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Maintenance of skeletal muscle structure and function requires ef-
ficient and precise metabolic control. Autophagy plays a key role in
metabolic homeostasis of diverse tissues by recycling cellular con-
stituents, particularly under conditions of caloric restriction, thereby
normalizing cellular metabolism. Here we show that histone deace-
tylases (HDACs) 1 and 2 control skeletal muscle homeostasis and
autophagy flux in mice. Skeletal muscle-specific deletion of both
HDAC1 and HDAC2 results in perinatal lethality of a subset of mice,
accompanied by mitochondrial abnormalities and sarcomere de-
generation. Mutant mice that survive the first day of life develop
a progressive myopathy characterized by muscle degeneration and
regeneration, and abnormal metabolism resulting from a blockade
to autophagy. HDAC1 and HDAC2 regulate skeletal muscle autoph-
agy by mediating the induction of autophagic gene expression and
the formation of autophagosomes, such that myofibers of mice
lacking these HDACs accumulate toxic autophagic intermediates.
Strikingly, feeding HDAC1/2 mutant mice a high-fat diet from the
weaning age releases the block in autophagy and prevents myop-
athy in adult mice. These findings reveal an unprecedented and
essential role for HDAC1 and HDAC2 in maintenance of skeletal
muscle structure and function and show that, at least in some
pathological conditions, myopathy may be mitigated by dietary
modifications.
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Cellular homeostasis ismaintained by a balance between protein
biosynthesis and degradation. Macroautophagy (herein re-

ferred to as autophagy) is a catabolic pathway responsible for the
degradation of various cellular constituents or deleterious cellular
components. The process involves formation of vesicles, called
autophagosomes, that capture and deliver proteins to lysosomes
for degradation (1). The resulting breakdown products are recy-
cled and used to support cellular metabolism (2). Genetic studies
withmicemutant for genes involved in autophagy substantiated the
importance of basal autophagy for organelle turnover and cellular
homeostasis (3–11). Various stress conditions, such as fasting, ex-
ercise, hypoxia, oxidative stress, and pathogen infection, trigger
autophagy as an adaptive response to normalize cellular metabo-
lism (12, 13).
Deregulation of autophagy has been implicated in cancer (14,

15), neurodegenerative disorders (4, 5, 10), and muscular diseases
(16, 17). Epigenetic factors have been implicated in regulating
autophagy during various pathological conditions (12). Alteration
of the acetylation status of histones or other proteins through
histone deacetylases (HDACs) is a key mechanism that controls
gene transcription and protein function. Removal of acetyl groups
from histone tails by HDACs promotes transcriptional repression
by allowing chromatin compaction (18). HDACs also modulate
the activity of a variety of transcription factors and large macro-
molecular complexes involved in diverse cellular processes (19).
Although the roles of HDACs have been extensively studied
in vitro using HDAC inhibitors, much remains to be learned about
the functions of these enzymes in vivo (18). Mice lacking HDAC
genes in different tissues have revealed highly specific functions for
individual HDAC isoforms during development and adulthood

(18). Global deletion of HDAC1 or HDAC2 in mice causes early
lethality (20), necessitating conditional gene deletion to uncover
the functions of these enzymes in adult tissues. Indeed, tissue-
specific deletion ofHDAC1 andHDAC2has uncovered important
roles of these enzymes in diverse cellular processes (20–22).
In the present study, we show that HDAC1 andHDAC2 control

muscle homeostasis and autophagy flux in skeletal muscle. Ap-
proximately 40% of double knockout (dKO) mice lacking both
HDAC1 and HDAC2 in skeletal muscle die within the first day of
life; the remaining dKO mice develop a progressive myopathy,
preceded by impaired autophagy flux, which correlates with a shift
toward oxidative metabolism. HDAC1 and HDAC2 regulate
autophagy flux, at least in part, by allowing the transcriptional in-
duction of genes involved in autophagosome formation. Remark-
ably, feeding pregnant mice a high-fat diet (HFD) prevents
perinatal mortality of dKOmice, whereas feeding adult dKOmice
with HFD disallows the onset of myopathy and permits basal
autophagy flux. This study defines a previously unrecognized role
for HDAC1 and HDAC2 in regulating autophagy and muscle ho-
meostasis and suggests that certain lethal myopathies might be
mitigated by dietary modifications.

