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Abstract 

Background Human iPSC-derived 3D-tissue-engineered-skeletal muscles (3D-TESMs) offer advanced technology 
for disease modelling. However, due to the inherent genetic heterogeneity among human individuals, it is often dif-
ficult to distinguish disease-related readouts from random variability. The generation of genetically matched isogenic 
controls using gene editing can reduce variability, but the generation of isogenic hiPSC-derived 3D-TESMs can take 
up to 6 months, thereby reducing throughput.

Methods Here, by combining 3D-TESM and shRNA technologies, we developed a disease modelling strategy 
to induce distinct genetic deficiencies in a single hiPSC-derived myogenic progenitor cell line within 1 week.

Results As proof of principle, we recapitulated disease-associated pathology of Duchenne muscular dystrophy 
and limb-girdle muscular dystrophy type 2A caused by loss of function of DMD and CAPN3, respectively. shRNA-
mediated knock down of DMD or CAPN3 induced a loss of contractile function, disruption of tissue architecture, 
and disease-specific proteomes. Pathology in DMD-deficient 3D-TESMs was partially rescued by a candidate gene 
therapy treatment using micro-dystrophin, with similar efficacy compared to animal models.

Conclusions These results show that isogenic shRNA-based humanized 3D-TESM models provide a fast, cheap, 
and efficient tool to model muscular dystrophies and are useful for the preclinical evaluation of novel therapies.
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Introduction
Neuromuscular disorders comprise a broad range of dis-
eases that result in skeletal muscle weakness. Muscular 
dystrophies represent a class of neuromuscular disorders 
that directly affects skeletal muscle, with severe impact 
on patients, including immobilization, respiratory insuffi-
ciency, reduced quality of life, and shorter life expectancy 
[1]. There are currently very few treatment options avail-
able for neuromuscular disorders, with some exceptions 
including enzyme therapy for Pompe disease and gene 
therapy, antisense oligonucleotides, and splice modula-
tors for spinal muscular atrophy [2–4]. One reason for 
the limited number of available treatments is the lack of 
suitable humanized disease models that are able to mimic 
disease pathology and that allow the functional evalua-
tion of novel therapeutic interventions [5, 6]. Transgenic 
mouse models have been generated for many muscular 
dystrophies, but these often have mild phenotypes and 
may not (fully) represent disease mechanisms that oper-
ate in human patients due to species-specific differences 
[7]. It has therefore been difficult to translate results 
obtained in mouse models to human patients, resulting 
in a very low success rate of candidate drugs in clinical 
trials [7]. In vitro systems for skeletal muscle include 2D 
cultures of differentiated human skeletal muscle cells, 
which provide an easy approach for the identification of 
therapeutic targets. However, 2D cultures lack the struc-
tural organization of skeletal muscle tissue and are often 
not suitable for functional assessments such as contrac-
tile force [8, 9].

The introduction of new models based on organoids, 
microtissues, and organ-on-a-chip platforms has allowed 
for more complexity of in  vitro human disease mod-
els [8–10]. For skeletal muscle, this has resulted in the 
development of 3D-tissue-engineered-skeletal muscles 
(3D-TESMs) that aim to recapitulate the native architec-
ture of skeletal muscle and that can provide a functional 
readout through contractility measurements [8, 9]. Neu-
romuscular disorders can be modeled with 3D-TESMs 
using primary or hiPSC-derived muscle cells. It is becom-
ing clear that there is a considerable heterogeneity among 
human individuals due to differences in genetic back-
grounds, resulting in large variation between samples 
and difficulty to distinguish between natural variation 
and disease phenotypes [10, 11]. This variability can be 
reduced with the generation of isogenic pairs, in which 
healthy and diseased models are generated with identical 
genetic backgrounds, obtained either using gene editing 
or using patients who are mosaic for the gene defect. The 
generation of isogenic disease models is laborious and 
time-consuming, thereby limiting throughput of disease 
modelling applications [11, 12]. In the case of hiPSC-
derived 3D-TESMs, the time required to generate these 

involves approximately 2  months for hiPSC generation, 
2 months for gene editing to generate isogenic controls, 
and 2 months for the generation and expansion of myo-
genic progenitors [13, 14].

Here, we developed a method for rapidly modelling of 
neuromuscular diseases employing isogenic models using 
a highly efficient shRNA-based knock down strategy 
in 3D-TESMs [15]. As a proof of principle, we induced 
genetic deficiencies for DMD (Duchenne muscular dys-
trophy, OMIM#310200) and CAPN3 (limb-girdle mus-
cular dystrophy type 2A (LGMD2A), OMIM#253600) 
in healthy hiPSC-based 3D-TESMs. This resulted in a 
rapid knock down of DMD and CAPN3 proteins, which 
in both cases caused loss of contractile function within 
a week. Mass spectrometry analysis showed disease-
specific proteomic signatures upon knock down that 
reflected proteomic changes that have been reported in 
patient-derived skeletal muscle biopsies. Expression of 
micro-dystrophin, a potential novel gene therapy product 
for Duchenne muscular dystrophy, in 3D-TESMs par-
tially rescued the dystrophic phenotype caused by DMD 
knock down [16, 17]. These results show that the shRNA-
mediated knock down approach in 3D-TESMs provides a 
fast and efficient tool to model muscular dystrophies for 
the analysis of disease mechanisms and novel treatment 
options.

