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Summary

Mitochondria play an essential role in the ability of brown fat to generate heat, and the PGC-1 coactivators control several
aspects of mitochondrial biogenesis. To investigate their specific roles in brown fat cells, we generated immortal preadipo-
cyte lines from the brown adipose tissue of mice lacking PGC-1a. We could then efficiently knockdown PGC-1f expression
by shRNA expression. Loss of PGC-1a did not alter brown fat differentiation but severely reduced the induction of thermo-
genic genes. Cells deficient in either PGC-1a or PGC-1p coactivators showed a small decrease in the differentiation-depen-
dant program of mitochondrial biogenesis and respiration; however, this increase in mitochondrial number and function
was totally abolished during brown fat differentiation when both PGC-1a and PGC-18 were deficient. These data show
that PGC-1a is essential for brown fat thermogenesis but not brown fat differentiation, and the PGC-1 coactivators play

an absolutely essential but complementary function in differentiation-induced mitochondrial biogenesis.

Introduction

White adipose tissue (WAT) and brown adipose tissue (BAT) are
two functionally distinct tissues characterized by two types of fat
cells with very different metabolic properties. The principal role
of WAT is the storage and release of triglycerides in response to
changing systemic energy levels. By contrast, BAT is special-
ized for thermogenesis, a process that dissipates chemical en-
ergy to produce heat (Cannon and Nedergaard, 2004; Lowell
and Spiegelman, 2000). Thermogenesis is induced in this tissue
in response to cold exposure or diet and occurs through the
activity of uncoupling protein 1 (UCP1), expressed selectively
in brown adipocytes (Bouillaud et al., 1985). UCP1 is an inner
mitochondrial membrane protein that uncouples the mitochon-
drial proton gradient, so that oxygen consumption is no longer
linked to ATP synthesis (Klingenberg and Huang, 1999). Brown
fat differentiation is also accompanied by a great increase in
mitochondrial biogenesis (Butow and Bahassi, 1999); indeed,
brown fat cells have among the highest mitochondrial density
of any cell type in mammals (Lindberg et al., 1967).

The sequence of events that regulates formation of BAT dur-
ing development is poorly understood. Although BAT and WAT
are functionally distinct, they share certain key transcriptional
regulators that mediate their differentiation (Rosen and Spiegel-
man, 2000). Early in the differentiation program, C/EBPJB and
C/EBP5 are transiently expressed and contribute to the expres-
sion of PPARY and C/EBPa. PPARY is the direct driver of fat cell
differentiation, while C/EBPa. is required to maintain PPARy ex-
pression and also functions synergistically with PPARy to pro-
mote the expression of genes found in both brown and white ad-
ipocytes (Rosen et al.,, 2002, 1999; Wu et al., 1999b). The
acquisition of the specific morphological and molecular equip-
ment required for brown fat function during differentiation is un-
der the control of PPARy-coactivator 1o (PGC-1a) (Puigserver
etal., 1998). PGC-1a is induced early in brown fat differentiation

and is preferentially expressed in mature brown adipocytes
compared to white adipocytes. Furthermore, ectopic expres-
sion of PGC1-1a is sufficient to promote several aspects of dif-
ferentiation toward the brown fat lineage, including the induction
of UCP1 gene expression. PGC-1q is also rapidly and highly in-
duced by cold exposure and turns on several key components
of the adaptative thermogenic program in brown fat, including
fuel intake, fatty-acid oxidation, mitochondrial biogenesis, and
increased oxygen consumption through coactivation of tran-
scription factors such as peroxisome proliferator-activated
receptors (PPARs) and nuclear respiratory factor 1 (Wu et al.,
1999a).

