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Abstract
All cells require energy to perform their specialized functions. Muscle is particularly sensitive

to the availability of nutrients due to the high-energy requirement for muscle contraction.

Therefore the ability of muscle cells to obtain, store and utilize energy is essential for the

function of these cells. Mio, the Drosophila homolog of carbohydrate response element

binding protein (ChREBP), has recently been identified as a nutrient responsive transcrip-

tion factor important for triglyceride storage in the fly fat body. However, the function ofMio
in muscle is unknown. In this study, we characterized the role of Mio in controlling muscle

function and metabolism. DecreasingMio levels using RNAi specifically in muscle results in

increased thorax glycogen storage. Adult Mio-RNAi flies also have a flight defect due to

altered myofibril shape and size in the indirect flight muscles as shown by electron micros-

copy. Myofibril size is also decreased in flies just before emerging from their pupal cases,

suggesting a role for Mio in myofibril development. Together, these data indicate a novel

role for Mio in controlling muscle structure and metabolism and may provide a molecular

link between nutrient availability and muscle function.

Introduction
Skeletal muscle comprises over one-third of the body mass of a healthy individual and is
responsible for 20 to 30 percent of the body’s overall basal metabolic rate [1]. Alterations of
skeletal muscle structure or its metabolism can lead to a number of diseases. Muscular dystro-
phies have been shown to result from mutations in genes coding for muscle structural proteins,
the most common being dystrophin. Dystrophin functions to anchor sarcolemmal proteins to
the cytoskeleton and loss of this protein from the sarcolemmal membrane results in necrosis of
the muscle fibers [2, 3]. Muscle weakness has also been observed in cancer [4] and metabolic
diseases such as diabetes [5], presenting a link between metabolism and muscle function.
Therefore, expanding our knowledge of the mechanisms controlling the development and
function of muscle will be important to further our understanding of the pathogenesis of these
diseases.

PLOSONE | DOI:10.1371/journal.pone.0136504 August 25, 2015 1 / 14

OPEN ACCESS

Citation: Polak GL, Pasqualino A, Docherty JEB,
Beck SJ, DiAngelo JR (2015) The Regulation of
Muscle Structure and Metabolism by Mio/dChREBP
in Drosophila. PLoS ONE 10(8): e0136504.
doi:10.1371/journal.pone.0136504

Editor: Ruben Artero, University of Valencia, SPAIN

Received: April 13, 2015

Accepted: August 5, 2015

Published: August 25, 2015

Copyright: © 2015 Polak et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: This work was supported by National
Institutes of Health (www.nih.gov) grant
1R15NS080155-01A1 and funds from Hofstra
University to JRD and NSF (www.nsf.gov) grant DBI-
1337525 to SJB and JRD. The funders had no role in
study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0136504&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://www.nih.gov
http://www.nsf.gov


Mammalian skeletal muscle relies heavily on oxidative phosphorylation for energy and uti-
lizes glucose as the primary energy source [6]. In order to obtain glucose for energy, insulin
acts on mammalian skeletal muscle leading to an increase in glucose uptake and oxidation [7].
In addition to acting as metabolic substrates, glucose and its metabolites also act as signaling
molecules that control cell physiology [8]. One molecule that responds to changes in glucose
concentration in the mammalian liver is carbohydrate response element binding protein
(ChREBP). ChREBP, together with its binding partner Mlx, controls glucose-induced gene
expression by binding to promoters of target genes, many of which are important for glucose
utilization and triglyceride storage [9]. ChREBP is expressed in a number of tissues, with high
levels found in mammalian liver, adipose tissue, skeletal muscle and intestine [10]. ChREBP
also regulates the expression of important glycolytic enzymes such as pyruvate kinase (Pyk)
and genes that encode enzymes important for fatty acid synthesis such as fatty acid synthase
(FAS) and acetyl-CoA carboxylase (ACC) [10, 11]. Another transcription factor that regulates
gene expression in response to glucose is MondoA. MondoA is expressed in many tissues but is
highly enriched in skeletal muscle [12]. Like ChREBP, MondoA also binds to Mlx forming a
heterodimer to control gene expression [13]. However, unlike ChREBP, the MondoA-Mlx
complex associates with the outer mitochondrial membrane and shuttles between the mito-
chondria and the nucleus where it activates the transcription of genes encoding glycolytic
enzymes such as 6-phosphofructo-2-kinase, fructose- 2,6-bisphosphatase and hexokinase II [9,
11, 14].

While the role of ChREBP has been well characterized in liver and in pancreatic β-cells, its
function in other tissues is not well understood. ChREBP has been shown to regulate glucose-
induced expression of glycolytic enzymes in cultured myotubes [15]; however, the in vivo func-
tion of ChREBP in muscle remains unknown. To better understand the function of ChREBP
in muscle, we took advantage of the model organism Drosophila melanogaster. Drosophila
contains a single ChREBP/MondoA homolog called Mio [16, 17]. Mio/dChREBP acts in the
Drosophila fat body to regulate sugar-induced gene expression as well as triglyceride storage
[18–20], showing high conservation of ChREBP function between flies and mammals.

Drosophila is an ideal system to study muscle function as flies have muscle groups with sim-
ilar morphology and physiology to mammalian skeletal muscle. One example of these muscles
is those necessary for commencing and sustaining flight—the direct and indirect flight muscles
(DFM and IFM, respectively). Defects in the ultrastructure of DFM or IFM cause flightless or
impaired flight phenotypes that do not lead to lethality of the animal. Consequently, a number
of genes important for muscle structure, assembly and maintenance, such as myosin heavy
chain (Mhc), Actin88F (Act88F), flightin and kettin, which are similar to the mammalian elas-
tin and titin, respectively, have been identified using the Drosophila system [21–27]. Like mam-
malian skeletal muscle, Drosophila IFM is also highly metabolic requiring large amounts of
energy for flight. Drosophila IFM and DFM use oxidative phosphorylation for energy similar to
mammalian skeletal muscle. Consistent with the importance of glycolysis for energy produc-
tion, some glycolytic enzymes co-localize on the Z-line of the sarcomere suggesting that they
play an important role in energy delivery associated with insect flight [28, 29]. While many
genes important for Drosophilamuscle structure and development have been identified, the
full complement of genes that regulate muscle function and metabolism are still unknown.

