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Peroxisome proliferator-activated receptor y co-activator-1la
(PGC-1a) plays a central role in the regulation of cellular energy
metabolism and metabolic adaptation to environmental and
nutritional stimuli. We recently described a novel, biologically
active splice variant of PGC-la (NT-PGC-le, amino acids
1-270) that retains the ability to interact with and transactivate
nuclear hormone receptors through its N-terminal transactiva-
tion domain. Whereas PGC-1a is an unstable nuclear protein
sensitive to ubiquitin-mediated targeting to the proteasome,
NT-PGC-1eais relatively stable and predominantly cytoplasmic,
suggesting that its ability to interact with and activate nuclear
receptors and transcription factors is dependent upon regulated
access to the nucleus. We provide evidence that NT-PGC-1«
interacts with the nuclear exportin, CRM1, through a specific
leucine-rich domain (nuclear export sequence) that regulates its
export to the cytoplasm. The nuclear export of NT-PGC-1a is
inhibited by protein kinase A-dependent phosphorylation of
Ser-194, Ser-241, and Thr-256 on NT-PGC-1«, which effec-
tively increases its nuclear concentration. Using site-directed
mutagenesis to prevent or mimic phosphorylation at these sites,
we show that the transcriptional activity of NT-PGC-1« is reg-
ulated in part through regulation of its subcellular localization.
These findings suggest that the function of NT-PGC-1« as a
transcriptional co-activator is regulated by protein kinase A-de-
pendent inhibition of CRM1-mediated export from the nucleus.

Many biological programs are regulated at the transcrip-
tional level by interaction of transcription factors with tran-
scriptional co-activators. For example, the peroxisome prolif-
erator-activated receptor y co-activator-1 (PGC-1)? family is
integral to the coordinated activation of transcription com-
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plexes (1, 2) that regulate global responses such as mitochon-
drial biogenesis (3—7) and tissue-specific responses such as
adaptive thermogenesis (3), fatty acid oxidation (8, 9), hepatic
gluconeogenesis (10-14), fiber type switching in muscle (15),
reactive oxygen species metabolism (16), and clock gene
expression (17).

PGC-1la contains a powerful autonomous transactivation
domain at its N terminus (aa 1-200) that binds two other co-
activators with acetyl transferase activity, SRC-1 and CBP/p300
(18). The leucine-rich motifs located downstream of the trans-
activation domain allow the co-activator to interact with
ligand-activated nuclear receptors, as well as various other
transcription factors such as NRF1, Host Cell factor, MEF2C,
and FOXO1 (4, 8, 19-22). The central region of PGC-1« (aa
200-400) is required for interaction with p160 myb-binding
protein (p160MBP), which acts as a repressor of PGC-1« (23),
whereas the C-terminal end of PGC-1«a (aa 400 —-797) contains
RNA recognition motifs and arginine/serine-rich domains
characteristic of splicing factors (24).

PGC-1a is regulated by signaling inputs from cAMP, cal-
cium, nitro-oxide, and cGMP that induce its expression and/or
increase its activity through post-translational modifications
(10, 25-27). PGC-1a protein is relatively short-lived (~2.3 h)
due to rapid targeting to ubiquitin/proteasome-mediated pro-
teolysis in the nucleus (28-30). Various post-translational
inputs are known to affect proteasomal targeting and stability,
most notably p38 MAPK, which phosphorylates PGC-1a on
Thr-262, Ser-265, and Thr-298 and enhances its stability (23,
28, 31). In addition, PGC-1a expression and/or stability are also
modulated by AMP-dependent phosphorylation at residues
Thr-177 and Ser-538 (32), Akt2/protein kinase B-dependent
phosphorylation at Ser-570 (33), and glycogen synthase kinase
3B-dependent phosphorylation at Thr-295 (30). In addition to
phosphorylation, protein arginine methyltransferase 1-medi-
ated methylation of PGC-1a at residues Arg-665, Arg-667, and
Arg-669 activates transcriptional activity (34), whereas acetyla-
tion by GCN5 decreases PGC-1a activity (35).

We recently identified a novel, biologically active 270-aa iso-
form of PGC-1a (NT-PGC-1a) produced by alternative splic-
ing that introduces a premature stop codon between exons 6
and 7 (36). NT-PGC-1a« retains the N-terminal transactivation
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and nuclear receptor interaction domains of PGC-la and is
functionally active (36). In contrast to PGC-1a, NT-PGC-1« is
relatively stable and predominantly sequestered in the cyto-
plasm (36). cAMP triggers nuclear accumulation of NT-
PGC-1a and enhances the recruitment of NT-PGC-1« to the
promoters of consensus PGC-1« target genes such as UCPI
and CPT1 (36). These findings suggest that nuclear transloca-
tion of NT-PGC-1a s a critical regulatory step in its response to
cAMP-dependent signaling input, whereas cAMP signaling
increases PGC-1a activity in part by stabilizing the protein in
the nucleus. Sequestering transcription factors outside the
nucleus is a common mode of regulation. For example, NF-«B,
FOXOL1, c-Fos, and FKHRL1 are retained in the cytosol, and
their activity is limited by binding partners that mask the
nuclear localization signals or promote nuclear export. Thus, as
seen with NT-PGC-1q, signaling input regulates their activity
by regulating their nuclear translocation (37—-41).

In this report, we investigated how post-translational input
from PKA regulates the subcellular localization and function of
NT-PGC-1a. We found that NT-PGC-1w interacts with CRM1
through the N-terminal CRM1-binding motif and is actively
exported to the cytoplasm. PKA-dependent phosphorylation of
NT-PGC-1la on Ser-194, Ser-241, and Thr-256 prevents
nuclear export and allows a greater proportion of cellular NT-
PGC-1atoremain in the nucleus. Using site-directed mutagen-
esis to prevent PKA-dependent phosphorylation of these sites,
we find a close relationship between the ability of PKA to
increase nuclear content of NT-PGC-1la and its ability to
enhance transcriptional activation of the UCP1 and CIDEA
genes. These findings support PKA-dependent inhibition of
CRM1 mediated-NT-PGC-1a nuclear export as the primary
mechanism through which PKA regulates the transcriptional
activity of NT-PGC-1a. In addition, we show that nuclear NT-
PGC-1a regulates genes that are both distinct from (e.g. Cox8b)
and common to those that are regulated by PGC-1a. Thus, this
PKA-dependent activation of NT-PGC-1a would be important
to induction of the complete set of genes that are transcription-
ally regulated by PGC-1« isoforms.

