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ABSTRACT
Duchenne muscular dystrophy (DMD) is caused by mutations on the Xlinked dystrophin gene and primarily affects skeletal muscles, resulting in
disability and premature death. This thesis looks at different strategies to
circumvent substantial obstacles in the development of therapies for this
incurable disease. Here I hypothesise that the limited availability of large
number of cells and the large size of the dystrophin gene (2.4Mb) can be
tackled by combining human artificial chromosome (HAC)-based gene
correction and induced pluripotent stem cell (iPSC)-mediated production
of transplantable myogenic cells. However, another significant hurdle is
posed by cell delivery, as skeletal muscle is the most abundant human
tissue; therefore I also focused on developing a novel strategy to make
the aforementioned DMD iPSC-derived myogenic population systemically
deliverable. I hypothesised that cell fate modulators of native skeletal
myoblasts could enhanced migratory properties also to human iPSCderived myogenic progenitors. I show that exposure to the Notch ligand
DLL4 and PDGF-BB can induce the acquisition of some key properties
such as a perivascular marker expression profile and an improved
migration in vitro. Taken together these results lay the foundation for a
small molecule-based strategy to allow systemic delivery of geneticallycorrected, genomic-integration-free, iPSC-derived myogenic cells for the
autologous gene and cell therapy of DMD.
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IMPACT STATEMENT
Effective gene and cell therapies for widespread forms of muscular
dystrophies such as DMD are very limited due to the size of the
dystrophin gene and the poor engraftment of cell candidates tested so
far. In the present study I generated skeletal myoblasts from human
iPSCs using different strategies to skip any step involving potentially
harmful integration into the genome. Specifically, I used DYS-HAC as an
episomal, stable vector able to correct any dystrophin mutation, as it
carries the full-length dystrophin genetic locus. Using this strategy,
terminal myogenic induction of 3 healthy and one dystrophic, DYS-HAC
genetically-corrected, iPSC lines was achieved. Notably, iPSC-derived
myoblasts, modulated via Notch and PDGF-BB signaling acquired
enhanced migratory capacity.
This work contributes to the fields of skeletal muscle pathophysiology,
gene therapy and iPSC applictions as it highlights a feasible approach for
the development of an expandable, systemically-deliverable and
genetically correctable cell type, empowered in its motility properties and
with low genomic manipulations, which could be a candidate for an ex
vivo gene and cell therapy approach for DMD. Additionally, the validation
of a druggable pathway to improve myoblast migration could be extended
to myogenic cell therapies of other muscle diseases.
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1. INTRODUCTION
I will first briefly describe skeletal muscle structure, development and
regeneration. This will be followed by an overview on muscular
dystrophies with a particular focus on Duchenne muscular dystrophy
(DMD), its cause and pathophysiology. I will then introduce Human
Artificial Chromosomes (HACs), induced pluripotent stem cells (iPSCs)
and the multiple cell candidates, which have been discovered over time
with the aim of treating muscular dystrophies. Finally, I will discuss Notch
and PDGF molecular pathways as potential contributors to the
development of a next-generation gene and cell therapy approach for
muscular dystrophies.

1.1 The skeletal muscle
1.1.1. Tissue architecture
Locomotion, metabolism, posture, pulmonary ventilation and temperature
control are the dominant functions of skeletal muscle (Chargé, Rudnicki
and Charge, 2004). Skeletal muscle is the most abundant tissue in our
body and represents between 30 and 38% of its mass (Janssen et al.,
2000). It consists of large, multinucleated cells named muscle fibres (or
myofibres) derived from the fusion of myoblasts into a syncytial
architecture essential to skeletal muscle functions (Capers et al. 1960);
reviewed in (Abmayr and Pavlath, 2012). Depending on the type of
muscle, myofibres have varied length (maximum in lower limbs) and
diameter (between 10-100 µm) (Hopkins, 2006). Each myofibre is singly
innervated and contains many myofibrils composed of aligned sarcomere
units. Each sarcomere consists of alternating thick myosin and thin actin
filaments, resulting in the striated appearance of skeletal muscle.
Tropomyosin and troponin are strictly linked to actin filaments and, in the
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presence of calcium, they enable muscle contraction via cross-bridge
cycling between myosin heads and actin (Exeter and Connell, 2010).
Layers of connective tissue define the final skeletal muscle structure:
endomysium surrounds each muscle fibre, perimysium wraps bundles of
myofibres grouped into fascicles, whereas epimysium covers the whole
muscle. These membranous connective layers fuse into the tendon at
each extremity of the muscle body (Frontera and Ochala, 2015).
The various tasks that skeletal muscle can perform are based on the
heterogeneity of the muscle fibres that constitute it. Traditionally these
fibres can be divided into two main groups: type I slow-twitch fibres and
type II fast-twitch fibres. The latter can be further subdivided into type IIa,
IIx/d and IIb, based on the myosin heavy chain isoform they express
(Scott, Stevens and Binder-Macleod, 2001; Schiaffino and Reggiani,
2011). According to their metabolic pathways three main fibre types can
be identified: fast-twitch glycolytic, fast-twitch oxidative, and slow-twitch
oxidative. Despite the strong correlation between fibres I and a slow
oxidative metabolism, there is no such a strict association between type
IIA/fast twitch oxidative metabolism and type IIB/fast twitch glycolytic
fibres (Scott, Stevens and Binder-Macleod, 2001). Type IIb are the
predominant fibres in mice, whereas they are virtually absent in humans
where the most abundant type is IIx/d (Scott, Stevens and BinderMacleod, 2001). Different fibre types differ in the time required to reach
maximal tension, which, in turn, is determined by several differences both
in structure (i.e. isoform of myosin heavy chain expressed which
determine the speed of ATP use during contraction; myoglobin content)
and in energy system (slow oxidative vs. fast oxidative/glycolytic). Muscle
fibre types are present in different proportions in each skeletal muscle
giving it its particular features and thus functions.

However, muscle

plasticity allows the relative proportion of each fibre type to change in
response to adaptive shifts such as aging or diseases (Pette and Staron,
1997; Schiaffino and Reggiani, 2011). As an example, fast-twitch fibres
tend to be preferentially affected in DMD (Webster et al., 1988). Moreover,
diverse fibre types respond differently to atrophic/hypertrophic signals. As
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an example type IIb and IIx/d show higher susceptibility than type I to
many atrophic signals such as denervation, cancer cachexia and chronic
heart failure (Wang and Pessin, 2013). Finally, it is worth mentioning that
some head and neck muscles (i.e. extraocular, laryngeal and jaw
muscles) include atypical muscle fibres in addition to the main ones
described above (Schiaffino and Reggiani, 2011).

1.1.2. Skeletal muscle contraction
Skeletal muscle contraction occurs in response to an action potential,
which runs along motor neuron axons originating in the spinal cord and
entering the muscle usually through its centre. Here each motor neuron
branches several times and each branch reaches its target muscle fibre.
This set of fibres and their innervating motor neurons constitute the socalled “motor unit”(Hughes, Kusner and Kaminski, 2006). The contact
point between the muscle fibre and its innervating branch is the
neuromuscular junction (NMJ) easily visualised via labelling with
cytoplasmic fluorescent proteins its different components in transgenic
mice (Feng et al., 2000; Hughes, Kusner and Kaminski, 2006).
Specifically, terminal axon processes touch the muscle surface in the
depression called “synaptic gutter”, in close association with Schwann
cells that also guide the reinnervation process after injury (Kang, Tian and
Thompson, 2003). Beneath the nerve terminal, across the folded muscle
membrane, are located the ligand-gated ion channels known as
acetylcholine receptors (AChR). When an action potential reaches the
NMJ it activates voltage-dependant Ca2+ channels, which lead to ACh
release into the cleft.

Importantly, myonuclei located at the synaptic

junction have a specialised transcriptional program that provides them
with the protein expression profile able to react to these stimuli (Merlie
and Sanes, 1985).
Other crucial molecular components of the synaptic gutter are the
voltage-activated Na+ channels concentrated at the bottom of muscle
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fibre membrane folds and essential for the high sensitivity of the muscle
membrane to depolarisation (Flucher and Daniels, 1989). The action
potential in the muscle fibre is initiated by the Na+ influx induced by
acetylcholine

binding

to

AChR.

The

stimulus

propagates

both

longitudinally

along the fibre and radially inside it, thanks to specialised

tubular invaginations of the surface membrane known as transverse
tubular (TT) network. TT depolarisation in turn causes Ca2+ release from
the sarcoplasmic reticulum, the inner calcium storage membrane system
of a muscle fibre, via the activation of the ryanodine receptors here
present. Ca2+ binds then to troponin C and displaces it thus leading to a
conformational change of tropomyosin which finally allows the crossbridging of myosin and actin and the force-generating contraction.
Specifically, upon consumption of ATP, myosin heads bind to actin
filaments and pull them towards the centre for the sarcomere in a sliding
movement first hypothesised by A. F.Huxley and R. Niedergerke (Huxley
and Niedergerke, 1954) and H. E. Huxley and J.Hanson (Huxley and
Hanson, 1954). Finally, acetylcholinesterases degrade ACh and Ca2+
concentration fall to its former resting level.

1.1.3 Skeletal muscle development
Skeletal muscle arises during mid-gestation (between embryonic day E9
and E12 in mice) from three different developmental origins: the
segmented somitic paraxial mesoderm, the unsegmented cranial paraxial
mesoderm and the prechordal mesoderm (Braun and Gautel, 2011). In
this section I provide a brief overview of skeletal muscle development
from these distinct sources.

1.1.3.1 Myogenesis of the trunk and limbs
Trunk and limb muscles originate from somites. Early in embryonic
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development, the presomitic paraxial mesoderm (located on either side of
the notochord and the neural tube) segments into transient spheroidal
structures called somites. This process (illustrated in Figure 1.1) occurs
along the dorsal-ventral axis of the embryo, in a rostral-to-caudal direction
and

is

regulated

by

dynamic

molecular

processes

known

as

“segmentation clock” (periodic pulses of Notch, FGF and Wnt signaling,
mainly) (Hubaud and Pourquié, 2014). The somite, initially a spherical
unit of polarized epithelioid cells, differentiates and subdivides into the
dorsal epithelial dermomyotome (DM) and the ventral mesenchymal
sclerotome (SM). The SM develops into the cartilage and bone of the
vertebrae and ribs (axial skeleton and tendons), whereas the DM is the
source of the dorsal dermis, brown fat, endothelial cells and the skeletal
muscle of the trunk and limbs (Bryson-Richardson and Currie, 2008;
Deries and Thorsteinsdóttir, 2016). Specifically, myogenic precursors
cells from the hypaxial and the epaxial compartments of the DM undergo
an epithelial-to-mesenchymal transition (EMT), start accumulating
underneath and differentiate into the myocytes forming the myotome
(Buckingham and Relaix, 2015; Deries and Thorsteinsdóttir, 2016).
Indeed, the primary myotome is initially made of a layer of cells
sandwiched between the DM dorsally and the SM ventrally and it is here
that the first myocytes of the embryo are formed (Chal and Pourquié,
2017). The epaxial compartment of the myotome will originate the deep
back musculature, while the hypaxial district will give rise to the body wall
muscles and most of the other trunk muscles (i.e. intercostal, abdominal
muscles) (Parker, Seale and Rudnicki, 2003). Furthermore, cells from the
hypaxial DM undergo an epithelial-to-mesenchymal transition, delaminate
and migrate into the forming limb bud mesenchyme where they start
differentiating upon muscle-specific gene expression (reviewed in
(Buckingham et al., 2003)). The diaphragm muscles also originate from
migrating cells from the DM, at the level of the cervical somites (Merrell
and Kardon, 2013).
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Figure 1.1 Skeletal muscle embryonic development
Schematic

representation

of

different

stages

of

muscle

somite

development. Undifferentiated mesenchyme gives rise to somites that
further subdivide into a dorsal epithelial plate (dermomyotome) and a
ventral mesenchymal portion (sclerotome). The primary myotome is
initially made of a layer of cells sandwiched between the dermomyotome
dorsally and the sclerotome.
1.1.3.2. Myogenesis of the head and neck
The

head

contains

more

than

60

different

skeletal

muscles,

heterogeneous from a developmental point of view and mainly derived
from the unsegmented cranial mesoderm (CM) (Diogo et al., 2015).
Despite the absence of morphologically distinct boundaries, the CM can
be subdivided into the prechordal, paraxial and lateral sections (Ziermann,
Diogo and Noden, 2018).
The extra-ocular (EOMs), branchial, laryngoglossal and axial neck
muscles are the main groups belonging to this district, each of them
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exhibiting diverse morphogenitc movements, as reviewed by (Noden and
Francis-West, 2006). As an example, occipital somites are the source of
migrating myoblasts that reach the head and form the tongue as well as
other laryngoglossal muscles through the formation of a condensed
mesenchymal band known as hypoglossal cord (Tzahor, 2009).
1.1.3.3. Primary and secondary myogenesis
In amniotes, myogenesis consists of four successive phases: embryonic,
foetal, neonatal and adult myogenesis (Murphy and Kardon, 2011).
During embryonic (or primary) myogenesis, pioneer myogenic precursors
reach different regions of the developing embryo and become specified
as myoblasts that then differentiate into post-mitotic mononuclear
myocytes. These myocytes fuse into primary myofibres (Murphy and
Kardon, 2011) and derive from Paired box protein (Pax)-3+ (mouse) or
Pax3+/Pax7+ (chicken) dermomyotomal cells (Horst et al., 2006; Otto,
Schmidt and Patel, 2006). In the embryo, primary myofibres containing a
few myonuclei act as a scaffold for later waves of myogenic progenitors
and, during foetal (or secondary) myogenesis, they will be reorganised
becoming the bulk of the post-natal muscle tissue (McClearn and Noden,
1988; Murphy and Kardon, 2011). Muscle innervation is one of the main
triggers of secondary myogenesis (Buckingham, 2003).
Primary and secondary muscle fibres can be distinguished by both their
morphology

and

diverse

contractile

proteins

expression

profile.

Secondary muscle fibres are initially much thinner than primary ones and
their nuclei localization has been described as “pearls on a string”
(Buckingham, 2003). They only contain fast myosin isoforms, whereas
primary fibres express both slow and fast embryonic myosin and myosin
light chain 1 (MyLC1, Myl1) (Kelly et al., 1997). Conversely, the musclespecific metabolic enzymes

-enolase and other proteins such as Nfix

and MyLC3 (Myl3) are a prerogative of secondary muscle fibres (Keller
et al., 1992; Kelly et al., 1997; Fougerousse et al., 2001; Messina et al.,
2010). Notably, transcriptomic differences are also found between
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secondary myoblasts, which proliferate prior to the start of secondary
myogenesis, and embryonic myoblasts (Biressi et al., 2007).
Finally, it is worth noting that also muscle growth follows diverse
mechanisms according to the developmental stage: in foetal myogenesis
it occurs by cell fusion of proliferating Pax7+ precursors (i.e. hyperplasia),
whereas in postnatal life muscles grow essentially from fibre hypertrophy
(Gokhin et al., 2008; White et al., 2010).

1.1.2.4 Myogenic transcription factors during development
A number of regulatory factors and epigenetic regulatory mechanisms
play essential roles in myogenesis and postnatal remodelling and their
fine orchestration leads to all the varied muscle types in our body (Braun
and Gautel, 2011). The myogenic fate acquisition is mainly dependent on
the basic-helix-loop-helix myogenic regulatory factor (MRF) family and
the paired/homeodomain transcription factors Pax3 and Pax7 which act
upstream to the MRF family (Tajbakhsh, 2009).
Pax3 is crucial primarily during embryonic development in the trunk and
limbs and is first activated in the presomitic mesoderm, then expressed in
the epithelial somite before being confined to the DM from where Pax3+
myogenic progenitors migrate and give rise to the limb muscles.
Subsequently, during foetal myogenesis, Pax7 is activated in a subset of
Pax3+ myogenic progenitors that concomitantly start downregulating
Pax3 expression itself (Chal and Pourquié, 2017). Overall, during skeletal
muscle development, the Pax3+/Pax7+ population of proliferating cells
represent the main source of myogenic cells, as proved by the major
muscle loss in the double mutant (Relaix et al., 2005; Buckingham and
Relaix, 2015). Particularly, a subset of Pax7+ myogenic progenitors gives
rise the muscle stem cells known as satellite cells (SCs; discussed in the
next section) (Gros et al., 2005; Kassar-duchossoy et al., 2005; Relaix et
al., 2005; Lepper and Fan, 2010) Conversely, Pax3 is virtually
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undetectable in the SCs of some muscles (i.e. hindlimbs muscle) but still
transcribed at low levels in many forelimb and trunk muscles, including
the diaphragm (Relaix et al., 2004, 2005, 2006). In agreement with what
said so far, Pax7 mutants do not show major muscle impairments during
embryonic development, though the absence of Pax7 becomes
particularly evident in its foetal and post-natal consequences (Comai and
Tajbakhsh, 2014).
The downstream MRF family consists of four proteins: myogenic factor 5
(Myf5),

myoblast

determination

protein

(MyoD),

muscle

specific

regulatory factors 4 (Mrf4/Myf6) and Myogenin (Pownall, Gustafsson and
Emerson, 2002). MRFs, after dimerising with E-proteins (E12/E47, HEB,
E2-2), bind E-box elements within target gene promoters and activate
muscle-specific gene expression through interaction with second family of
transcription factors known as myocyte enhancer factor 2 (Mef2)
(Molkentin et al., 1995). Myogenesis can be initiated by MRF members in
a wide range of non-myogenic cells (Davis, Weintraub and Lassar, 1987),
however the activity of the MEF2 proteins is essential for myogenic
conversion (Ornatsky, Andreucci and McDermott, 1997). Despite their
relevance, MEF2 trascription factors are not sufficient to induce
myogenesis on their own (Molkentin et al., 1995).
Myf5, Mrf4 and MyoD are expressed in muscle precursors and are crucial
for myogenic fate specification (Rudnicki et al., 1993; Kassar-duchossoy
et al., 2005), whereas myogenin orchestrates the differentiation of
committed myoblasts into myotubes and myofibres (Hasty et al., 1993;
Nabeshima et al., 1993). Myf5 and Mrf4 act upstream of MyoD (Kassarduchossoy et al., 2005) and their activation in cells that will delaminate
from the edges of the DM will lead to the early myotome formation. Myf5
is indeed the first member of the MRF family to be expressed in the
somite of mouse embryos (Ott et al., 1991). Subsequently (approximately
two days later) MyoD is activated in the hypaxial and epaxial domains.
Gene knockout experiments have cast light on the hierarchies between
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these regulatory factors. It has been proved that while both Myf5-null
(Braun et al., 1992) and MyoD-null (Rudnicki et al., 1992) mice have
muscles, the double mutants have neither myoblasts nor muscle fibres
(Rudnicki et al., 1993). Therefore, MyoD alone is able to initiate
myogenesis and equally Myf5, which, in absence of MyoD, instead of
being downregulated in late embryonic stages, keeps being expressed
and drives myogenic development. This exemplified the subsidiary roles
that myogenic determination factors entertain with one another
(Tajbakhsh, 2009).
Finally, it is worth mentioning the sine oculus 1 (Six1) transcription factors
family which also regulates myogenesis as proven by some major muscle
defects (i.e. absence of hypaxial trunk muscles and limb muscles) in
Six1/4 double mutants (Kumar, 2009).
Embryonic myogenesis involves spatio-temporal interplay between many
other extrinsic factors secreted from surrounding tissues: Sonic hedgehog
(Shh) and Wingless/Integrated (Wnt) proteins, from the neural tube,
dorsal ectoderm and notochord, bone morphogenic proteins (BMPs) and
Notch pathway are only some of the molecules promoting myogenesis.
Neural crest cells play a pivotal role in the DM activation of Myf5, whose
expression is driven by canonical Wnt/beta-catenin signaling (Borello et
al., 2006; Chal and Pourquié, 2017). Fibroblast growth factor (FGF)
pathway sustains myoblast proliferation and migration, while blocking
differentiation (Itoh, Mima and Mikawa, 1996). Delamination and
migration of Pax3+ hypaxial cells from the DM is induced via c-Met
receptor (regulated by Pax3) in response to hepatocyte growth factor
(HGF) released by mesenchymal cells next to the somite, together with
the chemokine receptor CXCR4 and the gene ladybird homeobox 1
(Lbx1) (Takayama et al., 1996; Buckingham and Vincent, 2009). For an
up-to-date review please see (Hernández-Hernández et al., 2017).
As opposed to trunk and limb development, head muscle myogenesis
does not require Pax3 and Pax7 as upstream regulators of the MRF
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cascade. This is demonstrated by the head muscle normal development
of Pax3-mutant mice (Tajbakhsh et al., 1997). Instead, a key role is hold
by pituitary homeobox 2 (Pitx2) and T-box factor 1 (Tbx1) (Jerome and
Papaioannou, 2001; Dong et al., 2006). Interestingly, Pitx2-mutant
embryos have no EOMs (Gage, Suh and Camper, 1999; Kitamura et al.,
1999), however activation of MyoD necessitates Myf5 and Myf6 even in
presence of Pitx2 (Sambasivan et al., 2009). For a detailed review see
(Sambasivan, Kuratani and Tajbakhsh, 2011).
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Figure 1.2 Making muscle: the myogenic regulatory factors cascade
Schematic overview of myogenesis. Pax3+/Pax7+ dermomyotomal
progenitors are specified into the muscle lineage via Myf5 and MyoD
activation. MyoD has a cross activation mechanism with Myogenin, which,
in turn, can induce terminal differentiation both directly or through Myf6
expression.
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1.1.4 Satellite cells
Skeletal muscle regenerative potential (Carlson, 1986; Studitsky, 2006)
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relies on resident stem cells known as satellite cells (SCs), (Lepper,
Partridge and Fan, 2011; Murphy et al., 2011; Sambasivan et al., 2011).
SCs were first identified anatomically thanks to their peculiar location
underneath the basal lamina of adult muscle fibres (Mauro, 1961) using
electronmicroscopy analysis on frog and rat muscles (reviewed in
(Scharner and Zammit, 2011)). In adult human muscles, SCs account for
approximately 4% of the total myonuclei (Schmalbruch and Hellhammer,
1976) and they are normally in a G0/quiescent state. However, it has
been shown that over the foetal and perinatal period, when muscle mass
growth is at its peak, the number of proliferating SCs progenitors
constitutes up to 35% of the mononucleated cells of murine muscles
(Allbrook, Han and Hellmuth, 1971).
Nowadays, a wide range of protein markers is used to identify these cells.
Among them, nuclear transcription factors Pax3 and Pax7 are by all
means the most commonly used, with the former only expressed on SCs
of specific muscle groups such as the diaphragm (Relaix et al., 2006) and
the latter widely identifying the majority of SCs (Relaix and Zammit, 2012;
von Maltzahn et al., 2013). Indeed, seminal work from Rudnicki and coworkers correlated the expression of Pax7 to SCs and proved that
inactivation of this transcription factor leads to severe loss of SCs in adult
muscle (Seale et al., 2000). Moreover, by means of single myofibre grafts
able to regenerate the host muscle after injury, it has been demonstrated
that adult skeletal muscle SCs possess an extensive self-renewal
potential (Collins et al., 2005)
Muscle damage causes the activation of SCs that in turn proliferate and
asymmetrically dived into a progeny of committed myoblasts and a
quiescent pool of progenitors that replenish the stem cell niche. The
precise mechanisms behind this myogenic progression and self-renewal
are still not fully understood. One hypothesis is that, upon activation, SCs
upregulate MyoD (Cornelison and Wold, 1997; Cooper et al., 1999) and
enter the S phase as Pax7/MyoD-expressing myoblasts. The majority of
them maintain MyoD, downregulate Pax7 and differentiate via activation
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of myogenin, while others, maintain Pax7 and downregulate MyoD
reacquiring their quiescent state (Day et al., 2007; Nagata et al., 2006).
According to this reports it seems that each SC enters a stage
characterised by Pax7/MyoD co-expression before either differentiate or
self-renew (Relaix and Zammit, 2012). Nevertheless, further experiments
are required to elucidate this point especially in light of a report that by
means of recombination-based lineage tracing experiments using adult
Myf5cre/+: RosaYFP/+ mice, showed that 10% of SCs are Myf5-, but still
can generate both Myf5+ and Myf5- cells. It has been speculated that this
last set of cells are “true” SCs that never activated the myogenic program
in contrast to the Myf5-proliferating subset that will give rise to the Pax7+/
MyoD+ proliferating myoblasts (Kuang et al., 2007). These and other
reports highlight the heterogeneity of SCs which rather possess different
expression profiles and functional properties such as regenerative
potential (reviewed by (Relaix and Zammit, 2012). Indeed, Beauchamp
and colleagues demonstrated that only a small fraction of non-dividing
cells survive after myoblast transplantation and these are the engraftable
ones which regenerate the muscle (Beauchamp et al., 1999).
The activation of SCs is dependent on many inductive factors commonly
present in the inflamed tissue environment including transforming growth
factor beta (TGF-

), fibroblast growth factor (FGF), hepatocyte growth

factor (HGF), insulin-like growth factor (IGF) I/ II and interleukin 6 (IL-6)
(Chargé, Rudnicki and Charge, 2004). Tissue injury leads to Ca2+ influx
into the cell membrane of damaged fibres and induces necrosis via
activation of proteases (Gissel 2005). This in turn activate the proinflammatory response through neutrophil invasion and recruitment of M1
phenotype macrophages which, beside amplifying the inflammatory
response, play an important role in SC activation and proliferation via
release of soluble factors (Maffioletti et al., 2014). A switch to an antiinflammatory role of the immune system subsequently occurs and
myoblasts proliferate and fuse both with existing myofibres and with one
another (Arnold et al., 2007). These newly generated fibres sustain a
maturation process through which they start re-expressing myosin heavy
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chain (MyHC) isoforms typical of the embryonic and neonatal stages of
their development (Schiaffino and Reggiani, 2011).
Beside the Pax genes, a wide array of surface markers has been
identified as typical of adult SCs including CD34, NCAM/CD56 (neural
cell adhesion molecule), VCAM-1 (vascular adhesion molecule-1),
CXCR4 (chemokine receptor 4), M-cadherin (Cornelison and Wold, 1997),
c-Met receptor (receptor for hepatocyte growth factor) (Irintchev et al.,
1994), syndecan-3 and -4, CD29/integrin-

1 and integrin-α7 (reviewed in

(Yin, Price and Rudnicki, 2013) and (Boldrin, Muntoni and Morgan, 2010)).
Noteworthy, most of the markers enlisted were found in mouse SCs and
cannot be straightforwardly applied to human SCs identification. As an
example CD34 as well as M-cadherin are not good and consistent
markers of human SCs (Péault et al., 2007; Boldrin, Muntoni and Morgan,
2010). Typically, CD56 is used to isolate/identify human SCs, especially
when in its sub-laminar anatomical localisation, however its expression is
dependent on the cell activation state in a species-specific manner
(Tedesco, Moyle and Perdiguero, 2017). Therefore, to increase specificity,
often markers are used in combination. Recently it has been proved that
CD56 and CD29 are co-expressed with Pax7 in human muscles and
allow isolation of human SCs (CD31-/CD45-/CD56+/CD29+) that once
injected in irradiated muscles can engraft, replenish the SC niche and
self-renew (Xu et al., 2015). Finally, CD82 has been recently linked to
human Pax7+ SCs, however its expression is not limited to quiescent
cells but also maintained in activated and differentiating myoblasts
(Alexander et al., 2016).

1.1.4.1 Satellite cell origin
In spite of the fact that the Pax gene family is not muscle specific, but is
expressed in embryonic progenitors of the central nervous and olfactory
systems (Murdoch, DelConte and García-Castro, 2010), its importance in
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SCs development has been repeatedly proved over the years. As
previously mentioned, many studies have identified in the somite the
origin of SCs. Initially, this was achieved via transplantation of quail
embryonic somites into chick embryos that demonstrated the SCs
development from mesodermal cells of quail somatic origin in the chick
muscles (Christ, Jacob and Jacob, 1983).
Particularly, muscle stem cells can be traced back to the Pax7+
embryonic myogenic precursors in the central domain of the DM (Gros et
al., 2005; Kassar-duchossoy et al., 2005; Relaix et al., 2005), which are
the source of SCs found in the skeletal muscles of the adult (Seale et al.,
2000; Gros et al., 2005; Lepper and Fan, 2010). Juvenile Pax7+ SCs
become enclosed beneath the myofibre basal lamina from E16.5 (Relaix
et al., 2005) and constitute the reservoirs of adult SCs that emerge
between 2–3 weeks after birth. Although Pax7 is not essential for the prenatal specification of SCs, it becomes crucial post-natally for their
maintenance: indeed, SCs are progressively lost in Pax7 mutant mice
(Oustanina, Hause and Braun, 2004; Günther et al., 2013; von Maltzahn
et al., 2013).
However, interestingly, juvenile and adult SC populations differ in their
Pax7-dependency: Pax7 is required during the juvenile period (its
function is critical before p21), but dispensable in adulthood when Pax7
mutant SCs can normally support the regenerative process (Lepper and
Fan, 2010).

1.1.5 Other muscle progenitors able to regenerate muscle
While SCs represent the canonical skeletal muscle stem cell, over the
years many studies have identified several other progenitor cells of nonsomitic origin, which could represent precursors of SCs and which
contribute to muscle regeneration thanks to their innate myogenic
potential (reviewed in (Tedesco et al., 2010) and (Benedetti, Hoshiya and
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Tedesco, 2013)). Findings of this kind have called into question the
validity of the SC-centred paradigm. These cell types differ for tissue of
origin, surface marker profile and differentiation efficiency but overall they
prove the existence of cell plasticity as a naturally occurring mechanism
(Bonfanti, Barrandon and Cossu, 2012). Some of the discovered cell
types have been tested in pre-clinical and even clinical settings to unravel
their potential as cell-based therapies for muscle disorders and will be
here briefly discussed.

Bone marrow- and muscle-derived stem cells
Bone marrow-derived stem cells have been among the first non-SC
phenotypes found to retain myogenic potential (Ferrari et al., 1998;
LaBarge and Blau, 2002). These cells have been initially discovered via
transplantation in injured muscles of bone marrow-derived cells obtained
from a transgenic mouse model with a LacZ cassette driven by a muscle
specific promoter (Ferrari et al., 1998). They contributed to muscle
regeneration and additionally entered the sublaminal niche and
expressed SC markers (LaBarge and Blau, 2002; Dreyfus et al., 2004).
In 1999 a population of pluripotent stem cell was isolated via Hoechst dye
exclusion during fluorescence activated cell sorting from both bone
marrow and skeletal muscle and named side population (SP) (Gussoni et
al., 1999; Jackson, Mi and Goodell, 1999). Muscle-derived SP were able
to differentiate into the main blood lineages when injected intravenously
in irradiated mice and, most importantly, participated in myogenic
regeneration giving rise to SCs (Gussoni et al., 1999; Asakura et al.,
2002). In contrast, bone marrow derived SP, while contributing to muscle
regeneration, were not able to originate SCs. In light of these results,
DMD mouse models were injected with bone marrow-derived cells and
some dystrophin expression was restored, but with poor efficiency and no
therapeutic benefit (Gussoni et al., 1999; Ferrari, Stornaiuolo and Mavilio,
2001; Chretien et al., 2005).
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Additionally, a retrospective analysis of muscles of a DMD patient treated
with a bone marrow transplantation for an immunodeficient disorder,
proved a long term HSC engraftment but less than 1% dystrophin
restoration (Gussoni et al., 2002). It is important noticing that Sherwood
and colleagues showed that after re-isolation from the initially engrafted
muscle, these cells did not form myogenic colonies neither contributed to
injury-induced regeneration, thus non acting as proper functional selfrenewing stem resident cells (Sherwood et al., 2004).

Muscle derived stem cells (MDSCs)
MDSCs are murine myogenic cells mainly defined by their derivation
through pre-plating protocols following muscle tissue dissociation.
According to the authors two main populations can be identified based on
their adherence on collagen-coated dishes: the early-plating one, mostly
formed by SC/myogenic progenitor cells and the late-plating one, mainly
constituted by MDSCs (Qu-Petersen et al., 2002; Sarig et al., 2006). In
vivo experiments have shown variable MDSC contribution to skeletal
muscle regeneration (Qu-Petersen et al., 2002) however, it could be
argued that they do not constitute a homogeneous nor specific population
of myogenic cells, but rather a combination of SCs and other muscle
interstitial cells harbouring myogenic potential (reviewed in (Tedesco,
Moyle and Perdiguero, 2017)). Nevertheless, cells similar to MDSCs have
also been systemically delivered in a DMD canine model resulting in a
long term engraftment and even a dystrophic phenotype amelioration
(Rouger et al., 2011).

CD133+ cells
Torrente and colleagues first isolated a subset of cells from both the main
blood stream and the interstitial regions of skeletal muscle, characterised
by the expression of CD133 (prominin-1), an hematopoietic stem cell
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(HSC) marker (Torrente et al., 2004). Notably these cells possess a good
myogenic potential and, when injected (intramuscularly and systemically)
in a dystrophic mouse model, they engrafted, regenerated muscle fibres
and enriched the SC pool. Moreover they have also been tested as a
potential autologous stem cell-based therapy: CD133+ cells have been
derived from DMD patients and genetically corrected before being
injected into the dystrophic mouse model mdx where they engrafted and
reconstituted dystrophin expression (Benchaouir et al., 2007). In light of
these positive results, this approach has been tested in a pilot phase I
clinical trial by performing a local autologous transplantation of muscle
derived CD133+ cells without genetic correction in eight DMD patients
that proved to be safe (Torrente et al., 2007). CD133 has also been
proposed as a marker stem-progenitor cells able to give rise not only to
myogenic cells but also endothelial and hematopoietic lineages (Meregalli
et al., 2010).

PW1+cells
PW1 gene/paternally expressed gene 3 (PW1/Peg3)+/Pax7- interstitial
cells, known as PIC, have been described as an alternative population of
muscle-resident stem cells in mice (Mitchell et al., 2010). PICs have a
different developmental origin from SCs and when locally injected in
muscles they contribute to muscle regeneration. Moreover they are
multipotent, being also able to differentiate into smooth muscle and
adipocytes (Mitchell et al., 2010). PW1 has been subsequently found on
stem cells from several other tissues from intestine to central nervous
system and skin by means of a PW1-reporter mouse; these results have
suggested PW1 as a marker of a wide array of adult stem cells (Besson
et al., 2011). Interestingly PW1 have been identified on mesoangioblasts
and seem to confer them both their migratory/extravasation abilities and
myogenic competence (Bonfanti et al., 2015).
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Mesenchymal stem/stromal cells (MSCs)
MSCs are found primarily in bone marrow but can be also be derived
from other tissues and are extremely heterogeneous in terms of
expression profile and differentiation potential (Sacchetti et al., 2016).
MSCs contribution to muscle regeneration has been studied (Dezawa et
al., 2005; Crisan et al., 2008) both in vitro and in vivo where these cells
were able to engraft, though without amelioration of the dystrophic
phenotype (Gang et al., 2009). However, it has been pointed out that
MSCs could be beneficial to dystrophic muscles owing to their antiinflammatory effects (Ichim et al., 2010).
In recent years, plenty of studies have been published claiming the
potential use of MSCs as cure for a plethora of disorders, however
interpretations of these results require caution. As a matter of fact there is
a substantial ambiguity in the definition of MSCs in terms of their nature,
identity, function and isolation/handling and a thorough standardisation is
to be sought for (Bianco et al., 2013).

Foetal stem cells
Cord blood, placenta and amniotic fluid are other tissues recently
explored in the quest for cells with myogenic properties, due to their
accessibility

and

autologous

nature

(Pozzobon

et

al.,

2014).

Amniocentesis cultures can give rise to c-Kit-positive amniotic fluid stem
cells, which are multipotent and not tumorigenic (De Coppi et al., 2007).
Additionally, when injected into dystrophic mouse models this population
can engraft and regenerate the muscle and upon injury-induced
regeneration it has been suggested they can also enter the SC niche
(Piccoli et al., 2012). Nevertheless these cells seem to rapidly lose their
myogenic potential upon expansion, thus requiring its maintenance via
cell culture-based induction methods (Gekas et al., 2010; Kim et al.,
2013).
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Mesoangioblasts
The name mesoangioblast has been first given to a subset of
perivascular cells derived from the murine embryonic dorsal aorta during
development (De Angelis et al., 1999). These cells proved to be
multipotent progenitors able to give rise to different mesodermal tissues
(Minasi

et

al.,

2002).

Subsequently

pericyte-derived

adult

mesoangioblasts have been derived from small vessels of adult skeletal
muscle of different species (Tonlorenzi et al., 2007). Indeed adult
mesoangioblasts may be defined as the in vitro activated counterpart of a
subset of muscle pericytes expressing alkaline phosphatase (Cappellari
and Cossu, 2013). Details on pericytes and perivascular cells will be
given in a further section of this thesis.
While embryonic mesoangioblasts express endothelial markers (e.g. VEcadherin and CD34), pericyte-derived adult mesoangioblasts are
characterized by some pericyte markers such as NG2, CD146, plateletderived growth factor receptor-beta (PDGFR-β) and alkaline phosphatase
(TNAP), while being negative for myogenic and endothelial markers (De
Angelis et al., 1999; Minasi et al., 2002; Dellavalle et al., 2007, 2011).
Importantly, mesoangioblasts are myogenic and can spontaneously
differentiate into skeletal muscle both in vitro and in vivo, where they can
extravasate from the arterial circulation after a systemic injection and
engraft regenerating muscle tissue downstream of the injection site
(Sampaolesi et al., 2003). Additionally, upon transplantation into
dystrophic

animal

models

(murine

and

canine)

mesoangioblasts

ameliorated the dystrophic phenotype and contributed to the SC pool
(Sampaolesi et al., 2003, 2006; Galvez et al., 2006; Díaz-Manera et al.,
2010). Besides allogeneic mesoangioblast transplantation, a geneticallycorrected autologous transplant of mesoangioblasts corrected with a
Human

Artificial

Chromosome

(HAC)

has

proved

successful

in

ameliorating the dystrophic phenotype of mdx mice (Tedesco et al., 2011).
Moreover, lineage tracing experiments showed the physiological
contribution of skeletal muscle pericytes to muscle development and
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regeneration (Dellavalle et al., 2007). This aspect will be further
discussed in a separate section of this thesis.
In light of these promising pre-clinical results, a first-in-human, phase I-IIa
clinical trial based on intra-arterial delivery of HLA-matched allogeneic
mesoangioblasts in five DMD was carried out to primarily assess their
safety (Cossu et al., 2015). Although relatively safe, no therapeutic
efficacy was reported. Improvement in the outcome of such studies could
be brought by some adjustments such as the younger age of enrolled
patients, the increase of cell dose thanks to iPSC-derived myogenic cells,
the modulation of inflammatory pathways and the enhancement of cell
engraftment and differentiation acting on both donor and recipient cells
(Cossu et al., 2015). Regarding this last point, a potential strategy may
include the modulation of signalling cascades such as Notch signalling,
which has been demonstrated to increase mesoangioblast engraftment
(Quattrocelli et al., 2014). Additionally, the inhibition of the GTPase Rap1
significantly enhanced migration and engraftment of mesoangioblasts
systemically delivered in dystrophic mice, by blocking JAMA-mediated
tightening of endothelial cell junctions (Giannotta et al., 2013).

Tw2+ cells
Recently, lineage-tracing experiments in mice have identified a previously
unrecognised

population

of

myogenic

interstitial

progenitor

cells

characterized by expression of Twist2 (Tw2) (Liu et al., 2017). Tw2
expressing cells are distinct form Pax7+ SCs and specifically contribute to
type IIb/x fibre maintenance during homeostasis (Liu et al., 2017).
Therefore, they are the first example known of fibre-type specific
myogenic progenitors. However, while Pax7+ cells are essential for
regeneration, Tw2+ ones participate to it, but their ablation does not halt
regeneration, causing atrophy of fibres IIb, instead. Additionally Tw2+
cells have limited engraftment ability in vivo (lower then SCs) (Liu et al.,
2017).
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1.2. Skeletal muscle diseases
Skeletal muscle tissue can be affected by several acquired or genetic
disorders, known as myopathies, which usually present with muscle
weakness, stiffness or pain owing to tissue degeneration and/or loss. The
presentation ranges from acute (e.g. rhabdomyolysis) to subacute (e.g.
myositis) and chronic (e.g. muscular dystrophies) and the pattern of
muscle involvement (e.g. distal vs. proximal) is often characteristic of a
specific pathology (Bäumer and Hammans, 2015). In this diverse
ensemble, three main categories can be identified based on their different
pathogenesis: toxic myopathies, inflammatory myopathies and inherited
myopathies.
Several substances can induce muscle damage, including commonly
prescribed

medications

such

as

statins

and

antimalarial

pills.

Manifestations of this toxic effect vary broadly from mild muscle pain to
severe rhabdomyolysis (Pasnoor, Barohn and Dimachkie, 2014).
Different drugs follow different pathophysiological mechanisms in
inducing muscle damage and usually an improvement can be achieved
by discontinuing the exposure to the toxic agent, often in association with
corticosteroids (Dalakas, 2009).
Inflammatory myopathies are another large group of heterogeneous
diseases mainly accompanied by inflammation of the muscle tissue due
to an autoimmune response (Dalakas, 2015). The most studied among
these conditions are dermatomyositis, polimyositis and inclusion-body
myositis. Treatments usually includes corticosteroids in association with
immunosuppressive agents (Moghadam-Kia, Aggarwal and Oddis, 2015)
Finally, under the category of inherited myopathies stands a wide range
of genetic diseases caused by several mutations in different genes,
further classified into metabolic myopathies, congenital myopathies and
muscular dystrophies.
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Congenital myopathies usually present in childhood with hypotonia,
delayed motor milestones and feeding difficulties, though milder cases
can present later in life (Cardamone, Darras and Ryan, 2008). Under this
name are grouped a high number of disorders (e.g.. Nemaline myopathy,
central core myopathy) which differ in causes and features and often
show a complex genotype-phenotype correlation with mutations in the
same gene causing different disorders and a same pathology being
caused by mutations in different genes (North et al., 2014). For a
comprehensive review refer to (D’Amico and Bertini, 2008).
Metabolic myopathies are often multisystemic diseases due to muscle
energy metabolism defects, particularly involving glycogen storage, fatty
acid oxidation diseases and mitochondrial respiration. This group of
pathologies is extremely varied and its description goes beyond the
scope of this introduction, for a detailed review see (Berardo, DiMauro
and Hirano, 2010).
Finally, muscular dystrophies represent a heterogeneous group of
inherited muscle diseases characterised by progressive degeneration of
myofibres leading to muscle weakness, disability and, often, premature
death. Many subtypes of muscular dystrophies have been identified
which are characterized by distinctive molecular bases as well as
different muscle involvement and natural history (Emery, 2002; Mercuri
and Muntoni, 2013). Some representative muscle involvement patterns
typical of different forms of muscular dystrophies are displayed in Figure
1.3.
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Figure 1.3 Muscle involvement in different forms of muscular
dystrophy The illustrations show the distribution of muscle weakness (in
dark grey) in A. Duchenne and Becker muscular dystrophy. B. EmeryDreifuss muscular dystrophy. C. Limb girdle muscular dystrophy. D.
Facioscapulohumeral muscular dystrophy. E. Distal muscular dystrophy.
F. Oculopharyngeal muscular dystrophy. The pattern of muscle
involvement is a useful clinical feature to guide distinguishing between
different forms of muscular dystrophies. Adapted from (Mercuri and
Muntoni, 2013).

1.2.1 Muscular dystrophies
Given the large variety of diseases categorised under the name of
muscular dystrophies, one useful way of classifying them is by
location/function of the primary protein deficit
First, proteins in the extracellular matrix and external membrane can be
affected, leading to a severe early onset typical of congenital dystrophies
(i.e. mutations in collagen IV and laminin α2) (Bertini et al., 2011).
Second, a deficit in enzymatic functions is the cause of a wide range of
dystrophies, mostly dystroglycanopathies, characterised by a defect in αdystroglycan glycosylation, a post-translational modification essential for
the link of this protein to extracellular matrix components (i.e. laminin),
causing different degrees of disease severity (Godfrey et al., 2011). Other
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enzyme deficiencies can originate dystrophies, among them, Calpain 3, a
calcium-activated neutral proteases (Jia et al., 2001).
Third, mutations in nuclear membrane proteins such as lamin A, C and
emerin lead mainly to muscular dystrophies (originally described as
Emery-Dreifuss muscular dystrophy), though they link to many divergent
phenotypes with the extreme example of LMNA which, depending on
specific mutations, can give rise to muscular dystrophy, lipodystrophy or
progeria among others (Maggi, Carboni and Bernasconi, 2016).
Next, sarcomeric proteins (i.e. titin) are affected in typically distal forms of
muscular dystrophies while sarcolemma associated-proteins account for
the vast majority of them. Particularly, this group entails mutations
occurring in dysferlin and caveolin-3, causing different variants of limb
girdle muscular dystrophies and, most importantly, proteins forming the
large dystrophin-associated glycoprotein complex (DAGC): dystrophin,
sarcoglycans and dystroglycan (Muntoni, Torelli and Ferlini, 2003) (Figure
1.3). Traditionally, DAGC was thought of stabilising the myofibres over
contraction, merely functioning as a shock absorber between actinmyosin cytoskeleton, muscle membrane and extracellular matrix (Petrof
et al., 1993; Ervasti, 2013). However it also plays important signaling role,
as I will report in the next paragraph. Mutations in the four sarcoglycans
give rise to the so-called sarcoglycanopathies, while dystrophin deficiency
is the cause of Duchenne muscular dystrophy.
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Figure 1.4 Structure of the DAGC at the sarcolemma of skeletal
muscle fibres
The illustration depicts the main components of the DAGC, frequently
linked to muscular dystrophies. DAGC is a large multiprotein complex,
which includes laminin, sarcoglycans, α- and β-dystroglycan (DG),
sarcospan (SP) and dystrobrevin among others. Dystrophin N-terminus
binds to F-actin, whilst the cysteine-rich region binds β-dystroglycan. The
DAGC crosses the sarcolemma and binds via laminin to the basal lamina
of the extracellular matrix.

1.2.1.1 Duchenne muscular dystrophy
Duchenne muscular dystrophy (DMD) is the most common muscle
disease of childhood affecting about 1 in 5,000 males in the UK (Moat et
al., 2013). DMD manifests in early childhood (3-5 years of age) with
muscle weakness, initially proximal. The progression of the disease is
rapid, and loss of ambulation usually occurs by the second decade of life
and is associated with kyphoscoliosis. Cardiac involvement most
commonly manifests as dilated cardiomyopathy and affects almost all
patients by 18 years of age (Emery, 2002; Kamdar and Garry, 2016).
Despite of this, a cardiac cause of death is uncommon: the majority of
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patients die from respiratory failure. Over the years muscles exhaust their
regenerative

potential

and

necrotic

myofibres

are

progressively

substituted by fibrotic and adipose tissue (Mann et al., 2011). The chronic
inflammation of DMD muscle is one of the hallmarks of this pathology and
the immune system plays a crucial role in the progression of the disease,
with macrophages attracted abundantly by the necrotising myofibres.
Importantly, in human dystrophic tissue there is a coexistence of M1
(inflammatory) and M2 (pro-regenerative) macrophages, in constant
percentages at different stages of the disease (in contrast M1/M2 balance
evolve towards a higher number of M2 cells in dystrophic mice at later
stages when the phenotype becomes milder)(De Paepe and De Bleecker,
2013). The concomitant release of pro- and anti- inflammatory cytokines
results in the accumulation of muscle damage that can be slowed down
by corticosteroids partly thanks to their ability to reduce M1 macrophage
infiltration (De Paepe and De Bleecker, 2013).
Gastrointestinal manifestations, as well as a non-progressive cognitive
impairment and retinal dysfunction are relatively common features of
DMD patients, with varied levels of severity (Anderson et al., 2002;
Mercuri and Muntoni, 2013).
Notably, a milder variant of DMD, known as Becker muscular dystrophy
(BMD), has also been described (Darras, Urion and Ghosh, 1993) and
affects 1 in 18,450 males (Helderman-van den Enden et al., 2013). In
contrast to DMD, BMD displays high phenotypic variability, ranging from
asymptomatic increased levels of creatine kinase to progressive muscle
involvement, with particularly frequent dilated cardiomyopathy (Taglia et
al., 2015).
Despite DMD being clinically known since the first half of the nineteenth
century, only in 1987 the DMD gene was cloned and dystrophin was
identified as the protein linked to it (Hoffman, Brown and Kunkel, 1987;
Koenig et al., 1987). The X-linked dystrophin gene (Xq21) is the largest
human gene, spanning approximately 2.5 Mb (roughly 0.1% of the whole
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human genome) with its 79 exons (encompassing seven promoters linked
to unique first exons) (Muntoni, Torelli and Ferlini, 2003). Females are
generally asymptomatic carriers of the dystrophin mutation, though 510% of this population can present some mild clinical sign such as mild
weakness and minor cardiac involvement (Grain et al., 2001).
Dystrophin is an essential component of sarcolemma, primarily
expressed in skeletal and cardiac muscle (by the muscle promoter) and,
to some extent, in brain. Three main full-length isoforms (Dp427; 79
exons each) can be identified, whose expression is driven by three
independent promoters active (mainly but not exclusively) in brain (B),
muscle (M) and Purkinje cells (P). In addition, multiple other splicing
variants are generated in a tissue-specific fashion (i.e. Dp260 mainly in
the retina and Dp71 ubiquitous apart from skeletal muscle) thanks to four
internal promoters (Muntoni, Torelli and Ferlini, 2003).
The function of dystrophin in the central nervous system is still not fully
elucidated, however cognitive impairment has been linked to mutations in
the distal part of the DMD gene affecting the isoforms Dp140 and the
smallest Dp71, which promoter is between exon 62 and 63 (Tadayoni et
al., 2012). Dp71, together with other components of the DAGC, appears
to work as a scaffold for synaptic organisation and maturation of central
glutamatergic synapses, altering synaptic function and plasticity when it
lacks (Tadayoni et al., 2012). However, full-length dystrophin is also
expressed in the central nervous system, particularly in neurons where it
is essential for calcium homeostasis (Mehler, 2000). Additionally, some
dystrophin isoforms are already present during development in the neural
tube and their potential developmental function in the brain has also been
investigated. Indeed, dystrophin deficit has been linked to abnormalities
in neuronal migration and its aberrations in early neuronal progenitors
could negatively impact the final cellular position in the mature brain
(Mehler, 2000).
The rod-shaped protein dystrophin interacts with a number of other
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proteins of the transmembrane DAGC. As previously mentioned, the
DAGC links the basal lamina of the extracellular matrix to the
cytoskeleton (i.e. laminin), thus stabilising the cell membrane and
enabling it to resist the mechanical stress of muscle contractions.
Moreover, it plays an important cell-signaling role in different pathways
such as regulation of blood perfusion through its binding via spectrin-like
repeats 16 and 17 to neuronal nitric oxide synthase (nNOS) (Rando,
2001). In skeletal muscle there are two main isoforms of this enzyme, one
on sarcolemma (nNOSµ) and one in Golgi apparatus (nNOS

), the

former mainly involved in vasoregulation (its lack induces ischemia) and
the latter in regulation of muscle performance (its lack causes decreased
muscle force) (Allen et al., 2015). It has also been suggested that lack of
dystrophin might interrupt cell survival cascades, as an additional
mechanism owing to cell death (Rando, 2001).
Finally, recent findings have elucidated the role of dystrophin in SC
asymmetric cell division suggesting that DMD could be primarily a SC
disorder with a mutation in dystrophin altering the function of the stem cell
pool (Dumont et al., 2015).
Dystrophin interactions relies on its four major domains: the N-terminal
region which, together with the central rod domain, binds to actin, the
cysteine-rich region that links to

-dystroglycan, and the C-terminal

domain that interacts with dystrobrevins and syntrophins. Lack of
dystrophin causes deficiency of other components of the DAGC complex,
leading to its disassembly (Rando, 2001) and to membrane fragility (Cohn
and Campbell, 2000).
60-65% of DMD cases are caused by deletions, whereas duplications
accounts for 5-15%. Point mutations, intronic deletions and exonic
insertions of repetitive sequences might be the cause of the remaining
cases. Importantly, there is no relation between the size of the deletion ad
the severity of the disease whereas it is crucial whether the reading frame
is maintained or not (Muntoni, Torelli and Ferlini, 2003). Usually DMD is
caused by out-of-frame mutations, whereas the milder allelic form BMD is
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owed to in-frame mutations which preserve a partially functional protein
(England et al., 1990). However exceptions exist and, in approximately
10% of cases, in-frame mutations lead to DMD (Taglia et al., 2015).
Notably, approximately 50% of DMD patients have some myofibres
expressing dystrophin (known as ‘revertant’ fibres) probably as a
consequence of spontaneous exon-skipping events which reconstitute
the reading frame of the gene (Sherratt et al., 1993; Muntoni, Torelli and
Ferlini, 2003). This is a common finding also in the dystrophic murine
model mdx (Lu et al., 2000).
Before concluding this section it is worth mentioning that DMD affects
essentially all skeletal muscle groups with the exception of the EOMs
(Karpati, Carpenter and Opitz, 1986; Emery, 2002). The reason behind
this fact is unresolved, as a possible explanation it has been recently
pointed out that Pitx2 expression is higher in EOM than in limb muscles
and that high levels of Pitx2 are retained in dystrophic and aging murine
EOM, suggesting a potential function of this protein in preventing muscle
wasting of EOMs (Hebert, Daniel and McLoon, 2013).

1.3. Experimental therapies for DMD
Currently there is no cure for DMD. Standard of care relies on
physiotherapy and glucocorticoids, which delay loss of ambulation of
approximately 2 years (Manzur, Kinali and Muntoni, 2008; Bushby et al.,
2010; Matthews et al., 2016). Apart from being a merely palliative cure,
not tackling the underlying genetic defect, corticosteroids are also
associated with many adverse effects (Matthews et al., 2016).
Nevertheless, many experimental therapies are under investigation
(Figure 1.5), including new drugs, gene therapy, cell therapy and gene
editing, just to mention a few examples. In some approaches the aim is to
repair either the genetic defect or the transcript, whereas in others the
goal is to provide an additional copy of the mutated dysfunctional gene
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(Benedetti, Hoshiya and Tedesco, 2013). Overall, any method has to deal
with two main hurdles, namely the abundance of skeletal muscle tissue,
(the most abundant human tissue) and the large size of dystrophin (the
largest gene in nature).

IN VITRO STUDIES

IN VIVO/PRE-CLINICAL
CLINICAL TRIALS
STUDIES

Antisense
oligonucleotides

2’OMe
PMO

Read-through
molecules

Ataluren
Zinc fingers

Gene Editing

Adenoviruses
Lentiviruses

Viral Vectors
Non-viral
Vectors
Stem/Progenitor
cells

Figure

1.5

CRISPR/Cas9

Overview

of

AAVs

HACs

Plasmids

MDSCs; PICs; MSCs;
ESCs/iPSCs

Myoblasts
Mesoangioblasts
CD133+ cells

experimental

therapies

for

DMD

Diagram listing current therapies undergoing experimentation and their
stage of development in the translational path from in vitro studies to
clinical

trials.

2’OMe:

2

-O

methyl

phosphorothioate;

PMO:

phosphorodiamidate morpholino oligomers; MDSCs: muscle-derived
stem cells; PICs: Pax7- interstitial cells; ESCs: embryonic stem cells;
iPSCs: induced pluripotent stem cells; Adapted from Benedetti et al.,
FEBS J 2013.

The first group of therapeutic approaches (“to repair”) comprises readthrough strategies and antisense nucleotide (AON)-mediated exon
skipping, both acting at the transcriptional level. On the one hand the
small molecule Ataluren, commercially known as Translarna, induces
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selective ribosomal readthrough of premature termination codons (but not
normal stop codons) caused by nonsense mutations, (Welch et al., 2007).
This approach is applicable to about 15% of DMD patients presenting
with a premature stop codon. Following clinical trials attesting safety and
efficacy of the compound in slowing down the progression of the disease
(Bushby et al., 2014), Translarna has been the first treatment approved
for the underlying cause of DMD by both EMA and FDA, as orphan
medicinal product. It is orally administered to patients of 5 years of age or
older. Ongoing and future trials are needed to assess the long-term
benefits of this drug in DMD patients not only as delay in loss of
ambulation but also in terms of upper limb and pulmonary function
(McDonald et al., 2017).
On the other hand, AONs are 20-30bp oligonucleotides targeting exons at
the pre-mRNA level, thus leading the splicing machinery to skip them and
restore the disrupted reading frame. This process results into the
translation of a smaller yet functional protein that resembles the one
found in Becker’s muscular dystrophy (Cirak et al., 2011). Exon skipping
is promising in light of its successful results both in vitro and in vivo
(Benedetti, Hoshiya and Tedesco, 2013) and, collectively, could treat
83% of DMD patients (Aartsma-Rus et al., 2009).
Different AONs chemistries have been developed over the years and two
of them are now under clinical development:
phosphorothioate (2
morpholino

2

-O methyl

OMePS; Drisapersen) and phosphorodiamidate

oligomers

(PMO;

Eteplirsen,

Sarepta

therapeutics).

Specifically, they target the “mutation hot spot” exon 51 since its skipping
could treat about 13% of boys with DMD, whereas targeting of another
nine exons would better achieve correction in roughly 70% of patients
who carry out-of-frame deletions (Mercuri and Muntoni, 2013). While
Eteplirsen proved to be effective and has been recently approved for use
in DMD patients, Drisapersen did not, because plagued by safety issues
that limited its dosing. Indeed promising results in phase I/II trials
(Goemans et al., 2011; Voit et al., 2014) led to a first phase III clinical trial
which unfortunately failed to reach its primary endpoint (the 6-minute
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walking test; 6MWT) not proving any efficacy of drisapersen over placebo
(Mendell, Sahenk and Rodino-Klapac, 2017).
In contrast, Eteplirsen has a good safety profile and the phase II study
that led to the drug approval showed better performance of treated
patients at the 6MWT and a delay in disease progression (Cirak et al.,
2011). This data was confirmed in a further long-term clinical trial
(Mendell et al., 2013).

