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Abstract 
Cultivated meat represents a transformative innovation in the agri-food sector, with the 
potential to decouple protein production from livestock farming and drastically reduce the 
environmental, ethical, and biosafety costs associated with conventional meat. However, the 
field remains constrained by major technical and economic challenges, most notably the 
reliance on expensive growth factorɀbased culture systems and the limited scalability of 
primary cells. In this thesis, I present a modular and fully engineered human induced 
pluripotent stem cell (hiPSC) platform, GERALT (Genetically Enhanced Renewal and 
Autonomous Lineage Transdifferentiation), optimized for the large-scale, serum-free 
production of skeletal muscle tissue, to pave the way to the construction of a molecular 
mechanism transferable to livestock animal cells. By integrating tools from synthetic biology, 
genome engineering, and stem cell technology, this work addresses key bottlenecks in both the 
expansion and differentiation phases of cellular agriculture. First, I developed a growth factorɀ
independent culture system by constitutively expressing a stabilized version of NANOG from a 
genomic safe harbor locus. This strategy enables long-term maintenance of hiPSCs in 
chemically defined medium witÈÏÕÔ 4'&ɼ ÓÕÐÐÌÅÍÅÎÔÁÔÉÏÎȟ ÒÅÄÕÃÉÎÇ ÃÏÓÔÓ ÁÎÄ ÅÎÈÁÎÃÉÎÇ 
scalability. Single-cell transcriptomic profiling confirmed the maintenance of pluripotency and 
repression of neuroectodermal drift under these minimal conditions after over 40 days of 
culture. In parallel, I optimized a cost-effective, home-brew medium compatible with feeder-
free and weekend-free workflows, enabling robust culture and genome engineering in scalable 
formats. Next, I established an inducible post-transcriptional silencing platform based on 
artificial micro RNAs (miR-E) to suppress exogenous NANOG expression in a precise, reversible, 
and scalable manner. This circuit was coupled to the controlled expression of MYOD1 to enable 
forward programming into skeletal muscle. The resulting hiPSC line synchronously activates 
myogenesis and represses exogenous pluripotency upon doxycycline exposure, yielding >98% 
homogeneous skeletal myocytes in just 7 days. I further optimized the circuit architecture by 
embedding the miR-E element into a synthetic intron within the MYOD1 transcript, thereby 
minimizing potential interference between RNA processing and translation. Engineered cells 
were successfully adapted to suspension culture in defined media, maintaining pluripotency 
and forward programming capacity. Upon induction, they formed muscle fibers with robust 
expression of sarcomeric genes. The platform was also benchmarked for its metabolic 
robustness, demonstrating tolerance to variable glucose levels, a key parameter for industrial 
production. Finally, I streamlined the genetic engineering strategy into a single-ÌÏÃÕÓȟ ȰÔÈÒÅÅ-
in-ÏÎÅȱ ÃÏÎÓÔÒÕÃÔ ÃÏÍÂÉÎÉÎÇ ÉÎÄÕÃÉÂÌÅ MYOD1, intronic miR-E, and a fluorescent reporter. We 
anticipate that this strategy will be translated to pig cells for cellular agriculture purposes. 
Altogether, this thesis establishes GERALT as a scalable and genetically encoded platform for 
growth factorɀindependent stem cell expansion and directed myogenesis, offering a concrete 
path toward industrially viable and species-adaptable cellular agriculture. 
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Chapter 1: General Introduction 
 

 

1.1. Cultivated meat: an overview of challenges and potential 
 

1.1.1 Environmental and ethical backgrounds 

 

The global food system is undergoing a period of intense scrutiny and transformation due to 

mounting concerns over environmental degradation, food security, public health, and animal 

welfare. Livestock farming, which supports the growing demand for animal-based protein, 

contributes significantly to greenhouse gas (GHG) emissions, land degradation, freshwater 

depletion, and biodiversity loss. It is estimated that animal agriculture accounts for 

approximately 14.5% of anthropogenic GHG emissions, a figure comparable to the entire 

transportation sector1. Moreover, industrial livestock operations are major drivers of 

deforestation and contribute to the eutrophication of water bodies through nutrient runoff. As 

the global population is projected to reach nearly 10 billion by 2050, as projected by the United 

Nations, with a corresponding increase in protein demand, it has become evident that 

conventional meat production systems are environmentally and ethically unsustainable in the 

long term. 

 

1.1.2 Principles and cell sources for cultivated meat 

 

As a response to these environmental and ethical challenges, cellular agriculture has given rise 

to cultivated meat, a biotechnology-based approach to producing animal protein 

withoutlivestock farming. In this context, cultivated meat, also known as cultured meat or cell-

based meat, has emerged as a promising alternative. Rather than raising and slaughtering 

animals, cultivated meat is produced by culturing animal cells in vitro in a controlled 

environment2. This approach decouples meat production from livestock farming, with the 

potential to drastically reduce the environmental footprint of meat consumption while 

addressing ethical concerns associated with animal slaughter and industrial farming practices. 

The fundamental principle behind cultivated meat involves isolating a small number of 

progenitor cells from an animal (typically stem cells or myogenic precursor cells), expanding 

them through proliferation, and directing their differentiation into muscle and fat tissues that 

replicate the organoleptic and nutritional properties of traditional meat. These cells are 

typically grown in bioreactors using culture media supplemented with nutrients, growth 

factors, and other components that support cellular development and tissue maturation (Figure 

1.1). Multiple types of stem and progenitor cells have been explored for cultivated meat 

applications, including adult muscle satellite cells, mesenchymal stem cells (MSCs), embryonic 

stem cells (ESCs), and induced pluripotent stem cells (iPSCs). Each cell type offers distinct 

advantages and limitations, which will be discussed in detail in the next section. 
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Figure 1.1 Cultured meat production process overview.   

The three main steps involve: (1) isolation and expansion of stem cells, (2) scale-up in bioreactors, and (3) 

differentiation into structured tissue using scaffolds. 

Reproduced from Tuomisto (2018)3 under the Creative Commons Attribution 4.0 Unported Licence (CC BY 4.0), 

https://creativecommons.org/licenses/by/4.0/.  

 

1.1.3 Limitations of conventional media and the rise of recombinant alternatives 

Despite the many advantages that this new technology could offer, cultivated meat faces several 

scientific, technical, and economic challenges that currently hinder its large-scale 

commercialization. A major technical bottleneck is the reliance on complex, animal-derived, 

and expensive culture media formulations. For many years, stem cell cultivation has been 

constrained by the reliance on animal-derived components. A prominent example is fetal 

bovine serum (FBS), which is harvested from bovine fetuses collected from pregnant cows 

during slaughter, as well as bovine serum albumin (BSA), which is extracted from bovine blood 

plasma. Both components, long considered essential for effective stem cell culture, are 

fundamentally incompatible with the core principles of cultivated meat. More broadly, they also 

raise ethical and scientific concerns even in academic research, due to their origin 4. In addition 
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to their ethical issues, they are chemically undefined and exhibit batch-to-batch variability, 

leading to inconsistencies and a lack of robustness in experimental protocols.  

These considerations have led, in recent years, to the development and adoption of 

recombinant proteins as ethical and chemically defined alternatives to animal-derived 

components in cell culture systems. Recombinant proteins used in cultivated meat, such as 

ÇÒÏ×ÔÈ ÆÁÃÔÏÒÓ ɉÅȢÇȢȟ &'&ςȟ )'&Ȥρȟ %'&Ɋ ÁÎÄ ÍÅÄÉÁ ÓÕÐÐÌÅÍÅÎÔÓ ɉÅȢÇȢȟ ÉÎÓÕÌÉÎȟ ÔÒÁÎÓÆÅÒÒÉÎȟ 

albumin), are produced using a range of expression systems selected for their scalability, cost-

efficiency, and suitability for food-grade applications (Table 1.1). Prokaryotic systems, 

particularly Escherichia coli, are widely adopted due to their rapid growth, well-established 

protocols, and low production costs. Despite the absence of post-translational modifications 

and frequent formation of inclusion bodies, E. coli remains suitable for several proteins that 

retain activity in their non-glycosylated form, including FGF2 and insulin5,6. Yeast expression 

systems, such as Pichia pastoris, offer a favorable balance between cost and complexity, 

enabling efficient secretion, correct disulfide bond formation, and limited glycosylation. This 

ÉÎÃÌÕÄÅÓ ÈÉÇÈȤÙÉÅÌÄ ÐÒÏÄÕÃÔÉÏÎ ÏÆ ÈÕÍÁÎ ÁÌÂÕÍÉÎ ÁÎÄ ÇÒÏ×ÔÈ ÆÁÃÔÏÒÓ7,8. Insect cells, typically 

Sf9 or Hi-5 lines infected with recombinant baculovirus, are employed when higher-order 

folding or specific modifications are required, though they are generally less cost-effective and 

less scalable than microbial hosts9. Plant-based systems, especially Nicotiana benthamiana, are 

gaining attention for their ability to produce functional recombinant proteins at scale using 

transient expression systems, with case studies reporting successful expression of human 

albumin10 and bioactive growth factors as TGF̡111. Mammalian cell lines, such as CHO or 

HEK293, are rarely used in this context due to high production costs and the lack of necessity 

for human-like glycosylation in food applications. For instance, HEK293 cells can produce high 

titers of properly glycosylated erythropoietin12, while CHO cells, though scalable and 

regulatory-tr usted, are more expensive and used for therapeutic biologics13. Finally, cell-free 

protein synthesis systems, based on bacterial or eukaryotic lysates, offer a rapid and flexible 

platform for low -volume protein production, particularly suitable for prototyping or localized 

manufacturing strategies14,15. Despite these remarkable technological advances, these reagents 

not only continue to represent a major cost driver, often accounting for over half of the raw 

material expenses in cell culture media16, but also introduce batch-to-batch variability and 

potential risks of biological contamination.  
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Table 1.1 comparison of expression systems for recombinant proteins production.  

Despite these limitations, significant efforts are being directed toward the development of 

chemically defined, serum-ÆÒÅÅ ÍÅÄÉÁȟ ÁÓ ×ÁÓ ÄÏÎÅ ÉÎ ÔÈÅ ÄÅÖÅÌÏÐÍÅÎÔ ÏÆ Ȱ"ÅÅÆÙ-ωȱ ÍÅÄÉÕÍ ÂÙ 

Stout et al., in 2022. This medium is created to be chemically defined and serum-free for the 

cultivation of bovine satellite cells17. Beefy-9 replaces fetal bovine serum with a defined cocktail 

of recombinant proteins (including albumin, insulin, transferrin, and FGF2), essential nutrients, 

and small molecules, maintaining cell proliferation and myogenic potential over multiple 

passages. While initial production costs remain relatively high, the authors suggest that scale-

up and component optimization could make such formulations increasingly viable for 

industrial applications.  

1.1.4 Toward cost reduction through cell engineering 

Although the optimization of media formulations represents a crucial advancement, mounting 

evidence suggests that cell line engineering may ultimately serve as the most transformative 

lever for reducing production costs. In particular, the ability to program cells to produce their 

own growth factors through autocrine signaling loops could drastically reduce the dependence 

on costly recombinant supplements. Recent reviews underscore this approach as a key 

innovation required to achieve industrial feasibility and cost parity with conventional meat 

products18,19. For example, Stout et al., in 2024 demonstrated that genetically engineered 

bovine satellite cells expressing FGF2 can sustain proliferative capacity in the absence of certain 

exogenous supplementation, offering a powerful proof-of-concept for this strategy20. Of note, 
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one of the genes overexpressed to achieve this effect was KRAS, a well-known oncogene, 

specifically introduced in its oncogenic G12V mutant form. Although these cells are not 

intended for regenerative medicine or clinical applications, and thus the risk of tumorigenicity 

is not directly relevant, manipulation of oncogenic pathways should be approached with 

caution. From a scientific and public trust perspective, the use of such genes could undermine 

the perceived safety, transparency, and authenticity of future products in the cultivated meat 

sector. It is therefore advisable to prioritize alternative strategies that avoid oncogene 

activation while maintaining efficacy. 

1.1.5 Bioprocess design: bioreactors and scaffold systems 

Alongside cellular and molecular optimization, large-scale bioprocess design plays a pivotal 

role in determining the feasibility and quality of cultivated meat production. From a 

technological standpoint, the cultivation of cells in bioreactors must be optimized for 

parameters such as oxygen transfer, shear stress, and nutrient perfusion to ensure cell viability 

and differentiation efficiency21,22. In the context of cultivated meat, several bioreactor 

configurations are employed at different stages of the production workflow (Table 1.2). Stirred-

tank bioreactors (STRs) remain the gold standard for large-scale expansion due to their well-

characterized mixing profiles, scalability, and compatibility with real-time process 

monitoring23. However, the mechanical agitation used in STRs introduces shear forces that can 

compromise sensitive cells, particularly in suspension culture or when using microcarriers24. 

Under optimized conditions, microcarrier-associated cell densities in STRs typically range from 

1ɀυ ϼ ρπϑ ÃÅÌÌÓȾÍ,25. Rocking or wave bioreactors, based on oscillating disposable bags, offer 

lower shear environments and could be suitable during early-stage proliferation, though 

specific studies in cultivated meat remain limited. Airlift and bubble-column reactors, which 

utilize gas flow to drive mixing and oxygenation, are energetically efficient and shear-

protective, although limited by lower oxygen transfer rates compared to mechanically agitated 

systems26. In contrast, perfusion-based systems, particularly hollow-fiber bioreactors, are 

ÇÁÉÎÉÎÇ ÁÔÔÅÎÔÉÏÎ ÆÏÒ ÔÈÅÉÒ ÁÂÉÌÉÔÙ ÔÏ ÓÕÓÔÁÉÎ ÅØÃÅÐÔÉÏÎÁÌÌÙ ÈÉÇÈ ÃÅÌÌ ÄÅÎÓÉÔÉÅÓ ɉЄρ ϼ ρπϒ 

cells/mL) 27 while maintaining a stable and low-shear environment. These systems provide 

continuous nutrient exchange and waste removal, enabling cell proliferation and 

differentiation under near-physiological conditions. While perfusion systems are increasingly 

considered ideal for the differentiation stage, their complexity, cost, and limited scalability have 

thus far restricted widespread industrial adoption28. Fixed-bed and packed-bed bioreactors are 

also employed for structured tissue production, offering a static scaffold environment suitable 

for spatially controlled differentiation under low shear. However, they pose challenges in terms 

of scalability, harvesting, and nutrient distribution29,30. Taken together, bioreactor selection 

must account for the evolving needs of each production phase. Most cultivated meat workflows 

employ a two-stage strategy, with expansion occurring in STRs or wave systems, and terminal 

differentiation conducted in perfused or scaffold-supported low-shear environment31. As 

process intensification advances, the role of perfusion systems is expected to become 

increasingly central in the scalable and cost-effective manufacture of complex tissue products. 
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Table 1.2 Different bioreactor systems  

 

After the expansion and differentiation, the creation of structured tissues that mimic the texture 

and appearance of meat products remains a formidable challenge, often addressed through the 

use of scaffolds, 3D bioprinting, and co-culture systems32,33. Indeed, since the final product must 

resemble conventional meat as closely as possible in order to serve as a viable alternative, 

considerable efforts have been devoted to texturizing and refining the consistency and 

appearance of cultivated meat. In particular, conventional meat reaches our tables in a wide 

variety of forms that go far beyond the classic steak cut one might initially imagine; much of the 

ÍÅÁÔ ×Å ÃÏÎÓÕÍÅ ÉÓ ÐÒÏÃÅÓÓÅÄ ɉÓÕÃÈ ÁÓ ÂÕÒÇÅÒÓȟ ÓÁÕÓÁÇÅÓȟ ÅÔÃȢɊ ÏÒ ÅÖÅÎ ȰÈÉÄÄÅÎȱ ×ÉÔÈÉÎ ÏÔÈÅÒ 

foods (such as tortellini, bao, or dumplings). Similarly, cultivated meat should be produced in 

different formats for different applications. When aiming to recreate more structurally complex 

products, such as whole cuts, efforts are increasingly focused on 3D bioprinting. This technique 

allows for the layer-by-layer assembly of muscle and fat in a precisely organized manner, 

enabling the fabrication of a meat cut tailored to specific structural and compositional 

requirements. In this approach, cells are often used directly as part of a food-grade bio-ink after 

suspension cultivation in bioreactors34,35. To be printable, cells need a structural template for 

their deposition: scaffolds. Scaffolds lie at the core of research into the appropriate structure of 

cultivated meat, and are not only used for bioprinting, but are also widely used directly inside 

bioreactors, especially in the differentiation phase. This approach, encompassing a wide range 

of techniques and materials, is based on the understanding that, in vivo, cells are constantly in 

contact with the extracellular matrix (ECM), which has emerged over the past decades as a key 

component for, among its numerous functions, proper stem cell proliferation and 

differentiation 36,37. In addition to providing essential biochemical cues for these and other 

processes, the ECM offers a physical substrate for cell adhesion, characterized by specific 

mechanical properties. Scaffolds are designed to mimic this function: they provide a physical 

framework in which cells can encounter structural and biochemical features analogous to those 

of the native ECM38. 
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There are numerous types of scaffolds (Table 1.3), and the first major distinction arises from 

their intended use: whether the scaffold is meant to be part of the final product, thus requiring 

it to be edible and food-grade, or whether it serves merely as a temporary support during the 

initial stages of cell growth and must be removed before consumption. Edible scaffolds are 

particularly desirable for streamlining production and simplifying downstream processing, and 

are often based on plant-derived biomaterials such as textured soy protein, cellulose, or 

alginate-based hydrogels, which have been shown to support high seeding densities and 

maturation capacity of bovine satellite cells39. These materials are generally biocompatible, 

biodegradable, and in some cases add nutritional value, although their mechanical properties 

may require enhancement through physical or enzymatic crosslinking to match muscle 

stiffness40,41. Animal-derived materials like collagen and gelatin, while technically edible and 

commonly used in food products, may raise concerns regarding consumer acceptance, 

regulatory compliance, or ethical sourcing. Nevertheless, their biochemical similarity to native 

ECM and strong support for muscle differentiation have made them prevalent in early-stage 

research42,43. In contrast, non-edible scaffolds are synthetic polymers such as polylactic acid 

(PLA) and polyglycolic acid (PGA). While these materials offer superior control over structure 

and reproducibility 44, they must be either removed before consumption or degraded into non-

toxic by-products. A third category, often used during scale-up phases, includes microcarriers, 

microspheres that serve as anchoring substrates for adherent cells in suspension cultures. 

These can be designed to be either removed, degraded, or incorporated into the final product if 

made from food-safe materials. Although food-grade microcarriers are still under development, 

their use enables high-density culture and efficient cell expansion in bioreactors, making them 

a promising tool for industrial-scale production45. Interestingly, recent studies have 

demonstrated that edible and biocompatible materials, such as those derived from fungi, can 

be successfully used as microcarriers, thereby eliminating the need for degradation or 

separation from the cultured cells at the end of the process46. Finally, decellularized plant 

scaffolds, such as spinach leaves or apple hypanthium, are being explored for their natural 

vascular-like architecture and sustainability: for example, it has been demonstrated that 

decellularized spinach leaves retain their vein network, supporting bovine satellite cell viability 

(~99%) and early muscle differentiation (~25% Myosin Heavy Chain expression) over 14 

days47. While these matrices lack mammalian biochemical cues, surface modification strategies 

may improve their compatibility with muscle or fat progenitors, but they must be carefully 

employed as current strategies revolve around the use of collagen, fibronectin , and other 

animal-derived sources48. Their potential for mimicking tissue perfusion makes them 
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particularly interesting for producing thicker, more structured 

 

Table 1.3 Scaffold alternatives and comparison  

1.1.6 Regulatory and societal landscape  

As discussed, each step in the cultivated meat production pipeline, from cell line development 

and medium formulation to bioreactor design and scaffold integration, presents distinct 

technical and biological challenges. While these bottlenecks are independent in nature, they are 

deeply interdependent in practice: progress in downstream stages is contingent upon solving 

upstream constraints. Without scalable and robust cell systems, for instance, there is little value 

in optimizing media compositions or bioreactor conditions. Overcoming these cascading 

limitations is therefore essential to unlocking the full potential of cultivated meat 

biomanufacturing. Nevertheless, the translation of cultivated meat from research to market 

also requires addressing non-technical dimensions, particularly regulatory oversight and 

public perception. 

On the regulatory front, cultivated meat is being evaluated by food safety authorities around 

the world. In recent years, regulatory approval has been granted for cultivated chicken 

products in Singapore and the United States, setting important precedents for future market 

entry. In 2020, Singapore became the first country globally to authorize the commercial sale of 

a cultivated meat product, specifically, cultured chicken developed by GOOD Meat (a subsidiary 

of Eat Just). This landmark decision established an international benchmark and demonstrated 

the feasibility of regulated cultivated meat production and distribution. 

In the United States, the regulatory pathway is jointly managed by the Food and Drug 

Administration (FDA) and the United States Department of Agriculture (USDA), under a formal 

agreement established in 2019. According to this framework, the FDA is responsible for 

evaluating the safety of the cell line, culture process, and production system up to the point of 
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harvest. Once cells are harvested, oversight transitions to the USDA, which regulates 

processing, labeling, and facility inspections under the Federal Meat and Poultry Inspection 

Acts. In November 2022, the FDA completed its first pre-market consultation for a cultivated 

ÍÅÁÔ ÐÒÏÄÕÃÔȟ ÃÏÎÃÌÕÄÉÎÇ ÔÈÁÔ 5ÐÓÉÄÅ &ÏÏÄÓȭ ÃÕÌÔÕÒÅÄ ÃÈÉÃËÅÎ ÍÅÔ ÉÔÓ ÓÁÆÅÔÙ ÓÔÁÎÄÁÒÄÓ ÁÎÄ 

issuing a "no further questions" letter. A similar approval was granted to GOOD Meat in March 

2023 for its cultivated chicken, followed by a third clearance in March 2025 for Mission Barns, 

which developed cultured pork fat. Most recently, in May 2025, the FDA completed a 

ÃÏÎÓÕÌÔÁÔÉÏÎ ÆÏÒ 7ÉÌÄÔÙÐÅȭÓ ÃÕÌÔÉÖÁÔÅÄ ÓÁÌÍÏÎȟ marking the first U.S. clearance for a seafood 

ÐÒÏÄÕÃÔ ÄÅÒÉÖÅÄ ÆÒÏÍ ÁÎÉÍÁÌ ÃÅÌÌ ÃÕÌÔÕÒÅȢ 4ÈÅÓÅ ÄÅÃÉÓÉÏÎÓ ÒÅÆÌÅÃÔ ÔÈÅ &$!ȭÓ ÇÒÏ×ÉÎÇ ÆÁÍÉÌÉÁÒÉÔÙ 

with cellular agriculture technologies and its willingness to engage transparently with 

companies under the current regulatory model. However, FDA clearance alone does not 

authorize commercial sale: companies must, as discussed, also obtain a USDA grant of 

inspection for their production facilities and secure approval for product labeling. Together, 

this two-step process ensures that cultivated meat products meet the same safety and labeling 

standards as conventional animal-derived foods, and set a regulatory precedent that other 

countries are likely to follow as the field advances toward global commercialization.  

