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Activation of nuclear receptor coactivator
PGC-1a by arginine methylation
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Peroxisome proliferator-activated receptor y coactivator la (PGC-1a), a tissue-specific and inducible
transcriptional coactivator for several nuclear receptors, plays a key role in energy metabolism. We report here
that PGC-1a coactivator activity is potentiated by arginine methylation by protein arginine methyltransferase
1 (PRMT1), another nuclear receptor coactivator. Mutation of three substrate arginines in the C-terminal
region of PGC-1a abolished the cooperative coactivator function of PGC-1a and PRMT1, and compromised
the ability of PGC-1a to induce endogenous target genes. Finally, endogenous PRMT1 contributes to PGC-1«
coactivator activity, and to the induction of genes important for mitochondrial biogenesis.
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Peroxisome proliferator-activated receptor y coactivator
la (PGC-la) is a transcriptional coactivator for many
nuclear hormone receptors (NR), such as peroxisome
proliferator-activated receptor y (PPARy), the thyroid
hormone receptors (TR), retinoic acid receptors, gluco-
corticoid receptor (GR), and estrogen receptors (ER); it
also functions with other classes of DNA-binding tran-
scription factors such as nuclear respiratory factor 1
(NRF-1) (Knutti and Kralli 2001; Puigserver and Spiegel-
man 2003). PGC-1a harbors leucine-rich motifs (LXXLL)
that bind to the hormone-activated NRs. The N-termi-
nal region contains a strong autonomous activation do-
main, which binds to other coactivators such as SRC-1
and CBP and is required for coactivator function (Puig-
server et al. 1999). The C-terminal region of PGC-1la con-
tains an RNA recognition motif (RRM) and an RS do-
main (rich in Arg and Ser residues), both of which are
characteristic of proteins involved in splicing, such as
hnRNP and SR proteins. Indeed, PGC-1a not only func-
tions as a transcriptional coactivator, but can also influ-
ence splicing patterns of specific transcripts (Monsalve
et al. 2000). Deletions within the C-terminal domain dis-
rupt the ability of PGC-1a to associate with RNA poly-
merase II, RNA-processing factors, and the Mediator
complex, and to induce target genes, suggesting that this
region contains both transcriptional coactivator and
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splicing regulator functions (Monsalve et al. 2000; Wall-
berg et al. 2003).

PGC-1a mRNA is predominantly expressed in heart,
brown adipose tissue, kidney, skeletal muscle, and liver,
and its expression is induced in response to stimuli
known to regulate metabolic activity. For example,
PGC-la expression is induced in brown adipose tissue
and skeletal muscle by exposure to cold (Puigserver et al.
1998; Boss et al. 1999), in muscle in response to physical
exercise, and in the liver and heart in response to short-
term fasting (Knutti and Kralli 2001; Puigserver and
Spiegelman 2003; Kelly and Scarpulla 2004). In accor-
dance with the nature of the stimuli that induce its ex-
pression, PGC-1la regulates a broad range of metabolic
processes, including mitochondrial biogenesis, respira-
tion, and gluconeogenesis, and thus enables physiologic
adaptation to the energy needs imposed by the stimuli.
These effects of PGC-1a are mediated by several DNA-
binding transcription factors. Mitochondrial biogenesis
and the stimulation of oxidative phosphorylation in par-
ticular require the cooperation of PGC-1la with the nuclear
respiratory factors NRF-1 and NRF-2 and with estrogen-
related receptor a (ERRa), an orphan nuclear receptor (Wu
et al. 1999; Mootha et al. 2004; Schreiber et al. 2004).

As the major protein arginine methyltransferase
(PRMT) in mammalian cells (Tang et al. 2000), PRMT1
methylates many RNA-binding proteins (Lee et al. 2005),
as well as histone H4 (Chen et al. 1999; Strahl et al.
2001). Arginine methylation has been implicated in the
regulation of many cellular processes, including signal
transduction, subcellular localization of proteins, pro-
tein—protein interactions, and transcriptional regulation
(Lee et al. 2005). Indeed, PRMT1 serves as a coactivator
for NRs (Koh et al. 2001) and other DNA-binding tran-
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scription factors, such as p53 (An et al. 2004) and YY1
(Rezai-Zadeh et al. 2003). Once recruited to the target
gene promoter region through direct or indirect associa-
tion with the DNA-bound transcription factor, PRMT1
cooperates with other histone-modifying enzymes to me-
diate chromatin remodeling and transcriptional activation
(Koh et al. 2001; Metivier et al. 2003; An et al. 2004).

