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The PGC-1 coactivators are important regulators of oxidative
metabolism. We previously demonstrated that LRP130 is a
binding partner of PGC-1�, required for hepatic gluconeogen-
esis. LRP130 is the gene mutated in Leigh syndrome French
Canadian variant, a rare neurodegenerative disease. The impor-
tance of LRP130 in other, non-hepatocyte biology remains
obscure. To better understand PGC-1 coactivator function in
brown fat development, we explored the metabolic role of
LRP130 in brown adipocyte differentiation. We show that
LRP130 is preferentially enriched in brown fat compared with
white, and induced in a PGC-1-dependent manner during dif-
ferentiation. Despite intact PGC-1 coactivator expression,
brown fat cells deficient for LRP130 exhibit attenuated expres-
sion of several genes characteristic of brown fat, including
uncoupling protein 1. Oxygen consumption studies support a
specific defect in proton leak due to attenuated uncoupling pro-
tein 1 expression. Notably, brown fat cell development common
to both PGC-1 coactivators is governed by LRP130. Conversely,
the cAMP response controlled by PGC-1� is not regulated by
LRP130. These data implicate LRP130 in brown fat cell devel-
opment and differentiation.

Obesity is a global health concern, predisposing to insulin
resistance, hypertension, dyslipidemia, type 2 diabetes, and cer-
tain cancers. Its pathogenesis is multifactorial, involving neu-
rohormonal, behavioral, genetic, and adipocyte-specific ele-
ments. Integration of these factors establishes whole body
energy balance.
Adipocytes constitute important regulators of systemic

energy balance, and play a central role in obesity due to their
inherent capacity to store or consume excess calories. The dual-
ity of the adipocyte lineage is illustrated in two different types of
fat cells. White adipocytes store fat as triacylglycerol during
caloric excess and release free fatty acids during fasting. In con-
trast, brown adipocytes oxidize triacylglycerol to generate heat

(thermogenesis) (1, 2). Besides muscular shivering (2–5), ther-
mogenesis in rodents and othermammals affords an additional
level of thermoprotection. The importance of brown fat in adult
humans is less clear. Some studies indicate that even adults
have functional brown fat (6, 7).
Interest has focused on the development of brown fat due to

clear anti-obesity effects in rodent models (8–12). Brown fat
protects against obesity due to its capacity to dissipate calories
as heat. Central to this process is uncoupling protein 1 (Ucp1),4
a proton transporter situated in the inner mitochondrial mem-
brane (13–15). Flowof electrons through the electron transport
chain establishes an electrochemical proton gradient. Protons
utilized by Ucp1 traverse the mitochondrial membrane to gen-
erate heat instead of driving the ATP synthase (16).
Themechanism bywhich a brown fat cell acquires its unique

features, including uncoupled respiration is incompletely
understood. Several transcription factors and a few coregula-
tors have been described. Many of these factors are extensively
reviewed elsewhere (1, 2). Transcription factors involved in
brown fat cell regulation include PPAR�2 (17, 18), PPAR� (19),
thyroid receptor, ATF-2, FoxC2 (20), and CREB. Coregulators
include RIP140, PRDM16 (21), and the PGC-1 family of coac-
tivators. RIP140 is a corepressor and represses Ucp1 expression
in white adipocytes. White fat cells genetically ablated for
RIP140 have increasedUcp1 gene expression (22, 23). Both suf-
ficient and necessary for brown fat differentiation, PRDM16
potently drives expression of PGC-1�, Ucp1 and several other
brown fat genes. The PGC-1 family of coactivators regulate
Ucp1 gene expression and several brown fat selective genes
during brown fat development, and following cold exposure or
treatment with cAMP mimetic. PGC-1 (PPAR� coactivator-
1�) is the founding member of the PGC-1 family and was iso-
lated from a brown fat library to identify PPAR�-interacting
proteins (24). PGC-1� is the closest homolog of PGC-1� (25)
with PRCbeingmore distally related (26). PGC-1� andPGC-1�
exhibit complementary function during brown fat develop-
ment (27). Complementation is shared at the level of several
brown fat specific genes, including Ucp1, as well as, mitochon-
drial biogenesis. Eithermember of the family is singly sufficient
to establish basal Ucp1 gene expression in cells and animals
(27–31).
Complementation, however, does not extend to all aspects of