Results
Deletion of HDACs 1 and 2 Causes a Progressive Myopathy. We
generated mice lacking HDAC1 or HDAC2 in skeletal muscle by
crossing HDAC1loxP/loxP or HDAC2loxP/loxP mice (20) to myoge-
nin-Cre transgenic mice, which express Cre recombinase exclu-
sively in skeletal muscle (23). The transgene of the myogenin-Cre
mouse line consists of the mouse myogenin promoter and the
skeletal muscle-specific enhancer of the mouse Mef2c gene,
which are expressed only in the skeletal muscle lineage from
embryonic day (E) 8.5 to adulthood (24, 25). Efficient deletion of
Hdac1 and Hdac2 genes from skeletal muscle of HDAC1fl/fl;
HDAC2fl/fl; myogenin-Cre mice (hereafter referred to as dKO
mice) at postnatal day (P) 1 was confirmed by real-time RT-PCR
analysis (Fig. S1). Mice lacking up to three alleles of Hdac1 and
Hdac2 were viable and showed normal skeletal muscle archi-
tecture by histological analysis (Fig. S2). dKO mice were seen at
expected Mendelian ratios at E18.5, but a significant reduction
of approximately 40% between the number of expected and
observed dKO mice was detected 10 d after birth (Fig. S3). Al-
though no apparent skeletal muscle abnormalities were detected
by histological analysis at P1 (Fig. 1A), dying dKO mice
appeared cyanotic (Fig. 1B), suggesting that death was due to
impaired function of respiratory muscles. Electron microscopy of
P1 diaphragm muscle revealed ultrastructural abnormalities,
including degeneration of sarcomeres and misshapen mito-
chondria, in dKO myofibers of the subset of affected mice
(Fig. 1C).
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dKO mice that survived the first day of life developed a pro-
gressive myopathy in the tibialis anterior (TA) and extensor dig-
itorum longus muscles, starting from 7 wk of age, characterized by
myofiber degeneration, centronuclear myofibers, and inflam-
matory cell infiltration (Fig. 1D). At 4 wk of age, before histological
onset of myopathy, no Evans blue dye uptake was seen in dKO
myofibers (Fig. S4), and no signs of muscle damage were evident in
dKO mice, as measured by creatine kinase assay (Fig. S5).

Deletion of HDAC1 and HDAC2 Blocks Autophagy Flux. The pheno-
type of dKO mice partially resembles prior descriptions of mice
deficient in autophagy (7, 26–28).Autophagyflux canbemonitored
by detection of themodification of endogenous LC3 (microtubule-
associated protein1 light chain 3) using standard immunoblotting
procedures (29, 30). LC3 exists in two forms: the free mature form

LC3-I and the membrane-bound lipidated LC3-II form, which is
a marker of autophagosome formation. p62 is a protein seques-
tered in autophagosomes and lost when autophagosomes fuse with
lysosomes. Thus, an increase in p62 abundance indicates inhibition
of autophagy (31–33). As early as a few hours after birth, no dif-
ference was detected in the conversion of LC3-I to LC3-II between
dKOandHDAC1fl/fl; HDAC2fl/fl (hereafter referred to as control)
mice; however, significant accumulation of p62 protein was seen in
muscle from dKO mice, suggesting a block in autophagy flux only
a few hours after birth (Fig. 2 A and B).
Because autophagy supplies energy during the early postnatal

period of starvation (27, 34), we assessed the energy status of P1
skeletal muscle by measuring the activated form of AMP-acti-
vated protein kinase (AMPK), which functions as an energy
sensor (35, 36). AMPK is activated by phosphorylation of the
α-subunit after an increase in the intracellular AMP/ATP ratio,
and it is up-regulated in mice with mutations in autophagy genes
(27). Consistent with a block in autophagy flux, we found a sig-
nificant increase of the phosphorylated form of AMPK in P1
dKO skeletal muscle compared with controls (Fig. 2 A and B).
We analyzed the autophagy pathway at baseline and upon in-
duction in response to 24 h of fasting, at 4 wk of age, before the
histological onset of the myopathy. Upon fasting, as expected,
there was a decrease of LC3-I and an increase of LC3-II in
control mice, whereas in dKO mice there was an increase of both
LC3-I and LC3-II, showing a defect in autophagy flux (Fig. 2 C
and D). Strikingly, p62 protein robustly accumulated in dKO
muscle, both at baseline and upon fasting (Fig. 2 C and D),
indicative of a block in autophagy under both conditions.

