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Mammalian skeletal muscle is broadly characterized by the presence
of two distinct categories of muscle fibers called type | “red” slow
twitch and type Il “white” fast twitch, which display marked differ-
ences in contraction strength, metabolic strategies, and susceptibil-
ity to fatigue. The relative representation of each fiber type can
have major influences on susceptibility to obesity, diabetes, and
muscular dystrophies. However, the molecular factors controlling
fiber type specification remain incompletely defined. In this study,
we describe the control of fiber type specification and susceptibility
to metabolic disease by folliculin interacting protein-1 (Fnip1). Using
Fnip1 null mice, we found that loss of Fnip1 increased the represen-
tation of type | fibers characterized by increased myoglobin, slow
twitch markers [myosin heavy chain 7 (MyH7), succinate dehydro-
genase, troponin | 1, troponin C1, troponin T1], capillary density,
and mitochondria number. Cultured Fnip7-null muscle fibers had
higher oxidative capacity, and isolated Fnip7-null skeletal muscles
were more resistant to postcontraction fatigue relative to WT skel-
etal muscles. Biochemical analyses revealed increased activation of
the metabolic sensor AMP kinase (AMPK), and increased expression
of the AMPK-target and transcriptional coactivator PGC1a in Fnip1
null skeletal muscle. Genetic disruption of PGC1a rescued normal
levels of type | fiber markers MyH7 and myoglobin in Fnip7-null
mice. Remarkably, loss of Fnip1 profoundly mitigated muscle dam-
age in a murine model of Duchenne muscular dystrophy. These
results indicate that Fnip1 controls skeletal muscle fiber type spec-
ification and warrant further study to determine whether inhibition
of Fnip1 has therapeutic potential in muscular dystrophy diseases.

folliculin | BHD | AMPK | mTOR | PGCla

ammalian skeletal muscle is composed of a mosaic of

muscle fiber types (type I, type Ila, type IIb, and type 1Ix),
which are categorized based on differences in the abundance of
myosin heavy chain (MHC) proteins, mitochondria, and capillary
density, strength, fatigue resistance, and metabolic strategies (see
ref. 1 for review). Type I “slow twitch” fibers are deep red in
color because of high concentrations of myoglobin and high
densities of blood capillaries, which support sustained aerobic
activity. Type I fibers are also rich in mitochondria, have in-
creased contraction endurance with lesser strength potential, and
use predominantly oxidative phosphorylation for energy pro-
duction. In contrast, type IIb “fast twitch” fibers are pale in color
due to low concentrations of myoglobin, contain comparatively
low numbers of mitochondria, and rely more heavily on anaer-
obic glycolysis for energy production. These characteristics allow
type II fibers to have considerable strength and contraction
speed, but only for short anaerobic bursts of activity before the
muscles fatigue. Type Ila/x fibers have hybrid characteristics
between type I and type IIb fibers in that they have intermediate
numbers of mitochondria and oxidative potential resulting in
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moderate strength and improved resistance to fatigue. Because
slow twitch fibers use predominantly fatty acid oxidation for
energy production, increasing the representation of type I fibers
provides increased protection against obesity and related meta-
bolic disorders including diabetes (2-5). Hence, identifying mol-
ecules that regulate fiber type conversion can profoundly impact
susceptibility to metabolic diseases and can influence the patho-
physiology of muscular dystrophies.

Over the last decade, studies using transgenic and knockout
mice, and chemical agonists and antagonists, have resulted in the
identification of several factors that regulate skeletal muscle fiber
type differentiation. In particular, the master metabolic sensor AMP
kinase (AMPK) has emerged as a key regulator of mitochondrial
biogenesis, type 1 fiber type specification, and endurance adapta-
tions during chronic exercise (6, 7). AMPK is activated in response
to metabolic cues such as low energy (high AMP/low ATP), changes
in intracellular Ca®*, and exercise (see ref. 8 for review). Upon
activation, AMPK helps maintain energy homeostasis by stimu-
lating mitochondrial biogenesis, ATP production, and autoph-
agy, while concurrently inhibiting ATP consumption mediated by
mammalian target of rapamycin (mTOR), a major regulator of
cell growth and protein synthesis. AMPK regulates muscle metab-
olism and differentiation by synergizing with Ca** signaling to
modulate expression and stability of the transcriptional regu-
lators peroxisome proliferator-activated receptor-y coactivator-la
(PGCla) and PGCIp, which further activate entire genetic
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programs involved in mitochondrial biogenesis, oxidative metab-
olism, and slow twitch fiber specification (9-12). However, the
molecules that link AMPK and PGCla to fiber type specification
are poorly understood.

