1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Nat Med. Author manuscript; available in PMC 2017 August 02.

-, HHS Public Access
«

Published in final edited form as:
Nat Med. 2017 February ; 23(2): 223-234. doi:10.1038/nm.4245.

Dissociation of muscle insulin sensitivity from exercise
endurance in mice by HDAC3

Sungguan Hongl”*, Wenjun Zhoul”, Bin Fang?”, Wenyun Lu3, Emanuele Loro#, Manashree
Damle?, Guolian Ding1®, Jennifer Jager?, Sisi Zhang?3, Yuxiang Zhang?, Dan Feng?,
Qingwei Chu?, Brian D Dill6, Henrik Molina®, Tejvir S Khurana*, Joshua D Rabinowitz?,
Mitchell A Lazar?#, and Zheng Sunl#

1Division of Diabetes, Endocrinology and Metabolism, Department of Medicine; Department of
Molecular and Cellular Biology, Baylor College of Medicine, Houston, TX 77030

2Division of Endocrinology, Diabetes, and Metabolism, Department of Medicine; the Institute for
Diabetes, Obesity, and Metabolism, Perelman School of Medicine, University of Pennsylvania,
Philadelphia, PA 19104

3Lewis-Sigler Institute for Integrative Genomics; Princeton University, Princeton, NJ 08544

4Department of Physiology and Pennsylvania Muscle Institute, Perelman School of Medicine,
University of Pennsylvania, Philadelphia, PA 19104

SInternational Peace Maternity and Child Health Hospital, School of Medicine, Shanghai Jiao
Tong University, Shanghai 200030, China

5Proteomics Resource Center, Rockefeller University, New York, NY

Abstract

Type 2 diabetes (T2D) and insulin resistance are associated with reduced glucose utilization in the
muscle and poor exercise performance. Here we find that depletion of an epigenome modifier,
histone deacetylase 3 (HDAC3), specifically in skeletal muscle causes severe systemic insulin
resistance in mice, but markedly enhances exercise endurance and muscle fatigue resistance,
despite reducing muscle force. This seemingly paradoxical phenotype is due to lower glucose
utilization and greater lipid oxidation in HDAC3-depleted muscles, a fuel switch caused by the
activation of anaplerotic reactions driven by AMP deaminase 3 (Ampd3) and branched-chain
amino acid catabolism. These findings highlight the pivotal role of amino acid catabolism in
muscle fatigue and T2D pathogenesis. Further, as genome occupancy of HDAC3 in skeletal
muscle is controlled by the circadian clock, these results delineate an epigenomic regulatory
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mechanism through which the circadian clock governs skeletal muscle bioenergetics. These
findings suggest that physical exercise at certain times of the day or pharmacological targeting of
HDAC3 could potentially be harnessed to alter systemic fuel metabolism and exercise
performance.
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INTRODUCTION

Skeletal muscle is the major tissue of glucose consumption and clearance, and as such
insulin resistance in this organ is believed to be a key mediator of T2D pathogenesis.
Ectopic lipid accumulation in muscles can cause insulin resistance by activating cytosolic
kinase cascades that disrupt molecular insulin signaling, a process referred to as
lipotoxicity?. However, endurance athletes have higher intramuscular lipid contents
associated with higher insulin sensitivity, a phenomenon known as the “athlete’s paradox™3,
suggesting that how the muscle handles lipid storage is more important than the lipid content
itself. In addition, muscle-specific knockout of the insulin receptor does not increase blood
glucose levels despite severe muscle insulin resistance* °, suggesting that disruption of the
cytosolic insulin signaling in muscle may not be sufficient to cause systemic glucose
intolerance.

Mitochondrial dysfunction as a cause of muscle insulin resistance is debated. Reduced
skeletal muscle mitochondrial content or impaired mitochondrial oxidative function
correlates with T2D, leading to speculation that mitochondrial dysfunction underlies insulin
resistance. However, depletion of mitochondrial oxidative phosphorylation (OXPHOS)
genes in the muscle actually improves glucose tolerance and insulin sensitivity, presumably
through adaptive enhancement of glucose utilization5—2. These results argue against muscle
mitochondrial deficiency as the root cause of T2D, although such severe genetic
mitochondrial dysfunction in animal models is different from the relatively mild acquired
impairments in mitochondrial function that occur in humans. The reciprocal competition
between glucose and lipid for muscle fuel sources is known as the ‘Randle cycle’, and likely
involves mechanisms beyond the allosteric enzymatic regulation as originally defined by
Randlel 11 An emerging paradigm is that metabolic inflexibility, caused by nutrition
overload and heightened fuel competition, prevents efficient utilization of any fuel, which
leads to accumulation of toxic intermediates and insulin resistancel? 13, Reduced
mitochondrial activity in this model is acquired and contributes to T2D although it is not the
root cause.

Metabolism is intrinsically rhythmic. Circadian behaviors of feeding/fasting and activity/
sleep are controlled by the central circadian clock in the brain, which is entrained by light.
Meanwhile, transcription of many metabolic genes display robust oscillation in peripheral
tissues such as liver and skeletal musclel4. This circadian rhythm is mainly dictated by the
molecular clock within peripheral tissues!®. Misalignment of the peripheral circadian clock
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and feeding behavior underlies the pathogenesis of diabetes in animal models!®. The core
molecular clock is composed of several transcription factors and co-regulators’. The
nuclear receptors Rev-erba and Rev-erb, key components of the molecular clock, repress
gene transcription by recruiting nuclear receptor co-repressors (NCORs) and HDAC318, We
have demonstrated that HDAC3 and Rev-erb orchestrates epigenomic circadian rhythm in
liver, which coordinates reciprocal competition of lipogenesis and gluconeogenesist9-21,
How the circadian clock in skeletal muscle regulates fuel catabolism remains largely
unexplored?2: 23,

As the primary site of the gene-environment interaction, epigenomic regulation of gene
expression is increasingly recognized as a key component in T2D pathogenesis?4. Histone
acetylation and deacetylation is a major epigenomic modification that is dictated by
acetyltransferases and deacetylases. Distinct partnership with different corepressor
complexes determines the functional non-redundancy between HDAC3 and other zinc-
dependent class I, 11, and IV HDACs. Class Ila HDACs (HDAC4, 5, 7, and 9) also associate
with the NCOR complex but have no intrinsic enzyme activity?®. As a result, the enzymatic
activity of class Ila HDACs is dependent on HDAC328. Class Ila HDACs play important
roles in development and muscle remodeling2’. However, how zinc-dependent HDACs
regulate muscle fuel metabolism has not been addressed /7 vivo. In this study, we examined
the metabolic role of HDAC3 in skeletal muscle.