Fig. 1. dKOmice die perinatally or develop a progressive myopathy. (A) H&E
sections of various muscles of dKO mice and control mice, a few hours after
birth. (Scale bars, 40 μm.) (B) Picture of dKO and control mice a few hours after
birth. (C) Electron microscopic pictures of diaphragm isolated from 1-d-old
control anddKOmice, showingultrastructuralabnormalities, includingswollen
and cup-shapedmitochondria (asterisk). (Scalebars, 0.5μm.) (D) H&Esectionsof
TA muscle from control and dKOmice at indicated ages. (Scale bars, 40 μm.)

Fig. 2. HDAC1 and HDAC2 regulate autophagy flux in skeletal muscle. (A)
Western blot showing autophagy markers (LC3 I-II and p62), phosphorylated
AMPK (P-AMPK), and total AMPK in skeletal muscle of neonatal control and
dKO mice. Tubulin was used as loading control. (B) Densitometric analysis of
Western blot showing p62 and P-AMPK expression in dKO relative to control
(Ctrl) mice. Values were normalized to tubulin. n = 4. *P < 0.05; **P < 0.005.
(C) Western blot showing LC3 I-II and p62 in skeletal muscle of 4-wk-old
control and dKO mice, fed or fasted for 24 h. Tubulin was used as loading
control. (D) Densitometric analysis of Western blot showing LC3 II and p62
expression in dKO relative to Ctrl mice. Values were normalized to tubulin.
n = 6. **P < 0.005. (E) Immunostaining of histological sections of TA muscle
for p62 (green) and nuclei (blue) at 7 wk of age. (Scale bars, 40 μm.)
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Accumulation of p62 protein was confirmed in dKO TA by
immunostaining at 7 wk of age (Fig. 2E).
Because a block in the proteasome pathway can lead to an ac-

cumulation of p62protein,we assessedproteasomeactivity in vivo in
control and dKO mice. Proteasome activity was detected by coe-
lectroporating a reporter plasmid, Ub-G76V-YFP (37), which is
normally degraded by the proteasome and quickly accumulates if
proteasome activity is impaired (7), and dsRED plasmid, for mon-
itoring transfection efficiency, in TAmuscle of 4-wk-old control and
dKOmice. Twelve days later, we could not detect anyYFP signal in
the transfected TA, indicating that proteasome activity was not
impaired in dKO mice (Fig. S6). As a positive control, we detected
strong YFP signal colocalizing in the dsRED-positive myofibers in
mice treated with the proteasome inhibitor MG262 (38) (Fig. S6).

HDAC1 and HDAC2 Modulate Autophagosome Formation in Skeletal
Muscle. We monitored steady-state levels of autophagosomes by
electroporating GFP-LC3 (7, 38, 39) into TA of control and dKO

mice at 4 wk of age. One week later, we induced autophagy by
fasting mice for 24 h. Localization of GFP-LC3-I is cytoplasmic
and results in a diffuse fluorescence signal, whereas GFP-LC3-II
associates with autophagosome membranes and is seen as punc-
tate (39). An increased number of autophagosomes labeled by
GFP-LC3 punctae was observed in control mice in response to
fasting, but not in dKO mice (Fig. 3 A and B).
To investigate whether deletion of HDAC1 and HDAC2 in

skeletal muscle affects autophagy induction at the transcriptional
level, we measured transcripts of genes involved in autophagy
flux at baseline and in response to 48 h of fasting. For all of the
genes analyzed—atg5, atg7, gabarapl1, LC3, and p62—expression
was induced upon fasting in control mice, but to a lesser extent
in dKO mice (Fig. 3C).