brown fat function. In contrast to PGC-1�, PGC-1� regulates
cold inducible Ucp1 gene expression in mature brown fat (27–
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31). How then do the PGC-1s share overlapping function dur-
ing brown fat development, yet display differential function fol-
lowing cold exposure? The mechanism is unknown and many
possibilities exist. One possibility is the existence of a specificity
factor common to the PGC-1s, required for brown fat develop-
ment, but not important for cold exposure. Identification of
such a factor would help delineate developmental control from
the environmental control, and shed insight on how the
PGC-1s preferentially influence one program over another.
We previously demonstrated that LRP130 (leucine-rich pro-

tein 130), also known as LRPPRC (leucine-rich protein pen-
tatricopeptide repeat-containing motif), is a component of the
PGC-1� holo-complex (32). LRP130 is mutated in a rare neu-
rological disorder called Leigh Syndrome FrenchCanadian var-
iant (33). Patients suffer a devastating neurological disease as
well as liver dysfunction (34). LRP130 localizes to the nucleus
and mitochondria, and has been shown to influence gene
expression in both compartments (32, 35, 36). We recently
demonstrated that LRP130 is an important coregulator of PGC-
1�-dependent gluconeogenesis. Although LRP130 was shown
to interact with PGC-1� (32), the functional importance of
interactionwith this PGC-1member was not studied.We show
here that LRP130 is a novel and important regulator of brown
fat development. Notably it regulates the developmental pro-
gram mediated by the PGC-1 coactivators, but does not influ-
ence the cAMP response. These results suggest that LRP130 is
critical for the complementary actions of the PGC-1s during
brown fat development.

EXPERIMENTAL PROCEDURES

Cell Culture and Adipocyte Differentiation—We digested
brown fat from wild-type and PGC-1� KO newborn mice (28)
with collagenase to isolate brown fat preadipocytes (37–39).
The cells were immortalized by pBABE SV40T retroviral infec-
tion, and selected in 2 �g/ml puromycin. Maintenance media
contained 20% FBS, Dulbecco’s modified Eagle’s medium, 20
mM HEPES pH 7.55 (Invitrogen). Differentiation day 0: cells
grown to 100% confluencewere treatedwith 20 nM insulin, 1 nM
T3, 500 nM dexamethasone, 125 �M indomethacin, 500 �M
isobutylmethylxanthine in 10% FBS. Differentiation day 2:
mediumwas changed to 20 nM insulin, 1 nMT3 in 10% FBS, and
replenished every 48 h. Full differentiation happened between
days 5 and 8. Treatment with 10 �M forskolin activated the
thermogenic program. Stimulation for 4 h induced Ucp1 and
PGC-1�, mitochondrial-encoded genes required 24 h.

We induced 3T3 L1 adipocyte differentiation as previously
described (40, 41). Differentiation day 0: cells grown to 100%
confluencewere treatedwith 20 nM insulin, 1000 nMdexameth-
asone, 250 �M isobutylmethylxanthine in 10% FBS. Differenti-
ation day 2: medium was changed to 20 nM insulin, 10% FBS,
and replenished every 48 h. Full differentiation happened
between days 5 and 7.
siLRP130 and LRP130 Stable Cell Lines—We stably

expressed shRNA constructs in cell lines referred to as siCtrl
and siLRP130. Briefly, we cloned LRP130 RNAi sequence,
5�-GAAGCTAGATGACCTGTTT-3� (Dharmacon), into
pSuperRetro GFP (42), and produced retrovirus in phoenix
cells. Infected brown preadipocytes were selected byMoFlo cell

sorting. We previously demonstrated the specificity of this
LRP130 RNAi in several cell types and by comparing it to a
separate LRP130 RNAi sequence, 5�-GCAGTTAGGTGTCG-
TATAT-3� (32). A control shRNA cell line was generated for
comparison and the sequence has been previously published
(43). Uldry et al. (27) previously described generation of PGC-1
double deficient brown fat cells.
3T3-F442A cells were transduced with pMSCV human

