we acquired electron microscope (EM)
images to assess the ultrastructure of BAT mitochondria and
mitophagosomes from mice subjected to 4 °C (cold) versus 30°C
(normal) for 3 days. We clearly observed that some mitochondria
with typical cristae were engulfed by autophagosomes in the
cold-exposed BAT (Fig 4D). Compared to controls, the number of
mitophagosomes was significantly increased upon cold challenge
(Fig 4D and E). These results indicate that mitophagy is significantly
increased in cold-exposed BAT.

As both FUNDCI and LC3B are induced in cold-challenged BAT,
we next wanted to know whether the interaction between FUNDC1
and LC3B is enhanced upon cold exposure. By using co-immunopre-
cipitation, we found that about double the amount of LC3B protein
was immunoprecipitated by FUNDC1 and 1.7-fold of FUNDCI1
protein was immunoprecipitated by LC3B during cold exposure
(Fig 4F and G). This suggests that the interaction between FUNDC1
and LC3B was increased in mouse BAT under cold conditions
(Fig 4F and G).

FUNDC1 is required for cold-induced mitophagy in mouse BAT

To determine the contribution of FUNDCI to mitophagy in BAT, we
generated brown adipocyte-specific Fundcl knockout mice by cross-
ing FundcI™" mice with a UcpI®®" transgenic mouse (Kong et al,
2014). The genotypes of these mice were identified by PCR, and
specific knockout of Fundcl in brown adipose tissue was verified by
Western blotting (Fig EV3A). The BAT-specific Fundcl knockout
mice were normal, and there was no significant difference in O,
consumption and CO, production rates between control (Cre—) and
BAT-specific Fundcl knockout mice when the animals were main-
tained at 30°C (Fig EV3B and C). EM analysis revealed that the
appearance of mitophagosomes was suppressed in BAT of cold-
exposed Fundc1™®/Ucp1®®" mice (Fig SA and B), which supports
the idea that FUNDCI plays a role in cold-induced mitophagy. We
also found that the increase in autophagy proteins upon cold expo-
sure was unaffected by FUNDCI deficiency, indicating that FUNDC1
is mainly responsible for mitophagy in BAT (Fig EV4A and B). To
firmly establish that mitophagy is indeed activated along with mito-
chondrial biogenesis in vivo, we generated adipocyte-specific
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Figure 2. PGC-1a regulates FUNDC1 expression.
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A-C  Western blotting analysis of proteins related to mitochondrial biogenesis in BATs from mice at 30°C (Normal) or following 72 h at 4°C (Cold) (A). Relative protein
expression levels were normalized to Actin (B). mRNA expression levels of the indicated genes were assayed by real-time PCR and normalized to Actb (C). Data
information: n = 6 biological replicates, data are represented as the mean + SEM. Statistical analysis was performed using two-tailed Student’s t-test. ns: no

significant difference; *P < 0.05; **P < 0.01.

D-F Flag-PGC-1a was introduced into PGC-1a knockdown brown preadipocytes for 24 h, and samples were collected for Western blotting analyses of the indicated
proteins (D). Expression levels of the indicated proteins were quantified (E) (mean 4 SEM; n = 3). Scramble, scramble shRNA. Samples were collected for real-time
PCR analysis. The expression of Fundc1 was normalized (F). Data information: Experiments were repeated three times, and data are represented as the
mean + SEM. Statistical analysis was performed using two-tailed Student’s t-test. ns: no significant difference; *P < 0.05; **P < 0.01.

G, H Scramble and PGC-1a knockdown preadipocytes were induced to differentiate into mature adipocytes, and samples were collected for Western blotting analyses
(G) and quantification of the indicated proteins (H). Data information: Experiments were repeated three times, and data are represented as the mean + SEM.
Statistical analysis was performed using two-tailed Student’s t-test. ns: no significant difference; **P < 0.01.

Fundcl knockout mice expressing mito-Keima by crossing Fundc1
1/ Adiponectin®™* mice (Fig EV3D) with a mito-Keima transgenic
mouse, in which the pH-dependent mitochondrion-targeted fluores-
cent protein mito-Keima was ubiquitously expressed. This protein is
known to undergo a shift to longer-wavelength excitation when
mitochondria are enclosed by acidic lysosomes, which occurs
during mitophagy (Sun et al, 2015). When the Fundc1V
Adiponectin®®~ /mito-Keima" mice were exposed to cold for 3 days,
the red mito-Keima signal in BAT was drastically increased (Fig 5C
and D). In comparison, red mito-Keima puncta were rarely observed
in BAT of Fundcl1™%/Adiponectin®®*/mito-Keima® mice upon the
identical treatment (Fig 5C and D). It is technically challenging to
obtain quantitative data from fresh BAT, but the significantly
reduced mito-Keima signals in Fundcl-depleted BAT strongly
suggest that FUNDC1 was largely responsible for the increased mito-
phagy in cold conditions. We found that the mtDNA copy numbers
were equivalent between control and Fundcl knockout BAT under
normal unstressed conditions, and cold exposure significantly
increased the mtDNA copy numbers in control mice by two-fold
(Fig 5E). Unexpectedly, in the absence of FUNDCI, cold treatment
did not greatly increase the mtDNA copy number, and the level of
mtDNA was similar to that in controls at 30°C. The increase of total
mito-keima signals (green signals) induced by cold exposure was
also blunted in Fundcl knockout BAT (Fig 5F). The precise mecha-
nism underlying this phenomenon warrants further investigation,
and one possibility is that knockout of FundcI may have a negative
feedback effect on mitochondrial biogenesis. Indeed, we observed
that both the PGC-la level and mitochondrial biogenesis are
reduced in FUNDC1-deficient BAT upon cold exposure compared to
the controls (Fig EV4C and D). We noticed that in our EM images,
FUNDCI-deficient BAT contained a relatively high proportion of
mitochondria without cristae compared to controls. Cold exposure
further exacerbated the appearance of mitochondria without cristae
in Fundc1™%/Ucp1®®" BAT (Fig 5G). These data suggest that dele-
tion of Fundcl results in the accumulation of functionally compro-
mised mitochondria and much reduced mitochondrial turnover. To
further substantiate this, we next performed the oxygen consump-
tion rate (OCR) assay to measure mitochondrial functions. We
found that the basal and FCCP-stimulated maximal OCRs of FundcI-
deficient BAT did not significantly increase upon cold exposure
(Fig 5H) compared to control BAT. Despite this, mitochondrial
superoxide levels were higher in Fundc1™%/Ucp1®®* BAT than in
Fundc1™"/Ucp1°®~ BAT upon cold exposure (Fig 5I). This provides
further supporting evidence that mitochondria are stressed in the
absence of FUNDCI. Decreased OCR, lower ATP production, and