Since PGC-la contains an RNA-binding domain and
many RNA-binding proteins are substrates for PRMT en-
zymes (Stallcup 2001), we tested whether PGC-1a could
be methylated on arginine residues by PRMT1 or the
related PRMT family member CARMI (Chen et al.
1999). Furthermore, because some PRMTs act as coacti-
vators for NRs and other transcription factors, we inves-
tigated whether PGC-1a could cooperate with PRMTs as
coactivators.

Results

PRMT1 and its enzymatic activity stimulate PGC-1a
coactivator function

As demonstrated previously (Knutti et al. 2000; Tche-
repanova et al. 2000), PGC-1a can enhance the activity
of ERa on a reporter plasmid controlled by ER-responsive
elements (Fig. 1). Coexpression of PRMT1 with PGC-1«a
dramatically increased the reporter gene activity ob-
served with PGC-1a alone or PRMTT1 alone. In contrast,
coexpression of another coactivator of the PRMT class,
CARMI (Chen et al. 1999), had little or no effect on
PGC-1a activity. The functional synergy between PGC-
la and PRMT1 was completely dependent on the integ-
rity of the LXXLL motifs of PGC-1«, which are respon-
sible for binding hormone-activated ER«, and the N-ter-
minal activation domain of PGC-la (Fig. 2). Thus, the
effect of PRMT1 in this case depends entirely on the
integrity of the coactivator functions of PGC-la, sug-
gesting that PRMT1 is amplifying the coactivator func-
tion of PGC-la. PGC-1a and PRMT1 also cooperated to
enhance the activity of other NRs, such as GR and TR
(data not shown).
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Figure 1. Specific and cooperative coactivator function be-
tween PGC-la and PRMT1. CV-1 cells were transiently trans-
fected with MMTV(ERE)-LUC reporter plasmid (250 ng) and
expression vectors encoding ERa (0.1 ng), PGC-1a (50 ng), and
PRMTI1, PRMTI1(E153Q) mutant or CARMI (250 ng). Lucifer-
ase activity was measured after growth in 20 nM estradiol. (Bot-
tom of figure) Immunoblots of extracts from COS7 cells trans-
fected with HA-tagged PRMT1 expression vectors were per-
formed with antibodies against HA.
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Figure 2. PGC-la N-terminal domains required for functional
synergy with PRMT1. (A) Schematic representation of PGC-la
mutants used in B. The mutant proteins are expressed at wild-
type levels (data not shown). (B) CV-1 cells were transiently
transfected with MMTV(ERE)-LUC reporter plasmid (250 ng)
and expression vectors encoding ERa (0.1 ng) and PGC-1a wild
type or mutants as indicated (50 ng) in the absence (white boxes)
or presence (black boxes) of PRMTT1 (200 ng). Transfected cells
were grown in culture medium with 20 nM estradiol, and ex-
tracts of the harvested cells were tested for luciferase activity.

To test whether the methyltransferase activity of
PRMT1 is required for coactivator synergy with PGC-lq,
we used an enzymatically deficient mutant of PRMTI.
In PRMT1, mutation of either Glul44 or Glul53 to Gln
completely or nearly abolishes enzymatic activity, be-
cause these Glu residues are important for binding the
substrate arginine residue (Zhang et al. 2000; Zhang and
Cheng 2003; data not shown). The PRMT1 E153Q mu-
tant failed to stimulate PGC-1la coactivator activity, al-
though it was expressed at levels comparable to that of
wild-type PRMTT1 (Fig. 1). Thus, the specific protein ar-
ginine methyltransferase activity of PRMT1 (but not
CARM1 ) is necessary for enhancing the coactivator func-
tion of PGC-1a. The requisite substrate that is methyl-
ated by PRMT1 to cause the enhancement of PGC-1la
activity could be histone H4 (Chen et al. 1999; Strahl et
al. 2001) or a component of the transcription machinery
that has not been previously characterized as a PRMT1
substrate, including PGC-la itself.

