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Cytoplasmic HDAC4 regulates the membrane repair
mechanism in Duchenne muscular dystrophy
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Abstract

k d Histone d lase 4 (HDAC4) is a stress-responsive factor that medi; Itiple cellular resp As
a member of class Tla HDACs, HDAC4 shuttles between the nucleus and the eytoplasm; however, HDAC4 cytoplasmic
functions have never been fully i.rwesli,garer]. Duchenne muscular dystrophy (DMD) is a genetic, progressive, incurable
disorder, char ized by muscle 1%, which can be treated with the unspecific inhibition of HDACS, despite this
approach being only pmally effective. Mo:e efficient strategies may be proposed for DMD only after the different
HDAC bers will be ized
Methods To fully understand HDAC4 functions, we generated dystrophic mice carrying a skeletal muscle-specific de-
letion of HDAC4 (mdx;KO mice). The progression of muscular dystrophy was characterized in mdx and age-matched
mdx;KO mice by means of histological, molecular, and functional analyses. Satellite cells (SCs) from these mice were
differentiated in vitro, to identify HDAC4 intrinsic ﬁmcl:xms influencing the myogenic potential of dystrophic SCs.
Gain-of-function experiments led the it functions of HDAC4 in mdx;KO muscles.
Results  Histone deacetylase 4 increased in the skelemlmusdesofmdxmme (—3-fold; P < 0.05) and of DMD patients
(n = 3, males, mean age 13.3 + 1.5 years), suggesting that HDAC4 has a role in DMD, Its deletion in skeletal muscles
importantly worsens the pathological features of DMD, leading to greater muscle fragility and degenemu.on over time.
Additionally, it impairs 5C survival, myogenic potential, and muscle reg ulti ing muscle
function (P < 0.05-0.001). The impaired membrane repair mechanism in muscles andSOsamounl.s I'orr.hemdeO
phenotype. Indeed, the ectopic expression of Trim72, a major player in the membrane repair mechanism, prevents
SC death (~20%; P < 0.01) and increases myogenic fusion (~40%; P < 0.01) in vitro; in vive it significantly reduces
myofibre damage (~10%; P < 0.005) and improves mdx; KO muscle function (P < 0.05). The mdx;KO phenotype is also
fully d by restoring plasmic levels of HDAC4, both in vitro and in vive, The protective role of HDAC4 in the
cytoplasm of mdx;KO muscles is, in part, independent of its deacetylase activity. HDAC4 expression correlates with
Trim72 mRNA levels; furthermore, Trim72 mRNA decays more rapidly (P < 0.01) in mdx;KO muscle cells, compared
with mdx ones.

Conclusions  Histone deacetylase 4 performs crucial functions in the cytoplasm of d phi les, by mediating the
muscle repair response to damage, an important role in ensuring muscle hommsl.asts, prohab]y by slahlhzm,g '[‘nm?2
mRNA. C quently, the cytopl functi ofHDACﬁishouldbe imulated rather than inhibited in dys-

trophy treatments, a fact to be considered in future therap pp h
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Introduction

Histone deacetylase 4 (HDAC4) belongs to class lla histone
deacetylases (HDACs) within the large family of protein
deacetylases, along with HDACS, HDAC?, and HDACS. Class
lla HDACs differ in protein structure and expression patterns
from the other members of the HDAC family, which include
class | HDACs (HDAC1, HDAC2, HDAC3, and HDACS), class
llb HDACs (HDACE and HDAC10), class IV HDACs (HDAC11),
and class Il HDACs (or Sirtuins), which use NAD® rather than
In** as enzymatic coactivator.® Class lla HDAC members,

Medicine and Orthopedics, Unit of Histology and Medical Embryology, Sapiensa Unhersity

in the DMD gene!' Dystrophin, as part of the
dystrophin—-glycoprotein complex (DGC), anchors the extracel-
lular matrix to the cytoskeleton. The absence of dystrophin in-
duces progressive muscle fragility, contraction-induced
damage, myofibre death, and inflammation.”® In addition to
myofibre necrosis, a recently identified form of regulated cell
death, that is, necroptosis, has been reported to underpin
dystrophin-deficient myofibre and SC death, as proved by
the presence of high levels of the receptor interacting protein
kinase-3 (Rip3)."* As the disease progresses, myofibres are re-
placed by fibrotic tissue and fat infiltration, leading to muscle

including HDAC4, do not efficiently deacetylase |
consistently with thElI' very low catalytic activity, due to the
histidine for in their catalytic domain.!

Class Ila HDACs function in the nucleus as

k and lly death, usually in early adulthood.™
Along with dystrophin, other proteins are crucial to main-
tain muscle integrity, including Dysferlin, MG53/

co-repressors in the NCoR/SMRT complex, driving HDACJ
onto specific class lla HDAC target genes, or inhibiting gene
transcription by blocking myocyte enhancer factor 2 activity.
Differently from class | HDACs that predominantly localize
in the nucleus, HDACA shuttles between the nucleus and the
cytoplasm. HDACA needs to be phosphorylated at three key
serine residues, in order to be exported from the nucleus
and recognized by the chaperone protein 14-3-3. Another im-
portant region for HDACA cytoplasmic localization is its tripar-
tite nuclear localization signal (NLS) at residues 244 to 279.7
The nucleus-cytoplasmic translocation is usually associated
with the transcriptional derepression of HDACA target genes.
However, direct functions possibly executed by HDACA in the
cytoplasm of skeletal muscle have been poorly described so
far. Only recently, HDAC4 has been shown to d .

Trim72 (t f i i to as Trim72), caveolin 3, and
annexins,® which form a repair machlner\r complex that me-
diates sarcol repair in pathophysiological

Indeed, if this repair process fails to compensate for struc-
tural damage, muscular dystrophy is exacerbated.™ Consis-
tently, enhancing the membrane repair mechanism has
been proved to be beneficial in muscular dystrophies,* while
the loss of functional Dysferlin or Trim72 makes the mem-
brane repair mechanism less efficient, causing muscular dys-
trophies and myopathies per se.'*

As a therapeutic strategy, a pan-HDAC inhibitor, called
givinostat, is currently tested in phase il clinical trials for
DMD patients, because of its beneficial effects previously
demanstrated in a murine model of DMD (mdx mice).
Pan-| H[‘MC |nh|b|lors {HDACi) have been shown to target

cytosolic proteins, including myosin heavy chain (MyHC)
isoforms and the heat shock cognate 71 kDa protein
{Hsc70),* thereby regulating skeletal muscle atrophy and
metabolism.

Consistent with the role of stress-responsive factor, HDACA
expression is up-regulated in skeletal muscle following dener-
vation, because it regulates muscle atrophy and mnervatmn
by mediating several cellular *7 HDACA exp
is also increased in skeletal muscle following injury, where it
regulates satellite cell (SC) proliferation and differentiation,
as well as muscle r tion.*® Global epigenetic alter-
ations were found in skeletal muscle of Duck |

fibroj pr s (FAPs) in d hic mice,
inbul:nt‘mg thelr adipogenic potential and favouring their abil-
ity to p the myog diff iation of adjacent

§Cs."® However, pan-HDACI showed several important limita-
tions: (i) HDACI ameliorate dystrophic conditions of young,
but not adult dystrophic mice; (i) no functional improve-
ment was reported in the phase I clinical trial study with
givinostat™; and (iii) long-term treatment with HDAC, as re-
quired for DMD, has been associated with numerous side
effects’” that negatively affect the patients’ quality of life.
Some side effects or the limited effectiveness of pan-HDACI
may be eliminated by identifying the specific roles of each

dystrophy (DMD) patients and mice, coupled to class lla
HDACs nuclear extrusion.'” However, the specific functions
of HDAC4 in muscular dystrophy are yet uncharacterized.
Duchenne muscular  dystrophy is a fatal inherited
muscle-wasting  disease, caused by the absence of the

ber of the HDAC family in DMD.
In this study, we delineated the role of HDACA in skeletal
muscle in DMD, by generating mdx mice with a
muscle-specific deletlun u[ HDACA {mdx;KO mice). This dele-

structural protein dystrophin, as a c e of il

tion d the g ical fi of DMD, by increas-
ing muscle damage and reducing muscle regeneration,
It ly leading to a decrease in muscle performance. With
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Unveiling HDACS lasmic functions in ic muscle

the aim to provide a mechanistic explanation for the delete-
rious effect of HDACA deleti in dy phis I we
demonstrated that cytosolic HDACA is responsible for the
mechanism of muscle repair, SC survival, and differentiation,

I ly improving muscle regs and function. The
HDAC4 protective role in the cytoplasm of DMD muscles is,
in part, ind dent of its di ylase activity and probabl

mice) were used as control healthy mice, Mice were treated
in strict with the guideli of the Instituti |
Animal Care and Use Committee, as well as national and
European legislation, throughout the experiments. Animal
procedures followed the 3Rs principles in alignment with
the Directive 2010/63/EU of the European Union, and the

involves a new function influencing mRNA stability. Consider-
ing the pivotal role of HDACS in the cytoplasm of DMD
skeletal muscle, our study provides innovative findings and
suggestions for new pharmacological approaches in the treat-
ment of dystrophic patients,

Methods
Plasmids

The following plasmids were used: pCDNA3-NZmyc
(Stratagene); Snap-GFP (kindly provided by Tullio Pozzan);
GFP-HDACA (generously provided by Eric N. Olson);
hHDACA [NM_DDG037.3]*L175A/Myc  (CliniSciences) or
GFP-hHDACA [NM_DOE037.3]*L175A (generated by Claudio
Brancolini's laboratory) (named HDAC4 L/A); GFP-hHDAC4
[NM_006037.3]*L175A4 DB40N (called GFP-HDACA L/A
D840N) (generated by Claudio Brancolini’s laboratory);
PCDNA-HDACA.3SA-FLAG (Addgene, #30486) (named HDACA
S/A); EGFP-Dysferlin (kindly provided by Simone Spuler); and
Trim72 (Myc-DDK-tagged) (named c-myc-Trim72) (OriGene).