LRP130 retrovirus. After digestion with BamHI/PmeI, human
LRP130-FLAG was cloned into the BglII/HpaI site of pMSCV
puromycin. To generate stable human LRP130-FLAG cells, we
infected cells with the retrovirus and selected in 2 �g/ml puro-
mycin. Empty pMSCV retrovirus of similar titer was used to
create a control cell line. Culture conditions and differentiation
were identical to brown fat cells. Retroviral infection occasion-
ally reduced adipogenesis in 3T3-F442A cells; therefore, 1 �M
rosiglitazone (Sigma-Aldrich) was used in a few experiments to
promote full differentiation. Results were comparable to treat-
ments without rosiglitazone.
Animal Experiments—All animal experiments were per-

formed according to procedures approved by the Institutional
Animal Care and Use Committee at the Dana-Farber Cancer
Institute. Mice were maintained on standard rodent chow with
12-h light-dark cycles. For acute cold exposure studies, we
housed male C57BL/6 mice, ages 3–4 weeks, at 4 °C for 4 h.
Brown adipose tissue (BAT)was harvested andmRNA isolated.
Immunodetection of Proteins—Whole cell protein lysates

were prepared by 3 freeze/thaw cycles in FLAG lysis buffer: 50
mMTris-Cl, pH 7.8, 137mMNaCl, 10mMNaF, 1mMEDTA, 1%
Triton X-100, 10% glycerol, and 0.2% sarkosyl (N-lauryl sarco-
sine). Samples were clarified at 14,000 � g for 10 min at 4 °C,
and quantified using Bradford reagent (44). Rabbit polyclonal
antibody raised against the C terminus of LRP130 was gener-
ated by PrimmBiotech Inc. We detected PGC-1� with affinity
purified rabbit polyclonal antibody. Antibodies against, C-V-�
and NDUFA9, were purchased from Mitosciences. FLAG M2
monoclonal antibody and Ucp1 antibody are available from
Sigma-Aldrich, and tubulin antibody from Abcam. We probed
with FLAG antibody per themanufacturer’s protocol. All other
antibodies were used at 1:1000 in TBS/0.1%Tween-20, 5% non-
fat dry milk.
ElectronMicroscopy and Stereological Measurements—Sam-

ples were fixed, sectioned (�60 nm), and visualized on a JEOL
1200EX (27). We laid a grid onto randomly selected micro-
graphs (n � 30), and counted points falling onto mitochondria
or cell area. The fraction of total points attributable to mito-
chondria was expressed as mitochondrial density (45).
Reporter Assays—After stable transduction with pMSCV

control or hLRP130, 3T3-F442A cells were transiently trans-
fected in 6-well dishes using Fugene (Roche Applied Sciences).
We used 500 ng of the �4 kb to 1� bp Ucp1 promoter fused to
a luciferase reporter (46), and 1500 ng of RSV-�-galactosidase
to normalize each transfection. To exclude nonspecific activa-
tion, we used empty reporter vector. Reporter activity was
measured on days 2, 4, and 8 of differentiation.
Chromatin Immunoprecipitation—Mature brown fat cells

grown in a 15-cm dish were used for 4 chromatin immunopre-
cipitation reactions. The reactions were processed using the EZ
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ChIP kit from Upstate. PPAR�
(H-100 X), FLAG M2, mouse, and
rabbit IgG were purchased from
Sigma. For each reaction, we used
either 6�g of IgG, 3�g of PPAR�, or
3�g of FLAG antibody. ChIP exper-
iments were performed three times;
one representative experiment is
shown. The primers for the promot-
ers were: Ucp1 enhancer, forward
5�-TGAGGCTGATATCCCCAG-
AGA-3�, reverse 5�-TCTGTGTGT-
CCTCTGGGCATAA-3�; Ucp1–
200 bp promoter, forward 5�-AAT-
CAGGAACTGGTGCCAAATC-
3�, reverse 5�-AGGTCTCCAAAG-
AGCTGCTAGTG-3�; aP2 (FABP4)
DR-1 sites �4 kb promoter forward
5�-TTCCCAGCAGGAATCAGG-
TAG-3�, reverse 5�-CTGGGAAC-
TCCATTTGCTCTC-3�; 18S gene,
forward 5�-AGTCCCTGCCCTTT-
GTACACA-3�, reverse 5�-CGATC-
CGAGGGCCTCACTA-3�.
Oxygen Consumption—Cells in