© 2021 The Authors

elevated mitochondrial superoxide were also observed in Fundcl-
deficient brown fat preadipocytes (Fig EVSA-C), although the dif-
ferentiation ability of Fundcl-deficient brown fat preadipocytes is
largely undisturbed (Fig EV5D). Collectively, these results indicate
that FUNDC1-dependent mitophagy is essential for mitochondrial
turnover and quality control in response to cold stress.

FUNDC1 regulates adaptive thermogenesis and contributes to
cold tolerance

The increased mitochondrial biogenesis during cold acclimation
creates a large capacity for oxidative phosphorylation, which can be
used to generate heat through the action of the uncoupling protein
UCP1. As FUNDCI1-regulated mitophagy affects both mitochondrial
quality and mitochondrial turnover, leading to compromised mito-
chondrial respiration, we speculated that the thermogenic function
of BAT might also be compromised in FUNDCI1-deficient mice.
When Fundc1™®/Ucp1®®~ and Fundc1™%/Ucp1®™" mice were
maintained at 30°C, there was no significant difference in their base-
line body temperature (Fig 6A). However, when the mice were
subjected to acute cold exposure (4°C for 4 h), we observed more
severe hypothermia (body temperature < 33°C) in the Fundc1™?/
Ucp1®®" mice than in the controls (Fig 6A). Furthermore, the body
temperature of Fundcl™"/Ucp1™®" mice was lower than control
mice after 72-h cold acclimation, confirming the cold intolerance in
Fundc1™Y/Ucp1®®* mice (Fig 6B). There was no significant dif-
ference in the weight of BAT in Fundc1™%/Ucp1®®~ and Fundc1™"/
UcpI®™®" mice in the presence or absence of cold exposure for 72 h
(Fig 6C). The basal levels of Ucpl mRNA and protein expression are
similar between Fundcl™"/Ucp1¢®~ and Fundc1™"/Ucp1®™®" mice.
However, the induction of Ucpl mRNA and protein expression upon
cold exposure is increased by 31-fold and 2.3-fold, respectively, in
Fundc1™/Ucp1®®~ BAT (Fig 6D-F). This induction is blunted (12-
fold and 1.2-fold) in Fundc1™"/Ucp1®®* mice. The expression of
Ucpl Cre alone has no effect on the cold-induced increase of UCP1
in Ucpl®®" mice (Fig EV4E). Immunohistochemical analysis
further confirmed that the expression of UCP1 protein was strongly
induced in control mice, and it was blunted in the BAT of Fundc1®
/Ucp1°™®* mice upon cold exposure (Fig 6G). These results are
consistent with the data above showing that mitochondrial biogen-
esis and quality are compromised (Fig 5), although the precise
mechanism remains to be explored. Nevertheless, our data demon-
strate that the protein level of FUNDCI is regulated by PGC-1a in
an NRF1-dependent manner, and FUNDCI is essential for mito-
chondrial quality control in mitochondrial biogenesis. In Fundcl-
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Figure 3. NRF1 transcriptionally regulates FUNDC1 expression.

Schematic representation of human Fundcl promoter deletion constructs and two putative NRF1 binding sites were marked in blue and red and the corresponding
luciferase activity expressed as the activity relative to the 2,000 bp promoter. Data information: Experiments were repeated three times, and data are represented

Luciferase activity stimulated by the human Fundcl promoter. The activity of Fundcl promoter fragments, either wild type (WT) or with a mutation in the potential
NRF1 binding site, was assayed using a dual-luciferase reporter system. Data information: Experiments were repeated three times, and data are represented as the

A

as the mean + SEM.
B

mean £ SEM.
C,D

EMSA assay using biotinylated oligonucleotide probes containing the predicted NRF1 binding site or mutant NRF1 binding site in the promoter of Fundcl
(F1 probe or mut FI probe), the confirmed NRF1 binding site in the promoter of VSNL1 (positive probe). The probes were incubated with Hela nuclear

extracts and then run on a gel (C). A super-shifted band (asterisk) is detected in the presence of an anti-NRF1 antibody (D). Labeled probe: biotin-labeled
wild-type Fundcl probe; Cold probe: wild-type Fundcl probe; Mut probe: NRF1 binding site mutant Fundcl probe; asterisk indicates the super-shifted band

generated with antibody to NRF1.

E, F ChIP assay to analyze the interaction of NRF1 (E) or PGC-1a (F) proteins with the Fundcl promoter.
G NRF1-myc was introduced into NRF1 shRNA knockdown cells for 24 h, and scramble cells were used as control, and samples were collected for Western blotting

with the indicated antibodies.