PRMTI1 methylates PGC-1a

Since PGC-la contains an RNA-binding domain and
many RNA-binding proteins are known to be substrates
for arginine methylation, we tested whether PGC-1la
could be methylated by PRMT1. Indeed, recombinant
PRMT1, but not CARMI, methylated recombinant full-
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length PGC-1a when incubated with [*H]AdoMet (Fig.
3A). This result correlates with the finding that PRMT1,
but not CARMI1, enhances PGC-1la activity.

Fragments of PGC-1a were used to map the region that
is methylated (Fig. 3B). While N-terminal fragments con-
taining amino acids 1-306 or 306-532 were not methyl-
ated, PRMT1 methylated two different C-terminal frag-
ments of PGC-1a, that is, amino acids 532-640 and a
subfragment of amino acids 640-798. When the C-termi-
nal portion of PGC-1a was divided into three fragments,
the acidic E region and the RS region were both sub-
strates for PRMT1, but the RNA recognition motif
(RRM) was not (Fig. 3B, right panels).

To investigate contributions of the RS and E regions to
PGC-la synergy with PRMT1, we evaluated the coacti-
vator function of various PGC-1a deletion mutants (Fig.
4A). While PGC-1a mutants lacking various C-terminal
domains were expressed at levels similar to or higher
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Figure 3. Methylation of PGC-1a by PRMT1. (A) Full-length
GST-PGC-la was incubated with GST-CARM1 or GST-
PRMT1 and [*H]AdoMet for 1 h at 30°C. Products were ana-
lyzed by SDS-PAGE and fluorography. (B) Methylation of PGC-
la fragments was analyzed by SDS-PAGE (lower panels show
Coomassie blue staining) and fluorography (upper panels). Dia-
gram shows amino acid numbers. Asterisks show the stained
fragments (lower panels) that were methylated (upper panels);
positions of molecular weight markers are indicated beside the
panels. (C) Mutant forms of the PGC-1a E fragment (sequence
shown) were methylated by PRMT1 and analyzed by fluorogra-
phy (left panel) and staining (right panel). In the R4K and R3K
mutants, the bracketed Arg residues (R) were changed to Lys.
The results presented are from a single experiment representa-
tive of three independent experiments.
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Figure 4. Role of PGC-la C-terminal domains in synergy
with PRMTI. (A) Schematic representation of PGC-1a deletion
mutants used in B. (B) CV-1 cells were transiently transfected
with MMTV(ERE)-LUC reporter plasmid (250 ng) and expres-
sion vectors encoding ERa (0.1 ng) and PGC-la wild type or
mutants as indicated (50 ng), in the absence (white boxes) or
presence (black boxes) of PRMT1 (200 ng). Transfected cells
were grown in culture medium with 20 nM estradiol, and ex-
tracts of the harvested cells were tested for luciferase activity.

than those of wild-type PGC-la (data not shown), they
had varied abilities to cooperate synergistically with
PRMT1 (Fig. 4B, black bars). Deletion of the entire C-
terminal region, the E region, or the RRM domain elimi-
nated synergy with PRMT1, but deletion of the RS re-
gion did not. Since the E region is methylated by PRMT1
and plays an important role in the stimulation of PGC-
la activity by PRMT1, we focused on identifying the
methylated residues of the E region. Two groups of Arg
residues within the E region were modified to Lys. A
mutant GST-E(R4K) fragment with Lys substitutions at
Arg residues 644, 647, 651, and 652 was methylated ef-
ficiently by PRMT1 (Fig. 3C), at levels indistinguishable
from the wild-type GST-E fragment (data not shown).
However, conversion of Arg residues 665, 667, and 669 to
lysines in the GST-E(R3K) mutant fragment completely
abolished methylation by PRMT1 (Fig. 3C), showing that
these residues are important for the methylation and pre-
sumably contain the methylation site(s). Individual ly-
sine substitutions at Arg residues 665, 667, and 669
failed to eliminate the methylation of GST-E, suggesting
that more than one of these three residues are methyl-
ation sites for PRMT1 (data not shown).

