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Abstract

Polyglutamine (polyQ) tract expansion leads to proteotoxic misfolding and drives a family of nine diseases. We study spi-
nal and bulbar muscular atrophy (SBMA), a progressive degenerative disorder of the neuromuscular system caused by the
polyQ androgen receptor (AR). Using a knock-in mouse model of SBMA, AR113Q mice, we show that E3 ubiquitin ligases
which are a hallmark of the canonical muscle atrophy machinery are not induced in AR113Q muscle. Similarly, we find no
evidence to suggest dysfunction of signaling pathways that trigger muscle hypertrophy or impairment of the muscle stem cell
niche. Instead, we find that skeletal muscle atrophy is characterized by diminished function of the transcriptional regulator
Myocyte Enhancer Factor 2 (MEF2), a regulator of myofiber homeostasis. Decreased expression of MEF2 target genes is
age- and glutamine tract length-dependent, occurs due to polyQ AR proteotoxicity, and is associated with sequestration of
MEF2 into intranuclear inclusions in muscle. Skeletal muscle from R6/2 mice, a model of Huntington disease which develops
progressive atrophy, also sequesters MEF2 into inclusions and displays age-dependent loss of MEF2 target genes. Similarly,
SBMA patient muscle shows loss of MEF?2 target gene expression, and restoring MEF2 activity in AR113Q muscle rescues
fiber size and MEF2-regulated gene expression. This work establishes MEF2 impairment as a novel mechanism of skeletal
muscle atrophy downstream of toxic polyglutamine proteins and as a therapeutic target for muscle atrophy in these disorders.

Introduction

Muscle atrophy is a hallmark of patients with spinal and
bulbar muscular atrophy (SBMA), a degenerative disorder
of the neuromuscular system. SBMA is caused by a CAG/
polyglutamine (polyQ) tract expansion in the androgen
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receptor (AR), placing it into a family of nine degenerative
disorders with similar mutations, including Huntington dis-
ease, dentatorubro-pallidoluysian atrophy, and six autosomal
dominant spinocerebellar ataxias (type 1,2, 3, 6, 7, and 17)
[37, 62]. PolyQ tract expansion leads to both loss of normal
AR function as a transcription factor and ligand-dependent
proteotoxicity. These changes ultimately lead to dysregula-
tion of pathways critical for normal cellular function [36,
46, 50, 54, 64, 70].
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The neuromuscular degeneration that occurs in SBMA
patients downstream of polyQ AR is characterized by loss of
lower motor neurons from the brainstem and spinal cord [2,
72]. Clinically, signs of neuron dysfunction are seen includ-
ing tremor and fasciculations, and progressive limb muscle
weakness often necessitates the use of ambulatory assistance
devices [5]. Additionally, SBMA patients frequently develop
signs of sensory neuron dysfunction [34, 56, 60], suggesting
that nervous system pathology is not isolated to the neuro-
muscular system.

While neuronal dysfunction in SBMA remains an active
field of study, several lines of evidence have established
skeletal muscle tissue as a key contributor to disease patho-
genesis. SBMA patients develop progressive muscular
weakness and concomitantly display signs of muscle toxic-
ity, including evidence of myopathy on muscle biopsy and
elevated serum creatine kinase levels above what is found
in diseases of pure denervation [5, 65, 74]. Isolated skeletal
muscle satellite cells show impairments in fusion to form
myotubes, demonstrating cell-autonomous toxicity in muscle
[42]. Knock-in mice expressing polyQ AR under the endog-
enous mouse promotor develop myopathy months before
spinal cord pathology, with atrophy of both type 1 and type 2
muscle fibers and polyQ AR intranuclear aggregates in skel-
etal muscle within the first 3—4 months of age [14, 26, 66,
83]. Aggregates within spinal motor neurons of the anterior
horn are visualized by 24 months of age [83]. Transgenic
mice overexpressing wild-type (WT) AR only in skeletal
muscle show hormone-dependent myopathy and motor axon
loss; similar effects are seen in mice overexpressing polyQ
AR only in muscle [49, 63]. Additionally, overexpression of
insulin-like growth factor-1 (IGF-1) in muscle ameliorates
the phenotypic severity of SBMA transgenic mice [57]. The
contribution of muscle to the SBMA phenotype is further
corroborated by studies demonstrating that knockdown of
peripheral polyQ AR or conditional deletion of polyQ AR
only in skeletal muscle rescues disease in mice [17, 38].

While skeletal muscle is known to be an important con-
tributor to pathogenesis, little is known about the mecha-
nisms driving muscle atrophy in SBMA. Atrophy is often
triggered by induction of a specific program involving upreg-
ulation of the E3 ubiquitin ligases MuRF1, Atrogin-1, and
MuSAL1 as well as the proteasome [7, 8, 31]. However, recent
analysis of a gene targeted mouse model of SBMA demon-
strates age-dependent impairment of proteasome function in
muscle, suggesting that polyQ AR-mediated skeletal muscle
atrophy may occur through alternative mechanisms [53].

Here, we use a combination of RNAseq analysis and
targeted functional assays to explore the pathway lead-
ing to skeletal muscle atrophy in SBMA. We identify
impaired function of the transcription factor Myocyte
Enhancer Factor 2 (MEF2), a well-established modula-
tor of myofiber homeostasis and hypertrophy [51], as a
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novel contributor to muscle atrophy caused by polyQ AR.
We demonstrate that changes in MEF2 function are age-
and hormone-dependent and occur as a result of ligand-
mediated proteotoxicity. We find that impairment of MEF2
also occurs in skeletal muscle of R6/2 mice, a model of
Huntington disease where muscle atrophy is prominent.
Finally, we demonstrate that SBMA patient muscle biop-
sies lose expression of MEF2 target genes, and that restor-
ing MEF?2 activity rescues mouse muscle fiber size in vivo.
These studies establish MEF2 as a novel therapeutic target
which mediates skeletal muscle atrophy in polyglutamine
disease.

Materials and methods
Mice

AR21Q and AR113Q knock-in mice were generated using
exon 1 specific targeting as previously described [1, 83,
84]. Specific pathogen-free housing was maintained on a
12 h light/dark cycle. Chow and water were administered
ad libitum. Genotyping was performed with the following
primers on ear samples: AR forward: 5'-CCAGAATCTGTT
CCAGAGCGTG-3" (MilliporeSigma, 6-FAM labeled); AR
reverse: 5'-TGTTCCCCTGGACTCAGATG-3' (Invitrogen).
AR-targeted ASOs were injected subcutaneously (50 mg/
kg body weight) from 6 to 26 weeks of age once per week.
ASOs are made of a 16-mer, 2',4'-constrained ethyl gap-
mer contain the following sequence: AAGTTGTAGTAG
TCGC which is complementary to human and mouse AR
transcripts and was detailed previously [38]. All procedures
involving mice were approved by the University of Michigan
Committee on Use and Care of Animals (PRO00008133)
and conducted in accordance with institutional and federal
ethical guidelines for animal testing and research.