In the European Union, cultivated meat falls under the scope of the Novel Food Regulation (EU) 

2015/2283, which was significantly revised in 2024 to facilitate innovation in food 

biotechnology. Among the updates were the introduction of regulatory sandboxes, streamlined 

procedures for high-priority dossiers, and increased coordination between the European Food 

Safety Authority (EFSA) and the European Commission to accelerate the approval timeline. 

Under the current framework, cultivated meat products must undergo a centralized pre-market 

authorization process that includes a scientific safety assessment by EFSA, followed by a 

decision from the European Commission in consultation with Member States. To date, no 

cultivated meat product has been approved for sale in the EU, although several companies have 

entered the regulatory pipeline. In July 2024, Gourmey (now Parima) submitted the first-ever 

cultivated meat dossier to the European Commission for a cultivated foie gras product, marking 

a historic regulatory milestone. This was followed by Mosa Meat, which submitted a dossier for 

cultivated beef in early 2025. Aleph Farms, while not yet filing a formal application in the EU, 

began regulatory procedures in Switzerland in 2023, whose food safety framework is closely 

aligned with EU standards, and has signaled intent to apply in both the EU and UK. Although the 

EU regulatory process is rigorous and science-based, it remains comparatively slower than that 

of Singapore or the United States. The 2024 revision to the Novel Food Regulation is expected 

to reduce bottlenecks and clarify expectations for cell-based products, but national-level 

divergences, especially regarding labeling, political positioning, and consumer acceptance, 

continue to influence the pace of adoption. For example, Italy and Hungary have adopted 

restrictive stances, while the Netherlands and Belgium are openly supportive of pilot-scale 

cultivated meat tastings and innovation funding. The outcome of ongoing dossiers will be 

critical in defining Europe's role in the global cultivated meat landscape. 
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Figure 1.2 Timetable of major regulatory events in cultivated meat sector. Created with Canva  

 

Public perception also plays a pivotal role. While younger generations and environmentally 

conscious consumers may be more inclined to adopt cultivated meat, broader acceptance will 

depend on factors such as taste, texture, price parity, labeling, and transparent communication 

about the production process49. 

Despite these challenges, the cultivated meat industry is rapidly advancing. According to the 

Good Food Institute (GFI), more than 150 companies globally are actively working on cultivated 

meat technologies, and cumulative investments have surpassed $3 billion USD as of 202450. 

Startups and research institutions are exploring innovations in cell line development, 

bioprocess optimization, tissue engineering, and synthetic biology to bring down costs and 

scale production. 

In summary, cultivated meat represents a transformative opportunity to reshape the global 

protein supply chain, offering a pathway toward a more sustainable, ethical, and resilient food 

system. However, realizing this vision will require coordinated efforts in stem cell biology, 

bioengineering, media development, and public policy to overcome current limitations and 

drive the technology from lab bench to dinner plate. 
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1.2 Induced pluripotent stem cells as a foundation for scalable 

muscle biomanufacturing 

1.2.1 Stem cell hierarchies and differentiation potential 

Stem cells are undifferentiated cells with the capacity to self-renew and to generate one or more 

specialized cell types. Their defining features include clonogenicity (the ability to give rise to 

identical progeny through mitosis) and potency, which refers to the breadth of cell types they 

can produce. Based on their differentiation potential, stem cells are typically classified into four 

categories: totipotent, pluripotent, multipotent, and unipotent  

ǒ Totipotent cells, such as the zygote and early blastomeres, can give rise to all 

embryonic and extra-embryonic tissues, including the placenta. 

ǒ Pluripotent cells can generate all embryonic cell types derived from the three germ 

layers (ectoderm, mesoderm, endoderm), but not extra-embryonic lineages. 

ǒ Multipotent cells, like hematopoietic stem cells (HSCs), are lineage-restricted and can 

only give rise to a limited set of related cell types. 

ǒ Unipotent cells are capable of differentiating into a single cell type but retain self-

renewal capacity, such as muscle satellite cells. 

The concept of pluripotency became experimentally tractable in the early 1980s, when Evans 

and Kaufman (1981) and Martin (1981) independently derived embryonic stem cells (ESCs) 

from the inner cell mass (ICM) of pre-implantation mouse blastocysts. These cells were shown 

to retain in vitro pluripotency and to contribute to all embryonic lineages when injected into a 

host blastocyst, paving the way for the development of chimeric animals51 52. Nearly two 

decades later, Thomson et al. (1998) successfully isolated human ESCs from surplus in vitro 

fertilized embryos, marking a turning point in regenerative medicine53 . 

Pluripotent stem cells (PSCs) are cultured cell lines that capture, in vitro, the developmental 

state of the pre-gastrulation mammalian epiblast. Their defining hallmark is pluripotency, the 

ability to give rise to derivatives of all three embryonic germ layers (ectoderm, mesoderm, 

endoderm) while lacking the capacity to contribute to extra-embryonic trophoblast or to 

generate an entire organism autonomously. Functionally, pluripotency is demonstrated by 

directed in vitro  differentiation, teratoma formation in vivo, and, in the mouse, by germ-line 

contribution after blastocyst injection51,52,54 . 

During early embryogenesis, the naïve epiblast of the pre-implantation blastocyst undergoes a 

rapid transition to a post-implantation epiblast that is transcriptionally primed for lineage 

induction. PSC culture conditions can arrest cells at distinct points along this continuum, giving 

rise to at least three experimentally defined pluripotent states: naïve, formative, and primed. 

Although all three states retain pluripotent differentiation capacity, they differ markedly in 
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signalling requirements, epigenome configuration, and competence windows for germ-layer 

induction55ɀ57. 

 

Table 1.4 comparison of pluripotency states  

4ÈÅ Ȱin vivo ÁÎÁÌÏÇÕÅÓȱ ÌÉÓÔÅÄ ÉÎ ÔÈÅ ÔÁÂÌÅ ÒÅÆÅÒ ÔÏ ÄÅÆÉÎÅÄ ÄÅÖÅÌÏÐÍÅÎÔÁÌ ÓÔÁÇÅÓ ÉÎ ÔÈÅ ÍÏÕÓÅ ÅÍÂÒÙÏȟ ×ÈÉÃÈ ÈÁÖÅ 

been widely used to benchmark in vitro pluripotent states due to their experimental accessibility and detailed 

annotation. 

These states are not fixed but represent a continuum of developmental potential, each with 

distinct transcriptional landscapes and lineage competencies (Table 1.4).. Naïve PSCs, modeled 

on the E3.5ɀE4.5 inner cell mass of pre-implantation blastocyst, exhibit a 'ground state' of 

pluripotency characterized by minimal lineage priming, global DNA hypomethylation, and open 

chromatin accessibility. These cells rely on LIF/STAT3 signalling and inhibition of MEK and 

GSK3 pathways to maintain their undifferentiated status and can integrate into pre-

implantati on embryos to generate high-contribution chimeras57ɀ59 . 

Formative PSCs, corresponding to the early post-implantation epiblast (E5.5ɀE6.5), represent 

a transient, developmentally poised state with high competence for germline and 

mesendoderm induction. They express markers such as OTX2 and TFAP2C, require moderate 

FGF/ERK signalling, and exhibit partial DNA methylation along with the onset of X-

chromosome inactivation56,60 . Recent advances have captured this state in vitro, highlighting 

its relevance for modelling germline specification and for improving directed differentiation 

protocols.  

Primed PSCs, reflecting the later epiblast (E6.5ɀE7.5), are transcriptionally more restricted, 

,depend on FGF2 and Activin/Nodal/TGF  ̡ signalling for maintenance, display full DNA 

remethylation, and in female lines, complete X-inactivation55,61,62 . Although they are the most 
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commonly used human PSCs, their reduced developmental plasticity and lineage bias make 

them less suitable for certain differentiation strategies. 

1.2.2 From embryonic to induced pluripotent stem cells 

The initial derivation and maintenance of ESCs relied on mouse embryonic fibroblast (MEF) 

feeder layers and serum-containing media, which provided a complex mix of growth factors 

and extracellular cues necessary for survival and proliferation. In 1988, Smith et al. showed that 

leukemia inhibitory factor (LIF) could support the self-renewal of mESCs in the absence of 

serum and feeders57. Later, the development of "2i" culture conditions (MEK inhibitor + GSK3 

inhibitor) by Ying et al., in 2008 enabled the stabilization of mESCs in a ground state of 

pluripotency 59. In contrast, hESCs were found to require different culture conditions, typically 

relying on FGF2 and Activin A, with a more complex epigenetic and signalling landscape53,63. 

Induced pluripotent stem cells (iPSCs) have redefined the landscape of regenerative biology 

and biotechnology, and are now emerging as a central platform for cellular agriculture. First 

introduced in 2006 through the ectopic expression of OCT4, SOX2, KLF4, and c--9#64 in 

fibroblast cells, proving that, through the addition of defined factors, adult cells could revert to 

a pluripotent state, iPSCs combine indefinite self-renewal with the potential to differentiate into 

all somatic lineages. Their derivation can be tailored to specific individuals or species, offering 

a highly adaptable chassis for the production of cultivated meat across different animal sources. 

In contrast to adult stem cells, such as muscle satellite cells or mesenchymal stromal cells 

(MSCs), iPSCs offer unique advantages in generating muscle lineage. Satellite cells are naturally 

committed to the myogenic lineage and exhibit high differentiation efficiency, but they have 

limited proliferative capacity and rapidly acquire senescent features ÉÎ ÖÉÔÒÏ. MSCs are easier 

to isolate and can differentiate into adipogenic and chondrogenic lineages65ɀ67, yet their ability 

to generate contractile skeletal muscle remains limited and highly variable. iPSCs overcome 

both constraints by providing a virtually unlimited source of progenitors that can be directed 

toward muscle, fat, or connective tissue, enabling the reconstruction of composite meat 

structures from a single, clonally derived origin. 

1.2.3 iPSCs as a platform for cultivated meat production: opportunities and challenges 

The developmental plasticity of iPSCs is particularly advantageous for establishing 

standardized, GMP-compliant or food-grade-compliant cell lines that ensure manufacturing 

consistency, safety, and traceability. iPSCs can be genetically characterized, banked, and 

expanded under defined conditions while preserving genomic integrity. Importantly, 

reprogramming technologies have now been extended to agriculturally relevant species, 

including pig, cow, chicken, and fish, facilitating the generation of species-specific cell lines and 

regionally appropriate food products66,68,69. This adaptability supports biodiversity 

conservation and opens the door to value-added applications, such as the use of heritage or 

endangered breeds. 
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Despite these promises, the transition of iPSC-based technologies from academic settings to 

industrial -scale meat production remains challenged by several technical, economic, and 

regulatory bottlenecks. 

Foremost among these is the reliance on complex and costly culture media. To maintain 

pluripotency, conventional protocols require the daily addition of recombinant growth factors, 

particularly FGF2 and transforming growth factor-beta (TGF-ɼɊȾ!ÃÔÉÖÉÎ !63,70. In primed 

hPSCs(comprehending both iPSCs and ESCs) , FGF signaling, especially via FGF2, plays a pivotal 

role in sustaining self-renewal and preventing spontaneous differentiation71. FGF2 exerts its 

effects primarily through activation of the MAPK/ERK pathway, which supports the expression 

of core pluripotency factors and maintains the epiblast-like transcriptional state of primed 

PSCs72. This dependency distinguishes hPSCs from their mouse naïve counterparts, which 

instead rely on LIF/STAT3 signaling. Inhibition of FGF/ERK signaling in hPSCs typically leads 

to downregulation of NANOG, OCT4, and SOX2, and initiates lineage-specific differentiation, 

particularly toward neuroectodermal fates63. The TGFɼ superfamily encompasses a broad 

range of ligands, including TGFɼρ-3, Activins, Nodal, and BMPs, which activate canonical SMAD-

dependent signaling cascades that are essential for early embryonic development and for the 

in vitro maintenance and/or differentiation  of pluripotent stem cells. In the context of human 

pluripotency, the Activin/Nodal branch of the pathway plays a central role. Ligand binding 

engages type II and type I serine/threonine kinase receptors73,74, leading to phosphorylation of 

SMAD2/3, which form complexes with SMAD4 and translocate into the nucleus to regulate 

transcriptional programs that sustain self-renewal and suppress differentiation 75,76. Unlike the 

BMP-SMAD1/5/8 axis, which promotes differentiation toward extraembryonic or mesodermal 

fates depending on context, the Activin/SMAD2/3 axis is indispensable for the maintenance of 

primed PSCs, particularly in hESCs and hiPSCs77. The reliance of human PSCs on FGF2 and 

Activin A was established in landmark studies showing that inhibition of Activin/Nodal 

signaling rapidly triggers neuroectodermal differentiation and loss of pluripotency markers63. 

More recently, single-cell transcriptomic and epigenomic profiling has revealed that SMAD2/3 

not only activates pro-pluripotency genes as ZNF389, but also cooperates with chromatin 

modifiers such as EP300 histone acetyltransferase to establish enhancer accessibility in regions 

required for self-renewal and early germ layer competence78. A key target of this pathway is 

NANOG, a homeodomain transcription factor that acts as a central hub in the pluripotency gene 

regulatory network. In human PSCs, NANOG transcription is directly activated by SMAD2/3, 

which bind to its proximal promoter and enhancer elements in a ligand- and context-dependent 

manner. This relationship is both necessary and sufficient: disruption of SMAD2/3 leads to 

rapid downregulation of NANOG and subsequent loss of pluripotency, while ectopic NANOG 

expression can partially rescue self-renewal in the absence of Activin/Nodal input79. 

Importantly, the SMAD2/3ɀNANOG axis also integrates external cues during early lineage 

priming: chromatin occupancy studies have shown that NANOG and SMAD2/3 frequently co-

occupy enhancer regions of mesendodermal genes in formative-stage PSCs, supporting their 

poised transcriptional state and competence for differentiation upon pathway modulation56 
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Figure 1.3 Schematic of TGF̡  pathway in pluripotency. Created with Biorender  

Both these proteins, TGF̡  and FGF2, are expensive (costing up to several million USD per 

gram), thermolabile, and batch-variable. Their inclusion not only escalates production costs but 

also introduces safety and compliance concerns, especially when derived from animal sources 

or manufactured in non-food-grade systems. Moreover, they enhance complexity as the 

standard protocols for stem cell expansion and differentiation require frequent media 

adjustments with multiple growth factors every 24ɀ48 hours. These labor- and skill-intensive 

protocols limit scalability, as they do not easily adapt to standard bioreactors, where full media 

changes are wasteful, time-consuming, and risk contamination. Finally, we need to consider 

that if companies do not integrate their manifacturing into the production pipeline, they will be 

forced to rely on third-party manufacturers, exposing themselves to market fluctuations and 

supply chain vulnerabilities such as delays and product discontinuations. Eliminating or 

replacing these components is a critical priority for cost-effective and food-compatible iPSC 

culture. 

Differentiation protocols represent an equally pressing limitation. Standard approaches mimic 

embryonic development through stepwise exposure to WNT activators (e.g., CHIR99021), FGF 

ligands, and BMP/TGF-ɼ ÉÎÈÉÂÉÔÏÒÓ80, guiding cells through mesoderm induction and 

subsequent myogenic specification. While biologically grounded, these protocols are 

operationally complex and time-consuming, often extending over three to four weeks with 

multiple media changes and manual selection steps. Moreover, they are difficult to standardize 

across different iPSC lines or clones, whose responsiveness to inductive cues can vary 

significantly due to differences in genetic and epigenetic variability . 
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This variability is compounded by the intrinsic heterogeneity of iPSC cultures. Even within 

clonal populations, cells exhibit fluctuations in gene expression, chromatin state, and lineage 

ÂÉÁÓ81. These differences can be amplified during expansion in large-scale bioreactors, where 

gradients in oxygen, nutrients, or shear stress influence fate decisions. The resulting 

populations often contain residual undifferentiated cells, off-target lineages, or partially 

committed intermediates, complicating downstream processing. 

Furthermore, many iPSC workflows still depend on components incompatible with food 

production, as previously discussed, such as feeder layers, serum-based media, or animal-

derived matrices like Matrigel. While xeno-free alternatives have been developed, their 

performance often lags behind legacy systems, particularly in long-term culture or during 

differentiation. Bridging this gap is essential to enable full regulatory approval and consumer 

acceptance. 

In summary, iPSCs represent a powerful but currently under-optimized platform for cultivated 

meat. Their biological potential is vast, yet translating that potential into an industrially viable 

process requires a concerted effort in medium simplification, fate control, and scalable 

engineering. 

 

 

 

 

 

 

 

 

 

 



23 
 

1.3 From embryonic development to in vitro myogenesis: 

recapitulating muscle formation from pluripotent stem cells 

1.3.1 Trying to reproduce nature 

In vertebrate embryogenesis, skeletal muscle arises from the paraxial mesoderm, a segmental 

structure that forms on either side of the neural tube and gives rise to somites. These somites 

further differentiate into dermomyotomes, transient epithelial domains where myogenic 

progenitor cells emerge under the control of early transcription factors such as PAX3 and 

PAX782. These progenitors subsequently activate the myogenic regulatory factors (MRFs) 

MYOD1, MYF5, MYOG, and MRF4, which together coordinate the sequential phases of 

myogenesis: proliferation and commitment of myoblasts, their fusion into multinucleated 

myotubes, and final maturation into contractile muscle fibers83. 

 

 

Figure 1.4 Schematic view of myogenesis. Source: Romagnoli, Cecilia & Brandi, Maria. (2021). Muscle 

Physiopathology in Parathyroid Hormone Disorders. Frontiers in Medicine. 8. 764346. 10.3389/fmed.2021.764346.  

Reconstructing this highly orchestrated developmental process in vitro using PSCs, including 

ESCs and iPSCs, has been a central objective in regenerative biology and now represents a 

cornerstone in the development of cultivated meat. The earliest strategies for myogenic 

differentiation sought to mimic embryogenesis through stepwise modulation of morphogenetic 

cues, applying sequential treatments with growth factors and small molecules that guide PSCs 

through mesodermal induction, paraxial specification, and commitment to the myogenic 

lineage. Protocols of this type typically rely on WNT pathway activation (e.g., with CHIR99021) 

to initiate mesodermal fate, followed by FGF2, IGF-1, and inhibitors of BMP or TGF-ɼ ÔÏ ÐÒÏÍÏÔÅ 

and stabilize myogenic progenitors84,85 . These protocols have achieved important milestones, 

such as the generation of PAX7+ muscle progenitors, MYOG+ myotubes, and even contractile 

fibers ÉÎ ÖÉÔÒÏ. However, their implementation remains limited by several factors. First, the 

differentiation timeline is long, typically spanning three to five weeks, and involves numerous 

media changes, timed interventions, and frequent cell handling. This complexity limits 

throughput and makes protocols poorly suited to scaling. Second, the outcome is often 



24 
 

heterogeneous, with mixed populations of cells including off-target mesodermal lineages (e.g., 

endothelial, chondrogenic) and undifferentiated PSCs. This variability affects not only yield and 

purity, but also safety and reproducibility, all critical concerns in food-grade manufacturing. 

A major contributor to this heterogeneity is the clonal variability of iPSCs. Despite being 

genetically identical, individual clones can exhibit distinct propensities toward specific lineages 

due to differences in epigenetic memory, transcriptional noise, or stochastic activation of 

signaling pathways, as previously discussed. Moreover, spontaneous emergence of non-

myogenic cells complicates downstream processing and may compromise the functional or 

sensory qualities of the final product. 

1.3.2 Biotechnology approaches to achieve faster and more complete differentiation 

These limitations have spurred the development of alternative approaches aimed at simplifying 

and accelerating differentiation while improving cell identity and batch-to-batch consistency. 

Among these, a very interesting strategy is that of forward programming, which involves the 

ectopic expression of lineage-defining transcription factors to directly induce a desired cell fate. 

In the context of skeletal muscle, the master regulator MYOD1 has long been known to drive 

myogenic conversion across a wide range of cell types, including fibroblasts, ESCs, and 

iPSCs86,87 . MYOD1 functions by binding to E-box motifs across the genome and activating a 

myogenic transcriptional cascade that culminates in the expression of contractile proteins, 

membrane fusion markers, and structural components of mature myofibers. 

Compared to developmental protocols, forward programming offers a number of advantages: 

it reduces culture time to 7ɀ10 days, bypasses intermediate states, and promotes synchronous 

differentiation across the population88. These features are especially valuable in the context of 

cultivated meat, where short production cycles and high lineage purity directly translate to 

improved economic feasibility and product consistency. Forward programming also facilitates 

adaptation to suspension-based formats, allowing muscle differentiation to occur in stirred-

tank bioreactors or microcarrier-based systems compatible with large-scale manufacturing, as 

demonstrated by the company Meatable with patent in licence WO2024170696A1 and its 

patent US2024174957A1. 

Furthermore, this approach could be compatible with co-culture systems, enabling the parallel 

generation of adipogenic and connective tissue elements from the same pluripotent population. 