H Scramble and NRF1 shRNA knockdown cells were transfected with vector and PGC-1a-Flag for 24 h, and samples were collected for Western blotting with the

indicated antibodies.

| ChIP analysis of the interaction of PGC-1a protein with the Fundcl promoter in scramble or NRF1 shRNA knockdown cells.

knockout BAT, both mitophagy and mitochondrial quality and
mitochondrial biogenesis are impaired, leading to cold intolerance
in mice (Fig 6H).

Discussion

Novel mechanism of coordination between mitophagy
and biogenesis

It is well established that mitochondrial biogenesis is highly regu-
lated through the PGC-1a-NRF1 pathway. Notably, PGC-1a senses
nutrimental, environmental, and developmental signals to activate
NRF1 and other transcriptional factors to promote mitochondrial
biogenesis and metabolic adaptations. It is widely speculated that
PGC-lo-dependent mitochondrial biogenesis should be tightly coor-
dinated with mitophagy to maintain an optimal number of high-
quality mitochondria, thus maintaining normal mitochondrial respi-
ration, mitochondrial inheritance, and cellular functions (Kubli &
Gustafsson, 2012; Palikaras & Tavernarakis, 2014). In the current
study, we provide evidence to show that PGC-1o/NRF1 transcrip-
tionally regulate FUNDCI, a well-characterized mitophagy receptor,
to enhance mitophagy, and to promote mitochondrial turnover. It is
somewhat surprising that PGC-1a and NRF1, the master regulators
of mitochondrial biogenesis, directly regulate a mitophagy receptor.
Thus, our results suggest a novel mechanism that coordinates mito-
chondrial biogenesis and mitophagy. By accelerating mitophagy
during mitochondrial biogenesis, PGC-1o/NRF1 regulation of
FUNDCI1-dependent mitophagy may prevent over-burdening or
over-crowding of the cell with excessive mitochondria, thus main-
taining normal mitochondrial and organismal physiology. Such a
mechanism provides an ideal scenario for regulating mitochondrial
turnover by simultaneously activating the two opposing processes
to promote mitochondrial turnover and maintain the functional
mitochondrial network. Enhanced turnover also accompanies
FUNDCI1 induction during preadipocyte differentiation. Similarly,
mitophagy induced by both NIX and FUNDCI1, but not Parkin, is
found to reprogram the metabolic network during cardiomyocyte
differentiation (Lampert et al, 2019). Simultaneous activation of
mitophagy and mitochondrial biogenesis may also occur in many

© 2021 The Authors

other conditions such as physical exercise and nutrient deprivation,
as it is well documented that the AMPK and mTOR pathways regu-
late both PGC-1a-mediated mitochondrial biogenesis and mito(auto-
)phagy (Jager et al, 2007; Canto & Auwerx, 2009; Morita et al,
2013). Adipocyte AMPK is required for the adaptive response to
thermogenesis and the browning program (Mottillo et al, 2016). We
are not suggesting that PGC-10/NRF1 per se determine mitophagy,
because the activity of PGC-1a and its downstream events is medi-
ated by an incredibly complicated network of transcriptional and
post-translational modifications. Also, as we previously suggested,
FUNDCI is subjected to phosphorylation and other modifications
that determine its interaction with LC3 for mitophagy. For
example, an early study has shown that cold stress also induces
cAMP-dependent activation of Src kinase (Fredriksson et al,
2000), and we have demonstrated that Src kinase phosphorylates
FUNDCI1 and prevents FUNDCI interacting with LC3 (Liu et al,
2012). We argue that induction of FUNDC1 by PGC-10/NRF1 sets
a new mitophagy threshold to maintain the mitochondrial
network, and this is likely independent of PINK1 or Parkin activity
(Liu et al, 2012; McWilliams et al, 2016; Whitworth & Pallanck,
2017; Lee et al, 2018; McWilliams et al, 2018). The regulation of
mitochondrial homeostasis in mammalian systems appears to be
different from that in C. elegans. In worms, which lack PGC-1a,
genetic depletion of DCT-1, the homolog of mammalian BNIP3
and BNIP3L/NIX, induces oxidative stress that activates SKN-1
(nuclear factor erythroid 2-related factor 2), which is completely
different from NRF1, to promote mitochondrial biogenesis (Palikaras
et al, 2015b).

Mitophagy in BAT

It was previously suggested that to maintain the higher mitochon-
drial content in BAT for thermogenesis, auto(mito-)phagy is
strongly suppressed during cold stress-induced mitochondrial
biogenesis in BAT (Ferhat et al, 2019; Kim et al, 2019). Specifi-
cally, short-term cold exposure of mice resulted in a significant
reduction in the expression of autophagy genes in BAT, although
thermogenic gene expression was elevated (Cairo et al, 2016). In
response to cold or f3-AR stimulation, PKA directly phosphorylates
mTOR and its binding partner, regulatory-associated protein of

EMBO reports  22:e50629]2021 9 of 20



EMBO reports

LC3B
ATG5

ULK1
Ampka
Ampka-p

Actin

51 o

O

£-3
L

N
1

o

*k

e — ——

| dd.i A i

-—Q“-

- e

S g Py S— e —

Normal Cold

Normal
Cold

—

Relative protein levels

No. of mitophagosomes/

per 100 mitochondria

IP:

CSE -}

Uiy =
AMP/(Q =

- H

2-

LI

IgG

FUNDC1

IB: LC3

—=

kD

]
[N
(V2]

IB: F1

Input

Cold

Figure 4.

