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The transcriptional coactivator PGC-1� is a potent regulator of
several metabolic pathways, including, in particular, the activation
of oxidative phosphorylation and mitochondrial biogenesis. Re-
cent evidence suggests that increasing PGC-1� activity may have
beneficial effects in various conditions, including muscular dystro-
phy, diabetes, and neurodegenerative diseases. We describe here
a high-throughput screen to identify small molecules that induce
PGC-1� expression in skeletal muscle cells. A number of drug
classes are identified, including glucocorticoids, microtubule inhib-
itors, and protein synthesis inhibitors. These drugs induce PGC-1�
mRNA, and the expression of a number of genes known to be
regulated by PGC-1�. No induction of these target genes is seen in
PGC-1� �/� cells, demonstrating that the drugs act through
PGC-1�. These data demonstrate the feasibility of high-throughput
screening for inducers of PGC-1�. Moreover, the data identify
microtubule inhibitors and protein synthesis inhibitors as modu-
lators of PGC-1� and oxidative phosphorylation.

colchicine � high throughput

Coactivators are proteins that dock on transcription factors
and alter chromatin structure and the transcription machin-

ery to stimulate gene expression (reviewed in ref. 1). It is likely
that all transcription factors must dock one or more coactivators
to initiate transcription. Most studies of gene regulation have
focused on the modulation of transcription factors; more re-
cently, however, coactivators have emerged as potent regulatory
targets of physiological stimuli and hormones (2).

PGC-1� is the best-studied example of such a regulated
coactivator. PGC-1� was first identified as a cold-inducible
PPAR-�-binding protein in brown fat (3). Since then, it has
become apparent that PGC-1� can bind to, and coactivate, most
members of the nuclear receptor family, and many other tran-
scription factors. PGC-1� activates transcription by recruiting
several proteins that have histone acetyltransferase activity,
including CBP, p300, and SRC-1 (4), and the Mediator protein
complex, which is thought to recruit RNA polymerase II (5).

PGC-1� has a variety of biological activities in different
tissues, and most of these activities are linked to various aspects
of oxidative metabolism. The expression of PGC-1� in white fat
cells gives them many of the properties of brown fat cells,
including mitochondrial biogenesis and expression of UCP-1.
PGC-1� is induced by exercise in skeletal muscle (e.g., refs. 6–9),
where it induces mitochondrial biogenesis, angiogenesis (41),
and a switch in fibers toward more oxidative types I and IIa (10).
PGC-1� is induced in the fasted liver, where it induces glucone-
ogenesis and �-oxidation of fatty acids (11, 12). In all of these
cases, PGC-1� increases a core program of mitochondrial bio-
genesis and respiration, and ancillary programs that go along
with increased respiration in each tissue.

Elevating PGC-1� activity may be beneficial in a number of
diseases. PGC-1� �/� mice are prone to several neurodegenerative
diseases (13), suggesting a neuroprotective role for PGC-1�. The
same mice also have a strong predisposition to cardiac failure (14,

15), and PGC-1� levels decline in a number of rodent models of
heart dysfunction (16–20), suggesting a cardioprotective role for
PGC-1� as well. Transgenic expression of PGC-1� in skeletal
muscle protects from the atrophy associated with denervation, a
model for ALS (21). The same mice also have a markedly improved
recovery of blood flow after ligation of the femoral artery, a model
of chronic ischemia (41). Finally, transgenic expression of PGC-1�
in skeletal muscle also ameliorates the muscle damage and reduced
locomotive function evident in mdx mice, a model of Duchenne’s
muscular dystrophy (22).

These observations provide a very strong impetus to search for
drugs that can induce PGC-1�. PGC-1� is highly regulated in a
number of tissues; this indicates that pathways exist that impinge
on PGC-1� expression, and suggests that they might be targets
for small molecules. We describe here a high-throughput screen-
ing method for the identification of small molecules that can
regulate gene expression. When applied to PGC-1�, the method
identified a number of compounds able to induce PGC-1�, and
a genetic and cell biological program regulated by PGC-1�.

