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Brown adipose tissue dissipates energy as heat, a process
that relies on a high abundance of mitochondria and high
levels of electron transport chain (ETC) complexes within
these mitochondria. Two regulators of mitochondrial respi-
ration and heat production in brown adipocytes are the tran-
scriptional coactivator PGC-1� and its splicing isoform
NT-PGC-1�, which control mitochondrial gene expression
in the nucleus. Surprisingly, we found that, in brown adi-
pocytes, some NT-PGC-1� localizes to mitochondria,
whereas PGC-1� resides in the nucleus. Here we sought to
investigate the role of NT-PGC-1� in brown adipocyte mito-
chondria. Immunocytochemistry, immunotransmission elec-
tron microscopy, and biochemical analyses indicated that
NT-PGC-1� was located in the mitochondrial matrix in
brown adipocytes. NT-PGC-1� was specifically enriched at
the D-loop region of the mtDNA, which contains the promoters
for several essential ETC complex genes, and was associated
with LRP130, an activator of mitochondrial transcription.
Selective expression of NT-PGC-1� and PGC-1� in PGC-1��/�

brown adipocytes similarly induced expression of nuclear DNA-
encoded mitochondrial ETC genes, including the key mitochon-
drial transcription factor A (TFAM). Despite having comparable
levels of TFAM expression, PGC-1��/� brown adipocytes
expressing NT-PGC-1� had higher expression of mtDNA-en-
coded ETC genes than PGC-1��/� brown adipocytes expressing
PGC-1�, suggesting a direct effect of NT-PGC-1� on mtDNA tran-
scription. Moreover, this increase in mtDNA-encoded ETC gene
expression was associated with enhanced respiration in NT-PGC-
1�-expressing PGC-1��/� brown adipocytes. Our findings reveal
a previously unappreciated and isoform-specific role for NT-
PGC-1� in the regulation of mitochondrial transcription in brown
adipocytes and provide new insight into the transcriptional control
of mitochondrial respiration.

Brown adipose tissue (BAT)2 dissipates energy in the form of
heat. This thermogenic process relies on a high abundance of
mitochondria as well as high levels of electron transport
chain (ETC) complexes and uncoupling protein 1 (UCP1)
within those mitochondria (1–3). The ETC system creates a
proton gradient (energy) across the inner mitochondrial mem-
brane by oxidation of glucose and fatty acids. UCP1 decreases
this proton gradient by allowing protons to return to the mito-
chondrial matrix, resulting in heat production. Accordingly, a
cold-induced increase in mitochondrial ETC activity is criti-
cally important for UCP1-mediated heat production in BAT
during cold adaptation. The ETC is composed of four large
multisubunit complexes (I-IV). The majority of ETC complex
subunits are encoded by nuclear DNA and are imported into
mitochondria, whereas 11 essential subunits of ETC complexes
I, III, and IV are encoded by mtDNA (4, 5). Although the basal
mitochondrial transcription machinery consisting of mito-
chondrial RNA polymerase (POLRMT) and mitochondrial
transcription factor A (TFAM) and mitochondrial transcrip-
tion factor B2 (TFB2M) has been characterized (6 – 8), very lit-
tle is known about how mitochondrial DNA transcription is
regulated in response to various physiological stimuli.

Peroxisome proliferator-activated receptor � coactivator 1�
(PGC-1�) and its splicing isoform NT-PGC-1� play crucial
roles in mitochondrial biogenesis and respiration in BAT dur-
ing cold adaptation (1, 3, 9, 10). Mechanistically, PGC-1� and
NT-PGC-1� are highly induced by cold and coactivate a num-
ber of nuclear receptors and transcription factors, such
as peroxisome proliferator-activated receptors (PPARs), es-
trogen-related receptors, and nuclear respiratory factors
(NRFs) to activate expression of a broad set of mitochondrial
genes, including electron transport chain and fatty acid oxi-
dation genes (3, 9 –12). Especially a complex with NRF-1
induces the expression of TFAM that is a key activator of
mitochondrial DNA transcription as well as a regulator of
mitochondrial genome replication, thus leading to a concur-
rent increase in mtDNA-encoded ETC gene expression (1).
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Several recent studies have shown additional regulatory pro-
teins involved in mitochondrial DNA transcription in cell
type- and stimulus-specific manners (13–20). Here we
report the unexpected presence of NT-PGC-1� in brown
adipocyte mitochondria and address its role, which is unique
from PGC-1�, in the regulation of mtDNA-encoded ETC
gene expression.