10 0f 20 Em

LC3B | ™ -

| |
T
LC3/FUNDC

I
[y
19

-+ -+

BO reports  22: 50629 | 2021

~
h

—_
1

Normal

Cold

O

Normal

Cold

=

- 15

LC3B

FUNDC1

- 4+

— 15
- 15

-15

FUNDC1/LC3B

Lei Liu et al

© 2021 The Authors



Lei Liu et al

EMBO reports

Figure 4. Cold exposure induces mitophagy and the interaction between FUNDC1 and LC3.

A, B Western blotting analyses of the levels of autophagy-related proteins in BAT from mice at the normal temperature (30°C) or at 4°C for 72 h (A). Expression of the
indicated proteins was analyzed before and after 72 h cold exposure (4°C) (B). Data information: n = 3 biological replicates, data are represented as the
mean + SEM. Statistical analysis was performed using two-tailed Student’s t-test. *P < 0.05; **P < 0.01.

C Representative images from immunofluorescence staining of LC3B and CYCS in BAT from mice at the normal temperature (30°C) or 4°C for 72 h.

D, E Representative transmission electron microscope (TEM) images of BAT cells isolated from mice at the normal temperature (30°C) or 4°C for 72 h. Scale bar, 1 um
(D).The number of mitophagosomes per 100 mitochondria was counted and normalized (E). Data information: n = 3 biological replicates, data are represented as
the mean + SEM. Statistical analysis was performed using two-tailed Student’s t-test. ** P < 0.01.

F, G BATs from mice exposed to normal conditions (30°C) or cold (4°C) were lysed and immunoprecipitated with antibodies against FUNDC1, LC3B, or IgG and then
immunoblotted with the indicated antibodies. The ratio between immunoprecipitated LC3B to FUNDC1 or FUNDC1 to LC3B was quantified and plotted (G). Data
information: Experiments were repeated three times, and data are represented as the mean + SEM. Statistical analysis was performed using two-tailed Student’s

t-test. *P < 0.05.

mTOR (RAPTOR), to stimulate the activity of mTORC1, a major
regulator of autophagy (Stephan et al, 2009; Liu et al, 2016). PKA
was shown to inhibit autophagy and mitophagy by modulating the
expression of transcription factor genes or by inhibiting PINK1/
Parkin-mediated mitophagy via phosphorylation of the mitochon-
drial membrane protein mitofilin (Akabane et al, 2016). However,
these findings are in sharp contrast with recent reports showing
that cold exposure or administration of beta-adrenergic agonists
increases the level of autophagy and mitophagy (Lu et al, 2018).
Our genetic, morphological, and biochemical evidence shows
that physiological stimuli, such as cold, can activate mitophagy
via FUNDC1, along with other ATG genes such as ATGS, LC3,
and ULK1 (Fig 4A and Fig EV2F). We found that cold stress
increased the expression of both FUNDCI1 and LC3, induced the
dephosphorylation of FUNDCI1, and enhanced the FUNDCI-LC3
interaction, thus promoting mitophagy (Liu et al, 2012; Chen et al,
2014). It should be noted that it is technically challenging to
measure mitophagy or mitochondrial turnover in vivo under physi-
ological conditions. Early studies used protein labeling and mito-
chondrial protein degradation to measure mitochondrial turnover
(Miwa et al, 2008; Gospodarska et al, 2015). It is now recognized
that mitochondrial proteins are subjected to incredibly complex
regulation at the molecular, sub-organellar, and organellar levels.
Similarly, mitophagy can be mediated by a variety of mechanisms,
such as those based on mitochondrial derived vesicles (MDVs),

Figure 5. FUNDC1 is required for cold-induced mitophagy in mouse BAT.

piecemeal mitophagy, or organellar mitophagy, that degrade mito-
chondria partly or wholly (Sugiura et al, 2014). mtDNA copy
number has also been used to estimate mitochondrial content. It is
thus not surprising that different measurements (of mRNA levels,
mitochondrial proteins, and mtDNA copy number) yield discordant
results. Given the complex regulation of all mitochondrial constitu-
ents, it is important to employ integrated approaches, both in vitro
and in vivo, to show that mitophagy regulates the functional
network of mitochondria. Based on such a comprehensive analysis,
our data suggest that PGC-1o/NRF1 transcriptionally regulate a
number of genes including Fundcl to dictate mitochondrial quan-
tity, quality, and turnover, which are essential aspects of mito-
chondrial homeostasis.

How do enhanced mitophagy and turnover benefit BAT
and organisms?

We further suggest that the coupling of mitochondrial biogenesis
with FUNDCI1-dependent mitophagy contributes to adaptive thermo-
genesis. Activating mitophagy along with mitochondrial biogenesis
will maintain mitochondrial health, which is vital for thermogenesis
in BAT. Good-quality mitochondria are essential for generating
energy from carbohydrate in the form of pyruvate and fatty acids
(for example, palmitoyl carnitine) (Cannon & Nedergaard, 2010). In
unstressed  conditions, mitochondrial ~ homeostasis and

A B BATs isolated from Fundc1™®/Ucp1<™®~ (Cre—) and Fundc1™/Ucp1c™®* (Cre+) mice at 30°C or following 72 h at 4°C were analyzed by transmission electron
microscopy. Representative images are shown, scale bar, 1 pm (A). The number of mitophagosomes per 100 mitochondria was counted and normalized (B). Data
information: n = 3 biological replicates, data are represented as the mean + SEM. Statistical analysis was performed using two-way ANOVA test. ns: no significant

difference; *P < 0.05.

C,D Representative fluorescence images of BAT sections from Fundc1™™/Adiponectin®™~ (Cre—) and Fundc1™"/Adiponectin®" (Cre+) mito-Keima mice at normal
conditions (30°C) or 4°C for 72 h. Scale bar, 50 pm (C). Quantification of the ratio between red and green signals (D). Data information: n = 6 biological replicates,
data are represented as the mean + SEM. Statistical analysis was performed using two-way ANOVA test. ns: no significant difference; *P < 0.05.