In this study, we characterized Mio function in Drosophilamuscle. Decreasing Mio specifi-
cally in muscle using RNAi leads to increased glycogen storage. We also show that loss of Mio
results in irregular myofibril assembly and decreased myofibril area decreasing flight ability.
Together, these studies identify a novel role for Mio in regulating muscle structure and func-
tion and provide further support for the use of Drosophila as a model system for understanding
the tissue-specific control of physiology and metabolism.
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Materials and Methods

Fly Stocks
The UAS-GFP (#1522) and Mef2-Gal4 (#27390) lines were obtained from the Bloomington
Stock Center. UAS-Mio-IR (#52606) was obtained from Vienna Drosophila RNAi center and
activates RNA interference through the use of inverted repeats, while UAS-MiodsRNA triggers
RNAi through the production of double stranded RNAs as described previously [20]. All flies
were grown in 25°C, on a standard cornmeal-sugar-yeast medium.

Glycogen and triglyceride quantification
Thoraxes from three or four 5–7 day old female or male flies, respectively, were homogenized
in lysis buffer (140mM NaCl, 50mM Tris-HCl, pH 7.4, 0.1% Triton-X, and 1X protease inhibi-
tor cocktail (Roche Diagnostics)) as described previously [30]. Glucose Oxidase reagent (Pointe
Scientific) was used to measure free glucose concentrations from homogenized thoraxes as well
as total glucose concentration from homogenized thoraxes treated with 8 mg/ml amyloglucosi-
dase (Sigma) in 0.2M sodium citrate buffer, pH 5.0 for 2 hours at 37°C. To determine the final
glycogen concentration, free glucose concentration was subtracted from the total glucose levels
measured after amyloglucosidase treatment. Triglyceride and protein concentrations were
measured using Stanbio Liquicolor (Fisher Scientific) and BCA protein Assay (ThermoScienti-
fic) kits, respectively according to manufacturers protocol. Glycogen and triglyceride data were
normalized to protein levels by dividing the glycogen or triglyceride concentration by total pro-
tein concentration. The total protein concentrations were similar across all genotypes (data not
shown).

Flight Test
Flight tests were performed using a 1000 mL graduated cylinder coated with mineral oil
adapted from [24]. Flight scores were assigned as previously described [24] with slight modifi-
cations. Flies were knocked into the top of the graduated cylinder through a funnel and given a
score ranging from 0 (no flight ability) to 4 (full flight ability) depending on how high up the
cylinder they were when they flew horizontally into the oil covered glass.

Electron Microscopy
For Scanning and Transmission Electron Microscopy (SEM or TEM, respectively), we used
females for all experiments due to their larger size (and therefore more flight muscle tissue per
animal) and ease of dissection. Pharate adults or adult flies 6 days after eclosion were collected
and placed directly into 3% glutaraldehyde in 0.1 M sodium-cacodylate or sodium phosphate
buffer, pH 7.2 at 4°C followed by careful removal of the head and abdomen. Thoraxes
remained in the fixative for 60 minutes followed by a wash in 0.1M sodium phosphate or
sodium-cacodylate buffer, pH 7.2 at 4°C. Samples were post-fixed in 1% OsO4 in 0.1 M sodium
phosphate or sodium-cacodylate buffer, pH 7.2 at 4°C for an additional 60 minutes and rinsed
in 0.1 M phosphate or sodium-cacodylate pH 7.2 at 4°C. For TEM, samples were dehydrated in
ethanol (70%, 95%, 100% x 2) followed by transition to propylene oxide. Samples were then
embedded in an Epon 812/Araldite 6005 mixture in BEEM capsules (Electron Microscopy Sci-
ences) or placed in flat molds which were sectioned either horizontally of transversely. The
ultra-thin 70 nm transverse and horizontal sections were cut using a diamond or glass knife on
a Sorvall MT-2B ultramicrotome and post stained with uranyl acetate followed by lead citrate
[31]. Sections were visualized using an HS-8–2 TEM (Hitachi, Japan) at 50 kV and an FEI
Quanta 250 scanning electron microscope (FEI, Czech Republic) at 30 kV.
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For SEM, after fixation as described above, samples were dehydrated in ethanol (30%, 50%,
70%, 95%, 100%) followed by cryofracture in liquid nitrogen. Samples were critical point dried
using a Samidri-795 dryer (Tousimis) and gold-coated using an EMS-550 sputter coater to
10nm coat thickness (Electron Microscopy Sciences). Samples were visualized using an FEI
Quanta 250 scanning electron microscope (FEI, Czech Republic) at 30 kV.

Myofibril area quantification
Using ImageJ software (http://rsbweb.nih.gov/ij), adult myofibril area was measured from SEM
images from 3–5 individual flies per genotype, while myofibrils from pharate adults were mea-
sured from TEM images taken from 3–4 individual animals per genotype. At least three micro-
graphs of cross sections were taken from each animal. 10–15 myofibrils were measured per
micrograph to give a total of 60–120 myofibrils quantified, depending on the genotype. Aver-
age myofibril areas were calculated from all of the myofibrils quantitated from each genotype
and analyzed as described below in the Statistics section.

RNA isolation and quantitative PCR
RNA was isolated from thoraxes of 5–7 day old flies (10 females and 5 males per sample). Tho-
raxes were homogenized in Ribozol (Amresco) and extracted with chloroform. An equal
amount of isopropanol was added and samples were incubated at 4°C for 10 min followed by
centrifugation at 12,000 rpm for 15 min at 4°C. Pellets were washed twice with 70% EtOH and
then resuspended in water. Genomic DNA was removed using the Turbo DNA-free kit
(Applied Biosystems) according to manufacturers instructions. 0.25–1 μg of total RNA was
reverse transcribed using the RETROscript kit (Ambion) according to manufacturers protocol
using random decamers. Quantitative PCR was performed using Power SYBR Green Master-
Mix (Applied Biosystems) in a StepOnePlus thermocycler (Applied Biosystems). The expres-
sion of each experimental gene was normalized to the ribosomal protein gene, rp49. Primer
sequences for qPCR are shown in Table 1.

Statistics. All data was tested for normality in IBM SPSS 20.0 software using Shapiro-Wilk
(n<50), and Kolmogrov-Smirnov (n>50) tests. The majority of the data presented has a normal
distribution and was analyzed by One-way ANOVA with a post hoc Tukey test. The myofibril
quantification data and the flight test data were not normally distributed and was therefore ana-
lyzed with the Kruskal-Wallis One-way ANOVAwith a post hoc all pairwise multiple comparison
pooled sample median test. For all statistical tests, p<0.05 was considered statistically significant.