For R6/2 mice, animal care and procedures were per-
formed in compliance with United Kingdom Home Office
regulations (Animals and Scientific Procedures Act 1986)
and were approved by the University College London Ethi-
cal Review Process Committee. Hemizygous R6/2 mice
[43] were bred by backcrossing R6/2 males to (CBA/
Cax C57BL/6J) F1 females (B6/CBAF1/OlaHsd Envigo,
UK). Animals were kept on a 12 h light and dark cycle and
room temperature was maintained at 21 °C+ 1 °C. All mice
had access to moderate environmental enrichment (play
tube, wooden chew sticks). Cages were provided with an
unlimited supply of water and a high protein chow diet. Mice
were genotyped and the HTT CAG repeat length was quan-
tified as previously described [69]. The CAG repeat sizes
were 188+ 1.2 (SD) at 4 weeks, 188 +3.06 at 8 weeks and
185+3.37 at 12 weeks of age.
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Patient samples

Anonymized control and patient biopsy samples were
obtained from the Neuromuscular Bank of Tissues and DNA
samples, Telethon Network of Genetic Biobanks, and the
EuroBioBank network. Information regarding the age, mus-
cle, clinical status of controls, and Q tract length of SBMA
patients is provided (Table S6).

Orchiectomy

Surgical castration was performed at 5—-6 weeks as previ-
ously described [14]. In brief, an incision no longer than
5 mm was made in the abdomen at the level of the hind
legs. Following incision, the vas deferens and spermatic
cord were ligated using nonabsorbable sutures. The testes
were removed and the incision was closed using absorbable
sutures. Mice were aged to 14 weeks, at which point they
were euthanized for further analysis.

qPCR

Mouse tissues were lysed in TRIzol for RNA extraction
according to manufacturer’s instructions. 2 pg of RNA were
reverse transcribed using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems). qPCR reactions
used FastStart Tagman Probe Master Mix (Roche), a 7500
Real-Time PCR SDS System (Applied Biosystems), and
FAM-labeled TagMan primer/probe mixes specific to the
gene of interest (Applied Biosystems). Gene expression in
mouse studies was normalized to Cpsf2-Vic multiplexed
within the same well.

For patient samples, total RNA was extracted with TRI-
zol (Thermo Fisher Scientific), and RNA was reverse tran-
scribed using the iScript Reverse Transcription Supermix
(1708841 Bio-Rad) following the manufacturer’s instruc-
tions. Gene expression was measured by RT-qPCR using
the SsoAdvanced Universal Sybr green supermix (1725274
Bio-rad) and the C1000 Touch Thermal Cycler—CFX96
Real-Time System (Bio-Rad). Human gene expression was
normalized to Actin. Mouse TagMan Primer/Probes and
human primer sequences used are listed below:

Mouse qPCR TagMan primer/probes

Gene TagMan primer/probe

MuRF1 (Trim63)
Atrogin-1(FBX032)
MuSA1 (FBX030)

MmO01185221_m1
Mm00499523_m1
MmO01191299_m1

MSTN Mm01254559_m]1
Pax7 MmO01354484_m]1
Myf5 Mm00435125_m]1
Myog Mm00446194_m]1

65
Mouse qPCR TagMan primer/probes
Gene TagMan primer/probe
PGAM2 MmO1187768_m1
CLCN1 Mm00658624_m1
PFKM MmO01309576_m1
Myll Mm00659043_m1
Myozl Mm00469642_m1
Ttn Mm00621005_m1
Mef2a MmO01318991_m1
Mef2c MmO01340842_m1
Cpsf2-VIC MmO00489754_m1
Human qPCR primers
Gene Forward Reverse
h_CLCNI nl CCCTGGAGGAGC TTCGAGTTGAAG
TACAGAA TCGTGTTCC
h_PFKM nl CAAAGCCATTGC GTGAAGATACCA
TGTCTTAACC ACTCGAACCA
h_Myoz1 n3 CTGATCATGGAA GACAGTTCCTCC
CTCACTGGAG AACATCACA
h_Ttn nl TCGCCCATAAGA TGAGCAATGGAG
CACTCC ACCTAACA
h_Actin GGACTTCGAGCA AGCACTGTGTTG
AGAGATGG GCGTACAG

Protein isolation and western blot

Tissues were digested in RIPA buffer (Teknova) containing
cOmplete Mini Protease Inhibitor Cocktail (Roche) and 5
mM NEM (MilliporeSigma). Tissue was lysed mechanically
using a benchtop tissue homogenizer. Muscle lysates were
incubated on a rocker at 4 °C for 1 h to allow for complete
digestion, then cleared by spinning at 12,000 g for 10 min
at 4 °C. Protein concentration was calculated using the DC
assay (Bio-Rad). Equal amounts of protein were loaded
into NuPAGE 4-12%, 10-well gels (Invitrogen) and run
in 1 X MOPS buffer (Invitrogen). Gels were transferred to
PVDF membranes using a Semi-Dry Transfer System (Bio-
Rad). Blots were blocked for 1 h in 5% nonfat dry milk in
TBS containing 0.1% Tween and placed into primary anti-
bodies in blocking solution at 4 °C overnight. Goat anti-
rabbit HRP (Bio-Rad) and goat anti-mouse HRP (Bio-Rad)
were diluted at 1:5,000 in 5% nonfat dried milk and incu-
bated for 1 h at room temperature. Blots were quantified
using ImageStudio Lite (Licor).

Skeletal muscle processing

Muscle was harvested from euthanized mice and placed in
a vessel containing OCT. The OCT vessel was frozen in
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methylbutane cooled by dry ice. Tissue was cryosectioned
using a Leica CM1900 Cryostat (Leica Biosystems) at 20
pm thickness and slides were stored at — 80 °C.

Immunofluorescence

Slides were removed and thawed at room temperature. Tis-
sue slices were outlined with an ImmunoPen (ImmEdge) and
fixed in ice cold methanol for 4 min. For muscle fiber quan-
tification, slides were washed three times in PBS and cov-
ered in 10 pg/mL labeled wheat germ agglutinin (Thermo)
for 10 min at room temperature. For colocalization stud-
ies, slides were washed three times in PBS containing 0.1%
triton-X (PBS-T) and blocked for 1 h at room temperature
in 10% Normal Goat Serum in PBS. Slides were then incu-
bated in primary antibody in blocking solution overnight at
4 °C. Slides were washed three times in PBS-T and incu-
bated in secondary antibody for 1 h at room temperature in
blocking solution. Slides were again washed three times in
PBS-T and mounted using Prolong Gold with DAPI. Images
were taken on a Nikon A1 confocal microscope. Percent of
colocalization and muscle fiber size was quantified using
automated CellProfiler pipelines and a Zeiss Epifluorescent
Microscope.