Through the use of a random ENU mutagenesis strategy in
mice to identify novel immune regulatory genes (13), we pre-
viously identified a novel mouse pedigree that lacks expression of
folliculin interacting protem 1 (Fnip1) due to a 32-bp deletion in
the Fnipl gene (14). Fnipl ™'~ mice were identified by an absence
of B lymphocytes, which was attributed to a block in B-cell de-
velopment and survival at the pre-B-cell stage. Although the
functions of Fnipl are poorly understood, Fnipl protein inter-
acts with folliculin, Fnip2 (a related Fnip family member), and
all three subunits (o, B, y) of AMPK (15-17). Mutations in the
Bhd gene encoding folliculin results in Birt-Hogg-Dube (BHD)
Syndrome, a rare human condition characterized by hamartoma
formation, pulmonary cysts, and development of renal tumors
(18). In the current study, we found that the loss of Fnip1 results
in a pronounced shift of skeletal muscle fiber type toward type I
slow twitch and type Ila mixed fibers, due in part to increased
activation of PGCla. These results identify a previously un-
identified pathway involving Fnip1l in the differentiation of skel-
etal muscle fiber types and suggest that Fnipl may be part of
a complex linking AMPK with PGCla.

Results

Loss of Fnip1 Increases the Representation of Type | Skeletal Muscle
Fibers. Upon gross observation, skeletal muscle from Fnipl™~
mice appeared dark red in coloration compared with wild-type
(WT) skeletal muscle (Fig. 14 and Fig. S1). Because slow-twitch
fibers appear deeper red relative to fast-twitch fibers, we in-
vestigated whether loss of Fnipl alters the composition of skel-
etal muscle fiber types We stained sections of gastrocnemius
muscles from Fnipl~'~ and WT mice for enzymes and proteins
that are differentially expressed in type I relative to type IIb
fibers, including succinate dehydrogenase (SDH; a mitochon-
drial enzyme involved in oxidative respiration), metachromatic
ATPase (pH 4.7) (which allows for differential myofibrillar stain
uptake), and slow twitch-specific myosin heavy chain 7 (MYH?7).
As shown in Fig. 1B, WT gastrocnemius (lateral head) muscles
consisted of a mixture of SDH™ type I and SDH™ type IIb fibers.
However, Fmp] muscle contained almost exclusively SDH*
fibers. Fmp] ~ muscle also contained an excess of ATPase™
(Fig. 1C), MyH7" (Fig. 1D and Fig. S1), and MyH2" myofibers
(Fig. S1) relative to WT muscle. Transmission electron micros-
copy also revealed 1ncreased numbers of subsarcolemmal mito-
chondria in Fnipl™~ muscle relative to WT muscle (Fig. 1E).
Morphometric analyses with anti-wheat germ agglutinin (WGA)
and anti-CD31 (to identify capillaries) showed that FnipI-null
muscle fibers are smaller in diameter (Fig. 1F) and contain in-
creased numbers of capillaries relative to WT muscle fibers (Fig.
1G), which is consistent with increased representation of slow-
twitch myofibers.

To further define the apparent shift in muscle fiber types
following the loss of Fnip1, we performed quantitative real-time
PCR (qPCR) and immunoblotting to determine the abundance
of mRNA and proteins characteristic of type I versus type IIb
myofibers. qPCR revealed an ~threefold increase in Myoglobin
mRNA expression in Fmp] skeletal muscle compared with
controls, and pronounced increases in mRNA expression of cy-
toskeletal markers of slow twitch muscle including Troponin I
slow (Tnnil), Tnncl, Tnntl, and MyH7 (Fig. 2A4), with corre-
sponding decreases in the transcript levels of MyH4, which is
a marker of type IIb fast-twitch fibers (Fig. 2B). Immunoblot
analyses confirmed significant increases in Myoglobin, MyH?7,
and cytochrome C proteins in Fnipl null gastrocnemius muscle
compared with WT muscle (Fig. 2C).

