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Abstract

Impaired estrogen receptor a(ERa) action promotes obesity and metabolic dysfunction in humans
and mice; however, the mechanisms underlying these phenotypes remain unknown. Considering
that skeletal muscle is a primary tissue responsible for glucose disposal and oxidative metabolism,
we established that reduced ERaexpression in muscle is associated with glucose intolerance and
adiposity in women and female mice. To test this relationship, we generated muscle-specific
ERaknockout (MERKO) mice. Impaired glucose homeostasis and increased adiposity were
paralleled by diminished muscle oxidative metabolism and bioactive lipid accumulation in
MERKO mice. Aberrant mitochondrial morphology, overproduction of reactive oxygen species,
and impairment in basal and stress-induced mitochondrial fission dynamics, driven by imbalanced
protein kinase A—-regulator of calcineurin 1—calcineurin signaling through dynamin-related protein
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1, tracked with reduced oxidative metabolism in MERKO muscle. Although muscle mitochondrial
DNA (mtDNA) abundance was similar between the genotypes, ERadeficiency diminished mtDNA
turnover by a balanced reduction in mtDNA replication and degradation. Our findings indicate the

retention of dysfunctional mitochondria in MERKO muscle and implicate ERain the preservation

of mitochondrial health and insulin sensitivity as a defense against metabolic disease in women.

INTRODUCTION

Insulin resistance is a central underpinning in the pathogenesis of type 2 diabetes (T2D) and
is a defining feature of the metabolic syndrome, a clustering of abnormalities including
obesity, glucose intolerance, dyslipidemia, and hypertension (1). Although the incidence of
T2D is higher in men than in premenopausal women of a similar age and body mass index
(BMI) (2), the mechanisms underlying female protection against metabolic dysfunction and
insulin resistance remain unclear (3-5). Unfortunately, after menopause, the incidence of
metabolic-related chronic disease increases significantly. Similarly, inactivating mutations in
the estrogen receptor o gene (ESR1/Esr1) in both humans and mice recapitulate metabolic
dysfunction and heightened disease risk. Although strong relationships between whole-body
estrogen action, oxidative function, and insulin sensitivity are now well established (6-8),
our understanding of the tissue-specific molecular actions of estrogen and its a form
receptor (ERa) in metabolic tissues requires further interrogation.

Skeletal muscle is a primary tissue responsible for oxidative metabolism and insulin-
stimulated glucose disposal. Women and female rodents show enhanced insulin sensitivity in
skeletal muscle compared with male counterparts when insulin action is normalized to
muscle mass (9). In addition, muscle from female human subjects exhibits a higher
mitochondrial abundance with enhanced antioxidant scavenging capacity compared with
muscle from men and male rodents (10). Under various stress conditions, mitochondria
produce excessive amounts of reactive oxygen species (ROS) known to attack lipid bilayers,
mutate DNA, and alter the activity of specific enzymes critical for the maintenance of
oxidative function (11-14), and female muscle is refractory to these effects of oxidative
stress. Secondary to oxidant scavenging, mitochondrial fission-fusion events are engaged to
eliminate and replace damaged mitochondrial components as well as stimulate the constant
mixing of mitochondria retained in the mitochondrial network (15, 16). In contrast to rapidly
dividing cells, which are known to activate apoptosis as a means of quality control, long-
lived postmitotic cells, including myocytes, require a more sophisticated mitochondrial
surveillance system to preserve cellular health. Thus, effective elimination of damaged
mitochondria incapable of coping with changing energy demands is thought to abate
inflammation and cellular aging (11, 17).

Here, we tested the impact of skeletal muscle-specific ERa deletion on mitochondrial
quality and function in relation to metabolic health. We found that mice with a skeletal
muscle—specific ERa knockout (MERKO) displayed obesity and profound skeletal muscle
insulin resistance, phenocopying the whole-body ERa homozygous null model previously
described by our laboratory (6). Mitochondrial dysfunction in MERKO muscle was
distinguished by reduced basal and maximally stimulated oxygen consumption, impaired
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calcium buffering capacity, and excessive production of ROS. These defects were paralleled
by reduced mitochondrial fission and macroautophagy signaling in part as a consequence of
imbalanced protein kinaseA (PKA)-regulator of calcineurin 1 (RCAN1)—calcineurin
signaling through dynamin-related protein 1 (Drpl). Although mitochondrial DNA
(mtDNA) content was similar between the genotypes under basal conditions, a coordinated
reduction in mtDNA replication and degradation was observed in ERa-deficient muscle.

Collectively, our data support the notion that ERa promotes mtDNA replication and the
turnover of dysfunctional mitochondria in skeletal muscle. In MERKO mice, the retention of
damaged mitochondria harboring mutant DNA likely contributes to muscle oxidative stress
and inflammation culminating in skeletal muscle insulin resistance. These observations,
together with our findings of markedly reduced ERa expression levels in muscle from
women who display the metabolic syndrome (MetSyn), underscore the clinical relevance of
our work and the central role of muscle ERa in protecting against metabolic disease.

RESULTS

Skeletal muscle ERaexpression correlates with metabolic health in females

To establish the clinical rationale for our studies in rodents and cells, we first determined the
relation between natural variation in muscle £SRI expression and metabolic phenotypic
traits of women. We found that adiposity and fasting insulin are inversely associated with
muscle ESR1 expression in women (Fig. 1, A and B), and this relation was phenocopied in a
variety of inbred strains of female mice (Fig. 1, C and D). Muscle ESR1 expression was
markedly reduced (P = 0.0001) in women who displayed clinical features of MetSyn (Fig.
1E and table S1), and this finding was reproduced in genetically obese mice compared with
lean controls (Fig. 1, F and G).

MERKO mice show impaired glucose homeostasis and insulin action

To investigate the impact of muscle £sr1 expression on insulin action, we generated
MERKO mice (Fig. 2, A and B). E£sr2 (ERp) is expressed at levels several hundredfold less
than £sr1, and no compensatory increase in ERp mRNA (P = 0.23) or the estrogen-
responsive transmembrane G protein (heterotrimeric guanine nucleotide—binding protein)—
coupled receptor (Gper, GPR30; £=0.53) was detected in muscle from female MERKO
mice (Fig. 2C). Circulating levels of insulin and leptin were elevated (82%, 2= 0.01 and
200%, P=0.001, respectively),whereas circulating adiponectin levels were reduced by 34%
(P=0.004) in 6-hour—fasted MERKO compared with Control f/f mice (table S2). The
increased circulating leptin levels in MERKO mice, relative to Control f/f mice, were
consistent with a 2.75-fold increase (P = 0.0001; table S2) in gonadal adipose tissue mass
and could not be explained by altered food and water consumption (2= 0.095 and A= 0.13,
respectively) or ambulatory movement (P = 0.54) compared with Control f/f mice.

In addition, female MERKO animals showed impaired glucose tolerance (IGT) [area under
the glucose curve (AUC) P=0.025; Fig. 2D] and whole-body insulin resistance [glucose
infusion rate (GIR); Fig. 2E and table S2] compared to controls. Marked skeletal muscle
insulin resistance in MERKO mice was reflected by a 45% (P = 0.003) reduction in the
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insulin-stimulated glucose disposal rate (GDR) during glucose clamp studies (Fig. 2E) and a
55% (P =10.002) reduction in ex vivo insulin-stimulated 2-deoxyglucose glucose uptake into
the soleus muscle compared with Control f/f mice (Fig. 2F). MERKO skeletal muscle
insulin resistance could not be explained by reduced expression or total protein levels of the
insulin-responsive glucose transporter GLUT4 (Fig. 2, G and H) as previously proposed by
Barros et al. (18), but rather was a consequence of impaired insulin signal transduction in
skeletal muscle (Fig. 2, I and J). Furthermore, in the mouse myoblast C2C12 cell line
differentiated to myotubes, £srZ knockdown (KD) [using lentiviral-mediated Esrl-targeted
short hairpin RNA (shRNA)] (Fig. 2, K and L) impaired insulin signal transduction, as
evidenced by the observations that insulin-stimulated insulin receptor substrate 1 (IRS-1)
tyrosine phosphorylation and IRS-1-p85 association were markedly reduced compared to
control scramble shRNA (Scr) (Fig. 2M), thus recapitulating insulin resistance similar to that
observed in MERKO mice.

ERaregulates oxidative metabolism and muscle lipid accumulation in skeletal muscle

Impaired skeletal muscle insulin action was paralleled by heightened inflammation in
MERKO muscle [as shown by increased inflammatory signaling via p-c-Jun N-terminal
kinase 1/2 (JNK 1/2) and p—IxB kinase 3 (IKKp) relative to controls; P< 0.05, respectively]
(Fig. 3A, left panel) and in C2C12 myotubes with Esr1-KD (P < 0.01) (Fig. 3A, right panel).
As would be predicted, muscle inflammation paralleled the accumulation of triacylglycerol
and bioactive lipid intermediates [diacylglycerol (DAG) and ceramides; Fig. 3B]. To
determine whether impaired fatty acid oxidation contributed to the buildup of muscle lipids,
we investigated the cellular deposition of [14C]palmitate in C2C12 myotubes with Esr1-KD.
The myotube Esrl deficiency caused a 50% reduction in fatty acid oxidation (£=0.02) and
a concomitant increase in fatty acid storage into complex lipids (< 0.01) relative to control
myotubes (Fig. 3C). This alteration in fatty acid handling was associated with a marked
reduction in basal and maximally stimulated cellular oxygen consumption and ATP
(adenosine 5’-triphosphate) synthesis (Fig. 3D and fig. S1) as measured by real-time
respirometry.