Results
An outline of the screen for chemical activators of PGC-1� gene
expression is shown in Fig. 1A. In brief, primary satellite skeletal
muscle cells are harvested from mouse hindlimb, grown in
culture, plated into 96-well plates, and stimulated to differentiate
for 3 days. The wells are then treated with compounds for 24 h.
After this, the cells are washed and lysed, and the total lysate is
transferred to 384-well plates coated covalently with oligo(dT),
to which poly(A)-tailed mRNA hybridizes. After extensive wash-
ing, the bound mRNA is reverse transcribed in situ to yield
cDNA, and this is used as template for quantification of gene
expression by real-time PCR. The measured expression of
PGC-1� mRNA is then normalized to the measured expression
of TATA box-binding protein (TBP), which acts as an internal
control. In this way, the response of any chosen gene to treatment
with each compound in a given compound library can be
determined.

Primary skeletal muscle cells were chosen for the screen for a
number of reasons. First, these cells are not embryonic and not
immortalized. Second, PGC-1� can be induced in these cells in
response to certain stimuli, such as AMP-activated protein
kinase (AMPK) activators (23). And third, levels of PGC-1�
expression in these cells are 10 times higher than in clonal
myoblastic cell lines (e.g., C2C12s) and much closer to those
found in intact skeletal muscle (data not shown). The measure-
ment of endogenous gene expression was also chosen for a
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number of reasons. First, the common alternative of using
promoter-luciferase fusion constructs is severely limited when
the precise makeup of the promoter in question is not known.
Second, gene expression on plasmids is artificial and fails to take
into account chromatin modifications. Third, only by looking at
endogenous gene expression can effects by distant elements,
such as enhancers, be detected. And fourth, assays based on
promoter-luciferase constructs cannot detect effects on gene
expression due to mRNA stability, splicing, or other posttran-
scriptional events.

The feasibility of evaluating PGC-1� gene expression in
96-well plates of skeletal muscle cells was tested by treating cells
with either 5-aminoimidazole-4-carboxamide-1-�-D-ribofuranoside
(AICAR), an AMPK activator known to induce PGC-1� in these
cells (23), or by infecting the cells with varying doses of adeno-
virus encoding for PGC-1�. As shown in Fig. 1B, doses of
AICAR as low as 100 �M, and infection with virus with a
multiplicity of infection as low as 0.04, could reliably detect

increased PGC-1� in this format. Next, the assay variability was
determined by measuring PGC-1� expression in 640 wells that
were ‘‘mock’’-treated with DMSO vehicle. The standard devia-
tion of the measured Ct value was 0.45 (Table 1). The standard
deviation was further reduced to 0.31 when the values were
normalized to the internal control, TBP (Table 1). This vari-
ability is quite small, yielding a Z factor of 0.6 for detecting
increases in PGC-1� expression of as little as 3-fold. Indeed, in
the 640 control samples, not one had a PGC-1� expression that
differed �2-fold from the mean.

We used this method to screen a library of 3,120 compounds,
made up of the Spectrum Collection (2,000 cmpds) and the
Prestwick Chemical Library (1,120 cmpds). Together these
collections include a total of 2,490 unique compounds, including
�40% of all Food and Drug Administration (FDA)-approved
drugs, with most of the remaining compounds being known
bioactives. Samples from most known drug classes are repre-
sented in the group. Ten 384-well plates were treated as de-
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Fig. 1. Screen for small molecules that induce PGC-1�. (A) Schema of the screen. (B Upper) Myotubes were treated with the indicated doses of AICAR for 24 h,
and levels of PGC-1� mRNA were measured. (B Lower) PGC-1� mRNA levels in myotubes 48 h after infection with adenovirus encoding for PGC-1�. (C)
Representative graph of qPCR amplification curves detecting PGC-1� mRNA levels from one 384-well qPCR plate of the screen. (Inset) Shown are the complete
curves. (D) Bin diagram of fold induction of PGC-1� in DMSO-control wells and in wells containing a synthetic glucocorticoid.