HDACS3 depletion decreases muscle insulin sensitivity and glucose utilization

Skeletal muscle-specific HDAC3 knockout mice (HDAC3-SKMKO) were generated by
crossbreeding HDAC3!9XP/1oxP mijce with myosin light chain 1f-Cre (MLC-Cre) mice?8.
HDAC3!oXP/oxP (\WT) or HDAC3!9XP/* 'MLC-Cre (Het) littermates were used as controls.
HDAC3-SkMKO mice were born at a normal Mendelian ratio and do not exhibit obvious
abnormal phenotypes. Western blot and RT-gPCR analysis confirmed efficient depletion of
HDAC3 in multiple skeletal muscles, but not in heart or liver (Fig. 1a and Supplementary
Fig. 1a). Compared to WT mice, HDAC3-SKMKO mice showed mildly elevated basal
insulin levels without changes in basal blood glucose levels (Fig. 1b), which led to a higher
index of insulin resistance (HOMA-IR) (Supplementary Fig. 1b). This was confirmed by a
blunted insulin response in insulin tolerance tests (ITTs) (Fig. 1c), which led to significant
glucose intolerance without a change in body weight or body composition compared to WT
(Fig. 1d,e and Supplementary Fig. 1c). A hyperinsulinemic euglycemic clamp analysis
revealed a notably lower glucose infusion rate (GIR) and glucose rate of disposition (Rd) in
HDAC3-SkMKO mice compared to WT mice, demonstrating pronounced systemic insulin
resistance (Fig. 1f). Metabolic tracing with 14C-deoxyglucose identified that the skeletal
muscle, but not white adipose tissue (WAT), had impaired glucose uptake, which accounted
for the defective glucose clearance in HDAC3-SkMKO mice compared to WT (Fig. 1g). 3H-
glucose tracing showed that endogenous glucose production was higher in HDAC3-SKMKO
mice compared to WT mice during insulin clamping, demonstrating hepatic insulin
resistance that was secondary to altered muscle metabolism (Fig. 1g). The insulin resistance
and glucose intolerance was observed in young adult mice in both normal chow diet and
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high fat diet regardless of the sex (Supplementary Fig. 1d). Total diacylglycerols, ceramides,
and triglycerides remain unaltered (Fig. 1h,i), although some species of free fatty acids were
slightly higher in HDAC3-depleted muscles compared to WT (Supplementary Fig. 1e).
Expression of inflammation index genes remained unaltered (Supplementary Fig. 1f).
Molecular insulin signaling was not impaired in HDAC3-depleted muscles compared to WT
upon either persistent hyperinsulinemia (Fig S1g) or bolus insulin injection (Fig. 1k.j).
These results demonstrated that the lower glucose uptake in HDAC3-depleted muscle
compared to WT is not due to lipotoxicity or impaired cytosolic insulin signaling.

Exercise induces muscle glucose uptake through a different mechanism from that mediated
by insulin signaling. To address whether HDAC3 depletion alters exercise-induced glucose
utilization, we intravenously infused mice with uniform-13C-labeled glucose at all 6 carbons
(U-13C-glucose) at a constant rate for 2.5 h while the mice were running on treadmill
(Supplementary Fig. 2a). Upon tissue harvest, isotope labeling of glycolysis and
tricarboxylic acid (TCA) cycle intermediates in quadriceps muscles were analyzed by liquid
chromatography and tandem mass spectrometry (LC-MS/MS) (Supplementary Table 1).
Compared to WT mice, HDAC3-SkMKO mice showed lower labeling of glucose-6-
phosphate in muscle, despite greater labeling of its precursor, blood glucose (Fig. 2a),
demonstrating a defect in exercise-induced glucose uptake. HDAC3-depleted muscles also
showed lower labeling than WT in glycolytic intermediates, including fructose-1,6-
phosphate, dihydroxyacetone phosphate, 3-phosphoglycerate, glycerol-3-phosphate, lactate,
and pyruvate (Fig. 2b,c). This demonstrated reduced utilization of circulating glucose in
HDAC3-SkMKO mice compared to WT mice during exercise (Fig. 2d). HDAC3-depleted
muscles showed more similar labeling pattern with WT in TCA intermediates citrate,
succinate-, and malate (Fig. 2e). The carbon 2 (C2)- versus C4-labeled TCA intermediates
are not significantly altered (Supplementary Table 1). Considering lower pyruvate labeling,
these data suggested simultaneous increase in anaplerosis and TCA turning in HDAC3-
depleted muscles compared to WT. In contrast to the TCA intermediates, labeling of
aspartate is notably lower in KO than WT (Fig 2e). This suggested a less net cataplerotic
flux from TCA intermediates to aspartate synthesis, and therefore a higher predominant
reverse flux of amino acid catabolism as anaplerotic reactions in HDAC3-depleted muscles.
Total amounts of all detected metabolites remained unaltered except higher glutamate and
lower aspartate in HDAC3-depleted muscle compared to WT, which further supports higher
aspartate catabolism (Supplementary Table 1). Taken together, HDAC3 deletion reduces
muscle glucose uptake and utilization during muscle contraction.

HDACS3 depletion enhances exercise endurance and oxidative metabolism

Glucose is a major fuel for muscle, and reduced glucose utilization during contraction would
predict impaired exercise endurance. To assess this, mice were put on a treadmill equipped
with electronic shock grids. The speed of treadmill gradually ramped up from 0 to 14 m/min
(Fig. 2f). Compared to WT mice, HDAC3-SkMKO mice receive fewer shocks during
running (Fig. 2f) and ran longer distance at the time of exhaustion that is defined as when a
mouse receives 50 accumulating shocks (Fig. 2g). The enhanced exercise endurance was
also observed in younger mice or female mice (Supplementary Fig. 2b). Consistent with this
in vivo finding, extensor digitorum longus (EDL) muscles isolated from HDAC3-SkMKO
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mice displayed a slower rate of force dropping compared to WT, when subjected to repeated
field electric stimulations in an ex vivo test?® (Fig. 2h), demonstrating enhanced fatigue
resistance. In addition, HDAC3-depleted muscles recovered more quickly from fatigue than
WT (Fig. 2i). These data suggest that intrinsic changes in muscles, other than endocrine or
neural factors, underlie the exercise endurance. Despite enhanced fatigue resistance and
recovery, HDAC3-depleted muscles generated less force than WT muscles (Supplementary
Fig. 2c), suggesting a trade-off between muscle strength and fatigue resistance.

Concurrence of defective glucose uptake and superior endurance is intriguing. One possible
explanation is altered muscle fiber-type composition. Skeletal muscles are composed of
slow-contracting, fatigue-resistant, oxidative fibers (type 1) and fast-contracting, fatigue-
prone, glycolytic fibers (type I1b) as well as intermediate fibers (type Ila and 11x)3%: 31, The
molecular determinant of the fiber type is the expression of myosin heavy chains (MHCs)
isoforms. Immunostaining and western blot analysis of HDAC3-depleted skeletal muscles
with isoform-specific MHC antibodies did not reveal obvious changes in fiber type
composition (Fig 2j and Supplementary Fig. 2d,e). RT-qgPCR and proteomics analysis did
not identify obvious changes in expression levels of different MHC isoforms except
moderate decrease of MHC-1Ib in HDAC3-depleted gastrocnemius compared to WT
(Supplementary Fig. 2f,g). Succinate dehydrogenase staining also failed to identify obvious
changes (Supplementary Fig. 2h). These results suggest that fiber type switch is very limited
and unlikely account for the endurance phenotype. Another possible explanation for fatigue
resistance is enhanced mitochondrial oxidative bioenergetics. Mitochondrial DNA copy
number is indeed higher in HDAC3-depleted muscles compared to WT (Supplementary Fig.
3a), but mitochondrial protein content remained unaltered for oxidative phosphorylation
(OXPHOS) complexes (Fig. 2k) and translocase of the inner membrane 23 complexes
(Supplementary Fig. 3b). Electron microscopy did not reveal obvious morphological
changes of mitochondria (Supplementary Fig. 3c). Despite the lack of obvious structural
changes, mitochondrial respiration rate was increased in differentiated C2C12 myotubes
cultured in media containing amino acids after HDAC3 was depleted with adenovirus-
mediated CRISPR constructs (Fig. 2I), indicating enhanced bioenergetics and higher
oxidative capacity in a cell-autonomous manner. These data suggest that HDAC3 depletion
enhances mitochondrial oxidative capacity without altering overall mitochondrial structures.

HDACS3 controls muscle fuel preference and amino acid catabolism

To address the mechanism for how HDAC3 depletion enhances mitochondrial oxidative
capacity, we asked what the fuel source is for HDAC3-depleted muscles to sustain the
superior endurance. Given the defective glucose uptake, the major fuel(s) for the increased
muscle endurance could include glycogen or lipid. Indirect calorimetry analysis of mice
running on a treadmill revealed lower respiratory exchange ratio (RER) in HDAC3-SKMKO
mice compared to WT mice, suggesting a preference towards lipid oxidation (Fig. 3a,b).
Although muscle triglycerides remained unaltered during rest or exercise (Supplementary
Fig. 4b), higher muscle glycogen and lower blood lactate levels in HDAC3-SkMKO mice
compared to WT mice suggest that endogenous carbohydrate is unlikely to be the preferred
fuel source for improved muscle endurance (Fig. 3c,d). Lower blood ketone levels and lower
liver triglyceride (Fig. 3e,f) further support the notion that HDAC3-KO muscles develop a

Nat Med. Author manuscript; available in PMC 2017 August 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hong et al.

