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The homeodomain transcription factor Prep1 was previously shown to regulate insulin sensitivity. Our aim was to study the spe-
cific role of Prep1 for the regulation of energy metabolism in skeletal muscle. Muscle-specific ablation of Prep1 resulted in in-
creased expression of respiratory chain subunits. This finding was consistent with an increase in mitochondrial enzyme activity
without affecting mitochondrial volume fraction as assessed by electron microscopy. Metabolic phenotyping revealed no differ-
ences in daily energy expenditure or body composition. However, during treadmill exercise challenge, Prep1 ablation resulted in
a higher maximal oxidative capacity and better endurance. Elevated PGC-1� expression was identified as a cause for increased
mitochondrial capacity in Prep1 ablated mice. Prep1 stabilizes p160 Mybbp1a, a known inhibitor of PGC-1� activity. Thereby,
p160 protein levels were significantly lower in the muscle of Prep1 ablated mice. By a chromatin immunoprecipitation-sequenc-
ing (ChIP-seq) approach, PREP1 binding sites in genes encoding mitochondrial components (e.g., Ndufs2) were identified that
might be responsible for elevated proteins involved in oxidative phosphorylation (OXPHOS) in the muscle of Prep1 null mu-
tants. These results suggest that Prep1 exhibits additional direct effects on regulation of mitochondrial proteins. We therefore
conclude that Prep1 is a regulator of oxidative phosphorylation components via direct and indirect mechanisms.

Obesity can give rise to a multitude of pathological conditions
collectively referred to as the metabolic syndrome. The un-

derlying key metabolic defect is insulin resistance, which can be
caused by ectopic fat storage mainly in muscle and liver (1). Skel-
etal muscle is the major site of oxidative glucose and lipid metab-
olism, and dysregulation of either of these metabolic pathways can
contribute to the development of metabolic diseases such as type 2
diabetes and cardiovascular complications (2).

The Pknox1 gene encodes the homeodomain transcription fac-
tor Prep1 that belongs to the family of TALE (three-amino-acid
loop extension) proteins (3, 4). It dimerizes with Pbx proteins to
increase its target specificity (5–7). Prep1, like most homeodo-
main factors, is also involved in the regulation of development,
and consequently, deletion of Prep1 leads to embryonic lethality.
However, Prep1 hypomorphic mice (Prep1i/i), which express
about 2% of Prep1 mRNA have a survival rate of 25%, whereas the
remaining 75% suffer intrauterine death with developmental de-
fects in hematopoiesis, oculogenesis, and angiogenesis (8). Using
the Prep1 hypomorphic mouse model, it was recently reported
that Prep1 is involved in the regulation of glucose metabolism (9).
Prep1 hypomorphic mice were shown to be more insulin sensitive
than wild-type animals, and it was concluded that this was due to
increased GLUT4-mediated glucose uptake in skeletal muscle (9).
Prep1 hypomorphic mice have other phenotypes relevant to sys-
temic glucose metabolism such as changes in beta-cell prolifera-
tion (9), enhanced hepatic insulin responsiveness, and reduced
hepatic glucose output (10). Therefore, we ablated Prep1 spe-
cifically in skeletal muscle in order to test the hypothesis that
Prep1 is involved in the regulation of energy metabolism in
skeletal muscle.

MATERIALS AND METHODS
Animal studies. Animals were kept in a temperature-controlled room
(22 � 1°C) on a 12-h light/dark cycle with free access to food and water.

All animal studies were conducted in accordance with the NIH guidelines
for the care and use of laboratory animals (11), and all experiments were
approved by the ethics committee of the State Agency of Environment,
Health and Consumer Protection (State of Brandenburg, Germany).

Generation of Prep1 hypomorphic and Prep1-loxP mice was described
elsewhere (8, 12). Briefly, Prep1 hypomorphic mice have a retroviral vec-
tor (VICTR45) inserted into intron 1, and Prep1-loxP mice have loxP sites
flanking exons 6 and 7 of the Prep1 gene. Genotyping of the mice was
performed by genomic PCR on DNA isolated from tail biopsy specimens)
(Fig. 1A, primers A to E). The primers and primer sequences used were as
follows: primer A, GGCACATCGTGAAGTTGGG; primer B, GCAGGTT
AGAAAGGGAGGAC; primer C, CCAAGGGCAGTAAGAGAAGCTCT
GCAG; primer D, CAAAATGGCGTTACTTAAGCTAGCTTGCC; and
primer E, GGAGTGCCAACCATGTTAAGAAGAAGTCCC. All three
mouse lines (Prep1f/f, Prep1i/i, and MCK-Cre) were backcrossed to
C57BL/6 mice for at least 10 generations to minimize variation due to
differences in genetic background.