EXPERIMENTAL PROCEDURES

Cell Cultures and Adipocyte Differentiation—CHO-K1 cell
lines were maintained in culture in F-12K supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin
(Invitrogen) and transfected using FUGENE 6 (Roche Applied
Science). An immortalized PGC-1«-deficient brown preadipo-
cyte cell line (42) was a gift from Bruce Spiegelman (Harvard
Medical School) and was maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum, 1%
glutamine, and 1% penicillin/streptomycin. Preadipocytes were
grown to confluence in culture medium supplemented with 20
nM insulin and 1 nm T3 (differentiation medium). Differentia-
tion of adipocytes was induced (day 1) by incubating the cells in
differentiation medium supplemented with 0.5 mm isobutyl-
methylxanthine, 0.5 um dexamethasone, and 0.125 mm indo-
methacin for 48 h. Thereafter, the cells were maintained in
differentiation medium until day 7.

Plasmids—Expression plasmids for pcDNA3.1-NT-PGC-
1a-HA were described previously (36). Site-directed mutagen-
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esis of pcDNA3.1-NT-PGC-1a-HA with the QuikChange
mutagenesis system (Stratagene, La Jolla, CA) was performed
to generate leucine to alanine mutations (NES1, NES2, and
NES1/2) in the consensus CRMI1 nuclear export sites,
and serine/threonine to alanine or aspartate mutations in
the PKA phosphorylation sites (Ser-194, Ser-241, and Thr-
256). pcDNA3.1-myc-CRMI and pQE32-HIS,-RanQ69L were
kindly provided by S. Meloche (Université de Montréal). To
construct retroviral plasmids of pPBABE-NT-PGC-1a-HA and
pBABE-NT-PGC-1a-S194A/S241A/T256A-HA, BamHI and
Xhol fragments of wild-type and mutant NT-PGC-1a were
subcloned into a BamHI- and Sall-digested pBABE-neo vector.
Gal4-DBD fusions of wild-type and mutant NT-PGC-1a and
PGC-1awere generated by subcloning into a pCMV-DB vector.
(PPRE);-TK-luc, pSV sport-RXRe, and pSV sport-PPARYyI
were from Addgene Inc.

Retroviral and Adenoviral Infection—To produce retrovirus,
GP-293 cells grown to 80% confluence were co-transfected
with pVSV-G and pBABE-neo, pBABE-NT-PGC-1a-HA, or
pBABE-NT-PGC-10-S194A/S241A/T256A-HA by co-precipi-
tation with calcium phosphate (Promega, Madison, W1I). Fol-
lowing transfection, the cells were incubated at 32°C to
increase viral titer. Virus-containing medium was collected, fil-
tered through the 0.45-um low protein binding filter, and used
to infect target cells. Immortalized PGC-1a-deficient brown
preadipocyte cells (30 — 40% confluence) were infected with the
viral supernatant supplemented with 8 ug/ml Polybrene by a
centrifugation method (1800 rpm X 45 min). The medium was
aspirated after 2 h and replaced with fresh viral supernatant,
and the procedure was repeated. After 8 h of infection, the cells
were replaced with fresh Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, 1% glutamine, and
1% penicillin/streptomycin. Selection was initiated with 800
png/ml G418 (Invitrogen) 48 h after infection.

Adenoviral infection of immortalized PGC-Ia-deficient
brown preadipocyte or differentiated brown adipocyte cells
with NT-PGC-1a-FLAG was conducted using a poly-L-lysine
(M, 30,000-70,000)-assisted transduction procedure (43).
Adenoviral supernatants were mixed in Opti-MEM containing
poly-L-lysine (0.5 ug/ml) and incubated for 1.5 h at room tem-
perature. Cells were washed with PBS, and the adenoviral mix-
ture was added and the mixture was incubated for 2 h at 37 °C
followed by addition of Dulbecco’s modified Eagle’s medium
and incubation overnight. The culture medium was replaced
with a fresh medium. Each experiment was performed at 48 h
after viral infection.

Immunocytochemistry—Cells on coverslips were washed
with 1X PBS, fixed with 4% paraformaldehyde for 10 min, and
permeabilized with 0.5% Triton X-100. The fixed cells were first
incubated with the blocking buffer (1X PBS, 5% normal goat
serum, and 1% bovine serum albumin) and then with a 1:4000
diluted rabbit anti-HA antibody (Abcam) or a 1:1000 diluted
mouse anti-FLAG M2 antibody (Sigma) in the same buffer for
2 h. After incubation with primary antibodies, cells were
washed three times with 1X PBS and incubated with an Alexa
Fluor 488-conjugated anti-rabbit or mouse immunoglobulin
secondary antibody for 1 h (Invitrogen). Cells were washed
three times with 1X PBS and mounted with Vectashield (Vec-
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tor Labs). Nuclei were counterstained with 4,6-diamidino-2-
phenylindole. Subcellular localization of NT-PGC-la was
examined with a Plan-Neofluar 40X/0.85 numerical aperture
objective on a Zeiss LSM510 confocal microscope. The relative
intensity of the fluorescence in the nucleus and cytoplasm was
quantified using the National Institutes of Health Image] pro-
gram as described before (36, 44, 45). Briefly, the fluorescence
signals of NT-PGC-1e in the nucleus and entire cell were mea-
sured using the NIH Image] in 150-200 (CHO-K1) or 20-60
(brown preadipocytes/adipocytes) randomly selected positively
transduced cells, and the nuclear and whole cell areas were
recorded. The total nuclear fluorescence intensity was normal-
ized for nuclear area. The total cytoplasmic fluorescence inten-
sity (total cellular fluorescence minus nuclear fluorescence)
was normalized for cytoplasmic area (whole cell area minus
nuclear area). The relative nuclear/cytoplasmic ratio of fluores-
cence intensity was determined by dividing the nuclear fluores-
cence intensity per unit area by the cytoplasmic fluorescence
intensity per unit area.

Western Blot and Immunoprecipitation—Cells were har-
vested, washed with ice-cold PBS, and lysed in 50 mm Tris-HCI,
pH 7.5, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS,
150 mM NaCl, 1 mm phenylmethylsulfonyl fluoride supple-
mented with a protease inhibitor mixture (Roche Applied Sci-
ence). Antibodies used were as follows: monoclonal anti-
PGC-1a (36), anti-Myc (9E10), and anti-CRM1(H-300) (Santa
Cruz Biotechnology), anti-HA (Convance), and anti-tubulin
(Abcam). Immunoprecipitations were performed in 20 mm
HEPES, pH 7.0, 150 mm NaCl, 0.2% Nonidet P-40 supple-
mented with protease and phosphatase inhibitors. Lysates were
precleared with protein G-agarose beads and immunoprecipi-
tated with antibody-coated beads for 3h at4 °C. After washings,
immunoprecipitates were subjected to Western blot analysis.

Recombinant GST Fusion Protein Purification and GST Pull-
down Assay—Overnight BL21 cultures were diluted and grown
in LB+AMP at 30 °C to an A, of 0.5. Protein expression was
induced with isopropyl 1-thio-3-p-galactopyranoside for 3 h at
30 °C. Cells were harvested, washed, resuspended in 1X PBS
buffer supplemented with 2.5 mm phenylmethylsulfonyl fluo-
ride, 5 mM dithiothreitol, and a protease inhibitor mixture,
lysed by sonication, and treated with 1% Triton X-100. The
lysates were then incubated with glutathione beads for 2 h at
4°C. GST, GST-PGC-1a (1-200 aa), and GST-NT-PGC-1a
fusion proteins immobilized on the beads were incubated with
the CHO-K1 cell lysates expressing Myc-CRM1 or brown prea-
dipocyte cell lysates for 3 h at 4 °C. After washings, the bound
proteins were subjected to Western blot analysis.