Methods
Myogenic progenitor culture and 2D differentiation
hiPSC-derived MPCs were generated from healthy 
iPSCs using a transgene-free protocol and expanded 
as described previously (Table S1) [13]. In brief, MPCs 
were expanded on ECM (1:200)-coated dished in prolif-
eration medium consisting of high glucose DMEM sup-
plemented with 10% FBS, 1% penicillin/streptomycin/
glutamine (p/s/g), and 100  ng/ml FGF2 (PrepoTech). 
Myogenic differentiation into myotubes was induced 
with differentiation medium consisting of high glucose 
DMEM, 1% knockout serum replacement, 1% ITS-X, and 
1% p/s/g.

Generation of hiPSC‑derived myogenic progenitors 
3D‑TESM
3D-TESMs were generated in an Ecoflex Replica mold 
using a 15-µl hydrogel-cell mixture containing 2  mg/ml 
fibrinogen (Sigma-Aldrich), 20% Matrigel growth factor 
reduced (±10  mg/ml, Corning), 240,000 MPCs, and 0.8 
units/ml bovine thrombin (Sigma-Aldrich) [15]. For the 
delivery of lentiviral particles, viral concentrates were 
transferred to the hydrogel-cell mixture before pipet-
ting the mixture into the PDMS chamber or to the cul-
ture medium. The 3D-TESMs were incubated for 20 min 
at 37  °C before the addition of proliferation medium 
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supplemented with 1.5  mg/ml 6-aminocaproic acid 
(6-ACA) (Sigma-Aldrich) and switched to differentiation 
medium supplemented with 2 mg/ml 6-ACA after 48 h. 
3D-TESMs were cultured on a 65-rpm shaking platform 
at 37 °C/5% CO2, and half of the differentiation medium 
was refreshed every 48 h.

Force measurements
Before stimulation, 3D-TESMs were left at room tem-
perature for 10 min to prevent spontaneous contractions. 
Electrical stimulation was performed at a frequency of 
1 Hz (twitch) or 20 Hz (tetanus) with 2.5 V using carbon 
plate electrodes wired to an Arduino Uno Rev3 at both 
ends of the chamber. The displacement of the pillars was 
recorded with optical imaging and analyzed with ImageJ. 
The position at the pillar was determined with images 
from the side taken immediately after stimulation. Forces 
were calculated in N with the formula N = (6E πr^4)/
(4a^2(3L-a))δ using a previously determined PDMS stiff-
ness of 1.8067 MPa.

RNA isolation and cDNA synthesis
3D-TESMs were dissociated using 700-µl QIAzol lysis 
buffer (Qiagen) and a TissueRuptor (Qiagen) for ~10  s. 
Next, 140-µl chloroform was added and incubated for 
5 min at room temperature. Lysates were thereafter cen-
trifuged at 10,000  rpm, and the aqueous layer was iso-
lated and mixed with 525-µl 100% ethanol. Finally, the 
RNeasy Micro Kit (Qiagen) including a 15-min DNase 
incubation was used to purify RNA and converted into 
cDNA using the iscript cDNA synthesis kit (Qiagen) fol-
lowing the manufacturer’s manuals. For RT-qPCR, cDNA 
was diluted 10× and performed as described previously 
[13]. Primers are shown in Table S1.

Whole‑mount immunofluorescence staining
Immunofluorescent staining of intact 3D-TESMs was 
performed as described previously [15] using anti-titin 
(DSHB 1:50), anti-mouse IgM (Invitrogen 1:500), and 
Hoechst nuclear staining (1:15,000 final dilution). After 
staining, TESMs were stored in 80% glycerol and imaged 
using a Leica TCS SP5 confocal microscope.

3D‑TESM dissociation and flow cytometry
3D-TESMs were enzymatically dissociated for 1 h using 
10× TrypLE (Gibco). Next, the cell suspension was passed 
through a 40-µm cell strainer (Corning) and centrifuged 
for 5  min at 1000  rpm. Cells were then resuspended in 
2% PFA, incubated for 15 min at room temperature, cen-
trifuged for 5 min at 1000 rpm, and resuspended in 200-
µl PBS. Flow cytometry of the fixed cells was performed 
using a BD LSR Fortessa, measuring the GFP signal in 

50,000 cells. The data were analyzed and visualized using 
FlowJo software.

Lentivirus production and titering
The H2B-GFP lentiviral vector was generated by cloning 
H2B-GFP into a pCCL lentiviral vector using the BamHI 
and SpeI sites (New England Biolabs). shRNAs were 
obtained as bacterial stocks from the MISSION shRNA 
library. Viral concentrates were generated as described in 
[18, 19]. Lentiviral titers were determined by transducing 
the lentiviral particles onto 240,000 MPCs in a dilution 
curve. Four days after transduction, the lentiviral titer 
was determined using qPCR to check the vector copy 
numbers with primers specific for the integrated lentivi-
ral construct (Table S2).

Vector copy number quantification
Genomic DNA was isolated from 2D cultured MPCs at 
24  h after lentiviral transduction. Vector copy number 
(VCN) was analyzed by qPCR, using primers specific for 
the integrated lentiviral construct (Table S2). Absolute 
quantification of the VCN was performed using albumin 
as standard and a previously generated stable “1 copy per 
genome” cell line [19].

