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Our understanding of skeletal muscle function and skeletal muscle disease has
greatly advanced over the past few decades due to the development of sophisti-
cated in vitro models. These models are powerful tools for researching stem cell-
based regenerative medicine, testing novel treatments, and understanding disease
mechanisms of muscular dystrophies.’® The recreation of skeletal muscle to de-
velop effective models in vitro will significantly benefit from close collaboration be-
tween developmental biology and tissue engineering. In this thesis, we investigated
several aspects of recreating human skeletal muscle in vitro within these two fields.
Starting from understanding the role of non-coding RNAs (ncRNAs) in induced plu-
ripotent stem cell (iPSC) differentiation, followed by developing innovative materials
for in vitro modelling and the testing of advanced three-dimensional (3D) models
in the context of skeletal muscle disease. In this discussion, we evaluate the signif-
icance of our findings, discuss the limitations of our work and shine a light on the
potential future directions.

In Chapter 2 we investigated the role of ncRNAs and epigenetic memory during
early germ layer differentiation, revealing a subset of ncRNA biotypes specific to
mesoderm, endoderm, or ectoderm differentiation using multi-omics sequencing.
Our study emphasized the importance of ncRNAs in regulating differentiation and
identified potential targets for refining human iPSC-based differentiation protocols.
Notably, transfer RNA (tRNA) fragments emerged in our analysis as an unexpected
biotype, opening questions about their regulatory role in early germ layer differen-
tiation. This research provides a robust multi-omics dataset that can inform future
functional studies to validate the roles of identified ncRNAs, potentially improving
the differentiation of iPSC-derived cell types. More specifically, the dataset provides
insights into the ncRNAs in mesoderm differentiation, the germ layer from which
skeletal muscle arises. Collectively, the findings can aid in the understanding of
iPSC-derived skeletal muscle differentiation.

Since the discovery of iPSCs, the field of regenerative medicine and tissue engi-
neering has undergone a revolution.® iPSCs have become the preferred cell type
for in vitro modelling of many developmental processes and disease models due to
their access to the human genome and ability to tailor to patient-specific biological
questions. However, iPSCs display significant heterogeneity, both within and be-
tween lines, manifested in variations in gene expression, differentiation potential,
and cellular behavior.s The genetic landscape of iPSCs is complex and largely
unknown. In our study, we showed significant genetic and epigenetic differences
between iPSC lines influenced by the original somatic cell type and the reprogram-
ming method. The reprogramming process can introduce genetic mutations, which
can sometimes be oncogenic. Besides, the epigenetic memory of donor cells can
affect iPSC differentiation potential and stability.”® This underscores a number of
factors that influence iPSC differentiation and maintenance, as well as their gener-
ation. Understanding the factors that cause heterogeneity between iPSCs that af-
fect differentiation can point us in the right direction when developing differentiation
protocols for various cell types, such as skeletal muscle cells.
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A key player in differentiation is the micro-environment, or niche, in which the iPSC
cells reside. We aim to recapitulate the niche in vitro by mimicking extracellular
matrix (ECM) components. The ECM allows for the facilitation of both structural
support and can provide the cells with biochemical signals. It is known that specific
ECM proteins, for example, laminin and fibronectin, are crucial for supporting iPSC
growth and differentiation. Specific ECM proteins can be utilized to direct iPSC
differentiation but can also be utilized to maintain pluripotency.® Two other import-
ant elements of the micro-environment that contribute to iPSC differentiation are
soluble factors and cell-cell interactions. Soluble factors in the form of growth fac-
tors, transcription factors or cytokines can modulate iPSC behavior and can direct
differentiation towards one or the other direction. Soluble factors are secreted by
cells as a result of cell-cell interactions. Cell-cell interactions allow for cell commu-
nication that can initiate a cascade of events within the micro-environment.' Lastly,
the physical properties of the culture substrate, such as stiffness and topography,
can influence iPSC fate. Softer substrates mimic the natural stem cell niche better,
promoting pluripotency, while stiffer substrates can induce differentiation.'2 To
progress in the field, future research could benefit from sophisticated and dynamic
culture systems that mimic parts of the in vivo niche.