Notably, mice deficient in PGC-14. are cold sensitive with poor
expression of UCP1 (Lin et al., 2004). In addition, the brown fat
tissues appear morphologically abnormal, with abundant accu-
mulation of large lipid droplets, reminiscent of white adipose tis-
sue. The PGC-1a null mice also show a complex neurological
disorder, with hyperactivity associated with neurodegeneration,
especially in the striatal region (Lin et al., 2004; Leone et al.,
2005). Brown adipose tissue is abundantly innervated by the
sympathetic nervous system (SNS); SNS nerve endings in BAT
release noradrenaline, which activates -adrenergic receptors
and a cascade of events leading to BAT cell proliferation, mito-
chondriogenesis, and increased expression and activation of
UCP1 (Himms-Hagen, 1990). Lesions associated with PGC-1a
deficiency in the brain could therefore contribute to defective
brown fat function in PGC-1a.~'~ mice.

It is thus clear that PGC-1a. is required for proper brown fat
function. However, it is not clear whether the altered morphol-
ogy and function of this tissue is due to an altered state of cell
differentiation—a differentiation to a more “white fat” pheno-
type—or to a defective brown fat thermogenic program. It is
also unclear whether the defect in BAT in the PGC-1a knockout
animals is autonomous to brown adipose cells or is a result of
defective SNS signaling. To investigate these questions, we
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have created immortal preadipocyte cell lines derived from the Results

brown adipose depot of mice lacking PGC-1a. These cells have
also allowed us to investigate the relative role of PGC-18, the
closest homolog of PGC-1a, in several important aspects of
brown fat cell biology. This coactivator has been shown to pro-
mote mitochondrial biogenesis in gain-of-function experiments
as effectively as PGC-1a (Lin et al., 2002, 2003; St-Pierre
et al., 2003). Hence, the relative importance of these two coac-
tivators in a model of cellular mitochondrial biogenesis has not
been analyzed. The data presented here indicate that PGC-1a
is not required for the differentiation of cells into the brown fat
phenotype. However, these cells have a severe diminution of
the thermogenic gene program, including poor induction of
UCP1 by cyclic AMP signaling. These data further show that de-
ficiency of either PGC-1a or PGC-1p causes a small but signif-
icant decrease in mitochondrial gene expression. However, de-
ficiency of both PGC-1a and PGC-1B simultaneously causes
a total loss of differentiation-linked mitochondrial biogenesis
and mitochondrial respiration.

Differentiation of brown preadipocytes lacking

PGC-1a is not impaired

In order to investigate the role of PGC-1a in several aspects of
brown fat cell function, we first generated immortalized preadi-
pocyte cell lines from the interscapular BAT of wild-type (wt) and
PGC-1a KO mice.

We derived three wt and three PGC-1a. null preadipocyte cell
lines from six newborn mice. Each of these cell lines was tested
for its ability to differentiate into adipocytes using insulin, thyroid
hormone T3, isobuthylmethylxanthine, dexamethasone, and in-
domethacin, as described in Experimental Procedures. After in-
duction, cells of both genotypes rapidly accumulated fat, and
a fully differentiated phenotype could be observed, with nearly
100% of the cells containing multilocular fat droplets (Figure 1A).
This indicates that PGC-1a is not required for the morphological
changes and lipid accumulation associated with adipocyte
differentiation.
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We also assayed mRNA expression of several genes selective
for the brown fat phenotype during the differentiation process.
As expected, the expression of PGC-1a itself was highly in-
duced in wt cells but not in KO cells (data not shown). PGC-1f
was induced early and robustly during differentiation of the
brown adipocytes (Figure S1; Lin et al., 2002). Expression of
UCP1 mRNA, encoding the classic brown fat thermogenic pro-
tein, was similarly induced during differentiation in the KO cells
compared to wt cells (Figure 1B). In addition, expression of
mRNA for CIDEA, another molecular marker of the brown fat
phenotype (Zhou et al., 2003), was expressed similarly in mature
wt and KO cells, (Figure 1C). We also assessed the mRNA ex-
pression level of the key genes that regulate white or brown adi-
pogenesis, including PPARy and C/EBPa. Both were similarly
induced during differentiation of wt and KO cells (Figure 1C). Im-
portantly, expression of PGC-1 was not significantly different in
mature KO adipocytes. Finally, the expression of mitochondrial
genes was slightly diminished in fully differentiated KO cells
compared to their wt counterparts (Figure 1D). Taken together,

these results clearly show that PGC-1a. is not required for mo-
lecular aspects of brown fat cell differentiation.