Results

A portion of NT-PGC-1� localizes to mitochondria in brown
adipocytes

We have demonstrated that NT-PGC-1� is predominantly
cytoplasmic and that its nuclear accumulation is increased by
cold/�-adrenergic receptor/cAMP/PKA-mediated phosphory-
lation (21). Subcellular fractionation of BAT and Western blot
analysis with a highly specific anti- PGC-1� antibody (Fig. 1B,
bottom left panel) further revealed that, although PGC-1�
was only detected in the nuclear fraction, cold-induced
NT-PGC-1� was present in the highly purified mitochondrial
fraction as well (Fig. 1B, bottom right panel). The cytosolic and
nuclear markers were only detected in their respective frac-
tions, indicating no contamination of the mitochondrial
fraction by other subcellular fractions. To determine the mito-
chondrial localization of NT-PGC-1� in brown adipocytes,
NT-PGC-1� was stably expressed in PGC-1��/� brown adi-
pocytes as described previously (21–23). It should be noted that
NT-PGC-1� protein levels in PGC-1��/� brown adipocytes
were comparable with those of endogenous NT-PGC-1�
induced by cAMP in wild-type brown adipocytes (Fig. 1C). Sub-
cellular fractionation of brown adipocytes also showed that a
portion of NT-PGC-1� was present in the mitochondrial frac-
tion (Fig. 1D). We next evaluated whether mitochondrial tar-
geting of NT-PGC-1� is regulated by cAMP-induced signaling.
No change in mitochondrial content of NT-PGC-1� was
observed after treatment of brown adipocytes with cAMP, indi-
cating that mitochondrial targeting of NT-PGC-1� is indepen-
dent of cAMP signaling (Fig. 1E). Consistent with our Western
blot findings, immunocytochemical studies showed co-localiza-
tion of NT-PGC-1� with mitochondria in PGC-1��/� brown adi-
pocytes (Fig. 1F). In contrast, PGC-1� was only localized in the
nucleus in PGC-1��/� brown adipocytes (Fig. 1F).

To further confirm that mitochondrial NT-PGC-1�
did not result from contamination from the cytoplasm,
NT-PGC-1� was immunoblotted from increasing amounts
of purified mitochondria. The levels of NT-PGC-1� closely
correlated with the amounts of mitochondria that were rep-
resented by a mitochondrial protein COX IV, whereas a
cytoplasmic protein, �-tubulin, was not detected regardless
of mitochondria loaded (Fig. 1G). Next, to evaluate whether
NT-PGC-1� localizes within the mitochondria, isolated
mitochondria were treated with increasing concentrations
of proteinase K, which cannot penetrate the mitochondrial
membranes. Translocase of outer mitochondrial membrane
20 (Tom20) was completely degraded at high concentrations
of proteinase K. On the other hand, mitochondrial matrix
heat shock protein 60 (HSP60) was resistant to protease K
digestion. Similarly, NT-PGC-1� was protected from pro-

teinase K digestion (Fig. 1H), indicating that NT-PGC-1�
does not adhere to the outer mitochondrial membrane in a
nonspecific manner and is probably localized within the
mitochondria.

Figure 1. NT-PGC-1� is present in brown adipocyte mitochondria. A,
schematic of subcellular fractionation. Brown adipose tissues were iso-
lated from C57BL/6J mice exposed to 4 °C for 5 h and subjected to subcel-
lular fractionation. B, presence of NT-PGC-1� in mitochondria. Top panel,
schematic of the PGC-1� and NT-PGC-1� proteins. AD, transcription acti-
vation domain; LxxLL, nuclear receptor interaction motif; RS, arginine/ser-
ine-rich domain. Bottom left panel, PGC-1�-HA and NT-PGC-1�-HA were
expressed in COS-1 cells and immunoblotted with a highly specific anti-
PGC-1� monoclonal antibody (9). Bottom right panel, endogenous PGC-1�
and NT-PGC-1� in BAT isolated from cold-exposed mice were immuno-
blotted with the same anti-PGC-1� antibody. The cytosolic (C), nuclear (N),
and mitochondrial (M) markers were detected in their respective fractions.
C, expression of NT-PGC-1� in PGC-1��/� brown adipocytes. WT brown
adipocytes expressing an empty vector and PGC-1��/� brown adipocytes
stably expressing NT-PGC-1� or an empty vector by retrovirus-mediated
gene transfer were treated with 0.5 mM dibutyryl cAMP for 4 h. D, presence
of NT-PGC-1� in brown adipocyte mitochondria. PGC-1��/� brown adi-
pocytes stably expressing NT-PGC-1� were treated with dibutyryl cAMP
and subjected to subcellular fractionation. E, cAMP-induced signaling
does not regulate mitochondrial targeting of NT-PGC-1�. PGC-1��/�

brown adipocytes stably expressing NT-PGC-1� were treated with vehicle
or dibutyryl cAMP for 4 h. WGL, whole cell lysates. F, localization of
NT-PGC-1� and PGC-1� in PGC-1��/� brown adipocytes. NT-PGC-1�-HA
and PGC-1�-HA were expressed in PGC-1��/� brown adipocytes by ade-
novirus-mediated gene transfer and analyzed for cellular localization by
indirect immunofluorescence with anti-HA antibody. Colocalized pixels
were analyzed using an ImageJ analysis tool and are displayed in white on
an RGB overlay image. Scale bars � 23 �m. G, correlation of the amounts of
mitochondria and the protein levels of NT-PGC-1�. Mitochondrial enrich-
ment of NT-PGC-1� was analyzed in increasing amounts of purified brown
adipocyte mitochondria. H, mitochondrial NT-PGC-1� is protected from
proteinase K digestion. Purified mitochondria (60 �g) were treated with
increasing amounts of proteinase K.
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NT-PGC-1� is enriched in the mitochondrial matrix and
recruited to the D-loop region of mitochondrial DNA

To determine the submitochondrial localization of NT-
PGC-1�, immunotransmission electron microscopy was car-
ried out using a highly specific anti-PGC-1� monoclonal
antibody in PGC-1��/� (KO) brown adipocytes expressing
NT-PGC-1� or an empty vector (pBABE). NT-PGC-1�-spe-
cific immunogold particles were found in the mitochondrial
matrix of PGC-1��/� brown adipocytes expressing NT-
PGC-1� (KO � NT-PGC-1�), whereas the number of these
immunogold particles was greatly reduced in PGC-1��/�

brown adipocytes expressing the empty vector (KO � pBABE)
(Fig. 2). In addition, this immunogold particle distribution was
not observed in KO � NT-PGC-1� cells when the primary
PGC-1� antibody was omitted.