Importance of Arg methylation in PGC-1a coactivator
function

To investigate the role of the Arg methylation sites in
the stimulation of PGC-1a activity by PRMT1, we con-
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Figure 5. Role of methylated Arg residues of PGC-1la E region
in coactivator function. (A) CV-1 cells were transfected with
MMTV/(ERE)-LUC reporter plasmid (250 ng) and plasmids en-
coding ERa (0.1 ng), PGC-la wild type or R3K mutant (50 ng),
and PRMT]1 (200 ng) as indicated, and grown with 20 nM estra-
diol. (B) CV-1 cells were transfected with pERRa-Luc reporter
plasmid (250 ng) and plasmids encoding PRMT1 (250 ng) and
PGC-la wild type or R3K mutant (50 ng).

structed a plasmid expressing a full-length PGC-1la mu-
tant with these three Arg residues (665, 667, and 669)
changed to Lys. We tested the ability of this R3K mutant
of full-length PGC-1a to cooperate with PRMT1 to en-
hance transcriptional activation by ERa. Mutant and
wild-type PGC-1a were expressed at similar levels (Fig.
5A). In the absence of PRMT]I, the ability of the R3K
mutant of PGC-la to enhance reporter gene activation
by ERa was indistinguishable from that of wild-type
PGC-la (Fig. 5A). However, PRMT1 dramatically en-
hanced the coactivator function of wild-type PGC-1a but
failed to stimulate the activity of the R3K mutant of
PGC-la.

To test the synergy between PGC-1a and PRMT1 and
the role of arginine methylation in the context of a natu-
ral cellular target gene of PGC-1a, we compared the abil-
ity of wild-type and R3K mutant PGC-1la to induce the
expression of the ERRa promoter, which is an important
regulatory target of PGC-1a in the process of mitochon-
drial biogenesis (Mootha et al. 2004; Schreiber et al.
2004). ERRa protein binds to and activates transcription
of its own gene, and PGC-1a is a required coactivator for
that process. As observed previously (Laganiere et al.
2004; Mootha et al. 2004), overexpression of wild-type
PGC-la dramatically enhanced the expression of a tran-
siently transfected reporter gene controlled by the up-
stream regulatory region of the ERRa promoter (Fig. 5B).
In this context the R3K mutation reduced, but did not
abolish, the coactivator function of PGC-1q, in the ab-
sence of exogenously expressed PRMT1. Furthermore,
overexpression of PRMT1 dramatically enhanced the
ability of wild-type PGC-la to stimulate transcription
from the ERRa promoter, but had little or no effect on
the activity of the R3K mutant (Fig. 5B). Thus, with
ERRa the inherent coactivator activity of PGC-la de-
pends partially, and its ability to be stimulated by

Methylation of coactivator PGC-la

PRMT1 depends entirely, on the three Arg residues that
are substrates for methylation by PRMT1. These results
strongly suggest that the methylation of PGC-la by
PRMTT1 plays a key role in its activity and ability to
function cooperatively with PRMTI.

The reduced activity of the R3K mutant on the ERRa
promoter in the absence of overexpressed PRMT1 (Fig.
5B) suggests that the activity of the wild-type PGC-la
protein depends on methylation by endogenous PRMT1.
To test this, we determined the effect of reducing endog-
enous levels of PRMT1 on the ability of overexpressed
PGC-la to stimulate expression of the transiently trans-
fected ERRa-Luc reporter plasmid. Two different siRNAs
targeting the human PRMT1 sequence efficiently reduced
the level of PRMT1 protein, but not B-actin protein, in
COS7 cells in a dose-dependent manner (Fig. 6, lower pan-
els). The siRNA-treated or untreated cells were subse-
quently transfected with ERRa-Luc (encoding firefly lucif-
erase), a PGC-la expression plasmid, and a control Renilla
luciferase reporter plasmid driven by a constitutive cyto-
megalovirus promoter. Both siRNAs against PRMTI1
caused a dose-dependent decrease in expression of firefly
luciferase from the ERRa promoter (Fig. 6, upper panel),
which paralleled the decrease in PRMT1 protein levels
(Fig. 6, lower panels). Since the firefly luciferase data are
normalized against the Renilla luciferase activity, these
results demonstrate that reduction in endogenous PRMT1
levels causes a gene-specific decrease in the ability of PGC-
la to stimulate expression from the transiently transfected
ERRa promoter.