The development of advanced sequencing methods has allowed us to gain de-
tailed insights into factors that play important roles in differentiation. An example
of this was shown in a recent study by Crist et al. Here, RNA bulk sequencing was
leveraged to understand what factors within the micro-environment contribute to
myogenic differentiation. In this study, human iPAX7 myogenic progenitors were
transplanted into the muscles of non-dystrophic and dystrophic mice. Next, they
analyzed the transcriptional profiles of the human grafts and compared them to

in vitro-differentiated iPAX7 myotubes and human skeletal muscle samples. The
transcriptional profiles revealed that human iPSC-derived skeletal myogenic pro-
genitors produce mature myofibers after transplantation. To understand what fac-
tors from the micro-environment contributed to this maturity, the study combined
human-specific reads with the results of the bulk RNA sequencing. They identified
critical myogenic changes during the transition from in vitro to in vivo environ-
ments.'® The study by Crist et al. highlights the power of RNA sequencing in identi-
fying factors that can enhance in vitro differentiation.

Our study into ncRNAs in germ layer differentiation did not consider the micro-en-
vironment. This means that there might be factors that can significantly affect
ncRNA dynamics, which are overlooked in our current set-up. Future research
should incorporate advanced models such as human blastoids or human gastru-
loids. Human blastoids mimic pre-implantation blastocysts, while human gastru-
loids replicate some aspects of early embryonic development, including germ layer
establishment. Both these more advanced models add a layer of complexity to

the micro-environmental conditions of the culture system compared to the set-up
presented in Chapter 2. The models contain multiple cell types at once, which can
influence the differentiation dynamics and, therefore, offer us more physiologically
relevant conditions for studying ncRNA dynamics during early germ layer differenti-
ation.'15

On the other hand, using real human embryos would offer the most accurate in-
sights. However, such studies come with major ethical considerations and cannot
be carried out easily. The advantage actual human embryos have over 3D models
or animal models is the ability to investigate ncRNAs while maintaining the tempo-
ral and spatial dynamics of human embryonic development.
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In addition to singular sequencing techniques, multi-omics approaches have gained
more significance over time. This approach integrates multiple sequencing tech-
niques such as genomics, transcriptomics, proteomics, epigenomics, and metab-
olomics. Multi-omics approaches have allowed us to understand the relationship

of molecular factors that contribute to the complex human genetic landscape, for
example, iPSCs.

Though multi-omics allows us to gain deeper insight into biology, these approaches
face limitations. One of the main limitations occurs when integrating and interpret-
ing large, complex datasets gathered with different sequencing techniques. As a
result, the datasets have different scales, formats and dimensions. Currently, there
are ways to normalize data gathered from different omics techniques, but there
needs to be standardized protocols for multi-omics data analysis. Additionally, om-
ics techniques are costly and resource-intensive as they require high-throughput
sequencing machines and advanced computational infrastructure. Lastly, multi-om-
ics studies often need more temporal and spatial resolution to capture dynamic
changes in iPSC states. Our study circumvented this limitation by collecting data
at different time points over an extended period. Emerging single-cell omics tech-
niques attempt to address some of the current hurdles but still face challenges in
sensitivity and coverage.'®

Biological variability is another limiting factor for large-scale multi-omics approach-
es. To provide reliable conclusions, a large number of donors is required to account
for this biological variability. However, obtaining sufficient sample sizes can be
challenging. We used isogenic cell lines to control for genetic variability. This al-
lowed us to work with the same genetic background, but our study was limited by
an insufficient number of donors. As we only had one donor, the findings in Chap-
ter 2 cannot be generalized.

The study would, therefore, benefit from adding another set of isogenic iPSC lines
from a different donor with the same cell of origin as the isogenic iPSCs used in
our study. By adding one more donor, we could enhance the understanding of our
study’s findings. Preferable more than one donor would be added to future studies.
Another way to control biological variation is by adding different iPSC clones from
the same parental line. This can aid in drawing robust biological conclusions. Ad-
ditionally, variability in iPSC reprogramming methods should be limited or avoided
entirely in future research as it introduced additional variation in Chapter 2. In sum-
mary, a follow-up study should consider adding isogenic iPSCs from additional do-
nors, all reprogrammed in the same way and should include more clones per iPSC
line. Collectively, this should strengthen our findings from our study.