By engineering PSCs to carry additional lineage-specific switches, it may become possible to 

produce multilineage muscle-like tissues that better mimic the composition and texture of 

conventional meat. While the full recapitulation of native tissue complexity remains a challenge, 

the modularity of forward programming provides a foundation upon which more sophisticated 

tissue constructs can be built. Meatable has, for example, patented in the last year two different 

strategy for enhancing forward programming, one involving the expression of MYOD1 

accompanied by MYOG (patent WO2024170696A1), and the other involving MYOD1 plus PAX7 

(patent WO2024170702A1), thus demonstrating that finding the right master transcription 

regulators we could aim to achieve more and more structured tissues thanks to forward 

programming. 
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In summary, myogenesis from PSCs can be achieved through either recapitulation of embryonic 

development or direct transcriptional programming. The former offers mechanistic insight and 

developmental fidelity but is hindered by complexity and variability. The latter simplifies and 

accelerates differentiation, providing a more pragmatic route toward industrial -scale 

production. 
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1.4 Genetic engineering and synthetic biology 

1.4.1 Site-specific genome engineering 

Genetic engineering and synthetic biology are rapidly transforming the field of cellular 

agriculture by enabling precise, programmable control over the behavior of stem cells18. In the 

context of cultivated meat, these technologies offer the opportunity to construct modular, self-

regulating systems in which cell expansion, differentiation, and maturation can be orchestrated 

through genetic logic rather than manual intervention. This shift is particularly relevant for 

induced pluripotent stem cells, which, owing to their clonogenic nature and amenability to 

genome editing, represent a good test ground for implementing synthetic regulatory programs 

at an industrial scale. 

One of the advantages of iPSCs over primary stem cells is their compatibility with site-specific 

and stable genetic modification. Using tools such as transcription activator-like effector 

nuclease (TALENs), Clustered Regularly Interspaced Short Palindromic Repeats and Cas9 

(CRISPR-Cas9), and recombinase-based systems, synthetic cassettes can be inserted into well-

characterized genomic safe harbors (GSHs) such as AAVS1, ROSA26, or CLYBL89,90. These loci 

provide predictable expression and minimize the risk of disrupting endogenous genes, thus 

offering a reliable platform for long-term culture and manufacturing. Importantly, such 

insertions can be designed to remain stable over extended passages and to be traceable under 

food-grade conditions.   

1.4.2 Inducible gene expression systems: the Tet-ON framework 

Synthetic biology extends the potential of classical genetic engineering by enabling the 

construction of genetic circuits that process signals, integrate multiple inputs, and control 

cellular states with temporal precision. A widely used framework is based on inducible gene 

expression systems, such as the tetracycline (Tet)-inducible system. It is a widely used tool for 

controllable transgene expression in eukaryotic cells, offering temporal precision, reversibility, 

and tunability. It originated from the tet operon of Escherichia coli, which encodes a repressor 

(TetR) that regulates resistance to tetracycline antibiotics. In its synthetic form, the system was 

adapted for mammalian use by fusing TetR to viral transactivation domains such as VP16 

activation protein domain from herpes simplex virus (VP16AD), enabling drug-inducible 

control over transcription 91,92. 

Two main configurations exist: Tet-Off and Tet-On. In the Tet-Off system, the tetracycline-

controlled transactivator (tTA) binds to tet operator sequences (TetO) in the absence of 

tetracycline or its analog doxycycline, activating transcription from a minimal promoter. 

Conversely, in the Tet-On system, a reverse transactivator (rtTA) only binds DNA and activates 

transcription in the presence of doxycycline, providing superior control in contexts where gene 

induction is required rather than repression92,93. 

Over the years, multiple generations of Tet-On systems have been developed to address 

limitations in leakiness, sensitivity, and dynamic range. The second-generation rtTA2S-M2 
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incorporated mutations that reduced basal activity and increased doxycycline 

responsiveness93. A third-generation transactivator, Tet-On 3G, further improved expression 

control by enhancing the rtTA's DNA-binding affinity and transcriptional potency while 

minimizing background noise94,95. These transactivators are typically expressed under a 

constitutive promoter (e.g., CAG96 ÏÒ %&ρɻ97), while the inducible gene of interest is placed 

under a tetracycline-responsive promoter (TRE), consisting of TetO repeats upstream of a 

minimal cytomegalovirus (CMV) or hybrid promoter. The CMV promoter is a strong, 

constitutive viral promoter derived from human cytomegalovirus, widely used in molecular 

biology to drive robust gene expression in mammalian cells98. The TRE has been widely used in 

inducible expression systems due to its modularity and responsiveness to doxycycline. 

However, first-generation TRE promoters often suffer from leaky basal activity and silencing in 

long-term culture, particularly in mammalian stem cells or differentiated progeny. To address 

these issues, Loew et al., in 2010 systematically engineered a panel of TRE variants (termed 

Ptet-T1 to Ptet-T7) by altering the number and arrangement of TetO operator sites and 

modifying the downstream minimal CMV promoter. These modifications resulted in 

significantly reduced background expression and improved induction ratios across various cell 

lines, including human cells, providing an effective strategy to enhance the dynamic range and 

stability of the Tet-On system over time99. More recently, efforts have also focused on 

minimizing silencing of TRE-driven constructs during long-term culture. For instance, 

promoter silencing has been mitigated through the use of chromatin insulators, epigenetic 

modulation, and post-transcriptional strategies such as the incorporation of Csy4 cleavage sites 

that enhance transcript specificity and reduce leaky expression in the uninduced state100. These 

advances have greatly expanded the applicability of Tet-based systems, enabling tighter 

temporal control and improved reliability for both basic research and translational 

applications.  Importantly, the Tet system is compatible with diverse cell types and species and 

is widely used in PCS for controlled differentiation, lineage tracing, and reprogramming. Its 

reversibility and dose-dependence make it particularly suitable for synthetic biology 

applications, such as logic-gated circuits, inducible knockdowns, and dynamic cell 

programming. This enables precise control over the onset of differentiation and allows stem 

cells to be expanded under pluripotency-maintaining conditions before being synchronously 

directed toward a specific fate. In the context of myogenesis, inducible expression of MYOD1 

has proven particularly effective, enabling rapid and robust conversion of iPSCs into myogenic 

progenitors and terminally differentiated myotubes without the need for lengthy stepwise 

protocols88. MYOD1 can, as discussed, also be combined with other factor to further enhance 

muscle commitment or improve the maturity of such cells, like MYOG. 

1.4.3 Post-transcriptional regulation with artificial microRNAs (amiRNAs) 

Transcriptional programming alone may not fully suppress the residual activity of pluripotency 

networks. For this reason, synthetic circuits can be extended with post-transcriptional 

regulatory elements, such as artificial microRNAs (amiRNAs)101, designed to silence 

endogenous genes that maintain the stem cell state. amiRNAs are engineered RNA interference 

(RNAi) tools that mimic endogenous microRNA (miRNA) processing pathways to achieve 

potent and specific gene silencing. Unlike short hairpin RNAs (shRNAs), which are transcribed 
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as extended stem-loop structures and processed predominantly by Dicer, amiRNAs are 

embedded within the scaffold of a naturally occurring pri-miRNA, typically from the miR-30 or 

miR-155 families. This design allows amiRNAs to enter the endogenous miRNA biogenesis 

pathway seamlessly, resulting in more physiological processing, reduced toxicity, and 

improved knockdown consistency across different cell types101. The first demonstrations of 

amiRNA technology emerged in the mid-2000s, as researchers sought to improve upon the 

limitations of conventional shRNA systems, which include saturation of the exportin-5 

pathway, induction of cellular stress responses, and high off-target effects at elevated 

expression levels102. By embedding the silencing sequence within a pri-miRNA context and 

driving expression under RNA polymerase II (pol II) promoters, amiRNAs offer superior control 

over expression timing and tissue specificity, particularly when coupled with inducible or cell-

type-specific promoters. Functionally, amiRNAs are transcribed as primary miRNA mimics, 

processed by the canonical Drosha-DGCR8 complex, and loaded into the RNA-induced silencing 

complex (RISC) following Dicer-mediated cleavage. The choice of backbone and loop structure 

plays a critical role in determining processing efficiency and silencing potency. The miR-E 

backbone, an optimized miR-30 derivative developed by Fellmann et al., in 2013, has been 

widely adopted due to its high processing fidelity and compatibility with a broad range of 

promoters and expression platforms. Compared to shRNAs, miR-E-based amiRNAs exhibit 

lower cytotoxicity and more predictable knockdown kinetics, making them especially suitable 

for long-term or inducible expression systems in sensitive cells like iPSCs103. By targeting key 

factors such as NANOG, OCT4, or LIN28, amiRNAs could accelerate lineage commitment and 

improve the homogeneity and fidelity of differentiation. When co-expressed with inducible 

lineage drivers, these tools would establish a dual-control architecture that simultaneously 

activates desired fates and represses conflicting ones, thus enhancing both the efficiency and 

reproducibility of cellular transitions 104. 
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Figure 1.5 Schematic of miRNA pathway. Created with biorender.  

 

1.4.4 Multicistronic constructs and 2A peptide systems 

Another advantage of synthetic biology approaches lies in the ability to integrate multiple 

genetic elements within a single transcriptional unit, streamlining the engineering process. A 

widely adopted strategy for achieving this is the use of 2A peptides, short viral-derived amino 

acid sequences (18-22 amino acids) that mediate ribosome skipping during translation. Unlike 

internal ribosome entry sites (IRES), 2A peptides enable the co-expression of multiple open 

reading frames (ORFs) at nearly equimolar levels from a single promoter. Originally derived 

from picornaviruses such as foot-and-mouth disease virus (F2A) and Thosea asigna virus (T2A), 

ÔÈÅÓÅ ÐÅÐÔÉÄÅÓ ÃÁÕÓÅ Á ȬÃÌÅÁÖÁÇÅ-ÌÉËÅȭ ÅÖÅÎÔ ÔÈÁÔ ÒÅÌÅÁÓÅÓ ÅÁÃÈ ÅÎÃÏÄÅÄ ÐÒÏÔÅÉÎ ÁÓ Á ÄÉÓÃÒÅÔÅ 

product without the need for proteolytic processing105,106. One of the most influential 

demonstrations of this approach came from Szymczak et al. (2004), who used a multicistronic 

retroviral vector with 2A peptides to co-express the four CD3 subunits and restore T-cell 

function in CD3-deficient mice107. Since then, 2A peptides have become widely adopted for co-

expression of transcription factors in reprogramming, immune engineering, and synthetic 

biology applications. In the context of forward programming, 2A peptides offer a powerful 

solution for delivering combinations of master transcription factors that synergistically drive 

lineage specification. By using a single construct encoding different factors (as, for example, 

MYOD1 + MYOG) separated by 2A peptides, researchers can reduce the number of required 

genome editing steps, enhance reproducibility across clones, and limit heterogeneity in 
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transgene expression levels. This strategy also reduces the risk of insertional mutagenesis 

compared to multi-vector systems. 

 

Figure 1.6 The mechanism of 2A peptide -mediated s elf -cleavage. Source:Donghan Li, Jianhui Liu, Lingxuan Sun, 

Jin Zhang, Jin Hou, Developing polycistronic expression tool in Yarrowia lipolytica, Synthetic and Systems 

Biotechnology, https://doi.org/10.1016/j.synbio.2024.09.010. 

(a) Through an event known as "stop-carry on", the 2A peptide allows a single mRNA in eukaryotes to produce 

multiple peptides. The protein upstream of the 2A peptide contains most of the 2A peptide sequence, while 

the protein downstream contains only an additional Pro. (b) When the ribosome translates the NPGP 

sequence at the C-terminus of the 2A peptide, the secondary structure formed by the translated 2A peptide 

sequence prevents the formation of the peptide bond between the terminal Gly and Pro. 

 

1.4.5 Functional customization and regulatory landscape of genetic engineering 

Beyond lineage control, synthetic biology opens the door to functional customization of 

cultivated meat products. Engineered iPSCs could be implemented with traits that improve 

bioprocessing performance, such as resistance to shear stress or tolerance to suspension 

culture, or that enhance the nutritional and sensory properties of the final product, including 

the synthesis of omega-3 fatty acids, flavor precursors, or antioxidant compounds. While these 

applications remain largely prospective, they exemplify the broader potential of synthetic 

biology to move beyond mere replication of conventional meat and toward the development of 

next-generation food systems with improved health, sustainability, and adaptability profiles. 

The regulatory status of genetic modification represents a critical determinant in the 

development and commercialization of cultivated meat, as it directly influences both the design 

of engineered cell lines and the strategies adopted to enhance their performance. In the 

European Union (EU), the regulation of genetically modified organisms (GMOs) is governed by 

a process-based framework. According to Directive 2001/18/EC, any organism whose genetic 

material has been altered in a way that does not occur naturally by mating and/or natural 

recombination is classified as a GMO. In 2018, a landmark ruling by the Court of Justice of the 

European Union (CJEU) reaffirmed that organisms developed through site-directed 

mutagenesis, including CRISPR/Cas9 and other new genomic techniques (NGTs), must also be 

subject to full GMO legislation, regardless of whether the genetic modification results in the 

insertion of foreign DNA or a single-nucleotide change (CJEU, Case C-528/16; EPRS, 2023). 
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A nuanced but essential distinction in this context is that between cisgenesis and transgenesis. 

Cisgenic modifications involve the transfer or editing of genetic elements derived from the 

same species or from a sexually compatible organism, without introducing exogenous 

sequences. In contrast, transgenesis entails the incorporation of foreign genetic material, 

typically from unrelated organisms, thus generating combinations not achievable through 

conventional breeding. While cisgenic edits are often seen as less disruptive and more akin to 

traditional breeding at the molecular level, EU legislation does not currently differentiate 

between the two in terms of regulatory requirements. Both are treated as GMOs under existing 

law, subject to the same authorization, traceability, and labeling mandates108,109. However, a 

policy shift could be underway soon. In July 2023, the European Commission introduced a 

proposal for a new regulation on plants obtained through certain NGTs, aiming to distinguish 

between insertion-free, cisgenic modifications and conventional transgenesis. If adopted, this 

could exempt a subset of genome-edited organisms, those indistinguishable from traditionally 

bred counterparts, from full GMO regulation. Although the proposal currently targets only plant 

species, it signals a broader rethinking of risk assessment frameworks within the EU (European 

Commission, 2023; EPRS, 2023). Supporting this direction, Italy has recently implemented 

ÎÁÔÉÏÎÁÌ ÌÅÇÉÓÌÁÔÉÏÎ ÏÎ Ȱ4ÅÃÎÏÌÏÇÉÅ ÄÉ %ÖÏÌÕÚÉÏÎÅ !ÓÓÉÓÔÉÔÁȱ ɉ4%!Ɋȟ ÁÌÌÏ×ÉÎÇ ÆÏÒ ÔÈÅ controlled 

field testing of genome-edited plants. Crucially, the Italian TEA framework acknowledges a 

regulatory distinction between cisgenic and transgenic edits, provided no foreign, extra piece 

DNA is introduced. While still limited to the agricultural context, this legal recognition of 

cisgenesis may lay the groundwork for analogous differentiation in animal cell applications, 

particularly relevant for cultivated meat, where insertion-free genome edits could reduce 

regulatory burdens and improve public acceptance. This uniform treatment has drawn 

criticism from segments of the scientific community, who argue that such a process-based 

system is overly restrictive and fails to account for the molecular nature or risk profile of the 

final product. In pracÔÉÃÅȟ ÔÈÅ %5ȭÓ ÐÏÓÉÔÉÏÎ ÈÁÓ ÃÒÅÁÔÅÄ Á ÓÔÒÏÎÇ ÄÉÓÉÎÃÅÎÔÉÖÅ ÆÏÒ ÔÈÅ ÕÓÅ ÏÆ ÓÔÁÂÌÅ 

genetic engineering in food applications, including cultivated meat. Developers aiming to bring 

engineered cell lines to market in Europe must either pursue full GMO authorization, a process 

that is lengthy, costly, and politically sensitive, or adopt non-integrative strategies such as 

transient RNA delivery, episomal vectors, or clonal selection without genomic edits.  



32 
 

 

Figure 1.7 schematic of difference between cisgenesis and transgenesis. Created with biorender  

 

By contrast, regulatory frameworks in other jurisdictions take a more product-oriented stance. 

In the United States, the Food and Drug Administration (FDA) evaluates cultivated meat and its 

components based on compositional safety, functional equivalence, and absence of harmful 

substances, rather than on the method used to derive the product. This allows for the use of 

both cisgenic and transgenic modifications, as long as the resulting cells are not found to 

present safety risks (US FDA, 2022). Singapore, the first country to approve the commercial sale 

of cultivated meat, has adopted a similar approach under its novel foods framework, assessing 

genetic modifications case-by-case as part of a comprehensive risk dossier (SFA, 2021). 

Elsewhere, countries such as Argentina, Brazil, Japan, and Australia have introduced 

differentiated regulatory pathways for gene-edited organisms, especially those that do not 

contain foreign DNA (cisgenic edits), or that could theoretically be obtained through 

conventional mutagenesis. In China, cultivated meat and synthetic biology have been explicitly 

designated as key strategic sectors in the national 14th Five-Year Plan110. While a formal 

cultivated meat regulatory framework is still in development, early signals suggest a potentially 

more permissive stance toward genetic engineering compared to the EU. 

In sum, the global divergence in GMO regulation has profound implications for synthetic biology 

applications in cellular agriculture. While permissive jurisdictions enable the integration of 

sophisticated engineering strategies, including autocrine signaling, inducible gene circuits, and 

multicistronic constructs, European developers are constrained to more conservative 

approaches, limiting the scope and pace of innovation. Harmonizing regulatory frameworks or 

at least adopting a risk-based model that distinguishes cisgenesis from transgenesis could 

significantly enhance the feasibility of safe and effective cultivated meat production within the 

EU. 
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1.5 Sustainability and Food Security Motivations 

1.5.1 Environmental sustainability and resource efficiency  

The global food system is facing unprecedented pressure. Population growth, climate change, 

geopolitical instability, and the intensification of resource use are converging into a critical 

challenge: how to provide adequate, safe, and nutritious protein for nearly 10 billion people by 

2050, without exceeding planetary boundaries. Livestock agriculture, long considered the 

backbone of protein supply, is increasingly recognized as a key contributor to environmental 

degradation and systemic inefficiency. In this context, cultivated meat has emerged not only as 

a technological innovation but as a strategic imperative for both sustainability and global food 

security. 

The environmental burden of animal agriculture is well documented. According to the Food and 

Agriculture Organization (FAO), livestock is responsible for approximately 14.5% of global 

anthropogenic greenhouse gas (GHG) emissions, a contribution on par with the entire 

transportation sector. Ruminants, particularly cattle, are major emitters of methane, a potent 

'(' ×ÉÔÈ Á ÇÌÏÂÁÌ ×ÁÒÍÉÎÇ ÐÏÔÅÎÔÉÁÌ ÆÁÒ ÅØÃÅÅÄÉÎÇ ÔÈÁÔ ÏÆ #/Ϝ1. Beyond emissions, animal 

agriculture accounts for the majority of land use change globally, driving deforestation, soil 

erosion, and biodiversity loss. It is also a leading consumer of freshwater and a source of 

nitrogen and phosphorus pollution due to fertilizer and manure runoff111. 

The inefficiencies of the system are stark: producing 1 kg of beef may require over 15,000 liters 

of water and up to 25 kg of feed112. These figures reflect not only the energetic and nutritional 

losses of trophic conversion but also the vulnerability of animal-based production to external 

shocks. Epidemics such as avian influenza and African swine fever, climate-induced crop 

failures, and disruptions to global trade networks further expose the fragility of current protein 

supply chains. 

Cultivated meat offers a disruptive alternative. By decoupling meat production from live 

animals, it has the potential to reduce GHG emissions, water and land use, and the risk of 

zoonotic disease outbreaks. Life cycle assessments (LCAs) have become essential tools in 

evaluating the environmental potential and limitations of cultivated meat. Early work by 

Tuomisto and Teixeira de Mattos in 2011 painted a highly optimistic picture, suggesting that 

cultivated meat could reduce GHG emissions by up to 96% compared to conventional beef113. 

However, these conclusions were based on idealized assumptions, including the use of 

cyanobacteria hydrolysates as input and full reliance on renewable energy, that remain far from 

industrial feasibility. More recently, Humbird in 2021 offered a more sobering view, arguing 

that when current bioprocessing constraints are realistically modeled, particularly the high 

energy demand and the cost of producing amino acids at scale, the environmental impact of 

cultivated meat may actually match or exceed that of traditional beef16. Between these two 

poles stands Risner et al. (2024), whose comprehensive cradle-to-gate LCA outlines a range of 

scenarios, from pessimistic pharma-grade inputs to more plausible hybrid media formulations. 
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In one of the most realistic and promising scenarios, Hybrid Growth Medium (HGM), the 

authors report a potential 80% reduction in GHG emissions relative to beef114. While the paper 

emphasizes lingering challenges such as fossil fuel depletion, antibiotic usage, and facility-

related impacts, its findings are, in fact, encouraging. Notably, this scenario assumes food-grade 

components produced with conventional technologies, without the need for biotech-derived 

amino acids. This is significant, as it demonstrates that cultivated meat could already deliver 

net climate benefits using accessible, regulated materials. Although some issues remain, such 

as energy sourcing, contamination risks, and the embedded footprint of production 

infrastructure, none appear insurmountable. Indeed, these very limitations highlight concrete 

opportunities for further optimization. When interpreted with a forward -looking lens, the 

Risner et al. study underscores not only the feasibility but the urgency of improving media 

formulation, cell line robustness, and supply chain integration to unlock the full environmental 

potential of cultivated meat. 

1.5.2 Food security, public health, and systemic transformation 

Equally significant is the contribution of cultivated meat to food system resilience. Bioreactor-

based production can be established independently of climate, geography, or arable land 

availability. In principle, facilities can be located in urban centers or regions currently 

unsuitable for agriculture, supporting decentralization and reducing reliance on globalized 

supply chains. Moreover, cultivated meat does not require antibiotics, or will require them in 

minimal, negligible quantities, thereby addressing one of the most urgent public health threats 

of our time: antimicrobial resistance. It also minimizes the risk of pathogen contamination and 

foodborne illnesses such as E. coli, Salmonella, and Listeria, which are endemic in industrial 

slaughterhouses115,116. 

From a food security perspective, cultivated meat can help stabilize supply and reduce 

exposure to global volatility. Localized, controlled production systems are inherently more 

adaptable to geopolitical tensions, climate disruptions, and pandemics. If deployed 

strategically, they could complement traditional agriculture by providing a consistent baseline 

of high-quality protein, especially in regions with limited natural resources or high import 

dependency. 

However, realizing this potential depends on overcoming current technological and economic 

limitations. As highlighted in previous sections, the high cost of recombinant growth factors, 

energy-intensive bioreactor operation, and the complexity of culture media are significant 

bottlenecks. If left unresolved, these factors could offset the environmental gains and 

undermine the viability of cultivated meat at scale. Moreover, the energy mix used in 

production remains a crucial variable: renewable-powered systems offer far greater 

sustainability benefits than those relying on fossil fuels. 