Patients

Paravertebral or latissimus dorsi muscles from healthy sub-
jects (two 13-year-old females and one 18-year-old male)
and paravertebral muscles from 12-, 13-, and 15-year-old
DMD subjects with different OMD mutations (exons 843 de-
letion, frameshift deletion exons 3=37, and exons 45-50 dele-
tion, respectively) were obtained from the Myobank-AFM of
the Institute of Myology (Paris, France). The 13-year-old
DMD patient was under corticosteroids treatment.

Mice

Myogenin;Cre mice (kindly provided by Eric N. Olson'®) were
crossed with Hdaca™" mice (kindly provided by Eric N. Olson),

btaining Hdacd™" re mice. The latter were
crossed with the mdx (C57BL/105cSn-DMDmdx/)) transgenic
mice [Charles River Lab ies), ini i
myogenin;Cre mice and mdx;Hdaca™ mice referred to as
mdx;KO and mdx mice, respectively). In all the experiments,
fernale mdx;KO and mdx littermates were compared. In addi-
tion, aged-matched, female Hdaca™" mice (referred to as CTR

P Is used were app i by the Italian Ministry of
Health (authorization # 853/2016-PR).

Functional analyses

The treadmill test was performed by using the Exer-6M
(Columb ) with a downhill exercise protocol
to exhaustion, as previously described.’® For 16-month-old
mice, the protocol was adapted as previously reported.’®

n = 6 mice per condition at each time point were analysed.

DNA delivery by electroporation

The electroporation was performed in 5.5-month-old mice, to
allow sufficlent time for the expression of the ectopic genes
and for the recovery from electroporation, in order to analyse
the muscles at 6 months of age. In anaesthetised mice, gas-
trocnemius (GA) les were d, inj d with 12 pg
of DNA in 5% mannitol solution directly in two-thirds of the
muscle, and immediately subjected to electric stimulation
using a pulse generator (ECM B30, BTX), equipped with
3 x 5 mm of genepaddle electrodes, placed at opposite sides
of the muscle. Electroporation was performed by delivering
six electric pulses of 10 V each, with a fixed duration of
20 ms and an interval of 200 ms between the pulses, At least
n =4 mice per condition were used.

Serum CK assay

Serum samples were collected from blood drawn via cardiac
puncture from 6-week-old mice and stored at —80°C until
used. Serum was assayed using a colorimetric Creatine Kinase
Activity Assay Kit, according to the manufacturer’s protocol
(RayBiotech). n = 7 mice per condition were used.

Sarcolemma membrane integrity by Evan’s blue
dye uptake

Mice were intraperitoneally injected with 10 pl/g body
weight of a 1% Evan’s blue dye (EBD) solution in phos-
phate-buffered saline (PBS) (Sigma-Aldrich) 8 h before the
sacrifice. EBD signal was recorded on formalin-fixed cryosec-
tions by using a 516/560 excitation/emission pair by fluores-
cence microscopy. n = 3-5 mice per condition were analysed.
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Histological analyses
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pre-synaptic terminal was labelled with mouse anti-neurofila-
ment  {1:200; 5MI-312; Biolegend) and rabbit anti-

Gastrocnemius les were
tissue freezing medium (Leica), and frozen In Isopentane
pre-cooled with liquid nitrogen. Serial sections (9 pm) of
the mid-belly of GA muscles were obtained by using a Leica
cryostat. n = 3-5 mice per condition were analysed. Haema-
toxylin and eosin (H&E) staining (Sigma-Aldrich) was
performed according to the manufacturer’s instructions.

Immunofluorescence

Cryosections or single myofibres were fixed in formalin buff-
ered solution 10% (Sigma-Aldrich) for 10 min at room tem-
perature (RT), then washed and blocked with 1% bovine
serum albumin (BSA) (Sigma-Aldrich) for 30 min or with
10% goat serum for 30 min. Samples were then incubated
overnight at 4°C with one of the following antibodies, diluted
in 1% BSA: 1:50 rabbit polyclonal anti-laminin antibody {clone
LAM-89, Sigma-Aldrich), 1:400 rabbit anti-GFP (Polyclonal,
Thermofisher), 1:50 ¢-Myc antibody (clone 9E10, Santa Cruz),
1:40 anti-Myh3 antibody (clone BF45, Hybridoma Bank),
1:100 anti-Dysferiin antibody (clone JAI-1-49-3, Abcam),
1:80 anti-Trim72 antibody [Polyclonal, Synthetic peptide cor-
responding to Human MG53 aa 288-337 (internal sequence),
Abcam], and 1:10 sarcomeric MHC antibody (clone MF 20,
Devel | Studies Hybrid Bank), To detect the
primary antibodies, incubation with a 1:500 dilution of anti-
rabbit-Alexa 488 or Alexa555 (Thermo Fisher Scientific) sec-
ondary antibody in 1% B5A for 1 h at RT or with 1:1000
hioti ’ A o ¥ Hbnsdh uxksm
ImmunoResearch) for 45 min at RT, followed by 1:2500

idil ibody (Jackson | Ry h) for 30 min
at RT was performed. For IgG staining, after blocking, muscles
were incubated with a 1:500 dilution in 1% BSA of anti-
mouse-Alexa 555 (Thermo Fisher Scientific) secondary anti-
body, for 1 h at RT. An additional step of permeabilization
was used for c-Myc (1% BSAJS0.2% Triton/PBS for 30 min),
and alternative fixation with cold acetone for 5/ at —20°C
for Myh3, or cold methanol for 5/ at —20°C far Dysferlin
and Trim72 were used; 0.5 pg/mL Hoechst 33 342 (Sigma-
Aldrich) or DAPl were used to stain nuclei. For single
myofibres, an additional step was added to fi li

ynaptophysin (1:200; Thermo Fisher Scientific). TRITC AP
donkey anti-mouse IgG (1:200; Jackson ImmunoResearch
Laboratories, Inc) and Cy5 AP donkey anti-rabbit IgG
(1:400; Jackson | Research Lab ies, Inc.) second-
ary antibodies were used to visualize neurofilaments and syn-
aptic vesicles, respectively. AChRs were labelled with Alexa
Fluor 488-conjugated a-bungarotoxin (10 nM; Molecular
Probes). Z-stack images were obtained at sequential focal
planes 3 pm apart using a confocal microscope (Laser Scan-
ning TCS 5P2; Leica). NMJ morphology was assessed in terms
of total bungarotoxin stained area, total synaptophysin
stained area, endplate area, and NM) occupancy index
(synaptophysin/bungarotoxin area * 100).*

Far each a i of 40 endpl were
evaluated from randomly selected microscopic  fields,
Representative images shown in the figures are flattened pro-
Jections of Z-stack images.

Morphometric analyses

Photographs were acquired using an Axio Imager A2 system
equipped with an Axiocam HRec, with Axiovision Release
4.8.2 software (Zeiss), at standard 1300 x 1030 pixel resolu-
tion. The myofibre cross-sectional area (CSA) was quantified
on stained sections from the mid-belly of GA or diaphragm
muscles by using Image) software. n = 36 mice per condition
were used, The entire muscle section was quantified for each
replicate. Ten fields per sample were analysed for the in vitro
analyses. Muscle cell terminal differentiation was quantified
by differentiation index, that is, the number of myonuclei in
MHC+ cells, over total nuclei, and fusion index, that is, the
number of myonuclei within myotubes, over total nuclei. A
myotube was defined as having =2 nuclei in the same cyto-
plasm. Ten fields for at least three different replicate samples
were analysed.