suspension were washed twice in
10% FBS, Dulbecco’s modified
Eagle’smedium, and resuspended in
respiration mediuim: DPBS, 2 mM
glucose, 1 mM pyruvate, 2% bovine
serum albumin. Total respiration
and proton leak (“uncouple respira-
tion”) were measured as previously
described (45, 47). We normalized
respiration rates to an aliquot of
total cell protein lysate.
RNA Analysis—For Northern

blots, total RNAwas isolated using
Trizol (Invitrogen). 10–20 �g was
resolved on a formaldehyde gel,
transferred to nylon membrane,
and hybridized with gene-specific
probes. We used a 1430–2523
bp probe for LRP130, 1–810 bp for
PGC-1�, and 1500–2400 bp for
PGC-1�.
For quantitative PCR, total RNA

was isolatedwith Trizol, and further
purified with RNAesay columns
(Qiagen). We reverse-transcribed
RNA with a kit (Applied Biosys-
tems), and measured signal inten-
sity using SyberGreen (Applied Bio-
systems). Samples were normalized
to TBP using the��Ctmethod, and
expressed as relative gene expres-
sion. Primer sequences are shown in
supplemental Fig. S4.

FIGURE 1. Spatiotemporal distribution of LRP130. A, tissue Northern of LRP130, PGC-1�, and PGC-1�. B,
gene expression of LRP130 in differentiating brown fat cells versus 3T3 L1 cells. Differentiation mixture
was added on day 0 (n � 3). C, gene expression of LRP130; D, select brown fat genes in white and brown
fat depots derived from animals housed at room temperature or exposed to cold at 4 °C for 4 h (n � 5).
Statistics: Panel D, no significant change in room temperature versus cold in WAT or BAT for LRP130. Panel
C, p 	 0.05; D2 changes in WAT not significant. Error bars represent mean (
S.E.). *, p 	 0.05; **, p 	 0.01;
***, p 	 0.001.

FIGURE 2. Adipogenic and morphological features of brown fat cells deficient for LRP130. A, gene expres-
sion of select genes at day 7 of differentiation (n � 3). B, protein expression of LRP130 in stably depleted brown
fat cells at day 7 differentiation. A detailed gene expression profile for RNAi no. 2 is in supplemental Fig. S1.
C, phase contrast of cells stably transduced with control shRNA (siControl) or shRNA against LRP130 (siLRP130).
Error bars represent mean (
S.E.). *. p 	 0.05; **, p 	 0.01; ***, p 	 0.001.
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Statistical Analysis—For bar graph analyses, we used two-
way analysis of variance with Bonferroni post-test. One asterisk
denotes p 	 0.05, two: p 	 0.01, three: p 	 0.001.

RESULTS

LRP130 Is Expressed in a Brown Fat-selective Manner—Cer-
tain regulators of brown fat development are selectively
expressed in brown fat, and their expression may be further
driven by differentiation or cold exposure. LRP130 mRNA is
enriched in brown fat, compared with white. Its distribution
across tissues is similar to PGC-1� and PGC-1� (Fig. 1A).
LRP130 gene expression increases �5-fold during differentia-
tion of immortalized brown fat cells, but does not change dur-
ing differentiation of immortalized 3T3-L1 white fat cells (Fig.
1B). Upon cold exposure, however, LRP130 gene expression
remains unchanged in brown fat (Fig. 1C). Notably Ucp1,
PGC-1� and deiodinase 2 are all induced as expected (Fig. 1D).
In parallel, stimulation of mature brown fat cells with forskolin
does not induce LRP130 gene expression (data not shown).
Effect of LRP130 Depletion on Adipogenesis and the Brown

