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“And first he will see the shadows best, next the
reflections of men and other objects in the
water, and then the objects themselves, then
he will gaze upon the light of the moon and the
stars and the spangled heaven....

Last of all he will be able to see the sun.”

The Allegory of the Cave,
Book VII, Republic, Plato.
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Summary

Skeletal muscles constitute about 40% of the body mass in human and is the largest
organ of the human body. Muscles provide stability and support, allowing movement
and supporting inner organs. Skeletal muscle holds an intrinsic capability of growth
and regeneration, in case of injury as well as in physiological conditions, for instance
as a consequence of exercise. Some pathological conditions, for example chronic
myopathies cause a progressive loss of muscle mass and impaired functionality.
Muscle wasting is characterized by atrophy of the skeletal muscle tissue, depletion
of myogenic stem cell pools, decay in muscle function. Well known diseases of the
skeletal muscle are Muscular Dystrophies (MDs). MDs are marked by a progressive
muscular degeneration, which leads patients to physical disability and shortens life

expectancy.

No curative treatment is currently available for MDs. A promising approach relies on
stem cell therapy. However, issues such as limited availability, control of cell fate and
paracrine effects on the host tissue need to be addressed before therapeutic
applications may become feasible. Stem cell therapy with donor mesoangioblasts
(MABs- vessels associated stem cells) has produced dramatic amelioration in
dystrophic mice and dogs. Recently, induced pluripotent stem cells (iPSCs) have been
generated from MABs (MAB-iPSCs). MAB-iPSCs reproduce unique features of
pluripotent stem cells, still retaining a biased epigenetic memory towards the
myogenic lineage. Interestingly, MAB-iPSC-derived mesodermal progenitors (MiPs)
can be used for combined treatment of both skeletal and cardiac muscles in
dystrophic mice. Human MiPs have also been derived and characterized although

guestions about their in vivo performance remained unanswered.

Moreover, it is known that the differentiation ability of pluripotent stem cells is
regulated by both extrinsic factors, like growth factors, and intrinsic factors including
the epigenetic factors. Although still unclear, the retention of progeny-specific
epigenetic imprinting in iPSCs, e.g. patterns of DNA methylation, histone marks and
ultimately microRNAs (miRNAs) have been often reported and exploited for

enhanced differentiation along the parental lineage.
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During the first part of the current PhD training we investigated the in vivo capacity
of human MiPs, mainly focusing our attention on their skeletal myogenic
commitment. We assessed the translational potential of human MiPs in dystrophic
mice showing that MiPs can successfully engraft dystrophic skeletal muscle, resulting
in a functional amelioration of the disease. Next, we compared the transcriptional
profiles of human fibroblast-derived - and MAB-MiPs, and the miRNAs profile in
order to predict a miRNA cocktail functional for increasing the myogenic
commitment of the progenitors. We have tested this cocktail and provide evidence

that MiPs contribution to myogenic lineages is increased with specific miRNAs.

In a second part of the project we wished to move forward with a novel therapeutic
approach for enhancing muscle regeneration with the ultimate goal of bypassing the
use of stem cells. As recently established, muscle fibres secrete extracellular vesicles
(EVs), small membranous vesicles derived from late endosomal system. EVs contain
lipids, proteins, mRNAs and miRNAs. Scientific interest on EVs has grown since they
can be applied in regenerative medicine fields as delivery methods for tissue
regeneration Also, EVs are key players in intercellular cross-talk, horizontally carry
messenger-(mRNAs) or miRNAs, and have been shown to act as endocrine signals
during myogenesis. However, it is still an open question whether and which role EVs

play in regulating the stem cell fate in muscle wasting- specific muscular niche.

We have screened the content of EVs from animal models of muscle hypertrophy
and muscle wasting associated with a chronic disease and aging. Analysis of the
transcriptome, protein cargo and miRNAs has allowed us to identify a hypertrophic
miRNAs signature amenable for targeting muscle wasting. We have tested this
signature in vitro on mesoangioblasts (MABs), adult vessel associated stem cells,
given their relevance for treating muscle loss, and we have observed an increase in
myogenic differentiation. Furthermore, injections of miRNA treated MABs in aged
mice has resulted in an improvement in skeletal muscle features, such as muscle

weight, strength, cross-sectional area and fibrosis. We provided evidence that the

Vi
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EV-derived miRNA signature we have identified enhance myogenic potential of

myogenic stem cells.

Taken together, our results are embedded in the emerging field of combining EV and
stem cells for regenerative medicine purposes, as we have employed miRNAs
technology and stem cell therapy to target skeletal muscle decay and loss of

function.
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Samenvatting

De skeletspier is het grootste orgaan in ons lichaam, goed voor 40% van ons
lichaamsgewicht. Spieren zijn van belang voor stabiliteit, beweging en de
ondersteuning van interne organen. Verder heeft de skeletspier de intrinsieke
capaciteit om te groeien en regenereren. Deze regeneratie vindt plaats in zowel
fysiologische, bijvoorbeeld tijdens fysieke inspanning, en pathologische condities.
Desalniettemin veroorzaken sommige pathologische aandoeningen, zoals
chronische myopathieén, een progressief verlies van spiermassa wat leidt tot
verminderde functionaliteit. Dit verlies van spiermassa is te wijten aan spieratrofie,
depletie van de myogene stamcellen en vermindering van de spierfunctie. De meest
bekende spierziekten zijn de musculaire dystrofién (MDs). MDs zijn gekenmerkt door
een progressieve spierdegeneratie die leidt tot een fysieke handicap en een verkorte
levensverwachting.

Tot nu toe is er nog geen genezing voor MDs. Een veelbelovende strategie hiervoor
is het gebruik van stamcellen. Jammer genoeg limiteren bepaalde factoren, zoals de
beperkte beschikbaarheid, de ongeschikte paracriene signalen afkomstig van de
zieke spier en het gebrek aan controle over de cel status, het gebruik van stamcellen.
Stamceltherapie met donor mesoangioblasten (MABs; bloedvat-geassocieerde
stamcellen) leidde reeds tot een grote verbetering in zowel dystrofische muizen als
honden. Recent werden er MABs gegenereerd uit geinduceerde pluripotente
stamcellen (MAB-iPSCs). MAB-iPSCs bevatten de unieke eigenschappen van
pluripotente stamcellen, terwijl ze ook hun bias behouden naar hun myogene
afkomst, hun zogenaamd epigenetisch geheugen. Verder kunnen mesodermal
progenitoren afkomstig van de MAB-iPSCs (MiPs) gebruikt worden voor de
regeneratie van zowel skelet- als hartspier in dystrofische muizen. Hoewel humane
MiPs alvast gegenereerd en gekarakteriseerd zijn, is nog niets geweten over hun in
vivo capaciteit.

Het is reeds geweten dat de differentiatie van pluripotente stamcellen gereguleerd
wordt door zowel extrinsieke, e.g. groeifactoren, als intrinsieke factoren, waaronder
epigenetische componenten. Hoewel het mechanisme onduidelijk is, werd de

retentie van afkomst-specifieke epigenetische elementen in iPSCs, zoals DNA
IX



Samenvatting

methylatie, histon markeringen en microRNAs (miRNAs), reeds vaak gerapporteerd
en gebruikt om differentiatie langs de ouderlijke lijn te stimuleren.

In het eerste deel van mijn doctoraatstraining hebben we ons vooral gefocust op de
in vivo capaciteit van de humane MiPs om spierweefsel te vormen. Hierbij toonden
we aan dat deze MiPs succesvol kunnen integreren in de skeletspier van dystrofische
muizen en zo leidde tot een vermindering van de symptomen. Verder hebben we het
transcriptoom en miRNA profiel van MAB-MiPs vergeleken met dit van fibroblast-
afkomstige MiPs. Hieruit werd een miRNA cocktail voorspeld die mogelijks de
myogene commitment van de progenitoren kon verhogen. Deze cocktail werd getest
en er werd bevestigd dat deze specifieke miRNAs inderdaad zorgen voor een
verhoging van de myogene capaciteit.

In een tweede deel van dit project wilden we focussen op een nieuwe strategie om
spiergeneratie te verbeteren waarbij we uiteindelijk het gebruik van stamcellen
kunnen omzeilen. Recent werd geconstateerd dat spiervezels extracellulaire vesikels
(EVs) secreteren. EVs zijn kleine membraneuze structuren afkomstig van het laat
endosomaal systeem, die lipiden, eiwitten, mRNAs en miRNAs bevatten. Deze EVs
worden meer en meer gebruikt als transport methode in de regeneratieve
geneeskunde, om zo een bepaald cargo aan de weefsels te kunnen leveren. Verder
spelen EVs een rol in de intracellulaire communicatie, het overdragen van mRNA en
miRNA en worden als endocriene signalen tijdens de myogenese. Desalniettemin is
nog niet geweten of en welke rol EVs spelen in het reguleren van het lot van stamcel
in een spieratrofie-specifieke omgeving.

Allereerst werden EVs uit zowel diermodellen voor spierhypertrofie en —atrofie
gescreend. Voor atrofie werd zowel een chronisch ziektemodel als een
ouderdomsmodel gebruikt om te kunnen vergelijken tussen fysiologische en
pathologisch condities. Aan de hand van het transcriptoom, proteoom en de miRNAs
van deze EVs werd een hypertrofie-specifieke signatuur geidentificeerd die mogelijks
gebruikt kan worden tegen spieratrofie. Deze miRNAs werden in vitro getest op
MABs, wat leidden tot een verhoogde spierdifferentiatie. Wanneer MABs, na

blootstelling aan de miRNAs, werden geinjecteerd in oude muizen, werd er een
X
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verbetering gezien in de spier eigenschappen zoals gewicht, sterkte, grootte en
hoeveelheid fibrose. Hiermee bewijzen we dat miRNA afkomstig van EVs het

myogeen potentieel van stamcellen kunnen verhogen.

In het algemeen kunnen we onze resultaten kaderen in het opkomende veld van
regeneratieve geneeskunde waarbij EVs en stamcellen worden gecombineerd. In dit
project hebben namelijk gebruik gemaakt van zowel miRNAs als stamcellen om de

spierafbraak en het bijhorende functieverlies tegen te gaan.
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Chapter 1: Introduction

Parts of this chapter have been published in:

Unconventional players on the striated muscle field: microRNAs, signaling
pathways and epigenetic regulators

Giorgia Giacomazzi, Maurilio Sampaolesi, Mattia Quattrocelli. Curr Stem Cell Res
Ther. 2016;11(7):554-




Introduction

1 Skeletal muscle: homeostasis and pathological
dysregulation

Muscle remodelling is a dynamic process occurring throughout the whole tissue life
span. During development, protein synthesis and progenitors activation contribute
to new muscle formation *. Conversely, during adulthood, cellular turnover generally
decreases and the muscle mass plasticity is mainly determined by the interplay
between anabolism and catabolism. In steady state, these two pathways remain
balanced. However, upon injury or excessive activity, several myocytes are damaged
and undergo necrosis, and the regeneration process takes place. The necrosis of
damaged myocytes elicits an inflammatory response triggering the progenitors to
proliferate and regenerate the muscle by engrafting damaged site or by de novo
myocyte formation. On the other end, muscle wasting can occur as a physiological
age-related condition (sarcopenia). Lastly, chronic illness can also disrupt muscle
homeostasis, that is the case of genetic illnesses as for example Muscular
Dystrophies, or in other condition of muscle atrophy due to chronic obstructive

pulmonary disease, or heart failure (cachexia).

1.1 Regulation of skeletal muscle homeostasis

The dynamic properties of skeletal muscle allow physiological response to changes
in load demand 2. Skeletal muscle can in fact increase or shrink its size by finely
regulating anabolic and catabolic pathways via the ubiquitin—proteasome, caspase,
and lysosomal degradation systems 3 “. Conversely, several factors play a role in

muscle growth and regeneration, both at genetic and paracrine levels (Figure 1.1).

At the genetic level, myogenic regulatory factors (MRFs) are transcription factors,
including MyoD, Myf5, and Myogenin for the skeletal muscle that together with
other key developmental factors, such as Pax7 direct muscle formation and
maturation by controlling the expression of crucial genes, e.g. sarcomeric or

structural proteins > .
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At the paracrine level, muscle mass is regulated by secreted factors, such as insulin
growth factor 1 (IGF-1) and hepatocyte growth factor (HGF). Although initially
mitogenic, IGF-1 displays differentiation properties on the skeletal muscle °, that
have been further proven beneficial in sustainment of hypertrophy 7. HGF is released
from the extracellular matrix in case of injury and promotes quiescent cell activation
and proliferation. During development, HGF signalling directs homing of progenitor

cells, while during later phases it is mainly involved in cell proliferation .

Myostatin is one of the most powerful negative regulators of muscle growth °. In
skeletal muscle, myostatin negatively regulates muscle mass through interference
with Akt signalling pathways. Recent evidence has shown that, together with
myostatin, other members of the TGFB family might be involved in regulating
skeletal muscle mass and differentiation. In particular, activin-A has been found to
be upregulated in skeletal muscle after activation of the tumour necrosis factor
alpha/TAK-1 signalling pathway °. Furthermore, in the past few years, new signalling
players have been unravelled in muscle regeneration. Modulation of G-coupled
proteins has been reported to promote skeletal muscle hypertrophy and accelerate
skeletal muscle regeneration 1. Additionally, interest in the inflammatory pathways
involved in muscular disorders has been growing, because chronic inflammation is a

hallmark of many muscle degenerative conditions.
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Figure 1.1 Main factors playing a role in muscle growth and
regeneration.

Adapted from Metthew N. Et al, 2015

1.2 Skeletal muscle disorders
1.2.1 Muscular dystrophies

Muscular dystrophies (MDs) are a group of diseases characterized by progressive
muscular loss and weakness. MDs display clinical heterogeneity, which reflects
variety in the underlying molecular mechanisms and clinical features. Also, the age
of onset, which spans from early childhood to adulthood and prognosis, is variable
12,13 There are different forms of MDs, classified according to the muscles that are
most compromised and to the severity of the damage. The progressive muscle
weakness mainly affects limbs, axial and facial muscles, resulting in gradual motility
impairment. In addition, respiratory muscles, cardiac muscles and smooth muscles
can also be affected, eventually leading to respiratory failure and cardiac

decompensation 2.

The most common form of MD is the X-linked Duchenne Muscular Dystrophy (DMD),
which has an incidence of 1:3600-6000 male births . DMD is a very severe form of
MD and features early childhood onset, severe chronic degeneration of locomotory

muscles and poor prognosis with death ensuing in the early twenties. Less severe

4
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forms of MD are Becker muscular dystrophy (BMD) and Limb girdle Muscular
Dystrophy (LGMD). The latter has a lower prevalence as compared with DMD and
BMD, however it is characterized by a high heterogeneity and shows different
patterns of inheritance 1°. Other less common forms include Emery Dreifuss MD,

oculofaryngeal MD, distal MD and Facioscapulohumeral MD.

MDs are causes by different mutation in one or more components of the dystrophin-
glycoprotein-complex (DGC — Figure 1.2). Composed of different proteins, the
complex provides a shock-absorbing connection between the cytoskeleton and the
extracellular matrix, thus it stabilizes the muscle fibres against the mechanical force
generated during the cycle of contraction and relaxation protecting it from damage
12 Mutations in dystrophin cause DMD and BMD, while mutations in different
components of DGC result in other forms of MD, for example LGMD are caused by

defect in the sarcoglycans proteins.

sarcoglycans

sarcospan
sarcolemma

2iAib

“x‘a\‘.&‘u\g' A / AHANLNN Y

Figure 1.2 The dystrophin glycoprotein y 4 ¢ =— syntrophins

Dystrophin
or

complex. utrophin

Adapted from Pires-Oliveira 2014

1.2.1.1 Treatment of MDs

The standard treatment for MDs is, to date, pharmacological treatment, which does
not aim at the correction of the disease mutation but targets its pathological effects,
such as inflammation and decrease in muscle mass. Cortisone therapy is the common

treatment 6,

Despite promising recent findings showing that intermitted
administration of glucocorticoid steroid promotes muscle repair in mice with chronic

5
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and acute muscle damage, its use in the clinics is still associated with considerable
side effects 7 18, Moreover, treating dystrophy-associated cardiomyopathies and

respiratory failure is a compelling challenge.

For decades now, research has been focusing on unravelling the potential
therapeutic effects of other promising therapies, such as gene and cell therapies.
Gene corrective strategies aim at the integration of the healthy wild type (WT)
Dystrophin gene inside the genome of dystrophic myonuclei. Some encouraging
results have been achieved by administration of adeno-associated virus carrying a
human mini-dystrophin gene in murine animal model of MD, the mdx mouse *°.
Similarly, adeno-associated virus carrying a human-sarcoglycan gene has been
delivered to a hamster model of LGMD type 2F, with some promising results. Finally,
exon skipping strategies, aimed at correcting the reading frame have been

investigated 2°.

As comprehensively discussed further, stem cell- therapeutic approaches are of
valuable interest in regenerative medicine, given the self-renewal ability, the
differentiation potency and the patient-specific application potential that

characterized them.

1.2.2  Age-related muscle wasting - sarcopenia

Aging is associated with a progressive decline of muscle mass, muscle quality, and
strength, a condition known as sarcopenia ?'. Around 50 years of age, the decrease
in muscle mass is approximately 1 to 2 % annual rate and is accompanied by an even
stronger decline in functionality reaching an annual rate of 3 % after the age of 60.
These rates of decline in strength are even higher in sedentary individuals and twice
as high in men as compared to women 22. Additionally, it is reported that sarcopenia
is not only associated with aging, but also with chronic diseases, malnutrition, loss of

mobility due to sedentary lifestyles or prolonged bed rest.
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Features of the sarcopenic muscle include atrophy of type 2 (fast-twitch)myofibres
and heterogeneity in fibre size, accumulation of intramuscular connective tissue and
fat as well as decreased oxidative capacity 23. The decrease in muscle mass that gives
rise to sarcopenia involves both a decrease in muscle fibre size (atrophy) and number
(hypoplasia), and both slow and fast muscle fibres. Moreover, the loss of muscle
tissue is accompanied by fatty infiltration and connective tissue accumulation
resulting in a significant decline in contractile capacity of the muscle fibres 2%, Other
features of the sarcopenic muscle include denervation of motor units which are then
reinnervated with slow motor units can lead to increased muscle fatigability .
Finally, sarcopenic muscle is marked by defective mitochondrial energy metabolism,

increased inflammation and protein catabolism 2527,

1.2.2.1 Therapeutic approaches for skeletal muscle wasting

Currently, therapies to combat sarcopenia are limited. Exercise appears to be an
excellent strategy, in elderly people resistance exercise marked increase in skeletal
muscle protein synthesis without an increase in whole body muscle breakdown 2°,
thus favouring an hypertrophy of the muscle. However, exercise is often impeded
due to lack of motivation and comorbidities, such as osteoarthritis and

cardiovascular disease.

Other strategies include hormone replacement, although associated with side
effects, and supplementation with B-hydroxy-B-methylbutyrate (HMB), shown to
reduce muscle wasting, although effects on muscle strength and performance
remain controversial 2. It has been reported that addition to the diet with beneficial
molecules could provide a potential therapy, given the importance role of nutrition
in sarcopenia 2. Indeed, elderly patients who received a protein supplementation in
the diet showed a moderate increase in muscle strength. Nonetheless, with limited
available therapies and sarcopenia being a growing issue, it is important to develop

new strategies to combat this syndrome.
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2 Stem cell therapy for skeletal muscle disorders

Cell-based therapy to promote muscle regeneration as a potential treatment for
MDs and other muscle wasting disorders has been an interest for scientists since the
late 80s, when wild type muscle precursor cells were fused with regenerating fibres
of the mdx mouse model, showing an increment in Dystrophin-producing fibres 3°.
However adult myoblasts still face many hurdles, e.g. low ability to migrate from the
site of injection towards damaged fibres, poor survival and potential immune
response reactions in the recipient. Stem cells have thus gained increasing attention,
for their migratory potential, differentiation capacity and self-renew ability. Figure

1.3 shows a summary of stem cell sources explored for muscle regeneration.