[??P]Orthophosphate Metabolic Labeling—CHO-K1 cells
transiently expressing pcDNA3.1, NT-PGC-1a-HA, or NT-
PGC-1a-S194A/S241A/T256A-HA were washed three times
with pre-warmed phosphate-free Dulbecco’s modified Eagle’s
medium containing 1% glutamine, 0.1% bovine serum albu-
min, and 1% (10 mMm) Hepes, pH 7.4, and then incubated in
the same phosphate-free medium for 1 h. During the incuba-
tion, H89 was added in some experiments. The medium was
then replaced with fresh phosphate-free medium containing
[*?P]orthophosphate (0.25 mCi/ml, PerkinElmer Life Sciences)
with the addition of Bt,cAMP (Sigma) alone or Bt,cAMP and
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H89 (Calbiochem) and incubated for 3 h. Cells were washed
three times with ice-cold 0.15 M NaCl solution and lysed in cold
lysis buffer (1% Nonidet P-40, 0.15 m NaCl, 20 mm Hepes, pH
7.4) with protease (Roche Applied Science) and phosphatase
(10 mm NaF, 0.1 mMm NazVO,) inhibitors. Lysates were pre-
cleared with protein G-agarose beads and immunoprecipitated
with anti-HA antibody-coated beads for 3 h at 4 °C. The immu-
noprecipitates were washed eight times with the same buffer
and subjected to autoradiography and Western blot analyses.

In Vitro Phosphorylation of NT-PGC-1o by PKA—NT-PGC-
Ila-HA and its PKA mutants were in vitro transcribed/trans-
lated using TNT T7 Coupled Reticulocyte Lysate System (Pro-
mega) and immunoprecipitated in immunoprecipitation buffer
(50 mm Tris-HCI, pH 7.5, 150 mm NaCl, 0.2% Nonidet P-40, 5
mM MgCl,, and protease inhibitors) with anti-HA antibodies.
The immunoprecipitates were washed four times with the same
buffer and washed once with the kinase reaction buffer (25 mm
Tris-HCI, pH 7.5, 10 mm MgCl,, 2 mm dithiothreitol, 5 mm
B-glycerophosphate, 0.1 mMm NazVO,). Kinase reactions were
initiated by addition of 100 um ATP, 10 nCi (0.74 MBq) of
[y-**P]ATP (PerkinElmer Life Sciences), and 1 ug of affinity-
purified bovine PKA in a final volume of 40 ul. After 30-min
incubation at 30 °C, the immunoprecipitates were washed and
subjected to autoradiography and Western blot analyses.

Luciferase Reporter Assay—CHO-K1 cells were transiently
transfected with (PPRE),-TK-luc, pSV sport-RXRe, pSV sport-
PPAPyl, pRL-SV40, and pcDNA3.1/NT-PGC-1a-HA/NT-
PGC-10-S194A/8241A/T256A-HA/NT-PGC-1a-§194D/S241D/
T256D-HA using Fugene6 (Roche). 24 h after transfection, cells
were treated with vehicle, BRL49653/9-cis-RA or Bt,cAMP.
48h later, cells were harvested for assay of luciferase activity
using a Promega Dual Luciferase assay kit (Promega). Firefly
luciferase activity was normalized using Renilla luciferase and
protein expression. Data represent mean * S.D. of at least three
independent experiments.

Real-time PCR Analysis—Total RNA was isolated from dif-
ferentiated brown adipocyte cell lines using RNeasy kits (Qia-
gen). For real-time PCR analysis, RNA samples were reverse
transcribed using oligo(dT) primers and M-MLV reverse
transcriptase (Promega), and 20 ng of cDNA was used in
quantitative PCR reactions in the presence of a fluorescent dye
(Cybergreen, Takara) on a Smart Cycler (Cepheid). Relative
abundance of mRNA was normalized to cyclophilin mRNA.
The following primers were used: UCP1 (36), cyclophilin (36),
CIDEA (42), CytC (42), Cox8b (46), and ERR« (46).

RESULTS

CRM1 Promotes Cytoplasmic Translocation of NT-PGC-1a—
Proteins of <50 kDa are able to pass through nuclear pores and
equilibrate across the nuclear membrane by passive diffusion
(47, 48). Although NT-PGC-la lacks the four consensus
nuclear localization sequences identified in PGC-1« (20, 22), its
predicted size (~30 kDa) should not preclude its diffusion
through the nuclear pore complex (36). However, our initial
hypothesis that the protein would equilibrate across the nuclear
membrane was not supported by our finding that NT-PGC-
la was primarily localized to the cytosol (36). Two potential
explanations for this unexpected finding are that 1) NT-
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PGC-1a is retained in the cytoplasm by interaction with a pro-
tein localized to the cytosol or 2) NT-PGC-1a« is excluded from
the nucleus by a specific transport process that translocates the
protein to the cytosol. Support for the second possibility
became evident upon inspection of NT-PGC-1« and finding
two consensus CRM1-binding leucine-rich nuclear export
sequences (NES) near the N terminus.

To investigate whether NT-PGC-1a is exported from the
nucleus by CRM1, we examined the ability of leptomycin B
(LMB), a specific inhibitor of CRM1-dependent nuclear export
(49), to affect subcellular distribution of the protein. In CHO-K1
cells expressing NT-PGC-1a-HA, LMB produced a redistribu-
tion of NT-PGC-1a within the cell, reducing the cytosolic con-
centration of the protein while increasing its concentration in
the nucleus (Fig. 14, top panels). This finding supports the
hypothesis that CRM1 concentrates NT-PGC-1a in the cytosol
by efficiently exporting it from the nucleus. Using confocal
microscopy to measure the concentration of NT-PGC-1a in
the respective compartments, we found that the nuclear/cyto-
plasmic ratio of NT-PGC-1« was increased ~1.8-fold by LMB
(Fig. 1A, left bottom panel). By comparing the distribution of
nuclear/cytoplasmic intensity ratios in LMB-treated cells, we
found a significant increase in the population of cells with
higher ratios compared with vehicle-treated cells (Fig. 14, right
bottom panel). We observed a similar response to LMB in
brown adipocytes immortalized from PGC-1a null mice and
transiently transduced with NT-PGC-1a-HA (Fig. 1, B and C).
In both preadipocytes (Fig. 1B) and differentiated adipocytes
(Fig. 1C), LMB increased the nuclear/cytoplasmic ratios of NT-
PGC-1a by 2.1- and 2.0-fold, respectively. These data are uni-
formly consistent with the hypothesis that CRM-1 reduces the
nuclear content of NT-PGC-1a by effectively exporting it to the
cytoplasm.