Chapter 3 focused on developing a novel magneto-active biocompatible material
that demonstrated significant improvements in myoblast differentiation in 3D mod-
els. This magneto-conductive material for melt electrowriting (MEW) enhances
muscle fiber alignment and maturation, mimicking the mechanical properties of in
vivo skeletal muscle tissue. This advancement in material science offers the poten-
tial to more accurately represent the in vivo environment for in vitro skeletal muscle
engineering.

The significance of the micro-environment in in vitro cell systems has been ex-
tensively documented. It is known that cells respond to their surroundings in a
dynamic way. Therefore, the field of tissue engineering is constantly emerging with
innovative approaches to bridging the gap between two-dimensional (2D) cultures
and the complexity of the 3D nature of living organisms. As a result of these ad-
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vancements, 3D culture systems that are increasingly becoming a standard culture
method for a wide range of applications — from disease modeling to drug discovery.
3D cell culture systems are advancing due to the development of smart biomateri-
als. Smart biomaterials respond to external stimuli (such as temperature changes,
light exposure, and magnetic stimulation). Upon stimulation, a smart biomaterial
can dynamically change its properties. For example, a tissue can stiffen as a re-
sponse to increased mechanical load, or cells can release growth factors upon light
exposure. '7 This adaptability mimics parts of the dynamic nature of living tissues,
where cells are constantly receiving and responding to signals from their environ-
ment. Another example of smart biomaterials are electroactive polymers. These
polymers can change their physical properties in response to electrical stimulation,
which is particularly beneficial for skeletal muscle engineering, as electrical signals
play a crucial role in muscle contraction and function. By applying electrical stimuli,
these polymers improve the alignment and contractility of muscle fibers, closely
mimicking parts of in vivo muscle behavior.'8°

Besides the micro-environment, technologies such as electrospinning and MEW
allow for great control over the macro-structure of engineered tissues. Skeletal
muscles have different forms and shapes as they fulfill different functions in the
human body. For example, the biceps have fusiform shaped fibers while the ab-
dominal muscle contains parallel shaped fibers. The muscles around the eyes and
mouth on the other hand have circular shaped fibers. Each muscle group plays a
distinct role in movement and stability.2° The resolution provided by electrospin-
ning techniques gives us the flexibility to replicate these distinct shapes for in vitro
muscle modeling. For example, on a recent study by Wang et al., electrospinning
was utilized to create different macrostructures of muscle such as pennate muscle,
orbicular muscle and rectus abdominis muscle.?'

The magneto-active material for MEW that we developed in Chapter 3 was
successfully combined with PCL, a non-active material, into one scaffold. This
proof-of-principle showed that combining magneto-active and non-active material
could be used to mimic the muscle-tendon junction. Here, the skeletal muscle part
could be engineered in a way that it is responsive to external magnetic stimulation
while the tendon part remains static. MEW is superior to electrospinning in accu-
rate fiber deposition and could, therefore, be leveraged to precisely any macro-
structure of the different muscle phenotypes in vitro.?

However, to fully realize the potential of the magneto-active material developed in
Chapter 3, a bioreactor capable of automating the sequential magnetic stimula-
tion of engineered magnetoactive skeletal muscle tissues is required. Additionally,
optimizing co-culture conditions with tendon cells is necessary to ensure proper
integration and function. Finally, testing the system’s compatibility with human iP-
SC-derived myogenic cells is crucial to enhance the clinical relevance of the model.
These steps will help validate the model’s applicability and pave the way for its use
in skeletal muscle disease modeling.

Chapter 4 assessed different 3D skeletal muscle models on their ability to be used
for disease modeling. The results in this chapter emphasized the potential of can-
tilever-based models in testing restored functionality. We also provided preliminary
results from a vascularized skeletal muscle-on-a-chip model that showed promising
differentiation efficiencies. With this chapter, we pioneered a systematic approach
to selecting the appropriate 3D model tailored to specific experimental questions.