Expression of the thermogenic gene

program requires PGC-1«

Cold-induced thermogenesis in vivo is mediated through a sig-
naling cascade involving the sympathetic nervous system and
the B3-adrenergic receptor activation in brown fat, resulting in
increased cytoplasmic cAMP levels in brown adipocytes. Fig-
ure 2A shows that 4 hr of treatment with dibutyryl-cyclic AMP
(dbcAMP) strongly induced PGC-1a mRNA expression in wt
cells; comparable results were obtained with isoproterenol and
forskolin treatment (not shown). We then measured mRNA ex-
pression of several key genes involved in the thermogenic re-
sponse after 4 hr of dbcAMP treatment. UCP1 mRNA was
strongly induced in wt cells (about 20-fold), but about 80% of
this response was lost in PGC-1a KO cells. The UCP1 protein
was maximally induced at 24 hr of dbcAMP treatment for the
wt cells, as assessed by Western blot analysis (Figure S2). KO

CELL METABOLISM : MAY 2006

335



ARTICLE

cells had an equivalent UCP1 protein level to wt cells under
basal condition, but no increase in UCP1 protein expression
was observed after dbcAMP treatment.

The induction of several mMRNAs encoded by other genes in-
volved in thermogenesis was either severely impaired in KO cells
(C/EBPB) or was even completely blunted (deiodinase D2, cyto-
chrome C) after dbcAMP treatment (Figure 2A). Importantly,
some genes such as FOXC2 were still normally inducible by
dbcAMP in the KO cells, indicating that cAMP sensitivity per se
is not affected in KO cells; these data suggest that PGC-1a.is re-
quired for the regulation of some but not all cAMP-regulated
genes.

The requirement for PGC-1a in dbcAMP-stimulated respira-
tion was investigated with an oxygen-sensing electrode.
Figure 2B shows that wt cells increased their oxygen consump-
tion 2.2-fold after 24 hr of dbcAMP treatment, versus only
1.4-fold for the KO cells. Furthermore, after dbcAMP treatment,
uncoupled respiration, as a fraction of total respiration, was in-
creased from 56% to 71%, but this fraction was not changed
in the PGC-1a-deficient cells. Thus, the loss of PGC-1a causes
a profound reduction of several aspects of the thermogenic
gene and physiological program under cAMP treatment.

In order to assess the specific requirement for PGC-14. in the
global transcriptional response to cAMP, we used Affymetrix ar-
rays to compare the sets of genes induced in response to a 4 hr
dbcAMP treatment in differentiated wt and KO cells. This analy-
sis revealed that 88 genes (Table S1) were induced more than
3-fold in the wt cells; of these, 54 (61% of total) were similarly in-
creased in both wt and KO. However, 28 genes (32% of total)
were decreased by at least 50% in the KO cells compared to
wt cells (Figure S3). Among genes requiring PGC-1a are (as
expected) UCP1, deiodinase D2, and C/EBPB. Finally 6 (7% of
total) genes, such as Fos (FBJ osteosarcoma oncogene) or
IER3 (Immediate early response 3), were more strongly induced
in KO cells than in wt cells. These data were confirmed by quan-
titative PCR for a subset of genes (Figure S4). These data indi-
cate that PGC-1a. is required for proper expression of approxi-
mately one third of the genes induced in response to cAMP in
brown fat cells, but this set of sensitive genes is enriched in
those involved in adaptative thermogenesis.

