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Production of Innervated Skeletal Muscle Fibers Using
Human Induced Pluripotent Stem Cells

Mégane Delourme, Natacha Broucqgsault, Kilian Mazaleyrat,
and Fréderique Magdinier

Abstract

Only a limited number of large-scale protocols describe the production of mature skeletal muscle fibers
from human induced pluripotent stem cells (hiPSCs). Here we describe a novel procedure for simultaneous
differentiation of hiPSC into muscle cells and motor neurons, that generates innervated and contractile
multinucleated skeletal muscle fibers with sarcomeric organization. Our protocol permits the production of
expandable skeletal muscle progenitor cells and mature skeletal muscle fibers that can be used for the
exploration of skeletal muscle differentiation for basic research, disease modeling, and drug discovery.
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1 Introduction

Thanks to their endless renewal and differentiation capacities into
all cell type, induced pluripotent stem cells obtained after repro-
gramming of primary somatic cells have revolutionized the cell
biology and disease modeling fields and provided an invaluable
source of materials to improve our understanding of disease patho-
genesis, and for designing and testing new therapeutics, including
cell therapy [1-4]. Exposing human iPSCs (hiPSCs) to a combina-
tion of factors that mimic developmental cues favors the commit-
ment toward specific differentiation pathways and the production
of cellular progenies corresponding to the three embryonic layers,
that is, endoderm, mesoderm, or ectoderm and subsequent deriva-
tives. For a large number of lineages or cell types, protocols are well
established but, in some cases, challenges remain and experimental
developments or optimization are still required in order to reduce
the cost and timing of the process and obtain large amount of well-
characterized differentiated cells.
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One of the best examples is the skeletal muscle differentiation
pathway for which reproducible methods remain sparse. Indeed,
while skeletal muscle cells can be derived from mouse ES or iPS cells
[5-7], only a limited number of studies report an efficient direct
derivation of muscle cells from human ES and iPSCs [8, 9] for
production of mature skeletal muscle fibers that express adult myo-
sin isoform and showing sarcomeric organization. As a conse-
quence, modeling of neuromuscular disorder has been lagging
behind compared to other groups of diseases.

To achieve skeletal muscle differentiation and production of
innervated muscle fibers from hiPSCs, we set up a five-step proce-
dure (Fig. 1), each step corresponding to the sequential addition or
removal of small molecules in a precise order. This serum-free
protocol stems from the dual modulation of the Wnt and BMP
pathways that induce paraxial development [10, 11] but incorpo-
rates inhibition of the Notch pathway which increases myogenic
specification [12, 13], and facilitates production of motor neurons
as well as muscle maturation.
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Fig. 1 Protocol for myogenic differentiation. (a) Timeline and differentiation steps for production of innervated
muscle fibers from human induced pluripotent stem cells (hiPSCs) from Day 0 (DO) corresponding to the
plating of hiPSCs on Matrigel-coated dishes to D30 (mature innervated muscle fibers). Cells can be maintained
beyond this last time point. The different intermediate time points corresponding to changes of media are
indicated (D6, D8, D12, and D17). The composition of the medium is indicated for the different culture steps.
CHIR: CHIR99021; LDN: LDN193189; F: FGF2; I: IGF1; H: HGF; DAPT: N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-
S-phenylglycine t-butyl ester. Cells can be frozen between Days 10 and 12 for storage, expansion thawing and
further differentiation. First contractions are visible between Day 19 and 21 postdifferentiation (upper row).
When further expansion is needed, differentiation medium step 3 (Subheading 2.3.4) (DM + I) can be replaced
by differentiation medium step 4 (Subheading 2.3.5) (DM + | + H + F). (b) The different steps of differentiation
are indicated together with a schematic representation of the cell types observed