Proteomic analysis
The proteomic analysis is described in full in the Sup-
plementary materials. In short, proteome samples were 
analyzed using a Q-Exactive™ Plus Hybrid Quadru-
pole-Orbitrap™ Mass Spectrometer (Thermo Fisher). 
Demultiplexing of the MS raw data was achieved by 
ProteoWizard (3.0.21218) and analyzed using DIA-NN 
analysis software (1.8.1) [20]. Statistical analysis was per-
formed using Perseus (1.6.15.0). FDR cutoff was set to 
≤ 0.05 compared to the respective control in ≥ 2 time-
points, and GO pathway enrichment was analyzed using 
the protein string database. Graphical visualization was 
done in GraphPad Prism and InstantClue [21]. The mass 
spectrometry proteomics data have been deposited to the 
ProteomeXchange Consortium via the PRIDE partner 
repository with the dataset identifier PXD042227.

Results
Hydrogel delivery of lentiviral particles
An H2B-GFP lentivirus was generated to assess the 
efficiency of lentiviral delivery to 3D-tissue-engi-
neered-skeletal muscles (3D-TESMs). We first tested 
whether lentiviral transduction and H2B-GFP over-
expression might affect myogenic differentiation. To 
this end, myogenic progenitor cells (MPCs) grown 
in 2D were transduced by the addition of virus to 
the medium [13]. Analysis was performed 48  h after 
transduction and showed that 88% of nuclei were GFP 
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positive (Fig. S1). Next, myogenic differentiation was 
induced through serum deprivation, and immunoflu-
orescent staining with a myosin heavy chain (MYH) 
antibody was used to detect terminally differentiated 
MYH-positive multinucleated myofibers. We observed 
similar fusion indexes between the transduced and 
untransduced MPCs (79% and 84%, respectively, Fig. 
S1). GFP-positive nuclei were found to be present 
throughout the terminally differentiated myotubes 
after lentiviral targeting with a similar nuclear distri-
bution as untransduced myotubes. This indicates that 
the MPCs retained their myogenic potential upon len-
tiviral transduction with H2B-GFP.

Next, we evaluated different lentiviral delivery 
methods for transducing 3D-TESMs: via the medium 
of MPCs grown in 2D, followed by 3D-TESM gen-
eration (Method 1) and via the medium of preformed 
3D-TESMs (Method 2): or by mixing lentiviruses with 
MPCs and the hydrogel during 3D-TESM formation 
(Method 3) (Fig. 1A). Lentiviral transduction was tested 
at 1:4 serial dilutions, and after 48 h, the percentage of 
GFP-positive cells was determined using flow cytom-
etry. A targeting efficiency of ± 70% was obtained when 
using method 1 with the undiluted viral titer (Fig. 1B–
C). Transduction via the culture medium in 3D-TESMs 
(Fig.  1, Method 2) resulted in a very low efficiency of 
< 1% at the highest titer. In contrast, transduction via 
the hydrogel (Fig.  1, Method 3) resulted in enhanced 
efficiency compared to Method 1 of up to 88% at the 
highest titer (Fig.  1B–C). Serial dilutions of the lenti-
virus resulted in concomitant lower transduction effi-
ciencies. Confocal microscopy confirmed these results 
(Fig. 1D). Only a minor fraction of GFP-positive nuclei 
were detected in the 3D-TESMs that were transduced 
via Method 2, in which GFP-positive nuclei were con-
fined to the outer layer of the 3D-TESMs, indicating 
that lentiviral particles were unable to penetrate into 
the interior of the tissue using this delivery method. 
Analysis of the 3D-TESMs that were transduced via 
Method 3 showed that almost all nuclei were GFP posi-
tive (Fig.  1D). GFP-positive nuclei were found to be 
equally distributed throughout the 3D-TESMs, indi-
cating that in this delivery method, lentiviral particles 
were able to target cells of both the inner and outer lay-
ers of the 3D-TESMs. As a final confirmation, myogenic 
differentiation was induced in the 3D-TESMs that were 
transduced with Method 3 for a 7-day period. Analy-
sis of these 3D-TESMs, using titin (TTN) as a marker 
to identify terminally differentiated myofibers, showed 
an abundance of GFP-positive nuclei in between and 
within differentiated myofibers (Fig. 1E), indicating that 
transduced MPCs were able to undergo myogenic dif-
ferentiation in 3D-TESMs.

Generation of 3D‑TESM disease models 
through shRNA‑mediated knockdown
To apply lentiviral transduction for disease modelling 
using 3D-TESMs, lentiviruses expressing 2–3 shRNA 
targeting sequences per gene for dystrophin (DMD), cal-
pain-3 (CAPN3), or myostatin (MSTN) were tested indi-
vidually (Table 1). Optimal viral titers required for knock 
down were determined by transducing MPCs in 2D using 
serial dilutions for each target sequence, followed by 
RT-qPCR analysis. 3D-TESMs were then generated and 
transduced using hydrogel delivery of shRNA express-
ing lentiviruses (Method 3). Myogenic differentiation 
was induced for a period of 7 days, and 3D-TESM tissues 
were analyzed for force-generating capacity in response 
to electrical stimulation, expression of the targeted gene, 
and tissue morphology using whole-mount immuno-
fluorescence of TTN (Figs. S2–S4). The 3D-TESMs that 
were found to have a > 50% reduction of CAPN3 (shRNA 
#2 and #3) or DMD (shRNA #1 and #3) expression after 
shRNA transduction showed a reduced or a complete 
lack of contractile force and a reduction of aligned TTN-
positive myofibers (Figs. S2 and S3). No significant dif-
ferences in morphology or contractile force were found 
between the 2 MSTN knock down shRNAs and non-tar-
geting control 3D-TESMs, while both targeting shRNAs 
caused a significant reduction in the expression of MSTN 
(Fig. S4).