Acquisition of the brown fat phenotype is impaired

in cells deficient in both PGC-1« and PGC-1

PGC-18 is strongly induced during brown fat cell differentiation
(Lin et al., 2002), and, as shown in Figure 1C, this induction does
not require PGC-1a.. However, the role of PGC-18 in BAT or
brown adipose cells is unknown. To address this question, we
used retroviral vectors to express a siRNA that specifically
knocks down PGC-1p levels or a control siRNA of random se-
quence. The four different cell lines that we generated (wt ctr
siRNA, wt PGC-1p siRNA, KO ctr siRNA, KO PGC-18 siRNA)
were all able to accumulate lipid during differentiation, with
nearly 100% of the cells accumulating fat droplets in their cyto-
plasm (Figure S5). Western blot analysis on mature adipocytes
showed a 90% reduction of PGC-1 protein level for the cell
lines that express the specific PGC-1B siRNA, compared to
the cells that express the control siRNA (Figure 3A).

To examine the integrity of the brown fat differentiation pro-
gram with deficiencies in one or both PGC-1 proteins, we ana-
lyzed mRNA expression of several genes at days 0 and 7 of the
differentiation protocol. As shown in Figure 3B, genes known

to be expressed in both mature white or brown adipocytes,
such as aP2 or GLUT4 (Assimacopoulos-Jeannet et al., 1991;
Kopecky et al., 1995), were induced identically in all four cell
lines, regardless of PGC-1a and PGC-1f expression. However,
while induction of the UCP1 gene during differentiation was nor-
mal in cells lacking either PGC-1a or PGC-18, expression of this
gene was reduced by 90% during differentiation in cells with de-
ficiency in both PGC-1a and B. Western blot analysis showed
that UCP1 protein expression was also reduced by 90% in the
PGC-1a/B-deficient cells but was equivalent in the wt cells
and the cells lacking only one of the PGC-1 isoforms (Figure 3A).

The expression of several other genes was also affected.
ERRa was far less induced (1.6-fold) during differentiation in
the absence of PGC-1a and 8, compared to the other cell lines
(4-fold) (Figure 3B). Similarly, cells deficient in both PGC-1a. and
B expression showed significantly lower induction of several mi-
tochondrial genes during differentiation such as Cox4i or Cox5b.
In addition, induction of cytochrome C was completely lost in the
cells deficient in both PGC-1a. and B as compared to the other
cell lines. These results clearly show that while PGC-1a or
B are not individually necessary for adipogenic differentiation,
the presence of at least one of those is essential for develop-
ment of the brown fat phenotype.

PGC-1a does not regulate thermogenic genes induced

by insulin and retinoic acid

As shown above, the induction of UCP1 in response to CAMP is
reduced 80% in the absence of PGC-1«, but its induction is not
completely lost. We asked whether PGC-1p could be responsi-
ble for the remaining induction. Figure 4 shows that wt cells and
cells with reduced PGC-18 expression were able to equivalently
induce UCP1 mRNA after 4 hr of docAMP treatment. In cells de-
ficient for both PGC-1a. and B, the baseline level of UCP1 mRNA
is 10 times lower, but the fold increase in UCP1 expression in re-
sponse to dbcAMP remains similar to that in PGC-1a null cells.
These results strongly suggest that PGC-18 is not required for
cAMP-induced UCP1 gene expression.

Although cAMP is believed to play a crucial role in BAT-medi-
ated adaptative thermogenesis in vivo, UCP1 has been shown
to be regulated, at least in cultured cells, by insulin and retinoic
acid (Alvarez et al., 1995; Puigserver et al., 1996; Teruel et al.,
1998; Valverde et al., 2003). We tested the requirements of
PGC-1a and B in UCP1 induction by insulin and retinoic acid.
UCP1 was induced about 4-fold in wt cells treated with either
retinoic acid or insulin. However, when combined together,
these two compounds had synergistic effects, leading to a 17-
fold increase of UCP1 mRNA expression as compared to non-
treated cells. Identical results were also seen in cells deficient
in either PGC-1a or B. In addition, despite the fact that the basal
level of UCP1 expression is severely reduced in cells deficient in
both PGC-1a and B, the fold induction of UCP1 mRNA in re-
sponse to insulin and retinoic acid was nearly identical.