Satellite cell isolation and culture conditions

Satellite cells were isolated from 3-week-old mice by using

background by using 1% glycine in PBS. Cowverslips were
mounted with 60% glycerol in Tris HCl 0.2 M pH 9.3, Photo-
graphs were acquired using an Axio imager A2 system
equipped with an Axiocam HRc, with Axiovision Release
4.8.2 software (Zeiss). At least n = 3 biological samples per ge-
notype were lysed. For lar j ion (NMI)
evaluation, freshly isolated GA muscles were fixed in 10%
neutral buffered formalin solution (Sigma-Aldrich), overnight
at 4°C. Small bundles of ik were |: i under the

dissecting microscope @5 previously described.®* The

MACS mic is technology (GentleMACS, Miltenyi Biotec),
according to the manufacturer’s protocol. Briefly, skeletal
muscle was cut into small pieces and put in a C-tube with
the enzyme cocktall of the dissociation kit (# 130-D98-305).
Muscles were then subjected to mechanical disaggregation
in the GentleMACS dissociator, at 37°C. Following dissocia-
tion, samples were filtered to remove contaminant undi-
gested muscle fragments from the single-cell suspension.
5Cs were then isolated using the Satellite Cell Isolation Kit
(#130-104-268), by depletion of non-target cells, which were
magnetically labelled with a cocktall of monoclonal
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Unveiling HDACA cytoplasmic functions in dystrophic muscle

antibodies conjugated with MACS MicroBeads, 5Cs were
plated on 0.01% collagen (Sigma-Aldrich)-coated dishes or
on Matrigel (Corning)-coated glasses in Dulbecco’s modified
Eagle's di {DMEM) d with 20% horse se-
rum (Sigma-Aldrich), 100 U/mL penicillin {Sigma-Aldrich]),
100 pg/mL streptomycin (Sigma-Aldrich), and 3% of chicken
embryo extract as a growing medium (GM)® After 48 h, the
medium was replaced with a differentiation medium (DM)
(GM diluted 1:10). 5Cs derived from at least three mice per
condition were used in in vitro experiments,

Single myofibre isolation and culture conditions

Single myofibres were isolated from the EDL muscles of &-
week-old mice as previously described®® Briefly, EDL
muscles were dissected and incubated in DMEM (Sigma)
containing 0.2% collagenase | (Sigma) for 45 min at 37°C.
Myofibres were detached using gentle trituration with a glass
pipette and washed several times with DMEM with 100 UfmL
penicillin  (Sigma-Aldrich) and 100 pg/mL streptomycin
(Sigma-Aldrich). Single myofibres derived from n = 2 mice
per each condition were used,

DNA delivery by transfection

For transient transfection, 3 x 10% mdx;KO 5Cs were seeded
in 35-mm-diameter plates. After 1 h, cells were transfected
with 4 g of total DNA, using Lipofectamine (Invitrogen), fol-
lowing the manufacturer’s instructions, except for the re-
placement of the medium 6 h after transfection. When
needed, Snap-GFP pl id was ¢ with the

of interest in a 1:3 ratio, to monitor the transfection effi-
ciency. Transfected cells were cultured in GM for 48 h and
then shifted to DM, Preliminary experiments d rated
that the overexpression of pCDNA3-N2myc plasmid did not
affect mdx;KO cell differentiation and that pCONA3-N2myc
or GFP as empty vectors could be used interchangeably. SCs
isolated from n = 4 mice per each transfection experiment
were used. From each mouse, SCs were splitted in two
groups and transfected either with the plasmid of interest
or with control plasmid,

mRNA stability assay

Terminally differentiated mdx and mdx;KO myotubes were
treated with 2.5 uM Actinomycin D {ActD) (Sigma-Aldrich)
and then harvested 20, 40, 60, and 180 min later. Total RNA
was extracted and analysed by real-time PCR; 185 was used

Tunel assay

Tunel assay was performed using the ApopTag® Fluorescein
In Situ Apoptosis Detection Kit (Merck Millipore) following
the manufacturer’s instructions. n = 4 mice per condition
were used,

RNA extraction and real-time PCR

Total RNA was isolated and purified from 30 to 50 mg of GA
muscles or cells by using Trizol (Invitrogen), following the
manufacturer’s protocol. One microgram of total RNA was
retrotranscribed to cDNA by using the PﬂmeScrlpt"' RT
Reagent Kit (Takara). Real-time PCR was performed with the
SDS-ABI Prism 7500 (Applied Biosystems) by using the TB
Green”™ Premix Ex Taq'" mastermix (Takara) and the following
primers,

Hdacd: GTCTTGGGAATGTACGACGE; GTTGCCAGAGCTGCTA
TTTG; Dysferlin: GAATCCCCTGTTCTCCTOGE; CAAAGCCCTCAT
TGGACACG; Trim72: GCCTCAAGACACAGCTTCCA; TGCTTCA
CGGTCCAGAGAAC; 185 GCAATTATTCCCCATGAACG; GGGA
CTTAATCAACGCAAGE; Gapdh: ACCCAGAAGACTGTGGATGG;
CACATTGGGGGTAGGAACA; Myh3: TCGTCTCGCTTTGGCAA;
TGGTCGTAATCAGCAGCA; MCK: CACCATGCCGTTCGGCAA CA;
GGTTGTCCACCCCAGTCT; cmyc: TACCAGGCTGCGCGCAA;
AGCGAGTCCGAGGAAGGA;  AChRy: GGAGAAGCTAGAGAA
TGGTCC; CCCACTGACAAAGTGACT CTGC; Musk: GTCCCTCCT
CCGTGGTTTIC; CAGGACTGCATCACACACCT; MEF2C: GCACC
AACAAGCTGTTCCAG; CAGATCTCCGCCCATCAGAC, Dach2:
ACTGAAAGTGGCTTTGGATAA; TTCAGACGCTTTTGCATTGTA;
p2l:  AGCGCGTTCGGAGCCTA;  CCGTTTTCGGCCCTGAGA;
Sharp1: AATTGACAACACTGGGGCATT, GGAGGCGAGAA
AGAAAAACCG; Myh7: AGTCCCAGGTCAACAAGCTG; TTC CAC
CTA AAG GGC TGT TG; Myh2: AGT CCC AGG TCA ACA AGC
TG; GCA TGA CCA AAG GTT TCA CA; Myhd: AGT CCC AGG
TCA ACA AGC TG;TTT CTC CTG TCA CCT CTC AAC A; HDACS:
GAAGCACCTCAAGCAGCAGCAGG;  CACTCTCTTTGCTCTTCTCC
TTGTT; HDACT: AGCTGGCTGAAGTGATCC, TCACCATCAGCCT
CTGAG; HDACS: TCAGAGGTTCCTATGGGLLTG; TGGAGACGT
TCCACTGAGGG; NCAM: GAGCGCTCTGTACTTGACCA; AGAGG
ACGGGAACTCCATCA.

RNA 185 or Gapdh were used as loading control, At least
n = 4 mice per each condition were used.

Protein extraction and western blot analyses

Muscles were dissected, minced, and homogenized in lysis
buffer (50 mM Tris—=HCI pH 7.4, 1 mM EDTA, 150 mM NaCl,
1% Triton) supplemented with protease and phosphatase
inhibitors. For protein subcellular fractionation, the protocol
jescribed in * was used, Briefly, muscles were

as the housekeeping gene in these experiments. SCs isolated
from three mice per condition were used.

homogenized in STM buffer (250 mM sucrose, 50 mM Tris—
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HCl pH 7.4, 5 mM MgCl;) supplemented with protease and

h inhibi This h was i ined
on ice for 30 min, vortexed at maximum speed for 15 s,
and then subjected to serial centrifugations as follows: the
homogenate was centrifuged at 800 g for 15 min; the
resulting supernatant was centrifuged at 800 g for 10 min;
the Iting pellet was combined with the first pellet to iso-
late the nuclear fraction (NF), while the resulting supernatant
was processed as follows to yield the cytosolic fraction: cen-
trifugation at 11 000 g for 10 min; the resulting supernatant
precipitated in 100% acetone at —20°C for 2 h, followed by
centrifugation at 12 000 g for 5 min; the resulting pellet
was then resuspended in STM buffer. The NF was extracted
as follows: the pellet of the NF was ded in STM

tubes by standard, non-denaturing, procedures. In brief,
cells, were lysed in cytoplasmic lysis buffer (50 mM Tris
pH 8 150 mM NaCl; 0.1 mM EDTA pH 8) supplemented with
protease and phosphatase inhibitors for 15 min; NP-40 was
added, and cells were centrifugated to pellet nuclei. Cytosolic
supernatant was sonicated using a manual sonicator UP100
(1 pulsef20 s/40% amplitude) and centrifuged at 16 000 g
for 10 min. Protein concentration was quantified using a
BCA Protein Assay Kit {Thermo Fisher Scientific). Cell extracts
were precleared with Dynabeads™ protein G (Thermofisher)
for 45 min at 4°C, immunoprecipitated with 2 pg of anti-c-
myc or 2 pg of normal mouse IgG (Santa Cruz) for 2 h at
4°C, and incubated with protein G. Immunoprecipitates were

buffer, vortexed at maximum speed for 15 s, and washed
twice at 500 g for 15 min and at 1000 g for 15 min. The latter
pellet was resuspended in NET buffer (20 mM HEPES pH 7.9,
1.5 mM MgCl,, 0.5 M NaCl, 0.2 mM EDTA, 20% glyceral, 0.5%
Triton-X-100) suppl; i with p and phospk

inhibitors, vortexed, and incubated on ice for 1.5 h. Lastly,
the NF was sonicated on ice for 3 x 5 5, and the lysate was
centrifuged at 5000 g for 30 min. The resulting supernatant
was the final NF extract. All procedures were carried out at
4°C. The cytosolic and NFs were aliquoted and frozen at

80°C until analysed.