Next, we investigated the mechanism underlying diminished oxidative metabolism in ERa-
deficient muscle. Considering that obesity and insulin resistance are often associated with a
reduction in mitochondrial number (19), we assessed surrogate markers of mitochondrial
mass and biogenesis in muscle from female control versus MERKO mice. We observed no
difference in maximal activity of muscle citrate synthase (a mitochondrial enzyme that is
part of the Krebs cycle) (Fig. 3E), expression of transcriptional regulators of mitochondrial
biogenesis (Fig. 3F and tables S3 and S4, microarray analyses), or expression or protein
abundance of select components of the mitochondrial electron transport complex (Fig. 3G)
between the genotypes. An unanticipated increase in peroxisome proliferator—activated
receptor y coactivator 18 (Ppargclb), acetyl-coenzyme A (CoA) carboxylase 2 (Acach),
peroxisomal acyl-CoA (Acox), and the fatty acid transporter cluster of differentiation (Cd36)
expression was observed in MERKO muscle compared with Control f/f. We found that
myocytes that lacked ERa produced markedly elevated amounts of the oxygen radicals
H,0, and O, (Fig. 3, H and I). In addition, ROS scavenging capacity was diminished
because glutathione peroxidase 3 (Gpx3) mMRNA and protein levels were significantly
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reduced in MERKO muscle, relative to control (Fig. 3J), a finding in line with previous
reports showing that Gpx3 expression is regulated by ERa (20). Increased oxidative stress
promoted protein carbonylation (a kind of protein oxidation) in muscle from MERKO mice
compared with Control f/f mice (Fig. 3K). Thus, it is likely that the marked inflammation
observed in MERKO muscle was in large part mediated by the cumulative effects of chronic
oxidative stress.

An important function of the mitochondria is calcium handling. We found a 21% reduction
(P=10.017) in the maximal calcium concentration that initiated mitochondrial permeability
transition pore (mPTP) opening in isolated mitochondria from MERKO versus Control f/f
(Fig. 3L and table S3). Recent studies have shown that opening of mPTP links mitochondrial
dysfunction to insulin resistance (21). The impairments in calcium handling and ATP
production along with the elevation in ROS production by the mitochondria were likely
factors underlying decrements in muscle contractile function, because single muscle fibers
from MERKO mice fatigued faster than fibers from Control f/f muscle (fig. S2A). Moreover,
we observed cytochrome oxidase— negative fiber staining with aging only in MERKO
muscle (fig. S2B). Collectively, these data indicate that metabolism requisite to fuel repeated
muscular contractions in MERKO mice is limiting and that reduced ERa action accelerates
the development of specific muscle phenotypes associated with aging.

In contrast to muscular endurance, peak tension and peak tetanic force were identical
between the genotypes, whereas time to peak tension was improved in MERKO muscle
compared to Control f/f (fig. S2, C to E). We had initially speculated that ERa deletion
might promote muscle atrophy with aging; however, on the contrary, muscle protein levels,
including the abundant z-line protein a actinin, were maintained (fig. S2F and table S3).
This could be a consequence of a reduction in the expression of atrogenes (genes that
influence muscle atrophy; including Foxol, Fbxo32, and Trimé63) in MERKO versus Control
f/f mice (fig. S2G). Thus, despite the impairment in muscle oxidative metabolism, muscle
size and maximum force were maintained in MERKO, in part, by a compensatory down-
regulation of muscle degradation pathways.

ERaregulates mtDNA replication and mitochondrial turnover in muscle

Although we observed no difference in the expression of genes associated with
mitochondrial biogenesis or total mtDNA content between the genotypes of female mice
(Fig. 4A), we did detect a significant reduction in mtDNA polymerase y1 (Polyl) and
mtDNA-directed RNA polymerase (Polrmi) expression levels in MERKO versus Control f/f
muscle (Fig. 4B). We confirmed regulation of Pok 1 expression by ERa by showing that
selective inhibition of ERa using the ERa antagonist ICI 182,780 (fulvestrant) or an ERa
DNA binding mutation (ERa DBDA) reduced Pok 1 levels in C2C12myotubes and
quadriceps muscle, respectively (fig. S3, A and B). To determine whether reduced
expression of Pok 1 and Polrmt manifested a functional decrement in mtDNA replication in
MERKO muscle, we assessed the incorporation of deuterated water into newly synthesized
mtDNA. Consistent with gene expression data, we observed reduced 2H,0 labeling of newly
synthesized mitochondrial deoxyribonucleosides after heavy water consumption in MERKO
versus Control f/f mice (Fig. 4C). In order for the mtDNA pool to be maintained in MERKO
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muscle to a level similar to that of Control f/f mice, it follows that a reduction in mtDNA
replication must be balanced by a reduction in the rate of mtDNA degradation.

To examine this notion further, we determined whether mitochondrial morphology and
mitochondrial turnover were altered by ERa deficiency. Using transmission electron
microscopy, we found that mitochondrial morphology and cellular distribution were altered
by ERa inactivation (Fig. 4D). MERKO mitochondria were dysmorphic (enlarged,
elongated, and hyperfused), misaligned along the Z-disc, and less densely distributed in the
subsarcolemmal compartment compared with mitochondria of Control f/f (Fig. 4D). The
mitochondrial area was increased twofold (2= 0.0001) in MERKO muscle compared with
Control f/f muscle (Fig. 4E). A similar mitochondrial architecture was observed in muscle
from female ERa DBDA mice, suggesting that ERa DNA binding is requisite, whereas ERa
tethering is insufficient, to alter gene transcription and restore the mitochondrial morphology
seen in Control f/f muscle (fig. S3C). Although the cellular architecture of myotubes in
culture differs from murine muscle, altered morphological features of MERKO mitochondria
(that is, elongation and hyperfusion) were recapitulated in C2C12 Esr1-KD myotubes
compared with C2C12 control-Scr myotubes (fig. S3D). An elongated and fused
mitochondrial phenotype is often observed as a consequence of mitochondrial stress and is a
compensatory response to stabilize the mtDNA and dilute damaged mitochondrial contents
across the mitochondrial network (22, 23). Because the lysosome has a cargo-size
restriction, mitochondrial elongation is thought to occur as a mechanism to prevent
mitophagy (degradation of mitochondria via autophagy). For example, mitochondrial
elongation is engaged during starvation when macroautophagy is maximally activated (24—
26).

Because muscle mtDNA abundance was identical between the genotypes despite a reduction
in the rate of mtDNA replication, a coordinate reduction in mtDNA turnover is required
(Fig. 4E) (27). It has been hypothesized that mtDNA replication stress may contribute to
increased mtDNA mutation susceptibility because the half-life of mtDNA is increased (27).
To test this notion, we determined whether ERa is critical for controlling mtDNA turnover.
We quantified mtDNA mutation load and mtDNA abundance as two surrogate markers of
mtDNA turnover after H,O, treatment of control and Esr1-KD myotubes (28). Basal
mtDNA mutation load was elevated and failed to return to basal levels in Esr1-KD myotubes
during the recovery period when the genotoxic stress was removed (in contrast to control
cells) (Fig. 4F). Moreover, although basal mtDNA abundance was similar between the
genotypes, mtDNA after H,O treatment was reduced from basal only in control cells,
suggesting a possible impairment in mtDNA turnover in Esr1-KD cells. During recovery,
mtDNA abundance was significantly elevated over basal in control cells, but the recovery
response was markedly bluntedforEsr1-KDcells, findings that support our observation of a
defect in mtDNA replication in MERKO mice. Thus, our findings suggest that ERa is
critical for the elimination of damaged mtDNA as well as for promoting mitochondrial
biogenesis during recovery from genotoxic insult (Fig. 4, F and G).
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ERadeletion impairs mitochondrial fission-fusion dynamics in skeletal muscle

The marked alteration in mitochondrial morphology, reduction in mtDNA replication rate,
and impairment in mtDNA turnover in ERa-deficient muscle prompted us to assess effectors
of mitochondrial fission-fusion dynamics. On the basis of the mitochondrial hyperfusion
phenotype, which showed elongated and highly interconnected mitochondria in muscle of
MERKO mice (Fig. 4D), we hypothesized that that there also would be a strong suppression
of mitochondrial fission signaling in MERKO muscle. Because mitochondrial fission is
responsible for producing smaller organelles and is critical for mitophagy, our findings of
altered mitochondrial morphology and impaired mtDNA turnover after genotoxic stress
support this hypothesis. To test this notion further, we quantified mitochondrial fission
signaling by immunoblotting of MERKO muscle; we observed a threefold increase (P=
0.0001) in DRP1 phosphorylation at the inhibitory residue Ser®37 (Fig. 5A) and a reduction
inDRP1 protein associated with mitochondria from MERKO muscle compared with Control
f/f (Fig. 5B). These data were confirmed in C2C12 myotubes with Esr1-KD (fig. S4). In line
with increased DRP15€637 phosphorylation, we observed diminished protein interaction
between DRP1 and the putative phosphatase calcineurin, which was previously shown to
induce mitochondrial fission (Fig. 5C). Moreover, a ~50% reduction in total calcineurin
activity was detected in MERKO muscle (Fig. 5D) and in myotubes deficient in ERa (fig.
S5, A and B), compared to respective controls.

In opposition to the mitochondrial pro-fission enzyme calcineurin, activity and
phosphorylation status of PKA—the putative kinase linked with phosphorylation ofDRP1 on
the inhibitory Serf37 residue (29)—were elevated (Fig. 5E and fig. S5,C and D) as was the
scaffolding protein that associates PKA with the mitochondrion [A kinase anchoring protein
1 (AKAP1)] (table S4 and fig. S4, A and B). Notably, in addition to increased PKA total
protein and phospho-PKA in whole-cell muscle lysates, a near twofold increase in PKA was
detected in mitochondria-enriched fractions from Esr1-KD myotubes compared with Esrl-
replete control cells (fig. S4, C and D).

With respect to additional mitochondria-specific proteins involved in fission-fusion
signaling, we observed a 50% (2= 0.005) reduction in the fission-related outer
mitochondrial membrane DRP1 anchoring protein, FIS1 (Fig. 5F), in MERKO versus
Control f/f. Conversely, the inner and outer mitochondrial membrane fusion proteins, optic
atrophy 1 protein (OPAL), and mitofusin 2 (MFNZ2), respectively, were elevated 50 to 60% in
MERKO muscle and Esr1-KD myotubes compared with respective controls (Fig. 5, G and
H, and fig. S4, C and F). Alterations in transcript mirrored the observed differences in
protein abundance between the genotypes (Fig. 51). Collectively, these findings strongly
suggest that a loss of myocellular ERa dampens mitochondrial fission signaling, promoting
unopposed mitochondrial fusion. These signaling data are strongly supported by electron
micrographs showing an elongated and hyperfused mitochondrial morphology in muscle
from MERKO mice (Fig. 4D).