Body composition was analyzed weekly by nuclear magnetic reso-
nance (NMR) (Minispec LF50; Bruker Biospin Corporation, Billerica,
MA, USA). Energy expenditure and respiratory quotient were measured
by indirect calorimetry as described elsewhere (13).

For assessment of glucose tolerance, animals were not fed for 6 h, and
then they received intraperitoneal (i.p.) injection of 2 mg of glucose/g of
body weight. For insulin tolerance tests (ITT), food was withdrawn for 1
h, and then the mice received 0.75 mU of insulin/g of body weight i.p.
(Actrapid; Novo Nordisk, Mainz, Germany). For glucose tolerance tests
only, blood sugar was measured in blood samples taken from the tail 15,
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30, 60, and 120 min after injection. For random blood glucose measure-
ments, animals were measured in the morning without food withdrawal.

The maximal oxidative capacity and endurance of the mice were mea-
sured on an airtight metabolic treadmill (Columbus Instruments, Colum-
bus, OH, USA) connected to an Oxymax oxygen and carbon dioxide
analyzer (Columbus Instruments, Columbus, OH, USA). The animals
were running on a 20° incline, and the treadmill speed was increased by 2
m/min every 2 min. The treadmill was stopped if any of the following
conditions was met. (i) The mice refused to run any further and remained
on the shock grid for more than 5 s. (ii) The oxygen consumption did not
increase any further after increase of the treadmill speed. (iii) The respi-
ratory quotient rose rapidly over 1, indicating anaerobic conditions.

Mitochondrial properties. Mitochondrial density was assessed by
quantitative PCR (qPCR) amplification of genomic DNA (glucagon) and
mitochondrial DNA (mtDNA) (cytochrome b) in isolated DNA from
tibialis anterior muscle. The ratio of relative abundance values between
mtDNA and genomic DNA was used as an indicator of mitochondrial
density.

For measurement of citrate synthase activity, frozen muscle samples
were homogenized in Tris-EDTA buffer (pH 7.4), and cleared superna-
tant after centrifugation was used for a spectrophotometric assay. The
conversion rate of acetyl coenzyme A (acetyl-CoA) and oxaloacetate to
citrate and CoA-SH by citrate synthase is proportional to the coupled
reaction of CoA-SH and 5,5=-dithiobis(2-nitrobenzoic acid) (DTNB; Sig-
ma-Aldrich) to 2-nitro-5-thiobenzoate (NTB), which was measured at
412 nm.

RNA and protein analyses. For cells and tissue samples, RNA was
isolated according to the manufacturer’s instructions using TRI reagent
(Sigma-Aldrich). RNA integrity was measured on LabChips in an Agilent
bioanalyzer, and RNA concentration was determined spectrophotometri-
cally using a Nanodrop spectrophotometer (Thermo Scientific). For con-
version into cDNA, random primers and the cDNA synthesis kit from
Qiagen were used. Quantitative real-time PCR was performed on Roche
Lightcycler 480 using gene-specific primers and corresponding universal
probe library (UPL) probes (Roche) (Table 1). For muscle samples, the

eukaryotic translation elongation factor 2 (Eef2) was used as an endoge-
nous control. Transcriptional profiling of muscle samples was performed
on Agilent 4�44K whole-genome microarrays by SourceBioSciences
(Berlin). Array results were analyzed by gene set enrichment using the
MetaCore database (Thomson Reuters).

For immunoblot analysis, frozen muscle samples were powdered and
solubilized in radioimmunoprecipitation (RIPA) buffer supplemented
with protease and phosphatase inhibitors (Roche). Protein concentration
was measured in cleared supernatants using the bicinchoninic acid (BCA)
assay (Pierce). Protein (30 �g) was diluted in Laemmli SDS buffer and
separated on an SDS gel. After transfer to a polyvinylidene fluoride
(PVDF) membrane, antibodies against Prep1 (sc-6245; Santa Cruz),
PGC-1� (Cell Signaling), p160 c-myb binding protein 1 (Mybp1) (Invit-
rogen), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Am-
bion), alpha-tubulin (Sigma-Aldrich), and MitoProfile total OXPHOS
rodent WB antibody cocktail (MitoSciences) were used for the immuno-
detection of respective proteins.