Despite these encouraging results, AONs-

mediated treatment still presents some limitations such as variable tissue
uptake, insufficient dystrophin rescue, especially in cardiac muscle and
transient effect that requires repeated injections (Fairclough, Wood and
Davies, 2013; Guncay and Yokota, 2015; Tabebordbar et al., 2015).
These caveats are currently tackled via the development of new and
more

efficient

chemistries

such

as

tricyclo-AON

that

displayed

unprecedented tissue uptake upon systemic delivery in mouse models of
DMD (Goyenvalle et al., 2015; Goyenvalle, Leumann and Garcia, 2016).
Targeted gene editing is an attractive alternative to AONs, thanks to its
permanent dystrophin gene correction (Maeder and Gersbach, 2016).
Endonucleases such as meganucleases, transcription-activator like
effector nucleases (TALENs), zinc finger nucleases (ZFN) and the most
recent

clustered

regularly

interspaced

short

palindromic

repeats

(CRISPR/Cas9) are all tools amenable to target specific mutations
restoring the correct gene sequence via both homologous recombination
or nonhomologous end joining error-prone repair (Benedetti, Hoshiya and
Tedesco, 2013).
Specifically, they have all been used by different research groups that
demonstrated the rescue of dystrophin expression both in vitro, in DMD
myoblasts and iPSCs, and in vivo, upon transplantation (Robinson-Hamm
and Gersbach, 2016). As an example, the TALEN/CRISPR-mediated
genetic correction of the dystrophin gene was achieved in patient-derived
DMD iPSCs subsequently differentiated in skeletal muscle cells
expressing the corrected protein, thus encouraging further studies in the
field of ex vivo programmable nuclease-based gene therapy (Li et al.,
2015; Young et al., 2016). Indeed in 2016 a relevant step forward into the
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genome editing field took place, with the successful in vivo CRISPRCas9-based dystrophin restoration upon intramuscular and systemic
CRISPR-Cas9 adenovirus injection in the dystrophic mouse model mdx
(Long et al., 2015; Nelson et al., 2015; Tabebordbar et al., 2015; Xu et al.,
2015) and in a DMD canine model (Amoasii et al., 2018). In these works
researchers showed long-term dystrophin expression, even in the SC
pool (Tabebordbar et al., 2015), and a consequential amelioration of the
dystrophic phenotype.
Although promising, the aforementioned techniques are mutation-specific,
meaning that they cannot target all the DMD-causing mutations such as
large deletions and mutations in regulatory or N-/C-terminal regions of
dystrophin (Aartsma-Rus et al., 2009), hence the attractiveness of gene
replacement therapies.
One of the first approaches being investigated has been the
pharmacological upregulation of the dystrophin-related protein utrophin,
expressed in the sarcolemma of developing muscle and increased in
DMD (Tinsley and Davies, 1993) . The molecule STM C1100 induces
utrophin upregulation in the mdx mouse model and this can partially
compensate dystrophin deficiency with an amelioration of the dystrophic
phenotype (Tinsley et al., 2011). The drug (Ezutromid) safety was tested
in healthy individuals and an open-label Phase 2 clinical trial was
conducted on 40 DMD patients. Despite 24-week positive interim results,
the trial did not meet its primary or secondary endpoints after 48 weeks
(utrophin expression and reduction in muscle damage) and the drug
development

has

been

therefore

discontinued

(https://globenewswire.com/newsrelease/2018/06/27/1530184/0/en/Sum
mit-Therapeutics-Announces-PhaseOut-DMD-Did-Not-Meet-PrimaryEndpoint.html).
Cell-based approaches to treat DMD have been explored since 1980s. It
is worth mentioning the promising results of a transplantation experiment
with healthy donor myoblasts in the mdx extensor digitorum longus (EDL)
muscles which displayed engraftment and dystrophin rescue (Partridge et
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al., 1989). This pioneering study opened the way to various clinical trials
testing the efficacy of intramuscular injections of myoblasts in DMD
patients. The subsequent disappointing results questioned this approach
and big efforts were made to circumvent some of the main issues such as
the host immune response, the rapid cell death after injection and the
poor cell migration (Gussoni et al., 1992; Karpati et al., 1993; Vilquin et al.,
1994). Therefore myoblasts transplants were carried out under
immunosuppressive regimens (Morgan and Partridge, 1992; Vilquin et al.,
1994) and protocols entailing high-density injections were implemented
(Skuk et al., 2007), nevertheless results remained suboptimal (Skuk and
Tremblay, 2015).
At present the field is still open for the discovery of an engraftable
myogenic cell candidate that could enable a cell-based therapy approach
for a widespread disease such as DMD. In contrast, remarkable results
upon myoblast transplantation have been reported in oculopharyngeal
muscular dystrophy (OPMD) a localised disorder affecting only
pharyngeal and levator palpabrae superioris muscles. The injection of
autologous myoblasts derived from less affected muscles, in pharyngeal
muscles of OPMD patients reduced their swallowing deficit (Périé et al.,
2014).
Finally, another therapeutic option is to be found in vector-mediated gene
therapy. Indeed in recent years many ground-breaking clinical results
have attested the potential of gene and cell therapy (Aiuti et al., 2013;
Nienhuis, 2013; Palfi et al., 2014; Biffi, 2015), which implies the delivery
of a functional copy of a gene into the defective tissue, by means of viral
or non-viral vectors (Benedetti, Hoshiya and Tedesco, 2013). However,
the mainstream viral vectors have the main drawback of a low cloning
capacity that is insufficient for packaging the dystrophin cDNA (14Kb). In
an attempt to circumvent this issue, truncated version of the dystrophin
genes containing their functional domains have been inserted in adenoassociated viruses (AAV) and delivered to preclinical models of DMD
(Scott et al., 2002). These micro- and mini- dystrophins showed efficacy
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in restoring dystrophin expression in dogs and non-human primates (Yue
et al., 2008; Rodino-Klapac et al., 2010; Koo et al., 2011; Wang et al.,
2012). Notably, a Sarepta Phase 1/2 study using AAVrh74.MHCK7.microdystrophin has shown a very high microdystrophin restoration (average of
81.2% of positive fibers) in DMD boys, accompanied by a sharp
decreased in creatine kinase and significant functional improvement
(http://investorrelations.sarepta.com/news-releases/news-releasedetails/sarepta-therapeutics-announces-23rd-international-congressworld). aAAVs are undoubtedly the most promising viral vectors in regard
of their high infectivity that is independent from proliferative state, their
nonintegrative nature and ability to transduce skeletal and cardiac
muscles (specifically AAV9) (Kouprina et al., 2014). However, they get
lost in proliferating cells and since they do not efficiently target quiescent
SCs in vivo in mice (Arnett et al., 2014). Additionally, immune response
against both the viral capsid and the mini-dystrophin itself have to be
carefully considered (Mendell et al., 2010; Bowles et al., 2012).
At variance with AAVs, lentiviral vectors infectivity is independent from
the proliferative state of cells and are thus able to transduce progenitor
cells in vivo (Kobinger et al., 2003). They also have a bigger cloning
capacity (7.5 kb compared to 4.5 kb of AAVs), but they carry a high risk of
insertional mutagenesis which has to be carefully considered (Kazuki and
Oshimura, 2011).
As an alternative, nonviral vectors, which stay episomal and do not elicit
any viral protein-mediated immune response, have been used for gene
replacement therapies.
On the one hand, plasmids such as cDNA dystrophin carriers have
attracted attention due to their easy handling. Though different delivery
strategies have been tested, including direct electroporation into muscle,
they displayed poor gene transfer efficiency (Pichavant et al., 2010;
Benedetti, Hoshiya and Tedesco, 2013).
On the other hand, Human Artificial Chromosomes (HACs) could
represent a powerful gene therapy tool. As a matter of fact, they possess
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the key requirements for e gene delivery vector aiming at a permanent
correction of a genetic defect (Kazuki and Oshimura, 2011):
•

Safety (they are episomal therefore there is no risk of insertional
mutagenesis and non-viral, hence avoid stimulation of an immune
response);

•

Long-term maintenance in host cells (quiescent as well as dividing
ones);

•

Large cloning capacity and consequent ability to transfer full-length
genes including all regulatory elements;

In the next section I will describe in detail the HAC strategy, explain how
HACs meet all the criteria listed above, specifically in the context of
muscle diseases, and give an overview of any potential limitation of this
approach.

1.4 Human artificial chromosomes
New genetic information can be transferred into host cells by means of
several gene transfer techniques (Giraldo and Montoliu, 2001). However
conventional viral or non-viral vectors have a potential risk of
rearrangements or disruption of host sequences due to insertions in the
host genome, failure to control copy number, instability of the transferred
sequences and size limitations for transgenes (Giraldo and Montoliu,
2001).
Artificial chromosomes are DNA vectors of both non-mammalian and
mammalian origin, which could represent ideal delivery methods. Nonmammalian artificial chromosomes can be obtained from yeast (YAC),
bacterial (BAC) and phage (PAC). They share issues common to other
vectors (i.e. insertion into the host genome, potential rearrangements of
transferred cassettes with disruption of host genes, instability, no copy
number control) and despite a higher cloning capacity (1-2 Mb for the
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largest YACs) they still possess an upper size limit (Doherty and Fisher,
2003). On the contrary, HACs are genetically engineered minichromosomes able to carry potentially unlimited DNA insert size (e.g. the
entire dystrophin locus with its regulatory elements) thus offering clear
advantages for the transfer of genetic material to cells (Kazuki and
Oshimura, 2011). They have been used to transfer megabase-sized DNA
from donor cells to recipient cells without integration into the host genome.
Not only they remain episomal, but also they autonomously replicate and
segregate during mitosis as supernumerary chromosomes (Kouprina et
al., 2014). Being mitotically stable in human cells, they maintain long-term
expression of a gene of interest in quiescent as well as dividing cells and
have a well-defined genetic structure (Kazuki and Oshimura, 2011).
Therefore,

they

can

overcome

the

size

limitations,

insertional

mutagenesis and the genomic instability problems. Additionally, they
enable a strict control of copy number delivered to the donor cells (Kazuki
and Oshimura, 2011).
HACs can be generated following two different strategies: the “top down”
(Kazuki and Oshimura, 2011)and the “bottom-up” (Mejıa
́ et al., 2002).
The former consists of chromosome engineering starting form the
backbone of another chromosome (i.e. 21), while in the latter a
chromosome is built de novo (Kazuki et al., 2011).
De novo HACs are constructed by alphoid DNA arrays (in form of BACs,
YACs or synthetic) hence are composed of repeated sequences of the
original YAC or BAC and this creates an undefined structure, which could
limit their application as gene delivery vectors (Kazuki and Oshimura,
2011).
The top--down strategy involves telomere- associated chromosome
truncation in the homologous recombination-proficient chicken DT40 cell
line (Saffery and Andy Choo, 2002; Kouprina et al., 2014). This technique
envisages the use of vectors targeting the q- and/or p- arms of the
chromosome of interest and a telomere-seeding sequence, so upon
homologous recombination, p- and/or q- arms of the chromosome are
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deleted and substituted by telomeres. Therefore first, the endogenous
human chromosome of interest is transferred to DT40 cells, subsequently
telomere-directed

chromosome

truncation

is

performed

and

minichromosomes (HACs) with a natural centromere are generated
(Kouprina et al., 2014). Top-down generated HACs range in size from 0.5
to 10 Mb and have been derived from several endogenous chromosomes
such as chromosome X (Mills et al., 1999), chromosome Y (Brown et al.,
1994), chromosome 22 (Kuroiwa et al., 1998), chromosome 21 (Katoh et
al., 2004) and chromosome 14 (Kakeda et al., 2011).
Specifically, the 21HAC vector, containing an additional cloning site (loxP
sequence: a target sequence for Cre recombinase mediated homologous
recombination) for the insertion of exogenous genes has been further
engineered with the introduction of the entire DMD locus (DYS-HAC)
(Hoshiya et al., 2009).

1.4.1 HAC containing the full dystrophin gene (DYS-HAC)
For the construction of the DYS-HAC a fragment of the human X
chromosome was transferred into the homologous recombinationproficient chicken DT40 cell line and a loxP site was integrated proximally
to the dystrophin gene. Later on, the distal region of the dystrophin gene
was

deleted

by

telomere-associated

chromosome

truncation.

Subsequently, the truncated X fragment was transferred from DT40 cells
into Chinese Hamster Ovary (CHO) cells containing the 21HAC vector
previously described, by means of MMCT (Doherty and Fisher, 2003).
Finally, the dystrophin gene was cloned into the HAC vector by the CreLoxP system, thus obtaining CHO cells ready to deliver the DystrophinHAC (DYS-HAC) to both mouse and human cells, by MMCT (Hoshiya et
al., 2009).
HACs can be transferred to a wide range of cell lines such as embryonic
stem cells (Tomizuka et al., 1997) and mesenchymal stem cells (Ren et
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al., 2005). Indeed, in order to prove its stability,

21 HAC has been

transferred to mouse embryonic stem cells and the transgenic mice
obtained were able to transmit the HAC to their offspring (Kazuki et al.,
2011).
Additionally the DYS-HAC showed promising translational perspectives
when, transferred into SCID/mdx mouse mesoangioblasts, proved to be a
safe and efficacious gene and cell therapy tool for the treatment of DMD,
leading to an amelioration of the dystrophic phenotype in these animals
(Tedesco et al., 2011).
Finally, human iPSCs have been also successfully genetically corrected
using the DYS-HAC, at the fibroblast stage, before reprogramming
(Kazuki et al., 2010) making it possible to obtain genetically corrected
patient-specific cell lines such as cardiomyocytes (Zatti et al., 2014) and
iPSC-derived myogenic cells (Tedesco et al., 2012). Remarkably, both
these committed cell lines appropriately expressed human dystrophin. It
is worth noting that HACs structure have be subsequently further
engineered and up to five recombinant platforms have been inserted in
the so called multi-integrase HAC (Yamaguchi et al., 2011).
Recently, our laboratory in collaboration with the group of Professor
Oshimura in Tottori University (Japan) reported the construction of a
multifunctional DYS-HAC carrying an additional excisable immortalising
cassette able to extend the proliferative potential of human primary
myogenic cells hence enabling their clonal expansion after HAC
correction (Benedetti et al. 2018). Specifically, hTERT and Bmi1 cause
DMD

SC-derived

myoblasts

and

perivascular

cell-derived

mesoangioblasts immortalisation upon lentiviral delivery. Thanks to their
extended proliferative potential these cells can be sufficiently expanded
and undergo DYS-HAC correction. The potential of both episomal genetic
correction and immortalisation carried by the newly developed HAC may
thus lead to an ideal cell therapy candidate for DMD (Benedetti et al.,
2018).
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1.4.2 Microcell-mediated chromosomal transfer (MMCT)
Microcell-mediated chromosome transfer (MMCT) is a method that
enables the transfer of chromosomes from donor to recipient cells. It
involves fusion of microcells (small particles of nuclear and plasma
membrane containing one or a few chromosomes) with cells, and the
following selection of cell hybrids. MMCT has been widely used for
examining DNA functions since the 1970s (Doherty and Fisher, 2003).
Briefly, treatment with colcemid, a well-known microtubule inhibitor
that prevents the mitotic spindle formation and arrests cells in metaphase,
results in micronucleation of the cells (i.e. each chromosome become
surrounded by a nuclear membrane). These cells are then treated with
cytochalasin B, an actin inhibitor that induces the actin cytoskeleton
disruption. Micronuclei can be subsequently extruded from the cell as
microcells by centrifugation at high speed in the so called enucleation
step (i.e. have their nucleus removed, along with a cover of nuclear and
cell membrane) (Ege and Ringertz, 1974). Eventually, fusion of donor
microcells containing a single or a few donor chromosomes with recipient
cells leads to the generation of cell hybrids upon selection with the
specific resistance gene encoded by the HAC itself (Schor, Johnson and
Mullinger, 1975).
The fusion between donor microcells and recipient cells can be
achieved via different methodologies. Polyethylene glycol (PEG) is the
conventional fusogenic agent, although its cell-dependent cytotoxicity
drastically reduces the efficiency of the technique (10-6 to 10-5 microcell
hybrids per recipient cell) (Kouprina et al., 2014). This has prompted a lot
of research aiming at the development of different methods to deliver the
HAC. Purified HACs can be introduced into recipient cells using
commercially available transfection reagents, but this strategy did not
increase the overall efficiency of the transfer (Suzuki et al., 2010). A lot of
efforts have been made trying to reproduce the highly efficient cell fusion
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driven by the envelope proteins of several viruses infecting human cells.
Yamaguchi and colleagues exploited the lipid envelope of an inactivated
hemagglutinating virus of Japan for microcell– recipient cell fusion. The
HN protein of this virus recognizes and binds to the acetyl type sialic acid
on the recipient cell membrane (YAMAGUCHI et al., 2006). Another
modification involves the transfection of HAC donor cells (i.e. CHO) with
the hemagglutinin (H) and the fusion (F) proteins of the measles virus
envelope protein complex (Katoh et al., 2010). Finally, murine leukaemia
retroviruses (MLVs) and their envelope proteins (R-peptide-deleted Env
protein) mediating attachment and fusion represent the fusogen of the
retro-MMCT technique (Suzuki et al., 2016).
Recently an optimisation of the initial steps of the MMCT protocol
has been published. It entails the replacement of some major reagents
(TN-16 + Griseofulvin are used instead of colcemid, while Latrunculin B
instead of cytochalasin B) and was reported to increase the MMCT
efficiency to a maximum of about sixfold. However the overall goal of the
new protocol was to increase the amount of viable microcells more than
enhancing the fusion step and it has been applied to recipient cell lines
which are usually efficiently targeted by MMCT (mainly human
fibrocarcoma HT1080, and cervical cancer HeLa, to a lower extent
human mesenchymal stem cells and mouse embryonic stem (mES) cells)
(Liskovykh et al., 2016).
Apart from the low efficiency, another potential limitation of MMCT
is to be found on the specific features that recipient cells need to possess.
First, given the clonal selection entailed by the procedure, recipient cells
have to be clonogenic (i.e. capable of expanding from a single cell).
Second, they must be genetically and epigenetically stable. Third, they
must have a good expansion potential in order to produce the numbers
sufficient for transplantation and finally they (or their progeny) should be
able to engraft in the target tissue and being stably incorporated in it
(Tedesco, 2015).
Pluripotent stem cells, particularly somatic cell-derived iPSCs (further
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discussed in a following section) are ideal recipient cells, together with
conditional

immortalised

precursor/terminally

differentiated

cells

(Benedetti et al., 2018).
1.4.3 HACs: potential and limitations
In addition to their primary application as gene therapy tools, HACs have
been applied in different fields with varied aims that range from animal
transgenesis, to identification of specific genes (i.e. tumour suppressor
genes) and chromosome function studies (i.e. telomere function),
reviewed by (Oshimura et al., 2015).
Human aneuploidy syndromes are due to extra dosage of wild-type
genes and animal models of Down syndrome have been generated by
means of HACs (O’Doherty et al., 2005). The multiple recombination sites
on HACs could be exploited to insert diverse transgene and run
interactions studies of the gene products (Yamaguchi et al., 2011).
Moreover, different groups have used HACs vectors encoding for human
heavy- and light-chain immunoglobulin loci to produce high yield of
human polyclonal and monoclonal antibodies (Kuroiwa et al., 2009).
Gene and chromosome function studies are other important applications
of HAC technology, because it allows to isolate the studied system from
other genes. Kouprina and colleagues recently transferred a HAC
carrying the tumour suppressor gene BRCA1 in Chinese hamster ovary
and human ovarian cancer cells, and showed its link to kinetochore
function and overall chromosome stability (Kononenko et al., 2014). HAC
has been employed in an elegant study which the dynamics of
transcriptional regulation by different epigenetic modifications. Four
silencers were combined to a reporter gene on HAC and the modulation
of gene expression was analysed at a single cell level with time-lapse
microscopy showing that silencing/reactivation are all-or-none processes
and is the number of cell silenced rather than the level of gene
expression to change overtime (Bintu et al., 2016).
To conclude HACs possess the following qualities:
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•

they have unlimited clonal capacity and therefore can carry fulllength genes with all their regulatory regions internal promoters
and

intronic

sequences,

leading

to

a

more

physiological

expression pattern;
•

episomal, non-integrative vector;

•

stably maintained over in vitro expansion;

However some drawbacks have to be taken into consideration when
thinking about their widespread application:
•

Human

chromosomes

and

therefore

HACs

contain

multi-

megabase size centromeres (at variance with YAC centromere
that is just 125 bp long), which could produce unknown noncoding
RNAs derived from the non-α satellite-based pericentromeric
sequences (of chromosome 21 for DYS-HAC). These could
eventually be removed if necessary. Likewise, telomeres also
contain repeated sequences that can be complex to reproduce
(Kazuki and Oshimura, 2011)
•

Opposite to viruses and plasmids, HACs amplification is
dependent on eukaryotic cells (Kouprina et al., 2014);

•

HACs are assembled and maintained only inside cells and their
delivery to target tissues required carrier cells (Meaburn, Parris
and Bridger, 2005).

•

Transfer of HACs form cell to cell requires MMCT, which is
intensive labour, time consuming and relies on specific features of
recipient cells as detailed above. Furthermore, MMCT is not
applicable to every cell line being some lines less prone to
microcell fusion, making the process extremely inefficient. Overall
the frequency of the chromosome transfer from donor cells into
recipient cells is very low (Liskovykh et al., 2016) making it the
main bottleneck of the whole technology.

In the next sections of this thesis I will summarise the research done in an
attempt to find an ideal muscle (stem) cell therapy candidate, goal that is
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at the heart of this thesis being the field still open to the identification of
such a cell.

1.5 Induced Pluripotent Stem Cells
Embryonic carcinoma cells derived from teratocarcinomas were the first
pluripotent stem cells identified in the 1970s and deeply studied in their
properties (Jacob, 1978). Upon fusion with normal differentiated somatic
cells it was clear that the pattern of gene expression of the hybrid was
dictated by the embryonic carcinoma cells, endowed with pluripotency
(Miller and Ruddle, 1976). Pioneering studies in 1981 led to the derivation
of pluripotent stem cells from the inner cell mass of mouse blastocysts
(Evans and Kaufman, 1981; Martin, 1981) and in 1998 embryonic stem
cells (ESCs) were finally obtained from human embryos (Thomson et al.,
1998). These cells were able to self-renew and differentiate into any cell
type, opening unprecedented possibilities.
Meanwhile, seminal work on cell fate determination had unravel the
mechanism of reprogramming adult committed cell types into a different
cell lineage upon overexpression of multiple factors such as MyoD (Davis,
Weintraub and Lassar, 1987) or NeuroD (Lee et al., 1995).
Altogether these groundbreaking discoveries led the way to another
breakthrough in science in the early 2000s. Takahashi and Yamanaka
first demonstrated that expression of four specific transcription factors
(out of the initial 24 screened), namely octamer-binding transcription
factor 4 (OCT4), kruppel- like factor 4 (Klf4), sex determining region Ybox 2 (SOX2) and c-Myc (OSKM), stimulates murine and human
fibroblasts to reacquire an embryonic stem cell-like pluripotent state,
giving rise to the so called induced pluripotent stem cells (iPSCs)
(Takahashi and Yamanaka, 2006; Takahashi et al., 2007). Soon, another
possible combination of factors (Oct4, Sox2 with Lin28 and Nanog)
resulted successful in generating iPSCs (Yu et al., 2007). As ESCs, these
cells have virtually unlimited expansion capacity, self-renewal ability and
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can differentiate into any cell type of the body (Yamanaka, 2009),
including hardly accessible cell types such as neurons (Russo et al.,
2015). Moreover, they are autologous and do not require embryo
manipulation, circumventing any ethical issue related to the embryonic
source of ESCs (Yamanaka, 2009). Indeed, iPSCs are derived from
primary cells easily obtainable through minimally invasive procedures
(typically skin fibroblasts, but also keratinocytes, urine and blood) (Aasen
et al., 2008; Zhou et al., 2012; Ye et al., 2013). Possessing the
aforementioned qualities, iPSCs can overcome the limitations of primary
cell cultures, such as exhaustion of proliferation and differentiation
potential (Montarras et al., 2005). For all these reasons, iPSCs hold
tremendous potential for regenerative medicine, disease modelling and
high-throughput drug screening (Bellin et al., 2012), reviewed by (Inoue et
al., 2014).
iPSCs have been generated from patients affected by many
different genetic disorders allowing the in vitro studies of cell-specific
disease pathogenesis and phenotypes. Among others, iPSCs have been
successfully used to model early onset neurodegenerative diseases such
as spinal muscular atrophy (Ebert et al., 2009; Chang et al., 2011) and
fragile X syndrome (Sheridan et al., 2011; Doers et al., 2014) , cardiac
disorder such as long QT syndrome type 1 (Moretti et al., 2010) and
systemic conditions such as cystic fibrosis (Firth et al., 2015).
Remarkably, many of these papers proved the iPSC-derived cell types
capacity to recapitulate the disease of origin in vitro, as exemplified by
long QT syndrome-iPSCs-derived cardiomyocytes responding with
arrhythmia to a

-adrenergic stimulation (Moretti et al., 2010). iPSCs

also enabled the validation of therapeutic small molecules able to rescue
the in vitro phenotype of varied pathologies (Lee et al., 2009; Brennand et
al., 2011; de Boer et al., 2014). However, iPSCs derived cells were
shown to possess features similar to foetal cells and iPSC-based
modelling systems need to be carefully evaluated when it comes to lateonset, ageing diseases (Baxter et al., 2015; Li, Chao and Shi, 2018).
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In addition, promising engraftment experiments with patient-derived
iPSCs committed to specific lineages have raised the hope for their
application in regenerative medicine. Sickle cell anemia has been the first
pathology tackled with an iPSC-based strategy (Hanna et al., 2007).
Autologous genetically corrected iPSC-derived hematopoietic precursors
rescued a murine model of the disease. Later studies based on delivery
of iPSC-derived neurons in murine and primate models of Parkinson’s
disease (Wernig et al., 2008; Doi et al., 2014; Kikuchi et al., 2017) and
spinal cord injury (Tsuji et al., 2010) also proved to be safe.
In 2014, iPSCs started their translational journey entering the clinical
settings for a first-in-man clinical trial (JPRNUMIN000011929) on one
patient affected by age-related macular degeneration (Cyranoski, 2014b)
after successful studies performed in non-human primates (Kamao et al.,
2014). Patient fibroblasts were reprogrammed to iPSCs, further
differentiated into retinal pigmented epithelium cells (RPE) (Cyranoski,
2014a) and transplanted into the eye of one patient. Immunogenicity was
not considered an issue, based on recently published work showing
negligible host reaction for both iPSC- and ES-derived terminally
differentiated cells (Araki et al., 2013; Zhao et al., 2015). After one year, a
stabilisation of the visual deterioration of the treated eye was reported, in
absence of any adverse effect (Mandai et al., 2017). The trial was
subsequently put on hold following the pre-implantation detection of minor
mutations in the iPSC-derived RPE of a second patient. The real impact
of the mutations was not certain, however no further procedure was
allowed due to safety concerns (Nakano-Okuno, Borah and Nakano,
2014; Garber, 2015). Researchers have then moved forward with
allogeneic,

HLA-matched,

iPSC-derived

RPE

transplantation

(http://www.cdb.riken.jp/en/news/2017/topics/0404_10343.html),

that

makes it possible to use banked cells already validated in their genomic
stability (Garber, 2015). Despite the complexities, both scientific and
ethical (Yui, 2018), the field is experiencing an exciting development and
in 2018 other two clinical trials using allogeneic iPSC-derived cells have
been approved. Specifically, one will test the use of iPSC-derived cardiac
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cell sheets to treat severe chronic heart failure (Cyranoski, 2018) and a
second one the use of iPSC-derived dopaminergic progenitors as a
therapy for Parkinson’s disease (Normile, 2018).
The progress made so far is undoubtedly outstanding; nonetheless iPSCs
still present some roadblocks to carefully consider especially for their inhuman therapeutic applications. First of all, iPSC derivation is a low
efficient process with a slow kinetics that reflects the major molecular
changes, which a somatic cell has to undergo during the induction of
pluripotency in order to overcome both transcriptional and epigenetic
barriers. For these reasons, many cells are refractory to reprogramming
(Stadtfeld and Hochedlinger, 2010). Moreover, there is a safety concern
related to the risk of mutagenesis driven by the reprogramming method
used to generate them. In the first place, iPSCs have been derived by
means of retroviral vectors (Takahashi et al., 2007). Many other
integrative techniques to deliver the reprogramming factors have been
developed over the years from lentiviruses (infecting both dividing and
non-dividing cells; (Hockemeyer et al., 2008; Maherali et al., 2008;
Sommer et al., 2009)) to PiggyBac transposons (Woltjen et al., 2009),
bacteriophage (Ye et al., 2010) and zinc finger nucleases (Ramalingam et
al., 2013). These approaches present potential drawbacks such as leaky
transgene expression (i.e. incomplete silencing of the exogenous
reprogramming factors delivered by lenti e retroviruses (Sommer et al.,
2009; Toivonen et al., 2013)) and insertional mutagenesis/oncogenesis
(Yamanaka, 2009), both crucial in clinical settings.
Therefore, nonintegrative methods able to generate genomic-integrationfree iPSCs by transient expression of reprogramming factors started
being developed. Non-integrating vectors such as minicircle DNA (Jia et
al., 2010; Narsinh et al., 2010), adenoviruses (Zhou et al., 2009), Sendai
viruses (Fusaki et al., 2009), plasmids (Okita et al., 2008) and episomal
vectors ((Yu et al., 2009), have proved to be successful. Furthermore, the
use of excisable integrating vectors (e.g. PiggyBac transposons) has also
been explored. Alternatively, recombinant proteins (Kim et al., 2009) or
RNA molecules (Warren et al., 2010; Mandal and Rossi, 2013) are
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reliable, yet less efficient alternatives. Extensive reviews can be found on
the topic, such as (Malik and Rao, 2013).
Another concern about iPSCs is their potential immunogenicity, likely due
to some degree of transcriptional divergence caused by incomplete
reprogramming, genomic instability, or suboptimal differentiation (Tapia
and Schöler, 2016) . The first example of iPSC-related immunogenicity
was described from iPSC-derived teratomas injected in syngeneic mice
(Zhao et al., 2011). Subsequent experiments revealed that terminally
differentiated tissues obtained from iPSC-chimeric mice were not
immunogenic when injected in murine syngeneic recipients (Araki et al.,
2013). However the same paper reported an immune reaction to in vitro
iPSC-derived cardiomyocites. Therefore the immunogenicity of in vitro
iPSC-derived cell types was evaluated (Guha et al., 2013; de Almeida et
al., 2014; Zhao et al., 2015). Interestingly, Zhao and colleagues
demonstrated that immune tolerance was different for different cell types,
in particular iPSC-derived smooth muscle cells were immunogenic while
RPE cells were not (Zhao et al., 2015). The reason behind the aberrant
antigen expression in a cell-dependent fashion as well as the mechanism
underlining iPSC progeny-induced immunogenicity is yet to be fully
elucidated and still need further investigation.
Finally, iPSCs are highly heterogeneous and have diverse epigenetic
landscape and developmental plasticity. Several studies attest that iPSCs
retain some epigenetic memory of the initial donor cell (Doi et al., 2009;
Ghosh et al., 2010), suggesting a partial reprogramming. Additionally
iPSCs also display some aberrant epigenetic patterns, mainly in DNA
methylation, distinct from those of the somatic cell source (Ghosh et al.,
2010; Lister et al., 2011). Importantly it seems that the reprogramming
signature of each iPSC line is profoundly determined by the
reprogramming method used (Tapia and Schöler, 2016) and the genetic
background (Rouhani et al., 2014). The donor epigenomic background
also plays a major role in defining the differentiation potential variability
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(Kyttälä et al., 2016), with iPSCs showing a preferential parental lineagespecific differentiation (Bar-Nur et al., 2011; Kim et al., 2011; Ohi et al.,
2011). However, the transcriptional and epigenetic phenotype of iPSCs
change over culture and the somatic cell memory seems to be erased
over passages (Polo et al., 2010; Nishino et al., 2011). Simultaneously,
upon expansion, iPSCs acquire genome sequence mutations (Laurent et
al., 2011), such as NTRK1, NTRK3, ATM (Gore et al., 2011) and
TP53 mutations (Merkle et al., 2017). Most of the mutations identified
have causative effects in cancer (i.e. deletions of tumor-suppressor
genes or duplications of oncogenic genes) and induce selective
advantage therefore a genome-wide screening will be required before
any application into the clinic (D’Antonio et al., 2018).
Future studies will certainly advance our understanding of the
reprogramming process, meanwhile iPSCs already represent an
invaluable tool with revolutionary potential applications and it is
conceivable they will play a major role in future clinical settings. Though,
this

is

still

dependent

differentiation/commitment

on

the

protocols

development
and

a

of

appropriate

thorough

genetic

characterization, which enable researchers to originate safe, functional
and engraftable tissue-specific cell types.

1.5.1 iPSC differentiation into skeletal muscle
The discovery of pluripotent stem cells has brought the possibility to
generate large amounts of committed myogenic cells devoid of the
limitations

affecting

primary

myoblast

cultures

(exhaustion

of

differentiation potential and limited proliferation). iPSC-based cell therapy
presents some major advantages: iPSCs are expected to provide a large
quantity of muscle progenitor/precursor cells with a more proliferative and
regenerative potential than postnatal myoblasts and without need of
invasive procedures. Over the years protocols to drive this differentiation
have multiplied. Each derivation process differs in efficiency and length,
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purity of the final product, presence or absence of any sorting-mediated
enrichment step, transgene dependency and cell culture technique
employed (i.e. monolayer differentiation versus embryoid body-mediated
differentiation). In the next paragraphs I will summarise the main
differentiation strategies of human pluripotent stem cells, with a particular
focus on iPSCs but without omitting essential work done in ESCs. For the
sake of clarity I will subdivide the protocols into two main categories
based on their transgene dependency. Extensive review are available for
in-depth studies of the subject, especially in relation to murine cells not
discussed in this introduction (Loperfido et al., 2015).

Transgene-based methods
One of the first works to demonstrate myogenic differentiation of human
pluripotent cells (ESCs) was published by Barberi and colleagues in 2007.
In this arduous long-term culture, ESCs were induced to differentiate as a
monolayer and then were sorted via CD73+ (mesenchymal precursor
marker). This population was extremely heterogeneous and required a
subsequent purification via NCAM/CD56 to isolate the 2-10% of CD73+
cells endowed with myogenic potential, which was anyway low both in
vitro and in vivo. In light of these suboptimal results, subsequent studies
explored transgene-mediated strategies.
Commitment into skeletal muscle can be achieved via overexpression of
muscle-specific factors, such as PAX7, MYF5 and MYOD.
As a first example, MYF5 overexpression in human ESCs via a
doxycycline-inducible expression system proved to drive myogenic
differentiation of human ESCs first grown as EBs in order to induce an
initial mesodermal transition. However the cell myogenic potential was
not assessed in vivo (Iacovino et al., 2011).
Darabi and colleagues, following successful work in mouse cultures, used
a doxycycline- inducible lentiviral vector encoding PAX7 with an ires-GFP
reporter downstream of it, to induce myogenic differentiation in human
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iPSCs and ESCs. Cells were initially grown as EBs for one week,
followed by three days as monolayer before inducing PAX7. Upon
purification, the GFP-positive/PAX7 expressing cells showed good
myogenic potential in vitro. When injected into immunodeficient
dystrophic mice (NSG-mdx) they engrafted, generated dystrophin positive
cells and replenished the SC pool. Moreover a functional amelioration of
muscle contraction was detected (Darabi et al., 2012).
MYOD has attracted a lot of interest given its dominant action during
myogenesis and its ability to convert several adult somatic cells into
skeletal muscle (Weintraub et al., 1989).
However, a few groups reported very low/impossible myogenic
differentiation efficiency upon overexpression of MYOD directly in human
pluripotent stem cells, underlining the necessity of an intermediate
mesodermal differentiation step or chromating modificaiton (Goudenege
et al., 2012; Albini et al., 2013). Indeed, human ESCs and iPSCs, after a
first mesodermal induction, were converted to myotubes via infection with
an AAV vector encoding for MYOD. Thanks to the action of this noninducible MYOD no purification step was required and cells (also derived
from DMD patients) demonstrated good myogenic potential in vitro, being
also able to engraft in vivo (Goudenege et al., 2012).
In line with these results, Albini and colleagues demonstrated that
overexpression of BAF60C (part of theSWI/SNF chromatin remodelling
complex) before MYOD, is necessary to induce human ESCs to directly
differentiate into myogenic cells in the form of “contractile myospheres”
(Albini et al., 2013).
However this hypothesis has been questioned by more recent work
based on direct forced expression of MYOD in pluripotent stem cells that
successfully led to myotube formation (Tanaka et al., 2013; Abujarour et
al., 2014; Yasuno et al., 2014). Specifically, In both (Tanaka et al., 2013)
and (Yasuno et al., 2014) a doxycycline-inducible MYOD was delivered
into iPSCs by means of piggyback transposition. Expression of MYOD
directly in iPSCs induced myogenic differentiation in vitro with data
suggesting also in vivo engraftment. These cells were used to model
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Miyoshi myopathy, due to mutations in dysferlin (Tanaka et al., 2013)and
carnitine palmitoyltransferase II deficiency, associated with myalgia and
rhabdomyolysis (Yasuno et al., 2014). In the same year, an additional
work demonstrated the feasibility of a direct myogenic fate induction via
expression of exogenous MYOD in iPSCs without any additional
intermediate step or purification (Abujarour 2014). A lentiviral system
expressing MYOD under the control of Tet-inducible promoter led to
efficient commitment towards the myogenic fate. Dystrophic myogenic
cells derived from DMD patients functionally responded to hypertrophyinducing factors Wnt7a and IGF-1, explored as potential therapeutics for
DMD, however their myogenic potential in vivo was not tested (Abujarour
et al., 2014).
Finally, recent work from our laboratory has led to the development of a
differentiation protocol able to convert both human ESCs and iPSCs into
highly expandable, myogenic progenitors that terminally differentiate
upon tamoxifen induction of lentivirally-driven MYOD. The process entails
subsequent steps of monolayer cell culture at different densities with
varied media compositions (Maffioletti et al., 2015). Via this protocol,
derivation of genetically corrected LGMD type 2D cells (LGMD2D)
myogenic cells able to restore sarcoglycan expression in myofibres of
dystrophic mice upon systemic delivery was first described (Tedesco et
al., 2012). This was the first demonstration of effective in vivo
transplantation of human iPSC-derived myogenic cells corrected in their
genetic defect, leading the way to the development of further gene and
cell therapy approaches for muscular dystrophies.

Indeed, myogenic

cells were also generated from a DMD patient, corrected with an HAC in
their disease causing mutations and in vitro differentiated (Tedesco et al.,
2012).

Transgene-free methods
The establishment of transgene-free myogenic differentiation strategies
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have been one of the main goals of recent work in the field. The nonmutagenic nature of these protocols together with the use of serumfree/animal component free media could help the development of a highly
standardised clinically relevant platform. Myogenesis is a tightly spatiallyand

temporally-controlled

process

and

trying

to

simulate

the

developmental cues, which orchestrate the transition through the
presomitic mesoderm, somites and dermomyotome to form the myotome
could generate truly representative myogenic cells. Tremendous efforts
have been made in recent days to induce paraxial mesoderm in iPSCs.
In line with the work published by Barberi, Awaya and colleagues (Awaya
et al., 2012) developed a 63-day stepwise culture method to induce not
only human ESCs, but also iPSCs differentiation into myotubes. This still
entailed an initial EB formation step followed by spontaneous
differentiation into the mesenchymal lineage and then specific media
changes until the terminal myogenic differentiation (Awaya et al., 2012).
Myogenic cells were injected in vivo and proved to be able to engraft and
differentiate.
In 2013 two major works reported good results with transgene-free
protocols (Borchin, Chen and Barberi, 2013; Xu et al., 2013). In the latter,
as a first step, three compounds (out of the 2400 screened) crucial for
myogenesis were detected (a GSK3 inhibitor, FGF and the adenylyl
cyclase activator forskolin). This was done in zebrafish transgenic
embryos carrying two fluorescent reporters (Myf5-GFP and mylz2mCherry) thus making it possible to evaluate the effect of each molecule
on muscle specification and differentiation. The selected compounds
were then tested on human iPSCs, via an EB-mediated method and
proved efficient in driving myogenic differentiation both in vitro and in vivo
after transplantation in cardiotoxin-damaged muscles (Xu et al., 2013).
This paper showed that inhibition of GSK3

and activation of cAMP and

bFGF pathways during EB formation are sufficient to promote iPSCs
commitment toward skeletal muscle lineage. GSK3

inhibition is

commonly used to induce paraxial mesoderm and therefore activate the
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myogenic program in pluripotent cells and constitutes the first step of
several differentiation protocols, such as the one published by (Borchin,
Chen and Barberi, 2013).

GSK3

inhibition is followed by FGF

administration to expand the committed cells. Next, a purification step is
performed in order to get rid of the non-myogenic populations.
Specifically, cells positive for acetylcholine receptor (AChR), C-X-C
chemokine receptor type 4 (CXCR4) and hepatocyte growth factor
receptor (C-MET/HGF) (AChR+/CXCR4+/C-MET+ fraction) and negative
for human natural killer-1 (HNK-1, known neural crest marker) are
selected and represent highly myogenic (in vitro) Pax7+/Pax3+ satellitelike cells (Borchin, Chen and Barberi, 2013).
GSK3

inhibitor-mediated myogenic commitment and FGF-mediated

expansion are also exploited in another differentiation protocol recently
published by Shelton and colleagues who efficiently derived myogenic
cells from ESCs with a lengthy 50-day protocol, with no enrichment step
(Shelton et al., 2014).
Likewise, starting from elegant transcriptomic analysis of mouse muscle
development (anterior versus posterior presomitic mesoderm stage), a
recent study reported the generation of SC-like cells via recapitulation of
molecular signals mimicking the stages of development in vivo (Chal et
al., 2015, 2016). Again, iPSCs are committed to the paraxial mesoderm
fate via GSK3 and bone morphogenic proteins (BMP) inhibition (and not
activation, as for the previous mesoderm specification dogma), whereas
growth factors (IGF, HGF, FGF) are used to expand the myogenic cells in
a serum-free 40-day protocol. This expandable myogenic population is
subsequently enriched in its myogenic fraction in sub-culturing steps,
though recent evidences have proved it to be a mix heterogeneous
population containing myogenic cells (notably some Pax7-positive cells)
together with ectoderm contaminants (Kim et al., 2017).
It is worth mentioning that none of these papers have tested the
myogenic potential of the obtained myoblasts in vivo, though Kim and
colleagues reported minimal in vivo regenerative potential of the iPSCderived myogenic progenitors derived following the protocol by (Chal et
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al., 2016).
In (Choi et al., 2016) the authors employed a GSK-3
by

a

Notch-inhibitor

(γ-secretase

inhibitor:

inhibitor followed

DAPT)

and

a

final

differentiation step in N2 media to obtain multinucleated contracting
myotubes from human iPSCs (healthy and DMD), both in vitro and in vivo.
The myogenic population can be further sorted as NCAM+/HNK1fraction, even if this is not strictly necessary. Interestingly, they applied
this protocol to DMD iPSCs (corrected and not with DYS-HAC) and
showed DMD-associated phenotypes such as increased levels of BMP4
and TGF-β signaling (as shown by increased nuclear localization of
pSMAD proteins), aberrant expression of interleukins and collagen, and
myogenic fusion defects when compared to the control. Notably, the
fusion ability was partially rescued pharmacologically via dual inhibition of
SMAD signaling (Choi et al., 2016).
In the same year a comparable small molecule-based strategy was
published encompassing a first derivation of a Pax3 and Pax7-expressing
population, then further committed into the myogenic lineage as proved
by high MyoD and Myf5 expression and terminally differentiate without
any sorting step (Caron et al., 2016). The in vivo potential of these cells
still needs to be assessed however the product is commercially available.
The heterogeneity of the myogenic population obtained via these
protocols prompted a lot of work in developing isolation/purification
strategies of the most myogenic cells.
Via whole transcriptomic analysis of subsequent steps of human iPSC
Pax7-mediated myogenic commitment, Magli and collaborators identified
integrin α9β1, CD54 and SDC2 as specific surface markers of a
myogenic progenitor population with in vivo regenerative potential (Magli
et al., 2017).
In line with this approach Xi et al performed transcriptomic analysis of
presomitic and somitic mesoderm development in human embryos and
identified WNT- β -catenin, BMP and transforming growth factor β (TGF
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β) as crucial regulators of this process. Consequently, they applied these
findings to human iPSC-derivation of somitic cells whose expression
profile faithfully mimicked in vivo somitogenesis. Accordingly cells were
multipotent, being able to differentiate into skeletal myocytes, osteocytes,
and chondrocytes (Xi et al., 2017).
In an attempt to improve the production of iPSC-derived myogenic
progenitor/SC-like cells Hicks and co-workers performed a RNAsequencing in fetal and iPSC-derived muscle and identified ERBB3
(muscle-specific receptors) and NGFR/ CD271 (nerve growth factor
receptor) as markers of Pax7-enriched foetal muscle progenitor cells.
Therefore, they used these markers to sort iPSC-derived myogenic cells
detecting an increased myogenic potential in vitro and robust in vivo
engraftment, comparable to that of foetal myoblasts. It is worth
mentioning though that the in vivo was performed with iPSC-derived
myogenic cells sorted for the sole ERBB3+ fraction with the addition of
TGF-β inhibition, shown to boost myotube formation and fusion (Hicks et
al., 2018). Interestingly they exploited two previously differentiation
strategies, namely (Shelton et al., 2014) and (Chal et al., 2016) and
proved that myogenic differentiation is not affected by presence or
absence of dystrophin as opposed to what previously reported in (Choi et
al., 2016). In line with these studies, other protocols entailing slight
variations of the process have been developed, such as the sorting
marker combination CD57−/CD108−/ CD271+/ ERBB3+ by (SakaiTakemura et al., 2018).

1.6 Perivascular cells
Several cell types, globally described as perivascular cells (PCs), occupy
the periendothelial compartment (reviewed in (Krueger and Bechmann,
2010)) while promoting tissue repair, vascular homeostasis and
angiogenesis. PC identity is not clearly defined, however they can be
mainly categorised into vascular smooth muscle cells (vSMCs) and
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pericytes, the main difference being their location in the vessels (Avolio et
al., 2017). It is generally accepted that vSMCs are associated with large
vessels (arteries and veins) and are not in direct contact with endothelial
cells due to the juxtaposition of the inner elastic lamina and the basement
membrane (Avolio et al., 2017). Conversely, pericytes reside around
microvessels (capillaries, venules and terminal arterioles, but not
lymphatic capillaries) and, in spite of the shared basal membrane in
which they are embedded, they make numerous direct contacts with the
endothelial layer (up to 1000 contact/endothelial cell) by sending out
cytoplasmic processes, which span several endothelial cells (Armulik,
Genov?? and Betsholtz, 2011; Crisan et al., 2012). While vSMCs have
been defined by a rather specific marker expression profile based on their
developmental stage, pericytes have been quite elusive, given their
variable expression patterns based on the tissue of origin, the activation
state, the expansion protocol used and of course the in vivo or in vitro
characterisation (Armulik, Genov?? and Betsholtz, 2011). So far, no
single marker has been identified to unequivocally recognise pericytes.
Additionally, the cell identity of different perivascular and mesodermalderived cells is still an open debate in the field as underlined by the partial
overlap when it comes to cell-specific expression markers (Covas et al.,
2008). Often under the umbrella of the term “pericyte” come several
populations of tissue-specific cells whose nomenclature is still debated,
and quite confusing, as shown by the fact that frequently any
microvascular periendothelial mesenchymal cell is called pericyte
(Armulik, Genov?? and Betsholtz, 2011). Given these ambiguities,
pericytes are usually defined by a combination of morphology, anatomical
location and gene expression profile.
Many reviews provide lists of pericyte molecular markers (Armulik, 2005;
Díaz-Flores et al., 2009; Krueger and Bechmann, 2010), I will here briefly
mention the most relevant to this work. Generally neural/glial anti- gen 2
(NG2) and platelet-derived growth factor receptor beta (PDGFRβ) are
considered reliable pericyte markers, when associated with lack of
hematopoietic and endothelial marker expression (i.e. CD45 and
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CD31)(Armulik, Genov and Betsholtz, 2011; Avolio et al., 2017). NG2 is
particularly expressed in the neovasculature, indeed, when NG2 is
knocked out, mice present deficit in neovascularization in corneal, retinal
and tumour models (Ozerdem and Stallcup, 2004; Huang et al., 2010).
Among its potential functions, it has been proposed to act as cell surface
receptor for different substrates such as extracellular matrix components
(i.e. type VI collagen in the basal lamina) and angiogenic growth factors
(i.e.

PDGF-AA

and

interactions/deposition

bFGF)
and

thus

cytoskeleton

controlling

basal

reorganization

lamina

while

also

enhancing cell motility, recruitment and growth (Ozerdem et al., 2001).
PDGFRβ plays an essential role in the crosstalk between endothelium
and pericytes during angiogenesis (Betsholtz, 2004) and PDGFRβ
knockout mice die from vascular dysfunction in the perinatal period,
lacking mural cells (Soriano, 1994).
Alkaline phosphatases (APs) are glycoproteins able to hydrolyse a wide
pool of monophosphate esters, with higher efficiency in an alkaline
context, which expression is linked to capillaries (Warnes, 1972). Four
different isoforms of AP have been identified in humans (Štefková et al.,
2015). APs are expressed in skeletal muscles (Grim and Carlson, 1990)
and a subset of pericytes expressing TNAP in vivo proved to have
myogenic capacity, both in mouse and human (Dellavalle et al., 2007,
2011) As previously described, TNAP expression has been subsequently
linked

to

adult

pericyte-derived

mesoangioblasts

(see

previous

paragraph).
CD146 is another marker used for pericyte isolation and characterisation
(Crisan et al., 2008) and has been recently linked to PDGFRβ activation
in this cell type (Chen et al., 2018). Sacchetti and colleagues reported
that human CD146+ skeletal muscle pericytes express PAX7 and acquire
some SC functions both in vitro and in vivo, therefore CD146 is thought to
identify a subset of skeletal muscle pericytes/perivascular cells with
myogenic potential that, depending on the need, may be recruited to
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different but adjacent anatomical locations (i.e. satellite cell niche or
perivascular area, more details in the following paragraph) (Sacchetti et
al., 2016; Tedesco, Moyle and Perdiguero, 2017).
The ontogeny of pericytes is not clearly explained, yet several papers
have shown that perivascular cells have different developmental origins
depending on their location. For example mural cells in the head are
neural crest derived, while those in the gut, lung and liver are
mesothelium derived (Armulik, Genov and Betsholtz, 2011).
Regarding their function, pericytes are broadly known to control vascular
permeability, however their role widely varies according to the district of
the body where they reside. Several studies have demonstrated their
contribution in regulating EC ‘sprouting’, potentiating the formation of an
EC barrier and determining blood capillary diameter, as well as their
involvement in overall blood capillary stability (Armulik, Genov?? and
Betsholtz, 2011; Orlova, Drabsch, et al., 2014). As an example, in the
brain they take part in the maturation and maintenance of the blood brain
barrier while in the liver they are both involved in the vitamin A
metabolism and TGF -dependent ECM remodelling (Avolio et al., 2017).
As for the historical first function of pericytes, namely capillary constriction,
there is still no conclusive evidence as if they are able to regulate the
blood flow by contracting (Armulik, Genov and Betsholtz, 2011).
Endothelial cell-pericyte interactions are certainly central to their function
and involve several intercellular signaling pathways (reviewed in
(Gaengel et al., 2009)) the major ones being TGFβ, Angiopoietin-1/Tie-2
and PDGF-B/ PDGFRβ; the latter will be further discuss in the relative
section of this introduction.
Finally, it is worth mentioning that in addition to many different body
districts (from placenta to dental pulp, human heart and adipose tissue),
functionally competent pericytes have also been successfully derived
from iPSCs (Orlova, van den Hil, et al., 2014; Wanjare, Kusuma and
Gerecht, 2014; Kusuma, Facklam and Gerecht, 2015).
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1.6.1 Skeletal muscle pericyte/perivascular cell multipotency and
plasticity
Recent studies have redefined pericytes as multipotent resident tissuespecific progenitors, capable of differentiating into the varied pool of
mesodermal cell types characterising the tissue in which are located
(Bianco, Robey and Simmons, 2008). The model foresees that both
during development and postnatal growth, local progenitor cells
committed to an organ specific fate, associate with the vessels as
pericytes/perivascular cells and retain a tissue-specific differentiation
capacity. Thus, as an example, in the developing skeletal muscle local
myogenic progenitors associate with blood vessels, therefore pericytes
isolated from the microvasculature of adult skeletal muscle may exhibit
myogenic potential (Bianco, Robey and Simmons, 2008). To go even
further, it might be that SCs and perivascular cells share a common
precursor during development, as testified by identification in the DM of a
Pax3+ progenitor for skeletal and smooth muscle cells (Esner et al., 2006;
Lagha et al., 2010; Goupille et al., 2011). Residual memory of this
developmental origin in adulthood might sustain a bidirectional plasticity
between these cell types (Persichini et al., 2017).
Indeed, this interesting aspect of skeletal muscle pericytes has been
outlined by the aforementioned study by Dellavalle and colleagues; by
means of lineage tracing experiments. TnAP-positive pericytes labelled
with LacZ through a Tamoxifen-mediated Cre recombinase system were
able to replenish the SC pool, via generation of Pax7 positive cells
(Dellavalle et al., 2007, 2011).
In line with these results, mesoangoioblasts (derived from in vitro
expansion of muscle pericyte/perivascular cells) colonised skeletal
muscle upon intra-arterial delivery in different dystrophic animal models
(Sampaolesi et al., 2003, 2006; Díaz-Manera et al., 2010; Sacchetti et al.,
2016).
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Importantly, beta-galactosidase-labelled, DYS-HAC-corrected murine
mesoangioblasts, gave rise to Pax7+ SCs upon transplantation in a
mouse model of muscular dystrophy (Tedesco et al., 2011). As a further
confirmation of this model, a recent study has reported that human
pericytes possess different functions based on their skeletal or smooth
muscle origin: only skeletal muscle-derived pericytes can contribute to
skeletal muscle regeneration (Pierantozzi et al., 2016). Finally, CD146
positive, subendothelial cells from the microvasculature of human adult
skeletal muscle were shown to possess high myogenic potential
(Persichini et al., 2017).
A publication from Cappellari and colleagues proved also the opposite
phenomenon to be true. They reported for the first time the acquisition of
pericyte markers and perivascular cell properties in cultured murine
embryonic myoblasts upon activation of Notch and PDGF-BB signaling
(Cappellari et al., 2013).
We have recently shown that this same strategy can be used to reversibly
convert ex vivo cultured adult mouse and human SC-derived myoblasts
into perivascular-like cells with trans-endothelial migration ability coupled
with engraftment capability into skeletal muscle (Gerli et al, 2018, in
press).
This model has been challenged by lineage tracing experiments in
transgenic mice (Tbx18-CreERT2 line) that exclude any pericyte
contribution to muscle (and other tissues) regeneration after injury in vivo
(Guimarães-Camboa et al., 2017). However the discrepancies between
these studies could be related to the different markers used to isolate
perivascular cells. Additionally, while the view of pericytes as endogenous
progenitors may be challenged, the beneficial effects of transplanting
previously cultured pericytes are not contradicted (Guimarães-Camboa et
al., 2017).
The skeletal myogenic potential of perivascular cells is not comparable to
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SCs (Cossu et al., 2015), however the field is open to the development of
novel sources of myogenic stem cell therapies and the combination of SC
myogenic ability with perivascular cell migratory capacity could represent
an ideal strategy.

1.7 Modulating myoblast fate: Notch and PDGF signalling
1.7.1 Notch signaling
Notch pathway is a highly conserved signaling cascade with multiple
functions involved in development and homeostasis of several different
tissues (Artavanis-Tsakonas, Matsuno and Fortini, 1995). In skeletal
muscle it plays a crucial role in both morphogenesis and post-natal
regeneration (Artavanis-Tsakonas, Rand and Lake, 1999).
To date, in mammalian, four Notch receptors (Notch1, Notch2, Notch3
and Notch4) and four ligands (Jagged1, Jagged2, Delta-like (Dll1 and
Dll4) have been identified (reviewed in (D’Souza, Meloty-Kapella and
Weinmaster, 2010)). Dll3 is also known and sometimes included in the list,
however it does not act as a direct Notch receptor ligand (Ladi et al.,
2005). Both receptors and ligands are trans-membrane proteins therefore
signal transduction is achieved via cell-to-cell contact (Bray, 2016). In
particular, the Notch receptors’ extracellular domain is made of up to 36
repetitions of EGF-like domains, crucial for the dimerization process (Bray,
2016). Specific domains (11 and 12) act as inhibitors of cis-activation in
case Notch ligand and Notch receptors are expressed on the surface of
the same cell (Cordle et al., 2008).
Activation of the cascade occurs when a signal-sending cell expressing a
Notch ligand physically interacts with a signal-receiving cell expressing a
Notch receptor. Upon ligand binding to the receptor, conformational
changes lead to the proteolytic events (operated namely by two
proteases: tumour necrosis factor α-converting enzyme (TACE) and
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presenilin/

-secretase), which release the active Notch intracellular

domain (NICD). Subsequently, NICD translocates to the nucleus and
mediates the transition of CSL (CBF1 (also known as RBP-J),
Suppressor of Hairless (Su(H)), and Lag-1)
transcriptional repressor, into coactivator

normally acting as

resulting in expression of

Notch responsive genes (Luo, Renault and Rando, 2005).
Although Notch signaling is evolutionary conserved, it possesses diverse
and sometimes conflicting functions according to the context in which is
operating. This functional heterogeneity is likely linked to its multiple
ligands and heterogeneous pool of downstream effectors. The canonical
CSL-activated Notch pathway primarily activates genes of the Hes (Hairy
enhancer of split)) and Hey families, both transcriptional repressors
(Jarriault et al., 1995; Artavanis-Tsakonas, Rand and Lake, 1999).
However the Notch cascade can also be activated via a not fully
characterised CSL-independent pathway that can partly explain the
pleiotropic effects associated with Notch (Luo, Renault and Rando, 2005;
Sainson and Harris, 2008). Notch was first described as regulator of
neurogenesis and is implicated in a huge number of processes including
angiogenesis (i.e. pericyte recruitment) (Sainson and Harris, 2008),
however discussing all the functions associated to this molecule goes
beyond the scope of this introduction, I will therefore focus on the data
available on skeletal muscle.