Mitophagic signaling is impaired in the context of ERadeficiency

Mitochondria are highly dynamic and constantly undergoing fission-fusion events to repair
and selectively retain healthy organelles in the network (30, 31). To investigate whether
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impaired mitochondrial fission is associated with decrements in mitochondrial quality
control in the muscle of MERKO mice, we next assessed mitophagic signaling. The
expression levels of Park family members Park2 (Parkin) and Park6 [phosphatase and tensin
homolog (PTEN)-induced putative kinase 1 (PINK1)] were significantly elevated in ERa-
deficient muscle (Fig. 6A). Despite elevated transcript abundance, PINK1 and Parkin protein
levels were reduced by 75% (P=0.001) and 40% (~=0.001), respectively, in muscle from
MERKO compared with Control f/f mice (Fig. 6B). Similar to findings in skeletal muscle,
Park2/6 transcripts were elevated (Fig. 6C), whereas PINK1 and Parkin protein levels in
whole-cell lysates were reduced in Esr1-KD versus control (Scr) C2C12 myotubes (Fig.
6D).

Because the accumulation of full-length PINK1 protein in the outer mitochondrial
membrane is critical for initiation of mitophagy, we performed mitochondrial isolation
studies in ERa-replete and ERadeficient myotubes. We observed a reduced abundance of
cytosolic and mitochondria-associated full-length 63-kD PINK1 protein and the 54-kD
degradation product in ERa-deficient myotubes compared with control (Scr) in the basal
state (Fig. 6E and fig. S4, C and G). To determine whether ERa is critical for surveillance of
mitochondrial health, we treated myotubes with the mitochondrial membrane depolarizing
agent carbonyl cyanide m-chlorophenylhydrazone (CCCP), a well-described stimulus shown
to induce mitophagy. In line with previous reports, CCCP induced an increase in PINK1
protein in ERa-replete control (Scr) myotubes (Fig. 6E, open bars) (32). In contrast to
control (Scr) cells, basal PINK1 protein levels were reduced and there was no induction of
PINK1 protein above the vehicle control after CCCP treatment in Esr1-KD myotubes (Fig.
6E, closed bars).

Our findings indicate that ERa deficiency causes a reduction in Park family protein levels
and implicates increased PINK1/Parkin protein turnover as a potential mechanism for
reduced mitophagic signaling in MERKO muscle. Together, these data support the notion
that ERa is critical for mitochondrial health surveillance and mitophagic signaling. We
recently linked impaired mitophagic signaling to metabolic dysfunction by showing that
Parkin inactivation reduces oxidative metabolism and promotes skeletal muscle insulin
resistance, similar to phenotypic observations made for female MERKO mice herein (33).

Impaired autophagy in ERa-deficient muscle

Because the turnover of mitochondria is shown to be reliant on intact macroautophagy, we
next studied the impact of ERa expression on autophagic signaling under basal and
starvation conditions. Macroautopahagy is a cellular housekeeping process that allows for
the removal of dysfunctional or unnecessary proteins or organelles. Autophagosomes
(spherical structures with double-layer membranes) deliver the unwanted cellular
components to the lysosome for degradation. The formation of autophagosomes is
incompletely understood but is regulated by a well-conserved family of genes, Atg’s, and
microtubule-associated protein light chain 3 (LC3) complexes. LC3 proteins (for our
purposes, LC3B) undergo posttranslational modifications during autophagy, including
immediate cleavage to LC3BI and subsequent lipidation (phosphatidylethanolamine
conjugation of the carboxyl glycine) processing to yield LC3BII, thus allowing for LC3B to
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become associated with the autophagic vesicle to control autophagosome fusion. In contrast
to the marked increase in LC3BII [observed in Control f/f muscle after nutrient deprivation
(P=0.03)], LC3B processing (LC3BI to LC3BII) during starvation was impaired in
MERKO muscle; no significant increase in LC3BII protein was detected between the fed to
fasted state (P=0.2; Fig. 6F and fig. S6A). Further, we detected no difference in the
expression of the microtubule-associated protein 1B light chain 3 (Maplc3b) LC3B
transcript between the MERKO and control genotypes during the basal or fasted conditions
(Maplc3b is the gene that encodes the LC3B transcript) (fig. S6B). Although expression of
most autophagy-related genes (Atg) is unaltered by nutrient deprivation (34), we observed
an induction of Sgstm1 (p62) and Atg7 in Control f/f muscle after fasting, a phenotype that
failed to be reproduced in MERKO mice (fig. S6, C and D); Atg7, an E1-like enzyme
considered essential in facilitating the association between Atg5 and Atgl12 for LC3
activation, was reduced in MERKO muscle even under basal fed conditions (fig. S6D). The
increase in basal expression of Atg12, Atg5, and Atg4b might be a compensatory response
to the decrement in Atg7 and impaired downstream LC3 processing (fig. S6, E to G) in an
attempt to restore autophagic flux.

Our findings in vivo were reproduced in C2C12 cells in culture. A marked accumulation of
p62 and reduced LC3BII/LC3BI were observed in Esr1-KD versus control (Scr) myotubes
in the basal state and after serum deprivation with and without the lysosomal inhibitor
bafilomycin A; (fig. S6, H and I). Because p62 is an adaptor molecule believed to target
ubiquitinated proteins to LC3BI|I for selective uptake and degradation by the lysosome,
increased p62 protein levels, despite its reduced transcript expression, are considered
reflective of impaired autophagy (35). Moreover, although we observed no difference in the
expression of Maplc3b between the genotypes, LC3BI was consistently elevated in ERa-
deficient muscle under basal conditions, suggesting a possible delay in processing of LC3B
protein (fig. S6, A, H, and I).

To confirm our signaling findings and provide an additional readout of LC3 processing and
autophagolysosome formation, we generated myotubes that expressed LC3B protein with
bound tandem red and green fluorescent protein (RFPGFP- LC3B). Because GFP
fluorescence is quenched in the acidic pH of the lysosomal compartment, the use of GFP-
LC3B is limited to the identification of autophagosomes. However, RFP is pH-resistant and
continues to fluoresce at acidic pH; thus, RFP-LC3B can be used to identify both
autophagosomes and autolysosomes (36, 37). The apparent reduction in red fluorescence
punctae observed in Esr1-KDversus control (Scr) myotubes (Fig. 6G) was fully consistent
with reduced autophagic flux, specifically reduced autolysosome formation (36, 37). In
addition, flow cytometry studies were performed, providing a more sensitive and
quantitative determination of the GFP and RFP signals, including loss of signal
determination for assessing starvation-induced LC3Bautophagosome turnover. Consistent
with the protein signaling data, functional analyses indicate that ERa inactivation markedly
suppressed autolysosome formation and autophagosome turnover in the context of
starvation-induced autophagy (Fig. 6H and fig. S7).

One possible explanation for impaired autophagic signaling and delayed autophagosome
formation is direct phosphorylation of LC3B by PKA, an event shown to reduce LC3

Sci Transl Med. Author manuscript; available in PMC 2016 July 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ribas et al.

Page 11

recruitment to autophagosomes (38). Considering that PKA activity was consistently
elevated twofold in both MERKO muscle and C2C12myotubes with Esrl- KD, we next
tested the relation between PKA and LC3B maturation in control ERa-replete C2C12
myotubes. Similar to findings previously reported in SH-SY5Y human neuroblastoma cells
(38), we found that kinase inhibition by H89 enhanced basal LC3BI-to-LC3BII conversion
and p62 degradation. Moreover, these findings were intensified by CCCP treatment, a
known inducer of mitophagy (Fig. 6, | to K). Collectively, these data indicate that autophagic
signaling is blunted in ERa-deficient muscle and that increased PKA activity might
contribute, in part, to the impairment in autophagosome processing during macroautophagy.

Drpl is critical for insulin action and oxidative metabolism

To test directly whether impairment of mitochondrial fission could induce similar
phenotypic outcomes as those observed in Esr1-KD cells, we performed chemical inhibition
and gene deletion of Drpl. First, we treated murine myotubes with the Drpl inhibitor
Mdivi-1 and found that insulin-stimulated phosphorylation of pyruvate dehydrogenase
kinase (PDK), Akt, and glycogen synthase kinase 33 (GSK3p) was reduced compared to
vehicle-treated basal control myotubes (Fig. 7A). Next, we used sShRNA to knock down
Drpl in myotubes (Fig. 7B). Similar to findings for studies of Drp1 inhibition, Drp1-KD
markedly impaired insulin action in myotubes (Fig. 7, C to E), and similar to MERKO
muscle, lipid levels were elevated in Drp1-KD myotubes (Fig. 7F). In aggregate, these data
suggest that Drpl action is critical for the maintenance of insulin sensitivity and potentially
oxidative metabolism, and thus, impaired fission dynamics might in part underlie the
pathogenic phenotypes observed in MERKO muscle.

The oxidative stress—responsive Rcanl links impaired fission with insulin resistance

Because ERa is a hormone nuclear receptor involved in gene activation and repression, we
screened microarrays to identify genes differentially expressed in skeletal muscle between
MERKO and Control f/f. Rcanl (also calledDscrl andMcipl)—a known inhibitor of
calcineurin (39-41) whose encoding gene is responsive to oxidative stress (39, 40)—was
upregulated 6.8-fold (P=0.01) by ERa deletion (table S4); we confirmed this finding by
gPCR (Fig. 8A). Rcanl expression was also increased in muscle from premenopausal
women with MetSyn (Fig. 8B). Similar to RCANI mRNA transcript abundance in muscle,
the RCAN1-1 and RCAN1-4 protein levels also were significantly elevated (Fig. 8, C to E),
and these findings were reproduced in C2C12 myotubes with Esr1-KD (fig. S5, C, E, and F).
Although increased Rcanl mRNA transcript could account for the elevated RCANL1 protein
levels in MERKO muscle, PKA is also known to phosphorylate and stabilize RCAN1
protein, thus increasing its half-life (42). When Rcanl was overexpressed in C2C12 or
primary myotubes, insulin action was impaired (Fig. 8, F to J). Thus, together, our findings
suggest a conserved mechanism by which ERa regulates a PKA-Rcanl-calcineurin
signaling axis to control mitochondrial fission and insulin action (Fig. 8K).