In summary, cultivated meat should not be seen as a luxury or niche innovation, but as a 

strategic technology to address intersecting crises in climate, health, and food access. Its 

successful implementation requires not only advances in cell biology and engineering, but also 
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a systemic rethinking of how food is produced, distributed, and consumed. The synthetic 

biology tools and cell platforms developed in this thesis aim to contribute to this broader 

transformation by offering a concrete pathway toward scalable, sustainable, and ethically 

robust protein production. 
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Aim of the thesis 

The overarching aim of this thesis is to explore whether growth factor-independent 

maintenance of pluripotency and efficient lineage-specific differentiation in hiPSCs can be 

achieved through the engineering of an autonomous gene regulatory network. Specifically, we 

hypothesize that pluripotent stem cell behavior, normally reliant on exogenous cues such as 

FGF2 and TGF-ɼȟ ÃÁÎ ÉÎÓÔÅÁÄ ÂÅ ÇÏÖÅÒÎÅÄ ÂÙ Á ÓÙÎÔÈÅÔÉÃȟ ÓÅÌÆ-contained system composed of 

constitutively expressed core pluripotency factors, whose repression is synchronized with the 

activation of master regulators of differentiation.   

 

 
 
Figure 1.8  Schematic representation of the aim of the thesis 

 

To test this hypothesis, we developed a modular and scalable strategy based on the sequential 

integration of three synthetic regulatory cassettes into defined genomic safe harbor loci of 

hiPSCs. Each cassette was designed to operate independently yet functionally converge on the 

dynamic regulation of stem cell fate. The engineered architecture consists of: 

 

1. A constitutively expressed Tet-On 3G transactivator, integrated into the hROSA26 locus, to 

provide a tightly regulated and reversible system for inducible gene expression upon 

doxycycline addition; 

 

2. A constitutive expression cassette for key pluripotency transcription factors, such as 

NANOG, inserted into the CLYBL locus, aimed at maintaining self-renewal in the absence of 

exogenous TGF-ɼȾ!ÃÔÉÖÉÎ ÓÉÇÎÁÌÉÎÇȠ 

 

3. A doxycycline-inducible expression cassette for lineage-specific master regulators, such as 

MYOD1 for myogenesis, operatively linked to artificial microRNAs targeting endogenous 

pluripotency factors, integrated into the AAVS1 locus. This dual-action cassette is designed 

to simultaneously drive differentiation and suppress residual pluripotency, thereby 

enhancing lineage fidelity. 
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By distributing the elements across orthogonal safe harbor loci, the system allows for 

independent tuning, functional testing, and potential interchange of individual components, 

offering a platform for rapid prototyping and application-specific customization. 

In parallel with this genetic engineering effort, the thesis also addresses key technological 

barriers limiting the scalability of pluripotent stem cell bioprocessing, including medium cost 

and composition, three-dimensional tissue maturation, and cross-species applicability. These 

additional aspects were developed to demonstrate that the proposed genetic system can be 

effectively coupled with optimized, animal-free culture conditions and translated toward food-

relevant species, thus aligning the entire work with the long-term goal of sustainable cultivated 

meat biomanufacturing. 

A chemically defined, cost-effective medium was developed and validated to support hiPSC self-

renewal and genome editing in the absence of exogenous growth factors. The formulation, 

assembled from commercially available components, was benchmarked against pre-mixed 

media and shown to sustain pluripotency, efficient genome editing, and adaptation to 

suspension culture, providing an essential foundation for scalable production. 

Furthermore, the engineered hiPSCs were directed toward the myogenic lineage to form 

structured and functional three-dimensional muscle tissues, thereby establishing a first proof 

of concept for the integration of synthetic gene regulation with tissue-level outcomes.  

This engineered regulatory framework is intended not only to decouple hiPSC behavior from 

expensive and variable growth factors, but also to improve scalability, reproducibility, and cost-

effectiveness, all key requirements for industrial applications such as cultivated meat 

production. We chose to use human pluripotent stem cells to validate our strategy for several 

reasons. First and foremost, the human model is extensively characterized at the molecular 

level, with a wealth of data available on gene expression profiles, signaling pathways, and 

epigenetic regulation. This depth of knowledge makes it significantly easier to troubleshoot 

experimental outcomes and to distinguish biological failure from technical or methodological 

biases, an advantage that is less pronounced in less-characterized systems such as porcine or 

bovine cells. Moreover, the core pluripotency network, including critical components such as 

ÔÈÅ 4'&ɼ ÐÁÔÈ×ÁÙ ÁÎÄ ÔÈÅ ÔÒÁÎÓÃÒÉÐÔÉÏÎ ÆÁÃÔÏÒ .!./'ȟ ÉÓ ÈÉÇÈÌÙ ÃÏÎÓÅÒÖÅÄ ÁÃÒÏÓÓ ÍÁÍÍÁÌÓȟ 

with well -defined orthologous genes and regulatory mechanisms. This evolutionary 

conservation supports the translational relevance of findings in the human system and 

provides a robust foundation for adapting the strategy to other species in future work. 

Throughout this thesis, each module is experimentally validated through a combination of 

molecular, functional, and phenotypic assays, and the system is ultimately tested in scalable 

suspension cultures and 3D tissue constructs. Together, these efforts establish a unified 

framework that integrates medium optimization, genetic circuit design, and cross-species 

translation, contributing to the development of reproducible and ethically sustainable 

platforms for cultivated meat biomanufacturing. 
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Figure 1.9  Description of the strategy involving three genomic safe harbors 
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Chapter 2: Materials and Methods 

 
hPSC culture 
Healthy male hiPSCs with a TTN-mEGFP knock-in reporter (Allen Institute for Cell Science 

#AICS-0048 cl.39) were cultured on hESC-qualified Geltrex-coating using Essential 8 (both 

from Gibco). Cells were passaged every 4-5 days as small clumps after treatment with 0.5mM 

EDTA in PBS (without cÁÌÃÉÕÍ ÁÎÄ ÍÁÇÎÅÓÉÕÍɊȢ &ÏÒ 4'&ɼ independency assays, hiPSCs were 

cultured in Essential 6 (Gibco) supplemented only with 100 ng/mL FGF2-145aa (Qkine Qk040) 

ɀ E6F, and compared with the same media ÁÌÓÏ ÓÕÐÐÌÅÍÅÎÔÅÄ ×ÉÔÈ ς ÎÇȾÍ, 4'&ɼρ ɉ1ËÉÎÅ 

Qk010) ɀ %φ&4Ȣ 4'&ɼ ÉÎÈÉÂÉÔÉÏÎ ×ÁÓ performed in E6F supplemented with 10 µM SB-431542 ɀ 

E6FSB. 

Home-brew media culture  

Homemade weekend-free media was prepared with DMEM/F12, L-glutamine and HEPES 

(Gibco, #31330038), and was supplemented with a 100x growth factors supplement prepared 

in-house. The final concentrations of the supplement components in the media were as follows: 

for homemade E8 (hE8): 64 µg mL-1 2-Phospho-L-ascorbic acid trisodium salt (Sigma, #49752-

10G), 14 ng mL-1 sodium selenite (Sigma, #S5261-25G), 1743 µg mL-1 sodium bicarbonate 

(Sigma-Aldrich, #S8875-500G), 10 µg mL-1 transferrin (Optiferrin ɀ Invitria, #777TRF029-1G), 

19.4 µg mL-1 insulin (Gibco, #A11382II), 5 ng mL-1 t-FGF2-G3 (145aa, Qkine, #Qk052), 2 ng mL-

1 TGF-ɼρ 0,53 ɉ1ËÉÎÅȟΠ1ËπρπɊȠ ÆÏÒ "ψϹȡ ςππ АÇ Í,-1 2-Phospho-L-ascorbic acid trisodium salt, 

20 ng mL-1 sodium selenite (Sigma, #S5261-25G), 1743 µg mL-1 sodium bicarbonate, 5 µg mL-1 

transferrin, 5 µg mL-1 insulin, 5 ng mL-1 t-FGF2-G3, 1 ng mL-1 TGF-ɼσ ɉ1ËÉÎÅȟ Π1ËπυτɊȟ πȢρ ÎÇ 

mL-1 NRG-1 (Qkine, #Qk045). Note that since DMEM/F12 already contains sodium bicarbonate 

at 1,200 µg mL-1 concentration, the supplement contains only enough sodium bicarbonate to 

increase the concentration to the final one described above. In initial optimization experiments, 

B8 formulations had alternative sources of FGF2 or TGF-ɼ ÓÉÇÎÁÌÌÉÎÇ ÐÁÔÈ×ÁÙȟ ÓÕÃÈ ÁÓ &'&ςȟ 

FGF2-G3, t-FGF2, or Activin A1 (Qkine, #Qk027, #Qk053, #Qk025 or #Qk001, respectively). The 

weekend-free media were compared to commercial E8 ɀ cE8 (Gibco, #A1517001) that was 

changed daily. 

 

Adaptation of the cells into the weekend -free media  
Adaptation of WTC11 iPSCs: For each adaptation round, a vial from the same-passage cells 

expanded in cE8 was thawed and transferred to 2 mL of DMEM/F12, centrifuged at 100 g for 5 

min, then resuspended in 2 mL of cE8 with thiazovivin and seeded into 3 wells of a 6-well plate 

(Corning, #353046), seeding 50, 25, or 12.5% of the suspension, respectively. The cells were 

then grown in cE8. The next passage was done in cE8, replacing the medium the day after 

passage with cE8:hE8 or cE8:B8+ at 1:1 proportion. The following day the medium was 

replaced with the respective weekend free media (hE8 or B8+). After that, these cells were 

grown and passaged in hE8 or B8+. In parallel, cells from the same vial were grown in cE8 and 
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passaged at the same time as cells in weekend-free media. Cells were grown for at least five 

passages before performing any assays. 

Adaptation of H9-HESCs: for the adaptation of H9-hESCs into weekend-free media, a vial of 

H9 cells expanded in cE8 was thawed and transferred to 2 ml of DMEM/F12, centrifuged at 

100g for 5 min, then resuspended in 2 ml of cE8 with Y-27632 and seeded into 3 wells of a 6-

well plate (Corning, #353046). The cells were then grown in cE8. The next passage was done in 

cE8, replacing the medium the day after passage with cE8:hE8 or B8+ at 1:1 proportion. The 

following day the medium was replaced with the respective weekend-free media (hE8 or B8+). 

After that, these cells were grown and passaged in hE8 or B8+. In parallel, cells from the same 

vial were grown in cE8 and passaged at the same time as cells in weekend-free media. Cells 

were grown for at least five passages before performing any assay and maintained in a hypoxia 

incubator (O2 /CO2 MCO-170M) during cells culturing. 

 

Single cell sorting  
Single cell sorting Cells were harvested using TryplE:0.5 mM EDTA solution (3:1) and incubated 

at 37 °C for 3 min. To ensure single cell dissociation, the cell suspension was passed through a 

40 µm cell strainer (Pluriselect, #43-10100-40). After centrifugation at 100 g for 5 min, cells 

were resuspended in sorting buffer: PBS + 1% Penicillin/Streptomycin (Euroclone, 

#ECB3001D) + 2% FBS + 10 mM HEPES (Fisher Bioreagents, #10756254). Fixable Viability Dye 

eFluor 780 was added at 1:1,000 concentration to the sorting buffer to label dead cells. Live 

cells were single-sorted on Matrigel-coated (Corning, #356277) 96 well plates (Corning, 

#353072), coated according to the dilution factor provided by the manufacturer. Plates were 

prepared with the 3 different media (cE8, hE8 or B8+) supplemented with CEPT cocktail. CEPT 

cocktail has been prepared with 50 nM Chroman1 (MedChem Express, #HY-15392), 5 µM 

Emricasan (Selleckchem, #S7775), Polyamine supplement 1:1000 (Sigma-Aldrich, #P8483), 

0.7 µM Trans-ISRIB (Tocris, #5284). SH800S Sony cell Sorter with 100 µm Chip and single cells 

(3 drops) setting have been used for the single cell sorting and cells have been seeded at a 

maximum speed of 100 events per sec. 72 h after sorting, media were replaced to remove CEPT 

components and then changed every other day for 1 week. The resulting colonies were stained 

with Crystal Violet (Sigma, #C6158). For the staining, cells were washed with 200 µL of PBS and 

fixed with 100 µL of PFA 4% at RT 10 min, washed 2 times with 200 µL of PBS, stained with 100 

µL of 0.5% Crystal Violet at RT for 10 min and washed 6 times with 200 µL of deionised water 

to remove the excess dye. Then, the colonies were counted. 

Copy number variation analysis  
Cells were cultured as described above for 20 passages after the adaptation into the media. An 

80-90% confluent well of a 6 well plate was detached as described above, resuspended in PBS 

and centrifuged at 100g for 5 min. The pellet was resuspended in 100 µl of  ice-cold PBS. 

Genomic DNA was extracted using the Monarch Genomic DNA Purification Kit (New England 

BioLabs, #T3010L), following the protocol for cultured cells (Instruction Manual, Ver 

4.1_08/24, page 11 and page 13 - https://www.neb.com/en/ -
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/media/nebus/files/manuals/manualt3010.pdf?rev=624b140ff2834dcb9eecffa430909083&

hash=0F214BCD60CC6C285C9A119136B13B12&srsltid=AfmBOop5RrnWXPue0oMYoBW4tH

bOrdFLmbw4FtkpTL1ek6e_hiDqMDd5) and eluting the DNA in the TE buffer. The DNA was 

then subjected to low resolution karyotyping, using the Illumina microarray containing 700k+ 

markers. This analysis was performed by Life & Brain company (Bonn, Germany). The SNP 

array data was analysed in GenomeStudio 2.0.5 with the cnvPartition 3.2.1 plugin installed 

(https://emea.support.illumina.com/array/array_software/genomestudio/downloads.html). 

Using the cnvPartition plugin, the data was analysed for copy number variations with the 

default parameters, changing minimal probe count to 6 and Confidence Threshold to 40. The 

data was exported as Bookmark Analysis as an .xml file. XML file was parsed and filtered using 

custom scripts in R. In short, the CNVs were filtered for confidence threshold (above 85) and 

the size of the CNV (above 350kbp, or above 100kbp if in the hotspot region). 

Analysis of trilineage differentiation markers  
STEMdiff Trilineage Differentiation Kit (StemCell Technologies, #05230) was used to 

differentiate the hiPSCs, following the protocol (kit manual, Document #DX20659, Version 

1_1_0 - https://cdn.stemcell.com/media/files/pis/DX20659 -PIS_1_1_0.pdf). Briefly, cells were 

seeded as single cells into wells of a 24 well-plate (400 000 for ectoderm and endoderm 

differentiation, 100 000 for mesoderm) with media containing 10 µM ROCK inhibitor (Y-27632 

dihydrochloride - Cayman Chemicals, #004CA16644). Every day, the media were changed to 

the respective ectoderm, mesoderm or endoderm differentiation media provided in the kit. The 

cells were harvested at the day 5 (endoderm and mesoderm) or day 7 (ectoderm) of the 

differentiation.  

Directed differentiation in a monolayer towards cardiomyocytes  

Cardiomyocytes were differentiated using the previously published protocol10. Briefly, hiPSCs 

were seeded on the wells of 12-well plate (Corning, #353043), 1.5-3 x 105 cells per well in their 

respective medium (cE8, hE8 or B8+) with 2 µM thiazovivin. The next day, cells were primed 

for differentiation with 1 mL of their respective medium containing 1 µM CHIR99021 (Cayman 

Chemicals, #004CA13122). The day after (day 0 of differentiation), cells were induced towards 

mesoderm with 2 mL of RBA medium, containing RPMI 1640 (Gibco, #11875093), 0.5 mg mL-

1 BSA (Sigma-Aldrich, #A8412-100ML) and 213 µg mL-1 L-ascorbic acid 2-phosphate 

trisodium salt (Fujifilm, #321-ττψςσɊȟ ÓÕÐÐÌÅÍÅÎÔÅÄ ×ÉÔÈ υ ʈ- #()2ωωπςρȢ 4×Ï ÄÁÙÓ ÌÁÔÅÒȟ 

the differentiation towards cardiac mesoderm was continued by adding 2 mL of RBA 

ÓÕÐÐÌÅÍÅÎÔÅÄ ×ÉÔÈ ς ʈ- 7.4-C59 (Cayman Chemicals, #16644). On day 4, medium was 

replaced with 2 mL RBA. From day 6, cells were fed with 2 mL of RPMI 1640 supplemented with 

B27 (Thermo Fisher Scientific, #17504044) every other day. 

Cardiac differentiation in left ventricle organoids  
Differentiation towards left ventricle cardiac organoids was performed as published11. Briefly, 

hiPSCs were dissociated as single cells and seeded 5 x 104 cells per well on a 24-well plate 

(Greiner, #GR662160) in a respective medium (cE8, hE8 or B8+) with 5 µM ROCK inhibitor (Y-

27632 dihydrochloride - Cayman Chemicals, #004CA16644). 24 h after the seeding, the 
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medium was replaced with Mesoderm induction media. After 36 h, the cells were detached with 

TryplE Express incubation at 37 °C for 2 min, then resuspended in Cardiac Mesoderm Induction 

medium with 5 µM ROCK inhibitor. The cells were seeded in a low attachment 96-well plate 

(Thermo Scientific, #15227905) at 1.5 x 104 cells per well and centrifuged at 140 g for 4 min. 

The next day, the cells are fed with Cardiac Mesoderm Induction medium. For the following two 

days, the medium was changed to Cardiac Mesoderm Induction medium. For the following two 

days, the medium was changed to Cardiomyocytes Induction medium. The media were based 

on CDM that consisted of 0.4% mg mL-1 BSA (Stem Cell Technology, #100-0177) in 50% IMDM 

ɉ'ÉÂÃÏȟ ΠςρωψππφυɊ ÐÌÕÓ υπϷ (ÁÍȭÓ &ρς .ÕÔÒÉÅÎÔ -ÉØ ×ÉÔÈ 'ÌÕÔÁ-!8 ɉ'ÉÂÃÏȟ ΠσρχφυπφψɊȟ 

supplemented with 1% concentrated Lipids (Gibco, #11905031), 0.004% monothioglycerol 

(Sigma, #M6145-100ML) ÁÎÄ ρυ ʈÇ Í,-1  of transferrin (Optiferrin ɀ Invitria, #777TRF029-

1G). The Mesoderm induction media consisted of CDM supplemented with 6 ng mL-1 FGF2-G3 

(Qkine, #Qk035), 5 µM LY294002 (Selleckchem #1105), 5 ng mL-1 Activin A (Qkine, #Qk001), 

8 ng mL-1 BMP4 (Qkine, #Qk038), and 5 µM CHIR99021 (Cayman Chemicals, #004CA13122). 

Cardiac Mesoderm Induction medium consisted of CDM supplemented with 8 ng mL-1 BMP4, 

1.6 ng mL-1 FGF2-G3, 10 µg mL-1 Insulin (Thermo Scientific #A11382II), 2µM Wnt-C59 

(Cayman Chemicals, #16644) and 50 nM of retinoic acid (Sigma Aldrich, #R2625). 

Cardiomyocytes Induction medium consisted of CDM supplemented with 8 ng mL-1 BMP4, 1.6 

ng mL-1 FGF2-G3 and 10 µg mL-1 Insulin. 

 

Plasmids 
Unless stated otherwise, cut and paste cloning was performed using restriction enzymes from 

NEB/ThermoScientific and T4 DNA ligase from ThermoScientific, while Gibson cloning was 

performed using NEBuilder HiFi DNA Assembly Master Mix (NEB). Blunt ending was done with 

Fast DNA End Repair Kit (Thermo Scientific). PCR was performed using Q5 Hot Start High-

Fidelity DNA Polymerase (NEB). Vectors were dephosphorylated before ligation using Fast 

Alkaline Phosphatase (Thermo Scientific). All oligonucleotides were ordered from Eurofins 

Genomics as desalted lyophilized products. QIAEX II Gel Extraction Kit (QIAGEN) was used for 

DNA extraction from agarose gels, and Nucleospin Gel and PCR Clean-up (MACHERY-NAGEL) 

for purification of PCR products. Recombinant plasmids were transformed into chemically 

competent E. Coli. QIAGEN Plasmid Miniprep, Midiprep, and Maxiprep Kits were used for 

plasmid preparations (using endotoxin free protocols for plasmids to be used for genome 

ÅÄÉÔÉÎÇɊȢ !ÌÌ ÔÈÅÓÅ ÐÒÏÃÅÄÕÒÅÓ ×ÅÒÅ ÐÅÒÆÏÒÍÅÄ ÁÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÉÎÓÔÒÕÃÔÉÏÎÓȢ 

Additional molecular biology procedures, such as electrophoresis and E. Coli culture, were 

performed according to standard protocols. All the plasmids were fully sequence-verified by 

Plasmidsaurus 

 

hROSA26 locus gRNA/Cas9n expression plasmids pSpCas9n(BB)_R26-L and 

pSpCas9n(BB)_R26-R were obtained as previously described (Bertero et al., 2016). AAVS1 

locus ZFN expression plasmids and CLYBL locus TALEN expression plasmids were obtained 

from Addgene (#159297, #159298, # 62196 and #62197). 
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pR26-Bst_CAG-Tet-On-3G was generated starting by replacing the EGFPd2 cDNA of pR26-

Bst_CAG-EGFPd2 (a kind gift of Ludovic Vallier) with a synthetic Tet-On® 3G cDNA fragment 

using MluI and BamHI. 

pCLYBL-Neo_CAG-NANOG_2A_mCherry  was generated by cloning two synthetic fragments in 

pC13N-iCAG.copGFP (Addgene #66578) cut with BsrGI and MluI: (1) a BsrGI and BamHI-cut 

fragment encoding for human NANOG cDNA (RefSeq NM_024865.4) but containing silent point 

mutations to eliminate potential m6A sites and (2) a BsrGI and MluI-cut fragment encoding 

T2A-P2A-mCherry. 

pAAV-Puro_TRE-EGFP and pAAV-Puro_TRE-MYOD1 were synthetized based on the published 

sequences of pAAV_TRE-EGFP and pAAV_TRE-MYOD1. 

pAAV-Puro_TRE-EGFP-(miR-E) was generated by cloning a miR-E cassette from 

,4ρρ'&0ͺ2ÅÎȢχρσ ɉÁ ËÉÎÄ ÇÉÆÔ ÏÆ *ÏÈÁÎÎÅÓ :ÕÂÅÒɊ ÉÎ ÔÈÅ σȭ 542 ÏÆ %'&0 ÉÎ Ð!!6-Puro_TRE 

EGFP. miR-E was amplified as two fragments to insert paired AarI restriction sites for 

subsequent cloning of seed sequence hairpins (ÆÒÁÇÍÅÎÔ ρȡ υȭ 

CATGGACGAGCTGTACAAGTAAGCGTACGGCGGCCGCCTC-σȭ ÁÎÄ υȭ 

CAGGTGAGTCAGTCCACCTGCACC!#'#4#!#4'##!!#!'#σȭȠ ÆÒÁÇÍÅÎÔ ςȡ υȭ- 

CAGGTGGACTGACTCACCTGCACCTTGCCTACTGCCTCGG-σȭ: υȭ 

GATTATGATCCTCTAGAGATATCAATTACGCGTCAATTGATGCATTC-σȭɊȢ 

pAAV-Puro_TRE-EGFP was cut with EcoRI and EcoRV, and the three fragments were Gibson 

assembled. Seed sequence hairpins were synthetized as complementary pairs of single 

stranded oligonucleotides (Table 1), annealed, phosphorylated, and ligated into AarI-cut pAAV-

Puro_TRE-EGFP-(miR-E), all according to a published protocol (Bertero et al., 2016). 