Next, we performed a time course experiment to char-
acterize the effects of DMD, CAPN3, and MSTN knock 
downs in 3D-TESMs in more detail. Using the best-per-
forming shRNA construct from Figs. S2–S4 for each tar-
get gene (Table  1), we analyzed myofiber diameter (Fig. 
S6A), myofiber alignment (Fig. S6B), the force generat-
ing capacity of 3D-TESMs in response to twitch stimu-
lation (Fig.  2A; “force-generating capacity”), and tetanic 
stimulation (Fig. 2B; “maximum force-generating capac-
ity”) after 3, 5, 7, and 9  days of 3D-TESM formation. 
3D-TESMs that were transduced with the non-targeting 
shRNA generated contractile forces of ~0.4 mN already 
at 3 days of differentiation and showed a gradual increase 
in force-generating capacity to a maximum of ~1.2 mN 
at day 9. Parallel-oriented TTN-positive myofibers were 
observed from day 3 of differentiation onwards (Fig. 2C). 
A strong phenotype was observed for the knock down 
of DMD in 3D-TESMs. Contractile forces were close 
to zero starting from day 3 of differentiation onwards 
(Fig.  2A–B). This was paralleled by morphology: from 
day 3 of differentiation onwards, TTN-positive myofib-
ers were shortened, they lacked cross-striation, and the 
3D-TESMs appeared disorganized, lacking fiber align-
ment (Figs. 2C and S6B).

Knock down of CAPN3 in 3D-TESMs resulted in 
contractile forces that were similar to those generated 
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Fig. 1 Efficient lentiviral transduction of 3D-tissue-engineered-skeletal muscle. A Experimental approach. Method 1: cells were transduced in 2D, 
before the generation of 3D-TESMs. Method 2: 3D-TESMs were generated from untransduced cells and were then transduced with lentiviral 
particles delivered through the cell culture medium. Method 3: 3D-TESMs were generated from untransduced cells and were then transduced 
with lentiviral particles delivered through the hydrogel during 3D-TESM formation. An H2B-GFP Lentivirus was used to assess the efficacy 
of the delivery method. B FACS analysis of the number of GFP-positive cells as a percentage of the whole population for the three delivery methods. 
Four H2B-GFP lentiviral concentrations were tested per method. Data are derived from three independent 3D-TESMs and expressed as mean ± SD. 
C Representative FACS plots from B. D Whole-mount immunofluorescent analysis of 3D-TESMs showing GFP 48 h after transduction with undiluted 
H2B-GFP virus using Method 2. Zoomed-in region of a single Z-stack is shown on the right. Nuclei were stained with Hoechst (in blue). E as D 
but for Method 3. F Sagittal Z-stack of 3D-TESMs transduced with Method 3, after 7 days of myogenic induction, stained with an anti-titin antibody 
(red)
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in the non-targeting controls at day 3 of differentiation 
(Fig.  2A–B). From day 5 of differentiation onwards, 
CAPN3 knock down caused reduced contractility, 
ultimately resulting in a complete absence of contrac-
tile response on day 9 of differentiation. Also in this 
case did the morphology parallel the force-generat-
ing capacity: aligned and cross-striated myofibers 
were present at day 3 of differentiation, but from day 
5 onwards, fiber organization appeared irregular and 
disrupted, which was accompanied by a progressive 
increase in the presence of TTN-positive spherical 
structures (Figs. 2C and S6). We hypothesize that these 
structures represented partially detached myofibers, 
since their increase appeared to correspond with the 
loss of myofibers. At day 9 of differentiation, striated 
myofibers were no longer present.

Knock down of MSTN failed to cause significant 
effects on force-generating capacity, although a non-
significant increase in twitch and tetanic force was 
observed at day 9 of differentiation (Fig.  2A–B). 
The morphology and organization of the myofibers 
appeared unchanged (Fig.  2C). Lentiviral transduc-
tion resulted in a vector copy number (VCN) of 2–6 
(Fig. S5A, B), and did not affect fusion index in myo-
tubes grown in 2D (Fig. S5C, D). This suggest that the 
knock downs did not interfere with formation of myo-
tubes, and that the observed phenotypes resulted from 
pathology-induced downstream of myogenic fusion. 
For all knock downs, tissue diameter appeared similar 
(Fig. S7). We conclude that knock down of DMD and 
CAPN3, but not MSTN, caused a severe reduction of 
contractile force in 3D-TESMs from days 3 to 5 until 
day 9, the last day tested, which was accompanied by 
disruption of myofiber morphology and organization.

Proteomic analysis of shRNA‑mediated knock downs 
in 3D‑TESMs
We performed mass spectrometry of 3D-TESMs to val-
idate knock down of targeted genes at the protein level 
and to test whether disease-specific proteomic profiles 
were obtained. Relative levels of Calpain-3 and dystro-
phin were reduced at all timepoints of knock downs of 
CAPN3 and DMD, respectively, compared to non-target-
ing control or MSTN knock downs (Fig. 3A). This effect 
was most pronounced at the latest timepoint, resulting 
in an 18-fold reduction of Calpain-3 following CAPN3 
knock down and a 5-fold reduction of dystrophin in the 
DMD knock down. Levels of control proteins vinculin 
and GAPDH were similar for all knock downs at all time 
points. Myostatin levels were undetectable, precluding 
their analysis.