Fat Program—To assess the role of LRP130 in brown fat cell
differentiation, we generated brown fat cells deficient for
LRP130, using retroviral delivery of shRNA (Fig. 2A). To con-
firm that the shRNA against LRP130 is functional, we assessed
protein level (Fig. 2B), and a target gene, Cox3 (Fig. 2A). Two
genes, FABP4 (aP2) and Glut4, are induced during differentia-
tion of brown or white fat cells. Expression of these genes were
unaffected by depletion of LRP130, suggesting that adipogene-
sis is intact. Additionally, microscopic examination revealed no
gross morphological defects (Fig. 2C), indicating LRP130 is not
required for lipid accumulation.
Next we evaluated the capacity of LRP130-deficient cells to

regulate the brown adipocyte phenotype. As shown in Fig. 3A,
several brown fat genes regulated by the PGC-1 coactivators are
attenuated in LRP130-deficient cells, Ucp1, Cidea, Cox7a1, but

not Elovl3. This is very similar to the pattern observed in PGC-1
double-deficient cells (Fig. 3B). Although moderately blunted
in PGC-1 double-deficient cells, mRNA expression of mito-
chondrial transcription factor A (TFAM) is unaffected in
LRP130-deficient cells (Fig. 3C). Similarly, the gene expression
of cytochrome c (cycs), a component of the electron transport
chain and marker of mitochondrial biogenesis, was unaffected
by LRP130 depletion. Unlike cyctochrome c, Cox7a1 is a com-
ponent of the electron transport chain that is also a brown fat-
specific gene (21). Its gene expression is attenuated by LRP130
depletion, highlighting the importance of LRP130 in the brown
fat program. Similar genetic findings using a second RNAi
against LRP130 were observed (supplemental Fig. S1).
Prior studies have demonstrated that cAMP treatment or

cold exposure induces PGC-1�, which then drives the expres-
sion of Ucp1 and deiodinase 2. To determine the effect of
LRP130 on this program, we stimulated mature brown fat cells
deficient for LRP130 with forskolin, an adenylate cyclase ago-
nist. As shown in Fig. 4A, absolute expression of Ucp1 is
reduced �70% in untreated and cAMP-treated LRP130-defi-
cient cells; however, the fold change frombaseline is identical to

FIGURE 3. LRP130 phenocopies certain features of PGC-1 double-defi-
cient brown fat cells. Designated �KO � si�, PGC-1-deficient cells are PGC-
1�-null cells with stable shPGC-1� knock-down. Designated siCtrl, the control
cells contain a control shRNA. Gene expression profile of brown fat genes and
mitochondrial genes in LRP130-deficient (A and C) versus PGC-1 double-defi-
cient mature brown fat cells (B and D) (n � 3). In comparison to siCtrl cell,
PGC-1�-null cells stably expressing a control shRNA showed no difference
(data not shown). Error bars represent mean (
S.E.). *, p 	 0.05; **, p 	 0.01;
***, p 	 0.001.

FIGURE 4. Depletion of LRP130 does not alter cAMP mediated induction
of Ucp1. A, gene expression of Ucp1 and PGC-1� in mature brown fat cells
treated with forskolin for 4 h. Untreated siCtrl cells were statistically com-
pared with untreated siLRP130 cells. cAMP-treated siCtrl cells were statisti-
cally compared with cAMP-treated siLRP130 cells (n � 4). B, gene expression
of several mitochondrial-encoded genes, and nuclear-encoded cytochrome c
(Cycs). 24 h of cAMP treatment proved optimal for inducing these genes (n �
4). Untreated siCtrl cells were statistically compared with untreated siLRP130
cells. cAMP-treated siCtrl cells were statistically compared with cAMP-treated
siLRP130 cells. Note, except for ND5 all mitochondrial genes in the siCtrl cells
were significantly induced (p 	 0.05) following cAMP treatment. Statistical
analysis: Two-way analysis of variance with Bonferroni post-test. Error bars
represent mean (
S.E.). *, p 	 0.05; **, p 	 0.01; ***, p 	 0.001.
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control cells, about 20–25-fold.
Fold change and absolute level of
PGC-1� was similar between both
groups. Longer treatments with
cyclic adenylate agonist induce sev-
eral mitochondrial genes. As anti-
cipated, cytochrome c (cycs), a
nuclear encoded mitochondrial
gene, is unaffected, but the mito-
chondrial-encoded genes are atten-
uated in LRP130-deficient cells (Fig.
4B). Although not required for
Ucp1 induction following cAMP
stimulation, LPR130 is required for
the induction of the mitochondrial-
encoded genes.
Depletion of LRP130 Attenuates