The finding that NT-PGC-1� was enriched in the mito-
chondrial matrix prompted us to ask whether NT-PGC-
1� regulates mitochondrial DNA transcription. mtDNA
encodes 11 essential subunits of ETC complexes I, III, and IV
and two subunits of ATP synthase. The D-loop region of
mtDNA contains the origin of replication and the promoters
for transcription (24). Thus, to test whether mitochondrial
NT-PGC-1� is recruited to the D-loop region of mtDNA, we
isolated mitochondria from wild-type brown adipocytes
treated with cAMP for 4 h and performed mitochondrial
ChIP (mtChIP) assays using an anti-PGC-1� polyclonal anti-
body that has been confirmed for its specificity to immuno-
precipitate NT-PGC-1� (9, 10, 22). The mtChIP showed that

endogenous mitochondrial NT-PGC-1� was enriched at the
D-loop region of mtDNA (Fig. 3B, top panel). No binding of
NT-PGC-1� was detected at the coding region of the ND1
gene, strengthening its specific recruitment to the D-loop
region. In addition, no specific protein-DNA complexes
were detected at the D-loop region by immunoprecipitation
with IgG. To further validate our mtChIP conditions, we
examined the binding of TFAM to the D-loop region of
mtDNA. TFAM was highly enriched at the D-loop region
and also bound to the ND1 gene to a lesser extent (Fig. 3B,
bottom panel). The latter finding is consistent with previous
reports that TFAM binds to the entire mtDNA and enhances
mtDNA stability (25, 26).

Next we examined whether mitochondrial NT-PGC-1�
interacts with TFAM in brown adipocyte mitochondria. Immu-
noprecipitation of NT-PGC-1�-HA with anti-HA antibody did
not pull down endogenous TFAM from the brown adipocyte
mitochondrial lysates (Fig. 3C). In contrast, NT-PGC-1�
co-precipitated a leucine-rich PPR motif-containing protein
(LRP130) that is an activator of mitochondrial DNA transcrip-
tion (Fig. 3C). LRP130 is localized in the mitochondrial matrix
and associated with POLRMT, promoting the expression of

Figure 2. NT-PGC-1� localizes in the mitochondrial matrix. Immunotrans-
mission electron microscopic analysis of NT-PGC-1� in brown adipocytes.
Black dots represent immunogold particles reacted with PGC-1� antibody in
PGC-1��/� brown adipocytes (KO) expressing NT-PGC-1� or an empty vector
(pBABE). Mitochondrial localization of immunogold particles was examined
in 6 – 8 grids/group (20 –30 mitochondria/grid), and the relative number of
immunogold particles localized in the mitochondria in each group is shown
in the bottom panel. Data are presented as the mean � S.E. One-way ANOVA
was used to compare the difference between groups: **, p � 0.01.

Figure 3. Mitochondrial NT-PGC-1� is enriched at the D-loop region of
mitochondrial DNA. A, schematic of mtDNA. B, enrichment of mitochondrial
NT-PGC-1� at the D-loop region of mtDNA in brown adipocytes. Mitochon-
dria were isolated from wild-type brown adipocytes treated with 0.5 mM dibu-
tyryl cAMP for 4 h and subjected to chromatin immunoprecipitation assays.
The relative amounts of mtDNA immunoprecipitated with IgG, PGC-1�, and
TFAM antibodies were analyzed by quantitative real-time PCR analysis (n �
6). Data represent mean � S.E. **, p � 0.01; ***, p � 0.001; ****, p � 0.0001. C,
mitochondrial NT-PGC-1� does not interact with TFAM but with LRP130.
Mitochondria were isolated from PGC-1��/� brown adipocytes expressing
NT-PGC-1�-HA or pBABE and subjected to immunoprecipitation (IP) using
anti-HA antibody. D, enrichment of LRP130 at the mitochondrial D-loop
region. Brown adipocyte mitochondria were isolated from wild-type brown
adipocytes treated with 0.5 mM dibutyryl cAMP for 4 h, and mitochondrial
ChIP was carried out with anti-LRP130 antibody. Data represent mean � S.E.
*, p � 0.05.
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mtDNA-encoded ETC genes (27). Consistent with the interac-
tion between two proteins, LRP130 was enriched at the same
D-loop region recognized by NT-PGC-1� (Fig. 3D). How-
ever, no interaction of mitochondrial NT-PGC-1� with
POLRMT was observed (data not shown). Collectively, these
results demonstrate the enrichment of NT-PGC-1� at the
D-loop region and the interaction with LRP130 in the mito-
chondrial matrix, suggesting that NT-PGC-1� is recruited to
mitochondrial transcription complexes through the interac-
tion with LRP130.