These results suggest that neither PGC-1o nor PGC-1B are re-
quired for insulin or retinoic acid regulation of UCP1.

Differentiation-linked increased respiration and
mitochondrial biogenesis are both ablated in cells

lacking both PGC-1a and

Fully mature brown adipocytes have very high mitochondrial
density and a strong capacity for fatty-acid oxidation. Brown
fat differentiation is one of the best cellular models for
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mitochondrial biogenesis and cellular respiration. In order to in-
vestigate the importance of PGC-1a and B in the high respiration
capacity of brown fat cells, we measured the total and un-
coupled respiration rate of fully differentiated wt cells and equiv-
alent cells deficient for PGC-1a and/or PGC-18.

As shown in Figure 5, the highest respiration rate was seen for
wt cells, and 52% of this oxygen consumption was uncoupled.
In either PGC-1a.~/~ cells or PGC-1p-deficient cells, the respira-
tion rate was reduced by about 20%, compared to wt cells. The
uncoupled respiration rate was 56% of total respiration for those
two latter cell lines. Importantly, a drastic decrease of oxygen
consumption was observed in cells with defective expression
of both PGC-1a and B, where the total respiration rate was de-
creased by about 57% compared to wt cells. Furthermore, the
fraction of uncoupled respiration in those cells was 44%, a ratio
significantly lower than measured in all three other cell lines.
Thus, decreased expression of PGC-1a or PGC-1p leads to
a slightly decreased total respiration rate, while loss of both re-
sults in a massive decrease in both total and uncoupled respira-
tion rate. PGC-1a and B are thus critical for acquisition of

elevated respiration rates, a key characteristic needed for heat
production.

We assessed whether brown fat differentiation-induced mito-
chondrial biogenesis per se was impaired in absence of the
PGC-1s, by analyzing mitochondrial density via quantitative
transmission electron microscopy (Figure 6). Preadipocytes
that were wt or deficient for both PGC-1a and  showed no sig-
nificant difference in their mitochondrial volume density. As ex-
pected, there was a great increase (2.4-fold) in mitochondria
content after differentiation of wt cells compared to preadipose
cells. In striking contrast, adipocytes deficient for both PGC-1a
and B expression showed no increase in mitochondrial volume
density. Deficiency of either PGC-1a or PGC-18 led only to a
small but significant decreased mitochondrial volume density
in fully mature adipocyte. The expression of mitochondrial-
selective genes is in accord with these analyses (Figure S6).

These data demonstrate that while differentiation-linked mito-
chondrial biogenesis can occur without PGC-1a or PGC-18,
there is an absolute requirement for at least one of these pro-
teins to increase mitochondrial density.
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Discussion

Mitochondrial humber and mitochondrial-based respiration is
highly adaptive in most eukaryotes, responding to environmen-
tal conditions such as diet, physical activity, and temperature.
The PGC-1 transcriptional coactivators appear to be major reg-
ulators of many aspects of mitochondrial biology (Lin et al.,
2005a). These proteins activate mitochondrial biogenesis and
the genes of mitochondrial function that are encoded in both
the mitochondrial and nuclear genomes. They do this by dock-
ing on and coactivating transcription factors such as ERRa
(Huss et al., 2002; Mootha et al., 2004) and nuclear respiratory
factors (NRF) 1 and 2 (Kelly and Scarpulla, 2004; Puigserver
and Spiegelman, 2003; Wu et al., 1999a). Coactivation of the
NRFs, in particular, regulates expression of TFAM (also known
as mTFA), which is encoded in the nuclear genome but enters
the mitochondria and stimulates replication and transcription
of the mitochondrial genome (Clayton, 1991).