To analyze disease-specific protein signatures, we 
performed unsupervised clustering of all significant 
proteins, based on the Z-scores for each protein nor-
malized for the non-targeting control for each respec-
tive timepoint. Expression of a total of 596 proteins 
was significantly changed (FDR < 0.05 in ≥ 2 time-
points) for the knock down of CAPN3 (Fig.  3B). Four 
distinct protein clusters were identified based on their 
expression from d3 to d9 of culture, resulting in two 
clusters with upregulated (cluster 1 and 2) and one 
cluster with downregulated proteins (cluster 4) com-
pared to the untargeted control (Fig.  3C–D). Cluster 
3 contained only 32 proteins and could not be classi-
fied as up or downregulated and was therefore omitted 
from GO enrichment analysis. GO enrichment analy-
sis of clusters 1, 2, and 4 showed enrichment of path-
ways involved in cell adhesion and cytoskeletal binding 
in both up- and downregulated protein clusters. In 

Table 1 Viral constructs used in this study

Lentiviral construct Insert or shRNA target sequence Experiment Vector origin

H2B-GFP H2B-GFP Figures 1 and S1

Non-targeting shRNA AAC AAG ATG AAG AGC ACC AACT Figures 2, 3, 4 and S2–S9 MISSION-shRNA library; SHC002

CAPN3-targeting shRNA #1 CCG CAA CTT CCC AGA TAC TTT Figure S2 MISSION-shRNA library; TRCN0000003493

CAPN3-targeting shRNA #2 CGG AGT GAA AGA GAA GAC ATT Figure S2 MISSION-shRNA library; TRCN0000003494

CAPN3-targeting shRNA #3 GCT CCT GCT TAC CTT GCT CTA Figures 2, 3, S2, S5–S9 MISSION-shRNA library; TRCN0000003495

MSTN-targeting shRNA #1 CCC ACA AAG ATG TCT CCA ATT Figure S3 MISSION-shRNA library; TRCN0000059138

MSTN-targeting shRNA #2 CCT GAA TCC AAC TTA GGC ATT Figures 2, 3, S3, S5–S9 MISSION-shRNA library; TRCN0000059140

DMD-targeting shRNA #2 CCA GCA TTA CTG CCA AAG TTT Figure S4 MISSION-shRNA library; TRCN0000053245

DMD-targeting shRNA #3 CCA GTC TTT AGC TGA CCT GAA Figures 2, 3, S4, S5–S9 MISSION-shRNA library; TRCN0000053246

DMD-targeting shRNA #4 CCC TAG TTC AAG AGG AAG AAA Figure 4 MISSION-shRNA library; TRCN0000053243

Micro-dystrophin Micro-dystrophin Figure 4 Chamberlain lab; Addgene plasmid #26810

GFP GFP Figure 4
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the downregulated protein cluster 4, enrichment of 
proteins associated with the proteasomal complex 
(PSMA3, PSMA5, PSMB3, PSMB4, PSB2, PSB3) and 
several pathways involved in skeletal muscle contrac-
tility was observed (Fig.  3D–F). These results parallel 

studies performed using muscle biopsies or primary 
cell lines from LGMD2A patients describing down-
regulation of the 26S proteasome and dysregulation of 
cytoskeletal proteins due to defects in the proteolytic 
function of Calpain-3 in these patients [22, 23].

Fig. 2 shRNA-mediated knock down of DMD, CAPN3, and MSTN in 3D-tissue-engineered-skeletal muscle. A Effect of shRNA-mediated knock 
down on force-generating capacity (twitch force) in 3D-TESMs. 3D-TESMs were transduced (using Method 3) with shRNAs targeting DMD, CAPN3, 
or MSTN. Force-generating capacity was measured in response to stimulation at 1 Hz. Data are represented as mean ± SD derived from three 
independent 3D-TESMs at each timepoint (12 3D-TESMs total) for all conditions. Statistical significance is indicated for all conditions, compared 
to the corresponding non-targeted control. *p < 0.05, **p < 0.01, ***p < 0.001. B as A but now showing the maximum force-generating capacity 
in response to tetanic stimulation (20 Hz). C Whole-mount immunofluorescent stainings of all experimental conditions from A and B. Green, 
anti-titin antibody. Blue, nuclei stained with Hoechst
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Knock down of DMD in 3D-TESMs resulted in 711 
significantly altered proteins that could be divided in 
three protein clusters: clusters 1 and 2 with upregulated 

proteins and cluster 3 with downregulated proteins 
compared to the non-targeting control (Fig.  3H–J). GO 
enrichment analysis showed that the downregulated 