Table 1. Results of the primary screen

n

Standard deviation, cycles Number of positives

TBP PGC-1� TBP minus � �2� induced �3� induced

Controls 640 0.36 0.45 0.31 0 (0%) 0 (0%)
All wells 3,840 0.41 0.53 0.42 82 (2.5%) 23 (0.7%)

*Levels of PGC-1� and TBP mRNAs were evaluated. The standard deviations of the cycle number at which SYBR
green fluorescence reached an arbitrary threshold are indicated for the control wells and the test wells.

†Number of hits, as defined by either 2-fold or 3-fold induction over the average signal in the 640 control wells.
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scribed, and the expression of PGC-1� (and TBP as control) was
evaluated. A number of the wells in each plate were treated only
with vehicle (DMSO), to be used as plate-specific negative
controls. The remainder of the wells were treated with com-
pounds in the micromolar range. Fig. 1C shows representative
qPCR amplification curves for PGC-1� for one of these plates;
potential activators are identified as wells where PGC-1� cDNA
is amplified earlier than the in the other wells, whereas wells
where PGC-1� is amplified later reflect either inhibition of
PGC-1� mRNA expression or toxicity to the cells. The latter can
be separated based on whether expression of TBP is also
affected. Seventy-eight distinct compounds that induce PGC-1�
expression 2-fold or greater were identified from the library of
compounds (Table 2). When a compound identified as a ‘‘hit’’
was represented more than once in the library, it was identified
as positive in each representation, strongly supporting the re-
producibility of the screen. A plate containing candidate com-
pounds was generated and used to retest the findings from the

primary screen. Only 24 of the original 78 compounds failed to
induce PGC-1� �2-fold in this repeat of the assay (Table 2),
underscoring the fidelity of the method.

It is interesting to note what the false-negative rate of the
screen would be under various settings. If we use the strongest
hit in the screen as a positive control (emetine, 74-fold) and
2-fold induction of PGC-1� as a threshold for defining a hit, then
the false-negative rate is essentially zero (data not shown). On
the other hand, a weaker inducer, like a glucocorticoid, is more
likely to fall below a predetermined threshold. 37 of the original
hits were synthetic or naturally occurring glucocorticoids. There
were, in fact, 64 glucocorticoids in the library used (data not
shown). Of these, 37 (58%) induced PGC-1� �2-fold, 59 (92%)
induced PGC-1� �1.5-fold, and all of them induced PGC-1�
�1.3-fold (Fig. 1D). Thus, even for very mild inducers of
PGC-1� expression, the false-negative rate is very low (e.g., 8%
for a cutoff of �1.5-fold induction, or 0% for a cutoff of
�1.3-fold). The PGC-1� promoter contains canonical binding
sites for the glucocorticoid receptor (GR), and the GR has been
shown to induce PGC-1� expression in liver (12, 24); the data
here demonstrate this to be true in muscle cells as well.

The most potent inducers of PGC-1� were emetine, aniso-
mycin, and cephaline, all three of which are protein synthesis
inhibitors. Emetine and cephaline are the two main ingredients
of sodium of ipecac, whereas anisomycin is an antifungal agent
often used for academic purposes as an activator of MAPK.
Treatment of primary skeletal muscle myotubes with varying
doses of anisomycin for 16 h demonstrated that as little as 40
ng/ml of drug significantly induced PGC-1� expression, whereas
higher doses induced PGC-1� as much as 40-fold (Fig. 2A).
Similarly, 40 ng/ml of emetine induced PGC-1� 4-fold, whereas
3.3 �g/ml induced PGC-1� 18-fold. Cycloheximide is a well

Table 2. Small molecules identified

n*
Fold

induction†

Confirmed
positives‡

Glucocorticoids 37 2.00–3.65 3 of 3
Tubulin inhibitors 9 2.12–5.34 3 of 3
Protein synthesis inhibitors 5 3.61–73.64 3 of 3
Others 31 2.02–3.22 7 of 31

*n, number of molecules identified in that class.
†Fold induction, over the average signal of the 640 control wells.
‡Confirmed positives indicates molecules that induced PGC-1� �2-fold in a
repeat of the screen.