Figure 4. PGC-1a and PGC-18 are not involved in
UCP1 induction by retinoic acid and insulin
Real-time PCR analysis of mRNA levels for UCP1 in
wt and PGC-1a KO mature adipocytes (day 7) ex-
pressing either an RNAI specific for PGC-1p knock-
down or a control RNAIi and treated with docAMP,
retinoic acid, or insulin for 4 hr. “p < 0.01. Data repre-
sent mean =+ SD of triplicates.

Retinoic
acid+insulin

Genetic ablation of PGC-1a causes quite profound distur-
bances in several pathways of energy homeostasis, and func-
tional abnormalities in multiple tissues such as liver, brown fat,
brain, and heart (Lin et al., 2004). Because mitochondrial biology
is absolutely central to the major physiological function of brown
fat, thermogenesis, this tissue is particularly appropriate for de-
tailed mechanistic studies of the PGC-1 coactivators. These cel-
lular studies are essential because the phenotype of the KO
mice is very complicated. For example, there is extensive con-
trol of brown fat function by CNS circuits, and the apparent
CNS defects in the KO mice made it impossible to determine
whether the poor thermogenic function of the brown fat was
due to defective sympathetic nervous system activation of the
brown fat, cell-autonomous problems with the differentiation
of brown fat cells, or both. Because mitochondrial biogenesis
is such a crucial part of the brown fat cell phenotype, this cell
is also an excellent model to explore the requirements for both
PGC-1a and B in mitochondrial biogenesis.

*UT Figure 5. Respiration is severely decreased in cells
= deficient in both PGC-1a. and B
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Figure 6. Requirement for PGC-1a or PGC-1 for mitochondrial biogenesis dur-
ing brown fat differentiation

A) Representative electron microscopy micrographs from wt mature adipocytes
expressing a control RNAi or PGC-1a. KO mature adipocytes expressing an
RNAI that knocks down PGC-18 levels.

B) Comparison of mitochondrial volume densities between preadipocytes and
mature brown adipocytes of wt or PGC-1a~/~ genotype, expressing either an RNAI
that specifically knocks down PGC-1f expression or a control RNAI. *p < 0.05.
**p < 0.01. Data represent mean + SD of quantification of ten micrographs.

The data presented here, using brown fat cells lacking PGC-
1a, clarifiy several of these issues. The adipogenic differentia-
tion of brown fat cells does not require PGC-1a; these cells
express many RNA markers of brown fat differentiation quite
normally, including UCP1, PGC-1B, CIDEA, ERR«, and type 2
deiodinase. However, in the absence of PGC-1a, there are
huge defects in the ability to activate the program of gene ex-
pression linked to thermogenesis, upon stimulation of the cyclic
AMP pathway, the major pathway through which brown fat heat
production is turned on. The cAMP stimulation of UCP1, type 2
deiodinase, C/EBPS, and cytochrome C are all severely blunted
in cells mutant in the PGC-1a gene. Consistent with these ex-
pression studies, both total respiration and uncoupled respira-
tion induced by cAMP are blunted in PGC-1a KO cells com-
pared to controls. Interestingly, the expression of UCP1 can
still be induced in cells lacking PGC-1a by insulin and retinoic
acid. While the physiological significance of these pathways is
not clear, these data do indicate that the UCP1 gene can be in-
duced without the involvement of PGC-1a.

The PGC-1a. KO cells also allowed us to do a more global
analysis of the role of this coactivator in cAMP-induced gene ex-
pression. Figure S8 illustrates that PGC-1a is involved in a sub-
stantial portion (32%) of cAMP-induced gene expression, but
many genes controlled by cAMP in the brown fat cells are ex-
pressed quite normally without this protein. However, expres-
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sion of those genes specifically involved in thermogenesis is de-
fective. It is thus very likely that the morphological changes in
brown fat of PGC-1a KO mice, which display abnormally large
lipid droplets, are due to decreased lipid oxidation and are not
due to a defect in brown fat development.