Page 6

fuel preference towards lipids compared to WT, and therefore consume more lipid or ketone
bodies under fasting conditions.

To directly measure lipid oxidation, we i.p. injected a bolus of 3H-palmitate in resting or
exercising mice, obtained blood after 20 min, and measured the end product 3H-H-0.
HDAC3-SkMKO mice showed a higher degree of fatty acid oxidation compared to WT mice
(Fig. 3g). To further address whether this is cell autonomous, we adapted an /n vitro exercise
model32. Electric pulse stimulation (EPS) and adenovirus was applied in fully-differentiated
C2C12 myotubes to induce contraction and gene deletion, respectively. The EPS contraction
protocol and adenoviral treatment did not cause cell toxicity or de-differentiation
(Supplementary Fig. 4b,c). HDAC3 deletion dramatically increased basal and contraction-
induced fatty acid oxidation compared to the mock control (Fig. 3h). On the other hand,
glucose uptake was inhibited by HDAC3 deletion, as measured by 3H-deoxyglucose (Fig.
3i). This demonstrates that HDAC3 regulates fuel preference in a myocyte-autonomous
manner. There were minimal changes in expression of several well-regarded genes in
glucose transport, fatty acid oxidation, the TCA cycle, and oxidative phosphorylation,
including PGC1 (Supplementary Fig. 4d,e). GLUT4 protein levels, AMP-activated protein
kinase (AMPK) activities, and phosphorylation on its substrate HSL also remained unaltered
between HDAC3-depleted and WT muscles (Fig. S4f). These data suggest that the enhanced
oxidative bioenergetics in HDAC3-depleted muscles is unlikely due to direct regulation of
fatty acid oxidation genes.

To further elucidate the underlying mechanism of enhanced oxidative bioenergetics, we
integrated metabolomics, transcriptomics, and proteomics approaches. A metabolomics
study identified that the most prominently altered metabolites in HDAC3-depleted muscles
versus WT muscles were amino acids (Fig. 3j). Aspartate, proline, histidine, and branched-
chain amino acids (BCAA) were reduced in HDAC3-depleted muscles compared to WT
(Fig. 3k). RNA-seq and nano-LC-MS/MS proteomics identified many differentially
expressed genes or proteins (Fig. 3l and Supplementary Table 2,3). The overlapping targets
were once again dominated by enzymes involved in amino acid catabolism (Fig. 3m). Key
amino acid catabolism enzymes were upregulated at both mRNA levels and protein levels
upon HDACS3 deletion (Fig. 4a). The most prominently upregulated gene was AMP
deaminase 3 (Ampd3) that catalyzes the first and rate-limiting step of the purine nucleotide
cycle (PNC), an anaplerotic reaction in skeletal muscles.

Anaplerotic amino acid catabolism promotes lipid oxidation

During exercise when AMP level is high in muscles, the PNC consumes aspartate and
connects BCAA catabolism to the TCA cycle, which creates an anaplerotic reaction that
increases TCA flux and oxidative capacity in handling acetyl-CoA, the end product of fatty
acid oxidation (Fig. 4b). Another anaplerotic reaction is driven by catabolism of BCAA
through BCAA aminotransferase 2, dihydrolipoamide branched-chain transacylase (the E2
component of the branched-chain alpha-keto acid dehydrogenase complex), isovaleryl-CoA
dehydrogenase, and enoyl Coenzyme A hydratase, short chain, 1, mitochondrial, which
leads to production of succinyl-CoA. These anaplerotic reactions, in alliance with
upregulated isocitrate dehydrogenase and several genes in acyl-CoA metabolism, could
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explain the enhanced mitochondrial oxidative metabolism in HDAC3-depleted muscle
compared to WT. Lower expression of glycolytic genes in HDAC3-depleted muscle
compared to WT (Fig. 4b and Supplementary Fig. 5a), together with the enhanced oxidative
metabolism, could thus account for the fuel preference switch. Glutamate generated from
BCAA catabolism can be released into circulation as alanine or glutamine that serve as
gluconeogenic precursors in liver or kidney, which could explain the higher endogenous
glucose production in HDAC3-SkMKO mice compared to WT mice as observed in the
previous insulin clamp study (Fig. 1g).

In support of this hypothesis derived from —omics studies, the kinetic flux of amino acid
catabolism was found markedly upregulated in HDAC3-SkMKO mice compared to WT
mice as measured using 3H-aspartate (Fig. 4c). Elevated ammonia in urine in HDAC3-
SkMKO mice compared to WT mice is also consistent with enhanced amino acid catabolism
in vivo (Fig. 4d). In light of the altered enzymes in the metabolic pathway (Fig. 4b), we
predict enhanced catabolism of fatty acids, proteins, and amino acids as well as associated
amino acid release from HDAC3-depleted muscles. This is supported by the higher levels of
muscle glutamate (an intermediate between amino acid catabolism and excretion), serum
alanine, and muscle acetyl-CoA during exercise in HDAC3-SKMKQO mice compared to WT
mice (Fig. 4e). Regulation of amino acid catabolism by HDAC3 was cell autonomous since
it is increased in cultured myotubes upon acute depletion of HDAC3 (Fig. 4f).
Overexpression of Ampd3 to a similar level as in HDAC3-depleted myotubes was sufficient
to cause such flux change, demonstrating that PNC is the major driver for aspartate
catabolism (Fig 4f and S5b). We also predict that persistent amino acid catabolism could
drive up muscle protein breakdown and lead to muscle mass loss over time, even considering
the enormous protein synthesis capacity. Indeed, muscle mass from HDAC3-SKMKO mice
became lower than WT as mice age (Supplementary Fig. 5c,d). However, the insulin
resistance and exercise endurance phenotypes were fully developed before there was a
significant change in muscle mass, suggesting that the metabolic change causes, rather than
results from, a change in muscle mass. Taken together, in vivo—omics studies, together with
in vivoand in vitrotracing studies, identified amino acid catabolism as a major process that
is directly suppressed by HDAC3.

Can enhanced amino acid catabolism explain the fuel switch in HDAC3-depleted muscles?
Overexpression of Ampd3 to a similar level as in HDAC3 depletion reduces glucose uptake
in differentiated myotubes compared to GFP control (Fig. 4g and Supplementary Fig. 5b),
suggesting that enhanced PNC and amino acid catabolism has glucose-sparing effect. More
importantly, overexpression of Ampd3 strikingly increases fatty acid oxidation (Fig. 4h) and
mitochondrial oxygen consumption rate compared to GFP control (Fig. 4i), demonstrating
that the anaplerotic PNC and associated BCAA catabolism is sufficient to induce the
enhanced mitochondrial oxidative capacity and lipid preference. To address the requirement
of PNC in fatigue resistance, we utilized adenine deaminase inhibitor deoxycoformycin
(DCF) in an ex vivo contraction analysis. As previously demonstrated, HDAC3-depleted
EDL muscles retain higher percentage of force during repetitive fatigue-inducing
contractions compared to WT muscles (Fig. 2h). Such fatigue difference was diminished in
the presence of DCF (Fig. 4j) when all other factors remain the same, including mouse age,
sex, and experimental procedures. DCF does not disrupt the difference in muscle force
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(Supplementary Fig. 5e). These data demonstrate the requirement of Ampd3 and the
anaplerotic PNC reaction for the fatigue resistance of HDAC3-depleted muscles. Taken
together, increased BCAA catabolism in alliance with anaplerotic reactions drives the fuel
preference toward lipid over glucose.