1.7.1.1 Notch signaling in skeletal muscle
During development, Notch is one of the cyclic gene coordinating
somitogenesis (Pourquié, 1999) and it stops embryonic myogenic
precursors to differentiate prematurely (Delfini et al., 2000). Likewise, it
has been proved that Dll1 or RBP-J mutation disrupting Notch pathway
causes the premature differentiation of myogenic precursors (SchusterGossler, Cordes and Gossler, 2007)) and depletion of satellite cells
(Vasyutina et al., 2007) with an overall impairment of muscle regeneration
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Notch is also critical for post-natal myogenesis. First, it is well known that
Notch signaling inhibits myogenic differentiation via different mechanisms
(Luo, Renault and Rando, 2005). For instance, in C2C12 myoblasts it
leads to inhibition of MyoD (Kopan, Nye and Weintraub, 1994; Kuroda et
al., 1999), probably via Hey1-mediated reduced recruitment of MyoD to
the promoters of Myogenin and Mef2c (Buas, Kabak and Kadesch, 2010).
The canonical CSL-dependent upregulation of Hes and Hey genes
certainly plays a role in suppressing MyoD expression (Luo, Renault and
Rando, 2005), nevertheless also a CSL-independent pathway can
actively inhibit myogenic differentiation (Shawber et al., 1996).
Some studies have indicated that Notch regulates SC activation and
proliferation: an upregulation of Notch is detected within 24h after a
muscle injury and promotes the proliferation of the SC progeny essential
for muscle regeneration. Afterwards Notch is downregulated probably by
Numb (Notch inhibitor) (Luo, Renault and Rando, 2005), allowing
myoblast fusion and myotube formation (Conboy and Rando, 2002). In
addition, it has been shown that Notch plays a role in the asymmetric cell
division of SCs. Specifically, the committed differentiating daughter cell
express Dll1 and interacts with the sister cell activating Notch cascade
and promoting its self-renewal (Kuang et al., 2007; Wen et al., 2012).
Interestingly, Kuang and colleagues detected a high level of Notch 3
expression limited to quiescent SCs (Kuang et al., 2007). Indeed, other
groups proved the necessity of Notch for maintenance of SC quiescence
(Bjornson et al., 2012; Philippos et al., 2012). A recent report identified a
Notch-Collagen V (COLV)- Calcitonin receptor (CALCR) axis that
sustains the SC niche, where Notch acts as a sensor and produce COLV
which in turn binds CALCR-positive myogenic cells to support quiescence
(Baghdadi et al., 2018).
In light of its pivotal role in maintaining the stemness of SCs, Notch has
been applied to regenerative medicine. In vitro expansion of Dll1-treated
canine muscle-derived cells promoted their quiescence and increased
their engraftment (Parker, Loretz, Tyler, Duddy, et al., 2012; Parker and
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Tapscott, 2013). Conversely, activation of Notch signaling via Dll1 and
Dll4 in mouse and human-derived SCs did not significantly improve their
engraftment potential (Sakai et al., 2017).
Importantly,

a

recent

report

from

Quattrocelli

and

colleagues

demonstrated that Notch is also a regulator of mesoangioblast activity:
upon Notch depletion mesoangioblasts engraftment ability starkly
declines, while Notch activation brings an opposite effect (Quattrocelli et
al., 2014). Notably, the aforementioned publication by Cappellari et al.
reported a DLL4 and PDGF-BB-mediated fate switch of embryonic
myoblasts towards the perivascular lineage (Cappellari et al., 2013).
Therefore, the mechanisms and functions of PDGF and its receptors,
relevant for this thesis, will be detailed in the next paragraph.

1.7.2 PDGF signaling
The Platelet derived growth factor (PDGF) genes and proteins belong to
a growth factor superfamily also including the vascular endothelial growth
factors (VEGFs) (Fredriksson, Li and Eriksson, 2004). Initially only three
proteins (PDGF-AA, PDGF-AB, and PDGF-BB) encoded by the two
genes PDGF-A and PDGF-B (for review, refer to (Heldin and Westermark,
1999) were identified as part of the PDGF family. Only 15 years later
followed the discovery of two additional PDGF genes (PDGF-C (Li et al.,
2000; Collado et al., 2017) and PDGF-D ((Bergsten et al., 2001;
LaRochelle et al., 2001)). PDGFs act as dimers (dominantly homodimers)
via interaction with their PDGF dimeric receptors: PDGFrα, PDGFrαβ and
PDGFrβ (Andrae, Gallini and Betsholtz, 2008). There are multiple
potential PDGF-PDGF receptor interactions, though in vivo only some
have been functionally demonstrated i.e., those of PDGF-AA and PDGFCC via PDGFR-α, and PDGF-BB via PDGFR-β (Andrae, Gallini and
Betsholtz, 2008). These receptors are transmembrane complexes
endowed with tyrosine kinase activity. Upon dimerization they activate
their intrinsic catalytic activity, and undergo autophosphorylation on >10
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specific tyrosines that act as binding sites for a wide range of intracellular
signaling molecules Signal propagation involves several pathways
including

Ras-MAPK

(mitogen-activated

protein

kinase),

PI3K

(Phosphatidylinositol-3 kinase) and phospholipase Cγ (PLC- ᵧ ) (Heldin
and Westermark, 1999). Activation of these signaling cascades promotes
gene transcription and stimulates cell proliferation, differentiation, survival
and movement (Ross et al., 1974; Demoulin and Essaghir, 2014) Being
the downstream effectors multiple and varied it is complex to dissect the
actual role of individual signaling components.
It has been reported that MAPK signaling stimulates cell growth,
differentiation, and migration (reviewed in (Seger and Krebs, 1995)).
PLC- ᵧ and PI3K are well-known downstream target of PDGFs that also
sustain cell growth and motility (Kundra et al., 1994; Hu et al., 1995).
Among the several other molecules engaged by PDGF signaling,
integrins have been shown to interact with PDGF receptor driving its
localization to focal adhesions, cellular hotspots for the cross-talk
between different signaling cascade (Frisch and Ruoslahti, 1997).

The expression patterns of PDGFs and their receptors is complex and
varied and exhaustively reviewed in (Hoch and Soriano, 2003). Given the
aim of this thesis, it is worth mentioning that PDGF-BB is mainly
expressed in vascular endothelial cells, megakaryocytes, and neurons
and its receptor PDGFR-β in mesenchyme-derived cells, particularly in
vascular SMCs, SCs and pericytes (Andrae, Gallini and Betsholtz, 2008;
Piñol-Jurado et al., 2017)
Broadly speaking while PDGFRα is mainly involved in the development of
different mesenchymal and fibroblastic cell compartments, PDGFR β has
a crucial function in the formation of vascular mural cells (Andrae, Gallini
and Betsholtz, 2008).
Indeed, immature vasculature is stabilised via recruitment of mural cells
by the interplay of different pathways including platelet-derived growth
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factor PDGF-BB/PDGF receptor (PDGFR)- β. Lack of PDGF-BB signaling
in knockout murine embryos leads to pericyte and vascular smooth
muscle cell loss, with different degrees depending on the organ: nearly
complete in brain, kidney and heart, virtually absent in liver (Lindahl et al.,
1997). This, in association with endothelial defects, causes vascular
defects such as microanuerysm and finally death of the embryo at E16E19 (Lindahl et al., 1997).
Mural cells express PDGFR-β and therefore PDGF-BB, often released by
neighbouring endothelial and other perivascular cells, plays a pivotal role
in their proliferation and migration along the forming vessels during
maturation (Hellström et al., 1999). This is true in several tissues. It has
been demonstrated that activation of the PDGF-BB/R-β cascade is
required for pericyte migration along angiogenic sprouts in the brain
(Lindahl et al., 1997). Likewise, mesangial cells formation of the kidney
glomeruli, defined as a subset of specialised microvascular pericytes, is
dependent upon this same pathway (Hellström et al., 1999). Also, PDGFBB and PDGFRβ knockout embryos present a complex heart phenotyoe
due to mural cell hypoplasia in addition to dysfunctional epicardial
derivatives (Van den Akker et al., 2008).
Postnatally PDGF-BB/R-β signaling promotes proliferation and inhibit
differentiation of mural cells: upon increase of PDGFRβ signaling, more
pericytes

are

in

an

active/progenitor

state

and

fewer

in

a

quiescent/differentiated state (Olson and Soriano, 2011).
Recent findings have highlighted how PDGFRβ expression in vascular
smooth muscle cells is regulated by Notch. Specifically Notch upregulates
PDGFRβ hence enhancing the cell response to PDGF-BB stimulation (Jin
et al., 2008). This could explain the combinatorial effect of Dll4 and
PDGF-BB in inducing the fate shift from myoblasts to perivascular cells in
both murine embryonic and adult myoblasts and human primary
myoblasts observed by Cappellari and colleagues (Cappellari et al.,
2013) and recently by our own group (Gerli et al, 2018, in press).
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2. AIM OF THESIS

Despite the various experimental therapies investigated so far, an
efficient therapy for DMD still needs to be developed. Several reasons
make this goal particularly challenging: 1) the size of the dystrophin gene;
2) the widespread distribution and abundance of skeletal muscle that
ideally requires systemic delivery of the transgene; 3) the large number of
cells required for ex vivo gene therapy and, finally, 4) the involvement of
both heart and brain in addition to skeletal muscle.
The introduction of the entire dystrophin locus could represent a valid
strategy to tackle all the different DMD-causing mutations, including “nonskippable” ones. Despite dystrophin is large size, the DYS-HAC has
proven to be a safe, stable and efficient vector (Hoshiya et al., 2009),
although only suitable for an ex vivo gene correction, thus requiring large
numbers of patient-specific myogenic cells. Differentiation of autologous
iPSCs into the myogenic lineage can overcome the limitation of stem cell
exhaustion in DMD (Sacco et al., 2010), by providing the appropriate
number of patient-derived transplantable cells. Remarkably, DYS-HAC
corrected human iPSC-derived inducible myogenic cells have been
already generated and differentiated into dystrophin-expressing myotubes
(Tedesco et al., 2012). However, safer methods of derivation need to be
developed. In addition, the challenge of targeting such an abundant
tissue makes it mandatory to increase the efficiency of cell engraftment
while reducing to a minimum the associated mutagenic risk. SCs, despite
their prominent myogenic potential, possess limited migratory capacity
that is however a feature of some perivascular progenitors. Hence, a
methodology able to merge these two crucial properties in a single cell
type could represent a relevant step forward in the field.
In light of this, my project explored different strategies to develop an
expandable, systemically deliverable and genetically correctable cell type
with low genomic manipulations which could be a candidate for an ex vivo
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gene and cell therapy approach for muscular dystrophies, with a specific
focus on DMD. In order to reach this aim I coupled non-mutagenic iPSCbased myogenic differentiation methods with modulation of Notch and
PDGF pathways, hypothesising that the acquisition of perivascular cell
migratory ability seen in embryonic and adult myoblasts can also be
inducible in iPSC-derived myoblasts.
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Figure 2.1 Strategy for the development of genomic integration-free,
genetically

correctable,

IPSC-derived

myogenic

progenitors,

enhanced in their trans-endothelial migration ability. Schematic
illustration of the main strategy followed to reach the overall aim of the
thesis.
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3. MATERIALS AND METHODS

3.1 Cell Culture
3.1.1 iPSCs
Three human DMD iPSC lines have been used throughout this thesis,
two

directly

derived

from

dermal

fibroblasts

and

one

already

reprogrammed to iPSCs. In details, DMD iPSCs ex.70 and ex.68 have
been derived from the following two lines of DMD dermal fibroblasts
(kindly provided by the MRC Neuromuscular Centre Biobank at the UCL
Institute of Child Health): fibroblasts NH10-763B, DMD c.10141C>T
(p.Arg3381X) in exon 70 and fibroblasts NH12-864B DMD Cells
c.9851G>A (p.Trp3284X) in exon 68. DMD Sendai iPSCs (deletion of
exons 4-43) with and without DYS-HAC, were kindly provided by
Professor M. Oshimura (Tottori University, Japan)(Kazuki et al., 2010).
Additionally four non age-matched human iPSC lines have been used as
healthy control lines: VF Gibco® Episomal iPSCs, Line A13777,
LifeTechnologies;

SBI

iPSCs

(System

Biosciences

SC102A-1N;

hpscreg.eu/cell-line/SBIi006-A; kindly provided by Prof. VandenDriessche,
VUB, Belgium), NCRM1 iPSCs (hpscreg.eu/cell-line/CRMi003-A) and
NCRM5 iPSCs (hpscreg.eu/cell-line/CRMi001-A).
Specifically, VF Gibco, NCRM1 and NCRM5 iPSCs had been
reprogrammed from cord-blood derived CD34+ progenitors using
episomal expression of OCT4, SOX2, KLF4, MYC, Nanog, Lin28 and
SV40T.

SBI iPSCs are derived from dermis fibroblasts via retroviral

vectors.
Ethical approval from the NRES Committee London covers human cell
work in the Tedesco lab, study title: The use of cells as a model system to
study pathogenesis and therapeutic strategies for Neuromuscular
Disorders; REC reference: 13/LO/1826; IRAS project ID: 141100.
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Mutation

Mutation

CDS

protein

Gene

Exon

DMD

68

c.9851G>A

DMD

70

c.10141C>T

DMD

4-43

Deletion

p.Trp3284
X
p.Arg3381
X

ex.

4-43

-

Cell type

Source

Fibroblasts

MRC Biobank

Fibroblasts

MRC Biobank

iPSCs

Professor
M.Oshimura

Table 3.1 Details of dystrophic patient-derived cells used in this study

3.1.2 Fibroblast reprogramming to iPSCs
DMD fibroblasts ex.68 and ex.70 were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) (Sigma) and 1% penicillin-streptomycin antibiotics (PS) (Sigma).
5x104 cells were plated on 6-cm dishes coated with matrigel. After 24
hours, media was changed to nuFF-conditioned pluriton media
supplemented with B18R (eBioscience)
and Pluriton supplement (Stemgent). Subsequently fibroblasts were
transfected with a mix of mRNA reprogramming factors (Oct4, Sox2, Klf4,
cMyc, Nanog and Lin28) (Stemgent, cat.no. 00-0073) following
manufacturer instructions. Transfections were performed daily for 11 days
with nuFF-conditioned pluriton media changes prior to transfection. On
days 1 and 5, miRNAs (Stemgent) were added to the mRNA cocktail to
enhance the process.
From day 19, the first colonies were picked and plated onto 6-well pla tes
coated with Vitronectin XF™ (Stemcell technology cat.no. 07180), except
for DMD iPSCs ex.70 that were cultured for 3 passages on mouse
embryonic feeder-cells and only later transferred in feeder-free conditions.
This increased their ability to attach and expand. iPSCs cell were cultured
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in a 37°C, 3% O2 incubator.

3.1.3 iPSC culture
3.1.3.1. Feeder-based iPSC culture
The newly reprogrammed iPSCs ex.70 and DMD Sendai iPSCs with
DYS-HAC were initially expanded on a layer of inactivated mouse
embryonic fibroblasts (MEFs), at 37°C with 5% CO2 and 3% O2.
Commercial MEFs (Stem Cell Technology) were mitotically inactivated
with 10

g/mL mitomycin C (Sigma) for 3 hours and subsequently plated

onto Matrigel-coated dishes as a confluent monolayer.
iPSCs were manually picked approximately every 5 days onto MatrigelMEF-coated plates by means of a scalpel and a dissecting microscope,
prior removal of differentiating areas.
3.1.3.2. Feeder-free iPSC culture
iPSCs were plated on Vitronectin XF™ and maintained in feeder-free,
chemically defined TeSR™-E8™ medium (Stemcell technologies, cat.no.
05940) at 37°C with 5% CO2 and 3% O2. Approximately every 6 days,
iPSCs were passaged via either manual picking or gentle cell dissociation
reagent (Stemcell technology, cat. no.07174), following manufacturer’s
instructions. After few passages on feeder cells, feeder-dependent iPSCs
ex.70 and Sendai (DYS-HAC) iPSCs were stabilised in feeder-free
conditions (~2/3 passages).

3.1.4 Embryoid body formation
iPSCs were dissociated into clumps using gentle cell dissociation reagent
and embryoid bodies (EBs) were allowed to form and grow in suspension
in TeSR™-E6 medium (Stemcell Technologies, cat. no. 05946) in non-
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tissue-culture-treated dishes. TeSR™-E6 formulation is equal to TESRE8, except it lacks b-FGF and TGF-

, compounds which maintain

pluripotency. After 7 days EBs were switched to adherent culture in
DMEM (Sigma) with 20%(v/v) FBS (Life technologies), 1% L-glutamine
(Sigma), 1% PS (Sigma) to induce spontaneous differentiation. Media
was changed every other day and plates were fixed in 4% PFA after 1420 days.

3.1.5 Other cell types
C2C12 mouse myoblasts
The immortalised C2C12 mouse myoblast cell line (Yaffe and Saxel, no
date) was used to produce conditioned medium for the transwell assay.
Cells were cultured in DMEM (Sigma) supplemented with 10% FBS plus
1% L-glutamine (Sigma) and 1% PS for normal maintenance and
proliferation.
For differentiation experiments, C2C12 myoblasts were seeded at 90%
confluence before changing the medium to DMEM with 2% horse serum
(HS) (Gibco) plus L-glutamine and PS.

Chinese Hamster Ovary (CHO) cells
Adherent CHO cells standard proliferation medium used was Nutrient
Mixture F-12 Ham (Sigma, N4888) supplemented with 10% FBS, 1% Lglutamine (Sigma, 67513), 1% PS plus 800

g/ml G418 antibiotic

(Sigma, G8168).
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3.1.6 Skeletal myogenic differentiation of iPSCs
3.1.6.1 Human iPSC commitment to mesoangioblast-like cells (HIDEMs)
HIDEMs were derived, cultured and differentiated as previously reported
(Maffioletti et al., 2015; Tedesco et al., 2012). Briefly, after treatment with
3 µg/mL of Rho-associated protein kinase (ROCK) inhibitor Y27362
(Calbiochem), iPSCs were dissociated to single cells and cultured
following three subsequent steps (early, intermediate and late) entailing
different plating densities and different media compositions. After 21 days
HIDEMs were expanded, passaged when at 80% confluence and
cryopreserved.

3.1.6.2 Myogenic differentiation assays
Myogenic differentiation assays were performed by means of either lentiMyoD(ER) infection or MyoD mRNA (Stemgent, 050029) transfections.
Specifically, 1 x 10

5

cells were infected with MOI 0.5 with 8

g/ml of

Polybrene in the standard growing media, for 12 hours at 37°C with 5%
CO2 and 3% O2. MyoD(ER)-infected cells were plated on Matrigelcoated dishes and, when confluent, 1µM tamoxifen was added to the
culture. The following day medium was changed to DMEM with 2%HS
plus L-glutamine and PS (differentiation medium) again supplemented
with 1µM tamoxifen. Myotubes typically appeared after 3 days and were
fixed before detachment usually after 7-8 days.
5
As for the genomic-integration free mRNA method, 0.5 x 10 HIDEMs
were plated on Matrigel-coated dishes (24-multiwell) and transfected with
MyoD mRNA on three consecutive days before switching to DMEM with
2%HS plus L-glutamine and PS for approximately 5 days, as by
manufacturer’s instruction.
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3.1.6.3 Small-molecule based iPSC myogenic differentiation
As a genomic integration-free alternative, a published and commercially
available small molecule-based protocol (Caron et al., 2016)(Genea
Biocells, Skeletal Muscle Differentiation Kit) was used to obtain
expandable myoblasts and terminally differentiated myotubes, as by
manufacturer’s instruction.
Briefly, iPSCs were dissociated to single cells, plated on Matrigel-coated
dishes and cultured in Induction medium for 10 days. Susequently, socalled myogenic progenitors were detached and replated for another
week in culture with Myoblast medium. At this stage cells were either
differentiated via 2%HS DMEM or expanded, cryopreserved and used for
further experiments.

3.1.7 DLL4 and PDGF-BB treatment
Recombinant human delta-like protein 4 (rhDLL4: Notch ligand Dll4 fused
with the Fc domain of human IgG; R&D Systems; 1506-D4) was
resuspended to a final concentration of 10

g/ml in sterile PBS

containing 1% wt/vol Bovine serum albumin (BSA; Sigma-Aldrich; A941810G) as a carrier protein. Standard cell culture plastic dishes were coated
with the DLL4 solution and incubated at 37° C for 45 minutes. Cells were
then seeded on the coated flasks and supplemented with 100 ng/ml of
human PDGF-BB re-suspended in 0.1%BSA/4mM HCl/PBS (R&D
Systems; 200-BB-050) daily for at least 7 days.

3.1.8 γ-secretase inhibitor treatment
As for normal myogenic differentiation assays, DLL4 and PDGF-BB-
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treated myoblasts and untreated control were seeded at a high density on
collagen-coated dishes and, when confluent, switched to differentiation
medium (DMEM supplemented with 2% HS (w/v) + 1% P/S (w/v)). To
block Notch signaling cells were incubated with 660 ng/ml of

-secretase

inhibitor (L685, 448, Sigma) 24 hours before the switch to differentiation
medium and over the two following days.

3.1.9 In vitro migration assays
In vitro migration assay (transwell assay) was performed using either
primary human umbilical vein endothelial cells (HUVECs; Lonza) or
CD31+ endothelial cells kindly provided by Dr Orlova (Orlova et al, 2014).
HUVECs were grown at 37°C, 5% CO2 in EGM1 (Lonza) on 1% gelatincoated flasks (Sigma), kept below 70% confluence and used up to
passage 6.CD31+ endothelial cells were expanded according to (Orlova
et al, 2014).
8

m porous cell culture membranes (BD Biosciences; 353093) were

coated with 1.5% gelatin for 1 hour at 37°C, cross-linked with 2%
glutaraldehyde (Sigma Aldrich) for 15 minutes at RT, incubated with 70%
ethanol for 1 hour at RT and finally washed 3 times with PBS before an
overnight incubation in 2 mM glycine/PBS at 4°C. After 5 x PBS washes,
2 x 105 primary HUVECs were seeded on top and grown to full
confluence for at least 72 hours.
On the day of the transwell, myoblasts were dissociated with TrypLE
Select (Thermo Fisher Scientific) and labelled with 0.7

M 6-

carboxyfluorescin dictate (6-CFDA) cell tracker (Thermo Fisher Scientific)
for 30 minutes at 37°C. Subsequently, the upper chamber was loaded
with 3 x 104 cells to be tested, resuspended in a serum-free media. The
lower chamber was loaded with a chemoattractant medium composed of
50% fresh growth media and 50% myoblast-conditioned media
(previously exposed for 24 hours to differentiated C2C12 murine
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myoblasts to mimic the muscle environment). After 8 hours, the
membranes were gently washed in PBS and fixed for 5 minutes in 4%
PFA. The top of the membrane was scraped off with a cotton bud to
remove the non-migrated cells. After an additional PBS wash, the
membranes were mounted with fluorescent mounting media above glass
microscope slides. The number of cells migrated through the endothelial
layer was quantified by counting the number of fluorescent cells on the
lower side of the membrane using an inverted microscope (Leica
2
DMI6000B). A minimum of 10 random 20X field (0.31 mm ) per condition
was counted per each independent experiment. Each experiment was
performed in duplicate on at least 3 separate occasions.

3.1.10 Tumorigenic assay
Tumorigenic assays were performed as previously reported (Tedesco et
al., 2012). Briefly, 2x106 cells per condition (Sendai HIDEMs with and
without DYS HAC, infected or not with MyoD(ER) lentivirus) were
harvested, re-suspended in 100 l of PBS and injected subcutaneously in
immunodeficient mice (n=12). After the injections, the animals were
observed biweekly for a minimum of 2 months. At the end of this period,
the animals were sacrificed and dissected to confirm the absence of
tumour masses. As a positive control tumorigenic HeLa cells were
injected subcutaneously in one additional mouse.

3.1.11 Microcell-mediated chromosomal transfer (MMCT)
3.1.11.1 Conventional MMCT Protocol
I) Micronucleation of adherent CHO donor cells
After expansion CHO(DYS-HAC3) cells were plated in 48xT25 flasks
(Nunc, 152094) suitable for ultracentrifugation. When cells were 80%
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confluent, the normal proliferation medium was replaced with colcemid
medium (0.1

g /ml colcemid, plus 20% FBS; Sigma, D7385). The T25

flasks were incubated for 72 hours at 37˚C, 5% CO2.
II) Enucleation of micronucleated donor cells
The T25 flasks were filled with the enucleation medium (serum-free
medium containing10

g /mL cytochalasin B (Sigma, C6762)) pre-

warmed at 37 °C and centrifuged for 1h at 8000 rpm, in an ultracentrifuge
Add centrifuged for 1 h at 8,000 rpm in a JLA- 10.5 rotor (Beckman) at
37 °C. Following centrifugation, a small pellet appeared in the bottom of
each T25 flask. After collection of the enucleation medium each pellet
was resuspended in 2 mL serum-free DMEM, collected in four 15-mL
tubes and pipetted 30 times in order to re-suspend it.
III) Purification of microcell preparations
For filtration 8

m, 5

m and 3 m filters (Sigma, WHA110612,

WHA110613, WHA110614) were

mounted on

Swinnex

adapters

(Millipore) and autoclaved. Subsequently the adapters were put on sterile
10-mL syringes from which plungers have been removed. In processing
the microcell pellet from twenty-four of T25 flasks, we used a set of eight
8

m, twelve 5

m filters and eight 3 m filters.

The microcell suspension in serum-free DMEM (48 mL/filter set) was
poured into the syringe and gently filtered and then centrifuged at 2,000
rpm, 4°C for 10 minutes to pellet the microcells.
IV) Fusion with recipient cells
Two methodologies exist: Polyethylene Glycol (PEG) and Measles virus.
In both of them the day before the MMCT, recipient cells (such as
HIDEMs) were plated into two 6 cm dishes. On the MMCT day the
recipient cells should be 90-95% confluent.
IV-a) PEG methodology
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The supernatant was removed from the centrifuged microcell solution at
the end of the previous step (III) and the microcell pellets were vigorously
re-suspended in 4 mL serum-free DMEM containing Phytohaemagglutinin
(PHA-P) (50

g/ml in serum-free medium, freshly prepared and filtered)

(Sigma, L1668).
The culture medium was discarded from recipient cell dishes and 2 ml
PHA-P was added to the microcell-containing medium to each dish. The
dish was gently shaken to spread the microcells over the monolayer
allowing them to settle by gravity and attach (for 15 min max) at 37°C.
During PHA-P incubation dishes were checked under the microscope to
monitor cell toxicity.
After 15 minutes, entire PHA-P containing medium was removed and 1
mL of Polyethylene glycol (PEG) 1500 (Roche, 10783641001; 50% PEG
1500 (w/v) in 75 mM HEPES (pH 8.0), ready to use) was added to each
dish. The dishes were gently turned in order to spread PEG over the
recipient cells. After 60 seconds PEG was aspirated and the cells washed
three times with serum-free DMEM after 40 additional seconds. Cells
were next incubated at 37°C for 24 hours in non-selective culture
medium. The following day, cells were detached and seeded into 5x15cm
dishes, 24 hours later the selection with G418 Disulfate 800

g/ml

(Sigma, G8168) was started.
IV-b) Measles virus (MV) method
To perform this kind of fusion, in step I, 48 hours before starting colcemid
treatment, CHO(DYS-HAC3) cells, 95%-100% confluent in 6-cm dishes,
were transfected with plasmids H (either fused with CD9 or CD13) and F.
Briefly, for each reaction, 500 l of serum-free medium (Opti-MEM) was
mixed with 4

g of each plasmid (8

g of total DNA). Simultaneously,

the same quantity of Opti-MEM was mixed with 20 l of Lipofectamine
2000 (Thermofisher, 11668019). The two solutions were then mixed and
incubated for 20 minutes at RT. Next, after washing the culture dishes
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with Opti-MEM, the transfection mixture was added drop-by-drop on top
of the CHO(DYS-HAC3) and incubated for 2 hours at 37°. The
supernatant was then aspirated, 10%FBS opti-MEM added and cells left
recovering overnight. The day after, each 6cm dish was split into 3xT25
flasks (for a total of 48 flasks), in normal F12-10%FBS proliferation
medium. After 24 hours the culture medium was replaced with colcemid
medium (0.1

g /ml colcemid, plus 20% FBS; Sigma, D7385). And the

procedure followed the same steps as conventional MMCT until step IV,
performed as follows. The supernatant was removed from the centrifuged
microcell solution at the end of the previous step (III) and the microcell
pellets vigorously re-suspended. 2ml of microcell-containing medium was
added to each dish subsequently incubated at 37 C for 24 hours in
order to let the microcells settling by gravity and fusing. The following day,
cells were detached and seeded into 5x15cm dishes, 24 hours later the
selection with G418 Disulfate 800

g/ml (Sigma, G8168) was started.

V) Biochemical selection of microcell hybrids
The selective medium was replaced every 2 days. Drug-resistant hybrid
clones were usually visible in 1–3 weeks. Once confluent, the clones
were picked and grown for further evaluation.

3.1.11.2 Adapted MMCT Protocol
Conventional MMCT is normally performed using special T25 tissue
culture flasks for the centrifugation step of the microcell collection.
Specific rotors and bottles are needed for the super-centrifuge to
accommodate these flasks. An alternative protocol, developed in our
laboratory, which relies on the use of standard polypropylene conical
tubes coated with matrigel to enucleate the microcells, proved to be cost
and time effective and was subsequently adopted for in-house MMCT.
This protocol presents slight variations in the first and second step of the
conventional MMCT protocol, the others being unchanged. Briefly, CHO
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cells instead of being seeded in T25 flasks were plated in sixteen
Matrigel-coated 15 ml falcon tubes containing 15 mL of growth medium
via rotating the tubes every 4 minutes at 37 °C in order to let cells attach
on the whole internal surface of the tube. Cells were then incubated with
caps loosely attached (to allow CO2 diffusion) at 37°C, 5%CO2 overnight
to let them expand.
This methodology allowed using a normal tube centrifuge in the next
enucleation step (II) when the tubes were centrifuged at 3,900 rpm 37°C
for 60 min after replacement of colcemid medium with pre-warmed
enucleation medium (serum-free medium containing10

g /mL

cytochalasin B (Sigma, C6762)). This way the need of ultracentrifugegrade T25 flasks was avoided and the extremely time-consuming
procedure simplified. However the overall yield of microcells is lower than
with the conventional MMCT.
For the microfluidic-MMCT the fusion step (either PEG or MV-mediated)
was performed on microchips provided by Professor N. Elvassore (UCL)
(Luni et al., 2016). Each microchip contains 10 microfluidics channels
(total surface area of 27 mm2) where cells were plated after Matrigel
coating at different densities (1X= 142 cell/ mm2 ; 2X= 285 cell/ mm2 and
0.5X= 71 cell mm2).

3.2 Cell analysis techniques
3.2.1 Polymerase chain reaction (PCR) and sequencing
DNA was extracted from cell pellets using DNeasy kit (Quiagen, 69504)
and its yield and purity assessed by Nanodrop. A final concentration of
100 ng/ l was used for amplification by either Gotaq® DNA polymerase
(Promega) or LA Taq DNA Polymerase (Takara) when the expected
product was >1000 bp. Standard reaction mix final concentrations were
chosen following manufacturer’s instructions. A PCR reaction with no
DNA was included in every reaction to control for DNA/PCR product
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contamination. PCR products were visualised using 1.5 % (w/v) agarose
gel with 2

l/100 mL of ethidium bromide.

Where PCR reactions were sequenced, 10

L of the reaction was

purified with an equal volume of Microclean (Biozone) following
manufacturer’s instructions. Purified PCR reactions were sequenced
using didioxynucleotide Sanger sequencing by Source Biosciences
(Cambridge) sequencing service.

Cell line
iPSCs ex.70

iPSCs ex.68

Forward primer

Reverse primer

CCTGGTTTCAGAGC

TGGCAACTGGACATC

CCCATT

AGCTT

CCAGCCTAGCTTTG

CCCGTGAAGACACGC

CAACCAT

ACT

Table 3.2 List of primers used for PCR on genomic DNA

3.2.2 Quantitative real time PCR (qRT-PCR)
Cultured cells were seeded on 6- or 12-well plates for at least 24 hours
before detaching them and centrifuging at 1200rpm to obtain pellets
ready for RNA extraction performed by RNeasy Mini kit (Quiagen, 74104)
according to manufacturer’s instructions. RNA purity and yield was
assessed using a Nanodrop spectrophotometer. Retro-transcription to
cDNA was performed with the ImProm-II™ Reverse Transcription System
kit (Promega, A3800) following manufacturer’s instructions; a minimum of
50 ng of RNA was used per reaction.
Species-specific

primers

were

designed

against

specific

mRNA

sequences using the NCBI primer design software. To prevent the
amplification of a potential DNA contamination primers cover an exonexon junction. The efficiency of new primer pairs was analysed using

106

standardised concentrations of control cDNA expressing the gene of
interest and their dissociation curve analysed to exclude primer-dimers.
qRT-PCRs were performed with SYBR-Green Real Time Master Mix
(Promega; A600A) according to

manufacturer’ instructions using the

BioRad CFX96 machine. qRT-PCRs were performed in triplicate on
samples from at least three independent experiments. Ct data was
normalized

to

either

Glyceraldehyde

3-phosphate

dehydrogenase

(GAPDH) or RPLPO expression (Stern-Straeter et al., 2009). Data were
presented as mean ± SEM of the fold change. Significance was assessed
on the delta Ct values using student’s t-test assuming two-tailed
distribution.
Gene
GAPDH
OCT4
NANOG
SOX2
C-MYC
KLF4
RPLPO
PAX7
MYOD
MYOGEN

Forward primer

Reverse primer

TTCACCACCATGGAGAA

GGCATGGACTGTGGTCAT

GGC

GA

AGGTTTCTCACCTGTGT

CTTTGTGTTCCCAATTCCT

GGGTT

TCC

CAATGGTGTGACGCAGG CCAAGTCACTGGCAGGA
GAT

GAAT

AACCAGCGCATGGACAG GACTTGACCACCGAACCC
TTA

AT

TACAACACCCGAGCAAG

GAGGCTGCTGGTTTTCCA

GAC

CT

GGGCCCAATTACCCATC

AGGTTTCTCACCTGTGTG

CTTC

GGTT

TCTACAACCCTGAAGTG

CAATCTGCAGACAGACAC

CTTGAT

TGG

CAAACACAGCATCGACG

CTTCAGTGGGAGGTCAG

G

GTT

AATAAGAGTTGCTTTGC

GTACAAATTCCCTGTAGC

CAG

AC

CCAGGGGTGCCCAGCG

AGCCGTGAGCAGATGAT

107

IN
PDGFRB
TNAP
CD146
HEY1
HES1

AATG

CCCC

AGCTGTTACCCACTCTG

TGGTGTCCTTGCTGCTGA

GGA

TG

TGTGGGGTGAAGGCCA

GTGGTGGTCACAATGCC

ATG

CA

GGAAGCAGGAGATCAC

GATTCGGGGCTAATGCCT

GCTAC

CA

AGGTTACTTTGACGCGC

ACCAGTCGAACTCGAAGC

ACG

G

AGAAAGATAGCTCGCGG TACTTCCCCAGCACACTT
CA

GG

Table 3.3 List of qRT-PCR primers

3.2.3 Immunofluorescence
Cells were fixed in 4% paraformaldehyde (PFA) for 5 minutes at room
temperature (RT), washed twice with phosphate buffered saline (PBS)
and incubated 30 minutes with PBS- 1% bovine serum albumin-0.2%
triton.

Subsequently cells were incubated for 30 minutes with 10%

donkey or goat serum solution (RT) to reduce non-specific antibody
binding. Primary antibodies were diluted to the appropriate concentration
in PBS- 1% bovine serum albumin-0.2% triton and incubated either one
hour at RT or overnight at 4°C. Subsequently three washes with PBS0.2% triton eliminated unbound antibody before 1-hour incubation with
fluorescent donkey or goat secondary antibodies and Hoechst 33342
(Fluka; B2261).

Cells were imaged using an inverted fluorescence

microscope. For analysis at least 5 non-overlapping random field images
were taken and cells with different immunofluorescence profile quantified
using ImageJ software.
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Concent

Gene

Isotype

Company

MyHC (MF20)

Mouse IgG

DSHB

1:5

SOX2

Rabbit IgG

Abcam

1:200

OCT3/4

Mouse IgG

Santa Cruz

1:100

NANOG

Rabbit IgG

Abcam

1:200

MYOD

Rabbit IgG

Santa Cruz

1:100

PAX3

Mouse IgG

DSHB

1:50

PAX7

Mouse IgG

DSHB

1:100

MYF5

Rabbit IgG

Santa Cruz

1:100

DYSTROPHIN

Rabbit IgG

Thermo Fisher

1:500

PAX6

Mouse IgG

Santa Cruz

1:100

MAP2

Mouse IgG

Santa Cruz

1:100

SOX17

Rabbit IgG

Millipore

1:100

TUBB3

Mouse IgG

Stemcell technologies 1:200

SMA

Mouse IgG

Sigma

ration

1:300

Table 3.4 List of primary antibodies used

3.2.4 Giemsa staining
HT1080 hybrid clones were fixed for 15 minutes at RT with methanol and
thoroughly washed. 5% Giemsa was added to the dishes for another 15
minutes at RT to stain the colonies and take representative pictures.

3.2.5 Fluorescence Activated Cell Sorting (FACS)
Cells were prepared for FACS according to our previously published
protocol (Maffioletti et al., 2015). They were trypsinised and filtered
through a 40µm cell strainer in order to get a single cell suspension. At
least 1.5x105 cells were stained for each fluorochrome-conjugated

109

primary antibody for 1 hour on ice, after washing in FACS buffer. An
additional unstained control tube was included for each cell line. Cells
were then washed, fixed in 2 % (w/v) paraformaldehyde for 5 minutes
after which 3 mL of FACS buffer added and cells centrifuged at 232 g for
5 minutes. Supernatant was discarded and cells were resuspended in
100

L FACs buffer and sorted with a CyAnTM ADP Analyser (Beckman

Coulter, Inc.) at the UCL ICH/GOSH Flow Cytometry Core Facility. A
minimum of 20,000 events per antibody was analysed. FACS data
analysis was done using FCS Express 4 Flow Cytometry (De Novo
Software). The exact same procedure was followed for Fluorescenceactivated cell sorting purification, except the fixation step. Cells were
sorted using MoFlo XDP cell sorter (Beckman Coulter).

Antibody

Dilution

Fluorophore

Company

Anti- CD44

1:100

FITC

BD Biosciences

Anti-CD56

1:50

APC

Biolegend

Anti-CD31

1:125

FITC

Immunostep

Anti-CD13

1:125

FITC

ID labs

Anti-CD49b

1:25

FITC

BD Bioscience

Anti-CD146

1:10

PE

Biocytex

Anti-CD45

1:25

PE

BD Biosciences

Anti-CD9

1:50

PE

BD Biosciences
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(555372)

Anti-CD46

1:50

FITC

BD Biosciences

Anti-CD82

1:50

PE

Biolegend

Anti-CD29

1:50

APC

Biolegend

Anti-CD54

1:50

APC

ThermoFisher

Anti-CD326

1:50

PE-Cy7

ThermoFisher

Anti-α9β1integrin

1:50

PE

Biolegend

Table 3.5 Antibodies used for FACS analysis
APC = allophycocyanin, PE = phycoerythrin, FITC = fluorescein
isothiocyanate.

3.2.6 Karyotyping and chromosomal spread preparation
For each cell line karyotyped, a T25 flask of 80% confluent cells was sent
to The Doctors Laboratory (TDL) were the analysis was performed.
For each cell line to analyse by FISH, cells were treated for 2 hours with
colcemid at two different concentrations to ensure the best conditions for
a good chromosomal spread (0.05 µg/ml and 0.025 µg/ml). Next, cells
were detached and carefully resuspended in a hypotonic solution of KCl
(0.0075M) for 15 minutes at RT. Then fixation was performed by addition
of freshly prepared Carnoy solution (75% methanol; 25% Acetic acid) to
the cell suspension. The solution was mixed before centrifuging
(5minutes; 1500 rpm) for a total of three times. Afterwards, 1ml of cell
suspension was dropped onto a microscope slide and let dry on top of a
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waterbath at 75°C for 5 minutes. The quality of the slides was then
evaluated by counting the number of visible metaphases by eye (a
minimum of 50 metaphases were considered acceptable for further FISH
analysis, performed by Dr Narumi Uno). Slides were let at RT overnight to
dry.
3.2.7 RNA-sequencing
3.2.7.1 RNA library preparation
iPSC-derived myoblasts were expanded on dishes coated with 10 µg/ml
rhDll4

protein

(in

1%BSA/PBS,

R&D

Systems)

with

medium

supplemented daily with 100 ng/ml human PDGF-BB (R&D Systems;
200-BB-050), with a minimum of 1 passage throughout the 7 day
reprogramming protocol to replace the DLL4 protein.
After 7 days, samples were collected and RNA extracted with Qiagen
RNeasy kit, with on-column DNaseI treatment. To reduce potential batch
effects, RNA was extracted in parallel. RNA concentration and integrity
was assessed by Nanodrop spectrophotometer and Agilent 2100
bioanalyzer (model G2939A). A RNA Integrity Number (RIN) (Schroeder
et al., 2006), was quantified for each sample and scores between 9.8-10
accepted. Library preparations were performed in collaboration with UCL
Genomics Facility, using the KAPA mRNA HyperPrep Kit (Roche) to
capture mRNA and deplete ribosomal RNA. Samples were barcoded and
run together on an Illumina NextSeq 550 System to minimize the
likelihood of batch variation.

3.2.7.2 RNA sequencing analysis
To determine differential expression of treated muscle stem cells, raw
sequence data was pre-processed to remove small (>20bp) or poor
quality reads using Trimmomatic v0.36.4 (Bolger et al., 2014). Reads
were aligned either to the Human hg38 genome using Spliced Transcripts
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Alignment to a Reference (STAR) software v2.5.2b (Dobin et al., 2013),
mapped reads de-duplicated with Picard v2.7.1.1 (Broad Institute) and
reads-per-transcript

calculated

with

featureCounts

v1.4.6.p5

read

summarization tool (Liao et al., 2014). Finally, differential expression was
calculated using SARTools R package v.1.3.2.0 (Varet et al., 2016),
based on the DESeq2 model and package (Love et al., 2014).
To get more meaningful data about signaling pathway changes in
response to DLL4 & PDGF-BB, differential expression data was inputted
into Ingenuity Pathway Analysis (IPA, Qiagen). The Genebank gene ID,
log2 fold change expression, p-value and adjusted p-values (padj) were
included, in order to account for the experimental false discovery rate. To
ensure only highly likely interactions were accounted for, only
experimentally observed interactions in mammalian cells were included,
and cut-offs were set at log2foldchange (-0.58, +0.58 i.e. a fold change of
1.5) with a padj of 0.05. From this 2259 genes (1002 increased, 1557
decreased)

remained

on

the

iPSC-myoblast

dataset.

Additional

expression analyses were performed using Stemformatics. This is a free
online resource for stem cell dataset transcriptomic analysis founded with
the aim of strengthening the collaboration between the stem cell and
bioinformatics community (https://www.stemformatics.org/).

3.3 Statistical Analysis
Experiments were repeated at least three times prior to any statistical
testing (“N” refers to independent experiments or independent animals).
Quantification and statistical testing was performed using Microsoft Excel
and GraphPad Prism 5/6 software. Statistical testing was based on the
Student’s T-test unless otherwise stated. Error bars on graphs are
represented as the standard error of the mean (average mean +/- SEM)
unless otherwise stated.
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4. RESULTS

4.1 Derivation and characterisation of genomic integration-free DMD
iPSCs and iPSCs-derived inducible myogenic cells
4.1.1 Introduction
A cell-based method for gene replacement is a potential therapeutic
option for DMD and SC-derived myoblasts have been the obvious first
candidate to be considered for (stem)cell therapy given their self-renewal
ability and expansion into proliferating myoblasts. However, clinical trials
testing intramuscular injection of allogeneic SC-derived myoblasts in
DMD patients resulted in suboptimal expression of donor-derived
dystrophin and no beneficial effect (Briggs and Jennifer E Morgan, 2013).
One of the reasons behind these disappointing results is the host immune
response to allogeneic-donor cells. Therefore, using ex vivo, genetically
corrected, patient-derived myoblasts could circumvent this obstacle.
However, many studies have proved that DMD patient-derived SCs are
not only low in numbers, making their isolation in DMD patients
challenging, but, more importantly, they have a drastically reduced
proliferative and differentiation potential after in vitro expansion (Sacco et
al., 2010). Given the need for large numbers of cells (several
millions/kilogram of target muscle (Maffioletti et al., 2015)) in a clinical
transplantation setting these features represent a key caveat for any cell
therapy candidate. iPSCs, with their virtually unlimited proliferative
potential and controllable differentiation capacity offer an ideal patientspecific, host-compatible cell source (Sohn and Gussoni, 2004; Darabi,
Santos and Perlingeiro, 2008; Takahashi and Yamanaka, 2013; Inoue et
al., 2014) and have been successfully committed into the skeletal muscle
lineage, as detailed in 1.5.1. In order to have safer, clinically relevant cell
preparations, integrative vectors should be eliminated throughout their
processing.
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At the beginning of my PhD, skin fibroblasts from one patient with
DMD affected by a non-skippable large deletion from exon 4 to exon 43
had already been corrected with a DYS-HAC and kindly provided by
Professor Oshimura (Tottori University; (Kazuki et al., 2010; Choi et al.,
2016)). Indeed, a full gene-replacement approach, being not restricted to
specific disease-causing mutations, could be a potential treatment for
DMD and the DYS-HAC, with its unlimited clonal capacity and long-term
stability, could represent the ideal vector. To reach this goal however the
DYS-HAC needs to be contained in a myogenic, expandable, engraftable
and safe cell type, as an ex vivo gene and cell therapy tool. Subsequently
DMD (DYS-HAC) fibroblasts had been reprogrammed to iPSCs using the
Sendai virus platform (Fusaki et al., 2009), which has a reproductive
cycle completely RNA-based and therefore non-mutagenic for the host
genomic DNA. Next, Sendai DMD (DYS-HAC) iPSCs have been
characterised and differentiated into inducible myogenic cells (HIDEMs)
(Maffioletti et al., 2015). Although this protocol drives robust skeletal
myogenic differentiation, it entails a tamoxifen-inducible MyoD (MyoDERT) integration into the HIDEMs through lentiviral transduction.
Manipulation of genes and gene expression via exposure to lentiviral
vectors integrating into the genome is a powerful and widely used tool
even in clinical settings (Aiuti et al., 2013; Biffi et al., 2013; De Ravin et al.,
2016), yet it carries an oncogenic potential. Particularly, it could lead to
insertional mutagenesis resulting in gene disruption or overexpression
upon insertion of a non-physiological promoter (Hacein-Bey-Abina et al.,
2003; Org et al., 2016).
In order to develop a safer, entirely genomic-integration free
methodology, thus eliminating the insertional mutagenesis risk, I looked
into different ways of terminally differentiating iPSC-derived myogenic
cells. MyoD mRNA (Warren et al., 2010) has been used and showed
good differentiation efficiency, though these cells are not expandable and
therefore impossible to use in a transplant setting. As an alternative, I
decided to test a newly developed DYS-HAC containing a tamoxifen
inducible MYOD-ER cassette, among others, to obtain an entirely
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genomic integration free approach from iPSCs to DMD (DYS-HAC)
corrected myotubes. However, before attempting the DYS-HAC transfer, I
first increased the spectrum of DMD mutations available in the laboratory
by reprogramming two additional lines of fibroblasts from DMD patients
with specific non-skippable point mutations in exons 68 and 70 which
lead to absence of all the dystrophin isoforms, including Dp71 previously
reported to be associated to a neurological phenotype (Mehler, 2000) .
The reprogramming was done by means of another transient nonintegrative approach, namely synthetic modified mRNA (Warren et al.,
2010; Mandal and Rossi, 2013), which does not require any replicating
virus purge step on the reprogrammed cells (in contrast to the Sendai
virus platform) and recapitulates better the global transcriptional signature
of human ESCs when compared to retrovirally reprogrammed iPSCs
(Warren et al., 2010). DMD iPSCs were finally further committed into
myogenic cells and their phenotype characterised.

4.1.2 Hypothesis and Aims
4.1.2.1 Hypothesis
The hypothesis for this chapter is that iPSCs (DYS-HAC genetically
corrected and not) could be generated from patients with DMD,
committed into myogenic precursor cells and further differentiated into
myotubes following a completely genomic-integration-free approach.

4.1.2.2 Aims
The first aim of the chapter was to further characterise an already
corrected line of mesodermal myogenic progenitors and differentiate it
without the risk of any insertional mutagenesis.
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Next goal, given the overall aim of developing a genomic integration-free
platform for gene and cell therapy treatment of DMD, was the
reprogramming of fibroblasts from DMD patients with different nonskippable mutations again via a method which abolish any risk of
insertional mutagenesis.
Finally, commitment of the newly reprogrammed iPSCs into mesodermal
inducible myogenic progenitors ready for further correction was achieved
setting the basis for the work presented in the next chapter.

4.1.3 Results
4.1.3.1 Sendai DMD (DYS-HAC) HIDEMs stably maintain HACs and do
not express pluripotency factors
Two patient-derived DMD iPSC lines, one being genetically corrected
with DYS-HAC and the other being its relative non-corrected, dystrophic
control, were obtained from Professor Oshimura’s laboratory (Tottori
University, Japan). They had been reprogrammed using the Sendai virus
methodology starting from patient fibroblasts with a large deletion
between exons 4-43 of the dystrophin gene. Before reprogramming,
fibroblasts were corrected with a DYS HAC (DYS HAC1, with GFP
cassette) and named DMD Sendai (DYS-HAC) iPSCs.
DMD Sendai iPSCs with and without DYS-HAC were grown on mouse
embryonic fibroblasts (MEFs) and differentiated into human iPSC-derived
mesoangioblast-like inducible myogenic cells (HIDEMs) using our
previously published protocol (Maffioletti et al., 2015; Tedesco et al., 2012,
Gerli et al., 2014) by Tamara Casteels, a former master student in the
laboratory. HIDEMs had already been characterised by FACS and they
expressed a typical panel of cell surface markers characteristic of
mesodermal perivascular cells (Maffioletti et al., 2015; Tedesco et al.,
2012).
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As a visual confirmation of HAC presence, stable expression of GFP
(cloned into the DYS-HAC) in the DMD HIDEMs (DYS-HAC) line was
seen over more than 10 passages (Figure 4.1.1 A).
However, before going ahead with their further characterisation, I
confirmed the presence of the expected disease-causing mutation in the
control line and its restoration upon DYS-HAC transfer, as shown by PCR.
The couple of primers DYS 4R/4L targeting exon 23 resulted in a clear
single band in DMD Sendai HIDEMs with DYS-HAC as well as in the
positive control (CHO 13-71), but no amplification occurred in DMD
Sendai HIDEMs without DYS-HAC. Thus, the DYS-HAC successfully
introduced the dystrophin gene in the target cell population. Conversely,
DYS 8R/8L primers, targeting exon 79, resulted in well-defined bands in
all the cell lines, being that segment of the gene preserved also in the
cells of origin (Figure 4.1.1 B).

Figure 4.1.1 DMD Sendai (DYS-HAC) iPSC-derived inducible
myogenic cells (HIDEMs) show stable genetic correction. A. Stable
presence of DYS-HAC in iPSC-derived myogenic cells (HIDEMs) as
shown by GFP signal. Scale bar: 75 µm. B. PCR panel of DMD Sendai
(DYS-HAC) iPSC-derived HIDEMs confirming dystrophin deletion in
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exons 4-43 and its restoration after DYS-HAC transfer (DYS 4R/4L
primers target: exon 23; DYS 8R/8L primers target: exon 79).

An essential feature of a differentiated iPSC progeny is their lack of
expression of pluripotency-associated factors. To confirm that this was
true in the iPSC-derived inducible myogenic cells, I first performed a
quantitative real-time (qRT)-PCR for the pluripotency-associated factors
SOX2, OCT3/4 and NANOG. As shown in Figure 4.1.2, SOX2, OCT3/4
and NANOG levels of expression were virtually zero while being
significantly higher in a control iPSC line (Figure 4.1.2 A).
These qRT-PCR results were further confirmed by immunofluorescence
staining for the pluripotency markers SOX2 and OCT3/4 which failed to
detect the relative antigen, confirming lack of any residual pluripotent cell
after their successful mesodermal commitment (Figure 4.1.2 B).

119

Figure 4.1.2 Expression of pluripotency-associated factors in DMD
Sendai HIDEMs with and without DYS-HAC A. qRT-PCR analysis for
the reprogramming factors OCT3/4, SOX2, NANOG and KLF4 showing
their level of expression in HIDEMs compared to an iPSC line used as
positive control. Expression (dCt) is normalised against GAPDH and
relative expression (ddCt) is further normalised against a wellcharacterised HIDEMs control line previously published (HIDEMs #1;
(Tedesco et al., 2012)). Results presented as fold change, statistical
significance based on dCt. (N=3, in triplicate per experimental repeat).
One-way ANOVA with Bonferroni test for multiple comparisons.
**p<0.005, ***p<0.0005.
B. Immunofluorescence analysis for the
reprogramming factors Oct3/4 and Sox2 showing their absence in
HIDEMs compared to iPSC colonies (positive control). A secondary
antibody only control was included to control for non-specific secondary
antibody binding Scale bars: 75 µm.

Finally, tumorigenic assay of DMD Sendai HIDEMs (with and without
DYS-HAC) proved them to be safe. Indeed 0 out of 12 immunodeficient
transplanted

mice

developed

tumours

3

months

after

injection,

demonstrating absence of residual pluripotent and tumorigenic cells
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4.1.3.2 Sendai DMD (DYS-HAC) HIDEMs respond to transgene-induced
skeletal myogenic differentiation
In order to test their response to myogenic factors, cells were infected
with a lentiviral vector encoding a tamoxifen-inducible myogenesis
regulator

(MyoD-ER).

Immunofluorescence

staining

showed

their

differentiation into multinucleated myotubes positive for myosin heavy
chain (MyHC), a terminal differentiation marker (Figure 4.1.3). The
differentiation potential, quantified as number of nuclei inside MyHC+
cells, was 93.66% ± 1.02% for Sendai DMD (DYS-HAC) HIDEMs and
67.12% ± 1.25% for Sendai DMD HIDEMs without DYS-HAC (N=3; mean
± SD; p= 0.0002) as illustrated in Figure 4.1.3.
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Figure 4.1.3 Myogenic potential of DMD Sendai HIDEMs with and
without DYS-HAC A. Immunofluorescence staining for myosin heavy
chain (MyHC) in lentiviral MyoD-ER-differentiated HIDEMs with and w/o
DYS-HAC (GFP signal). Scale bar: 75 µm. B. Bar chart quantifying the
average percentage of nuclei in MyHC-positive cells (N=3) in MYOD
mRNA-differentiated HIDEMs with and w/o DYS-HAC.

4.1.3.3 Sendai DMD (DYS-HAC) HIDEMs can be differentiated via
genomic-integration free MyoD mRNA
Since the terminal myogenic differentiation of HIDEMs was still relying on
lentiviral infection, I then decided to try a strategy for the development of
an integration-free platform for DMD therapy thus eliminating the
integrative risk. Myogenic conversion of DMD Sendai HIDEMs was
achieved by means of MYOD mRNA (commercially available; Stemgent).
Upon three subsequent transfections of MyoD mRNAs and 6 days in low
serum medium, HIDEMs started differentiating and gave rise to terminally
differentiated myotubes, as shown by immunostaining for MyHC (Figure
4.1.4 A). Remarkably, the myogenic potential of DMD Sendai HIDEMs
corrected with DYS-HAC was comparable to their relative dystrophic
control with 39.96% and 28.58% of nuclei inside MyHC positive cells,
respectively (Figure 4.1.4 C) (N=3; p=0.4729 based on a paired t-test).
However, given the transient nature of mRNA, overexpression of MyoD
was only transitory and no further expansion was permitted without losing
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the myogenic potential of the cells. This is clearly visible in the
immunofluorescence panel in Figure 4.1.4.B that displays absence of
MyHC expression in DMD Sendai (DYS-HAC) HIDEMs differentiated
after expansion following MYOD mRNA transfections.

Figure 4.1.4 Genomic-integration free myogenic differentiation of
DMD Sendai HIDEMs with and without DYS-HAC. A.
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Immunofluorescence staining for myosin heavy chain (MyHC) in MyoD
mRNA-differentiated HIDEMs with and w/o DYS-HAC (GFP signal). Scale
bar: 75 µm. B. Immunofluorescence staining for myosin heavy chain
(MyHC) in MYOD mRNA-differentiated HIDEMs with DYS-HAC after
expansion following MyoD transfections. Scale bar: 75 µm C. Bar chart
quantifying the average percentage of nuclei in MyHC-positive cells (N=3)
in in MYOD mRNA-differentiated HIDEMs with and w/o DYS-HAC.

4.1.3.4 DMD fibroblasts ex.68 and ex.70 can be reprogrammed in
pluripotent-like colonies
In order to increase the spectrum of DMD-causing mutations amenable to
correction, I generated two more genomic integration-free iPSC lines by
means of the mRNA technology (Stemgent). Skin fibroblasts from two
DMD male children, one having a point mutation in exon 68 of the
dystrophin gene (fibroblasts ex.68: DMD c.9851G>A ; p.Trp3284X) and
the second one with a point mutation in exon 70 (fibroblasts ex.70: c.
10141C>T; p.Arg3381X), were transfected with mRNA reprogramming
factors (fibroblasts kindly supplied by the biobank of the MRC
Neuromusuclar Centre, UCL Great Ormond Street Institute of Child
Health, London). The mRNA reprogramming cocktail included Oct4, Sox2,
Klf4, c-Myc and Lin28; two additional microRNA transfections were
performed at day 1 and 5 in order to increase the reprogramming
efficiency. Colonies with the typical embryonic stem cell-like morphology
firstly appeared after 19 days in culture (Fig 3.1.5). DMD mRNA iPSCs
ex.70 and ex.68 were picked and expanded for at least ten passages
without mouse embryonic fibroblasts (i.e. in feeder-free conditions).
Subsequently they were analysed to confirm successful reprogramming.
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Figure 4.1.5 Generation and characterisation of DMD mRNA iPSCs:
morphology. Representative phase contrast images illustrating the
morphology of DMD fibroblasts ex.68 (A) and ex.70 (B) during three
subsequent steps (day 0 (T0), day 5 (T5) and day 19 (T19)) of the
reprogramming protocol with mRNAs. The last image represents the
newly generated feeder-free iPSC. As expected, they grew as
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multicellular, compact colonies with distinct borders. Individual cells
exhibited a high nuclear-to-cytoplasm ratio and presented prominent
nucleoli. Upper (short) scale bars: 250 µm. Lower (long) scale bars: 100
µm.