Protein concentration was quantified using a BCA Protein
Assay Kit (Thermo Fisher Scientific). For each sample,
40-70 pg of proteins were run on nUView Tris-Glycine gels,
The gels were transferred to nitrocellulose membranes and
protein bands were visualized under UV light. The whole sig-
nal of the entire lane has been used for loading and transfer
control. Membranes were blocked with 5% BSA in TBST and
blotted with diff primary antibodies. After hing in
TBST, were il with HRP- ji d sec-
ondary antibodies (BIO-RAD), and signals were detected by
using ECL chemistry (Cyanagen). Images were acquired on a
ChemiDoc MP imaging system (BIO-RAD) with Image Lab
5.2.1 software. The following primary antibodies were used:
HDACA (clone H-92, Santa Cruz), Gapdh (clone 6C5, Santa
Cruz), Dysferlin (clone JAI-1-49-3, Abcam), Trim72 [Polyclonal,
Synth peptide cor di to Human MG53 aa
288-337 (internal sequence), Abcam), Rip3 [Polyclonal, Syn-
thetlic peptide corresponding to Mouse RIP3 (C terminal),
Abcam], Myh3 (clone F1.652, Developmental Studies Hybrid-
oma Bank), Myogenin (cdlone F5D-s, Developmental Studies
Hybridoma Bank), and H3 (Sy peptide ponding
to the carboxy-terminal sequence of human histone H3, Cell
Signaling). n = 3-5 mice per condition were used.

Co-immunoprecipitation

Co-immunoprecipitation (Co-IP) was performed on cytoplas-
mic cell extracts from c-myc-Trim72 transfected mdx myo-

ly washed with IP lysis buffer (50 mM Tris pH 8;
150 mM NaCl; 1 mM EDTA pH 8 1 mM EGTA) supplemented
with p and phospt inhibitors and r jed in
Laemmli sample buffer. 5Cs derived from n = 2 mice were

used.

Histone deacetylase activity assay

Histone deacetylase activity was evaluated by using different
fluorogenic substrates specific for class I, class Ila, or class If
Il HDACs. These specific substrates were synthesized accord-
ing to the literature and the assays were performed as previ-
ously described ™ Briefly, GA muscles were dissected,
minced, and homogenized in PBS (pH 7.4) containing 0.5%
Triton X-100, 300 mM Nacl, and protease/phosphatase inhib-
itor cocktail (Thermo Fisher Scientific), incubated on ice
45 min, and sonicated prior to clarification by centrifugation.
Protein concentration was determined using a BCA Protein
Assay Kit (Thermo Fisher Scientific). Extracts were diluted into
PBS buffer in 100 pl total volumes in 96-well plate (30 pg
protein per well). Where indicated, TSA (1 pL of 100x DMS0O
stock solution) or corresponding volumes of DMSO were
added, followed by 45 min incut at 37°C. Sut

were added (5 pL of 1 mM DMSO stock solution), and the
plates were returned to the 37°C incubator for 3 h. Then,
50 L per well of developer/stop solution were added (PBS
with 1.5% Triton X-100, 3 pM T5A, and 0.75 mgfmL trypsin),
allowing an additional 20 min incubation at 37°C. To detect
fluorescent signal, the Glowmax (Promega) instrument was
used, with excitation and emission filters of 360 and
460 nm, respectively. Background signals from buffer blanks
were subtracted, and data were normalized as needed using
appropriate controls. n = 6 mice per condition were used.

Statistics and program

Statistical significance was determined by using two-tailed
Student’s t-test when two conditions needed to be compared,
or with one-way analysis of variance (ANOVA), followed by
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Unveiling HDACS lasmic functions in ic muscle

Tukey's HSD test as a post hoc test, when more than two con-
ditions needed to be compared. All values were expressed as
mean + standard error of the mean (SEM). VassarStats, a sta-
tistical computation website (http://vassarstats.net/), was
used for the statistical analyses. All the graphs were created
by using GraphPad Prism & program. Figure 8 was created
with Bi der (https://bi der.com/).

Differences between mdx and mdx;KO mice were con-

among CTR, mdx, and mdx;KO muscles (Figure 1G), pointing
to a specific role for HDACA in muscular dystrophy.

Histone deacetylase 4 deletion in skeletal muscle
worsens muscular dystrophy in mdx mice

To determine if the deletion of HDACA affects the onset and/

firmed in independent experiments, that is, the 1}
were carried out using i dent litters; in addition, n rep-

or the progr of muscular dystrophy, mdx;KQ and
age- hed mdx mice were analysed over time. The kinetics

resents an independent biological sample (a distinct mouse)
and is not a mere technical replicate,

Results

Histone deacetylase 4 expression and activity is
modulated in skeletal muscle of mdx mice

To investigate the role of HDACA in DMD, mice carrying the
skeletal muscle-specific deletion of HDAC4 (Hdaca™";
myogenin-Cre, hereafter referred to as HDACAMKO) were
crossed with mdx mice, obtaining mdx;KO mice, Worth noting,
HDACAMKD do not have any obvious pheml\rpe,’ Western
blotting (WB) analysis revealed an increase in HDACA expres-
slon in the GA muscles of mdx mice, as compared with healthy
controls (CTR), and a significant decrease of HDACA in mdx;KO
muscles, as compared with mdx mice at 6 weeks of age
(Figure 1A and Supporting Information, Figure S1A), or in
mdx;KO primary myotubes in vitro as compared with mdx
myotubes (Figures 18 and 51B). To study the subcellular local-
ization of HDAC4 in adult mdx muscle, a WB for the nuclear
and cytoplasmic fractions was performed. HDACA mostly
localized in the cytoplasm (Figures 1C and 51C), as also con-
firmed by immunofluorescence {IF) on primary mdx myotubes
(Figure 1D). Consistently, the transcription of HDACA target
genes, that is, MEF2C, Dach2, p21, and Sharpl, did not result
altered when comparing mdx and mdx;KO mice (Figure 51E).
Importantly, HDACA expression also resulted up-regulated in
skeletal muscles of DMD patients (Figures 1E and 51D).

To exclude any compensatory effects of other HDAC mem-
bers in the mdx;KO mice, the catalytic activities of different
HDAC families were quantified in muscle lysates, by using
specific g eni [i acetyl-lysine
groups.”™ To verify the specificity of the reactions, we added
HDACI trichostatin A (T5A), which blunted the class | and class
llb activities, but not that of the class lla, as previously
reported.”® The activities of several HDAC classes resulted
up-regulated in mdx muscles if compared with CTR; HDAC4
deletion in skeletal muscle resulted in a significant reduction
in class lla activity, as expected, but did not affect class | and
Ilb HDAC activities (Figure 1F). Of note, among class lla mem-
bers, only Hdocd expression was significantly modulated

of the EBD-positive area in mdx;KO muscles showed a signif-
icantly higher muscle damage at all the time points analysed,
with the exception of the & month time point (Figure 52A).
Based on the well-known peaks of muscle damage occurring
in mdx mice at 3 and & weeks, muscle damage was further
analysed at these time points in mdx:KO mice by 1gG staining
(Figure 2A), as well as by quantifying the serum creatine ki-
nase release in the serum at & weeks (Figure 2B). The muscle
degeneration we observed was probably due to muscle
necroptosis, as proved by increased levels of Rip3 in muscle
extracts of mdx;KO mice as compared with mdx li

(Figures 2C and 528).

Muscle reg ion was eval dbyq ifying the area
occupled by regenerating myofibre with central nuclel in
cross-sectioned GA muscles. MdxKO muscles showed a de-
crease of the regenerating area at all the time points analysed,
with significant differences at 6 weeks and 16 months as com-
pared with mdx littermates (Figure S2C). Such compromised
muscle regeneration was confirmed by reduced myogenin
protein levels, as observed by WB analyses in mdx;KO muscles
compared with mdx (Figures 20 and 52D}, and fur-
ther proved by a reduced embryonic myosin heavy chain
(Myh3)-positive area observed by IF, at 6 weeks (Figure 2E).
All of the above was confirmed by the similar results obtained
in the diaphragm muscle (Figure 53).

Given the clinical relevance of muscle function loss, which
ultimately is responsible of the death of dystrophic patients,
we also verified whether the observed histological and mo-
lecular differences b the two g Y Ited in
differences in muscle performance, The latter was evaluated
at 6 weeks, as well as 6 and 16 months of age, by subjecting
mice to a downhill treadmill exercise protocol while measur-
ing the running time and the distance to exhaustion.
Impaortantly, mdi;KO mice performed worse at all the time
points for both o d with mdx
(Figure 2F), Overall, these results indicated a global and
severe loss of muscle performance in the absence of HDACA.