2 Materials

2.1 Preparation of
Small Molecules and
Growth Factors

From a full 35 mm dish, hiPSC colonies are mechanically
disrupted and small clumps of cells are plated on a new Matrigel-
coated 35 mm dish in a chemically defined differentiation medium
supplemented with FGF2, LDN 193189 BMP pathway inhibitor,
and CHIR 99021 GS3Kinhibitor, in the presence of Thiazovivin, a
Rock pathway inhibitor. After induction of differentiation, cells
undergo a period of exponential growth with the appearance of
neuronal and skeletal muscle progenitors at the periphery of colo-
nies. At Day 7, cells are grown in differentiation medium supple-
mented with Insulin Growth Factor 1 (IGF1) and Hepatocyte
Growth Factor (HGF) and LDN 193189 for 48 h to favor muscle
and neuron progenitor differentiation. At Day 8§, LDN 193189 and
HGEF are removed and cells are grown in the presence of IGF1 to
favor cell proliferation. Neuronal progenitors can be distinguished
as small cells forming rosettes while muscle progenitors are large
cells that rapidly align as parallel batches of cells. At Day 12, the
addition of the DAPT ¢y secretase and Notch pathway inhibitor
favors neuronal differentiation. Cells are maintained in the presence
of DAPT up to the 17th day post differentiation. Axons become
visible by bright field imaging around D17. During the last differ-
entiation step, muscle progenitors progressively fuse and form large
patches of elongated multinucleated fibers visible by bright field
imaging. The first fiber contractions are visible 2—4 days after the
removal of DAPT (days 19-20).

The presence of both motor neurons and muscle cells favors
maturation of both cell types and self-organization of cells with
formation of neuromuscular junctions at the surface of muscle
fibers. The presence of neuronal and muscle progenitors facilitates
regeneration of the culture and maintenance of the culture on the
long-term without massive cell detachment and loss of functional-
ity. The same conditions can be used for disease modeling.

Prepare all reagents under sterile conditions. Store cell culture
media at 4 °C, growth factors and small molecules at —20 °C.
Diligently follow all appropriate disposal regulations when dispos-
ing of waste materials.

1. CHIR99021: resuspend 5 mg CHIR99021 in 1.07 mL DMSO
for a 10 mM stock solution.

2. DAPT : (N-[(3,5-difluorophenyl)acetyl]-L-alanyl-2-phenyl]
glycine 1,1-dimethylethyl ester): resuspend 5 mg DAPT in
1.16 mL DMSO for a 10 mM stock solution.

3. FGF2: follow manufacturer’s instructions for FGF2 resuspension.
Classically, FGF2 is resuspended in 5 mM Tris HCl pH 7.6.
Use 1 mL 0.5 mM Tris HCI pH 7.6 to resuspend 100 pg FGF2
(100 pg/mL stock solution).



2.2 Preparation of
Matrigel-Goated Cell
Dishes

2.3 Preparation of
Cell Culture Media

2.3.1 Basal
Differentiation Medium

2.3.2 Differentiation
Medium Step 1

2.3.3 Differentiation
Medium Step 2

2.3.4 Differentiation
Medium Step 3

4. HGF: follow manufacturer’s instructions for HGF resuspen-
sion. Classically HGF is resuspended in sterile ultrapure water.
Use 1 mL H,O to resuspend 100 pg HGF (100 pg/mL stock
solution).

5. IGFI: follow manufacturer’s instructions for IGF1 resuspen-
sion. IGF1: Classically IGF1 is resuspended in sterile ultrapure
water. Use 1 mL H,O to resuspend 100 pg IGF1 (100 pg/mL
stock solution).

6. LDN193189: resuspend 5 mg LDNI93189 in 2.09 mL
nuclease-free sterile ultrapure water for a 5 mM stock solution.

Matrigel hESC-qualified (Corning, reference 354277) is prepared
as recommended by the manufacturer. For a 10 cm? surface, use
1 mL of cold Matrigel diluted in DMEM /F12. Coating must be
done at 4 °C and coated plates can be stored for 15 days at 4 °C.
Plates should be placed at room temperature or 37 °C for at least
1 h before use. Placing plates at 37 °C increases cell adhesion.