4.1.3.5 DMD mRNA iPSCs ex.68 and ex.70 express pluripotencyassociated markers
I first characterised the newly reprogrammed lines by assaying for the
presence of the pluripotency-associated factors SOX2, OCT 3/4 and
NANOG. I performed a qRT-PCR analysis on both DMD mRNA iPSCs
ex.68 and ex.70 and their relative fibroblasts of origin (ex.68 and ex.70),
to prove the acquisition of pluripotency upon reprogramming. Results
showed

expression

of

OCT3/4,

SOX2,

NANOG

in

the

newly

reprogrammed iPSCs lines as well as the iPSC control line, as opposed
to both parental fibroblast lines (Figure 4.1.6 A).
These results were further confirmed by immunofluorescence staining:
both iPSC lines showed protein production of OCT3/4, SOX2 and
NANOG as shown in Figure 4.1.6 B. Taken together this data further
demonstrated the successful reprogramming of DMD fibroblasts ex.68
and ex.70 to pluripotency.
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Figure 4.1.6 Generation and characterisation of DMD mRNA iPSCs:
expression of pluripotency-associated factors. A. qRT-PCR analysis
for the reprogramming factors OCT3/4, SOX2 and NANOG showing their
expression in the newly generated DMD mRNA iPSCs ex.68 and ex.70
when comparing to
control iPSC colonies. Expression (dCt) is
normalised against GAPDH and relative expression (ddCt) is further
normalised against a well-characterised HIDEM control line (HIDEMs #1;
(Tedesco et al., 2012)). Results presented as fold change (N=1, in
triplicate). B. Immunofluorescence staining panel showing the expression
of OCT3/4 (red), SOX2 (yellow) and NANOG (yellow) in the newly
generated colonies (10X). Scale bar: 75 m.
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3.1.3.6 DMD mRNA iPSCs ex.68 and ex.70 show pluripotency upon
embryoid body formation assay
Pluripotent cells are by definition able to give rise to cells of all three germ
lineages: endoderm, mesoderm and ectoderm. To assess if the
generated iPSCs were indeed capable of this, they were allowed to
spontaneously differentiate using an embryoid body (EB) formation assay.
EBs are three-dimensional aggregates grown in suspension that are
comprised of a mixture of cells of all three germ lineages (Desbaillets et
al., 2000). EBs were allowed to form for five days in suspension in
TESRE6 medium (TESRE6 medium contains all the compounds of
TESE8 except the pluripotency maintaining growth factors

FGF and

TGF ). EBs were eventually switched to adherent culture and grown in
DMEM with 20 % FBS for 10-14 days to induce random spontaneous
differentiation.
In order to evaluate the pluripotent nature of the EBs, I performed
an immunofluorescence staining on the mixed cell population outgrown
from them. I tested a mesoderm ( -smooth muscle actinectoderm (

-SMA), an

III-tubulin, TUBB3) and an endoderm (Sox17) marker

(Figure 4.1.7). Cells growing out from the EB expressed all these markers
demonstrating the pluripotency of the newly generated iPSCs ex.68 and
ex.70.
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Figure 4.1.7 Generation and characterisation of DMD mRNA iPSCs:
embryoid bodies formation. A. and B. The two top pictures of both
sections show embryoid bodies (EB) derived from mRNA-reprogrammed
iPSCs ex.68 (A) and ex.70 (B), after a 7-day growth period in suspension.
Bottom panels show immunostaining of the cells spontaneously
differentiated from EBs. Specifically, after 10-14 days in DMEM 10% on
MatrigelTM-coated dishes, they generated derivatives of ectoderm (βIIItubulin staining, TUBB3), mesoderm (α-smooth muscle actin staining, αSMA) and endoderm (SOX17 staining) lineages. Scale bars: 75 µm.
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4.1.3.7 DMD mRNA iPSCs ex.68 and ex.70 contain the pathogenic
mutation and have a normal karyotype
Before proceeding to the DMD iPSCs ex.68 and ex.70 commitment into
the mesodermal lineage, I sought to confirm that the newly generated
iPSCs still kept their initial disease-causing mutations. I designed primers
to amplify DMD exon 68 and 70 and sent PCR products for Sanger
sequencing at Source Bioscience (Cambridge). Bidirectional DNA
sequencing revealed both lines still carried the expected pathogenic
mutations (Figure 4.1.8 A).
Additionally, a karyotype analysis was performed to rule out chromosomal
abnormalities such as insertions, large deletions, duplications and
translocations, which could affect the growth rate and stability of the
iPSCs. Results showed a normal male chromosome complement and
banding pattern in both cell lines (Figure 4.1.8 B). In the iPSCs ex.70 this
was seen in 20/20 cells analysed while in iPSCs ex.68 this was in 9/10
cells. In the latter a chromosome loss was detected, which the
cytogenetics service commented to be a preparation artefact, thus not
representing a karyotype abnormality.
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Figure 4.1.8 Generation and characterisation of DMD mRNA iPSCs:
sequencing and karyotype. A. Sequencing showing the point mutations
of the two DMD mRNA-reprogrammed iPSC lines: iPSCs ex.68 (DMD
c.9851G>A (p.Trp3284X) in exon 68) and iPSCs ex.70 (DMD
c.10141C>T (p.Arg3381X) in exon 70). In bold control line sequence
without DMD mutation. B. Normal Karyotype of DMD mRNA
reprogrammed iPSCs ex 68 and 70 (analysis performed by TDL Genetics,
London).

4.1.3.8 DMD mRNA iPSCs ex.68 and ex.70 can be differentiated into
inducible myogenic cells
Data shown so far illustrated that DMD mRNA iPSCs ex.68 and ex.70
proved to be bona fide iPSCs. In light of this, I decided to commit them
into an inducible myogenic intermediate cell type, namely HIDEMs. After
21 days of sequential media changes as per our published protocol
(Maffioletti et al 2015), the two generated DMD-mutant HIDEMs
morphologically resembled a previously generated control HIDEM cell
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line (Figure 4.1.9 A). I next peformed a karyotype analysis (in
collaboration with TDL Genetics, as previously detailed) on one of the two
lines (DMD mRNA HIDEMs ex.68), as a proof of principle of the
chromosomic stability which characterised this inducible myogenic cell
type (Figure 4.1.9 B).

Figure 4.1.9 DMD mRNA iPSC-derived myogenic cells (HIDEMs)
generation and characterisation: morphology and karyotype. A.
Representative phase-contrast images showing the cell morphology at
each stage of the 4-step-protocol used for HIDEMs derivation (iPSCs
ex.68 -top panels- and iPSCs ex.70 –bottom panels). Scale bar: 250 µm.
B. Normal Karyotype of DMD mRNA iPSC-derived HIDEMs ex. 68
(analysis performed by TDL Genetics, London).
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To test that the commitment proceeded correctly and ended successfully,
I performed an in-depth characterisation of the two lines starting by a
qRT-PCR for pluripotency-associated factors. Again, I analysed both the
DMD mRNA HIDEMs ex.68 and ex.70 and the fibroblasts of origin,
expecting comparable low/absent levels of expression of NANOG, SOX2
and OCT3/4 in all of them in comparison with high levels in the iPSC
control line. Results in Figure 4.1.10 A proved this hypothesis to be
correct.
Additionally, no residual expression of either SOX2 or OCT3/4 was
detected by immunofluorescence in both cell lines, demonstrating
successful mesodermal commitment (Figure 4.1.10 B).
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Figure 4.1.10 DMD mRNA HIDEMs derivation and characterisation:
expression of pluripotency genes A. qRT-PCR analysis showing the
expression of pluripotency-associated factors (OCT3/4, SOX2 and
NANOG) in DMD mRNA HIDEMs ex.68 and ex.70 and fibroblasts of
origin (ex.68 and ex.70) when compared to a genomic integration-free
iPSC line used as a positive control. Expression (dCt) is normalized
against GAPDH and relative expression (ddCt) is further normalized
against a well-characterised HIDEMs control line previously published
(HIDEMs #1; (Tedesco et al., 2012)). (N=1; three technical repeats were
run per line). B. Immunofluorescence panel for pluripotency markers:
OCT3/4 (red) and SOX2 (green) in the newly derived HIDEMs ex.68 (top
panels), ex.70 (middle panels) and iPSC (positive control; lower panels).
Scale bar: 50 µm.

HIDEMs express a characteristic panel of cell surface markers typical of
mesodermal perivascular cells (Tedesco et al., 2012; Maffioletti et al.,
2015). Specifically, they are positive for CD146, CD13, CD44 and CD49b,
whereas they lack expression of CD56 (myoblast marker), CD45 (panhematopoietic marker), and CD31 (endothelial cell marker). Therefore I
proceeded to test the surface expression profile of the two DMD mRNA
HIDEMs lines ex.68 and ex.70 by FACS. As expected, the two DMD
HIDEM lines expressed CD146, CD13, CD44 and CD49b, but not CD56,
CD45 and CD31) (Figure 4.1.11 A and B).
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Figure 4.1.11 DMD mRNA HIDEMs derivation and characterisation:
cell surface markers expression. A. and B. FACS analysis panels of
DMD mRNA HIDEMs ex.68 (A) and ex.70 (B). Cells were sequentially
tested for expression of nine different cell surface antigens. The
histograms of unstained controls are in black, whereas the stained
samples are overlaid in red. A minimum number of 2x104 events are
analysed in each histogram.

Taken together this data show that an intermediate inducible myogenic
population (HIDEMs) could be obtained from DMD iPSCs in a genomicintegration-free way. Cells presented the expected morphology , a normal
ploidy, no residual pluripotency and a correct phenotype.
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4.1.3.9 DMD mRNA HIDEMs ex.68 and ex.70 have good myogenic
potential
As a final test, before proceeding with further experiments, DMD mRNA
HIDEMs were transduced with a lentiviral vector encoding for MyoDER(T) in order to test their response to myogenic inducing factors. This
infection was performed, as a proof of principle, in only one of the two
lines, namely DMD mRNA HIDEMs ex.68. After two tamoxifen pulses and
6 days in low-serum medium, myotubes started appearing in culture.
MyHC positivity by immunofluorescence confirmed terminal differentiation
of DMD mRNA HIDEMs ex.68 (Figure 4.1.12 A). Specifically, the
percentage of nuclei inside MyHC positive cells amounted to 96.82 ±
1.93% (N=3; mean ± SD) as shown in the bar chart in Figure 4.1.12 B,
thus proving the high myogenicity of these cells upon MYOD expression.

Figure 4.1.12 Myogenic potential of DMD mRNA iPSC-derived
inducible myogenic cells (HIDEMS) A. Myogenic differentiation of DMD
mRNA HIDEMs 864 with MYOD-ER(T) lentivirus after two pulses of 4-OH
tamoxifen and 6 days in low-serum medium. The final differentiation was
assessed by immunofluorescence staining for MyHC (red). Scale bar: 75
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µm. B. Bar chart quantifying the percentage of nuclei inside MyHC
positive myotubes (N=3).

4.1.4 Conclusions
Results presented in this chapter demonstrated the successful generation
of two genomic integration-free iPSC lines with disease-causing point
mutations c.9851G>A;p.Trp3284X and c. 10141C>T; p.Arg3381X ,
named ex.68 and ex.70.
The newly generated iPSCs present the morphology expected for human
pluripotent colonies. They endogenously express SOX2, OCT3/4 and
NANOG at the mRNA level and produce SOX2, OCT3/4 and NANOG
proteins. Additionally, colonies gave rise to cells of all three-germ
lineages. Sequencing confirmed the presence of the pathogenic
mutations and karyotype excluded large chromosomal abnormalities. The
newly generated iPSCs were further committed into inducible myogenic
cells (HIDEMs), with no residual pluripotency and a correct phenotype
when compared to previously derived lines.
An additional DMD Sendai iPSC line genetically corrected with DYS-HAC
was committed into an inducible myogenic cell type that showed good
myogenic potential not only via lentiviral infection, but also by means of
genomic integration free mRNA transfections. All together these results
proved the feasibility of a completely genomic-integration-free platform,
from iPSC generation to myotube formation and allowed me to progress
and explore an alternative method to both correct and terminally
differentiate the iPSC progeny using a novel DYS-HAC.

139

4.2 Combination of iPSCs and a novel HAC as a potential tool for
DMD ex vivo gene therapy

4.2.1 Introduction
In chapter 4.1, two new lines of DMD patient-derived iPSCs and iPSCderived inducible myogenic progenitors (HIDEMs) were established with
the aim of correcting them with a novel HAC capable of replacing the
entire dystrophin locus and to circumvent the mutagenic risk associated
with a lentivirally-driven myogenic differentiation.
Indeed, previous work by Dr. Hidetoshi Hoshiya within our laboratory has
led to the development of a next-generation HAC (referred to as DYSHAC3) with additional functional cassettes including a MYOD-ER
sequence capable of driving myogenic differentiation without any
insertional risk. Specifically, the DYS-HAC3 was constructed via sitespecific integration of plasmid p17 (yellow line in the schematic map in
figure 4.2.1) into DYS-HAC2 (Benedetti et al., 2018) (remaining part of
the construct shown in the schematic map in figure 4.2.1). The latter is an
enhanced version of DYS-HAC1, which does not contain any GFP
cassette, in order to reduce its overall immunogenicity (Stripecke et al.,
1999).
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DYS-HAC3
iCasp9 MYOD-ER
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Figure 4.2.1 Novel DYS-HAC map Schematic map of a new DYS-HAC
(DYS-HAC3) containing the tamoxifen-inducible MyoD-ER cassette,
among others (Hoshiya and Tedesco, unpublished data).
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The p17 plasmid was obtained via gene synthesis of three main
engineered sequences. First, a clinically-tested inducible Caspase 9
cassette (iCasp9; (Di Stasi et al., 2011)) for controllable cell apoptosis
upon administration of the drug AP1903. Second, a human MyoD-ERT2
cassette

(Maffioletti

et

al.

2015)

capable

of

driving

myogenic

differentiation upon tamoxifen administration. Notably, both iCasp9 and
MyoD-ERT2 were designed under a PGK promoter. Third, a codonoptimised human dystrophin cDNA (huDYSco, 11.1 kb) was added, to
implement dystrophin expression and the overall therapeutic potential of
the system when delivered in vivo in DMD myofibres. Specifically,
synthetic Spc5-12 was chosen as a promoter due to its muscle specificity
and robustness (Li et al., 1999; Loperfido et al., 2015).
Briefly, the p17 plasmid was transfected into CHO cells and Cre/loxP
recombination led to its successful integration into DYS-HAC2. The
recombination took place between the 50HPRT-lox71 site on DYS-HAC2
and the loxJTZ17-30HPRT site on p17 leading to the reconstitution of the
HPRT gene which gives HAT resistance enabling the selection of the
successfully recombined clones (Kazuki et al., 2011).
Genomic PCR analysis and FISH of CHO(DYS-HAC3) resistant clones
proved clone CHO #13-71 to be positive for all the relevant cassettes and
to have high retention of a single episomal copy of DYS-HAC3
(unpublished data), it was thus chosen as the donor cell line for DYSHAC3 transfer into human cells.
As already detailed in the Introduction (subchapter 1.4.2), transfer of
chromosomes can be achieved via microcell-mediated chromosomal
transfer (MMCT) (Fournier and Ruddle, 1977), which enables fusion of
microcells containing the desired chromosomes with the recipient cells of
interest (DYS-HAC3 contained in CHO #13-71, in this case). Here, two
main fusion strategies have been explored and performed in order to
reach this goal, namely the conventional polyethylene glycol (PEG)based method and the Measles virus (MV)-mediated fusion. The latter
was explored to obviate to the PEG cell type-dependent toxicity and low
yield of microcell hybrids, in light of the reported higher HAC transfer
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efficiency (Katoh et al., 2010). Briefly, the MVs’ envelope protein complex
mediates both virus attachment and fusion to the cell membrane
(Navaratnarajah, Leonard and Cattaneo, 2009). It includes two main
membrane components: haemagglutinin (MV-H) and fusion (MV-F)
proteins. MV-H mediates the virus interaction with the cellular plasma
membrane, while MV-F triggers the membrane fusion. CD46 is a
ubiquitously expressed membrane co-factor protein regulating the
complement activation and acts as the principal receptor for the vaccine
strain

of

MV

(Navaratnarajah,

Leonard

and

Cattaneo,

2009).

Transduction of CHO cells with plasmids encoding the H and F proteins
leads to the generation of fusogenic microcells. Importantly, the virus
tropism for recipient cells can be switched from the default CD46 receptor
to arbitrary targets by engineering the H-protein extracellular C-terminus
via addition of specificity domains which can retarget MVs (Katoh et al.,
2010). As an example, the targeting protein anti-transferrin receptor
single-chain antibody was fused to the extracellular C terminus of the H
protein and this chimeric H protein, when co-transfected with F protein,
induced microcell fusion in human fibroblasts (Hiratsuka 2015). In this
thesis retargeting of the MV’s fusion machinery was done towards the
surface membrane markers CD13 and CD9, for HIDEMs and iPSCs
respectively. Furthermore, I performed some preliminary work towards
the adaptation of the fusion step of the MMCT procedure to a microfluidic
system to downscale the culture volume (Luni et al., 2016).
Finally, a simplification to the overall laborious process brought by the
microcell cryopreservation method published by Uno and colleagues
(Uno et al., 2013) was adopted throughout this work.

4.2.2 Hypothesis and Aims
4.2.2.1 Hypothesis
In this chapter, I hypothesised that the DMD iPSCs and derived inducible
myogenic progenitors generated in chapter 4.1 with point mutations in
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exon 68 and 70 could be corrected with the novel DYS-HAC3 carrying
functional huDYSco, iCas9 and MyoD-ERT2 cassettes.
4.2.2.2 Aims
The main goal of this chapter is to assess the feasibility of MMCTmediated correction of DMD patient-derived iPSCs and inducible
myogenic cells. In order to do so, I will test three different MMCT
strategies, namely standard PEG-mediated MMCT, MV-mediated MMCT
and finally a microfluidic MMCT. This last attempt is based on the
hypothesis that working with small volumes on a microchip scale may
increase the overall efficiency of the fusion given the closer interaction
between donor cell membranes and microcells.

4.2.3 Results
4.2.3.1

PEG-mediated

MMCT

on

DMD

mRNA

HIDEMs

ex.68

(c.9851G>A) and DMD mRNA HIDEMs ex.70 (DMD c.10141C>T) with
the novel DYS-HAC3
The procedure of MMCT consists of five different stages: a)
micronucleation of donor cells; b) enucleation in the presence of
cytochalasin B; c) purification of microcells; d) fusion with intact recipient
cells; e) biochemical selection of microcell hybrids. CHO cells containing
the DYS-HAC3 were arrested in metaphase by 72-hour treatment with
colcemid to induce micronucleation. Cells were then incubated in
cytochalasin B for 1 hour at 37°C in order to disrupt their mitotic spindle
formation before a centrifugation step ultimately allowing microcell
extrusion. The collected microcells were sequentially filtered through
membranes with 8, 5, and 3

m pore size in order to get rid of any

potential CHO cell still present in the mix. Purified microcells were then
agglutinated to DMD mRNA HIDEMs ex.68 (c.9851G>A) and ex.70 (DMD
c.10141C>T) respectively by the addition of phytohemagglutinin-P (PHA-
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P) for a maximum of 15 minutes at 37°. After that, polyethylene glycol
(PEG) was quickly added for 60 seconds to induce fusion of donor
microcells to recipient cells, removed and thoroughly washed after an
additional 40 seconds.
Throughout this thesis when I refer to one fusion, I mean the
addition of microcells (approximately ¼ of the whole preparation) to a 6cm dish seeded the day before with either 3X10^5 HIDEM or
90%confluent exponentially growing iPSCs.
After 24 hours of recovery post-fusion and expansion, DMD
mRNA HIDEMs were split onto larger dishes and neomycin selection
started (G418; 0.8 mg/ml, Sigma). As a technical control, microcells were
fused to a small number of control fusion-competent recipient cells
(human fibrosarcoma cells, HT1080) to confirm their HAC transfer
efficiency by checking the yield of microcell hybrids via Giemsa staining
of a colony formation assay after 15 days of selection (add in material
and methods). A good number of resistant microcell hybrids (an average
of 20 colonies/dish) always grew under G418 selection, as shown in the
representative picture in Figure 4.2.2 A.
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Figure 4.2.2 PEG-mediated efficiency in microcell hybrid production.
A. Representative image of the optimal yield of microcell hybrids after
fusion of CHO DYS-HAC3 microcells with the control line HT1080. After
fusion, HT1080 cells were expanded under selection for 14 days and the
emerging drug-resistant colonies stained with Giemsa and photographed.
B. Representative bright field images of recipient cells (HIDEMs) at
different stages after the PEG-mediated fusion process. Scale bar: 250
µm.

The whole microcell preparation procedure was repeated 8 times with a
total of 20 fusions performed on DMD mRNA HIDEMs ex.68 and 12
fusions on DMD mRNA HIDEMs ex.70. The panel in figure 4.2.1.B shows
cell morphology in three subsequent steps of the procedure. Notably,
immediately after PEG removal the high toxicity accompanying the final
fusion step of MMCT was clearly visible. However, within 24 hours, cells
usually recovered and they were ready for selection, which led to the
emergence of compact resistant colonies generally in 15-20 days. Taken
together, these results show that PEG-mediated MMCTs gave good
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yields of colonies when fused to HT1080 proving the good fusogenic
efficiency of the generated microcells, which therefore were used for a
PEG-mediated fusion on HIDEMs.

4.2.3.2 PCR screening of DMD mRNA HIDEMs 864 (c.9851G>A) and
DMD mRNA HIDEMs 763 (DMD c.10141C>T) selected clones
Eight DMD mRNA HIDEMs ex.68 microcell hybrid clones (#1-8)
grew after 17 days in G418 selection, were cryopreserved and DNA was
subsequently extracted. As shown in Figure 4.2.3 A, the PCR screening
via primers targeted to Furin, a CHO specific gene, proved all the eight
clones to be negative, thus excluding a potential outgrowth of CHO cells
which skipped the filtration/purification step. However primers directed to
the MyoD-ERT cassette showed no amplification in any of the clones,
while gave a clear band in the CHO DYS-HAC3 donor cells (CHO #13-71,
positive control). This proved that the DYS-HAC3 transferred did not
contain the correct sequence and led me to stop the screening of further
sequences.
The transfer attempts on mRNA HIDEMs ex.70 (DMD c.10141C>T)
originated three neomycin-resistant microcell hybrid clones (A,B and C).
After expansion, I screened them for several substantial sequences of the
DYS-HAC3. Specifically, they all proved to be positive for the MyoD-ERT
cassette (amplified by primers MyoD DYS HAC13 A and hMyoDERTF1/Phic31 attBR1), HDysco (targeted by primers hDysco F1-F5,
HPRT6L hDyscoR6 and hDysco F6/spc512R1) and iCasp9 (amplified by
spc 512 F1/iCasp9R1 and iCasp9). The DYS-HAC backbone was
detected via four pairs of primers (HygF1/HR2.6 R1, Phi 31attBF1/HygR1,
NeoF/Dloxp3L) each of which gave clear specific bands in all the clones,
as shown in Figure 4.2.3 B, while being negative in the parental
population
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Figure 4.2.3 PCR screening of DMD mRNA HIDEM-microcell hybrids.
A. PCR panel to detect furin and MYOD-ERT cassette in DMD mRNA
HIDEMs ex.68 microcell hybrid clones. B. PCR panel for HAC sequences
in three neomycin-resistant mRNA HIDEMs ex.70 microcell hybrids.
Details of the sequences targeted by each pair in the result section. CHO
13-71 cells: positive control; HIDEMs: parental cells (negative control).
Taken together these results showed that DYS-HAC3 transfer was
feasible and 3 out of 11 hybrid clones obtained contained all the correct
sequences analysed so far.

4.2.3.4 Screening of the DMD locus of DMD mRNA HIDEMs ex.68
(c.9851G>A) microcell hybrid clones
I next tried to confirm that the three generated DMD mRNA HIDEMs
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ex.70 (DMD c.10141C>T) clones A, B and C contained the entire
DYSTROPHIN locus incorporated in the DYS-HAC3 thus resulting in
being corrected for their disease-causing mutation. This was a complex
task to achieve via genomic PCR, as the only difference between
corrected clones and the original DMD recipient cells is a point mutation
(DMD c.10141C>T). Therefore, I designed primers to amplify the
sequence located 200bp upstream and downstream the actual point
mutation on exon 70. Unfortunately clone B senesced during expansion
and I was able to carry out the further screening only on the two
remaining clones A and C. The PCR was run, the product purified and
sent for Sanger sequencing at Source Bioscience (Cambridge).
Bidirectional sequencing shown in Figure 4.2.4 A, failed to detect a
heterozygous state of the DYSTROPHIN gene in the position of the point
mutation of the recipient cells.
However, sequencing reaction results can sometimes be erroneous if
single nucleotide polymorphisms (SNPs) happen to be underneath
primers thus avoiding the amplification of the allele they are on. Therefore,
if a patient is heterozygous for a mutation, and also heterozygous for a
SNP in cis with the disease causing mutation, this allele may not amplify
and the result could be false negative for the DYSTROPHIN correction.
To rule out this eventuality and definitely confirm that the two clones A
and C still contained their original disease causing mutation DMD
c.10141C>T and no additional DYSTROPHIN cassette was inserted, I
prepared slides of colcemid-treated cells to be analysed by FISH. The
analysis was performed in the context of collaborative work by Dr. Narumi
Uno at Tottori University (Japan) and showed that almost all of the cells
of both clones had one or two HACs. Specifically for clone A, on a total of
16 metaphases analysed, 2 had no HAC, 6 carried one single copy of
HAC while 8 had 2 additional HACs. For clone C a total of 30
metaphases were analysed and all cells contained HACs: 8 carried one
single copy while 22 had two copies. However, the green signal of the
DMD-BAC probe used to detect the DYSTROPHIN locus was not
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observed on the HAC, but observed on Chr.X, instead. This proved that
the DYS-HAC3, although efficiently transferred to the recipient HIDEMs,
was not presenting the correct and full DYSTROPHIN sequence.

Figure 4.2.4 Sequencing and FISH analysis of HIDEMs microcell
hybrids. A. Bidirectional sequencing analysis of the two generated
clones A and C showing the absence of point mutation correction via
HAC insertion B. FISH analysis of the two resistant microcell hybrids
obtained via MMCT. The HAC is recognized by means of an alphoid
satellite probe derived from human chromosome 21. The alphoid satellite
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probe detects the centromere of the endogenous chromosomes 13 and
21 in addition to the HAC, due to their sequence similarity and is visible in
red. Green signal: DMD-BAC; yellow arrowheads: Chr.13 or Chr.21; red
arrowheads: HAC; red arrow: Chr.X. Scale bar: 3 µm

4.2.3.5 MV-mediated MMCT with the novel DYS-HAC3
In order to increase the efficiency of MMCT on our target cell populations
I then spent two months in the laboratory of Professor Oshimura (Tottori
University, Japan), a leading laboratory for chromosome engineering and
transfer. Notably, to undertake this collaborative work I was awarded a
competitive “Journal of Cell Science Travel Fellowship”. Specifically, I
was interested in learning the MV-mediated MMCT strategy (Katoh et al.,
2010), with the aim of correcting both DMD mRNA-reprogrammed iPSCs
and HIDEMs.
During my stay, a total of 6 MV-based MMCTs were performed. Briefly,
CHO(DYS-HAC3) were co-transfected with two plasmids encoding for
MV-H/F proteins. Particularly, MV-H CD9 was used as a MV-H protein for
MMCT on iPSCs. Retargeting of the MV fusion machinery towards CD9
proved efficient in correcting one single human iPSC line in the past, this
evidence was taken as a proof of principle for the feasibility of this
approach and applied to DMD iPSCs ex.68. In contrast, CD13 was
selected as the preferential targets for HIDEMs correction. Indeed in 1994,
CD13 was recognised as a pericyte surface marker (Kunz et al., 1994)
and it is expressed on a wide range of cells such as vascular smooth
muscle cells, inflamed endothelium epithelial and gut cells (Armulik,
Genov and Betsholtz, 2011) and HIDEMs, as shown in chapter 1.
Additionally, as previously mentioned, CD46 is the main default receptor
for MVs and is theoretically ubiquitously expressed on human cells.
Following transfection, CHO(DYS-HAC3) were expanded over 24 hours
in T25 flasks suitable for ultracentrifugation, under blastocidin selection (8
g/ml; Sigma). Next, colcemid treatment was started and after 72 hours
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cyotochalasin B was added straight before the ultracentrifugation step,
which led to enucleation of microcells. Subsequently, microcells were
collected and resuspended for further repeated filtration through 8, 3 and
5

M filters. Microcells were then ready to be either frozen or used to

attempt a fusion with recipient cells.
Overall, I performed 9 fusions on DMD mRNA iPSCs ex.68 and 16 on
DMD mRNA HIDEMs ex.68. Given the lack of resistant clones after the
initial attempts, I increased the amount of microcells used (from the entire
microcell yield of 6 flasks to the microcell yield of 12 flasks), in the
attempt of improving the efficiency of the process (see Table 4.1 for
details). In spite of these adaptations, after a 2-week-selection period no
colonies were observed.

Table 4.1 Summary of MMCT attempts. Overall summary of fusion
attempts, recipient cells and number of microcell hybrids obtained after
both MV- and PEG-mediated MMCT
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4.2.3.6 Surface marker expression profile of recipient cells for MVmediated MMCT
In order to understand the reasons behind the challenging MV-mediated
transfer of DYS-HAC3 to DMD mRNA iPSC ex.68, I performed FACS
analyses of the potential recipient DMD mRNA iPSCs (ex.68 and ex.70)
to check their actual CD46 and CD9 expression. As shown in figure 4.2.5,
DMD mRNA iPSCs ex.68 and ex.70 both express surface markers at
comparable levels.

Figure 4.2.5 Flow cytometry analysis of DMD mRNA iPSCs ex.70 and
68. FACS analysis showing the expression level of CD9 and CD46 (green
peaks) in relation to the unstained control (red peaks). CD9 and CD46
are the two membrane proteins used to make MV-transfected CHO(DYSHAC3) microcells interacting with the membrane of the recipient iPSCs.
The numbers on the x and y axes represent fluorescence intensity and
count of event, respectively.
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Further experiments may be performed to understand whether there is a
specific threshold level of marker expression below which the fusion
process does not occur. Once this point is clarified, it would be necessary
to screen multiple iPSC lines in order to select a common, reliable and
highly expressed marker to retarget the MV-transfected microcells.
I then screened DMD mRNA HIDEMs ex.68 for CD13 and CD46
expression. Cells maintained high CD13 expression over expansion
(comparable to the one displayed after derivation in Chapter 1) and CD46
was positive as well (Figure 4.2.6). This implied that the expression of MV
target markers in ex.68 should not represent the limiting factor for a
successful DYS-HAC3 transfer to HIDEMs.

Figure 4.2.6 Surface marker expression of DMD mRNA HIDEMs ex.68.
FACS analysis showing the expression level of CD13 and CD46 in DMD
mRNA HIDEMs ex.68 (green peaks), relative to the unstained control (red
peaks). CD13 and CD46 are the two cell surface markers used to make
MV-CHO (DYS-HAC3) microcells interact with the membrane of the
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recipient HIDEMs. The numbers on the x and y axes represent
fluorescence intensity and count of event, respectively

4.4.3.8 Microfluidic MMCT
Given that the overall low efficiency of HAC transfer via both conventional
PEG- and MV-mediated MMCT could be possibly due to limited
interactions between the donor and recipient cells, I next sought to
overcome this hurdle by developing an experimental strategy to
miniaturise on a chip the standard fusion process. The rationale behind
using this approach was to improve the membrane interactions between
recipient and donor cells by working with minimum volumes, thereby
enabling transfer/delivery of the HAC. This may be true for both PEG and
MV-mediated strategies, therefore I went ahead testing both of them.
For the PEG-based method any potential increase in efficiency would
have been accompanied by an increase in toxicity due to PEG and
Phytohaemagglutinin. Additionally, other variables to be taken into
account were the density of recipient cells and number of microcells used.
For all of the above, I first optimised the starting conditions, seeding
different densities of HIDEMs on 1% Matrigel coated microfluidics
chambers and using both equal and double the amount of microcells
usually used for each fusion. A first trial experiment was performed
exposing cells to respectively 15 and 7 minutes in Phytohaemagglutinin
and 60, 30 and 15 seconds in PEG. Each condition was done in triplicate.
Representative images of the procedure are shown in figure 4.2.7. Cells
were detached and transferred to normal culture-grade dishes the day
after fusion and selection with G418 was started the following day. After
15 days in selection, no clones were obtained in any of the tested
conditions.
Microfluidic MV-mediated MMCT was attempted on HIDEMs plated at 2x
density and no clones were observed either. Further experiments will be
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performed using different concentration of microcells could be used
before excluding any improvement brought about by the technique, which
is simple and could reduce the workload of a very time-consuming
method.

Figure 4.2.7 Microfluidic-MMCT on microchips. A. Representative
images of three different densities of HIDEMs plated in the microfluidic
chambers to test PEG-mediated MMCT (2x; 1x and 0.5x, relative to the
normal density used for a conventional MMCT). B. Bright field images
showing the donor microcells floating in PHA suspension over the
recipient cell layer and the same field straight after PEG removal. In
collaboration with the Elvassore laboratory, UCL.

4.2.4 Conclusions
Transfer of DYS-HAC3 into human iPSCs and derived myogenic cells
proved to be challenging despite the good fusogenic efficiency of
microcells produced via the first steps of MMCT (Figure 4.2.2). PEG-
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mediated MMCT gave rise to 11 neomycin resistant clones, containing a
DYS-HAC3 whose sequence was unfortunately only partially intact
(Figure 4.2.4 and 4.2.5). In spite of previous reports on the higher
efficiency of MV-mediated method, no resistant clones were obtained via
this methodology. One explanation could be the limited interaction
between microcell and recipient cell membranes’ in normal culture dishes.
Therefore I made an attempt to adapt the conventional fusion step of
MMCT to a microfluidic chamber where fewer recipient cells were made
interacting with microcells with the aim of enhancing the transfer. No
colonies have been obtained via PEG and MV-mediated microfluidic
MMCT, although further optimisation is needed, however the downscaling
of the fusion step of MMCT to micro-volumes with this relatively simple
system could enhance MMCT reproducibility. Overall these results also
indicate that it may be preferable to transfer HACs into somatic cells prior
to reprogramming to pluripotency, as done in Chapter 4.1 (Sendai DMD
iPSCs/HIDEMs).
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4.3 Characterisation of healthy and DMD iPSC-derived myoblasts
genetically corrected via DYS-HAC

4.3.1 Introduction
In order to overcome the challenge posed by the low efficiency of MMCT
for iPSCs and iPSC-derived inducible myogenic cells, I focused on the
DMD (DYS-HAC) iPSC line corrected as fibroblasts, apparently more
permissive to a successful HAC transfer (see Chapter 1;(Kazuki et al.,
2010; Choi et al., 2016)). In my quest for an ideal cell type candidate for a
cell-based gene replacement for DMD I looked into iPSC skeletal muscle
commitment strategies alternative to MYOD or other transgenes
overexpression. In fact, despite their efficiency in directing skeletal
muscle reprogramming (Weintraub et al., 1989; Tedesco et al., 2012;
Tanaka et al., 2013), muscle-specific transcription factors, such as
MYOD, bring some major caveats. First, high level or long expression of
MYOD protein could induce cell cycle arrest (Halevy et al., 1995), second
MYOD cannot induce PAX3+/PAX7+ muscle progenitors driving a nondevelopmentally faithful myogenic commitment (Hicks and Pyle, 2015).
Thereby the properties of myotubes induced by the forced expression of
MYOD could be different from those found in vivo, an issue to be
considered when trying to model some muscle diseases in vitro (Hicks
and Pyle, 2015).
I therefore tested two recently published small molecule-based,
transgene-free, stepwise methods involving a transition through the
paraxial mesoderm and somite stage (Caron et al., 2016; Chal et al.,
2016) and focused on the second one given its higher reproducibility,
reduced duration and availability of commercial standards and reagents.
A drawback of transgene-free approaches, although being more
physiological, is the possible heterogeneity of the final population, in
particular as unwanted ectoderm contaminants frequently reported
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(Hosoyama et al., 2014; Kim et al., 2017). I therefore differentiated WT
and DMD (DYS-HAC) iPSCs into myogenic cells and characterised the
population thus obtained, with a particular attention to ectoderm
derivatives, before proceeding to further investigations aimed at
improving cell therapy transplantation efficiency.

4.3.2 Hypothesis and aims
4.3.2.1 Hypothesis
As shown in chapter 4.2, correction with DYS-HAC proved to be
challenging in both iPSCs and their myogenic progeny. To circumvent
this hurdle, I decided to explore an alternative way of improving gene and
cell therapy for DMD. Specifically, I focused on a transgene-free small
molecule-based protocol recently published (Caron et al., 2016) to obtain
iPSC-derived myoblast-like cells from the DMD Sendai (DYS-HAC) iPSC
line (Chapter 4.1). However, as a first step, I validated the protocol on 3
different WT iPSCs in order to set an expected outcome in healthy lines
before moving to an highly engineered one with the hypothesis that a
similar myogenic population could be obtained with DYS-HAC containing
iPSCs. Once performed this task I focused on a series of experiments
aimed at defining the mesodermal character of the obtained myogenic
population and trying to isolate the more myogenic cells out of the whole
population.
4.3.2.2 Aims
The overall aim of the experiments presented in this chapter is the
derivation of a suitable and well-characterised iPSC-derived myogenic
progenitor population as an essential foundation for the work reported in
the next chapter.
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4.3.3 Results
4.3.3.1 Validation of a small molecule-based protocol for human iPSCderived skeletal myoblast-like cells
To ensure a genomic-integration-free approach, I first exploited the
myogenic small molecule-based protocol published by Caron and
colleagues (Caron et al., 2016); commercially available from Genea
Biocells). Briefly, in a first skeletal muscle induction step, iPSCs were
committed into the paraxial mesoderm lineage via WNT signaling
activation mediated by the GSK3 inhibitor, CHIR99021, among other
factors and generated so-called myogenic progenitors. This was followed
by a second step, referred to as skeletal myoblast stage, which included
FGF activation among other signaling pathways, that gave rise to
expandable myoblast-like cells.
I first validated the protocol on healthy donor human iPSCs checking for
appropriate marker expression at different time points to ensure the
correct transitions in gene expression. Specifically, cells were fixed and
stained at the “myogenic progenitor” step (day 10) and at the “myoblast”
step (day 18).

Figure 4.3.1 Expression of early myogenic markers of VF iPSC
during the small-molecule-based myogenic induction step.
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Immunofluorescence staining for PAX3 (in red) and PAX7 (in green) in
WT VF iPSC-derived early myogenic precursors after 10 days in culture.
Upper scale bar: 75 µm; Lower scale bar: 100 µm.

As expected, cells at the first stage of commitment expressed the
myogenic precursor markers PAX3 and PAX7 (Figure 4.3.1) both
characteristic of dermomyotome and early myotome (Chal and Pourquié,
2017). Following the second step, cells started expressing myogenic
markers that rise later during development, such as MYF5, MYOD,
DESMIN and MYOGENIN (Figure 4.3.2 A). Both PAX3 and PAX7 were
still highly expressed. As reported in figure 4.3.2 B, at this stage the
percentage of PAX3+ nuclei was 78,14% ± 29.31, while PAX7+ nuclei
were 59.77 ± 35.28 and MYF5 89.93 ± 23.77 (N=2; at least 300 nuclei
counted per experiment; mean ± SD). Taken together this data proved
the validity of this protocol in deriving expandable, transgene-free
myogenic cells.
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Figure 4.3.2 Expression of late myogenic markers of VF iPSC during
the
small-molecule-based
myogenic
induction
step.
A.
Immunofluorescence staining for PAX3. PAX7, MYOD, DESMIN and
MYF5 in committed iPSC-derived myoblasts after 17 days in culture.
Scale bar: 75 µm. B. Bar chart quantifying the percentage of nuclei
positive for PAX3, PAX7 and MYF5. (N=2; a minimum of 300 nuclei were
evaluated per single repeat; data shown as mean±SD).
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4.3.3.2 Assessment of the skeletal myogenic potential of transgene-free
healthy donor human iPSC-derived myoblasts
WT VF iPSC-derived myoblasts showed appropriate expression of
myogenic markers along the skeletal muscle lineage commitment, so I
assayed their differentiation potential by culturing them in low serum
medium for 4-6 days, after 5 passages in normal growth medium.
Terminal differentiation was assessed via immunostaining for MyHC
(Figure 4.3.3). Given the good differentiation potential of this first derived
line, I decided to commit and terminally differentiate other 2 WT iPSC
lines (NCRM1 and NCRM5) to further test the reproducibility of the
protocol in my hands and have genetic background variability for my next
experiments.
Immunostaining of the terminally differentiated myoblasts revealed that
the percentage of nuclei inside MyHC+ cells was 70.25% ± 5.98% in VF
iPSC-derived myotubes, 67.02%

± 2.62% in NCRM1 iPSC-derived

myotubes and 80.43% ± 0.01% in NCRM5 iPSC-derived myotubes, with
an average of 74.85% ± 10.88% across the three lines (Figure 4.3.3)
(N=1; a minimum of 400 nuclei were counted per cell line; data shown as
mean ± SD).
Taken together this data shows that the transgene-free WT iPSC-derived
myoblasts obtained via this differentiation protocol have all good
myogenic potential, regardless of their different genetic background.
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Figure 4.3.3 Myogenic potential of WT iPSC-derived myoblasts
A. Immunofluorescence panel showing myotubes obtained via
differentiation of three different WT iPSC-derived lines (VF; NCRM1 and
NCRM5) stained for MyHC (red). Scale bar: 75 µm B. Bar chart
quantifying the percentage of nuclei inside MyHC+ cells (N=1; a minimum
of 350 nuclei were evaluated per line; data shown as mean±SD).
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4.3.3.3 Assessment of purity of WT iPSC-derived myoblasts
Prior to any further experiment using iPSC-derived myoblasts it was
crucial to ensure that these were not a heterogeneous population of nonmesodermal origin. In the literature it has been reported that pluripotent
stem cells have an innate neural differentiation potential and the induction
of ectoderm is often referred to as the “default” pathway (Murry and Keller,
2008; Schwartz et al., 2008), thus I was mostly interested in excluding the
presence of ectoderm derivatives in my iPSC-derived myoblast
populations. I therefore selected two ectoderm specific markers, namely
PAX6 (early ectoderm) and MAP2 (late ectoderm) and analysed the three
previously committed human iPSC-derived myoblast lines (VF; NCRM1
and 5).
Proliferating myoblasts were all expanded up to passage 5 after
derivation, in order to limit the variability due to different time in culture.
Cells were fixed and stained for PAX6, MAP2 and MYOD.

No cells

positive for either MAP2 or PAX6 were detected in any of the lines, while
MYOD was stably present (Figure 4.3.4 and 4.3.5 A). I then quantified the
expression of the myogenic master regulator MYOD by counting the
MYOD+ nuclei and calculating their percentage, which was consistently
high in all the analysed lines. Specifically the proportion of MYOD+ nuclei
was 90.42% ± 0.41% for VF line, 95.78% ± 4.53% for NCRM1 myoblasts
and 95.83% ± 5.9% for NCRM5 line (Figure 4.3.5 B) (N=2; a minimum of
200 nuclei have been evaluated; data shown as mean ±SD).
Taken together this data show that despite the absence of an ectopic
expression of a myogenic transcription factor, iPSC-derived myoblasts
obtained via a small-molecule based protocol did not express ectodermal
markers.
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Figure 4.3.4 PAX6 expression of WT iPSC-derived myoblasts.
Immunofluorescence panel showing transgene-free iPSC-derived
myoblasts expression of MYOD (green) and PAX6 (red). Scale bar: 75
µm. Bottom panels show positive control staining for PAX6
(undifferentiated iPSCs).
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Figure 4.3.5 MAP2 expression of WT iPSC-derived myoblasts A.
Immunofluorescence panel showing transgene-free iPSC-derived
myoblasts expression of MYOD (green) and MAP2 (red); Scale bar: 75
µm. Bottom panels show positive control staining for MAP2 (iPSC-derived
neurons). B. Bar chart quantifying the percentage of nuclei positive for
MYOD (N=2; a minimum of 200 nuclei have been evaluated; data shown
as mean±SD).
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4.3.3.4 Transgene-free, small-molecule-mediated differentiation of DMD
Sendai (DYS-HAC) iPSCs into myoblasts
Since the WT iPSC-derived myoblast populations displayed good
myogenic marker expression over commitment, I started the derivation of
the DMD Sendai (DYS-HAC) iPSC myoblast line. As shown in Figure
4.3.6.A, DMD Sendai (DYS-HAC) iPSC-derived myoblasts obtained after
17 days in culture (“myoblast stage”) expressed the myogenic markers
MYF5 and MYOD. When confluent, cultures were put in in differentiation
medium for 4-6 days prior to fixation. Myotubes were subsequently
stained with MyHC (Figure 4.3.6 B). Unexpectedly, the differentiation
potential of this population of myoblasts was not as good as the one
showed by WT lines. As illustrated in the bar chart in Figure 3.3.6 B, the
percentage of nuclei in MyHC+ cells was 18.03% ± 1.91% (N=3; data
shown as mean ± SEM). Notably, dystrophin expression driven by DYSHAC was detected as shown in the proof of principle staining in Figure
4.3.6 C.

168

Figure 4.3.6 Myogenic commitment and terminal differentiation of
DMD Sendai (DYS-HAC) iPSCs. A. Immunofluorescence staining for
MYOD and MYF5 in committed iPSC-derived myoblasts after 17 days in
culture (“myoblast stage). GFP expression is driven by the DYS-HAC.
Scale bar: 75 µm. B. Immunofluorescence of terminally differentiated
DMD Sendai (DYS-HAC) iPSC-derived myoblasts stained for MyHC C.
Immunofluorescence staining showing proof of principle dystrophin
expression driven by DYS-HAC in DMD iPSC-derived MyHC positive
myotubes. Scale bar: 50 µm. D. Bar charts quantifying the number of
nuclei positive for MYOD in the DMD Sendai (DYS-HAC) iPSC-derived
myoblast population (on the left; N=4; data shown as mean ± SEM) and
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their myogenic potential, as number of nuclei inside MyHC positive cells
(N=3; data shown as mean ± SEM).

In light of the lower myogenic differentiation potential showed by this line,
I hypothesised that this was due to a defective starting iPSC population
with selection over commitment of a subpopulation resistant to the
myogenic induction. Therefore the derivation was performed again, taking
care that initial iPSCs were exponentially growing and devoid of any
differentiating area. Nevertheless the differentiation outcomes of this
population were comparable to the ones shown in Figure 4.3.6.
Subsequently, I checked for any ectoderm derivative via staining with
PAX6 and MAP2 and, as for WT iPSC-derived myoblasts, not a single
cell was found positive for either of these two markers excluding an
ectodermal mixed population (Figure 4.3.7). This data proved that the
lower myogenic potential was not to correlate to an erroneous
commitment into ectoderm by a fraction of the initial pluripotent
population.
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Figure 4.3.7 PAX6 and MAP2 expression in DMD Sendai (DYS-HAC)
iPSC-derived myoblasts. Immunofluorescence panel showing
transgene-free iPSC-derived myoblasts expression of MAP2 and PAX6;
Bottom panels show positive control staining for PAX6 (undifferentiated
iPSCs) and MAP2 (iPSC-derived neurons). Scale bar: 75 µm.

4.3.3.5 Assessing strategies to purify human iPSC-derived myoblasts
Since the percentage of iPSC-derived myoblasts expressing MyHC upon
differentiation was high, but still below 100% despite the high expression
of MyoD, particularly for the for the Sendai (DYS-HAC) iPSC-derived line,
it was hypothesised that a proportion of cells forming our myoblast
population may not be myogenic. Hence we looked into different
strategies to enrich the potential myogenic fraction.
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CD29 and CD56
CD56 is a common marker used for adult SC-derived myoblasts
identification (Choi et al., no date; Borchin, Chen and Barberi, 2013; Xu et
al., 2015). It is also expressed by human fetal muscle (Castiglioni et al.,
2014). Likewise CD29 has been advocated as a marker of proliferating
adult human myoblasts (Xu et al., 2015). Therefore, it was hypothesised
that combined purification via CD56 and CD29 could isolate the most
myogenic fraction in my iPSC-derived myoblast population.
FACS-mediated cell sorting was performed on WT iPSC-derived
myoblasts at passage 1, right after their derivation. Interestingly, the
whole population of myoblasts proved to be positive for both markers.
However, while CD29 expression was consistently high in the entire
population, CD56 clearly divided the population into two main subgroups:
CD56high and CD56low. Consequently CD29+/CD56high and CD29+/CD56low
fractions were isolated. CD29-/CD56+ and double negative together made
up 0.01% of the population making it impossible to culture and expand
them.
After sorting, cells were cultured until confluent, and then differentiated.
Together with Kirsty Mackinlay, I evaluated their myogenic potential by
counting the number of nuclei in MyHC+ cells. No significant increase in
MyHC

expression

was

observed

between

CD29+/

CD56high,

CD29+/CD56low and unsorted populations (p= 0.2954) (Figure 4.3.8).
Specifically, the percentage of nuclei inside MyHC+ cells was 47.06% ±
8.94 for CD29+/ CD56high, 37.81% ± 3.88% for CD29+/CD56low and
44.28% ± 6.29% in the unsorted population (data presented as mean ±
SD).
This suggests that the combined expression of CD56 and CD29 does not
correlate with the myogenicity of iPSC-derived myoblast

generated

via this specific protocol.
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Figure 4.3.8 CD29 and CD56 sorting of WT iPSC-derived myoblasts
A. FACS plots of the stained population showing CD56high/CD29+ and
CD56low/CD29+ fractions of the overall live, non-doublet cell population. B.
Immunofluorescence staining for MyHC of differentiated unsorted cells
alongside CD56high/CD29+ and CD56low/CD29+ fractions. Scale bar: 75
µm C. Bar chart quantifying the percentage of nuclei inside MyHC
positive cells for the three sorted subpopulations. (N=3; statistical
significance based on one-way ANOVA with Bonferroni’s multiple
comparison correction).

CD82
CD82, a tetraspanin interacting with cell membrane proteins such as
integrins, has been recently described as a prospective marker for
muscle stem cells (Pax7+ progenitors), but also activated and
differentiating myogenic cells (Alexander et al., 2016). With the final goal
of isolating the most myogenic cell population a FACS analysis was
performed on iPSC-derived myoblasts both from a WT and the DYS-HAC
corrected line. Virtually the whole population of both the lines showed to
be positive for CD82: 100% of WT iPSC-derived myoblasts and 99.1% of
DMD (DYS-HAC) iPSC-derived myoblasts, as shown in Figure 4.3.9.
This data suggested that CD82 is not a surface marker able to purify
iPSC-derived myogenic cells in this particular setting.
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Figure 4.3.9 CD82 expression level of WT and DMD (DYS-HAC) iPSCderived myoblasts A. FACS plots of stained and unstained WT iPSCderived myoblasts and DMD Sendai (DYS-HAC) iPSC-derived myoblasts.
B. demonstrating the positivity of the whole population for CD82.

CD54, Integrin α9β1 and CD326
In a recent paper from Magli et al. a purification step for iPSC-derived
myogenic progenitors was successfully performed by using the
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combination of the following three markers: CD54, Integrin α9β1 and
CD362 (or SDC2). The triple positive population and even the population
sorted for CD54bright only were enriched in myogenic cells (Magli et al.,
2017). Therefore I used the same combination of markers to attempt the
purification of the most myogenic population out of DMD (DYS-HAC)
iPSC-derived myoblasts, being the least myogenic line.
I first selected the population of GFPbright cells representing 94.8% of the
initial viable population (P1) hyopothesising that this fraction should
present high, stable DYS-HAC expression. This population was found
virtually completely positive for CD54 and α9β1 and only CD326 seemed
to discriminate between two different subsets of cells. After excluding the
borderline population, which was difficult to define whether positive or
negative due to the fact that the CD326 expression profile was a
continuum with no sharp gap calling for a clear distinction between two
subpopulations, I selected CD326 positive and negative cells (81.0% and
11.0%, respectively). Subsequently, the CD326+/CD54+/α9β1+ population,
representing 96.6% of the CD326+ fraction was isolated, expanded and
then differentiated, in parallel with the unsorted myoblasts. After 6 days in
low nutrient medium, cells were fixed and stained (N=2). No increase of
myogenic potential was detected in the triple positive population as seen
in the immunofluorescence panel for MyHC in Figure 4.3.10 C.
Taken together this data suggests that CD54, Integrin α9β1, and CD326
cannot isolate the myogenic fraction of DMD Sendai (DYS-HAC) iPSCderived myoblasts generated via this specific method.
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Figure 4.3.10 CD54, Integrin a9b1, and CD326 sorting of DMD (DYSHAC) iPSC-derived myoblasts A. FACS plots of DMD Sendai (DYSHAC) iPSC-derived myoblasts stained for CD54, Integrin a9b1, and
CD326. The GFPbright proportion of cells was selected out of the whole
population and the triple positive cells purified and expanded. B.
Immunofluorescence staining for MyHC of the differentiated triple positive
and unsorted myoblast populations. Scale bar: 100 µm.
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4.3.3.6 TGFβ-inhibition treatment of WT and DMD (DYS-HAC) human
iPSC-derived myotubes
Since the FACS-mediated purification attempts did not improve the
myogenicity of iPSC-derived myoblasts, and myotubes were extremely
thin and mono-/oligo-nucleated, I looked into a diverse strategy to
improve their fusion ability and terminal myogenic differentiation capacity.
Indeed, iPSC-derived MyHC+ myofibres presented small diameter and
had very limited multinucleation, features standing for their immaturity
that could make them non-functionally relevant cells. Thus I decided to
exploit the inhibition of TGFβ pathway to induce myotube maturity and
enhance my culture conditions. Once confluent, I added TGFβ inhibitor
(SB-431542) to the differentiation medium of both WT and DMD (DYSHAC) iPSC-derived myoblasts and kept adding it every other day until
fixation. I observed that the addition of TGFβ inhibitor to the differentiation
medium made myotube cultures more stable than the untreated
counterpart thus allowing them to stay attached to the culture dish 1-2
days longer than the untreated control (7-8 days).
After fixation, myotubes were stained for MyHC and the number of nuclei
in MyHC+ cells was evaluated. Notably, there was a statistically
significant increase in this percentage, from 58.30% ± 3.87% in the
control to 73.76% ± 5.97% in the treated WT iPSC-derived myoblasts
(N=3; p= 0.006; paired t-test).
In light of this and given the clear morphological change in terms of
higher multinucleation and thicker myotubes I then quantified the fusion
index of treated versus untreated myoblasts here defined as percentage
of nuclei in MyHC+ myotubes containing at least two nuclei. Fusion index
was significantly increased in treated-iPSC-derived myoblasts compared
to untreated control; specifically it went from 46.33% ± 0.86% to 63.58%
± 3.11% (p=0.0097; N=3; paired t-test).
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Figure 4.3.11 Myogenic differentiation of WT iPSC-derived
myoblasts treated with TGFβ inhibitor A. Immunofluorescence staining
for Myosin heavy chain (MyHC) of differentiated iPSC-derived myotubes
treated and not with TGFβ inhibitor. Scale bar: 75 µm. B. Bar charts
quantifying the percentage of nuclei in MyHC+ cells (left) and the fusion
index (percentage of nuclei inside MyHC+ myofibres containing ≥2 nuclei;
on the right) (N=3; paired t-test; ** pvalue ≤ 0.01).

Conversely, in DMD (DYS-HAC) iPSC-derived myoblasts the proportion
of nuclei in MyHC+ cells did not change significantly upon treatment.
Specifically it went from 19.19%± 0.64% in the control to 14.26%± 2.85%
in the TGFβ inhibitor-treated condition (N=3; p= 0.1333; paired t-test).
Based on these results and the absence of any morphological change
indicating a better fusion index, I did not go ahead with its quantification.
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Figure 4.3.12 Myogenic differentiation of DMD (DYS-HAC) iPSCderived myoblasts treated with TGF beta inhibitor A.
Immunofluorescence staining for Myosin heavy chain (MyHC) of
differentiated iPSC-derived myotubes treated and not with TGFβ inhibitor.
Scale bar: 75 µm. B. Bar chart quantifying the percentage of nuclei in
MyHC+ cells (N=3; ns= non statistically significant based on paired t-test).

Taken together these results showed that while TGFβ-inhibition
enhanced and sustained the myogenic differentiation of WT iPSC-derived
myoblasts it did not improve the myogenic differentiation potential of DMD
Sendai (DYS-HAC) iPSC-derived myoblasts.

4.3.4 Conclusion
To summarise, WT and DMD (DYS-HAC) iPSC-derived myoblasts
obtained via this specific protocol (Caron et al., 2016) represent a reliable
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population of transgene-free, genomic integration free myogenic cells.
They overall possess considerable skeletal myogenic differentiation
potential and high level of myogenic markers expression (MYOD; MYF5),
while resulting negative for ectoderm markers (PAX6 and MAP2).
Unexpectedly, DMD (DYS-HAC) iPSC-derived myoblasts, despite their
good myogenic marker profile, showed suboptimal terminal differentiation,
which, at variance with a WT line tested alongside, was not even
improved by TGF-β inhibition. Future experiments will need to elucidate
this point further, however based on the overall reproducibility of the
results this population of cells was deemed suitable for the continuation of
the project.
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4.4 Towards an autologous and systemically deliverable DMD gene
and cell therapy strategy

4.4.1 Introduction
Results in Chapter 4.3 showed that WT and genetically corrected DMD
(DYS-HAC) iPSCs can be committed into transgene-free skeletal
myogenic progenitors in a developmentally faithful way. These results
established the use of iPSC-derived myoblasts for further investigations.
In addition to the host immune response and myoblast poor survival, the
suboptimal

migratory

ability

of

primary

human

myoblasts

upon

intramuscular injection has been ascribed as one of the major reasons of
the poor outcome seen in clinical trials for DMD (Partridge, 2002; Briggs
and Jennifer E. Morgan, 2013; Skuk and Tremblay, 2015). Despite the
fact that human myoblasts, even when intramuscularly injected, can
target only a minimal muscle surface area (Fan et al., 1996), encouraging
results have come from local delivery of myoblasts in oculopharyngeal
muscular dystrophy patients (Périé et al., 2014). However, myoblasts are
still unsuitable for treatment of widespread and severe muscle disorders
being highly inefficient in crossing the blood vessel walls (Sampaolesi et
al., 2003; Skuk and Tremblay, 2014). Thereby, improving the migration
ability of myoblasts could increase the treated muscle area, and, more
importantly, could lead to their improved extravasation. This in turn could
enable intra-arterial cell delivery, which would give access to a larger
amount of dystrophic muscles downstream of the injection site. In the
past years skeletal muscle perivascular cells attracted interest for their
possibility to be delivered intravascularly and their contribution to satellite
cells generation and maintenance (Dellavalle et al., 2011; Tedesco et al.,
2011; Kostallari et al., 2015; Sacchetti et al., 2016). The propensity of
perivascular cells to remain myogenic while keeping their migration ability
was demonstrated by intra-arterial delivery of mesoangioblasts (in vitro
derivatives of muscle perivascular cells) which resulted in engraftment
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and functional amelioration of dystrophic skeletal muscles (Sampaolesi et
al., 2003, 2006; Díaz-Manera et al., 2010; Giannotta et al., 2013;
Sacchetti et al., 2016). Notably intra-arterial delivery of HLA-identical
mesoangioblasts has proved to be safe in a first-in-human phase I/IIa
clinical trial in five DMD children (Cossu et al., 2015); however the limited
myogenic potential and self-renewal of perivascular cells are major
limitations on the way to muscle cell therapy.
In 2013, Cappellari and co-workers (Cappellari et al., 2013) reported that
Notch and PDGF-BB signaling pathways drive a cell fate switch of murine
embryonic myoblasts towards the perivascular lineage, both in vitro and
in vivo and suggested this phenomenon to be bidirectional (bidirectional
fate plasticity).
Recent work in our laboratory demonstrated that treatment with these
molecules has the same conserved effect in adult murine and human SCderived myoblasts (Gerli et al, in press). Specifically, we have shown that
upon treatment cells re-acquire a stemness signature while gaining some
perivascular cell properties. In this context, I was particularly interested in
the increased migration capacity, which treated adult skeletal muscle SCderived myoblasts have shown to acquire upon Notch and PDGF-BB
modulation. As a matter of fact, extending the Dll4&PDGF-BB strategy to
iPSC-derived myoblasts could be optimal for their translation into
potential clinical studies where large numbers of autologous and
systemically deliverable myoblasts are required.