To investigate whether the previously reported nuclear local-
ization of PGC-1a (3) is affected by CRM1, CHO-K1 cells
expressing PGC-1a-HA were treated with LMB. As expected,
PGC-1a-HA was localized to the nucleus in vehicle-treated
cells, and LMB had no effect on the nuclear/cytoplasmic ratio of
PGC-1a (supplemental Fig. S1). These findings indicate that
the nuclear localization signals of PGC-1« override the effect of
the NES on full-length protein.

NT-PGC-1« Physically Interacts with CRMI1—To test for a
protein-protein interaction between CRM1 and NT-PGC-1e,
we co-transfected CHO-K1 cells with epitope-tagged NT-
PGC-1a and CRM1, followed by immunoprecipitation. We
found that Myc-tagged CRM1 was co-immunoprecipitated
with HA-tagged NT-PGC-1a, but not with nonspecific IgG
(Fig. 2A). Given that LMB inhibits CRM1 binding to the NES
site (49), we examined its effect in this system and found that
LMB blocked the interaction between CRM1 and NT-PGC-1«
(Fig. 2A). To further confirm the interaction of NT-PGC-1a
with CRM1 in vitro, GST pulldown assays were performed
using a GST-PGC-1a (aa 1-200) fusion that contains both
putative NES sequences. Using lysates from CHO-K1 cells
transfected with Myc-CRM1, we found that GST-PGC-1a (aa
1-200) effectively pulled down Myc-CRM1 (Fig. 2C). Previous
studies have shown that the interaction between CRM1- and
NES-containing proteins is regulated by Ran and that a
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FIGURE 1. Cytoplasmic localization of NT-PGC-1« is sensitive to LMB.
A, translocation of NT-PGC-1a-HA from nucleus to the cytoplasm is inhibited
following treatment with LMB in CHO-K1 cells. CHO-K1 cells were transiently
transfected with NT-PGC-1a-HA and treated with vehicle alone or LMB for 1 h.
Quantitative determination of the relative nuclear to cytoplasmic intensity
ratios was performed as described under “Experimental Procedures.” The bar
diagram of the relative ratios of nuclear to cytoplasmic fluorescence intensity
of NT-PGC-1« is shown with the mean value and standard error. Significant
deference by Student’s t test is shown; ***, p < 0.0001 versus control. The
nuclear to cytoplasmic ratio values were presented as frequency distribution.
B, PGC-Ta-null brown preadipocyte cells were adenovirally transduced with
Ad-NT-PGC-1a-FLAG and treated with vehicle alone or LMB for 1 h. The bar
diagram of the relative ratios of nuclear to cytoplasmic fluorescence intensity
of NT-PGC-1« is shown with the mean = S.D. Significant deference by Stu-
dent’s t test is shown; ***, p < 0.0001 versus control. The nuclear to cytoplas-
mic ratio values are presented as frequency distribution. C, fully differentiated
PGC-1a-deficient brown adipocyte cells were transduced with Ad-NT-PGC-
Ta-FLAG and treated with vehicle alone or LMB for 1 h. The bar diagram of the
relative ratios of nuclear to cytoplasmic fluorescence intensity of NT-PGC-1a
is shown with the mean = S.D. Significant deference by Student’s t test is
shown; ***, p < 0.0001 versus control. The nuclear to cytoplasmic ratio values
are presented as frequency distribution.
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the presence of NT-PGC-1a-HA (bottom). B, coimmunoprecipitation of NT-PGC-1a-HA with endogenous CRM1
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immunoblotted with anti-CRM1 antibody (top). Expression of GST and GST-NT-PGC-1« is shown in Ponceau S
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stream activation of p38 MAPK (36).
To explore the mechanism in greater
detail, we examined the acute
response to Bt,cAMP (1 h) and
found a rapid increase in nuclear
content of NT-PGC-la-HA in
CHO-K1 cells (Fig. 44, top panels).
The relative nuclear/cytoplasmic
intensity ratio of NT-PGC-1a was
increased ~1.4-fold by Bt,cAMP
(Fig. 4A, left bottom panel), with an
increase in the frequency of cells
with higher nuclear/cytoplasmic
intensity ratios (Fig. 44, right bot-
tom panel). Bt,cAMP also produced
a rapid accumulation of NT-PGC-
la-HA in nuclei of brown adipo-
cytes derived from PGC-lo-null
mice, with a ~1.3-fold increase in
preadipocytes (Fig. 4B) and a ~1.5-
fold increase in differentiated adi-
pocytes (Fig. 4C, left bottom panels).
As with CHO cells, distribution
analysis of adipocytes treated with
vehicle or Bt,cAMP showed that

staining (bottom).

GTPase-deficient form of Ran (RanQ69L) prolongs the forma-
tion of CRM1:Ran-GTP-NES protein complexes (50). As pre-
dicted, we found that CRM1 binding to immobilized GST-NT-
PGC-1a was enhanced by the presence of RanQ69L (Fig. 2D).
Moreover, no CRM1 binding was detected to GST alone in the
absence or presence of RanQ69L (Fig. 2D).

NT-PGC-1a Contains a Functional NES—In general, the
NES recognized by CRM1 is composed of leucine- and other
hydrophobic residue-rich motifs in the configuration LXXX-
LXXLXL) (51). NT-PGC-1a contains two similarly configured
domains in its N terminus: residues 27-36 (NES1), LCP-
DLPELDL and residues 90-99 (NES2), LTETLDSLPV (Fig.
3A). To test whether these consensus NES sequences are
involved in the nuclear export of NT-PGC-1a, we mutated the
leucines/valine to alanines singly and in combination, and
analyzed the subcellular localization of each mutated form of
NT-PGC-1a. Mutations within the NES1 site significantly
increased the nuclear/cytoplasmic ratio (1.7-fold), consistent
with inhibition of nuclear export, whereas mutations within the
putative NES2 site had no effect on the nuclear/cytoplasmic
ratio (Fig. 3B). Moreover, mutation of both sites (NES1 and
NES2) produced no additional increase in the nuclear/cytoplas-
mic ratio (Fig. 3B). These results identify the first NES motif
(NES1) as the functional NES which mediates CRMI-
dependent nuclear export of NT-PGC-1a.

Nuclear Export of NT-PGC-1a Is Inhibited by PKA-depen-
dent Phosphorylation of NT-PGC-1a—In our initial descrip-
tion of NT-PGC-1q, activation of PKA-regulated expression
and subcellular localization of the protein (36). In addition,
we established that a significant portion of the PKA-mediated
increase in nuclear NT-PGC-1a was independent of down-
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higher nuclear/cytoplasmic inten-
sity ratios were more frequently
associated with cells treated with the cAMP analogue (Fig. 4,
B and C, right bottom panels). These data establish that PKA
produces a rapid change in subcellular distribution of NT-
PGC-1a, presumably through a phosphorylation mechanism
that inhibits nuclear export.