E  Fundc™/Ucp1ce (Cre—) and Fundc™/Ucp™* (Cre+) mice were maintained at 30°C (Normal) or exposed to 4°C for 72 h (Cold). Mitochondrial DNA copy numbers
were analyzed by real-time PCR and normalized to nuclear DNA standards. Data information: n = 6 biological replicates, data are represented as the mean + SEM.
Statistical analysis was performed using two-way ANOVA test. ns: no significant difference; *P < 0.05.

F The relative total mito-keima signal (green signal ) in Fundc1 deficiency and control mito-keima mice under normal condition or cold exposure were quantified and
plotted. Data information: n = 6 biological replicates, data are represented as the mean £ SEM. Statistical analysis was performed using two-way ANOVA test. ns:

no significant difference; **P < 0.01.

G BATs isolated from Fundc1™/Ucp1c™®~ (Cre—) and Fundc1™/Ucp1<®* (Cre+) at 30°C or following 72 h at 4°C were analyzed by transmission electron microscopy.
The percent of mitochondria without cristae is shown in the histogram. Data information: n = 3 biological replicates, data are represented as the mean + SEM.
Statistical analysis was performed using two-way ANOVA test. ns: no significant difference; *P < 0.05.

H,1 Oxygen consumption rate (OCR) (H) and mitochondrial superoxide (1) were measured in BAT from Fundc1™/Ucp1<®~ (Cre—) and Fundc1™"/Ucp<"®" (Cre+) mice kept
at 30°C or at 4°C for 72 h. Data information: n = 3 or 4 biological replicates, data are represented as the mean + SEM. Statistical analysis was performed using

two-way ANOVA test. ns: no significant difference; *P < 0.05
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Figure 6. FUNDC1 regulates adaptive thermogenesis and contributes to cold tolerance.

A Body temperature measurements in Fundc1™?/Ucp1<~ (Cre—) and Fundc1™™/Ucp1<®* (Cre+) fasting male mice before and during cold exposure (4°C) for the
indicated time. Data information: n = 6 biological replicates, data are represented as the mean + SEM. Statistical analysis was performed using

repeated measures ANOVA. ***P < 0.001

B, C Body temperature (B) and BAT tissue weight (C) measurements before and after 72-h cold exposure (4°C) of Cre— and Cre+ male mice. Data information: n = 6
biological replicates, data are represented as the mean + SEM. Statistical analysis was performed using repeated measures ANOVA or two-way ANOVA test. ns: no

significant difference; *P < 0.05; ***P < 0.001.

D—F Fundc1™/ucp<= and Fundc1™/Ucp1<™®* mice were exposed to 4°C for 72 h (Cold), and control mice were kept at 30°C (Normal). Western blotting analysis of BAT
protein levels (D). Protein expression levels were normalized to Actin (E). Levels of mRNAs encoding Fundcl and Ucpl were measured by real-time PCR and
normalized to Actb (F). Data information: n = 6 biological replicates, data are represented as the mean & SEM. Statistical analysis was performed using two-way

ANOVA test. *P < 0.05; **P < 0.01; ***P < 0.001.

G Representative images of UCP1 immunohistochemistry of BAT sections from Cre— or Cre+ mice in normal conditions (30°C) or following 72 h at 4°C. Scale bar,

50 pm.

H Schematic model of PGC-1a-NRF1-FUNDCL axis in mitochondrial quality and quantity control and adaptive thermogenesis.

mitochondrial functions, as reflected by oxygen consumption and
thermogenesis, were largely maintained when Fundcl was deleted,
likely due to compensation by yet-to-be-identified mechanisms.
However, upon cold exposure, mitochondrial functions and the
thermogenic gene program, including induction of the thermogenic
gene Ucpl, were all compromised in brown fat tissue, and the BAT-
specific Fundcl knockout mice were unable to maintain their body
temperature. It is also interesting to note that under normal condi-
tions, mtDNA copy numbers are comparable between control BAT
and BAT in which Fundcl is specifically knocked out (Fig 5).
However, in response to cold stress, the mtDNA copy numbers are
lower in Fundcl knockout BAT, reflecting the possibility that mito-
chondrial biogenesis is reduced. It is likely that the absence of
FUNDCI slows down (if not completely shuts down) the removal of
“old” or “exhausted” mitochondria, leading to compromised mito-
chondrial turnover, which exacerbates the impairments in mito-
chondrial functions, UCP1 expression, mitochondrial metabolism,
and physiology. This mitophagy defect is further confounded with
the possible feedback regulation of mitochondrial biogenesis by
mitophagy, leading to compromised mitochondrial function,
reduced mitochondrial number and turnover, and subsequently
defective thermogenesis and cold intolerance. We have previously
shown that mice lacking Fundcl develop more severe obesity and
insulin resistance when fed a high-fat diet (HFD) (Wu et al, 2019),
although mice with skeletal muscle-specific ablation of Fundcl were
protected against high-fat diet-induced obesity with improved
systemic insulin sensitivity and glucose tolerance despite reduced
muscle mitochondrial bioenergetics (Fu et al, 2018). These results
further demonstrate that FUNDC1-dependent mitophagy plays a crit-
ical role in cold and metabolic adaptations. In contrast, Parkin is
strongly repressed when BAT is activated and its induction is
blunted during BAT thermogenesis (Cairo et al, 2019). It is
suggested that Parkin-dependent mitophagy plays a role in deaccli-
mation (Cairo et al, 2019), the process by which cold-adapted mice
return to a thermoneutral temperature. It is possible that FUNDC1-
mediated mitophagy and Parkin-mediated mitophagy play distinct
roles under different stress conditions, such as acclimation versus
deacclimation, to maintain mitochondrial functions and homeostasis
as previously suggested (Wei et al, 2015). Further work is needed to
dissect the cooperative mechanisms between distinct mitophagy
machineries and the crosstalk between mitophagy and mitochon-
drial biogenesis. Our finding that FUNDC1-dependent mitophagy is
directly coupled with mitochondrial biogenesis offers a new
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understanding of the molecular regulation of mitochondrial turn-
over and metabolism in BAT. Our results further imply that enhanc-
ing PGC-1a/NRF1 activity and FUNDC1-dependent mitochondrial
turnover may be a useful therapeutic approach to fight mitochon-
drial, metabolic, and aging-related diseases.