H&E staining

Slides were fixed in ice cold methanol for 4 min. Sections
were placed into hematoxylin (modified Mayer’s solution)
(Abcam) for 1.5 min at room temperature. Sections were
dipped into distilled water 30 times or until no longer run-
ning. Sections were then placed into eosin for 5 min at
room temperature. Sections were dipped again 30 times into
water, followed by 30 times in 70%, 95%, and 100% ethanol.
Finally, sections were mounted with DPX mounting solu-
tion and imaged. For H&E images, the white balance was
adjusted per image on each whole image to ensure true white
levels of background using Adobe Photoshop.

Electroporation of mouse muscle

Electroporation was performed according to previous studies
[22]. In brief, mice at indicated ages were anesthetized using
isoflurane in a VIP3000 Isoflurane Matrx by nose cone. Fol-
lowing deep inhaled anesthesia at 2% concentration, the hind
limb was shaved and 30 pL of 0.8 U/mL hyaluronidase in
sterile saline was injected into the tibialis anterior. Mice
were then allowed to recover for 2 h, then re-anesthetized
and the TA was injected with 50 pg total of plasmid DNA.
The hindlimb was then coated in ultrasound gel (Medline).
Ten 20 ms pulses of 175 V/cm were then administered
to the hindlimb using an ECM 830 Electroporator (BTX
Technologies).
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Denervation

Under inhaled isoflurane anesthesia, the right sciatic nerve
was exposed inferior to the sciatic notch as previously
described [26]. The proximal and distal sides were ligated
using monocryl 4-0 sutures and 2 mm of nerve was cut in
between these ligations, preventing axonal regeneration. Tis-
sue was harvested 3 days after surgery for RNA isolation.

Cardiotoxin assay

Mice were injected with cardiotoxin (Millipore, 217503) at
19 weeks of age. One leg was injected with 30 pL of 12 pM
cardiotoxin, while the contralateral leg was injected with
saline. Mice were sacrificed at 7 days and 14 days post-
injection and the TA muscle was harvested and frozen for
processing.

Luciferase assay

Mice were electroporated as described above with a MEF2
promoter-luciferase plasmid and co-transfected with Renilla
luciferase as previously described [71]. Muscle was har-
vested after electroporation, flash frozen in liquid nitrogen,
and ground using a pestle and mortar. Luciferase activity
was measured using the dual luciferase reporter assay system
(Promega). The amount of luciferase activity was normal-
ized to Renilla luciferase activity.

Co-immunoprecipitation

Co-immunoprecipitation was performed following previ-
ously established protocols [23]. For co-immunoprecipita-
tion of polyQ AR and HA-MEF2C, a well-established PC12
model was used [77]. These cells express AR112Q under
the control of the TetOn promoter. Cells were electropo-
rated using a Neon Electroporator (Thermo) to express HA-
MEF2. 24 h after transfection, cells were induced to express
polyQ AR with 1 pg/mL of doxycycline and translocation
and aggregation was induced by adding 10 nM of R1881, a
synthetic testosterone. After 72 h, cells were lysed in ColP
buffer (0.025 M Tris, 0.15 M NacCl, 0.001 M EDTA, 1%
NP-40, 5% glycerol, pH 7.4) by sonication. Aggregated spe-
cies were pelleted by centrifugation at 15,000g for 15 min.
Cleared supernatant was used as input. Input was precleared
by incubating on a rotator with Protein A/G beads (Santa
Cruz, sc-2003) for 30 min at 4 °C. Input was then incu-
bated with androgen receptor antibody (Millipore, PG-21) or
non-immune rabbit IgG (Santa Cruz) overnight at 4 °C on a
rotator. Prewashed protein A-agarose beads were added, and
samples were rotated for an additional 1 h at 4 °C. Protein-
antibody-bead complexes were then washed six times in
ColP buffer. Proteins were eluted by boiling the complexes
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in SDS-loading buffer for 5 min at 95 °C. Samples were then
resolved by western blot as detailed above.

For co-immunoprecipitation of HA-MEF2C and GFP-
Q74 Htt, HEK-293 cells were transfected with 1 pg of each
plasmid using lipofectamine 2000. After 24 h, cells were
lysed in ColP buffer (0.025 M Tris, 0.15 M NaCl, 0.001 M
EDTA, 1% NP-40, 5% glycerol, pH 7.4) and aggregates were
pelleted by centrifugation at 15,000g for 15 min. Cleared
lysates were treated as above, but instead incubated with
either rabbit anti-HA antibody (Cell Signaling, 3724S) or
non-immune rabbit IgG (Santa Cruz). Isolated protein—anti-
body—bead complexes were split in half and run using the
western blot methods detailed above. Samples were analyzed
in duplicate to allow for resolving both HA-MEF2 and GFP-
Q74 Htt. The membrane was cut down the middle. One side
was probed with chicken anti-GFP (abcam), and the other
side was probed with mouse anti-HA.11 (Biolegend).

Antibodies and reagents

The following antibodies were used: Phospho-S6RP (Cell
Signaling, 4858), S6RP (Cell Signaling, 2217), Deptor (Cell
Signaling, 11816S), REDD1 (Protein Tech, 10638-1-AP),
Vinculin (Sigma, V9131), Phospho-SMAD3 (Cell Sign-
aling, 9520S), SMAD3 (Cell Signaling, 9513), MEF2AC
(abcam, ab197070), p62 (03-GP62-C), Androgen Receptor
(Millipore, PG-21), Phospho-SMAD3 (abcam, ab52903),
Actin (Sigma, A2228), HA (Cell Signaling, 3724S), HA.11
(Biolegend, 901533), GFP (abcam, ab13970), Wheat Germ
Agglutinin Alexa Fluor 594 (Thermo Scientific, W11262),
Wheat Germ Agglutinin Alexa Fluor 488 (W11261).

Transcriptome data

Sequencing data were used from the following previ-
ously published GEO datasets analyzed as stated: SBMA
LABC: GSE106521 [53], SBMA Quadriceps: GSE60691
[13], R6/2 Quadriceps: GSE81367 [10], reanalyzed by
DeSeq?2 (counts > 2 in at least 5 samples, B&H FDR < 0.05,
FC>1.5), MEF2 KD: GSE61207 [78], and Mrf4 KD:
GSE67069 [51].

Plasmids

MEF2-VP16 (CA-MEF2) and MEF2ADBD-VP16 (DBD-
MEF2) were previously characterized and kindly provided
by Michael Greenberg [24]. MEF2-Luciferase (RSRF-
Luc-2wt) was a gift from Astar Winoto (Addgene plasmid
# 31818) [80]. Tk-Renilla plasmid was from Promega.
pcDNA3.1-MEF2C-HA was a gift from Andrew Lassar
(Addgene plasmid # 32515) [30]. pPEGFP-Q74 (pEGFP-Q74
Htt) was a gift from David Rubinsztein (Addgene plasmid
#40262) [52].

Statistics

Statistical analysis was performed in GraphPad Prism using
two-tailed unpaired student’s ¢ test for comparisons of two
groups and one-way ANOVA with Tukey’s multiple com-
parison test for groups of three or more. @ <0.05 was set as
the threshold for significance.