0

10

20

30

40

50

1.1 3.3

anisomycin

0

4

8

12

0 0.01 0.04 0.12 0.37

(mcg/ml)

emetine

0

5

10

15

20

0 0.01 0.04 0.12 0.37 1.1 3.3

(ng/ml)

0
1
2
3
4
5
6
7
8
9

0 0.07 0.2 0.7 2.2 6.7 20 60
(mcg/ml)

A
N

R
m evita le

R

cycloheximide

A
B

C

0

5

10

15

20

0 2 4 6 24
time (hrs)

A
N

R
m evi tal er

anisomycin

68

0

5

10

15

20

0 2 4 6 24
time (hrs)

A
N

R
m evitaler

1 mcg/ml
200 ng/ml

emetine

34

D

0

4

8

12

16

emetime anisomycin

A
N

R
m evitaler

no tx
+ actino D

0

0.5

1

1.5

2

2.5

cycs esrra cox5b

A
N

R
m evitaler

control
1 day
2 days
3 days

A
N

R
m evitale

R
A

N
R

m evitale
R

Fig. 2. Protein synthesis inhibitors induce PGC-1� in primary skeletal muscle cells. (A) Myotubes were treated with the indicated doses of anisomycin, emetine,
or cycloheximide, and levels of PGC-1� mRNA were evaluated after 16 h. (B) Myotubes were treated with 200 ng/ml or 1 �g/ml of anisomycin or emetine for the
indicated times, and PGC-1� mRNA was measured. (C) PGC-1� mRNA levels in myotubes treated with anisomycin or emetine after pretreatment for 30 min with
actinomycin D. (D) Myotubes were treated with 30 ng/ml of anisomycin for 1–3 days, as indicated, and the mRNA levels of cycs, esrra, and cox5b were measured
by qPCR.
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known inhibitor of protein synthesis that did not score in the
screen here. Nevertheless, it too induced PGC-1� up to 10-fold
(Fig. 2 A), confirming that inhibition of protein synthesis likely
mediates the induction of PGC-1�. It is not clear why cyclohex-
imide did not score in the primary screen. Both anisomycin and
emetine induced PGC-1� within 4 h but had no effect at 2 h
(Fig. 2B), indicating that the mechanism of action is not an
immediate-early response sometimes seen with inhibition of
protein synthesis. Treatment with actinomycin-D, an inhibitor of
transcription, completely blocked the induction of PGC-1� (Fig.
2C), demonstrating that induction occurred at the transcrip-
tional level (or, less likely, by a profound effect on mRNA
half-life). To test the effects of anisomycin on genes known to be
regulated by PGC-1�, cells were treated with anisomycin for up
to 3 days. Only low doses of anisomycin were used, because
higher doses would completely block all synthesis of new protein.
As shown in Fig. 2D, this led to significant induction at 3 days of
several well known PGC-1� target genes, including esrra
(ERR�), cycs (cytochrome c), and cox5b (a subunit of cyto-
chrome oxidase). That mild inhibition of protein synthesis
induces PGC-1� mRNA without totally blocking its translation
suggests that the mechanism involved is more sensitive than
simply a general reduction in protein translation.

The most frequently identified inducers of PGC-1� in this
screen, outside the glucocorticoids, were microtubule inhibitors.
These included colchicine, taxol, podophylotoxin, and nocoda-
zole and a number of similar ‘‘-azoles,’’ all of which induced
PGC-1� 2- to 5-fold (Table 1). Interestingly, both microtubule
destabilizers (e.g., colchicine) and stabilizers (e.g., taxol) scored
positively. Treatment of primary skeletal muscle myotubes with
varying doses of colchicine for 16 h demonstrated that as little
as 10 ng/ml of drug induced PGC-1� mRNA 3-fold (Fig. 3A).
Similarly, 10 ng/ml of taxol induced PGC-1� expression 2-fold;