HDACS3 couples circadian clock with muscle fuel preference

How is HDACS itself regulated? Our previous studies showed that the majority of the DNA-
binding events of HDAC3 in liver occur at late afternoon!® 21, To address where HDAC3
binds to the muscle genome, we performed HDAC3 ChlP-seq in muscles at Zeitgebertime
10 (ZT10, late afternoon) and ZT22 (early morning). Interestingly, like in liver, HDAC3
displayed a clear time-dependent binding pattern with the majority of the binding occurred
at ZT10 (Fig. 5a). ZT10-specific binding sites or overlapping sites highly enriched in
metabolic genes, while ZT22-specific binding sites were not (Fig. 5b). The top enriched
motif at ZT10 sites was the binding site for nuclear receptor Rev-erb or RAR-related orphan
receptor (ROR), key components of the circadian clock (Fig. 5¢). This suggests that HDAC3
is regulated by the muscle circadian clock.

One caveat of crosslinking-based assays such as ChlP, is that they do not distinguish
functional versus non-functional binding because of the “trial and error’ mode of protein-
DNA interaction. Gene transcription is initiated by enhancers looping to transcription start
sites (TSS), followed by recruitment of transcription initiation complexes containing RNA
polymerase that generates RNAs from both gene bodies and enhancers. While transcripts at
gene bodies are followed with productive elongation, bidirectional transcripts from the
enhancers (eRNA) are short and transient, but are detectable by global nuclear run-on assay
(GRO-seq). eRNAs are superior markers of active enhancers because of their small size,
high dynamic range, and tight correlation with the expression of their target genes33. Using
GRO-seq and RNA-seq, we found that nascent transcription changes at gene bodies
correlated well with mature mMRNA changes upon HDAC3 depletion (Fig. 5d), suggesting
that altered transcription initiation underlies gene expression changes. At eRNA sites that
were upregulated in HDAC3-depleted muscles compared to WT, HDAC3 binding was
stronger than that at unchanged or downregulated eRNA sites at ZT10, and this difference
was less obvious at ZT22 (Fig. 5¢). This suggests that the ZT10 binding contributes to gene
repression, consistent with the primary role of Rev-erb as transcription repressor and its high
expression level at ZT10. The top motif enriched in the upregulated enhancers was again the
binding site of Rev-erb (Fig. 5f). In comparison, the downregulated eRNAs were enriched
with other motifs with much lower p-values (Fig. 5f). Many upregulated genes were bound
in a circadian fashion by HDACS3 at TSS or upregulated eRNA sites that contain Rev-erb
motifs (Fig. 5g). These nonbiased analyses of the transcriptome and cistrome suggest that
Rev-erb recruits HDAC3 at ZT10 to enhancers where HDACS3 represses nearby metabolic
genes in skeletal muscle.

Compared to random genes, HDAC3 target genes identified in our RNA-seq and ChlP-seq
analysis were more likely to display circadian expression as determined by others# (Fig.
6a). Conversely, genes with more robust rhythmic expression were more enriched in HDAC3
target genes (Fig. 6b). HDAC3 ChIP-gPCR further confirmed the circadian binding pattern
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of HDAC3 on key genes involved in amino acid catabolism and glucose uptake (Fig 6c).
Regardless of its constant protein level, HDAC3 binding on the genome peaked at ZT10, in
phase with the maximum protein level of Rev-erba (Fig. 6d), and was significantly reduced
in muscles from Rev-erba null micel® compared to WT mice (Fig. 6e), demonstrating that
Rev-erba is required for maximum genomic recruitment of HDAC3. The residual HDAC3
binding in the absence of Rev-erba could be attributed to Rev-erbp and other transcription
factors. Ampd3 and several BCAA catabolism genes were upregulated in Rev-erba-depleted
muscles, further supporting a pivotal role of Rev-erb in HDAC3-mediated gene repression
(Fig. 6f). In addition, expression of these key metabolic genes regulated by HDAC3 showed
clear circadian expression pattern in WT muscles, with pre-mRNA elevated shortly after
HDAC3 was released from the chromatin at ZT22 (Fig. 6g). Protein and mRNA levels
peaked at later time points (Fig. 6g,h). Such a circadian pattern was replaced by constant
high level expression when HDAC3 was depleted (Fig. 6h), although circadian locomotor
activities were not affected (Supplementary Fig. 6). Collectively, these data establish
HDAC3 as a master transcriptional regulator that couples circadian cues with muscle fuel
metabolism.

DISCUSSION

Our results delineate an intricate regulatory network through which circadian clock governs
skeletal muscle intermediary metabolism and bioenergetics (Fig. 6i). Before dawn, the
muscle circadian clock in nocturnal animals anticipates the upcoming fasting period and
clears HDAC3 from the genome at several metabolic genes through the change of Rev-erb
protein levels. On one hand, this activates amino acid catabolism and anaplerotic reactions,
which increases mitochondrial oxidative capacity, enhances lipid oxidation, and inhibits
glucose utilization. On the other hand, the absence of HDAC3 suppresses genes in
glycolysis. Together, these mechanisms in muscle spare glucose for its utilization by brain or
red blood cells. Breakdown of muscle amino acids and proteins provides precursors for
gluconeogenesis in liver or kidney, which helps maintain blood glucose levels during the
fasting cycle. Before dusk, elevated Rev-erb protein level leads to recruitment of HDAC3 to
the genome, which prepares the muscle to utilize glucose in alliance of systemic assimilation
of carbohydrates into protein or lipid during the feeding cycle.

Insulin resistance and reduced glucose utilization in HDAC3-SKMKQO mice is a combined
outcome of at least three factors: (1) carbohydrate-sparing effects of enhanced amino acid
catabolism and lipid oxidation at the level of substrate competition; (2) increased
gluconeogenesis in liver or kidney due to increased gluconeogenic precursors from muscle
amino acid catabolism; (3) inhibition of muscle glucose uptake and glycolysis through
regulated expression of several carbohydrate metabolism genes such as Thcld4, a negative
regulator of GLUT4 translocation. HDAC3-depleted muscles do not show dramatic changes
in lipid contents and maintain normal molecular insulin signaling, suggesting that the
physiological insulin resistance is not due to lipotoxicity or disruption of insulin signaling.
Enhanced oxidative metabolism in HDAC3-depleted muscles also argues against
mitochondrial deficiency as a contributor of its insulin resistance. The increase in oxidative
metabolism and reciprocal decrease in glucose utilization is in keeping with the idea that
mitochondrial fuel inflexibility causes physiological insulin resistance? 13, In addition, our
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study highlights several underappreciated concepts regarding the molecular mechanisms that
coordinate fuel competition in muscle. (1) Mitochondrial pathway usage, i.e. relative flux
rates across different catabolic pathways, rather than mitochondrial content or muscle fiber
composition, can contribute to metabolic remodeling. (2) Metabolism of different fuels can
be oppositely and simultaneously controlled at the gene expression level by one factor. (3)
Mitochondrial fuel preference not only passively responds to feeding behavior, but also
anticipates fuel availability from cues provided by the circadian clock.

Under normal physiological conditions, the anticipatory regulation conferred by HDACS3 can
go hand in hand with responsive mechanisms, such as those mediated by PPARa and its
coactivator PGCL. In response to fasting, PPARa senses lipid influx from adipose lipolysis
and activates fatty acid oxidation in muscles. This is coincident with inhibition of glucose
uptake and activation of amino acid catabolism due to clearance of HDAC3 from the
genome. Overexpression PPARa or PGCla increases fatty acid oxidation, but decreases
glucose utilization and cause insulin resistance34-39, There is a clear segregation of
downstream target genes between PPARa/PGC1 and Rev-erb/HDACS3 signaling. The former
upregulates fatty acid oxidation and OXPHOS genes, while the latter regulates amino acid
catabolism and carbohydrate metabolism. Overexpression of PPARa or PGCla disrupts
insulin signaling due to incomplete oxidation and lipotoxicity because lipid uptake exceeds
lipid oxidation, while HDAC3 depletion does not disrupt upstream insulin signaling. The
clearance of HDAC3 from the genome occurs immediately before fasting, while PPARa
activation occurs during late fasting when lipolysis dominates over glycogenolysis. Thus, the
anticipatory and responsive regulations are mechanistically distinct, but are temporally
connected. Together, they coordinate catabolism of different fuels by skeletal muscles in
normal circadian physiology.