Fig. 3 Proteomic analysis of DMD and CAPN3 knock downs in 3D-tissue-engineered-skeletal muscle. A Effect of knock down on Calpain-3 
(CAPN3) and dystrophin protein levels as a function of time in 3D-TESMs. For reference, the abundances of vinculin and GAPDH are shown. Data 
are expressed as log2 LFQ values and represented as means ± SD derived from three independent 3D-TESMs at each timepoint. B Volcano plot 
of the CAPN3 knock down compared to the non-targeting control at day 7. Proteins that were significantly up and downregulated are indicated 
in red and blue, respectively. Average protein LFQ values were derived from three independent 3D-TESMs from each timepoint. Proteins 
were considered significant when FDR was < 0.05 in ≥ 2 timepoints. C Supervised clustering of the CAPN3 knock down. Clusters with similar 
expression changes over time are indicated. Clustering was based on the Z-scores of the LFQ values of significant proteins in the CAPN3 knock 
down relative to the non-targeting control. n = total number of proteins per cluster. D Z-scores of each protein cluster from C. E Top 5 enriched 
GO pathways in the upregulated protein clusters of the CAPN3 knock down. F Top 5 enriched GO pathways in the downregulated protein clusters 
of the CAPN3 knock down. G Heatmap of proteins found significantly altered in the CAPN3 knock down relative to the non-targeting control. Colors 
and numerical values represent the mean LFQ as a percentage of the most enriched condition. H–M as B–G but for the knock down of DMD 
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cluster was enriched for proteins involved in the devel-
opment and function of skeletal muscle tissues (MYHs, 
NEB, OBSCN, ATP1A2, ATP2A1) (Fig.  3I). The upreg-
ulated protein clusters were found to be enriched 
for proteins involved in cell-matrix attachment and 
ECM proteins, including ANXA1, COL4A1, COL4A2, 
COL8A1, LAMA1, ITGA3, and VTN (Fig. 3J–K). These 
results are in agreement with results obtained in the 
mdx mouse model and in primary muscle biopsies from 
human patients, whereby fibrosis is one of the main path-
ological features of Duchenne muscular dystrophy [24].

The proteomic analysis also offered an opportunity 
to analyze proteomic changes that occur during human 
muscle development in  vitro. To this end, we analyzed 
the non-targeting control during 3D-TESM development 
and found 1282 proteins that were significantly altered 
between at least 2 timepoints of development. These pro-
teins could be classified within one of five distinct protein 
clusters based on their expression pattern (Fig. S8A–B). 
Quality controls are shown in Fig. S9. Gene Ontology 
(GO) enrichment analysis was performed for the two 
main protein clusters, cluster 1 (n = 408; upregulated 
during development) and cluster 5 (n = 519; downregu-
lated during development) (Fig. S8A–B). Cluster 1 was 
predominantly associated with cellular respiration, mus-
cle contraction, and glucose metabolism, while cluster 5 
contained proteins involved in the regulation of mRNA 
processing and stability (Fig. S8D–E). The developmental 
stage of skeletal muscle is characterized by the expres-
sion of distinct myosin heavy chain (MYH) isoforms. 
The embryonic isoform (MYH3) was the most abun-
dant isoform at all timepoints. During the development 
of 3D-TESMs, there was a gradual increase of MYH1 
expression (associated with both fetal and adult fibers), 
MYH4 (postnatal and adult fibers), and MYH8 (embry-
onic and fetal fibers) from day 3 to day 9 (Fig. S8E). This 
reflects a gradual maturation from the embryonic into 
the neonatal stage that occurs during the normal devel-
opment of skeletal muscle [25]. In addition, at day 9, 
the highest abundance of sarcomeric proteins includ-
ing TTN, NEB, ACTN3, and OBSCN were found, while 
proteins associated with the initial stages of myogenesis 
(e.g., MYOG, MYOF, ACTN4) showed reduced expres-
sion (Fig. S8F). This indicates that at 9 days, the hiPSC-
derived 3D-TESMs had completed the initial stages of 
skeletal muscle development (e.g., myoblast fusion and 
sarcomere formation) and had entered the process of 
skeletal muscle maturation to a neonatal developmental 
stage, similar to other 3D-TESM models published to 
date [26–29].

Micro‑dystrophin rescues the DMD phenotype
We utilized the 3D-TESM system to evaluate the efficacy 
of micro-dystrophin, a truncated version of DMD that is 
currently under evaluation as gene therapy in clinical tri-
als, to rescue the Duchenne phenotype in vitro. Since the 
micro-dystrophin and DMD cDNAs share most of their 
coding regions, rendering micro-dystrophin susceptible 
to the DMD-targeting shRNAs, we generated DMD-tar-
geting shRNA#4 to specifically target a region that was 
only present in the endogenous DMD gene but not in 
micro-dystrophin (Fig. 4A). Using RT-qPCR with primer-
set 1 that was designed to only amplify endogenous DMD 
transcripts, a ~90% reduction of DMD expression was 
obtained upon knock down using DMD-targeting shRNA 
#4 (Fig. 4B). Combining DMD-targeting shRNA #4 with 
a second lentiviral expression construct, expressing 
either micro-dystrophin or GFP, did not affect expression 
of endogenous DMD. RT-qPCR with primerset 2 was 
designed to amplify both micro-dystrophin and endog-
enous DMD transcripts showed that micro-dystrophin 
was expressed upon inclusion of the lentiviral expression 
construct. Similar to the results obtained with the DMD-
targeting shRNAs #1–3 (Figs.  2 and 3), DMD-targeting 
shRNA #4 caused a strong reduction of contractile force 
in 3D-TESMs (Fig.  4C). Co-expression of micro-dystro-
phin in DMD shRNA #4 targeted 3D-TESMs resulted in 
a significant increase in both the force-generating capac-
ity (twitch) and the maximum force-generating capacity 
(tetanus). However, the micro-dystrophin-induced rescue 
of contractile force in DMD 3D-TESMs was only partial, 
reaching 20% (twitch) and 30% (tetanus) of forces reached 
by the non-targeting control. As a control, co-expression 
of GFP in DMD shRNA #4-targeted 3D-TESMs had no 
effect. Whole-mount immunofluorescence corroborated 
these findings and showed TTN-positive and cross-stri-
ated myofibers exclusively in control and in micro-dystro-
phin-treated DMD knock down 3D-TESMs, while none 
was present in the DMD knock downs and the knock 
down in the presence of GFP (Fig. 4D–F). Interestingly, 
when analyzing the 3D-TESMs with DMD knock downs 
in the presence of GFP, we observed elongated multinu-
cleated GFP-positive cells that resembled short myofibers 
that lacked striation, suggesting that DMD knock down 
allowed myogenic differentiation but resulted in a lack of 
maturation or a loss of matured myofibers (Fig. 4D).