Because increased activity could theoretically result in in-
creased oxidative fibers in Fmpl mice, we measured ambu-
latory activity levels in Fmpl versus Fnipl*'~ mice. We found
no significant difference in activity levels during either the light
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Fig. 1. Fnip1 null skeletal muscle is characterized by deep red coloration;
increased SDH, ATPase pH 4.7, and MyH7 staining; increased mitochondria,
decreased myofibril size, and increased capillary density indicative of slow
twitch skeletal muscle. (A) Representative photographs showing WT and
Fnip1’/’ skeletal muscle after euthanasia. (B-D) Immunohistochemistry
staining of mitochondrial and slow twitch myofiber markers was performed
on cross-sections of the lateral head, gastrocnemius muscle. Shown are
representative SDH (B); ATPase (pH 4.7) (C); and myosin heavy chain 7
(MyH?7) (D) stained sections from n = 3-5 8-wk-old mice per group. (E) Increased
mitochondria in Fnip1™~ muscle. Electron micrographs of the gastrocnemius
muscle taken from 8-wk-old male mice. Shown are representative 1,000x
images. (F) Representative wheat germ agglutinin (WGA) stained cross-sections
of WT and Fnip1 null gastrocnemius muscles. Images were analyzed by fluo-
rescence microscopy, and cross-sectional area was measured. Bar graphs depict
relative fiber size distribution of a total of 100 individual fibers per genotype
(n = 3 mice per group). Wt mean = 3,929 (pixels per fiber), Fnip1"‘ mean =
2,199 (pixels per fiber); P values shown. (G) Increased capillary density in
Fnip1~'~ relative to WT gastrocnemius muscle. Sections from 8- to 12-wk-old
mice were stained with WGA and anti-CD31. Shown are representative im-
munofluorescence photos. Graphs represent the mean and SEM of four
Fnip1~"~ and 4 Fnip1*"~ gastrocnemius muscles. P values are shown. (Scale
bars: B, D, and G, 100 ym; E, 2 pm.)

or dark cycles (Fig. S2). These results collectively suggest that
loss of Fnip1 results in a significant shift in the representation of
skeletal muscle fibers from fast twitch type IIb to slow twitch type
I and mixed type Ila fibers.

Fnip1 Null Skeletal Muscle Contains Increased Numbers of Highly
Functional Mitochondria. To further define the role of Fnipl in
fiber type specification, we assessed the normal levels of Fnipl
protein in muscles with type IIb characteristics [extensor digitalis
longus (EDL) and gastrocnemius] versus type I characteristics
(Soleus). We found that in WT skeletal muscles, Fnipl protein is
expressed in muscles rich in type IIb fibers (EDL, gastrocne-
mius), but is low or absent in soleus muscles, which are rich in
type I fibers (Fig. S3). These results are consistent with the no-
tion that Fnipl has a role in fiber type specification. To char-
acterize the consequences of Fnip1 loss on the metabolic capacity
of muscle fibers, we assessed levels of key mitochondrial gene
transcripts and measured the metabolic capacity of myoﬁbrlls
from Fnipl~~ and WT gastrocnemius muscle. gPCR analysis in-
dicated that relative to WT muscle, disruption of Fnip1 resulted
in increased levels of mitochondrial gene transcripts including
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Fig. 2. Fnip1 null skeletal muscle expresses increased levels of slow twitch-
specific genes and proteins. (A and B) Gastrocnemius muscle RNA was
extracted from 8-wk-old male mice. Gene expression was measured by qPCR.
Shown are the means + SEM from 4 to 6 mice per group. mRNA expression
levels are shown as Fnip1~~ relative to WT mice. (C) Immunoblotting of
proteins characteristic of slow twitch muscle fibers. Proteins were isolated
from gastrocnemius muscle. Shown are representative immunoblots show-
ing three independent mice per group. Gapdh is shown as loading controls.
P values are shown (Student'’s t test).

cytochrome B (Cytb), ATP synthase lipid binding protein
(Atp5yI), and uncoupling protein 3 (Ucp3) (Fig. S3).