The Rev-erb motif was the top hit in both HDAC3 binding sites in the ChIP-seq analysis and
activated enhancer regions in the GRO-seq analysis. This pinpoints Rev-erb as a major
contributor to HDACS3 binding in muscles, which is further supported by decreased HDAC3
binding on key metabolic genes in Rev-erba-depleted muscles. We do not suggest Rev-erb
as the only transcription factor (TF) that regulates HDAC3 in muscles. On the contrary, our
epigenomic profiling identified quite a few other TFs that also likely play a role. Circadian
feeding cycles could contribute to the rhythmic binding pattern of HDAC3 in muscle, since
peripheral circadian clocks are entrained by feeding. HDAC3 is dispensable for the circadian
clock itself, and serves as an output arm of the clock in regulation of metabolic genes0. This
is further supported by the current RNA-seq result showing that expression of most core
clock genes remain unaltered in HDAC3-depleted muscles. We found here that voluntary
wheel-running activity is not changed by muscle-specific manipulation of HDAC3.
Interestingly, Rev-erba null mice show reduced mitochondrial content and oxidative
capacity in muscle®L. It is possible that other TFs interact with HDAC3 and account for the
different phenotypes. It is also possible that the nearly 90% reduction in voluntary locomotor
activity in the whole-body Rev-erba null mice could lead to disuse-induced deterioration of
muscle function. The physiological changes in HDAC3-depleted muscles are overall
consistent with those from muscle-specific knockout of NCOR142, although that mouse
model does not show glucose intolerance but instead shows altered expression of
mitochondrial OXPHQOS genes. It is possible that NCOR2 could partially compensate for
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loss of NCORL1 or oppose NCORL1 function. RORa-KO mice display an opposite metabolic
phenotype to the HDAC3-SkMKO mice, with improved systemic glucose tolerance®3. This
is consistent with RORs being anti-phase with Rev-erb/HDACS3 in the molecular clock
machinery. However, RORa-KO muscles show altered GLUT4 expression while HDAC3-
KO muscles do not, suggesting that RORa regulates a separate molecular output signaling
that is independent of HDACS. It is likely that different components of the core clock dictate
distinct output signals that regulate different aspects of metabolism.

Amino acid catabolism in HDAC3-SkMKO mice increases lipid oxidation, which underlies
exercise endurance. This is supported by several observations: (1) Activation of amino acid
catabolism by overexpression of a PNC rate-limiting enzyme Ampd3 is sufficient to increase
fatty acid oxidation (FAO) flux and mitochondrial respiratory capacity. (2) Inhibition of
AMP deaminase masked the muscle fatigue resistance phenotype in ex vivo muscle
contraction studies. (3) Transcriptomic analysis did not identify changes in major FAO
genes, so there is no alternative or direct explanation for increased FAO flux. The endurance
phenotype in HDAC3-SkMKO mice was characterized using a low-intensity exercise
protocol. Higher intensity exercise requires greater carbohydrate utilization, and could lead
to decreased exercise tolerance in HDAC3-SkMKO mice. More vigorous exercise is also
more demanding on muscle strength that is compromised in HDAC3-depleted muscles. The
perturbed force production in HDAC3-depleted muscles could be due to disrupted
acetylation of non-histone proteins involved in contraction®4.

The concept of anaplerosis was raised in the 1960s, and amino acid catabolism is a major
source for anaplerotic reactions for the TCA cycle during muscle contractions?®: 46, PNC is
an important component in connecting protein and BCAA catabolism to the TCA*’.
Although anaplerosis originally referred to increases in the pool size of TCA intermediates,
it is now accepted that the anaplerotic flux rate, rather than the absolute pool size, is
important in sustaining TCA cycle flux and oxidative metabolism“8. Genetic alterations of
BCAA catabolism and PNC affect exercise endurance in both mouse and human49-52,
Selectively bred rodents with high running capacity burn more lipid than control animals
during low-intensity exercise, which is associated with enhanced BCAA catabolism®3: 54,
These studies and our current work suggest that amino acid catabolism could be a general
mechanism that facilitates FAQ. Our study further showed that this process is under delicate
circadian regulation at the gene expression level. Given the temporal insight from our study,
low-intensity exercise at night time coupled with nighttime fasting could be an efficient way
to burn lipid for the purpose of losing body fat.

While amino acid catabolism can facilitate lipid oxidation, its over-activation impairs
glucose utilization. Elevated BCAA levels are strongly associated with T2D. It is unclear
whether defective BCAA catabolism per se causes insulin resistance. The body consumes
BCAA during fasting and burns glucose when feeding. Such temporal segregation argues
against the dependence of glucose utilization on BCAA catabolism. In addition, genetic
disruption of BCAA catabolism ameliorates, rather than exacerbates, insulin resistance in
animal models®> 56, The elevated BCAA in T2D patients is most likely to be an outcome of
nutrient overload, and could contribute to repression of glucose utilization through fuel
competition, either directly or via facilitating fat entry or burning in muscle®’,
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The paradoxical concurrence of superior exercise endurance and muscle insulin resistance in
HDAC3-SkMKO mice challenges the common belief that muscle’s ability to utilize
carbohydrates underlies its exercise endurance. Carbohydrate loading is widely practiced
and recommended to improve endurance exercise performance®8. This carbohydrate
supremacy view does not make evolutionary sense before invention of agriculture that made
sustained supply of carbohydrates possible>®. Intuit people in the polar area get most of their
energy from lipid and protein without compromised exercise endurance. In recognition that
lipid is a better fuel for endurance exercise due to its high calorie-to-mass ratio, ketogenic
diets have been used with some success to increase exercise endurance by nudging muscles
to burn more lipid®0. Identification of HDAC3 as a pivotal regulator of exercise endurance
and the availability of small-molecule HDAC inhibitors makes it possible to increase
endurance through a combination of pharmacological and dietary interventions. In summary,
enhancing mitochondrial oxidative capacity could lead to physiological insulin resistance,
and blocking muscle metabolic flexibility could benefit exercise endurance. These two
seemingly counterintuitive phenomena can be readily unified by considering the rhythmic
nature of muscle fuel metabolism.

ONLINE METHODS

Animals

C57BL/6 HDAC3Mfl mice20, MLC-Cre mice?8, and Rev-erba null micel® were previously
described. Male mice at the age of 2 months to 8 months were used for all experiments
unless indicated otherwise in figure legends or the main text. GTT and ITT assays were
performed after fasting for 6 h since 9 a.m. Glucose was i.p. injected at 1.5 g/kg or 2 g/kg.
Insulin (Novolin R) was i.p. injected at 0.6U/kg for ITT and at 1U/kg for western blot
analysis of insulin signaling. Blood glucose was measured by glucometer (Onetouch) via
sampling from the tail. HFD containing 60 kcal % fat was purchased from Research Diets
Inc. (D12492i). Treadmill running were performed with Columbus instrument connected
with a shock detection module. All the animal care and use procedures followed the
guidelines of the Institutional Animal Care and Use Committee in UPenn and Baylor.

DNA construct, western blot, and RT-gPCR

Plasmid backbone for cloning sgRNA was previously described 61, Adenovirus was
produced using Invitrogen’s system. For Western blot, tissues or cells were lysed in RIPA
buffer supplemented with phosphatase and protease inhibitors. Lysates were resolved by
Tris-glycine SDS-PAGE, transferred to PVDF membrane, and blotted with antibodies
against HDAC3 (Abcam 7030), Ampd3 (Abcam 194361), MHC isoform | (BA-F8), lla
(2F7), lix (6H1), lIb (BF-F3) (Developmental Studies Hybridoma Bank at the University of
lowa), phospho-Akt at S473 (pAkt-S473) (Cell Signaling Tech CST9271), pAkt-T308
(CST4056), total Akt (CST9272), pIRS1-S1101 (CST2385), IRS1 (CST2390), pGSK3p-S9
(CST5558), GSK3p (CST9315), pS6-S235/236 (CST4858), S6 (CST2217), Hsp90
(CST4874), pAMPKa-T172 (CST4188), pAMPKB1-S108 (CST4181), AMPKpB1/2
(CST4150), pHSL-S660 (CST4126), HSL (CST4107), GLUT4 (Millipore 07-1404), and
GAPDH (CST2118). For quantification of western blot results, images were acquired and
analyzed using Quantity One (Bio-Rad). For RT-gPCR or RNA-seq, total RNA was
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extracted using TRIzol (Invitrogen) and High Pure RNA tissue kit (Roche). Reverse
transcription and quantitative PCR was performed with High Capacity RT kit, SYBR Green
PCR Master Mix, and the Quant Studio 6 instrument (Life Science) using absolute
quantification method with standard curves. 36B4 (Arbp) or 18S RNA was used as the
housekeeping control.