HDAC1 and HDAC2 Overexpression Is Sufficient to Promote
Autophagy Flux. To investigate whether the ectopic expression of
HDAC1 and HDAC2 in skeletal muscle was sufficient to increase
the number of autophagosomes and to promote autophagy flux, we
coelectroporated TA muscles from WT mice with GFP-LC3 plas-
mid and either a control plasmid or a combination of HDAC1 and
HDAC2 expression plasmids. After 8 d, we analyzed the presence
of autophagosomes by fluorescence. Muscles coelectroporated

Fig. 3. HDAC1 and HDAC2 regulate autophagosome formation in skeletal
muscle. (A) Representative fields of GFP-LC3-electroporated TA muscle of
adult control and dKO mice. Eight days after the electroporation, mice were
fasted for 24h. (Scale bars, 40 μm.) (B) Counts ofGFP-LC3punctaepermyofiber
in control (Ctrl) or dKOmice, fed or fasted for 24 h. n = 4–7 (≈400 fibers each).
Values are mean ± SEM. **P < 0.005. (C) Real-time RT-PCR analysis, at 4 wk of
age, for atg5, atg7, gaparapl1, LC3, and p62 mRNA of control (Ctrl) and dKO
mice, fed or fasted for 48 h. Data are expressed asmean± SEM.n=4. *P< 0.05.
**P < 0.005. (D) Representative fields of TA muscles 1 wk after coelectropo-
ration of GFP-LC3 and either control or a combination of HDAC1 and HDAC2
expression plasmids. (Scale bars, 40 μm.) (E) Counts of GFP-LC3 punctae per
myofiber in muscles coelectroporated with GFP-LC3 and either control or
a combination of HDAC1 andHDAC2 expression plasmids. n = 6–8 (≈400fibers
each). Values are mean ± SEM. **P < 0.005. (F) Western blot analysis for
autophagymarkers LC3 I-II andp62,HDAC1, andHDAC2 inTAmuscles 8dafter
electroporation of either a control plasmid or a combination of HDAC1 and
HDAC2 expressing plasmids.

Fig. 4. Altered skeletal muscle energy expenditure in dKO mice. (A) Histo-
logical sections of TA isolated from 7-wk-old control and dKO mice were an-
alyzedbymetachromatic ATPase, SDH, andNADH staining. (Scale bars, 100 μm
for metachromatic ATPase, 40 μm for SDH and NADH staining.) (B) Real-time
RT-PCR analysis of different Myh genes, Ppargc1a, Ppargc1b, Acadm, and
Ucp2 in control (Ctrl) and dKO mice, at 7 wk of age. Data are expressed as
mean ± SEM. n = 4. *P < 0.05. dKO mice show significantly higher (C) O2

consumption, (D) CO2 production, and (E) heat production than control mice,
between 5 and 7 wk of age. *P < 0.05. Values are mean ± SEM. n = 7.
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withHDAC1 andHDAC2 showed a significantly higher number of
GFP-LC3 punctae compared with those coelectroporated with
a control plasmid (Fig. 3 D and E). Importantly, Western blot
analysis revealed an increase of lipidated LC3-II and a decrease in
p62 protein levels in muscles that overexpressed HDAC1 and
HDAC2 compared with those electroporated with a control plas-
mid (Fig. 3F), indicating that HDAC1 andHDAC2overexpression
promotes autophagy flux.