Taken together, these results confirm the specificity of 
the knock down approach for the modelling of muscular 
dystrophies in 3D-TESMs, and they demonstrate the util-
ity of the shRNA 3D-TESM system to predict the thera-
peutic value of novel treatment options in human muscle 
in vitro.
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Fig. 4 Rescue of DMD knock down by micro-dystrophin in 3D-tissue-engineered-skeletal muscle. A Cartoon of endogenous DMD 
and micro-dystrophin mRNA. The subset of DMD exons used to generate micro-dystrophin is indicated in orange. RT-qPCR primers that are specific 
for endogenous DMD (primer set 1) or that recognize both endogenous DMD and micro-dystrophin (primer set 2) are indicated. B RT-qPCR analysis 
of endogenous DMD and micro-dystrophin mRNAs. C Force-generating capacity (twitch stimulation) and maximum force-generating capacity 
(tetanic stimulation) of 3D-TESMs after 7 days of myogenesis. Data are represented as mean ± SD derived from six independent 3D-TESMs. D 
Representative images of whole-mount immunofluorescent stainings of experimental conditions from B and C. Red, anti-titin antibody. Green, GFP. 
Blue, nuclei stained with Hoechst. E Myofiber diameter of 3D-TESMs (n = 40–60 myofibers for each condition). F Myofiber alignment of 3D-TESMs. 
Myofiber alignment was measured using Δ of the angle of each myofiber relative to the perpendicular axis of the 3D-TESM (n = 40–60 fibers 
per condition). Statistical significance is indicated relative to the DMD knock down (B and C) or non-targeting control (E and F). For F, significance 
was calculated using the distribution of the variance. ns, not significant, *p < 0.05, **p < 0.01. #Indicates the conditions where the analyses were 
prevented by the poor quality of the 3D-TESM tissues
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Discussion
Tissue-engineered 3D-disease models are becoming 
more prevalent as these can better mimic tissue complex-
ity and thereby become more representative for human 
disease as compared to 2D models or heterologous cells. 
The use of such 3D cell culture models is often incom-
patible with transfection or transduction protocols due to 
low targeting efficiencies [12, 30]. Utilizing the hydrogel 
as a delivery vehicle for lentiviral particles, we obtained 
an increased targeting efficiency that allowed efficient 
transduction of cells within the 3D-TESM tissues.

The use of both fibrin or collagen-based matrixes for 
cellular delivery of DNA constructs has been explored 
previously both in  vitro and in  vivo [31, 32]. Fibrin 
matrixes have been shown capable of enveloping viral 
particles, resulting in increased stability and prolonged 
life span of the viral particles while encapsulated within 
the polymerized matrix [31, 33]. The use of collagen-
based matrixes is commonly described for the trans-
fer of naked DNA such as plasmids or DNA minicircles 
that are able to interact through their negatively charged 
backbone [30, 34]. Utilization of hydrogel-based deliv-
ery of DNA could therefore represent a viable method to 
enable higher-throughput experiments in 3D-cell culture 
systems and also may extend to other difficult-to-target 
3D models that utilize collagen or fibrin matrixes as a 
structural basis such as engineered heart tissues, droplet 
cultures, or other organ-on-chip platforms.

Combining lentiviral shRNAs with a hydrogel-based 
delivery method, we aimed to develop a platform that 
is capable of recapitulating muscular dystrophies in 
3D-TESMs. Inducing genetic deficiency of DMD or 
CAPN3 as a proof of principle, a significantly decreased 
contractile force of the 3D-TESMs was observed shortly 
after inducing myogenesis. Using mass spectrometry 
to obtain proteomic profiles, distinct proteomic signa-
tures were obtained, corresponding with previous stud-
ies performed with patient biopsies or animal models 
of Duchenne muscular dystrophy and LGMD2A. Cal-
pain-3 is a calcium-dependent protease responsible for 
the cleavage of cytoskeletal proteins and actin filaments 
in skeletal muscle; it is therefore a prerequisite for the 
maintenance and remodeling of healthy skeletal mus-
cle [23, 35, 36]. While the exact molecular mechanisms 
underlying the pathology of LGMD2A remain unclear, 
CAPN3-deficient muscles have been found to exhibit 
structural abnormalities of the sarcomere and cytoskel-
eton [22, 23, 37, 38]. The 3D-TESMs recapitulate these 
abnormalities, as we observed a dysregulation of several 
ankyrin proteins (ANK2 and ANK3), ankyrin repeat pro-
teins (ANKRD1, ANKRD2, and ANKS1A), and catenin 
(CTNNA1, CTNNB1, and CTNND1) isoforms which 
provide structural integrity to the cytoskeleton and are 

known substrates of Calpain-3. In addition, we observed 
a downregulation of multiple PSMA and PSMB isoforms, 
which compose the active site of the 20S proteasome, 
resembling previous findings made in Calpain-3-deficient 
(C3KO) mice and immortalized human CAPN3-deficient 
cell lines by [36].