Endogenous PRMT1 and Arg methylation of PGC-1a
contribute to the induction of endogenous target genes
of PGC-1a

Wild-type PGC-1la and the R3K mutant were expressed
in SAOS2 osteosarcoma cells by infection with adenovi-

| PERRa-Luc

N

2

od

Relative Luciferase Activity
(RLU X1000)
e

IR R |
si#1 Sif2
PRMTI > @l We «
pactn - BBV ww

protein levels

Figure 6. Role of endogenous PRMT1 in PGC-la coactivator
function. COS7 cells in 24-well plates were transfected with 20,
40, or 60 pmol of two different siRNAs against PRMT1 (si#1 and
si#2). Two days later, cells were transfected with pERRa-Luc
reporter plasmid (125 ng), a PGC-la expression vector (25 ng),
and a Renilla luciferase reporter plasmid driven by a cytomega-
lovirus promoter (12.5 ng). Luciferase activities were quantified
48 h later; firefly luciferase activity was normalized by Renilla
luciferase activity. Protein levels were determined by immuno-
blots from cell extracts of a fourth siRNA-transfected well. Re-
sults shown are from a single experiment that is representative
of three independent experiments.
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ral vectors, to test their ability to stimulate expression of
the endogenous ERRa and cytochrome c (cyt c) genes,
which are targets of PGC-la and important for mito-
chondrial biogenesis (Schreiber et al. 2003, 2004; Mootha
et al. 2004). A viral vector expressing green fluorescent
protein (GFP) was used as a control. Although equivalent
expression of mutant and wild-type proteins was ob-
served (Fig. 7A, inset), the PGC-1a R3K mutant was sub-
stantially less efficient than the wild-type protein at in-
ducing the expression of ERRa and cyt ¢ mRNA (Fig.
7A), suggesting that arginine methylation is important
for PGC-1a function at endogenous target genes in their
native chromatin state.

To determine the role of endogenous PRMT1 in PGC-
la-dependent transcriptional programs, we next used the
siRNA#] to reduce endogenous PRMT1 mRNA levels in
SAOS2 cells (Fig. 7B). The siRNA-treated or untreated
SAOS2 cells were subsequently infected with adenoviral
vectors encoding GFP or PGC-1a. PGC-1a expression led
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Figure 7. Role of Arg methylation in induction of endogenous
genes important for the biogenesis and function of mitochon-
dria. (A) SAOS2 cells in six-well plates were infected with ad-
enoviruses expressing GFP, PGC-1a wild type, or PGC-1la R3K
mutant (multiplicity of infection = 40) and harvested 24 h later.
mRNA levels for the ERRa and cyt ¢ genes were determined by
quantitative PCR and normalized to the level of GAPDH
mRNA. (B) SAOS2 cells in six-well plates were transfected with
siRNA#1 against PRMT1 (100 pmol/well) two times, separated
by 72 h. Four hours after the second siRNA transfection, cells
were infected with adenovirus expressing GFP or PGC-la and
harvested 24 h later. mRNA levels for the indicated genes were
determined by quantitative PCR and normalized to the GAPDH
mRNA level. The mean and range of variation shown are from
duplicate transfections in a single experiment that is represen-
tative of five independent experiments, each with duplicate
transfected cell cultures. In all five experiments, the multiplic-
ity of infection was 10-40, and the reduction in PRMT1 mRNA
levels caused by siRNA was at least 50%. A paired, two-tailed
t-test performed on the values from the five experiments indi-
cated that the siRNA against PRMT1 caused significant de-
creases in the PGC-la-induced levels of Cyt c mRNA (p = 0.014)
and ERRa mRNA (p =0.008). For the five experiments, the
mean decrease and 95% confidence interval was 35 = 15% for
Cyt ¢ mRNA, 26+5% for ERRae mRNA, and 75+ 9% for
PRMT1 mRNA.