dKO Mice Develop a Metabolic Disorder with the Histological Onset of
Myopathy.Gene array analysis performed on 4-wk-old TAmuscles
showed that only 18 transcripts out of 45,282 detected were sig-
nificantly up-regulated in dKO mice (Fig. S7). Gene ontology
analysis using the DAVID bioinformatics browser (40) indicated
that the most significantly enriched up-regulated genes in dKO
mice participate in metabolism (Fig. S8). On the basis of these
findings, we compared the metabolic state of skeletal muscle of
control and dKO mice. At 4 wk of age, histological analysis and
enzymatic staining of TA muscle did not reveal any major differ-
ences between control and dKO mice at baseline (Fig. S9A). Ex-
pression of different myosin heavy chain (Myh) genes and genes
important for metabolic regulation, such as Ppargc1a and
Ppargc1b, was analyzed at baseline and in fasting conditions, in
which the requirements for the protective role mediated by
autophagy are more pronounced. No significant differences were
detected in the expression of Myh or Ppargc1a genes between
control and dKO mice, whereas fasting induced a significant re-
duction in the expression of Ppargc1b only in control mice (Fig.
S9B). In contrast, at 7 wk of age, when the histological onset of the
myopathy was observed, metachromatic staining of the TAmuscle
revealed an increase in oxidative fibers (darker blue) in dKOmice
compared with control mice; succinic dehydrogenase (SDH) and
NADH staining highlighted compromised activity of mitochon-
dria in a subset ofmyofibers (Fig. 4A). Real-timeRT-PCRanalysis
showed up-regulation ofMyh2,Myh1, Ppargc1b,Acadm (a protein
essential for converting fatty acids to energy inmitochondria), and
Ucp2 at baseline, in dKO compared with control mice (Fig. 4B).
Suspecting an altered energy state in dKO mice, we assessed

metabolic parameters of control and dKO mice, using metabolic
chambers. dKO mice showed a significant increase in O2 pro-
duction, CO2 consumption, and heat production, both in light and
dark periods (Fig. 4 D–F), indicative of elevated energy

expenditure. No significant differences were detected in physical
activity, suggesting that heightened energy expenditure is not
a consequence of increased voluntary movement or differences in
body weight, lean mass, or food or water consumption between
control and dKO mice (Fig. S10 A–E).

HFD Prevents Myopathy in dKO Mice. Because dKO mice exhibited
higher energy expenditure and increased expression of genes
involved in fatty acid metabolism, we challenged them with an
HFD starting at weaning age. As previously reported (41), 8 wk
of HFD was not sufficient to cause an increase in body weight in
control or dKO female mice (Fig. S11), but surprisingly, 3-mo-
old dKO mice showed none of the histological features of my-
opathy, such as muscle degeneration or centronuclear myofibers
(Fig. 5A). Analysis of autophagy markers after 8 wk of normal
chow or HFD showed no major differences in the lipidation
status of LC3 (Fig. 5B). Strikingly, however, dKO mice on HFD
did not accumulate p62 protein (Fig. 5B), nor did they show
significant differences in the expression of Myh genes or
Ppargc1b compared with control mice (Fig. S12A). HFD did not
alter the expression of other HDACs in skeletal muscle, except
for Hdac3, in both control and dKO mice (Fig. S12B).
Because HFD was able to rescue the phenotype of adult dKO

mice, we wondered whether feeding pregnant mice HFD could
prevent the perinatal lethality observed in approximately 40% of
dKOmice. Six pregnant mice were fedHFD, starting from the day

Fig. 5. HFD prevents the block of autophagy flux, myopathy, and perinatal
mortality in dKO mice. (A) H&E sections of TA muscle of 3-mo-old control
and dKO mice, fed with either normal chow or HFD for 8 wk. (Scale bars,
40 μm.) (B) Western blot analysis for autophagy markers LC3 I-II and p62
in control and dKO mice, fed with normal chow or HFD for 8 wk. Tubulin
was used as loading control.

Fig. 6. Model for the regulation of skeletal muscle homeostasis by HDAC1
and HDAC2. HDAC1 and HDAC2 promote autophagosome induction and
formation. In the absence of HDAC1 and HDAC2 in skeletal muscle,
autophagy flux is impaired, causing accumulation of protein aggregates and
damaged mitochondria and eventually muscle degeneration.
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after conception.We obtained a total of 45 pups, 19 of which were
dKO, and none of them died perinatally. Ten days after birth, by
genotyping, we confirmed no significant difference between the
number of expected and obtained dKO mice (Fig. S13).