4.4.2 Hypothesis, Aims and Objectives
4.4.2.1 Hypothesis
Within the task of defining an enhanced cell candidate for DMD cell
therapy, in this chapter, I tried to determine whether the cell fate plasticity
between skeletal (i.e. myoblasts) and smooth muscle progenitors (i.e.
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perivascular cells) shown in murine and human primary myoblasts via key
cell fate determinants of smooth-skeletal muscle lineage, could be
exploited to obtain an iPSC-derived myoblast-like cell empowered in its
migratory capacity. Moreover, Cappellari and co-workers first reported this
phenomenon in Pax3+ embryonic myoblasts (Cappellari et al., 2013):
notably, the same transcription factor is also highly expresses in the
human iPSC-derived myoblasts I have described in the previous Chapter.
Therefore I hypothesised that human iPSC-derived myoblasts could
similarly respond to Dll4&PDGFBB treatment.
4.4.2.1 Aim
The aim of this chapter is to investigate the possibility of an acquisition of
beneficial properties for cell therapy purposes (i.e. migratory capability)
by iPSC-derived myoblasts via Notch and PDGF signaling. This would
not only be applicable to DMD patients, but to anyone suffering from a
widespread skeletal muscle disorder.
In order to do so, transgene free iPSC-derived myoblasts from healthy
controls were either treated with Dll4 and PDGF-BB for 7 days (as with
previous work in our lab with human and murine cells) or grown in control
conditions. They were assessed for myogenic potential, gene expression
profile and migration ability. Subsequently the platform was extended to
Sendai (DYS-HAC) iPSC-derived myoblasts. Finally, in order to get an indepth analysis of the transcriptional changes of treated and untreated
cells, RNA-sequencing was performed. This will eventually elucidate the
mechanisms driving the phenomenon and lead to the isolation of potential
targets to increase migratory ability of cells.
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4.4.3 Results
4.4.3.1 Gene expression profile of Dll4&PDGF-BB-treated WT iPSCderived myoblasts
I light of the bidirectional fate plasticity between myoblasts and
perivascular cells in Pax3+ embryonic myoblasts upon activation of Notch
and PDGF-BB signaling, I exposed PAX3+ human iPSC-derived
myoblasts to the same molecules to check whether they could also
adopt-perivascular cell-like features.
Accordingly, iPSC-derived myoblasts were plated both on DLL4-coated
dishes, supplemented daily with PDGF-BB for 7 days, and as a control,
on 1% BSA-coated dishes, for further testing of their gene expression
profile via qRT-PCR.
I tested a panel of genes encompassing perivascular and myogenic
markers, particularly, PDGFR-

, TNAP, CD146, and NG2 were chosen

as perivascular cell markers whereas MYOD and MYOGENIN were
selected as reliable myogenic markers. Briefly, the NG2 proteoglycan is a
known pericyte marker associated with arteries, whereas the adhesion
molecule CD146 and the PDGFRmarkers

for

perivascular

cells

are reliable in vitro and in vivo
associated

with

capillaries

and

microvessels (Crisan et al., 2012; Sacchetti et al., 2016). Additionally, in
order to prove the effectiveness of the Dll4 treatment, two downstreamtargets of Notch signaling (HES1 and HEY1) were analysed. Two
different WT iPSC-derived myoblast lines were evaluated, namely
NCRM5 and VF, with a minimum of 4 experimental repeats.
As shown in Figure 4.4.1, a significant downregulation of MYOD
(p=0.0026 and p= 0.0007 for VF and NCRM5, respectively) and
MYOGENIN (p=0.0046; p< 0.0001) was observed in the treated cells of
both lines. Conversely, the perivascular-associated genes PDGFR-

(VF

p= 0.0003; NCRM5 p=0.0084), and CD146 (p=0.0426) were significantly
upregulated in the treated cells relative to the untreated control. NG2
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resulted significantly upregulated only in VF myoblasts (p= 0.0040)
though an upwards trend was detected in NCRM5 as shown by the p=
0.0615. In contrast, TNAP was not significantly upregulated in both lines.
Nevertheless, the trend of a treatment-induced increase in expression
was evident (VF p= 0.0674; NCRM5 p= 0.5216). Surprisingly, of the two
Notch targets evaluated, HEY1 resulted upregulated in one line (VF; p=
0.0380) but not in the other (NCRM5; p= 0.0561) whereas HES1
expression was significantly increased only in NCRM5 (p value= 0.0304).
Overall, these findings show that DLL4&PDGF-BB treatment was
able to induce perivascular cell markers in iPSC-derived myogenic
progenitors, while downregulating myogenic ones.
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Figure 4.4.1 Gene expression profile of Dll4&PDGF-BB-treated WT
iPSC-derived myoblasts A. qRT-PCR analysis of Notch signaling
(HES1, HEY1), myogenic (MYOD and MYOGENIN) and perivascular
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(PDGFRB, NG2, CD146 and TNAP) genes after one week of DLL4 &
PDGF-BB treatment in WT VF iPSC-myoblasts (N=5, in triplicate). Bar
charts show relative fold change compared to untreated conditions.
Statistical significance based on paired t-test analysis of dCt values.
*p<0.05, **p<0.005, ***p<0.0005. These data were produced together
with Kirsty Mackinlay, a former student I supervised. B. qRT-PCR
analysis of Notch signaling (HES1, HEY1), myogenic (MYOD and
MYOGENIN) and perivascular (PDGFRB, NG2, CD146 and TNAP)
genes after one week of PDGF-BB treatment in WT NCRM5 iPSCmyoblasts (N=4, in triplicate). Bar charts show relative fold change
compared to untreated conditions. Statistical significance based on paired
T-test analysis of dCt values. *p<0.05, **p<0.005.

4.4.3.2 Gene expression profile of WT iPSC-derived myoblast upon
treatment with PDGF-BB only
In the last section I have shown that DLL4&PDGF-BB concurrently elicit
the expression of perivascular-associated genes while downregulating
some myogenic ones. In order to exclude the dependency of the
transcriptional changes on PDGF-BB treatment alone, independently
from DLL4, WT VF iPSC-derived myoblasts were treated with PDGF-BB
only, for 7 days. The transcriptional profile of the treated cells was then
compared to the untreated control, via qRT-PC. No statistically significant
change in gene expression of any of the tested markers was detected
(CD146 p= 0.9980; MYOD p= 0.2455; NG2 p= 0.0929; TNAP p= 0.1047;
N = 3) in the PDGF-BB-only treated cells with the only exception of
PDGFR

(Figure 4.4.2). Interestingly, the treatment with PDGF-BB

resulted in a downregulation of its own receptor expression. This was in
stark contrast with the shift detected after simultaneous treatment with
Dll4 and PDGF-BB (Figure 4.4.1). Taken together these data indicate the
need of Notch signaling in addition to PDGF-BB, as a driver of
perivascular cell-like phenotype acquisition.
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Figure 4.4.2 Gene expression profile of PDGF-BB-treated WT VF
iPSC-derived myoblasts qRT-PCR analysis of myogenic (MYOD) and
perivascular (PDGFRB, NG2, CD146 and TNAP) genes after one week
PDGF-BB treatment of WT VF iPSC-derived myoblasts (N=3, in triplicate).
Bar charts show relative fold change compared to untreated conditions.
Statistical significance based on paired t-test analysis of dCt values.
*p<0.05. These data were produced together with Kirsty Mackinlay, a
former MSci student who I supervised.
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4.4.3.3 Assessment of Dll4& PDGF-BB-treated WT iPSC-myoblasts
myogenic potential
As shown in the previous qRT-PCR panels, upon DLL4&PDGF-BB
treatment, iPSC-derived myoblasts significantly decrease their expression
of MYOD, a master regulator of myogenic specification and differentiation.
This should lead to a deficit in myogenic differentiation in Dll4&PDGF-BBtreated iPSC-myoblasts compared to the untreated control and would be
in line with the well-known fact that Notch activation inhibits myogenesis
in vitro in both murine embryonic myoblasts, murine and human adult
SCs (Kopan, Nye and Weintraub, 1994; Conboy and Rando, 2002;
Mourikis and Tajbakhsh, 2014).
To investigate if this effect is also conserved in WT iPSC-derived
myoblasts

I

seeded

them

on

10

g/ml

DLL4-coated

dishes

supplemented daily with 50 ng/ml PDGF-BB and after 7 days of treatment
I induced differentiation on collagen-coated dishes. Upon treatment of WT
iPSC-derived myoblasts, I observed a significant reduction in myogenic
differentiation. Specifically, the percentage of nuclei in MyHC positive
fibres dropped from 70.00% ± 0.29% to 43.06% ± 1.20% in WT NCRM5
line (p<0.0001; performed in 3 independent experiments; results
presented as mean ± StDev; statistical significance calculated via one
way ANOVA test with Bonferroni correction).
In order to investigate whether this phenomenon was Notch-dependent, I
inhibited Notch pathway by γ-secretase inhibitor L685,448. This molecule
is known to inhibit the γ-secretase-dependent activation of Notch
receptor, consequently hampering the Notch Intracellular Domain (NID)
translocation into the nucleus (Vilquin et al., 1994). Upon treatment, the
differentiation impairment was reverted from 43.06 ± 1.20 to 65.59 ± 5.11
in NCRM5 line. Together this data confirmed that WT iPSC-myoblasts
myogenic potential is dependent on Notch signaling and reversible upon
its inhibition (Figure 4.4.3).
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Figure 4.4.3 Differentiation of WT NCRM5 iPSC-derived myoblasts in
response to Dll4 & PDGF-BB treatment and Notch inhibition. A)
Representative immunofluorescence pictures of cells expanded in control
or treatment conditions for 1 week, induced to differentiate for 4 days in
the presence or absence of L685,488 and immunostained for MyHC. B)
Bar chart quantifying the average percentage of MyHC-positive cells.
Experiments performed in 3 independent repeats and quantification
presented as mean ± SEM. Statistical significance based on one-way
ANOVA with Bonferroni’s multiple comparison *p<0.05, **p<0.005,
***p<0.0005. Scale bar: 75

m.
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4.4.3.4 Assessment of the acquisition of migratory properties by iPSCderived myoblasts upon stimulation of Notch and PDGF-BB pathways
Although not a defining property of perivascular cells, an important
feature of pericyte-derived cells is their extravasation potential, which
could be exploited for an intra-arterial delivery in a cell therapy setting for
muscular dystrophies. Importantly, recent work in our laboratory has
demonstrated that both primary murine and human SC-derived myoblasts
acquire a migratory ability upon treatment with DLL4 and PDGF-BB
treatment. Consequently, given the positive response to the panel of
marker expression previously reported, I next sought to understand if this
change in gene expression corresponded to a functional acquisition of
transmigration properties. To test this hypothesis, I performed transwell
migration assays (4 independent experiments per cell line). Briefly, after 7
days of treatment, treated WT iPSC-derived myoblasts (two different lines,
namely VF and NCRM5), and their untreated counterparts, were each
plated onto a monolayer of human-umbilical vein endothelial cells
(HUVECs) after being stained with a transient fluorescent dye (CFDA,
details in material and methods) to allow visualisation. After 8 hours
migrated cells were fixed and counted in order to quantify their migration
through the endothelial monolayer.
As shown in Figure 4.4.4, treatment with DLL4 and PDGF-BB proved to
significantly enhance the ability of both lines of WT iPSC-derived
myoblasts to migrate through the HUVEC monolayer compared to
untreated cells. After 8 hours, DLL4 & PDGF-BB treated VF iPSC-derived
myoblasts showed a significant increase in transmigration capacity, from
0.59 cells/mm2 to 3.19 cells/mm2 (p= 0.0180). In line with these results,
but with a much higher effect, for DLL4 & PDGF-BB-treated NCRM5
iPSC-derived myoblasts an average of 20.68 cells/mm2 migrated across
the HUVECs layer. The respective untreated control showed an average
migration of 0.50 cells/mm2 (p= 0.0464) (Figure 4.4.4).
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Taken together this data indicate that DLL4&PDGF-BB treatment
improves migration of human iPSC-derived myoblasts across endothelial
monolayers, albeit with some variability between the tested lines.

Figure 4.4.4 Assessment of Dll4&PDGF-BB treated WT iPSC-derived
myoblast

migration

through

a

layer

of

endothelial

cells

Representative images showing the lower side of the transwell
membrane on which Dll4&PDGF-BB treated and untreated WT VF iPSCderived myoblasts (A) and Dll4&PDGF-BB treated and untreated WT
NCRM5 iPSC-derived myoblasts (B) (stained with the transient dye
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CFDA, in green) are seeded on a HUVEC monolayer for 8 hours. Scale
bar: 250 µm. Below, bar graphs quantifying the average number of
CFDA-positive cells/ mm2 which migrated through the endothelial layer.
WT VF iPSC-derived myoblasts on the left and WT NCRM5 iPSC-derived
myoblasts on the right. Experiments performed in 4 independent repeats
in duplicates. A minimum of 10 (X1.5 mm2) fields per condition was
quantified and here presented as the mean ±SEM. Statistical significance
based on paired t-test (*p<0.05).

4.4.3.5

Assessment

of

Dll4&PDGF-BB-treated

WT

iPSC-derived

myoblasts migratory ability in isogenic settings
In the previous section the extravasation ability of Dll4&PDGF-BB-treated
WT iPSC-derived myoblasts was assessed using a monolayer of
HUVECs. With the aim of improving the migration efficiency of iPSCderived myoblasts I attempted to replace HUVECs with endothelial cells
isogenic to the iPSC-derived myoblasts. In order to test this strategy,
NCRM1 WT iPSC-derived CD31+ endothelial cells (kindly provided by Dr
V. Orlova and Prof. C. Mummery, LUMC, The Netherlands) and the
relative NCRM1 WT iPSC-derived myoblasts were tested in conjunction.
After 7 days of treatment with Dll4&PDGF-BB NCRM1 iPSC-derived
myoblasts were seeded on top of the monolayer of isogenic CD31positive cells or, alternatively, HUVECs, along with their untreated control.
After 8 hours migrated cells of each different condition were fixed and
counted.
The average number of migrated treated cells plated on HUVECs was
6.47 cells/mm2 compared to 3.62 cells/mm2 for isogenic CD31+
endothelial cells, while the untreated counterpart was 0.31 cells/mm2 and
0.80 cells/mm2, respectively (Figure 4.4.5). This data did not show any
statistically significant difference in migration propensity between
conditions, probably due to the high inter-experimental variability.
Nevertheless, there is a clear reassuring overall trend of increased
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migration of Dll4& PDGF-BB-treated cells in both the considered settings
(isogenic and not).

Figure 4.4.5 Assessment of Dll4&PDGF-BB treated WT iPSC-derived
myoblast migration through a layer of isogenic endothelial cells A.
Representative images showing the lower side of the transwell
membrane on which treated and untreated WT NCRM1 iPSC-derived
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myoblasts (stained for the transient dye CFDA, in green) are
simultaneously seeded on a HUVECs and NCRM1 iPSC-derived CD31
positive endothelial cell monolayer for 8 hours. Scale bar: 250 µm. B.
Bar graph quantifying the average number of CFDA-positive cells/ mm2,
which migrated through the endothelial layer in each considered condition.
Experiments performed in 3 independent repeats, in duplicates. A
minimum of 10X (1.5 mm2) fields per condition was quantified (mean
±SEM). Statistical significance based on one-way ANOVA with
Bonferroni’s multiple comparison.

4.4.3.6 Gene expression profile of DMD (DYS-HAC)-corrected iPSCderived myoblasts upon Dll4&PDGF-BB treatment
In the previous sections I have shown that WT iPSC-derived myoblasts
acquire a perivascular cell-like gene expression profile as well as
functional migratory properties upon treatment with Dll4&PDGF-BB. In
order to extend this approach to a potential cell therapy product for DMD,
I next decided to test this platform on DMD (DYS-HAC)-corrected iPSCderived myoblasts. As for the previous lines, I first analysed the
expression profile of Dll4&PDGF-BB-treated cells versus their untreated
control. As expected, I observed a significant downregulation of MYOD
(p=0.0017) and MYOGENIN (p= 0.0052) accompanied by the raise in
perivascular-associated

transcripts

PDGFR-β

(p=0.0314),

CD146

(p=0.0433) NG2 (p=0.0039) and TNAP (p= 0.0159). Of the two Notch
targets evaluated, only HEY1 resulted significantly upregulated (p=
0.0385) (Figure 4.4.6).
Overall, these findings showed that DLL4 & PDGF-BB treatment of DMD
(DYS-HAC)-corrected iPSC-derived myoblasts was able to induce a
similar “perivascular cell signature” to the one elicited in WT lines.
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Figure 4.4.6 Gene expression profile of Dll4&PDGF-BB-treated DMD
(DYS-HAC)-corrected iPSC-derived myoblasts qRT-PCR analysis of
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myogenic (MYOD; MYOGENIN) perivascular (PDGFRB, NG2, CD146
and TNAP) and Notch target genes (HES1 and HEY1) after one week of
Dll4&PDGF-BB treatment of DMD (DYS-HAC)-corrected iPSC-derived
myoblasts (N=3, in triplicate). Bar charts show relative fold change
compared to untreated conditions. Statistical significance based on paired
t-test analysis of dCt values. *p<0.05; **p<0.005.

4.4.3.6 Assessment of myogenic differentiation of DMD (DYS-HAC)corrected iPSC-derived myoblasts upon treatment with Dll4&PDGF-BB
Once ensured that the Dll4&PDGF-BB treatment was eliciting the
expected gene expression profile, I tested the reversibility of treatment via
γ-secretase administration as done in WT NCRM5 iPSC-derived
myoblasts.
I seeded DMD (DYS-HAC)-corrected iPSC-derived myoblasts on 10
g/ml Dll4-coated dishes supplemented daily with 50 ng/ml PDGF-BB and
after 7 days of treatment I induced differentiation on collagen-coated
dishes. Upon treatment I did not observe a significant reduction in
myogenic differentiation. Interestingly, the percentage of nuclei in MyHC
positive fibres dropped from 12.74% ± 2.90 to 9.89% ± 6.01 (p=n.s; N =
3; results presented as mean ± SD; statistical significance calculated via
one way ANOVA test with Bonferroni correction). Upon treatment with γsecretase inhibitor L685,448, the number of percentage of nuclei in
MyHC positive fibres went from 9.89% ± 6.01 to 16.10% ± 6.80 (p=n.s)
(Figure 4.4.7).
Together these data show a negligible effect of Notch signaling on
myogenic differentiation of DMD (DYS-HAC) iPSC-derived myoblasts,
probably due to the suboptimal baseline differentiation potential of these
same cells.
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Figure 4.4.7 Differentiation of DMD (DYS-HAC)-corrected iPSCderived myoblasts in response to Dll4 & PDGF-BB treatment and
Notch inhibition. A. Representative immunofluorescence pictures of
cells expanded in control or treatment conditions for 1 week, induced to
differentiate for 4 days in the presence or absence of L685,488 and
immunostained for MyHC. B. Bar chart quantifying the average
percentage of MyHC-positive cells. Experiments performed in 3
independent repeats and quantification presented as mean ± SEM.
Statistical significance based on one-way ANOVA with Bonferroni’s
multiple comparison. Scale bar: 75 µm.
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4.4.3.7 Assessment of the acquisition of migratory properties of
Dll4&PDGF-BB-treated

DMD

(DYS-HAC)-corrected

iPSC-derived

myoblasts
Based on the qRT-PCR data showing a comparable effect of Dll4&PDGFBB treatment on DMD (DYS-HAC)-corrected iPSC-derived myoblasts and
despite the unexpected results given by the myogenic differentiation
experiments I decided to test the migratory ability of these cells. Despite
the poor myogenic potential, the proof of principle of a migratory ability
acquired by DMD genetically corrected iPSC-derived myoblasts is a
crucial outcome for a future therapeutic application of this approach.
Consequently, I performed transwell migration assays on this cell line.
Briefly, after 7 days of treatment, treated DMD (DYS-HAC)-corrected
iPSC-derived myoblasts, and their untreated counterparts, were plated
onto a monolayer of HUVECs after having been stained with a transient
fluorescent dye (CFDA, details in material and methods) to allow
visualisation. Even though this was unnecessary being the population
already GFP positive, it was however performed to give consistency to
the methodology previously followed. After 8 hours migrated cells were
fixed and counted in order to quantify their propensity to migrate through
the endothelial monolayer.
As shown in Figure 4.4.8, after treatment with DLL4 and PDGF-BB a
significant increase in migration was detected in the treated population
when compared to its untreated counterpart. Indeed, an average of 0.534
non-treated cells/mm2 were found to migrate compared to a mean of
19.66 cells/mm2 for the treated counterpart (p= 0.0429). This data
indicates that DLL4 & PDGF-BB can improve migration of dystrophic
iPSC-derived myoblasts genetically corrected with a DYS-HAC.
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Figure 4.4.8 Assessment of Dll4&PDGF-BB treated DMD (DYS-HAC)corrected iPSC-derived myoblasts migration through a layer of
endothelial cells A) Representative images showing the lower side of
the transwell membrane on which Dll4&PDGF-BB treated and untreated
DMD (DYS-HAC)-corrected iPSC-derived myoblasts (stained with the
transient dye CFDA, in green) are seeded on a HUVEC monolayer for 8
hours. Scale bar: 250 µm. B) Bar graphs quantifying the average number
of CFDA-positive cells/ mm2. Experiments performed in 4 independent
repeats in duplicates. A minimum of 10 (X1.5 mm2) fields per condition
was quantified and here presented as the mean ± SEM. Statistical
significance based on paired t-test (*p<0.05).

4.4.3.8 Unbiased gene expression profile assessment of Dll4&PDGF-BB
treated WT iPSC-derived myoblasts
I have so far shown that Dll4 and PDGF-BB induce perivascular features
in human iPSC-derived myoblasts, which may be relevant for the
development of a systemically deliverable cell therapy. This was
previously reported in murine and human satellite cells. Dll4 and PDGF-
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BB are pericyte-recruiting factors (Hellström et al., 1999; Armulik,
Genov?? and Betsholtz, 2011) and the expression profile shift upon
treatment has been so far described for a limited set of known target
genes. In order to perform an unbiased assessment of global
transcriptomic changes induced by Dll4 and PDGF-BB treatment,
together with Dr L. Moyle in the laboratory and UCL Genomics we
performed RNA-sequencing (RNAseq) of iPSC- derived myoblasts
alongside mouse and human satellite cell-derived myoblasts treated for 7
days with Dll4 and PDGF-BB. RNAseq relies on the use of nextgeneration sequencing technologies to sequence cDNA thus getting a
snapshot of the sample's transcripts. Being not limited to a set of
predetermined probes, it can identify new genes, including structural
variants such as different splicing isoforms (Guo et al., 2013). In the
following section I will focus on RNAseq data of human iPSC-derived
myoblasts. UCL Genomics performed the initial alignment and analysis of
the generated raw data presented here.

4.4.3.8.1 RNA library preparation from DLL4 & PDGF-BB- treated WT
iPSC-derived myoblasts
Four WT iPSC-derived myoblast lines (VF; NCRM5; NCRM1 and SBI)
were seeded on dishes coated with 10ug/ml recombinant human Dll4
protein with medium supplemented daily with 50ng/ml recombinant
PDGF-BB with a minimum of 1 passage throughout the 7-day
reprogramming protocol to replace the DLL4 protein. An untreated control
was grown in parallel on 1%BSA (Bovine serum albumin)-coated dishes.
After 7 days, samples were collected and RNA extracted with DNase I
treatment. To reduce potential batch effects, RNA was extracted in
parallel. RNA concentration and integrity were assessed by Nanodrop
spectrophotometer and Agilent 2100 bioanalyzer. As shown in Table
3.4.3.1, the RNA integrity number (RIN) quantification showed a good
RNA integrity with scores between 9.8 and 10 for all the samples. These
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are accepted values attesting a good RNA quality with RIN=1 identifying
completely degraded RNA and RIN=10 intact molecules (Schroeder et al.,
2006). Samples were thus considered ready for the subsequent library
preparation step.

Table 4.4.1 Name, species and quality control of RNA-seq samples
The table lists the identification names of the eight samples analysed in
the RNA seq (Dll4= treated sample; BSA= untreated control) and their
relative RNA quality as characterized by A260/A280, A260/A230 and RIN
score.

4.4.3.8.2 RNA-seq raw data description and initial exploration
The run identified 26485 unique features in the count data. Each sample
presented between ~20-25 million total mapped reads per sample (Figure
4.4.9 A). As expected, this figure was reasonably similar within biological
conditions.
Figure 4.4.9 B shows the percentage of features with no read counts
across the all samples, here 23,61% (equals to 6252 features), ignored
during the analysis. The density of counts distribution, which tells whether
read counts are low, medium or high showed to have a comparable
bimodal trend within and across the Dll4 and PDGF-BB treated samples
and the control ones, as visible in Figure 4.4.9 C.
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Figure 4.4.9 Initial assessment of RNA-seq data: data description
WT iPSC-derived myoblasts were expanded in control conditions (blue)
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or treated with DLL4 & PDGF-BB (red). A. Bar chart showing the total
read counts per sample (in millions) B. Bar chart displaying the proportion
of features with null read counts in each sample C. Density distribution of
read counts for the individual samples in each condition. Analysis
provided by UCL Genomics.

Hierarchical clustering and principle component analysis of the whole set
were performed prior a variance stabilised transformation of the data.
These analyses allow understanding whether the main variability within
the experiment comes from biological differences between samples. The
latter causes the data variance to become independent form the mean.
On the one hand the hierarchical clustering dendrogram separated most
biological conditions with the exception of NCRM1 iPSC-derived
myoblasts untreated control grouping with their Dll4& PDGF-BB-treated
counterpart rather than with the other untreated controls (Figure 4.4.10 A).
On the other hand, the Principal component analysis (PCA) revealed
more clearly the segregation of DLL4&PDGF-BB treated (red) and control
(blue) WT iPSC-derived myoblasts (Figure 4.4.10 B).
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Figure 4.4.10 RNA-seq data exploration: variability within the
experiment WT iPSC-derived myoblasts were expanded in control
conditions (blue) or treated with DLL4 & PDGF-BB (red). A. Cluster
dendogram and B. Principal component analysis (PCA) following
variance stabilised transformation (VST). Analysis provided by UCL
Genomics.

Reads were next normalised, outliers detected and differential expression
statistically calculated with DESeq2 (Love, Huber and Anders, 2014).
Finally, p-values were adjusted to account for multiple testing using the
BH p-value adjustment with the false positive rate set to 0.05. This
provided a list of 2990 significantly differentially expressed genes
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between the Dll4&PDGF-BB-treated and the relative untreated groups, as
visualised via the volcano plot in Figure 4.4.11.

Figure 4.4.11 RNA-seq data analysis: differential gene expression
Volcano plot representing the log of the adjusted P value (significance) as
a function of the log ratio of differential expression (effect size) of each
tested gene. Red dots represent significantly differentially expressed
features. Positive x values denote genes over-expressed in the treated
group relative to the control. Negative values denote genes underexpressed in the treated samples relative to the control.

Taken together these data show that samples were homogeneous for
total read count and count distribution across samples. The RNAsequencing identified unique gene signatures in Dll4&PDGF-BB treatediPSC-derived myoblasts compared to untreated cells. Overall, the
combined activation of Notch and PDGF-BB signaling pathways induced
a significant change in the transcriptome of the analysed WT iPSCderived myoblast lines.
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4.4.3.8.3 Uncovering potential mechanisms behind DLL4&PDGF-BB
modulation in iPSC-derived myoblasts
The data reported in the previous paragraph denoted a clear shift in the
transcriptomic profile of treated IPSC-derived myoblasts prompting further
analysis to uncover likely mechanisms behind the acquisition of the
described phenotype. As a first step, I performed a hierarchical clustering
analysis to confirm that the gene expression profiles of the samples used
for the RNA-seq were comparable to the one previously analysed via
qRT-PCR. As shown in Figure 4.4.12, DLL4&PDGF-BB-treated iPSCderived myoblasts had an expression profile clearly distinguishable from
the untreated controls. As expected, they grouped together and shared
an upregulation of Notch targets and perivascular cell-associated genes
coupled with remarkable downregulation of myogenic ones.
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Figure 4.4.12 Transcriptional signature acquisition upon DLL4 &
PDGF-BB: confirmation of qRT-PCR data Heatmap of the previously
tested panel of genes by qRT-PCR showing upregulation of Notch and
perivascular related genes and downregulation of myogenic ones in all
the 4 lines after Dll4&PDGF-BB treatment (DLL4) compared to control
conditions (BSA). Analysis based on RNA-seq FPKM (fragments per
kilobase of transcript per million mapped reads) values.

Moreover, hierarchical clustering for Notch signaling using a Kegg
pathway available on the online platform for trascriptomic analysis called
Stemformatics (see Materials and Methods for details), indicated a clear

211

shift in gene expression and gave informative data as for which
downstream targets are mostly affected by the treatment (Figure 4.4.13).

Figure 4.4.13 Transcriptional changes of Notch signaling pathway.
Heatmap showing modulation of Notch target expression upon
Dll4&PDGF-BB treatment (Dll4) compared to control conditions (BSA).
Samples on X-axis and genes on Y-axis; Cluster by Genes/Probes only
using Pearson Correlation. Colour scale based on row z-scores. Red
cells indicate that the gene for a given sample is highly expressed. Blue
cells indicate low expression.
Given the consistency of these findings (reproducible in 4 different
genetic backgrounds), in order to get meaningful insights about the
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mechanism behind the response to DLL4&PDGF-BB, differential
expression data was inputted into Ingenuity Pathway Analysis (IPA,
Qiagen) which maps gene expression to specific pathways and functions.
Cut-offs were set at log2foldchange, with an adjusted p value of 0.05 and
2259 genes (1002 increased, 1557 decreased) remained on the iPSCmyoblast dataset.
Together with Dr L. Moyle, I first looked into the top canonical pathways
altered by DLL4&PDGF-BB modulation. Functional characterisation of the
differentially expressed genes using IPA (Ingenuity Pathway Analysis)
showed that both “Actin cytoskeleton signaling”, “Agranulocyte adhesion
and diapedesis” and “Leukocyte extravasation signaling” were among the
most affected canonical pathways, which could be related to the acquired
in vitro migratory functions of cells (Figure 4.4.14 A). Indeed, among the
most significant associated functions predicted to be linked to the
treatment was “Cellular movement” with a total of 578 differentially
expressed molecules (Figure 4.4.14 B)
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Figure 4.4.14 Top canonical pathways and molecular functions
associated with DLL4 & PDGF-BB modulation Genes upregulated in
the DLL4&PDGF-BB-treated iPSC-derived myoblasts (day 7) relative to
the untreated control were subjected to Ingenuity Pathway Analysis to
reveal the predicted key canonical pathways (A) and the most significant
associated functions (B).

Based on these findings, a hierarchical clustering was performed against
the Kegg pathway gene list “Leukocyte transendothelial migration” on
Stemformatics and further confirmed a sharp change in the pattern of
gene expression of treated iPSC-derived myoblasts compared to the
untreated control (Figure 4.4.15).
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Figure 4.4.15 Leukocyte transendothelial migration genes clustered
analysis Heatmap, of genes involved in extravasation of leukocytes.
Samples are on X-axis and genes on Y-axis. Clustered by Genes/Probes
only, using Pearson Correlation. Genes and samples are grouped to
highlight co-regulated gene lists. Similar patterns of expression appear
near to each other. Color scale based on row z-scores. Red cells indicate
that the gene for a given sample is highly expressed. Blue cells indicate
low expression. The range of intermediate colours gives an idea as to
relative expression levels in the mid-ranges. Dendograms show how
samples and genes are related.

Furthermore, IPA can predict which transcriptional regulators are involved
in the overall transcriptional changes studied and whether they are likely
activated or inhibited. Therefore, I looked into the most significant
predicted upstream regulators of the transcriptional signature gained
upon DLL4 & PDGF-BB treatment. The most significant regulator (in a
predicted inhibited status) was ERBB2, which is commonly referred to as
HER2 and encodes for a member of the receptor tyrosine kinases
belonging to the epidermal growth factor (EGF) family. Other potentially
interesting factors could be TGFB1 (activated) and COLQ (inhibited),
which encodes the subunit of a collagen-like molecule associated with
acetylcholinesterase in skeletal muscle (Figure 4.4.16). Understanding
the cascade of transcriptional regulators upstream to DLL4&PDGF-BB
modulation could elucidate the mechanism involved in the acquisition of
migratory abilities shown in figures 4.4.4 and 4.4.8.
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Figure 4.4.16 Top predicted upstream regulators Table showing the
key molecules identified by IPA as most likely upstream regulators able to
explain the transcriptional change witnessed after 7 days of
DLL4&PDGF-BB of iPSC-derived myoblasts

Finally, I performed a cross-comparison between DLL4&PDGF-BBtreated human primary myoblasts (4 lines, included in the RNAseq
experiment)

and

DLL4&PDGF-BB-treated

iPSC-derived

myoblasts.

Specifically, I clustered the 50 most upregulated (Figure 4.4.17) and the
50 most downregulated (Figure 4.4.18) genes of DLL4&PDGF-BB-treated
human primary myoblasts against the DLL4&PDGF-BB-treated iPSCderived myoblasts dataset.

Data in Figure 4.4.17 and 4.4.18 clearly

confirmed that the shift in gene expression registered in human primary
myoblasts upon Notch and PDGFBB modulation is remarkably conserved
in iPSC-derived myoblasts.
Likewise the clustering of the 50 most upregulated (Figure 4.4.19) and
the 50 most downregulated (Figure 4.4.20) genes of the DLL4&PDGFBB-treated iPSC-derived myoblast dataset against the DLL4&PDGF-BBtreated/ untreated human primary myoblasts gave similar results. Globally,
the majority of genes upregulated or downregulated in IPSC-derived
myoblasts upon treatment show the same overall expression trend in the
human primary myoblast dataset. This fact opens the way for cross-
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analysis to identify the main players of this acquisition of cell properties
highly desirable in an in vivo gene and cell therapy setting.

Figure 4.4.17 Transcriptional changes of human primary myoblasts
treated with DLL4 & PDGF-BB are conserved in iPSC-derived
myoblasts Heatmap of the top 50 most upregulated genes of SC-derived
human primary myoblasts DLL4 & PDGF-BB-treated in treated and
untreated iPSC-derived myoblasts. Samples are on X-axis and genes on
Y-axis. Clustering by Genes/Probes only using Pearson Correlation.
Genes and samples are grouped to highlight co-regulated gene lists.
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Similar patterns of expression appear near to each other. Color scale
based on row z-scores. Red cells indicate that the gene for a given
sample is highly expressed. Blue cells indicate low expression

Figure 4.4.18 Transcriptional changes of human primary myoblasts
treated with DLL4 & PDGF-BB are conserved in iPSC-derived
myoblasts Heatmap of the top 50 downregulated genes of SC-derived
human primary myoblasts DLL4 & PDGF-BB-treated in treated and
untreated iPSC-derived myoblasts. Samples are on X-axis and genes on
Y-axis. Clustering by Genes/Probes only using Pearson Correlation.
Genes and samples are grouped to highlight co-regulated gene lists.
Similar patterns of expression appear near to each other. Color scale
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based on row z-scores. Red cells indicate that the gene for a given
sample is highly expressed. Blue cells indicate low expression

Figure 4.4.19 Transcriptional changes of iPSC-derived myoblasts
treated with DLL4 & PDGF-BB are conserved in human primary
myoblasts Heatmap of the top 50 upregulated genes of iPSC-derived
myoblasts DLL4 & PDGF-BB-treated in treated and untreated SC-derived
human primary myoblasts. Samples are on X-axis and genes on Y-axis.
Clustering by Genes/Probes only using Pearson Correlation. Genes and
samples are grouped to highlight co-regulated gene lists. Similar patterns
of expression appear near to each other. Color scale based on row z-
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scores. Red cells indicate that the gene for a given sample is highly
expressed. Blue cells indicate low expression

Figure 4.4.20 Transcriptional changes of iPSC-derived myoblasts
treated with DLL4 & PDGF-BB are conserved in human primary
myoblasts Heatmap of the top 50 downregulated genes of iPSC-derived
myoblasts DLL4 & PDGF-BB-treated in treated and untreated SC-derived
human primary myoblasts. Samples are on X-axis and genes on Y-axis.
Clustering by Genes/Probes only using Pearson Correlation. Genes and
samples are grouped to highlight co-regulated gene lists. Similar patterns
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of expression appear near to each other. Color scale based on row zscores. Red cells indicate that the gene for a given sample is highly
expressed. Blue cells indicate low expression
Taken together these results show that modulation of Notch & PDGF-BB
signaling pathways induces the acquisition of a distinct transcriptional
signature in human iPSC-derived myoblasts, validating the experiments
previously shown in this Chapter. Notably, this transcriptional switch
appears to be conserved between adult human and iPSC-derived
myoblasts thus laying the foundation for further studies aimed at
elucidating the molecular mechanism and the major players in this
relevant functional gaining.

4.4.4 Conclusion
Overall these data show conservation in iPSC-derived myoblasts of some
of the effects of DLL4 & PDGF-BB signalling we previously reported in
murine and primary human cells (Cappellari et al., 2013; Gerli et al.,
2019). In all samples, treatment decreased markers of commitment
towards myogenic differentiation and increased the expression of genes
and pathways involved in cell migration and extravasation. Acquisition of
migratory abilities was functionally proved in vitro via transwell analysis.
Unbiased RNA-seq data are in keeping with the observed phenotype and
reveal cell migration to be one of the top functions affected upon
treatment with clear clustering between treated and untreated iPSCderived myoblasts. These datasets can be used as a tool to pinpoint the
exact mechanisms, which regulate the gain of migratory properties in
human primary and iPSC-derived myoblasts, which could be further
manipulated to develop a more clinically efficacious myogenic stem cell
population that could eventually be delivered systemically.
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5. DISCUSSION
Despite a few promising disease modifying drugs being recently
approved for DMD (Spinazzola and Kunkel, 2016; Aartsma-Rus et al.,
2017), it sadly remains a fatal devastating disease; therefore finding an
experimental therapy is of utmost importance. The results reported in this
thesis highlight my attempts in developing a genomic integration free
autologous gene and cell therapy approach for DMD.

5.1 Derivation and characterisation of genomic integration-free DMD
iPSCs and iPSCs-derived inducible myogenic cells
The reprogramming of patient-derived fibroblasts into iPSCs and the
subsequent unlimited source of patient-specific cells committed towards
the desired lineage have revolutionised the field of gene and cell therapy.
iPSCs can be derived by means of different methods that can be
classified based on their integrating or non-integrating nature. Integrating
methods have very high efficiency, but with the drawback of a
mutagenesis risk that we decided to eliminate throughout our platform.
In chapter 4.1, DMD patient fibroblasts ex.68 (c.9851G>A; p.Trp3284X)
and ex.70 (c. 10141C>T; p.Arg3381X) were reprogrammed into iPSCs
using the mRNA platform, a third line (fibroblast DMD del. ex.4-43) being
already generated via Sendai virus infection.
The mRNA strategy entails the use of the standard Yamanaka factors
OCT4, SOX2, KLF4, cMYC plus NANOG and LIN28 mRNAs.
Reprogramming to pluripotency is usually achieved by OCT4 and SOX2
together with either KLF4 and c-MYC (OSKM) or NANOG and LIN28A
(OSNA) (Takahashi and Yamanaka, 2006; Takahashi et al., 2007; Yu et
al., 2007; Park et al., 2008). LIN28A as well as NANOG boosts the
reprogramming efficiency, the first one by increasing cell proliferation, the
second one in a cell-division-independent mode (Hanna et al., 2009).
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Likewise, the transcription factor c-MYC, potentially tumorigenic, could be
excluded,

though

with

a

reduction

in

reprogramming

efficiency

(Nakagawa et al., 2008). The tumorigenic risk associated with c-MYC is
linked to its use with integrating vectors that could reactivate overtime,
but does not represent a risk for mRNAs. Therefore all these factors are
used

together

and

in

combination

with

microRNAs

able

to

induce/enhance reprogramming (Miyoshi et al., 2011; Anokye-Danso,
Snitow and Morrisey, 2012) in order to maximize the efficiency of an
otherwise hard-to-obtain process. Non-integrating methods for iPSCs
reprogramming are in fact particularly important when iPSCs have to be
used for cell replacement therapies. The stable expression of
reprogramming factors delivered as mRNA molecules or episomal viruses
after subsequent passages of the generated iPSCs is certainly related to
their endogenous expression. Therefore thanks to these methodologies
we circumvented any issue of incomplete silencing of reprogramming
factors, caveat of lenti- or retrovirus-mediated reprogramming (Toivonen
et al., 2013). However the process is overall relatively inefficient as
shown by the low number of clones obtained via mRNA reprogramming
and the impossibility to reprogram one line of normal WT fibroblasts
alongside iPSCs ex.68 and ex.70 (data not shown).
Results show that the newly reprogrammed iPSCs are positive for the
pluripotency-associated markers OCT3/4, SOX2 and NANOG and, when
spontaneously differentiated via EB formation, both lines were able to
differentiate into all three-germ lineages confirming their pluripotency
(Sheridan, Surampudi and Rao, 2012). An additional test useful in the
pluripotency screening might be Pluritest, a bioinformatic-based assay
which assesses the pluripotent gene expression profile of iPSC lines by
comparing it to the transcriptome of well known undifferentiated
pluripotent cells (Müller et al., 2011). Although effective, it does not
provide direct information on potential differentiation biases, and cannot
identify cell lines which display a malignant behavior (‘The International
Stem Cell Initiative, 2018)
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Sequencing of newly generated iPSCs confirmed the presence of the
original point mutations and karyotype analysis demonstrated a normal
male chromosome complement and banding pattern, hence the
maintenance of a correct ploidy in iPSCs and excluded major
chromosomal abnormalities often found in reprogrammed iPSCs such a
full or partial trisomy 12 and trisomy 8 (Taapken et al., 2011).
However, the sub-chromosomal changes, CNVs or point mutations, that
can arise over reprogramming and subsequent iPSC culture (Pera, 2011)
have not been evaluated and further high-resolution analysis may be
required to fully determine the iPSC lines genomic stability. SNP arrays
would represent a good choice for genomic integrity assessment having
50-fold better resolution (100 kb) than karyotyping and high sensitivity
(Laurent et al., 2011; D’Antonio et al., 2017). It is worth mentioning that
many studies have proved the iPSC reprogramming does not represent a
mutagenic process per se and most mutations found in iPSCs can be
connected to either the normal mitotic stochastic mutations of adult
somatic cells or to abnormalities already present in the parental somatic
cell (Abyzov et al., 2012; Cheng et al., 2012; Young et al., 2012),
reviewed by (Tapia and Schöler, 2016).
All iPSC lines were cultured in feeder-free conditions in defined TESRE8
media. Chemically defined media are preferred for long-term culture due
to their lower batch-to-batch variability when compared to undefined
media and MEFs. This could facilitate the reproducibility of differentiation
protocols. Additionally, use of animal component free chemically defined
media is particularly important when iPSC derivatives are to be used in
transplantation experiments to avoid host immune rejection as well as
facilitating the overall reproducibility of the results.
However, when the ex.70 line was initially seeded on vitronectin it failed
to attach, while being able to grow in feeder conditions. Probably MEFs
helped the attachment of iPSCs, with their production of extracellular
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matrix. Only later this line was moved to feeder-free conditions, where it
exhibited minimal to no spontaneous differentiation over many passages.
The potential applicability of iPSC-derived myogenic cells as tools for
gene and cell therapy for muscular disorders is certainly promising.
However, a suitable and safe cell type has to be identified for this
purpose.
Commitment of DMD patient-derived iPSCs into large numbers of highly
myogenic and expandable cells was first achieved using a robust protocol
developed in our laboratory. In line with previous results cells displayed a
normal karyotype and did not carry any tumorigenic potential when
injected in vivo ((Maffioletti et al., 2015) and this thesis).
They had a normal expression marker phenotype and karyotype (Figure
4.1.9), no residual pluripotency (Figure 4.1.10) and they can be
genetically corrected with DYS-HAC that is stably maintained in culture
(Figure 4.1.1). However, the main drawback of this otherwise consistent
methodology is the impossibility of HIDEMs to undergo spontaneous
myogenic differentiation. These cells represent a mesodermal cell
population, which give rise to myotubes upon transient expression of
MYOD, typically driven by lentiviral infection. This is a reproducible, highly
efficient method to induce synchronous differentiation (Figure 4.1.3 and
4.1.12), however the integrating nature of MYOD might raise safety
concerns despite the reduced risk associated with the kind of lentivirus
used (third generation self-inactivating lentiviral vectors) and the
availability of in-depth integration site analyses (Aiuti et al., 2013; Biasco
et al., 2012; Biffi et al., 2013; Montini et al., 2009).
mRNA delivery of MYOD represents a valuable method to induce
myotube formation. Since MYOD regulates its own expression it was
thought that its transitory expression via mRNA could have been
sufficient to induce the myogenic conversion of HIDEMs, not being
required for the myogenic program maintenance (Dekel et al., 1992).
However, upon expansion MYOD mRNA-transfected HIDEMs lost their
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myogenic potential. This impossibility of myogenic cells expansion after
MYOD induction is a major limitation for the development of potential
gene and cell therapy tools, but could represent a feasible strategy for
small in vitro studies. HACs, with their episomal character could represent
an alternative non-integrating platform able to drive both genetic
correction and myogenic conversion and was certainly worth to explore it.
In summary, the genomic-integration-free reprogramming of iPSCs
coupled with MYOD mRNA differentiation achieved in Chapter 1
represents a step forward in the derivation of safer myogenic cells
starting from iPSCs. A previous report of a genomic integration free
myogenic differentiation of DYS HAC corrected DMD iPSCs has been
published (Choi et al., 2016), however data showed

suboptimal

myogenic differentiation. Conversely our methodology drove robust
myogenic differentiation.
Overall, maintenance of iPSC genomic integrity eliminating any
integration of exogenous DNA may result in the development of
therapeutic-grade cell products for regenerative medicine.

5.2 Combination of iPSCs and a novel HAC as a potential tool for
DMD ex vivo gene therapy
The need to establish non-mutagenetic methods for MYOD delivery to
generate terminally differentiated iPSC-derived myotubes out of an
expandable population of inducible myogenic cells led us to explore the
possibilities entailed by the DYS-HAC3. This vector with its additional
MYOD-ER(T) cassette may represent an inducible system for a
temporally highly controllable myogenic differentiation upon tamoxifen
administration.
MMCT is the main strategy to transfer chromosomes from cell line to cell
line. Alternatively, physical purification of metaphase chromosomes have
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been attempted, but is utterly complex and rarely used (Suzuki et al.,
2010). Unfortunately, the efficiency of MMCT is low and some of its steps
difficult to control. These facts together hamper the extended use of
HACs and their unlimited cloning capacity.
In my work I tried different strategies on diverse human recipient cells in
the attempt of overcoming this issue. MMCT on HIDEMs has been never
reported, thus I first tried conventional PEG-mediated MMCT that
generated a total of 11 resistant HIDEMs clones; they were all highly
expandable and well proliferating except one that underwent senescence.
The multicassette DYS-HAC with immortalizing cassette that we recently
developed (Benedetti et al., 2018) is a promising tool in this regard,
however the major limitation of the transfer to human cells affects also its
use.
Despite the clonogenicity demonstrated by HIDEMs and the successful
transfer of DYS-HAC3, the vector showed some major structural
problems in all of them. Microcell hybrid clones #1-8 lacked the MyoDERT cassette and this prompted me to stop any further screening (Figure
4.2.2 A), while clones A, B and C contained all the correct additional
cassettes (Figure 4.2.2 B) but both sequencing and FISH did not detect
the corrected DMD dystrophin locus (Figure 4.2.3). I would speculate that
this could be caused by a translocation or deletion occurred in the phase
of expansion of the CHO DYS-HAC3 donor cells due to the high-rate of
genomic rearrangements of this cell line (Vcelar et al., 2018). FISH
analysis performed straight before the MMCT proved the DYS-HAC3 to
be intact (data not shown; Hoshiya Tedesco, unpublished), but
unfortunately there is no way to check for the DYS-HAC integrity at the
microcell level.
Professor Oshimura and colleagues have been the principal investigators
trying to optimise MMCT, focusing on microcell fusion. Therefore, I visited
Oshimura’s laboratory and exploited MV-mediated methods on both
iPSCs and HIDEMs.
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iPSCs possess all the required characteristics of an ideal recipient cell
being clonogenic, highly expandable and able to differentiate in several
cell lineages exploitable in transplantation settings. Therefore DYS-HAC
correction of DMD iPSCs represents an attractive tool opening the
possibility of simultaneous generation of a wide range of cell types from
the same patient with and without the functional full-length dystrophin
gene. It is well known that DMD affects multiple organs and DMD iPSCs
stably corrected in their genetic defect via an episomal vector open many
possibilities. For example, they could be used to derive valuable in vitro
models of DMD for gene function studies, which could help us elucidating
pathophysiological aspects of the disease and therapeutic potential of
newly developed compounds. It would be extremely interesting to derive
both neurons and skeletal muscle cells from DMD iPSCs, both genetically
corrected and not, and combine them in an isogenic 3D muscle construct
as a specific platform for disease modelling and drug screening
(Maffioletti et al., 2018).
Previous reports have highlighted the difficulty in correcting iPSCs via
MMCT, limitation that was overcome by HAC transfer into fibroblasts, as
for the Sendai DMD (DYS-HAC) iPSC line used in this thesis (Kazuki et
al., 2010). Therefore, I tested MV-mediated MMCT on both iPSCs and
HIDEMs. Katoh and co-workers reported this method to be more efficient
then PEG in generating clones using HT1080 and a human mesenchymal
stem cell line, but the same advantage was not detected in human
fibroblast were the efficiency remained comparably low (Katoh et al.,
2010). MV-F and H binds to human CD46 receptor and the efficiency of
the technique was reported to be equal to the MMCT protocol using
inactivated hemagglutinating virus of Japan viral envelope in HT1080
(Liskovykh et al., 2016). The use of targeting proteins such as singlechain variable fragment (scFv) antibodies fused to marker proteins such
as CD13 and CD9, (i.e. anti-CD13 ScFv) and genetically linked to the
extracellular C-terminus of the H protein should overcome the limited
application to CD46 positive recipient cells (Hiratsuka et al., 2015).
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As shown by FACS (Figure 4.2.4), CD9 and CD46 level of expression in
iPSCs is not extremely high and still remain to be confirmed if there is a
threshold below which the MV-H/F-transfected microcells cannot interact
with the membrane of the donor cells and induce the fusion. It would be
certainly helpful to screen iPSCs for different CD markers before
performing the MMCT and selecting thus the most expressed one on the
recipient cell line of interest, in order to facilitate the membrane
interaction. However, despite the high expression of CD13 in HIDEMs no
clones were detected after selection (Figure 4.2.5). I therefore
hypothesized that one main limiting factors could have been the low
interaction rate between microcells and recipient cells and as a further
attempt, I adapted both the PEG-mediated and MV-mediated methods to
a microfluidic system (Luni et al., 2016). The results presented are
extremely preliminary and despite the lack of resistant hybrids formation,
the microfluidic platform could represent an effective method upon further
optimization.
An additional hurdle is that microcell preparations are a heterogeneous
population made up of different fractions: the one containing the HAC of
interest (that could be intact or not), a population containing other
chromosomes of the donor cell (i.e. CHO) and finally some that have no
chromosomes at all (Oshimura et al., 2015). At the moment the whole
population is used in the last fusion step therefore reducing the
possibilities of a successful transfer. A potential solution would be to tag
the HAC of interest with fluorescent fusion proteins thus being able to sort
by FACS the subpopulation of microcell containing the correct HAC.
Notably scFv antibodies are bifunctional proteins with both antigenbinding capacity and marker activity, therefore a FACS sorting for CD13
straight before MMCT could select the microcells expressing this marker
thus enabling the interactions of viable fusogenic donor cells with the few
recipient cells used in a microfluidic setting.
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In the future it could be worth applying the small adaptation on the first
part of the protocol published by (Liskovykh et al., 2016), however the
authors claimed that the maximum increase in efficiency observed was
approximately sixfold and the main work was done using highly fusionprone recipient cells such as human fibrosarcoma cell line HT1080 and
cervical cancer HeLa. Human mesenchymal stem cells (hiMSC), and
mouse embryonic stem (mES) cells have also been used, though the
yield of resistant clones reported is substantially lower than with the
previously mentioned cell types.
Cell lines such as mouse ES cells or HT1080 have represented the
preferential recipient cell type (Oshimura et al., 2015). The reason why
cancer and murine cells are more permissive to HAC transfer is an
interesting point to explore. Even if more challenging, transfer to human
primary cells has been achieved (i.e. human fibroblasts (Kazuki et al.,
2010); immortalised myoblasts and mesoangioblasts (Benedetti et al.,
2018), while correction of iPSCs and iPSC-derived myogenic cells still
presents major roadblocks with only one successful cell line corrected so
far, at the best of our knowledge. The mechanism behind the high
spontaneous and induced fusogenic ability of human cancer cells, which
probably represents a source of tumour progression (Bastida-Ruiz, Van
Hoesen and Cohen, 2016), is not well elucidated, and its identification
may help us developing new strategies to transfer HACs. In light of the
extremely high fusion competency of HT1080, used as a positive control
for microcell quality check (Figure 4.2.1) it would be interesting to perform
proteomic analysis of their membrane to understand what differentiate
them from human iPSC and iPSC-derived cells and what are the potential
components of their excellent “fusion machinery”. Interestingly, a series of
cell lines resistant to PEG fusions (upon subsequent exposure to PEG)
are available since long time and could be used as an additional negative
control (Roos, Robinson and Davidson, 1983).
Overall, in my work I applied MMCT to iPSCs and iPSC-derived
myogenic cells instead of murine or human primary cells given the
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advantages brought by these cell types. Despite several attempts, the
transfer of a functional entire HAC was not achieved and the low transfer
efficiency appears to be the main issue. Therefore, systematic studies
leading to improvement of the MMCT method for HAC transfer are highly
necessary and urgently needed to facilitate widespread diffusion of this
promising platform. The microfluidic-MMCT could address and partly
solve the extremely low efficiency of this technique and extend the
interest of the scientific community toward HAC technology, however
further optimisation is needed. In the meantime, it is advisable to continue
targeting primary cells pre-reprogramming to pluripotency in order to
obtain HAC-containing human iPSCs.