Uncoupled Respiration without
Impacting Mitochondrial Density—
Increased oxygen consumption and
mitochondrial biogenesis are impor-
tant components of the brown fat
program. Because LRP130 regulates
Ucp1 and mitochondrial-encoded
gene expression, we evaluated oxy-
gen consumption and mitochon-
drial density. LRP130 depletion
resulted in a modest 20% reduction

FIGURE 5. LRP130-deficient brown fat cells have a specific block in proton leak. A, total respiration and
proton leak (“uncoupled”) in intact mature brown fat cells (n � 6). B, mitochondrial volume density and C, elec-
tron micrographs of mitochondria from stable shControl (siControl) or shLRP130 (siLRP130) mature brown fat
cells. Error bars represent mean (
S.E.). *, p 	 0.05; **, p 	 0.01; ***, p 	 0.001.

FIGURE 6. The PGC-1 coactivators regulate LRP130 gene expression. Expression of the PGC-1 coactivators, Ucp1 and some mitochondrial genes in
LRP130-deficient cells. Left, mRNA (n � 3). Right, protein. (A, mRNA and B, protein) versus LRP130 and select mitochondrial gene expression in PGC-1 double-
deficient cells (C, mRNA and D, protein). Designated �KO � si�, PGC-1-deficient cells are PGC-1�-null cells with stable shPGC-1� knock-down. Designated siCtrl,
control cells are wild-type cells stably expression a control shRNA. In comparison to siCtrl cell, PGC-1�-null cells stably expressing a control shRNA showed no
difference (data not shown). In cells null for PGC-1� or deficient in PGC-1�, LPR130 gene expression was not affected (supplemental Fig. S2). Error bars represent
mean (
S.E.). *, p 	 0.05; **, p 	 0.01; ***, p 	 0.001.
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in total respiration (Fig. 5A). This is comparable to the deple-
tion of a single PGC-1 coactivator (27).Quantitativemorphom-
etry revealed that the decline was not attributable to decreased
mitochondria (Fig. 5, B and C). These results indicate that
LRP130 imposes qualitative, not quantitative, changes on
mitochondria.
Proton leak represents uncoupled respiration, largely attrib-

utable to Ucp1 action in brown adipose cells. In LRP130-defi-
cient cells, uncoupled respiration is reduced by �44% com-
pared with control (Fig. 5A). This effect is substantial and
distinct from the modest defect in total respiration, supporting
a specific role for LR130 in Ucp1 regulation. In summary,
LRP130 is critical for respiratory uncoupling, but not mito-
chondrial biogenesis per se.
LRP130 Action on Brown Fat Genes Is Downstream of the

PGC-1 Coactivators—As LRP130-deficient cells phenocopy
several features of the PGC-1 double-deficient cells, perturba-
tions in the expression of the PGC-1 coactivatorsmight explain
our findings. To address this possibility, we assessed the effect
of LRP130 on the PGC-1 coactivators. No significant perturba-

tion was observed in PGC-1 expres-
sion at the gene expression or pro-
tein level in LRP130-deficient cells
(Fig. 6,A and B). The corresponding
PGC-1� immunoblot is not
included (Fig. 6B), since current
commercial antibodies do not reli-
ably detect endogenous PGC-1� in
these cells. We also considered the
possibility that the PGC-1 coactiva-
tors might regulate LRP130 expres-
sion. In cells null for PGC-1� or
deficient in PGC-1�, LPR130 gene
expression is not affected (supple-
mental Fig. S2). This indicates that
single loss of PGC-� or PGC-1� has
no impact on LRP130 gene expres-
sion. In contrast, LRP130 mRNA
and protein were dramatically
reduced in PGC-1 double-deficient
cells (Fig. 6, C and D). These data
indicate that LRP130 expression in
brown fat cells is downstream of
either PGC-1� or PGC-1�. Deple-
tion of both coactivators severely
attenuates LRP130 expression, a
deficiency which likely attenuates
certain brown fat genes.
LRP130 Induces Ucp1 Gene