2.1 Adult stem cells

The post-natal skeletal muscle holds the ability to regenerate after injury, attributed
to satellite cells (SCs) 3! . SC are skeletal muscle quiescent progenitors located in a
niche beneath the basal lamina that surrounds each myofibre 32, After post-natal
development, SCs enter a quiescent phase, and in the adult life they re-enter the
mitotic cycle in case of muscle damage. In some myopathies, such as MDs, SCs are
activated in the first stages of the disease, however, the genetic lack of Dystrophin
leads to non-functional newly formed fibres, resulting in a vicious “regeneration-
degeneration” cycle that ultimately replenishes SC niche 33. Several studies have
explored the potential of SC for muscle regeneration, and have shown some
promising results 3% 35, Nonetheless SCs are associated with a considerable loss of
myogenic ability following in vitro expansion and the difficulty of cell migration from

site of injection to the muscle injury represent a considerable limitation 3°.

Mesoangioblasts (MABs) are vessel-associated stem cells that can be isolated from
the dorsal aorta during development or from post-natal cardiac and skeletal muscles.
MABs were found to be a valid alternative for cell therapy of MDs, as they have been

shown to differentiate in most mesodermal cell type including skeletal muscle 7.

8
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Later on , murine and human MABs have been also isolated and characterized from
adult skeletal muscles 38 When injected intra-arterially in mice, MABs fuse with
resident SCs and participate in post-natal muscle recovery. Interestingly, MABs show
an intrinsic capacity to spread through the capillary network and reach the damage
site, when compared to SCs. To this end, intraarterial delivery of MABs performed in
murine and canine models have given encouraging results for clinical application 3%
40 More recently mdx-derived MABs transduced with a human artificial
chromosome vector containing the entire human dystrophin genetic locus were
transplanted into dystrophic mice. The study reported a significant engraftment and
differentiation of the MABs, further supported by functional improvement . In spite
of such promising results in preclinical studies, a phase I/Il clinical trial, has shown
little to no beneficial effect in the use of HLA-matched allogeneic human MABs to
treat paediatric DMD patients #2. While intra-arterial transplantation of donor MABs
in human proved to be feasible and relatively safe, such approach needs further

amelioration to reach efficacy 2.

Pluripotent Multipotent
Blastocyst = (
Fibroblast - Satellite Cell
4 (other somatic cell)
B 7 \ o <
@ &< —7 .
| I = <o
{
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- > \ 1| ==
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Figure 1.3. stem cell sources explored for muscle regeneration.

Adapted from Hosoyama et al, 2012

2.2 Pluripotent stem cells
Pluripotent stem cells (PSCs) hold the potential to regenerate derivatives of all three

embryonic germ layers, endoderm, ectoderm and mesoderm. This property,
9
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together with the strong renewal ability, makes PSCs appealing candidates to target
skeletal muscle degenerative disorders, such as MDs and muscle wasting.
Nonetheless cell therapy with PSCs has to face the hurdles of ethical issues and
immunological concerns, as well as safety. PSCs can, in fact give rise to teratomas
when fully or partially undifferentiated. Currently, two PSC types are under
investigation for skeletal muscle regeneration: embryonic stem cells (ESCs) and

induced pluripotent stem cells (iPSCs).

Embryonic stem cells (ESCs) are derived from the ICM of the blastocyst, they can
proliferate maintaining their undifferentiated status, eventually giving origin to
differentiated cells. In vitro differentiation of skeletal muscle from ESCs has
encountered more obstacles in comparison to differentiation toward other lineages,
like blood, endothelial cells and cardiac muscle. Early transplantation studies of
human and murine ESC-derived muscle progenies have shown evidence of myoblasts
engraftment, as well as contractile function *>#4. Nevertheless, ESCs still retain some

limitations, such as immunological concerns and, not less importantly, ethical issues.

Major breakthrough in the field of regenerative medicine was achieved in 2006 by
Yamanaka and Takahashi with the generation of induced pluripotent stem cells
(iPSCs) . iPSCs were created from murine embryonic or adult fibroblasts, by viral
transduction with four factors, namely Oct3/4, Sox2, c-Myc, and KIf4, via a process
called reprogramming. Similar to ESCs in morphology and behaviour, iPSCs exhibit
ESC-specific markers and, when subcutaneously transplanted into nude mice,
generate teratomas. Ever since, many studies have focused on reprogramming of a
wide range of adult murine and human somatic cells *. One way of inducing
myogenic differentiation in iPSCs in the overexpression of myogenic genes crucial for
differentiation of myogenic progenitors and myoblasts during embryonic
myogenesis such as PAX3, PAX7, and MYOD1 #” %8, Transgene approach methods,
often delivering constructs that contain a reporter gene, allow an easier selection of
desired progenitors. Nevertheless, concerns regarding the use of these modified cell

in patients remain unanswered. Transgene-free methods attain the induction of
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myogenesis in iPSCs by means of growth factors and/or signalling molecules that play
an important role in muscle development %°. FGF2, IGF-1 and HGF have been
reported in different study as ways to enhance myogenic differentiation, fibre fusion
and to sustain myogenic properties in vitro °>>2, Similarly, the use of small molecules
can drive myogenic differentiation. Induction of mesoderm can be accomplished
with GSK3 inhibitors, such as CHIR99021, or supplementation of insulin-transferrin-
selenium (ITS) to basal culture medium ¥ %3, Moreover, Inhibitors of TGF-B type |
receptors, such as LDN193189 has been used to increase myogenic differentiation in
iPSCs >*. Notably, overexpression of myogenic factors and small molecules has been
applied to generate skeletal muscle progenitors directly from somatic cells without

undergoing a pluripotent state in a process known as trans-differentiation > 6,

2.3 Aging and stem cells

In general, an age-associate decline in stem cells is observed in several organs, and
it is considered a major contributor to age-related diseases, such as sarcopenia. Both
extrinsic and extrinsic factors drive this stem cell age-associated dysfunction and a

summary of the mechanisms are illustrated in Figure 1.4.

Aging muscle is characterized by a concomitant decline in muscle stem cells function
and numbers, ultimately contributing to the progressive loss regenerative capacity
of the skeletal muscle >’. During development or upon injury, SCs have to exit the
quiescent status and enter the cell cycle to contribute to newly formed myofibres,
meanwhile ensuring the maintenance of the stem cell pool. These two functions are
coordinated by a rigorous interplay between intrinsic programs and signals such as
growth factors cytokines and others, from the stem cell niche and the surrounding
environment 23, Adult SCs hold the crucial ability to transit to a reversible quiescent
state after providing a source of progeny, reinforcing muscle homeostasis. The
decline in functionality and numbers of SCs in the sarcopenic muscle leads to a
progressive deterioration of this self-renewing mechanism, the SC pool is exhausted

by continuous differentiation as well as apoptosis and senescence. Supporting this
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observation, evidence has shown that deletion of Sprouty1 in proliferating SCs leads
to persistent activation of the extracellular-signal-regulated kinase/mitogen-activate
protein kinase (ERK/MAPK) signalling pathway, which hinders self-renewal.
Impaired self-renewal ability causes a subset of SCs unable to re-enter quiescence
state to undergo apoptosis °® 5%, Aging causes as well a decline in DNA repair
mechanisms and an increased accumulation of DNA damage surely weakens stem

cells functionality

. Other blueprints of aging stem cells are mitochondrial
dysfunction, alteration in the metabolism and loss of protein homeostasis *°. For
example, it has been demonstrated that autophagic mechanisms are defective in
aged SCs, lysosomes are marked by strongly decreased in proteolytic activity which
results in accumulation of indigested products ®* . Finally, epigenetic play a role in
safeguarding stem cell functionality during adulthood and ageing. The epigenetic
network of stem cells comprises define regulators that support gene expressions and
activate specific differentiation or pluripotency programs. It is reported that aged
stem cells have heritable epigenetic marks, methylation patterns and histone
modifications, that can alter stem cell differentiation potential by either restricting

or allowing access to key lineage-specific genes > 2.

With regard to skeletal muscle specific stem cells, a recent study has highlighted how
ageing negatively impact the muscle regeneration potential of human MABs: MABs
derived from elderly donors displayed a dramatic impairment in the myogenic

differentiation ability in vitro and when transplanted in dystrophic mice 3.
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Blueprints of aging stem cells
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Figure 1.4 Overview of the hallmarks of aging stem cells.

Adapted from Sousa-Victor P et al, 2015

2.4 Stem cell therapies and epigenetics
Reprogramming of somatic cells to pluripotent state encompasses waves of
epigenetic remodelling, genome-wide modulation of histones and DNA methylation,
that wash out previous epigenetic state and establish new pluripotency circuits %
(Figure 1.5). During the reprogramming to a pluripotent state, somatic cells must
reshuffle their epigenetic signature, tissue-specific genes and differentiation
regulators have to be silenced, whereas pluripotency genes and self-renewal genes
must be activated. In addition, early commitment markers have to assume a poised

state. Therefore, in principle, to achieve a fully pluripotent state somatic cells must

delete any retained memory of the tissue of origin.
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Figure 1.5 Schematic representation of the changes
of epigenetic signatures occurring during reprogramming of somatic
cells into iPSCs. Adapted from Brix J et al 2015

Several evidence has reported that iPSCs hold epigenetic memory, questioning their
real pluripotent state and ultimately their therapeutic applicability 5> . These works
have reported that iPSCs derived from different adult murine tissues present an
epigenetic signature consisting of inherited biases in DNA methylation or histone
deacetylation thus skewing the differentiation. Similar results have been found when
using human cells ©7-68, Undoubtedly, the possibility of retained epigenetic sighatures
might narrow down the broad therapeutic promises of iPSCs. However, the intrinsic
bias of iPSCs differentiation potential might reinforce them towards a specific

commitment %° .

2.5 Mesodermal-iPSC-derived progenitors
Mesoangioblast-derived iPSCs (MAB-iPSCs), generated by our group, show an
intrinsic skew towards myogenic commitment, when compared to fibroblast-derived

iPSCs (fiPSCs). This commitment bias was quantifiable by both teratoma formation
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and gene expression profile . Upon intramuscular injection in aged Sgca-null
dystrophic mice, MAB-iPSCs are able to restore up to 50 % of the muscle fibres in
area surrounding the injection site, proving the principle of feasibility of generating
highly committed myogenic progenitors from myogenically skewed iPSCs. A novel
pool of progenitors with myogenic properties was subsequently derived from MAB-
iPSCs and fiPSCs, the mesodermal iPSC-derived progenitors (MiPs) 7°. MiPs are
isolated from iPSC pre-induced to mesoderm differentiation as a specific population
triple positive for common markers shared by stem cells important for skeletal
muscle regeneration, cd140a, cd140b and cd44. Notably, both MAB-MiPs and f-MiPs
were able to engraft in the cardiac muscle of dystrophic mice, while only MAB-MiPs
were able to functionally regenerate the skeletal muscle when injected
intraarterially in dystrophic mice. Interestingly, the boosted differentiation potential
toward skeletal muscle correlated with retained signatures of DNA methylation and
histone marks from parental progenies 7°. This study points at MiPs as a new,
promising source of skeletal muscle progenitors, while confirming the crucial
importance of epigenetic remodelling when iPSCs- based regenerative strategies are
desirable. A compelling question regards which factors regulate the differentiative
decision that stem cells undertake, namely the stem cell fate. The factors guiding
stem cell fate and ultimately its commitment are of main concern in regenerative
medicine, as they can yield insights in tuneable mechanisms of differentiation in

foetal and adult life.
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3 MicroRNAs

3.1 Definition, biogenesis and function

MicroRNAs (miRNAs) are short non-coding RNAs that regulate gene expression at
post-transcriptional level. MiRNAs are encoded in the genome either as individual
transcriptional units, or often as intergenic clusters of several miRNAs 7. However,
growing evidence has shown that a number of miRNAs are enclosed in the intronic
sequences of other genes and are therefore transcribed along with the coding genes
72.73|n the nucleus, miRNAs are generally transcribed by RNA polymerase Il in
primary transcripts called pri-miRs, subsequently cleaved by the microprocessor
complex into shorter precursor molecules called pre-miRs 4. Pre-miRs are then
transported into the cytosol, where they are further cleaved in ~22nt-long double-
stranded molecules by a complex that includes another RNase-lll, Dicer. MiRNAs are
then ready to be loaded on the RNA-induced silencing complex (RISC): the guide
strand is loaded while the star strand is generally degraded 7. However, the modus
operandi of miR processing machinery is still largely unknown 6. The principal RISC
components interact with the proteins responsible for RNA remodelling and for the
generation of processing bodies (P-bodies), or glycine-tryptophan bodies (GW-
bodies), which account for mRNA decapping, deadenylation, and degradation.

MiRNAs recognize target sequences at the 3’ untranslated region (3’-UTR) and
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repress target gene expression either by targeting the mRNA for degradation or by

mediating translation inhibition 7.

3.2 MicroRNAs and skeletal muscle regulation — myogenesis

MiRNAs are active regulators of muscle myogenesis, as shown by several miRNAs
enriched at different phase of embryonic and adult myogenesis. Along well-
characterized miRNAs important for muscle homeostasis, during the last few years

new studies have pointed out at novel players.

MiR-1 and miR-133 are well-established members of the so-called myomiR family
and orchestrate skeletal and cardiac muscle regeneration 78, Although encoded from
the same loci and transcribed together, mir-1 and mir-133 develop into two separate
mature miRNAs that hold specific functions. Via the regulation of SRF and MEF2, in
fact, they establish distinct negative feedback loops that intrinsically modulate the
cellular proliferation and differentiation within muscle cell linages 7°. Mir-206 has
also been well characterized as a positive regulator of the myogenic commitment,
by supporting satellite cell differentiation and repressing many negative modulators

of skeletal muscle differentiation .

Evidence is also accumulating for a set of non-muscle-specific miRNAs that have an
effect on muscle remodeling by targeting muscle-specific regulatory factors. An
important difference in contrast to mir-1, mir-133 and mir-206, whose expression is
muscle specific, is that these miRNAs are broadly expressed in several tissues and
yet retain muscle-specific functions 8. An example is miR-181, a broadly expressed
miRNA that has been shown to contribute to myoblast differentiation by targeting a
MyoD repressor in mammals 82. Mir181 direclty binds to HOX11, bringing to an
increase in MyoD, a target of HOX11, and therefore to the myogenic differentiation
oe cells. Similarly, miR-148a has been found crucial for skeletal myogenesis since its
main target ROCK1 prevent myoblast fusion. Mir-24, although not a traditional

muscle-specific miRNA, plays a role in positively modulating myogenesis via
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inhibition of members of the TGF-beta family %. Interestingly, mir-24 is expressed at
a later stage of muscle differentiation, suggesting an additional important function
in the maintenance of the skeletal and cardiac muscle homeostasis. Other miRNAs
are involved in myogenesis, as miR-27b, acting at the onset of myogenesis directly
targeting Pax3 proteins ultimately inducing migration and early differentiation of
myoblasts . Timely regulators of myogenesis are MiR-26a 2> and miR-214 %, whose
pattern of expression correlates with myogenic master genes. Once muscle
differentiation begins, miR-214 is upregulated via MyoD/MyoG, which promote
P21Cip1 and myogenin expression, while miR-26a increases during the later stages

of the course of myogenesis.
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Figure 1.7. Summary of microRNAs involved in myogenesis and muscle wasting.

Adapted from Quattrocelli et al 2014
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3.3 MicroRNAs and skeletal muscle disorders

In several muscle disorders, including MDs, miRNAs levels are altered. For instance,
regenerative miR-31, miR-206, miR-449 are induced in animal models (mdx mouse)
and in Duchenne MD patients during the regenerative stage, while other miRNAs,
such as miR-1 and miR-29c, are down-modulated during fibre degeneration. These
observations suggest that the regenerative miRNAs boost differentiation towards
myofibres, while during fibre degeneration other miRNAs negatively regulate
apoptotic pathway as a compensatory mechanism for myofibre loss 8. MiRNA
modulation to increase skeletal muscle regeneration in chronic disease and muscle
wasting setting has been broadly explored. Myomirs are known to increase muscle
progenitors differentiation in vitro and in vivo ®. In SCs isolated from mdx mice the
overexpression of miR-1, miR-133 and miR-206 enhanced their myogenic
differentiation and rescued their phenotype when compared to SC isolated from
wild-type mice. Other evidence has reported that injection of miR-206 in a rat model
of skeletal muscle injury resulted in enhanced muscle regeneration and reduced
muscle fibrosis 8 %, Finally, genetic deletion of miR-206 delayed muscle
regeneration in cardiotoxin-injured mice and the loss of miR-206 accelerated and
exacerbated the dystrophic phenotype in miR-206—KO °!. Other miRNAs have been
explored in the field of muscle regeneration. It is the case of miR-486, whose muscle
specific overexpression in dystrophic mice resulted in reduced serum creatine kinase

levels, and improved performance 2.

MiRNAs have recently emerged as interesting molecules to target crucial features of
skeletal muscle disorders. Fibrosis is a hallmark of many myopathies, intrinsically
associated with a dramatic loss of functionality. The delivery of adeno-associated
viral vector (AAV) carrying mir-29 into muscles of mdx:utrn+/- mice has resulted in a
significant decline in fibrotic tissues eventually leading to the development of MRG-
201, a synthetic miR mimic (promiR) to miR-29b currently undergoing phase | clinical
trial study ®* . Analogously miR-21 is a known regulator of age-associated muscle

fibrosis in mdx mice, and to date, the miR-21 fibrogenic pathway is recognized as a
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target to treat fibrosis and MDs % Finally, the properties of other miRNAs have been
elucidated with respect to other features of degenerative myopathies, such as

inflammatory condition °°, and oxidative stress %.

3.4 MicroRNAs, cell fate decisions and epigenetics

Given their gene tuning properties, miRNAs are well positioned to contribute to
epigenetic signalling and to participate in the control cell fate decision ’. Evidence
has shown a strong interplay between miRNAs and epigenetics as miRNAs-
controlled gene expression also involves targeting of epigenetic regulators . DNA
methyltransferases (DNMT) and histone deacetylases (HDAC) are among known
targets of miRNAs. In myoblasts differentiation, for example miR-1 and miR-206
repress HDAC4, allowing expression of MEF2 thus resulting in fusion of newly formed
myofibres.

Moreover, miRNAs are core players of the gene network that regulates cell renewal,
pluripotency and cell- type specification in pluripotent stem cells. Mice with muscle
specific Dicer deletion die at early stages of embryonic development show abnormal
morphology of muscle cells and skeletal mass wasting °> %, ESCs have a distinct
miRNA signature, clusters of miR-290 and miR-302 family are specific for mouse ESC,
while human undifferentiated cells express miR-302. They repress several inhibitors
of cell cycles to guarantee stem cell self-renewal properties and reinforce the
undifferentiated state °*. Moreover, miRNAs can directly orchestrate cell fate
decision, promoting for example mesoendoderm lineage specification over
neuroectoderm 192, Later on, miRNAs are largely involved in the refined wiring of the
pathways that regulate specific tissue program. In myogenesis myomirs are
modulated and transcriptionally activated by MyoD and Myogenin %, miR-1
represents an example of a tissue-specific regulator of cell cycle given that its
overexpression in developing mouse heart muscle leads to premature cell cycle exit
103, 104 Finally, recent evidence has emerged that miRNAs can control lineage

conversion in striated muscle. Cardiac MABs from dystrophic mice can aberrantly
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differentiate into skeletal pericytes due to the absence of miR669q, highlighting a

direct role of this miRNA in switching between cardiac and skeletal muscle lineages

105

3.5 MicroRNAEs as therapeutics- consideration for application

Short, multitargeting different genes and readily deliverable, miRNAs definitely hold
appealing therapeutic promises. Several preclinical studies have highlighted the
potential of miRNAs-mediated treatment and advances in technologies to deliver

RNA molecules in vivo have made miRNA-based therapeutics feasible 1%,

An ideal miR delivery system for regenerative medicine should be able to target
specific tissue or organ with low cytotoxicity and high efficiency. Synthetic liposomes
and viral vectors are extensively used for many applications strategies, however both
present major limitations, including immunostimulatory properties, which restrict
gene delivery applications 7. Viral-based systems, as adenoviruses or adeno-
associated viruses (AVV) hold high efficiency and targeted delivery. As an example,
miR-590 and miR-199a were delivered into neonatal mouse heart by an rAAV9
vector, in order to improve cardiac regeneration 1%, Nevertheless, immunogenicity
and random integration hamper the use of viral vectors for miR gene therapy
approaches. Non-viral systems are less toxic and less immunogenic, although
therapeutic applications are limited by the low efficiency. Gene gun, electroporation,
hydrodynamic, ultrasound, laser-based energy and inorganic carriers have been
explored to improve the efficiency of miR delivery. However, in all these procedures

damages of cell integrity and apoptosis are frequently observed 1%,

Encouraging results in preclinical studies have opened a door for miRNA therapeutics
in the clinics. LNA miravirsen, a 15-nucleotide antisense RNA oligo with
complementarity to the 5’ end of miR-122, has undergone phase | and Il clinical trials
for the treatment of HCV, eventually advancing in a phase Il study with long term

follow up %, MRX34, a miR-34 mimic (Mirna Therapeutics) encapsulated in a lipid

21



Introduction

carrier called NOV40 entered a multicenter phase | trial in 2013 in patients affected
with different type of cancer. However , immune-related adverse events caused
termination of the trial 1'%, A third example, as previously mentioned, is MRG-201, a
synthetic miRmimic to miR-29b, developed by miRagen Therapeutics to reduce
fibrotic formation associated to chronic diseases ongoing a phase I clinical trial study.
Future challenges calling for improvement in miRNAs therapeutics include
identification of the relevant targets amidst the heterogeneity of targets interested

106, The latter point could potentially

by single miRNAs, and delivery techniques
benefit from the emerging role of novel delivery platforms, such as extracellular

vesicles.