Table 1. 

Seed target 
3ÅÑÕÅÎÃÅ ɉυȭ-σȭɊ 

Human CD46 AGCGCAGCCAAGCAGTTTCTTTCAAATAGTGAAGCCACAGATGTATTTGAAAGAAACT

GCTTGGCTA 

GGCATAGCCAAGCAGTTTCTTTCAAATACATCTGTGGCTTCACTATTTGAAAGAAACT

GCTTGGCTG 

 

Human CD151 

AGCGCGCCTCAAGTACCTGCTGTTTATAGTGAAGCCACAGATGTATAAACAGCAGGTA

CTTGAGGCA 

GGCATGCCTCAAGTACCTGCTGTTTATACATCTGTGGCTTCACTATAAACAGCAGGTAC

TTGAGGCG 

 AGCGCAGGAATTATAATGCTTATCTATAGTGAAGCCACAGATGTATAGATAAGCATTA

TAATTCCTA 
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Oligonucleotides for miRNA cloning.  

 

 

pAAV-Puro_TRE-MYOD1-(miR-E-NANOG) was obtained by inserting mirE NANOG from pAAV-

Puro_TRE_EGFP-(miR-E-NANOG) in pAAV-Puro_TRE-MYOD1 using EcoRV and EcoRI. 

pAAV-Puro_TRE-(intron -miR-E-NANOG)-MYOD1 was obtained in three steps: (1) insertion of 

BssHI and PacI-digested and blunt-ended chimeric intron from pAAV-Puro_siKO (Addgene # 

86696) in SpeI-cut pAAV-Puro_TRE-MYOD1; (2) insertion of EcoRV and NotI-digested and 

blunt-ended miR-E from pAAV-Puro_TRE-EGFP-(miR-E) in MreI-cut plasmid from step 1; and 

(3) insertion of NANOG seed sequence in AarI cut plasmid from step 2 according to the 

procedure described above.  

pAAV-Puro_TREb-EGFP-(miR-E-NANOG)_MYOD1 was obtained by Gibson assembly of two 

fragments in SpeI and PspXI-cut pAAV-Puro_TRE-MYOD1: (1) PCR-amplified EGFP and miR E-

NANOG cassette from pAAV-Puro_TRE-EGFP-(miR-E-NANOG) (Æ×ȡ υȭ- 

GTGAACCGTCAGATCGCCTAGTGCCACCATGGTGAGCAAGG-σȭȠ ÒÅÖȡ υȭ 

GTGGGCTCTATGGTCACTCGAATGCATTCAGCTTTG-σȭɊȠ ɉςɊ 0#2-amplified bi-directional TRE3G 

promoter from Ptre3G-bi-ɻ-chain (Addgene # 133730) (Æ×ȡ υȭ 

CCTTGCTCACCATGGTGGCACTAGGCGATCTGACGGTTCAC-σȭȠ q idÒÅÖȡ υȭ- 

ACAGTAGCTCCATGGTGGCACTAGTTTACGAGGGTAGGAAG-σȭɊȢ  

pCLYBL-Puro_CAG_Tet-On 3G_TRE-(intron -miR-E-NANOG)-MYOD1 was obtained in two steps: 

(1) amplification of plasmid backbone, CLYBL homology arms and UCOE from CLYBL hOMP 

(Addgene #112499) and insertion of TRE-(intron -miR-E-NANOG)-MYOD1 from plasmid pAAV-

Puro_TRE-(intron -miR-E-NANOG)-MYOD1 digested with PsPxI and SpeI; (2) digestion of the 

intermediate vector with SwaI followed by blunt ligation of SpeI and SalI restriction fragment, 

Tet-On 3G, from plasmid pR26-Bst_CAG-Tet-On-3G. 

pCLYBL Puro_CAGbi-NANOG-Tet-On-3G_TRE-(intron -miR-E-NANOG)-MYOD1 was obtained in 

two steps: (1) Gibson Assembly of four fragments in SalI and MluI-cut MSX_BidirectionalCAG 

(Addgene # 78175): (1.1) PCR-amplified NANOG cDNA from pCLYBL-Neo_CAG-

NANOG_2A_mCherry; (1.2) PCR-amplified beta globin Poly(A) from  pCLYBL-Neo_CAG-

NANOG_2A_mCherry; (1.3) PCR-amplified plasmid backbone, CLYBL homology harms, and 

UCOE fragment from CLYBL hOMP (Addgene #112499): (1.4) PCR amplified Tet-On 3G from 

Renilla luciferase GGCATAGGAATTATAATGCTTATCTATACATCTGTGGCTTCACTATAGATAAGCATTA

TAATTCCTG 

 

Human NANOG 

AGCGCTCCGACTGTAAAGAATCTTCATAGTGAAGCCACAGATGTATGAAGATTCTTTA

CAGTCGGAT 

GGCAATCCGACTGTAAAGAATCTTCATACATCTGTGGCTTCACTATGAAGATTCTTTA

CAGTCGGAG 
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pR26-Bst_CAG-Tet-On-3G; (2) digestion of the intermediate plasmid with KpnI and blunt 

ligation of PsPxI and AflII restriction fragment, TRE-(intron -miR-E-NANOG)-MYOD1, from 

pAAV-Puro_TRE-(intron -miR-E-NANOG)-MYOD1. 

Gene editing  
Targeting of the hROSA26 (Irion et al. 2007) and AAVS1 (Hockemeyer et al. 2009) loci was 

performed by lipofection. hiPSCs were passaged in 6-well plates at a density of 200,000 

cells/well and transfected 24 h after seeding. Transfection was performed for 4 hours in Opti-

MEM (Gibco) supplemented with Lipofectamine Stem Transfection Reagent (2 µl/well, 

ThermoScientific) and a total of 2 µg of DNA (a ratio 2:1:1 of targeting vector and the two locus-

specific nucleases). After ~3 days, genome-edited hPSCs were selected for ~4 days by adding 4 

µg/mL Blasticidin S (Sigma-Aldrich) or 1 µg/mL Puromycin Dihydrochloride (Gibco), for 

hROSA26 and AAVS1 targeting, respectively. Targeting of the CLYBL locus15 was done by 

nucleofection. hiPSCs were single cell dissociated using StemPro Accutase (Gibco), and 1 x 106 

cells were nucleofected (100 µl reaction volume; 10 µg of total DNA, with a ratio 2:1:1 for the 

targeting vector and the two nucleases) using the Lonza P3 Primary Cell 4D-Nucleofector X kit 

and program CA137 of the Lonza 4D-Nucleofector System. Nucleofected cells were placed in 

recovery media composed of Essential 8 plus CEPT cocktail [polyamine supplement (Sigma-

Aldrich), 50 nM Chroman 1 (Medchem biochem), 5 µM Emricasan (SigmaAldrich), and 0.7 uM 

trans-ISRBB (Sigma-Aldrich); Chen, Y., Tristan, C.A., Chen, L. et al 2021], and replated in a 24-

well plate. 24 h post nucleofection, recovery medium was changed to Essential 8. At ~70% 

confluency, cells were passaged in a 10 cm petri dish, grown for ~3 days, and selected for ~5 

days with 50 µg/mL Geneticin (Gibco). 

Individual pseudo-clones were manually picked, expanded, and analyzed by genotyping (Table 

2). Briefly, hPSC clones were screened by genomic PCR to verify site-specific on-target 

integration of the genetic cassette and to detect random integrations of the targeting plasmid 

elsewhere in the genome. Site-ÓÐÅÃÉÆÉÃ ÃÁÓÓÅÔÔÅ ÉÎÔÅÇÒÁÔÉÏÎ ɉ).4Ɋ ÉÓ ÄÅÔÅÃÔÅÄ ÂÙ υȭ).4 ÁÎÄ σȭ).4 

PCRs. For this purpose, one primer is located ÏÎ ÔÈÅ ÃÁÓÓÅÔÔÅ υȭ ÏÒ σȭ ÅÎÄ ×ÈÉÌÅ ÔÈÅ ÓÅÃÏÎÄ 

primer maps to the genomic locus outside of the homology arm. Wild type (WT) PCR is then 

performed using the two primers mapping to the genomic locus outside of the homology arms 

to determine if only one or both two alleles have been edited (PCR fails for alleles containing 

large cassettes, particularly those containing the GC-rich CAG promoter used in most of our 

targeting plasmids). For monitoring possible off-target random integration, two additional 

backbonÅ ɉ""Ɋ 0#2Ó ÁÒÅ ÐÅÒÆÏÒÍÅÄȡ υȭ"" ÁÎÄ σȭ"" 0#2ÓȢ &ÏÒ "" 0#2Ó Á ÐÒÉÍÅÒ ÉÓ ÓÐÅÃÉÆÉÃ ÔÏ 

the cassette and the second primer located on the plasmid backbone outside of the homology 

arms. Upon successful HDR only the homology arms are be incorporated in the GSH, while the 

rest of the plasmid backbone is be lost; therefore, BB PCRs reveal other events of random 

integration of the linearized plasmid. PCRs were performed with LongAmp Taq DNA 

Polymerase (New England Biolabs, Ref#BM0323L), in a reaction mixture containing 1× 

,ÏÎÇ!ÍÐ 4ÁÑ 2ÅÁÃÔÉÏÎ "ÕÆÆÅÒ ɉ.%" Π"πσςσ3Ɋȟ σππ ʈ- Ä.40 ÍÉØ ɉ.%B # BN0447L), 250 nM 

forward primer, 250 nM reverse primer, 2% DMSO >-99.7% (Fisher scientific #BP231-100), 

and 2 U of LongAmp Taq DNA Polymerase (NEB #M0323L). The reaction volume was adjusted 
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ÔÏ ρπ ʈ, ×ÉÔÈ ÎÕÃÌÅÁÓÅÆÒÅÅ ×ÁÔÅÒ ɉ1ÉÁÇÅÎ Π ρςωρρυɊȢ All the primers combinations are listed in 

Table 2. 

Table 2. 

Locus PCR type Primer  Sequence ɉυȭ-σȭɊ 

ROSA WT (locus) 

FW GAGAAGAGGCTGTGCTTCGG 

REV ACAGTACAAGCCAGTAATGGAG 

ROSA 5' INT 

FW GAGAAGAGGCTGTGCTTCGG 

REV AAGACCGCGAAGAGTTTGTCC 

ROSA 3' INT 

FW GAGAATAGCAGGCATGCTG 

REV ACAGTACAAGCCAGTAATGGAG 

ROSA 5' BB 

FW CGTTGTAAAACGACGGCCAG 

REV AAGACCGCGAAGAGTTTGTCC 

ROSA 3' BB 

FW GAGAATAGCAGGCATGCTG 

REV TGACCATGATTACGCCAAGC 

CLYBL WT (locus) 

FW TAAGTGACCCCTGGCGAGAC 

REV AGATGGAGCAGTGGATGACA 

CLYBL 5' INT 

FW TAAGTGACCCCTGGCGAGAC 

REV AAGACTTCCTCTGCCCTCTC 

CLYBL 3' INT 

FW TCCAGGACGGAGTCAGTGAG 

REV AGATGGAGCAGTGGATGACA 

CLYBL 5' BB 

FW CACAGGAAACAGCTATGACC 

REV AAGACTTCCTCTGCCCTCTC 

CLYBL 3' BB 

FW TCCAGGACGGAGTCAGTGAG 

REV TTTTCCCAGTCACGACGTTG 

AVVS1 WT (locus) 

FW CTGTTTCCCCTTCCCAGGCAGGTCC 

REV TGCAGGGGAACGGGGCTCAGTCTGA 

AAVS1 5' INT 

FW CTGTTTCCCCTTCCCAGGCAGGTCC 

REV TCGTCGCGGGTGGCGAGGCGCACCG 

AAVS1 3' INT 

FW GAATTCGAGCTCGGTACC 

REV TGCAGGGGAACGGGGCTCAGTCTGA 
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Oligonucleotides for genotyping . 

 
Figure 2: schematic of genotyp ing strategy. 

 

Skeletal myocyte forward programming  
hiPSCs expressing Tet-On 3G and inducible MYOD1 were single-cell dissociated with StemPro 

Accutase (Gibco) and plated onto hESC-qualified Geltrex-coated dishes at a density of 200,000 

cells per well of a 12-well plate. Unless stated otherwise, the induction was performed in DMEM 

high Glucose supplemented with GlutaMAX (Gibco), 1X insulin-transferrin -selenium (ITS-G, 

Gibco), 40 ng/mL FGF2-145aa (Qkine), 1 µM retinoic acid (Sigma-Aldrich), 3 µM CHIR99021 

(Cayman Chemicals), and 1 µg/mL doxycycline hyclate (Sigma-Aldrich). Induction was started 

24 h after seeding, and media was replaced every day. 

Suspension culture expansion and differentiation  
hiPSCs were expanded in suspension culture using 125 mL Erlenmeyer flasks containing 20 mL 

of in-house hE7 medium, seeded at an initial density of 150,000ɀ300,000 cells/mL and 

ÍÁÉÎÔÁÉÎÅÄ ÏÎ ÁÎ ÏÒÂÉÔÁÌ ÓÈÁËÅÒ ÁÔ χπ ÒÐÍ ɉσχЈ#ȟ υϷ #/Ϝ). Cells were passaged every 4-5 days 

as small clumps after treatment with 0.5 mM EDTA in PBS (without calcium and magnesium) 

and incubation at 37°C for 10 minutes, with gentle pipetting every 5 minutes, followed by 

neutralization with DMEM/F12, centrifugation (100 g, 5 min) in conical tubes, and 

resuspension in fresh hE7 medium supplemented with Thiazovivin for immediate re-seeding. 

Thiazovivin was removed 24 hours post-splitting via complete medium exchange. For 

differentiation, cells were cultured for 3 days post-expansion before transitioning to 

differentiation media under continuous orbital agitation (70 rpm). 

AAVS1 5' BB 

FW GCTTGTCTGTAAGCGGATGC 

REV TCGTCGCGGGTGGCGAGGCGCACCG 

AAVS1 3' BB 

FW GAATTCGAGCTCGGTACC 

REV ATGCTTCCGGCTCGTATGTT 
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Quantitative real -time PCR (qRT-PCR)  
Total RNA was extracted using Quick RNA extraction kit (Zymo), and cDNA synthesis was 

performed with High Capacity cDNA Reverse Transcription Kit (Invitrogen). PowerUp qPCR 

mix was used for qRT-PCR using 10 ng of cDNA and 0.3 µM of each primer (Table 3). Samples 

were run on the Applied Biosystems QuantStudio Ά 6 Flex Real-Time PCR System machine. All 

samples were analyzed in technical duplicates and normalized to the housekeeping genes 

HPRT1 or RPLP0. 2ÅÓÕÌÔÓ ×ÅÒÅ ÁÎÁÌÙÚÅÄ ×ÉÔÈ ÔÈÅ ɝɝ#Ô ÍÅÔÈÏÄȢ 

 

 

Table 3. 

Gene Orientation  Primer Sequence  ɉυȭ-σȭɊ 

NANOG (Endogenous) 

Fw ATGCAACCTGAAGACGTGTGA 

Rev ACCATACTCCACCCTCCATGA 

NANOG (Exogenous) 

Fw GGGCAACGTGCTGGTTATT 

Rev CAGTCTCCGTGTGAGGCAT 

POU5F1 

Fw AGTGAGAGGCAACCTGGAGA 

Rev ACACTCGGACCACATCCTTC 

PAX6 

Fw CTTTGCTTGGGAAATCCGAG 

Rev AGCCAGGTTGCGAAGAACTC 

GBX2 

Fw GTTCCACTGCAAAAAGTACCTCT 

Rev GGGACGACGATCTTAGGGTTC 

SOX1 

Fw Quiagen Quantitect Primer Assay QT00215299 

 Rev 

TTN 

Fw GTAAAAAGAGCTGCCCCAGTGA 

Rev GCTAGGTGGCCCAGTGCTACT 

MYOG 

Fw TGGGCGTGTAAGGTGTGTAA 

Rev CGATGTACTGGATGGCACTG 

Oligonucleotides for RT -qPCR. 

 

Flow cytometry  
Flow cytoemtry of iPSCs 
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For analysis of EGFP expression, single cells were dissociated with 0.5% trypsin at 37°C, 

washed with PBS, incubated 10 min at room temperature in PBS supplemented with fixable 

viability dye EF450 (Invitrogen), incubated, and washed twice in FACS Buffer (5% FBS in PBS). 

Cells were analyzed using BD FACSVerseΆ Cell Analyzer to determine the levels of EGFP 

expression of viable cells (EF450 negative). EGFP levels in non-induced (not dox-treated) cells 

were indistinguishable from wildtype cells and served as negative control. FITC (EGFP) 

acquisition settings were set to enable plotting of the highest levels of EGFP expression.  

For analysis of CD151 and CD46 expression,For analysis of EGFP expression, single cells were 

dissociated with 0.5% trypsin at 37°C, washed with PBS, incubated 10 min at room temperature 

in PBS supplemented with fixable viability dye EF450 (Invitrogen), incubated, and washed 

twice in FACS Buffer (5% FBS in PBS). Cells were stained for 1 h at room temperature with APC-

conjugated antibodies for CD151 and CD46 (Biolegend #350405 and #352405 used 1:50) and 

corresponding isotype (Biolegend #400121)resuspended in FACS Buffer. Cells were washed 

three times with FACS Buffer, resuspended in FACS Buffer, and analyzed using BD FACSVerseΆ 

Cell Analyzer. All samples analyzed through this method were also separately stained with 

isotype control antibodies that served as negative control for gating purposes. Flow cytometry 

data analysis was performed with FlowJo (v10).  

For analysis of NANOG and OCT4 expression, single cells were dissociated with TrypLE Select 

(Gibco), washed with PBS, stained with viability dye EF450 as described above, and fixed with 

4% PFA in PBS. Cells were permeabilized with PBS supplemented with 0.1% Triton X-100 for 

30 min and stained for 1 h at room temperature with APC-conjugated and PE-conjugated 

antibodies for NANOG and OCT4 (BD #561300 used 1:50 and #560186 used 1:15, respectively), 

and corresponding isotypes (BD#557714 and #556650), resuspended in FACS Buffer with 

0.75% Saponin (Sigma-Aldrich). Cells were washed three times with FACS Buffer with 0.75% 

Saponin, resuspended in FACS Buffer, and analyzed using BD FACSVerseΆ Cell Analyzer. All 

samples analyzed through this method were also separately stained with isotype control 

antibodies that served as negative control for gating purposes. Flow cytometry data analysis 

was performed with FlowJo (v10).  

For analysis of cell cycle progression, Click-iT EdU AF 647 Flow Cytometry Assay Kit 

(ThermoFisher Scientific, #C10424) was used. Cells were fed with respective medium (cE8, hE8 

or B8+) containing 10 µM of EdU and incubated in 37 °C for 2 h. Then, cells were washed with 

PBS and incubated with TryplEΆ Express (Thermo Scientific, #12605010): 0.5 mM EDTA in 3:1 

proportion at 37 °C for 2 min. Cells were then dissociated in respective cell medium, centrifuged 

at 100 g for 5 min, resuspended in 200 µL of 1% BSA (Bovogen, #BSAS-NZ) in PBS and 

transferred to a 96 well plate with a round bottom (Euroclone, #ET3196). Next, cells were 

centrifuged at 4 °C, 250 g for 5 min, resuspended in 100 µL of eBioscience Fixable Viability Dye 

eFluor 780 (Invitrogen, #65-0865-14) diluted 1:1,000 in 1% BSA/PBS and incubated on ice for 

15 min and centrifuged again at 4 °C, 250 g for 5 min. After washing in 200 µL 1% BSA/PBS and 

centrifugation at 4 °C, 250 g for 5 min, cells were fixed in 40 µL of Click-iT fixative (component 

D) at RT for 15 min, washed in 200 µL of 1% BSA/PBS and centrifuged at RT, 250 g for 5 min. 

Then, the pellet was resuspended in 100 µL of 1x saponin-based permeabilization and wash 
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reagent (Component E), incubated at RT for 15 min. 150 µl of ClickiT reaction cocktail was 

added, mixed well and incubated at RT for 30 min. Then, cells were centrifuged at RT, 250 g for 

5 min and washed with 200 µl of component E. The cells were suspended in 200 µL of FxCycle 

Violet Stain (Molecular Probes, #F10347) diluted 1:1,000 in component E and incubated at RT 

for 30 min in the dark. Without washing, the cells were analysed on FACSVerse Cell Analyzer 

flow cytometer (BD Biosciences). 