Like previous studies that used DMD-deficient primary 
myoblasts or CRISPR/Cas9-induced DMD knockouts to 
model Duchenne muscular dystrophy in 3D-TESMs, the 
knock down of DMD resulted in a significantly reduced 
force-generating capacity [39–41]. Concurrent with 
this reduction in contractile properties, we found a sig-
nificant reduction of the expression of proteins involved 
in the structure and function of the sarcomere (MYHs, 
TTN, NEB, OBSCN, ATP1A2, ATP2A1), as well as of 
SGCA, SGCD, and SGCG, which are part of the sarco-
glycan complex that directly connects dystrophin to the 
surrounding ECM [24, 42]. In addition, we observed an 
upregulation of the expression of several annexin iso-
forms (ANXA1-5) and tubulins (TUBB2A and TUBB2B), 
which are commonly associated with membrane repair, 
a pathway that is upregulated in muscle tissues from 
Duchenne patients and the mdx mouse model [24, 43]. 
Another key aspect related to the pathogenicity of Duch-
enne muscular dystrophy is the progressive conversion of 
skeletal muscle tissue into fibrotic tissue [24, 44]. Immune 
cell infiltration is thought to play a role in this process. 
Although the 3D model employed here lacks immune 
cells, we nevertheless found an increased expression of 
COL4A1, COL4A2, COL6A1, LAMA1, and LAMA2 
and other ECM proteins that are commonly associated 
with a fibrotic phenotype, suggesting the existence of an 
immune cell-independent pathway underlying fibrosis in 
Duchenne muscular dystrophy [24, 44].

Inducing the expression of micro-dystrophin in con-
junction with the DMD-targeting shRNA resulted in 
partial restoration of contractile force. Previous charac-
terizations of micro-dystrophin have predominantly been 
performed in  vivo using mouse or canine models [45, 
46]. Similar to the results obtained in the present study 
with the 3D-TESM model, these studies have shown an 
improvement in skeletal muscle architecture and a partial 
restoration of muscle tissue performance upon systemic 
expression of micro-dystrophin [46–48]. Ongoing phase 
I/II clinical trials corroborate these results, observing 
an overall reduction of creatine kinase (CK) levels and a 
modest improvement of muscle function (NCAA score) 
in four young patients with Duchenne muscular dystro-
phy [17]. The similarity between the extent of functional 
rescue of muscle performance between 3D-TESMs, ani-
mal models, and human patients highlights the predic-
tive value of the shRNA-mediated DMD knock down 
3D-TESM model for testing novel therapeutic options.
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The knock down of MSTN did not result in any sig-
nificant differences in contractile force, tissue quality, 
or proteomic changes compared to control 3D-TESMs. 
MSTN is known to affect muscle hypertrophy and is 
not required during the initial stages of myogenesis [49, 
50]. It is therefore possible that extending the culture 
period might result in an increased force-generating 
capacity, which should be tested in future studies. Such 
a result is suggested by the increased twitch and tetanic 
force, although not significant, in MSTN knock down 
3D-TESMs at the latest timepoint (Fig. 2).

3D-organ-on-a-chip technologies are expected to 
provide a crucial stepping stone for the development of 
novel therapies and provide an avenue to reduce animal 
testing [10]. For neuromuscular disorders in particu-
lar, the possibility to measure the contractile force of 
human cells in vitro allows for the functional evaluation 
of therapeutic interventions [8, 9]. It has become increas-
ingly clear that isogenic disease models are important 
to correct for genetic background and to detect disease-
related pathology rather than random variability [11]. To 
generate such disease models, elaborate procedures are 
required involving gene editing of primary cells, possibly 
via hiPSCs. The approach described here provides a rapid 
method to generate isogenic disease models from hiPSCs 
that can be applied to any existing hiPSC line available. 
We anticipate that it can also be applied to 3D-TESMs 
generated from primary human myoblasts, as we recently 
found that these have similar properties as the hiPSC-
derived ones [51].

Limitations and future directions
The protocol outlined here has a number of limitations. 
The knock down approach can only be used to model 
reduction of gene products, not their total absence or 
gain of functions. The knock down is present before the 
start of differentiation. To evaluate possible effects of 
knock down on myotube formation, the fusion index 
should be calculated, which is the most accurate in a 2D 
differentiation, because of overlapping planes when ana-
lyzing 3D tissues. Whether a knock down will affect myo-
tube formation or not, the fact that the gene deficiency 
is induced prior to myogenic differentiation mimics the 
situation in patients in which the gene defect is inherited.

Future developments should be focused on improv-
ing the skeletal muscle on a chip model, such as (1) 
inclusion of additional cell types that are also present 
in native skeletal muscle tissue, (2) improvement of 
throughput to allow medium-sized screens (for a first 
step towards this goal, see Iuliano et  al. [52]), and (3) 
longer-term culture and fiber maturation to assess 
longer-term recapitulation of phenotypes and the 

ability to reverse these using novel treatment options 
[8, 9, 26, 51–53]. Such improvements should be stand-
ardized, and the models should be validated in order 
to use these for the preclinical evaluation of efficacy 
and safety of treatment options. As the organ-on-a-
chip field is progressing rapidly, we anticipate that 
much progress on these points will be made in the near 
future. The value of organ-on-a-chip models in predict-
ing clinical phenotypes and responses to treatments is 
being increasingly appreciated, for example, as indi-
cated by the recent acceptance by the FDA of using 
data obtained with organ on a chip models rather than 
with animal models for drug development [54].
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