To test whether PKA produced this response through a
direct effect on NT-PGC-1a, we examined its sequence for
consensus PKA phosphorylation sites ((R/K)XX(S/T)) and
found 7 potential sites at residues Ser-55, Thr-177, Ser-194,
Ser-207, Ser-237, Ser-241, and Thr-256 (Fig. 54). To assess
PKA input at these sites and assess their relevance to subcellu-
lar localization, alanine substitution mutants were generated
singly or in combination and examined for PKA-dependent
phosphorylation. Using in vitro transcribed/translated NT-
PGC-1a and an in vitro kinase assay, we found that wild-type
(WT) NT-PGC-1a was efficiently phosphorylated by the puri-
fied catalytic subunit of PKA (Fig. 5B, lanes 2 and 10), whereas
phosphorylation of NT-PGC-1a was significantly reduced by
single S194A, Ser-241A, and T256A substitutions (Fig. 5B,
lanes 5, 8, and 9). Also, phosphorylation was almost completely
eliminated in the triple S194A/S241A/T256A mutant (Fig. 5B,
lane 11). Therefore, the primary sites within NT-PGC-1« that
are phosphorylated in vitro by PKA are Ser-194, Ser-241, and
Thr-256.

Next, to determine whether NT-PGC-1« is phosphorylated
by PKA in situ, CHO-K1 cells expressing NT-PGC-1a were
treated with Bt,cAMP and/or the PKA inhibitor, H89 in the
presence of [*’P]orthophosphate. Basal phosphorylation was
evident in cells treated with vehicle, and the addition of
Bt,cAMP produced a significant increase in phosphorylation of
NT-PGC-1a (Fig. 5C, compare lanes I to 3). H89 produced a
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FIGURE 3. Identification of NES within NT-PGC-1a. A, schematic represen-
tation of the structure of NT-PGC-1«. Two putative NES consensus sequences
(Lx (1 _s)llivfm]x,_3Ix[lIV]) are indicated. B, effects of single or double NES
mutations (Leu/Val to Ala) on nuclear export of NT-PGC-1a, CHO-K1 cells were
transiently transfected with NT-PGC-1a-HA, NT-PGC-1a-NES1-HA. NT-PGC-
1a-NES2-HA, or NT-PGC-1a-NES1 plus 2-HA. The bar diagram of the relative
ratios of nuclear to cytoplasmic fluorescence intensity is shown with the
mean = S.E. Significant deference by one-way analysis of variance is shown;
*** p < 0.0001 versus control.

slight decrease in basal phosphorylation (Fig. 5C, lanes I and 2),
and blocked the major proportion of Bt,cAMP-induced phos-
phorylation of NT-PGC-1« (Fig. 5C, lane 4). NT-PGC-1a with
alanine substitutions at residues 194, 241, and 256 was used to
test for residual PKA-dependent phosphorylation at other sites.
In cells expressing the triple alanine mutant, significant basal
phosphorylation was evident in vehicle-treated cells, similar to
levels seen in cells expressing WT NT-PGC-la and treated
with H89 (Fig. 5C, compare lanes 5 to lanes 1 and 2). Bt,cAMP
produced a small increase in phosphorylation of the triple ala-
nine mutant (Fig. 5C, lanes 5 and 6), perhaps due to PKA-de-
pendent activation of p38 MAPK, which is known to phosphor-
ylate residues Thr-262 and Ser-265 (27, 28). Collectively, these
findings establish that Ser-194, Ser-241, and Thr-256 are the
primary sites in NT-PGC-1a that are phosphorylated by PKA.

PKA-dependent Phosphorylation of NT-PGC-l1a Reduces
Nuclear Export of NT-PGC-1a and Increases Its Transcrip-
tional Activity—To assess whether PKA-dependent phos-
phorylation of NT-PGC-1a Ser-194, Ser-241, and Thr-256
is responsible for increasing its nuclear content, wild-type
NT-PGC-1a, phosphorylation-resistant NT-PGC-1a-S194A/
S241A/T256A, and phosphomimetic NT-PGC-1a-S194D/
$241D/T256D were expressed in CHO-K1 cells and their sub-
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FIGURE 4. Nuclear accumulation of NT-PGC-1« is increased by cAMP ana-
logue. A, nuclear accumulation of NT-PGC-Ta occurs following treatment
with Bt,cAMP. CHO-K1 cells were transiently transfected with NT-PGC-1a-HA
and treated with vehicle alone or Bt,cAMP for 1 h. The bar diagram of the
relative ratios of nuclear to cytoplasmic fluorescence intensity of NT-PGC-1a
is shown with the mean = S.D. Significant deference by Student’s t test is
shown; **, p = 0.0044 versus control. The nuclear to cytoplasmic ratio values
are presented as frequency distribution. B, nuclear accumulation of
NT-PGC-1afollowing treatment with vehicle alone or Bt,cAMP in PGC-1a-null
brown preadipocyte cells transduced with Ad-NT-PGC-1a-FLAG. The bar dia-
gram of the relative ratios of nuclear to cytoplasmic fluorescence intensity of
NT-PGC-1ais shown with the mean = S.D. Significant deference by Student’s
t test is shown; **, p = 0.001 versus control. The nuclear to cytoplasmic ratio
values are presented as frequency distribution. C, nuclear accumulation of
NT-PGC-1«a following treatment with vehicle alone or Bt,cAMP in PGC-Ta-
deficient fully differentiated brown adipocyte cells transduced with Ad-NT-
PGC-1a-FLAG. The bar diagram of the relative ratios of nuclear to cytoplasmic
fluorescence intensity of NT-PGC-1« is shown with the mean * S.D. Signifi-
cant deference by Student’s t test is shown; ***, p < 0.0001 versus control. The
nuclear to cytoplasmic ratio values were presented as frequency distribution.
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FIGURE 5. PKA-dependent phosphorylation of NT-PGC-1a. A, schematic diagram shows seven putative PKA
consensus phosphorylation sites ([R,KIXX[S,T]) in NT-PGC-1a. B, in vitro PKA-mediated phosphorylation of NT-
PGC-1a. NT-PGC-1a-HA and its serine/threonine to alanine mutants were in vitro transcribed/translated using
aTNT T7 Coupled Reticulocyte Lysate System, immunoprecipitated, and subjected for the in vitro kinase assay
with the purified bovine catalytic subunit of PKA. Autoradiography (top) shows phosphorylated NT-PGC-1a by
PKA. Western blot (bottom) shows expression of NT-PGC-1a-HA and its serine/threonine to alanine mutants.
Numbers in the box represent the relative phosphorylation that is normalized by NT-PGC-1« protein. G, in situ
PKA-dependent phosphorylation of NT-PGC-1«. Autoradiography (top) shows phosphorylated NT-PGC-Ta in
32p-labeled CHO-K1 cells ectopically expressing NT-PGC-1a-HA (untreated and H89/Bt,cAMP-treated) and
NT-PGC-1a-S194A/S241A/T256A-HA (untreated and Bt,cAMP-treated). Western blot (bottom) shows expres-
sion of NT-PGC-1a-HA and NT-PGC-1a-S194A/S241A/T256A-HA. Numbers in the box represent the relative
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by subcellular localization, the abil-
ity of NT-PGC-1a, NT-PGC-1a-
S194A/S241A/T256A, and NT-
PGC-1a-S194D/S241D/T256D to
enhance the activation of PPARvy
and RXRa was examined by tran-
sient co-transfection assays in CHO-
K1 cells. A (PPRE);-TK-luc reporter
construct containing a PPAR-re-
sponse element was used (8). Using
transcriptional activity of (PPRE),-
TK-luc observed with co-expres-
sion of PPARy and RXRa as basal,
addition of ligands for PPARy and
RXRa (BRL49653 and 9-cis-retinoic
acid) increased activity of the reporter
by 6-fold (Fig. 6B). Co-expression of
WT NT-PGC-la with PPARy and
RXRa increased reporter activity by
9-fold, and addition of the ligand
mixture produced a further 2.7-fold
transactivation of the reporter (Fig.
6B). The alanine substitution mutant
of NT-PGC-la (S194A/S241A/
T256A) increased PPARy/RXRa-
mediated transcription of the re-
porter to the same extent as WT
NT-PGC-1« in both vehicle (8-fold)
and ligand-treated cells (2.6-fold) (Fig.
6B). In contrast, transactivation of the
reporter by the phosphomimetic
mutant of NT-PGC-1a-S194D/