Results

AR113Q muscle atrophy is independent
of ubiquitin-proteasome machinery induction

Skeletal muscle atrophy occurring downstream of denerva-
tion, fasting, immobilization, and motor neuron degeneration
involves induction of several key E3 ubiquitin ligases and
the proteasome [31, 32, 67]. Upregulation of degradative
machinery targets sarcomeric proteins to the proteasome
and results in fiber size reduction [15]. Three of the best
characterized ubiquitin ligases involved in skeletal muscle
atrophy are MuRF1, Atrogin-1, and MUSA1 [8, 15, 68].
We confirmed induction of these genes after denervation
by comparing mRNA expression levels in control and den-
ervated WT mouse gastrocnemius 3 days following sciatic
nerve transection (Fig. 1a).

Next, we examined AR113Q mice, a model of SBMA
generated by gene targeting, to determine whether mutant
males also exhibit induction of the E3 ubiquitin ligases asso-
ciated with muscle atrophy. AR113Q mice express a human-
ized form of AR in which much of the coding sequence of
mouse AR exon 1 is replaced by human sequence containing
113 CAG repeats [83, 84]. These mice express endogenous
levels of polyQ AR under the control of the mouse AR gene
promoter and transcriptional machinery. AR113Q males
develop a progressive neuromuscular phenotype which mim-
ics important aspects of the SBMA phenotype (Supplem-
etary Fig. 1) [83]. Because the AR gene is on the X chromo-
some, males are hemizygous for either the mutant or WT
allele. Using AR113Q mice, we performed the same dener-
vation experiment at 26 weeks and examined the gastrocne-
mius 3 days post-denervation (Fig. 1b). While AR113Q mice
also showed significant induction of Atrogin-1 and MuSA1,
MuRF1 was not significantly induced, and the amount of
induction of all three genes was blunted compared to WT
mice. This indicates that SBMA mice are impaired in their
ability to induce the E3 ubiquitin ligases responsible for
atrophy following denervation.

We next examined expression of these E3 ubiquitin
ligases in AR113Q mice across multiple time points. In
contrast to denervation, we found no significant induction
of any of these E3 ubiquitin ligases in AR113Q quadriceps
at 14, 26, and 52 weeks (Fig. 1c—e), despite the occurrence
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Fig.1 Atrophy-related E3 ubiquitin ligases are not induced in
AR113Q skeletal muscle. a Relative mRNA expression of FBX032/
Atrogin-1, MuRF1, and MuSA1 in WT control (ctrl) and denervated
(den) mouse gastrocnemius 3 days following sciatic nerve transection
(n=3/group). b Relative mRNA expression of FBX032/Atrogin-1,
MuRF1, and MuSA1 in AR113Q control (ctrl) and denervated (den)
mouse gastrocnemius 3 days following sciatic nerve transection
(n=3/group). c—e Relative mRNA expression of (¢) MuRFI1, (d)
FBXO032/Atrogin-1, (e) MuSAl in WT or AR113Q mice in quadri-
ceps (Quad) at 14, 26 and 52 weeks (left, n=6/group) and in LABC
at 14 weeks (right, n=3/group). Data are shown as mean+ SEM.
ns not significant (p>0.05), *p<0.05; **p<0.01; ***p<0.001 by
unpaired t test (quadriceps) or by one-way ANOVA with Tukey’s
(LABC)

of progressive weakness and muscle atrophy (Supplemen-
tary Fig. 1). In fact, AR113Q males display age-dependent
suppression of the MuRF1 and Atrogin-1 genes (Fig. lc,
d). These data complement a recent study from our group
demonstrating diminished proteasome expression and
function in AR113Q muscle and show that SBMA atrophy
has several distinctions from other forms of atrophy [53].
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Similar to quadriceps muscle, induction of MuRFI,
Atrogin-1, and MuSA1 does not occur in the levator ani/
bulbocavernosus muscle (LABC), a pelvic floor muscle
which undergoes severe atrophy due to high levels of AR
expression (Fig. lc—e, right). We observed no induction of
E3 ubiquitin ligases in comparison to either WT or AR21Q
males. (AR21Q males were generated using the same gene
targeting strategy but express a normal CAG repeat length
[1] and thereby control for effects of humanizing the mouse
AR gene). Previous work has demonstrated that AR21Q
mice are phenotypically similar to WT, establishing that the
neuromuscular phenotype of AR113Q mice is due solely
to polyglutamine tract expansion above the pathogenic
threshold [83]. Collectively, these analyses demonstrate that
AR113Q mice lack induction of the classical, ubiquitin—pro-
teasome system (UPS)-based muscle atrophy machinery and
suggest that alternative mechanisms underlie muscle atrophy
in this disease.

Hypertrophic signaling is increased in SBMA muscle

We next sought to determine whether impaired signaling to
stimulate muscle hypertrophy contributes to AR113Q atro-
phy. Two major signaling pathways, regulated by mTOR
and myostatin, are well established in modulating skeletal
muscle hypertrophy (Fig. 2a) [71]. As reduced mTOR activ-
ity is a well-established hallmark of muscle atrophy [9, 15,
55], we hypothesized that mTOR signaling may be impaired
in SBMA and contributes to reduction of muscle fiber size.
We examined phosphorylation of S6RP, a well-established
mTORCI target, in 14-week LABC. In contrast to expecta-
tion, we found significant upregulation of mTOR signaling
in AR113Q muscle (Fig. 2b), similar to a previous report
[66]. This signal was ablated by administration of rapamy-
cin for 2 weeks, demonstrating specificity for mTOR acti-
vation (Fig. 2b). We next sought to determine if upstream
regulators of mTOR were differentially affected in AR113Q
mice. Two well-characterized mTOR inhibitors are Deptor
[59] and Redd1 [11, 73]. AR113Q muscle displays signifi-
cant reduction in levels of both Deptor and Redd1 proteins,
demonstrating that loss of inhibitors coincides with signifi-
cant mTOR activation (Fig. 2¢). These results demonstrate
that mTOR signaling is activated to favor hypertrophy in
AR113Q muscle and led us to examine whether other effec-
tors of muscle hypertrophy are dysregulated in disease.
Myostatin is known to be a potent inhibitor of skeletal
muscle hypertrophy [45]. To determine whether myosta-
tin induction plays a role in AR113Q muscle atrophy,
we performed qPCR on 14, 26, and 52 week quadriceps.
We observed no change in myostatin expression in the
quadriceps at early time points but significant suppression
of myostatin expression in 52 week quadriceps (Fig. 2d)
and 14 week LABC (Fig. 2e). To support the notion that
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myostatin signaling is diminished in AR113Q muscle, we
examined the level of phospho-SMAD3, a downstream
effector of myostatin. We detected an age-dependent,
significant decrease in phospho-SMAD3 in AR113Q
muscle, supporting the conclusion that myostatin signal-
ing is suppressed (Fig. 2f, Supplementary Fig. 2A, 2B).
As both myostatin and mTOR signaling changed to favor
hypertrophy rather than atrophy in mutant muscle, we
conclude that alterations in these pathways do not under-
lie AR113Q skeletal muscle pathology.