To assess the functional consequences of the increased mito-
chondria mass in Fmpl /= skeletal muscle, we isolated adult
myofibers from Fnipl '~ and WT mice and assessed basal bio-
energetic metabolism by using the Seahorse XF analyzer, which
measures oxygen consumption rate (OCR; a measure of ox1dat1ve
phosphorylation) on live cultured cells. We found that Fripl ™~
myofibrils exhibit significantly increased basal OCR relative to
WT myofibrils (Fig. S3), suggesting that disruption of Fnip! results
in a pronounced expansion of functional mitochondria.

To better define this observed metabolic shift, we performed
targeted metabolomics using liquid chromatography tandem
mass spectrometry (LC-MS/MS) to measure alterations in levels
of 158 metabolites assoaated with major metabolic pathways.
We found that Fnipl ™'~ gastrocnemius muscle contained in-
creased metabolites associated with amino acid signaling (glu-
tamine, asparagine, and glutamic acid), and progression of the
TCA cycle (a-ketoglutaric acid, aconitate), consistent with in-
creased mTOR signaling (further discussed below) and increased
oxidative metabolism (Table S1). Collectively, our results are
consistent with a normal role for Fnipl in the generation and/or
maintenance of type IIb fibers, and a shift to oxidative type I and
IIa fibers following disruption of FnipI.

Increased Activation of AMPK and PGC1c in Fnip1 Null Skeletal Muscle.
Because Fnipl directly interacts with AMPK, we compared RNA
and protein levels of components of the AMPK signaling pathway
in gastrocnemius muscle from Fripl ™~ and WT mice. Levels of
phosphorylated AMPK and phosphorylated acetyl CoA carbox-
ylase 1 (ACC1) were increased in Fnipl ~'~ skeletal muscle relative
to WT muscle, which is indicative of activated AMPK (Fig. 34).
Expression of the AMPK target and transcriptional coactivator
PGCla was significantly elevated at both the protein (Flg 3A4) and
mRNA (Fig. 3B) level in skeletal muscle from Fnipl ™~ relative to
WT mice (19, 20). Transcript levels of Ppara, Ppard, and PGCIp
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(coactivation targets of PGCla) (6) were also increased in Fripl ™~
mice. These results collectively suggest that disruption of Fnipl
results in increased basal activation of AMPK, which targets
multiple transcriptional programs controlled by its substrates
including PGCla (6).

Increased mTORC1 Activity in Fnip1 Null Skeletal Muscle. Mammalian
target of rapamycin consists of the rapamycin-sensitive mTORCI1
complex (mTOR, Raptor, Pras-40, Deptor, mLST8) and the
rapamycin-insensitive mMTORC2 complex (mTOR, Rictor, mSinl,
Protor, Deptor, and mLST8) (21). mTORCI1 promotes cell growth
by inducing protein synthesis and cell cycle progression in re-
sponse to amino acids and growth factors. In contrast, mMTORC2
regulates cell survival and cytoskeletal organization in response
to growth factors. Under energy-deficient conditions, activated
AMPK inhibits energy consuming cellular growth driven by the
mTORCI pathway in part by phosphorylating and activating the
mTORCI1 inhibitor TSC2, and by phosphorylating and inhibiting
the mTORCl-activating adaptor Raptor (8). Because mTORC1
has been shown to enhance mitochondrial biogenesis in skeletal
muscle, we sought to determine whether mTORC is regulated by
Fnipl. Immunoblot analysis revealed increased phosphorylation
of ribosomal S6 protem (S6R) and EIF4E-binding protein 1
(P-4EBP1) in Fnipl™~ gastrocnemius muscle relative to WT
muscle (Fig. S4). P-S6R and P-4EBP are downstream products
of mTORCI1 activation and are commonly used as markers of
mTORCI activity. mTORCI is also regulated by a negative-
feedback loop resulting in reduced expression of growth factor
receptors and decreased PI3K signaling (21). Indeed, we found
a reduction of biphosphorylated glycogen synthase kinase-3
(GSK-3) which is phosphorylated by protein kinase B (AKT), a
downstream effecter of PI3 kinase (Fig. S4). Inhibition of GSK
activation is likely a consequence of mTORCT1 self-regulation
through inhibition of PI3-kinase and subsequently AKT.