DISCUSSION

Reduced estrogen action is clinically tied to obesity, metabolic dysfunction, and increased
risk of chronic disease. However, the molecular actions of ERa and the tissues responsible
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for conferring these clinical outcomes remain inadequately understood. In the current
investigation, we studied the importance of skeletal muscle ERa action and the impact of
skeletal muscle—specific receptor inactivation on the manifestation of metabolic dysfunction.
We focused our efforts on skeletal muscle because it is a predominant tissue responsible for
fatty acid metabolism and whole-body insulin-stimulated glucose disposal.

First, we established the clinical rationale for our studies by showing that ERa expression
was reduced in muscle from women displaying clinical features of the MetSyn. Moreover,
skeletal muscle ESR1/Esr1 was highly predictive of fasting insulin concentration and
adiposity in women and female mice. To interrogate this relationship further, we performed
a selective deletion of Esrl from skeletal muscle in female mice and myotubes in culture.
ERa deletion caused marked insulin resistance in skeletal muscle and cultured myotubes
compared to control ERa-replete muscle and cells. Studies in myotubes indicated that the
defects in insulin action are a direct effect of Esrl deficiency within that cell type and that
muscle insulin resistance in MERKO mice occurs independently of, but is likely exacerbated
by, secondary phenotypes in adipose tissue and liver. Targeted deletion of ERa from skeletal
muscle fully recapitulated the insulin resistance and obesity observed in whole-body £srZ7/~
mice, and the metabolic dysfunction appears more severe than other mouse harboring cell-
specific deletions of Esrl (43-46).

Paralleling insulin resistance in ERa-deficient myocytes, there was a marked reduction in
mitochondrial functionality including diminished rates of oxygen consumption, reduced
fatty acid oxidation, impaired calcium buffering capacity/heightened susceptibility for mPTP
opening, and increased ROS production. It is reasonable to conclude that these combinatory
defects in mitochondrial function contributed to tissue inflammation and impaired insulin
action in skeletal muscle, because each of these features of mitochondrial dysfunction has
independently been shown to promote inflammatory signaling and insulin resistance (21, 47,
48).

Underlying these alterations in mitochondrial function in ERadeficient muscle were defects
in mtDNA replication and organelle quality control including impairments in mitochondrial
health surveillance, fission-fusion dynamics, and autophagy. In addition to reductions in
PINK1 and Parkin signaling, critical for the initiation of mitophagy and subsequent
elimination of damaged mitochondrial contents, aberrant signaling through the PKA-Rcanl-
calcineurin- Drpl axis was linked with imbalanced fission-fusion dynamics and delayed
autophagic flux. Whether a primary defect in mitochondrial replication was the initiating
factor responsible for driving a compensatory reduction in mitophagy to sustain mtDNA
abundance in MERKO muscle remains to be determined. However, it appears that total
mtDNA content was preserved in MERKO muscle at the expense of organelle health.

As previously described, a marked alteration in mitochondrial morphology characterized by
enlarged, tubulated, and, in many cases, fused mitochondria extending across multiple z-
lines of myofibrils is entirely consistent with heightened mitochondrial stress (22). Similar
morphological features of mitochondria were observed previously when comparing electron
micrographs of muscle from obese versus lean human subjects and young versus aged mice
(19, 49). A mitochondrial hyperfusion phenotype is thought to be a protective mechanism to
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dilute damaged organelle contents, for example, DNA and enzymes, across the
mitochondrial network (25, 50). Although the mechanisms underlying mitochondrial
targeting for turnover remain incompletely understood, it is believed that in addition to
PINKZ1 and Parkin signaling, organelle size alone may serve as an important factor excluding
a mitochondrion from autophagosome incorporation and lysosomal degradation (25, 51).
Thus, the morphology of MERKO mitochondria alone supports our hypothesis that ERa
deletion induces mitochondrial stress and impaired organelle turnover.

It is widely accepted that overproduction of ROS, decreased ROS scavenging capacity, and
impaired DNA and protein repair mechanisms contribute to mtDNA damage and cellular
aging (52). Considering that MERKO muscle exhibited decrements in all three processes, it
follows that ER« inactivation is likely to accelerate muscle aging. Indeed, Esr1-KD
myotubes showed increased susceptibility of mtDNA to mutations induced experimentally
by exogenous H,0,. Cells are typically equipped with a sensitive mitochondrial surveillance
system to combat the damaging effects of excessive mitochondrial ROS production by
elimination of compromised mitochondrial components via mitophagy. We show that this
surveillance system, specifically PINK1 and Parkin responsiveness to CCCP and H,02, was
markedly depressed in the absence of ERa. Muscle from MERKO mice phenocopied
features of loss-of-function mutations in PINK1 and Parkin in model organisms including
impaired mitochondrial function, retention of enlarged organelles, sensitivity to oxidative
stress, and derangements in metabolism contributing to reduced longevity (53, 54).
Polymorphisms in Park family members have now been linked with T2D susceptibility and
aging-related disease in humans (55). More recently, we confirmed this clinical relationship
in mice by showing that muscle Parkin inactivation impairs mitochondrial function and
insulin action (33).

Mitochondrial fission is thought to be a central process required for the autophagic
degradation of damaged mitochondrial components (that is, mitophagy). In mammals,
mitochondrial fission is primarily regulated by the dynamin-related GTPase (guanosine
triphosphatase) DRP1. Upon stimulation, DRP1 translocates to the mitochondria and via
self-assembly acts to remodel the outer mitochondrial membrane, making the organelle
physically available for digestion by the lysosome, relocalization by the cytoskeleton, or
fusion with other mitochondria for retention to the network (16, 56, 57). Similar to findings
in ERa-deficient muscle, loss-of-function Drpl mutant cells are fission-incompetent and
exhibit a fused and extensively tubulated mitochondrial morphology that is associated with
reduced ATP synthesis, increased ROS production (58), and mtDNA replication stress—
linked DNA damage (59). Our studies in Drp1-KD muscle cells recapitulate these published
findings and strongly implicate a link between impaired fission signaling and the
development of insulin resistance. Indeed, recent findings by Drummond et a/. show reduced
Drp1 and Parkin expression levels in muscle paralleled by hyperinsulinemia in inactive
elderly women compared with younger female controls (60).

In further support of fission incompetency in the context of ERa inactivation, calcineurin,
the fission-promoting Ser/Thr phosphatase (61, 62) shown to dephosphorylate and activate
DRP1, was reduced in expression (regulatory subunit CnB), overall activity, and protein
association with Drpl in MERKO muscle compared with Control f/f. Impaired calcineurin
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action was paralleled by a marked increase in transcript and protein expression of the
calcineurin inhibitor RCANL1 in both MERKO muscle and Esr1-KDmyotubes. Notably,
RCANI expression was also significantly increased in muscle from women displaying
clinical features of the MetSyn. PKA-mediated phosphorylation of RCAN1 enhances its
inhibitory effect on calcineurin, which, given the increased phosphorylation and total
activity of PKA seen in parallel with a marked phosphorylation of DRP15¢/637 jn MERKO
muscle, is suggestive of a primary role of PKA-Rcanl-mediated repression of fission in
Esrl-deficient muscle by calcineurin-DRP1 inactivation. Our findings support that ERa
exerts a strong regulatory function over the PKA-calcineurin-Rcan1-DRP1 axis to control
mitochondrial dynamics and maintain a healthy organelle network.

In overview, our studies highlight the critical importance of skeletal muscle ERa for the
maintenance of mitochondrial health and metabolic homeostasis. This research provides
clinically relevant evidence that natural variation in expression of muscle ERa is predictive
of adiposity, and importantly, we showed that muscle £SRI expression is diminished in
women displaying clinical features of the MetSyn. Our findings have clear implications for
understanding the pathobiology of metabolic dysfunction in women, and support that
strategies to maintain or elevate ERa action in muscle may be of therapeutic benefit in
ameliorating complications associated with metabolic-related disease.

MATERIALS AND METHODS
Study design

The objective of this research was to understand the role of muscle ERa in regulating
metabolic homeostasis and insulin sensitivity. First, to establish a clinical rationale for our
studies in genetically engineered mice, we determined the relationship between muscle ERa
expression and indices of metabolic function using historical deidentified data and sample
from a human study previously conducted by Pederson and colleagues from the University
of Copenhagen (63, 64) and mouse data and samples from previous studies performed on
mice of the University of California, Los Angeles, Hybrid Mouse Diversity Panel (UCLA
HMDP) (65). Each subject provided written informed consent before the original study
participation, and the study procedures were approved by the Scientific-Ethical Committee
of the Frederiksberg and Copenhagen counties and are in accordance with the principles of
the Declaration of Helsinki. All procedures in rodents were performed in accordance with
the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health
and were approved by the Animal Subjects Committee of UCLA. Because muscle ERa
expression was inversely correlated with adiposity and fasting insulin levels, we next
determined whether muscle ERa levels were reduced in women with MetSyn compared
with lean healthy controls. Indeed, we observed a marked reduction in muscle ERa levels in
women with MetSyn.

To determine whether the metabolic dysfunction in MetSyn subjects might be causally
related to the reduction in muscle ERa expression levels, next we generated MERKO mice
using the standard Lox-Cre approach. We performed an exhaustive phenotypic evaluation of
at least 10 cohorts of MERKO and Control f/f mice using a variety of in vivo and ex vivo
approaches. The number of animals used for each study was determined by Power

Sci Transl Med. Author manuscript; available in PMC 2016 July 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ribas et al.

Animals

Page 15

calculations using a desired P value of 0.05 (animal numbers for each study are indicated in
the figure legends), and all studies performed to assess glucose homeostasis and insulin
action were blinded for animal genotype. In addition to studies in rodents, we generated
primary myotubes from muscles obtained from Control f/f and MERKO mice as well as
C2C12 cells with shRNA-mediated KD of ERa using a lentiviral-mediated approach. Nearly
all in vitro studies were performed in triplicate with a minimum of three independent
replicates as indicated in the figure legends.