phosphorylation that is normalized by NT-PGC-1« protein.

cellular localization was analyzed in the absence and presence
of Bt,cAMP. In vehicle-treated cells, NT-PGC-la and
NT-PGC-1a-S194A/S241A/T256A predominantly reside in
the cytoplasm with nuclear/cytoplasmic intensity ratios of 0.54
and 0.59, respectively (Fig. 6A4). NT-PGC-1a-S194A/S241A/
T256A remained primarily cytoplasmic even in the presence of
Bt,cAMP (Fig. 6A). In contrast, the nuclear content of
NT-PGC-1a-S194D/S241D/T256D in vehicle-treated cells was
significantly higher (nuclear/cytoplasmic intensity ratio of
0.72) than vehicle-treated WT and NT-PGC-1a-S194A/
S241A/T256A and was comparable to the nuclear content of
the WT construct in Bt,cAMP-treated cells (Fig. 6A4). More-
over, Bt,cAMP had no additional effect on nuclear content of
NT-PGC-1a-S194D/S241D/T256D (Fig. 6A). Together, these
results are uniformly consistent with the idea that phosphory-
lation of NT-PGC-1a on Ser-194, Ser-241, and Thr-256 by PKA
regulates the relative nuclear content of NT-PGC-1« by regu-
lating CRM1-dependent nuclear export of the protein.

We have shown that recruitment of NT-PGC-1a to multi-
protein complexes involving nuclear receptors (e.g. PPARy and
PPAR«) and co-activators (CBP and SRC1) enhances transac-
tivation of some PGC-la-target genes (36). To examine
whether the co-activator function of NT-PGC-1a is regulated
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S$241D/T256D was higher enhanced
~2-fold in both vehicle (14-fold) and
ligand-treated cells (3.2-fold) (Fig.
6B), suggesting a close correlation between nuclear localization
and co-activation function of NT-PGC-1a. Addition of Bt,cAMP
produced an additional 3-fold increase in activity of the reporter
that was independent of NT-PGC-1e, and likely reflected direct
post-translational activation of the nuclear receptor complex by
PKA. This characteristic makes it difficult to resolve the direct
effects of PKA on the PPARy/RXRa complex from the effects of
PKA on localization of NT-PGC-1« in this model.

To address the question of whether the transactivation property
of NT-PGC-1a is also elevated by phosphorylation, we tested the
ability of Gal4-NT-PGC-la, Gal4-NT-PGC-1a-S194A/S241A/
T256A, and Gal4-NT-PGC-1a-5194D/S241D/T256D to transac-
tivate a reporter gene containing Gal4 DNA binding sites. As
expected, all the fusion proteins with Gal4-DBD were localized in
the nucleus (supplemental Fig. S2). Expression of Gal4-NT-
PGC-1a, Gal4-NT-PGC-1a-S194A/S241A/T256A, and Gal4-
NT-PGC-1a-S194D/S241D/T256D increased reporter gene
expression to the same extent (~120-fold), and no additional
activation of the reporter was observed with Bt,cAMP (Fig. 6C).

Transcriptional Activation of UCP1 and CIDEA by NT-
PGC-1a Is Mediated in Part by PKA Phosphorylation of
NT-PGC-1a—TIt is well established that increased sympathetic
nervous system activity after cold exposure engages the tran-
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ilar 12-fold increase in basal expres-
sion of UCP1 compared with empty
vector (Fig. 7). Bt,cAMP produced an
additional 10-fold increase in UCPI
mRNA over basal levels in cells
expressing NT-PGC-1a, whereas the
induction of UCPI by Bt,cAMP in
cells expressing NT-PGC-1a-S194A/
S241A/T256A was ~30% lower (Fig.
7). Basal expression of CIDEA, ano-

ther PGC-1a target gene (52), was
increased 7-fold by NT-PGC-1a or
NT-PGC-1a-S194A/S241A/T256A
in brown adipocytes lacking PGC-
la (Fig. 7). However, as noted with
UCP1, the induction of CIDEA
mRNA by Bt,cAMP was less robust
in cells expressing NT-PGC-la-
S294A/S241A/T256A (1.6-fold) com-
pared with NT-PGC-la (2-fold)
(Fig. 7). Expression of aP2, a marker
of adipocyte differentiation, was

comparably expressed among the
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FIGURE 6. PKA-dependent regulation of subcellular localization and transcriptional activity of NT-PGC-
1a. A, localization of NT-PGC-1a-HA, NT-PGC-1a-S194A/S241A/T256A-HA, and NT-PGC-1a-S194D/S241D/
T256D-HA in CHO-K1 cells. The bar diagram of the relative ratios of nuclear to cytoplasmic fluorescence inten-
sity is shown with the mean = S.D. Significant deference by Student’s t test; **, p < 0.01. B, transcriptional
co-activation assay using a luciferase reporter assay. pcDNA3.1, NT-PGC-1a-HA, NT-PGC-1a-S194A/5241A/
T256A-HA, or NT-PGC-1a-5194D/S241D/T256D-HA were co-transfected in CHO-K1 cells with a PPRE luciferase
reporter (PPRE X3-TK-luc), RXRa, PPAPvy1, and a Renilla luciferase reporter. 24 h after transfection cells were
treated with vehicle or with BRL49653 and 9-cis-retinoic acid. Luciferase activity was determined 48 h after
transfection and the relative luciferase units were calculated as described under “Experimental Procedures.”
Data represent mean =+ S.D. of at least three independent experiments. Significant deference by Student’s t
test: *, p < 0.05. G, transcriptional activation assay. Gal4-DBD, Gal4-NT-PGC-1ca, Gal4-NT-PGC-1a-S194A/S241A/
T256A,and Gal4-NT-PGC-1a-S194D/5241D/T256D were co-transfected in CHO-K1 cells with a luciferase reporter
containing Gal4 DNA binding sites and a Renilla luciferase reporter. Luciferase activity was determined as
above. Data represent mean = S.D. of at least five independent experiments.