NT-PGC-1� increases mtDNA-encoded ETC gene expression in
brown adipocytes

In the nucleus, PGC-1� and NT-PGC-1� activate the expres-
sion of a broad set of mitochondrial genes, including TFAM,
which is, in turn, imported to mitochondria and activates
mtDNA transcription (1). Our findings further suggest that
mitochondrial NT-PGC-1� may be an additional regulator of
mtDNA transcription that is unique from PGC-1�. To test this
possibility, we selectively expressed NT-PGC-1� and PGC-1�
in PGC-1��/� brown adipocytes and compared their effects
on mtDNA-encoded ETC gene expression. NT-PGC-1� and
PGC-1� produced a similar increase in gene expression of
known target genes (UCP1, CIDEA, CPT1�, and PPAR�) and
many mitochondrial genes (TFAM, CytC, ATP5b, COX7a1,
Cycs, and COX8b) encoded by nuclear DNA (nucDNA) (Fig.
4A). Consistent with this, protein levels of TFAM induced by
NT-PGC-1� were comparable with those induced by PGC-1�

(Fig. 4B). However, despite the same levels of TFAM, mtDNA-
encoded ETC gene expression (COX1, COX2, COX3, ND1,
and ND5) was significantly higher in NT-PGC-1�-expressing
brown adipocytes compared with PGC-1�-expressing brown
adipocytes (Fig. 4A). Moreover, higher expression levels of
mtDNA-encoded ETC genes were associated with higher
rates of basal and cAMP-stimulated oxygen consumption in
NT-PGC-1�-expressing brown adipocytes (Fig. 4C). These
data suggest that NT-PGC-1�-mediated regulation of mtDNA
transcription in mitochondria is important for maximal expres-
sion of mtDNA-encoded ETC genes in brown adipocytes.

Mitochondrially targeted MLS-NT-PGC-1� enhances mtDNA-
encoded ETC gene expression and mitochondrial respiration

To assess the function of NT-PGC-1� specifically in mito-
chondria without its effect in the nucleus, we constructed an
NT-PGC-1� that contained the mitochondrial matrix-localiz-
ing sequence (MLS) fused to the N terminus of the protein.
Transiently expressed MLS-NT-PGC-1� was clearly colocal-
ized with mitochondria (Fig. 5A). Subcellular fractionation fur-
ther demonstrated that the relative mitochondrial:cytosolic
ratio of MLS-NT-PGC-1� was increased by 2.3-fold compared
with that of NT-PGC-1� (Fig. 5B), indicating increased target-
ing of NT-PGC-1� from the cytosol to the mitochondria by
addition of MLS. However, nuclear localization of NT-PGC-1�
was not completely prevented by addition of MLS, probably
because of its ability to pass through the nuclear pores (21). A
transcriptional co-activation assay using a luciferase reporter
containing the PPAR response element (PPRE) elements
showed that co-expression of NT-PGC-1� with PPAR� and
retinoid X receptor � (RXR�) increased reporter gene expres-
sion by 10.3-fold compared with control cells, whereas MLS-
NT-PGC-1� only led to a 3.7-fold increase in reporter gene
expression (Fig. 5C). This result may suggest that the nuclear
content of MLS-NT-PGC-1� is in part reduced because of
increased mitochondrial targeting. When the MLS was added
to the N terminus of PGC-1�, no change in localization was
observed (supplemental Fig. S1), suggesting that multiple
nuclear localization signals present at the C-terminal domain of
PGC-1� might be dominant over the MLS.

To more definitively evaluate the effect of MLS-NT-PGC-1�
on mtDNA-encoded ETC gene expression in brown adi-
pocytes, MLS-NT-PGC-1� was stably expressed in PGC-
1��/� brown adipocytes by retrovirus-mediated gene transfer.
We found that MLS-NT-PGC-1� significantly elevated the
expression of mtDNA-encoded ETC genes in PGC-1��/�

brown adipocytes (Fig. 6A). Expression of nuclear DNA-en-
coded genes (COX7a1, COX8b, ATP5b, COXIV, Cycs, UCP1,
PPAR�, NRF1, and TFAM) was also induced by MLS-NT-
PGC-1� to some extent (Fig. 6A). However, MLS-NT-PGC-1�
had no effect on mitochondrial biogenesis in PGC-1��/�

brown adipocytes (Fig. 6B). The changes in mitochondrial
ETC gene expression were closely associated with enhanced
mitochondrial respiration (Fig. 6C). Basal mitochondrial respi-
ration, ATP synthase-independent proton leak, and FCCP-
stimulated maximal respiration were higher in MLS-NT-PGC-
1�-expressing brown adipocytes compared with control brown
adipocytes.

Figure 4. NT-PGC-1� increases mitochondrial DNA-encoded gene
expression. A, differential effects of NT-PGC-1� and PGC-1� on mtDNA-en-
coded gene expression. PGC-1��/� brown adipocytes stably expressing
pBABE, NT-PGC-1�, and PGC-1� were assessed for nucDNA- and mtDNA-en-
coded gene expression (n � 6). Data represent mean � S.E. *, p � 0.05; **, p �
0.01; ***, p � 0.001. B, Western blot analysis of TFAM in PGC-1��/� brown
adipocytes stably expressing pBABE, NT-PGC-1�, and PGC-1�. Relative pro-
tein levels of TFAM normalized to �-actin were determined by densitometric
analysis using ImageJ as described under “Experimental Procedures.” C,
effects of NT-PGC-1� and PGC-1� on mitochondrial respiration in PGC-1��/�

brown adipocytes. OCRs were measured at baseline and after stimulation
with cAMP (n � 4) as described under “Experimental Procedures.” Represent-
ative results from three independent experiments are shown and presented
as the mean � S.E. Two-way ANOVA was used to compare the difference
between groups: #, p � 0.0001.
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Discussion