Results

Decreasing Mio levels increases storage of glycogen in muscle cells
Previous studies have shown that Mio expression in the fat body promotes triglyceride storage
in Drosophila larvae and adults [18–20]. Mio is also expressed in other tissues [18] but its

Table 1.

Gene Name Forward (5’ to 3’) Reverse (5’ to 3’)

Mio AGCGAGACGAGCTAAACAATTC GTGTAAGAGGCAAGCAAAGGTT

rp49 GACGCTTCAAGGGACAGTATCTG AAACGCGGTTCTGCATGAG

Act88F TGATGCGGGTGCATTAGTTA ATGGGGTACTTCAGCGTCAG

MHC CCGTGCGTAACGATAACTCC ATGTGGTAGGAACGCTCCAG

Mlc-2 CAACACCACCAACCAGATCA GTTCTTGCCGTGACAGTGAA

doi:10.1371/journal.pone.0136504.t001
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functions there remain unknown. In order to understand the tissue-specific functions of Mio,
we decided to focus on Drosophilamuscle, a highly metabolic and physiologically important
tissue. To characterize the role of Mio in muscle, we performed experiments in which RNA
interference (RNAi) was used to decreaseMio expression specifically in all muscles using
Mef2-Gal4 [32] (Fig 1A). In order to achieve the desired knockdown we used two independent

Fig 1. Mio expression in muscle is necessary for normal glycogen storage. (A) Analysis of Mio expression from thoraxes of 5–7 day old
Mef2-Gal4>MiodsRNA and Mef2-Gal4>Mio-IR flies compared to Mef2-Gal4>GFP controls (n = 8). Mio levels of the Mef2-Gal4>GFP controls were set to 1.0
and Mio levels of Mef2-Gal4>MiodsRNA and Mef2-Gal4>Mio-IR animals were then calculated relative to their respective control. Values represent meanMio
expression±SEM. *p<0.05 by One-way ANOVA with post hoc Tukey test. (B) Glycogen/protein and (C) triglyceride/protein of thoraxes dissected from 5–8
day old Mef2-Gal4>MiodsRNA and Mef2-Gal4>Mio-IR male and female flies compared to their respective Mef2-Gal4>GFP controls (n = 6). Values represent
mean±SEM. *p<0.05 by One-way ANOVA with post hoc Tukey test.

doi:10.1371/journal.pone.0136504.g001
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RNAi lines that provide lower levels of Mio. MiodsRNA uses double stranded RNA in order to
activate the RNAi machinery while Mio-IR uses inverted repeats to activate RNAi. Using two
independent RNAi transgenes allows us to control for any potential off target effects of the
RNAi as well as any potential transgene insertion effects on the data presented here. Since Mio
is important for triglyceride storage in the fat body and Mio’s mammalian homolog ChREBP
has been implicated in the regulation of triglyceride and glycogen storage in liver and adipose
tissue [10], we wanted to determine whether Mio acts in muscle to regulate macromolecule
storage. To test this hypothesis, glycogen and triglyceride levels were measured from thoraxes
of muscle-specific Mio-RNAi flies. Thoraxes from flies with decreasedMio levels in all muscles
showed significantly higher glycogen levels when compared to GFP controls while no differ-
ences were observed in triglycerides (Fig 1B and 1C), suggesting that Mio plays a role specifi-
cally in glycogen storage in muscle.

Mio is necessary for normal flight
Since flies with decreasedMio levels accumulated glycogen in their muscle cells, we wanted to
know whether this had any effect on the function of these muscles. Muscle-specific Mio-RNAi
flies showed no gross problems associated with wing or body structure when compared to the
controls and their walking ability was not impaired, suggesting that loss of Mio had little effect
on these muscle groups. Because Mio-RNAi flies showed no gross problems associated with
movement or body structure, we turned our attention to another muscle group that has been
well characterized in the Drosophila adult, the flight muscles. To determine whether decreased
levels of Mio had any effect on flight muscle function, we measured the flight ability of Mio-
RNAi flies. Flies with decreasedMio expression showed a significant decrease in flight ability
when compared to the control flies (Fig 2), suggesting a flight muscle-specific function of Mio.
These data indicate that Mio is playing a role in the normal function of flight muscles in
Drosophila.

Mio is important for myofibril ultrastructure
The phenotypes observed in many previously identified Drosophila flight mutants have
resulted from altered myofibril structure [22]. To test whether loss of Mio results in flight
impairment due to altered muscle structure, we made use of Transmission Electron Micros-
copy (TEM) to visualize the indirect flight muscles (IFM). Micrographs of IFM ultrastructure
showed abnormal myofibril assembly in cross sectional views in adult flies whereMio was
decreased when compared to their GFP-expressing controls. Cross sections of Mio-RNAi myo-
fibrils revealed normal actin/myosin crystal lattice structure, but the myofibrils themselves
failed to retain their circular shape and looked smaller than the control myofibrils (Fig 3A–
3C). IFM fromMio-RNAi flies also visually accumulated more glycogen granules around the
myofibrils when compared to controls (Fig 3A–3C), consistent with the increased glycogen
phenotype observed above. Although cross sections of Mio-RNAi flies showed disrupted myo-
fibril ultrastructure, longitudinal sections revealed normal sarcomere assembly (Fig 3E and 3F)
when compared with their respective GFP controls (Fig 3D). In addition, no obvious alter-
ations in mitochondrial morphology were observed in muscles fromMio-RNAi flies (unpub-
lished observations) suggesting that Mio does not regulate mitochondrial structure.

In order to confirm the small myofibril phenotype observed in the TEMmicrographs, Scan-
ning Electron Microscopy (SEM) of IFMs was performed. Cross-sections observed under SEM
also showed incorrect assembly of myofibrils where individual myofibrils lacked a defined cir-
cular/oval shape as seen in the control flies (Fig 4A–4C), consistent with the TEM data shown
above. Quantitation of cross-sectional myofibril area in flies with decreasedMio also showed
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smaller myofibril size when compared to controls (Fig 4D). In addition to the smaller myofibril
phenotype, longitudinal sections of myofibrils from animals whereMio levels were decreased

Fig 2. Mio in muscle is necessary for normal flight. Flight tests were performed on Mef2-Gal4>MiodsRNA

(n = 144) and Mef2-Gal4>Mio-IR (n = 296) flies and compared to Mef2-Gal4>GFP (n = 179) controls and
scored based on flight ability (See methods). Values represent average flight score ±SEM. *p<0.05 Kruskal-
Wallis One-way ANOVA with post hoc all pairwise multiple comparison pooled sample median test.