Materials and Methods
Mice

Animal experiments were performed according to procedures
approved by the Ethics Committee of the Institute of Zoology,
Chinese Academy of Sciences. Fundcl™" mice and Adiponectin®®*
mice and C57BL/6J mice were obtained from the Model Animal
Research Center of Nanjing University. UcpI®®" mice were obtained
from Jackson Laboratories (stock #024670). The brown adipocyte-
specific or adipocyte-specific Fundcl knockout mice were generated
by crossing female Fundc1®™™ mice with corresponding Cre mice.
Littermate male Fundc1™" Cre- mice were control mice. Male mito-
Keima Fundcl knockout mice (Fundcl™?/Adiponectin®™®"/mito-
Keima') were generated by crossing female Fundc1™%/Adiponec-
tin"" with male Fundc1™Y/Adiponectin®®~ /mito-Keima™ mice. All
mice were housed at 30°C with a 12-h light/12-h dark cycle and
given free access to water and food. The cold test experiment was
performed by housing mice at 4°C for the indicated time, then
measuring rectal body temperature.

Indirect calorimetry

Energy expenditure was evaluated by measuring oxygen consump-
tion with a TSE Systems Indirect Gas Calorimetry system. The dif-
ference in CO, and O, concentrations was measured with CO, and
O, sensors, and the respiratory exchange ratio (RER) was calculated
using the VCO,/VO, ratio. Mice were housed individually and main-
tained at 30°C under a 12-h light/12-h dark cycle. Food and water
were available ad libitum.

Cell culture and transfection
Interscapular brown fat pads from fetal wild-type or Fundcl germ-

line knockout mice were isolated rapidly and minced. The fat mince
was digested with 1.5 mg/ml Collagenase A at 37°C with constant
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agitation for 40 min. Five milliliter DMEM medium supplemented
with 20% FBS was added, and the cells were pelleted by centrifuga-
tion at 500 g for 10 min. Then, the preadipocyte suspension was fil-
tered through a 100 um filter, resuspended, and plated in a sterile
Petri dish containing DMEM medium supplemented with 20% FBS.
Preadipocytes were immortalized by infection with the retroviral
vector pBabe encoding SV40 large T antigen and then selected
with puromycin (1 pg/ml) for 7 days. Preadipocytes were grown to
confluence in culture medium supplemented with 20 nM insulin
and 1 nM T3 (differentiation medium; day 0). Brown adipocyte
differentiation was induced by treating confluent cells for 48 h in
differentiation medium further supplemented with 0.5 mM isobutyl-
methylxanthine, 0.5 mM dexamethasone, and 0.125 mM indo-
methacin. After this induction period (day 2), the medium was
washed out and cells were incubated for a further 5 days in differen-
tiation medium, which was changed every 2 days. Full differentia-
tion was achieved after 5 days. PGC-1a and PGC-1f knockdown cell
lines were generated using retroviral-mediated expression of shRNA
specific for PGC-1a and PGC-1p and scramble shRNA as a control.
Infected cells were selected with puromycin (1 pg/ml) for 7 days.
For adenoviral infections, preadipocytes were transduced overnight
with GFP or PGC-1a expression virus and cells were harvested after
48 h. All cells were grown in DMEM with 10% FBS and 1% peni-
cillin-streptomycin at 37°C under 5% CO,. The target sequence in
PGC-1a for RNA interference is 5-GACGGATTGCCCTCATTTG; the
target sequence in PGC-1pB is 5-CCTTCCAATATGTTTACGTTT; the
target sequence in NRF1 is 5-CACATGGCTACCATAGAAG; and
the scramble RNA interference sequence is 5-GACATTTGTAACGG
GATTC. Primers for shRNA were cloned into pSuper-retro-puro or
pSicoR vectors. ShRNA expression viruses were packaged by trans-
fecting the vector into HEK-293T cells. To establish stable cell lines,
cells were transduced with the corresponding vectors and selected
with puromycin or sorted by flow cytometry.

Antibodies and reagents

The following antibodies were used: anti-TIM23 monoclonal antibody,
anti-Cytochrome ¢ monoclonal antibody (BD Biosciences); anti-PINK1
monoclonal antibody (Abgent), anti-LC3B polyclonal antibody (MBL),
anti-Actin monoclonal antibody, anti-UCP1 polyclonal antibody, anti-
Flag monoclonal antibody (Sigma); anti-VDAC1 monoclonal antibody
(Abcam); anti-NRF1 polyclonal antibody (Santa Cruz); anti-PGC-la
polyclonal and monoclonal antibody (Merck); anti-PGC-1 polyclonal
antibody (Proteintech); anti-PARKIN polyclonal antibody, anti-TFAM
polyclonal antibody, anti-ATGS5 polyclonal antibody, anti-ULK1 poly-
clonal antibody; and anti-HSP60 polyclonal antibody, anti-NIX poly-
clonal (CST). Polyclonal antibodies against FUNDC1 were generated
by immunizing rabbits with recombinant FUNDC1 (delta TM domain)
protein produced in Escherichia coli using PGEX4T1 expression vector.
The fluorescent secondary antibodies were goat anti-mouse IgG Cy3
and goat anti-rabbit FITC IgG (DAKO).