Biogenesis of functional ETC complexes requires coordi-
nated expression of mitochondrial ETC genes from nuclear and
mitochondrial genomes (4, 5). During cold adaptation, cold-
inducible PGC-1� and NT-PGC-1� regulate mitochondrial
respiratory capacity in BAT by two mechanisms: direct modu-
lation of nucDNA-encoded mitochondrial ETC gene expres-
sion and indirect regulation of mtDNA-encoded ETC gene
expression through TFAM (1, 10, 23). In this study, we provide
the first evidence showing that NT-PGC-1� is present in brown
adipocyte mitochondria, where it is enriched at the D-loop
region of mtDNA, associated with LRP130, and involved in
mtDNA transcription. Thus, our findings point to an additional
mechanism by which NT-PGC-1� regulates mitochondrial res-

piration by directly modulating mtDNA-encoded ETC gene
expression in mitochondria (Fig. 7). Our findings identify a pre-
viously unappreciated and isoform-specific role for NT-PGC-
1� and raise a series of interesting questions, such as why
NT-PGC-1� is targeted to the mitochondria, how NT-PGC-1� is
imported to the mitochondria without a classical mitochondrial
localizing sequence, and what components of the mitochondrial
transcriptional machinery NT-PGC-1� interacts with.

The expression and activity of PGC-1� and NT-PGC-1� are
regulated by environmental temperature in brown adipocytes.
We thus speculate that this added layer of regulation of mtDNA
transcription by NT-PGC-1� is in place to ensure that mtDNA-
encoded ETC gene expression is regulated accordingly in
response to changes in environmental temperature because an
adequate supply of mitochondrially encoded subunits is
required for cold-induced biogenesis of mitochondrial ETC
complexes.

cAMP/PKA-mediated phosphorylation increases nuclear
accumulation of NT-PGC-1� by inhibiting CRM1-mediated
nuclear export (21). However, our data showed that mitochon-
drial targeting of NT-PGC-1� was not affected by cAMP-
induced signaling. Instead, we found that sumoylation of
NT-PGC-1� at Lys-183 produced an increase in mitochondrial
NT-PGC-1� content,3 suggesting that modification by the
small ubiquitin-like modifier may direct cytosolic NT-PGC-1�
to mitochondria. Several recent studies have found that nuclear
transcription factors such as the TR�1 isoform (p43), MEF2D,
STAT3, and cAMP-response element-binding protein translo-
cate to mitochondria despite the absence of a mitochondrial

3 J. S. Chang and K. Ha, unpublished data.

Figure 5. Increased mitochondrial targeting of NT-PGC-1� by addition of
MLS. A, cellular localization of NT-PGC-1� and MLS-NT-PGC-1�. HeLa cells
were transfected with NT-PGC-1�-HA and MLS-NT-PGC-1�-HA using FuGENE
6. Immunofluorescence was carried out using anti-HA antibody and Mito-
Tracker Deep Red 633. Scale bars � 23 �m. B, subcellular distribution of
NT-PGC-1�-HA and MLS-NT-PGC-1�-HA in HeLa cells. Relative protein levels
of NT-PGC-1�-HA and MLS-NT-PGC-1�-HA in cytoplasmic (C), nuclear (N), and
mitochondrial (M) fractions were determined by densitometric analysis using
ImageJ as described under “Experimental Procedures.” C, effect of NT-PGC-1�
and MLS-NT-PGC-1� on PPAR�/RXR�-mediated reporter gene expression in
the nucleus. NT-PGC-1� or MLS-NT-PGC-1� was co-transfected with a lucifer-
ase reporter gene containing three copies of PPAR-binding sites, PPAR�,
RXR�, and a Renilla luciferase reporter gene in HeLa cells. Luciferase activity
was determined after 48-h transfection and normalized with Renilla luciferase
activity. Data represent the mean � S.E. of three independent experiments.
One-way ANOVA was used to compare the difference between groups: ****,
p � 0.0001. RLU, relative light units.

Figure 6. MLS-NT-PGC-1� increases mitochondrial DNA-encoded
gene expression and mitochondrial respiration. A, MLS-NT-PGC-1�
increases mtDNA- and nucDNA-encoded gene expression. Quantitative
real-time PCR was carried out in PGC-1��/� brown adipocytes expressing
pBABE and MLS-NT-PGC-1� (n � 5). Data represent mean � S.E. *, p � 0.05;
**, p � 0.01; ***, p � 0.001; #, p � 0.0001. B, quantitative analysis of
mitochondrial biogenesis. The ratio of mtDNA relative to nucDNA was
analyzed by quantitative real-time PCR (n � 6/group). Data represent
mean � S.E. C, MLS-NT-PGC-1� enhances mitochondrial respiration in
PGC-1��/� brown adipocytes. OCRs were measured at baseline and after
injection of oligomycin and FCCP (n � 6) as described under “Experimen-
tal Procedures.” Representative results from four independent experi-
ments are shown and presented as the mean � S.E. *, p � 0.05; **, p � 0.01.
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localizing sequence and directly modulate mtDNA transcrip-
tion in a signal- and tissue-specific manner (13–20). The mito-
chondrial import of these nuclear transcription factors is in part
assisted by chaperones such as the mitochondrial heat shock
protein 70 (17, 18, 28). In addition, VDAC, a voltage-dependent
anion channel, has been suggested to serve as a transport route
for small proteins that lack a classical mitochondrial localizing
sequence (29). Thus, it would be interesting to examine
whether mtHSP70 and VDAC are involved in mitochondrial
import of NT-PGC-1�.