Histone deacetylase 4 affects skeletal muscle cell
survival and myogenic potential in mdx mice

Based on the observed decrease in skeletal muscle regener-
ation in mdx;KO mice, we wondered whether HDAC4 af-
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Figure 1 HDACS and activity is dulated in the skeletal muscle of mdx and mdx;KO mice. (A) Densitometric analysis of the WB bands for

HOACA, over Gapdh, in G-week-old healthy controls (CTR), mdx, or mde:KO GA muscles, Gapdh was used as loading control, The residual expression of
HDACA in madx; KO muscles is due to the presence of tissues other than muscle in the protein extract, Data are expressed a5 mean + SEM, over CTR mice
n =1 mice per condition. One-way ANOVA reveals a dgnificant effect and interaction: *P < 0.05 mdx versus CTR and mdwK0 by Tukey's HSD test. (8)
Densitometric analysis of the WB hands for HDACA, over Gapdh, in CTR, mdx, and mdx;KO primary myotubes, Data are presented as mean £ SEM, over
metx eells. f = 3 mice for each genotype. One-way ANOVA reveals a significant effect and Interaction: *P < 0,05; "P < 0.01 by Tukey's HSD test. (€] WB
analyses for HDACA in nuclear and cytoplasmic fractions of G-week-old mdx skeletal muscles. Gapdh and H3 were used as loading control of cytoplasmic
and nuclear fractions, respectively, (D) Representative IF for HDACA in primary mdx myotubes, Scale bar: 20 pm. (E) Densitometric analysis of the WB
bands for HDACA, over Gapdh, in healthy and DMD patients’ muscles. Gapdh was used a5 loading control. Data are expressed as mean £ SEM, over
healthy subjects. n = 3 mice per condition. (F) HDAC activity assay in CTR, mdx, and mdx:KO GA muscles at & weeks of age. Data are expressed as
mean + SEM, over CTR musdles. i = 6 mice per condition. One-way ANOVA reveals a significant effect and interaction: *P < 0.05; "P < 0.01 by Tukey's
HSD test. () Real-time PCR for class || HDAC members in 6-week-old CTR, mdy, and mdi; KO mice. Data are presented as mean + SEM, over CTR musdes.
n = 4/5 mice for each genotype. One-way ANOVA reveals a significant effect and interaction: *P < 0.05; s < 0.01 by Tukey's HSD test.

fected musce stem cell potential in mdx mice. Thus, we (MHC). Muscle cells isolated from mdx;KO mice showed sig-
isolated 5Cs from mdx and mdx;KO mice and induced myo-  nificantly reduced differentiation and fusion abilities, as
genic differentiation, assessed by IF for myosin heavy chain  quantified by differentiation (i.e. the number of myonuclei
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Figure 2 The delotion of HDACA in skeletal musche exacerbates the pathological features of muscular y in mice. {A) Rep tivee pictures of

mdx and mdxKO GA muscle labelled with 1gG at 3 and & weeks of age. Scale bar: 500 pm. Quantification of the IgG-pesitive fibre CSA, over muscle C54,
of mdx and mdx;KO GA muscles at 3 and 6 weeks of age. Data are expressed as mean + SEM, 1 = 3 mice per genotype, at each time point, *P < 0.05;
5o 0,005 by Student’s t-test, (8) Creatine kinase levels in sera of mdx and mdicKO mice at 6 weeks of age. Data are expressed as mean £ SEM, over
mdx mice. n = 7 mice per genotype. *P < 0,05 by Student’s r-test. () Densitometric analyses of the WB bands for Rip3 protein in mdx and mdy;KO GA
muscles, at & weeks of age. Stain-free protein bands were used 2t loading control. Data are shown as mean + SEM, over mdx mice. n = 3 mice for each
genatype."F = .01 by Student's t-test. (0] Densitometric analyses of the WE bands for Myagenin protein in GA muscles of G-week-old medx and medy;
KO mice. Stain-free protein bands were used as loading control. Data are shown as mean £ SEM, over mdx mice. n = 4/5 mice for each genotype.
p < 0.01 by Student's t-test, () Representative IF for Myh3 (red) and laminin (green) in GA muscles of mdx and mdxkO mice at & weeks of age
and quantification of the Myh3-positive CSA, Scale bar: 100 pm, Data are expressed as mean £ 5EM. n = 3 mice per genotype. **P < 0L005 by Student's
t-test. (F) Musde performance of mdx and mde:KO mice by treadmill test, at 6 weeks, 6§ months, and 16 months. Data are presented as mean + SEM
n = & mice per genotype. *F < 0.05 by Student’s rtest.
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in MHC' cells over the total nuclei) and fusion (i.e. the mdxKO cells was corroborated by the lowered gene ex-
number of myonuclel in myotubes over the total nuclei) in pression of the myogenic markers of terminal differentia
dexes (Figure 3A). The decreased myogenic capacity of tion, that is, muscle creatine kinase [MCK) and myosins
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Figure 3 Mdx;RKO muscle cells are net able to differentiate and are more susceptible to cell death. {A) Representative IF for MHC in mdx and mdxKD
primary muscle cells, after 3 days in differentiation medium. Scale bar: 100 pm. Quantification of differentiation and fusion indexes, Data are pre-
sented as mean £ SEM. n = 4 mice per genotype. *P < 0.05 mdx versus mdx;RD by Student’s t-test, (8] Expression levels of terminal differentiation
myogenic markers in mdeKO muscle cells, over mdx enes, by real-time PCR. Data are presented a5 mean £ SEM. n = 4 mice per genotype.
*p < 0.05; P < 0.01 by Stwdent’s r1est. (C) Representative images of Tunel assay in mdx and mdx:KO primary musche cell v 2 days of differen
tiation. Seale bar: 50 pm. Quantification of the Tunel-positive cells and number of musele cells. Data are presented a: mean + SEM. n = 4 mice per
genotype. *P < 0.05 mdx versus mdi;KO by Student’s t-test. (D) Densitometric analyses of the WA bands for Rip3 protedn in mdx and mdx;KO primary
musclo cells. Stain-frea protein bands wire used as loading control. Data are shown as mean + SEM, over mdx mice. n = 3 mice for each genotype
*p = 0.05 by Student’s t-test. (F) Representative IF for Pax7 (red) and KI-67 (green) in mdx and mdeKO SCs. Seale bar: 100 pm. Quantification of
Pax7-positive cells, Ki-b7-positive 5Cs, and total number of isolated 5Cs. n = 3 mice per genotype,
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11

Myh3, 7, 2, and 4, as measured by real-time PCR
(Figure 3B).

Muscle cell survival was analysed by Tunel assay in differ-
entiating cells: mdx;KO cells showed a significant Increase in
the Tunel-positive nuclei, pared with mdx cells, in parallel
with a decrease In the overall number of nuclel (Figure 3C).
Moreover, higher Rip3 levels were detected in differentiating
mdx;KO muscle cells with respect to mdx ones (Figures 3D
and 54A), indicating higher necroptosis occurring in vitro as
well,

No significant differences in the number of Pax7* cells or
Ki67"/Pax?" cells were detected between mdx and mdx;KD
samples (Figure 3E), indicating that SC proliferation was unaf-
fected by HDACA deletion.

Importantly, skeletal muscle development and postnatal
growth resulted unaffected in mdx;KO mice, with no signifi-
cant differences in GA muscle total CSA or myofibre-C5A dis-
tribution at 2 weeks of age (Figure S4B), despite the deficit in
muscle cell differentiation observed for the mdxKO mice
in viva and in vitro.

Histone deacetylase 4 affects membrane stability
and repair in mdx mice

To analyse muscle response to dystrophy-induced fragility,
muscle damage was boosted by subjecting mdx mice to a
downhill treadmill exercise at 6 months of age, at which point
no significant differences between the genotypes were ob-
served, Nonetheless, the quantification of EBD-positive area
revealed not only that exercise increased muscle damage in
dystrophic  animals, as expected, but also that
exercise-induced muscle damage was significantly higher in
mdx;KO GA muscles compared with mdx enes (Figure 4A).
Of note, neither CTR nor HDACAmKO mice showed any sign
of muscle necrosis upon treadmill, or differences in muscle
performance (Figure 55), indicating the triggering of a specific
function of HDAC4 in DMD.

Higher muscle permeability to the EBD may be a conse-
quence of a defective membrane repair mechanism. Thus,
we monitored the protein level and localization of two major
players of this cellular response to damage, in the GA muscle
of CTR, mdx, and mdx;KO mice at & weeks of age. A signifi-
cant increase in Dysferlin and Trim72 protein levels was de-
tected In mdx muscles, compared with CTR ones, as
expected, while a reduction was observed in mdx;KO mus-
cles, compared with mdx ones, by WB analysis (Figures 4B
and 56A). Moreover, while both Dysferlin and Trim72 mainly
localized in isolated dots in the proximity of the sarcolemma
in mdx muscles, this pattern appeared altered in mdx;KO
muscles by IF analyses (Figure 4C). In addition, Dysferlin
and Trim72 protein levels and localizati ited induced

pared with mdx ones {Figures 4D and 4E and 568). Similar re-
sults were also observed in isolated myofibres (Figure S6C),
further proving an involvement of HDACA in the membrane
repair response.