WT113Q

Muscle regeneration is intact in SBMA muscle

We next asked whether the cells that replenish muscle, satel-
lite cells and myoblasts, are dysfunctional in AR113Q males.
We performed qPCR for markers of muscle satellite cells,
Pax7 and Myf5 [18, 27], and the myoblast marker myogenin
(Myog) (Fig. 3a). For all these markers, we saw increases in
expression, with Myf5 and Myog increasing as early as 14
weeks, suggesting that these cell populations are present in
AR113Q skeletal muscle (Fig. 3b). Moreover, the induction
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Fig. 3 Myoregeneration is intact Quad LABC
in AR113Q muscle. a Sche- a b 14wk 26wk 50wk c 14wk
matic of examined markers of
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CTX

113Q

of Pax7 and Myf5 expression was significant compared to
AR21Q (Fig. 3c), demonstrating that upregulation of satel-
lite cell markers is dependent on glutamine tract expansion.

We sought to determine whether satellite cell dysfunc-
tion and impaired regeneration after injury contributes to
AR113Q muscle atrophy. To accomplish this, we injected
cardiotoxin (CTX) into the tibialis anterior muscle, lead-
ing to severe muscle damage and fiber destruction [6, 58].
In WT mice, muscle fibers are replenished to their original
size by satellite cells 12—14 days after CTX administration
[28, 58]. Significant destruction of muscle fibers was pre-
sent in both WT and AR113Q mice at 7 days post-CTX

@ Springer

==
| @>—1}
i

Nuclei/Fiber

O
i

Relative Size
- N
2] —

- & o
& \'\%Oé L& .\'\“’OC}+
,\'\rb § \r{b

injection (Fig. 3d), and both WT and AR113Q mice suc-
cessfully regenerated muscle fibers by 14 days post-injection
(Fig. 3e). Following regeneration, fibers trended larger for
WT mice and were slightly, but significantly larger (6%) for
AR113Q mice than their respective original sizes (Fig. 3f,
left), demonstrating that AR113Q mouse satellite cells
remain functional. Although fibers successfully regener-
ated to their original size, subtle changes in satellite cell
function were suggested by the reduction in nuclei per fiber
in SBMA mouse muscle (Fig. 3f, right). Similar changes
have been reported in primary satellite cell cultures from
SBMA patients [42]. As these defects do not prevent fiber
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regeneration in vivo post-injury by the muscle stem cell
population, we conclude that they are unlikely to signifi-
cantly contribute to AR113Q atrophy. Having determined
that UPS-based degradation, impaired hypertrophic signal-
ing, and regenerative capability do not account for reduced
muscle fiber size in AR113Q mice, we sought out alternative
factors which may contribute to muscle atrophy in disease.

MEF2 target expression is decreased in AR113Q
and SBMA patient skeletal muscle

Using an RNAseq data set generated from AR113Q mouse
quadriceps at 14 weeks [14] and GO Term: Cellular Com-
ponent analysis of differentially expressed genes, we iden-
tified that all of the top five enriched categories are related
to sarcomere structural genes (Table 1). We performed
transcription factor-binding site analysis using ToppGene
to nominate transcription factors that could account for
this loss of sarcomere gene transcription. Strikingly, we
found that binding sites for the transcription factor Myo-
cyte Enhancer Factor 2 (MEF2) account for 5 of the top
5 and 4 of the top 5 hits when analyzing differentially
expressed genes in the quadriceps and LABC, respectively
(Table S1-S2). Gene Set Enrichment Analysis (GSEA)
also showed MEF2-binding sites accounting for 5 of the
top 15 transcription factor-binding sites, and as the only
transcription factor with multiple hits (Table S3). These
results were unexpected, as MEF2 mRNA expression
(Supp Fig. 3a) and protein level (Supplementary Fig. 3B)
were not altered. RNAseq data also showed no significant
change in expression of any Mef2 family gene (Table S4).
To test whether MEF2 activity is impaired in AR113Q
muscle, we electroporated a plasmid containing a MEF2
promoter site upstream of luciferase into mouse hindlimb
muscle. Luciferase activity was examined 48 h post-elec-
troporation and normalized to co-transfected, constitu-
tively expressed Renilla luciferase. We found significant
reduction of MEF2 activity in AR113Q muscle (Fig. 4a)
without a difference in Renilla luciferase activity (Supple-
mentary Fig. 3C), consistent with impaired MEF2 activity
in vivo. We next compared differentially expressed genes
in 14 week AR113Q quadriceps and LA/BC to a published

data set of MEF2A targets in C2C12 cells which were
identified by RNAseq and confirmed by MEF2A ChIP-
Exo [78]. Strikingly, ~20% of identified MEF2 targets
were altered in AR113Q quadriceps and ~40% of targets
in AR113Q LABC (Fig. 4b). We further compared differ-
entially expressed genes in 14 week AR113Q quadriceps
and LA/BC muscles to another data set in which the MEF2
inhibitor Mrf4 was knocked down in rat tibialis anterior
muscle by electroporation at 6 weeks of age and expres-
sion analysis was performed in the context of activated
MEF2 [51]. We found that ~ 10% of all genes that changed
upon Mrf4 knockdown were altered in AR113Q quadri-
ceps; similarly, ~30% were altered in AR113Q LABC
(Fig. 4¢).

We also analyzed genes significantly altered in both the
quadriceps and LABC of 14 week AR113Q mice (Supple-
mentary Fig. 4A). Of these 552 genes, we found that~ 15%
of published genes that changed with MEF2 knockdown and
were validated by ChIP-Exo in C2C12 cells were part of
this subset (Supplementary Fig. 4B). Additionally, ~20%
of these 552 genes overlap with targets responsive to Mrf4
knockdown in 6-week rat tibialis anterior (Supplementary
Fig. 4C).

Notably, knockdown of AR113Q in vivo using periph-
erally administered AR-targeted antisense oligonucleotides
rescues changes in MEF2 target genes (Fig. 4d, Table S5)
[38]. Importantly, this intervention diminishes expression
of polyQ AR in peripheral tissues but not CNS [38], indi-
cating that MEF2 impairment occurs independent of polyQ
AR actions in lower motor neurons. To validate changes in
MEF2-regulated genes in an independent cohort of mice, we
examined expression of several MEF2 targets (genes found
in MSigDB, MEF2-ChIP-Seq, or Mrf4 KD data sets) known
to play an important role in skeletal muscle in AR113Q
quadriceps at 14, 26, and 52 weeks. These studies demon-
strated a significant decrease in target gene expression that
often progressed with age (Fig. 4e).