Our data suggest that NT-PGC-1� is recruited to the mito-
chondrial transcriptional complexes formed on the D-loop
region of mtDNA by interaction with LRP130. LRP130 has been
shown to activate mitochondrial DNA transcription (27). It
interacts with POLRMT but not with TFAM and increases
the expression of mtDNA-encoded ETC genes, leading to
enhanced mitochondrial respiration (27). In addition to its
major role in mitochondria, LRP130 has been shown to interact
with PGC-1� in the nucleus and increase PGC-1�-dependent
transcription of nuclear genes (30). Thus, these studies further
support the idea that NT-PGC-1� and LRP130 are present in
the same mitochondrial transcriptional complexes and cooper-
ate for mitochondrial DNA transcription. LRP130 is abun-
dantly expressed in brown adipose tissue compared with white
adipose tissue (31). Functional interactions between PGC-1�
and LRP130 in the nucleus and between NT-PGC-1� and
LRP130 in the mitochondria may be important for the coordi-
nated regulation of mitochondrial electron transport chain
proteins encoded by nuclear and mitochondrial genomes.
Many nuclearly encoded ETC subunits assemble as subcom-
plexes in the matrix, and their redistribution to the inner
mitochondrial membrane is accelerated by mitochondrially
encoded ETC subunits (32, 33). Thus, the mechanism by which

mitochondrial NT-PGC-1� regulates mtDNA-encoded gene
expression may contribute to the efficiency of membrane-
bound ETC complex production in brown adipocytes.

Two studies previously reported that PGC-1� protein is
present as a prominent band at �90 kDa in mitochondria iso-
lated from mouse brain, liver, and muscle and several cell lines
(34, 35). However, we clearly demonstrated that PGC-1� pro-
tein expressed in COS-1 cells was detected at �110 kDa (Fig.
1B, bottom left panel), which is also consistent with previous
reports (9, 36 –38). In brown adipose tissue, endogenous
PGC-1� was only detected at �110 kDa in the nucleus, and
neither the �90- nor the �110-kDa band was detected in mito-
chondria (Fig. 1B, bottom right panel). Collectively, our findings
reveal a novel and isoform-specific role for NT-PGC-1� in the
regulation of mtDNA-encoded gene expression, providing new
insight into how brown adipocytes modulate their mitochon-
drial respiratory capacity in response to cold.

Experimental procedures

Mice

All animal handling and experiments were conducted
according to procedures reviewed and approved by the Pen-
nington Biomedical Research Center Institutional Animal Care
and Use Committee. For cold exposure experiments, C57BL/6J
mice were individually housed and exposed to 4 °C for 5 h. The
mice were then sacrificed to extract brown adipose tissue from
the interscapular region.

Cell culture and adipocyte differentiation

HeLa cells were maintained in DMEM supplemented with
10% FBS and 1% penicillin/streptomycin and transfected using
FuGENE 6 (Roche Applied Science). Immortalized PGC-1��/�

brown preadipocytes expressing NT-PGC-1�, PGC-1�, or
pBABE empty vector (21) were maintained in DMEM sup-
plemented with 10% FBS and 1% penicillin/streptomycin
and induced for differentiation as described previously (9,
21).

Plasmid construction

The pCMV/myc/mito plasmid was used to direct NT-PGC-
1� to the mitochondria by addition of the MLS to the N
terminus of NT-PGC-1�. NT-PGC-1� was amplified from
pcDNA3.1-NT-PGC-1�-HA (9) using primers containing PstI
and NotI sites and subcloned into the PstI/NotI sites of pCMV/
myc/mito. To construct a retroviral plasmid of pBABE-MLS-
NT-PGC-1�-HA, MLS-NT-PGC-1�-HA was amplified from
pCMV/myc/mito-NT-PGC-1�-HA using primers containing
BamHI and SalI sites and subcloned into the BamHI/SalI sites
of pBABE-neo. The generated plasmids were sequenced to rule
out any mutations.

Retroviral and adenoviral infection

For retroviral infection, immortalized brown preadipocytes
were infected in retrovirus-containing medium supplemented
with 8 �g/ml of Polybrene for 8 h as described previously (21).
After 48 h, neomycin-resistant clones were selected and pooled.
For adenoviral infection of brown adipocytes, adenovirus was

Figure 7. A proposed scheme of the transcriptional control of mitochon-
drial respiratory function by NT-PGC-1� in brown adipocytes. Cold-in-
duced PGC-1� and NT-PGC-1� transcriptionally regulate mitochondrial res-
piratory function in brown adipocytes by stimulating the expression of
nucDNA-encoded ETC genes and other mitochondrial genes, including
TFAM. TFAM is subsequently imported to mitochondria and regulates mito-
chondrial DNA replication and transcription, leading to an increase in
mtDNA-encoded ETC gene expression. Our findings suggest an additional
mechanism by which NT-PGC-1� regulates mtDNA transcription within
brown adipocyte mitochondria. Simultaneous localization of NT-PGC-1� in
the nucleus and mitochondria may contribute to the coordinated regulation
of nucDNA- and mtDNA-encoded ETC gene expression in response to
cold.
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mixed and preincubated with poly-L-lysine (Mr 30,000 –70,000)
in Opti-MEM for 1.5 h at room temperature (21, 39). Cells were
washed and infected with the adenoviral mixture/Opti-MEM
for 2 h, followed by addition of DMEM complete medium and
incubation overnight.