The strategy for the generation of the floxed exon 3 ERa (ERaf") was described in (66).
Floxed mice were crossed with a muscle-specific Cre transgenic mouse (MCK-Cre) line and
bred to obtain the following genotypes of females: MCK-Cre-ERaff (MERKO) and ERa.ff
CRE-negative control mice (Control f/f). Animals were studied at various ages as indicated.
Primers used for genotyping are in table S5. Tissues from 10 strains of female inbred mice
(16 weeks of age)—(i) FVB/NJ, (ii) PL/J, (iii) BXA2/PgnJ, (iv) AxB4/PgnJ, (v) CxB3/ByJ,
(vi) BXxD34/TyJ, (vii) BxD24/TyJ-Cep293, (viii) BxD24/TyJ-Cep293, (ix) CxB12/HiAJ, and
(x) BxD1/TyJ—were obtained from the Lusis Laboratory HMDP UCLA. Lean wild-type
and obese (Lep©?) female mice were obtained from Jackson Laboratories at 8 weeks of age
and studied at 12 weeks of age. Skeletal muscle from ERa DBDA mice was obtained from
K. Korach as previously described (67).

Control f/f and MERKO mice were maintained on a normal chow standard diet and divided
into two general groups: basal or insulin-stimulated. Within these categories, mice were
further divided into groups depending on the duration of fasting (6 to 24 hours) or whether
they were used for in vivo (glucose clamps) or ex vivo (soleus muscle 2-deoxyglucose
uptake assays) assessment of insulin sensitivity. Animals used for the deuterium studies to
assess MtDNA replication were weight-matched and administered an intraperitoneal
injection of 2H,0 (600ul; Cambridge Isotope Laboratories) followed by ad libitum drinking
of heavy water [4% (v/v) deuteriumoxide] for 30 days before euthanasia and hindlimb tissue
harvest for mtDNA isolation and subsequent mass spectrometry analyses (as described
below).

Human subjects

We recruited potential female volunteers by advertising on the Copenhagen hospital staff
Web sites and in local newspapers. The potential volunteers visited the laboratory for an
initial screening in the morning after an overnight fast. A health examination was conducted
by a physician followed by a 2-hour 75-g oral glucose tolerance test (OGTT) and a
maximum working rate (Pyax) test on a cycle ergometer (Ergometric 839E, Monark).
Volunteers included in the study were either lean healthy individuals (7= 18; 9
premenopausal and 9 postmenopausal) or individuals classified as MetSyn showing IGT
and/or insulin resistance (7= 25; 21 premenopausal and 4 postmenopausal) and in addition
met the following criteria: overweight (BMI, >25 kg/m?), aged 30 to 60 years, and a low
VO,max for their age and sex (68). Exclusion criteria were diabetes, impaired fasting
glucose, blood pressure >140/90 mmHg, smoking, and any diagnosed systemic disease. All
of the premenopausal women were in the mid to late follicular phase of their menstrual cycle
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(days 10 to 14), and oral contraceptives were included as an exclusion criteria. Subject
characteristics are presented in table S1 and were, in part, previously described (64). The test
day started at 8:00 a.m., after an overnight fast. Subjects were asked to refrain from drinking
coffee, tea, soft drinks, or alcohol 24 hours before, and from performing any rigorous
physical exercise 72 hours before the test day. Weight and height were measured to the
nearest 0.1 kg and 0.5 cm, respectively. Blood pressure was measured twice in the supine
position, with 10min of rest preceding each measurement, using an automatic
sphygmomanometer (Greenlight 300, AC Cossor & Son Accoson Works) placed on the left
arm.

\olunteers were then subjected to a 3-hour 75-g OGTT. A catheter was placed in an
antecubital vein. Within a 5-min period, subjects drank 75 g of glucose (anhydrous glucose,
Unikem) diluted in water (5 dl). Eight blood samples of 7 ml (the baseline sample contained
16ml) were taken for the determination of blood glucose and plasma concentrations of
insulin. The blood samples were collected before glucose ingestion at Omin and at 10, 20,
30, 60, 90, 120, and 180 min after glucose ingestion. Blood samples were immediately
centrifuged for 15 min at 2400g and 4°C. Plasma was removed and pipetted into 3 x 1.5-ml
Eppendorf tubes (Brand), and stored at —80°C for subsequent analysis. Blood glucose and
circulating hormone levels including insulin, estradiol, follicle-stimulating hormone, and
luteinizing hormone were measured by the Department of Clinical Biochemistry,
Rigshospitalet.

At 11:30 a.m., the volunteers received a light lunch and then were scanned in a dual-energy
xX-ray absorptiometry scanner (GE Medical Systems Lunar, Prodigy Advance) to estimate
whole body fat percentage using software version 8.8. After a ~10-min rest on a hospital bed
in the supine position, a muscle biopsy was obtained from the vastus lateralis using the
Bergstrom percutaneous needle biopsy technique with suction. Biopsy samples (100 to 200
mg) were immediately frozen in liquid nitrogen and stored at —80°C until analyzed.

Animal characteristics

Blood was drawn from 6-hour—fasted, 20-week-old female mice and analyzed for circulating
factors: glucose (HemoCue), insulin, leptin, and adiponectin (Millipore; table S2). After a 2-
week recovery, GTTs (1 g/kg dextrose) were performed on 6-hour—fasted female mice as
previously described (69, 70). Feeding and movement were recorded over 48 hours after
animals were acclimated to metabolic chambers (Oxymax, Columbus Instruments).

Hyperinsulinemic-euglycemic clamp studies

Two weeks after the GTT, dual catheters were surgically placed in the right jugular vein, and
glucose clamp studies were performed on female mice 3 days after surgery as previously
described (69, 70). All animals were fasted for 6 hours before the clamp and studied in the
conscious state. Basal glucose turnover was determined after a 90-min constant infusion of
(5.0 uCi/hour, 0.12 mi/hour) b-[3-3H]glucose (PerkinElmer). After the basal period, glucose
(50% dextrose, Abbott Laboratories) and insulin (12 mU kg™t min~1, Novo Nordisk
Pharmaceutical Industries) plus tracer (5.0 pCi/hour) infusions were initiated
simultaneously, and glucose levels clamped at euglycemia (~120 mg/dl) using a variable
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GIR. At steady state, the total GDR, measured by tracer dilution technique, is equal to the
sum of the rate of endogenous or hepatic glucose production and the exogenous (cold) GIR
(69-71). The insulin-stimulated component of the total GDR is equal to the total GDR
minus the basal glucose turnover rate.

Immunoblot analysis

Mouse tissue samples were pulverized in liquid nitrogen and homogenized in
radioimmunoprecipitation assay (RIPA) lysis buffer containing freshly added protease
(cOmplete EDTA-free, Roche) and phosphatase inhibitors (Sigma). All lysates were
clarified, centrifuged, and resolved by SDS—polyacrylamide gel electrophoresis. Samples
were transferred to polyvinylidene difluoride membranes and subsequently probed with the
following antibodies for protein and phospho-protein detection: ERa and tubulin (Santa
Cruz Biotechnology);GLUT4, Mfn2, and RCAN1-1/1-4 (Sigma-Aldrich);GAPDH and a-
actinin (Millipore); pan-actin, AKAP, t-Akt/p-AktSer473 |KKpB/p-1KKa/pSeri8018l jNK/ p-
INKSer183/Tyrl8s parkin (4211 and 2132), LC3B, tDRP1/p-DRP15€r616/637 and t-PK A/p-
PKA (Cell Signaling); FIS1 (GeneTex); OPAL (BD Biosciences); GPX3 and calcineurin pan
and a/p (R&D Systems);MitoProfile OXPHOS (MS604/ab110413; CI-NDUFBS8 20 kD,
Cl1-SDHB 30 kD, CIl1-UQCR2 Core protein 2 48 kD, CIV-MTCO1 40 kD, and CVATP5A
55 kD) and Porin (MitoSciences, Abcam); PINK1 (Cayman Chemical); p62 (Progen
Biotechnik GmbH); and GFP (Abcam). To analyze tyrosine phosphorylation of IRS-1 (Santa
Cruz Biotechnology), lysates were immunoprecipitated overnight with IRS-1 or IRS-2
antibody (Santa Cruz Biotechnology) and immaobilized on protein A (Upstate Millipore) or
G agarose beads (Santa Cruz Biotechnology). Phosphorylation was detected by
immunoblotting with anti-pY 20 antibody (Cell Signaling). Additionally, immunoprecipitates
were also immunoblotted for Pl 3-kinase (phosphatidylinositol 3-kinase) p85 protein (Santa
Cruz Biotechnology). Densitometric analysis was performed using Bio-Rad Quantity One
image software.

Muscle lipids and lipid intermediates

Lipids were extracted from the quadriceps muscle by the Folch method (72). Triacylglycerol
was saponified in an ethanol/KOH solution at 60°C, and glycerol content was determined
fluorometrically. DAG and ceramide were extracted and quantified as previously described
(72-74). Lipid accumulation in Drp1XP myotubes was assessed by Oil Red O staining.
Differentiated cells were fixed for 1 hour in 10% formalin. After washing with 60%
isopropanol, cells were stained with Oil Red O for 10 min. Cells were rinsed with water and
then imaged. Quantification was performed by eluting Oil Red O with 100% isopropanol for
10 min and by measuring optical density at 500 nm for a 0.5-s reading.

Quantitative reverse transcription PCR

Tissues were first homogenized using TRIzol reagent, and RNA was isolated and further
cleaned using RNeasy columns (Qiagen) with DNase digestion. For RNA isolation from
cells, the RNeasy Plus Kit was used as per the manufacturer’s instructions. Complementary
DNA synthesis was performed using 1 to 3 pg of RNA with SuperScript 11 Reverse
Transcriptase (Invitrogen). PCRs were prepared using iQSYBR Green Supermix (Bio-Rad).
All PCRs were performed in a Bio-Rad MyiQ Real-Time Detection System. Quantification
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of a given gene, expressed as relative mRNA level compared with control, was calculated
after normalization to a standard housekeeping gene (B-actin, Ppia). We performed separate
control experiments to ensure that the efficiencies of target and reference amplification are
equal, as described in the User Bulletin 2 from Applied Biosystems. Primer pairs were
designed using Primer Express 2.0 software (Applied Biosystems) or previously published
sequences (70, 75, 76). Primer sets were selected spanning at least one exon-exon junction
when possible and were checked for specificity using BLAST (Basic Local Alignment
Search Tool; National Center for Biotechnology Information). The specificity of the PCR
amplification was confirmed by melting curve analysis ensuring that a single product with
its characteristic melting temperature was obtained. To determine mtDNA abundance, total
DNA was isolated from cells or tissues using the DNeasy Kit (Qiagen), and the mtCO3
oligos and SDHA (succinate dehydrogenase complex subunit A) were used for
quantification of mitochondrial and nuclear genomes. Primer sequences for the specific
target genes analyzed are in table S5.