scriptional program of thermogenesis in brown adipose tissue
(BAT) through PKA-dependent signaling mechanisms. For
example, transactivation of L/CPI by PKA involves increased
p38 MAPK-dependent phosphorylation of ATF-2 and PGC-1«
(27). Additionally, we have shown that PKA provides direct
signaling input to NT-PGC-1«, and that ectopic expression of
NT-PGC-1a in brown adipocytes increases induction of UUCP1
expression by cAMP (36). To further assess the relationship
between PKA-dependent regulation of subcellular localization
and transcriptional function of NT-PGC-1a, we examined the
ability of PKA to induce transcription of L/CP1 in brown adipo-
cytes expressing the WT or triple alanine mutant of NT-PGC-
la. PGC-1a-deficient brown preadipocytes were retrovirally
transduced with pBABE, NT-PGC-la, and NT-PGC-la-
S194A/S241A/T256A and differentiated for 7 days. As shown
in Fig. 7, basal UCP1 mRNA expression was low in brown adi-
pocytes transduced with empty vector but was increased
45-fold after addition of Bt,cAMP. As noted previously, the
induction of UCP1 mRNA by Bt,cAMP under these condi-
tions reflects the PGC-1-independent component of the
response (27, 42). In contrast, overexpression of NT-PGC-
laand NT-PGC-1a-S194A/S241A/T256A produced a sim-
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cell lines, and mRNA levels of NT-
PGC-1la and NT-PGC-1a-S194A/
S241A/T256A were also compara-
ble between the lines (Fig. 7).
Considered together, these results
show that a significant proportion
of the cAMP-dependent induction
of UCPI and CIDEA expression by
NT-PGC-1a is directly dependent
on phosphorylation of NT-PGC-1«a
by PKA. The findings further sug-
gest that PKA-dependent regula-
tion of nuclear content of NT-PGC-
la through these sites contributes to cAMP-dependent regulation
of UCPI and CIDEA expression in brown adipocytes.
Preferential Regulation of Target Genes by NT-PGC-1o and
PGC-1a—In response to cold exposure, it is expected that
PGC-1a and NT-PGC-1a, which are fully activated by tran-
scriptional induction and post-translational modification,
play a cooperative role in the regulation of adaptive thermogen-
esis by promoting mitochondrial biogenesis, respiration, and
the uncoupling of oxidative phosphorylation. To investigate
whether specific genes are preferentially affected by PGC-1a or
NT-PGC-1a, we examined expression of a number of genes
involved in these processes in fully differentiated wild-type
brown adipocytes and PGC-1a-deficient brown adipocytes
expressing empty vector, NT-PGC-1a, or PGC-la. Many
genes, including ERRa and CIDEA (Fig. 8, top panel), and
Cox7al and PPAR« (data not shown), were comparably induced
by NT-PGC-1a and PGC-la. However, Cox8b mRNA was
induced 1.8-fold by NT-PGC-1a while PGC-1a was without
effect (Fig. 8, bottom panel). In contrast, CytC mRNA expres-
sion was increased 1.6-fold by PGC-1a while NT-PGC-1c had
no effect (Fig. 8, bottom panel). Considered together, the results
show examples of genes that are both comparably and differen-
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FIGURE 7. NT-PGC-1a-dependent induction of UCP1 and CIDEA is reduced by mutation of sites phos-
phorylated by PKA. UCP1, CIDEA, aP2, and NT-PGC-1a mRNA levels were assessed by real-time PCR analysis in
differentiated PGC-Ta KO brown adipocyte cells where pBABE, NT-PGC-1a-HA, or NT-PGC-1a-S194A/S241A/
T256A-HA was retrovirally expressed. On the seventh day of differentiation, cells were treated with or without
Bt,cAMP for 4 h. Relative abundance of mRNA was normalized to cyclophilin mRNA. Data represent mean =
S.D. of at least three independent experiments. Significant difference of UCPT and CIDEA gene expression was

determined by Student's t test; ¥, p < 0.05; **, p < 0.01; and ***, p < 0.001.

tially regulated by NT-PGC-1a and PGC-1e, and argue that
both protein isoforms contribute to the full transcriptional
response mediated by their induction in BAT after cold
exposure.

DISCUSSION

Our initial description of NT-PGC-1a reported that it is a
novel, biologically active splice variant of PGC-1« that is co-
expressed with PGC-1« in all tissues so far examined (36). NT-
PGC-1a mRNA and protein are expressed at levels comparable
to PGC-1aq, and their expression is regulated by the same phys-
iological signals that regulate the full-length isoform of the pro-
tein. For example, expression of NT-PGC-1a and PGC-1a is
highly induced in brown adipose tissue of mice by cold expo-
sure. p38 MAPK is known to be the central downstream medi-
ator of B-adrenergic receptor-dependent induction of PGC-1«a
gene expression and protein stability (27). In our original
description of NT-PGC-1a, we found that PKA provides sig-
naling inputs that are independent of p38 MAPK and that reg-
ulate the function of NT-PGC-1«a (36). The absence of nuclear
localization sequences results in a cytoplasmic distribution for
NT-PGC-1a where it may be far less effectively targeted to the
proteasome for degradation. Activation of PKA increases the
nuclear content of NT-PGC-1a in part through a p38 MAPK-
independent mechanism. This suggests that the transcriptional
activity of the respective PGC-1« isoforms may be differentially
regulated, based on how signaling input from PKA is integrated,
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that PGC-1a,,, PGC-1ay,, and
PGC-1a,g, were much more active
than full-length PGC-1a (8, 18),
suggesting that NT-PGC-la (aa
1-270) might be more potent than
PGC-1a in the nucleus. Thus, one
possibility is that export of
NT-PGC-1a from the nucleus to the cytosol by CRM1 may be a
mechanism to negatively regulate transcription by limiting
assembly of active transcriptional complexes. This inhibitory
mode of regulation is common among a number of transcrip-
tion factors, including NF-«B, FOXO1, c-Fos, and FKHRLI1.
These transcription factors are sequestered from the nucleus
by binding partners that mask nuclear localization signals or
promote nuclear export, and their nuclear translocation is
controlled by multiple signaling inputs (37-41).