Subcellular fractionation

To obtain nuclear, cytosolic, and mitochondrial fractions,
tissues or cells were suspended in ice-cold isotonic buffer (20
mM Hepes-KOH (pH 7.5), 10 mM KCl, 1.5 mM MgCl2, 1 mM

EDTA, 1 mM EGTA, 250 mM sucrose, and protease inhibitors)
and homogenized using a Potter-Elvehjem glass-Teflon
homogenizer. After centrifugation at 1000 	 g for 10 min, the
pellets were washed and incubated with NE-PER reagents
(Pierce) to isolate nuclei. The supernatant was centrifuged at
10,000 	 g for 30 min to collect the mitochondrial pellet. Crude
mitochondria were resuspended in mitochondrial isolation
buffer (0.21 M mannitol, 0.07 M sucrose, 5 mM Tris, 1 mM EDTA,
and protease inhibitors), overlaid on a discontinuous sucrose
gradient (1.0 –1.5 M), and purified by centrifugation at 64,000 	
g for 30 min. The post-mitochondrial supernatant obtained
after centrifugation at 10,000 	 g was further centrifuged at
100,000 	 g for 1 h to obtain the cytosolic protein fraction.

Proteinase K digestion assay

Purified mitochondria (60 �g) were resuspended in 100 �l of
SE buffer (250 mM sucrose, 1 mM EDTA, 10 mM MOPS, and
protease inhibitors) and incubated with vehicle or increasing
amounts of proteinase K for 15 min on ice. After addition of 2
mM PMSF, mitochondria were spun down by centrifugation at
12,000 	 g for 5 min. The pellets were rinsed with SE buffer
containing PMSF and resuspended in 2	 Laemmli sample
buffer.

Transmission electron microscopy and immunolabeling

Differentiated brown adipocytes were collected and centri-
fuged at 500 rpm to form a soft pellet. The cell pellet was fixed
at 4 °C in a fixative solution containing 2% glutaraldehyde and
1% paraformaldehyde and post-fixed with 1% osmium tetrox-
ide. After dehydration using an ethanol gradient, the pellet was
embedded in resin and polymerized. Thin sections from the
resin blocks were mounted on nickel grids. For immunolabel-
ing, the grids were pretreated with 2.5% sodium-meta-perio-
date for 20 min, washed with ddH2O and placed on droplets of
4% BSA in PBS (pH 7.2) supplemented with 0.05% Tween 20
(PBST) for 1 h. All grids were then incubated with monoclonal
PGC-1� antibody or mouse IgG in 2% BSA/PBST for 1.5 h,
followed by washing with PBST five times. The grids were
blocked again with 2% BSA/PBST for 15 min and incubated
with protein G conjugated with 15–20 nM colloidal gold parti-
cles diluted 1:10 in 1% BSA/PBST for 1 h. After successive
washes with PBST and ddH2O, grids were post-fixed with 1%
osmium tetroxide for 5 min, washed with ddH2O, and stained
with 2% uranyl acetate for 5 min and lead acetate for 1 min. The
grids were examined using a JEOL JEM 2011 transmission elec-
tron microscope at the Louisiana State University Socolofsky
Microscopy Center.

Oxygen consumption assay

Immortalized brown preadipocytes were seeded at a density
of 40,000 cells/well in XF24 cell culture microplates for the
oxygen consumption assay. After differentiation for 7 days,
brown adipocytes were washed and allowed to equilibrate in XF
medium (Seahorse Biosciences) for 1 h at 37 °C without CO2.
The oxygen consumption rates (OCRs) were measured at base-
line and after injection of 8-CPT-cAMP (200 �M) using the
XF24 analyzer (Seahorse Biosciences) as described previously
(23). For oxygen consumption assays using the Oxygraph-2k
(Oroboros Instruments, Innsbruck, Austria), 106 brown adi-
pocytes were placed in a magnetically stirred respirometric
chamber as described previously (22). OCR measurements
were obtained at baseline and after injection of oligomycin (an
inhibitor of ATP synthase) and FCCP (a chemical uncoupler)
followed by antimycin A (a mitochondrial electron transport
inhibitor). The values of basal respiration, oligomycin-inde-
pendent proton leak, and FCCP-stimulated maximal mito-
chondrial respiration were determined by subtracting antimy-
cin A-independent non-mitochondrial respiration as described
in the Oroboros operator manual.