We next sought to determine whether changes in expres-
sion of MEF?2 target genes also occur in SBMA patients. To
accomplish this, we performed qPCR on a cohort of SBMA
skeletal muscle biopsies (Table S6). We found significant
reduction of these targets in patients versus controls (Fig. 4f)

Table 1 Toppgene GO term: ID p value g val Bonf Query list hits Genome hits
cellular component analysis was
performed on an RNAseq data GO: cellular component analysis—quad
set of differentially expressed 1 Contractile fiber part 1.18E—34 9.91E-32 64 244
genes in the quadriceps of ]
WT and AR113Q mice (n=3/ 2 Contractile fiber 1.041E-33 8.75E-31 65 261
group, FDR <0.05, FC> 1.5 3 Myofibril 2.328E-31 1.96E—-28 61 248
bidirectionally) 4 Sarcomere 1.037E-30 8.71E-28 58 228
5 I Band 2.496E—-26 2.10E-23 45 158

The top five enriched categories are listed
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Fig.4 Diminished MEF2 activity in AR113Q muscle. a Tibialis
anterior of 26-week WT and AR113Q mice were co-transfected with
MERF2-luciferase and constitutively expressed Renilla luciferase.
MEF2-luciferase activity was measured and normalized to renilla
luciferase activity (n=4/group). Data are mean+SEM. *p<0.05
by unpaired t test. b Differentially expressed genes (AR113Q vs
WT) from 14 week LA/BC and quadriceps of AR113Q mice were
compared to a published set of MEF2 target genes identified by
gene knockdown (KD) and validated by ChIP-exo in C2C12 cells.
p=06.21e26 by hypergeometric test for Quad overlap with MEF2 KD
and p=2.67¢27 by hypergeometric test for LABC overlap with MEF2
KD. ¢ Differentially expressed genes (AR113Q vs WT) from 14 week
LA/BC and quadriceps of AR113Q mice were compared to a pub-
lished set of gene expression changes downstream of knockdown of
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Mrf4, a MEF2 repressor protein, in rat tibialis anterior at 6 weeks of
age. p=2.12e—68 for LABC overlap with Mrf4 KD and p=5.20e—36
for Quad overlap with Mrf4 KD d Heatmap showing fold change of
161 overlapping genes between AR113Q Quad and Mrf4 KD. Three
comparisons to WT are displayed: AR113Q Quad, AR113Q Quad
from mice treated with antisense oligonucleotides, and tibialis ante-
rior from WT mice following Mrf4 KD. e Relative expression of
MEF?2 targets PFKM, Ryr1, Myll, CLCN1, Myoz1 and PGAM2 was
measured in WT and AR113Q mice at 14 (left), 26 (middle), and 52
(right) weeks in quadriceps (n=5-6/group). f SBMA patient and con-
trol (Ctrl) muscle biopsies were examined for expression of MEF2
targets CLCN1 (n=3v6), Myozl (n=3v4), PFKM (n=3v6), and
TTN (n=3v6) by qPCR. Data are shown as mean+SEM. *p <0.05;
**p <0.01; ***p <0.001, ****p <0.0001 by unpaired 7 test
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without loss of MEF2 expression (Supplementary Fig. 4D),
suggesting that MEF2 impairment is conserved between
mouse models of disease and SBMA patients.

Diminished MEF2 target expression is caused
by hormone- and polyglutamine length-dependent
gain of function

Expansion of the AR’s polyQ tract leads to partial loss
of its normal function as a transcriptional regulator. In
addition, the mutant protein undergoes hormone-depend-
ent misfolding and aggregation resulting in gain of func-
tion changes crucial to the neuromuscular phenotype. To

Fig.5 AR113Q muscle shows a
hormone- and Q tract length-
dependent MEF2 impairment
and sequestration. a—c Relative
mRNA expression of MEF2
targets was measured in the
LABC of a WT, AR21Q, and
AR113Q mice at 14 weeks of
age. (n=23/group), b WT mice
at 14 weeks of age compared to
WT mice castrated at 6 weeks
and allowed to age to 14 weeks
(WT C). (n=3-5/group), and

¢ AR113Q mice at 14 weeks

of age compared to AR113Q
mice castrated at 6 weeks and
allowed to age to 14 weeks
(AR113Q C) (n=3-5/group)
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determine whether loss of MEF2 targets is dependent on
the polyglutamine tract expansion, we compared gene
expression in WT, AR21Q, and AR113Q muscle. AR21Q
mice are phenotypically similar to WT mice, demonstrat-
ing that the neuromuscular phenotype is solely due to the
polyQ expansion [1]. We found that loss of MEF2 target
gene expression, like the neuromuscular phenotype, is
dependent on the expanded glutamine tract and not the
humanized sequence of exon 1 (Fig. 5a).

We next sought to establish whether impaired MEF2
function is due to loss of AR activity or hormone-dependent
proteotoxicity. To determine this, we castrated WT males
at 5-6 weeks and allowed them to age to 14 weeks. This
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manipulation eliminates testosterone production and abro-
gates AR signaling. We found that castration does not alter
expression of MEF2-regulated genes (Fig. 5b) suggesting
that loss of AR signaling does not impair MEF2 function.
This conclusion is corroborated by the observation that ASO
treatment rescues expression of MEF2 targets (Fig. 4d). As
ASOs diminish AR levels, changes due to loss of function
are exacerbated by treatment, while those due to gain of
function proteotoxicity are ameliorated. The finding that
MEF2 targets are rescued by ASO administration supports
the notion that loss of MEF2 function is due to polyglu-
tamine-mediated toxicity.

Next, we castrated AR113Q males. Castration pre-
vents hormone-dependent misfolding and aggregation of
polyQ AR and abrogates the neuromuscular phenotype of
AR113Q mice [83]. We found that castration also rescues
expression of MEF2 target genes (Fig. 5c) indicating that,
like the motor phenotype, MEF2 impairment results from
hormone-dependent proteotoxicity. Together, these results
demonstrate that MEF2 impairment occurs in a gain of func-
tion, polyQ tract-dependent manner.

AR113Q misfolding is associated with the formation of
intranuclear inclusions in skeletal muscle nuclei [83]. We
performed immunofluorescence using a MEF2A/C antibody
to determine whether MEF?2 is also mislocalized in AR113Q
muscle. While MEF2 signal was diffuse and intranuclear in
WT muscle, we identified robust colocalization of MEF2
with intranuclear p62 positive puncta, a marker of inclu-
sions formed in AR113Q muscle (Fig. 5d). Similar staining
was observed using antibodies against MEF2A and MEF2C
(Supplementary Fig. 3E-F). These data demonstrate MEF2
sequestration into intranuclear inclusions in mutant muscle.