4 Extracellular vesicles

Skeletal muscle is a metabolic tissue that has paracrine properties. Along hormones
and external regulatory factors, myokines —i.e. cytokines produced, expressed and
released from the skeletal muscle- contribute to maintenance of homeostasis and
are also involved in the process of myogenesis. Recently interest in secreted
extracellular vehicles (EVs) and in their communication network has been increasing,
and during the last decades it has emerged that EVs represent key players in

intercellular communication 2.

4.1 Definition and biogenesis

Cells release a number of vesicles from their plasma membrane, both in physiological
and pathological conditions. These vesicles are generally referred to as micro
vesicles, ectosomes, shedding vesicles, or more generally extracellular vesicles %2, It
is important to underline the high heterogeneity of EVs, and therefore a lack of a real
ground consensus on the terminology. For this reasons EVs are mainly classified
based on their size and biogenesis. In more recent years the term exosomes have
been commonly used to indicate EVs that are comprised in a size range between 40

and 100 pum shed from cells as a consequence of multivesicular endosome (MVE)
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fusion with the plasma membrane 3. However, it has been reported that circulating
vesicles are likely composed of both exosomes and micro vesicles (MVs), undergoing
the same release system, thus making it challenging to fully discriminate among the
different types of EVs 114, In Figure 1.7 a scheme of the mechanism of EVs shedding
is reported as well as the main identified cargos, discussed further on. Although
further evidence is still required, it is generally believed that components of the
cytoskeleton, associated molecular motors, molecular switches (small GTPases) and

the fusion machinery (SNAREs) are all involved in the released of EVs 12,
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Figure 1.8. Schematic representation of EVs biogenesis and
main components of the extracellular membrane and cargo.

This hypothesis is supported by evidence showing that knockdown of Rab27a or
Rab27b (members of the Rab GTPase) significantly reduced the amount of secreted

EVs in Hela cells 1>, EVs carry an heterogenous cargo: miRNAs, long non-coding
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RNAs, mRNAs, lipids, proteins have all been identified in EVs derived from different
tissues. However, how RNA species and proteins are sorted into mature EVs is still
not fully elucidated. For example, RNA might be selectively incorporated in EVs, as
suggested by observations that RNAs in secreted EVs might share specific sequence
motifs potentially functioning as cis-acting elements for targeting EVs to specific

tissues 112116,

EVs have also been isolated from different body fluids, such as blood, saliva, breast
milk, urine, amniotic fluids, hence it appears evident that they represent an
important mode of intercellular communication by serving as vehicles for transfer of
information and signals between cells. In both physiological and pathological
processes, EVs- mediated communication depends on the cells of origin as well as
the recipient cells. Albeit still largely unknown, evidence is starting to accumulate
regarding cellular and molecular basis for EV targeting. For example, adhesion
molecules such as integrins , that are often presents in the surface of EVs, have been
implicated in recruitment of MHC class ll-containing dendritic cell-derived EVs by T
lymphocytes 7. Over the years diverse biological functions have been pinned on
EVs. Large pieces of evidence are coming from the cancer fields, where the functions
of EVs are deeply studied. EVs can, in fact, stimulate antitumoral immune responses,
act as antigen-presenting vesicles or even promote angiogenesis and tumour cell
migration in metastases '8, Additionally, functions of EVs have been unravelled in
nervous systems, in the epithelium, in immunological responses and EVs have been
implicated to play a role in degenerative conditions and diseases, such as

neurodegenerative diseases, immunological diseases and cardiovascular pathologies

119

4.2 EVs and muscle regeneration

Skeletal muscle actively secretes EVs, during differentiation of myoblasts 2°. Several

studies have shown that C2C12 as well as primary human SCs release EVs carrying
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growth factors, such as basic fibroblast growth factor (bFGF), IGF-1, transforming
growth factor-betal (TGF-B1), and vascular endothelial growth factor (VEGF), among
others 121, Similarly EVs have been reported to play a role in the crosstalk between

proliferating and differentiated muscle progenitors 122

. As expected, EVs released
from skeletal muscle are enriched as well in myomirs and circulating muscle-derived

EVs transport these miRNAs 123,

Moreover, paracrine action of EVs secreted by stem cells has been reported, pointing
at exosomes as crucial agents in tissue regeneration elicited by cell therapy %% EVs
produced by mesenchymal stem cells promote skeletal muscle repair through
activation of angiogenesis and myogenesis 2°. Another study has reported how EVs
derived from human skeletal muscle stem cells are able to improve regeneration in
injured skeletal muscle and reduce the fibrotic area, by directly triggering
myogenesis of stem cells 6. Finally, a number of studies has highlighted the
promising role of EVs in mediating cardiac regeneration. To this regard, EVs secreted
by cardiosphere-derived cells have been identified as pivotal mediators in
improvement and regeneration of the infarcted murine heart. Recent evidence has
shown the cardio protecting role of anti-apoptotic EVs secreted by a population of
mesenchymal stem cells upon injuries, enforcing the importance of micro vesicles in
the damaged cardiac muscle niche '?7. Interestingly, a very recent study reported
that EVs from cardiospheres-derived cells injected in the skeletal muscle of
dystrophic mice transiently restored partial expression of full-length dystrophin,

inducing muscle growth and generally ameliorating pathological features 28,
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Part 1. MicroRNAs promote skeletal muscle differentiation of mesodermal iPSC-

derived progenitors.

The first part of the project resulted in a publication in Nature Communications

structured around the following 3 objectives.

Aim 1. In vivo myogenic potential of human MiPs.

In order to assess the in vivo potential of human MiPs we equipped previously
derived MiPs of fibroblasts and mesoangioblasts origin with GFP, a sodium-iodide
symporter (NIS) tracer for non-invasive PET imaging, as well as an inducible suicidal
gene, iCasp9. We injected the cells in immunodeficient dystrophic mice in order to

evaluate their muscle regeneration potential.

Aim 2. Whole transcriptome analysis of f-MiPs and MAB-MiPs.

To gain insight in the myogenic difference between MAB- and fibroblast-MiPs, we
investigated which genes were differentially expressed between fibroblast- and
MAB-MiPs, and whether differentially expressed genes were conserved from the
parental cells. We further aimed at perturbating some of these transcripts in order

to increase myogenic differentiation of f-MiPs.

Aim 3. MicroRNA profiling of f-MiPs and MAB-MiPs and identification of

promyogenic microRNA signature.

In light of a retained genetic signature in MiPs from different origin, we further
analysed the miRNA component of the same samples that we previously analysed by

RNA-seq. The final goal was to select a pool of microRNAs differentially
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expressed in f- MiPs vs MAB-MiPs and modulate the selected microRNA to increase
myogenic differentiation potential of MAB-MiPs in vivo in dystrophic muscle, and

rescue the myogenic commitment of f-MiPs.

Part 2. Extracellular vesicles- derived microRNAs improve mesoangioblasts

treatment in muscle wasting condition

Aim 1. Deciphering EVs cargo of healthy mice and mice displaying muscle wasting

and identifying a signature amenable for muscle regeneration.

In order to unravel novel secreted targets implicated in muscle regeneration we
performed ex vivo exosome analysis comparing age-matched wild type, Sgcbh-null
(dystrophic skeletal muscle), MSTN -/- (hypertrophic skeletal muscle) and elderly
mice (> 18 months of age). Through EVs purification and subsequent RNA-
sequencing miRNA profiling and protein analysis we have identified key miRNA

distinctive signatures of hypertrophic remodelling of muscular tissue.

Aim 2. EV- derived miRNA signature increases myogenic potential of muscle

progenitors in vitro and in vivo.

We identified a set of miRNAs amenable for increasing hypertrophy and modulating
muscle regeneration, therefore we next aimed at validating this signature in vitro on
muscle progenitors of murine and human origin. Furthermore, we aimed at assessing
the miRNA signature in vivo, injecting MABs in skeletal muscle of elderly mice
following a cardiotoxin injury. We show that the identified EV- derived miRNA
signature is able to increase MABs efficiency and increase muscle features in elderly

mice.
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Chapter 3 — Results

MicroRNAs promote skeletal muscle differentiation of
mesodermal iPSC-derived progenitors.

The results described in this are published:

Giorgia Giacomazzi, Bryan Holvoet, Sander Trenson, Ellen Caluwé, Bojana Kravic,
Hanne Grosemans, Alvaro Cortés-Calabuig, Christophe M. Deroose, Danny
Huylebroeck, Said Hashemolhosseini, Stefan Janssens, Elizabeth McNally, Mattia
Quattrocelli & Maurilio Sampaolesi.

Nat Commun. 2017 Nov 1;8(1):1249. doi: 10.1038/s41467-017-01359-w.

31



Results

1. Abstract

Muscular dystrophies (MDs) are often characterized by impairment of both skeletal
and cardiac muscle. Regenerative strategies for both compartments therefore
constitute a therapeutic avenue. Mesodermal iPSC-derived progenitors (MiPs) can
regenerate both striated muscle types simultaneously in mice. Importantly, MiP
myogenic propensity is influenced by somatic lineage retention. However, it is still
unknown whether human MiPs have in vivo potential. Furthermore, methods to
enhance the intrinsic myogenic properties of MiPs are likely needed given the scope
and need to correct large amounts of muscle in the MDs. Here, we document that
human MiPs can successfully engraft into the skeletal muscle and hearts of
dystrophic mice. Utilizing non-invasive live imaging and selectively induced
apoptosis, we report evidence of striated muscle regeneration in vivo in mice by
human MiPs. Finally, combining RNA-seq and miRNA-seq data, we define miRNA

cocktails that promote or inhibit the myogenic potential of human MiPs.
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3.2 Introduction

Stem cells hold potential for understanding the regeneration mechanisms with

possible applications to degenerative disorders 1?°

. In particular, the recent
advancements in the field of induced pluripotent stem cells (iPSCs) are paving the
way to multi-tissue differentiation in patient-matched, isogenic settings 3. This is
particularly compelling for multi-tissue degenerative diseases, such as muscular
dystrophies (MDs) 3V 132, MDs encompass a heterogeneous group of inherited
myopathies that affect skeletal muscle but in some subgroups also cardiac muscle
133

. At present, no regenerative treatments are available to counteract myofibre and

myocyte wastage and functional loss.

The differentiation ability of iPSCs is under the influence of both extrinsic and
intrinsic factors 3%, Extrinsic factors that direct differentiation include the addition
and withdrawal of specific growth factors. Cell-intrinsic factors include the
epigenetic factors that influence the propensity of iPSCs towards the intended
lineage 3. Albeit still unclear, the retention of progeny-specific epigenetic
imprinting in iPSCs, e.g. patterns of DNA methylation and histone marks, has been
often reported and exploited for enhanced differentiation along the parental lineage
136, However, it is not yet possible to manipulate the aforementioned epigenetic
layers in specific loci. Therefore, the research involving the so-called “epigenetic
memory” is still mainly descriptive and the main interventional path resides in the
choice of the source cells for iPSC generation ®. Thus, the search for epigenetic
signatures that can be modulated to specifically alter the differentiation propensity

of iPSCs, or their derivatives, is still on.

MicroRNAs (miRNAs) are well positioned to contribute to epigenetic regulation of
differentiation of stem cells 13’. The potential of miRNA-based orchestration of cell
fate is evident along the striated muscle lineages and, recently, miRNAs have been
described as part of the epigenetic signature retained after cell reprogramming 32,

MiRs are of particular interest because they and their anti-miRNAs are small and

33



Results

readily deliverable to manipulate differentiation potential. Better definition of
transcriptional and miRNAs profiles will assist in the goal of designing cocktails for

skewing the differentiation propensity.

Recently, we described a novel pool of mesodermal, iPSC-derived progenitors (MiPs)
for striated muscle regeneration 3% 19 MiPs were sorted as
CD140a*/CD140b*/CD44* cells from differentiating iPSCs of murine, canine, and
human origins. Importantly, murine MiPs were able to functionally regenerate both
cardiac and skeletal muscles in murine models. Furthermore, the propensity of MiPs
toward the skeletal muscle lineage appeared augmented when derived from skeletal
muscle mesoangioblasts (MAB-MiPs), as compared to isogenic fibroblast-derived
MiPs. The boosted differentiation potential toward skeletal muscle correlated with
retained signatures of DNA methylation and histone marks from parental progenies
139 |n this study we investigated the in vivo capacity of human MiPs, mainly focusing
our attention on their skeletal myogenic commitment. First, we assessed the
translational potential of human MiPs in xenograft-permissive dystrophic mice
showing evidence of striated muscle regeneration. Next, we compared the
transcriptional profiles of human fibroblast-derived - and MAB-MiPs, and finally we
compared their miRNAs profiles in order to predict a miRNA cocktail amenable for
modulating the intrinsic propensity and for overcoming the parental lineage
retention. We showed that the treatment of MiPs with a selected promyogenic

miRNA cocktail further improved MiPs contribution to skeletal muscle regeneration.
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3.3 Materials and Methods
Injection of MiPs and animal models

Human fibroblast- and MAB-MiPs derived from fetal fibroblasts and MABs ! were
transduced with GFP-iCasp9- *! and NIS-Puro®R-bearing *? viral vectors. GIN+ cells
were then sorted for GFP and cultured in the presence of 1pg/ml puromycin (Sigma-
Aldrich), following reported conditions 1%, All protocols on live mice were performed
in compliance with the Belgian law and the Ethical Approval of KU Leuven
(P095/2012).

Rag2-null/,c-null/Sgcb-null male mice 13°

were divided in randomized groups at 3
months of age (n=6, sham; n=6, fibroblast-MiPs; n=6, MAB-MiPs) and injected with
GIN* MiPs (passage 7-10). MiPs were exposed to RPMI20%10% medium for 48hours,
then injected in parallel in the left ventricle myocardium and in both femoral arteries
under isoflurane anaesthesia into each animal (5x10° cells/5x2.5ul in the
myocardium; 5x10° cells/100ul per femoral artery, dose of cell injected was
previously established by our group as optimal dose for intraarterial injections).
Sham-treated controls received equal treatment and amounts of cell-free saline
solution. Engraftment, regeneration and functional outcome were investigated at 4
and 8 weeks post-injection. One day after the mid-term analyses, 3 mice from each

cohort were injected with AP20187 (5x2mg/body-kg every other day, i.p.), whereas

the other mice of each cohort received vehicle injections.

High-resolution digital ultrasound images were obtained by an experienced
echocardiographer using Vevo 2100 Imaging System (Visualsonics) with a 30 MHz
probe. Mice were anaesthetized using 1 % isoflurane in oxygen, and positioned on
the heating pad of the system, in order to maintain normothermia under continuous
monitoring. Pre-warmed ultrasound gel was applied on the shaved thorax. B-mode-
based 3D reconstruction was carried using the VisualSonics rail system with fixed

probe, with ECG- and respiratory gating. FS was calculated based on LVIDd/s values,
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whereas EDV and CO were calculated based on 3D analysis. Raw data were collected

in blind.

Treadmill analysis was conducted on a 10°-uphill oriented treadmill belt with
1m/min? acceleration on a starting speed of 10m/min. Mice run was stopped after

25 consecutive seconds on the pulsed grill.

Muscle force assessment was performed on freshly isolated EDL muscles upon
sacrifice, using a 1200A in vitro muscle test system (Aurora Scientific). Muscle force
was probed upon 20 iterated bouts of isometric contractions (200hz, 80V, 0.5msec
stimulation, 0.5sec tetanus, 10sec interval; 30°C) in dedicated buffer (1.2mM
KH2POs, 0.57mM MgS04*7H20, 2mM CaCl;*2H20, 10mM HEPES, 0.5mM
MgCl2*6H20, 0.5mM MgCl2*6H20, 4.5mM KCI, 120mM NaCl, 0.7mM NazHPOs,
1.5mM NaH2PQO4, 10mM D-Glucose, 15mM NaHCOs; pH 7.3; Sigma-Aldrich). Data

were analysed as % of max absolute force of input sham muscles.

CK levels were measured in resting conditions (>24hours after last treadmill exercise)
from serum obtained from >50ul blood (withdrawn from the tail vein). CK level
guantitation was performed using the Creatine Kinase Activity Colorimetric Assay kit
(BioVision), following manufacturer’s instructions for both sample preparation and

standard curve assessment.

Cell differentiation

MiP differentiation with C2C12 myoblasts was conducted as previously reported *°,
Briefly cells were seeded 1:10 MiP/myoblast ratio in RPMI 20%/10% medium on
collagen-coated vessels for 24 hours, then differentiated in DMEM 2% Horse serum
medium for 96 to 120 hours in 5% 02/5% CO2 at 37°C. MiPs and C2C12 were seeded
and AP20187 (10nmol) was added 48 hours prior to immunostaining analysis.
Myogenic differentiation of human MiPs was conducted seeding 5,000 cells/cm?on
gelatin(Millipore)-coated plastic (NUNC) in DMEM-F12 supplemented with 20% FBS

and 1 %ITS (all reagents from Thermo Fisher Scientific). After 24 hours, medium was
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changed to DMEM-F12 supplemented with 20% FBS, 2nM SB431542 hyclate and
2nM LDN193189 hydrochloride (Sigma-Aldrich). After 48 hours, medium was
changed to DMEM-F12 supplemented with 2% horse serum, 2nM SB431542 hyclate
and 2nM LDN193189 hydrochloride for additional 48 hours, prior to immunostaining
analysis.

Gene-targeting cocktails were composed as follows: AMC, esiRNAs anti-ANXA3/-
ANXA7/-PAX7/-SMAD7 (Sigma-Aldrich); PMC, esiRNAs anti-OSTN/-MYB/-LHX2/-
BMP6/-SMAD5/-LTBP4 (Sigma-Aldrich). Cells were transfected with a total of 1mg
esiRNAs and 1ml lipofectamine 2000 (Thermo Fisher Scientific) per mw24 well. AMC-
treated cells were then kept in medium supplemented with 100ng/ml BMP6
(Peprotech), whereas PMC-treated cells in medium supplemented with 100ng/ml
Noggin (Thermo Fisher Scientific). Gene expression and differentiation assays were
conducted 48 hours after transfection. miRNA-targeting cocktails were composed
as follows: AMC, miR-mimics for miR-34c-5p/-34c-3p/-362/-210/-590, anti-miRs
anti-miR-132/-146b/-424/-212/-181a; PMC, miR-mimics for miR-132/-146b/-424/-
212/-181a, anti-miRs anti-miR-34c-5p/-34c-3p/-362/-210/-590 (all oligonucleotides
from Sigma-Aldrich). Cells were transfected with 100nmol of each miR-mimic and
20nmol of each anti-miR per mw12 well, with 2l lipofectamine 2000. Gene/miRNA

expression and differentiation assays were conducted 48 hours after transfection.