An additional feature of NT-PGC-1« is that its CRM1-bind-
ing site (NES, >’ LCPDLPELDL?®) overlaps its transactivation
domain (*’DLPELDLSELD*°) (53). This raises the interesting
possibility that CRM1 may negatively regulate NT-PGC-1a by
both exporting it from the nucleus and masking the transacti-
vation domain.

Our initial description of NT-PGC-1a reported that PKA
activation by a cell-permeant cAMP analogue induced nuclear
accumulation of NT-PGC-1« and enhanced its recruitment
to the promoters of two consensus PGC-1a target genes (36).
We have extended those findings in the present report by
showing that NT-PGC-1a is a substrate for PKA and is
directly phosphorylated by the purified catalytic subunit of
PKA in vitro. The serines at residues 194 and 241, and the
threonine at position 256, are phosphorylated in vitro, and
the same sites are phosphorylated in situ in response to PKA
activation by Bt,cAMP. Although it is evident that NT-
PGC-1a is phosphorylated by other kinases in the cell, the
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FIGURE 8. Genes that are comparably (top panel) or differentially (bot-
tom panel) regulated by NT-PGC-1« and PGC-1a. ERRa, CIDEA, Cox8b,
and CytC mRNA levels were assessed by real-time PCR in differentiated
brown adipocytes from either wild-type or PGC-Ta null mice. On day 7 of
differentiation, wild-type cells expressing empty vector (pBABE) or
PGC-Ta null cells expressing empty vector, NT-PGC-1¢, or PGC-1a were
treated with Bt,cAMP for 4 h. Relative abundance of mRNA was normal-
ized to cyclophilin mRNA. Data represent mean * S.D. of at least three
independent experiments. Significant deference by Student’s t test is
shown; *, p < 0.05 and ***, p < 0.001.

overall PKA-dependent phosphorylation of NT-PGC-1« is
essentially eliminated by mutation of the identified residues
to alanine in both in vitro and in situ assays.

The significance of phosphorylation at these sites derives
from the effect of this post translational input on interaction of
NT-PGC-1a with CRM1. Our findings show that NT-PGC-1c
interacts with CRM1, which efficiently exports the protein to
the cytosol, so we interpret this to mean that CRM1 exports
NT-PGC-1a at a rate that exceeds the rate at which the protein
diffuses into the nucleus. This conclusion is supported by our
finding that NT-PGC-1« equilibrates across the nuclear mem-
brane when its interaction with CRM1 is blocked with LMB.
Blocking PKA-dependent phosphorylation of NT-PGC-1« at
residues 194, 241, and 256 prevents its nuclear accumulation in
response to PKA. Moreover, mutation of these sites to aspar-
tates to mimic phosphorylation increases nuclear content of
NT-PGC-1a and eliminates the ability of PKA to increase
nuclear content. These data are uniformly consistent with
the conclusion that PKA-dependent phosphorylation of NT-
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PGC-1a increases its nuclear content by reducing the ability of
CRML1 to export it from the nucleus.

There are several precedents showing that phosphorylation
negatively regulates CRM1-mediated nuclear export (54, 55).
At G,/M transition, phosphorylation of the cyclin B cytoplas-
mic retention sequence that is required for CRM1-mediated
nuclear export reduces nuclear export by preventing its inter-
action with CRM1 (54). Although the NES at the N terminus is
separated from the PKA phosphorylation sites by 150-200 aa,
phosphorylation might affect the accessibility of the NES to
CRM1 by inducing a conformational change in NT-PGC-1a or
favoring its interaction with other nuclear proteins. Further
experiments will be required to clarify the mechanism by which
PKA phosphorylation of NT-PGC-la negatively regulates
CRM1-mediated nuclear export.

Two approaches were used to assess the biological signif-
icance of regulated nuclear localization of NT-PGC-1a. In
the first we used a (PPRE),-TK-luc reporter to examine the
relationship between nuclear content of NT-PGC-1« and its
ability to transactivate PPARy/RXRa-dependent transcrip-
tional activation of the reporter. By modulating the nuclear
content of NT-PGC-1« in the absence of PKA input, we
found that the enhanced nuclear content of the phosphomi-
metic form of NT-PGC-1a-S194D/S241D/T256D led to
greater transactivation of the reporter (Fig. 6B). In the sec-
ond approach, we used PGC-1a null adipocytes and retrovi-
ral expression of either WT NT-PGC-la or an alanine
mutant of NT-PGC-1a-S194A/S241A/T256A, which limits
the effect of PKA to increase its nuclear content. We found
that a significant component (~30%) of the Bt,cAMP-de-
pendent induction of UCPI and CIDEA was dependent upon
regulated access of NT-PGC-1a to the nucleus. A limitation
of these studies is that the conditions don’t faithfully repro-
duce what occurs with endogenous protein when cAMP is
elevated in BAT. For example, our initial report showed that
in vivo and in situ PKA activation produces a significant
induction of both NT-PGC-1« and full-length PGC-1« (36).
Thus, the combination of increased expression of both iso-
forms in conjunction with decreased nuclear export of NT-
PGC-1a makes it difficult to assess the relative contribution
of diminished export to changes in transcriptional activity
under these conditions.

The data presented here make a compelling case that
the transcriptional activity of NT-PGC-la is regulated in
part through PKA-dependent regulation of its subcellular local-
ization. Under basal conditions, CRM1-dependent nuclear
export of NT-PGC-1a concentrates the protein in the cytosol,
whereas PKA activation increases the nuclear content of NT-
PGC-1a. We show that phosphorylation of NT-PGC-1a on
three residues by PKA reduces the ability of CRM1 to export
NT-PGC-1a from the nucleus. More importantly, we show that
this spatio-temporal regulation of NT-PGC-1a by PKA is cou-
pled to regulation of its transcriptional potential. Our findings
indicate that many genesare regulated comparably by NT-PGC-
la and PGC-1e, but we also provide examples that are prefer-
entially regulated by each isoform. Global expression analysis
will be required to expand the list of genes in each category, but
because of the different half lives of PGC-1a and NT-PGC-1aq,
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it seems likely that differences in target gene regulation may
extend to duration of transcriptional activation by the respec-
tive protein isoforms. It is particularly interesting that the co-
activation function of a novel isoform of PGC-1« is regulated
differently from full-length PGC-1a. Two different modes of
regulation might be a way to coordinate the timing and full
transcriptional potential of both PGC-1a isoforms in response
to physiological signals. For example, in BAT after cold expo-
sure, CAMP increases the transcriptional induction of both NT-
PGC-1a and PGC-1a, and mediates the post-translational acti-
vation of both proteins. Given that approximately half of the
cold-induced PGC-1«a total mRNA encodes for NT-PGC-1q,
we predict that the post-translational input by PKA, which reg-
ulates subcellular localization of NT-PGC-1g, is important not
only for achieving full PGC-1« activity in animals exposed to
cold, but also for induction of the complete set of genes that are
transcriptionally regulated by PGC-1« isoforms.
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