Discussion
Using a genetic approach to delete HDAC1 and HDAC2 specifi-
cally in skeletal muscle, this study reveals a previously un-
recognized function of these enzymes in regulating autophagy flux
and skeletal muscle homeostasis in vivo (Fig. 6). One copy of aWT
allele of either Hdac1 or Hdac2 is sufficient for proper skeletal
muscle development, suggesting a redundant function of these
genes. When both HDAC1 and HDAC2 were deleted from skel-
etal muscle, approximately 40% of mice died perinatally, showing
myofibrillar and mitochondrial abnormalities, accumulation of
p62, and up-regulation of the activated form of AMPK, a marker
of energy deficit. Mice mutant in autophagy genes show similar
features (26, 27), highlighting the importance of this cellular
mechanism for survival during the perinatal period of energy
deprivation. dKO mice that survived the first day of life developed
a progressivemyopathy, starting from 7 wk of age, characterized by
muscle degeneration and regeneration, similar to mice defective in
autophagy (3, 4, 7–9). Importantly, before any histological evi-
dence of myopathy, autophagosome induction and formation were
impaired in dKO mice in response to fasting. Conversely, ectopic
expression of HDAC1 and HDAC2 in skeletal muscle was suffi-
cient to accumulate autophagosomes and promote autophagy flux.
Gene array analysis performed on skeletal muscle of 4-wk-old

mice revealed only modest changes in gene expression between
control and dKO mice (0.04% up-regulated and 0.08% down-
regulated), suggesting that HDAC1 and HDAC2 do not function
as global repressors of gene transcription in skeletal muscle. The
specificity of deregulated genes in dKO mice suggested possible
alterations in the metabolic status of skeletal muscle. Indeed,
skeletalmuscle of dKOmice exhibited a shift inmetabolism toward
a more oxidative state, and dKO mice showed increased energy
expenditure, although the altered respiratory rate observed in dKO
mice may be a consequence of abnormalities in the diaphragm.
Because the changes in metabolism of dKO mice appeared

only after the histological onset of myopathy, except for the
modulation of Ppargc1b expression after fasting, they are likely
a consequence of compromised skeletal muscle homeostasis.
However, there is a mechanistic and molecular link between
autophagy and cellular metabolism (2, 34). Indeed, the break-
down products from autophagy are substrates for both new
biosynthesis and energy production. Recently, a unique role of
autophagy in regulating glucose metabolism after acute exercise
has been shown (13). In addition, autophagy is critical for sur-
vival during fasting and for reprogramming of cell metabolism
(34). After a period of starvation, newborn pups switch from the
placenta, high in carbohydrates and amino acids, to milk, a high-
fat and low-carbohydrate diet. Although 8 wk of HFD did not
trigger autophagy in control mice, it is intriguing that dKO mice
fed with HFD did not develop myopathy, did not accumulate
autophagy intermediates, and showed no changes in the expres-
sion of genes involved in oxidative metabolism, despite similar
expression of other Hdacs, compared with control mice.
HFD leads to an imbalance between energy intake and expen-

diture, and eventually obesity. One of the major effects of HFD in
skeletal muscle is lipid accumulation. Multiple pathways may
contribute to lipid accumulation in skeletal muscle upon HFD,
such as increased fatty acid uptake into muscle from circulation
and/or defective muscle mitochondrial metabolism (42). Conflict-
ing data regarding the expression and activity of Ppargc1 genes,
which are key regulators of mitochondrial biogenesis and fatty acid
oxidation in skeletal muscle (43) have been reported (42, 44). In
addition, HFD reduces insulin signaling and autophagy flux, with
a consequent impairment of GLUT4 translocation to the plasma
membrane (13, 45, 46). It is possible that HFD rescues the dKO
phenotype by prolonging caloric availability and by dimin-
ishing the requirement of autophagy for skeletal muscle

metabolism homeostasis. These findings further confirm a link
between autophagy, metabolism, and cellular homeostasis.
Recently it was shown that low-protein diet (LPD), through

triggering autophagy, ameliorates myopathy in Col6a1−/− mice,
a model of collagen VI muscular dystrophy (17). The rationale for
feeding Col6a1−/− mice with LPD was that these mice displayed
a delay in the induction of autophagy, contrary to dKOmice, which
showed a block in autophagy flux even after 48 h of starvation.
Because nutrient availability and metabolism are tightly linked and
may promote disease, such as obesity and type 2 diabetes, further
elucidation of the role of autophagy and its connection tometabolic
pathways could provide insight for future clinical applications.
Although the present study reveals a heretofore unrecognized