Mitochondrial chromatin immunoprecipitation assay

Brown adipocytes (6 	 150-mm dishes) were homogenized
using a Potter-Elvehjem glass-Teflon homogenizer in homoge-
nization buffer (10 mM HEPES-KOH (pH 7.4), 250 mM sucrose,
and 1 mM EDTA) supplemented with protease inhibitor mix-
ture. After centrifugation at 1000 	 g for 30 min, the superna-
tant was collected and centrifuged at 10,000 	 g for 10 min to
spin down mitochondria. The pelleted mitochondria were
homogenized again with two more strokes and centrifuged at
1000 	 g for 10 min to remove residual nuclei. Approximately
2.5 mg of mitochondria were cross-linked with 1% formalde-
hyde for 30 min in cross-linking buffer (20 mM HEPES-KOH
(pH 7.4), 250 mM sucrose, 2 mM EDTA, and 25 mM NaCl). The
mitochondria were then suspended in PBS containing a prote-
ase inhibitor mixture and sheared using a Branson Sonifier 450
for 20 	 10 s to obtain chromatin fragments ranging from 400
bp to 1 kbp. After centrifugation at 10,000 	 g for 10 min, the
supernatant was diluted and precleared with BSA-blocked pro-
tein G-agarose beads for 1 h at 4 °C in IP buffer (10 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 0.5% BSA, and 0.5% Nonidet P-40) and
incubated with IgG, PGC-1�, TFAM, or LRP130 antibody over-
night at 4 °C. The immunocomplexes were precipitated with
BSA-blocked protein G-agarose beads for 1 h at 4 °C and
washed with a series of wash buffers. The cross-linked DNA-
protein complexes were released from the beads by incubation
at 65 °C overnight. The DNA samples were purified and used
for real-time quantitative PCR analysis with a pair of primers
specific for the D-loop region and for ND1: D-loop forward,
5�-gtggtgtcatgcatttggtatct-3�; D-loop reverse, 5�-catgaataatt-
agccttaggtgat-3�; ND1 forward, 5�-cccattcgcgttattctt-3�; and
ND1 reverse 5�-aagttgatcgtaaggaagc-3�.

Western blot and immunoprecipitation

Cells were lysed in radioimmune precipitation assay buffer
and subjected to Western blot analysis as described previously
(21). For immunoprecipitation, isolated mitochondria were
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lysed in 20 mM HEPES (pH 7.0), 150 mM NaCl, and 0.2% Non-
idet P-40 supplemented with a protease inhibitor mixture.
After preclearing with protein A/G-agarose beads, the lysates
were incubated with IgG or primary antibody overnight at 4 °C
and precipitated with protein A/G-agarose beads for 3 h at 4 °C.
After washings, immunoprecipitates were subjected to West-
ern blot analysis. Antibodies used were as follows: monoclonal
and polyclonal anti-PGC-1� (9), anti-UCP1 (40), anti-Tom20,
anti-Lamin B1, anti-TFAM, and anti-LRP130 from Santa Cruz
Biotechnology and anti-HA, anti-�-tubulin, anti-CoxIV, and
anti-HSP60 from Abcam. For detection of PGC-1� and
NT-PGC-1� in brown adipose tissue and brown adipocytes, an
ultra-sensitive ECL substrate (Pierce) was used. Densitometric
analysis was performed to assess relative protein levels in West-
ern blots. The integrated density of immunoreactive bands
was measured using NIH ImageJ and normalized with the inte-
grated density of the respective loading control used for West-
ern blots.

Immunofluorescence

Cells were grown on glass coverslips and incubated with
MitoTracker Deep Red 633 for 45 min to stain mitochondria.
After washing with PBS, cells were fixed in cold methanol for 15
min and permeabilized with 0.2% Triton X-100/PBS for 10 min.
The fixed cells were then subjected to indirect immunofluores-
cence using anti-HA antibody as described previously (9, 21).
The cells were mounted with Vectashield mounting reagent
containing 4,6-diamidino-2-phenylindole and examined with
a Plan-Neofluar 	40/0.85 numerical aperture objective on a
Zeiss LSM510 Meta confocal microscope. Subcellular colo-
calization analysis was performed using the ImageJ colo-
calization analysis tool following automatic thresholding
parameters.

Luciferase reporter assay

HeLa cells were transiently transfected using FuGENE 6
(Roche) with (PPRE)3-TK-luc, pSV Sport-RXR�, pSV Sport-
PPAP�, pRL-SV40, and equal amounts of plasmid expressing
NT-PGC-1�-HA, MLS-NTPGC-1�-HA, or pcDNA3.1 empty
vector. After 48 h of transfection, cells were harvested for lucif-
erase activity assay using a Promega Dual-Luciferase assay kit.
Firefly luciferase activity was normalized using Renilla lucifer-
ase activity. Data represent mean � S.D. of at least three inde-
pendent experiments.

Quantitative real-time PCR analysis

Total RNA was isolated from cells using the RNeasy mini kit
with DNase I treatment (Qiagen). cDNA synthesis and quanti-
tative real-time PCR analysis were performed as described pre-
viously (9, 21, 23). Relative mRNA expression of the genes of
interest was determined after normalization to that of cyclophi-
lin using the 

Ct method. For quantitative analysis of mito-
chondrial biogenesis, the ratio of mitochondrial to nuclear
DNA was assessed using quantitative real-time PCR with prim-
ers for NADH dehydrogenase subunit 1 (ND1) and lipoprotein
lipase as described previously (10).

Statistical analysis

All data are presented as mean � S.E. Student t tests and
one-way or two-way analysis of variance (ANOVA) tests were
used to compare the differences between groups using
GraphPad Prism 6 software. Values of p � 0.05 were considered
statistically significant: *, p � 0.05; **, p � 0.01; ***, p � 0.001; #,
p � 0.0001.
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