Illumina microarray analyses

Microarray analysis was performed using the Illumina Bead Chip System (MouseRef-8
v2.0) by the Southern California Genome Consortium on RNA isolated from quadriceps as
described above. Each of the eight separate arrays on the chip (four Control f/f and four
MERKO) was performed on pooled RNA (from three mice) that was subjected to purity and
integrity analysis using an Agilent Bioanalyzer. Array internal control and basic analysis
was performed using GenomeStudio (v2010.3). Findings for differential gene expression
MERKAO versus Control f/f are presented at 5% false discovery rate.

Cell culture, transfections, and treatments

C2C12 cells were maintained in high-glucose Dulbecco’smodifiedEagle’s medium (DMEM)
10% fetal bovine serum with penicillin/streptomycin. To obtain C2C12myotubes, cells were
allowed to reach confluence and the medium was switched for high-glucoseDMEM2%horse
serum with penicillin/streptomycin for 5 to 7 days. Bafilomycin A; (25 nM) and
cycloheximide (Sigma; 20 uM) were used to block lysosomal degradation and protein
synthesis, respectively. Chloramphenicol (Sigma; 100 pg/ml) was used to block
mitochondrial protein synthesis, and carbonyl cyanide m-chlorophenylhydrazone (CCCP; 20
uUM) is a mitochondrial uncoupler used to induce mitophagy. H89 kinase inhibitor (Tocris;
50 pM) was used to test the impact of PKA inhibition on LC3B processing.

For the induction of mtDNA mutations with H,O,, C2C12 cells were treated with
0.5mMH,0, (Sigma) for 24 hours and left to recover in growth medium for an additional 24
hours. Mitochondria were isolated using a dounce homogenizer and the Mitochondria
Isolation Kit for Cultured Cells according to the manufacturers’ instructions (Pierce/Thermo
Scientific), and mtDNA was extracted using DNeasy extraction kit (Qiagen). Afterward,
mtDNA was digested with endonuclease Taq | for 6 hours with the addition of 100 U of
enzyme every hour. Then, two sets of primers were used in real-time gPCR as described for
RMC assay (77). The first set flanks one Tag | site that is amplified only when there is a
pointmutation in any of the bases of the Taq | target site. The second set amplifies an
adjacent region not containing a Taq | site, which quantifies the total amount of mtDNA in
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the sample (table S5). Point mutation frequency was calculated by the amount of mutant
molecules normalized to the amount of total mtDNA molecules. For tandem Lc3b imaging,
C2C12 myocytes were transfected with tandem mRfp-Gfp-Lc3 plasmid (Addgene plasmid
#21074) onto glass coverslips using Lipofectamine Plus reagent (Invitrogen).

Lentiviral-induced ERaKD in C2C12 myocytes

To achieve Esrl-KD, lentiviral particles (Sigma) carrying shRNA targeted to ERa were used
to transduce C2C12 myoblasts. After selecting positive transformants with puromycin (5 pg/
ml), the selected clones were expanded and analyzed for KD efficiency as measured by
gRTPCR and immunoblotting. The resulting cultures were then used for subsequent assays
in the undifferentiated and differentiated states.

Mitochondria isolation from C2C12 myotubes

Mitochondria were isolated from myotubes as instructed (Mitochondria Isolation Kit for
Culture Cells, Thermo Scientific, 89874). Briefly, 2 x 107 cell pellet was resuspended with
mitochondria isolation reagent A and vortexed at medium speed for 5 s and then incubated
on ice for 2 min. After incubation, 10 pl of reagent B was added and vortexed at maximum
speed for 5 s followed by an additional incubation on ice forsmin. After adding 800 pl of
reagent C, tubes were inverted and then centrifuged (700g for 10min at 4°C). In a new tube,
the supernatant was centrifuged again (12,000g for 15min at 4°C). The mitochondrial pellet
was spun (12,0009 for 5 min) and cleaned again by adding 500 pl of reagent C before
mitochondrial lysis using RIPA buffer.

Insulin signal transduction in C2C12 myotubes

C2C12 myotube insulin signaling was performed in 12-well culture plates. Briefly, cells
were serum-starved for 2 hours in low-glucose DMEM containing 0.1% bovine serum
albumin (BSA), then placed in phosphate-buffered saline (PBS) containing 0.1% BSA for 30
min, and allowed to equilibrate. Cells were then stimulated with or without insulin (dose
response 1, 10, and 100 nM) in the same medium for 15 min. Insulin signaling was
terminated by four sequential washes with ice-cold PBS before lysis in 0.3 M NaOH.

Fatty acid oxidation and esterification in myocytes

Myotube fatty acid oxidation and esterification were performed in six-well culture plates, as
adapted from the method previously described (78, 79). Briefly, cells were incubated in low-
glucose DMEM containing 1% fatty acid—free BSA and 0.5mMpalmitate for 1 hour. After
this, the medium was replaced with the addition of [14C]palmitate (1 pCi/ml) and allowed to
incubate for a further 2 hours. Complete oxidation of palmitate was measured by
benzethonium hydroxide captured 14CO,, liberated from acid-treated culture medium.
Cellular agueous and esterified lipids were isolated from cell monolayers by sequential
inorganic and organic phase separations, respectively. Calculations were normalized to the
specific activity of [1*C]palmitate in the medium.
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Cellular oxygen consumption in myocytes

Real-time measurement of oxygen consumption and proton production in cells was carried
out using the XF24 Extracellular Flux Analyzer (Seahorse Bioscience). To directly assess
mitochondrial metabolism, measurements of oxygen consumption were made continuously
while cells were sequentially treated with oligomycin (ATP synthase inhibitor, which allows
determination of the levels of ATP synthesis), FCCP (an uncoupler, which allows
determination of maximal mitochondrial respiratory capacity), and rotenone/myxothiazol
(inhibitors of complex I/111 of the electron transport chain, which allow determination of the
nonmitochondrial oxygen consumption).

ROS production

C2C12 myoblasts were washed and incubated in low-glucose DMEM at 37°C, 5% CO5 in
the dark with 25 pMcarboxy-H,DCF-DA (Molecular Probes), washed with PBS and
incubated for 15min with 5 pMmitoSOX (Molecular Probes), washed and quickly
trypsinized, pelleted, and retained on ice. Cells were resuspended in FACS (fluorescence-
activated cell sorting) buffer (PBS 3%BSA) with DAPI (4/,6-diamidino-2-phenylindole) (25
ug/ml) and analyzed immediately by flow cytometry on an LSRII (Becton Dickinson) with
FlowJo software (Tree Star Inc.). Unstained and single stains were used for establishing
compensation and gates, and only live cells (DAPI-negative) were analyzed by the software.

Ex vivo skeletal muscle glucose uptake

Whole-muscle ex vivo glucose uptake was assessed using 2-deoxyglucose, with minor
changes to that described previously (80). Briefly, soleus muscles were carefully excised
from anesthetized animals and immediately incubated for 30 min in complete Krebs-
Henseleit buffer with or without insulin (60 pU/ml) at 35°C. Muscles were then transferred
to the same buffer containing [2H]2-deoxyglucose (3 uCi/ml) and [**C]mannitol (0.053 uCi/
ml), and incubated for exactly 20min before being blotted and snap-frozen. Muscles were
homogenized in lysis buffer and counted for radioactivity or subjected to Western blotting.
Glucose uptake was standardized to the nonspecific uptake of mannitol and estimated as
micromole of glucose uptake per gramof tissue.

Citrate synthase activity

Citrate synthase enzyme activity assays were performed on soleus and gastrocnemius
muscle using standard methods, as previously described (81).

Mitochondrial calcium retention capacity

Preparation of mitochondria was adapted from quick isolation method, previously described
(82). Gastrocnemius muscles were placed in isolation buffer A (70 mM sucrose, 210 mM
mannitol, Im MEDTA, 50 mM tris, pH 7.4). The tissue was finely minced with scissors and
digested with bacterial proteinase type XXIV (0.2 mg/ml) (Sigma) for 5 min on ice, washed,
and quickly homogenized in a Potter-Elvehjem tissue grinder in the same buffer
supplemented with 1% albumin. The homogenate was centrifuged at 1300g for 3min, and
the supernatant was centrifuged at 10,000g for 10 min. The mitochondrial pellet was
resuspended in isolation buffer B (150 mM sucrose, 50 mM KCI, 2 mM KH,PQy, succinic
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acid, and 20 mM tris-HCI, pH 7.4). The initiation of mPTP opening was assessed after in
vitro Ca2* overload as previously described (82, 83). Free Ca2* concentration outside the
mitochondria was recorded with 0.5 puM calcium green-5N (Molecular Probes) (excitation,
500 nm; emission, 530 nm). Isolated mitochondria (500 g of protein) were suspended in 2
ml of buffer B. Samples were preincubated in continuous stirring for 90 s in the
spectrofluorometer cell, and CaCl, pulses (200 pmol of CaCl,) were applied every 60 s. The
calcium retention capacity was defined as the amount of Ca2* required to trigger Ca2*
release and is expressed as micromole of CaCl, per milligram of mitochondrial protein.

Muscular force and endurance analyses

Mice were anesthetized (sodium pentobarbital, 60 mg/kg), and the soleus muscle was
dissected with both tendons intact. The muscles were mounted in a chamber continuously
perfused with an oxygenated (95% O», 5% CO5) Tyrode’s solution (121 mM NaCl, 5 mM
KCI, 1.8 mM CacCls,, 0.5m M MgCly, 0.4 mM NaH,PQy4, 24 mM NaHCO3, 5.5mM glucose,
0.1 mM EGTA) at room temperature to ensure no unstirred layers around the muscle,
sufficient oxygenation to the core of the muscle, and stable pH (7.4). One tendon was tied
with silk thread to a force transducer and the other tendon was tied to an adjustable tube at
the opposite end of the chamber, allowing muscle length to be altered incrementally to
determine optimal muscle length (L,) and the length at which maximal tetanic force is
produced. Muscles were stimulated at supramaximal voltage using platinum electrodes
placed on either side of the muscle. After 15 min of equilibration, the muscle was tested for
maximal isometric tetanic force and fatigue.