An important aspect in choosing the appropriate 3D model is the selection of the
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suitable cell source. This depends largely on the specific biological question and
application in mind. Human iPSC-derived myoblasts are often preferred due to
their potential to model human-specific and patient-specific biology. However, these
cells tend to be immature upon differentiation and require prolonged and extensive
differentiation protocols. For the development of a robust and efficient 3D model,
human-immortalized cell lines can be preferred over hiPSCs. Human immortalized
myoblasts exhibit a more mature phenotype compared to hiPSC-derived myo-
blasts. Besides, myoblasts are readily available and only require expansion rather
than long-term differentiation. Additionally, there is a wide availability of diseased
immortalized cell lines, which opens the opportunity to also mimic diseases in 3D in
vitro models. For general biological questions, immortalized lines are appropriate
and provide consistent, reliable results. However, when addressing patient-specif-
ic questions, iPSCs are necessary to capture the unique genetic and phenotypic
characteristics of individual patients. Choosing the right cell source is often a
tradeoff between genetic relevance on one side and cell maturity and differentiation
efficiency on the other side. Hence, the cell source should be chosen with the ob-
jectives of the study in mind.

For example, in developing gene-editing therapies for Duchenne Muscular Dystro-
phy (DMD), immortalized lines may suffice when studying general mechanisms.
However, if the biological question entails a patient-specific mutation for DMD, one
might opt for hiPSC-derived myoblasts. For instance, exon skipping, a method

that allows the production of a truncated functional dystrophin protein, is one such
therapy that could be tested in a 3D model. Exon skipping targets specific “prob-
lematic” exons during mRNA processing and induces edits that cause the exon to
be skipped during protein translation.?*? This can be achieved using CRISPR/Cas9
technologies or antisense oligonucleotides (AONs). CRISPR/Cas9 is a highly ver-
satile and straightforward genome-editing technology that targets specific genomic
DNA sites using a single guide RNA (sgRNA). In the context of DMD, the sgRNA
directs the CRISPR/Cas9 complex to the “problematic” exon and allows for precise
DNA edits. 2626 AONSs facilitate exon skipping by binding to specific sequences in
pre-mRNA. This prevents the inclusion of the “problematic” exons during mRNA
processing. In both cases, the reading frame of the dystrophin gene is restored,
resulting in a partially functional protein that allows for moderate restoration of mus-
cle function.?®

A limitation of CRISPR technologies is the high cost associated with the synthe-
sizing and validating of guide RNAs, especially when it comes to patient-specific
mutations. Similarly, the synthesis of AONs can be costly as there is a need for ex-
tensive testing to ensure their efficacy and safety.®® Additionally, translating the suc-
cess of CRISPR technologies and AONs from in vitro studies to in vivo applications
has proven challenging. CRISPR tools and AONs often show promising results in
controlled 2D cell culture environments, but their efficacy and precision can dimin-
ish significantly when applied in vivo. The use of 3D models could aid in increasing
the success rate of gene-based therapies in the context of DMD.

The utility of 3D models in developing gene-based therapies is underscored by the
work presented in Chapter 4. Two models showed their ability to measure restored
skeletal muscle tissue functionality and thereby provided a valuable readout that
can aid in indicating the potential in vivo performance of the therapies. While the
models presented are promising and could potentially reduce costs in gene-based
therapy research, they are merely a proof of concept. Further development and val-
idation are required to realize their potential fully. This has to include extensive in
vivo studies and comparative analyses with traditional models.
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From the two models in Chapter 4 that were shown to be suitable for measur-

ing restored skeletal muscle functionality, the tapered pillar microtissue model
emerges as the most promising platform for future research. Although the Cuore
cantilever-based model also demonstrated promising results, ensuring reproduc-
ibility within and between experiments in this platform is challenging. Variability in
3D model assembly and performance can lead to inconsistencies in output and
inconclusive results. This complicates the validation of gene-based therapies and
large-scale drug screenings. Transparency regarding the reproducibility of 3D mod-
els is crucial and often not reported. However, transparency can be achieved by
establishing reproducibility metrics for published research. Detailed reporting on
reproducibility will enhance reliability and will facilitate broader adoption of 3D mod-
els across different studies.

Another limitation we encountered with the Cuore cantilever-based model is the
high number of cells required per engineered tissue. In this particular case, be-
tween 300,000 and 1,000,000 cells were needed to establish a skeletal muscle tis-
sue. A high cell number translates into increased costs to establish the model and
also limits its practical applications. High cell numbers are particularly challenging
for testing substantial small molecule libraries (up to 30,000 per screen) for drug
discovery or for the improvement of differentiation protocols. Scalability should,
therefore, be taken into account when choosing a 3D model.