Electron microscopy. Mice were transcardially perfused with 2%
paraformaldehyde–2.5% glutaraldehyde. Tibialis anterior (TA) muscles
were isolated and postfixed in the same fixative for 1 day. TA muscles were
washed and cut longitudinally to strips that were 0.5 mm thick. Following
osmification with 2% osmium tetroxide and 1% uranyl acetate en bloc,
staining tissue was routinely dehydrated in methanol gradient solutions
and embedded in epoxy resin. After polymerization, median regions of
the muscle were trimmed for subsequent ultramicroscopic analysis. Im-
ages were taken with a Technai transmission electron microscope at a
magnification of �3,500 using a Gatan charge-coupled-device (CCD)
camera. Multiple images were combined in order to reconstruct an area of
�16 by 16 �m per each muscle fiber analyzed. Images from 25 individual
muscle fibers and 3 animals per genotype were analyzed. Mitochondrial
volume fraction was estimated by superimposing a grid over an image of
muscle fiber and getting a ratio of crossings targeting mitochondria over
the total number of crossings targeting a muscle fiber.

ChIP assay. Chromatin immunoprecipitations (ChIPs) were per-
formed using standard methods as described elsewhere (7) on differenti-

FIG 1 Efficiency of Prep1 ablation in Prep1�SM mice. (A) Genomic organization and genotyping strategy for Prep1f/f and Prep1i/i mice. Primers A to E for genomic
PCR are shown in Materials and Methods. Exons 5 to 8, the FLP recombination target (frt), and transcriptional start site (TSS) are shown. (B) Breeding scheme
for double heterozygous Prep1 mice (i, Prep1 hypomorphic allele; f, Prep1-loxP allele; Cre, Cre recombinase). (C) Prep1 mRNA levels were measured in tibialis
muscle of 8-week-old male Prep1f/� and Prep1�SM mice and expressed in relation to Prep1f/� mice. (D) PREP1 protein levels were detected in nuclear extracts of
tibialis muscle (from 8-week-old mice) and normalized to histone deacetylase 1 (HDAC1) levels. (E) Prep1 expression in heart muscle for Prep1 double
heterozygous (Prep1�SM) and hypomorphic (Prep1i/�) mice. (Bars with the same letters are not significantly different; P 	 0.05 by analysis of variance [ANOVA];
4 to 15 mice/group). Data points are means plus standard errors (error bars). Values that are significantly different (P 	 0.05) from the value for Prep1f/� mice
by Student’s t test are indicated by an asterisk (5 to 8 mice/group).
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ated C2C12 myotubes. We used anti-Prep1 antibody for immunoprecipi-
tation of sheared chromatin fragments. Enrichment for Prep1 binding in
immunoprecipitated chromatin was tested by standard endpoint PCR (30
cycles) as well as qPCR using SYBR green.

Microarray data accession number. Microarray data were deposited
at Gene Expression Omnibus and assigned accession number GSE52424.

RESULTS
Generation of double heterozygous Prep1 MCK-Cre mice. In a
first approach, mice with loxP sites flanking exons 6 and 7 of the
Prep1 gene (Prep1f/f) (Fig. 1A) (described in reference 12) were
crossed with MCK-Cre mice (14). The Cre-expressing offspring
had Prep1 expression in skeletal muscle at a level of about 50%
compared to the non-Cre-expressing mice (data not shown). In
order to increase the efficiency of Prep1 deletion, we combined the
Prep1 flox MCK-Cre mice with Prep1 hypomorphic mice (Prep1i/i)
(Fig. 1A) (8) and crossed Prep1i/� mice with heterozygous MCK-
Cre mice and crossed the resulting Prep1i/� Cre/� mice with Prep1f/f

mice. The double heterozygous Prep1f/i Cre/� offspring (from here
on referred to as Prep1�SM) were used as a model for Prep1 abla-
tion and compared to Prep1f/� �/� mice (referred to as Prep1f/�)
(Fig. 1B). Prep1�SM mice resulting from this breeding strategy had
less than 30% of Prep1 mRNA expression in skeletal muscle com-
pared with Prep1f/� control mice (Fig. 1C). PREP1 protein levels
were significantly reduced to about 60% of Prep1f/� control mice
(Fig. 1D). Since the MCK promoter is also active in heart, we
studied the expression of Prep1 in this organ and detected a 45%
reduction in Prep1�SM mice (Fig. 1E).