Maximal isometric tetanic force was elicited with a 500-ms train duration and 0.2-ms pulse
duration at 80 Hz. Fatigue was measured using isometric tetanic contractions of 500-ms train
duration and 0.2-ms pulse duration at 50 Hz. Stimulation frequency was increased every 2
min in a progressive manner (from a contraction every 8 to 4 to 3to 2 to 1 s) and terminated
when the developed force had fallen to ~50%of the initial maximal developed force. Muscle
fatigue was determined by the duration of time to reach 60% of the maximal developed
force. After testing, the cross-sectional area was calculated as previously described (84), and
the maximal isometric tetanic force (#,) was expressed as N/cm?.

Electron microscopy

Muscles were harvested and immediately immersed in 2% glutaraldehyde in PBS for 2
hours at room temperature and then at 4°C overnight. Fixed tissues were washed and
postfixed in a solution of 1% OsO, for 2 hours. After further washes in buffer, tissues were
dehydrated through serial immersions in graded ethanol solutions (50 to 100%), passed
through propylene oxide, and infiltrated in mixtures of Epon 812 and propylene oxide 1:1
and then 2:1 for 2 hours each and then in pure Epon 812 overnight. Embedding was then
performed in pure Epon 812, and curing was done at 60°C for 48 hours. Muscle longitudinal
sections of 60-nm thickness were cut using an ultramicrotome (RMC MTX). The sections
were double-stained in aqueous solutions of 8% uranyl acetate for 25 min at 60°C and lead
citrate for 3 min at room temperature. Thin sections were subsequently examined with a
100CX JEOL electron microscope at the UCLA Brain Research Institute. The mitochondrial
area was assessed for 300 to 350 organelles per mouse (/7= 3) per genotype using ImageJ.
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Confocal microscopy and flow cytometry

To detect autophagy, both C2C12 control scramble (Scr) and Esr1-KD myocytes were
incubated with Rfp-Gfp-Lc3b (tandem Lc3) adenovirus generated using the ViraPower
Adenoviral Expression System (Invitrogen) according to the manufacturer’s instructions.
Briefly, the coding sequence for tandem Lc3 with flanking BP sites was amplified from the
Addgene plasmid #21074 using High-Fidelity Pfx50 DNA polymerase (Invitrogen). Entry
clones for tandem Lc3 were obtained by recombination of this purified DNA fragment with
pDONR221 vector using Gateway BP Clonase Il. Tandem Lc3 insert was transferred from
the entry clones into the pAd/CMV/V5-DEST vector (Invitrogen) using the Gateway LR
Clonase Il enzyme mix. Recombinant adenoviral purified plasmid was used to generate
adenoviral particles according to vector manufacturer’s instructions (Invitrogen). Adenoviral
titer was determined using the Adeno-X Rapid Titer Kit (Clontech). Autophagy was induced
with nutrient starvation in Hanks’ balanced salt solution (Gibco) for 4 or 8 hours followed
with or without autophagy inhibition by 25 nM bafilomycin A; (Sigma) for another 4 hours.
After treatment, cells were washed twice with PBS, fixed in 4% paraformaldehyde for 15
min at room temperature, and resuspended in FACS buffer for analysis on an LSRII (Becton
Dickinson) using FlowJo software (Tree Star Inc.). Untreated cells, cells infected with
adenovirus carrying EGFP-LC3, and cells transfected with mRFP-LC3 plasmid were used
for establishing compensation and gates.

For tandem LC3B imaging by confocal microscopy, confluent C2C12 myocytes were
transfected with tandem Rfp-Gfp-LC3 plasmid (Addgene plasmid #21074) onto glass
coverslips using Lipofectamine Plus reagent (Invitrogen). Cells then were induced to
differentiate to myotubes for 5 days. For imaging, cells were nutrient-starved with Hanks’
balanced salt solution for 4 hours and then fixed for 15 min in 4% paraformaldehyde-PBS at
room temperature, washed with PBS twice, and sealed before being visualized on a Leica
TCS-SP2 AOBS confocal microscope.

Newly synthesized mtDNA labeling with 2H,0O

A highly enriched population of mitochondria were isolated from hindlimb muscles obtained
from female Control f/f and MERKO mice after 30 days of heavy water (Cambridge Isotope
Laboratories; deuterium oxide) consumption with modifications to previously described
techniques (85, 86). mtDNA was isolated, assessed for purity (Control f/f 91.5 + 2.62%
versus MERKO 92 + 1.54%; P=0.756), and digested with a cocktail of nuclease enzymes
using a commercial kit following the manufacturers’ protocol (DNA Degradase Plus, Zymo
Research; 2.5 ul of 10x DNA Degradase Reaction buffer, 1 pl of DNA Degradase Plus, and
water to make a total reaction volume of 25 pl). After incubation (37°C, >1 hour), aqueous
formic acid was added (25 pl; 0.1%, v/v) to yield a final concentration of 40 ng of digested
DNA/ul. The DNA hydrolysis samples were injected onto a reversed-phase column
(Hypercarb 2.1 x 100 mm, 3-um particle size, Thermo Scientific) equilibrated with buffer A
(0.1% aqueous formic acid) and eluted (200 pl/min) with an increasing concentration of
buffer B (methanol: min/%B; 0/5, 2/5, 12/50, 14/50, 15/5, 20/5). The effluent from the
column was directed to an electrospray ion source (Agilent Jet Stream) connected to a triple
quadrupole mass spectrometer (Agilent 6460 QQQ) operating in the positive ion neutral loss
mode of 116, 117, 118, and 119, which corresponds to the loss of a neutral fragment of
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unlabeled deoxyribose (dR), one deuterium—labeled dR (dR+1), two deuterium-labeled dR
(dR+2), and three deuterium—labeled dR (dR+3). The intensity of precursor ion transitions
from either dR loss was recorded. The precursor ion or the nucleosides of interest were the
following: deoxycytosine (dC) mass/ charge ratio (/m/2) 228.1, thymidine (dT) m/z243.1,
deoxyguanosine (dG) m/z 268.1, and deoxyadenosine (dA) m/z252.1. The measured peak
area for the nucleosides of a specific dR loss was measured and analyzed (Agilent
MassHunter Quantitative Analysis, version B.04.00). The measured percentage of labeled
nucleosides was calculated by the ratio of the labeled to the total peak area counts for each
nucleoside.

Statistics

Values presented are expressed as means + SEM. Statistical analyses were performed using
Student’s ¢test when comparing two groups of samples or one-way ANOVA with Tukey’s
post hoc comparison for identification of significance within and between groups using
SPSS (Graduate Pack) or GraphPad Prism 5 (GraphPad Software). Significance was set a
priori at A< 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Skeletal muscle ERaexpression correlates with metabolic health in females
(A and B) Inverse relationship between Esrl (natural variation in expression) versus

adiposity and fasting insulin in women (n7=42; «, premenopausal /7= 29, postmenopausal 7
= 13). AU, arbitrary units. (C and D) In 10 strains of female mice (¢, 7= 4 mice per
indicated strain; age, 16 weeks), detected by Pearson’s correlation test, *~ < 0.05 (Ppia,
peptidylprolyl isomerase A housekeeping gene, for comparison]. (E) Muscle ESR1
expression in premenopausal women with (MetSyn) and without (Healthy) the MetSyn (n=
18 to 21 per group). (F and G) £sr1 expression and representative immunoblots of ERa
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protein in skeletal muscle (quadriceps) from lean and Lep©? female mice (7= 6 per
genotype; age, 12 weeks). Values are expressed as means = SEM. All expression values
were normalized to 1.0. Mean differences were detected by Student’s ftest or analysis of
variance (ANOVA); *P < 0.05, between-group comparison.
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Fig. 2. Muscle-specific ERadeletion impair s glucose toler ance and muscle insulin action
(A) ERa protein in muscle, liver, and adipose tissue from Control f/f and MERKO female

mice (representative immunoblot, 7= 3 per genotype). (B) £5r1 expression in muscles
[quadriceps, gastrocnemius, tibialis, soleus, and extensor digitorum longus (EDL)] from
female MERKO and Control f/f (7= 8 mice per genotype) assessed by quantitative
polymerase chain reaction (QPCR). WAT, white adipose tissue. (C) Relative comparison of
Esr2and Gper (ER G protein— coupled receptor) expression in quadriceps from Control f/f
and MERKO mice (7= 8 per genotype). > 0.05. (D) Glucose tolerance [glucose tolerance
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test (GTT), 1000 mg/kg] in Control f/f and MERKO female mice (7= 6 to 8 per genotype;
age, 24 to 26 weeks). *P < 0.05 detected by Student’s #test for AUC. (E) Skeletal muscle
and hepatic insulin sensitivity (IS-GDR, insulin-stimulated glucose disposal rate; HGP,
hepatic glucose production) assessed by glucose clamp for Control f/f and MERKO mice (n
= 6 to 8 mice per genotype; age, 28 weeks). £< 0.05. (F) Ex vivo soleus muscle glucose
uptake (fold change from basal; 7= 6 mice per genotype). Values for insulin sensitivity are
expressed as means + SEM; *P < 0.05 detected by ANOVA. (G and H) GLUT4 transcript
and protein levels in basal 6-hour—fasted quadriceps muscle from Control f/f and MERKO
mice (7=5 to 8 mice per genotype). (I and J) Representative immunoblots and densitometry
of insulin signaling (IRS-1-associated p85 and p-Akt) in quadriceps and soleus muscle from
glucose clamp and ex vivo glucose uptake studies, respectively, in Control f/f and MERKO
mice (7= 6 mice per genotype per condition). £< 0.05. IP, immunoprecipitation; IB,
immunoblot. (K to M) Esr1 expression (K), ERa protein levels (L), and insulin signaling
(M) (IRS-1PY-and IRS-1-associated p85) in control (Scr) and Esr1-KD C2C12 myotubes (0
to 100 nM insulin; studies performed in triplicate). Densitometric analyses are expressed as
means+SEM in arbitrary units normalized to 1.0; *P< 0.05, between-group differences; #~
< 0.05, within-group treatment comparison, detected by Student’s ¢test and ANOVA.
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baseline normalized to 1.0) in female MERKO muscle (7= 6 per genotype; left panel) and

myotubes (/7= 4 per condition; right panel), respectively. £< 0.05. (B) Bioactive lipid