higher doses did not increase PGC-1� expression much more.
However, treating cells with a combination of a microtubule
inhibitor and a glucocorticoid had a synergistic effect, inducing
PGC-1� mRNA as much as 8-fold (Fig. 3B). Dexamethasone
alone induces PGC-1� only �1.3- to 2-fold (Fig. 3B and data not
shown). The amount of PGC-1� protein was similarly induced,
as determined by Western blotting (Fig. 3C). Microtubule
inhibitors have been reported to affect MAPK signaling (25–27),
and p38 MAPK is known to phosphorylate and stabilize PGC-1�
(28). Treating cells with p38 MAPK inhibitors before exposure
to colchicine abrogated the induction of PGC-1� by colchicine
(Fig. 3D). Inhibition of adenylate cyclase, a known modulator of
PGC-1� expression, had no impact (Fig. 3D). Hence, microtu-
bule inhibitors induce PGC-1� expression and protein levels, at
least, in part, by activation of p38 MAPK.

To evaluate the effects of microtubule inhibitors on genes
known to be regulated by PGC-1�, differentiated primary
skeletal muscle cells were treated with colchicine and dexameth-
asone for up to 3 days. This led to significant induction of a
number of PGC-1� target genes, including esrra, cycs, and cox5b
(Fig. 4A). The requirement for PGC-1� in the induction of these
genes was tested by comparing the response of primary skeletal
muscle cells from wild-type and PGC-1� �/� mice. Three days
of treatment induced PGC-1� target genes in wild-type cells, but
not in PGC-1� �/� cells (Fig. 4B). Taken together, these data
indicate that treating cells with a combination of a microtubule
inhibitor and a glucocorticoid induces a program of genes
involved in oxidative phosphorylation by induction of PGC-1�.

Finally, to examine whether the activation of this PGC-1�-
dependent genetic program led to physiological changes in
oxidative phosphorylation, cellular respiration was measured by
using an oxygen-sensing Clarke electrode. Treatment of cells
with colchicine and dexamethasone for 3 days led to a significant
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30% increase in total respiration (Fig. 4C). Uncoupled respira-
tion, as measured after the addition of the complex V poison
oligomycin, more than doubled (Fig. 4C). These changes mirror
those observed after the introduction of ectopic PGC-1� in cells
(29). Importantly, colchicine and dexamethasone had no effect
on respiration in PGC-1� �/� cells, strongly suggesting that
PGC-1� is required for the effect (Fig. 4C).

Discussion
We have described here a high-throughput method for identi-
fying small molecules that induce PGC-1� gene expression. By
using this method, we identify microtubule inhibitors, glucocor-
ticoids, and protein synthesis inhibitors, as potent inducers of
PGC-1� expression. High-throughput evaluation of gene expres-
sion is generally done by using plasmid-based luciferase assays
(30). These approaches suffer from significant shortcomings,
including the artificial nature of unchromatinized plasmids and
the assumptions that must be made when constructing reporter
plasmids. Methods to assay endogenous gene expression, includ-
ing array-based and bead-based approaches, often have limited
sensitivity/specificity profiles, significant time and cost demands
that prohibit true high throughput, and/or the need for highly
specialized equipment (e.g., refs. 30–35). The screen described
here is simple and relatively inexpensive, allowing for scaling up
to larger libraries of compounds. No machinery other than
standard liquid transfer robotics is needed. Induction of gene
expression by as little as 2-fold can reliably be detected with a
very low false-positive rate. Hence, the screen boasts both a high
sensitivity and specificity. The method is also adaptable to
measuring any gene of interest and, in principle, to cells other
than the primary skeletal muscle cells used here.

Transcription factors have not typically been successfully
targeted in small-molecule screens. In part this is because of their
nuclear location, but in large part it reflects the fact that
transcription factors are generally not highly regulated and most
do not bind ligands (a number of nuclear receptors are a notable

exception). PGC-1�, on the other hand, is highly modulated in
a number of physiological contexts, such as in the liver in
response to fasting and in muscle in response to exercise. A
number of intracellular pathways are known to impinge on
PGC-1�, including signaling by cAMP, AMPK, Ca2�, and p38
MAPK (23, 24, 28, 36–38). It therefore seemed plausible that
small molecules that regulate PGC-1� expression could be
identified. The results shown here demonstrate that this is indeed
the case. It will be of great interest to screen larger libraries,
containing a diversity of compounds, to search for modulators of
PGC-1�.