doi:10.1371/journal.pone.0136504.g002

Fig 3. Decreasing Mio levels results in abnormal myofibril ultrastructure. Transmission Electron Microscopy of Indirect Flight Muscles of adult
Mef2-Gal4>MiodsRNA and Mef2-Gal4>Mio-IR females compared to Mef2-Gal4>GFP controls. Panels (A), (B) and (C) show cross sections of the myofibrils;
panels (D), (E) and (F) show longitudinal sections of myofibrils. f, myofibril; c, mitochondrion; g, glycogen granules; m, m-line; z, z-line. Scale bar = 0.5μm.

doi:10.1371/journal.pone.0136504.g003
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showed irregularly spaced myofibrils filled with glycogen granules (Fig 5B and 5C), which is in
contrast to the normal myofibril-mitochondria-myofibril pattern that was observed in the con-
trol muscles (Fig 5A). Together, these data suggest that Mio is important for muscle structure.

To determine whether the altered myofibril phenotype in adult flies was generated by mus-
cle usage or due to a defect in myofibril assembly during development, we visualized the IFMs
in pharate adults at the end of the pupal stage of development just before emerging from the
pupal case. TEMmicrographs of the IFM showed normal assembly of myofibrils in the Mio-
RNAi flies with normal crystal lattice formation and round, normally shaped myofibrils (Fig
6A–6C). Although we did not detect any structural problems in myofibrils fromMio-RNAi
pharate adults, we did observe smaller cross-sectional areas of myofibrils in animals with
decreased Mio levels compared to the GFP controls (Fig 6D), consistent with the smaller myo-
fibrils in Mio-RNAi adults (Fig 4D). These data indicate that Mio might be playing a role in the
development and/or assembly of myofibrils in addition to its metabolic function in muscle
cells.

To test this hypothesis, we measured the mRNA levels of an indirect flight muscle-specific
actin gene (Act88F), Myosin heavy chain (Mhc), and Myosin light chain-2 (Mlc-2), genes
important for muscle development and assembly that when mutated cause a similar altered
myofibril phenotype as seen in ourMio-deficient animals [21, 33–35]. Interestingly, no consis-
tent differences in the expression of these genes were observed in Mio-RNAi adults (Fig 7).
Together, these data suggest thatMio does not function to regulate the expression of genes

Fig 4. Mio affects myofibril size. Scanning Electron Microscopy of Indirect Flight Muscles of adult Mef2-Gal4>MiodsRNA and Mef2-Gal4>Mio-IR females
compared to Mef2-Gal4>GFP controls. Panels (A), (B) and (C) show cross sections of the myofibrils; bars indicate 0.5μm. f, myofibril; c, mitochondrion; g,
glycogen granules. (D) Average myofibril area of Mef2-Gal4>MiodsRNA and Mef2-Gal4>Mio-IR flies compared to Mef2-Gal4>GFP control flies (n = 3–5). All
values represent average myofibril area ±SEM. *p<0.05 Kruskal-Wallis One-way ANOVA with post hoc all pairwise multiple comparison pooled sample
median test.

doi:10.1371/journal.pone.0136504.g004
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required for myofibril assembly, but may be important for normal metabolic homeostasis of
muscle cells throughout the life cycle of the animal.

Discussion
In this study, we have shown that decreasingMio levels specifically in Drosophilamuscle
results in the accumulation of glycogen and leads to flight impairment due to altered myofibril
ultrastructure. Early genetic screens performed in Drosophila melanogaster identified many
genes that when mutated cause flightless or limited flight phenotypes as well as irregular struc-
tures of the DFM and/or IFM [24, 36, 37]. Mutations in myofibril structural genes, such as
myosin heavy chain (Mhc) and myosin light chain-2 (Mlc-2), result in moderate to extreme
disorganization of the myofibril at its periphery and the inability to maintain the circular shape
of the sarcomere [24, 34, 35, 37].Mhc andMlc-2mutants also have smaller myofibrils and sar-
comeres that are disorganized at the periphery, but maintain their crystal lattice structure [34,
35]. DecreasingMio in muscle results in a very similar myofibril structure phenotype with
smaller but misshapen myofibrils (Figs 3 and 4). Therefore, it is possible that Mio may also
play a role in regulating muscle formation during development. To address the contribution of
Mio to myofibril development and assembly in IFMs, we examined the structure of the IFM
myofibrils in pharate adults at the end of the pupal stage of development before the flies eclosed
from their pupal cases and started using their IFMs. Interestingly, myofibrils from pharate
adult IFMs with decreased Mio assemble correctly and their myofibrils are oval in shape like
the control myofibrils. However, the size of the myofibrils is decreased in Mio-RNAi animals.
In contrast to the smaller, but normal shaped myofibrils in IFMs from pharate adults, myofi-
brils from adult flies with decreased Mio levels were small as well as misshapen (Figs 3 and 4).
This suggests that the increased age of the adult flies or the usage of the IFMs between emerg-
ing from the pupal cases and when the muscles were collected for analysis may account for the
additional altered shape phenotype observed in Mio-RNAi adult flies. In addition, despite the
fact thatMhc andMlc-2mutants have similar myofibril structural phenotypes to Mio-RNAi
flies [33–35], Mio does not seem to regulate the expression of these important structural genes,
as no consistent changes inMhc,Mlc-2, and Act88FmRNA levels were observed with both
RNAi transgenes (Fig 7). However, whether Mio regulates other genes important for muscle
development and function is not known. Determining the full complement of Mio target genes

Fig 5. Decreasing Mio levels results in abnormal myofibril organization. Scanning Electron Microscopy of longitudinal sections of Indirect Flight Muscles
of adult Mef2-Gal4>MiodsRNA and Mef2-Gal4>Mio-IR females compared to Mef2-Gal4>GFP controls. f, myofibril; g, glycogen granules. Each arrow points to
a single longitudinal myofibril. Scale bar = 20μm.

doi:10.1371/journal.pone.0136504.g005
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Fig 6. Mio affects myofibril size in pharate adults. Transmission Electron Microscopy of Indirect Flight Muscles of Mef2-Gal4>MiodsRNA and
Mef2-Gal4>Mio-IR pharate adults compared to Mef2-Gal4>GFP controls. Panels (A), (B) and (C) show cross sections of the myofibrils. Bars indicate 0.5μm.
f, myofibril; c, mitochondrion; g, glycogen granules. (D) Average myofibril area of Mef2-Gal4>MiodsRNA and Mef2-Gal4>Mio-IR pharate adults compared to
Mef2-Gal4>GFP controls (n = 3–5). Values represent average myofibril area ±SEM. *p<0.05 by One-way ANOVA with post hoc Tukey test.