Expression of Trim 72 is sufficient to rescue the
mdx;KO phenotype

Trim72 is an essential component of the cell membrane re-
pair machinery and its knock-down results in compromised

yoblast differentiation.™ Considering that Trim72 was re-
duced in mdx;KO myotubes, we hypothesized that enhanced
membrane damage due to lack of Trim72 underpinned the
reduced myofibre survival and the impaired muscle cell dif-
ferentiation in mdx;KO mice. To test this hypothesis out, we
restored Trim72 expression by transfecting a c-myc-tagged

Trim72-exp g pl id, or a GFP-exp B as
control, in mdx;KO muscle cells. Preliminary experiments
dem d that the I ion of pCONA3-NZmyc or

GFP plasmid did not affect mdx;KO cell differentiation (data
not shown). Also, we confirmed the Trim72 overexpression
by real-time PCR (Figure SA). When we analysed the mdx;
KO cell myogenic potential, we noted that Trim72 signifi-
cantly improved mdx;KO cell ability to differentiate, as quan-
tified by fusion index and by the expression levels of MCK and
Myh3 genes (Figure 5B and 5C). Moreover, expression of
Trim72 led to a significant decrease in the Tunel-positive nu-
clel, in parallel with an increase in the number of transfected
mdx;KO cells compared with controls (Figures 50 and S7A).
Taking into account that Trim72 overexpression promotes
mdx;KO cell survival, our findings indicate that (1) higher cell
death may be the cause of the reduced ability of mdx;KO
muscle cells to differentiate; (2) preserving the membrane re-
pair mechanism promotes mdx;KO muscle cell differentia-
tion. Importantly, ectopic expression of Dysferlin in mdx;KO
muscle cells did not improve their fusion or number (Figure
578 and S7C), indicating a specific function of Trim72 in the
rescue of the mdx;KO phenotype.

To further prove the invol of HDACA-depend
pathways in mediating the membrane repair mechanism

p in vivo, we electrop i c-myc-tagged Trim72-ex-
pressing plasmid, or GFP-expressing plasmid as control, in
mdx;KO GA muscles, at 5.5 months of age. First, we confirmed
the efficency in gene delivery and the resulting Trim72
up-regulation by WB analyses and IF for c-myc or GFP (Figures
SE and 58A and 58B). Two weeks after the electroporation,
mice were subjected to the downhill exercise protocol to in-
duce muscle damage, as performed for the previous
experiments, and the muscle phenotype was evaluated, in
terms of muscle morphology, necrosis, and functionality. Ex-

and julated in mdx my as i with CTR ones,
while they were compromised in mdx;KO myotubes, com-

P lon of Trim72 visibly decreased muscle necrosis and
ameliorated mdx;KO muscle morphology, as evidenced by
HE&E staining (Figure 5F). In addition, the quantification of
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Figure 4 HDACA affects membrane stability and is necessary for an adequate expression and localization of proteins involved in the membrane re
pair mechanism in mdx mice. {4) Representative images of mdx and mdx;KO GA muscle 3t 6 months of age with or without treadmill exercise, la-
belled with EBD and quantification of EBD-positive fibre CSA, over muscle CSA. Scale bars: 500 and 100 pm, Data are cxpressed as mean + SEM
n = & mice per genotype. Two-way ANOVA reveals a significant effect and interaction: *P < 0.05: "P < 0.01 by Tukey’s HSD post hec test. (8) Den-
sitometric analyses of the WB bands for Dysferlin and Trim72 proteins in CTR, mdx, and mdx; K0 GA muscles, at 6 weeks of age. Stain-free protein
bands were used as loading control. Data are shown as mean + SEM, over mdx mice. n = 3-6 mice for each genotype. One-way ANOVA reveals a
significant effect and interaction: *P < 0.05; **P < 0.005 by Tukey's HSD past hoc test. (€] Representative images of CTR, mdx, and mdxKO GA
muscle at & weeks of age, labelled with Dysferlin (red) or Trim72 (green). Scale bar: 100 um. (D) Densitometric analyses of the WB bands for
Dysferlin and Trim72 proteins in CTR, mdx, and mdw;KO primary musche cells. Stain-free protein bands were used as loading control. Data are shown
a5 mean + SEM, over mdx mice. # = 3-6 mice for each genotype. One-way ANOVA reveals a significant effect and interaction: "9 < 0,01 by Tukey's
HSD post hoc test. (F) Representative images of CTR, mdx, and mdx KO differentiated primary musde cells labelled with Dysferlin (green) or Trim72
[red). Scale bar: 50 pm.
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Figure 5 The ectopic expression of Trim72 is sufficient to rescue mdwKO phenotype in vitre and in vive. (A) Trim72 expression in mdeRO muscle cells
transfected with Trim72-expressing plasmid, over GFP- d ones, by real-time PCR. Data are d a5 mean £ SEM. n = 4 mdx;KO mice.
"p < 0.01 by Student’s r-test. (8) Representative IF for GFP or c-myc in mdx:KO cells transfected with either GFP or c-myc-Trim72 after 3 days of differ-
entlation. Scale bar: 50 pm. Quantification of fusion index. Data are presented as mean £ SEM. o = 4 mdwKO mice. "p < 0.01 by Student’s t-test. {€) Ex-
pression levels of markers in ve Trim72 mdx; K0 f d le cells, over GFP , by real-time PCR. Data are p

as mean + SEM. n = 4 mice per genotype. e < 001 by Student’s t-test. [0} Quantification of the Tunel-positive cells and number of mdgKO cells
transfected with either GFP or c-myc-Trim72 after 2 days of differentiation. Data are presented as mean + SEM. n = 3 mdx;KO mice. *P < 0.05;
P < 0.01 by Student’s t-test. (E) Densitometric analyses of the WB bands for Trim72 levels in mdx:KO GA muscles electroporated with either
Trim72-expressing plasmid or GFP, as control, by WB analysis. Stain-free protein bands were used as loading control. Data are shown as mean £ 5EM,
over GFP-lectroporated muscles. n = 4f5 muscles per condition. *P < 0.05 by Student’s r-test. (F) Representative images of mdx K0 GA muscles
electroporated with efther c-myc-Trim72-expressing plasmid or GFP, as control, stained with haematoxylin and eosin, Scale bars: 500 and 100 pm. (G)
Quantification of the EBD-positive fikre CSA, over muscle C5A. Data are expressed as mean + SEM. n = 4 mice per condition. **P < 0.005 by Student’s
t-test. (M) Densitometric analyses of the WB bands for Rip3 protein in md;EO GA P muscles. Stain-free protein bands were used as loading
control. Data are shown as mean + SEM, over GFP-electroporated muscles. n = 4 muscles per condition. Pz om by Student’s t-test. ([} Densitometric
analyses of the WB bands for Dysferlin protein in mdx;KO GA electroporated muscies. Stain-free protein bands were used as loading control. Data are
shawn as mean + SEM, over GFP-electroporated muscles. n = 4 muscles per condition. *P < 0,06 by Student's t-test. (L) Representative IF for Dysferlin
(DYSF) in mdx:KO GA electroporated muscles. Scale bar: 100 pm. (M) Muscle performance of mdw KO mice electroporated with either c-myc-Trim72 ex-
pressing vactor or GFP by treadmill test. Data are presented as mean £ SEM, o = 4 mice par condition, *P - 0.05 by Student’s rtest.
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EBD-positive fibres proved that delivery of Trim72 significantly
reduced the area of damaged fibres in mdx KO les, with

tion, mice were subjected to the muscle damage-inducing

respect to controls (Figures 5G and S8C). A decrease in muscle
necr Is was d by WB i for Rip3 pro-
tein levels, which resulted significantly reduced in the
Trim72-electroporated mdx;KO muscles, compared with con-
trols (Figures 5H and S80). Moreover, Trim72 expression was
sufficlent to restore Dysferlin protein levels and localization
in mdx;KO muscles, as proved by WB and IF analyses (Figures
51 and 5L and S8D), in line with a previous study.” Impor-
tantly, mdx;KO mice electroporated with Trim72 ran a signifi-
cantly longer time and distance than the relative controls
(Figure 5M). The comparison with the age-matched mdx mice
(Figure 2F) revealed no major differences between mdx and
Trim72-electroporated mdx;KO mice as to both the parame-
ters, indicating that Trim72 p was sufficient for
the full functional rescue of the deficit induced by the deletion
of HDACA,

Expression of cytoplasmic-restricted histone
deacetylase 4 improves the mdx:KO phenotype

Because HDACA Is mainly localized in the cytoplasm in adult
mdx muscles and considering that mdxKO SCs suppress
HDACA expression after myogenin is expressed, that is, dur-
ing their differentiation, we speculated that the deficit in
mdx;KO muscle cell differentiation and survival depended
on a cytoplasmic function of HDAC4. To verify this hypothe-
sis, we overexpressed the GFP-tagged wild-type HDACA, the
nuclear-restricted  HDAC4-35A  mutant,™®  and  the
cytoplasmic-restricted GFP-tagged HDACA-L175A mutant® in
proliferating mdx;KO muscle cells. Then both these cells and
cells transfected with the GFP-expressing plasmid, used as a
control, were induced to differentiste. Gene delivery effi-
clency was quantified by realtime PCR for Hdocd in
transfected cells (Figure 6A). While the wild-type HDAC4 or
the nuclear one did not improve mdx;KO muscle cell differen-
tiation, the exp of the cytopl HDACA (HDACA L/
A) strongly increased mdx;KO cell fusion and cell number
(Figure BA). These results did not correlate with the levels
of expression of the different constructs. This implies that
the difference in HDAC4 constructs (resulting in differential
HDACA localization), rather than the difference in their ex-
pression levels, was solely responsible for the results. Indeed,
an increase of the fusion index correlates with increased nu-
clear density, as observed in HDACA L/A overexpressing mdx;
KO cells, pointing to the importance of preserving cell sur-
vival to favour myoblast fusion.