Flow cytometr y analysis of cardiomyocytes  

On the 14th day of differentiation, cardiomyocytes were washed with 1 mL of 0.5 mM EDTA in 

PBS, then treated with 0.5 mL of 0.25% trypsin (Euroclone #ECB3051D) in 0.5 mM EDTA in 37 

°C for up to 10 min. The cells were triturated and 0.5 mL of stop solution (RPMI + 10% FBS) 

was added. After resuspension, cells were centrifuged at 190 g for 5 min, resuspended in 600 

µL of PBS and transferred on a 96-well plate with a round bottom (Euroclone, #ET3196). The 

cells were centrifuged at 200 g for 5 min, resuspended in 100 µL of Fixable Viability Dye eFluor 

450 diluted 1:1000 in PBS and incubated at RT) for 10 min. After three cycles of washes 

consisting of resuspending cells in 200 µL of FACS buffer and centrifuging at 200g for 5 min, the 

cells were fixed in 100 µL of 4% PFA at RT for 10 min. Then, the cells were washed three times 

as above with FACS buffer and permeabilized in 100 µL FACS buffer with 0.75% saponin at RT 

for 40 min. After centrifuging at 200 g for 5 min, the pellet was resuspended with 50 µL of 

antibodies diluted in permeabilization buffer. For each sample, TNNT2 staining and respective 

isotype control staining were performed. In addition, single stained controls were performed 

on the pooled samples. Antibodies used for the stainings: AF 647 Mouse Anti-Cardiac Troponin 

4 ɉ"$ 0ÈÁÒÍÉÎÇÅÎȟ ΠυφυχττɊ ÁÔ ρȡρππ ÄÉÌÕÔÉÏÎȟ !& φτχ -ÏÕÓÅ )Ç'ρȟ ʆ )ÓÏÔÙÐÅ #ÏÎÔÒÏÌ ɉ"$ 

Pharmingen, #566011) at 1:100 dilution. The stainings were performed at RT for 40 min. After 

a wash in 150 µL FACS buffer with 0.75% saponin and 0.1% Triton X-100 and a wash in 200 µL 

of FACS buffer with 0.75% saponin, the cells were resuspended in 400 µL of FACS. 

Cardiomyocytes were analysed on FACSVerse Cell Analyzer or FACSCelesta Cell Analyzer flow 

cytometers (both from BD Biosciences). 

Flow cytometry analysis of organoids  

 

After 7.5 days of organoid differentiation, the organoids were pooled together (for each 

condition, 8 for TNNT2 staining, 8 for isotype staining) and washed two times with 0. 5mM 

EDTA in PBS, then incubated with 0.5% trypsin in 0.5 mM EDTA in 37°C for 15 min, triturated 

every 5 min. After adding a stop solution, the cells were centrifuged at 4°C, 200 g for 5 min. The 

pellet was resuspended in eFluor 450 viability dye, diluted 1:1000 in 1% BSA in PBS and 

incubated on ice for 18 min. After centrifugation at 4°C, 240 g for 5 min, the cells were fixed in 

4% PFA at RT for 15 min, washed in 1% BSA/PBS and centrifuged at 4°C, 240 g for 5 min. Then, 

the cells were suspended in a permeabilization buffer (0.75% saponin in FACS buffer), 

centrifuged at RT, 240 g for 5 min, resuspended in antibodies diluted in permeabilization buffer 

and incubated at RT. Antibodies used for the stainings: AF 647 Mouse Anti-Cardiac Troponin T 

ɉ"$ 0ÈÁÒÍÉÎÇÅÎȟ ΠυφυχττɊ ÁÔ ρȡρππ ÄÉÌÕÔÉÏÎȟ !& φτχ -ÏÕÓÅ )Ç'ρȟ ʆ )ÓÏÔÙÐÅ #ÏÎÔÒÏÌ ɉ"$ 

Pharmingen, #566011) at 1:100 dilution. After a wash with permeabilization buffer, the cells 
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were resuspended in 1% BSA/PBS and analysed on the FACSVerse Cell Analyzer flow 

cytometer. 

 

Immunocytochemistry  
Cells were fixed for 20 min at room temperature in 4% PFA in PBS, washed three times with 

PBS, permeabilized for 20 minutes at room temperature with 0.1% Triton X-100 in PBS, washed 

once with PBS, and blocked for 1 h at room temperature with PBS 5% BSA. Cells were washed 

and stained at 4°C overnight with the primary antibody diluted in PBS 1% BSA. After three 

washes with PBS, cells were incubated for 1 hour at room temperature with corresponding 

species-specific fluorophore-conjugated secondary antibodies in 1% PBS BSA. Nuclei were 

visualized with 4',6-diamidino-2-phenylindole (DAPI, ThermoScientific). mEGFP, mCherry, and 

immunostainings were imaged using a Zeiss Apotome microscope (Leica). 

 

Bulk RNA sequencing ɀ muscle cells 
Bulk RNA sequencing was performed on day-7 forward-programmed samples generated using 

the different GERALT circuit architectures and the Opti-Ox MYOD1 system, together with 

undifferentiated hiPSCs included as a pluripotent reference. Libraries were prepared using the 

TruSeq® Stranded mRNA Library Prep Kit (Illumina, #20020594) in combination with IDT for 

Illumina ɀ 4ÒÕ3ÅÑ 2.! 5$ )ÎÄÅØÅÓ ɉΠςππςπυωρɊȟ ÆÏÌÌÏ×ÉÎÇ ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÉÎÓÔÒÕÃÔÉÏÎÓȢ 

Approximately 39 million reads were allocated to each library, and sequencing was carried out 

in paired-end mode (PE100) on an MGI DNBSEQ-G400 flow cell using 10 bp dual indexing and 

100 bp read length. Demultiplexing was performed by Negedia using the standard workflow 

for the DNBSEQ-G400 platform. After demultiplexing, raw reads were processed with a custom 

STAR/R-based pipeline. Adapter trimming was performed in paired-end mode to remove the 

Illumina adapter sequence (υȭ-CTGTCTCTTATACACATCT-σȭ), followed by the removal of 5 

ÎÕÃÌÅÏÔÉÄÅÓ ÁÔ ÔÈÅ υᴂ ÅÎÄ ÁÎÄ ρ ÎÕÃÌÅÏÔÉÄÅ ÁÔ ÔÈÅ σᴂ ÅÎÄ ÏÆ ÅÁÃÈ ÒÅÁÄ ÔÏ ÅÌÉÍÉÎÁÔÅ ÓÙÓÔÅÍÁÔÉÃ 

artifacts introduced by the terminal A added during adapter ligation. Trimmed reads were 

aligned with STAR against a custom GRCh38.112 reference genome, generated by appending 

the exogenous sequences encoding Tet-On 3G, NANOG, MYOD1, mCherry and rtTA to both the 

reference FASTA and GTF annotation files. Gene-ÌÅÖÅÌ ÃÏÕÎÔÓ ×ÅÒÅ ÅØÔÒÁÃÔÅÄ ÆÒÏÍ 34!2ȭÓ 

ReadsPerGene.out.tab output using the unstranded column (V4), .Gene lengths were obtained 

from STAR index files and later used for TPM calculations. Gene identifiers were annotated via 

%ÎÓÅÍÂÌ ÕÓÉÎÇ ÂÉÏÍÁ2Ôȟ ÁÎÄ ÁÎ ÉÎÔÅÇÒÁÔÅÄ ÁÎÎÏÔÁÔÉÏÎ ÔÁÂÌÅ ɉȰÇÅÎÅ)ÎÆÏȱɊ ×ÁÓ ÇÅÎÅÒÁÔÅÄ ÔÏ 

associate Ensembl IDs and custom transgenes with gene symbols and biotypes. Initial quality 

control included the assessment of total read counts per sample, the percentage of 

mitochondrial reads, the distribution of gene biotypes, and library complexity and gene 

detection curves. With the exception of one Opti-Ox replicate showing lower library size and 

slightly higher mitochondrial content, all samples passed the predefined QC criteria. For 

downstream analyses, only protein-coding and custom genes were retained. A DESeq2 dataset 

was then constructed from the filtered count matrix and the corresponding sample metadata. 

Size-factor normalization (median-of-ratios method) and dispersion estimation with empirical 
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Bayes shrinkage were applied, and variance-stabilizing transformation (VST) was used to 

obtain normalized expression values. VST-normalized counts served as input for exploratory 

analyses, including Principal Component Analysis (PCA) and sample-to-sample Pearson 

correlation. PCA was performed on the 1,000 most variable genes, and no batch correction was 

applied, as biological replicates clustered tightly and no systematic batch effects were detected. 

PCA loadings were extracted to identify the genes contributing most to PC1 and PC2. To 

interpret the biological meaning of the principal components, the top loading genes (both 

positively and negatively associated with PC1 and PC2) were subjected to functional 

enrichment analyses. Gene Ontology (GO) Biological Process enrichment and Gene Set 

Enrichment Analysis (GSEA) were performed with the clusterProfiler package (enrichGO and 

gseGO), and results were visualized using dotplots, ridgeplots and enrichment curves 

(gseaplot/gseaplot2). These analyses were used to characterize differences between 

pluripotent and myogenic samples along PC1, and to investigate more subtle distinctions 

between GERALT- and Opti-Oxɀderived myocytes along PC2. Differential gene expression 

analysis was carried out with DESeq2. Metadata columns encoding pairwise contrasts (e.g. 

GERALT vs Opti-Ox, TTN2MN vs TTM, TTN2MNb vs TTM, TTN2MNi vs TTM, and the 

corresponding GERALTɀGERALT comparisons) were used to subset the global dataset for each 

comparison and define a two-group design. For each contrast, a negative binomial generalized 

linear model was fitted and Wald tests were applied to estimate differential expression 

between groups. Unless otherwise stated, genes were considered differentially expressed if 

they displayed an adjusted p-value (Benjaminiɀ(ÏÃÈÂÅÒÇ &$2Ɋ Ѓ πȢπυ ÁÎÄ ÁÎ ÁÂÓÏÌÕÔÅ ÌÏÇϜ ÆÏÌÄ 

ÃÈÁÎÇÅ І ρ. Volcano plots were generated using EnhancedVolcano to visualize the distribution 

ÏÆ ÌÏÇϜ ÆÏÌÄ ÃÈÁÎÇÅÓ ÁÎÄ ÓÉÇÎÉÆÉÃÁÎÃÅ ÌÅÖÅÌÓ ÆÏÒ ÅÁÃÈ ÃÏÍÐÁÒÉÓÏÎȢ For GSEA on DEG-ranked gene 

ÌÉÓÔÓȟ ÇÅÎÅÓ ×ÅÒÅ ÏÒÄÅÒÅÄ ÂÙ ÌÏÇϜ ÆÏÌÄ ÃÈÁÎÇÅ ÆÏÒ ÅÁÃÈ ÃÏÎÔÒÁÓÔ ÁÎÄ ÁÎÁÌÙÚÅÄ ÁÇain with gseGO 

(GO Biological Process ontology), and significant terms (FDR < 0.05) were exported and 

visualized by dotplots and enrichment curves. In parallel, a curated collection of custom gene 

sets was assembled, including signatures for cell cycle and ribosomal activity, glycolytic versus 

oxidative muscle fibers, myogenic regulators, satellite cell and neuromuscular junction 

markers, extracellular matrix components, and pluripotency and early lineage markers. These 

sets were encoded as TERM2GENE lists and used in additional custom GSEA runs to compare 

GERALT variants and Opti-Ox-derived myocytes. Finally, TPM (Transcripts Per Million) values 

were computed from raw counts by normalizing for gene length (in kilobases) to obtain reads 

per kilobase (RPK) and scaling to the total RPK per sample. VST-normalized counts and TPM 

values were used to visualize the expression of selected marker genes, including MYOG, TTN, 

endogenous and exogenous MYOD1, POU5F1/OCT4 and NANOG, across the different circuit 

configurations. Expression distributions were summarized by boxplots and jitter plots, and, 

where appropriate, statistical differences between conditions (e.g. among GERALT variants or 

between GERALT and Opti-Ox) were assessed using non-parametric tests (Wilcoxon rank-

sum). 

Single cell RNA sequencing  
Single cell suspensions were obtained using TrypLE (Gibco) for 5 minutes followed by four 

washes with PBS 1% BSA in PBS. 1.5 x 106 cells for each sample were labelled using cell 

ÍÕÌÔÉÐÌÅØÉÎÇ ÏÌÉÇÏÓ ɉ#-/ÓɊ ÕÓÉÎÇ ÔÈÅ σȭ #ÅÌÌ0ÌÅØ +ÉÔ ÓÅÔ ! ɉρπ8 'ÅÎÏÍÉÃÓɊ ÆÏÌÌÏ×ÉÎÇ ÔÈÅ 



53 
 

ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÉÎÓÔÒÕÃÔÉÏÎÓȢ #ÅÌÌÓ ×ÅÒÅ manually counted, pooled at equal amounts, and 26,000 

ÃÅÌÌÓ ×ÅÒÅ ÁÎÁÌÙÚÅÄ ÉÎ Á ÓÉÎÇÌÅ ÒÅÁÃÔÉÏÎ ÏÆ #ÈÒÏÍÉÕÍ .ÅØÔ '%- 3ÉÎÇÌÅ #ÅÌÌ σ  '%- +ÉÔ ÖσȢρ ÁÎÄ 

Á #ÈÒÏÍÉÕÍ 8 ÍÉÃÒÏÆÌÕÉÄÉÃÓ ÃÏÎÔÒÏÌÌÅÒ ÆÒÏÍ ρπ8 'ÅÎÏÍÉÃÓȟ ÁÌÌ ÆÏÌÌÏ×ÉÎÇ ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ 

instructions. The NGS library was paired-end sequenced on an Illumina NextSeq 1000 using P2 

reagents (100 cycles). CMO libraries were loaded at 1:6 molar ratio to the gene expression 

libraries, resulting in ~57 M reads for CMOs and ~343M reads for gene expression libraries. 

Analyses were performed using CellRanger v7.0 and Loupe Browser (10X Genomics). 

3D engineered muscle tissues (3D EMTs)  
For preparation of 3D EMTs, TTN2MN hiPSCs were seeded and cultivated as described in the 

ȰÓËÅÌÅÔÁÌ ÍÙÏÃÙÔÅ ÆÏÒ×ÁÒÄ ÐÒÏÇÒÁÍÍÉÎÇȱ ÓÅÃÔÉÏÎȟ ÈÁÒÖÅÓÔÅÄ ÁÔ ÄÁÙ φ ÏÆ ÉÎÄÕÃÔÉÏÎȟ ÁÎÄ ÃÁÓÔÅÄ 

in 3D EMTs using the Mantarray system (Curi Bio), following the manufactureÒȭÓ ÐÒÏÔÏÃÏÌ ÆÏÒ 

tissue casting with myoblasts and fibroblasts. Briefly, casting plates were prepared by 

preparing thrombin (Sigma T4648, 100 U/mL) in DMEM medium, adding 3 µl of Thrombin in 

47 µl DMEM per well, which was placed in prechilled wells and kept in the refrigerator for a 

maximum of 3 hours. For each EHT, 675,000 myoblasts and 75,000 fibroblasts were detached 

and mixed in myogenic induction medium supplemented 2 g/L 6-aminocaproic acid (Sigma 

A2504), 33% Matrigel (Corning 356231). The cell suspension was then supplemented with 10 

µl fibrinogen (Sigma F8630, 50 mg/mL), placed in thrombin-containing wells, and mixed by 

pipetting. Seeded cells were then transferred to the incubator for 80 minutes at 37°C to enable 

gelification. Silicon posts were then lifted and carefully transferred to a 24-well plate containing 

myogenic induction medium supplemented with 2 g/L aminocaproic acid. Medium was then 

changed every other day. Contractile measurements were taken at the end of the 

differentiation, measuring total force with a biphasic pulse program: briefly, tissues where 

stimulated in two phases, with phase 1 involving a stimulus of 5 milliseconds with a current of 

100 mA, followed by a phase 2 involving a stimulus of 5 milliseconds with a current of -100 mA. 

Pulse frequency increased every cycle by 1 Hz, going from 1-30Hz. 

Crystal violet  
Staining Cells were seeded into a 96 well plate at a density of 2,500 cells/well, in triplicate for 

ÅÖÅÒÙ ÃÏÎÄÉÔÉÏÎȟ ÁÎÄ ÇÒÏ×Î ÉÎ È%ψ ɉÓÕÐÐÌÅÍÅÎÔÅÄ ×ÉÔÈ 4'&ɼɊ ÏÒ È%χ ÍÅÄÉÁ, minus 

doxycycline) supplemented with varying glucose concentrations. Media was refreshed daily, 

and at 24 h, 48 h, and 72 h after seeding, cells were washed with PBS and fixed in 50 µl of 4% 

PFA in PBS for 10 minutes at RT. Samples were then washed once and stained with 0.5% crystal 

violet staining solution (Sigma 32675) for 20 min at room temperature under gentle rocking. 

Samples were then washed five times with PBS to eliminate excess dye. After drying for at least 

2h, the dye was dissolved with 200 µL of a solution of 10% acetic acid 30 minutes under gentle 

rocking. Optical density was measured at 600 nm with GloMax (Promega). 

 

 

 



54 
 

Chapter 3: Home-brew media for cost-effective stem 

cell culture 

 
3.0 Statement of source 
 

The data and text described in this chapter are largely based upon the following first author 

manuscript written by the author of this dissertation. Therefore, some segments have been 

taken verbatim or with minor changes from this source. 

Truszkowski L *, Bottini S*,  et al. Refined and benchmarked homemade media for cost-effective, 

weekend-free human pluripotent stem cell culture [version 2; peer review: 1 approved, 2 

approved with reservations]. Open Res Europe 2025, 4:192 DOI: 

(https://doi.org/10.12688/openreseurope.18245.2)  

* equal contribution 

 

3.1 Introduction 

 
As discussed in the General Introduction, one of the most significant barriers to the industrial 

application of pluripotent stem cells (PSCs) lies in the high cost, proprietary nature, and limited 

flexibility of commercial culture media. Widely used formulations such as E8117  and its bovine-

adapted derivative Beefy-917 have been instrumental in standardizing feeder-free, xeno-free 

conditions for PSC culture. However, both rely heavily on expensive recombinant growth 

factors, partÉÃÕÌÁÒÌÙ &'&ς ÁÎÄ 4'&ɼρȾσȟ ÁÎÄ/or  include undefined proprietary components, 

which restrict their scalability, transparency, and adaptability for food-grade or experimental 

purposes. 

The E8 formulation was originally designed for human ESCs and iPSCs, and includes a minimal 

ÃÏÍÂÉÎÁÔÉÏÎ ÏÆ ÅÓÓÅÎÔÉÁÌ ÆÁÃÔÏÒÓ ɉ$-%-Ⱦ&ρςȟ ÉÎÓÕÌÉÎȟ ÔÒÁÎÓÆÅÒÒÉÎȟ ÓÅÌÅÎÉÕÍȟ &'&ςȟ ÁÎÄ 4'&ɼρɊ 

sufficient to sustain self-renewal and pluripotency under defined conditions. While highly 

effective, its commercial nature and cost pose a substantial challenge for routine or large-scale 

use, particularly in emerging fields such as cultivated meat. Similarly, Beefy-9 was adapted to 

support the expansion of bovine iPSCs, reflecting the need for species-specific media in cellular 

agriculture. Nevertheless, both media share the same fundamental limitations: lack of user 

control, high price point, and dependence on animal- and/ or pharma-grade inputs. 

In order to test the core hypothesis of this thesis, that it is possible to generate PSCs that are 

ÉÎÄÅÐÅÎÄÅÎÔ ÆÒÏÍ ÅØÏÇÅÎÏÕÓ 4'&ɼ ÓÉÇÎÁÌÉÎÇ via genetic engineering, we required a medium 

that was not only cost-effective but also modular and fully defined. The ability to precisely 

ÍÏÄÕÌÁÔÅ ÔÈÅ ÐÒÅÓÅÎÃÅ ÏÒ ÁÂÓÅÎÃÅ ÏÆ ÉÎÄÉÖÉÄÕÁÌ ÃÏÍÐÏÎÅÎÔÓ ÓÕÃÈ ÁÓ 4'&ɼρ ÉÓ ÅÓÓÅÎÔÉÁÌ ÆÏÒ 
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evaluating the functional consequences of genetic perturbations. Commercial media, with their 

opaque formulations and fixed composition, are poorly suited to this purpose. 

To overcome these constraints, we took inspiration from two foundational e subsequent 

studies that aimed to simplify and democratize hPSC culture conditions, both led by Paul 

Burridge118,119, who developed B8, a robust, chemically defined medium capable of sustaining 

long-term hiPSC culture (>100 passages) for only ~3% of the cost of commercial alternatives. 

B8 retains essential components, insulin, transferrin, selenium, and recombinant FGF2 

ɉÔÈÅÒÍÏÓÔÁÂÌÅɊ ÁÎÄ 4'&ɼȟ ×ÈÉÌÅ ÅÌÉÍÉÎÁÔÉÎÇ ÕÎÄefined additives and enabling weekend-free 

feeding schedules. Critically, B8 was shown to support maintenance without depriving cells of 

subsequent differentiation capacity. 

These studies provided not only a cost-effective alternative to commercial media but also a 

flexible framework for systematic optimization, allowing users to add or remove specific 

components and evaluate their role in maintaining pluripotency or guiding differentiation. We 

adopted a similar philosophy in designing our ȰÒÅÆÉÎÅÄ ÈÏÍÅ-ÂÒÅ× ÍÅÄÉÕÍȟȱ Á ÆÏÒÍÕÌÁÔÉÏÎ 

tailored to support human iPSC expansion under feeder-free, xeno-free conditions while 

ÁÌÌÏ×ÉÎÇ ÆÕÌÌ ÅØÐÅÒÉÍÅÎÔÁÌ ÃÏÎÔÒÏÌ ÏÖÅÒ ÃÒÉÔÉÃÁÌ ÃÏÍÐÏÎÅÎÔÓ ÓÕÃÈ ÁÓ 4'&ɼρȢ 4ÈÉÓ ÃÈÁÐÔÅÒ 

presents the development, benchmarking, and functional validation of this medium, with 

particular attention to its compatibility with genome editing, long-term culture, and 

differentiation capacity, a necessary foundation for subsequent chapters focused on growth 

factor independence and genetic programming. 

3.2 Results 
 

3.2.1 Medium formulation 
 
To determine whether a B8-derived medium could be effectively adopted and adapted within 

our laboratory setting, we initially designed and tested seven distinct formulations. These were 

inspired by the concentrations and components described in Kuo et al. (2020) ,with the specific 

goal of optimizing pluripotency maintenance in a weekend-free culture system. To this end, we 

initially employed the WTC11 cell line, a well-characterized hiPSC line derived from a healthy 

adult male donor's dermal fibroblasts and reprogrammed using integration-free episomal 

vectors. WTC11 is widely adopted as a reference line due to its stable karyotype, high 

pluripotency, and amenability to precise genome editing. 