doi:10.1371/journal.pone.0136504.g006

Fig 7. Mio is not necessary for normal expression of structural genes in adult fly muscle. Expression of Actin 88F (Act88F, n = 8), Myosin Heavy Chain
(MHC, n = 11), and Myosin light chain-2 (Mlc-2, n = 8) was measured by performing quantitative PCR on thorax cDNA from 5–7 day old Mef2-Gal4>MiodsRNA

and Mef2-Gal4>Mio-IR flies and compared to Mef2-Gal4>GFP controls. mRNA levels of Mef2-Gal4>GFP controls were set to 1.0 and mRNA levels of
Mef2-Gal4>MiodsRNA and Mef2-Gal4>Mio-IR animals were then normalized to their respective control. Values represent mean±SEM. *p<0.05 by One-way
ANOVA with post hoc Tukey test.

doi:10.1371/journal.pone.0136504.g007
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and observing myofibril structure at additional timepoints in the lifespan of the fly will be
important to understand the role Mio plays in the development and assembly of myofibrils.

The accumulation of glycogen itself may also be responsible for the muscle atrophy
observed in the Mio-RNAi flies. Glycogen phosphorylase deficiency in humans leads to the
depletion of ATP, as glycogen cannot be utilized for energy during muscle contraction, result-
ing in increased glycogen deposition and muscle atrophy [38, 39]. Increased storage of glyco-
gen in muscle has also been seen in mammals in a disease known as polysaccharide storage
myopathy (PSSM). PSSM has been observed in horses where glycogen molecules accumulate
within the muscle, leading to weakness and ultimately muscular atrophy [40, 41]. In all PSSM
cases, excess glycogen accumulation can be counteracted by changes in diet, and this then
reduces the effects of PSSM and prevents muscular atrophy. Whether the increased glycogen
levels observed in the Mio-RNAi flies is responsible for the muscle structure phenotypes
observed in these animals is still unknown. Future experiments on flies with excess glycogen
stores could help to understand the role of glycogen accumulation on muscular atrophy.

The altered muscle structure and function phenotypes observed here are reminiscent of
muscle wasting observed in cancer patients (cachexia) and the aging (sarcopenia) [4, 42]. Sev-
eral studies have shown that decreasing activity through the insulin/insulin-like growth factor
1 (IGF-1) signaling pathway (either genetically or due to tumor-based production of the insu-
lin/IGF antagonist ImpL2) leads to muscle wasting and affects genes encoding metabolic
enzymes as well as macromolecule stores [43–47]. Interestingly, previous studies in both mam-
mals and flies suggest that ChREBP and Mio are transcriptional targets of insulin [48, 49].
Therefore, it is possible that ChREBP and Mio are functioning with the insulin/IGF-1 pathway
to regulate muscle structure and function in both normal and diseased states.

Conclusions
In summary, the data presented in this study identifies a novel role of Mio, the Drosophila
homolog of mammalian ChREBP and MondoA, in muscle tissue. In addition to its known role
in metabolism, we show that Mio is important for the structure and metabolism of myofibrils,
providing a link between nutrient availability and muscle function. This study also highlights
the utility of the Drosophila system for identifying and understanding genes important for reg-
ulating muscle metabolism and physiology.

Acknowledgments
We would like to thank the Bloomington Stock Center (NIH P40OD018537) and the Vienna
Drosophila Resource Center for fly stocks and Beverly Clendening, Maureen Krause, Christo-
pher Sanford, Robert Seagull and Jason Williams for advice and helpful conversations.

Author Contributions
Conceived and designed the experiments: GLP JRD. Performed the experiments: GLP AP
JEBD. Analyzed the data: GLP AP JEBD SJB JRD. Contributed reagents/materials/analysis
tools: SJB. Wrote the paper: GLP SJB JRD.

References
1. Owen O, Reichard G, Boden G, Patel M, Trapp V. Interrelationships among key tissues in the utilization

of metabolic substrate. Adv Mod Nutr. 1978; 2:517–50.

2. Hoffman EP, Brown RH Jr., Kunkel LM. Dystrophin: the protein product of the Duchenne muscular dys-
trophy locus. Cell. 1987; 51(6):919–28. PMID: 3319190.

Mio Regulates Muscle Structure and Metabolism

PLOSONE | DOI:10.1371/journal.pone.0136504 August 25, 2015 11 / 14

http://www.ncbi.nlm.nih.gov/pubmed/3319190


3. Hoffman EP, Fischbeck KH, Brown RH, Johnson M, Medori R, Loike JD, et al. Characterization of dys-
trophin in muscle-biopsy specimens from patients with Duchenne's or Becker's muscular dystrophy.
The New England journal of medicine. 1988; 318(21):1363–8. doi: 10.1056/NEJM198805263182104
PMID: 3285207.

4. Fearon KC, Glass DJ, Guttridge DC. Cancer cachexia: mediators, signaling, and metabolic pathways.
Cell Metab. 2012; 16(2):153–66. doi: 10.1016/j.cmet.2012.06.011 PMID: 22795476.

5. Andersen H, Gadeberg PC, Brock B, Jakobsen J. Muscular atrophy in diabetic neuropathy: a stereo-
logical magnetic resonance imaging study. Diabetologia. 1997; 40(9):1062–9. doi: 10.1007/
s001250050788 PMID: 9300243.

6. Zurlo F, Larson K, Bogardus C, Ravussin E. Skeletal muscle metabolism is a major determinant of rest-
ing energy expenditure. The Journal of clinical investigation. 1990; 86(5):1423–7. doi: 10.1172/
JCI114857 PMID: 2243122; PubMed Central PMCID: PMC296885.

7. Kelley DE, He J, Menshikova EV, Ritov VB. Dysfunction of mitochondria in human skeletal muscle in
type 2 diabetes. Diabetes. 2002; 51(10):2944–50. PMID: 12351431.

8. Towle HC. Glucose as a regulator of eukaryotic gene transcription. Trends in endocrinology and metab-
olism: TEM. 2005; 16(10):489–94. doi: 10.1016/j.tem.2005.10.003 PMID: 16269245.