Both PGC-1a and PGC-1p can stimulate mitochondrial bio-
genesis in gain-of-function experiments. While some quantita-
tive defects in mitochondrial gene expression are obvious in
the PGC-1a KO mice, these defects in most tissues are in the
range of approximately 20%. Whether this reflects the full extent
of the involvement of this protein in mitochondrial gene expres-
sion and biogenesis, or whether the absence of PGC-1a can be
compensated for by the presence of PGC-18 or other proteins
has not been previously analyzed. By combining the cells genet-
ically deficientin PGC-1a with an effective RNAi directed against
PGC-1B RNA, we show here that there is a very strong require-
ment for either PGC-1a. or B to maintain mitochondrial gene ex-
pression, mitochondrial density, and respiration. Mature brown
adipocytes with no PGC-1a and 10% of normal PGC-1p protein
have only 35% of the mitochondrial density of control cells,
which corresponds to the mitochondrial density of preadipo-
cytes. These data show unambiguously that the PGC-1 coacti-
vators are essential for mitochondrial biogenesis linked to brown
fat cell differentiation.

In addition, cells deficient in both PGC-1a. and B expression
showed significantly lower induction of the brown fat-selective
genes UCP1 and ERRa during differentiation, whereas lipid
accumulation and expression of aP2 and GLUT4 were not af-
fected. These results clearly show that neither PGC-1a. nor
B are necessary for adipogenic differentiation; however, the
presence of at least one of these is essential for development
of the brown fat phenotype.

The data presented here also have implications for manipula-
tion of PGC-1 coactivator levels as a target for the development
of a novel class of therapeutics. Agents that elevate levels of
either PGC-1 can be expected to increase mitochondrial gene
expression, mitochondrial biogenesis, and probably mitochon-
drial-based respiration. This could conceivably be valuable in
diseases associated with mitochondrial abnormalities such as
type 2 diabetes or neurodegenerative conditions like Parkin-
son’s disease or Huntington’s disease. On the other hand,
diminution of mitochondrial activity via inhibition of the expres-
sion or activity of either PGC-1 separately may be of limited
effectiveness. Simultaneous inhibition of both might be neces-
sary to see major effects on mitochondrial density and respira-
tion. Fortunately, it is an increase in activity of these molecules
that is most clearly warranted for therapeutic intervention, at
least at this early state of our knowledge of mitochondria and
disease.

Experimental procedures

Cell culture

Brown preadipocytes were isolated form newborn wild-type and PGC-1a
KO mice (Lin et al., 2004) by collagenase digestion as described previously
(Fasshauer et al., 2001; Klein et al., 2002; Tseng et al., 2004). Preadipocytes
were immortalized by infection with the retroviral vector pBabe encoding
SV40T antigen and selection with puromycin (2 pg/ml). Preadipocytes were
grown to confluence in culture medium supplemented with 20 nM insulin
and 1 nM T3 (differentiation medium) (day 0). Adipocyte differentiation was
induced by treating confluent cells for 48 hr in differentiation medium further
supplemented with 0.5 mM isobutylmethylxanthine, 0.5 uM dexamethasone,
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and 0.125 mM indomethacin. After this induction period (day 2), the medium
was washed and cells were incubated in differentiation medium. Medium
was changed every 2 days. Full differentiation was achieved after 7 days.
PGC-1B knockdown cell lines were generated using retroviral-mediated ex-
pression of shRNA specific for PGC-1B (Lin et al., 2005b) and scrambled
shRNA as a control. Infected cells were selected with G418 (50 mg/ml).

To induce the thermogenic gene program, fully differentiated brown adipo-
cytes were submitted to the different following treatments: 500 uM of dibu-
tyryl cAMP (Sigma) for 4 hr and 6 hr, 10 uM forskolin (Sigma) for 4 hr,
10 pM isoproterenol (Sigma) for 4 hr, 1 uM retinoic acid (Sigma) for 4 hr, or
100 nM insulin (Sigma) for 4 hr.