)Î ÔÈÅÓÅ ÐÒÅÌÉÍÉÎÁÒÙ ÆÏÒÍÕÌÁÔÉÏÎÓȟ ×Å ÖÁÒÉÅÄ ÔÈÅ ÔÙÐÅ ÁÎÄ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ ÂÏÔÈ 4'&ɼ ÁÎÄ &'& 

ÆÁÃÔÏÒÓȢ 3ÐÅÃÉÆÉÃÁÌÌÙȟ ×Å ÔÅÓÔÅÄ 4'&ɼσ ÁÔ ÔÈÅ ÌÏ× ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ πȢρ ÎÇȾÍ,, as originally 

proposed by Burridge, as well as a tenfold hiÇÈÅÒ ÄÏÓÅ ɉρ ÎÇȾÍ,Ɋȟ ÉÎ ÐÁÒÁÌÌÅÌ ×ÉÔÈ 4'&ɼρ ÁÔ ς 

ng/mL and Activin A at 10 ng/mL. Additionally, four different FGF2 variants were evaluated: 

both thermostable and non-thermostable forms, each in the full-length (154 amino acids) and 

truncated (145 amino acids) versions. All media shared a basal formulation comprising insulin, 
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transferrin, sodium selenite, ascorbic acid (AA2P), neuregulin-1 (NRG1), and chemically 

defined lipids, based on previously validated minimal conditions. 

As shown in Figure 3.1-A, none ÏÆ ÔÈÅ ÆÏÒÍÕÌÁÔÉÏÎÓ ÃÏÎÔÁÉÎÉÎÇ ÏÎÌÙ πȢρ ÎÇȾÍ, ÏÆ 4'&ɼσ 

(Conditions 1ɀ4) were able to maintain full pluripotency in our culture conditions, with 

OCT4+/NANOG+ populations ranging from 0 to 38.6%. This suggests that, at least in our 

specific system and under weekend-ÆÒÅÅ ÃÕÌÔÕÒÅȟ ÔÈÉÓ ÍÉÎÉÍÁÌ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÏÆ 4'&ɼσ ×ÁÓ 

insufficient to support self-renewal. Notably, the formulation based on non-thermostable FGF2 

(Condition 3) led to the most severe loss of pluripotency, as expected given the known 

instability of this growth factor when media changes are infrequent. 

#ÏÎÄÉÔÉÏÎÓ υ ÁÎÄ φȟ ×ÈÉÃÈ ÃÏÎÔÁÉÎÅÄ ÈÉÇÈÅÒ ÌÅÖÅÌÓ ÏÆ 4'&ɼσ ɉρ ÎÇȾÍ,Ɋ ÁÎÄ 4'&ɼρ ɉς ÎÇȾÍ,Ɋȟ 

respectively, yielded the best performance in terms of maintaining pluripotency 

(OCT4+/NANOG+ >50%). These conditions were therefore selected for further refinement.  

We next tested both the full-length and truncated forms of thermostable FGF2 in these 

formulations. We adapted the cells for 4 passages, and then checked OCT4+/NANOG+ 

expression through flow cytometry. All combinations at this stage were able to support robust 

pluripotency and were compatible with cardiac differentiation in 2D monolayer. Notably, all b8 

conditions in this setting outperformed commercial E8 (cE8) control. 
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Figure 3.1 initial validation of in -house media 
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(A) Table describing the content of different formulations of B8 medium, with percentage of OCT4-NANOG double-

positive cells when analyzed through flow cytometry. Highlighted in yellow are the two formulations that yielded 

the highest number of double-positive cells. (B) Workflow of the experiments. (C) Flow cytometry for OCT4-NANOG 

expression results of cells kept for 4 passages in different B8 formulations. (D) Flow cytometry for TNNT2 (cTnT) of 

cells differentiated following cultivation in the corresponding medium formulation described in C. 

 

Interestingly, however, the formulation containing the truncated FGF2 variant (145aa) 

consistently resulted in reduced cell viability, leading us to hypothesize that this version might 

possess higher potency, potentially inducing premature differentiation or cellular stress. To 

evaluate this further, we tested a gradient of concentrations (5, 10, 20, and 40 ng/mL) of both 

the long and short FGF2 variants in otherwise identical media. The results (Figure 3.2) showed 

that even at the lowest tested concentration (5 ng/mL), the short FGF2 was sufficient to sustain 

OCT4 and NANOG expression, suggesting that reduced doses may indeed be preferable. For the 

longer variant, dose could be lowered down to 10ng/mL. We decided to proceed with the 

shorter form, since it permits to lower the dose of FGF2 significantly. 

 

 

 

Figure 3.2 Flow cytometry analysis of different FGF -2 conformation and dosages  

Cells were kept for 4 passages in different dosages of FGF-2 in both truncated (145aa) and complete (154aa) form 

before being analyzed for OCT4-NANOG double positivity. 

 

These findings informed the final optimization of our formulations, which we named hE8 and 

B8+, which we tested with a weekend-free, feed skipping strategy thanks to the presence of 

thermostable FGF2. The ability to modulate the presence and concentration of individual 

ÃÏÍÐÏÎÅÎÔÓȟ ÐÁÒÔÉÃÕÌÁÒÌÙ 4'&ɼȟ ×ÁÓ ÅÓÓÅÎÔÉÁÌ ÆÏÒ ÌÁÔÅÒ ÅØÐÅÒÉÍÅÎÔÓ ÉÎÖÏÌving the engineering 
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of growth factor-independence, and reinforced the strategic importance of an open and flexible 

medium design. 

 

 
Figure 3.3 Strategy and media formulation . 

(A) Final concentrations of components in the supplements for two weekend-free media compositions (both based 

on DMEM/F12). (B) Weekly schedule of hiPSC culture in three different media. Days highlighted in colour involve 

media changes 

 

 

3.2.2 Adaptation of hiPSCs to home-brew medium 
 

To validate the robustness of the newly formulated home-brew media for long-term culture of 

hiPSCs, we implemented a progressive adaptation protocol over three passages. Cells were 

initially expanded in standard commercial E8 medium (cE8) and then gradually transitioned to 

the experimental formulations hE8 and B8+, both supplemented with thermostable FGF2. After 

adaptation, cells were continuously maintained in the new media for up to 15 passages under 

two distinct handling conditions: (i) standard daily medium replacement (for cE8 control) and 

(ii) reduced-handling schedules with medium changes every 48 or 72 hours, including fully 

weekend-free culture regimens. 

Throughout the adaptation and extended culture period, hiPSCs retained the typical 

morphological hallmarks of pluripotency. Colonies appeared compact and densely packed, with 

well-defined borders (Figure 3.4-A). No signs of spontaneous differentiation, detachment, or 

altered growth dynamics were observed in either medium. These observations suggested good 

cellular tolerance to the novel formulations and their reduced-handling schedules. 

To quantify the maintenance of the pluripotent state, we assessed the expression of core 

transcriptional markers, OCT4 and NANOG, through flow cytometry. In all conditions tested, 

the percentage of OCT4+/NANOG+ cells remained consistently above 85% (Figure 3.4 BɀC), 

with cells grown in B8+ exhibiting increased levels of NANOG expression (n = 3 independent 

adaptations). Furthermore, normalized median fluorescence intensity (MFI) values for both 

markers were comparable to, or slightly higher than, those obtained with commercial E8 

(Figure 3.4-D), indicating strong and homogeneous expression across the population. 
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Figure 3.4 iPSCs maintain morpholog y and pluripotency markers expression after adaptation. In 

collaboration with Lukasz Truszkowski  

Phase-contrast images of representative hiPSC colonies 72 h after passage. Scale bar: 200 µm. (B) Representative 

flow cytometry analyses of OCT4 and NANOG expression in hiPSCs grown in different media. (CɀD) Flow cytometry 

quantifications of the percentage of NANOG+ OCT4+ cells (C) and the normalised median fluorescence intensity 

value of NANOG and OCT4 (D). Median values were normalised through division by the median intensity value of the 

respective isotype control. n = 3 independent adaptations of the cells into the media. Statistical analyses by one-way 

!./6! ÆÏÌÌÏ×ÅÄ ÂÙ $ÕÎÎÅÔȭÓ ÍÕÌÔÉÐÌÅ ÃÏÍÐÁÒÉÓÏÎÓ ÔÅÓÔȢ 

 

3.2.3 Cell growth and expansion kinetics 
 

To assess the impact of the home-brew media on cell proliferation, we performed cell cycle 

profiling by flow cytometry using EdU incorporation in combination with DNA content staining 

(Figure 3.5-A). hiPSCs cultured in hE8 and B8+ exhibited cell cycle distributions highly 

ÃÏÍÐÁÒÁÂÌÅ ÔÏ ÔÈÏÓÅ ÍÁÉÎÔÁÉÎÅÄ ÉÎ Ã%ψȟ ×ÉÔÈ ÔÈÅ ÍÁÊÏÒÉÔÙ ÏÆ ÃÅÌÌÓ ÒÅÓÉÄÉÎÇ ÉÎ ÔÈÅ 3 ÐÈÁÓÅ ɉḐυψɀ

61%), a hallmark of actively cycling pluripotent populations. Quantification across biological 

replicates confirmed no statistically significant differences in the proportions of cells in G1 or S 

phase between conditions (Figure 3.5 BɀC), suggesting that cell division kinetics remain 

unaltered upon adaptation to the home-brew formulations. 

To evaluate the long-term impact of these culture conditions on genomic integrity, we 

conducted copy number variation (CNV) analysis after 20 passages in each medium. The results 

showed that both hE8- and B8+-cultured cells maintained a CNV profile similar to that of the 

parental WTC11 line, with no newly acquired large-scale chromosomal aberrations (Figure 3.5-

D). Interestingly, the few minor CNV events detected were already present in the reference 

sample, which had been maintained in cE8 for over 30 additional passages, indicating that the 

changes were likely pre-existing and not induced by the home-brew media. 
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Figure 3.5 proliferative profiling of iPSCs in home -brew media. In collaboration with Silvia Becca & Lukasz 

Truskowski  

(A) Representative flow cytometry cell cycle analyses in EdU-treated cells stained for DNA content. (BɀC) Flow 

cytometry quantifications of the percentage of cells in G1 (B) or S (C) phase. n = 2 independent adaptations of the 

cells into the media. Statistical analyses by one-×ÁÙ !./6! ÆÏÌÌÏ×ÅÄ ÂÙ $ÕÎÎÅÔȭÓ ÍÕÌÔÉÐÌÅ ÃÏÍÐÁÒÉÓÏÎÓ ÔÅÓÔȢ (D)Copy 

number variation (CNV) analysis of cells after 20 passages in the media. Colored bands represent the number of 

copies of detected CNVs (or loss of heterogeneity - LOH). n = 2 independent media adaptations. 

 

3.2.4 Compatibility with genome editing and single-cell sorting 

 
To assess the suitability of hE8 and B8+ media for applications involving genetic manipulation, 

we evaluated two key aspects: (i) CRISPR/Cas9-mediated genome editing via homology-

directed repair (HDR), and (ii) survival and clonogenic expansion following single-cell sorting. 

These functionalities are critical for synthetic biology workflows, including reporter line 

generation and clonal isolation after editing. 

For the gene editing assay, hiPSCs were electroporated with a plasmid encoding Zinc finger 

nucleases (ZFN) and a donor cassette targeting the AAVS1 safe harbor locus, designed to 

integrate an EGFP reporter via HDR. Following electroporation, antibiotic selection was applied 

to enrich for targeted clones. The number of EGFP-positive colonies was quantified as a 

measure of targeting efficiency through Incucyte instrument. Cells cultured in hE8 and cE8 

yielded comparable numbers of puromycin-resistant colonies, while cells grown in B8+ 

displayed a moderately higher targeting efficiency (Figure 3.6 AɀB), Next, we examined 
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whether the home-brew media supported survival and expansion of single hiPSCs following 

single-cell sorting, a commonly used approach for isolating edited clones. Single cells were 

sorted into 96-well plates and cultured without feeder layers or ROCK inhibitor 

supplementation beyond the initial 24 hours. After one week, colony formation efficiency was 

assessed. Across all conditions, including cE8, hE8, and B8+, clonality rates were approximately 

30% (Figure 3.6-C), indicating that neither reduced handling nor the absence of proprietary 

supplements compromised single-cell outgrowth. 

These results demonstrate that both home-brew media formulations are fully compatible with 

gene targeting protocols and clonal selection strategies. The ability to perform efficient ZFN-

mediated HDR and to recover single-cell clones under feeder-free, chemically defined 

conditions further validates hE8 and B8+ as practical alternatives to commercial media for 

hiPSC engineering. Importantly, the weekend-free format does not interfere with these 

demanding protocols, enabling streamlined genetic manipulation workflows without 

sacrificing performance. 

 

 

 
Figure 3.6 Applications of hiPSCs adapted to weekend -free media. In collaboration with Federica Sozza and 

Kirsten Snijders.  

(A) Representative images of GFP-positive iPSC colonies after puromycin selection of AAVS1 genome-edited cells. 

(B) Quantification of the positive colonies. n = 2 media adaptations. (C) Quantification of hiPSC clonality after single 

cell sorting into 96-well plate. n = 2 media adaptations. 

 

3.2.5 Differentiation potential of hiPSCs cultured in home-brew media 
 

To evaluate whether long-term culture in home-brew media preserves the developmental 

competence of hiPSCs, we assessed their ability to differentiate into the three embryonic germ 

layers using a standardized trilineage assay. Cells expanded for over ten passages in cE8, hE8, 

or B8+ were subjected to directed differentiation into endoderm, mesoderm, and ectoderm 

using a commercial kit. The expression of lineage-specific transcription factors was then 

assessed by quantitative reverse transcription PCR (RT-qPCR), enabling precise evaluation of 

fate commitment at the molecular level. 
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As shown in the heatmap (Figure 3.7-A), all tested conditions supported robust and selective 

upregulation of germ layer markers. Endodermal induction led to increased expression of 

FOXA2 and SOX17, mesodermal differentiation activated TBXT (Brachyury) and CDX2, while 

ectodermal commitment resulted in high levels of PAX6 and SOX1. Concurrently, expression of 

core pluripotency factors POU5F1 (OCT4) and NANOG decreased upon differentiation, 

confirming successful exit from the pluripotent state. Importantly, no significant impairment or 

bias was observed in cells cultured in hE8 or B8+, indicating that both formulations fully 

support trilineage differentiation comparable to the commercial E8 medium. 

In addition to general lineage competence, we tested whether these media could support 

efficient mesodermal patterning and terminal differentiation into cardiomyocytes. Using a 

chemically defined monolayer protocol based on temporal modulation of WNT signaling, 

hiPSCs were induced toward the cardiac lineage in 2D. All pre-culture conditions enabled 

spontaneous beating by day 10 of differentiation, confirming functional cardiomyocyte 

differentiation.  

Flow cytometry analysis for cardiac troponin T (TNNT2), a specific cardiac sarcomeric marker, 

revealed differentiation efficiencies exceeding 60% in all groups, with B8+-expanded cells 

consistently producing the highest percentage of TNNT2+ cells (~67%), followed by hE8 

(~65%) and cE8 (~61%) (Figure 3.7 B). While differences were modest, they suggest that 

minimal formulations like B8+ do not compromise, and may even enhance, lineage 

responsiveness during cardiac induction, potentially by maintaining a less primed pluripotent 

state during pre-differentiation culture.  

To evaluate the ability of these media to support early self-organizing morphogenetic 

processes, we applied a simplified cardioid-like differentiation protocol. After pre-culture in 

cE8, hE8, or B8+, cells were transferred to ultra-low attachment conditions and subjected to 

mesodermal induction. All conditions supported the formation of beating, cavity-forming 3D 

structures, with similar percentages of TNNT2 by Flow Cytometry (Figure 3.7-C-D), indicating 

that neither hE8 nor B8+ compromise early cardiac morphogenesis. However, we observed 

marginally lower levels of expression of cardiac troponin in cells grown in B8+ (Figure 3.7-E) 
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Figure 3.7 Applications of hiPSCs adapted to weekend -free media . In collaboration with Mirko Scrivano, 

Silvia Becca, Kirsten Snijders.  

(A)Z-scores of gene expression levels in hiPSCs adapted to WF media and the cells differentiated into three germ 

layers, as measured by RT-qPCR. n = 2 media adaptations. (B-C) Representative flow cytometry analyses of TNNT2 

expression in hiPSCs differentiated towards cardiomyocytes in monolayer (B) or organoids (C). (D-E) Flow 

cytometry quantifications of the percentage of TNNT2-positive cells (D) and the normalised median TNNT2 value 

(E) in cardiac organoid differentiations. Median values were normalised through division by the median intensity 

value of the respective isotype control. Circles and triangles represent 2 independent media adaptations, while the 

different types of symbol filling represents 4 repetitions of the experiment. Statistical analyses by mixed effects 

ÍÏÄÅÌ ÆÏÌÌÏ×ÅÄ ÂÙ $ÕÎÎÅÔȭÓ ÍÕÌÔÉÐÌÅ ÃÏÍÐÁÒÉÓÏÎÓ ÔÅÓÔȢ 

 

3.2.6 Cross-Line and Cross-Laboratory Validation of Home-Brew Media 

 
To further validate the robustness of our media formulations, the adaptation protocol was 

independently tested in two additional human embryonic stem cell (hESC) linesɂH1 and H9ɂ

across collaborating laboratories. Both cell lines are widely used and well-characterized 

reference standards in pluripotent stem cell research. H1 (WA01) is a male-derived hESC line 

established in 1998 by the Thomson lab, while H9 (WA09) is a female-derived line from the 

same source. These lines differ in sex, genetic background, and passage history, making them 

valuable tools to test the generalizability of culture systems. 

Cells were gradually transitioned to hE8 and B8+ using the same four-passage adaptation 

scheme as described for WTC11 hiPSCs. Adaptation and downstream maintenance were 

conducted entirely by collaborators in external labs, providing an independent validation of the 
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medium performance. In all tested conditions, both H1 and H9 cells retained their characteristic 

morphology and expressed high levels of OCT4 and NANOG following four passages in the new 

media, as confirmed by flow cytometry (Figure 3.8). These results demonstrate that the home-

brew formulations support robust maintenance of pluripotency across multiple cell lines and 

experimental settings, strengthening their potential for broader application. 

 

 
Figure 3.8 Flow cytometry staining of H1 and H9 cells after 4 passages in B8+ and hE8 media. In 

collaboration with Mirk o Scrivano, Giulia Ferrari  Raimondo.  

Top: Flow cytometry analyses of OCT4 and NANOG expression in H1 cells grown in different media. The results are 

shown for two independent adaptations of cells into the media. Bottom:  Flow cytometry analysis of OCT4 and 

NANOG expression in H9 cells grown in different media. 

3.2.7 Cost-efficiency and practical considerations 
A comparative cost analysis revealed that the home-brew medium is approximately 70ɀ85% 

less expensive per liter than E8, depending on the supplier and scale of production.  

This reduction primarily results from the decreased concentration of FGF2 and the substitution 

of proprietary additives with publicly available alternatives.  

In addition to cost savings, the formulation is fully defined and animal-free, eliminating xeno-

derived inputs present in formulations li ke Beefy-9 and aligning with regulatory and ethical 

expectations for cultivated meat products. Its later demonstrated compatibility with 
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suspension culture and low-frequency media changes makes it a promising candidate for 

industrial -scale hiPSC expansion and differentiation. 

 

 
Figure 3.9 Price comparison of media formulation per liter.  

 

3.3 Conclusions 
 

In summary, we report the successful development, optimization, and validation of two home-

brew culture media, hE8 and B8+, capable of supporting long-term human iPSC maintenance 

under feeder-free and weekend-free conditions. Through extensive morphological, molecular, 

and transcriptomic assessments, we demonstrated that hE8 and B8+ maintain key features of 

pluripotency, including typical colony architecture, stable expression of core transcription 

factors (OCT4, SOX2, NANOG), and high proliferation rates. Among the formulations tested, hE8 

emerged as the most faithful to commercial E8, both functionally and transcriptionally. This 

close match justifies its use as a seamless and economical substitute for standard conditions.  

In addition to its biological robustness, hE8 offers significant advantages in terms of cost-

efficiency, ease of preparation, and compatibility with weekend-free workflows, making it well-

suited for scale-up and integration into biomanufacturing pipelines. Its compatibility with 

suspension culture, genome engineering, and differentiation workflows further supports its use 

as a foundational platform for the development of advanced genetic circuits, myogenic forward 

programming, and scalable tissue generation. 

Taken together, these findings establish hE8 as a practical and reliable alternative to 

commercial media, providing a standardized and animal-free baseline for the engineering of 

next-generation PSC-based systems in the context of cultivated meat. B8+ could even lower the 

costs, but for the development of the system described in this theses, hE8+ will be used. 
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Chapter 4: Development of a growth factor-

independent iPSC platform capable of forward 

programming 

Statement of source 

   
The data and text described in this chapter are largely based upon the following co-inventor 

patent written by the author of this dissertation. Therefore, some segments have been taken 

verbatim or with minor changes from this source. 

GROWTH FACTOR-FREE STEM CELL EXPANSION AND DIFFERENTIATION 

Inventors: Alessandro Bertero, Sveva Bottini 

Patent assignee: University of Torino 

Number of Application: PCT/IB2025/055837 

Priority date: June 10, 2024 

Date of deposit: June 6, 2025 

 

4.1. Introduction 

 
As discussed in the preceding chapters, PSCs offer a renewable and versatile cell source for the 

scalable production of cultivated meat. However, their industrial adoption is constrained by 

reliance on exogenous growth factors, particularly FGF2 and TGF-ɼȟ ÔÏ ÓÕÓÔÁÉÎ ÓÅÌÆ-renewal and 

genomic stability. These factors are not only expensive and difficult to produce at scale, but also 

contribute to batch-to-batch variability and pose regulatory challenges for food-grade 

applications. 