5.3 Characterisation of healthy and DMD iPSC-derived myoblasts
genetically corrected via DYS-HAC
So far HAC-mediated gene therapy is the only strategy that can tackle the
whole spectrum of DMD mutations and simultaneously retain the
physiological dystrophin regulatory ensemble (Muntoni, Torelli and Ferlini,
2003; Tedesco, 2015), even if recent evidence of in vitro lentiviral fulllength dystrophin transfer into human myoblasts has been reported
(Counsell et al., 2017). Therefore, despite the hurdle of its transfer into
human iPSCs and iPSC-derived cells, it is worth exploring its use as a
gene therapy tool. HAC transfer to DMD dermal fibroblasts (Kazuki et al.,
2010) is one strategy to overcome the low efficiency of direct iPSC
correction and was therefore exploited to circumvent the main limitations
presented in the previous section of the present discussion.
All the myogenic differentiation strategies tried and discussed so far,
including the genomic integration free methods explored (i.e. mRNA and
DYSHAC3), were still transgene (MYOD)-dependent. This brings both
pros and cons. A MYOD-based method has the advantage of driving an
efficacious

and

synchronous

skeletal

myogenic

differentiation

reproducible among different lines and passage (Maffioletti et al., 2015).
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However the myogenesis thus obtained could be argued to be ‘artificial’,
meaning not faithfully recapitulating the developmental stages followed by
myogenic cells in the embryo (Chal et al., 2015). MyoD expression
certainly skips the initial steps of development, with their tightly regulated
signaling interactions.
Therefore, I validated a transgene-free, small molecule-based iPSC
myogenic differentiation protocol (Caron et al., 2016) on three healthy
and one dystrophic, HAC-genetically-corrected, genotypes. I showed
reliable and reproducible sequential expression of myogenic markers
rising according to the myogenic program and good myogenic potential
(Figure 4.3.3) that tended to improve over passaging (personal
observation, data not shown). However, Sendai DYS-HAC iPSC-derived
myoblasts presented a suboptimal terminal differentiation (Figure 4.3.6).
This was unexpected based on the consistent high level of MYOD
expression. A likely explanation could come from the notion that each
transcription factor works in concert with many others, and their effect is
influenced by the epigenetic landscape of the cell and the multiple
interactions with other molecules such as microRNAs (Bonfanti,
Barrandon and Cossu, 2012). It may be speculated that MyoD expression
is not sufficient to lead to myogenic differentiation in a high proportion of
cells due to some unknown epigenetic/post-translational modification, as
reported by (Albini et al., 2013) which identified the lack of the regulator of
chromatin BAF60C as a limiting factor for the myogenic conversion of
hESCs. It would be interesting to study the nuclear landscape of DMD
Sendai(DYS-HAC) iPSC-derived myoblasts by analysing the integrity of
the chromatin-modifying factors known to allow MyoD mediatedactivation of myogenesis, in order to understand why is not permissive to
optimal myogenic conversion (Guasconi and Puri, 2009; Sartorelli and
Juan, 2011; Sincennes, Brun and Rudnicki, 2016). In this context, it is
also worth mentioning that Choi and colleagues reported a similar issue
using the exact same iPSC population as a starting point for myogenic
commitment (Choi et al., 2016).
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The variability between lines and heterogeneity of differentiation potential
of human iPSCs is well described (Carcamo-Orive et al., 2017).
Sometimes clones are not fully reprogrammed and so cannot respond to
differentiation signals properly (Liang and Zhang, 2013). These cells have
been thoroughly characterized however they could be additionally tested
for a small number of genetic markers identified by (Shutova et al., 2016)
to select the best iPSC line closest to the ESC state. Moreover comparing
their transcriptional profile to iPSC clones endowed with high myogenic
differentiation efficiency could give insights into the key driver genes
influencing this process, as recently done for iPSC endothelial
differentiation by (Carcamo-Orive et al., 2017).
A problem often encountered in iPSC-based protocols is that they
generate heterogeneous cultures that contain myogenic cells at different
stages of commitment as well as non-myogenic populations (Kim et al.,
2017). The lack of a transgene-driven differentiation could lead to some
cells escaping from the main differentiating cues thus following another
commitment programme with a final mixed population. Typically ectoderm
contaminants are the main unwanted derivatives of these protocols,
sharing many developmental cues with mesoderm (Gouti et al., 2014;
Henrique et al., 2015). However, in my cultures the expression level of
MyoD was consistently high and staining for two main ectoderm markers
proved to be negative therefore excluding major ectoderm derivatives. As
an additional proof, I could differentiate iPSC-derived myoblasts and also
test for the presence of a mature neuron marker such as 3-beta tubulin as
done by (Kim et al., 2017).
Nevertheless given the many reports highlighting sorting strategies to
purify the most myogenic fraction of the whole population and in light of
the low myogenicity demonstrated by my HAC-corrected dystrophic line, I
tested the following three different combinations of markers: CD56/CD29,
CD82 and CD326/CD54/

-integrin (Xu et al., 2015; Alexander et al.,

2016; Magli et al., 2017).
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While CD29 was expressed in the whole population of iPSC-derived
myoblasts, CD56 clearly divided the population into two main fractions of
CD56 positive cells (high and low) that did not show any significant
difference in myogenicity. This is in contrast with what reported by (Hicks
et al., 2018), which detected an increase of in vitro myogenicity via CD56
enrichment (not reproducible in vivo). The difference though, could be
due to the association of a negative selection for HNK1 marker.
iPSC-derived myoblasts were virtually completely positive for CD82,

-

integrin and CD54 as well. The authors that first published this strategy
claimed that CD54 alone could sort for myogenic cells in their population
and it is reassuring noticing the high level of positivity for this marker in
my population of iPSC-derived (Magli et al., 2017). However they
developed this methodology starting from analysis of PAX7-induced
iPSC-derived myogenic cells and it is likely that different protocols will
develop slightly different populations with diverse phenotype, therefore
not comparable in their surface marker expression profile.
Finally, a long-lasting issue in the muscle field is the incomplete
maturation of in vitro differentiated iPSC-derived myotubes (Hicks et al.,
2018). In vivo myogenesis is a lengthy highly orchestrated process, which
is hardly recapitulated over standard in vitro differentiation assays.
Moreover conventional culture systems lack the complex network of
physiological maturation stimuli (physical, mechanical and chemical) that
characterised tissues in vivo.
The TGF-β cascade inhibits myogenic differentiation (Cusella-De Angelis
et al., 1994; Liu, Black and Derynck, 2001) and has been proved that, in
turn, TGF-β inhibition promotes differentiation and maturation of iPSCderived myotubes in vitro and in vivo (Hicks et al., 2018; Sakai-Takemura
et al., 2018). Results presented in Chapter 4.3 of this thesis confirmed
this evidence even though only WT iPSC-derived myoblasts responded to
the treatment while DMD Sendai DYS-HAC iPSC-derived myoblasts
seemed insensitive to it (Figure 4.3.11 and 4.3.12). Comparison of murine
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myoblasts from embryonic and fetal limb muscles highlighted that
differentiation of embryonic cells is insensitive to TGF /BMP signaling,
while foetal ones lose their differentiation potential when exposed to the
same compounds (Biressi, Molinaro and Cossu, 2007). It could then be
argued that DMD Sendai DYS-HAC iPSC-derived myoblasts have a more
embryonic-like phenotype then the other WT lines, closer to the foetal
one.
In conclusion, even if the in vivo potential of these cells still needs to be
assessed, transgene-free iPSC-derived myoblasts demonstrated an
overall reproducible myogenic commitment and good differentiation
potential and, despite the absence of a purification step, the high level of
MyoD expression coupled with lack of ectodermal markers expression
were thought sufficient proof of their skeletal muscle lineage identity.

5.4 Towards an autologous and systemically deliverable DMD gene
and cell therapy strategy
Small molecule-based skeletal myogenic differentiation protocols hold
great potential, given their developmentally faithful and transgene-free
strategy. Nevertheless, despite the great accomplishment of an
insertional-mutagenesis free iPSC-derived myoblast population, one of
the major challenges to the field of gene and cell therapy and its
translation into clinics is often underrated: delivery. How to target one of
the largest tissues in our body and fix its disease-causing mutation is a
question with no easy answer (Chamberlain, 2002). Additionally, the
distribution issue within the muscle body itself is to be considered: how
well the cell therapy product can spread and engraft the whole targeted
muscle is a matter of great importance. Clinical trials using SC-derived
myoblasts and their disappointing results in widespread forms of
muscular dystrophies have clearly proved myoblast limited migration
ability as one of the major hurdles to overcome (Skuk and Tremblay,
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2015). Strong migratory ability of transplanted cells represents a crucial
requirement.
The discovery that cells different from SCs could participate to some
extent to skeletal muscle regeneration caused much excitement holding
the promise of a systemic route for delivery of myogenic cells (Benedetti,
Hoshiya and Tedesco, 2013). However, so far, the myogenic efficiency
registered by this approach is still not comparable to that of SCs.
Combining good myogenic potential and migratory ability in a single cell
type could bring us forward in the identification of an ideal cell candidate
for cell therapy of widespread muscle diseases.
Transdifferentiation is defined as the direct reprogramming of one
terminally differentiated cell type to a different fate without any transition
through pluripotency (Graf and Enver, 2009). The field has gone far
following the pioneering experiment of Davis and colleagues who used
MyoD to convert fibroblasts into myoblasts and today we know that this
same conversion can be achieved via small molecules, micro-RNAs and
epigenetic regulators (Xu, Du and Deng, 2015; Bar-Nur et al., 2018).
We recently showed that Notch and PDGF modulation in murine and
human primary satellite cell-derived myoblasts induces plasticity between
smooth and skeletal muscle lineages (Cappellari et al., 2013; Gerli et al.,
2019). Hereby, I hypothesized that modulation of these same smoothskeletal muscle lineage fate determinants active in the embryo and in
adult SCs could be exploited to improve the transplantation efficiency of
iPSC-derived myogenic cells. The rationale behind my attempt to extend
this approach to iPSC-derived myoblasts was the considerably higher
response to treatment shown by Pax3-positive mouse embryonic
myoblasts in a previous study (Cappellari et al., 2013) and the
consideration that my iPSC-derived myoblasts presented high level of
Pax3 expression as shown in Chapter 4.3.
Indeed, in Chapter 4.4, I provided in vitro evidence that DLL4 and PDGFBB stimulation can elicit a partial and reversible lineage reprogramming of
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iPSC-derived myogenic cells into the perivascular lineage. Importantly,
this is the first report of the acquisition of in vitro transmigration properties
by iPSC-derived transgene-free myoblasts.
In line with what we previously reported in embryonic murine myoblasts,
adult murine and human myoblasts (Cappellari et al., 2013; Gerli et al.,
2019) upon modulation of the aforementioned molecules, both WT and
DMD, genetically corrected, iPSC-derived myoblasts presented a shift in
gene expression with an upregulation of perivascular cell markers (NG2;
CD146; PDGFRB) (Figure 4.4.1 and 4.4.7). Interestingly, treatment with
PDGF-BB only, caused a significant downregulation of PDGF-BB
receptor (Figure 4.4.2). Thus the upregulation detected upon Dll4&PDGFBB treatment has to be ascribed to the addition of Dll4. It has been
previously demonstrated that cells with an active Notch pathway
upregulate PDGF BB receptor (Jin et al 2008). Therefore it could be
argued that Notch stimulation might create a loop, which increases
response to PDGF BB itself, with both molecules acting in a synergistic
way. This fact could also explain the discrepancies of our findings and the
one from (Sakai et al., 2017).
As expected, Notch target genes HES1 and HEY1 were upregulated
even if not consistently between the lines. Their activation might be
transient, reaching the highest point over the first days of treatment and
then slowly decreasing, with a different kinetics in different lines. A time
course analysis would be able to elucidate this point further.
Activation of Notch was accompanied by sharp reduction of MYOD and
MYOGENIN, in line with its known inhibitory effect on myogenesis (Buas,
Kabak and Kadesch, 2009). However this transcriptional change was not
consistently accompanied by myogenic differentiation inhibition in both
the iPSC-derived myoblasts lines studied. While WT iPSC-derived
myoblasts

DLL4&PDGF-BB-treated

had

myogenic

differentiation

impairment, reversed upon Notch inhibition this was not true for DMD
iPSC-derived myoblasts. One possible explanation of this fact is the basal
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low myogenic differentiation potential of this line and its resistance to
MyoD-mediated myogenic conversion, which cannot therefore induce a
decrease in myogenicity if Notch-inhibited, because already repressed in
its role of myogenic driver.
Notably, transwell assays demonstrated an acquired ability of treated
iPSC-derived myoblasts in crossing endothelial wall, a valuable property
shown by mesoangioblasts (Giannotta et al., 2013). Despite the high
variability between lines the effect was consistently detected in two WT
iPSC-derive myoblasts lines and in the DMD DYS-HAC corrected iPSCderived myoblasts (Figure 4.4.4 and 4.4.8).
In light of these promising results, I tested a third WT iPSC-derived
myoblast line in a completely isogenic platform, using CD31+ endothelial
cells derived from the same iPSCs, with the aim of enhancing the
migration efficiency thanks to a higher compatibility between migrating
cells and endothelial monolayer. Indeed, HUVECs are easily accessible
and have been the gold standard in endothelial cell research for many
years (Orlova, Drabsch, et al., 2014). Although they have been primed in
vivo (therefore they are functionally-competent endothelial cells), they are
not patient-specific and are non-skeletal muscle cells hence it is possible
that they possess a drastically different transcriptional profile defined by
their tissue of origin. On the contrary, CD31+ iPSC-derived endothelial
cells are isogenic (derived from iPSC NCRM1 also used to obtain the
iPSC-derived myoblast used in this experiment) and have been tested for
their functionality via in vitro co-culture assay with pericytes and in vivo in
zebrafish (Orlova, Drabsch, et al., 2014), but they have never been
primed by the tissue specific environment with its cocktails of signaling
molecules and thus could lack the relevant vascular bed identity and
tissue-specific features which could result in defective interaction with
extravasating cells. These many variables might explain the lack of a
significant improvement in migration detected in the isogenic settings
(Figure 4.4.5). Moreover, despite I observed a clear upward trend in
migration upon DLL4&PDGF-BB treatment, the differences between
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treated and control conditions were not statistically significant even in the
normal HUVEC-based transwell, probably due to inter-experimental
variability. Further experimental validation is needed before drawing any
firm conclusion.
The treatment has been done on the whole population, therefore it would
be interesting in future to perform a clonal expansion of iPSC-derived
myoblasts to explore the response to DLL4&PDGF-BB at the single-cell
level and try to differentiate responders and non-responders, identifying
the molecular basis of their behaviour.
PDGF-BB coordinates the migration of murine embryonic myoblasts from
somite to limbs (Webb and Lee, 1997) and also drives activation,
proliferation and migration of human primary myoblasts (Piñol-Jurado et
al., 2017). It would be interesting to repeat the transwell assay with Dll4only and PDGF-BB-only treatments, to assay for any functional
synergism. qRT-PCR results have shown that this is likely, however an in
vitro functional assay further demonstrating it could be a valuable tool
before an in vivo transplantation.
The same authors also observed that PDGF-BB is expressed by necrotic
fibres in vivo and may therefore function as a pro-regenerative signal, as
already reported in other tissues (i.e. bone) (Hankenson, Gagne and
Shaughnessy, 2015; Piñol-Jurado et al., 2017). Being PDGF-BB a
paracrine factor with effects on PDGFR-β positive neighboring cells, it
could be speculated that treated cells, expressing higher levels of
PDGFR beta, once reached the muscle, could show an enhanced
response to PDGF BB, better migrate and regenerate the tissue.
In vivo confirmation of the acquisition of migratory abilities upon Dll4 and
PDGF-BB treatment through an intra-arterial transplantation experiment
would be the obvious golden endpoint of this study. The in vivo
engraftment potential of cells particularly after Notch treatment, a wellknown inhibitor of myogenic differentiation, is unknown and maybe a γsecretase co-delivery will be required. Alternatively it cannot be excluded
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a spontaneous phenotype reversion in vivo, once cells reach skeletal
muscle, highly rich in nutrients and growth factors.
The encouraging increase in migratory ability of treated iPSC-derived
myoblasts and the clear shift in transcriptional profile, led me to
investigate the mechanisms that triggers it and, with this aim in mind, an
unbiased RNA sequencing analysis was performed. Understanding the
transcriptional signature acquired via Notch and PDGF-BB modulation
could reveal relevant signaling pathways and specific molecules which
may be significant targets to fine-tune cell migration.
RNA quality and data output was overall good, with total number of
mapped reads per sample quite consistent both within and across
biological

conditions,

excluding

major

ribosomal

RNA

(rRNA)

contamination and small differences between library concentrations
(Figure 4.4.9). Samples were clearly segregating according to the
treatment (Figure 4.4.10).
Notch pathway genes were differentially expressed across
biological conditions (Figure 4.4.13) and, interestingly, among the many
analysed molecules, treated-iPSC-derived myoblasts showed an increase
in Notch3 expression. Notch signaling affects pericyte behaviour (Sainson
and Harris, 2008), as shown by the enlargement of vessels in Notch3-/mutant mice due to lack of pericytes (which highly express Notch 3
receptor) (Wang, Baron and Trump, 2008). Similarly, CADASIL (Cerebral
Autosomal

Dominant

Arteriopathy

with

Subcortical

Infarcts

and

Leukoencephalopathy) syndrome, which presents with vessel extensively
lacking pericytes, is associated with mutations of Notch3 (Louvi,
Arboleda-Velasquez and Artavanis-Tsakonas, 2006). This may represent
additional evidence as for the acquisition of a perivascular cell-like
phenotype upon treatment.
Ingenuity Pathway Analysis (IPA), among other functions, can
identify the top canonical pathways potentially involved in the
transcriptional shift detected between the tested conditions (Figure
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4.4.14). The most significant pathway identified was “Calcium signaling”
whose tight control is essential for cell migration (Minton, 2014; Tsai et al.,
2015). As an example, TRPC1, a Ca2+ channel of skeletal muscle cells,
and Calpain (CPN1) are upregulated upon treatment and some evidence
suggested that Ca2+ entry through TRPC1 transiently activates calpain
causing subsequent proteolysis of MARCKS, that enables myoblast
migration and fusion (Louis et al., 2008).
Integrin signaling is another of the 10 top canonical pathways identified.
Notably, NG2, a pericyte marker upregulated upon DLL4&PDGF-BB
modulation, interacts with β1 integrins and can promote β1 integrin cis
and trans activation (i.e. with receptor and ligand expressed either on the
same or neighbouring cells) (Huang et al., 2010). This happens in
microvascular pericytes and causes their enhanced proliferation and
motility (Stallcup, Stallcup and B., 2017). Another link of NG2 to cell
migration is provided by its interaction with plasminogen. NG2 promotes
plasminogen activation to plasmin via plasminogen activator(uPAR)/
plasminogen activator receptor (PLAUR) (upregulated upon Dll4&PDGFBB modulation), both important drivers of cell migration (Ozerdem et al.,
2001; Gilder et al., 2018).
Connective tissue sheaths surrounding both fascicles and individual
myofibres are particularly thick in human muscles and have been
identified as an additional barrier for successful myoblast engraftment
(Karpati et al., 1993): myoblasts have to cross them to access the
myofibre surface and fuse. A suggested potential solution to improve
efficiency of myoblast transplant is to inject young myoblasts with a basal
laminal fenestrating agent (Karpati et al., 1993). From the RNAseq data
(i.e. expression shift in multiple collagenase genes) we could speculate
that DLL4&PDGFBB-treated iPSC-derived myoblasts may have an
enhanced extracellular matrix remodelling ability, which could therefore
make them more engraftable.
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The shift from an adhesive phenotype to a migratory one requires several
steps, from the stimulation of cytoskeletal motor function for cellular
movement to modulation of adhesive molecules for traction and cell-to
cell interactions, ECM disruption to eliminate physical barriers and
chemoattractants to lead migration (Vu and Werb, 2000).

Matrix

metalloproteinases (MMPs) may play a crucial role in all the previously
mentioned steps, plus they promote the release of extracellular matrixbound and cell-surface-bound cytokines (Vu and Werb, 2000).

As

examples of this evidence, it has been reported that MMPs upregulation
stimulates recruitment and extravasation of bone marrow stem cells
(MMP9; (Heissig et al., 2002)), M2 macrophages infiltrating the skeletal
muscle

attract

vessel-associated

myogenic

precursors

(such

as

mesoangioblasts) via MMP9 secretion (Lolmede et al., 2009) and MMP2
and MMP9, among others,

promote chemotactic migration of bone

marrow-derived hMSC through ECM (Ries et al., 2007), reviewed by
(Alameddine and Morgan, 2016). Interestingly in my data both MMP9 and
MMP2 were upregulated upon treatment.
Upstream regulator IPA analysis evaluates the differentially expressed
genes in the dataset that are known targets of a particular regulator.
Relationships between a particular upstream regulators and the
activation/inhibition of a set of genes from our database are predicted
from the Ingenuity Knowledge Base. Although it is known that this is
biased towards cancer related genes, it gave some interesting results
(Figure 4.4.15).
TGF-β signaling is predicted to be one of the most activated upstream
regulators and it is a known pro-fibrotic cue. Indeed pericytes have been
implicated in fibro-adipose infiltration of different tissues (Greenhalgh,
Iredale and Henderson, 2013) , including muscles (Birbrair et al., 2013).
Additionally chronic injury elicit fibroblastic transdifferentiation of resident
myoblasts

and

endothelial

and

hematopoietic

cells

through

a

mesenchymal intermediate with an overall worsening of the disease
phenotype (Pessina et al., 2015). Whether DLL4&PDGF-BB treatment
inhibits

myogenic

differentiation

while

promoting

fibro-adipogenic
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differentiation is still to be elucidated and cross comparison between our
datasets and others exploring the transcriptional profile of cell types such
as fibroadipogenic progenitors (FAPs) could clarify this interesting point
(Madaro et al., 2018). Fibroadipogenic progenitors (FAPs) resident in
skeletal muscles are usually quiescent, but they are activated upon
muscle damage and become an inducible source of IL-6 and prodifferentiation signals which overall favour myogenic differentiation (Joe
et al., 2010). Notably, IL-6 is one of the most upregulated genes, it is
known to be produced by growing myofibres and SCs and to regulate SCmediated skeletal muscle hypertrophy (Serrano et al., 2008), but most of
all is a cytokine involved in acute and chronic inflammation (Hunter and
Jones, 2015).
Taking into account that a plethora of Dll4&PDGF-BB activated molecules
are also involved in immunity (i.e. TGF-β; IL6; TNF) it would be
interesting to understand if treated iPSC-derived myoblasts could also
play a role as regulators of immune system homeostasis, a function
recently show by pericytes (da Silva Meirelles, Caplan and Nardi, 2008).
Indeed, one of the main outcomes of PDGFRb signaling in pericytes is
the activation of a hidden immunological potential. Pericytes can activate
a pool of genes involved in innate and adaptive immune response
modulated by PDGFRβ. This immune reaction can in turn modulate
inflammatory properties of endothelial cells with consequent leukocyte
adhesion and extravasation thus initiation of immune cell recruitment
(Olson and Soriano, 2011)
In conclusion, many molecules have been identified as enhancers of
skeletal muscle cell motility, among them globular adiponectin (via
GTPase Rac1 activation) SDF-1 and TNF-alpha (Fiaschi et al., 2012),
alpha4 integrin (Galvez et al., 2006) and diprotin A (modulator of CXCR4SDF-1 binding) (Parker, Loretz, Tyler, Snider, et al., 2012), but none of
them has solved the poor engraftment issue of myogenic cells.
Additionally these small molecules have never been tested together and it
would be interesting to check if a cocktail of pro-migratory factors could
synergistically enhance the overall motility of the treated population.
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In vitro validation of RNAseq data, characterisation of pathways and
molecular targets via analysis at the protein levels coupled with functional
assays would be required to draw functional conclusions from this
expression profile. Although descriptive, these data have the potential to
uncover druggable cascades and compounds that could ultimately lead to
the identification of a systemically deliverable and engraftable human
iPSC-derived cell type.

6. CONCLUDING REMARKS
The ideal cell relevant to future clinical translation should present the key
properties of both myogenic cells and perivascular cells namely a high
myogenic potential combined to the ability to cross a vessel wall. The
results presented in this thesis show that Notch and PDGF-BB
modulation can be extended to iPSCs-derived myogenic cells opening
the way to the development of a clinically relevant myogenic population
for treatment of muscular dystrophies
The proof of principle of DMD iPSC-derived myoblasts genetically
corrected with DYS-HAC and enhanced in their ability to cross the
endothelial wall could lead to the development of a systemically
deliverable gene and cell therapy approach for DMD.
Additionally, the transcriptional data provided here are likely to set the
foundations for future studies focused at identifying molecules that could
further enhance myoblast migration, a challenging milestone in the field.
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Reversible immortalisation enables genetic
correction of human muscle progenitors and
engineering of next-generation human artificial
chromosomes for Duchenne muscular dystrophy
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Abstract
Transferring large or multiple genes into primary human stem/
progenitor cells is challenged by restrictions in vector capacity,
and this hurdle limits the success of gene therapy. A paradigm is
Duchenne muscular dystrophy (DMD), an incurable disorder caused
by mutations in the largest human gene: dystrophin. The combination of large-capacity vectors, such as human artificial chromosomes (HACs), with stem/progenitor cells may overcome this
limitation. We previously reported amelioration of the dystrophic
phenotype in mice transplanted with murine muscle progenitors
containing a HAC with the entire dystrophin locus (DYS-HAC).
However, translation of this strategy to human muscle progenitors
requires extension of their proliferative potential to withstand
clonal cell expansion after HAC transfer. Here, we show that reversible cell immortalisation mediated by lentivirally delivered excisable hTERT and Bmi1 transgenes extended cell proliferation,
enabling transfer of a novel DYS-HAC into DMD satellite cellderived myoblasts and perivascular cell-derived mesoangioblasts.
Genetically corrected cells maintained a stable karyotype, did not
undergo tumorigenic transformation and retained their migration
ability. Cells remained myogenic in vitro (spontaneously or upon
1
2
3
4
5
6
7
8
9
10

,

MyoD induction) and engrafted murine skeletal muscle upon transplantation. Finally, we combined the aforementioned functions
into a next-generation HAC capable of delivering reversible immortalisation, complete genetic correction, additional dystrophin
expression, inducible differentiation and controllable cell death.
This work establishes a novel platform for complex gene transfer
into clinically relevant human muscle progenitors for DMD gene
therapy.
Keywords DMD; gene therapy; human artificial chromosomes; human muscle
stem/progenitor cells; immortalisation
Subject Categories Genetics, Gene Therapy & Genetic Disease; Musculoskeletal System; Stem Cells
DOI 10.15252/emmm.201607284 | Received 2 November 2016 | Revised 7
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Introduction
Duchenne muscular dystrophy (DMD) is the most common muscle
disorder of childhood and one of the most severe forms of muscular
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dystrophy that leads to progressive muscle wasting and premature
death (Mercuri & Muntoni, 2013a). DMD is caused by mutations in
the X-linked dystrophin gene, which encodes for a protein responsible for sarcolemma integrity (Hoffman et al, 1987). Despite extensive pre-clinical work and many novel clinical trials (Benedetti et al,
2013; Mercuri & Muntoni, 2013b; Bengtsson et al, 2016), currently
there are no definitive treatments. One of the main obstacles to the
development of an effective gene therapy for DMD is the large size
of the dystrophin gene (2.4 Mb), preventing cloning of its full cDNA
(14 kb) into conventional gene therapy vectors. This limitation is
then amplified by the abundance of degenerating skeletal muscle
needing repair or regeneration.
In recent years, a new generation of large cloning capacity
gene delivery vectors named human artificial chromosomes
(HACs) has been developed (Kazuki & Oshimura, 2011;
Kouprina et al, 2014; Oshimura et al, 2015; Tedesco, 2015).
HACs present several advantages for DMD gene therapy, including (i) the ability to carry large DNA sequences such as entire
genetic loci, thus resulting in a more physiological expression
of genes with complex transcriptional regulation (including
dystrophin), (ii) stable episomal maintenance of a single copy
gene, avoiding the risk of insertional oncogenesis. In this
context, a HAC containing the entire dystrophin locus (DYSHAC) was engineered for ex vivo stem cell gene therapy of
DMD (Hoshiya et al, 2009).
In the last two decades, several populations of stem/progenitor cells with myogenic potential have been isolated (Tedesco
et al, 2010, 2017), but so far only satellite cell-derived myoblasts
(Perie et al, 2014; Skuk & Tremblay, 2014), muscle pericytederived mesoangioblasts (Cossu et al, 2015) and (to a minor
extent) muscle-derived AC133+ cells (Torrente et al, 2007) have
undergone clinical experimentation. We have shown that transplantation of murine dystrophic mesoangioblasts corrected with a
DYS-HAC ameliorated the phenotype of dystrophic mdx mice
(Tedesco et al, 2011). These results provided the first evidence
of safe and efficacious pre-clinical gene replacement therapy with
a HAC into an animal model of a genetic disease, paving the
way for translating HAC gene transfer to human cells. However,
proliferation of human and murine cells is regulated by different
pathways, often resulting in a limited lifespan of human somatic
cells. Therefore, primary human muscle cells are likely to
require an extension of their proliferative potential to withstand
selection of corrected cells and subsequent expansion to

HACs for DMD gene and cell therapy

Sara Benedetti et al

clinically relevant numbers after clonal HAC transfer [in the
range of 109 cells (Cossu et al, 2015)].
Here, we developed a novel genetic correction strategy based
upon the use of reversibly immortalising lentiviral vectors to
extend the proliferative potential of human myoblasts and
mesoangioblasts. We show that DMD muscle progenitor cells
immortalised by means of lentiviral vectors expressing the excisable catalytic subunit of human telomerase (hTERT) and the cell
cycle regulator Bmi1 (Cudre-Mauroux et al, 2003) enable transfer
of a novel DYS-HAC. Moreover, the presence of the herpes
simplex virus thymidine kinase (HSV-TK) cDNA between loxP
sites allows selective drug-induced elimination of target cells that
escaped transgene excision by Cre recombination (Salmon et al,
2000). DMD, reversibly immortalised, DYS-HAC-corrected progenitors were transplanted in mouse models of acute and chronic
muscle injury, where they engrafted regenerating skeletal muscle.
Lastly, we combined all relevant gene functions into a single
next-generation synthetic HAC capable of delivering reversible
immortalisation, complete genetic correction, additional dystrophin expression, inducible differentiation and controllable cell
death, generating the largest and possibly most complex gene
therapy vector developed to date.

Results
Generation of a novel human artificial chromosome containing
the entire human dystrophin locus
To facilitate pre-clinical development of the DYS-HAC platform for
human myogenic cells, we engineered a novel DYS-HAC devoid of
potentially immunogenic gene products such as the enhanced green
fluorescent protein (EGFP), blasticidin (Bsd), HSV1-TK (Tk) and
hypoxanthine-guanine phosphoribosyltransferase (HPRT). For simplicity, the DYS-HAC previously engineered (Hoshiya et al, 2009) and
used in our former murine study (Tedesco et al, 2011) is here renamed
DYS-HAC1, to distinguish it from the newly generated DYS-HAC2.
DYS-HAC2 was engineered by homologous recombination-mediated
DYS-HAC1 modifications (Fig 1A). In order to remove EGFP, Bsd,
HPRT and HSV1-TK genes from DYS-HAC1 and to add the floxable
(FRT) neomycin (Neo) gene for selection and lox71 site and 50 HPRT
for further gene insertion, the targeting vector pN (Fig 1A), containing
both the Neo gene and the regions for homologous recombination (A:

Figure 1. Generation of a novel HAC containing the entire human dystrophin locus by homologous recombination.
A The scheme shows a linearised map of the vectors and the strategy used to generate DYS-HAC2 by homologous recombination of DYS-HAC1 (Hoshiya et al, 2009). pN
targeting vector, which contains regions for homologous recombination (A: 3.8 kb and B: 2.6 kb, in green) and a floxable (FRT) neomycin (Neo), was used to remove
extra genes (EGFP, Bsd, HPRT and Tk) on DYS-HAC1 and to insert a floxable Neo gene. Primers designed to amplify DYS-HAC1 or DYS-HAC2 specific regions are
highlighted in red.
B Phase contrast (left) and fluorescence (EGFP, right) images of DT40 cells containing DYS-HAC1 and DYS-HAC2. Scale bar: 50 lm.
C PCR analyses to discriminate between DYS-HAC1 and DYS-HAC2. DT40 cells: negative control.
D PCR panel to detect dystrophin exons in DT40(DYS-HAC1) and DT40(DYS-HAC2) cells. DT40 cells: negative control; human mesoangioblasts: positive control.
E In situ fluorescence hybridisation (FISH) analysis of DT40(DYS-HAC2) cells. White arrowheads: DYS-HAC2. Red: rhodamine-human COT-1 DNA; green: dystrophin FITCDMD-BAC RP11-954B16; yellow: merge. Scale bar: 5 lm. DT40(DYS-HAC2) hybrid was used to transfer the DYS-HAC2 in CHO cells (complete list in Appendix Table S1).
F FISH analyses of CHO(DYS-HAC2)-7 (left) and A9(DYS-HAC2)-9 (right) clones. White arrowheads: DYS-HAC2. CHO(DYS-HAC2) hybrid was used to transfer DYS-HAC2
in A9 cells (complete list in Appendix Table S2). Red/purple: rhodamine-human COT-1 DNA; green: dystrophin FITC-DMD-BAC RP11-954B16; yellow: merge.
Scale bar: 5 lm.
Source data are available online for this figure.
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3.8 kb and B: 2.6 kb), was introduced by electroporation into chicken
lymphoid DT40 cells already containing DYS-HAC1 [DT40(DYSHAC1)]. DT40 hybrids were then subjected to G418 (neomycin) selection, and 19 G418-resistant DT40 hybrids were randomly selected for
further analysis. One clone was found to be EGFP negative (Fig 1B),
indicating successful homologous recombination. PCRs using primers
able to discriminate DYS-HAC2 from DYS-HAC1 confirmed correct
targeting (Fig 1C), whereas another set of primers designed on the
dystrophin gene confirmed sequence integrity (Fig 1D). Finally, FISH
analysis established that DYS-HAC2 segregated independently without
host genome insertions or translocations (Fig 1E).
The novel DYS-HAC2 was then transferred via microcellmediated chromosome transfer (MMCT) from DT40(DYS-HAC2)
cells into Chinese hamster ovary (CHO) cells, to scale-up production
of microcells for HAC transfer. Twenty CHO(DYS-HAC2) clones were
randomly picked after G418 selection and both PCR and FISH confirmed the presence of a single episomal copy of DYS-HAC2 in four
clones (Appendix Table S1). Among them, clone CHO(DYS-HAC2)-7
was then selected for transfer of DYS-HAC2 into murine A9 cells, as
they have an even higher efficiency in generating microcells
compared to CHO cells. Following G418 selection, 27 A9(DYS-HAC2)
clones were randomly picked and presence of DYS-HAC2 was
confirmed by PCR in five clones. FISH analysis showed episomal
presence of DYS-HAC2 in three out of five A9(DYS-HAC2) clones
(Appendix Table S2). Figure 1F shows fluorescent in situ hybridisation (FISH) images of CHO(DYS-HAC2)-7 and A9(DYS-HAC2)-9
clones utilised as DYS-HAC2 donors in subsequent experiments.
Reversible immortalisation of DMD myoblasts enables DYS-HAC
transfer and complete genetic correction
Combined expression of hTERT and Bmi1 was shown to immortalise human myoblasts (Cudre-Mauroux et al, 2003). To test the
hypothesis that reversible immortalisation could extend cell proliferation enough to allow HAC transfer in human myogenic progenitors, we planned to transfer the newly generated DYS-HAC2 (Fig 1)
into reversibly immortalised DMD myoblasts (riDMD myoblasts).
Before proceeding with HAC transfer, we confirmed that riDMD
myoblasts (i) contained and transcribed hTERT and Bmi1 transgenes (Fig EV1A), (ii) had maintained their myogenic potential
(Fig EV1B), (iii) generated dystrophin-deficient myotubes in vitro
(Fig EV1C), (iv) were not tumorigenic (N = 3; Table EV1). We then
transferred DYS-HAC2 into riDMD myoblasts via MMCT. Four
G418-resistant clones, namely riDMD(DYS-HAC2)#a, #b, #c and #d,
were selected. PCR analysis showed that two out of the four clones
were positive for all analysed HAC regions (clones #a and #d;
Fig 2A, red boxes). Parental riDMD myoblasts have a deletion from
exon 5 to exon 7 in the dystrophin gene (Fig 2B, first lane), which
would result into an out-of-frame mutation: this was indeed confirmed by dystrophin transcript analysis, which demonstrated an
out-of-frame mutation in riDMD myoblasts and ruled out a potential
restoration of the reading frame by skipping of exon 8 (Fig EV1D;
Muntoni et al, 1994; Cudre-Mauroux et al, 2003). Importantly, PCRs
for dystrophin exons 5, 6 and 7 after HAC transfer demonstrated
that both riDMD(DYS-HAC2)#a and #d were positive for the exons
originally deleted in the parental DMD myoblasts (Fig 2B), showing
correction of the dystrophin gene sequence. FISH and karyotype
analyses confirmed the presence of a single copy of DYS-HAC2 and
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a normal karyotype (Fig 2C). Subcutaneous injection of DYS-HAC2corrected DMD myoblasts into immunodeficient scid/beige mice
(N = 5 per clone) did not result in tumour formation (N = 10;
Table EV1). Finally, riDMD(DYS-HAC2)#a myoblasts showed
restoration of dystrophin mRNA expression and protein production
in skeletal myotubes upon in vitro differentiation (Fig 2D–F;
detailed analysis of myogenic differentiation in Appendix Fig S1A).
hTERT and Bmi1 expression prevents replicative senescence of
human mesoangioblasts
The experimental work described so far provides proof-of principle
evidence of HAC transfer into human dystrophic myoblasts.
However, although myoblast transplantation appears to be a
promising therapeutic strategy for localised forms of muscular
dystrophy (Perie et al, 2014), it appears of limited value for widespread muscle disorders such as DMD, where their modest migration potential is a major hurdle (Tedesco et al, 2010; Skuk &
Tremblay, 2014). To overcome this limitation, we extended the
DYS-HAC platform to human mesoangioblasts, which can be delivered systemically via the arterial circulation and have been recently
assessed in a phase I/II clinical trial based upon allogeneic transplantation (Cossu et al, 2015). Post-natal human mesoangioblasts
are considered to be the in vitro progeny of a subset of alkaline
phosphatase (ALP)-positive skeletal muscle pericytes (Dellavalle
et al, 2007).
Firstly, human mesoangioblasts were isolated from muscle biopsies of three different healthy subjects (H#1, H#2 and H#3) according to the standard protocols (Tonlorenzi et al, 2007). To exclude
myoblast cross-contamination, cells were FACS-purified as ALPpositive/CD56-negative (see Materials and Methods). After a short
in vitro expansion, H#1, #H2 and H#3 human mesoangioblasts were
co-transduced with LOX-TERT-IRESTK and LOX-CWBmi1 lentiviral
vectors. As an additional control, cells were transduced with a LOXGFP-IRESTK (Fig EV2A). Phase contrast microscopy revealed that
hTERT + Bmi1 transduced polyclonal populations (Fig 3A, upper
row, right images) showed a similar morphology to their control
(CTR) counterparts (Fig 3A, upper row, left images). One polyclonal
population (hTERT + Bmi1 H#3) was then cloned by limiting dilution and three hTERT + Bmi1 clones were selected for further analysis (namely H#3A, H#3B and H#3C; Fig 3A, lower row). PCR
analyses performed on genomic DNA of clonal and polyclonal populations confirmed the presence of hTERT and Bmi1 transgenes
(Fig 3B). Transcription of both transgenes was then confirmed by
RT–PCR (Fig 3C) and quantitative real-time RT–PCR analyses
(Fig 3D).
We previously reported that human mesoangioblasts show
decreased telomerase activity with prolonged passages in culture
(Dellavalle et al, 2007). In order to verify whether exogenous
expression of hTERT was sufficient to restore telomerase activity in
human mesoangioblasts as in other cell types (Weinrich et al, 1997;
Bodnar et al, 1998), a telomeric repeat amplification protocol
(TRAP) assay was performed. TRAP assay showed that all
hTERT + Bmi1 transduced clones (H#3A, H#3B and H#3C) had
detectable telomerase activity after 15 passages in culture (Fig 3E).
Telomerase activity was maintained up to at least 40 passages in
culture (Fig 3E), and all hTERT + Bmi1 clones and polyclonal populations produced more Bmi1 protein than their untransduced
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Figure 2. DYS-HAC2 transfer into reversibly immortalised DMD myoblasts.
A PCR panel for HAC sequences in four neomycin-resistant riDMD(DYS-HAC2) myoblast clones. Red boxes: positive riDMD(DYS-HAC2) myoblasts.
B PCR analysis of human dystrophin exons on genomic DNA of riDMD myoblasts, riDMD(DYS-HAC2)#a and riDMD(DYS-HAC2)#d clones. Parental riDMD myoblasts:
negative control for exons 5–7; CHO(DYS-HAC2)-7: positive control.
C Left panel: karyotype analysis of riDMD myoblasts, riDMD(DYS-HAC2)#a and riDMD(DYS-HAC2)#d myoblast clones. Right panel: FISH analysis on riDMD myoblasts
and two selected riDMD(DYS-HAC2) myoblast clones (#a and #d). Insets: magnifications showing single episomal DYS-HAC2. Red/purple: rhodamine-p11-4 human
alpha satellite (centromeres of chromosome 13 and 21, hChr 13/21(cen)); green: dystrophin FITC-DMD-BAC RP11-954B16; yellow: merge. White arrowheads:
DYS-HAC2. Scale bar: 3 lm.
D RT–PCR panel for dystrophin expression in differentiated riDMD(DYS-HAC2)#a. Parental riDMD myoblasts: negative control for dystrophin (exons 5–7); healthy
myoblasts: positive control.
E Western blot for dystrophin (427 kDa) in differentiated riDMD and riDMD(DYS-HAC2)#a myoblasts; human muscle and differentiated human inducible myogenic cells
(Maffioletti et al, 2015) were used as positive control; differentiated DMD-inducible myogenic cells (Maffioletti et al, 2015) were used as negative control and myosin
heavy chain (MyHC) as normaliser (40 lg of proteins loaded for all samples but human muscle, which had 30 lg loaded).
F Immunofluorescence images showing in vitro muscle differentiation of riDMD myoblasts (negative control), riDMD(DYS-HAC2)#a and healthy donor myoblasts
(positive control). Red: MyHC; green: dystrophin; blue: Hoechst. Scale bar: 50 lm.
Source data are available online for this figure.
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Figure 3. Bypassing replicative senescence in human mesoangioblasts by lentiviral expression of Bmi1 and hTERT.
A

B
C
D

E
F
G
H
I

J

Upper row: phase contrast morphology of human mesoangioblasts derived from muscle biopsies of three different healthy donors (H#1, #2 and #3) before (CTR, left
images) and after lentiviral transduction with LOX-TERT-IRESTK and LOX-CWBmi1 (hTERT + Bmi1, right images). Scale bar: 100 lm. Lower row: phase contrast
morphology of three clones selected from hTERT + Bmi1 H#3 polyclonal population: H#3A, H#3B and H#3C. Scale bar: 100 lm.
PCR on Bmi1 and hTERT transgenes. Gapdh was used as housekeeping gene.
RT–PCR on cDNA for Bmi1 and hTERT. Gapdh was used as housekeeping gene.
Quantitative real-time PCR analysis for hTERT and Bmi1 gene expression on untransduced (H#1, H#2 and H#3) and hTERT + Bmi1 polyclonal populations
(hTERT + Bmi1 H#1 and H#2) and clones (hTERT + Bmi1 H#3A, H#3B and H#3C). Gapdh expression was used as normaliser. Data are expressed as means ! SEM
(n = 2).
Telomeric repeat amplification protocol (TRAP) assay performed on hTERT + Bmi1 H#3A, H#3B and H#3C clones at early (E; p17, p14 and p25, respectively, for H#3A,
H#3B and H#3C) and late (L, p40) passages. HeLa cells were used as positive control (C+).
Bmi1 protein production assessed by Western blot and relative densitometry in a polyclonal parental population (H#3) and hTERT + Bmi1 clones. Gapdh protein
used as normaliser.
Population doubling curves of hTERT + Bmi1 H#3A, H#3B, H#3C and GFP#B5 clones. The magnification shows the growth curve from day 0 to day 55 for all
analysed clones. Data are expressed as means ! SEM (n = 2).
Bar graph showing proliferation rate of hTERT + Bmi1 clones (H#3A, H#3B and H#3C) and GFP clone (GFPB#5). Data are expressed as means ! SEM (n = 3).
****P < 0.0001, one-way analysis of variance (ANOVA) with Tukey’s post hoc post-test.
Telomeric restriction fragment (TRF) assay of hTERT + Bmi1 clones (H#3A, H#3B and H#3C) and GFP#B5 control clone at early (E; p17, p14 and p25, respectively, for
H#3A, H#3B and H#3C) and late (L; p40) passages. S: CHQ standard; M: 2.5-kb DNA ladder. Signal for GFP#B5 was weaker as fewer cells were obtained due to
reduced proliferation.
Immunofluorescence analysis of spontaneous (left) and MyoD-ER-mediated (right) in vitro skeletal muscle differentiation of hTERT + Bmi1 polyclonal populations
H#1 and H#2. Red: myosin heavy chain (MyHC); blue: Hoechst. Scale bar: 50 lm.

Source data are available online for this figure.

counterparts (Figs 3F and EV2B). Proliferation analyses demonstrated that hTERT and Bmi1 expression allowed human mesoangioblasts to bypass replicative senescence, whereas untransduced
parental cells and GFP control clone #B5 underwent senescence
after ~15 passages in culture (Figs 3G and EV2C). Functional BrdU
incorporation assay confirmed data obtained in proliferation curves
(Figs 3H and EV2D).
Telomerase is responsible for telomere maintenance by adding
repeated telomeric sequences to prevent erosion-mediated senescence (Shay & Wright, 2005). Therefore, telomere length was
measured in hTERT + Bmi1 clones by means of telomeric restriction
fragment (TRF) assay (details in Materials and Methods). As shown
in Figs 3I and EV2E, all hTERT + Bmi1 clones had stable and longer
telomeres compared to those of the control GFP-transduced clone
(GFP#B5).
We then investigated the ability of reversibly immortalised
mesoangioblasts to differentiate into multinucleated skeletal
myotubes in vitro. When cultured for 10 days under differentiation-permissive conditions (details in Materials and Methods),
hTERT + Bmi1 H#1 and H#2 polyclonal populations spontaneously differentiate into myotubes (Fig 3J). Similarly,
hTERT + Bmi1 clones spontaneously differentiate into myotubes,
albeit at lower frequency (Fig EV2F). Previous observations lead
to the conclusion that human mesoangioblasts have a variable
myogenic potency (Bonfanti et al, 2015), which decreases with
passages in culture and which can be efficiently rescued by the
expression of the myogenesis regulator MyoD (Morosetti et al,
2006; Tedesco et al, 2011). To test whether this was also the case
for hTERT + Bmi1 clones and to minimise myogenic variability,
reversibly immortalised mesoangioblasts were transduced with a
lentiviral vector carrying the MyoD cDNA, fused with the estrogen receptor (ER) in order to activate its expression upon tamoxifen administration (MyoD-ER; Kimura et al, 2008; Tedesco et al,
2012). As a result, few days after tamoxifen activation of MyoDER, reversibly immortalised human mesoangioblasts were able to
differentiate into skeletal myotubes with higher efficiency (Figs 3J
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and EV2F). Taken together, these results demonstrate that expression of hTERT and Bmi1 in human mesoangioblasts enables
bypassing replicative senescence via telomere maintenance and
cell cycle progression without interfering with either spontaneous
or induced myogenic differentiation.
Immortalised human mesoangioblasts are not tumorigenic
and their immortalisation can be reverted by Cre recombinase
and ganciclovir
High proliferation rate and maintenance of telomerase expression
are associated with cell transformation (Stewart et al, 2002). To
rule out that hTERT + Bmi1-mediated immortalisation of human
mesoangioblasts could induce cell transformation and tumorigenic conversion, cell–cell contact inhibition of proliferation and
serum/growth factor dependence were tested in vitro. In both
experimental sets, proliferation was evaluated as BrdU incorporation rate. Results showed that both clonal and polyclonal reversibly immortalised mesoangioblasts were sensitive to serum and
growth factor withdrawal (Fig 4A), as well as to cell contact
inhibition of proliferation (Fig 4B), indicating that lentiviral
hTERT + Bmi1-mediated reversible immortalisation does not lead
to cell transformation. Moreover, karyotype analysis performed
on immortalised cells showed a normal diploid chromosomal
content (Fig 4C). To confirm this data, in vivo tumorigenic
assays were performed injecting clonal and polyclonal
hTERT + Bmi1 mesoangioblasts subcutaneously into immunodeficient scid/beige mice (N = 4 per cell population). No tumours
developed in any of the mice injected with immortalised
mesoangioblasts after 12 months of follow-up (N = 20;
Table EV1).
Overexpression of hTERT provides extension of cell proliferation while maintaining a stable chromosomal content (CudreMauroux et al, 2003; Zhu et al, 2007; Mamchaoui et al, 2011;
Robin et al, 2015). Nonetheless, lentiviral vectors carrying the
immortalising cassette were designed to guarantee reversibility of
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immortalisation (Salmon et al, 2000) to prevent potential adverse
events related to the reconstitution of telomerase activity and
guarantee a maximum level of safety of our platform (Bernardes
de Jesus & Blasco, 2013; Chiodi & Mondello, 2016; Terali &
Yilmazer, 2016). Firstly, loxP sites were positioned to flank
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hTERT and Bmi1 cassettes, enabling Cre-mediated excision of
integrated transgenes. Secondly, hTERT and the HSV1-TK cDNAs
were connected by an internal ribosome entry site (IRES)
sequence to allow human cytomegalovirus (CMV) promotermediated concomitant transcription, so that cells expressing the

A
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E

Figure 4. Safety profile of reversibly immortalised human mesoangioblasts.
A In vitro serum and growth factor dependence of hTERT + Bmi1 polyclonal populations (H#1 and H#2, left graphs, n = 2 for each groups) and hTERT + Bmi1 clones
(H#3A, H#3B and H#3C, right graphs, n = 4). HeLa cells: positive control (n = 4). BrdU incorporation rate was calculated as the % of BrdU-positive cells on total
number of nuclei in 1 h time. Data plotted as means ! SEM. *P = 0.0314, ***P = 0.0002, ****P < 0.0001, one-way analysis of variance (ANOVA) with Tukey’s post hoc
post-test.
B Cell contact inhibition assays of hTERT + Bmi1 polyclonal populations (H#1 and H#2, left graphs, n = 2 for each groups) and hTERT + Bmi1 clones (H#3A, H#3B and
H#3C, right graphs, n = 4). HeLa cells: positive control (n = 4). BrdU incorporation rate was calculated as the % of BrdU-positive cells on total number of nuclei. Data
plotted as means ! SEM. *P = 0.0190 (HeLa, 0 vs. 4), **P = 0.0035 (H#1, 0 vs. 4), **P = 0.0020 (H#1, 0 vs. 8), ***P = 0.0003 (H#1, 0 vs. 12), ***P = 0.0006 (H#3B,
0 vs. 8), **** P < 0.0001, ns = 0.0627 (H#3B, 0 vs. 4), ns = 0.9643 (HeLa, 0 vs. 8), ns = 0.0790 (HeLa, 0 vs. 12), one-way analysis of variance (ANOVA) with Tukey’s
post hoc post-test.
C Karyotype analysis of immortalised mesoangioblast polyclonal populations.
D qRT for hTERT and Bmi1 transgenes in immortalised mesoangioblasts (H#2) 2 weeks after transduction with different multiplicity of infection (MOI 0.5, 1, 2.5, 5 and
10) of IDLV NLS-Cre. Gapdh was used as housekeeping gene. Immortalised mesoangioblasts have been used as reference (=1, black bar). Data plotted as
means ! SEM (n = 2). Red box: IDLV NLS-Cre MOI 2.5 immortalised mesoangioblasts used for further experiments with ganciclovir.
E hTERT and Bmi1 PCRs on MOI 2.5 IDLV NLS-Cre-transduced immortalised mesoangioblasts treated with 10 and 20 lM ganciclovir. Positive control: untreated (")
immortalised mesoangioblasts.
Source data are available online for this figure.
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HSV1-TK would undergo apoptosis in the presence of the antiviral
drug ganciclovir (Fillat et al, 2003). Hence, cells that escape Cremediated excision of the floxed hTERT or Bmi1 cDNAs will keep
transcribing the TK cDNA, thus remaining sensitive to eradication
by ganciclovir. An integrase-defective lentiviral vector expressing
a nuclear localisation signal Cre recombinase (IDLV NLS-Cre) was
then used to excise the immortalising transgenes.
To test the feasibility of the excision system, reversibly
immortalised mesoangioblasts (hTERT + Bmi1 H#2) were transduced with different concentrations of IDLV NLS-Cre for 24 h
[multiplicity of infection (MOI) 0.5, 1, 2.5, 5 and 10]. Cells were
kept in culture for 2 weeks to allow dilution of excised transgenes, which might be otherwise detected by DNA analyses. Quantitative real-time PCR analysis of hTERT and Bmi1 transgenes
was performed on Cre-transduced, immortalised mesoangioblasts.
Dose-dependent reduction in both hTERT and Bmi1 was
observed in all samples transduced with IDLV NLS-Cre, ranging
from 75% (MOI 0.5) up to 99% (MOI 10; Fig 4D). These data
demonstrate that IDLV NLS-Cre recombinase efficiently excises
loxP-flanked hTERT and Bmi1 transgenes in human mesoangioblasts. Similar levels of hTERT and Bmi1 transgenes excision
were confirmed by transduction of immortalised myoblasts with
IDLV NLS-Cre (Appendix Fig S1B). To investigate whether the
small percentage of cells that fail to excise the immortalising
cassettes might have a growth advantage in the absence of
ganciclovir counter-selection, we studied Bmi1 and hTERT
expression levels and cell proliferation at different time points
after IDLV NLS-Cre transduction (4, 5, 6, 7 and 8 weeks). At
4 weeks, Bmi1 and hTERT levels were raised from 5 to 6%
(MOI 2.5 IDLV NLS-Cre; Fig 4D, red box) up to 40–50% (MOI
2.5 IDLV NLS-Cre; Appendix Fig S1C) and continued to increase
up to 8 weeks, reaching the same levels of hTERT and Bmi1 as
immortalised mesoangioblasts not treated with Cre recombinase
(Appendix Fig S1C). Proliferation rate of IDLV NLS-Cre mesoangioblasts at 4 weeks from IDLV NLS-Cre transduction was
lower than immortalised mesoangioblasts (42.3 ! 2.9% vs.
33.5 ! 1.3%), consistent with a reduction in hTERT- and Bmi1positive cells (Appendix Fig S1D). The decrease in proliferation
was then restored at 8 weeks after IDLV NLS-Cre (33.4 ! 2.1%
vs. 34.4 ! 1.3%; Appendix Fig S1D). These results showed that
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in the absence of counter-selection, cells that have retained the
immortalising genes have a moderate but significant growth
advantage. As a result, we administered ganciclovir counterselection within 2 weeks of transduction with IDLV NLS-Cre to
eliminate cells that escaped Cre-loxP-mediated transgene excision.
As only cells carrying both immortalising transgene are able to
undergo effective immortalisation (Cudre-Mauroux et al, 2003),
the HSV1-TK cDNA was transcriptionally linked only with
hTERT using an IRES sequence; this reduced the transgene size
and the likelihood of a bystander effect elicited by a few TKexpressing cells inducing cell death of TK-negative neighbouring
cells (Freeman et al, 1993; Denning & Pitts, 1997). For these
experiments, we selected MOI 2.5 IDLV NLS-Cre-transduced
immortalised mesoangioblasts (Fig 4D, red box), as 5–6% of
them escaped Cre-mediated hTERT and Bmi1 excision. IDLV
NLS-Cre-transduced immortalised mesoangioblasts were treated
with 10 or 20 lM ganciclovir for 3 weeks and then PCRs for
hTERT and Bmi1 transgenes were performed. As shown in
Fig 4E, IDLV NLS-Cre-transduced immortalised mesoangioblasts
were negative for both transgenes after treatment with 20 lM
ganciclovir. Taken together, these results demonstrate that
immortalisation of human mesoangioblasts with hTERT and
Bmi1 (i) does not induce cell transformation, (ii) does not lead
to tumorigenic conversion, (iii) can be safely reverted by transgene excision via expression of Cre recombinase and ganciclovir
treatment.
Reversible immortalisation enables DYS-HAC-mediated genetic
correction of DMD mesoangioblasts
The above-described data demonstrate that reversible immortalisation of healthy donor human mesoangioblasts enables safe bypassing of replicative senescence. The same platform was then utilised
to reversibly immortalise mesoangioblasts isolated from skeletal
muscle biopsies of DMD patients. DMD mesoangioblasts were
successfully transduced with hTERT and Bmi1 lentiviral vectors
(Fig 5A and B), showed extension of their proliferative ability
(Fig 5C), and were not tumorigenic (N = 3; Table EV1). Thus, we
used reversibly immortalised DMD (riDMD) mesoangioblasts as
recipient myogenic progenitor cells for the newly generated