9. Havula E, Hietakangas V. Glucose sensing by ChREBP/MondoA-Mlx transcription factors. Seminars in
cell & developmental biology. 2012; 23(6):640–7. doi: 10.1016/j.semcdb.2012.02.007 PMID:
22406740.

10. Iizuka K, Bruick RK, Liang G, Horton JD, Uyeda K. Deficiency of carbohydrate response element-bind-
ing protein (ChREBP) reduces lipogenesis as well as glycolysis. Proceedings of the National Academy
of Sciences of the United States of America. 2004; 101(19):7281–6. doi: 10.1073/pnas.0401516101
PMID: 15118080; PubMed Central PMCID: PMC409910.

11. Ma L, Robinson LN, Towle HC. ChREBP*Mlx is the principal mediator of glucose-induced gene expres-
sion in the liver. The Journal of biological chemistry. 2006; 281(39):28721–30. doi: 10.1074/jbc.
M601576200 PMID: 16885160.

12. Billin AN, Eilers AL, Coulter KL, Logan JS, Ayer DE. MondoA. a novel basic helix-loop-helix-leucine zip-
per transcriptional activator that constitutes a positive branch of a max-like network. Molecular and cel-
lular biology. 2000; 20(23):8845–54. PMID: 11073985; PubMed Central PMCID: PMC86535.

13. Peterson CW, Stoltzman CA, Sighinolfi MP, Han KS, Ayer DE. Glucose controls nuclear accumulation,
promoter binding, and transcriptional activity of the MondoA-Mlx heterodimer. Molecular and cellular
biology. 2010; 30(12):2887–95. doi: 10.1128/MCB.01613–09 PMID: 20385767; PubMed Central
PMCID: PMC2876681.

14. Sans CL, Satterwhite DJ, Stoltzman CA, Breen KT, Ayer DE. MondoA-Mlx heterodimers are candidate
sensors of cellular energy status: mitochondrial localization and direct regulation of glycolysis. Molecu-
lar and cellular biology. 2006; 26(13):4863–71. doi: 10.1128/MCB.00657–05 PMID: 16782875;
PubMed Central PMCID: PMC1489152.

15. Hanke N, Scheibe RJ, Manukjan G, Ewers D, Umeda PK, Chang KC, et al. Gene regulation mediating
fiber-type transformation in skeletal muscle cells is partly glucose- and ChREBP-dependent. Biochi-
mica et biophysica acta. 2011; 1813(3):377–89. doi: 10.1016/j.bbamcr.2010.12.021 PMID: 21215280.

16. Billin AN, Ayer DE. The Mlx network: evidence for a parallel Max-like transcriptional network that regu-
lates energy metabolism. Current topics in microbiology and immunology. 2006; 302:255–78. PMID:
16620032.

17. Peyrefitte S, Kahn D, Haenlin M. Newmembers of the Drosophila Myc transcription factor subfamily
revealed by a genome-wide examination for basic helix-loop-helix genes. Mechanisms of development.
2001; 104(1–2):99–104. PMID: 11404084.

18. Havula E, Teesalu M, Hyotylainen T, Seppala H, Hasygar K, Auvinen P, et al. Mondo/ChREBP-Mlx-
regulated transcriptional network is essential for dietary sugar tolerance in Drosophila. PLoS genetics.
2013; 9(4):e1003438. doi: 10.1371/journal.pgen.1003438 PMID: 23593032; PubMed Central PMCID:
PMC3616910.

19. Musselman LP, Fink JL, Ramachandran PV, Patterson BW, Okunade AL, Maier E, et al. Role of fat
body lipogenesis in protection against the effects of caloric overload in Drosophila. The Journal of bio-
logical chemistry. 2013; 288(12):8028–42. doi: 10.1074/jbc.M112.371047 PMID: 23355467; PubMed
Central PMCID: PMC3605622.

20. Sassu ED, McDermott JE, Keys BJ, Esmaeili M, Keene AC, BirnbaumMJ, et al. Mio/dChREBP coordi-
nately increases fat mass by regulating lipid synthesis and feeding behavior in Drosophila. Biochemical
and biophysical research communications. 2012; 426(1):43–8. doi: 10.1016/j.bbrc.2012.08.028 PMID:
22910416; PubMed Central PMCID: PMC3445662.

21. An HS, Mogami K. Isolation of 88F actin mutants of Drosophila melanogaster and possible alterations
in the mutant actin structures. Journal of molecular biology. 1996; 260(4):492–505. PMID: 8759316.

Mio Regulates Muscle Structure and Metabolism

PLOSONE | DOI:10.1371/journal.pone.0136504 August 25, 2015 12 / 14

http://dx.doi.org/10.1056/NEJM198805263182104
http://www.ncbi.nlm.nih.gov/pubmed/3285207
http://dx.doi.org/10.1016/j.cmet.2012.06.011
http://www.ncbi.nlm.nih.gov/pubmed/22795476
http://dx.doi.org/10.1007/s001250050788
http://dx.doi.org/10.1007/s001250050788
http://www.ncbi.nlm.nih.gov/pubmed/9300243
http://dx.doi.org/10.1172/JCI114857
http://dx.doi.org/10.1172/JCI114857
http://www.ncbi.nlm.nih.gov/pubmed/2243122
http://www.ncbi.nlm.nih.gov/pubmed/12351431
http://dx.doi.org/10.1016/j.tem.2005.10.003
http://www.ncbi.nlm.nih.gov/pubmed/16269245
http://dx.doi.org/10.1016/j.semcdb.2012.02.007
http://www.ncbi.nlm.nih.gov/pubmed/22406740
http://dx.doi.org/10.1073/pnas.0401516101
http://www.ncbi.nlm.nih.gov/pubmed/15118080
http://dx.doi.org/10.1074/jbc.M601576200
http://dx.doi.org/10.1074/jbc.M601576200
http://www.ncbi.nlm.nih.gov/pubmed/16885160
http://www.ncbi.nlm.nih.gov/pubmed/11073985
http://dx.doi.org/10.1128/MCB.01613&ndash;09
http://www.ncbi.nlm.nih.gov/pubmed/20385767
http://dx.doi.org/10.1128/MCB.00657&ndash;05
http://www.ncbi.nlm.nih.gov/pubmed/16782875
http://dx.doi.org/10.1016/j.bbamcr.2010.12.021
http://www.ncbi.nlm.nih.gov/pubmed/21215280
http://www.ncbi.nlm.nih.gov/pubmed/16620032
http://www.ncbi.nlm.nih.gov/pubmed/11404084
http://dx.doi.org/10.1371/journal.pgen.1003438
http://www.ncbi.nlm.nih.gov/pubmed/23593032
http://dx.doi.org/10.1074/jbc.M112.371047
http://www.ncbi.nlm.nih.gov/pubmed/23355467
http://dx.doi.org/10.1016/j.bbrc.2012.08.028
http://www.ncbi.nlm.nih.gov/pubmed/22910416
http://www.ncbi.nlm.nih.gov/pubmed/8759316


22. Bernstein SI, O'Donnell PT, Cripps RM. Molecular genetic analysis of muscle development, structure,
and function in Drosophila. International review of cytology. 1993; 143:63–152. PMID: 8449665.