Prepare 5 mL of 100x penicillin—streptomycin 100x, 5 mL of
100x nonessential amino acids (NEAA), 5 mL of 100x Gluta-
MAX, 5 mL of 100x N2 supplement (Thermofisher, reference
17502048), and 10 mL of 50x B27 supplement (Thermofisher,
reference 0080085SA), and add Neurobasal medium (Thermo-
fisher, reference 10888022) to a final volume of 500 mL.

Use 10 mL of basal differentiation medium and add 100 pL of
100x ITS-A, 1 pL of 5 mM LDN193189 solution (0.5 pM final
concentration), 3 pL of a 10 mM CHIR99031 solution (3 pM final
concentration), 2 pLL of a 100 pg/mL FGF2 solution (20 ng/mL
final concentration).

Use 10 mL of basal differentiation medium and add 0.4 pL of a
100 pg/mL IGF1 solution (4 ng/mL), 1 pL ofa 10 pg/mL HGF
solution (10 ng/mL final concentration), 1 pL of 5 mM
LDN193189 solution (0.5 pM final concentration), 2 pL of a
100 pg/mL FGF2 solution (20 ng/mL final concentration,
18.16 pL of a 50 mM B-mercaptoethanol solution (90.8 pM final
concentration).

Use 10 mL of basal differentiation medium and add 0.4 pL of a
100 pg/mL IGF1 solution (4 ng/mL), 1 pL ofa 10 pg/mL HGF
solution (10 ng/mL final concentration), 2 pL of a 100 pg/mL
FGF2 solution (20 ng/mL final concentration), 18.16 pL of a
50 mM f-mercaptoethanol solution (90.8 pM final concentration).



2.3.5 Differentiation
Medium Step 4

2.3.6 Differentiation
Medium Step 5

2.4 Cell Freezing and
Thawing

3 Methods

Use 10 mL of basal differentiation medium and add 0.4 pL of a
100 pg/mL IGF1 solution (4 ng/mL), 18.16 pL of a 50 mM
B-mercaptoethanol solution (90.8 pM final concentration).

Use 10 mL of basal differentiation medium and add 0.4 pL of a
100 pg/mL IGF1 solution (4 ng/mL), 18.16 pL of a 50 mM
B-mercaptoethanol solution (90.8 pM final concentration), 10 pL
ofa 10 mM DAPT solution (N-[(3,5-difluorophenyl)acetyl]-1L-ala-
nyl-2-phenyl]glycine 1,1-dimethylethyl ester; 10 pM final
concentration).

From Days 10 to 12, cells can be frozen. Therefore, medium is
removed and cells are rinsed in 1 x PBS. Then 0.5-1 mL Accutase is
added and cells are incubated for 3-5 min at 37 °C. Cells are then
collected by gentle flushing in basal differentiation medium. Cells
are then collected in a 15 mL tube and centrifuged for 5 min at
900 rpm. Cells are frozen in 1 mL of 90% SVF-10% DMSO.

For thawing, cells are seeded in differentiation medium step 3
(Subheading 2.3.4). Cells are grown for 3-5 days in this medium
and then transferred to differentiation medium step 5 (Subheading
2.3.6). Thiazovivin can be added to the medium to increase cell
survival.

Unless otherwise specified, procedures are carried out at room
temperature. Cells are incubated at 37 °C with 5% CO,. At each
step, media must be warmed at room temperature (15-25 °C) prior
to use.

1. From a full 35 mm dish, hiPSC colonies are mechanically
disrupted using a 24-gauge needle into small clumps of cells.
Each colony can be dissociated into eight to ten clumps (see
Note 1).

2. Clumps are collected using a p200 tip and approximately
10-15 colonies (i.e., 80-120 clumps or
100,000-150,000 cells).