Having found that MEF2 is sequestered into aggregates
in AR113Q muscle, we next asked whether there are prop-
erties of MEF2 that would suggest a high propensity for
co-aggregation. Intrinsic disorder is a necessary property of
many proteins and protein regions, as native disorder allows
for responses to external stimuli and post-translational mod-
ifications [29]. However, intrinsic disorder in a protein is
also a key modulator of aggregation [20], with intrinsically
disordered proteins implicated in many neurodegenerative
diseases characterized by protein misfolding and aggregation
[76]. Using prediction pipelines (DisEMBL, FoldINDEX,
DISpro, and PONDR-FIT), the sequence of MEF2C was
found to contain regions of significant predicted disorder in
the transactivating domain (Supplementary Fig. 4G). These
findings suggest that MEF2 has structural features that con-
fer an increased likelihood for co-aggregation. Moreover, co-
immunoprecipitation experiments demonstrated interaction
of soluble polyQ AR with MEF2 (Supplementary Fig. 4H-I)
indicating that both soluble and aggregated polyQ species
interact with MEF2.
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Polyglutamine huntingtin sequesters MEF2
in skeletal muscle and decreases MEF2 target gene
expression

As our findings suggest that polyQ expansion underlies
MEF2 impairment and sequestration, we hypothesized that
these mechanisms are similarly active in other models of
polyQ disease that exhibit skeletal muscle atrophy. To test
this hypothesis, we studied R6/2 mice. These mice express
an N-terminal fragment of polyQ huntingtin (HTT), develop
age-dependent skeletal muscle atrophy, and form intranu-
clear inclusions in skeletal muscle [10, 12]. We utilized a
previously published RNAseq data set of R6/2 quadriceps at
12 weeks of age to determine whether polyQ HTT also alters
MEF2 target gene expression [10]. This analysis revealed
2715 differentially expressed genes between WT and R6/2
muscle. We found significant overlap between differentially
expressed genes from R6/2 quadriceps at 12 weeks and
effects of MEF2 knockdown in C2C12 cells (Fig. 6a) and
Mrf4 (Fig. 6b) knockdown in 6 week rat tibialis anterior.

To examine conserved changes between both polyQ mod-
els, we additionally compared 14 week AR113Q quadriceps
with 12 week R6/2 quadriceps and identified 481 genes differ-
entially expressed in both (Supplementary Fig. 5A). We then
compared these 481 genes to the published set of MEF2 targets
validated by MEF2 knockdown and ChIP-Exo in C2C12 cells
and found ~ 10% of these genes overlapped (Supplementary
Fig. 5B). Additionally, when compared to genes that change
with knockdown of the negative regulator of MEF2, Mrf4, in
6 week rat tibialis anterior, ~20% of the 481 genes overlapped
(Supplementary Fig. 5C). Together, these analyses indicate
significant dysregulation of MEF2 targets in polyQ muscle.

Notably, knockdown of Mrf4 shows changes opposite
to those observed in R6/2 quadriceps, supporting the con-
cept of impaired MEF2 activity downstream of polyQ HTT
(Fig. 6¢, Table S7). We confirmed diminished expression of
MEF2 target genes in an independent cohort of R6/2 mice
by qPCR. We found progressive changes, with three targets
showing diminished expression at 4 weeks, four targets at
8 weeks, and all six targets at 12 weeks of age (Fig. 6d).
Moreover, using immunofluorescence we found significant
sequestration of MEF2 into skeletal muscle inclusions,
with MEF2 colocalizing to ~ 85% of p62 positive inclusions
(Fig. 6e). Co-immunoprecipitation demonstrated interac-
tion between GFP-74Q Htt and HA-MEF2C, indicating that
MEF?2 interacts not only with soluble polyQ AR but also
with soluble polyQ Htt (Supplementary Fig. SD-F).

Restoring MEF2 activity rescues AR113Q muscle
atrophy.

To determine the extent to which loss of MEF2 function
contributes to AR113Q muscle atrophy, we tested whether
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Fig. 6 Diminished MEF2
function and sequestration in
R6/2 muscle. a Differentially
expressed genes from 12 week
quadriceps of R6/2 mice and 14
week quadriceps of AR113Q
mice were compared to a pub-
lished set of MEF2 target genes
identified by gene knockdown
(KD) and validated by ChIP-exo
in C2C12 cells. p=9.27e—-07
for MEF2 KD vs R6/2 overlap
b Differentially expressed genes
from 12 week quadriceps of
R6/2 mice and 14 week quadri-
ceps from AR113Q mice were

R6/2 Quad

R6/2 Mrf4 KD

R6/2 Quad

compared to a published set of d Myl Myoz1 Clen1
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adding back constitutively active MEF2 (CA-MEF2) would
rescue muscle fiber size [24, 44, 51]. This CA mutant con-
sists of the MEF2 DNA-binding domain fused to the VP16
transactivating domain and estrogen receptor hormone bind-
ing domain; nuclear translocation and activity of this mutant
is controlled by tamoxifen (Supplementary Fig. 6A) [24, 51].
In addition to its constitutively active nature, this construct
has much less predicted disorder, suggesting less propensity
for co-aggregation (Supplementary Fig. 6B). Consistent with

this, when transiently expressed in cell culture HA-MEF2
localized to intranuclear polyQ AR aggregates (Supplemen-
tary Fig. 6C), whereas CA-MEF2 did not (Supplementary
Fig. 6D). At 19 weeks of age, after AR113Q, mice show sig-
nificant muscle atrophy (Supplementary Fig. 1, Fig. 3f), we
electroporated CA-MEF?2 into tibialis anterior (TA) muscle
of one hind limb. The contralateral TA was electroporated
with VP16-MEF?2 containing a deletion in the DNA-binding
domain (DBD-MEF2), thereby preventing transcriptional
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Fig.7 CA-MEF2 rescues AR113Q muscle atrophy and target gene
expression. a—d AR113Q mice were transfected with CA-MEF2 in
one leg and DBD-MEF?2 in the contralateral leg. Each plasmid was
co-transfected with GFP for fiber identification. After 24 h, mice were
injected with tamoxifen every other day for 7 days.a Tibialis anterior
was harvested and imaged for GFP (green), Wheat Germ Agglutinin
(WGA) (red) and DAPI (blue). Scale bar=50 pM. b Tibialis ante-
rior was stained using Hematoxylin and Eosin (H&E). Scale bar=50
M. ¢, d Quantification of cross sectional area of transfected fibers
(n=3mice/group, 3 images/mouse, n>50 fibers/mouse) is shown as
a histogram (c¢) and mean+SEM (d), ****p <0.0001 by unpaired t
test. e, f AR113Q muscle expressing DBD-MEF2 and CA-MEF2 was
examined for expression levels of e MEF2 targets found to be altered
in SBMA patients Ttn, MyoZ1, Pfkm, Clcnl and fgenes that regulate
metabolism including Gapdh, Hk2, and Nur77 (n=6 mice/group).
Data are mean + SEM. *p <0.05; **¥*p <(0.001 by unpaired 7 test
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activity [24, 51]. Importantly, DBD-MEF2 does not alter
muscle fiber size [51]. Following electroporation, mice were
administered tamoxifen every other day for 7 days prior to
harvesting muscle. We found a 24% increase in muscle fiber
size owing to expression of CA-MEF2 in AR113Q muscle
(Fig. 7a—d). Electroporated CA-MEF2 was predominantly
diffuse within the nucleus of skeletal muscle and did not
colocalize with p62 +intranuclear inclusions (Supplemen-
tary Fig. 6E). Notably, this rescue of muscle fiber size was
accompanied by increased expression of MEF2 target genes,
including many of the same genes reduced in SBMA patient
muscle biopsies (Fig. 7e). Strikingly, restoration of MEF2
activity also rescued expression of critical genes mediating
metabolic dysfunction in SBMA, an important disease phe-
notype characterized by diminished carbohydrate metabo-
lism (Fig. 7f) [26, 66]. Taken together, these results demon-
strate rescue of muscle atrophy by restoring MEF2 activity
and target gene expression in AR113Q mice.