Non-invasive imaging

Wild type and GIN* MiPs were plated in quadruplet and incubated with
pertechnetate (**™TcOs) tracer solution (0.74 MBg/ml in DMEM) for 1 hr.
afterwards, cells were rinsed with ice-cold PBS and supernatant was collected. The
cells were lysed and collected. The radioactivity of the pellet and supernatant was
measured by 2480 Wizard? Automatic Gamma Counter (PerkinElmer, Waltham, MA,
USA). The results were adjusted for tracer decay. Uptake values were corrected for
cell amounts in the according samples as measured via the NucleoCounter NC-100

system (ChemoMetec, Allerod, Denmark). The mice received an intravenous
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injection of 3.7-5.55 MBq 2%l (PerkinElmer) on day 3 and an intramuscular injection
of 100 pl LASIX (20 mg/ml, Sanofi, Paris, France) as diuretic. At 3 hrs later, a 20 min
static scan was acquired with the Focus 220 small-animal PET system (Siemens
Medical Solutions, Malvern, PA, USA). A transmission scan was acquired using a >’Co
source (185 MBq, Eckert and Ziegler, Berlin, Germany). PET images were
reconstructed using a maximum a posteriori (MAP) image reconstruction algorithm
and were then analysed with PMOD 3.0 (PMOD technologies, Zurich, Switzerland)
Data were averaged on both legs per animal to keep the intra-injection variability in
account. SUV was calculated according to the following formula: SUV=activity
concentration in volume of interest/(injected activity/weight of animal). Volumes of

interest were manually positioned around the graft regions.

Molecular and immunostaining assays

Validation of RNA-seq and miRNA-seq data was carried out by means of gPCR, using
SybrGreen for gene levels and Tagman for miRNA levels. Gene qPCR was performed
on 1:5 diluted cDNA obtained from 1Eg total RNA (SybrGreen mix, SSIlI cDNA
production kit and RNA extraction kit from Thermo Fisher Scientific), using Viia7 384-
plate reader (Thermo Fisher Scientific; final primer concentration, 100nM; final
volume, 10ul; PGK, internal reference; thermal profile, 95°C 15sec, 60°C 60sec, 40x).
miRNA gPCR was performed on 1:15 diluted cDNA obtained from 20ng total miRNA
preparation (miRNA isolation kit, Thermo Fisher Scientific). Reagents and probes for
reverse transcription and Tagman-based qPCR are from Thermo Fisher Scientific, and
manufacturer’s protocols were applied.

Methylation patterns were assayed by means of bisulphate sequencing of CpG
islands in the promoter regions of target genes (as reported in UCSC genome
browser (hgl9); primers by MethPrimer). Genomic DNA was isolated through
genomic DNA mini kit (Thermo Fisher Scientific), then 1ug/20ul was bisulphate-
converted using EpiTect Bisulfate kit (Qiagen). Single CpG island amplicons were

amplified by PCR (final primer concentration, 330nM; final volume, 20ul; thermal
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profile: 95°C 30sec, 55°C 60sec, 72°C 60sec, 40x, primers are listed in Supplementary
Table 2) at T3000 thermocycler (Biometra) using Taq polymerase (Thermo Fisher
Scientific), then gel-extracted by means of Gel Extraction kit (Thermo Fisher
Scientific) and ligated into pGEM plasmids via TA cloning (Promega). Single bacterial
clones were bulk-sequenced (GATC Biotech) and analysed by means of QUMA online
software. Statistical analysis was performed on average methylation values of 5
sequences per cell clone (3 clones per cell type, from independent donors).

Histone mark levels were assayed by means of chromatin immunoprecipitation
(ChIP) on the same CpG islands assayed by bisulphate sequencing, adapting
previously reported conditions %3 to 5x10° cell pellets. 1pg/10ugDNA polyclonal
antibodies anti-K9me3 (repressive mark), anti-K4me2 (permissive mark) and anti-
K27ac (active mark; all antibodies from Active Motif #39142/39133/39765) was used
in the ChIP, and protein-A-coated sepharose beads (GE Healthcare) were used for
the subsequent pull-down. IgG isotype (eBioscience) was used as negative ChIP
control. 5@ out of 1002 initial sonicated genomic DNA fragment suspension was
used as reference input. Purification of ChlP and input DNA was performed by means
of MinElute kit (Qiagen) and quantification as % of input was performed through
SybrGreen gPCR, following conditions reported above. Statistical analysis was
performed using 3 qPCR replicates per cell clone (3 clones per cell type, from
independent donors).

Western Blot (WB) analyses were performed on 50ug cell/tissue lysate (100ug for
DYS analysis) according to commonly used procedures in 10% acrylamide (6% for DYS
analysis) hand-cast gels. Here follows the list of antibodies and relative dilutions:
mouse anti-sarcomeric a actinin (Abcam #ab72592), 1:500; rabbit anti-GFP (Thermo
Fisher Scientific, #A11122), 1:500; mouse anti-DYS3 (interacting with canine and
human isoforms, Novocastra #DYS3-CE-S), 1:500. Bands were detected and pictured
at Bio-Rad GelDoc by means of Pico substrate (Thermo Fisher Scientific; Dura
substrate for DYS analysis). Densitometric analyses were carried on gels loaded,

blotted and detected in parallel by means of QuantityOne software (Bio-Rad).
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Whole fluorescence imaging of injected tissues was performed at Olympus SZX12
stereomicroscope by means of SISgetIT software (2” exposition for GFP, 0.2” for
brightfield, semirefringent bottom) murine MiP in vivo experiments, and with Zeiss
SteREO Discovery V12 microscope by means of Axiolmaging software (2” exposition
for GFP, 0.2” for brightfield, semirefringent bottom). For NMJ imaging and
guantitation, mouse soleus and extensor digitorum longus muscles were dissected
and fixed in 4% PFA. Muscle fibres were prepared and stained with rhodamine-
coupled bungarotoxin using 1:2.500 dilution (rhodamine-BTX, Invitrogen) for 1 h at
room temperature. Stained bundles were washed three times and embedded in
Mowiol. Z-stacks of individual NMJs were taken with 40x oil objective (Zeiss Examiner
Z1). Images were deconvoluted and analysed using 3D deconvolution and 3D
measurement modules in AxioVision Software. Data are presented as the mean
values, and the error bars indicate *s.e.m. The number of biological replicates per
experimental variable (n) is usually n>5 or as indicated in the figure legends. The
significance is calculated by unpaired two-tailed t test and provided as real p-values
that are believed to be categorized for different significance levels, like, *** p <0.001,
** p <0.01, or * p <0.05. Immunofluorescence staining was performed following the
commonly used steps of Triton-based (Sigma-Aldrich) permeabilization, donkey
serum-(Sigma-Aldrich) background blocking, overnight incubation with primary
antibody at 4°C, lhour incubation with 1:500 AlexaFluor-conjugated donkey
secondary antibodies (Thermo Fisher Scientific), and final counterstain with Hoechst.
Here follows the list of primary antibodies and relative dilutions: rabbit anti-laminin
(Sigma #L9393), 1:300; goat anti-GFP (Abcam #ab5450), 1:500; mouse anti-MyHC
(DSHB #MF20), 1:3; mouse anti-sarcomeric a actinin (Abcam #ab72592), 1:300;
rabbit anti-Myocd (SantaCruz #sc-33766), 1:100; mouse anti-DYS3 (canine- and
human-specific, Novocastra #DYS3-CE-S), 1:100; mouse anti-Pax3 (R&D #MAB2457),
1:300; rabbit anti-lamin A/C (#Epitomics 2966-1 ), 1:600. Imaging was performed at
Eclipse Ti microscope (Nikon) by means of Image-Pro Plus 6.0 software (Nikon).
Quantitation of engraftment, satellite cell and fibre counts were performed by

means of Image) software (NIH, USA) on at least 10 fields across heart and muscle
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samples. SCs and MABs were sorted as CD56" and AP* populations at passage 0.
Antibodies: mouse anti-CD56 (R&D, FAB7820A), 2ul/10°cells; mouse anti-AP (R&D,
#FAB1448P), 2ul/105cells.

RNA-seq and miRNA-seq

A 10x10° cell pool per clone was divided in two 5x10° pools for RNA (Total RNA
isolation kit and post-isolation DNase, Thermo Fisher Scientific) and miRNA (miRNA
isolation kit, Thermo Fisher Scientific) extraction, respectively. RNA (>10ug) and
mMiRNA (approximately 1ug) samples were then verified and processed by the
Genomics Core (KU Leuven — UZ Leuven, Belgium). RNA sequencing libraries were
constructed with the TruSeq RNA Sample Prep Kits v2 (lllumina). RNA-sequencing
after miRNA treatment was performed 48 hours after treatment (n=3 per
conditions). Three RNA samples per group (one per clone) were indexed with unique
adapters and pooled for single read (50bp) sequencing in Illumina HiSeq2000. RNA-
seq reads were aligned with TopHat v2.0.2 to the human genome version hg9 4,
Transcripts were assessed and quantities were determined by Cufflinks 44,

Differential expression levels were assessed using DESeq %

. GO analysis was
performed by means of BinGO (biological process; within Cytoscape 3.2.1) on DE
genes in fibroblast- vs MAB-iPSCs, and in fibroblast- vs MAB-MiPs comparisons. GO
terms with P<0.05 were subsequently compared between iPSC and MiP stages.
Variance, count and fold change analyses, as well as charts and z.test matrices were
conducted by means of Excel software (Microsoft). Heat maps were obtained
analyzing the z.test value matrices with GlTools 2.2.2 1% (hierarchical clustering,
Manhattan distance, average linkage). Data about 3'UTR binding prediction and

related mirsvr scores were obtained from microRNA.org *#7 18 (Aug 2010 release;

conserved, good-score matrix).

Statistical analyses
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Sample size for in vitro/in vivo experiments was calculated by means of Sample Size
Calculator  (http://www.stat.ubc.ca/~rollin/stats/ssize/index.html; parameters:
power, .80; alpha, .05). When applicable, sample size analysis was based on average
values obtained from preliminary optimization/validation trials. When comparing
multiple data pools, Kruskal-Wallis test followed by Mann-Whitney U test between
two target populations were applied and significance was scored when P<0.05 for
both tests. When comparing two data pools, Mann-Whitney U test was applied and
significance scored when P<0.05. All statistical analyses were conducted using Prism

v5.0 (GraphPad).

Study approval
All protocols and experiments on mice and murine samples were performed in

compliance with the Belgian law and the Ethical Approval of KU Leuven.

3.4 Results
In vivo relevance of human MiPs

To gain further translational evidence of MiP application, we investigated the
regenerative potential of human MiPs in vivo. Importantly, we asked whether the
myogenic propensity of human MAB-MiPs, previously shown in vitro %, was durable
in vivo. In addition, we sought to determine whether the human MiPs are necessary
for the putative regenerative effect. To address these questions, we equipped
previously characterized human, isogenic fibroblast-derived MiPs and MAB-MiPs
with GFP, a sodium-iodide symporter (NIS) tracer for non-invasive PET imaging %,
as well as an inducible suicidal gene, iCasp9. This iCasp9 gene triggers apoptosis of
cells when exposed to the synthetic inducer AP20187 %°. We first validated the
engineered GFP*/iCasp9*/NIS* (GIN*) MiPs in vitro. Suitability for PET imaging was
determined by *°™TCOa uptake assay (Figure. 3.1 A). Also, cell death was specifically

activated within 48 hours in GIN* cells only after exposure to the inducer, whereas
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the inducer alone had negligible effect on control cells lacking iCasp9 (Figure 3.1 B).
We then injected GIN* MiPs in Rag2”;,c”;Sgcb”" mice, which bear skeletal and
cardiac muscle degeneration on a xenograft-permissive genetic background 3°. The
Sgcb model of limb girdle muscular dystrophy was used because it displays a more
severe phenotype than the mdx mouse. Each animal received 5x10° cells as an
intramyocardial injection in the left ventricle and during the same procedure 5x10°
cells in each femoral artery (bilateral). One-week post-injection, GIN* cells were
traceable in the heart and in the hindlimb muscles of cell-treated animals, but not of
sham-treated, by PET imaging, although we observed some variability in the
detection method. (H and HL fields, Figure 3.1C). Semi-quantitative analysis of the
standardized uptake value (SUV) showed no engraftment difference between
fibroblast-derived MiPs and MAB-MiPs in the heart, whereas hindlimb muscle
engraftment was higher (+38.32%) in MAB-MiP-treated animals (Figure 3.1 D). Four
weeks post-injection, half of each cohort received intraperitoneal injection of
AP20187, while the other half received a vehicle control. The effect of AP20187 was
then investigated 8 weeks after the cell injections. Stereo- and immunofluorescence
analyses showed that MAB-MiPs engrafted the heart similarly to fibroblast-derived
MiPs. Conversely, MAB-MiPs engrafted the hindlimb muscles more efficiently than
fibroblast-derived MiPs. Moreover, detection of engrafted fibres was dramatically
reduced after AP20187 administration (Figure 3.2 B). We quantitated MiP-specific
contribution to hindlimb stem cells by cytometry-based sorting of the GFP*
subfraction of resident CD56* satellite cells and AP* MABs. In both pools, MAB-MiP-
treated animals displayed larger GFP* subfractions than fibroblast-MiP-treated ones

and GFP* cells were undetectable after AP20187 administration (Figure 3.1 F).

Differentiation of engrafted MiPs was evaluated using antibodies that detect human
but not mouse dystrophin protein (hDYS). hDYS was evident at the sarcolemma
following engraftment, and this same pattern was ablated after AP20187
administration (Figure 3.2 A, B). Four weeks post-injection, GFP*/hDYS" areas

accounted for 34.2315.96% and 32.68+6.83% of the left ventricular wall in fibroblast-
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derived-MiP and MAB-MiP-injected mice, respectively (P=0.62, n=5, Mann-Whitney
U-test). In the gastrocnemius muscles of the same mice, GFP*/hDYS" myofibres
accounted for 7.25+0.95% and 22.201+5.99% respectively (P<0.05). Myofibre
measurement at 8 weeks showed that GFP*/hDYS* myofibres accounted for
4,23+1.95% and 14,89+3.73% in fibroblast-MiP- and MAB-MiP-injected mice

respectively (P<0.05).
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Figure 3.1 Human MiPs display differential myogenic propensity in vivo, (A) Validation of NIS transgene
functionality for PET imaging by quantitation of *®™"TCO4 uptake in vitro. *, Kruskal-Wallis test and Mann-
Whitney U-test vs ctrl, P<0.05, n=3/cohort. Scale bar approximately 100 um (B) Validation of iCasp9

transgene by viable cell count after AP20187 administration in vitro. Only iCasp9+ MiPs did significantly
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undergo progressive cell death, which appeared virtually complete after 48h. *, 2-way ANOVA with
Bonferroni correction, P<0.05 (interaction), n=3/cohort. Data points depict average and min-to-max span
for each sample. (C) One week after injection, PET scan of live animals shows engraftment of GIN+ MiPs
in heart (H) and hindlimbs (HL) muscles of only MiP-treated mice. T, thymus; S, stomach; B, bladder;
endogenous positive PET signals. D) SUV levels in heart and hindlimb regions of PET-scanned mice. *,
P<0.05 vs sham; **, P<0.05 vs sham and fibroblast-MiPs; Kruskal Wallis and Mann-Whitney U test;
n=3/cohort. (E) Stereofluorescence analysis of heart and hindlimb (gastrocnemius) muscles of recipient
mice before (4 weeks p.i.) and after (8 weeks p.i.) AP20187 administration. (F) Live fluorescence and
cytometry analyses of CD56-isolated SCs and AP-isolated MABs from recipient mice at end-point.both SCs
and Mabs MAB-MiP-treated animals displayed larger GFP* subfractions than fibroblast-MiP-treated ones
and GFP* cells were undetectable after AP20187 administration **, P<0.05 vs fibroblast-MiP-treated mice;

Kruskal Wallis and Mann-Whitney U test; n=3/cohort at end-point, scale bar approximately 100 um.

Regeneration of engrafted striated muscles was quantitated by means of tetanic
force measurement, treadmill assay, echocardiography and serum creatine kinase
(CK) level monitoring. Four and eight weeks post-injection, extensor digitorum
longus (EDL) tetanic force and run time values on the treadmill showed that MAB-
MiP-treated animals performed better than fibroblast-derived-MiP-treated animals
(Figure 3.2 C). Left ventricle fractional shortening was similarly improved by
fibroblast-derived-MiPs as well as MAB-derived-MiPs (Figure 3.2 D). Serum CK levels
were decreased in MiP-treated animals, with lower levels in MAB-MiPs animals (9.7
+0.32 U/l; mean * s.e.m.- ) than in fibroblast-derived-MiP-treated (10, 8 + 0.21 U/I)
(Figure 2d). Notably, all functional parameters were reverted to baseline-like levels
after AP20187 administration (Figure 3.2 C). In addition, we evaluated the
morphology of neuromuscular junctions (NMJs) in the skeletal muscles of injected
animals. When stained with fluorescent bungarotoxin, NMJs in sham animals
appeared fragmented, unlike the normal, contiguous structures found in WT
muscles. Fibroblast-MiP- or MAB-MiP-engrafted fibres (discriminated from the non-
engrafted according to GFP expression) displayed NMJs with similar morphology to
WT and strongly reduced fragmentation (Figure 3.2 E). Finally, we evaluated the

extent of fibrotic scarring in the skeletal muscle of injected animals.
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Figure 3. 2. Human MiPs engraft and are able to functionally regenerate dystrophic muscles. A-B) Four
weeks after delivery, immunostaining shows that fibroblast- and MAB-MiPs engraft and express hDYS to
a similar extent in the heart, but differently in the hindlimb muscles (gastrocnemius). After AP20187
administration and at the end of treatment (eight weeks post-delivery), the trend remains in vehicle-
treated mice, whereas GFP and hDYS signals are ablated from AP20187-treated mice. Scale bars,
approximately 100um; insets, 20X magnification of indicated field. (C) Tetanic force of EDL muscles and
treadmill assay showed that skeletal muscle performance was increased in fibroblast-MiP-treated vs mice,
and increased in MAB-MiP- vs fibroblast-MiP-treated mice. Also, the functional gain was lost after
AP20187 injection. (D) Functional assessment of the heart, by means of fractional shortening quantitation,
shows comparable amelioration in both MiP-treated cohorts, but not after induced MiP death.
Furthermore, CK serum levels followed a trend similar to functional assessment of the skeletal muscles.
Data points depict the average value of each animal. In E-F: *, P<0.05 vs sham; **, P<0.05 vs sham and
fibroblast-MiPs; §, P<0.05 vs own vehicle-control; Kruskal Wallis and Mann-Whitney U test; n=6/cohort
before AP20187, n=3/cohort at end-point. (E) Bungarotoxin-based staining of NMJs throughout whole EDL
and soleus muscles (n=3/cohort) reveals that dystrophic mice (sham) present highly fragmented NMIJs,
while MiP-engrafted fibres present NMJs with a morphology similar to WT fibres. Quantitation of non-,
mildly and highly fragmented NMJs displays that only MiP-engrafted, but not non-engrafted, fibres in
treated animals have a WT-like quantitative pattern (n=3/cohort). Depicted are averagetst.dev bars. f-,
fibroblast-derived. F) Masson’s trichromic staining of hindlimb (quadriceps) muscles of recipient mice.
Scale bar approximately 50 um. Blue scars denote fibrosis, while myocytes are stained in red. Fibrosis is
significantly reduced in MAB-MiPs recipient muscles at 4 weeks p.i, while the difference is ablated after

AP20187 amministration at 8 weeks p.i.

Masson’s trichromic staining revealed that fibrosis was reduced to a higher extent in
MAB-MiP- than in fibroblast-MiP-treated animals, while it appeared partially
reconstituted after AP20187 administration (Figure 3.2 F). Together, these data
suggest that human MiPs have regenerative potential for dystrophic skeletal muscles
in vivo. Importantly, the reversal of the beneficial effects after AP20187-induced cell
death indicates that MiPs are necessary for exerting the observed regenerative
effects. Furthermore, the intrinsic in vivo propensity towards the skeletal muscle
lineage was more evident and durable from MAB-MiPs than those derived from

fibroblasts.