role of HDACs 1 and 2 in the control of autophagy, the precise
targets for deacetylation by these HDACs that mediate this effect
remain to be defined. Because HDACs repress gene transcription
by deacetylating histones, it will be of interest to determine whether
HDACs 1 and 2 act at the transcriptional level to modulate genes
involved in the autophagy pathway. In addition, given that HDACs
have been reported to deacetylate proteins other than histones
(19), it is conceivable that HDACs 1 and 2 directly deacetylate
autophagy proteins to regulate autophagosome induction.
HDAC inhibitors are used clinically as treatments for epilepsy,

bipolar disorder, and cancer (47–49). Considering the broad use
of HDAC inhibitors in clinical settings, and the role of HDACs 1
and 2 in regulating autophagy flux and skeletal muscle homeo-
stasis, possible adverse consequences and side effects of admin-
istering HDAC inhibitors systemically should be considered.

Methods
Mice. HDAC1 and HDAC2 conditional mutant mice, previously described (20),
were crossed with myogenin-Cre transgenic mice, which express Cre recom-
binase under the control of theMef2c skeletal muscle enhancer linked to the
myogeninpromoter (23).Micewere fednormal chow (no. 2016;HarlanTeklad
Global) containing 12% kilocalories from fat or HFD (no. D12492; Research
Diets) containing 60% kilocalories from fat.

Histology and Immunohistochemistry. H&E staining, NADH staining, meta-
chromatic ATPase staining, Evans blue dye uptake experiments, succinic de-
hydrogenase staining, and immunohistochemistry were performed as
previously described (50–53). More information is provided in SI Methods.
Electron microscopy was performed on P1 mouse diaphragms by the Univer-
sity of Texas Southwestern Electron Microscopy Core Facility.

Western Blot Analysis. Western blot analyses were performed on TA muscles
as previously described (52). More information is provided in SI Methods.

DNA Delivery by Electroporation. Experiments were performed on 4-wk-old
mice as previously described (50). When indicated, 8 d after the electro-
poration, somemice were fasted for 24 h, as previously described (38). For the
ubiquitin-proteasome activity assay, TA muscles of 4-wk-old mice were
cotransfected with dsRED and Ub-G76V-YFP plasmid, which is an ubiquitin-
proteasome pathway activity reporter, as previously described (7). GFP-LC3
plasmid was received from J. A. Hill (54) (University of Texas Southwestern,
Dallas, TX); Ub-G76V-YFP (37) (Addgene plasmid 11949) was purchased from
Addgene. More information is provided in SI Methods.

RNA Isolation and RT-PCR. RNA was isolated from TA muscles and RT-PCR was
performed as previously described (50). Probe and primer information is
given in SI Methods.

Microarray Analysis. Total RNA was isolated from TA muscle of 4-wk-old mice
(n = 3 control; n = 3 dKO mice). Microarray analysis was performed by the
University of Texas Southwestern Microarray Core Facility using the Mouse
Genome Illumina Mouse-6 V2 BeadChip. Genes that were up-regulated at
least twofold were analyzed. More information is provided in SI Methods.

Metabolic Cage Studies. Metabolic cage studies were performed by the
University of Texas Southwestern Mouse Metabolic Phenotyping Core. Ap-
proximately 5-wk-old male dKO and control mice, receiving normal chow,
were placed in TSE metabolic chambers for an initial 5-d acclimation period,
followed immediately by a 4.5-d experimental period with data collection.
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Statistical Analyses. We performed statistical comparison of data, presented as
mean ± SEM, using the two-tailed Student t test. We considered P < 0.05 to be
statistically significant. A χ2 test was used to test whether the difference be-
tween the expected and observed dKO mice was statistically significant. An
observed χ2 = 5.99 corresponds to P = 0.05; χ2 = 9.21 corresponds to P = 0.01.

Creatine Kinase Assay. Creatine kinase levels were quantified from serum of
4-wk-oldmice by using the enzyChrom creatine kinase assay kit fromBioAssay
Systems, according to the manufacturer’s instructions.
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