Histology and tissue metabolites measurement

Muscles were freshly embedded in OTC and dipped into isopentane cooled by liquid
nitrogen. 10-pm cross sections were prepared and stained with indicated antibodies. For
measuring triglyceride, tissues were lysed in lysis buffer (140 mM NaCl, 50 mM Tris and
1% Triton X-100, pH 8.0) followed by triglyceride assay using LiquiColor kit (Stanbio). For
measuring glycogen, tissues were homogenized in 0.5 N KOH. Glycogen was precipitated
by ethanol and digested with 0.25 mg/ml amyloglycosidase (Sigma), followed by glucose
assay using HK kit (Sigma).

Energy expenditure, body compaosition, and hyperinsulinemic clamp

Oxygen consumption, NMR body composition, and the insulin clamp study was performed
at the Mouse Phenotyping Core at UPenn. For insulin clamp, mice were allowed to recover a
week from single catheterization surgery. Human insulin was infused at 2.5 mU/kg/min into
unrestrained mice, and blood glucose levels were maintained between 120-140 mg/dl by
infusing 20% glucose at various rates. 3H-glucose and 14C-deoxyglucose was used to trace
endogenous glucose production and tissue-specific glucose uptake respectively.

Cellular assays and pulse stimulation

C2C12 myocytes (from ATCC, tested negative for mycoplasma contamination) were plated
in 12-well plate in complete DMEM medium. Differentiation was induced in 2% horse
serum. C2C12 cells were not listed in the database of commonly misidentified cell lines
maintained by ICLAC. Adenovirus was applied after cells were fully differentiated. Electric
pulse stimulation (EPS) was applied using the lonOptix C-pace system with 10-15 volts at 1
Hz for 6 to 12 hours. For fatty acids oxidation, cells were incubated in PBS supplemented
with [9,10-3H(N)]-palmitate, conjugated on BSA and carnitine for 15-120 min. The
resultant 3H,0 in the incubation solution was separated from precursors using ion-exchange
columns (DOWEX 1X4-400), and was measured by scintillation counter. Amino acid
oxidation was done with D-[2, 3-3H]-aspartate tracer in a similar procedure. For cellular
glucose uptake, 2-[3H(N)]-deoxy-D-glucose was used in the presence or absence of 20 pM
cytochalasin B, an inhibitor of glucose transport. The cells were washed two times with PBS
and harvested. Intracellular glucose was counted for 3H. Cellular respirometry was
performed using Seahorse XF24 analyzer with the mitochondrial stress test kit. The culture
media in Seahorse analysis is based on Dulbecco’s Modified Eagle’s Medium (DMEM). It
contains multiple vitamins, inorganic salts, and (in mg/L) pyruvate 110, glucose 200,
together with the following amino acids: glycine 30, arginine hydrochloride 84,
cystine-2HCI 63, valine 94, histidine hydrochloride-H,0O 42, isoleucine 105, leucine 105,
threonine 95, lysine hydrochloride 146, serine 42, methionine 30, phenylalanine 66,
tryptophan 16, and tyrosine disodium salt dihydrate 104.
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Isotope tracing in vivo and metabolomics

A bolus of 0.4mg/g 13Cg-glucose (Sigma 389374) was injected into mice via jugular vein
catheter, followed by continuous infusion of 13Cg-glucose at 12 mg/kg/min and 3.3 ul/min
for 150 min. Mice ran on treadmill at 10 m/m for the last 45 min before tissue harvest.
About 30 mg of frozen tissue samples were weighed and then pulverized in a CryoMill
machine (Retsch, Germany) with stainless ball at liquid nitrogen temperature. For water-
soluble metabolites, the pulverized tissue powder was mixed by vortexing with 1 mL of
-80°C 80:20 methanol:water, and sit on dry ice for 10 min. Samples were centrifuged at
13,000 rpm for 10 min and the supernatants collected as the first extract. The insoluble
material was extracted one more time with 1 mL of -80°C 80:20 methanol:water. The
supernatants from two rounds of extraction were combined, dried under nitrogen flow, and
re-dissolved in LC-MS grade water using a ratio of 1 mL of water per 25 mg initial tissue
weight and analyzed using Liquid chromatography mass spectrometry. Negative charged
metabolites were analyzed via reverse-phase ion-pairing chromatography coupled to an
Exactive orbitrap mass spectrometer (Thermo Fisher). The mass spectrometer was operated
in negative ion mode with resolving power of 100,000 at m/z 200, scanning range being m/z
75-1000. The LC method has been described before 62, using a Synergy Hydro-RP column
(100 mm x 2 mm, 2.5 um particle size, Phenomenex, Torrance, CA) with a flow rate of 200
pL/min. The LC gradient was 0 min, 0% B; 2.5 min, 0% B; 5 min, 20% B; 7.5 min, 20% B;
13 min, 55% B; 15.5 min, 95% B; 18.5 min, 95% B; 19 min, 0% B; 25 min, 0% B. Solvent
A is 97:3 water:methanol with 10 mM tributylamine and 15 mM acetic acid; solvent B is
methanol. Data analyses were performed using MAVEN software for peak alignment and
extracted ion chromatogram visualization 3. lon signal of each metabolites, both unlabeled
and 13C-labeled forms, were further processed to correct for the natural isotope abundance.
Fractional contribution of pyruvate from circulating glucose was calculated by dividing
muscle 13C-Pyr % with blood 13C-glucose %. For measuring in vivo fatty acid oxidation or
aspartate oxidation using radioactive isotopes, mice were i.p. injected with 1mCi
[9,10-3H(N)]-palmitate or [2, 3-3H]-aspartate respectively. 30ul serum was collected at 20
min after injection from tail. 3H-H,0 in the serum was separated from precursors using ion-
exchange columns followed by scintillation counting. Mice in the exercise group ran on
treadmill at 20m/min for 30 mins before injection and continued to run treadmill for 20 min
after injection before tissue harvest.

Ex vivo muscle physiology

Muscle physiological analysis was performed on isolated EDL muscles using an Aurora
Mouse 1200A System equipped with Dynamic Muscle Control v.5.415 software. EDL
muscles were dissected and analyzed in constantly oxygenated Ringer's solution (100 mM
NaCl, 4.7 mM KCI, 3.4 mM CaCly, 1.2 mM KH2POy, 1.2 mM MgSQy,, 25 mM HEPES, 5.5
mM D-glucose and 2% BSA) without or with 200 UM deoxycoformycin (DCF) at 24°C.
Maximal isometric twitch and tetanic contractions were obtained using a stimulation
frequency of 2500 Hz for 0.2 msec or 120 Hz for 500 msec respectively. Five minutes were
allowed between two tetanic contractions to ensure muscle recovery. For induction of
fatigue, five minutes after the last maximal tetanic contraction, muscles were stimulated
every second for 8 minutes using 40 Hz pulses lasting 330 ms (Loro et al. 2015). The fatigue
index, was expressed as EDL % force drop (the percentage difference in force between the
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first contraction and every subsequent contraction) or as % remaining force (the percentage
of force left after the preceding contraction). Following the fatigue protocol, a burst of 50
maximal tetanic contractions (120 Hz for 500 ms) was applied to maximize the fatigue to
comparable levels between the samples. The recovery protocol started one second after the
last burst contraction. A maximal tetanic stimulation (120 Hz for 500 ms) was given every 5
minutes for 30 minutes and the force recovery was expressed as % of the maximal isometric
tetanic force.