Genetic determinants control myogenic potential of MAB-MiPs
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To gain insight in the myogenic difference between MAB- and fibroblast-MiPs, we
proceeded to investigate which genes were differentially expressed between
fibroblast- and MAB-MiPs, and whether differentially expressed genes were
conserved from the parental cells. To this goal, we used RNA-seq to analyse the
transcriptional profiles of fibroblast- and MAB-MiPs and the iPSC lines from which
the MiPs were derived. For this analysis we used iPSC at the first stage of our
differentiation, namely already primed to mesodermal lineages in order to increase
the chance of identifying changes in lineage determination genes. The transcriptional
profile of both fibroblast-derived- and MAB-derived MiPs was enriched (count >100
FPKM) in genes associated with myogenic mesoderm formation, including the
epigenetic regulators TET1/2/3, DNMT1/3a, HDAC4, SMARCE1/2/3, the mesodermal
markers MEF2C, GATA4, TBX3, PAX3, SIX1, ISL1 and the markers of striated muscle
MYOM2/3, DMD, SGCB. Conversely, pluripotency-related genes such as POU5F1,
NANOG, ZFP42, DPPA4, LIN28a, GDF3 were poorly detectable or absent (count <10
CPM; P<0.05 vs all three categories of enriched genes) (Figure 3.3 A). Moreover,
MRNAs of AGRIN and UTROPHIN were highly enriched in MiPs (FPKM (avgts.d.),
1257.15+£191.58 and 1560.39%329.15 in fibroblast- and MAB-MiPs respectively).
Unbiased sample clustering and principal component analysis showed that samples
clustered primarily according to stage (iPSCs vs MiPs), and secondarily according to
progeny (Figure 3.3 A, B). Intriguingly, gene ontology (GO) comparison of
differentially expressed genes at iPSC stage (fibroblast- vs MAB-iPSCs) and MiP stage
(fibroblast- vs MAB-MiPs) showed high overlap (79.53%) of Biological Process terms.
Overlapping GO terms mainly pertained to developmental program, signalling and
cellular metabolism (Figure 3.3 D). When clustered on a heat map, patterns of gene
expression emerged reflecting stage-specific (differing iPSCs from MiPs, regardless
of progeny) or progeny-specific (differing fibroblast- vs MAB-derived cells, regardless

of stage) (Supplementary Figure 3.1 A).

We found 905 genes differentially expressed between fibroblast-derived-MiPs and

MAB-MiPs (Figure 3.3 E). Among the significantly differentially expressed genes (Pag;
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<0.05), several myogenic inhibitors were upregulated in fibroblast-derived-MiPs,
whereas several muscle proteins and myogenesis-associated genes were
upregulated in MAB-MiPs. Agonists of BMP signalling such as BMP6, SMADS5 and
LTBP4 were upregulated in fibroblast-MiPs, whereas the BMP signalling inhibitor
SMAD7 was upregulated in MAB-MiPs (Figure 3f). Plotting the fold change of
significantly differentially expressed genes in MiPs compared to iPSCs, we found that
56.17% of differentially expressed genes conserved the progeny-specific trend
across stages, including many identified with the previous analysis (Figure 3.3 G). We
validated a subset of genes important for myogenesis using gPCR. We first compared
the expression levels by qPCR between fibroblast- and MAB-progenies at somatic,
iPSC and MiP stages. OSTN, MYB, LHX2, BMP6 and SMAD5 were consistently
upregulated in fibroblasts, fibroblast-iPSCs and fibroblast-MiPs, while ANXA3,
SMAD7 and PAX7 were upregulated in MABs, MAB-iPSCs and MAB-MiPs. LTBP4 was
upregulated in fibroblasts and fibroblast-MiPs, but not in fibroblast-iPSCs, and
similarly ANXA7 was upregulated in MABs and MAB-MiPs, but not in MAB-iPSCs

(Supplementary Figure 3.1 B).

We then examined CpG methylation and histone mark enrichment in the promoters
of these same genes. Bisulphite sequencing analyses revealed that CpG methylation
for OSTN, MYB, LHX2, BMP6 and SMADS5 was increased in the MAB progeny, while
CpG methylation for ANXA3, SMAD7 and PAX7 was increased in the fibroblast
progeny (Figure 3.3 H). The CpG methylation patterns appeared less discriminative
for LTBP4 and ANXA7 (Figure 3.3 H). Chromatin immunoprecipitation analyses
revealed that the non-permissive marker H3K9me3 was correlated with the
methylation patterns and, conversely, the permissive markers K4me2 and K27ac
correlated with the transcriptional upregulation trends (Figure 3.3 I). Notably, LTBP4
showed enrichment of K9me3 in the MAB progeny, of K4me2 in fibroblasts and
fibroblast-MiPs, and of K27ac in fibroblast-iPSCs, MAB-iPSCs and MAB-MiPs.
Conversely, ANXA7 showed enrichment in K9me3 in the fibroblast progeny and in

permissive marks in the MAB progeny, with a spike of K27ac in fibroblast-iPSCs
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(Figure 3.3 1). In association with the myogenic propensity shown by MiPs in vivo, we
defined OSTN, MYB, LHX2, LTBP4, BMP6 and SMAD5 as an anti-myogenic gene pool,
and ANXA3/7, SMAD7 and PAX7 as a pro-myogenic gene pool.
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control on muscle mesoderm are highlighted. (B) Unbiased clustering of all MiP and parental iPSC samples
analyzed by RNA-seq. (C) PC analysis of all samples reveals stage-specific, progeny-specific clustering. (D)
GO analysis (Biological Process) of DE genes between fibroblast- and MAB-derived cells reveals that >79%
GO terms are overlapping between MiP and iPSC stages. Sub-categorization of overlapping GO terms is
charted at the right. (E) Heatmap (z-test) of DE genes (threshold, >10 norm counts) discriminating
fibroblast- and MAB-MiPs. (F) Volcano plot of fold change vs p-value of all DE genes at MiP stage
(threshold, P=0.05, dashed line). Left side of the chart, all genes and highlighted candidates enriched in
fibroblast-MiPs; right side, genes and candidates enriched in MAB-MiPs. (G) Log: chart of fold change at
MiP stage vs at iPSC stage of signfiicantly DE genes (threshold, P>0.05 at MiP stage). Light blue dots depict
genes upregulated in fibroblast-iPSCs and fibroblast-MiPs, while light red dots depict upregulated genes
in MAB-iPSCs and MAB-MiPs. Circled dots represent the candidates, as identified in (F), with conserved
DE trend. (H) Quantitation of results obtained from bisulfate sequencing of upstream CpG islands of
selected gene shortlists in fibroblast- and MAB-MiPs, and their parental iPSC and somatic cells. Data is
depicted as heatmap (z-test) of average percentages of methylated CpGs (n=3replicates/cell clone). (1)
Quantitation of results obtained from ChIP-qgPCR experiments analyzing fibroblast- and MAB-MiPs, and
their parental iPSC and somatic cells. H3k9me3, repressive mark; H3k4me2, H3k27ac, permissive marks.
Data is depicted as heatmap (z-test) of average percentages of IP-enriched vs total input DNA

(n=3replicates/cell clone). f-, fibroblast-derived; DE, differentially expressed.

We then asked whether perturbation of these pools could shift the myogenic
propensity of fibroblast- and MAB-MiPs. To this end, we combined the
endoribonuclease-prepared small interfering RNAs (esiRNAs) targeting the anti-
myogenic pool in a pro-myogenic cocktail. Conversely, the esiRNAs targeting the pro-
myogenic pool were combined in the anti-myogenic cocktail. Scramble esiRNAs were
used as control conditions. Since several key components of the BMP cascade were
involved in both gene pools, we enhanced the anti-myogenic cocktail with soluble
BMP6 and the pro-myogenic cocktail with soluble Noggin. We first validated the
effects of anti-myogenic and pro-myogenic cocktails on target gene expression. Anti-
myogenic pool genes, LHX2, LTBP4, MYB, OSTN, and SMADS5, were downregulated in
the presence of pro-myogenic cocktail. Similarly, the pro-myogenic pool genes,
including ANXA3, ANXA7, PAX7, and SMAD?7, were downregulated in the presence of
anti-myogenic cocktail (Supplementary Figure 3.1 C). We then tested the effect of
these cocktails on in vitro myogenic propensity of MiPs in co-culture with C2C12
myoblasts and we proceeded to stain with lamin A/C human nuclei in chimeric
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myotubes (Supplementary Figure 3.1 D and E). We observed a significant increase
(P<0.05 vs own ctrl (scramble), 2-way ANOVA) in the number of myofibres with 3
human nuclei after PMC treatment compared to cells that received the AMC
treatment or to controls. We additionally performed the co-cultures also in presence
of the suicidal gene in the MiPs, GIN* MiPs (Supplementary Figure 3.4 A). A higher
myogenic propensity would result in higher contribution to chimeric myotubes and
hence a higher loss of myotubes after exposure to AP20187. Myogenic propensity
was significantly reduced (P<0.05 vs own ctrl (scramble), 2-way ANOVA) in fibroblast-
derived MiPs and MAB-MiPs after treatment with anti-myogenic cocktail, whereas it
was increased in pro-myogenic cocktail treated cells (Supplementary Figure 3.4 A).
Importantly, pro-myogenic cocktail-treated fibroblast derived-MiPs showed
comparable myogenic differentiation to control MAB-MiPs. Thus, perturbation of
gene subsets by means of defined factor cocktails enabled perturbation of MiP
myogenic propensity. Particularly, reduction of anti-myogenic genes in fibroblast-

derived- MiPs resulted in a myogenic potential that is comparable to MAB-MiPs.
Cell type specific miRNAs regulate myogenic potency of MiPs

In light of retained miRNA signatures after reprogramming 3%, we asked whether
miRNAs also influenced the myogenic potential of MiPs. We analyzed the miRNA
component of the same samples that we previously analyzed by RNA-seq. The
miRNA profile of both fibroblast derived and MAB MiPs was enriched (count >30
FPKM) in miRNAs associated with mesodermal progression and myogenesis
including let-7a, miR-1/-590/-497/-34a/-27b/-101/-133a/-138/-15a/-15b/-16/-
199a/-21/-22/-221/-23a/-24. In contrast, miRNAs associated with pluripotency
including  miR-372/-302a/-302b/-302¢/-302d/-367/106a/-363  were  barely
detectable or absent in these cells (count <2 FPKM; Figure 3.4 A). Similar to the
observations in the RNA-seq dataset, unbiased sample clustering and principal
component analysis showed stage-specific clustering (iPSCs vs MiPs), with cell type-
specific segregation (fibroblast-derived vs- MAB-derived) among each stage (Figure
3.4 B and C). At the MiP stage, we found 611 differentially expressed miRNAs
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discriminating fibroblast derived-MiPs versus MAB-MiPs (Figure 3.4 D). Among the
significantly upregulated miRNAs in fibroblast-MiPs, we selected those with
predicted targets among the upregulated genes previously identified by RNA-seq.
However, we did not experimentally confirm that selected miRNAs are directly
targeting the selected differentially expressed genes. Data on the 3’UTR binding
prediction and related mirsvr scores were obtained from microRNA.org
(Supplementary Figure 3.2). Following this RNA-seqg-based filter, we identified miR-
34c¢-5p/34c-3p/-362/-210/-590 for fibroblast derived-MiPs, and miR-212/-132/-
424/-146b/-181a for MAB-MiPs (Figure 4e and Supplementary Figure 3.2). Among
those, miR-34c-5p/-34c-3p/-362 and miR-132/-424/-146b followed the same
differential expression trend seen at the iPSC stage, together with 44.84% of total
differentially expressed miRNAs (Figure 3.4 F). We validated the expression profile
of all these miRNAs across somatic, iPSC and MiP stages using gPCR (Supplementary
Figure 3.3 A). As in the previous experiments, we sought to define oligonucleotide
cocktails to simultaneously perturb these miRNAs. We combined synthetic inhibitors
of fibroblast-MiP-associated miRNAs and synthetic mimics of MAB-MiP-associated
miRNAs and tested whether this had pro-myogenic potential. Conversely, inhibitors
of MAB-MiP-associated miRNAs and mimics of fibroblast-MiP-associated miRNAs
were tested for anti-myogenic potential. These inhibitor and mimics were tested for
their effect on target miRNA level expression (Supplementary Figure 3.3 B). Notably,
MiPs treated with this miRNA-based anti-myogenic cocktail showed downregulation
of pro-myogenic genes. Those MiPs treated with a miRNA-based pro-myogenic
cocktail had decreased levels of anti-myogenic genes (Supplementary Figure 3.3 C).
Consequently, we asked whether the miRNA-targeting cocktails could shift the
myogenic propensity of MiPs when co-cultured with C2C12. We found that miRNA
based anti-myogenic cocktail decreased myotube formation while the miRNA-based

pro-myogenic cocktail increased the myogenic differentiation.
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Figure 3. 4 miRNA-seq analysis allows identification of progeny-specific miRNA cocktails for propensity
perturbation. (A) Variance vs norm count plot of all detected miRNAs in fibroblast- and MAB-MiPs. Data
points depict average values of detected miRNAs. miRNAs associated with pluripotency and with muscle
mesoderm are highlighted. (B) Unbiased clustering of all MiP and parental iPSC samples analyzed by RNA-
seq. (C) PC analysis of all samples reveals stage-specific, progeny-specific clustering. (D) Heatmap (z-test)
of DE miRNAs (threshold, >10 norm counts) discriminating fibroblast- and MAB-MiPs. (E) Volcano plot of
fold change vs p-value of all DE miRNAs at MiP stage (threshold, P=0.05, dashed line). Left side of the
chart, all genes and highlighted candidates (miRNAs predicted to bind 3'UTR of MAB-MiP-upregulated
genes) enriched in fibroblast-MiPs; right side, genes and candidates (miRNAs predicted to bind 3'UTR of
fibroblast-MiP-upregulated genes) enriched in MAB-MiPs. (F) Log. chart of fold change at MiP stage vs at
iPSC stage of signfiicantly DE miRNAs (threshold, P>0.05 at MiP stage). Light blue dots depict miRNAs
upregulated in fibroblast-iPSCs and fibroblast-MiPs, while light red dots depict upregulated miRNAs in
MAB-iPSCs and MAB-MiPs. Circled dots represent the candidates, as identified in (E), with conserved DE
trend. (G-H) Quantification of MiP myogenic propensity in co-culture with C2C12 myoblasts after seven
days of differentiation. Myotubes with three or more nuclei were counted as well as human nuclei
contributing to chimeric myotubes. Representative fields and quantitation of chimeric myotubes are
presented. P<0.05 vs treated and non treated. Kruskal Wallis and Mann-Whitney U test; n=3 replicates
per clone. f-, fibroblast-derived; AMC, anti-myogenic cocktail (gene-based), PMC, pro-myogenic cocktail
(gene-based), scale bar approximately 100um (1) Immunostaining analysis of hindlimb (gastrocnemius)
muscles of dystrophic, immunodeficient mice injected with AMC- or PMC-treated MiPs. Upper panels
show engraftment, lower panels show appearance of human-specific DYS subsarcolemmal pattern in
engrafted fibres. Scale bars, approximately 100um. (J)DYS quantitation by protein analysis is reported on
the right. In G-I: ns, non significant difference; *, P<0.05; Kruskal-Wallis test and Mann-Whitney U-test vs
own ctrl (scramble oligos), n=3/cohort. Depicted are averagetst.dev bars. f-, fibroblast-derived; DE,

differentially expressed; AMC, anti-myogenic cocktail (miRNA-based), PMC, pro-myogenic cocktail

(miRNA-based).

We tested the cocktails in presence and in absence of the apoptotic drug (Figure 3.4
G and H and Supplementary Figure 3.4 B). Similarly to what we reported in
Supplementary Figure 3.1 D and E we observed a significant (P<0.05 vs own ctrl
(scramble), Kruskal Wallis) upregulation of chimeric fibres containing 3 or more
human nuclei in co-cultures that received pro-myogenic treatment compared to cells
that received the anti-myogenic treatment or to controls. Finally, we tested the
translational relevance of such approach by injecting cocktail-pretreated cells in the

femoral artery of Rag2”;,c7;Sgch”- mice. Four weeks post-injection, MiP-specific
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engraftment and hDYS expression appeared significantly decreased (P<0.05 vs own
ctrl (scramble), Kruskal Wallis) for anti-myogenic-treated cells and increased for pro-
myogenic-treated cells, when compared to relative controls (Figure 3.4 1).
Quantitating the regeneration levels by means of hDYS protein levels, we found that
pro-myogenic-treated fibroblast-MiPs performed as control MAB-MiPs (Figure 3.4 J).
Thus, we have shown that a defined combination of microRNAs and soluble ligands
contributes to somatic lineage determination in MiPs. Furthermore, perturbation of
defined subsets of miRNAs by means of oligonucleotide cocktails was able to rescue

the myogenic potential gap observed in fibroblast-MiPs compared to MAB-MiPs.

Next, in order to unravel additional potential targets of the microRNAs we performed
RNA-seq analysis after the treatment with the selective miRNA cocktails. As shown
in Figure 3.5 A cells clustered according to the treatment that was conducted. We
found over 6000 genes differentially regulated between MAB-MiPs treated with pro-
myogenic cocktails and untreated, and 3736 genes differentially expressed between
MAB-MiPs treated with anti-myogenic vs untreated. For the fibroblast-MiPs we
detected 1194 differentially expressed genes between pro-myogenic treated cells
and untreated, and 829 between anti-myogenic treated cells and untreated (Padj
<0.05, Figure 3.5). Consistent with previous analysis ANXA3 was upregulated in MAB-
MiPs upon pro-myogenic treatment, while component of the BMP cascade, such as
SMAD9 and BMP6 were downregulated in MAB-MiPs treated with pro-myogenic and
upregulated in MiPs treated with anti-myogenic cocktails (Figure 3.5 Cand E). LTBP4
was also upregulated in cells treated with anti-myogenic cocktail, whereas MYB was
downregulated upon pro-myogenic treatment (Figure 3.5 D and E). In addition,
genes encoding for muscle proteins, including MYL6, ACTA2, TNNTI1, were
upregulated in pro-myogenic-cocktail treated MiPs, and conversely downregulated
in anti-myogenic treated. In these cells myogenic promoters and gene critical for
muscle regeneration such as HAND1, CXCL16, MET and DLL were found
downregulated (Figure 3.5 D). Interestingly, we observed genes involved in smooth

muscle differentiation, including CNN2 and CNN3 and other genes relevant for
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skeletal muscle functionality like MAST1 significantly downregulated in cells that
received an anti-myogenic treatment (Figure 3.5 D and F). Epigenetic regulators,
including TET1, CBX6 and HDAC6 were found differentially regulated following the
miRNA treatment. Furthermore in cells treated with anti-myogenic cocktails we
detected upregulation of several genes that could be involved in muscle
homeostasis, TGFB ligand GDF15 and autophagy related genes ATG10 and ATG14.
(Figure 3.5 Eand F).

Finally, we investigated the CpG methylation and the histone markers enrichment in
the promoters of the putative pro-myogenic gene polls and anti-myogenic gene
pools (Figure 3.5 G and H). In accordance to the RNA-seq data anti-myogenic genes
BMP6, SMAD5 and MYB showed a decrease in methylation in MAB-MiPs treated with
anti-myogenic cocktail (Figure 3.5 G). Furthermore in these cells MYB displayed an
increase in permissive histone markers H3kdme2, H3k27ac. When treated with pro-
myogenic cocktails, MAB-MiPs showed a decrease of the non permissive marker
H3k9me3 in ANXA3 as well as an enrichment of permissive histone marker H3k4me2

in the promoters of pro-myogenic genes PAX7, ANXA3 and SMAD7 (Figure 3.5 H).