Prep1 is a negative regulator of respiratory chain subunits. In
order to identify target genes that are affected by Prep1 ablation,
transcriptional profiling was performed. Therefore, isolated RNA
from tibialis muscle of 8-week-old male Prep1�SM and Prep1f/�

mice was hybridized to Agilent microarrays. This revealed 1,384
differentially expressed genes (P 	 0.05) in response to Prep1 ab-
lation. Gene enrichment analysis (Metacore database) revealed a
significant enrichment of differentially expressed genes involved
in oxidative phosphorylation (OXPHOS) (P 
 0.009). This in-
cluded subunits from all five complexes of the respiratory chain.
Validation of the microarray results confirmed significantly in-
creased expression of succinate dehydrogenase subunit (Sdha)
from complex 2, cytochrome c1 subunit (Cyc1) from complex 3,
and ATP synthase subunit (Atp5k) from complex 5 in Prep1 ab-
lated muscles. The NADH dehydrogenase subunit (Ndufa10;

complex 1) displayed a trend (P 
 0.059) toward increased
expression (Fig. 2A). To further analyze enzymes involved in ox-
idative phosphorylation, we performed immunoblotting for
OXPHOS components and observed significantly increased pro-
tein content for complex 1 (Ndufb8), complex 2 (Sdhb), complex
4 (Mtco1), and complex 5 (Atp5a) (Fig. 2B).

Altered mitochondrial properties in muscle of Prep1 ablated
mice. In order to test whether increased OXPHOS proteins are a
consequence of elevated mitochondrial number, we measured mi-
tochondrial DNA by mitochondrial qPCR (mito-qPCR) and
found significantly increased amounts of mtDNA in muscle of
Prep1 ablated mice (Fig. 3A). In line with this finding was an in-

TABLE 1 PCR primers and corresponding UPL probesa

Gene

Primer sequence

UPL probe or dyeForward (5=–3=) Reverse (5=–3=)
Ndufs2 AGGAAACAGCCCACTGGAA ATGTTGGTCACCGCTTTTTC 63
Ndufa10 GGACATCGAGAATGCGTACA TCGTACACCAACACCTCACAC 69
Sdha TGTTCAGTTCCACCCCACA TCTCCACGACACCCTTCTG 71
Cyc1 TGCTACACGGAGGAAGAAGC CCATCATCATTAGGGCCATC 10
Cox5a TTAAATGAATTGGGAATCTCCAC GTCCTTAGGAAGCCCATCG 17
Atp5k CTAAAACCCCGGGCAGAG GAGAATGCTGTCATCTTGAGCTT 55
Cytc CATTTATTATCGCGGCCCTA TGTTGGGTTGTTTGATCCTG SYBR green
Gluc CAGGGCCATCTCAGAACC GCTATTGGAAAGCCTCTTGC SYBR green
Serca1 AAGGCTCGGGACATCGTT GGATGTCTGCAGGGACTTTG 10
Serca2 CCATGAGCAAGATGTTTGTGA ATGGGGACCTTGGTACTTCC 50
Tnni1 GCCGGAAGTTGAGAGGAAAT CCTGCTCCCAACACTCCTT 16
Tnni2 AGGTGAAGGTGCAGAAGAGC TTGCCCCTCAGGTCAAATAG 17
a UPL, universal probe library.

FIG 2 Expression of respiratory chain subunits in Prep1�SM mice. (A) Sub-
units of complexes I to V in the respiratory chain that were differentially
expressed as detected by microarray analysis were validated by qPCR. (B)
Protein levels of subunits from Prep1�SM muscle samples. Subunits of complex
I (C I) to complex V (C V) from muscle samples from Prep1f/� mice (white
bars) and Prep1�SM mice (black bars) are shown. Data are presented as means
plus standard errors. Values that are significantly different (P 	 0.05) from the
value for Prep1f/� mice by Student’s t test are indicated by an asterisk or by the
P value (10 to 14 mice/group). ns, not significant.
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creased activity of the mitochondrial enzyme citrate synthase in
Prep1 ablated animals, supporting our assumption of enhanced
mitochondrial properties in the absence of Prep1 (Fig. 3B). How-
ever, studies by electron microscopy did not show an increased
mitochondrial volume fraction (Fig. 3C) or changes in the ultra-
structure of mitochondria between control and Prep1�SM mice
(Fig. 3D).