One of the emerging 3D model platforms is the so-called organ-on-a-chip (OOC).
OOQOCs often incorporate multiple cell types into a single device and have multiple
compartments to replicate the intricate communication between organ systems. For
example, Gabbin et al. developed a model connecting heart and kidney organoids,
demonstrating the potential of such systems to mimic inter-organ interactions.®'
Similarly, Fernandez-Costa et al. combined skeletal muscle and pancreatic islet
cells on a chip to study the interplay between muscle exercise and insulin secre-
tion, providing valuable insights into metabolic regulation.®? Although few studies
currently exist for skeletal muscle, it is a fast-paced and developing field. Further
advancements are expected, potentially incorporating even more complex organ
systems to enhance our understanding of the interaction of skeletal muscle with
other organs.

In Chapter 4, we presented promising preliminary results of a vascularized skeletal
muscle-on-a-chip model. As skeletal muscle is a highly vascularized tissue, we in-
tegrated vascular structures with skeletal muscle tissues to enhance the physiolog-
ical relevance of the 3D model. The future of OOC technology lies in strategically
combining essential cell types tailored to specific research questions. The closer
these models replicate the in vivo environment, the higher the likelihood that exper-
imental therapies will succeed in clinical applications. Building on the preliminary
results shown for the vascularized skeletal muscle-on-a-chip, further development
and optimization of the model presented will be essential to achieve more accurate
and reliable outcomes. Additionally, the question of complexity remains to be an-
swered. Future research must determine the optimal number of required cell types
to recapitulate in vivo conditions accurately.

Chapter 5 established reliable RNA staining techniques for skeletal muscle tissues
and microtissues. The detailed staining protocol developed for RNA and protein
enhancement allows the field to visualize gene and protein expression accurately.
The developed method is a valuable tool that can be applied to both in vivo skeletal
muscle and 3D in vitro skeletal muscle models.
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Future Perspectives

The research described in this thesis offers novel perspectives on the field of de-
velopmental biology and regenerative medicine and provides insights that can
enhance future development. One promising direction for future research is the
integration of artificial intelligence (Al) to streamline complex multi-omics pipe-
lines.®® By automating and optimizing the analysis of high-dimensional datasets, Al
can facilitate a more comprehensive understanding of the molecular mechanisms
underlying germ layer differentiation. Al can also be employed to predict the roles
of ncRNAs in early differentiation stages, offering new insights into their regulatory
functions and potential therapeutic targets. Moreover, Al has the potential to revolu-
tionize gene editing in 3D models by designing patient-specific guide RNAs. Efforts
have already been made to improve the prediction of bacterial CRISPRi guide effi-
ciency®, and it is only a matter of time before these technologies are translated into
the human context.

A similar methodology could be applied to drug screening or other therapies. This
approach can enhance the efficiency and precision of high-throughput screening,
allowing for more accurate modeling of genetic diseases and the development of
personalized therapies. Incorporating Al into these processes not only acceler-
ates research but also increases the reliability and reproducibility of the findings.
Additionally, the use of Al would democratize access to advanced bioinformatics
analyses, enabling researchers with limited bioinformatics backgrounds to conduct
unbiased and sophisticated data analysis. This broader accessibility can lead to
more diverse research contributions and accelerated scientific discovery.

Another future direction involves using 3D models to advance the maturation of
human iPSC-derived myogenic cells. While immortalized cell lines are advanta-
geous for general research and general drug screening, patient-specific iPSC-de-
rived models are crucial for personalized medicine. OOC technologies can further
increase the complexity of the microenvironment, promoting the enhanced matura-
tion of iPSC-derived cells. Future studies should focus on refining iPSC differentia-
tion protocols and reducing heterogeneity to enhance the maturity and functionality
of these cells.

In conclusion, the advancements discussed in this thesis represent significant
progress towards creating more accurate and functional models of human skel-
etal muscle tissues. By pursuing the outlined future directions, researchers can
enhance the utility of these models, contributing to the development of effective
therapies and bridging the gap between in vitro studies and clinical applications.
Additionally, these advancements will deepen our understanding of human skeletal
muscle biology.
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