We next examined whether hyperactive mTOR might be re-
sponsible for the shift in skeletal muscle fiber type following dis-
ruption of Fnipl. We treated Fnipl™~ mice with the mTORC1
inhibitor rapamycin beginning at conception (i.e., breeding pairs
were treated with rapamycin diet) through weaning until 6 wk of
age when gastrocnemius muscles were harvested and analyzed.
We found that long-term rapamycin treatment failed to reduce
levels of the slow twitch markers MyH7, myoglobin, and PGCla in
Fnipl™~ mice relative to WT mice despite inhibition mTORCI
activity (pS6R) to below basal WT levels (Fig. S4). These results
collectively support a role of Fnipl in skeletal muscle fiber type
representation relatively independent of mTORCI.

Fnip1 Null Skeletal Muscle Is More Resistant to Fatigue. To investigate
the functional significance of the shift in fiber type following
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Fig. 3. Fnip1™ skeletal muscles exhibit hyperactivation of the AMPK/PGCla
pathway. (A) Immunoblots were performed on protein lysate extracted from
gastrocnemius muscles of age- and sex-matched mice. Shown are representa-
tive immunoblots from five mice of each genotype. Numbers 1, 2, and 3 rep-
resent individual mice of each genotype. (B) Expression of ERRa, Ppara, Ppard,
PGC1a, and PGCI1B were determined via gPCR on RNA extracted from the
gastrocnemius of age- and sex-matched mice. Shown are bar graphs depicting
the mean + SEM from six mice per group.
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Fig. 4. Fnip1 null skeletal muscles are more resistant to fatigue and have
more rapid postcontraction recovery. (A) Reduced mass of gastrocnemius
muscle isolated from Fnip1~~ mice relative to WT mice. Shown is the mean +
SEM from four mice per group. (B and C) Fnip1™"~ mice produce reduced
specific force (B) and peak force (C) relative to WT mice. Contraction force
measurements were performed in situ on gastrocnemius muscle from
anesthetized 8-wk-old male Fnip7™~ and WT mice in situ. n = 4 mice per
group. (D) Fnip1~~ mice exhibit decreased postcontraction refractory dura-
tion relative to WT mice. The isolated muscle was stimulated to contract
every 2 s for a total of 4 min. Subsequent to repeated contraction muscle was
allowed to rest for a period of 3 min, directly followed by a single stimula-
tion and measurement of the resulting recovery force. Red bar, Fnip1™~ (n =
4); black bar, WT control (n = 4). This protocol was repeated at an interval of
5 min. (E) Improved percent postcontraction recovery following disruption
of Fnip1. Shown are the mean and SEM from 4 mice per group. *P < 0.05;
**P < 0.01; ***P < 0.005 (Student’s t test).

disruption of Fnipl, we performed an in situ muscle fatigue assay
to evaluate contraction characteristics of single isolated gastroc-
nemius muscle bellies from anesthetlzed FnipI™~ and WT mice.
We found that intact Fnipl 7~ muscles were smaller than that of
the WT controls (Fig. 44 and Fig. S1). Fnipl~'~ muscles produced
significantly reduced peak force and specific force capacity com-
pared with WT mice (Fig. 4 B and C). Following repeated stim-
ulatloni contraction forces dropped progressively in both WT and
Fnipl™™ mice, reaching trough force levels after 60 s (Fig. 4D).
However, whereas Fnipl™~ mice plateaued at ~50% of peak
force, WT mice dropped much further to ~30% of peak force
(Fig. 4D). Following repeated contraction, Fnipl null mice re-
covered significantly faster than WT controls, returning to 100%
of baseline peak force within 3 min after contraction (Fig. 4E),
whereas WT gastrocnemius muscles remained at ~85% peak
force. The reduction in muscle size, increased endurance, and
resistance to fatigue following disruption of Fnipl are consis-
tent with a shift in fiber type ratio toward highly oxidative slow
twitch fibers.