Metabolic phenotyping of Prep1 ablated mice. To investigate
possible metabolic consequences of altered mitochondrial prop-
erties, body weight and composition were measured weekly in
mice kept on a standard diet over a period of 24 weeks. However,
no differences in body weight or composition were detected (Fig.
4B). Whole-body energy expenditure and respiratory quotient of
these animals determined by indirect calorimetry in either the
dark or light phase were not different from those of control mice
(Fig. 4A). Possible consequences of Prep1 ablation in muscle on
the regulation of glucose metabolism were investigated by mea-
suring random blood glucose levels and by testing insulin and
glucose tolerance (at week 8 and 9, respectively). Blood glucose
levels were unaffected (data not shown), and the animals exhib-
ited no differences in insulin or glucose tolerance (Fig. 4C and D).
The reason for this might be the fact that the levels of GLUT4
expression were unchanged in Prep1f/� and Prep1�SM mice in tib-
ialis muscle in contrast to wild-type and Prep1i/i mice (Fig. 4E).

Maximal oxidative capacity and endurance. Given the in-
creased amount of respiratory chain subunits, we hypothesized
that the Prep1�SM mice might show metabolic differences after
exercise challenge. Therefore, oxygen consumption was measured
during forced treadmill running until exhaustion to measure the
peak oxygen consumption (VO2 peak). Interestingly, the maximal
oxidative capacity was significantly higher in the Prep1�SM mice
compared to the controls (Fig. 5A). In addition, Prep1 ablated
mice also performed better and did run a longer distance until
exhausted compared to their control littermates (Fig. 5B).

Maximal oxidative capacity and endurance are also influenced
by heart function, and as mentioned above, Prep1�SM mice do
have decreased expression of Prep1 in the heart (Fig. 1E). There-
fore, we used heterozygous Prep1 hypomorphic mice (Prep1i/�)
with comparable expression of Prep1 (Fig. 1E) in the heart but
significantly more Prep1 expression in muscle (�2.5-fold) to eval-
uate a possible contribution of heart function. Prep1i/� mice did
not have a significantly different maximal oxidative capacity or
changes in endurance capacity (Fig. 5A and B).

The fiber type composition of the muscle can also have a great
influence on endurance and oxidative capacity, and therefore, we
measured fiber type-specific isoforms of sarco/endoplasmic retic-
ulum Ca2�-ATPase 1 and 2 (Serca1 and Serca2, respectively) and
troponins 1 and 2. There was not a difference in Serca2 and tro-
ponin 1, which are predominantly expressed in type 1 fibers, or in
Serca1 and troponin 2, which are mainly found in type 2 fibers
(Fig. 5C).

PREP1 affects PGC-1� activity. The molecular mechanism
behind the altered mitochondrial properties in Prep1 ablated an-
imals was investigated by measuring regulators of mitochondrial
metabolism. The coactivator PGC-1� is well-known as a central
regulator of mitochondrial metabolism and showed increased ex-
pression in our microarray analysis (Fig. 6A). Consistent with the
increase in PGC-1� mRNA, we also found protein levels to be
significantly increased in the muscle of Prep1�SM mice compared
to control mice (Fig. 6B). The activity of PGC-1� depends on the
stability of p160 Mybp1 (p160 c-myb binding protein 1; p160),
which is a known inhibitor of PGC-1� (15). PREP1 interacts with
p160 to protect it from proteasomal degradation (16). Immuno-
blotting of muscle lysates revealed p160 levels to be significantly
decreased in muscle of Prep1�SM mice (Fig. 6C), thereby support-
ing the hypothesis that the increased degradation of p160 indi-
rectly increases PGC-1� activity (Fig. 7C). To test whether in-
creased PGC-1� levels modulate expression of transcription

FIG 3 Mitochondrial properties of Prep1�SM mice. (A) Mitochondrial density in different muscle groups was assessed by the ratio of mitochondrial DNA
(mtDNA; cytochrome b) and genomic DNA (gDNA; glucagon) (6 to 9 mice/group). The muscle samples were from Prep1f/� mice (white bars) and Prep1�SM

mice (black bars). (B) Activity of the mitochondrial enzyme citrate synthase was measured in tibialis muscle homogenates as described in Materials and Methods
(8 mice/group). (C) Mitochondrial volume fraction was measured in ultrathin tibialis muscle sections with electron microscopy (EM). (D) Mitochondrial
ultrastructure in Prep1�SM mice. Data points are means plus standard errors. Values that are significantly different (P 	 0.05) from the value for Prep1f/� mice
by Student’s t test are indicated by an asterisk. n.s., not significant.
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factors that regulate mitochondrial biogenesis, we studied expres-
sion of nuclear respiratory factor (NRF) (NRF1 and -2), Tfam,
estrogen-related receptor (ERR) (ERR�, -�, and -), peroxisome
proliferator-activated receptor (PPAR) (PPAR�, -�, and -), and
liver X receptor (LXR) (LXR� and -�) known to be coactivated by
PGC-1�. As shown in Fig. 6D, no significant differences in the
expression of these candidates were visible in Prep1�SM mice.