1470 GENES & DEVELOPMENT

to increases in the levels of the endogenous cyt ¢ and
ERRa mRNAs; however, this induction by PGC-1a was
partially inhibited in the cells treated with siRNA
against PRMT1, compared with the cells that were not
exposed to the siRNA (Fig. 7B). The effects of PGC-1a
and the siRNA against PRMT1 were gene-specific, since
the data shown are normalized against the expression of
glyceraldehyde phosphate dehydrogenase (GAPDH)
mRNA. Thus, endogenous levels of PRMT1 contribute
to the ability of PGC-la to induce the expression of target
genes that are important for mitochondrial biogenesis.

Discussion

As an important controller of energy homeostasis, PGC-
la expression is highly regulated at the transcription
level, in a tissue-specific manner and in response to sev-
eral physiologic signals (Knutti and Kralli 2001; Puig-
server and Spiegelman 2003; Kelly and Scarpulla 2004).
In addition, the important roles of PGC-1a in metabolic
regulation also appear to be modulated by a variety of
post-translational modifications and interactions with
other proteins. The docking of PPARy to PGC-la in-
duces an apparent conformational change that allows
binding of the collaborating coactivators SRC-1 and
CBP/p300 to the N-terminal activation domain of PGC-
la (Puigserver et al. 1999). Moreover, there is evidence
that a repressor protein competes with NRs for binding
to PGC-1q, and this competition appears to be regulated
by phosphorylation of the PGC-la suppression domain
by MAPK p38, which inhibits binding of the repressor
protein (Knutti et al. 2001; Puigserver et al. 2001; Fan et
al. 2004). Our data add arginine methylation to the list of
post-translational regulatory mechanisms that govern
PGC-la activity and, in addition, implicate PRMT1 as
an important component cooperating with PGC-la in
metabolic processes such as mitochondrial biogenesis.
Although reductions in the level of PRMTI1 caused rela-
tively modest but significant decreases in the coactivator
function of PGC-1a (Figs. 6, 7), it is noteworthy that the
decreases in PGC-1a levels and the activity of PGC-la-
dependent pathways that have been correlated to insulin
resistance in humans are very modest—~35% decrease
in PGC-1la expression and ~20% decrease in expression
of genes encoding oxidative phosphorylation compo-
nents such as cyt ¢ ([Mootha et al. 2003; Patti et al. 2003 ).
These findings are indicative of the fact that small
changes in pathways important for energy metabolism
can have potent consequences over time, and suggest
that modest effects on PGC-1a activity can be crucial for
human health. Understanding the signals and mecha-
nisms that enable PRMT1 to modify PGC-1a and modu-
late its activity may lead to ways to enhance PGC-la
activity and intervene in such diseases.

Our evidence indicates that methylation by PRMT1 of
two or three of the Arg residues in an RERQR sequence,
found within the C-terminal Glu-rich E region of PGC-
la (Fig. 3), plays a critical role in the coactivator function
of PGC-1a and its ability to function synergistically with
PRMT1 (Figs. 5-7). Detecting methylation of specific
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proteins in vivo is still a developing art, as witnessed by
a variety of recent methodological papers (Boisvert et al.
2003; Rappsilber et al. 2003). We have been unable to
demonstrate methylation of the PGC-1a E region in vivo
by mass spectrometry, labeling of cells with methyl-la-
beled methionine, or antibodies with supposedly general
specificity toward proteins containing methyl-arginine.
Our experience suggests that success with these ap-
proaches depends on the specific protein. Methylation of
PGC-la by PRMTI1 may be regulated, and may occur in
vivo only, for example, when they are both recruited into
a transcription complex and PGC-1la adopts the appro-
priate conformation. In support of this idea, the confor-
mation of PGC-1la is regulated by protein—protein inter-
actions (Puigserver et al. 1999).

In spite of our lack of direct evidence for in vivo meth-
ylation, our data provide strong indirect evidence that
methylation of PGC-la by PRMT1 does occur in vivo
and plays an important role in facilitating PGC-1a coac-
tivator function: (1) PGC-la and its E region are good
substrates for PRMT1 but not CARMI. (2) PRMT]I, but
not CARMI, acts synergistically with PGC-1a as a co-
activator, and this synergy depends on the methyltrans-
ferase activity of PRMT1 and the E region of PGC-1a. (3)
The Arg residues that are methylated by PRMT1 are im-
portant for the synergy between PGC-la and PRMT1
and for the ability of PGC-1la to stimulate expression of
transiently transfected and endogenous target genes. (4)
Endogenous PRMT1 is important for the coactivator
function of PGC-1la in the induction of transiently trans-
fected and endogenous target genes.