Loss of Fnip1 Stimulates Type | Fiber Type Differentiation in a PGCla-
Dependent Manner. PGCla is a key driver of metabolic reprog-
ramming, mitochondrial biogenesis, and type I oxidative fiber
specification in skeletal muscle. Because disruption of Fnipl
results in increased expression of PGCla (Fig. 3), we sought to
determine whether the muscle fiber shift observed in Fripl ™~
mice is due in part to the induction of PGCla. We bred Fnipl ™~
mice with PGCla null mice (22) to generate Fnipl 7~ PGClo™'~
double-null mice. Upon gross examination, dlsruptlon of PGCla
partially restored normal coloration of Fnipl ™~ skeletal muscle
(Fig. 54). Immunoblot analysis of gastrocnemius muscle re-
vealed a pronounced reductlon in MyH7 cytochrome C, and
total myoglobm in Fnip]”~ PGCla™'~ mice compared with
Fnipl™~ mice (Fig. 5B), suggesting a significant reduction in the
representation of slow twitch fibers. These findings identify
PGCla as an essential mediator of the oxidative muscle fiber
shift seen in Fnipl null mice.

Reyes et al.

Disruption of Fnip1 Mitigates Muscular Dystrophy in a Murine Model
of Duchenne Muscular Dystrophy. Duchenne muscular dystrophy
(DMD) is a fatal recessive X-linked hereditary disease charac-
terized by progressive muscular dystrophy, which ultimately leads
to paralysis and death from respiratory and/or cardiac failure
(23). DMD is caused by mutations in the DMD gene encoding
dystrophin (24-26), a subsarcolemmal protein that functions as
part of the dystrophin-associated glycoprotein complex (DGC).
Disruption of the DGC in DMD leads to mitochondrial dys-
function, sarcolemmal ruptures, muscle necrosis, and irreversible
muscle wasting. Because Fnipl™~ skeletal muscle contains in-
creased numbers of functional mitochondria, we determined
whether disruption of Fnipl could amehorate the dystrophlc
pathology in DMD. We bred Fnipl™~ mice to Dmd™*
(mdx4CV) mice (27), which have a nonsense codon in exon 53
resulting in the absence of dystrophin protein (28). To examine
the effects of Fnipl loss on muscle morphology in mdx4CV mlce
we stained cross-sections of WT, Fnipl~~, mdx4CV, and Fmpl
mdx4CV gastrocnemius muscle with hematoxyhn and eosin, and
anti-WGA combined with DAPI, to better visualize the sarco-
lemma and nuclei. We found that muscle fibers from mdx4CV
mice have increased numbers of centralized nuclei, which
reflects fiber regeneration following muscle injury (Fig. 64 and
Fig. S5). Concurrent disruption of Fnipl in mdx4CV mice led to
a ~50% reduction in the percentage of centrally located nuclei.
Disruption of Fnipl also prevented extravasation of Evans blue
dye (EBD) 20 h after i.v. injection (Fig. 6B and Fig. S5). EBD
extravasation is a common measure of increased vascular and
cellular permeability that occurs following muscle damage. To
further assess the potential benefits of Fnipl loss on inhibiting
muscle damage in mdx4C)V mice, we measured levels of serum
creatine kinase (CK), which is a sensitive measure of muscle
damage. As expected, mdx4CV mice had a ~14-fold mean in-
crease in levels of CK relative to WT mice (Fig. 6C). Re-
markably, dlsruptlon of Fnipl profoundly reduced CK levels in
Fnipl”"mdx4CV mice to levels similar to that of WT mice.
Prevention of muscle damage was not likely due to compensatory
up-regulation of the dystrophin homolog utrophin, which was re-
duced in Fripl ”~mdx4CV mice relative to mdx4CV mice (Fig. 6D
and Fig. S5). These results indicate that inhibition of Fnip1 provides
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Fig. 5. Disruption of PGC1a reduces levels of oxidative type 1 fiber markers
in Fnip1 null mice. (A) Fnip1™~PGC1a~'~ double null mice display an inter-
mediate skeletal muscle coloration phenotype relative to WT and Fnip1~~
mice. Shown is a representative photograph from 4 mice per group. (B) Im-
munoblots were performed on protein lysate extracted from the gastrocnemius
muscles of age- and sex-matched mice. Note reduction in MyH7, Myoglobin, and