Prep1 directly regulates mitochondrial proteins by binding
to the promoter regions of their genes. The indirect effect of
Prep1 on mitochondrial components via the p160 –PGC-1� path-
way does not exclude the possibility that Prep1 also directly affects
expression of mitochondrial proteins. Direct targets of Prep1 as
previously identified by chromatin immunoprecipitation-se-
quencing (ChIP-seq) analysis in embryonic day 11.5 (E11.5)
mouse trunk embryos (7) (GSE39609) were compared to differ-
entially expressed genes in Prep1�SM mice. This revealed 259 genes
with PREP1 binding sites in their promoter region that were dif-
ferentially expressed in skeletal muscle of Prep1�SM mice. Gene
enrichment analysis identified mitochondrial components (Gene

Ontology accession number GO:0005739�mitochondrion) with
16 of the 259 genes as the most enriched category (P 
 9.08E�05)
(Table 2). Among the 16 genes with mitochondrial function were
genes encoding enzymes of the tricarboxylic acid (TCA) cycle
(Ogdh), proteins from complex 1 in the respiratory chain
(Ndufs2), and genes involved in heme biosynthesis (Isca1), trans-
port across membranes (Abcf2), and a novel inhibitor of IRS1
signaling (Macrod1) (Table 2). Binding of PREP1 to the promot-
ers of these genes was validated by ChIP in C2C12 muscle cells
(Fig. 7A and B). This suggests that Prep1 directly binds to the gene
regulatory region of mitochondrial components and thereby in-
hibits their expression.

DISCUSSION

Our results from muscle-specific deletion of Prep1 demonstrate its
important role for the regulation of the OXPHOS system with the
consequence of improved maximal oxidative capacity and endur-
ance during exercise challenge. First, we show that Prep1 ablation
in muscle leads to an increase in mRNA and protein abundance of

FIG 4 Metabolic phenotyping of Prep1�SM mice. (A) Daily energy expenditure (EE) (in kilojoules per day [kj/d]) was measured by indirect calorimetry in
16-week-old male mice (12 to 14 mice/group). The time of day is shown in hours with the light (white background) and dark (gray background) portions of the
light/dark cycle indicated. (B) Body composition was measured weekly by NMR (11 to 32 mice per group per time point). (C and D) Insulin (C) and glucose (D)
tolerance was measured in 8- or 9-week-old male mice (10 mice/group) as described in Materials and Methods. Insulin levels (in micrograms per liter) for the
glucose tolerance test are shown in the inset in panel D. In panels A to D, the mean � standard error values for Prep1f/� mice (white squares) and Prep1�SM mice
(black squares) are shown. (E) Glut4 mRNA was measured by qPCR in tibialis muscle of Prep1f/�, Prep1�SM, and Prep1 hypomorphic mice (Prep1i/i and wild-type
littermates Prep1�/�). The value that is significantly different (P 	 0.05) from the value for Prep1�/� mice by Student’s t test is indicated by an asterisk.
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mitochondrial OXPHOS proteins from all complexes of the respi-
ratory chain and an increased citrate synthase activity. These
changes had no consequences for whole-body energy expenditure
of the mice. This somewhat counterintuitive finding is easily ex-
plained by the huge capacity of skeletal muscle to increase oxida-
tion of energy substrates above resting levels. Skeletal muscle con-
tains enough mitochondria to increase maximal oxygen uptake
during exercise by 150-fold in young trained men, and even for
untrained sedentary men, the increase was estimated to be 30- to
40-fold (17, 18). Whole-body energy expenditure is usually mea-
sured during periods of rest and light activity, conditions that
would not show differences due to increased mitochondrial ca-

pacity. With no changes in daily energy expenditure, it is also not
surprising that body weight and composition were unchanged in
Prep1�SM mice. However, under challenging conditions of tread-
mill exercise, maximal oxygen consumption in Prep1 ablated an-
imals was significantly increased, presumably due to an increased
muscular mitochondrial capacity. This resulted in higher endur-
ance as indicated by the longer distance run by Prep1�SM mice.
Contribution of altered Prep1 expression in the heart can be ex-
cluded as a cause for augmented maximal oxidative capacity, since
we found no changes in VO2 peak in heterozygous Prep1 hypo-
morphic mice (Fig. 5A), which display a Prep1 expression level in
the heart that is similar to that in Prep1�SM mice (Fig. 1E).