Expression and Is Recruited to the
Ucp1 Promoter—Our genetic stud-
ies indicate that LRP130 is required
for certain brown fat pathways,
including Ucp1 expression. The
converse question is whether
LRP130 is sufficient to drive these
pathways. To investigate this ques-
tion we used three strategies, one,

gain-of-function, using forced expression of LRP130; two,
reporter assays using the�4 kbUcp1 promoter; three, chroma-
tin immunoprecipitation assay assessing recruitment of
LRP130 to the Ucp1 promoter. We chose 3T3-F442A cells
(immortalizedwhite adipocytes) for gain-of-function studies in
lieu of brown fat cells (Fig. 7A), because the amount of LRP130
in brown fat cells is very high. As a result, LRP130 cannot be
sufficiently increased to evaluate its effects. 3T3-F442A cells
express comparably lower levels of LRP130, presumably
because they represent white adipose cells (40, 48, 49). As
shown in Fig. 7B, forced of expression of LRP130 induces sev-
eral brown fat specific genes: deiodinase 2, PGC-1�, Cox8b,
Elovl3, and Ucp1. Interestingly, PGC-1� gene expression is
induced by LRP130 in 3T3-F442A cells, though unaffected in
brown fat cells depleted of LRP130. Conversely, Cidea and
Cox7a1 expression was not affected by forced expression of
LRP130, though severely attenuated in brown fat cells depleted
of LRP130. Thus, LRP130 induces part of the brown fat pheno-
type inwhite adipocytesThese results support amodel inwhich
the PGC-1 coactivators drive LRP130 expression during differ-

FIGURE 7. LRP130 induces Ucp1 and is enriched on the Ucp1 promoter. A, stable expression of exogenous
human LRP130-FLAG in mature 3T3-F442A cells (n � 3). B, expression of brown fat genes in mature 3T3-F442A
cells, stably expressing vector or human LRP130-FLAG (n � 3). C, luciferase reporter assay using the �4 kb to
1� bp Ucp1 promoter in mature 3T3-F442A cells. Measurements were performed on days 2, 4, and 8 of
differentiation. RLU denotes relative luciferase units (n � 3). D, chromatin immunoprecipitation of LRP130 in
mature brown fat cells. Q-PCR was used to quantify enrichment at the �4 kb PPRE of the aP2 promoter (�4 kb
aP2), �1 to �200 bp region of the Ucp1 promoter (Ucp1 p), �2500 to �2300 bp region of the Ucp1 enhanc-
er(Ucp1 e), and a random control site in the 18S gene. Error bars represent mean (
S.E.). *, p 	 0.05; **, p 	 0.01;
***, p 	 0.001.
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entiation; in turn, LRP130 regulates certain features of brown
fat differentiation (Fig. 8).
The Ucp1 promoter is regulated by a number of factors,

including PGC-1�. To assess the effect of LRP130, we used a
region of theUcp1 promoter fused to a luciferase reporter. 3T3-
F442A cells were transfected with the murine �4kb to 1� bp
Ucp1 promoter or control vector, and differentiated for 8 days.
Luciferase activitywasmeasured ondifferentiation day 2, 4, and
8. As shown in Fig. 7C, luciferase activity is significantly
induced at day 8 in cells expressing LRP130. These data indicate
that LRP130 is sufficient to increase expression from the�4 kb
to 1� bp Ucp1 promoter.
Presumably the regulatory effects of LRP130 on the Ucp1

promoter occur via a transcriptional mechanism.We therefore
analyzed whether LRP130 is enriched on the Ucp1 promoter,
using chromatin immunoprecipitates from brown fat cells. As
shown in Fig. 7D, LRP130 is preferentially recruited to the pro-
moter (�200 to 1� bp) and enhancer (�2500 to �2300 bp)
region of the Ucp1 �4 kb to 1� bp promoter; not the aP2
promoter or 18S gene (negative controls). PPAR� served as
positive control, since it is a strong regulator of aP2 expression
and is also recruited to the Ucp1 promoter (supplemental Fig.
S3). Overall, these findings indicate LRP130 is recruited to the
Ucp1 promoter, likely to specify key transcriptional events.