3. Clumps are plated on a new Matrigel-coated 35 mm dish in a
chemically defined differentiation medium supplemented with
FGF2, the LDN 193189 BMP pathway inhibitor and CHIR
99021 GS3K inhibitor, in the presence of thiazovivin, a Rock
pathway inhibitor for 24 h (differentiation medium step 1,
Subheading 2.3.2; Fig. 2, D2-D4-D6).

4. Use 150,000 cells for a 35 mm? dish or 2 well tissue culture
chamber mounted on polycycloalkane (PCA) slides; 60,000
cells per well for 12-well plates or 30,000 cells per well for
24-well plates.
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Fig. 2 Morphology of hiPSC-derived innervated muscle fibers. Phase contrast images of cells differentiated
from human induced pluripotent stem cells (hiPSCs) at Day 2 (D0), D4, D6, D8, D12, D17, D21, D26, and D30
corresponding to the different changes in the composition of the medium

5.

6.

8.

Cells are maintained for 6 days in this medium with daily
medium change.

On the sixth day, cells are grown in differentiation medium step
2, supplemented with LDN 193189, Insulin Growth Factor
1 (IGF1) and Hepatocyte Growth Factor (HGF) for 48 h to
favor muscle and neuron progenitor differentiation (Fig. 2,
D6-D8).

. HGF is then removed and cells are maintained in DM + IGF1

(differentiation medium step 4, Subheading 2.3.5) for 4 more
days (until day 12) during which cells proliferate. Alternatively,
cells can be maintained in differentiation medium 3 between

Days 8 and 11 to increase expansion of progenitors (see
Note 2).

At Day 12 (D12, Fig. 2), DAPT, a y-secretase and Notch
pathway inhibitor is added to the medium to induce neuronal

differentiation (differentiation medium step 5, Subheading
2.3.6).



4 Notes

9. At Days 10-12 postdifferentiation, cells can be collected after
dissociation with Accutase and cryopreserved for short-term
storage at —80 °C or long-term storage in liquid nitrogen and
thawed for further amplification and differentiation. Upon
thawing, it is reccommended to grow the cells in differentiation
medium 4 (in the presence of FGF2, IFG1, and HGF) for
2-3 days prior to DAPT addition. Thiazovivin can be added
upon thawing to increase cell survival (see Note 3).

10. Between Days 10 and 12, cells can be collected by dissociation
with Accutase for freezing, storage, thawing, and replating.

11. Between days 10 and 12, cells can be also amplified or trans-
ferred to different Matrigel-coated surfaces (such as culture
plates or slides). Use 150,000 cells for a 35 mm? dish or
2-well tissue culture chamber mounted on PCA slides;
50,000 cells per well for 96-well plates (see Note 4).

12. From D17 onward, cells in differentiation medium step 4
(Subheading 2.3.5) form large patches of elongated contractile
fibers clearly visible by bright field imaging (Fig. 2, D17, D21,
D26, D30). First contractions become visible 2—4 days after
the removal of DAPT (Days 19-20) (differentiation medium
step 4, Subheading 2.3.5), with axons visible by bright field
imaging (D17).

The same methodology can be applied to cells from healthy
donors or patients affected with neuromuscular disorders, with a
possible adaptation of cell culture conditions between days 8 and
12 (Fig. la).

At the different steps of differentiation, expression of muscle or
neuronal markers can be monitored by flow cytometry, gene
expression analysis, or immunostaining. For immunostaining, we
recommend image acquisition by confocal microscopy as differen-
tiated cells form different layers. We also successfully performed
electron microscopy for ultrastructural analysis. Muscle contraction
and electrical activity can be monitored allowing functional charac-
terization and drug-response testing.

1. Each colony can be dissociated into eight to ten clumps.

2. Alternatively, cells can be maintained in differentiation medium
3 between Days 8 and 11 to increase expansion of progenitors.

3. Upon thawing, it is reccommended to grow the cells in differ-
entiation medium 4 (in the presence of FGF2, IFG1, and
HGF) for 2-3 days prior to DAPT addition. Thiazovivin can
be added upon thawing to increase cell survival.
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