Impaired mitochondrial function is intensively discussed as a
possible mechanism underlying insulin resistance. Over a decade
ago, it was shown for the first time that muscle of type 2 diabetics
and obese individuals contains less mitochondria than those of
insulin-sensitive individuals (19, 20). This gave rise to the popular
theory that the decreased ability to oxidize fat in muscle would
lead to accumulation of lipid species and impede insulin action
(21). However, it has not yet been resolved whether mitochondrial
dysfunction is cause or consequence of insulin resistance (22).
One could assume that an increased capacity to oxidize fat
could be very beneficial to overcome insulin resistance as long
as this increased mitochondrial capacity is used. The increase in
OXPHOS components of Prep1�SM mice did not result in im-
proved glucose uptake and insulin action under standard-diet
conditions. However, it is tempting to speculate that Prep1 defi-
ciency may retain insulin sensitivity when mice are challenged by
increased energy intake (e.g., high-fat feeding). Results from our
insulin tolerance tests (ITT) are in contrast to the findings of Ori-
ente and colleagues who reported an increased response to insulin
during ITT in Prep1 hypomorphic mice (9). One possible expla-
nation for this discrepancy is effects of Prep1 ablation in non-
muscle tissues. Indeed, it was reported that Prep1 hypomorphic
mice show a decreased hepatic glucose output and have decreased
glucagon levels in plasma (10) that might contribute to increased
insulin responsiveness during an ITT. Another explanation for
this discrepancy might be different effects on GLUT4 levels in
the two Prep1 mouse models. Whereas Prep1 hypomorphic
mice show a significant increase in Glut4 expression in tibialis
muscle, there is no effect on GLUT4 to be seen in our Prep1�SM

mice (Fig. 4E).
How does Prep1 regulate expression of OXPHOS proteins? A

well-known regulator of muscle oxidative capacity is the tran-
scriptional coactivator PGC-1�, which we found to be signifi-
cantly upregulated in Prep1 ablated muscle. ChIP-seq analysis did
not identify PGC-1� as a direct target of Prep1, suggesting that
PGC-1� is most likely indirectly regulated. Prep1 cannot only
dimerize with Pbx transcription factors and directly bind to DNA
(5), it was also shown to interact with p160 Mybbp1a (16). This
dimerization protects p160 from proteasomal degradation (9).
Interestingly, p160 is a known repressor of PGC-1� activity (15).
Thus, we speculated that p160 is degraded in muscle of Prep1�SM

mice, which blocks the inhibition of PGC-1�, finally resulting in
elevated expression of mitochondrial components. Actually, we
observed a decrease in p160 protein content in Prep1 ablated mus-
cles and the resulting increase of PGC-1� protein content. This
confirms the findings of Oriente and colleagues who described a
p160-dependent regulation of PGC-1� by Prep1 in Prep1 hypo-
morphic mice (9).

FIG 5 Prep1 ablation results in increased maximal oxidative capacity and
endurance. (A) Maximal oxidative capacity of 14-week-old female mice (9 to
12 mice/group) was measured on an airtight motorized treadmill. (B) Maxi-
mal running distance till exhaustion during an exercise challenge on a motor-
ized treadmill (9 to 12 mice/group). (C) Muscle fiber type composition was
determined by measurement of fiber type-specific isoforms of Serca and tro-
ponin in tibialis muscle samples. All data presented are means plus standard
errors, and statistical significance was tested with ANOVA and post hoc pair-
wise comparison (values that are significantly different [P 	 0.05] from the
values for all other genotypes are indicated by the letter a).
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However, this does not exclude the possibility that Prep1 also
has additional direct effects on the expression of mitochondrial
proteins. Interestingly, ChIP-seq identified PREP1 binding sites in
the promoter regions of genes encoding 16 mitochondrial pro-
teins that were also differentially expressed in skeletal muscle in
response to Prep1 ablation. This suggests that Prep1 is a direct
negative transcriptional regulator of mitochondrial proteins in

addition to its indirect effects via p160 –PGC-1�. Most interesting
is the Prep1 binding site in the Ndufs2 gene, which is part of com-
plex 1 in the OXPHOS system. This exemplifies direct effects of
Prep1 on the OXPHOS system by demonstrating PREP1 binding
to a complex 1 subunit gene in muscle cells as well as increased
mRNA and protein abundance for complex 1 in response to Prep1
ablation. Another interesting finding is the Prep1 binding site in