Microtubule inhibitors have wide clinical use, most often as
antiproliferatives for purposes ranging from antifungal to anti-
neoplastic. Colchicine is also used clinically for the treatment of
gout. Its anti-inflammatory action is thought to be mediated
mostly on inflammatory cells in affected joints. The mechanism
of its action remains incompletely understood. Evidence indi-
cates that PGC-1� may have anti-inflammatory activities (39);
the data presented here suggest the notion that colchicine may
inhibit inflammation at least in part by induction of PGC-1�.

Glucocorticoids are also widely used as anti-inflammatory
agents. Interestingly, the combination of a glucocorticoid and a
microtubule inhibitor had a synergistic effect on the induction of
PGC-1�. Combination therapy is burgeoning as an approach to
harness the usefulness of established drugs. Full activation of
pathways may require multiple hits. Moreover, in principle,
different drugs that synergize on a particular pathway could be
used in smaller doses, thereby minimizing side effects.

Being able to induce PGC-1� pharmaceutically holds great
clinical promise. The induction of PGC-1� in skeletal muscle by
genetic means improves angiogenesis and recovery from isch-
emia (41), blocks the atrophy triggered by denervation (21), and
improves indices of muscle damage in a model of Duchenne’s
muscular dystrophy (22). PGC-1� may also have important
cardioprotective and neuroprotective effects (13–15). Simulta-
neous induction of PGC-1� in all tissues in the body may harbor
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some side effects, such as induction of gluconeogenesis in the
liver (11, 12). Ideally, drugs that target only specific tissues will
be identified. At the same time, certain side effects would
certainly be tolerated in the treatment of lethal and incurable
diseases such as DMD.

Methods
Cells and Reagents. Primary skeletal muscle cells were harvested from 1-wk-old
C57BL/6 mice and grown as described in ref. 40. Cells were amplified through
four to five passages and frozen in batches. C2C12 and 10T1/2 cells were
acquired from American Type Culture Collection. The drug library was from
the Broad Institute. All other drugs were from Sigma. Oligo(dT)-coated plates
were from Qiagen. RT and qPCR reagents were from Applied Biosystems.
Adenovirus encoding for PGC-1� has been described. Oligonucleotides were
purchased from Integrated DNA Technologies. Respiration assays were per-
formed as described in ref. 29.

Primary Screen and qPCR. Cells were thawed in batches immediately into
96-well plates and allowed to grow for 24 h. One hundred nanoliters of
compound was then pin-transferred into each well (final concentration, in

general, 10 �M) by using a CyBi-Well (CyBio) equipped with a 96-pin array.
Twenty-four hours later, cells were washed once in PBS and then lysed in 80
�l of lysis buffer (Qiagen) by using a Multidrop Combi (Thermo Electron).
After 5 min, 30 �l of cell lysate was transferred to 384-well oligo(dT)-coated
plates (using CyBi-Well) and incubated at room temperature for 90 min.
Plates were washed three times with washing buffer (Qiagen) and reverse
transcription was performed in the same well, according to the manufac-
turer’s instructions (Applied Biosystems) in a 5-�l volume, after which the
cDNA-containing mixture was diluted with 20 �l of water. Two microliters
of this solution were then transferred to 384-well qPCR plates (using
CyBi-Well), and 3 �l of master buffer containing PCR oligos and Cyber-
containing mix (Applied Biosystems) were added (using Multidrop Combi).
Quantitative real-time PCR was performed by using an ABI 7900HT instru-
ment. qPCR data were analyzed by using the ��Ct method, with TBP as
internal control and pooled DMSO-treated samples as external control. For
more details on this protocol, see Wagner and Arany (42). All error bars
shown are �/� SEM.
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