Protein was extracted from muscle tissue of triplicates for each wildtype and HDAC3 knock-
out mice with frozen grinding in 8M urea. 100 pg of protein from each sample were
precipitated with acetone, and protein pellets were re-suspended and denatured in urea and
reduced with DTT prior to alkylation of cysteines with iodoacetamide. Proteins were
digested with LysC (Wako Chemicals) followed by trypsin (Promega) and desalted with
Empore C18 STaGETips (3M). Peptides were resuspended in 100 mM triethylammonium
bicarbonate, and peptides were labeled with 6-plex TMT (ThermoScientific) following the
manufacturer’s instructions. After checking for labeling efficiency (>97%), samples were
mixed together, and peptides were fractionated into 7 fractions by strong anion exchange
(SAX). 60 ug of peptides were loaded at pH11 onto 8 layers of SAX StaGE-Tips, and pH
steps of 11 (flow-through), 8, 6, 5, 4, and 3 were collected and desalted. One-tenth of each
fraction was injected for nano-LC-MS/MS analysis (QExactive, ThermoScientific). Peptides
were separated using a 12 cmx75um C18 column (Nikkyo Technos Co., Ltd. Japan) at a
flow rate of 200 nL/min, with a 5-40% gradient over 160 minutes (buffer A 0.1% formic
acid, buffer B 0.1% formic acid in acetonitrile). The QExactive was operated in data-
dependent mode, with a top 20 method. Nano-LC-MS/MS data were analyzed using
MaxQuant and Perseus software, searching against a Uniprot Mus musculus database,
allowing oxidation of methionine and protein N-terminal acetylation, and filtering at a 1%
false discovery rate at the peptide and protein level.

RNA-seq, ChlP-seq, and GRO-seq

RNA-seq was performed using total RNA extracted from tibialis anterior muscles at ZT10 in
4-month old mice when they are resting (n = 3). ChIP and ChIP-seq were described
previously 64. Briefly, tissues were grounded in liquid N5 and cross-linked in 1%
Formaldehyde for 20 min. Whole cell extracts were sonicated followed by
immunoprecipitation with antibodies for HDAC3 (Abcam). For ChlP-seq, ChlP was
performed independently on muscles from 5 WT mice harvested at ZT10 and ZT22. The
precipitated DNA were then pooled and amplified according to the guide of Illumina,
followed by deep sequencing on Illumina Genome Analyzer I1x. HDAC3-KO muscles were
included in ChIP-seq as negative input for peak calling. GRO-seq was performed using
quadriceps muscles from the same cohort of mice as RNA-seq, following the protocol
described previously 33. Briefly, nuclei were extracted from muscles using hypotonic buffer.
Nuclear run-on was performed in the presence of Br-UTP followed by enrichment with anti-
BrUTP antibodies, reverse transcription, and library preparation. Run-on reactions from 5
mice were pooled to make one sequencing library.
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GRO-seq data processing

GRO-seq sequencing reads were aligned to the mm9 genome using Bowtie v0.12.7.
Uniquely mapped reads were extended to 150bp in the 5”to 3’ direction and used for
downstream analysis. Genome browser tracks were generated using Homer v4.8 and
visualized in Integrative Genome Browser (IGV). eRNA identification and quantification
were performed according to previously established protocols (Fang et al. 2014).

ChlP-seq data processing

Sequenced reads were aligned to the mm9 genome using Bowtie v0.12.7. Non-redundant
and uniquely mapped reads were extended to 150bp in the 5 to 3" direction and used for
downstream analysis. Genome browser tracks were generated using Homer v4.8and
visualized in Integrative Genome Browser (IGV). Peak calling was performed with Homer
using HDAC3 knockout sample as input control. Peaks higher than 1 read per million (rpm)
were used for comparison between ZT10 and ZT22. Common and differential peaks at ZT10
and ZT22 were found using the intersect function of Bedtools v2.21.0 and a Venn diagram
was generated using the R package Vennerable. Motif mining was performed using Homer
in 200bp regions surrounding peak centers. Peaks were annotated with Homer using the
nearest mapping within 50kb of gene TSS and gene ontology was performed using DAVID
Bioinformatics Resources 6.7.

RNA-seq data processing

Statistics

Sequenced reads from biological replicates were aligned to the mm9 genome using Tophat
v2.0.11 using default parameters. Genome browser tracks were generated using Homer v4.8
and visualized in Integrative Genome Browser (IGV). Normalized expression values and
differential gene expression were obtained using cuffdiff from Cufflinks-v2.2.1.

n=5 in each mouse group were used for all metabolic studies considering individual
variations based on previous studies. Littermates were used as control mice for all
experiments without randomization. No mice were excluded. Metabolomics, proteomics,
CLAMP, body composition, fiber quantification, indirect calorimetry, muscle fatigue, and
RNA-seq were performed by experimenters who were blinded to the mouse genotype.
Student's two-tail #test was performed for all experiments to determine significance of
differences between two groups except indicated otherwise. Data met the assumption of the
statistic tests. Variances were similar between the groups being statistically compared. All
experiments were replicated at least twice in the laboratory except the CLAMP, RER, and —
omics studies that were performed once. All statistical analysis and S.E.M. calculations were
based on individual mice or wells of cells.

Data availability

ChiIP-seq, RNA-seq, and GRO-seq data are available in GEO (GSE79696).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Skeletal muscle HDACS3 deletion reduces glucose uptake and insulin sensitivity
independently of the upstream insulin signalling

(a) Western blot analysis (7= 2) of quadriceps femoris (Quads), gastrocnemius (Gastro), and
cardiac muscles. (b) Basal insulin and glucose levels, 7= 8. () Insulin tolerance test (ITT)
and body weight on chow at the age of 4 months, /7= 8. (d) Glucose tolerance test (GTT) at
the age of 5 months after feeding high fat diet for two weeks, /7= 8. (€) Body composition
measured by nuclear magnetic resonance (NMR), 7= 5. (f,g) Hyperinsulinemic euglycemic
clamp analysis, GIR, glucose infusion rate; Rd, rate of disposition; EGP, endogenous
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glucose production; WAT, white adipose tissue. n = 5. (h) Mass spectrometry-based
lipidomics analysis of diacylglycerol (DAG) and ceramides in quadriceps muscles, 7= 5. (i)
Total muscle triglycerides (TG) measurement, 7= 5. (j) Western blot analysis (7= 2) of
molecular insulin signaling in quadriceps muscles harvested at 20 min after a bolus insulin
injection. Phosphorylation on Akt (pAkt), glycogen synthase kinase (GSK3p), S6 ribosomal
protein (S6), and insulin receptor substrate (IRS1) at indicated sites were shown. (k)
Quantification of the western blot densities in the insulin treatment condition, 7= 7. Box-
plots center line, limits, and whiskers represent median, quartile, and minimum/maximum
values respectively. All other graphs were presented as the mean + S.E.M. *£< 0.05
between groups by 2-sided t-test.
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Figure 2. HDAC3 deletion reduces glucose utilization during muscle contractions, but enhances