▸

Figure 5. Immortalisation of DMD mesoangioblasts and DYS-HAC2 transfer.
A Phase contrast morphology of DMD human mesoangioblasts before (CTR) and after transduction with lentiviral vectors carrying the immortalising cDNAs
(hTERT + Bmi1). Scale bar: 100 lm.
B Bmi1 and hTERT PCRs on DMD and hTERT + Bmi1 reversibly immortalised DMD (riDMD) mesoangioblasts.
C DMD and riDMD mesoangioblasts population doubling curves. Data are expressed as means ! SEM (n = 2). **P = 0.008, unpaired two-tailed t-test performed on last
time point.
D PCR analysis on riDMD(DYS-HAC2) mesoangioblasts clones obtained after MMCT. Primers were designed to analyse HAC-specific sequences (Neo and 30 ) and
dystrophin exons (exons 46 and 50) deleted in the DMD cells used for the study (deletion from exon 45 to 50). CHO(DYS-HAC2)-7: positive control; healthy donor
human mesoangioblasts: negative control for HAC sequences and positive control for dystrophin exons; riDMD mesoangioblasts: negative control for exons spanning
from 45 to 50. Exon 23 was used as internal control and normaliser.
E Upper panel: FISH analyses of riDMD(DYS-HAC2) mesoangioblast clones. White arrowheads and insets: single episomal copy of DYS-HAC2. Red: rhodamine-p11-4
human alpha satellite (centromeres of chromosome 13 and 21, hChr 13/21(cen)); green: dystrophin FITC-DMD-BAC RP11-954B16. Scale bar: 3 lm. Lower panel:
karyotype analysis of riDMD(DYS-HAC2) mesoangioblast clones.
F Left: bar graph showing results of in vitro transmigration assay of riDMD(DYS-HAC2) mesoangioblast clones (N = 4, n = 4), riDMD mesoangioblast parental
population (n = 4), human mesoangioblasts (n = 3) and human myoblasts (n = 3). Data plotted as means ! SEM. *P = 0.0378, **P = 0.0081 [riDMD(DYS-HAC2)
clones], **P = 0.0032 (riDMD mesoangioblasts), one-way analysis of variance (ANOVA) with Tukey’s post hoc post-test. Right: fluorescence images of a riDMD
(DYS-HAC2) #B clone. Human mesoangioblasts and myoblasts were labelled with 6-carboxyfluorescein diacetate (green). Scale bar: 250 lm.
Source data are available online for this figure.
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DYS-HAC2 (Fig 1), as previously done with riDMD myoblasts
(Fig 2). Two different MMCT techniques, as well as two different
HAC donor cell types, were used [CHO(DYS-HAC2)-7 and A9(DYSHAC2)-9 clones, additional information in Appendix Supplementary
Methods]. Following DYS-HAC2 transfer and subsequent G418
selection, four riDMD(DYS-HAC2) mesoangioblast clones were
obtained, namely riDMD(DYS-HAC2)#A, #B, #C and #D. PCR analyses of specific HAC sequences and dystrophin exons deleted in the
parental cells (from exons 45 to 50; Fig 5D) together with FISH analyses (Fig 5E, upper panel), confirmed single and episomal DYSHAC2 presence. Additional PCRs for human (human actinin)- and
hamster-specific genes (furin and NV1) ruled out CHO contamination in the clones (Fig EV3A). Karyotype analysis showed normal
chromosomal content plus DYS-HAC2 (46 XY + DYS-HAC2; Fig 5E,
bottom panel). Tumorigenic assays in scid/beige immunodeficient
mice (N = 6–8 per cell population) showed the absence of tumour
formation and confirmed the safety profile of riDMD(DYS-HAC2)
mesoangioblasts in vivo (N = 27; Table EV1). Phase contrast
microscopy showed morphology comparable with parental cells
(Fig EV3B) and population doubling curves demonstrated maintenance of proliferative potential (Fig EV3C and D). One of the key
features of mesoangioblasts is their ability to interact with endothelial cells and cross the blood vessel wall when delivered systemically (Giannotta et al, 2014). To assess preservation of this
property, riDMD(DYS-HAC2) mesoangioblasts were subjected to an
in vitro transmigration assay (Giannotta et al, 2014; Bonfanti et al,
2015). Human umbilical vein endothelial cells (HUVECs) were
grown as confluent monolayers on gelatin-coated filters and fluorescently labelled mesoangioblasts were allowed to transmigrate for
10 h (Fig 5F). Quantification of the assay showed that riDMD(DYSHAC2) mesoangioblasts and the immortalised parental population
(riDMD mesoangioblasts) transmigrated to the same extent
than normal human mesoangioblasts (50.7 ! 6.2, 55.9 ! 9.3,
44.3 ! 6.9 cells/mm2, respectively) and significantly more than
human myoblasts (15 ! 1.4 cells/mm2; Fig 5F). Therefore, immortalisation and DYS-HAC transfer do not interfere with the migration
potential of human mesoangioblast.
Reversibly immortalised, DYS-HAC-corrected, DMD progenitors
engraft murine skeletal muscle upon transplantation
To avoid immune reaction against human cells, immunodeficient
NOD/scid/gamma (NSG) mice were first used as recipient hosts for
xenotransplantation to test survival and engraftment of reversibly
immortalised human myoblasts. NSG tibialis anterior muscles were
subjected to cryoinjury to induce regeneration and then injected
intramuscularly with 106 riDMD(DYS-HAC2) myoblasts (clone #a).
Three weeks later, muscles were collected and immunofluorescence
analysis for lamin A/C (which marks the nuclear lamina of
human donor cells) and laminin (marking extracellular matrix) on
muscle sections showed that DYS-HAC-corrected myoblasts
engrafted regenerating murine skeletal muscle and transcribed
human dystrophin from the HAC (Fig 6A). We then tested riDMD
(DYS-HAC2) mesoangioblasts in the same set-up (cryoinjured NSG
mice), injecting 106 MyoD-ER-transduced cells from clone #C. Also
in this case, muscle sections showed that DYS-HAC-corrected DMD
mesoangioblasts engrafted regenerating murine skeletal muscle
(Fig 6B and Appendix Fig S2). To further investigate the potential of
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reversibly immortalised mesoangioblasts to engraft in a DMD mouse
model, dystrophic immunodeficient scid/mdx mice were used for
proof-of-principle xenotransplantation. Reversibly immortalised
MyoD-ER-transduced healthy donor mesoangioblasts (hTERT +
Bmi1 H#2) or DYS-HAC-corrected DMD mesoangioblasts [riDMD
(DYS-HAC2)#A] were injected into tibialis anterior muscles of scid/
mdx mice. Muscles were explanted after 3 weeks, and immunofluorescence analyses showed the presence of dystrophin-positive
myofibres containing human lamin A/C-positive nuclei (Fig 6C and
D). Moreover, the aforementioned findings were validated performing a heterotopic transplantation assay to assess cell-autonomous
dystrophin production from donor human cells. To this aim, 106
riDMD(DYS-HAC2) myoblasts (clone #a) were injected in subcutaneous Matrigel plugs in NSG-immunodeficient mice [as recently
reported (Sacchetti et al, 2016)]; plugs were explanted and analysed
14 days after injection. Notably, MyHC-positive myotube-like structures double positive for lamin A/C and dystrophin were identified
in all mice, confirming dystrophin production from HAC-corrected
donor human cells (Fig 6E and Appendix Fig S3; please note that
dystrophin could only be produced by HAC-corrected cells, as no
host myofibres provided background signal). Taken together, these
results demonstrate engraftment and differentiation of DYS-HACcorrected DMD muscle progenitors in vivo.
Development of a next-generation, multifunctional, reversibly
immortalising DYS-HAC
Our data established feasibility and safety of the lentiviral reversibly
immortalising platform for HAC transfer in primary human muscle
progenitors. To simplify this procedure, we combined all required
gene functions into a single HAC capable of simultaneously delivering genomic integration-free reversible immortalisation, genetic
correction, inducible differentiation and controllable cell death
(Fig 7A and Appendix Fig S4). Construction of this next-generation
HAC (referred to as DYS-HAC4) involved engineering of several
sequences by gene synthesis (Fig 7A and Appendix Fig S4 for a
detailed map), including (i) the 2.4-Mb dystrophin locus for
complete genetic correction, (ii) a hTERT and Bmi1 immortalising
cassette with an elimination system via CreERT2/loxP and negative
selection by TK, (iii) a clinically tested safeguard system based upon
inducible Caspase 9 (iCasp9; Di Stasi et al, 2011), prompting apoptosis upon administration of the drug AP1903, (iv) an inducible
myogenic differentiation system based upon human MYOD nuclear
translocation after tamoxifen administration (MYOD-ERT2; Tedesco
et al, 2011; Maffioletti et al, 2015) to rescue myogenic capacity in
cells that might lose it after prolonged or high-density culture, (v) a
codon-optimised human dystrophin cDNA (huDYSco) under the
control of the synthetic Spc5-12 muscle-specific promoter (details in
Appendix Fig S5; Li et al, 1999; Loperfido et al, 2015) to increase
dystrophin expression, thus maximising the therapeutic effect upon
transplantation and fusion with multinucleated, dystrophin-negative
myofibres.
DYS-HAC4 was engineered with a two-step protocol by sitespecific integration of plasmids p17 and pP-DHR (Fig 7A, yellow
and blue lines, respectively) into DYS-HAC2 (Fig 1A and black line
in Fig 7A; details in Appendix Fig S4). Firstly, the p17 plasmid
carrying huDYSco and iCas9-MYOD-ERT2 cassettes was transferred
into CHO cells and integrated into DYS-HAC2 via Cre/loxP
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Figure 6. Transplantation of reversibly immortalised human muscle progenitors in immunodeficient mice.
A Immunofluorescence images (representative) showing donor-derived lamin A/C-positive nuclei (red) in a cryoinjured tibialis anterior muscle of an NSG mouse after
intramuscular injection of 106 riDMD(DYS-HAC2) myoblasts (clone #a). Green: laminin; blue: Hoechst. Scale bar: 100 lm. Right panel: RT–PCR analysis of the same
transplanted muscles showing human dystrophin mRNA expression in the tibialis anterior (TA) muscles of four NSG mice (human muscle: positive control;
untransplanted TA: negative control).
B Immunofluorescence images showing donor-derived lamin A/C-positive nuclei (red) in a cryoinjured tibialis anterior muscle of an NSG mouse after intramuscular
injection of 106 MyoD-ER-transduced riDMD(DYS-HAC2) mesoangioblasts [riDMD(DYS-HAC2)#C]. Green: laminin; blue: Hoechst. White arrowheads: human lamin
A/C-positive nuclei. Scale bars: 75 lm. Right bar graph: quantification of lamin A/C-positive nuclei in the same experiment. Data plotted as means ! SEM (N = 3;
additional information in Appendix Fig S2).
C Immunofluorescence of frozen section of a scid/mdx mouse tibialis anterior muscle upon intramuscular injection with 106 MyoD-ER-transduced healthy donor
immortalised mesoangioblasts (hTERT + Bmi1 H#2). Red: lamin A/C and dystrophin; green: laminin; blue: Hoechst. Scale bars: 50 lm.
D Immunofluorescence on a frozen section of a scid/mdx mouse tibialis anterior muscle upon intramuscular injection with 106 MyoD-ER-transduced riDMD(DYS-HAC2)
mesoangioblasts [riDMD(DYS-HAC2)#A]. IM: intramuscular. Red: lamin A/C and dystrophin; blue: Hoechst. Scale bars: 50 lm.
E Heterotopic subcutaneous transplantation assay. Upper panel: confocal microscopy pictures showing a representative myosin heavy chain (MyHC)-positive (green),
myotube-like structure containing human lamin A/C-positive nuclei (red) upon immunofluorescence staining of Matrigel plugs (106 cells were injected
subcutaneously 2 weeks earlier in four immunodeficient NSG mice; arrowheads highlight multinucleation). Lower panel: confocal microscopy pictures showing
another representative myotube-like structure from the same experiment immunostained positively for both lamin A/C (red) and dystrophin (green). Arrowheads
highlight dystrophin staining pattern. Bar graphs quantify respective panels. Four mice were transplanted, all showed engraftment, and Matrigel plugs from three
randomly selected animals were quantified. A minimum of 130 human nuclei per plug were counted (in nine randomly selected high-power fields). Data plotted as
means ! SEM (N = 3). Additional details in Appendix Fig S3. Scale bar: 15 lm.
Source data are available online for this figure.

recombination, generating an intermediate DYS-HAC3 (Step 1,
Appendix Fig S4). The Cre-mediated recombination between the
50 HPRT-lox71 site on DYS-HAC2 and the loxJTZ17-30 HPRT site on
p17 resulted in HPRT gene reconstruction and HAT resistance
(Kazuki et al, 2011). DYS-HAC3-containing CHO cells were then
selected in HAT-supplemented medium. Subsequently, the pP-DHR
plasmid carrying the immortalising cassette was transferred into
CHO(DYS-HAC3) cells and integration into DYS-HAC3 was achieved
via Bxb1 attB/attP sites and the Bxb1 integrase system (Yamaguchi
et al, 2011; Step 2, Appendix Fig S4), resulting in L-histidinol dihydrochloride resistance gene (hisD) reconstitution (Tucker & Burke,
1996). Selection of CHO cells with recombinant DYS-HAC3 and pPDHR plasmid was obtained by culturing cells with L-histidinol dihydrochloride. Successful construction of DYS-HAC4 was then confirmed by PCR analysis of genomic dystrophin sequences in selected
CHO(DYS-HAC4) clones (Fig 7B–D). CHO(DYS-HAC4) clones #19
and #20 were investigated further for the presence of the novel
cassettes and CHO(DYS-HAC4) clone #19 was shown to be positive
for all relevant sequences, that is huDYSco, iCaspase9, hTERT,
Bmi1 and the recombination junction with Bxb1 integrase (Fig 7C
and D). FISH analysis of CHO(DYS-HAC4)#19 revealed that 90% of
interphase cells (n = 100) contained DYS-HAC4 and 20% metaphases (n = 20) maintained a single episomal copy of DYS-HAC4
(Fig 7E). Finally, RT–PCR revealed expression of all new transgenes
(Fig 7F). Detection of huDYSco expression in undifferentiated cells
could be due to interspecific issues (i.e. human sequence in hamster
background) and/or occasional leakiness of the Spc5-12 promoter in
tissues other than skeletal muscle (Rincon et al, 2015). The total
size of this novel synthetic HAC is in the range of 7 Mb.

Discussion
Here, we describe a novel stepwise strategy to enable genetic
correction of clinically relevant, human skeletal muscle-derived
progenitors for gene and cell therapy. Reversibly immortalising
lentiviral vectors proved to be safe and efficacious in extending
the proliferative capacity of DMD muscle progenitors, enabling
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them to withstand transfer of a novel HAC containing the whole
dystrophin locus and the subsequent large-scale clonal cell
expansion required for bioprocessing of an advanced therapy
medicinal product. Notably, starting from a limited cell number
(3 × 104), we obtained within 31 days a number of cells potentially sufficient to treat a DMD paediatric patient (in the range of
109 cells; Cossu et al, 2015). Importantly, this work has been
conducted in two independent laboratories (in the UK and in
Japan) and validated using (i) two distinct cell types, (ii) healthy
and dystrophic genotypes, (iii) five different donors, (iv) polyclonal and clonal analyses.
Previous work by Trono and colleagues showed that combined
expression of hTERT and Bmi1 bypassed replicative senescence in
myoblasts (Cudre-Mauroux et al, 2003). Taking advantage of the
availability of DMD immortalised myoblasts, we successfully transferred DYS-HAC2 in these cells. However, although myoblast transplantation is promising for localised forms of muscular dystrophy
(Perie et al, 2014), their use in widespread muscle disorders such as
DMD is limited. Hence, we selected mesoangioblasts to take advantage of their migration ability and transferred DYS-HAC2 by extending their proliferation potential using the same immortalisation
platform. hTERT-TK and Bmi1 lentiviral vectors used in this study
were originally designed to enable reversion of the immortalised
status in the presence of Cre recombinase and ganciclovir (Salmon
et al, 2000). Translation of the hTERT and Bmi1 immortalising platform to DMD mesoangioblasts proved that this approach was efficient at extending cell proliferation and enabled clonal DYS-HAC
transfer and subsequent amplification. The safe use of lentiviral
vectors to mediate integration and excision of the immortalising
cassettes utilised in this study is supported by recent gene therapy
clinical studies (Naldini, 2015). Additionally, our observations are
in keeping with a number of reports showing that cellular senescence can be overcome by telomerase reconstitution in combination
with Bmi1 or CDK4 expression, without compromising genomic
stability, migration ability, myogenic potency or capacity to engraft
skeletal muscle (Cudre-Mauroux et al, 2003; Zhu et al, 2007; Shiomi
et al, 2011; Robin et al, 2015). Even though we did not observe
Pax7 expression in immortalised cells, it is unlikely that
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immortalising vectors caused this, as Bmi1 plays a key role in
supporting skeletal muscle regeneration and maintaining the satellite cell pool (Robson et al, 2011; Di Foggia et al, 2014; Dibenedetto
et al, 2017). This might be due to extensive passaging in vitro or to
the amplification of cells that might have already lost Pax7 expression during the initial expansion pre-transduction. Recent advances
in human satellite cell purification (Xu et al, 2015) together with
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immortalisation at early passages could improve this outcome. The
same process could be less relevant for human mesoangioblasts,
whose dependence on Pax7 is unclear. Variability of myogenic
capacity could also be a consequence of high-density cultures during
the MMCT technique necessary for HAC transfer. In this event, a
contingency plan with MyoD-ER-induced rescue of differentiation
has been described here.
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Figure 7. Generation of a novel, synthetic, multifunctional DYS-HAC.
A

Schematic diagram of DYS-HAC4, generated by integration of plasmids p17 (yellow line) and pP-DHR (blue line) into DYS-HAC2 (Fig 1A) as shown
also in Appendix Fig S4. Four functional cassettes are present: (i) dystrophin locus (2.4 Mb) for complete genetic correction, (ii) hTERT and Bmi1
immortalising cassette under control of MA1 bidirectional promoter (Amendola et al, 2005) and floxed by loxP sites to be eliminated via Cre-loxP
recombination system. Excision of the immortalising cassette is monitored by EGFP expression, response to blasticidin (Bsd) resistance and sensitivity
to ganciclovir (TK), (iii) codon-optimised human dystrophin (huDYSco, 11.1 kb) under control of the Spc5-12 promoter to increase dystrophin
expression, (iv) inducible Caspase 9 (iCas9) and human MYOD-ERT2 under a PGK promoter for controllable cell death and myogenic differentiation,
respectively.
B
PCR analyses of selected CHO(DYS-HAC4) clones confirming the presence of DNA sequences derived from DYS-HAC2 (DYS-HAC backbone detected with 30 , Puro and
Sk23/DMD5t primers, Cre-lox71/loxJTZ17 recombination detected with HPRT primers, genomic dystrophin sequence detected using DYS5L/5R, DYS6L/6R DYS7L/7R
and DYS8L/8R primers).
C, D PCR analyses of CHO(DYS-HAC4) clones #19 and #20 showing the presence of all relevant novel sequences confirming insertion of plasmid p17 and pP-DHR.
E
FISH analysis of CHO(DYS-HAC4) clone #19 showing episomal presence of DYS-HAC4 in single copy (red: rhodamine-human COT-1 DNA; green: FITC-Plasmid
pP-DHR containing the immortalising cassette. Scale bar: 5 lm.
F
RT–PCR analysis showing expression of huDYSco, immortalising cassette (hTERT and Bmi1), MYOD-ERT2 and iCaspase 9 in CHO(DYS-HAC4) clone #19. For all PCRs,
CHO-K1 cells were used as negative control and CHO(DYS-HAC4) parental population as positive control.
Source data are available online for this figure.

In this work, we have also advanced chromosome engineering
for ex vivo gene therapies. We firstly generated a novel DYS-HAC,
namely DYS-HAC2, devoid of potentially immunogenic genes and
therefore one step closer to a possible clinical-grade product
compared to the previous DYS-HAC (Hoshiya et al, 2009). Additionally, we have developed a next-generation HAC capable of delivering genomic integration-free reversible immortalisation, genetic
correction, additional dystrophin expression, inducible differentiation and controllable cell death—all simultaneously in an episomal
vector. To our knowledge, this novel HAC represents the largest and
possibly most complex gene therapy vector developed to date:
future studies will assess its function in vitro and in vivo after transfer into different human myogenic cells, including timing and
dynamics of clonal HAC-mediated immortalisation in primary cells.
Alternative mutation-specific strategies are currently being
developed for DMD (Foster et al, 2012; Bengtsson et al, 2016).
Among these, antisense oligonucleotide-mediated exon skipping
appears promising and ataluren has recently received market
authorisation for nonsense mutations; nonetheless, recent clinical
trials highlight the need for further studies to clarify clinical efficacy (Lu et al, 2014; Voit et al, 2014; Godfrey et al, 2017;
McDonald et al, 2017). However, these strategies cannot be
applied to a significant number of DMD mutations in functional
domains or to large deletions (Aartsma-Rus et al, 2009). “Permanent” exon skipping via adeno-associated viral vector (AAV)mediated gene editing also appears to be a promising option
(Long et al, 2016; Nelson et al, 2016; Tabebordbar et al, 2016;
Young et al, 2016); however, immune reactions against AAVs
(Boisgerault & Mingozzi, 2015) and the editing enzyme (which
usually is of prokaryotic origin) plus off-target effects might delay
clinical translation. Although recent work provides encouraging
in vitro evidence of lentiviral full-length dystrophin transfer into
human myoblasts (Counsell et al, 2017), HAC-mediated gene therapy offers the chance to cover the entire spectrum of DMD mutations while preserving all the complex dystrophin regulatory
elements (Muntoni et al, 2003). Additionally, safety profile and
standard operating procedures for manufacturing both cell populations used in this study have been already developed in allogeneic and autologous clinical-grade conditions (Perie et al, 2014;
Cossu et al, 2015), thus paving the way for future clinical translation of genetically corrected cells.
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Although iPS cell-derived myogenic progenitors promise to
overcome some of the hurdles of cell therapy for muscle disorders (reviewed in Loperfido et al, 2015), they are in very early
and critical stage of pre-clinical translation: safety concerns will
need to be fully addressed before usage in clinical settings
requiring systemic or multiple administrations such as in DMD.
Importantly, clinical translation of iPS cell-derived progenitors
(e.g. Chal et al, 2015; Choi et al, 2016; Darabi et al, 2012;
Loperfido et al, 2015; Tedesco et al, 2012) is likely to rely on
prior successful clinical studies with their tissue-derived counterparts and technologies such as the one described here are likely
to benefit this critical step.
Overall, we expect the translational journey of HAC-based cell
therapy to be complex, but no more challenging than those of
other gene therapy vectors (Tedesco, 2015). However, some
hurdles still need to be overcome, such as the low efficiency of
HAC transfer to recipient cells: new technologies to improve this
aspect have been recently developed and are currently under
investigation in our laboratories (Hiratsuka et al, 2015; Suzuki
et al, 2016). Lastly, as much as DMD gene therapy relies on
size/complexity of the dystrophin copy delivered to dystrophic
cells, efficacy of cell therapy for DMD is linked to the amount
of stem/progenitor cells able to reach and engraft the dystrophic
muscles and their myogenic potency. Although we provided
proof-of-principle evidence of engraftment and differentiation of
HAC-corrected human progenitors in vivo (Fig 6), transplantation
protocols will require optimisation to reach clinical efficacy.
Recent work by our laboratories and others showed that it is
possible to increase cell engraftment with consequent functional
amelioration of the dystrophic phenotype (Hindi et al, 2013;
Giannotta et al, 2014). Combination of these approaches (e.g.
improvement of HAC transfer efficiency and augmented cell
engraftment) could bring the DYS-HAC platform closer to clinical
translation, although specific studies in small and large animal
models will be required to define the extent of its safety and
efficacy in vivo.
Taken together, this work provides the first evidence of
HAC transfer into clinically relevant, dystrophic human muscle
progenitors and describes the development of next-generation
multifunctional artificial chromosomes for ex vivo gene
therapy.
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Materials and Methods
Cell isolation and culture
Primary cells were isolated from human healthy donor and DMD
skeletal muscle biopsies as previously described (Tonlorenzi et al,
2007). Cells were subsequently harvested, suspended in 1% FBS,
2 mM EDTA PBS and incubated with CD56-PE (NCAM; Miltenyi
Biotec) and ALP-FITC (Santa Cruz) antibodies for 30 min at 4°C.
Human mesoangioblasts were isolated as alkaline phosphatase
(ALP)-positive/CD56-negative fraction (Dellavalle et al, 2007) via
FACS (DIVA Vantage, BD) and cultured in MegaCell Dulbecco’s
modified Eagle’s medium (MegaCell DMEM, Sigma) containing 5%
foetal bovine serum (FBS; Life Technologies), 2 mM glutamine,
penicillin and streptomycin (100 IU + 0.1 mg/ml; Sigma), 1% nonessential amino acids (Sigma), 0.05 mM 2-mercaptoethanol (Gibco),
5 ng/ml of HGF (Sigma) and human basic FGF (Gibco). For in vitro
skeletal muscle differentiation, human mesoangioblasts were plated
on Matrigel-coated dishes, and once confluent, they were switched
from MegaCell medium to DMEM (Sigma) 2% horse serum (Euroclone) plus 1% glutamine (Sigma), 1% penicillin/streptomycin
(Sigma) and cultured for an additional 7–10 days before analysis.
For MyoD-ER-induced differentiation of human mesoangioblasts
and myoblasts previously transduced with tamoxifen-inducible
MyoD-ER lentiviral vector, 4 OH-tamoxifen was added to culture
medium following the previously published protocols (Gerli et al,
2014). Specific tamoxifen concentration and duration of pulse
requires cell line-specific titration for optimal results.
Chicken DT40(DYS-HAC2) cells were maintained at 40°C in RPMI
(Sigma) medium supplemented with 10% foetal bovine serum
(FBS), 1% chicken serum, 50 lm 2-mercaptoethanol, 1% glutamine
and 1% penicillin/streptomycin plus 1.5 mg/ml G418 (neomycin,
Sigma). CHO(DYS-HAC2) cells were cultured in Ham’s F-12 nutrient
mixture (Sigma) with 10% FBS, 1% glutamine, 1% penicillin/streptomycin and 0.8 mg/ml G418. A9(DYS-HAC2) cells were maintained
in DMEM plus 10% FBS, 1% glutamine, 1% penicillin/streptomycin
and 0.8 mg/ml G418. riDMD(DYS-HAC2) clones were selected with
the addition of G418 to the culture medium (0.5 mg/ml for mesoangioblasts clones; 0.6 mg/ml for myoblasts clones). HeLa cells were
kept in DMEM supplemented with 10% FBS, 1% glutamine and 1%
penicillin/streptomycin. HUVECs were cultured in EGM media
(Lonza) in 5% CO2/3% O2 at 37°C on 1.5% gelatin-coated plastic.
riDMD myoblasts were cultured in Iscove’s modified Dulbecco’s
medium (IMDM; Sigma) containing 10% FBS, 2 mM glutamine,
0.1 mM 2-mercaptoethanol, 1% non-essential amino acids, human
basic fibroblast growth factor (5 ng/ml), HGF (5 ng/ml; Sigma),
penicillin (100 IU/ml), streptomycin (100 mg/ml), 0.5 mM oleic and
linoleic acids (Sigma), 1.5 mM Fe2+ [iron(II) chloride tetrahydrate,
Sigma; or Fer-In-Sol, Mead Johnson], 0.12 mM Fe3+ [iron(III) nitrate
nonahydrate, Sigma; or Ferlixit, Aventis] and 1% insulin/transferrin/
selenium (Gibco). Colcemid treatment varied according to purpose
(MMCT or FISH) and cell type, as detailed in Appendix Table S3.
Lentiviral vectors
LOX-TERT-IRESTK (human TERT), LOX-GFP-IRESTK, LOX-CWBmi1
(murine Bmi1, 92.4 and 98% degree of homology with human
cDNA and protein, respectively; Alkema et al, 1993; Bhattacharya
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et al, 2015), IDLV NLS-Cre and MyoD-ER (murine MyoD) lentiviral
particles were generated and titrated as previously published
(Messina et al, 2010). LOX-TERT-IRESTK, LOX-GFP-IRESTK, LOXCWBmi1 plasmid maps and sequences are available at www.addge
ne.org/Didier_Trono/. For IDLV NLS-Cre infection, cells were
transduced for 24 h. For all other lentiviruses, cells were transduced overnight. All transductions were performed with polybrene
(8 lg/ml).
Telomeric repeat amplification protocol (TRAP) assay
Detection of telomerase activity was done using TRAPeze! Telomerase Detection Kit (Chemicon) following the manufacturer’s
instructions. Cells were collected and proteins were extracted using
1× CHAPS lysis buffer incubating each sample at 30°C for 30 min,
allowing telomerase (if present and active) to add six bases telomeric repeats onto 30 end of a synthetic oligonucleotide substrate.
Lysates were then amplified using PCR generating a ladder of products with six base increments starting at 50 nucleotides in presence
of c-32P-ATP end-labelled primers. PCR products were then run on a
non-denaturing polyacrylamide gel, and then, the gel was then
directly exposed on X-ray films.
Immunofluorescence
Immunofluorescence analysis was performed as previously published
(Tedesco et al, 2012). Briefly, muscle samples were frozen in liquid
nitrogen–cooled isopentane and serial 7-lm sections were cut using a
cryostat (Leica). Cells or tissue sections were washed with PBS and
fixed with 4% PFA (Sigma) at 4°C for 10 min, permeabilised with
0.2% Triton X-100 (Sigma) and 1% BSA (Sigma) in PBS for 30 min
at room temperature (RT). Cells/tissue sections were then blocked
with 10% donkey and/or goat serum (Sigma) for 30 min at room
temperature to reduce secondary antibody background signal. Tissue
sections were incubated overnight at 4°C with primary antibodies
(list available in Appendix Table S4; sections were not fixed for
dystrophin staining). After incubation, samples were washed with
0.2% Triton X-100, 1% BSA in PBS and then incubated with 488,
546, 594 or 647 fluorochrome-conjugated IgGs (Molecular Probes)
together with Hoechst dye for 1 h at room temperature in 0.2%
Triton X-100/PBS. After three final washes in PBS, dishes or slides
were mounted using mounting medium (Dako) and analysed under
fluorescence microscopes (Nikon and Leica). Images were analysed
using either ImageJ or Photoshop (CS4 or CC; Adobe).
Western blot
For detecting Bmi1, proteins were extracted using Laemmli buffer
with 2% sodium dodecyl sulphate (SDS), 50 mM Tris–HCl pH 6.8
and 10% glycerol. For dystrophin detection, proteins were extracted
using 3% SDS, 0.115 M sucrose and 0.066 M Tris–HCl pH 7.5
buffer. Lysates were then incubated on a running wheel at 4°C for
1 h and then centrifuged at 15,000 g for 15 min. Protein concentrations were determined by BCA protein assay (Pierce) using bovine
serum albumin for standard curve; 0.1 mM DTT (dithiothreitol) was
added after determination. Before loading, samples were denatured
at 90°C for 5 min or 70°C for 10 min. In the case of Bmi1, 50 lg of
proteins was loaded and separated on 8% polyacrylamide gel, while
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for dystrophin 30–40 lg of proteins was loaded and separated on a
7.5% polyacrylamide gel. Run was monitored by using dual colour
Standards (Bio-Rad). Proteins were then transferred using iBlot Gel
Transfer device (Invitrogen) according to the manufacturer’s
instructions, saturated with 5% milk in 0.1% Tween-20 (Sigma)–
TBS buffer and hybridised overnight at 4°C with mouse anti-Bmi1
(Millipore) or mouse anti-dystrophin MANDYS106 (Nguyen &
Morris, 1993) antibodies. Mouse anti-GAPDH (Sigma) or MyHC
(Developmental Studies Hybridoma Bank) was used as normalisers.
Membranes were then washed four times (10 min each) with 0.1%
Tween-20 (Sigma)–TBS buffer and incubated with HRP-conjugated
IgGs (Amersham; 1:10,000 dilution) for 1 h at room temperature,
washed four times and finally visualised with the ECL immunoblotting detection system (Amersham). Please refer to Appendix Table S4
for a list of all antibodies used for Western blot.
PCR and quantitative real-time (qRT) PCR analyses
DNA and RNA were extracted with DNeasy Blood and Tissue kit
(QIAGEN) and RNeasy mini kit (QIAGEN), respectively. RNA was
reverse-transcribed into double-strand cDNA using ImPromTM-II
Reverse Transcription System (Promega). Bio-Rad CFX96 thermocycler was used for quantitative real-time analysis, and fold change in
gene expression was calculated using ∆∆Ct method (fold
change = 2"DDCt ). The complete list of primer sequences and PCR
products is available in Appendix Tables S5 and S7.
In vitro cell proliferation assays
For BrdU incorporation assay, 8 × 104 human mesoangioblasts were
seeded in 3.5-cm dishes to test baseline cell proliferation. The day
after plating, 50 lM BrdU (Sigma) was added to the culture medium
and cells were kept in the incubator for 1 h. Cells were then washed
twice with PBS, fixed with 95% ethanol–5% acetic acid solution for
20 min, incubated for 10 min with 1.5 M HCl and permeabilised for
5 min with 0.2% Triton in PBS. Immunofluorescence staining was
performed using Anti-BrdU detection kit (Amersham), and nuclei
were stained with Hoechst. BrdU+ and Hoechst+ cells were counted
using fluorescence microscopy. Proliferation rate was calculated as
the percentage of BrdU+ cells on the total number of nuclei
(Hoechst+ cells). BrdU incorporation (1 h pulse) was used also for
serum/growth factor dependence and cell contact inhibition assays.
For each set of experiments and time points (baseline, days 4, 8 and
12), 8 × 104 cells were seeded. In the case of serum/growth factor
dependence assay, cells were cultured in DMEM plus 2% horse
serum, 1% glutamine and 1% penicillin/streptomycin from 24 h
after initial seeding. BrdU incorporation was performed at days 4, 8
and 12 in growth factor and serum-free media. In the case of cell
contact inhibition assay, cells were allowed to reach confluence and
BrdU incorporation rate was tested at days 4, 8 and 12. HeLa cells
were used as positive control.
Population doubling curves were calculated as previously
described (Cudre-Mauroux et al, 2003). Briefly, once cells reached
optimal confluence (70–80%), they were detached with trypsin,
collected, counted and re-seeded. Growth curves were obtained
by calculating the number of population doublings (PD) as a proliferation index. PD = logN/log2; N = cells collected/cells initially
plated.
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Telomere restriction fragment (TRF) assay
DNA was extracted from cells using the Blood & Cell Culture DNA
Mini kit (Qiagen), and TRF assay was performed with TeloTAGGG
Telomere Length Assay Kit (Roche) according to the manufacturer’s
instructions. Briefly, genomic DNA was digested using restriction
enzymes HinfI and RsaI, which ensure that telomeric and/or subtelomeric DNA is not cut, while non-telomeric DNA is digested to
give rise to low molecular weight fragments. Genomic fragments
were separated on a 0.8% agarose gel and transferred by capillarity
to a nylon membrane. A digoxigenin (DIG)-labelled probe specific
for telomeric repeats was used and membranes were incubated with
a DIG-specific antibody covalently coupled to alkaline phosphate.
Alkaline phosphatase metabolises CDP-Star, a highly sensitive
chemiluminescent substrate that the membrane has been incubated
with; as a result, visible signals indicate telomere probe and hence
the telomeric restriction fragment (TRF) location on the blot. The
average TRF length can be determined by comparing the location of
the TRF on the blot relative to a molecular weight.
Microcell-mediated chromosome transfer
CHO(DYS-HAC), A9(DYS-HAC), riDMD(DYS-HAC2) mesoangioblasts and riDMD(DYS-HAC2) myoblasts hybrids were generated
by microcell-mediated chromosome transfer (MMCT) as previously
described (Koi et al, 1989; Katoh et al, 2010; Kazuki et al, 2010;
Hiratsuka et al, 2015). Detailed protocols can be found in
Appendix Supplementary Methods.
DNA construction and HAC engineering
The targeting vector pN for generation of the DYS-HAC2 was
constructed in the pBSII backbone vector (Stratagene) using standard ligation technique. The pN contains (i) 3.8- and 2.6-kb fragments for homologous arms corresponding to human chromosome
21 and X locus in AL050305 and AP001657, respectively, (ii) 50
HPRT gene, (iii) lox71 site, and (iv) CMV promoter-driven
neomycin gene flanked by FRT sites. Further details on construction
of pN are available upon request. The plasmid pCAG-T7-F encodes
the F protein of the Edmonston-B strain under the control of CAG
promoter (Katoh et al, 2010). The plasmid pTNH6-H-CD13 encodes
H protein, the fusion protein of the measles virus and anti-CD13scFV under the control of CMV promoter in order to re-target the
fusogenic activity of the H protein (Hiratsuka et al, 2015). The DNA
sequence encoding for anti-CD13-scFv was flanked by 50 -SfiI recognition site and 30 -NotI recognition site, synthesised (Blue Heron)
and subcloned into pUCminusMCS plasmid (Invitrogen). The SfiI/
NotI fragment was subcloned into pTNH6-H at the corresponding
restriction sites, resulting in pTNH6-H-CD13. The ORF corresponding to the scFv peptide is in uppercase.
ScFv recognising CD13: gcggcccagccggccGACTACAAGGACGTG
GTCATGACTCAGACACCACTGAGCCTGCCCGTTTCCCTCGGCGACC
AGGCCAGCATATCATGCCGGAGTTCTCAGTCCATCGTTCACTCAA
ACGGCAATACCTATCTGGAATGGTATCTTCAGAAGCCGGGTCAGT
CCCCTAAGCTCCTGATCTACAAGGTGTCAAACAGATTTTCAGGAG
TGCCCGACAGATTCTCCGGTAGCGGGTCTGGCACAGATTTCACCC
TTAAGATTAGCAGAGTCGAGGCAGAGGACCTGGGCGTTTACTAC
TGCTTTCAGGGGTCTCACGTGCCTTGGACCTTTGGTGGGGGTACGA
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AACTGGAAATCAAACGCGGCGGGGGAGGGAGCGGAGGGGGCGGT
TCAGGTGGTGGCGGGTCCGGTGGGGGCGGCAGTCAAGTTCAGCTG
CAACAGTCTGGCGCTGAATTGATGAAACCAGGAGCCAGCGTTAAG
ATCAGCTGTAAGGCGACTGGATACACCTTTAACTCTTACTGGATCG
AATGGGTGAAGCAGCGCCCAGGCCACGGCCTGGAGTGGATCGGAG
AGATCCTCCCAGGCAGCGGGTCTACTAACTACAACGAGAAATTCA
ATGGGAAGGCCACTTTTACAGCAGATGCGTCATCTAACACAGCCT
ATATGCAGCTGTCCTCTCTCACAAGTGAGGATAGCGCCGTGTATT
ATTGTGCGCGCGTGTATTATGGGACATATGGCAGGGTGTATTGGG
GCCAGGGCACGACACTGACTGTCAGTAGTGCTTCTGGCGCAGATg
cggccgcatgatagtaagcggcccagccggcc.
The plasmid pTNH6-Haa-EGFR encodes the fusion protein of the
measles H protein and anti-EGFR-scFV under the control of CMV
promoter (Nakamura, unpublished). The blasticidin expression
plasmid pCMV/Bsd was purchased from Life Technologies.
Synthesis of p17 and pP-DHR plasmids
p17 and pP plasmids were synthesised by Life Technologies after
careful in-house designing. Plasmid pP was then modified with FseI
digestion and self-ligation with the FseI sites to remove HR sequence
(homologous recombination arm for gene insertion in DT40 cells;
Hoshiya et al, 2009; Kazuki et al, 2011) in order to shorten pP plasmid and increase efficiency of transfection in target CHO cells.
DNA transfection
DNA transfection for DYS-HAC2 generation
The DYS-HAC1 was previously developed by a cloning of the entire
human dystrophin gene into the HAC backbone named 21HAC2
using Cre/loxP-mediated targeted translocation in CHO cells
(Hoshiya et al, 2009; Kazuki et al, 2010). DT40 hybrid cells containing the DYS-HAC1 were established by MMCT from CHO hybrids
containing the DYS-HAC1 and maintained with 1.5 mg/ml G418
(Invitrogen). The DT40 hybrid cells retaining the DYS-HAC1 were
transfected by the electroporation of 1 × 107 cells with 25 lg of the
NotI-linearised pN vector at 25 lF and 550 V in a 4-mm cuvette
using a Gene Pulser (Bio-Rad, Hercules, CA, USA). The cells were
suspended in basic growth medium and aliquoted into four 96-well
flat-bottomed microtiter plates (Becton–Dickinson, Franklin Lakes,
NJ, USA). After 2 days, the cells were suspended in selective
medium with 1.5 mg/ml G418. About 14 days later, drug-resistant
colonies were picked up and expanded for the following analyses.
DNA transfection for MMCT using measles virus fusogenic envelope
proteins (unconventional MMCT)
1.5 × 107 CHO(DYS-HAC2) cells were prepared in 10-cm dishes and
then co-transfected with 12 lg of pTNH6-H-CD13 and pCAG-T7-F,
respectively, using Lipofectamine 2000 (Invitrogen). 24 h after
transfection, transfected CHO(DYS-HAC2) cells were expanded for
MMCT experiments.
DNA transfection for DYS-HAC3 and DYS-HAC4 generation
2 × 106 CHO(DYS-HAC2) cells were co-transfected with p17 (8 lg)
and Cre-expressing plasmids (1 lg) using Lipofectamine 2000 (Invitrogen) to induce insertion of p17 into DYS-HAC2 via Cre/LoxP
system and generate DYS-HAC3. 24 h after transfection, CHO cells
were expanded with a hypoxanthine–aminopterin–thymidine
(HAT)-supplemented medium (Sigma-Aldrich) to select only CHO
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cells containing DYS-HAC3. CHO(DYS-HAC3) cells were further
transfected with pP-DHR and Bxb1-expressing plasmid following the
same protocol detailed above. Selection was performed according to
the following: 8 lg of blasticidin S (Wako), 800 lg of G418
(Promega), 7 mM of L-histidinol dihydrochloride (Sigma-Aldrich)
and HAT medium.
In vitro migration assay
In vitro migration assays were performed using human umbilical
vein endothelial cells (HUVECs) as previously published (Giannotta
et al, 2014; Bonfanti et al, 2015). Culture inserts (Corning) were
incubated for 1 h at 37°C with 1.5% (w/v) gelatin and cross-linked
with 2% (w/v) glutaraldehyde solution (Sigma-Aldrich) at room
temperature. After 15 min, glutaraldehyde was removed and inserts
were incubated with 70% ethanol (v/v) for 1 h, then washed five
times with sterile PBS and incubated overnight with PBS containing
2 mM glycine. HUVECs were then plated in 5% CO2/3% O2 at 37°C
to reach confluence. Human mesoangioblasts were detached with
PBS/1 mM EDTA and labelled with 0.7 lM 6-carboxyfluorescein
diacetate (6-CFDA; Molecular Probes, Invitrogen) in suspension for
30 min at 37°C in serum-free media. 105 fluorescent human cells
per insert were added to the upper chamber in serum-free MegaCell
and were left to migrate in 5% CO2/3% O2 at 37°C for 10 h. After
fixing both lower and upper chamber for 10 min with 4%
paraformaldehyde, the non-migrated cells on the upper face of the
filters were scraped away using a cotton bud, retaining only the cells
that had migrated through the HUVEC monolayer. Five pictures for
each filter were taken using an inverted fluorescence microscope
(Leica), migrated cells on the lower surface were counted and data
displayed as numbers of migrated cells per mm2.
Chromosome analyses (karyotype and fluorescence in situ
hybridisation)
Karyotype analyses were performed using either fixed metaphase or
interphase spreads stained with quinacrine mustard and Hoechst
33258 to enumerate chromosomes. Images were captured using an
AxioImagerZ2 fluorescence microscope (Carl Zeiss GmbH).
For fluorescence in situ hybridisation (FISH), cells were incubated overnight with colcemid (Sigma) to obtain metaphase spreads.
Following colcemid treatment, cells were trypsinised, collected, incubated with 0.075 M KCl and washed three times with fresh-made
Carnoy’s solution (3 parts of methanol, 1 part of acetic acid). Cells
were then re-suspended in Carnoy’s solution and approximately one
drop of cell suspension was spread on each microscope slide [preincubated in 50% (v/v) ethanol]. Cells were fixed on microscope
slides with a Bunsen’s burner and stored for up to a week at "80°C.
FISH analyses were performed using either fixed metaphase or
interphase spreads of each cell hybrid. Digoxigenin-labelled (Roche)
human COT-1 DNA (Invitrogen) and biotin-labelled BAC DNA
RP11-954B16 (located in the Dystrophin genomic region, Children’s
Hospital Oakland Research Institute) were used for the detection
of DYS-HAC2 in DT40 (DYS-HAC2), A9(DYS-HAC2)-9 and CHO
(DYS-HAC2)-7 cells. Digoxigenin-labelled p11-4 human alpha
satellite (centromeres of chromosome 13 and 21, hChr 13/21(cen))
and biotin-labelled RP11-954B16 were used for the detection
of DYS-HAC2 in riDMD(DYS-HAC2) clones. Digoxigenin-labelled
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human COT-1 DNA and biotin-labelled plasmid pP-DHR (immortalising cassette) were used for the detection of DYS-HAC4 in CHO(DYSHAC4)#19 clone. Digoxigenin-labelled probes were combined with
anti-digoxigenin-rhodamine (red)while biotin-labeled probe were
combined with anti-biotin-FITC (green). Chromosomal DNA was
counterstained with 40 ,6-diamidino-2-phenylindole (DAPI, Sigma) or
with Giemsa staining, and images were captured using a Leica (Germany) DMI6000B microscope equipped with an AF6000 system and
LAS AF 2.3.5 software or AxioImagerZ2 fluorescence microscope
(Carl Zeiss GmbH). Additional information is given in Appendix
Supplementary Methods.
Mice and in vivo experiments
Scid/mdx (C57BL/6 background) and scid/beige mice were genotyped as previously described (Tedesco et al, 2011, 2012). NSG mice
were kindly provided by UCL Biological Services. All mice were kept
in specific pathogen-free (SPF) environment, and all the procedures
involving living animals are conformed to Italian (D.L.vo 116/92
and subsequent additions) and English law (Animals Scientific
Procedure Act 1986 and subsequent additions) and were approved
by both San Raffaele Institutional Review Board (IACUC 355) and
UK Home Office (Project Licences no. 70/7435 and 70/8566).
For tumorigenesis experiments, both adult (between 2 and
6 months of age) female and male scid/beige immunodeficient mice
were subcutaneously injected in the dorsal flank with 2 × 106 cells
in 200 ll of PBS (without calcium and magnesium) containing 0.2
international units of sodium heparin (Mayne Pharma). Mice were
then regularly examined to detect tumour formation or any signs of
distress. Specific follow-up times and the number of mice used are
indicated in the respective figure legends or result sections. HeLa
cells were used as positive control.
For intramuscular cell transplantation experiments, 2-week-old
immunodeficient dystrophic scid/mdx and 3-month-old immunodeficient NOD/scid/gamma (NSG) male mice were used. In the case of
NSG mice, tibialis anterior muscles were subjected to cryoinjury
before cell injection as described previously (Meng et al, 2015) to
promote muscle regeneration. The day before transplantation,
MyoD-ER transduced cells were activated with 1 lM 4 OH-tamoxifen. Accordingly, tamoxifen (33 lg/g) was given to mice once per
day subcutaneously for three consecutive days starting from 1 day
prior to transplantation. Before intramuscular injections, cells were
trypsinised, counted, washed/centrifuged twice in PBS and
suspended in PBS at the concentration of 5 × 104 cells/ll. 20 ll of
cell suspension (equivalent to 106 cells) was injected in selected
hind limb muscles (tibialis anterior for NSG mice; tibialis and
gastrocnemius for scid/mdx mice). Hind limb muscles from the
same mouse were used as contralateral control and injected with
20 ll of PBS. Mice were humanely killed 3 weeks after transplantation and muscles explanted for further analyses. For a detailed
protocol, see Gerli et al (2014).
For heterotopic subcutaneous transplantation experiments
(Sacchetti et al, 2016), cells and 3-month-old NSG male mice were
pre-treated with tamoxifen as described above. The following day,
106 cells were suspended in 1 ml of cold undiluted reduced growth
factor Matrigel (BD cat n 356230; kept on ice) and immediately
injected subcutaneously in anesthetised NSG mice with a ice-cold
1 ml syringe (the needle was kept subcutaneously for 1 min to allow
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The paper explained
Problem
Duchenne muscular dystrophy (DMD) is a fatal neuromuscular disorder caused by mutations in the dystrophin gene. The large size of the
dystrophin gene makes very difficult to clone its full cDNA into
conventional delivery vectors for DMD gene therapy.
Results
hTERT- and Bmi1-mediated reversible immortalisation of human
muscle progenitors allowed their genetic correction with a novel
human artificial chromosome (HAC) containing the entire dystrophin
locus (DYS-HAC2). Finally, generation of a next-generation multifunctional HAC containing both dystrophin locus and the immortalising
genes established a new platform for complex gene transfer.
Impact
This study provides the first evidence of translation of HAC technology
to clinically relevant human muscle progenitors for ex vivo gene therapy of DMD and describes the development of the largest gene therapy vector to date.

solidification of the Matrigel). Mice were humanely killed 2 weeks
after injection and Matrigel plugs were explanted and analysed.
Ethics
Healthy donor mesoangioblasts were obtained from muscle biopsies
according to the protocol “Evaluation of regenerative properties of
human mesoangioblasts”, submitted to the San Raffaele Scientific
Institute Ethical Committee by G. Cossu and authorised on 20th
February 2007. All patients signed informed consent. DMD human
mesoangioblasts were isolated from muscle biopsies kindly
provided by Dr. Yvan Torrente (University of Milan, Italy). Human
cell work in the Tedesco laboratory was conducted under approval
of the NHS Health Research Authority Research Ethics Committee
reference no. 13/LO/1826; IRAS project ID no. 141100.
Statistics
Values were expressed as the mean ! SEM. Significance of the differences between means was assessed by Student’s t-test or by oneway analysis of variance (ANOVA) followed by Tukey’s post hoc
analyses test when multiple comparisons were required. A probability of less than 5% (P < 0.05) was considered to be statistically
significant. Data were analysed with GraphPad Prism 6.
Expanded View for this article is available online.
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SUMMARY

Generating human skeletal muscle models is instrumental for investigating muscle pathology and
therapy. Here, we report the generation of threedimensional (3D) artificial skeletal muscle tissue
from human pluripotent stem cells, including
induced pluripotent stem cells (iPSCs) from patients
with Duchenne, limb-girdle, and congenital muscular
dystrophies. 3D skeletal myogenic differentiation of
pluripotent cells was induced within hydrogels under
tension to provide myofiber alignment. Artificial muscles recapitulated characteristics of human skeletal
muscle tissue and could be implanted into immunodeficient mice. Pathological cellular hallmarks of
incurable forms of severe muscular dystrophy could
be modeled with high fidelity using this 3D platform.
Finally, we show generation of fully human iPSCderived, complex, multilineage muscle models containing key isogenic cellular constituents of skeletal
muscle, including vascular endothelial cells, pericytes, and motor neurons. These results lay the
foundation for a human skeletal muscle organoidlike platform for disease modeling, regenerative
medicine, and therapy development.
INTRODUCTION
Skeletal muscle is the most abundant human tissue, and it is
responsible for movement, posture, temperature control, and

various metabolic functions. It is composed of aligned multinucleated myofibers, and its repair and regeneration rely on resident stem or progenitor cells, of which satellite cells are the
best characterized (Tedesco et al., 2010). Nonetheless, impaired
muscle regeneration occurs in acute or chronic conditions, such
as significant trauma (Grogan et al., 2011), or incurable inherited
disorders, such as muscular dystrophies (Mercuri and Muntoni,
2013). Artificial human skeletal muscles would provide an
invaluable tool to study pathological mechanisms, test potential
therapeutics, and develop tissue replacement protocols. Use of
a similar approach in other tissues has proved transformational
for drug development and regenerative medicine by means
of organoid technology (Fatehullah et al., 2016; Lancaster and
Knoblich, 2014).
Although several studies have reported methods to engineer
rodent skeletal muscle tissue (Carosio et al., 2013; Corona et al.,
2014; Huang et al., 2005; Juhas et al., 2014; Machingal et al.,
2011; Shandalov et al., 2014; VanDusen et al., 2014), fewer groups
have used human cells (Chiron et al., 2012; Fuoco et al., 2015;
Madden et al., 2015; Powell et al., 1999; Quarta et al., 2017; Tchao
et al., 2013). Apart from a recent study on healthy donor human
pluripotent stem cells (hPSCs) for muscle tissue engineering
(Rao et al., 2018), most studies used primary human cells from
invasive muscle biopsies, facing hurdles such as poor cell availability, limited cell expansion potential, and exhaustion of differentiation ability. In addition, although there is an increasing need to
develop clinically relevant multilineage patient-specific models
(Giacomelli et al., 2017), no such isogenic human skeletal muscle
model has been derived to date. These obstacles hinder the
translational potential of these platforms for muscle diseases.
To overcome these limitations, here we have exploited
the virtually unlimited proliferative capacity and controllable differentiation of human embryonic stem cells (hESCs) and human
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Figure 1. Differentiation of Multiple hPSC Lines into Skeletal Myotubes and Remodeling of Fibrin Hydrogels upon 3D Culture
(A) Immunofluorescence analysis for myosin heavy chain (MyHC) in standard monolayer cultures of differentiated hESC- and hiPSC-derived cells (DMD,
Duchenne muscular dystrophy; LGMD2D, limb-girdle muscular dystrophy type 2D; LMNA, skeletal muscle laminopathies, specific mutations listed).
(B) Side-view of the 3D culture platform with freshly polymerized gels at day 0 (left) and day 10 (right) of culture containing hiPSC-derived myogenic cells.
(C) Representative phase contrast images of cellularized hydrogels after polymerization (day 0) and after 10 days in culture. Gels undergo remodeling, shorten,
and thin in culture (graph). Mean ± SD, N = 2–4 per time point.
(D) H&E staining of a transverse hydrogel sections after 10 days of differentiation.
Magnification: centronucleated myofibers. Scale bars: (A and D) 100 mm; (C) 1 mm.

induced pluripotent stem cells (hiPSCs) (referred to collectively
as hPSCs) (Inoue et al., 2014) to produce 3D artificial skeletal
muscle constructs for complex muscle disease modeling.
hPSCs were induced to skeletal myogenesis within a biocompatible hydrogel using established protocols (Caron et al.,
2016; Maffioletti et al., 2015; Tedesco et al., 2012). Artificial muscles could be made using hiPSCs from Duchenne, limb-girdle
type 2D, and LAMIN A/C (LMNA)-related muscular dystrophies.
Our 3D platform modeled cellular hallmarks of LMNA-related
muscular dystrophies with high fidelity. Finally, essential cell
types present in muscle tissue, such as vascular cells and motor
neurons, were derived from the same hiPSC source to generate
isogenic multilineage muscle constructs.
RESULTS
3D Artificial Muscles Can Be Generated from Multiple
Healthy and Dystrophic hPSC Lines
To generate 3D human artificial skeletal muscles, hPSC-derived
myogenic cells (healthy and dystrophic) (Figure 1A) were
embedded in fibrin hydrogels and differentiated, adapting a
cardiac tissue engineering platform (Hansen et al., 2010). Fibrin
was polymerized from fibrinogen in molds between two flexible
silicone posts providing continuous tension to the gel, sufficient
to direct orientation of cells along the force axis (Figure 1B). Over
10 days, cells remodeled the matrix, generating a 7–8 mm
long strip of tissue containing structures resembling skeletal
myofibers (Figures 1C, 1D, and S1A). Both transgene-based
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(Maffioletti et al., 2015) and transgene-free (Caron et al., 2016)
differentiation protocols produced muscle constructs (Figures
2A and S1B). Transgene-based muscle constructs were generally used due to the better alignment of myofibers, easier scalability of cultures, and experimental cost-effectiveness.
Immunolabeling of artificial muscles from hESCs and
hiPSCs—healthy donor, Duchenne muscular dystrophy (DMD),
limb-girdle muscular dystrophy type 2D (LGMD2D) (Figure S1C),
and LMNA-related muscular dystrophies—showed homogeneous presence of myosin heavy chain (MyHC)+ multinucleated
myotubes oriented along the force axis of the hydrogels (Figures
2A and 2B), as observed with primary human myoblasts within
the same platform (Figure S1D). Transverse sections of artificial
muscles revealed abundant MyHC+ muscle fibers surrounded by
LAMININ+ extracellular matrix (Figure 2C). Western blot analysis
confirmed production of MyHC protein (Figure 2D). Healthy and
dystrophic muscle constructs also expressed markers
of skeletal muscle determination and maturation (e.g., MYOD
and DYSTROPHIN) (Figure 2E). Immunohistochemical staining
highlighted proteins associated with skeletal muscle maturation,
such as sarcomeric actin (Figure 2F). Electron microscopy
revealed that muscle constructs displayed some degree of
cytoskeletal organization into sarcomeres, the basic functional
unit of striated myofibers (Figure 2G). Functional myotubes
within the artificial muscles were detected by caffeine-induced
calcium transients (Figure S1E).
Pax7 marks a population of self-renewing myogenic stem
cells known as satellite cells (Tedesco et al., 2010). To assess

Figure 2. 3D Artificial Skeletal Muscle Constructs Derived from Healthy and Dystrophic hPSCs
(A) Whole-mount immunofluorescence for myosin heavy chain (MyHC) on muscle constructs derived from hESCs, WT hiPSCs (transgene-based and transgenefree differentiation protocols) and dystrophic hiPSCs (DMD, LGMD2D, and skeletal muscle LMNA) differentiated in 3D for 10 days. Nuclei are counterstained with
Hoechst. Arrowheads: multinucleated myotubes.
(B) Graph quantifying the proportion of MyHC+ cells using z stack confocal microscopy of three hPSC lines shown in (A).
(C) Immunolabeling for LAMININ (extracellular matrix), MyHC, and nuclei (Hoechst) on DMD artificial muscles.
(D) Western blot for MyHC (250 kDa) in undifferentiated and 3D differentiated iPSC-derived, inducible myogenic cells. b-tubulin: loading control (50 kDa).
(E) qRT-PCR analysis of artificial muscles for myogenic markers. DYSTROPHIN (DYS) is absent from DMD-derived artificial muscles. N = 3 for all lines apart from
LMNA mutant and LGMD2D hiPSCs, whose error bars represent intra-experimental replicates (n = 3). Values are normalized on GAPDH expression; DDCt is
calculated on the corresponding expression values of undifferentiated cells.
(F) Immunohistochemistry for sarcomeric actin in DMD artificial muscles after 10 days of differentiation.
(G) Transmitted electron microscopy images of DMD iPSC-derived artificial muscle showing sarcomeres (white arrowheads: z lines).
(H) Immunofluorescence showing PAX7+ nuclei adjacent to DESMIN+ myofibers following transgene-free commitment and differentiation of hiPSCs in 3D for
14 days. The graph quantifies the percentage of PAX7+ nuclei within the hydrogels (a total of 5,341 nuclei across 10 random fields).
(I) Bright-field image of a tibialis anterior (TA) muscle 1 week after implantation of artificial muscles generated using GFP+ myogenic cells. Dashed rectangle:
grafted area.
(J) Immunofluorescence showing engrafted human nuclei (LAMIN A/C+, left) corresponding to an area in a serial section with embryonic MyHC+ (eMyHC) fibers in
transverse sections of a TA muscle 1 week after implantation. Right graphs show quantification of human nuclei from three healthy or dystrophic cell lines; N = 6,
2 mice/cell type; mean ± SD: hESCs 92 ± 30, hiPSCs 59 ± 19, DMD hiPSCs 1,068 ± 132.
(K) Immunofluorescence of systemically delivered 594-conjugated IB4 isolectin (red) labeling endothelial cells within the implanted human artificial muscle
(LAMIN A/C: human nuclei).
Error bars: mean ± SD. Scale bars: (A) top 250 mm, bottom 25 mm; (C, F, and K) 100 mm; (G) 1 mm; (H) 20 mm; (I) 1 mm; (J) 200 mm. For additional information, see
Figures S1 and S2.

whether our 3D platform generated and provided a niche for
Pax7+ cells, we induced myogenic commitment and differentiation of transgene-free hiPSC-derived myogenic progenitors
directly in hydrogels. This resulted in PAX7+ cells juxtaposed to

myofibers, albeit with variability among the tested hiPSC lines
(Figure 2H).
To further characterize hPSC-derived artificial muscles,
they were implanted into immunodeficient mice. Tibialis anterior
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Figure 3. hiPSC-Derived Artificial Skeletal Muscles Model Skeletal Muscle Laminopathies
(A) Confocal (z stacks merge) whole-mount immunofluorescence for DESMIN (myotubes), LAMIN A/C, and EMERIN (nuclear lamina) on hiPSC-derived (healthy
and LMNA mutant) artificial muscles. Hoechst: nuclei.