FIG 6 Prep1 ablation activates the p160 –PGC-1� pathway. (A and B) PGC-1� mRNA expression was found to be increased in response to Prep1 ablation as
detected by microarray analysis (4 mice/group) (A), and this translated into higher PGC-1� protein levels (7 mice/group) (B). (C) p160 protein levels were
reduced in muscle of Prep1�SM mice (7 mice/group). (D) Known regulators and interaction partners of PGC-1� were measured by qPCR in tibialis muscle of
Prep1f/� and Prep1�SM mice. In panels A to D, the values for Prep1f/� mice (white bars) and Prep1�SM mice (black bars) are shown. All data presented are means
plus standard errors. Values that are significantly different (P 	 0.05) from the value for Prep1f/� mice by Student’s t test are indicated by an asterisk.

FIG 7 Prep1 binding sites in muscle cells. (A) ChIP-seq results were validated in single ChIP experiments in C2C12 muscle cells. Endpoint PCR revealed
enrichment of promoter regions in samples immunoprecipitated with anti-Prep1 antibody (�Prep1). (B) Quantitative real-time PCR confirmed the enrichment
in �Prep1 samples. (C) Proposed mechanism of how Prep1 influences mitochondrial capacity indirectly via the p160 –PGC-1� pathway and directly as a negative
transcriptional regulator.
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the promoter of Ogdh, which is an enzyme of the TCA cycle. This
complements the finding of increased TCA cycle activity as shown
by the measurement of citrate synthase activity.

Paradoxically, the increase in mtDNA, citrase synthase activity,
and OXPHOS expression we observed in Prep1�SM mice was in-
dependent of mitochondrial volume fraction in muscle as assessed
by electron microscopy. This is somewhat surprising given the
properties of PGC-1� transgenic mice, which show robust effects
on muscle fiber type switch and mitochondrial biogenesis (23).
However, a noteworthy difference is the extent of PGC-1� over-
expression. Whereas we have an increase of about 75% in PGC-1�
protein, the transgenic mice have a much greater increase in
PGC-1� protein (23). Therefore, one might speculate that a mod-
est increase in PGC-1� does not activate mitochondrial biogene-
sis. Indeed, we could not find differential expression of nuclear
respiratory factor 1 and 2, Tfam, ERRs, etc. (Fig. 6D), which are
increased during mitochondrial biogenesis (reviewed in reference
24). In this context, a recent publication is of interest; this publi-
cation showed that a double knockout of PGC-1� and -� results in
a dissociation between mitochondrial number and respiratory
chain capacity (25). It is intriguing to speculate that this finding
for the basal state of mitochondrial muscle function also somehow
applies to our model of modest PGC-1� increase. The precise
mechanism responsible for the observed dissociation between mi-
tochondrial content and expression of OXPHOS components in
our model of muscle-specific Prep1 ablation has to be determined
in further experiments.

An alternative speculative explanation could be changes in the
dynamics of mitochondrial fusion. Interestingly, two factors
known to regulate mitochondrial fusion, optic atrophy 1 and
mitofusin 2, were significantly increased in our array analysis in
response to Prep1 ablation (data not shown).

In summary, we provide evidence that establishes Prep1 as a
negative regulator of OXPHOS proteins in skeletal muscle. Re-

markably, this is achieved by coordinated direct and indirect reg-
ulation of mitochondrial proteins. We have shown here that Prep1
directly binds the promoter region of mitochondrial proteins,
which are differentially expressed in response to Prep1 ablation in
skeletal muscle. In addition, indirect effects of Prep1 on mito-
chondrial proteins are mediated via a recently discovered pathway
that involves dimerization of Prep1 and p160, which is thereby
stabilized and can exert its inhibitory function on PGC-1� activ-
ity. The combination of direct transcriptional control and in-
creased PGC-1� activity in response to Prep1 ablation leads to
enhanced mitochondrial capacity reflected in a higher maximal
oxygen consumption and endurance.
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