Based on these encouraging data with cell cultures, we
electroporated  GFP-tagged HDACA-L175A-expressing plas-
mid, or the GFP-expressing plasmid, in the mdx;KO GA, at

o hill 1. The muscle phenotype was subse-
quently m[uated in terms of muscle necrosis, regeneration,
and function. Exp on of cy HDACY app I

i 1 is and i i ion in md; KO

muscles, compared with :ontrols, by H&E staining (Figure
6B). Gene delivery efficiency was determined by quantifying
HDACA protein levels by WB analyses and by IF for GFP
(Figures 6C and S9A and S9B). A more detailed evaluation
of the EBD-positive fibres proved that delivery of cytoplasmic
HDAC4 significantly reduced the extent of necrotic area in
mdx;KO muscles, with respect to controls (Figures 6D and
59C). Decrease in muscle necroptosis was further demon-
strated by WB analyses for Rip3 protein levels, which resulted
significantly reduced in the HDACA L/A-electroporated mdx;
KO muscles, compared with the GFP-electroporated ones
(Figures 6E and 510A). Increased muscle regeneration was
confirmed by the observed higher levels of myogenin and
Myh3 proteins in HDACA L/A-electroporated muscles, with
m_specl to controls {Figures 6F, 598, and 510B). Notably, the
ytoplasmic HDACA induced the higher expres-
slon of Dysferlin and Trim72 proteins (Figures 6G and 59B),
likely resulting in highly efficient membrane repair. Consis-
tently with all of the above, mdx; KO mice electroporated with
HDACA LA ran for a significantly longer time and dlslanc.e
than those electrop i with GFP-expressing pl. i
(Figure 6H).
Overall, these data clearly indicate that the protective role
of HDAC4 in mediating membrane stability and muscle regen-
eration in DMD relies on a cytoplasmatic function,

The protective role of cytoplasmic histone
deacetylase 4 is partially independent of its
deacetylase activity and may involve mRNA
stability in Duchenne muscular dystrophy

To further investigate the molecular mechanisms dependent
on HDACA in DMD, we dered whether the cytoplasmi

functions of HDACA require its deacetylase activity. A GFP-
tagged cytopl ricted and lytically dead double-
mutant form of HDAC4 was obtained by an asparagine (N)
for aspartic acid (D) substitution in its active site (DMDNI”
in conjunction with the mutation of the NLS sequence; this
construct was expressed in mdx;KO muscle cells and com-
pared with GFP-HDACA, GFP-HDACA L/A, and GFP (used as a
control). Skeletal muscle cell differentiation was then
analysed to assess whether the deacetylase activity of HDAC4
is required to exert its function. Expression of the mutant
HDACA L/A D840N greatly increased mdx;KO cell fusion and
cell number (Figure 7A), although to a lesser extend if com-
pared with GFP-HDAC4 L/A overexpression, indicating that

5.5 months of age, to validate the effects of cytopl:
HDAC4 expression in vivo. Two weeks after the electropora-

the p ive function of HDACA in mdx;KO cells is partially
independent of its deacetylase activity.
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HDACA expression in mdekKO muscle cells transfected with GFP-HDACA or HDACS S/A + GFP or GFP-HDACA L/A expressing plasmid, over GFP-
transfected oncs, by real-time PCR. Data are presented as mean + SEM. n = 3 mdi:KO mice; **P < 0.005; “P < 0.01 versus GEP-transfected cells
b'.' Student’s r-test. Quantification of fusion index and number of musce cells. n = 3 mdw KO mice. Data are presented as mean & SEM, *P < 0.05;
"p - D.01 versus GFP-transtected cells by Student’s t-test. (B) Representative images of mdxKO GA muscles electropoeated with either HDACA LfA
exprossing vector or GFP, as control, stained with H&E. Scale bars: 500 and 100 pm. (€} HDACA expression in mdx;KO GA musches electroporated with
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CSA, over musche CSA, in electroporated mdxgKO muscles. Data are expressed as mean £ SEM. i = 4/5 mice per condition. **F < 0,005 by Student’s -
test. (E) Densitometric analyses of the WE bands for Rip3 protein in mdx KO GA electroporated muscles. Stain-free protein bands were used as a load-
ing control. Data are expressed as mean & SEM, over GFP-electroparated muscles. n = 4 mice per condition. *P < 0.05 by Student’s t-test. (F) Densi-
tometric analyses of the WA bands for Myogenin and Myh3 protein levels in mde:KO GA electroparated muscles, Stain-free protein bands were used as
a lnading control. Data are shown a5 moan £ SEM, over GFP-alectroporated muscles. n = 4/5 muscles per condition. *P < 0.05; "P < 0.01 by Student’s
t-test. () Densitometric analyses of the WB bands for Dysferiin and Trim72 protein levels in mdKO GA electroporated muscles. Stain-free protein
bands were used as a loading control. Data are shown as mean & SEM, over GFP-electroporated muscles. n = 4 muscles per condition. *F < 0.05;
"P < 0.01 by Student’s I-test. (H} Musde performance of mdx:KO mice electroporated with either HDAC L/A expressing veclor or GFP, as control,
by treadmill test. Data are presented a5 mean £ SEM. n = 4/5 mice per condition. *P = 0,05 by Student’s -test.
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Figure 7 HDACA modulates Trim72 mANA stability in mdx satellite cells. (A) Representative IF far GEP in mdx; KO primary muscle cells transfected with
GFP-HDACA, GFP-HDACA L/A, GFP-HDACA /A DBAON, or GFP-expressing plasmids and terminally ditferentiated. Scale bar: 50 pm. Quantification of the

fusion index and number of muscle cells, Data are prosented a5 mean + 5E
interaction: *P < 0.05; "P < 0.01 by Tukey's HSD post hoc test. (B) Real-t
mdxKO (dark blue) myotubes treated with Actinomycin D. The relative exp

M. n = 3 maKO mice. One-way ANOVA reveals a significant effect and
ime PCR analyses of transcript levels of Tim72 in mdx (light blue) and
ression of Trim72 at different time points was calculated by normalizing

the gene expression in Actinomycin D-treated mdx or mdx;KD samples over untreated samples {t = 0). Data are presented as mean £ 5EM. n = 3,
One-way ANOVA reveals a significant effect: *P < 0.01 mex or mdxKO-treated samples versus ¢ = 0 by Tukey's HSD test, (€) Expression levels of Trim72
in mdxKO transfected musde cells with GFP or GFP-HDACA LA, over mdx $Cs, by real-time PCR, Data are presented as mean + SEM. n = 3 mice per

genotype. One-way ANOVA reveals a significant effect and interaction: *P <

In search for a cytoplasmic function of HDACA, we initially
hypothesized that it could act as a scaffold or docking chap-
erone for Trim72, on the basis of a possible interaction
between HDAC4 and Trim72 proteins. Co-IP experiments
demonstrated that c-mye-Trim72 does not interact with

0.05; °P < 0.01 by Tukey's HSD test

HDACA in primary mdx myotubes (Figure 511A), excluding
a direct interaction between these two proteins. However,
because Trim72 expression directly correlates with that of
HDAC4, we speculated that HDAC4 may control Trim72
expression by stabilizing its mRNA. To test this hypothesis,
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mdx;KO and mdx inally diff iated myotubes were
treated with a RNA polymerase inhibitor, that is, ActD. Total
RNA was collected at different time points of ActD treat-
ment, then Trim72 mRNA levels were analysed by
real-time PCR. As a control for the effectiveness of the treat-
ment, the c-myc mRNA level was assessed In mdx;KO and

dx-treated b howi the  expected,
time-dependent decrease for a given RNA Independently of
the genotype (Figure 511B). While in mdx myotubes, Trim72
mRNA levels were stable for at least 60 min following ActD
treatment, in mdx;KD myotubes, Trim72 mRNA levels were
significantly lower after 40 min of ActD treatment (Figure
7B). Interestingly, Trim72 mRNA levels correlated with
HDAC4 expression in dystrophic myotubes, being both lower
in mdi;KO cells compared with mdx cells and significantly
higher upon ion of the cytoplasmi icted HDACA
|Figure 7C). Taken together, these data suggest the involve-
ment of HDACA in the maintenance of the Trim72 mRNA
level in dystrophic myotubes,

Discussion

DMD is a devastating genetic disorder, caused by
mutations in the X-linked DMD gene, which encodes a struc-
tural protein in skeletal muscle that connects the intracellular

long-term expression in the body is going to lead to side ef-
fects, what the ible risk of off-target in the ge-
nome caused by gene editing in vivo is.