23. Haigh SE, Salvi SS, Sevdali M, Stark M, Goulding D, Clayton JD, et al. Drosophila indirect flight muscle
specific Act88F actin mutants as a model system for studying congenital myopathies of the human
ACTA1 skeletal muscle actin gene. Neuromuscular disorders: NMD. 2010; 20(6):363–74. doi: 10.1016/
j.nmd.2010.03.008 PMID: 20452215.

24. Koana T, Hotta Y. Isolation and characterization of flightless mutants in Drosophila melanogaster. Jour-
nal of embryology and experimental morphology. 1978; 45:123–43. PMID: 97355.

25. Lakey A, Labeit S, Gautel M, Ferguson C, Barlow DP, Leonard K, et al. Kettin, a large modular protein
in the Z-disc of insect muscles. The EMBO journal. 1993; 12(7):2863–71. PMID: 8335002; PubMed
Central PMCID: PMC413539.

26. Salvi SS, Kumar RP, Ramachandra NB, Sparrow JC, Nongthomba U. Mutations in Drosophila myosin
rod cause defects in myofibril assembly. Journal of molecular biology. 2012; 419(1–2):22–40. doi: 10.
1016/j.jmb.2012.02.025 PMID: 22370558.

27. Vigoreaux JO, Saide JD, Valgeirsdottir K, Pardue ML. Flightin, a novel myofibrillar protein of Drosophila
stretch-activated muscles. The Journal of cell biology. 1993; 121(3):587–98. PMID: 8486738; PubMed
Central PMCID: PMC2119567.

28. Sullivan DT, MacIntyre R, Fuda N, Fiori J, Barrilla J, Ramizel L. Analysis of glycolytic enzyme co-locali-
zation in Drosophila flight muscle. The Journal of experimental biology. 2003; 206(Pt 12):2031–8.
PMID: 12756285.

29. Wojtas K, Slepecky N, von Kalm L, Sullivan D. Flight muscle function in Drosophila requires colocaliza-
tion of glycolytic enzymes. Molecular biology of the cell. 1997; 8(9):1665–75. PMID: 9307964; PubMed
Central PMCID: PMC305727.

30. DiAngelo JR, BirnbaumMJ. Regulation of fat cell mass by insulin in Drosophila melanogaster. Molecu-
lar and cellular biology. 2009; 29(24):6341–52. doi: 10.1128/MCB.00675–09 PMID: 19822665;
PubMed Central PMCID: PMC2786867.

31. Reynolds ES. The use of lead citrate at high pH as an electron-opaque stain in electron microscopy.
The Journal of cell biology. 1963; 17:208–12. PMID: 13986422; PubMed Central PMCID:
PMC2106263.

32. Ranganayakulu G, Elliott DA, Harvey RP, Olson EN. Divergent roles for NK-2 class homeobox genes
in cardiogenesis in flies and mice. Development. 1998; 125(16):3037–48. PMID: 9671578.

33. Kronert WA, O'Donnell PT, Fieck A, Lawn A, Vigoreaux JO, Sparrow JC, et al. Defects in the Drosophila
myosin rod permit sarcomere assembly but cause flight muscle degeneration. Journal of molecular biol-
ogy. 1995; 249(1):111–25. doi: 10.1006/jmbi.1995.0283 PMID: 7776366.

34. O'Donnell PT, Bernstein SI. Molecular and ultrastructural defects in a Drosophila myosin heavy chain
mutant: differential effects on muscle function produced by similar thick filament abnormalities. The
Journal of cell biology. 1988; 107(6 Pt 2):2601–12. PMID: 2462566; PubMed Central PMCID:
PMC2115697.

35. Warmke J, YamakawaM, Molloy J, Falkenthal S, Maughan D. Myosin light chain-2 mutation affects
flight, wing beat frequency, and indirect flight muscle contraction kinetics in Drosophila. The Journal of
cell biology. 1992; 119(6):1523–39. PMID: 1469046; PubMed Central PMCID: PMC2289745.

36. Cripps RM, Ball E, Stark M, Lawn A, Sparrow JC. Recovery of dominant, autosomal flightless mutants
of Drosophila melanogaster and identification of a new gene required for normal muscle structure and
function. Genetics. 1994; 137(1):151–64. PMID: 8056306; PubMed Central PMCID: PMC1205932.

37. Deak II, Bellamy PR, Bienz M, Dubuis Y, Fenner E, Gollin M, et al. Mutations affecting the indirect flight
muscles of Drosophila melanogaster. Journal of embryology and experimental morphology. 1982;
69:61–81. PMID: 6811687.

38. Felice KJ. Distal weakness in dystrophin-deficient muscular dystrophy. Muscle & nerve. 1996; 19
(12):1608–10. doi: 10.1002/(SICI)1097–4598(199612)19:12&lt;1608::AID-MUS12&gt;3.0.CO;2-N
PMID: 8941277.

39. Mommaerts WF, Illingworth B, Pearson CM, Guillory RJ, Seraydarian K. A Functional Disorder of Mus-
cle Associated with the Absence of Phosphorylase. Proceedings of the National Academy of Sciences
of the United States of America. 1959; 45(6):791–7. PMID: 16590445; PubMed Central PMCID:
PMC222638.

40. Barrey E, Mucher E, Jeansoule N, Larcher T, Guigand L, Herszberg B, et al. Gene expression profiling
in equine polysaccharide storage myopathy revealed inflammation, glycogenesis inhibition, hypoxia
and mitochondrial dysfunctions. BMC veterinary research. 2009; 5:29. doi: 10.1186/1746–6148–5–29
PMID: 19664222; PubMed Central PMCID: PMC2741442.