While PRMT1 and its methyltransferase activity
clearly affect the coactivator function of PGC-1la, con-
siderable PGC-la coactivator activity remains when
PRMT1 levels are severely reduced (Figs. 6, 7B), when
the Arg methylation sites in the E region are mutated
(Figs. 5, 7A), or even when the entire C-terminal region
(RS, E, and RRM domains) is deleted (Fig. 4). Thus PGC-
la coactivator function has two components, one inde-
pendent of PRMT1 and one dependent on PRMT1. The
strong N-terminal activation domain appears to be im-
portant for both of these activities (Fig. 2), but the spe-
cific downstream mechanisms that mediate these two
components of PGC-1a activity remain to be defined.

Arginine methylation of PGC-1a occurs in the E re-
gion, which contains a subnuclear localization signal
(Monsalve et al. 2000), and thus could modulate the sub-
nuclear distribution of PGC-1q, as has been shown for
the methylation of some RNA-binding proteins (Lee et
al. 2005). If so, such an effect would be subtle, because no
differences in the nuclear distribution of wild-type or
R3K PGC-la protein, in the presence or absence of over-
expressed PRMT1, were evident by immunofluorescence
(data not shown). A PGC-la mutant lacking the C-ter-
minal region exhibited reduced coactivator function (Fig.
4) and was deficient in binding to RNA polymerase IT and
some SR-type splicing factors (Monsalve et al. 2000), sug-
gesting that this region is important for both transcrip-
tional activation and regulation of mRNA splicing by
PGC-la. The positive effect of PRMT1-mediated meth-

Methylation of coactivator PGC-la

ylation suggests that methylation may cause an activat-
ing conformational change in PGC-1lq, enhance binding
of positively acting proteins such as TRAP220 (Wallberg
et al. 2003), and/or inhibit binding of repressor proteins.
Further studies will be required to elucidate the down-
stream effects of PGC-la methylation and how it con-
tributes to enhanced transcriptional activation.

Materials and methods

Plasmids

The following plasmids were previously described: pcDNA3-
HA-PGC-la, encoding full-length human PGC-la, PGC-
la.L2A, PGC-1a.L2/3A (PGC-la bearing point mutations
within the Leu-rich or LXXLL motifs, as indicated), and PGC-
1a.91C (PGC-la lacking the N-terminal activation domain)
(Knutti et al. 2000); pSG5.HA-PRMT1, encoding HA epitope-
tagged PRMT1 (Koh et al. 2001); GST-PRMT1, encoding a GST-
PRMT!1 fusion protein (Lin et al. 1996); pSG5.HA-CARMI, en-
coding HA-CARMI; pGEX4T1.CARMI, encoding GST-
CARMI (Chen et al. 1999); pHEO, encoding human estrogen
receptor o (Green et al. 1988); and the luciferase reporter plas-
mid for ER, MMTV(ERE)-LUC (Umesono and Evans 1989).

Construction of plasmids encoding fragments of PGC-la
fused to GST: PCR-amplified cDNA fragments encoding PGC-
la fragments that include amino acids 1-306, 306-532, 532—
640, and 640-798, were inserted into the BamHI and Xhol sites
of pGEXAT1; pGEX4T3-RS, encoding PGC-la(566-632);
pGEX4T3-E, encoding PGC-1a(632-676); and pGEX4T3-RRM,
encoding PGC-1a(676-755), were constructed by inserting the
appropriate ¢cDNA fragments, amplified from pcDNA3-HA-
PGC-la as a template and with primers containing BamHI and
Sall sites, into the BamHI and Sall sites of pGEX4T3. The fol-
lowing mutations were generated with the Quickchange site-
directed mutagenesis kit (Stratagene), using the corresponding
wild-type plasmids as templates: pSG5.HA-PRMT1(E153Q);
PGEXAT3-E(R4K, containing R644K, R647K, R651K, and
R652K  mutations; pGEX4T3-E(R3K), containing R665K,
R667K, and R669K mutations; pcDNA3-HA-PGC-1«(R3K),
pcDNA3-HA-PGC-1a.AC  (A566-755), pcDNA3-HA-PGC-
1a.ARS (A566-632), pcDNA3-HA-PGC-1a.AE (A632-676), and
pcDNA3-HA-PGC-1a.ARRM (A676-755). To construct the lu-
ciferase reporter pERRa-Luc, the ERRa-responsive sequences of
the ESRRA promoter (nucleotides -537 to -829, relative to the
transcription initiation site) were amplified by PCR and sub-
cloned upstream of the minimal alcohol dehydrogenase pro-
moter of pALuc (Iaiguez-Lluhi et al. 1997).