Discussion

We demonstrate a novel mechanism of skeletal muscle
atrophy mediated by toxic proteins with expanded polyQ
tracts, resulting in impaired function of the transcriptional
regulator MEF2. The MEF2 family of transcription factors
consists of four members, with Mef2a, Mef2c, and Mef2d
most abundantly expressed in skeletal muscle (Table S4).
Prior research demonstrates that MEF2A, -C, and -D bind
the same consensus sequence [82]. Additionally, MEF2A,
-C, and -D are capable of compensating for knockout of
one but not all 3 Mef2 genes in satellite cells, suggesting
redundant function of MEF2 family members in skeletal
muscle [39]. Similar compensation of MEF2 family mem-
bers has been demonstrated in the CNS, suggesting that
functional redundancy is conserved between organ systems
[41]. Mef2c expression is known to make important contri-
butions to sarcomere integrity and maintenance [61]. Sup-
porting this notion, MEF2 proteins regulate the expression
of a large number of genes encoding structural proteins of
the sarcomere [51, 78], and skeletal muscle-specific deletion
of Mef2c leads to rapid deterioration of myofibers and dis-
organized sarcomeres [61]. Additional studies have demon-
strated that postnatal growth is impaired by skeletal muscle-
specific Mef2¢ deletion in mice [3]. Moreover, activation of
MEF?2 by silencing of the repressor Mrf4 or by overexpres-
sion of the constitutively active form, drives skeletal muscle
hypertrophy in vivo, defining MEF2 as a key regulator of
muscle hypertrophy [51]. In support of this role, knockout
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of another repressor of MEF2 activity, NCoR1, in mouse
skeletal muscle also leads to MEF2 activation and skeletal
muscle hypertrophy [81]. Additional studies have confirmed
arole for MEF2 in cardiac [19] and smooth muscle hypertro-
phy [33], suggesting a conserved role between muscle types.
Together, these studies have established MEF2 as a critical
regulator of muscle homeostasis.

Here, we show that diminished MEF2 function occurs in
atrophic muscles of SBMA mice (Figs. 4, 5), Huntington
disease mice (Fig. 6), and SBMA patients (Fig. 4f). Evidence
supporting this conclusion includes diminished activity of a
MEF2-luciferase reporter in AR113Q muscle (Fig. 4a) and
decreased expression of MEF2-regulated genes in AR113Q
(Fig. 4b—e) and R6/2 mice (Fig. 6a—d) as well as in SBMA
patients (Fig. 4f). Expression of CA-MEF2 rescues AR113Q
muscle atrophy and target gene expression (Fig. 7b—e), indi-
cating the importance of these changes to disease pathogen-
esis and suggesting that targeting MEF2 function may be a
novel and unexplored therapeutic avenue. Notably, impaired
MEF2 activity occurs without concurrent alterations in the
activity of the canonical UPS-mediated atrophy pathway
(Fig. 1) [53], disruption of signaling pathways that influence
muscle hypertrophy (Fig. 2), or significant impairment of the
muscle stem cell niche (Fig. 3). As such, toxic polyglutamine
proteins trigger muscle atrophy through a distinct and previ-
ously uncharacterized mechanism.

MEF?2 activity is influenced by post-translational modi-
fications, including acetylation and phosphorylation, which
can enhance DNA binding and activity [40, 48, 85]. Several
proteins have been identified as inhibiting MEF2 activity,
either by direct binding or localization to MEF2-binding
sites, including HDAC4 [16], Mrf4 [51], and NCoR1 [81].
Interestingly, MEF2 expression and nuclear translocation are
not altered in AR113Q muscle, but its nuclear localization is
disrupted by interaction with soluble polyQ AR and seques-
tration into insoluble inclusions, suggesting that co-aggre-
gation is a final consequence of aberrant interaction with
polyQ AR. Similar findings are observed in R6/2 muscle
(Fig. 6), where the HDAC4-myogenin axis has been shown
to be re-expressed [47]. This sequestration may reflect the
fact that the MEF2C transactivating domain is intrinsi-
cally disordered and prone to aggregation (Supplementary
Fig. 4G). These findings align with our observation that
MEF2 impairment is mediated by polyQ AR proteotoxicity
rather than loss of function (Fig. 5). Whether sequestration
of MEF2 into morphologically visible inclusions is neces-
sary for functional impairment is uncertain; it is possible that
its aberrant association with soluble polyQ species in the
nucleus may also disrupt activity and that sequestration into
protein aggregates is the end stage of this process. Moreover,
the extent to which sequestration of MEF2 into polyQ AR
aggregates occurs in SBMA patient muscle remains to be
determined; access to human tissue to perform this analysis

was hampered by COVID-19 triggered laboratory shutdowns
and, therefore, these experiments remain a future priority.

Although MEF?2 represents a promising therapeutic tar-
get, limitations remain in leveraging this pathway in patients.
While MEF?2 is able to restore fiber size in atrophic mus-
cle of adult SBMA mice, whether this effect is sustained
during long-term treatment is not yet known. Furthermore,
because MEF2 plays key roles in skeletal [51], cardiac [19],
and smooth muscle [33] as well as in the nervous system
[4, 24, 25, 44], therapeutically targeting MEF2 specifically
in skeletal muscle remains a significant challenge. To over-
come these limitations, we propose that in addition to direct
modulation of MEF2, a strategy by which mutant AR is
targeted to prevent aggregation and sequestration of MEF2,
such as by administration of antisense oligonucleotides [38]
or modulation of the HSP70/90 chaperone machinery [23,
79] may be synergistic as a long-term therapeutic.

The sequestration and functional impairment of transcrip-
tional regulators, including cAMP response element-binding
protein (CBP) [75], specific protein-1 (Spl) [21, 35], and
TAFII130 [21], has been implicated in neuronal dysfunction
in polyQ disease. Our data suggest that a similar mechanism
disrupts activity of MEF2, a critical regulator of sarcomere
maintenance, to trigger skeletal muscle pathology. As MEF2
is also strongly implicated in activity-dependent neuronal
survival [4, 24, 25, 44], we hypothesize that this mechanism
of MEF2 sequestration and loss of function may additionally
contribute to CNS pathology in polyQ diseases. It is intrigu-
ing to speculate that disease-specific disruptions of certain
transcriptional regulators may contribute to cell-type vulner-
ability. In this regard, our observation of impaired MEF2
function in skeletal muscle provides both new mechanistic
insight and identification of a therapeutic target for polyQ-
mediated muscle atrophy.
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