Differently from gene therapy, pharmacological ap-
[ hes target the d eam effects caused by DMD mu-
tations, pr ing DMD p F
repair mechanism™ or muscle regeneration are two of
the most desirable goals to slow down muscle dystrophy. In
this scenario, pan-HDACI have been proposed for the treat-
ment of DMD due to their ability to promote the morpholog-
ical and functional recovery of dystrophic muscles in
preclinical studies, favouring muscle regeneration at the ex-
pense of fibro-adipogenic degeneration.' However, in a
phase Il clinical study with the pan-HDACH givinostat, no func-
tional recovery was reported and no definitive conclusion
could be drawn because of the limited sample size.'® Mare-
over, treatment with pan-HDACI proved inefficient in adult
dystrophic mice,‘:‘ and long-term treatment with HDACI, as
required for DMD, was associated with numerous side
effecls,” raising additional concerns about proposing
pan-HDACI as a pharmacological therapy. Most of these limits
may be due to the broad action of the pan-HDACI, consider-
ing that different classes of HDAC play different functions
and some of them may be beneficial in DMD. The identifica-
tion, therefore, of the specific functions of different HDAC
classes represents a prerequisite for proposing more specific
compounds or combined approaches, which may improve the

ffecti of DMD tr

ytoskel to the llular matrix.™ DMD p
ifest d bulatary p and muscle L in
the first few years of life, and the progressive deg i

With this rationale, we decided to clarify the pathways

of their skeletal muscle forces them in a wheelchair from
early adolescence. This disease progresses causing skeletal
deformities, cardiomyopathy, and respiratory insufficiency,
ultimately leading to the death of patients between 30 and
40 years of age.™

Since the discovery of the DMD gene, numerous different
therapeutic approaches have been proposed to counteract
DMD progression and improve muscle function. Among
them, olig: leotid diated exon skipping, gene replace-
ment (to provide truncated forms of dystrophin), and stem
cell therapy have produced promising results in preclinical tri-
als, and some of them have reached the clinical trial stage.™®
Recently, the new genetic tool based on the CRISPR (Clus-
tered Regularly Interspaced Short Palindromic Repeats)/
Cas8 system gave new hope for DMD treatment, restoring
dystrophin expression in both the germline and postnatal tis-
sues of mdx mice. Despite the promising results of these
newly developed strategies of gene editing, there are several
important constraints to be considered for future clinical tri-
als. First, the low effidency of gene delivery to all muscles
and the heart and, secondly, the extremely expensive
large-scale production of the viral particles needed for the
patients, Moreover, it is not known how long this amended
dystrophin expression in edited cells lasts, if the Cas9

julated by HDACA in DMD, We found the expression of
HDACA to be up-regulated in muscles of mdx mice and, of
note, of DMD patients’ muscles compared with healthy mus-
cles, in spite of a great variability in these results. The low
number of human samples available (n = 3) and the differen-
tial mutations in the DMD gene (eg. the frameshift in the
exons 45-50 Is generally associated with a milder DMD phe-
notype) may result in the different levels of severity of the
phenotype, while the corticosteroid treatment (administered
to one patient) may further account for the variability ob-
served. Of note, the highest level of HDACA protein s
present in the muscle of the patient presenting a mutation
associated with a more severe DMD phenotype and who
was taking no pharmacological treatment. This Is the first
direct evidence of an elevated expression of HDACA in the
musculature of DMD patients.

‘We also found that the activity of class lla, of class |, and of
class I/lib HDACs was up-regulated in mdx mice. Previously
published data reported the up-regulation of HDACA in sev-
eral diseases, such as in amyotrophic lateral sclerosis (ALS)”
or rant.er,” and this is the reason why HDACA inhibition
was proposed as p for these pathol
However, we proved that HDAC4 inhibition In cases of
long-term denervation or in ALS is detrimental for skeletal
muscle homeostasis.*” These unpredicted results may be a
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consequence of the genetic deletion of HDACA before the
onset of the di hel they indi that HDACA
up-regulation is needed in skeletal muscle to properly
respond to stress.

We also found that HDACA prevalently localizes in the cy-
toplasm of mdx muscles, probably due to an imbalance of
the calcium influx and the reduced NO-dependent protein
phosphatase 2A activity.!® Recent findings are challenging

One of the principal mechanisms triggered by damage in
skeletal muscle membrane is its repair mechanism, which
is lly up- lated in dystrophic conditions and ac-
counts, at least initially, for proper muscle homeostasis. 4
Consistently, Trim72 levels increase in mdx skeletal muscles
and sera, compared with wild-type mice,"* as happens in
DMD patients’ skeletal muscles.®® We also found an aber-

the notion that cytoplasmic HDACA is simply an inactive epi-
genetic factor, at least in skeletal muscle, For instance,
HDAC4 has been d rated to p the deacetylati

of specific cy lic sut thereby regulating muscle at-
rophy and metabolism.> We therefore hypothesized that

rant resp of the b repair mechanism in mdx;
KO mice, both in vive and in vitro, which probably underpins
the higher membrane fragility and the reduced myogenic
potential of mdKO muscle cells. The lack of dystrophin
rlegatlvel-.r aﬁects 5C capaut\r to contribute to muscle

* we d this notion with the evidence

HDAC4 plays a pivotal role in the cytosol of skeletal muscle
in response to the stress associated with the lack of dystro-
phin. Indeed, dystrophic mice with skeletal muscle-specific
HDACA deletion showed higher muscle damage, accompa-
nied with reduced muscle regeneration, due to increased
myoblast death and the impaired ability of muscle cells to dif-
ferentiate. Importantly, HDAC4 deletion in skeletal muscle
per se does not affect the myogenic potential of muscle
cells,” indicating a specific HDAC4 function in the absence
of dystrophin.

Overall muscle functional d in
young, adult, and elderly mdx; KO mice, mmpared with mdx
littermates, indicating that HDACA deletion severely affects
mdx mice of all ages. In particular, the running distance
dropped more conspicuously than the running time, suggest-
ing that bath the running speed and the resistance to fatigue
were affected by HDACA deletion,

In the absence of dystrophin, the sarcolemma is more frag-
ile, thus more prone to contracti juced d The de-

that, together with the absence of d\rstmphln, the lack of
HDACA further h SC I. As a matter
of fact, most of the lved in the b re-
pair mechanism are |rnpummt for ploper myohblast fusion
and to i From our data, a

defective k repair leads to higher cell
death together with compromised muscle cell differentiation
and higher muscle necrosis in vivo, Indeed, the ectopic ex-
pression of Trim72 restores mdx;KO muscle cell survival
and myogenic potential in vitro, also improving muscle func-
tion in vivo. All of the above generates a model whereby in
muscle tissue, HDACA is needed to activate the membrane
repair response caused by the lack of dystrophin, synergisti-
cally contributing with to the e to
muscle homeostasis, Differently from Trim72, the ectopic ex-
pression of Dysferlin does not improve mdx;KO muscle cell
fusion or survival; instead, it reduces the number of mdyx;
KO muscle cells. Our results are In line with previous studies
howing that the P of Trim72 facilitates sarco-

letion of HDACA sensitizes mice to dystrophic abnormalities,
enhancing muscle fragility. 'ﬂ'us phenomennn is strictly
related to the dystrophi k mice with
muscle-specific HDACA deletion alone did not show muscle
damage or functional deficit following treadmill exercise,

lemma repair in response to multiple insults, including mus-
cle d\rstmph\r," while Dysferlin  overexpression is
detrimental for murine skeletal muscle.” Also, defects in
the membrane repair mechanism assoclated with mutations
in Trim72 are not rescued by Dysferlin overexpression,™ in-

"‘in
D, 1 utpalier reqeneration
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Figure B Modal of the proposed role of HDACA in DMD muscles. O HOACA mad the repair thus pro-

mating musche stem cell survival and fusion in wirs, restoring muscle integrity, and favouring de novo myogenesis in wWio. Taken together, these func-

tions result in improved muscle architecture and function in mdx mice.
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dicating that these two proteins have specific functions. Im-
portantly, the ectopic expression of Trim72 is sufficient to
restore Dysferlin protein levels and to protect skeletal mus-
cle from apoptosis and damage in a muscular dystrophy
hamster model,”” suggesting that Trim72 may be adminis-
tered as a possible treatment for DMD.™ Nevertheless,
some important safety concerns have been reported about
the long-term delivery of Trim72. In one study, by using
the non-specific cytomegalovirus promoter to drive Trim72
expression so as to improve muscular dystrophy, severe
growth retardation was observed in hamster neonates, sug-
gesting a potential toxicity due to its overexpression in
non-muscle tissues, especially the liver>” In addition, the
overexpression of Trim72 in stristed muscles resulted in
metabolic disorder and diabetic cardiomyopathy,***? due
to its E3-ubiguitin ligase functions that alter the insulin
pathway.**4°

reported in the brain,* or via other HDAC members able

to bind mRNAs.*® This HDACA function resembles that of
the HDAC SIRT1 in skeletal muscle, because defects in sarco-
lemma resealing were described in KO mice.*® Further inves-
tigations are needed to wverify a possible connection
between HDAC4 and SIRT1, as already demonstrated in
non-muscle cells, and to clarify the molecular mechanism
that modulates mRNA or protein stability in DMD.

In conclusion, as summarized in Figure &, our findings show
that inhibiting HDAC4 is deleterious in DMD skeletal muscle,
Additionally, we show that, unlike other HDACs, HDACY ex-
erts relevant, so far neglected, cytoplasmic functions in dys-
trophic skeletal muscle. Therefore, we propose that forcing
the extrusion of the endogenous HDACA from the nucleus,
by means of phosphatase Inhibitors, or the delivery of the
cytoplasmic-restricted HDAC4 L/A protein to skeletal muscle
may be considered as pharmacological or genetic approaches

We proved that the expression of HDACA in o
correlates with the onset of the membrane repair mecha-
nism response in vitro, promoting muscle stem cell survival
and fusion, and in vivo, ameliorating muscle fragility, pro-
moting de nove myogenesis, and improving overall muscle

to il the of dystrophic muscles.
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