DISCUSSION

In this report, we investigated the role of LRP130 in brown fat
cell differentiation and gene expression. LRP130 functions
downstream of the PGC-1 coactivators, and exhibits a spatio-
temporal pattern coincident with brown fat and its cellular dif-

ferentiation. Depletion of LRP130
impairs expression of several brown
fat genes including Ucp1. Notably
depletion does not impact adipo-
genesis, mitochondrial biogenesis
or the relative induction of Ucp1,
following cAMP activation. Exoge-
nous expression of LRP130 in
immortalized white adipocytes
induces several brown fat specific
genes. The effects are observed on
the Ucp1 �4 kb to 1� bp promoter,
to which LRP130 is recruited. We
propose a novel role for LRP130 in
brown fat differentiation, and its
requirement for the PGC-1-
dependent brown fat program.
Brown fat differentiation is much

more complex than previously
understood. The PGC-1 coactiva-
tors play complementary roles in
mitochondrial biogenesis and cer-
tain features of the brown fat pro-
gram, including Ucp1 induction
during differentiation. Thermogen-
esis in response to cold or cyclic
AMP is an exception to comple-
mentary action of the PGC-1s:

PGC-1� is the crucial family member that regulates thermo-
genesis (27). LRP130 is critical for the induction of Ucp1 during
differentiation and essential for the complementary action of
the PGC-1 coactivators. It is not required for mitochondrial
biogenesis per se. Depletion of LRP130 in cAMP-treated cells
impaired the absolute expression of Ucp1, not the fold change.
This differs with our observations in primary hepatocytes,
where LRP130 depletion severely impaired PGC-1� action on
gluconeogenic genes following cAMP stimulation (32). There-
fore, PGC-1� remains the only coactivator that regulates the
cold response, despite striking similarity with PGC-1�. On the
other hand, LRP130 is important in several complementary
functions of the PGC-1 coactivators. The relationship of
LRP130 to the PGC-1� is more complex than anticipated.

Although the exact mechanism whereby LRP130 regulates
certain brown fat genes is not entirely clear yet, several possi-
bilities exist. Transcriptional control is one potential candidate,
as the PGC-1 proteins coactivate several transcription factors
implicated in Ucp1 regulation. We analyzed immunoprecipi-
tates of LRP130 for co-immunoprecipitation with CREB,
PPAR�, ERR�, and other factors, without success (data not
shown). Alternatively, other factors may be involved or
LRP130 acts via another mechanism. One study proposed
LRP130 might stabilize certain RNA transcripts (35).
Because LRP130 interacts with the PGC-1 coactivators (32),
drives brown fat gene expression in immortalized white fat
cells, induces luciferase activity from the �4 kb Ucp1 pro-
moter and is enriched on the promoter and enhancer of
Ucp1, we favor a transcriptional mechanism. Nonetheless,
we cannot rule out RNA trafficking and binding, or effects on

FIGURE 8. Model depicting the role of LRP130 in brown fat cell differentiation and function. PPAR� and
PRDM16 are important upstream regulators, induced after differentiation. Subsequently, the PGC-1 coactiva-
tors are induced to drive two programs, mitochondrial biogenesis and uncoupled respiration. The PGC-1s
regulate ERR� and NRFs to induce TFAM and other factors critical for mitochondrial biogenesis. The PGC-1s
induce LRP130, an induction important for remodeling of mitochondria. Inside the mitochondrion (dotted
arrow), LRP130 regulates mitochondrial-encoded gene expression. Inside the nucleus it regulates Ucp1 expres-
sion, as well as, certain brown fat genes downstream of the PGC-1 coactivators. LPR130 may amplify the
process by inducing PGC-1� in an autoregulatory loop. After basal Ucp1 expression is established, PGC-1�
governs the cold response essential for thermogenesis.
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protein translation. In fact, PGC-1� plays role in RNA proc-
essing, and LRP130 has been found to bind nuclear andmito-
chondrial RNA (50).
LRP130, the gene defective in Leigh Syndrome French Cana-

dian variant (LSFC), has been reported as a mitochondrial dis-
order. Our study is the first to report the respiratory conse-
quences of LRP130 deficiency in cells and the impact on
mitochondrial density. Depletion of LRP130 modestly attenu-
ated total mitochondrial respiration by 20%, with no impact on
mitochondrial density. Surprisingly, this is similar to the abla-
tion of one PGC-1 coactivator (27), despite global suppression
of mitochondrial-encoded genes. Most of the mitochondrial-
encoded proteins are likely stable, with a few being limited.
Lack of severe respiratory defects highlights the importance of
LRP130 nuclear function. Perhaps compounds that enhance
interaction of LRP130 and the PGC-1 coactivatorsmight favor-
ably affect energy balance in obesity.
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