intermediates (TAG, triacylglycerol; ceramides) in quadriceps muscle from female Control
f/f and MERKO mice (/7= 6 muscles pergenotype). P< 0.05. (C and D) Palmitate oxidation
and esterification as well as basal and maximal (stimulated using carbonylcyanide p-
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trifluoromethoxyphenylhydrazone, FCCP) oxygen consumption and ATP synthesis in
control (Scr) versus Esrl-KDmyotubes (7= 6). (E) Citrate synthase activity in muscle
harvested from Control f/f versus MERKO mice (n7= 6 per genotype). (F) Quantitative
reverse transcription PCR (RT-PCR) analyses of muscle from Control f/f versus MERKO
mice (/7= 6 per genotype). (G) Immunaoblots and corresponding densitometry of
mitochondrial electron transport complexes versus actin loading control in muscle from
Control f/f versus MERKO mice (n= 6 per genotype). (H and 1) H,O, and O, production
in control (Scr) versus Esrl- KD C2C12 myocytes. (J) Gpx3 expression and protein in
Control f/f versus MERKO muscle (7= 6 per genotype). (K) Oxidative stress—induced
protein carbonylation in quadriceps muscle from Control f/f versus MERKO mice (/7= 8 per
genotype). (L) Calcium buffering capacity/mPTP opening in mitochondria isolated from
Control f/f versus MERKO mice (7= 5 per genotype). All values are expressed as means +
SEM. Mean differences detected by Student’s #test and ANOVA where appropriate; *P <
0.05.
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Fig. 4. Impaired mtDNA replication and altered mitochondrial morphology in MERKO muscle
(A) Muscle mtDNA content, expressed as a ratio of mtDNA/nuclear (nuc) DNA (n= 8 per

group). (B) Muscle polymerase y1 (Polyl), Poly2, and Polrmt expression. (C) mtDNA
replication as measured by 2H,0 incorporation into newly synthesized mtDNA
(deoxynucleosides, dG and dC) from Control f/f and MERKO mice (7= 6 per genotype).
(D) Representative electron micrographs of soleus muscle from female Control f/f and
MERKO mice, low- and high-magnification inset (IM, intramyofibrillar; SS,
subsarcolemmal; scale bar, 1 pm). (E) Skeletal muscle intermyofibrillar mitochondrial area
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(n= 3 mice per genotype). (F) mtDNA mutation load was detected by random mutation
capture (RMC) at basal (no treatment), after H,O, treatment, and during recovery from
H,0, treatment. (G) mtDNA copy number at basal, after H,O, treatment [in the presence of
chloramphenicol (Chl) plus cycloheximide (Chx), and during recovery (in the presence of
bafilomycin A; (BafA;)]. All values are expressed as means + SEM. Mean differences
detected by Student’s ¢test and ANOVA where appropriate; *P < 0.05, between-genotype
difference; #2< 0.05, within-genotype between treatment difference.

Sci Transl Med. Author manuscript; available in PMC 2016 July 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ribas et al. Page 40
A Control f/f MERKO B Control f/f MERKO
| - "___ - _-I <p-DRP154r637 Cytoplasmic Mito  Cytoplasmic Mito
|==—=—|[— — — | <ore1 i 1 ' <DRP1
—_—— e == | ¢ Porin
- [ Control fif
o
¢ 5- 18 MERKO
(=) 4 *
5 15 3 Control fif
) 3 = "°7 R MERKO
T 4 3 1.0
z £
a L 05 *
<
2 00
Control fif MERKO D E
————  IP:DRP1 [ Control fif
e w1 Ben- [ Control fif
IB:Cn-A(a/B) = 15 EE MERKO Hl MERKO
BF | PoRe 2 = .
_ 1B:DRP1 z 2
2 1.0 > 2
- =
S 2
£ X G
505 1
g $
£ o
- 0
8 0.0
H
Control fif MERKO Control f/f MERKO Control f/f MERKO
P P e oo o o |[= = = ss|eoPAl [ — .|<MFN2
WD S P S > |« GAPDH A || — < GAPDH |===== -— !I<GAPDH
3 Control fif L Control fif [ Control fif
R MERKO MERKO
1.5, @ MERKO 20 = - :
2 245 * s
I
T 1.0 o a)
g * 2 1.0 210
S os 2
Qo = 05
P g 0.5 E
c o0 0.0 0.0
|
25+ 3 Control fif
|l MERKO
=) *
2 201
~ *
8
[%
o 1.5+
5
‘w 1.0
@ *
g 051
w
0.0~
N S N
¢ & &
Fig. 5.

Altered fission-fusion dynamics signaling in muscle from MERKO versus Control f/f mice.
(A and B) DRP15¢7637 phosphorylation (A) and DRP1 protein abundance (B) in enriched
mitochondrial fractions from female Control f/f and MERKO quadriceps muscle (7= 4;
representative immunoblots). Porin, control. (C) Protein-protein association between DRP1

and the phosphatase calcineurin (CnA) (above;

n=3to 6 per genotype) in muscle from

Control f/f and MERKO mice. (D and E) Calcineurin and PKA activity in quadriceps
muscle from Control f/f and MERKO mice (n7= 6 to 10 per genotype). (F to H) FIS1, OPA1,
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and MFN2 protein expression in muscle from Control f/f and MERKO mice relative to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression (control) (7= 6 per
genotype). (I) Expression of Fisl, Mfn2, and Opal proteins in quadriceps muscle from
female Control f/f and MERKO mice relative to Ppia expression (housekeeping gene
control) (7= 6 per genotype). All values are expressed as means + SEM. Mean differences
detected by Student’s ftest or ANOVA. *P < 0.05, difference between genotypes.
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Fig. 6. ERadeficiency impairs mitophagic signaling in muscle

(A to D) Expression of Park family members (Park2 and Park6) in muscle from female
Control f/f and MERKO mice (n7= 6 per genotype, A and B) and C2C12 myotubes (7= 6
per group, C and D). (E) CCCP-induced accumulation of full-length (63-kD) PINK1 protein
in control (Scr) and Esr1-KD myotubes (17 = 6 observations per condition). Veh, vehicle
(control). (F) Densitometric analysis of LC3BII protein levels in muscle from fed and fasted
(24 hours) female Control f/f versus MERKO mice relative to GAPDH expression (/7= 6
mice per condition). (G and H) Confocal microscopy and flow cytometry analyses of dually
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labeled RFP-GFP-LC3B expressed in control (Scr) and Esr1-KD muscle cells during
nutrient deprivation. (G) Reduced red punctae were observed in Esr1-KD muscle cells
versus Scr-control, indicating diminished autolysosome formation (scale bar, 1 um). (H) To
more accurately quantify fluorescence signals in muscle cells, flow cytometry analyses were
performed in triplicate during nutrient deprivation in the presence and absence of BafAl
(10,000 live events quantified). Bars depicting quantification of dual signal represent
autophagosome abundance (closed bars); a single RFP signal represents autolysosome
abundance (gray bars); and cells showing loss of signal represent autophagosome
degradation (hatched bars). (I to K) The impact of PKA inhibition (H89, 50 ptM) on p62
protein levels and LC3B processing in ERa-replete myotubes in the absence or presence of
CCCP (20 uM) to stimulate mitophagy (/7= 3 per condition). (I) Representative
immunoblots and (J and K) densitometric analyses. All values are expressed as means +
SEM. Mean differences detected by Student’s ftest or ANOVA. *P < 0.05, difference
between genotypes; #P < 0.05, within-group, between-treatment difference.
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Fig. 7. Impaired mitochondrial fission signaling through DRP1 impairs oxidative metabolism

and inducesinsulin resistance

(A\) Insulin signaling (p-PDK15241 p-AktSer473 and p-GSK3p) in C2C12 cells treated with
the Drpl selective inhibitor Mdivi-1 (50 uM) versus vehicle control (n7= 6 per condition).
(B) DRP1 protein levels in C2C12 myotubes relative to GAPDH expression, with Drp1-KD

achieved by lentiviral delivery of sShRNA (five clones tested

,AtoE). (Cto E) Drp1-KD

impaired insulin signaling in C2C12 myotubes (1, 10, and 100 nM insulin treatment). (F)
Drp1-KD promoted accumulation of lipid in myotubes as determined by Oil Red O staining
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(n= 6 observations per genotype) (using two of the five ShRNA lentiviral clones, C and D).
Values are expressed as means + SEM. Mean differences detected by Student’s #test or
ANOVA. *P< 0.05, difference between genotypes.
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Fig. 8. Rcanl isup-regulatedin ERa-deficient muscle and impairsinsulin action
(A and B) Rcanl gene expression is elevated in female MERKO muscle (7= 8 per

genotype) and in human muscle from women with MetSyn (7= 8 per group) compared with
respective controls. (C to E) Rcanl-1 and Rcanl-4 protein levels are elevated in MERKO
muscle versus Control f/f (7= 8 per genotype). (F to J) Rcanl overexpression by adenovirus
(Ad) infection of C2C12 or primary myotubes impairs insulin action as shown by (G)
reduced insulin-stimulated p-AktS€r473 (1, 10, and 100 nM insulin), (1) IRS-1-p85
association (50 nM insulin), and (J) 2-deoxyglucose uptake (/7= 3 per condition in triplicate,
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50 nM insulin). All values are expressed as means + SEM. Mean differences detected by
Student’s ftest and ANOVA. *P< 0.05, difference between genotypes; #/£<0.05 within-
group, between-treatment difference. (K) Schematic overview of the MERKO phenotype.
Skeletal muscle—specific ERa deletion reduced mtDNA replication and impaired muscle
oxidative metabolism, despite maintenance of mtDNA copy number. Elevated Rcanl and
PKA reduced calcineurin activity levels, promoting elongated, hyperfused mitochondria in
female MERKO muscle. The morphological changes coupled with an imbalanced PKA-
calcineurin axis blunted mitochondrial fission signaling through DRP1 and impaired
macroautophagy, processes critical for mitochondrial turnover, mitophagy. Unopposed
fusion of the outer and inner mitochondrial membranes was permitted by increased
expression of mitochondria-specific fusion proteins Mfn2 and OPA1. The retention of
damaged mitochondria to the network was paralleled by increased ROS production,
inflammation, and insulin resistance in skeletal muscle from female MERKO mice.
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