RNA and protein analysis

Total RNA was isolated from cultured brown fat cultured cell lines using
QlAshredder and RNeasy kits form Qiagen. For real-time PCR analysis,
RNA samples were reverse transcribed using iScript cDNA synthesis kit
(Bio-rad) and used in quantitative PCR reactions in the presence of a fluores-
cent dye (Cybergreen, Bio-rad). Relative abundance of mRNA was calcu-
lated after normalization to 78S ribosomal RNA. Sequences for the primers
used in this study are shown in Table S2. For microarray analyses, RNA sam-
ples were evaluated with Affymetrix 430A chips using the DFCI core facility.
All subsequent analyses were performed with dCHIP software.

For the detection of PGC-1B and UCP1 protein, cells were lyzed in RIPA
buffer (50 mM Tris-HCI pH 7.4, 1% NP-40, 0.25% Na-deoxycholate,
150 mM NaCl). Thirty micrograms of lysates were analyzed by immunoblot-
ting using rabbit polyclonal antibodies raised against PGC-18, or using
a UCP1 polyclonal antibody from Sigma. Immunoblots were hybridized
with mouse monoclonal actin antibody as a loading control (Santa Cruz Bio-
technology).

Oxygen consumption assays

Cells were isolated by washing with PBS and trypsinizing for 5 min, resus-
pended in DMEM with 10% FBS, and spun twice at 1000 rpm for 5 min. Cells
were then resuspended in DPBS supplemented with 25 mM glucose, 1 mM
pyruvate, and 2% BSA. Total and uncoupled respiration were measured
as published (Mootha et al., 2004; St-Pierre et al., 2003). For normalization
of the respiration rates, an aliquot of the resuspended cells was lyzed
and protein concentration was measured by Bradford assay. For cAMP-
induced respiration assays, fully differentiated brown fat cells were incu-
bated for 24 hr with 1 mM of dibutyryl cyclic AMP prior to oxygen consump-
tion assay.

Electronic microscopy

Cellular samples were fixed for 1 hr in a mixture of 2.5% glutaraldehyde,
1.25% paraformaldehyde, and 0.03% picric acid in 0.1 M sodium cacodylate
buffer (pH 7.4), washed in 0.1 M cacodylate buffer, postfixed with 1% os-
miumtetroxide/1.5% potassium ferrocyanide for 1 hr, washed in water, and
stained in 1% aqueous uranyl acetate for 30 min followed by dehydration
in grades of alcohol (5 min at 70%, 5 min at 90%, and 2 x 5 min at 100%).
The samples were then infiltrated and embedded in TAAB Epon (Marivac
Canada Inc., St. Laurent, Canada). Ultrathin sections (about 60 nm) were
cut on a Reichert Ultracut-S microtome, picked up on to copper grids stained
with uranylacetate and lead citrate, and examined in a JEOL 1200EX. To cal-
culate mitochondrial volume density, a grid was laid on randomly selected
micrographs, and the number of points falling onto mitochondria was ex-
pressed as a fraction of those falling onto the cell area, as described previ-
ously (St-Pierre et al., 2003).

Retroviral basal expression of PGC-1 RNAi

The RNAI construct for PGC-1B was generated using one sequence in the
coding region of PGC-1p: 5'-GTACGGAACTGCATAAGCA-3' as described
(Lin et al., 2005b). Oligonucleotides containing this sequence or random se-
quence were subcloned into the retroviral vector pSUPER-retro neomycin
(Brummelkamp et al., 2002). For retrovirus production, ®NX packaging cells
(Force et al., 1997) were transfected at 70% confluence by calcium phos-
phate coprecipitation with 10 pg of retroviral vectors, and viral supernatants
were harvested 48 hr after transfection. Preadipocytes were infected at 60%
confluence with polybrene (4 ug/ml)-supplemented virus overnight. Selection
with 1 mg/ml G418 (Sigma) was started 48 hr after infection.

Supplemental data

Supplemental data include six figures and two tables and can be found
with this article online at http://www.cellmetabolism.org/cgi/content/full/3/
5/333/DC1/.
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