(legend continued on next page)
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(TA) muscles of non-obese diabetic (NOD)-severe combined
immunodeficiency (SCID)-gamma mice (NSG) (N = 24) were
injured, and a strip of host tissue was replaced with GFP-expressing hPSC-derived artificial muscles. GFP+ implants were
identifiable in explanted TA muscles at various time points
(Figures 2I and S2A), suggesting successful engraftment. Transverse sections of implanted muscles showed engraftment of
human cells, highlighted by the widespread presence of human
LAMIN A/C+ nuclei (Figures 2J and S2B). LAMIN A/C+ areas colocalized with embryonic MyHC+ (eMyHC) fibers, demonstrating
skeletal muscle generation in vivo (Figures 2J, S2C, and S2D).
Engraftment was confirmed by expression of human musclespecific transcripts in implanted muscles, and blood vessels
within the implants were detected by immunolabeling for CD31
(Figures S2E–S2G). We further investigated vascularization of
the artificial muscle by systemically injecting fluorescent isolectin into the mouse circulation before harvesting implanted muscles. Isolectin+ vessels were evident within the implant, confirming functional vascularization (Figure 2K).
Therefore, fibrin hydrogels under uniaxial tension stimulate
efficient and aligned 3D skeletal myogenic differentiation of
healthy and dystrophic hPSCs. Muscle constructs recapitulate
distinctive molecular, structural, and functional features of skeletal muscle and engraft in immunodeficient mice.
hiPSC-Derived Artificial Skeletal Muscles Enable
Disease Modeling of Skeletal Muscle Laminopathies
Organoids have great potential for disease modeling and drug
development, so we examined whether our organoid-like, artificial skeletal muscle could model severe and incurable forms of
muscular dystrophy. We also hypothesized that the 3D nature
of our hydrogels would facilitate detection of pathological hallmarks less evident in standard bi-dimensional cultures. To investigate this, we examined artificial muscles generated from hiPSC
derived from patients with muscular dystrophies caused by mutations in the LMNA gene. LMNA mainly encodes the A-type lamins, lamin A and lamin C (LAMIN A/C), nuclear envelope proteins
that assemble with B-type lamins into the nuclear lamina,
providing structural support and regulating gene expression
(Worman, 2012). LMNA mutations cause a plethora of diseases
called laminopathies, of which three forms affect skeletal muscle
(Maggi et al., 2016): limb-girdle muscular dystrophy type 1B
(LGMD1B), autosomal dominant Emery-Dreifuss muscular
dystrophy 2 (EDMD2), and LMNA-related congenital muscular
dystrophy (L-CMD). Abnormalities in nuclear morphology are a
key histological feature of skeletal muscle laminopathies (Park

et al., 2009), and using hiPSC-based modeling could provide a
unique, non-invasive tool to address open questions, such
as challenging genotype-phenotype correlations, and develop
new therapeutics (Scharner et al., 2015).
3D artificial muscles were made by differentiating three LMNA
mutant hiPSCs from patients with skeletal muscle laminopathies, referred to by their mutation as LMNA L35P, R249W,
and K32del (Figures 1A, 2A, and 3A). 3D nuclear reconstruction
of mutant LMNA cells differentiated in artificial muscles highlighted features less prominent in standard monolayer cultures
(Figure 3B). This prompted us to quantify nuclear abnormalities,
including elongation, deformities, and presence of blebs (Figure 3C), in LMNA mutant hiPSC-derived artificial muscles. For
controls, we used wild-type (WT) hPSCs and LGMD2D hiPSCs
(Figures 1A and 2A), which have not been reported to have dys€ller, 2011). As expected,
morphic nuclei (Kirschner and Lochmu
nuclei in artificial muscle derived from control cells did not
display significant nuclear abnormalities. In contrast, all mutant
LMNA artificial muscles showed a significant proportion of cells
with nuclear aberrations (p = 0.0022, N = 6) (Figure 3C; Table S1;
Videos S1 and S2).
Nuclear elongation was a predominant abnormality, in line with
biopsy-derived primary myoblast 3D cultures (Bertrand et al.,
2014). Measurements confirmed that laminopathic muscle constructs contained significantly elongated nuclei compared to
control artificial muscles (p = 0.0022) (Figures 3D and 3E), supporting using this outcome measure in future therapy screening
platforms. Thus, hiPSC-derived artificial muscles recapitulate
cellular hallmarks of skeletal muscle laminopathies with high
fidelity and are amenable to model severe muscle disorders.
Increasing Histological Complexity: Multilineage
hiPSC-Derived 3D Artificial Skeletal Muscles
Skeletal muscle tissue also contains non-muscle support cell
types, such as vascular endothelial cells (ECs) and pericytes
(PCs), which permit blood perfusion while controlling homeostasis of the muscle stem cell compartment (Christov et al.,
2007). Therefore, adding ECs and PCs to artificial muscles could
generate a more physiologically relevant model in vitro and
improve survival of larger constructs in vivo, which require
prompt vascularization to prevent hypoxia-induced cell death
(Criswell et al., 2013; Gholobova et al., 2015; Koffler et al.,
2011; Levenberg et al., 2005). To achieve these aims, we first
derived isogenic ECs and PCs from the same hiPSCs used for
myogenic differentiation (Figure S3A) (Orlova et al., 2014). We
then combined isogenic hiPSC-derived ECs, PCs, and myogenic

(B) Comparison of confocal 3D nuclear reconstructions of the same iPSC lines shown in (A) differentiated as monolayer cultures (left) versus 3D artificial muscle
constructs (right). Nuclei are immunolabeled for LAMIN A/C.
(C) Box and whiskers graph quantifying nuclear abnormalities in hiPSC-derived artificial muscle generated from 3 patients affected by LMNA-related muscular
dystrophies (red color shades) versus 3 control donors (blue color shades). LGMD2D artificial muscles are included as negative control, because they do not have
nuclear abnormalities. Lower panel: representative images of 3D-reconstructed nuclei used to score laminopathy versus control muscles in the graph. **p =
0.0022, Mann-Whitney U test. n = 6 in CTRL group and 6 in LMNA mutant group (3 cell populations per group in 2 independent experiments). A minimum of 45
nuclei/hydrogel/experiment across 8 random high-power fields were scored. Boxes, 25th to 75th percentiles; horizontal line inside, median; +, mean; whiskers,
min to max values.
(D) Scatter dot plot of the specific length of the nuclei scored in (C). **p = 0.0022, Mann-Whitney U test. n = 6 in CTRL group and 6 in LMNA mutant group (3 cell
populations per group in 2 independent experiments). Each symbol is one nucleus. Error bars: mean ± SD.
(E) Distribution plot of the graph in (D).
Scale bars: (A and B) 15 mm; (C) 10 mm. For additional information, see Table S1 and Videos S1 and S2.
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Figure 4. Multilineage Artificial Muscles Containing Isogenic hiPSC-Derived Vascular Cells and Motor Neurons
(A) Left panel: whole-mount immunofluorescence of an artificial muscle containing a self-organized isogenic network of hiPSC-derived CD31+ endothelial cells
(arrowheads). Right panel: higher-magnification confocal image of the boxed area showing lateral z views.
(B) Hyper-stack image (12 frames) processed with color-coding on CD31 staining (ImageJ) highlighting the 3D structure of the endothelial network. Frame
thickness: 2 mm.
(C) Confocal images of whole-mount immunolabeling of a multilineage construct containing GFP+ pericytes (PCs), displaying coexistence of myofibers (MyHC),
ECs (CD31), and PCs. Arrowheads: CD31+ ECs juxtaposed to PCs.
(D) Confocal image showing an additional example of a multilineage construct as in (C) with lateral z views. Arrowhead indicates a MyHC+ and GFP+ multinucleated myotube (see Discussion).
(E) Quantification of confocal images of tri-lineage artificial muscles showing the average number of MyHC+ (muscle), GFP+ (PCs), and CD31+ (ECs) nuclei per
0.1 mm2 field. Error bars: SEM. n = 10 images.
(F) Confocal immunofluorescence panel of multilineage 3D artificial muscle derived from WT hiPSCs containing isogenic myofibers, vascular cells (ECs and GFP+
PCs), and motor neurons (SMI32). Color-coded combination enabled discrimination of the four cell types based upon the color of the merge. Arrowheads
highlight two motor neurons showing multiple axon-like processes.

(legend continued on next page)
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cells within hydrogels under tension and tested media that supported growth and differentiation of those lineages. After 10 days
in culture, long (up to 0.9 mm) CD31+ vessel-like formations
coexisted in the same 3D environment close to isogenic myofibers (Figure 4A). The 3D nature of EC networks was visualized
through hyper-stack images processed with depth color-coding
for CD31 immunolabeling (Figure 4B). Due to the absence of unequivocal PC-specific markers (Armulik et al., 2011), hiPSCderived PCs were transduced with a lentivirus encoding for
GFP to allow their detection within artificial muscles. Immunofluorescence demonstrated alignment and coexistence of myofibers, ECs, and PCs within the same 3D environment (Figures
4C–4E). In vivo studies of muscle function in immunodeficient
mice suggested enhanced force recovery only in muscles
receiving multicellular versus single-lineage (i.e., only myofibers)
artificial muscle implants (Figure S3B).
Another key cell type for skeletal muscle is the spinal motor
neuron. Deriving primary human motor neurons is challenging;
however, several protocols are available to differentiate them
from hPSCs (Patani, 2016), including their coculture with primary
myotubes (Steinbeck et al., 2016). Therefore, developing an
isogenic human muscle-motor neurons platform would model
neuromuscular disorders in a personalized fashion. To this aim,
we differentiated hiPSCs into neural progenitors (Stacpoole
et al., 2011) and further adapted our tri-lineage culture system
to enable differentiation of neural precursors into motor neurons.
We obtained stable 3D artificial muscle constructs containing
four distinct isogenic cell types, i.e., myofibers, ECs, PCs, and
SMI32+ cells with long axon-like processes resembling motor
neurons spreading from hiPSC-derived neurospheres placed
above the hydrogels (Figures 4F and 4G).
We next investigated generation of neuromuscular junctions
through muscle-motor neuron bi-lineage models. Interactions
between the two cell types were optimized by employing a differentiation paradigm that generates a highly enriched motor neuron
population (Figure S3C) (Hall et al., 2017) and allows seeding
of single-cell neural precursors within the hydrogel. DMD muscle
constructs were made containing WT motor neurons, which
showed alpha-bungarotoxin+ acetylcholine receptors and striated myofibers with the sarcomeric protein Titin (Figures 4H
and 4I), indicating a positive effect on myofibers’ maturation exerted by motor neurons. Thus, we generated complex, 3D, multilineage, artificial skeletal muscle models from hiPSCs.
DISCUSSION
Use of hPSCs for tissue engineering and complex disease
modeling is expanding, and exciting results have been obtained
with hiPSC-derived organoids (Passier et al., 2016). Here we
show that 3D constructs resembling skeletal muscle tissue can
be generated by differentiating healthy donor and disease-spe-

cific hPSCs within fibrin hydrogels under unidirectional tension.
We have generated artificial muscles from patients affected by
severe forms of muscle diseases with different genetic inheritance, namely, Duchenne (X-linked), LGMD2D (autosomal
recessive), and LMNA-related (autosomal dominant) muscular
dystrophies. Our hiPSC-derived 3D platform recapitulated nuclear abnormalities characteristic of LMNA-related muscular
dystrophies. Nuclear elongation was the most prominent abnormality, consistent with reports using LMNA mutant mice and primary human myoblasts (Bertrand et al., 2014; Nikolova et al.,
2004), supporting the high fidelity of our 3D platform for modeling
skeletal muscle laminopathies. We also provide proof of principle of hPSC-derived artificial muscle engraftment, laying the
foundation for in vivo modeling and drug testing in humanized
dystrophic muscles.
A major advantage of using hPSCs for muscle bioengineering
is the ability to derive different cell types from the same cellular
source, and here we provide evidence of generation of isogenic,
multilineage, hPSC-derived artificial skeletal muscles. Although
our data and published work (Rao et al., 2018) indicate that skeletal muscle properties can be observed in bundles of hPSCderived myofibers, our results further indicate that maturation
of fully functional artificial muscles might require contribution
from other cellular lineages, such as vascular cells and motor
neurons (Christov et al., 2007; Ecob-Prince et al., 1986; Kostallari
et al., 2015; Martin et al., 2015). This could be particularly relevant for in vitro studies of non-muscle-specific defects in muscle
disorders (Dabiré et al., 2012; Palladino et al., 2013) or to predict
off-target effects of skeletal muscle-directed therapeutics. Artificial muscles containing vascular cells will likely improve engraftment upon implantation in vivo, via rapid anastomosis with the
host circulation, in line with improved engraftment of vascularized muscle constructs derived from primary myoblasts (Perry
et al., 2017; Quarta et al., 2017). Moreover, multilineage artificial
muscles could also provide insights into human muscle regeneration dynamics, because we observed generation of GFP+ myofibers in constructs in which only PCs had been transduced with
a GFP-encoding lentiviral vector (Figure 4D). This suggests
myogenic potential of PCs or their recruitment from differentiating muscle, similar to that described in mice with lineage
tracing experiments (Dellavalle et al., 2011).
This platform can be further engineered to include other pluripotent derivatives, such as different muscle interstitial cells (Tedesco et al., 2017). Nonetheless, bioengineering an all-hPSCderived muscle will require highly specialized culture conditions,
potentially with a combination of transgene-based (e.g., Darabi
et al., 2012; Tedesco et al., 2012) and transgene-free (e.g., Caron
et al., 2016; Chal et al., 2015) differentiation methods, because
culture conditions to maintain non-myogenic cells might interfere
with transgene-free, small molecule-based myogenic differentiation of hPSCs. Further optimization of artificial muscles includes

(G) Quantification of the motor neurons (MNs) in quadruple lineage cultures shown in (F). Error bars: SEM. n = 7 images.
(H) Confocal immunofluorescence of a DMD artificial muscle construct containing non-isogenic WT SMI32+ motor neurons and showing alpha-bungarotoxin
(BTX)+ acetylcholine receptors (zoom in).
(I) Confocal immunofluorescence of a sister construct of (H) with aligned, multinucleated myofibers with sarcomeric TITIN+ striations (arrowheads) and BTX+
acetylcholine receptors (red signal in white box).
Scale bars: (A and B) 25 mm; (C–F, H, and I) 10 mm. For additional information, see Figure S3.
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improvement of maturation via chemical, electrical or optical stimulation and scaling down for high-throughput screening. Moreover, culture in autologous fibrinogen (de la Puente and Ludeña,
2014) would enable a highly personalized platform. Finally, human
muscle models would reduce laboratory animal use for toxicity
testing. In conclusion, this hPSC-derived artificial skeletal muscle
platform could bring together regenerative medicine and drug
development under the same translational technology, advancing
knowledge on the pathogenesis and development of therapies for
muscle diseases.
EXPERIMENTAL PROCEDURES
Generation of 3D Skeletal Muscle Constructs
15 hPSC lines (1 hESC line + 14 hiPSC lines) and 1 primary human myoblast line
were used. Hydrogels were produced as published (Hansen et al., 2010) and according to the manufacturer’s instructions (EHT Technologies, Hamburg).
106 myogenic cells pre-treated with ROCK inhibitor (10 mM; 1–2 hr) were used
per construct (total volume: 120 mL). Artificial muscles were cultured at 37! C
with 5% CO2 supplementing the medium with 33 mg/mL aprotinin (Sigma,
A3428) to prevent fibrinogen degradation. To induce myogenic differentiation,
1 mM 4-OH tamoxifen was added 48 hr after polymerization in proliferation medium and then 24 hr later in differentiation medium. For transgene-free myogenic
differentiation (Genea Biocells), progenitors were cultured for 7 days in commitment medium before cells were combined with fibrin, switching to differentiation
medium 2 days later. To generate PAX7+ cells, myogenic commitment was
induced for 2 days in standard monolayer culture conditions and then continued
in 3D for 5 days before switching to differentiation medium; hydrogels were
cultured for a total of 14 days. Pax7+ cells were observed in 1 of 3 lines
(NCRM1 iPSCs).
Triple-lineage constructs were made with the same method using a mix of
70% myogenic cells (7 3 105) and 30% vascular cells (6 3 104 ECs and
2.4 3 105 PCs). Muscles were cultured in a 1:1 mix of human iPSC-derived
mesoangioblast-like inducible myogenic cells (HIDEM) proliferation medium
(Maffioletti et al., 2015) and endothelial medium A (EC-SFM [endothelial
cell-serum-free basal medium]; 1% platelet-poor, plasma-derived serum;
30 ng/mL vascular endothelial growth factor [VEGF]; 20 ng/mL basic fibroblast
growth factor [bFGF]) for 48 hr and then in a 1:1 mix of HIDEM differentiation
medium (Maffioletti et al., 2015) and endothelial medium B (Lonza, CC-3162)
after the second tamoxifen administration. Muscles were cultured for
10 days at 37! C with 5% CO2, changing the medium every other day. Human
fibrinogen was kindly provided by Prof. H. Redl (LBG, Vienna).
Constructs containing four lineages (muscle + ECs + PCs + motor neurons)
were made as described earlier; after 1 hr of polymerization, 6 neurospheres
(neural progenitor cells [NPCs]) were decanted on top of the hydrogels using
10 mL of fibrin. After the second hour of polymerization, hydrogels were placed
in media containing an equal ratio of Iscove’s Modified Dulbecco’s Medium
(IMDM)-based HIDEM proliferation medium, EC-SFM (Orlova et al., 2014), and
a chemically defined medium (Stacpoole et al., 2011), supplemented with heparin (5 mg/mL) and retinoic acid (0.1 mM). NPC differentiation to motor neurons was
achieved through supplementation of the media with retinoic acid for 7 days and
then with retinoic acid and purmorphamine (1 mM) until fixation at day 14.
To produce hydrogels containing myofibers (70%) and single-cell motor neurons (30%) (derived as per Hall et al., 2017), constructs were cultured for 48 hr
using a 1:1 mix of HIDEM proliferation medium with 1% fetal bovine serum
(FBS) and neural precursor medium (Shi et al., 2012). The same mix was supplemented with 4-OH tamoxifen and 0.1 mM g-secretase inhibitor (Sigma, L1790) to
induce myogenic and neural differentiation. After 24 hr, medium was changed to
administer the second tamoxifen pulse. Hydrogels were kept in culture for
15 days at 37! C with 5% CO2, changing the medium mix with 0.1 mM g-secretase inhibitor every day. At day 5, the medium was supplemented with agrin
(R&D Systems, 550-AG/CF) to promote neuromuscular junction formation.
Agrin concentrations of 0.1, 0.5, and 1 nM were used over the 3 initial days,
and the final concentration was kept until fixation of constructs. Additional information can be found in Supplemental Experimental Procedures.
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Analysis of Nuclear Abnormalities in LMNA Mutant Artificial Muscles
LMNA mutant iPSCs derived from three patients affected by skeletal muscle
laminopathies (LGMD1B and L-CMD) were provided by Cellular Dynamics
International (CDI; http://www.cellulardynamics.com) and Cure Congenital
Muscular Dystrophy (CureCMD; http://www.curecmd.org). iPSCs were
derived by CDI using episomal vectors from samples provided by CureCMD,
which holds patients’ clinical information. Pluripotency was tested by CDI
with a proprietary set of genes. LMNA mutant iPSCs had three heterozygous
dominant mutations: p.K32del and p.L35P located in LMNA exon 1 and
p.R249W in LMNA exon 4.
Hydrogels were fixed with 4% paraformaldehyde (PFA) for 3 hr at 4! C followed by 6 hr of blocking at 4! C (10% FBS, 1% BSA, and 0.5% Triton X-100
in 0.05 M Tris-buffered saline [TBS]) before immunolabeling with rabbit antiDesmin (1:150) (Sigma, D8281), mouse anti-LAMIN A/C (1:100) (Novocastra
NCL-LAM), and goat anti-Emerin (1:50) (Santa Cruz, sc8086) antibodies
overnight at 4! C in TBS, 1% BSA, and 0.5% Triton X-100. The next day, hydrogels were washed with TBS 6 times hourly and incubated overnight with
Hoechst 33342 (Sigma, B2261) plus species-specific secondary antibodies
(Alexa Fluor 488, 546, and 647) (Thermo Fisher Scientific). The following
day, hydrogels were washed 6 times with TBS and embedded in mounting
medium (Dako, S3023A) on glass slides. A confocal microscope (Leica,
SPE2) was used for imaging, using 953 magnification to take 5 to 9 z stacks
(step size: 0.5 mm) of randomly selected regions (final thickness: 12–82 mm).
The z stacks were 3D reconstructed and analyzed based on LAMIN A/C immunolabeling using Imaris 8.4.1 software (Bitplane). Nuclei were analyzed
by scoring the number of abnormalities per field and by measuring major
axis length. Oval or slightly elongated nuclei were scored as normal. Three
LMNA mutant patients and three controls were quantified. A minimum of
45 nuclei per hydrogel per experiment across 8 random fields was scored.
Reproducibility was validated by 3 independent operators (one researcher
was blinded) (Table S1). Normal distribution of nuclear abnormalities was
tested using the D’Agostino and Pearson test and statistical testing
compared the LMNA mutant group (N = 6; 3 cell populations in 2 experiments) versus the non-mutant group (N = 6; 3 cell populations, 2 experiments) using Mann-Whitney U test, because one cell population per group
did not have a normal distribution of values.
Ethics
Work with human cells was performed under approval of the National
Health Service (NHS) Health Research Authority Research Ethics Committee (reference No. 13/LO/1826) and Integrated Research Application
System (IRAS) project (ID No. 141100) and, for motor neuron work, according to approved regulations and guidelines by University College London
Hospital’s National Hospital for Neurology and Neurosurgery and University
College London’s (UCL) Institute of Neurology joint research ethics committee (09/0272). Use of hESCs was approved by the Steering Committee for
the UK Stem Cell Bank and for the use of stem cell lines (SCSC12-46 and
SCSC13-14). Procedures involving animals were approved by the UK Home
Office according to Animals (Scientific Procedures) Act (ASPA) regulations
and performed under PPL 70/8566.
Statistics
Values are mean ± SD or SEM (as specified). Specific N or n values and statistical tests are indicated in figure legends. Data were analyzed with Microsoft
Excel and GraphPad Prism.
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SUMMARY
Satellite cells are responsible for skeletal muscle regeneration. Upon activation, they proliferate as transient amplifying myoblasts, most
of which fuse into regenerating myofibers. Despite their remarkable differentiation potential, these cells have limited migration capacity,
which curtails clinical use for widespread forms of muscular dystrophy. Conversely, skeletal muscle perivascular cells have less myogenic
potential but better migration capacity than satellite cells. Here we show that modulation of Notch and PDGF pathways, involved in
developmental specification of pericytes, induces perivascular cell features in adult mouse and human satellite cell-derived myoblasts.
DLL4 and PDGF-BB-treated cells express markers of perivascular cells and associate with endothelial networks while also upregulating
markers of satellite cell self-renewal. Moreover, treated cells acquire trans-endothelial migration ability while remaining capable of
engrafting skeletal muscle upon intramuscular transplantation. These results extend our understanding of muscle stem cell fate
plasticity and provide a druggable pathway with clinical relevance for muscle cell therapy.

INTRODUCTION
Skeletal muscle homeostasis and regeneration rely on resident stem cells named satellite cells (SCs), which reside underneath the basal lamina of the myofibers and express
the transcription factor Pax7. Upon injury, activated SCs
generate transient amplifying precursors called myoblasts,
which fuse to form multinucleated myofibers (Sambasivan
and Tajbakhsh, 2015). The regenerative capacity of SCs has
led to the development of cellular therapies to replace lost
or damaged muscle (Tedesco et al., 2010). Despite some
promising pre-clinical results and a good safety profile,
clinical trials based upon intramuscular myoblast transplantation in patients with Duchenne muscular dystrophy
(DMD) have reported limited efficacy (Briggs and Morgan,
2013). This outcome has been ascribed to the poor survival
of myoblasts, their limited ability to migrate, and the host
immune reaction (Partridge, 2002), although this is still a
matter of active debate (Skuk and Tremblay, 2014). More

recently, local delivery of myoblasts to affected muscles
in oculopharyngeal muscular dystrophy patients has
shown encouraging results (Perie et al., 2014). Nevertheless, myoblasts are considered unsuitable for systemic
delivery, preventing their use for the treatment of patients
affected by severe myopathies with widespread muscle
involvement such as DMD.
Perivascular cells (pericytes in particular) support skeletal
muscle perfusion, development, and regeneration (Birbrair
and Delbono, 2015; Cappellari and Cossu, 2013; Murray
et al., 2017). Despite evidence in transgenic mice showing
that SCs (Relaix and Zammit, 2012) and not pericytes (Guimaraes-Camboa et al., 2017) are required for muscle regeneration, there are reports indicating that pericyte-derived cells
can also contribute to skeletal myogenesis, including SC
generation and maintenance (Dellavalle et al., 2011, 2007;
Kostallari et al., 2015; Sacchetti et al., 2016; Tedesco et al.,
2011). Discrepancies among reports may be due to the use
of different markers to identify interstitial/perivascular cells
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(Tedesco et al., 2017). Importantly, intra-arterial delivery of
progenitors derived from skeletal muscle perivascular cells
(mainly mesoangioblasts, deriving from in vitro expansion
of a subset of muscle pericytes) resulted in the colonization
of skeletal muscle tissue downstream of the injection site
and subsequent amelioration of different animal models
of muscular dystrophy (Benedetti et al., 2013). Moreover, a
recent first-in-human phase I/IIa clinical trial based on
intra-arterial delivery of human leukocyte antigen-matched
mesoangioblasts in DMD children has established the safety
and feasibility of this procedure (Cossu et al., 2015). While
they may be an important source for transplantation, the
skeletal myogenic and self-renewing potential of perivascular cells is suboptimal compared with SCs, and their preliminary clinical investigation indicates that further optimization will be needed for muscle cell therapy (Cossu et al.,
2015). Therefore, a muscle stem cell harboring SC myogenic
and self-renewing capacity combined with the migration
ability of perivascular cells could be ideal for muscle cell
therapies.
Several groups have shown that the Notch signaling
pathway, a key regulator of myogenesis and pericyte
function, can alter the behavior of myogenic precursors
(Mourikis and Tajbakhsh, 2014; Sainson and Harris,
2008). The Notch ligand delta ligand 1 (DLL1) promotes
SC quiescence (Baghdadi et al., 2018) and increases engraftment of canine muscle cells (Parker et al., 2012), whereas
DLL4 regulates mouse SC self-renewal (Low et al., 2018;
Verma et al., 2018); however, DLL1 and DLL4 alone did
not significantly improve engraftment of mouse and human SCs (Sakai et al., 2017). Conversely, Notch depletion
leads to SC exhaustion, impairment of muscle regeneration, and reduced engraftment of mesoangioblasts (Bjornson et al., 2012; Mourikis et al., 2012; Quattrocelli et al.,
2014; Schuster-Gossler et al., 2007; Vasyutina et al., 2007).
Platelet-derived growth factor (PDGF) signaling also has
important roles in regulating smooth and skeletal muscle
cell fate. The PDGF signaling pathway comprises the two
receptors a (PDGFR-A) and b (PDGFR-B), which bind to ligands PDGF-A/-B/-C/-D as homo- or hetero-dimers (Lu
and Li, 2017). PDGF-B is expressed in both SC and pericytes
(Pinol-Jurado et al., 2017), affecting their proliferation,
migration, recruitment, and fate (Lindahl et al., 1997; Pallafacchina et al., 2010; Sugg et al., 2017; Yablonka-Reuveni
et al., 1990). In addition, PDGF-BB is upregulated in dystrophic myofibers and attracts myoblasts (Pinol-Jurado et al.,
2017); with a similar mechanism, endothelial cells recruit
mural cells via PDGF-BB (Betsholtz, 2004). Importantly,
Notch induces PDGFR-B, and this combined signaling directs vascular smooth muscle cell fate choice (Jin et al.,
2008).
Previously we reported that mouse embryonic myoblasts
undergo a fate switch toward the perivascular lineage
462 Stem Cell Reports j Vol. 12 j 461–473 j March 5, 2019

following stimulation with DLL4 and PDGF-BB (Cappellari
et al., 2013). Although this prior study suggests bidirectional fate plasticity between SCs and pericytes, there is
currently no evidence indicating that a similar phenomenon is conserved in adult myogenic progenitors. Here, we
provide evidence that adult skeletal muscle SCs gain pericyte properties in response to DLL4 and PDGF-BB treatment, while also re-acquiring a stemness signature.

RESULTS
DLL4 and PDGF-BB Treatment Induces Reversible
Changes in Morphology, Proliferation, and
Differentiation of Adult Murine Satellite Cell-Derived
Myoblasts
To determine whether adult SCs respond to the activation
of Notch and PDGF pathways, primary SC-derived
myoblast cultures (hereafter referred to as SCs) were established from wild-type mice (Figure S1A) and cultured on
collagen-coated dishes (to aid attachment) or seeded on
DLL4-coated dishes supplemented daily with PDGF-BB. After 1 week of treatment, the morphology of the treated SCs
was compared with untreated control SCs, revealing a
change from a round to a more elongated morphology (Figures 1A and 1B).
Notch activity controls SC activation, proliferation, and
quiescence (Bjornson et al., 2012; Brohl et al., 2012; Mourikis et al., 2012). Consistent with these reports, we observed
reduced proliferation of SCs exposed to the treatment (Figure 1C). This effect was reverted by discontinuation of the
treatment. Interestingly, reduced cell proliferation was also
observed when the treatment was commenced on cells that
were previously expanded for 2 weeks in control conditions, indicating that the responsiveness to treatment was
not impaired with extensive culture (Figures 1D–1F). Specifically, proliferation was analyzed by functional 5-ethynyl-20 -deoxyuridine (EdU) incorporation assay and nuclear
Ki67 immunofluorescence staining. Both assays showed a
decrease in proliferation from control to treated SCs:
28.19% vs 10.94% EdU incorporation (p = 0.021, N = 3)
and 45.60% vs 20.44% Ki67 positivity (p = 0.047, N = 3).
Notch activation inhibits myogenesis in vitro both in embryonic myoblasts and adult SCs (Conboy and Rando,
2002; Kopan et al., 1994; Mourikis and Tajbakhsh, 2014).
To investigate if this mechanism is triggered upon treatment with DLL4 and PDGF-BB, cells were differentiated
into skeletal myotubes and immunoassayed for myosin
heavy chain (MyHC) (Figures 1G and 1H). A significant
reduction in myogenic differentiation upon treatment
was observed, from 71.5% to 37.9% (p = 0.031, N = 3
mice in 4 experiments), reflecting the role of Notch
signaling in inhibiting myogenesis. This differentiation

Figure 1. Morphology, Proliferation, and Differentiation of DLL4 and PDGF-BB-Treated SCs
(A) Phase contrast images of untreated and DLL4 and PDGF-BB-treated SCs isolated from CD1 mice.
(B) Graph quantifies circularity ratio, where 1 = circle and 0 = line (n = 3).
(C) Proliferation curves of untreated and treated SCs over time (n = 3). Box highlights treatment switch.
(D–F) Immunofluorescence analysis of SCs isolated from TN-APcre:TdTomato mice expanded for 2 weeks prior to treatment, or maintained
in untreated conditions. Cells pulsed for 2 h with EdU and co-immunostained with Ki67 (arrowheads: nuclear signal) (N = 3) (D). Quantified
in (E and F).
(G) Immunofluorescence images of untreated and treated SCs differentiated into myotubes in low mitogen medium for 4 days and
immunostained for myosin heavy chain (MyHC) and Hoechst (N = 3 mice and 4 experiments).
(H) Untreated and treated SCs differentiated in low mitogen medium supplemented with 660 ng/mL of the g-secretase inhibitor L-685,458
to inhibit Notch signaling (N = 3).
Data: means ± SEM. Statistical significance based on paired (E and F) or unpaired (G and H) Student’s t test; *p < 0.05; n.s., not significant.
Scale bars, 25 mm (D) and 100 mm (A, G, and H).
impairment was reverted by blocking the Notch cascade
with the g-secretase inhibitor L685,458 (N = 3), confirming
the Notch dependency of this phenomenon (Figures 1G
and 1H).
DLL4 and PDGF-BB Treatment Induces Transcription
of Perivascular and SC Genes
To understand the mechanism behind the observed proliferation and differentiation changes, a series of real-time
qPCR analyses was performed to investigate the variation
in the gene expression profile of SCs upon DLL4 and
PDGF-BB treatment. Preliminary experiments performed
with SCs isolated with the pre-plating methodology from

CD1 mice (Figure S1A) suggested that a number of transcripts associated with Notch and PDGF pathways, as well
as myogenic and smooth muscle programs, responded to
treatment (Figure S1B).
To ensure that the observed gene expression profile was
directly elicited by DLL4 and PDGF-BB on bona fide SCs
and not on a possible minority of contaminating cells, we
used SCs isolated from Tg:Pax7-nGFP mice (Sambasivan
et al., 2009) (Figure 2A). Analysis of the expression of
Notch1, the main receptor for DLL4, and of Pdgfrb, showed
significant transcriptional upregulation, confirming that
treatment with DLL4 and PDGF-BB activated the expected
signaling pathways (p = 0.038 and p = 0.017, respectively,
Stem Cell Reports j Vol. 12 j 461–473 j March 5, 2019 463

Figure 2. Gene Expression Analyses of Treated SCs via Real-Time qPCR and Immunofluorescence
(A) Histogram view of the FACS purification of PAX7-GFP+ SCs and resulting pure population in phase contrast and GFP images.
(B) Real-time qPCR analysis of untreated (black bars) and DLL4 and PDGF-BB-treated (green bars) PAX7-GFP+ SCs. Graphs show fold change
to control conditions, statistical significance based on DCt (N = 4).
(C) Left panel: PAX7-GFP+ SCs cultured in control (untreated) or DLL4 and PDGF-BB conditions and immunostained with MYOD (red) and
PAX7 (green) antibodies. Right graph quantifying the relative percentages of PAX7/MYOD +/! cells in each condition (N = 3).
Data: means ± SEM. Statistical significance based on paired Student’s t tests (B) or two-way ANOVA with Bonferroni’s multiple comparison
(C). *p % 0.05, **p % 0.01, ****p % 0.0001, n.s., not significant. Scale bars, 50 mm (A and C). See also Figure S1.
Figure 2B). This was also confirmed by increased expression
of Notch targets Hes1 (p = 0.028) and Hey1 (p = 0.022).
Notch induces Pdgfrb expression in vascular smooth
muscle cells (Jin et al., 2008), which may explain the
remarkable induction of Pdgfrb. Interestingly, the treatment induced genes usually more expressed in smooth
muscle cells and pericytes, including Ng2 (p = 0.024) and
Sm22 (p = 0.003), while also increasing expression of the
SC marker Pax7 (p = 0.032). Finally, quantification of alkaline phosphatase (AP) activity, which is associated with
myogenic pericytes (Dellavalle et al., 2011), suggested upregulation in treated cells (Figure S1C).
We then measured PAX7 and MYOD proteins in SCs
treated with DLL4 and PDGF-BB (Figure 2C, N = 3). PAX7
marks quiescent, self-renewing, and primed SCs, whereas
MYOD is associated with committed progenitors (i.e., myoblasts) (Zammit et al., 2004). Similar to what was observed at
464 Stem Cell Reports j Vol. 12 j 461–473 j March 5, 2019

the mRNA level, the percentage of PAX7+/MYOD– cells
increased from 2.97% in untreated cells to 42.47% in treated
cells (p < 0.0001). Conversely, the percentage of PAX7+/
MYOD+ SCs decreased with DLL4 and PDGF-BB treatment,
from 73.90% to 43.79% (p < 0.0001), suggesting that treated
cells retained a more ‘‘stem-like’’ state.
For this treatment to be applicable to human cells,
response needs to be maintained following expansion in
culture. To test this, we assessed whether SCs were responsive to treatment when expanded for 2 weeks prior to
treatment, revealing an increase in the proportion of
PAX7+/MYOD– SCs (p = 0.001, N = 4; Figure S1D).
Finally, we observed that the morphological changes elicited in treated SCs correlated to an ability of the cells to
adhere directly to plastic, rather than requiring collagen
coating. To confirm that the effect of DLL4 and PDGF-BB
treatment was independent of collagen coating, SCs from

Tg:Pax7-nGFP mice were expanded for 1 week in control
and treatment conditions on collagen-coated or uncoated
culture dishes: proliferation kinetics and mRNA expression
analyses revealed that the effect was independent of
coating (Figures S1E and S1F; N = 3). Taken together, these
results show that DLL4 and PDGF-BB treatment induces a
perivascular-like gene expression profile in SCs while
maintaining or inducing a signature associated with their
self-renewal.
DLL4 and PDGF-BB-Treated SCs Gain Properties of
Perivascular Cells
We next aimed to test whether the expression of perivascular markers on SC treatment with DLL4 and PDGF-BB was
also accompanied by functional pericyte properties. Pericytes contribute to the stabilization of endothelial networks in hydrogels on vascular endothelial growth factor
(VEGF) stimulation (Cappellari et al., 2013). To determine
whether DLL4 and PDGF-BB treatment conferred this functional property to SCs, treated cells were co-cultured with
human umbilical vein endothelial cells (HUVECs) in
Matrigel and stimulated with VEGF. To allow cell tracing
in co-culture, SCs were isolated from Tg:CAG-EGFP mice,
which ubiquitously express the green fluorescent protein
(GFP) (Okabe et al., 1997). After 24 h in culture, endothelial
networks showed limited branching and partial disaggregation when cultured alone or with untreated SCs; however,
networks showed increased branching and stability when
co-cultured with SCs exposed to DLL4 and PDGF-BB, similarly to control skeletal muscle pericytes (Figures 3A–3D).
A characteristic of pericyte-derived mesoangioblasts is
their ability to migrate outside blood vessels upon intravascular delivery in models of muscular dystrophy (e.g., Giannotta et al., 2014; Tedesco et al., 2011). To investigate
whether DLL4 and PDGF-BB-treated SCs acquired this
property, we first performed a transwell assay on an H5V
murine endothelial cell monolayer and measured the number of control or treated SCs that migrated through the
endothelial layer after 6 h. Notably, treated cells had about
a 3-fold increase in migration ability compared with untreated SCs (p < 0.01, N = 3; Figure 3E). Subcutaneously injected DLL4 and PDGF-BB-treated SCs transplanted into
Matrigel plugs also appeared to migrate more toward
CD31/PECAM+ host blood vessels, suggesting a response
to chemotactic signals from the native endothelium (Figure S2, N = 2).
Proof-of-principle in vivo testing was then performed to
determine whether improved migration through an endothelial monolayer in vitro resulted in SCs with the capacity
to cross an actual blood vessel wall. To easily visualize cells,
they were transduced with a lentivirus carrying a nuclear
LacZ cDNA (nLacZ), which enables b-galactosidase
(b-GAL)-mediated identification of donor cells with the

X-gal reaction. A total of 106 control or treated GFP+/
nLacZ+ SCs were injected into the femoral arteries of
dystrophic immunodeficient a-sarcoglycan-null/scid/
beige mice (Sgcatm1KcamPrkdcscidLystbg, Sgca-null/scid/beige
hereafter; Tedesco et al., 2012) as reported previously (Gerli
et al., 2014). This strain was chosen as it displays a more
severe dystrophic phenotype compared with the mdx
mouse and does not have revertant fibers. Prior to transplantation cells were stained with X-gal to determine the
efficiency of transduction (84% X-gal+). Three weeks after
transplantation, scattered GFP+/X-gal+ donor-derived
nuclei were observed in muscles downstream of the injection site in limbs transplanted with DLL4 and PDGF-BBtreated SCs, with muscles receiving untreated SCs showing
little to no signal (Figure 4A). The relatively low frequency
of the event made it difficult to quantify with conventional
methods (e.g., nuclei/section); however, the average X-gal+
area in the medial aspect of the hindlimb muscles increased
from 0.02 mm2 to 0.1 mm2 (p = 0.028, N = 4, Figure 4A),
suggesting an acquired ability of treated SCs to cross the
blood vessel wall upon intra-arterial delivery. X-gal staining
of filter organs (i.e., liver, spleen, kidneys, and lungs)
showed no donor nuclei in mice receiving control or
DLL4 and PDGF-BB-treated SCs intra-arterially (data not
shown). These experiments show that DLL4 and PDGFBB treatment induces perivascular properties to SCs such
as endothelial branch stabilization, as well as improved
migration in vitro and in vivo.
DLL4 and PDGF-BB-Treated Mouse SCs Engraft
Skeletal Muscle following Intramuscular
Transplantation
To investigate if the increased migration resulted in
improved in vivo engraftment while retaining their
myogenic memory, 1 3 106 GFP+/b-GAL+ SCs were transplanted intramuscularly into the tibialis anterior (TA) muscle of Sgca-null/scid/beige mice (N = 5, Figures 4B–4F). Three
weeks after transplantation, explanted muscles were cryosectioned and co-stained for X-gal and a-sarcoglycan
(SGCA) to detect donor-derived cells and their contribution
to host tissues. This analysis revealed that the number of engrafted cells significantly increased with DLL4 and PDGFBB treatment (p = 0.047, Figure 4B). Although TA muscles
engrafted with treated SCs appeared to have more cells per
section and a greater migration throughout the muscle
than control SCs (Figure 4C), the percentage of X-gal+
nuclei located within myofibers (i.e., donor myonuclei)
was unchanged with the treatment (Figure 4D). Finally, a
similar number of SGCA+ myofibers was also observed (Figures 4E and 4F), indicating full differentiation capacity of
treated SCs. In parallel, tumor formation assays based on
subcutaneous injection of 2 3 106 treated SCs were performed to assess safety of the signaling manipulation. After
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Figure 3. In Vitro Assessment of Endothelial Network Association and Migration Properties of DLL4 and PDGF-BB-Treated SCs
(A) Representative images from endothelial network formation assays at 24 h with GFP+ untreated or DLL4 and PDGF-BB-treated SCs
and control yellow fluorescent protein (YFP)+ primary muscle pericytes (technical control, from Tg:TN-AP-CreERT2:R26R-EYFP mice)
stimulated with VEGF in the presence of HUVECs.
(B) Graph depicts quantification of network branches per mm2 at 24 h in the same experimental groups shown in (A) (N = 4).
(C and D) Graph quantifies GFP+ SCs and YFP+ pericytes associated with the network per high-power field (HPF = 1.5 mm2) over time (N = 4);
representative image of treated cells at 72 h shown in (D).
(E) Images of the lower side of transwell membranes from GFP+ untreated or treated SCs and control pericyte-derived mesoangioblasts
(MABs) seeded on a monolayer of H5V murine endothelial cells. Graph quantifies the average number of cells/mm2 that migrated through
the endothelial layer after 6 h (N = 3).
Means ± SEM; statistical significance based on one-way ANOVA with Dunnett’s multiple comparison test (B and C) or paired t test (E);
*p < 0.05, **p % 0.01. Scale bars, 100 mm.
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Figure 4. In Vivo Assessment of Migration and Engraftment of DLL4 and PDGF-BB-Treated SCs
(A) In vivo analysis of limb muscles from Sgca-null/scid/beige mice intra-arterially transplanted with 106 GFP+/b-GAL+ control or DLL4 and
PDGF-BB-treated SCs after 3 weeks. Upper panel: exposure to X-gal revealed engraftment of b-GAL+ donor cells (blue; arrowhead) in the
knee region and lower limb muscles of mice transplanted with DLL4 and PDGF-BB-treated SCs. Lower panel: assessment of X-gal in the
gastrocnemius muscle of mice transplanted with treated SCs, revealing nuclear localization of b-GAL in a GFP+ myofiber (arrowheads).
Graph quantifies the area of X-gal+ signal in muscles intra-arterially transplanted with treated or untreated SCs (lateral view of knee
region) normalized to the volume of cell suspension delivered (N = 4).
(B) Quantification of transplanted cells that engrafted intramuscularly injected TA muscles (N = 5).
(C) Distribution across muscle length of X-gal+ nuclei per section of TA muscles transplanted with treated and untreated SCs (N = 5).
(D) Quantification of the localization (i.e., inside or outside myofibers) of X-gal+, treated/untreated, donor-derived nuclei in transplanted
muscles (N = 5).
(E) Immunofluorescence panel showing a representative Scga-null/scid/beige muscle transplanted with 106 GFP+/nLacZ+ DLL4 and PDGFBB-treated SCs intramuscularly 3 weeks before explant. SGCA (red) and X-gal (violet): donor-derived fibers and nuclei, respectively.
LAMININ (green) and Hoechst (blue): extracellular matrix and nuclei, respectively.
(F) Quantification of the experiment in (E) showing the average number of donor-derived fibers from three mice.
Data: means ± SEM. Statistical significance based on unpaired Welch’s t test. *p < 0.05; n.s., not significant. Scale bars, 2 mm (A, left
panel), 250 mm (A, middle panel), 50 mm (A, right panel), and 50 mm (E).
a minimum 2-month follow-up, no tumors were seen (N =
5 mice), indicating that the treatment did not result in
oncogenic transformation of treated cells. These data
show that, upon treatment with DLL4 and PDGF-BB, mouse
SC-derived myoblasts have improved engraftment in host
skeletal muscle than untreated cells, although with comparable contribution to myofiber repair/regeneration.
Human SC-Derived Myoblasts Respond to DLL4 and
PDGF-BB Stimulation
Translation of this strategy into future pre-clinical studies
requires evidence that the mechanism is conserved also
in human SC-derived myoblasts (hereafter referred to as
HuSCs). To this aim, primary human muscle biopsyderived SCs from five individuals (HuSCs 1–5) were isolated
and purified by fluorescence-activated cell sorting (FACS)
for CD56 positivity, which marks HuSCs (Boldrin et al.,
2010). Purified SCs were expanded and treated with human

DLL4 and PDGF-BB for 7 days or expanded in control conditions. Proliferation analyses (Figures 5A–5C) revealed
that, unlike murine SCs, the percentage of EdU+ cells was
unaffected by DLL4 and PDGF-BB treatment (Figure 5B).
The exception to this was donor no. 4, where a
significant increase was observed (p = 0.002). The percentage of Ki67+ cells was assessed in three HuSC preparations
to confirm EdU analyses, which, although variable between preparations, was unaffected when results were
averaged (Figure 5C).
Analysis of transcriptional changes elicited by DLL4 and
PDGF-BB treatment showed activation of Notch signaling
via increased HEY1 (HuSC3 p = 0.006, HuSC5 p = 0.028)
and HES1 (HuSC3 p > 0.0001, HUSC5 p = 0.003), although
differences in expression levels were observed between the
preparations assessed (Figure 5D). A trend in the increase of
PDGFRB transcripts was also observed, although not statistically significant. As with murine SCs, myogenic markers
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MYOD (HuSC3 p = 0.006, HuSC5 p = 0.008) and MYOGENIN (HuSC5 p = 0.007) were decreased, whereas the pericyte marker TNAP was increased (p < 0.0001). This correlated with an increase in AP enzymatic activity
(Figure 5E). PAX7 expression did not increase significantly
with treatment, although all samples expressed very low
baseline levels, likely due to cell expansion in culture, or
distinct regulation of this gene in the human compared
with mouse (Figure 5D).
We then tested HuSC differentiation in response to DLL4
and PDGF-BB treatment. To determine whether any changes
were due to Notch, cells were differentiated in low mitogen
medium for 4 days in the presence or absence of g-secretase
inhibitor (Figure 5F). In all preparations assessed, DLL4 and
PDGF-BB treatment reduced myogenic differentiation,
which was rescued by inhibiting Notch signaling (Figure 5F).
To assess whether transcriptional changes induced by
DLL4 and PDGF-BB treatment had functional consequences
in HuSCs, transmigration ability was assessed via transwell
assay on a monolayer of HUVECs (Figure 5G, N = 3). After
8 h, treated cells showed an average 2-fold overall increase
in migration capacity, from 15.02 to 32.54 cells/mm2 (p =
0.008), although some variability was observed among
the lines assessed (e.g., p = 0.144 for HuSC3 and p = 0.046
for HuSC5). Taken together, these results indicate that
DLL4 and PDGF-BB induce cell fate changes and improve
migration also in HuSCs, laying the foundation for further
studies on this strategy for human muscle cell therapy.

DISCUSSION
In this work, we hypothesized that cell fate determinants
involved in smooth and skeletal muscle lineage determina-

tion in the embryo may exert a similar effect also on adult
SCs, and that their modulation could be exploited to
improve skeletal muscle cell therapies. Direct lineage reprogramming (also known as trans-differentiation) is the
conversion of one functional cell type to another fate
without an intermediate pluripotent step (Xu et al.,
2015). Here, we show that a phenomenon resembling
reversible lineage reprogramming takes place in adult SCs
in response to DLL4 and PDGF-BB stimulation. Adult SCderived myoblasts treated with DLL4 and PDGF-BB increase expression of perivascular genes. At variance with
their embryonic counterpart (Cappellari et al., 2013), adult
SCs acquired also an expression profile suggestive of self-renewing SCs (i.e., high PAX7 and low MYOD). However, the
co-expression of SC and perivascular markers indicates that
the treatment does not trigger a complete transdifferentiation, but rather a stimulus-dependent reprogramming into a hybrid cell type. Our isolation procedures
(FACS purification using PAX7-GFP for murine cells and
CD56 for their human counterpart) minimize the possibility that the observations are due to contaminating cells.
Similar to bona fide pericytes, treated SCs become associated with endothelial networks (Armulik et al., 2005).
Notably, transwell assays and in vivo experiments showed
improved ability of treated SCs to cross endothelial barriers,
suggesting acquisition of a similar machinery that pericytederived mesoangioblasts might use to cross the blood
vessel wall (Giannotta et al., 2014).
Manipulating Notch signaling affects SC differentiation
and transplantation ability. Recently, it was shown that
while Jagged1, DLL1, or DLL4 alone can maintain a stemlike phenotype in SCs grown ex vivo, this does not correlate
with an increased efficiency to generate myofibers upon
transplantation (Sakai et al., 2017). Interestingly, our

Figure 5. Effect of DLL4 and PDGF-BB Treatment on Human SC-Derived Myoblasts
(A) Representative images of CD56+ FACS-purified human SC-derived myoblasts from two individuals (HuSC 3 and 5) expanded in
control conditions (upper panel) or treated with DLL4 and PDGF-BB (lower panel) for 1 week, then pulsed for 2 h with EdU (green) and
co-immunostained with Ki67 (red).
(B) Quantification of the percentage of EdU+ cells (N = 5).
(C) Quantification of Ki67+ cells (N = 3).
(D) Real-time qPCR analysis of myogenic (PAX7, MYOD, and MYOGENIN), perivascular (PDGFRB, TNAP, and CD146) and Notch signaling (HES1
and HEY1) genes in response to DLL4 and PDGF-BB treatment in HuSC 3 and 5 (n = 3 per line). Graphs show fold change to control
conditions, statistical significance based on DCt.
(E) Phase contrast images of AP enzymatic activity (violet) and Hoechst (blue) in untreated and treated HuSCs.
(F) Differentiation of HuSCs in response to DLL4 and PDGF-BB treatment and Notch inhibition. Cells expanded in control or treatment
conditions for 1 week and induced to differentiate for 4 days in the presence or absence of L-685,458. Pictures representatives from HuSC1,
and graphs quantify the percentage of MyHC+ cells (N = 4).
(G) Representative images of the lower chambers of transwell assays. Untreated/treated HuSCs and human muscle pericyte-derived
mesoangioblasts (MABs; technical control) were seeded for 8 h on HUVECs. Right graph: number of 6-CFDA+ migrated cell/mm2 in each
condition. N = 3; means ± SEM.
Statistical significance based on paired Student’s t test (B, C and cell-line-specific data in G), unpaired Student’s t test (D and pooled
data in G) or one-way ANOVA with Tukey’s multiple comparison (F). *p < 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001; n.s., not
significant. Scale bars, 50 mm (A), 75 mm (F), and 100 mm (E and G).
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results indicate that, when combined with PDGF-BB,
DLL4 induces perivascular features in SCs and increases
their engraftment into host skeletal muscle, albeit
with a similar contribution to myofibers. We hypothesize
that this might be due to increased migration throughout
the host muscle resulting in fusion of more donor
cells with the same myofibers. Hence, this migrationenhancing strategy preserves the overall SC engraftment
and differentiation potential without altering their
safety profile, as shown by lack of oncogenic transformation in transplantation experiments and tumorigenesis
assays.
It is thought-provoking to speculate that satellite and
perivascular cells might retain bidirectional plasticity in
adulthood due to a residual developmental memory from
a common precursor. It has been shown that skeletal and
vascular smooth muscle cells have a common PAX3+ progenitor in the dermomyotome (Esner et al., 2006; Goupille
et al., 2011; Lagha et al., 2009). At later stages of development, it has been shown that embryonic myoblasts and
skeletal muscle pericytes maintain the ability to transdifferentiate toward a smooth or skeletal muscle fate, in
response to DLL4, PDGF, and Noggin signaling, respectively (Cappellari and Cossu, 2013). Although experiments
in mice challenge the model of endogenous pericytes as
tissue-resident progenitors (Guimaraes-Camboa et al.,
2017), there is evidence that human skeletal myogenic progenitors are associated with blood vessel walls in vivo in
perivascular locations typical of mural cells/pericytes or
adventitial cells of muscular veins (Dellavalle et al., 2007;
Sacchetti et al., 2016). This population has been hypothesized to represent either a subset of myogenic progenitors
recruited to separate niches based on proximity (i.e., satellite vs vascular niche), or, alternatively, to be a class of progenitors upstream of SCs. Both models would fit with our
data, with DLL4 and PDGF-BB treatment either mimicking
in vitro what hypothesized by the first model or bringing
the cells back to their primitive nature, as per the second
model. Although ex vivo culture is a key procedure used
in this study, previous in vivo evidence in the developing
embryo underpins this skeletal muscle-vascular crosstalk
in adult SCs. Specifically, we demonstrated that SCs are
responsive to DLL4 and PDGF-BB treatment irrespective
of mouse strain (CD57BL/6 and CD1), isolation procedure
(pre-plating or PAX7-GFP sorting), tissue culture substrate,
timing of treatment (i.e., immediately upon isolation or
following expansion) or species (mouse and human).
Future applications of this strategy include its extension
to pluripotent cell-derived myogenic cells, which we and
others are developing as a promising tool for regenerative
medicine (Loperfido et al., 2015). Taken together, our
data indicate that SC plasticity toward the perivascular
lineage is conserved in adulthood and opens the possibility
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to exploit this phenomenon to generate clinically relevant
stem cell populations for future cell therapies of muscle
disorders.

EXPERIMENTAL PROCEDURES
Animals
Mouse strains used in this study: Tg:Pax7-nGFP F1:C57BL/6:DBA2
expressing nuclear-localized EGFP in Pax7-expressing cells (Sambasivan et al., 2009); Tg:TN-AP-CreERT2 (Dellavalle et al., 2011);
Gt(ROSA)26Sortm14(CAG-tdTomato)Hze, a Td:Tomato reporter in
Cre-expressing cells (Madisen et al., 2010) hereafter referred to
as Td:Tomato; R26R-EYFP, a reporter expressing cytoplasmic YFP
in Cre-expressing cells (Srinivas et al., 2001); Tg:CAG-EGFP mice
expressing ubiquitous GFP (Okabe et al., 1997); CD1 and Sgcanull/scid/beige mice (Sgcatm1KcamPrkdcscidLystbg; Tedesco et al.,
2012). Housing of all mice (except Tg:Pax7-nGFP) and all experimental procedures were performed in accordance with British law
under the provisions of the Animals (Scientific Procedures) Act
1986, as approved by the University College London Ethical Review Process committees and under UK Home Office Project
Licence 70/8566. Surgery was performed under isoflurane anesthesia and every effort made to minimize pain and suffering,
including use of analgesia. Tg:Pax7-nGFP mice were bred at the
Institut Pasteur (Paris, France), in compliance with European
legislation and under the approval of the institutional ethical
committee.

Cell Isolation, Culture and Assays
Primary murine SCs and pericytes were isolated from dissected
adult skeletal muscles and cultured as detailed in Supplemental
Experimental Procedures. HuSCs were obtained from the MRC
Neuromuscular Center Biobank (UCL, London, UK; Research
Ethics Committee reference no. 06/Q0406/33). Human cell work
was conducted under the approval of the NHS Health Research Authority Research Ethics Committee reference no. 13/LO/1826;
IRAS project ID no. 141100. Additional details, including full
information on cell culture, purification and protocols used in
morphological, proliferation, differentiation, network formation,
migration, and transplantation assays are available in Supplemental Experimental Procedures.

DLL4 and PDGF-BB Treatment
Murine recombinant DLL4 (R&D Systems; 1389-D4-050) was
resuspended to a concentration 10 mg/mL in sterile PBS containing 1% wt/vol BSA. Flasks were coated with DLL4 at 37" C
for 45 min before seeding cells. Cultures were supplemented
daily with 50 ng/mL of recombinant PDGF-BB (Sigma;
P4056) resuspended in 0.1% BSA/4 mM HCl/PBS. For human
myoblast treatment, recombinant human DLL4 (R&D Systems;
1506- D4-050) and human PDGF-BB (R&D Systems; 220-BB050) were dissolved and treated as murine proteins to final
concentrations of 10 mg/mL and 100 ng/mL, respectively. Cells
were assessed after at least 7 days of treatment, by which time
they had been passaged at least once on fresh DLL4-coated
plates.

Immunofluorescence and Enzymatic Staining
Cells and tissue sections were fixed in 4% paraformaldehyde, permeabilized using 0.1% Triton and 1% BSA PBS and blocked in 10%
donkey or goat serum in PBS for 60 min. Samples were then
incubated overnight at 4" C with the following primary antibodies:
mouse anti-MyHC (DSHB MF20, 1:10), mouse anti-CD31/PECAM
(DSHB P2B1, 1:2), mouse anti-PAX7 (DSHB, 1:1), rabbit anti-Ki67
(Leica NCL-Ki67p, 1:1,000), mouse anti-a-sarcoglycan (antiSGCA, Novocastra NCL-a-SARC, 1:150 and Abcam AB49451,
1:150), rabbit anti-SGCA (Abcam EPR14773, 1:1,000 on unfixed
sections) rabbit anti-LAMININ (Abcam AB11575, 1:300), rabbit
anti-MYOD (Santa Cruz Biotechnology M-318, 1:300). Samples
were then incubated with fluorescently-conjugated donkey or
goat secondary antibodies (Molecular Probes, Alexa Fluor series,
1:500). Hoechst 33342 (Fluka B2261) was used to counterstain
nuclei. AP and X-gal staining were performed by incubating cells
at room temperature or 37" C, respectively, until a colorimetric
change was observed (Roche NBT/BCIP-11681451001 and Sigma
3117073001).

Gene Expression Analyses
RNA extraction was performed with RNeasy kits (QIAGEN), yield
and purity assessed with a Nanodrop spectrophotometer and
reverse transcribed into cDNA with the Improm-II Reverse Transcription System kit (Promega; A3800). Relative gene expression
values were measured by real-time qPCR using the SYBR Green
Real-Time Master Mix (Promega; A600A) on a Bio-Rad CFX96
machine. Real-time qPCRs were performed in triplicate on samples
from at least three independent experiments. Gapdh and RPLPO
were used as housekeeping genes for murine and human experiments, respectively. Data presented as means ± SEM of the fold
change, normalized to control SCs. Significance was assessed on
the delta Ct values using Student’s t test assuming two-tailed distribution and equal variances. Sequences of primers available in Supplemental Experimental Procedures.

Statistics
Statistical testing was performed using Microsoft Excel and
GraphPad Prism software. N values and experimental replicates
are detailed in figure legends. ‘‘N’’ refers to independent experiments or animals (mice or litters); ‘‘n’’ refers to technical replicates.
Graphs display means ± SEM unless otherwise stated. Statistical
testing was based on t tests or one-way ANOVA with specific posthoc comparison tests as detailed in figure legends.

SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental
Procedures and two figures and can be found with this article online at https://doi.org/10.1016/j.stemcr.2019.01.007.
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