In fibroblast-MiPs methylation was increased in the promoters of SMAD7 and ANXA7
upon anti-myogenic treatment and this correlates with an increase in H3k9me3 in
the promoters of these genes. Conversely anti-myogenic genes such as MYB and
BMP6 were found partially methylated and decreased in permissive markers
H3k4me2 and H3k27ac after treatment with pro-myogenic cocktail in accordance to
what we observed in the RNA-seq data. Taken together our results provide more
insight in the anti-myogenic and pro-myogenic miRNA cocktails that we have
previously defined, adding additional interesting targets that could be responsible

for the differential in vivo performance of MiPs.
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Figure 5. RNA-seq after miRNA cocktail exposures shows myogenic-specific comittment enhancement
of transcriptional profile. (A) PC analysis of a MAB-MiPs samples reveals stage-specific, progeny-specific
clustering (B) Unbiased clustering of MAB-MiPs analyzed by RNA-seq. (C-F) Volcano plots of fold change
vs p-value of all DE genes in different conditions (threshold, P=0.05, dashed line). MAB-MiPs untreated vs
MAB-MiPs+AMC (C), MAB-MiPs untreated vs MAB-MiPs+PMC (D), fibroblast-MiPs untreated vs
fibroblasts-MiPs+AMC (E), fibroblast-MiPs untreated vs fibroblasts-MiPs+PMC (F). Left side of all charts,
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all genes and highlighted candidates enriched in untreated-MiPs; right side, genes and candidates
enriched in treated-MiPs. Blue dots depict genes that were found downregulated while red dots depict
genes that were found upregulated upon treatments. (G) Quantitation of results obtained from bisulfate
sequencing of upstream CpG islands of selected anti-myogenic and pro-myogenic gene pools in treated
and untreated cells. Data is depicted as heatmap of average percentages of methylated CpGs. (H)
Quantitation of results obtained from ChIP-qPCR experiments analyzing fibroblast- and MAB-MiPs treated
and untreated. H3k9me3, repressive marker; H3k4me2, H3k27ac, permissive markers. Data is depicted as
heatmap of average percentages of IP-enriched vs total input DNA (n=3). f-, fibroblast-derived. AMC, anti-

myogenic cocktail (miRNA-based), PMC, pro-myogenic cocktail (miRNA-based).

3.5 Discussion

Simultaneous regeneration of skeletal and cardiac muscle in dystrophic subjects is
compelling, considering that effective repair of skeletal muscle would likely worsen
heart conditions **°. In this regard, MiPs may represent a valid cell tool, as they can
be injected in the circulation and efficiently regenerate both striated muscle types
133 However, two main questions remained unaddressed with respect to the actual
translational potential of this iPSC-based strategy: in vivo behaviour of human MiPs
and whether the myogenic differentiation potential of human MiPs is influenced by
reprogrammed cell types or origins, and if external modulators could improve the

performance.

To this end we explored the in vivo potential of human MiPs in immunodeficient
dystrophic mice in order to determine whether the source of MiPs alters the
outcome after engraftment. Taking histological, molecular and functional data
together, the capacity to regenerate skeletal muscle of MAB-MiPs appears greater
than fibroblast-derived-MiPs. Interestingly, the cardiomyogenic potential seems
comparable between the two MiP types. These features recapitulate the in vitro
behaviour previously shown for those cells *3°. In order to document that
improvement after engraftment was due to cell intrinsic effects, we used induced
apoptosis in engrafted MiPs and found that this associated with reversal of the

beneficial effects at both molecular and functional levels. We cannot exclude the
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detrimental effects were partially linked to the drug that induced apoptosis,
AP20187. However, this seems unlikely considering that the compound has
negligible toxic effects in vivo below 10mg/kg *°1. Intriguingly, MiP engrafted fibres
showed improved NMJ morphology to levels comparable to WT fibres. The mRNAs
for AGRIN and UTROPHIN, reported agonists of NMJ formation 5% 3, were highly
enriched in MiPs. More refined studies are still needed to address the mechanism by

which MiPs regenerate the fragmented NMJs in engrafted skeletal muscle fibres.

In this study, we used dual delivery by injecting into both the heart and femoral
arteries to remain consistent with previously reported conditions in mice 3
However, we decided to further explore only the mechanisms to enhance the
myogenic potential of MiPs, given the different performance in vitro and in vivo of
MiPs towards skeletal muscle, dependent on their cell type or origin, while the
cardiac commitment in vivo did not show differences between human f- and MAB-

MiPs, consistently with murine and canine MiPs 7°.

Analysis of transcriptional
profiles in MiPs confirms that MiPs retain much of the identity of their original cell
source. We selected genes to be manipulated to enhance myogenic potential based
on their known involvement in MD or in muscle biology. Both LTBP4, which was
upregulated in fibroblast-MiPs, and ANXA7 which was upregulated in MAB-MiPs,
showed progeny-specific differential expression in somatic cells, but not in iPSCs.
Considering the epigenetic data, it appears that both genes presented a rather
permissive histone signature in our iPSCs. This probably contributed to restoring
similar expression levels of LTBP4 and ANXA7 in fibroblast- and MAB-iPSCs.
Therefore, it may be possible that the progeny-related trends of differential
expression for these genes are linked to a non-pluripotent state. LTBP4 is a TGFf3
regulator in the skeletal muscle, and can modify muscular dystrophy 4. Intriguingly,
annexins are also being investigated as genetic modifiers of dystrophic progression
155

. In our experiments, LTBP4 appeared associated with decreased myogenic

potential, while ANXA7, together with ANXA3, associated with increased propensity.
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Thus, more focused efforts should be directed on how these factors possibly modify

the lineage potential of human MiPs.

Use of miRNAs for enhancing myogenic fate in vivo is particularly compelling and
may have high translational potential 1°®. To address whether we could identify
miRNAs that could be used to promote myogenesis, we overlaid RNA-seq and
miRNA-seq data with the aim of defining key components that could be used to
enhance myogenic potential. In both RNA- and miRNA-seq, the samples cluster
primarily according to cell type and this is reflected in the iPSCs and their resulting
MiPs. However, MiPs, whether derived from fibroblast or MABs, share many
differentially expressed genes but fewer miRNAs. This observation suggests that
MiPs may require a more complex body of miRNAs to tightly control a smaller
transcriptional divergence. Based on parental cell progeny, we defined combinations
of miRNAs to modulate MiP myogenic propensity. Myogenic differentiation in vitro
and in vivo was respectively decreased or increased using cocktails of miRs. Notably,
a cocktail of pro-myogenic miRs was able to rescue fibroblast-derived MiPs to the
degree that they performed similarly to MAB-MiPs. Intriguingly, among the miRNAs
we filtered into the anti-myogenic pools, miR-34c/-362/-210 have been previously
associated with pathological state of muscles *°71>° and miR-590 has been recently
associated with differentiation inhibition and the TGFB pathway . Conversely,
within the pro-myogenic pool, miR-424/-146b/-181a are associated with myogenesis
and muscle development 161163 mjR-212/-132 have been shown to inhibit MECP2
164 which in turn regulates muscle maturation %°. The miRNAs tested in the cocktails

were selected based on their known functions as well as their differential expression.

RNA-sequencing analysis after anti-myogenic and pro-myogenic miRNA treatment
allowed identifying target genes involved in miRNA regulation of MiPs. We found a
high number of genes differentially expressed upon miRNA cocktail exposures.
Among those, ANXA3, SMAD5, BMP6, MYB, LTBP4 were predicted targets of miRNAs
included in the cocktails. In particular exposure to pro-myogenic cocktail determined
a consistent downregulation of elements of the BMP/TGFB signalling pathway, and
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conversely anti-myogenic exposure resulted in an increased of GDF15, that has been
interestingly associated with muscle wasting in vivo and whose receptor GFRAL has
been implicated in ERK signalling . Upon pro-myogenic treatment we detected
upregulation of genes coding for proteins important for skeletal (ACTA2, ABLIM3)
and smooth (CNN2, CNN3) muscle homeostasis. These findings suggest potential
contributions of the pro-myogenic miRNAs we selected in enhancing smooth muscle
differentiation as well thus opening the research of MiPs for appealing new
strategies for muscle degenerating disease like MDs, where smooth muscles are
highly affected. Consistent with the modus operandi of miRNAs many epigenetic
modulators were found differentially regulated in treated cells. Interestingly we
detected an upregulation of SAFB2 in pro-myogenic treated cells. It has been shown
that its paralog SAFB1 facilitates the transition of myogenic gene chromatin from a
repressed to an activated state ¢7; our results suggest that SAFB2 could be involved
in similar processes. Finally, we have detected upregulation of autophagic markers
such as ATG10 following anti-myogenic treatment, whose aberrant expression has

previously been implicated in disease associated with atrophy of the skeletal muscle

168

Moreover, CpG island methylation and histone markers enrichment analysis after
miRNA treatment shed more light on the set of anti-myogenic and pro-myogenic
genes that we have put forward. Although CpG island methylation analysis was
conducted on the most proximal CpG islands to the transcription start site, this does
not indicate that they are directly implicated in gene regulation, nor that they are
the only CpG islands responsible for it. Nevertheless, our data suggests that these
genes might be epigenetically regulated at the same time by miRNAs, DNA

methylation and histone modifications.

In particular anti-myogenic BMP6, SMAD5 and MYB displayed a consistent pattern
of DNA methylation and histone markers enrichment, suggesting a simultaneous
multifactorial regulation. Other genes, such as ANXA3 and LTBP4 did not show
univocal signature at epigenetic level upon treatment. Finally, ANXA7, PAX7 and
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SMAD7 promoters’ methylation and histone markers enrichment was modulated
upon treatment, although we did not detect them among the differentially
expressed genes, suggesting once again the multifactorial mechanisms of actions of

epigenetic regulators.

We acknowledge that multiple strategies remain to refine and optimize miRNAs
useful for promoting myogenesis. In the future, these miRNA-based strategies might
benefit muscle regeneration not only based on cell delivery, but also mobilizing and

modulating resident stem cells.

This growing knowledge will be fundamental to improve precision and efficiency of
miRNA modulation and, ultimately, MiP fate. Moreover, it will be primarily important
to test our approach in large animal models, as proof of principle of a potential scale
up. To this end the Golden Retriever Muscular Dystrophy model (GRMD) would
provide the ideal fit to investigate cell engraftment, dystrophin restoration, and

functional rescue of both striated muscle types.
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3.6 Supplementary Data

Supplementary Figure 3.1. Gene shortlist for propensity perturbation in MiPs.
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(A) Heatmap (z-test) of DE genes (threshold, >10 norm counts) discriminating fibroblast- and MAB-MiPs,
and fibroblast- and MAB-iPSCs. Emerging patterns of stage-associated (white arrow), fibroblast-progeny-
associated (blue arrow) and MAB-progeny-associated (red arrows) are highlighted. (B) Histograms
depicting qPCR-assessed expression levels of shortlisted genes, comparing MAB- vs fibroblast-derived
cells across stages (somatic, iPSCs, MiPs). Blue bars depict average values of genes enriched in fibroblast-
MiPs, red bars relate to genes enriched in MAB-MiPs, yellow spikes depict st.dev values. *, P<0.05 MAB-
vs fibroblast- at all stages; #, P<0.05 at somatic and MiP, but not at iPSC stage; Kruskal Wallis and Mann-
Whitney U test; n=3replicates/clone. (C) Expression levels in MiPs and AMC- or PMC-treated MiPs (gene
targeting cocktails) of targeted genes. *, P<0.05 vs own ctrl (scramble), Kruskal Wallis and Mann-Whitney
U test; n=3replicates/clone. (D-E) Quantification of MiP myogenic propensity in co-culture with C2C12
myoblasts after seven days of differentiation. Myotubes with three or more nuclei were counted as well
as human nuclei contributing to chimeric myotubes. Representative fields and quantitation of chimeric
myotubes are presented. P<0.05 vs treated and non-treated. Kruskal Wallis and Mann-Whitney U test;
n=3replicates/clone. f-, fibroblast-derived; AMC, anti-myogenic cocktail (gene-based), PMC, pro-

myogenic cocktail (gene-based), scale bar approximately 100um.
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Supplementary Figure 3.2. Filtering the candidates from miRNA-seq comparison by

means of RNA-seq-based indications.
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(interesting hits are highlighted) of fibroblast-MiP-enriched miRNAs among genes upregulated in MAB-
MiPs. Conversely, charts in (B) depict the predicted targets (interesting hits are highlighted) of MAB-MiP-

enriched miRNAs among genes upregulated in fibroblast-MiPs. f-, fibroblast-derived.
Supplementary Figure 3.3 Perturbing miRNAs and predicted targets with AMC and

PMC containing miR-mimics and anti-miRs.
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(A) gPCR-based validation miRNA-seq-based hits across stages. Blue bars depict average values of

genes enriched in fibroblast-MiPs, red bars relate to genes enriched in MAB-MiPs, yellow spikes depict
st.dev values. *, P<0.05 MAB- vs fibroblast- at all stages; #, P<0.05 at somatic and MiP, but not at iPSC

stage; Kruskal Wallis and Mann-Whitney U test; n=3replicates/clone. (B) qPCR-based evaluation of target
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miRNA levels after AMC or PMC administration to MiPs in vitro. N=3 replicates/clone; depicted are
averagetst.dev bars. (C) gPCR-based assay of expression levels of predicted targets of perturbed miRNAs
in presence of AMC or PMC. *, P<0.05 vs own ctrl (scramble), Kruskal Wallis and Mann-Whitney U test;
n=3replicates/clone. f-, fibroblast-derived; AMC, anti-myogenic cocktail (miRNA-based), PMC, pro-

myogenic cocktail (miRNA-based).
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Supplementary Figure 4. Co-culture analysis performed in presence of AP20187.

+ vehicle

+AP20187

Al2
~ \
g |11
+AMC ctrl +PMC I ‘
|5 gy 0’8 i
=)
2 55‘30,5{
C2C12 only [ Q>
S g5l
& F |02
s 17,
0
£z| 2]
® 9 |
s sf|®
@ ¥-100 *
i ns
<
= vehide = = a io vas = S g S § 5 f
7 AP20IRZ 4 & = Wt T B L A vl @ o §
AMC - + #+ - - -« - + +
PMGiss & ov (3 & e whown & = Ge W #
GIN* f-MiPs  GIN* MAB-MiPs
GIN* f-MiPs GIN* MAB-MiPs

+AMC ctrl +PMC +AMC ctrl +PMC

C

f-MiPs+AMC f-MiPs+ctrl f-MiPs+PMC MAB-MIEs;

+AMC

MAB-MiPs MAB-MiPs
+ctrl +PMC

JHAW

N

only (AU)
28

MyHC* area vs C2C12

AP20187 + + - 4 - 4 - 4 - 4 - 4

AMC - + 4 - = - - 4 4 - - - -
PMC - + o+ - - + 4+
GIN* f-MiPs  GIN* MAB-MiPs
\,‘ *
%30‘ ns ¢
5 %
o
ﬁm‘
o
¥ 5
L wix I *
> ‘ 1
S s
=l
O © LR
FEIISS
RIE
X S
TEUESE
SIS

(A) Reverse quantitation of MiP myogenic propensity in co-culture with C2C12 myoblasts after seven days

of differentiation. AP20187 induces death of MiP-chimeric myotubes, therefore high propensity

associates with high mortality (as depicted in the scheme on the left). Representative fields and

quantitation of MyHC signal are presented. ns, non-significant difference;

* P<0.05 vs own ctrl (scramble),

Kruskal Wallis and Mann-Whitney U test; n=3replicates/clone. f-, fibroblast-derived; AMC, anti-myogenic

cocktail (gene-based), PMC, pro-myogenic cocktail (gene-based), scale bar approximately 100um (B)

Reverse quantitation of MiP myogenic propensity in co-culture with C2C12 myoblasts after seven days of
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differentiation. AP20187 induces death of MiP-chimeric myotubes, therefore high propensity associates
with high mortality (as depicted in the scheme on the left). Representative fields and quantitation of MyHC
signal are presented, scale bar approximately 100um (C) Application of AMC and PMC mixes to induced
MiP differentiation toward skeletal muscle lineage in vitro. Quantitation of differentiation efficiency is
reported on the right. f-, fibroblast-derived; AMC, anti-myogenic cocktail, PMC, pro-myogenic cocktail,

scale bar approximately 100um.
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Chapter 4 - Results

Extracellular vesicles- derived microRNAs improve
mesoangioblasts treatment in muscle wasting condition
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4.1 Abstract

Skeletal muscle holds an intrinsic capability of growth and regeneration both in
physiological conditions, as well as in case of injury. Chronic muscle illnesses,
generally caused by genetic and acquired factors, lead to deconditioning of the
skeletal muscle structure and function, and are associated with a significant loss in
muscle mass. At the same time, progressive muscle wasting is a hallmark of aging.
Given the paracrine properties of myogenic stem cells, extracellular vesicles (EVs) -
derived signals have been implicated both in the pathogenesis of degenerative
neuromuscular diseases and as a possible therapeutic target. In our work we have
screened the content of EVs from animal models of muscle hypertrophy and muscle
wasting associated with a chronic disease and aging. Analysis of the transcriptome,
protein cargo and miRNAs has allowed us to identify a hypertrophic miRNAs
signature amenable for targeting muscle wasting. We have tested this signature in
vitro on mesoangioblasts (MABs), adult vessel associated stem cells, given their
relevance for treating muscle loss, and we have observed an increase in myogenic
differentiation. Furthermore, injections of miRNA treated MABs in aged mice has
resulted in an improvement in skeletal muscle features, such as muscle weight,
strength, cross-sectional area and fibrosis. We provided evidence that the EV-
derived miRNA signature we have identified enhance myogenic potential of

myogenic stem cells.
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4.2 Introduction

Muscle remodeling is a dynamic process occurring throughout the whole tissue life
span. In physiological conditions and during development and growth, skeletal
muscle is finely regulated by homeostatic processes that maintain a balance
between anabolic and catabolic pathways 1. During development, protein synthesis
and progenitor’s activation contribute to new muscle formation. Conversely, during
adulthood, cellular turnover generally decreases and the muscle mass plasticity is
mainly determined by the interplay between anabolism and catabolism . In steady
state, these two pathways remain balanced. However, skeletal muscle homeostasis
might be disrupted when damages occur, or more severely, in presence of
degenerative diseases that induce acute chronic damage, such as Muscular
Dystrophies (MD) 2. At the same time, a negative equilibrium between anabolic and
catabolic factors, as well as between apoptosis and regeneration processes is
naturally associated with progressing muscle loss that occurs during aging 8. Aging
is, in fact, marked by decreased function and mass across all organs. Skeletal muscle
loss in aging is referred to as sarcopenia and it is correlated with also a progressive
decline in functionality and depletion of resident stem cell pools > . Albeit still
controversial, evidence has shown that the gradual decline in satellite stem cells
number observed in aging, is associated to a correspondent decrease in their ability
to sustain muscle regeneration upon injury 7% 7! Skeletal muscle wasting is
therefore a critical condition that can be linked to degenerative diseases, or be a
consequence of chronic illness as for cancer cachexia, or rather be an intrinsic

property of the aging process.

Concurrently, the research on the application of stem cells in muscle wasting
conditions has been broad and has shown partial beneficial effects in counteracting
dystrophy-induced muscle damage or other chronic muscle injuries *72. In particular
the use of mesoangioblasts (MABs), interstitial, vessel-associated adult stem cells,

has given promising results when MABs were transplanted intraarterially in murine
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and canine models of MD 3% 173, More recent evidence has shown that MABs are able
to functionally fuse with resident fibres and give rise to higher number of donor
fibres when injected intramuscularly in dystrophic muscle or following acute injuries
174 Additionally, the aging effects on the potential of progenitors cells has been
highlighted, as MABs derived from younger donor held greater intrinsic myogenic
ability compared to MABs derived from elderly donors . This data strongly suggests
that the potential of stem cells in contributing to muscle regeneration is decisively

influenced by their aging stage.

Considering recent evidence establishing the secretory ability of skeletal muscle,
growing interest has been dedicated to the investigation of paracrine modulators, as
myokines and more recently extracellular vesicles, involved in muscle regenerative
processes 17> 176 Recent studies on extracellular vesicles (EVs) and exosomes have
pointed out that secreted vesicles play a role both in muscle physiological growth

and development 177, in muscle regeneration following injury or chronic illness 28178

179

and ultimately in muscle wasting and aging *’>. microRNAs (miRNAs) are among the

selected cargos secreted into EVs and exosomes. miRNAs involvement in skeletal
muscle homeostasis, regeneration and wasting is rather well described ',
Interestingly, it has been reported that EVs carry members of the myomirs family of
miRNAs, such as mirl, mirl33a and mir206, and thus might contribute directly to
convey regenerative signaling to the skeletal muscle 23, Nonetheless, there is still a
lack of consensus on the characterization of EVs as such and although studies have
shown the contribution to muscle regeneration by both EVs and cells
transplantation, the field is still open for further approaches, especially with the use
of EVs and MABs. Furthermore, much less evidence is available on the other
components of EVs load cargo, such as RNAs and proteins, and on their possible
reciprocal interaction. Finally, an exciting features of EVs is the possibility to custom

load them for specific delivery as shown by a number of studies that have paved the

way for the use of EVs as delivery machine for targeted therapeutics 18-184,
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In the current study, we performed in depth analysis the content of plasma-derived
EVs from mouse models of muscle hypertrophy, dystrophy and age-induced atrophy
in order pinpoint the secreted key players orchestrating muscle homeostasis in
physiological and pathological conditions, further amenable for enhancing muscle

regeneration.
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4.3 Materials and Methods

Cell culture and differentiation.