cytochrome C proteins in Fnip1™~Pgcla™ versus Fnip1™~ mice.
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Fig. 6. Disruption of Fnip1 significantly reduces muscle fiber damage and
restores muscle fiber integrity in muscular dystrophy mice. Fnip7™'~ mice
were bred to mdx4CV mice to generate mice of the indicated genotypes. (A)
Quadriceps muscles were stained with hematoxylin and eosin (H and E), and
wheat germ agglutinin plus DAPI, which assists in visualizing plasma mem-
branes and nuclei. Nuclei were counted in 10 random fields per genotype
(n = 3 per genotype) in a blinded fashion. (B) Loss of Fnip1 expression sig-
nificantly reduces extravasation of EBD in mdx4CV mice. Shown are repre-
sentative images of cross-sections of gastrocnemius muscle harvested from
mice of the listed genotypes. Dye leakage was analyzed by fluorescent mi-
croscopy. (C) Inhibition of Fnip1 significantly reduces serum creatine kinase
levels in mdx4CV mice. Creatine kinase levels were determined by colori-
metric assay. n = 5-6 mice per group. (D) Utrophin protein expression in de-
creased in Fnip1™'~ mice. Protein was extracted from quadricepts muscle, and
utrophin was measured by immunoblotting. Bar graphs represent the mean +
SEM of three mice per genotype. P values are shown (Student’s t test).

significant protection against muscle damage in the mdx4Cl model
of Duchenne muscular dystrophy.

Discussion

The benefits of endurance exercise on skeletal muscle function
and resistance to obesity occur in part through the metabolic
reprogramming of myofibers, which results in increased utiliza-
tion of fatty acids, improved resistance to fatigue, and increased
protection against obesity and metabolic diseases including di-
abetes and cardiovascular disease (2-5). In this study, we found
that disruption of Fnipl results in a shift in skeletal muscle fiber
type from predominantly type IIb glycolytic fibers to type I and
type Ila oxidative fibers that are rich in mitochondria and
capillaries and preferentially use oxidative phosphorylation over
glycolysis. Our results identify Fnipl as an integral member of a
signaling pathway involved in programming skeletal muscle fiber
specification, and suggest that inhibition of Fnipl has “exercise
mimetic” properties, which has potential to profoundly impact
overall metabolic health.

How might Fnip1 regulate fiber type specification? AMPK is
hyperactivated in Fnipl null muscle based on increased phos-
phorylation of AMPK at Thr172, and increased phosphorylation
of ACC1, an AMPK target involved in lipid metabolism. AMPK
was shown to be a major signaling molecule involved in speci-
fying skeletal muscle fiber type differentiation and mitochondrial
biogenesis (29) in response to endurance exercise and chronic
energy deprivation. For example, gain-of-function mutations in
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the AMPK y3 subunit in mice increased mitochondrial bio-
genesis and oxidative potential in glycolytic skeletal muscle, and
provided protection from dietary-induced insulin resistance (30).
Similarly, exercise training and the AMPK agonist AICAR in-
creased oxidative fibers, running endurance, and glucose uptake
in adult mice (6, 31). Conversely, reduced AMPK activity in
AMPKo2 (32, 33) or AMPK B1p2 null mice (34) lead to de-
creased skeletal muscle mitochondrial function and increased
insulin resistance (31, 35). Thus, our results are consistent with
Fnipl regulating mitochondrial biogenesis and fiber type de-
termination in part by directly or indirectly regulating AMPK.
Because our study was performed by whole body deletion of
Fnipl, we cannot discern whether the shift in skeletal muscle
fiber type is autonomous to muscle cells. However, activity levels
were not increased in Fnipl ™~ mice, suggesting that increased
activity is not causing the shift in fiber representation.

To further define the mechanism whereby Fnipl regulates
mitochondrial biogenesis and fiber type determination, we
assessed levels of PGCla, a master transcriptional coactivator
known to regulate these processes downstream of AMPK.
PGCla, and the related PCG1p, have been shown to initiate
a program of mitochondrial biogenesis and oxidative phosphor-
ylation by increasing transcription of components of the electron
transport chain, TCA cycle, and fatty acid oxidation (36). PGCla
is preferentially expressed in “red” oxidative fibers, and trans-
genic expression of PGCla (4) or PCG1p (5) in skeletal muscle
fibers increases mitochondrial content, cellular respiration, and
fatigue resistance. In our study, we found that disruption of
Fnipl results in increased levels of PGCla transcripts and pro-
tein. Genetic disruption of PGCla significantly reduced ex-
pression of the slow-twitch specific MyH7, myoglobin, and
cytochrome C in PGCla™"Fnipl™~ relative to Fnipl ™~ gas-
trocnemius muscles. These results demonstrate that disruption
of Fnipl results in increased levels of PGCla protein, which,
in turn, contributes to increased mitochondrial biogenesis and
muscle fiber type switch.