The following reagents were used: TMRE , Mito-SOX, EMSA/Gel
Shift kit (Thermo Fisher); ATP detection kit, chromatin immunoprecip-
itation (CHIP) Assay kit (Beyotime); Dual-Luciferase Reporter (DLR™)
Assay System (Promega); and Tissue DNA extraction kit (Tiagene).
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Real-time PCR analysis

RNA was prepared using TRIzol Reagent (Invitrogen). The cDNA was
synthesized using a cDNA synthesis kit (Takara). Real-time PCR was
carried out using a One Step qRT-PCR (Probe) Kit (Tiangen) and a
CFX96 real-time PCR detection system (Bio-Rad). Relative abundance
of mRNA was calculated after normalization to Actb expression.

For real-time PCR, primers were as follows:

Fundcl 5'-AGACACCACTGGTGGAATCGAG (F)
5/-CCTTCTGGAATAAAAATCCTGCAC(R)
PARKIN 5/-TGTCCCAACTCCCTGATTAAAG (F)
5/-ACAGCACACCTCCCATTTG (R)
PINK1 5/-CGACAACATCCTTGTGGAGTGG (F)
5/-CATTGCCACCACGCTCTACACT (R)
TFAM 5/-GAGGCAAAGGATGATTCGGCTC (F)
5/-CGAATCCTATCATCTTTAGCAAGC (R)
PGC-10 5/-CCCTGCCATTGTTAAGACC (F)
5-TGCTGCTGTTCCTGTTTTC (R)
NRF1 5'-GGCAACAGTAGCCACATTGGCT (F)
5/-GTCTGGATGGTCATTTCACCGC (R)
Tim23 5/-GGTGCAGAAGATGACCTCAACAC (F)
5/-GCATAGAGACTGGTGAGTGTCAG (R)
HSP60 5/-TGCTCATCGGAAGCCATTGGTC (F)
5/-TTGACTGCCACAACCTGAAGACC (R)
VDACL 5'- AGTGACCCAGAGCAACTTCGCA (F)
5/-CAGGCGAGATTGACAGCAGTCT (R)
Nix 5'-GCATGAGGAAGAGTGGAGCCAT (F)
5/-AAGGTGTGCTCAGTCGTTTTCCA (R)
ucrP1 5'- GCTTTGCCTCACTCAGGATTGG (F)
5/-CCAATGAACACTGCCACACCTC (R)
cyes 5/-GAGGCAAGCATAAGACTGGACC (F)
5/-ACTCCATCAGGGTATCCTCTCC (R)
LC38 5/-GTCCTGGACAAGACCAAGTTCC (F)
5/-CCATTCACCAGGAGGAAGAAGG (R)
Atg5 5/-CTTGCATCAAGTTCAGCTCTTCC (F)
5/-AAGTGAGCCTCAACCGCATCCT (R)
ULK1 5'-GCAGCAAAGACTCCTGTGACAC (F)
5/-CCACTACACAGCAGGCTATCAG (R)
Actb 5/-GGCGCTTTTGACTCAGGATT (F)

5'-GGGATGTTTGCTCCAACCAA (R)

Transmission electron microscopy (TEM)

BAT was freshly isolated from the indicated mice and then cut
into small pieces (1 mm?®) in 2.5% glutaraldehyde. The samples
were fixed at 37°C in 2.5% glutaraldehyde for 1 h, then
dehydrated in a graded series of ethanol, and embedded in Epon
812 resin. Ultrathin sections were cut and observed under a
Tecnai G2 F20 TWIN TMP EM. The electron micrographs were
captured at 5,000x magnification, and the numbers of mitophago-
somes were counted and normalized. The data are presented
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as number of mitophagosomes per 100 mitochondria. The
numbers of mitochondria without cristae and normal mitochondria
were counted, and the percentage of mitochondria without
cristae was calculated. For each animal, at least 20 micrographs
were captured.

SDS-PAGE and Western blotting

Cells or homogenized tissue were lysed in lysis buffer (20 mM Tris,
pH 7.4, 2 mM EGTA, 1% NP-40, protease inhibitors). The total
protein concentration was determined by the Bradford method.
Equivalent protein quantities were subjected to SDS-PAGE and
transferred to nitrocellulose membranes. Membranes were probed
with the corresponding primary antibodies, followed by the appro-
priate HRP-conjugated secondary antibodies (KPL). Immunoreactive
bands were visualized with a chemiluminescence kit (Pierce) and
quantified by Image J software.

Mito-superoxide measurement

Cells were harvested, resuspended in PBS containing 5 pM mito-
chondrial superoxide indicator Mito-SOX, and stained for 30 min at
37°C in the dark. The cells were then washed with ice-cold PBS
twice and analyzed with flow cytometry.

ATP measurement

ATP levels in cultured cells and fresh tissues were measured using an
ATP determination kit following the manufacturer’s protocol (Beyotime
Biotechnology). Briefly, 10° cells or 10 mg homogenized fresh tissues
were lysed. After centrifugation at 13,000 g for 15 min, the supernatant
was collected and the protein concentration was determined. Equiva-
lent amounts of supernatants were used for measurement, and lumi-
nescence was recorded by an illuminometer. The relative ATP level
was normalized by calculating the ratios between the luminescence
intensities of the corresponding proteins with control samples.