The majority of human MAB lines employed in this study were already present in the
laboratory and some new lines were insolated as previously described (ref). MABs
were cultured in IMDM supplemented with 15% FBS, 1% Pen-Strep, 1% L-glutamine,
1% sodium pyruvate, 1% non-essential amino acids, 1% insulin- transferrin-selenium
and 0.2% b-mercaptoethanol, (all reagents from GIBCO,USA) in 5% 02 /5% CO2 at
37°C. C2C12 were cultured in DMEM supplemented with 10% FBS, 1% Pen-Strep, 1%
L-glutamine, 1% sodium pyruvate, 1% non-essential amino acids, and 0.2% b-
mercaptoethanol, (all reagents from GIBCO,USA). Myogenic differentiation of MABs
and C2C12 was induced incubating the cells with DMEM high glucose, supplemented
with 2% of HS, 1% penicillin/streptomycin solution, 2 mM glutamine, and 1 mM

sodium pyruvate (all reagents from GIBCO) for 5 days (C2C12) and 12 days (MABs).

Viral infection

To enable tracking of human MABs after injection in vivo and in real time, and to
prove cell viability, human MABs were transduced with a MLV-derived lentiviral
vector -eGFP-T2A-fLuc constructed by the Leuven Viral Vector Core at 1:200

concentration for 72 hours ( virus titer 2.34e+08 TU/ml).

Animal procedures

All protocols on live mice were performed in compliance with the Belgian law and
the Ethical Approval of KU Leuven (P202/2016, P175/2016 with expansion). For
plasma collection 10 Mstn-null, 10 Sgcb-null, 10 C57/bl6(adult) and 10 C57/bl6
(aged) mice were euthanized with ketamin (dose) to preserve the rib cage and blood
was drawn by a single heart puncture. For cells injections 10 Rag2-null/Yc-
null/C57/blé mice were divided in 2 groups, 5 animals received intramuscular
injections of 2.5 x 10° miRNA-treated MABs and 5 animals received intramuscular

injections of 2.5 x 10° untreated MABs into right limbs. Left hindlimb muscles were
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injected with physiological solution as control. At say 21 mice were euthanized by
cervical dislocation and hindlimbs muscle were harvested in OCT at -80°C until
further analysis. EDL muscle was immediately processed for functional analysis
(Aurora). The samples were then cut transversally in 7-Im sections using a cryostat
machine (Leica, Wetzlar, Germany). Histological and morphometric analysis was

investigated at 21 days after injections.

Distribution and viability of human MABs eGFP/fLUC in vivo

For in vivo bioluminescence (BLI), mice were first anesthetized with 1.5% of
isoflurane in 100% of oxygen and then given a single injection containing d-luciferin
potassium salt dissolved in phosphate-buffered saline (PBS) (126 mg/kg). Ten
minutes after luciferin injection, mice were placed in the imaging chamber (IVIS
Spectrum, Perkin Elmer, X). Next, consecutive frames were acquired for 60 seconds
until the maximum signal intensity was reached. After drawing a region of interest
(ROI) around the hindlimb muscles the maximal radiance (p/s/cm2/sr) was measured
within this region and subsequently images were analyzed using Living Image version
4.5. BLI data were obtained 1h, 1,3,7,14 and 21 days post injections. Mice were
euthanized by cervical dislocation immediately after in vivo BLI and the hindlimb

muscles were collected in OCT.

Muscle function by an intact muscle test system (Aurora Scientific Instruments)

EDL functionality was evaluated as previously described #. Breifly, the EDL was
immediately excised from each mouse, maintain in a storage solution in a
temperature controlled (30 °C) chamber containing the buffer solution and
continuously gassed with a mixture of 95% 02 and 5% CO2.. The muscle was initially
held for isometric and was stimulated with 0.5 ms single pulse to measure the
isometric twitch force and contraction time. A second pulse was applied to check the
consistency of the values obtained and to better balance muscle equilibration before

applying tetanic stimulation.

80



Results

The muscle was then subjected to a first train (0.6 s at 120 Hz) to induce unfused

tetanus, and to a second train (0.6 s at 180 Hz) to evoke the maximal tetanic force.

EVs isolation and characterization

EVs were extracted from mouse plasma following established protocols of
ultracentrifugation 8. This protocol allowedisolation of EVs with a size comprised
within 100 and 250 nm. TEM analysis was performed in collaboration with Nanosight
analysis was performed with Nanosight NS300 in collaboration with the laboratory

of Laboratory of Lipid Metabolism and Cancer, KU Leuven.

MicroRNA modulation

microRNAs cocktails were composed as follows: mimics for mirl, mir 208a, mir133a
(hypertrophic cocktail) mimic for mir 206 and antimir for mirl, mirl33a and mir208a
(dystrophic cocktail). Human MABs were transfected with 30nmol of each miR-
mimic and 10nmol of each anti-miR per mw12 well, with 2ul lipofectamine 2000.
miRNA expression analysis, injections in vivo and differentiation assays were

conducted 48 hours after transfection.

Molecular analysis

MicroRNA content in EVs was analyzed by mmu miRNome micro-RNA profiling kit
(Systems Bioscience) following manufacturer’s instruction (n=4). Validation of this
findings was performed by Tagman analysis for miRNA levels(Tagman g-PCR using
1:15 diluted cDNA obtained from 20ng total miRNA preparation).

Western blotting (WB) analysis was performed on lysates from cells in RIPA buffer
(Sigma-Aldrich) supplemented with 10 mM Sodium Fluoride, 0.5 mM Sodium
Orthovanadate, 1:100 Protease Inhibitor Cocktail, and 1 mM Phenylmethylsulfonyl
Fluoride (PMSF). Equal amounts of protein (30 mg) were denaturized in sample-
loading buffer (50 mM Tris—HCI, pH 6.8, 100 mM DTT, 2% SDS, 0.1% bromophenol
blue, 10% glycerol for 10 minutes at 95°C), run on SDS-polyacrylamide gel, and

transferred to nitrocellulose membranes (Protran, Nitrocellulose membrane, Sigma-
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Aldrich). After Tris-buffered saline (TBS) containing 0.05% Tween and 5% non-fat dry
milk (Sigma-Aldrich)- backgroundblocking membranes were incubated overnight
with primary antibody 174, Following secondary antibody incubation (1:5000) in TBS-
Tween and 2.5% non-fat dry milk (Sigma-Aldrich) membranes were incubated with
Super signal Femto or Pico (Thermo Fischer) and bands were detected with GelDoc

chemiluminescence detection system (BioRad).

Mass Spectrometry analysis

Mass spectrometry analysis was performed as previosuly described ¥, Briefly, Liquid
Chromatography (nanoLCULTRA-EKSIGENT) followed by MS (nanoLC-MS/MS) was
performed on a LTQ Orbitrap Velos (Thermo Fisher, Waltham, MA, USA). Vesicles
were stored in PBS and concentrated with 10 mM dithiothreitol, alkylated with 55
mM iodoacetamide, precipitated by 10% TCA, washed with 100% acetone and
reconstituted in 2 pL of 8 M urea. Digestion was performed overnight and blocked
with 1% formic acid. The amount of sample submitted to MS analyses was based on
particle quantity and ranged from 9.9x108 to 5x10°, among all samples analysed. The
eluate was applied to the nanospray source of the Orbitrap spectrometer and a full
scan was acquired for all spectra within the 400-1,500 m/z range with a 30,000
resolution and a maximum injection time of 500 ms. The MS/MS was performed
using data-dependent dynamic exclusion of the top 20 most intense peptides using
repeat count=1, repeat duration=30 s, exclusion list size of 500 and exclusion list

duration=30 s as parameters.

RNA-sequencing

RNA samples extracted from EVs were verified and processed by the Genomics Core
(KU Leuven — UZ Leuven, Belgium). Due to very low concentration of RNA (< 5ug/ul)
a preamplification step was required before sequencing. RNA sequencing libraries
were constructed with the TruSeq RNA Sample Prep Kits v2 (lllumina). Samples were
indexed with unique adapters and pooled for single read (50bp) sequencing in

Illumina HiSeq2000. RNA-seq reads were aligned with TopHat v2.0.2 to the mouse
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genome version mm10. Differential expression levels were assessed using DESeq
(n=6 Mstn-null derived samples, n=5 Sgcb-null derived, n=3 wild type). Since we
failed to detect any differentially expressed genes we further selected a cut of of >

50 reads and performed GO analysis by means of BinGO.

Immunofluorescence, Immunohistochemistry and microscopy.
Immunofluorescence staining was performed following the commonly used steps of
Triton-based permeabilization, donkey serum- background blocking, overnight
incubation with primary antibody at 4°C (Myhc in house hybridoma 1:20, hLAMN
1:200, laminin 1:100) 1hour incubation with 1:500 AlexaFluor-conjugated donkey
secondary antibodies and final counterstain with Hoechst.

Pictures were acquired on a on a Nikon Eclipse Ti microscope (Nikon). Pictures of
human MABs in vitro differentiation assay were acquired on Nikon Ti2 automated
fluorescent image scanner, pre-specified 4 x 4 fields per well centered on a 24-well
format were captured using an automated x-y motorized stage. Afterwards images
acquired per well were electronically stitched NIS-Element software (Nikon) for full
well image reconstitution.

Haematoxylin and eosin staining was performed as previously described. Briefly
Cryosections were fixed with 4% paraformaldehyde for 15 minutes. Slides were then
soaked in distilled water for 5 minutes, Harris haematoxylin for 4 minutes and
washed afterwards in running water for 2 minutes. Afterwards the sections were
immersed for 1 minute each in acid alcohol, running water, bluing reagent, running
water, eosin, 95% ethanol, 100% ethanol and histoclear and were finally mounted
with DPX and left on a slide heater overnight. Pictures from cryosections were taken
with a Nikon Eclipse Ti microscope (Nikon). Cross-sectional area was determined
using Imagel software (NIH). Masson’s trichrome was performed as previously
reported (ref). Briefly, after 15 minutes in 4% paraformaldehyde of fixing,
cryosections were incubated for 15 min at 57 °C in Bouin solution and subsequently
stained in Working Weigert's Iron Hematoxylin Solution for 5 minutes, washed in

running tap water for 5 minutes and stained in Biebrich Scarlet-Acid Fucsin for 5
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minutes. Afterwards slides were soaked in de-ionised water and in Working
Phosphotungstic\Phosphomolybdic acid solution for 5 minutes and stained in Aniline
Blue solution for 5 minutes and acid acetic 1% for 2 minutes. After mounting pictures
were taken on a Nikon Eclipse Ti microscope (Nikon). Fibrotic area was quantified

using Image) software (NIH).

Statistical analysis

Statistical analysis and graphing of the results was performed on GraphPad Prism 7.0
(GraphPad Software, San Diego, CA, USA). Two-tailed t test or one-way ANOVA were
used to compare interrelated samples, while two-way ANOVA was used to analyse
multiple factors. Confidence intervals were fixed at 95% (p < 0.05), 99% (p <0.01)
and 99.9% (p <0.001). Data is reported as as mean = standard error of the mean
(s.e.m.). Refer to figure legends for specific information regarding the statistical test

used and the number of independent experiments or biological replicates.

4.4 Results

Characterization of extracellular vesicles from wild type, hypertrophic, dystrophic
and aged mice.

We started our analysis isolating EVs from the plasma of aged-matched control
C57/blé mice, Mstn-null mice (hypertrophic), Sgch-null mice (dystrophic) and aged
mice (C57/blé > 18 months- Figure 4.1). EVs were characterized by Nanosight
analysis which revealed an average size of 100 um for WT, dystrophic and aged-
derived Evs populations, further confirmed by electron microscopy analysis (Figure
4.1 A-D). We observed that hypertrophic- derived EVs had significantly lower
concentration and this correlated with significantly higher average size (Figure 4. 1
B-D). We further characterized EVs for known extracellular vescicles/ exosomes
markers, reporting that EVs from all conditions were positive for CD81, CD9, CD63
(Figure 4.1 C).
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Extracellular vesicles from hypertrophic mice enhance differentiation in myogenic
progenitors in vitro.

We next tested the functional effect of EVs on murine myoblasts (C2C12 cells), and
later to confirm our results in human mesoangioblasts (MABs) (Figure 4.2). First, we
established the ability of the myoblasts to uptake RFP marked EVs. After 4 hours of
EVs treatment we could successfully detect EVs in the cytoplasm of the treated cells
(Figure 4.2 A). After 48 hours of EV exposure we induced myogenic differentiation in
C2C12 cells. Our results showed that C2C12 cells treated with hypertrophic- derived
exosomes differentiated more efficiently, as reported by the increase of fusion index
and myosin heavy chain protein content (Figure 4.2 B, C and D). In order to confirm
our observation, we next tested the effects of EVs on human MABs (Figure 4.2 E,F
and G). In accordance to our previous findings human MABs treated with
hypertrophic-derived EVs 48 hours before differentiation displayed an increased
myogenic differentiation as shown by immunofluorescence, fusion index analysis
and wester blot. Additionally, the exposure to dystrophic and aged-mice- derived Evs
resulted in a detrimental effect on human MAB myogenic differentiation compared
to controls and Evs hypertrophic-derived treated cells (Figure 4.2 E,F and G).

Our results show that hypertrophic-derived EVs significantly enhance differentiation

of myogenic progenitors in vitro.
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Figure 4.2 Effects of EVs treatment on myogenic differentiation of progenitor cells.

A) RFP marked EVs uptake from C2C12 after 4 hours of treatment. B) Myogenic differentiation of C2C12
incubated with EVs (MyHC red, DAPI blue). C) Fusion index of differentiated C2C12 at day 3 and at day 5.
D)Western blot for MyHC protein levelat day 5. F) Myogenic differentiation of human hMABs treated EVs
(MyHC red, Lamin A/C green). E) Fusion index of differentiated hMABs at day12. G) Western blot for MyHC
protein level at day 12 ( n=5 * p< 0.05 One way Anova).
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Messenger RNAs appear randomly integrated in circulating extracellular vesicles
After unraveling the effects of hypertrophic- derived EVs we next asked which factors
might be responsible for the observed phenotype. Hence, we perfomed in depth
analysis of the content of the EVs in terms of mRNAs, microRNAs ad protein. Bulk
RNA sequencing revealed that mRNAs loaded into EVs from different conditions was
not discriminative, suggesting that mRNA is not likely driving the enhanced
differentiation. Our results show that the EVs are rather low in content of mRNA,
with about 2000 to 6000 uniquely aligned transcripts. Moreover hypertrophic-
derived EVs contained more than double mRNA than controls and dystrophic and
wild type-derived (Supplementary Figure 4.1 A). PC analysis revealed a rather
contingent clustering of the samples, suggesting that the RNA profile was very
variable within each condition (Supplementary Figure 4.1 B). Based on this
observation, a differentially expressed analysis of the transcript would not lead to
any solid conclusions, therefore we opted for deeply profiling the content of each
conditions. Analysis of the 30 most abundant transcripts in each condition revealed
that all samples expressed middle —high levels of mitochondrial RNA such as mt —
Rnr2 and hemoglobin Hb-bbs (Supplementary Figure 4.1 C- E). In order to understand
better the specific content of our samples we selected a cut off of >50 reads and
analyzed the expressed genes. Notably, only 2.3% of the genes were shared between
all conditions and while dystrophic and wild type derived EVs shared about 25% of
genes, hypertrophic-derived EVs only had 1.3% and 3.9% of genes in common with
wild type and dystrophic EVs respectively (Supplementary Figure 1 F).

Our findings and current analysis suggest that the presence of mRNA in the EVs cargo
is a stochastic event that might depend on multiple factors and might not be

necessarily related to the underlying phenotype.

Characterization of the protein content of extracellular vesicles.
Preliminary mass spectrometry analysis on EVs from all conditions allowed overall
detection of 197 proteins in total (Supplementary Figure 4.2) . From the total

detected proteins, 122 were present in all conditions, while 4 were specific for Mstn-
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null EVs, 13 for wt EVs, 10 were only found in EVs from aged mice and 9 in Sgcb-null
EVs. Surprisingly, we detected a common marker in all preparations CD5, and a high
number of immunoglobulin in all conditions. Additionally, our first analysis allowed
also identification of myosin 9 and 7 peptides in EVs from Mstn-null mice, and high

levels of adiponectin in EVs derived from aged mice.

MicroRNAs derived from extracellular vecicles influence myogenic propensity of
target cells.

In order to identify the factors that drive myogenic differentiation in hypertrophic
EVs we deeply profiled the microRNAs content performing a SYBR GREEN based
analysis of > 700 miRNAs in EVs (Supplementary Figure 4.3). Among the differentially
expressed miRNAs we investigated selected miRNAs that were enriched in
hypertrophic-derived EVs and downregulated in dystrophic or aged- derived EVs
compared to wild type, or that were downregulated in hypertrophic- derived EVs
compared to wildtype. Our high throughout analysis appointed at a set of miRNAs
that could be responsible for the enhanced myogenic differentiation. Among the
candidates we selected a group of miRNAs that were either highly enriched and /or
relevant for myogenesis . mirl50*, mir30e* were higly enriched in hypertrophic
samples, while mir574-5p was downregulated in hypertrophic samples
(Supplementary Figure 4.4). Upon testing inhibitors and mimics of these miRNAs on
the differentiation of human MABs in vitro we did not detect any myogenic effect
(Supplementary Figure 4.4). We continued our analysis of the differentially
expressed miRNAs investigating mir208a, mirl, highly expressed in hypetrophic
samples and mir206,downregulated in hypertrophic samples. Additionally, these
miRNAs are implicated in myogenesis and myogenic differentiation (Figure 4.3). We
have validated the expression levels of these miRNAs by means of Tagman-based
gpcr, and we have confirmed high levels of mirl, mirl33a and mir208a in the plasma
of hypertrophic- derived EVs, while high levels of mir206 could be found in
dystrophic-derived EVs (Figure 4.3 A). Furthermore, we have checked the expression

of such miRNAs in both skeletal and cardiac muscle tissues to elucidate weather the
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presence of determined miRNAs in the plasma could be tissue specific
(Supplementary Figure 4.5). These results suggest that the content of miRNAs loaded
into the EVs is directly correlated to the content of muscular miRNAs , and further
suggest that the origin of the EVs enriched with the selected miRNAs could be the
skeletal or cardiac muscle. Nonetheless further investigation in this direction is
needed. Interestingly, when analyzing the miRNA content in plasma-derived EVs of
a different mouse model of muscle hypertrophy ¥ , we have identified the very
same miRNA signature, namely and upregulation of mirl and mir208a, and a
downregulation of mir206 compared to control (Supplementary Figure 4.6).

We next tested the effects of this set of miRNAs on human MABs: combining mimics
and inhibitors oligonucleotides we upregulated and downregulated mirl, mirl33a
and mir208a in different combination (Figure 4.3). As shown in Figure 3D the
simultaneous upregulation of mirl and mir208a increased the myogenic
differentiation of human MABs resulting in a 2-fold upregulation of fusion index.
Immunofluorescence analysis and protein analysis further confirmed this result
(Figure 4.3 D, E and G). Furthermore, upregulation of mirl and mir208a resulted in a
significant increase in Myogenic and Myf5 (Figure 4.3 F).

Taken together our results indicate that enhanced myogenic differentiation of
myogenic progenitors observed in vitro is driven by miRNAs with mirl and mir208a

representing the main factors.
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Figure 4.3 Mirl and mir208a increased myogenic differentiation on hMABs in vitro.