Mio Regulates Muscle Structure and Metabolism

PLOSONE | DOI:10.1371/journal.pone.0136504 August 25, 2015 13 / 14

http://www.ncbi.nlm.nih.gov/pubmed/8449665
http://dx.doi.org/10.1016/j.nmd.2010.03.008
http://dx.doi.org/10.1016/j.nmd.2010.03.008
http://www.ncbi.nlm.nih.gov/pubmed/20452215
http://www.ncbi.nlm.nih.gov/pubmed/97355
http://www.ncbi.nlm.nih.gov/pubmed/8335002
http://dx.doi.org/10.1016/j.jmb.2012.02.025
http://dx.doi.org/10.1016/j.jmb.2012.02.025
http://www.ncbi.nlm.nih.gov/pubmed/22370558
http://www.ncbi.nlm.nih.gov/pubmed/8486738
http://www.ncbi.nlm.nih.gov/pubmed/12756285
http://www.ncbi.nlm.nih.gov/pubmed/9307964
http://dx.doi.org/10.1128/MCB.00675&ndash;09
http://www.ncbi.nlm.nih.gov/pubmed/19822665
http://www.ncbi.nlm.nih.gov/pubmed/13986422
http://www.ncbi.nlm.nih.gov/pubmed/9671578
http://dx.doi.org/10.1006/jmbi.1995.0283
http://www.ncbi.nlm.nih.gov/pubmed/7776366
http://www.ncbi.nlm.nih.gov/pubmed/2462566
http://www.ncbi.nlm.nih.gov/pubmed/1469046
http://www.ncbi.nlm.nih.gov/pubmed/8056306
http://www.ncbi.nlm.nih.gov/pubmed/6811687
http://dx.doi.org/10.1002/(SICI)1097&ndash;4598(199612)19:12&amp;lt;1608::AID-MUS12&amp;gt;3.0.CO;2-N
http://www.ncbi.nlm.nih.gov/pubmed/8941277
http://www.ncbi.nlm.nih.gov/pubmed/16590445
http://dx.doi.org/10.1186/1746&ndash;6148&ndash;5&ndash;29
http://www.ncbi.nlm.nih.gov/pubmed/19664222


41. McCue ME, Armien AG, Lucio M, Mickelson JR, Valberg SJ. Comparative skeletal muscle histopatho-
logic and ultrastructural features in two forms of polysaccharide storage myopathy in horses. Veterinary
pathology. 2009; 46(6):1281–91. doi: 10.1354/vp.08-VP-0177-M-FL PMID: 19605906.

42. Ryall JG, Schertzer JD, Lynch GS. Cellular and molecular mechanisms underlying age-related skeletal
muscle wasting and weakness. Biogerontology. 2008; 9(4):213–28. doi: 10.1007/s10522–008–9131–0
PMID: 18299960.

43. Bodine SC, Stitt TN, Gonzalez M, Kline WO, Stover GL, Bauerlein R, et al. Akt/mTOR pathway is a cru-
cial regulator of skeletal muscle hypertrophy and can prevent muscle atrophy in vivo. Nat Cell Biol.
2001; 3(11):1014–9. doi: 10.1038/ncb1101–1014 PMID: 11715023.

44. Figueroa-Clarevega A, Bilder D. Malignant Drosophila tumors interrupt insulin signaling to induce
cachexia-like wasting. Dev Cell. 2015; 33(1):47–55. doi: 10.1016/j.devcel.2015.03.001 PMID:
25850672; PubMed Central PMCID: PMC4390765.

45. Han HQ, Zhou X, Mitch WE, Goldberg AL. Myostatin/activin pathway antagonism: molecular basis and
therapeutic potential. Int J Biochem Cell Biol. 2013; 45(10):2333–47. doi: 10.1016/j.biocel.2013.05.019
PMID: 23721881.

46. Rommel C, Bodine SC, Clarke BA, Rossman R, Nunez L, Stitt TN, et al. Mediation of IGF-1-induced
skeletal myotube hypertrophy by PI(3)K/Akt/mTOR and PI(3)K/Akt/GSK3 pathways. Nat Cell Biol.
2001; 3(11):1009–13. doi: 10.1038/ncb1101–1009 PMID: 11715022.

47. Sandri M, Sandri C, Gilbert A, Skurk C, Calabria E, Picard A, et al. Foxo transcription factors induce the
atrophy-related ubiquitin ligase atrogin-1 and cause skeletal muscle atrophy. Cell. 2004; 117(3):399–
412. PMID: 15109499; PubMed Central PMCID: PMC3619734.

48. Alic N, Andrews TD, Giannakou ME, Papatheodorou I, Slack C, Hoddinott MP, et al. Genome-wide
dFOXO targets and topology of the transcriptomic response to stress and insulin signalling. Mol Syst
Biol. 2011; 7:502. doi: 10.1038/msb.2011.36 PMID: 21694719; PubMed Central PMCID:
PMC3159968.

49. He Z, Jiang T, Wang Z, Levi M, Li J. Modulation of carbohydrate response element-binding protein
gene expression in 3T3-L1 adipocytes and rat adipose tissue. Am J Physiol Endocrinol Metab. 2004;
287(3):E424–30. doi: 10.1152/ajpendo.00568.2003 PMID: 15100094.

Mio Regulates Muscle Structure and Metabolism

PLOSONE | DOI:10.1371/journal.pone.0136504 August 25, 2015 14 / 14

http://dx.doi.org/10.1354/vp.08-VP-0177-M-FL
http://www.ncbi.nlm.nih.gov/pubmed/19605906
http://dx.doi.org/10.1007/s10522&ndash;008&ndash;9131&ndash;0
http://www.ncbi.nlm.nih.gov/pubmed/18299960
http://dx.doi.org/10.1038/ncb1101&ndash;1014
http://www.ncbi.nlm.nih.gov/pubmed/11715023
http://dx.doi.org/10.1016/j.devcel.2015.03.001
http://www.ncbi.nlm.nih.gov/pubmed/25850672
http://dx.doi.org/10.1016/j.biocel.2013.05.019
http://www.ncbi.nlm.nih.gov/pubmed/23721881
http://dx.doi.org/10.1038/ncb1101&ndash;1009
http://www.ncbi.nlm.nih.gov/pubmed/11715022
http://www.ncbi.nlm.nih.gov/pubmed/15109499
http://dx.doi.org/10.1038/msb.2011.36
http://www.ncbi.nlm.nih.gov/pubmed/21694719
http://dx.doi.org/10.1152/ajpendo.00568.2003
http://www.ncbi.nlm.nih.gov/pubmed/15100094