Measurement of mitochondrial oxygen consumption rate

Freshly isolated BAT was weighed, and 5 mg of tissue was homoge-
nized in respiration medium B (0.5 mM EGTA, 3 mM MgCl,.6H,O0,
20 mM taurine, 10 mM KH,P04, 20 mM HEPES, 0.1% BSA, 60 mM
potassium lactobionate, 110 mM mannitol, 0.3 mM dithiothreitol,
pH 7.1) with succinate as the substrate. Uncoupled and maximal
OCR were determined using oligomycin (10 uM) and FCCP
(10 uM). For measurement of OCR in cells, the cells were harvested
and resuspended in assay buffer (50 mM KCl, 4 mM KH,PO,4, 5 mM
HEPES, 1 mM EGTA, 4% BSA, 10 mM pyruvate, 5 mM malate).
Uncoupled and maximal OCR were determined using oligomycin
(10 uM) and FCCP (10 uM). Antimycin A was used to inhibit
Complex Ill-related respiration. OCR in homogenized tissue and
cells was determined using an Oxygraph 2K. The OCR was finally
standardized to the cell number or tissue weight.

Measurement of mitochondrial DNA copy number

Total DNA was extracted from freshly isolated tissues with a tissue
DNA extraction kit. Ten nanogram DNA from each sample was used
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to quantify the mitochondrial DNA copy number by real-time PCR.
The mtDNA quantity was corrected by simultaneous measurement
of nuclear DNA standards. The primers were published previously
(Vernia et al, 2014). Primers for mtDNA were CytBF 5'-ATTCCTT-
CATGTCGGACGAG, CytBR 5-ACTGAGAAGCCCCCTCAAAT, and
the primers for nuclear DNA were H19F 5-GTCCACGAGACCAAT-
GACTG, HI9R 5-GTACCCACCTGTCGTCC.

Mito-Keima assay

For mito-Keima assays in tissues, brown adipose tissues were
rapidly isolated and cut into small pieces (100 mm?). The tissue
pieces were placed in confocal dishes, and images were captured
with a Nikon confocal microscope. Mito-Keima fluorescence was
captured in two channels via two sequential excitations (488-nm,
green; 561-nm, red) using the same 620-nm emission. The mito-
Keima fluorescent signal from 561-nm laser excitation was depicted
in red, and the signal from 488-nm laser excitation was in green.
The fluorescence intensities of 561-nm and 488-nm excited Mito-
Keima signals were measured by Image J software, and the 561-
nm:488-nm ratios were calculated.

Immunohistochemistry

Fresh fat tissues were rapidly isolated, fixed with 4% paraformalde-
hyde in phosphate-buffered saline (PBS), and embedded in paraffin.
The fixed fat samples were sectioned at thicknesses of 5-10 pm.
The samples were then stained with the indicated primary antibody
overnight and with the secondary antibody for 30 min at room
temperature (RT). Images were captured by a Vectra Automated
Quantitative Pathology Imaging System.

Electrophoretic mobility shift assay

The following biotin-labeled NRF1 oligonucleotides and NRF1
binding domain mutant oligonucleotides were used. F1 5-TTT
CGCGCCTGCGCAGAAGG (F) and 5-GCCTTCTGCGCAGGCGCGAA.
(R); Mut F1 5-TTTCGCGGCATTCCAGAAGG (F) and 5-GCCTT
CTGGAATGCCGCGAA (R). The positive control oligonucleotides
were TCGCGCGCCTGCGCATCCAG (F) and 5-GCTGGATGCGCAG
GCGCGCG (R). The competitor-mutant oligonucleotides were 5'-
TTTCGCGGCATTCCAGAAGG (F) and 5-GCCTTCTGGAATGCCGC
GAA (R). Equal amounts of the forward and reverse oligonu-
cleotides were annealed. DNA binding was performed at RT for
20 min in a mixture containing 10 pg of nuclear extract, 5 x gel
shift binding buffer, and 1 ul of biotin-labeled probe. In the
competition experiment, 100 x unlabeled double-stranded oligonu-
cleotides were used and incubated with nuclear extract and bind-
ing buffer for 10 min following addition of biotin-labeled probe
for 20 min at RT. In super-shift assays, the NRF1 antibody was
also incubated with the reaction mixture at RT for 30 min before
the addition of the biotin-labeled probe. Finally, the reaction
mixtures were mixed with 10 x loading buffer and analyzed on a
4% DNA retardation gel at 10 V/cm on ice for 1.5 h.
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Chromatin immunoprecipitation

Proteins were cross-linked to DNA by incubating 5 x 10° cells with
1% formaldehyde for 10 min at 37°C. The cell pellets were resus-
pended in 200 pl SDS lysis buffer followed by DNA sonication for a
total of five times (10 s each time at 30% of maximal power) using
an Ultrasonic Processor. Immunocomplexes were captured from the
rest of the lysates with 2 ug of the corresponding antibodies. PCR
was performed using 1% of the immunoprecipitate. Primers for the
Fundcl promoter were: 5-GAAGGCAACGGACTACAA (F), 5'-GATG-
GAAGTCTATGGTCTCTT (R). The following PCR program was
used: 95°C for 5 min followed by 35 cycles of 95°C for 30 s, 56°C
for 30 s, 72°C for 30 s, and finally 72°C for 10 min.

Statistical analysis

Statistical analysis was performed using Student’s t-test or ANOVA
test. P <0.05 was considered statistically significant. *P < 0.05,
**P < 0.01, and ***P < 0.001 versus the corresponding controls are
indicated. All statistical calculations were performed with GraphPad
Prism and SPSS software.

Data availability
This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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