A) Tagman gPCR validation for a set of selected miRNAs B) Myogenic differentiation of hMABs treated

with combinations of mir mimics and inhibitors. (MyHC red, lamin A/C green). C) Fusion index of
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differentiated hMABs after miRNA treatments. D-G) Differentiation of hMABs treated with mirl and
mir208 mimic (E) give the highest increase in fusion index, RNA level (F), protein level (G) ( n=5 * p< 0.05

One way Anova).

EVs-derived microRNAs modulation of human mesoangioblasts is beneficial for
muscle regeneration in vivo in aged mice.

Next, we wanted to elucidate whether the miRNAs we have selected were able to
enhance myogenic contribution of human MABs in vivo. Recent evidence has shown
that human MABs derived from young donor engraft and regenerate skeletal muscle

when injected in dystrophic mice ©3

. Additionally, the enhanced myogenic
performance of human MABs from young donors, with respect to human MABs from
older donors can also be observed in presence of an acute injury.

Thus, as a proof of principle that the identified miRNAs are able to increase
hypertrophy of the skeletal muscle in vivo, we injected intramuscularly miRNA-
treated and untreated MABs in immunodeficient aged mice (= 18 months old) after
an acute muscle injury induced by cardiotoxin (Figure 4.4). In order to be able to
visualize the biodistribution and the survival of the injected MABs we equipped them
with GFP and LUCIFERASE reporter genes. As shown in Figure 4.4 A GFP+ Luc+
transduced MABs were still capable to differentiate to fully formed chimeric
myotubes. After viral transduction MABs were treated with mirl and mir208a
mimics 48 hours before injections. At the same time cardiotoxin damage was
induced in aged mice. 48 hours after damage miRNA-treated MABs and untreated
MABs were injected intramuscularly in hindlimb muscles (tibialis anterior,
gastrocnemius, quadriceps) of aged mice. We were able to visualize the cells
distribution and survival by means of bioluminescence, up to day 21 (Figure 4.4 B).
We did not detect any significant difference in the survival of treated and untreated
MABs at this point, however we observed a peak of the signal in both conditions at
day 3 (Figure 4.4 B). At day 21 aged mice were euthanized and we noticed a
significant upregulation of the weight of all hindlimbs muscle injected with miRNA-

treated MABs (Figure 4.4 C). Notably, we observed that EDL injected with miRNA-
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treated MABs show a stronger tetanic force trend (Figure 4.4 D). MABs localization
and presence in the injected muscle was visualized by immunofluorescence analysis
for human lamin A/C (hLMNA) and laminin. Both miRNA-treated and untreated
MABs were mainly detected in the interstitial space among fibres (Figure 4.4 E).
Interestingly, morphometric analysis of the injected muscle revealed that treated
MABs-injected TA showed higher frequency of fibres with larger cross-sectional
areas in comparison to control muscle but also to muscle injected with untreated
MABs (Figure 4.4 F). Finally, fibrosis, as shown by Masson’s staining, was reduced in
muscle injected with untreated MABs, and a further reduction was observed in

muscle injected with miRNA-treated MABs (Figure 4.4 G).
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Figure 4.4 Injections of miRNA treated and non-treated hMABs in aged mice after acute injury.

A) In vitro proof of bioluminescence of hMABs transduced with LUC+ GFP+ vector (left) and myogenic
differentiation before and after transduction B) BLI at day 7, 14, and 21 of injected mice (left) and signal
quantification. Left leg received non-treated MABs, right leg received miRNA treated MABs C) Weight of
hindlimb muscles after mice were sacrificed at day 21. TA tibialis anterior, Q quadriceps, GM
gastrocnemius. D) Functional analysis of EDL (Extensor digitorum longus) via evaluation of tetanic force.
E) Localization of hMABs in the injected skeletal muscle (laminin red, lamin A/C green, DAPI blue) F) H&E
and quantification of regenerating fibres size after treatment. G-H) Massons’ staining of injected hindlimb

muscle and quantification of area of fibrosis. * p< 0.05, animals injected N=5).
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4.5 Discussion

The balance between pathways inducing hypertrophy and atrophy in striated muscle
is a crucial aspect to consider when approaching therapeutic strategies for skeletal
muscle wasting. In our work we have made use of information derived by animal
models displaying on one side muscle hypertrophy, and on the other side muscle
wasting both disease- and aged-associated. The rationale behind our analysis was to
identify common dysregulated signatures with the final goal to identify players that
could be tuned to enhance muscle regeneration. Given the growing evidence
implicating circulating EVs as paracrine mediators in tissues regeneration %, we
performed in depth screening the content of EVs derived from serum of mice. Our
analysis of the EVs cargo has encompassed both RNAs species (MRNAs and miRNAs)
and proteins, resulting in the identification of two main miRNAs, mirl and mir208a

able to impact on the muscle phenotype.

MiRNAs are largely implicated in myogenesis and muscle regeneration, with several
evidence reporting that miRNAs can be detected in EVs %0, It is therefore not
surprising that in our system EVs- derived miRNAs appear to drive the modulating
effect on myogenic progenitors. Mirl is a known modulator of hypertrophy, in
skeletal and cardiac muscles, where its overexpression is beneficial for reducing

cardiac hypertrophy !

. Supporting this evidence, we have identified target miRNAs
in two different models of skeletal muscle hypertrophy (Mstn-null and MAGIC-F1
mice), where cardiac hypertrophy is only mildly observed. Mstn-null do not display
cardiac hypertrophy at all, while MAGIC-F1 animals have a attenuated cardiac

phenotype 18

. Similarly, mir208a was along the highest detected circulating EV-
miRNA in both models. Albeit considered a specific cardiac miRNA, mir208a is also a
known regulator of myostatin, together with miR-208b and miR-499 **2, implying a
potential role in driving skeletal muscle hypertrophy that thus far remains

unravelled. Our work proposes mir208a as an additional modulator of myogenic
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commitment of progenitor cells. The identification of the same EVs-derived
signature in two diverse murine models of skeletal muscle hypertrophy is compelling
and further suggests that these miRNAs are crucial players in maintaining the
phenotype. Although this latter information is still speculative, we have provided
evidence that both miRNAs represent the best combination out of all the EVs-
detected miRNAs to increase myogenic commitment of human MABs. Further
experiments need to be designed to address in detail questions regarding the mode
of action of these miRNAs, sorting out their specific targets. However, we can
hypothesize that both miRNAs regulate common pathways, based on several shared
predicted targets, such as members of the TGFB pathway (TGFBR2, TAB2), SMAD4/6,

and common epigenetic modulators (HDAC3).

When screening the mRNA content of EVs we have not detected any differentially
expressed genes and we have thus concluded that mRNAs are stochastically
entrapped in EVs in our setting and it is not likely to be responsible for the enhanced
myogenic effect we have observed. This might be due to many reasons, first of which
the low number of transcripts detected. This data is consistent with other reports
reporting deep sequencing of EV-derived mRNAs 1% 194, Despite our analysis was
statistically robust, we shall note that increasing the number of samples might be
beneficial to unravel mMRNAs possibly involved in the observed phenotype. Finally,
although preliminary, our mass spectrometry analysis has resulted in two important
observations: first, there is high number of immunoglobulins present in all
preparations, and second all preparations share expression of CD5- antigen like,
which has been recently described as a novel marker for plasma-derived EVs %7,
Analysis of additional samples will provide more insight on the protein content and
allow a comprehensive understanding of the EVs cargo. We have conducted a large
scale analysis of the EV cargo, nonetheless, it must be noted that we have not
investigated other RNA species that have been implicated in EV- mediated mode of

action and intercellular communication such as long- non coding RNAs 1%,

96



Results

The myogenic effect of the identified miRNA signature in vitro on human MABs was
striking; we observed a strong increase in myogenic differentiation. When
transplanting miRNA-treated MABs in vivo in aged mice after acute muscle injury, we
had less discriminative results. Muscle functionality was not improved per se,
however we detected a clear hypertrophic remodelling as shown by both increase in
fibre size and increase in muscle weight. We also showed a significant reduction in
fibrosis, that is associated with a poor recovery after injury in aged individuals °.
We acknowledge that additional strategies can be implemented to refine our
approach, for instance stronger modulation of miRNAs by creating a stable cell line.
Furthermore, given our in vitro results, mirl and mir208a might show a direct effect
in modulating resident myogenic stem cells. Novel methods to activate stem cells in
loco is particularly demanding, if moving towards a cell-free method of tissue-
specific regeneration in desired. In this scenario, EVs holds an ideal advantage, since
they are less immunogenic than stem cells, readily deliverable, and can be designed
to carry tailored messages to target cells. Recent evidence has shown that EVs loaded
with a specific cargo were successfully delivered to skeletal muscle by adding
modified, dystrophin splice—correcting phosphorodiamidate morpholino oligomer
(EXOPMO) **7. In light of this result, a follow up of our work would comprise the
production of engineered EVs that could deliver directly mirl and mir208a to target

myogenic cells, granting a cell-free approach to target muscle wasting.

97



Results

4.6 Supplementary data

Supplementary Figure 4.1 RNA-sequencing analysis of EVs
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Supplementary Figure 4.2 Preliminary proteomics analysis of EVs.
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Supplementary Figure 4.3 Heatmap of the differentially expressed EVs-derived

miRNAs.
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Supplementary figure 4.4. Modulation of some of the top differentially expressed

miRNAs did not lead to any myogenic differentiation improvement.
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Supplementary figure 4.5. miRNAs content in hindlimb muscles of mice.
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Supplementary figure 4.6. Analysis of selected miRNAs in EVs derived from MAGIC-
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Chapter 5- General discussion
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The emerging field of miRNAs technology combined with stem cells differentiation
potential is gaining momentum in regenerative medicine. Our results are embedded
in such scenario, as we explore possible applications of miRNAs technology in

targeting muscle decay and loss of function.

In the first part of the manuscript we have shown that human MiPs, iPSCs derivatives,
injected intraarterially in the hindlimb muscles of dystrophic mice are able to engraft
and contribute to regeneration of the skeletal muscle. We have further attributed
this potential to intrinsic features depending on the cell type of origin. Our data
illustrate that some epigenetic signatures can be conserved during differentiation of
iPSCs derivatives, thus influencing the in vivo regenerative capabilities of stem cell
derived approaches. In light of epigenetic regulators being involved in lineage
retention processes, we asked whether miRNAs might drive this process. Our
analysis disclosed a number of miRNAs that were conserved in MAB-MiPs vs f-MiPs,
and by overlaying the two datasets we narrowed our list down to 5 miRNAs
upregulated in MABs- derived progenitors and 5 miRNAs downregulated. By
delivering mimics and inhibitors we were able to increase myogenic potential of the

MiPs both in vitro and in vivo.

Our work comprises the combination of the use of PSCs derivatives and finding new
approaches to enhance their in vivo performance for stem cell-based therapies. PSCs
derived therapeutic potential has indeed been explored for decades. Ever since the
first successful applications of stem cell therapy to treat bone marrow disorders %8,
growing expectations in stem cell biology have led to a significant increase in
scientific investment in the field. Preclinical studies have demonstrated that adult
stem cells can achieve therapeutic efficacy in a number of chronic diseases including
neuromuscular diseases such as multiple sclerosis, spinal cord injury and MD.
However, albeit further phase I/l clinical studies proving adult stem cell therapy
safety, there is an unmet need for improving effectiveness % 19% 290, Notably, skin
regeneration can be considered an exception, since striking results have been

achieved in the field. Stem cell therapy for skin lesion and wound healing has
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reached significant efficacy in generating a functional epidermis, leading to
permanent corrections of skin injuries in patient suffering from Junctional
epidermolysis bullosa (JEB) 2°. More recently, is has been shown that the use of
autologous transgenic keratinocyte regenerated an entire, upon proper mutation
correction fully functional epidermis in a 7 years old patient affected by a life
threatening form of JEB 2°2 . This impressive study highlights the relevance of gene
editing in the context of stem cell therapy, while ultimately underlining the
importance of defining which components of the heterogenous stem cell pool are

really driving the tissue regeneration.

Despite such an impressive study, tissues regeneration mediated via adult stem cells
has been challenging and has encountered problems such as progressively
exhausted renewal capacity of adult stem cells and low regeneration efficiency. In
light of these compelling issues, PSC derivatives constitute an even more promising
and innovative candidate for cell therapy in degenerative diseases, although still
associated with complexity of technical features. In the last 5 years a considerable
number of PSC- based trials are currently conducted or are recruiting patients 2%,
This trend has started with the very first patients suffering from macular
degeneration being enrolled in Japan, be treated with iPSC-derived retinal pigment
epithelium, using both autologous and human leukocyte antigen (HLA)-matched
allogeneic cells 24, With regards to clinical applicability iPSCs technology has reached
important milestones in the past years, including highly efficient technologies for the
transgene-free reprogramming 2%, targeted and safe site- specific genetic

engineering of iPSCs 206

, and technical progresses for the expansion and
differentiation of iPSCs at clinical scale 2%7. To begin with, intense research has led to
an improvement in the protocols for footprint free site-specific integration of
transgene, utilizing Zinc finger- and TALE (transcription activator-like effector)-
nucleases as well as the CRISPR/Cas9 (clustered regularly interspaced short

palindromic repeats; CRISPR-associated proteins) technology. Secondly, researchers

have notably improved the differentiation protocols of PSC derivatives, inhibiting
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and activating specific molecular differentiation pathways and adding small
molecules to obtain a more robust achievement of specific lineages 2%. Thirdly, the
development of iPSC- based transplants and clinical applications faces the
paramount requirement of safety. Hence, standardized procedures are required to
routinely check for abnormalities potentially leading to tumour related risk. At the
same time, risk assessment has to be evaluated for specific hazards, related to the
PSC-derived cells themselves or, more generally, the tissues of engraftment. In our
work, we have considered the safety related to clinical translation on PSC technology
and thus we have equipped the MiPs with a inducible suicidal gene 2%, Suicide genes
are widely used for instance in cancer cell therapy, as they induce either toxin-
related cell death or apoptosis. For PSC derivatives, the integration of suicidal genes
moves in the direction of providing a safeguarding control in transplanted cells for

preclinical trials.

A last aspect, crucial to consider when approaching PSC derivatives therapeutic
applications, is the importance of epigenetic remodeling. As discussed earlier, if
“bona fide” iPSC wished to be derived, epigenetic signatures ought to be wiped out.
However, results obtained in the first part of the manuscript have provided evidence
that incomplete wash out of epigenetic traits is amenable for enhancing
commitment of MiPs derived from fibroblasts. Studies enforcing this feature have
shown that transcriptional divergence can influence the outcome of iPSC- derived
progenitor cells, and further suggested that intrinsic epigenetic traits might depend

not only of cell type of origin, but also on the stage of reprogramming 219,

Among epigenetic modulators, miRNAs have been implicated in the reprogramming
of somatic cells to iPSCs. Recent evidence has unravelled a family of miRNAs which
markedly reduces generation of iPSC by modulating the chromatin remodeling
process 211, Similarly, miRNAs have been credited with governing the differentiation
of PSC and their lineage specification, as it is the case of miR-375, which regulates
pancreatic islet formation, or myomir mir-206, that induces muscle differentiation.

Therefore, miRNAs are well equipped to serve as fate determinants. To this regard,
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recent data coming from interlineage analysis of iPSCs differentiated to three germ
layers has disclosed a number of key miRNAs holding cardinal regulatory roles in
early lineage specification 2'2. Among the identified miRNAs, miR-372-3p was found
implicated in mesodermal lineages specification, in accordance with our results that
have reported such miRNAs in the mesodermal progenitors. This line of research
substantiates the rising role of miRNA to enhance differentiation of stem cells for
tissue regeneration. Furthermore, miRNAs are suitable candidates for resident stem
cell modulation in their specific niche, as for instance SC or MABs in skeletal muscle

wasting conditions.

In the second part of the manuscript we have focused on EVs that appear to be arich
source of miRNAs. Screening of the content of EVs from animal models of muscle
hypertrophy and muscle wasting associated with a chronic disease and aging has
allowed us to identify a key miRNAs signature, applicable for targeting muscle
wasting. In light of the potential role of miRNAs in modulating resident stem cells,
we have tested this signature in vitro on MABs, adult stem cells, known for
contributing to muscle regeneration. Our approach has shown that EV-derived
miRNAs improve MABs differentiation potential in vitro and also when injected in
vivo in the hindlimb muscles of aged mice following acute muscle injury. Future
studies will be needed to evaluate whether the hypertrophic miRNAs will be effective
in directing eliciting a myogenic response in resident stem cells, when delivered in a
cell-free method. Indeed, our second study paves the way for a cell-free approach to

treat muscle wasting disorders.

Our results combined provide evidence that miRNAs might constitute a feasible,
efficacious mean to positively impact tissue regeneration. To this regard, the issue
of delivering is crucial in regenerative medicine, i.e. not only delivering the right
information but also delivering the messages to the right target. EV might ultimately
embody the ideal delivery method. Integrating artificial messages with natural cells
is, indeed, a well-known concept in tissues engineering ¥ 213, Since chemical

communications between cells relies on carriers such as EVs and other vesicles
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among others, these can be engineered ad hoc to hand over a specific message in a
specific target cell or tissue. For instance, a study has shown that systemic
administration of EVs loaded with a modified, dystrophin splice—correcting
phosphorodiamidate morpholino oligomer (EXOPMO) was able to direct uptake of
the EVs from the skeletal muscle itself °’. The addition of this anchor peptide
ultimately increased delivery of dystrophin in quadriceps of dystrophin-deficient

mdx mice, resulting in a functional improvement.

As alternative to cell therapy, EVs hold an advantage in terms of safety and delivery,
in fact tissue engineering and tissue regeneration technologies would largely benefit
from the employment of cell-free delivery methods in forms of EVs. To this regard,
there are EV specific characteristics that are of paramount importance when
approaching the design of EV-based therapies. Firstly, the cells of origin, and how
similar they have to be to the recipient cells, in terms of surface markers and any
additional intracellular information that might be loaded into the EVs. EVs are bound
to elicit a stronger response in the delivery cells, bypassing the issue of compatibility.
Secondly, the interaction with biomaterials, often used to stabilize engineered
tissues, and lastly the mode of delivery, whether local or systemic. Finally,
immunogenicity is an important feature of PSC-derived therapeutic applications that
might be outflanked using of EVs. In fact, EVs show very little immunogenic activity
when administered in vivo in preclinical studies. At the same time, EVs have been
implicated in the regulation of immunity, since they can carry engineered antigens
that can modulate the immune system. As a matter of fact, EVs are being explored

as immunomodulators for engineering tailored strategies for cancer immunotherapy

214

While certainly EVs represent an attractive alternative to stem cell therapies, they
can also be ad added value in a more comprehensive vision that encompasses the
use of stem cells combined with EVs, in order to improve cell -based therapeutic
regeneration. In this vision, EV are adjuvants in delivering crucial message mediating

tissue regeneration. This role of EVs has been explored in several preclinical studies,
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that have implicated EVs derived from stem cells in cardiac 1%, liver 2%>and brain

tissue 216

regeneration and wound healing 2’. An ongoing clinical trial conducted on
patients with cardiomyopathy receiving sheets of cardiac progenitor cells derived
from PSC (ESCORT) has given signs of an initial beneficial effect. Although not directly
observed or supported by evidence, authors speculate that such effect might be
likely mediated by miRNA cargos of EVs released by cardiac progenitors’ cells. The

possibility of combining stem cell therapies and miRNAs technology in the form of

EV delivery is surely intriguing and our work belongs tightly in this scenario.

To conclude, stem cell therapy for degenerative diseases has been explored for more
than 60 years, with the first successful allogenic transplantation taking place in 1956
and performed by Dr E Donnall Thomas in New York 28, Ever since the first patient,
affected by leukemia, was treated with healthy bone marrow from an identical twin,
intensive scientific effort has been devoted to improve and move forward this
approach with regards to other pathologies. On the other side, EVs- based
therapeutics is a budding idea of the last 10-15 years, that is gaining more and more
importance, but that will certainly require further work especially in the direction of
improving targeted delivery. Therapeutics for degenerative disease should therefore
be designed as a comprehensive, multi approach effectively taking into
consideration cell-based regenerative capabilities, EVs vehicle properties and tissue

modulators, such as miRNAs.
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