It is not clear how loss of Fnipl results in increased PGCla.
Fnip1 physically interacts with folliculin, Fnip2, HSP90, and all
three subunits of AMPK. AMPK stimulates mitochondria bio-
genesis and increases oxidative phosphorylation resulting in ATP
production, in part by increasing expression of PGCla and by
phosphorylating PGCla (20), resulting in increased protein
stabilization. Other studies have shown that AMPK phosphor-
ylates both Fnip1 and folliculin (15), and inhibition of folliculin
in mice also induces mitochondrial biogenesis and skeletal
muscle fiber type switch in a PGCla-dependent manner (37).
Hence, the complex of Fnipl and folliculin may function in
a negative feedback loop to inhibit or “turn off” AMPK, PGCla,
and oxidative metabolism following AMPK activation (Fig. S6).
In the absence of Fnipl or folliculin, AMPK is hyperactivated,
resulting in increased PGCla expression and oxidative metabo-
lism. Consistent with this notion, a recent study concluded that
folliculin represses AMPK activation and PGCla up-regulation
in primary mouse embryonic fibroblasts (38), and a separate study
concluded that folliculin represses AMPK in Caenorhabditis
elegans (39), although mechanism(s) for repression were not de-
termined in either study. However, whereas loss of Fnipl mimics
many aspects of AMPK activation in skeletal muscle, there are
also important differences. For example, others have shown that
activated AMPK inhibits cell growth by inhibiting mTOR. We
found that both AMPK and mTOR are hyperactivated in Fnipl =~
skeletal muscle, pre-B cells, and iNKT cells (40), suggesting that
Fnip1 could have several functions including “turning off” AMPK
following activation and coupling AMPK to mTOR inhibition.

Muscular dystrophy diseases are often typified by defective
mitochondria (41), and slow oxidative fibers have been shown to
be more resistant to dystrophic pathology than fast, glycolytic
fibers (42). In this study, we found that inhibition of Fnipl
attenuates severe dystrophic pathology in the mdx4CV murine
model of DMD (43). Overexpression of PGCla specifically in
skeletal muscle also protects against muscle dystrophy (44),
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suggesting that inhibition of Fnipl may act in part through in-
duction of PGCla. Given the role of Fnipl in skeletal muscle
fiber type differentiation, capillary density, mitochondrial bio-
genesis, and resistance to fatigue, these results warrant further
investigation as to whether pharmacological inhibition of Fnipl
may provide an innovative strategy to improve muscle function
on patients with muscular dystrophy diseases and/or improve the
responses of patients with obesity-associated disease.

Materials and Methods

Transgenic Animals. Fnip7~'~ mice were developed as described (14). The
majority of the studies were performed on 8- to 12-wk-old male mice. PGCTa
(22) and Dmd™®4<V (27) mice were obtained from Jackson Laboratories and
the Chamberlain laboratory, respectively. Mice were housed under specific
pathogen-free conditions. Animal studies were reviewed and approved by
the Institutional Care and Use Committee of the University of Washington.
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Immunohistochemistry and Metachromatic ATPase Staining. Gastrocnemius
muscles were collected and were flash frozen in OCT before sectioning. All
special staining was performed at the Histology and Imaging Core. High power
immunohistochemistry images were performed on the lateral head after re-
moval of the soleus muscle. MyH7 antibody was obtained from Sigma-Aldrich.

Serum Creatine Kinase Assay. Creatine kinase was measured in serum according
to manufacturer’s instructions [Creatinine Kinase-SL Reagent Kit (Sekisui Diag-
nostics P.E.l. Inc.)].

EBD Assay. A 1% solution of EBD was injected i.p. at a volume dose of 1% of
body weight. Approximately 20 h following injection, mice were killed and
the gastrocnemius muscles were snap frozen in OCT media. Leakage of EBD
was analyzed by fluorescence microscopy (44).
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