Cell culture and transfection

CV-1 and COS7 cells were transiently transfected in 12-well
dishes as described previously (Ma et al. 1999). Where indicated,
medium contained 20 nM estradiol during the last 30 h of
growth. Luciferase activity results shown (mean and range of
variation of two transfected wells) are from a single experiment,
representative of three to five independent experiments.
pSG5.HA and pcDNA3.1 empty vectors were added to all trans-
fections to balance total DNA. Luciferase activity was deter-
mined with the Promega Luciferase Assay Kit according to the
manufacturer’s protocols. Because some coactivators enhance
the activities of so-called constitutive promoters, constitutive
reporter plasmids were not used routinely to normalize the lu-
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ciferase activities but were used strategically to monitor trans-
fection efficiency.

Adenovirus infections and RNA analysis

SAOS2 cells were infected with adenoviral vectors expressing
GFP and PGC-1a as described previously (Schreiber et al. 2003).
Adenoviruses expressing PGC-1a R3K were constructed by us-
ing the insert of pcDNA3-HA-PGC-1a R3K. Total RNA was
isolated using the TRIzol reagent (Invitrogen), cDNA was syn-
thesized with the SuperScript Choice system (Invitrogen), and
specific transcripts were quantified by quantitative real-time
PCR using the SYBR Green PCR system (Applied Biosystems)
and the Chromophore detection system (M] Research) (Fig. 7A)
or the Stratagene Mx3000P System (Fig. 7B). Gene-specific
primers were used for human ERRa (Schreiber et al. 2003), hu-
man cyt ¢ (Schreiber et al. 2004), and human GAPDH (5'-
GAAGGTGAAGGTCGGAGTC-3" and 5'-GAAGATGGTGA
TGGGATTTC-3'). ERRa and cyt ¢ mRNA levels were normal-
ized to GAPDH mRNA levels and estimated using standard
curves (Fig. 7A; Schreiber et al. 2004) or the AACt method cited
in ABI User Bulletin #2 (Fig. 7B).

Methylation assays

Methylation assays (Chen et al. 1999) were performed with 1 ng
each of GST-fused enzyme and substrate.

RNA interference and immunoblots

The following siRNA oligonucleotides for human PRMT1 were
designed using the Target Finder program (Ambion), and chemi-
cally synthesized by the USC Norris Comprehensive Cancer
Center Microchemical Core: siRNA#1 sense, 5'-AGAUUACU
ACUUUGACUCCATAT-3’; siRNA#1 antisense, 5'-GGAGU
CAAAGUAGUAAUCUATAT-3’; siRNA#2 sense, 5'-CUUAU
GUUUUUAUAUGGUUATAT-3’; siRNA#2 antisense, 5'-AAC
CAUAUAAAAACAUAAGATAT-3’. Annealed siRNAs were
transfected with Lipofectamine 2000 (Invitrogen) into COS7
cells in 24-well plates 48 h before DNA transfection. Luciferase
assays were performed 48 h after DNA transfection. Parallel cell
extracts were prepared in SDS sample buffer, separated by 12%
SDS-PAGE, and transferred onto PVDF membrane. Immuno-
blots used antibodies against PRMT1 (Upstate Biotechnology)
and, after stripping, B-actin (Santa Cruz). SAOS2 cells in six-
well plates were transfected with siRNA#1 against PRMT1 (100
pmol/well). After 72 h, cells were transfected again with
siRNA#1 against PRMTI (100 pmol/well), medium was
changed after 4 h, and then cells were infected with adenovirus
expressing GFP or PGC-la and harvested 24 h later. mRNA
levels for the indicated genes were determined by quantitative
PCR and normalized to the GAPDH mRNA level.
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