exer cise endurance and oxidative metabolism

(a,b) 13C-enrichment in metabolites from serum or muscles after infusion of U-13C-glucose
through jugular vein catheter while mice are running on treadmill, 7= 6 for WT, n=>5 for
KO. Total number of labelled carbon atoms in a given metabolite is indicated by color. G6P,
glucose-6-phosphate, F1,6,P, fructose-1, 6-phosphate, DHA, dihydroxyacetone phosphate,
3PG, 3-phosphoglycerate, G3P, glycerol-3-phosphate, Lac, lactate, and Pyr, pyruvate. (c)
Diagram of glycolysis and TCA cycle pathways with detected intermediates highlighted. (d)
Relative utilization rate of circulating glucose. Fractional contribution (FC) is derived from
muscle pyruvate labeling after correction with blood precursor labeling. (€) 13C-enrichment
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in muscle TCA intermediates. Cit, citrate, Suc, succinate, Mal, malate, Glu, glutamate, and
Asp, aspartate. (f) Treadmill speed profile and real-time shock detection during running, 7=
10. (g) Distance run when mice received 50 shocks and body weight, 7= 10. (h,i) Muscle
fatigue and recovery in ex vivo contraction study with extensor digitorum longus (EDL)
muscles, 7= 8. Scale bar, 50 um. (j) Representative immunofluorescence staining (/7= 8
images) of tibialis anterior (TA) with indicated MHC isoform-specific antibodies, and
quantification of staining in TA and soleus, 7= 8 animals. (k) Western blot analysis (7= 3)
of mitochondrial OXPHOS complexes in quadriceps complexes. (1) Respirometry analysis in
fully-differentiated C2C12 myotubes after treatment with adenoviral vectors for HDAC3
knockdown, 1= 6 wells of cells. Oligomycin, inhibitor of ATP synthase. FCCP, uncoupling
agent. Antimycin A (AA) and rotenone, inhibitors of electron transport. Box-plots center
line, limits, and whiskers represent median, quartile, and minimum/maximum values
respectively. All other graphs were presented as the mean £ S.E.M. *P< 0.05 between
genotypes under the same condition by 2-sided t-test.
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Figure 3. HDAC3 regulates muscle fuel preference and controls amino acid metabolism
(a) Respiratory exchange ratio (RER) in mice running on treadmill with increasing speed to

exhaustion, 7= 6. (b) Speed profile of the treadmill and body weight. (c) Muscle glycogen
at rest or immediately after exercise, n=5. (d) Blood lactate after exercise, 7= 8. (€) Blood
ketone body after fasting, 7= 8. (f) Liver triglyceride (TG) after fasting, 7= 8. (g) Fatty acid
oxidation rate measured by 3H-H,O generation in blood at 20 min after i.p. injection of 3H-
palmitate, 7= 5. (h) Fatty acid oxidation in differentiated C2C12 myotubes treated with
adenovirus to knock down HDAC3, 7= 6 wells of cells. EPS, electric pulse stimulation. (i)
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Glucose uptake assay in differentiated C2C12 myotubes treated with adenovirus.
Cytochalasin B (CB), an inhibitor of glucose transport, 7= 6 wells of cells. (j) Volcano plot
of metabolomics profiling in quadriceps muscles harvested at rest. Altered amino acids
highlighted in red. (k) Amino acid contents from metabolomics profiling in quadriceps
muscles, 7= >5. (1) Venn diagram of differentially expressed genes and proteins (KO versus
WT) as identified by RNA-seq (g<0.1, fold change>1.5) and proteomics profiling using
nano-liquid chromatography mass spectrometry (nano-LC-MS) with label-free and tandem
mass tag (TMT) quantitation (p<0.05 in label-free quantification and p<0.1 in TMT
quantification). (m) Enriched biological pathway of overlapping genes/proteins. Box-plots
center line, limits, and whiskers represent median, quartile, and minimum/maximum values
respectively. All other graphs were presented as the mean £ S.E.M. *P< 0.05 between
genotypes under the same condition by 2-sided t-test.
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Figure 4. Enhanced amino acid catabolism in HDAC3-depleted muscles underliesthe fuel switch
(a) Heat map of altered genes or proteins from RNA-seq and proteomics analysis. Data for

Asns protein is missing. (b) Metabolic pathway with genes upregulated (red) or
downregulated (green) in HDAC3-depleted muscles (KO) versus WT control. (c) Aspartate
catabolism measured by 3H-H,O accumulation in blood at 20 min after i.p. injection of 3H-
aspartate, 7= 6. (d) Urine ammonia measurement, /7= 8. (€) /n vivo metabolites
measurement by LC-MS/MS after exercise, 7= 5. (f) Aspartate catabolism assay in C2C12
myotubes treated with indicated adenovirus, 7= 6 wells of cells. (g) Glucose uptake assay in
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C2C12 myotubes after overexpression of Ampd3, 7= 6 wells of cells. (h) Fatty acid
oxidation assay in C2C12 myotubes, /7= 6 wells of cells. (i) Respirometry analysis of
mitochondrial oxidative capacity in C2C12 myotubes. OCR, oxygen consumption rate; 7= 6
wells of cells. (j) Ex vivo contraction analysis of EDL muscles fatigue resistance in the
presence of AMP deaminase inhibitor deoxycoformycin (DCF), n= 8. Box-plots center line,
limits, and whiskers represent median, quartile, and minimum/maximum values respectively.
All other graphs were presented as the mean + S.E.M. *P< 0.05 between genotypes under
the same condition by 2-sided t-test.
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Figure 5. Nonbiased identification of the circadian clock asan upstream regulator of muscle

HDAC3

(a) Venn diagram of HDAC3 ChlIP-seq binding sites in mouse quadriceps muscles at
Zeitgebertime 10 (ZT10) versus ZT22 (>1rpm, filtered by HDAC3-KO, >1bp overlap for
common sites). (b) Top enriched biological processes of genes near HDAC3 binding sites.
(c) Top enriched motif in HDAC3 binding sites at ZT10 versus ZT22. (d) Heat map
correlation of RNA-seq and GRO-seq performed at ZT10 in HDAC3-depleted quadriceps
muscle versus WT control. Red indicates upregulation (KO versus WT), and blue indicate
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downregulation. (€) HDAC3 binding at upregulated (red), unchanged (gray), or
downregulated (blue) bidirectional eRNAs in KO versus WT. p value by #test. (f) Top
enriched motif in bidirectional eRNAs that are up- or down- regulated in HDAC3-depleted
muscles. (g) Browser tracks showing HDAC3 ChIP-seq at ZT10 and ZT22 in WT muscles
as well as RNA-seq and GRO-seq in WT and KO muscles at ZT10. Same scales were used
for each type of experiment.
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Figure 6. HDAC3 couples circadian cues with the regulation of genesin anaplerotic reactions and
amino acid catabolism

(a) Enrichment of circadian expressed genes in HDACS3 targets. HDAC3 target genes are
defined by their upregulation in KO versus WT in RNA-seq and the presence of HDAC3
binding sites within 50 kb of their transcription start sites. (b) Enrichment of HDAC3 target
genes in circadian expressed genes in skeletal muscle. (c) ChIP-gPCR analysis at ZT10 and
ZT22 in WT quadriceps muscles, n= 6. (d) Western blot analysis in WT quadriceps
harvested at the indicated time points. (€) HDAC3 ChIP-gPCR analysis in Rev-erba-KO
quadriceps muscles at ZT10, n= 6. (f) RT-gPCR analysis in Rev-erba-KO quadriceps
muscles at ZT14, n= 4. (g) Circadian expression of Ampd3 and Tbc1d4 pre-mRNA and
mRNA in WT quadriceps muscles, 7= 6. (h) Western blot analysis of Ampd3 in HDAC3-
depleted quadriceps muscles at ZT10 and ZT22. (i) Summary model of how HDAC3
connects circadian cues to muscle metabolism. Box-plots center line, limits, and whiskers
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represent median, quartile, and minimum/maximum values respectively. All other graphs
were presented as the mean = S.E.M. *P < 0.05 between genotypes by 2-sided t-test.

Nat Med. Author manuscript; available in PMC 2017 August 02.



	Abstract
	INTRODUCTION
	RESULTS
	HDAC3 depletion decreases muscle insulin sensitivity and glucose utilization
	HDAC3 depletion enhances exercise endurance and oxidative metabolism
	HDAC3 controls muscle fuel preference and amino acid catabolism
	Anaplerotic amino acid catabolism promotes lipid oxidation
	HDAC3 couples circadian clock with muscle fuel preference

	DISCUSSION
	ONLINE METHODS
	Animals
	DNA construct, western blot, and RT-qPCR
	Histology and tissue metabolites measurement
	Energy expenditure, body composition, and hyperinsulinemic clamp
	Cellular assays and pulse stimulation
	Isotope tracing in vivo and metabolomics
	Ex vivo muscle physiology
	Proteomics
	RNA-seq, ChIP-seq, and GRO-seq
	GRO-seq data processing
	ChIP-seq data processing
	RNA-seq data processing
	Statistics
	Data availability

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