This section focuses on the development of a genetically engineered iPSC platform capable of 

maintaining pluripotency in the absence of exogenous TGF-ɼ ÓÉÇÎÁÌÉÎÇȢ )Î ÃÏÎÖÅÎÔÉÏÎÁÌ human 

PSC cultures, the TGF-ɼȾ!ÃÔÉÖÉÎȾ.ÏÄÁÌ ÐÁÔÈ×ÁÙ ÐÌÁÙÓ Á ÃÅÎÔÒÁÌ ÒÏÌÅ ÉÎ ÓÕÓÔÁÉÎÉÎÇ ÔÈÅ 

pluripotent state by activating SMAD2/3, which in turn upregulate transcription factors such 

as NANOG, OCT4, and SOX270,79,120. Among these, NANOG is a critical node that reinforces the 

core pluripotency network, represses differentiation -associated transcriptional programs, and 

stabilizes gene expression dynamics121,122  

Inhibition or withdrawal of TGF-ɼ ÓÉÇÎÁÌÉÎÇ ÔÙÐÉÃÁÌÌÙ ÒÅÓÕÌÔÓ ÉÎ ÒÁÐÉÄ .!./' ÄÏ×ÎÒÅÇÕÌÁÔÉÏÎ 

ÁÎÄ ÓÐÏÎÔÁÎÅÏÕÓ ÄÉÆÆÅÒÅÎÔÉÁÔÉÏÎȟ ÕÎÄÅÒÓÃÏÒÉÎÇ ÔÈÅ ÐÁÔÈ×ÁÙȭÓ ÉÍÐÏÒÔÁÎÃÅ120. However, studies 

have shown that NANOG is a key downstream effector of TGF-ɼȾ!ÃÔÉÖÉÎ ÓÉÇÎÁÌÉÎÇȟ ÁÎÄ ÔÈÁÔ ÉÔÓ 

overexpression can partially compensate for the loss of these signals, helping to stabilize the 

pluripotent state under otherwise differentiation-inducing conditions79,120. This suggests that 

TGF-ɼ ÍÁÙ ÅØÅÒÔ ÉÔÓ ÐÒÏ-pluripotency effects largely through transcriptional control of NANOG, 
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and that bypassing the pathway via genetic overexpression of NANOG could substitute for the 

exogenous input. 

Based on this rationale, we hypothesized that constitutive overexpression of NANOG would 

enable the derivation and long-term expansion of TGF-ɼ-independent hiPSC lines, providing a 

more cost-effective and standardized platform for biomanufacturing. To test this, we designed 

a genetic construct for stable NANOG expression and characterized the resulting clones across 

multiple passages. This strategy was further validated by molecular and phenotypic analyses, 

including pluripotency marker expression, cell morphology, and the absence of spontaneous 

differentiation. 

The transition from pluripotency to lineage-specific differentiation represents a critical step in 

the forward programming of hiPSCs. While much progress has been made in optimizing 

protocols for directed differentiation using cocktails of morphogens and growth factors, such 

approaches often suffer from variability, incomplete silencing of pluripotency networks, and 

limited scalability. One promising avenue to achieve synchronized exit from pluripotency is 

through the use of RNA interference-based strategies. In this work, we focused on amiRNAs, 

specifically using the optimized miR-E backbone103. Unlike canonical shRNAs, miR-E structures 

ÁÒÅ ÅØÐÒÅÓÓÅÄ ÆÒÏÍ 2.! ÐÏÌÙÍÅÒÁÓÅ )) ÐÒÏÍÏÔÅÒÓ ÁÎÄ ÅÍÂÅÄÄÅÄ ×ÉÔÈÉÎ ÔÈÅ σᴂ ÕÎÔÒÁÎÓÌÁÔÅÄ 

ÒÅÇÉÏÎ ɉσᴂ542Ɋ ÏÆ Á ÒÅÐorter gene, enabling co-expression and concurrent silencing activity. 

This allows for tight temporal control, minimal toxicity, and direct tracking of miR-E expression 

via fluorescence reporters, if needed. These features are particularly valuable for applications 

where spatial and temporal precision is required, such as in inducible forward programming. 

We hypothesized that sustained NANOG overexpression could hinder effective forward 

programming via inducible MYOD1 expression unless properly silenced. Therefore, we focused 

on identifying an artificial miRNA capable of strongly downregulating exogenous NANOG, with 

the aim of facilitating pluripotency exit. 

The engineered platform presented here forms the foundation for a fully integrated system in 

which self-renewal, differentiation, and maturation can be precisely controlled through genetic 

switches. 
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4.2  Results  

 

4.2.1 Generation of a myogenic reporter hiPSC line with inducible 

transcriptional control  
 

To establish a genetically defined platform suitable for studying growth factor independence 

and myogenic differentiation, we began with a well-characterized human induced pluripotent 

stem cell (hiPSC) line derived from a healthy male donor (WTC11). This line had previously 

been genome-edited to carry an in-frame C-terminal knock-in of monomeric enhanced GFP 

(mEGFP) into the titin (TTN) locus. As titin is a muscle-specific sarcomeric protein, this reporter 

allows for straightforward identification and quantification of terminal myogenic 

differentiation. The TTN-mEGFP line (clone #39, Allen Institute AICS-0048) has been widely 

used in stem cell-based cardiac and skeletal muscle studies due to its stable karyotype and 

consistent expression of the myogenic reporter. 

To enable inducible gene expression within this background, we implemented the first step of 

our engineering strategy (Figure 4.1) by integrating the Tet-On-3G transactivator under the 

control of the constitutive chimeric CAG promoter at the hROSA26 genomic safe harbor. This 

configuration enables robust and ubiquitous expression of the Tet-On-3G protein, which in turn 

can activate doxycycline-inducible promoters in a tightly regulated manner. The integration 

was achieved by adapting a previously published strategy123 based on the use of Cas9 nickase 

(Cas9n) pairs to stimulate site-specific homologous recombination. To enable the use of 

neomycin resistance for CLYBL locus editing, we modified the selection cassette in this 

construct to confer blasticidin resistance instead, thereby avoiding overlap and improving 

overall editing efficiency and selection workflow. 

 
 
Figure 4.1 Schematic of an exemplary genome editing strategy to implement the gene regulatory network 

depicted in Figure 1. 9. 
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Top construct: Tet-On-3G (dox-inducible transactivator) under the control of a constitutive CAG promoter, inserted 

in the hROSA26 locus. Middle construct: our chosen master pluripotency factor, NANOG, placed under the control of 

a constitutive CAG promoter and expressed together with an mCherry fluorescent reporter linked through a self-

splicing T2A-P2A sequence, inserted in the CLYBL locus. Bottom construct: our chosen master myogenic 

differentiation factor, MYOD1, operatively linked to an artificial microRNA against the NANOG pluripotency factor, 

all under the control of a doxycycline inducible promoter and inserted in the AAVS1 locus. 

Following lipofection and blasticidin selection, multiple clones were screened for proper 

targeting by PCR (Figure 4.2-A) and confirmed by Sanger sequencing. We selected one 

heterozygous clone with stable and homogeneous expression of Tet-On-3G, confirmed by qRT-

PCR (Figure 4.2-B). This clone, harboring both the TTN-mEGFP reporter and the hROSA26-

targeted Tet-On-σ' ÃÁÓÓÅÔÔÅȟ ×ÁÓ ÄÅÓÉÇÎÁÔÅÄ Ȱ44ȱ ÁÎÄ ÕÓÅÄ ÁÓ ÔÈÅ ÐÁÒÅÎÔÁÌ ÌÉÎÅ ÆÏÒ ÓÕÂÓÅÑÕÅÎÔ 

engineering steps. The TT hiPSCs retained typical colony morphology and consistent 

proliferation across multiple passages. 

This engineered line provided a robust foundation for building a fully inducible genetic circuit 

by decoupling the core components across independent genomic loci. In this architecture, the 

Tet-On-3G transactivator acts as the master input layer, driving downstream modules such as 

inducible lineage-specifying factors and/or post-transcriptional silencers in a temporally 

precise manner. Importantly, by first generating the TT line, we ensured that the integration of 

inducible systems in later steps would not be confounded by variability in transactivator 

expression, enabling clearer interpretation of downstream experiments. 

 

 
 
Figure 4.2 TET-ON-3G cell line generation and characterization.  

A)  genotyping of TTN-mEGFP WTC11 re-engineered with the CAG-Tet-On-3G construct in the hROSA26 locus. 

After preliminary screening, four different clones were re-screened for correct integration through genomic 

PCR and clone 6 was selected (TT hiPSCs). The first primer pair (LOCUS ROSA26) amplifies the wild type 

hROSA26 locus; the band is absent if the construct is inserted in both alleles, as the CAG promoter does not 

ÐÅÒÍÉÔ ÁÍÐÌÉÆÉÃÁÔÉÏÎȢ 4ÈÅ ÓÕÂÓÅÑÕÅÎÔ Ô×Ï ÐÒÉÍÅÒ ÐÁÉÒÓ ɉυȭ ).4 ÁÎÄ σȭ ).4Ɋ ÁÍÐÌÉÆÙ ($2 ÊÕÎÃÔÉÏÎÁÌ ÐÒÏÄÕÃÔÓ ÁÔ 
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ÔÈÅ υȭ ÁÎÄ σȭ ÅÎÄ ÏÆ ÔÈÅ ÃÏÎÓÔÒÕÃÔȟ ÒÅÓÐÅÃÔÉÖÅÌÙȢ ,ÁÓÔÌÙȟ υȭ"" ÁÎÄ σȭ"" ÐÒÉÍÅÒÓ ÄÅÔÅÒÍÉÎÅ ÐÏÔÅÎÔÉÁÌ ÒÁÎÄÏÍ 

integrations of the construct. 

B)  qRT-PCR validation of transgenic Tet-On-3G and endogenous NANOG expression in TT hiPSCs. 

 

4.2.2 Engineering of a NANOG overexpression cassette for 

constitutive pluripotency support  

 
Following the establishment of the TT hiPSC line, we sought to render the cells independent of 

exogenous 4'&ɼ by genetically stabilizing the expression of a key downstream effector of the 

pathway. Among the core pluripotency factors, NANOG was identified as the most promising 

candidate due to its established role as a master regulator of the undifferentiated state and its 

documented ability to maintain pluripotency even in the absence of Activin/Nodal signaling 

under specific conditions. Endogenous NANOG expression is tightly regulated at both the 

transcriptional and post-transcriptional levels, and its downregulation is one of the earliest 

events during spontaneous or induced differentiation of hiPSCs. To overcome this limitation 

and achieve robust, stable overexpression, we designed an engineered version of the NANOG 

coding sequence. Specifically, we used the human NANOG cDNA (RefSeq NM_024865.4) as 

template, introducing a series of silent point mutations to eliminate all predicted N6-

ÍÅÔÈÙÌÁÄÅÎÏÓÉÎÅ ɉÍφ!Ɋ ÃÏÎÓÅÎÓÕÓ ÍÏÔÉÆÓ ɉ22!#(ȟ ×ÈÅÒÅ 2 Ѐ !Ⱦ' ÁÎÄ ( Ѐ !Ⱦ#Ⱦ5Ɋȟ ×ÉÔÈÏÕÔ 

altering the amino acid sequence. This modification aimed to prevent methylation-dependent 

transcript destabilization mediated by the m6A machinery (METTL3/METTL14/WTAP 

complex), which has been shown to negatively regulate NANOG expression through YTHDF2-

mediated mRNA decay124ɀ127. The resulting sequence, which preserved the amino acid 

composition of wild-type NANOG while eliminating the potential for m6A modification, was 

cloned downstream of a strong, ubiquitous synthetic promoter (CAG) to ensure consistent 

transcription across diverse culture conditions (Figure 4.1, point 2). 

To enable facile tracking and quantification of transgene expression, the NANOG coding 

sequence was linked via self-cleaving 2A peptides (T2A and P2A) to an mCherry fluorescent 

reporter. This design permitted bicistronic expression of NANOG and mCherry from a single 

open reading frame, yielding equimolar amounts of both proteins while avoiding potential 

interference from internal ribosome entry sites (IRES) or fusion proteins. The entire expression 

cassette was flanked by homology arms targeting the CLYBL locus, a genomic safe harbor (GSH) 

previously validated for transgene integration in human PSCs90. To facilitate selection of 

successfully modified clones, the construct also included a gene trap neomycin resistance 

cassette driven by a splice acceptor (SA) upstream of a polyA signal, enabling antibiotic 

resistance only upon correct HDR-mediated insertion. 

We co-delivered the targeting vector together with a pair of TALENs specific for the CLYBL 

locus into TT hiPSCs using electroporation. Transfected cells were plated under feeder-free 

conditions and subjected to G418 selection after 72 hours. Resistant colonies emerged within 

10 days and were manually picked, expanded, and screened by junction PCR for correct 

monoallelic or biallelic targeting. Two clones were selected for further characterization: a 
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heterozygous line (designated TTN) and a homozygous line (designated TTN2). Integration at 

the intended locus was confirmed by sequencing across the homology arms, and absence of 

random integration was verified by PCR with vector-specific primers outside the homology 

arms (Figure 4.3-A). 

Fluorescence microscopy and flow cytometry analysis confirmed robust and homogeneous 

expression of mCherry in both TTN and TTN2 lines, with TTN2 showing ~2-fold higher median 

fluorescence intensity, consistent with biallelic expression (Figure 4.3-B,D).  

The TTN2 clone, being homozygous for the transgene and exhibiting the most robust 

ÅØÐÒÅÓÓÉÏÎ ÐÒÏÆÉÌÅȟ ×ÁÓ ÓÅÌÅÃÔÅÄ ÁÓ ÔÈÅ ÌÅÁÄ ÃÁÎÄÉÄÁÔÅ ÆÏÒ ÄÏ×ÎÓÔÒÅÁÍ ÖÁÌÉÄÁÔÉÏÎ ÉÎ 4'&ɼ-

independent conditions. Additionally, this clone underwent karyotypic analysis by comparative 

genomic hybridization (CGH, Figure 4.3-C), confirming the absence of gross chromosomal 

abnormalities and suitability for long-term culture experiments. 

 

 
Figure 4.3 Generation and Characterization of NANOG-overexpressing cell lines.  

(A) Genotyping of TT hiPSCs re-engineered with the CAG-NANOG-2A-mCherry construct in the CLYBL locus. After 

preliminary screening, we selected two clones, 12 (TTN) and 18 (TTN2), that were re-screened for correct 

integration through genomic PCR, employing strategies conceptually identical to those described for Figure 4.2-A. 

(B) Flow cytometry for mCherry expression in TTN (NANOG +/-) and TTN2 (NANOG +/+) hiPSCs. (C) GCH analysis 

profile of TTN2 cell line. (D) Microphotography of mCherry-expressing (changed to magenta) TTN2 cell lines 
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τȢςȢσ &ÕÎÃÔÉÏÎÁÌ ÖÁÌÉÄÁÔÉÏÎ ÏÆ 4'&ɼ-independence in engineered 

hiPSCs 
 

Having established TTN and TTN2 hiPSC lines expressing constitutive NANOG, we next sought 

to evaluate ÔÈÅÉÒ ÆÕÎÃÔÉÏÎÁÌ ÃÁÐÁÃÉÔÙ ÔÏ ÍÁÉÎÔÁÉÎ ÐÌÕÒÉÐÏÔÅÎÃÙ ÉÎ ÔÈÅ ÁÂÓÅÎÃÅ ÏÆ 4'&ɼ ÓÉÇÎÁÌÉÎÇȢ 

In standard conditions, the maintenance of self-renewal and repression of differentiation in 

ÈÉ03#Ó ÒÅÌÉÅÓ ÏÎ ÔÈÅ ÓÙÎÅÒÇÉÓÔÉÃ ÁÃÔÉÖÉÔÙ ÏÆ &'&ς ÁÎÄ 4'&ɼρȾσȢ 7ÉÔÈÄÒÁ×ÁÌ ÏÒ ÉÎÈÉÂÉÔÉÏÎ ÏÆ 4'&ɼ 

signaling is known to cause rapid downregulation of NANOG and the induction of early lineage 

markers, particularly of the neuroectoderm79,120,128. We aimed to determine whether 

constitutive expression of transgenic NANOG could preserve the pluripotent state despite this 

perturbation. 

!Ó ÁÎ ÉÎÉÔÉÁÌ ÁÓÓÅÓÓÍÅÎÔȟ 44ȟ 44.ȟ ÁÎÄ 44.ς ÃÅÌÌÓ ×ÅÒÅ ÅØÐÏÓÅÄ ÔÏ ÔÈÅ 4'&ɼ ÒÅÃÅÐÔÏÒ ÉÎÈÉÂÉÔÏÒ 

SB-431542 in Essential 6 medium supplemented with FGF2 (E6FSB) for up to 48 hours. This 

short-term assay allowed interrogation of both the stability of NANOG expression and the early 

transcriptional response of the Activin/Nodal pathway. Analysis of NODAL and LEFTY1, two 

canonical SMAD2/3-dependent outputs, showed a marked reduction in transcript levels across 

all genotypes within the first 24ɀ48 hours of treatment (Figure 4.4), indicating effective 

suppression of ALK4/5/7-mediated signaling at the transcriptional level. Endogenous NANOG 

was similarly reduced in all three lines, while the exogenous NANOG cassette remained stably 

expressed in TTN and TTN2 cells (Figure 4.4). These measurements confirm that the 

Activin/Nodal transcriptional module is efficiently suppressed by SB-mediated receptor 

inhibition, whereas transgene-derived NANOG expression remains unaffected. 
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Figure 4.4 qRT-PCR of TT,TTN and TTN2 cells after ÉÎÈÉÂÉÔÉÏÎ ÏÆ 4'&ɼ 

Each symbol represents a different biological replicate. Statistical analysis was performed using a two-way ANOVA 

with treatment time and cell line as factors, ÆÏÌÌÏ×ÅÄ ÂÙ 3ÉÄÁËȭÓ ÍÕÌÔÉÐÌÅ ÃÏÍÐÁÒÉÓÏÎ ÔÅÓÔ ɉɻ Ѐ πȢπυɊȢɕ Ð Ѓ πȢπυȠ ɕɕɕɕ 

Ð Ѓ πȢπππρ ɉ3ÉÄÁËȭÓ ÍÕÌÔÉÐÌÅ ÃÏÍÐÁÒÉÓÏÎ ÔÅÓÔ ÖÓ π È ×ÉÔÈÉÎ ÔÈÅ ÓÁÍÅ cell line). 

Building on these findings, we proceeded to a more extended time course to evaluate long-term 

responses. TT, TTN, and TTN2 cells were cultured for up to 8 days in three defined media 

ÃÏÎÄÉÔÉÏÎÓȡ ɉρɊ %φ ÍÅÄÉÕÍ ÓÕÐÐÌÅÍÅÎÔÅÄ ×ÉÔÈ &'&ς ÁÎÄ 4'&ɼρ ɉ%φ&4ȟ ÃÏÎÔÒÏÌɊȟ ɉςɊ %φ ×ÉÔÈ 

&'&ς ÁÌÏÎÅ ɉ%φ&ȟ 4'&ɼ ×ÉÔÈÄÒÁ×ÁÌɊȟ ÁÎÄ ɉσɊ %φ ×ÉÔÈ &'&ς ÁÎÄ 3"-τσρυτς ɉ%φ&3"ȟ 4'&ɼ 

inhibition), with analyses performed at days 4 and 8. 

Flow cytometry analyses revealed a marked loss of NANOG and OCT4 expression in TT cells 

cultured in E6F or E6FSB, consistent with spontaneous differentiation. In contrast, both TTN 

and TTN2 hiPSCs retained high expression of NANOG and OCT4 across all conditions and time 

points. Notably, TTN2 hiPSCs maintained a more homogeneous expression profile, with over 

70% of cells co-ÅØÐÒÅÓÓÉÎÇ ÂÏÔÈ ÐÌÕÒÉÐÏÔÅÎÃÙ ÍÁÒËÅÒÓ ÅÖÅÎ ÁÆÔÅÒ ψ ÄÁÙÓ ÏÆ 4'&ɼ ÉÎÈÉÂÉÔÉÏÎ 

(Figure 4.5 and 4.6-A). These findings were further validated by qRT-PCR, which confirmed the 

downregulation of POU5F1 (also known as OCT4) in TT cells, and its sustained expression in 

TTN and TTN2 lines (Figure 4.6-B).  

To investigate whether the observed maintenance of pluripotency was accompanied by 

suppression of differentiation, we assessed the expression of early neuroectodermal markers 

SOX1, PAX6, and GBX2. SOX1 is recognized as one of the earliest specific markers of 
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neuroectoderm lineage commitment, while PAX6 regulates neural progenitor specification and 

anterior neural identity; GBX2 is also associated with early neural patterning. These genes are 

ÔÙÐÉÃÁÌÌÙ ÕÐÒÅÇÕÌÁÔÅÄ ÕÐÏÎ 4'&ɼ ×ÉÔÈÄÒÁ×ÁÌȟ ÄÒÉÖÉÎÇ ÃÏÍÍÉÔÍÅÎÔ ÔÏ×ÁÒÄ ÎÅÕÒÁÌ ÅÃÔÏÄÅÒÍȢ )Î 

TT cells cultured in E6F or E6FSB, we observed robust induction of all three markers, indicating 

initiation of neuroectoderm specification. Conversely, TTN and TTN2 cells displayed no 

significant upregulation of these genes under the same conditions, supporting the notion that 

coÎÓÔÉÔÕÔÉÖÅ .!./' ÅØÐÒÅÓÓÉÏÎ ÅÆÆÅÃÔÉÖÅÌÙ ÉÎÈÉÂÉÔÓ ÄÉÆÆÅÒÅÎÔÉÁÔÉÏÎ ÃÕÅÓ ÄÏ×ÎÓÔÒÅÁÍ ÏÆ 4'&ɼ 

withdrawal (Figure 4.6-B). 

"ÏÔÈ 44. ÁÎÄ 44.ς ÍÁÉÎÔÁÉÎÅÄ ÐÌÕÒÉÐÏÔÅÎÃÙ ÕÎÄÅÒ 4'&ɼ ×ÉÔÈÄÒÁ×ÁÌ ÏÒ ÉÎÈÉÂÉÔÉÏÎȟ 

demonstrating that constitutive NANOG expression is sufficient to uncouple self-renewal from 

!ÃÔÉÖÉÎȾ4'&ɼ ÓÉÇÎÁÌÉÎÇȢ 44.ς ÓÈÏ×ÅÄ ÓÌÉÇÈÔÌÙ ÈÉÇÈÅÒ ÁÎÄ ÍÏÒÅ ÈÏÍÏÇÅÎÅÏÕÓ ÒÅÐÏÒÔÅÒ 

expression, although this trend did not translate into a robust functional difference between 

the two genotypes. Nonetheless, given its biallelic configuration and more consistent transgene 

expression profile, TTN2 was selected as the lead line for all subsequent experiments. 
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Figure 4.5 Flow cytometry analysis of NANOG and OCT4 expression in TT, TTN, and TTN2 hiPSCs cultured 

for 4 or 8 ÄÁÙÓ ÕÎÄÅÒ ÄÉÆÆÅÒÅÎÔ 4'&ɼ ÓÉÇÎÁÌÉÎÇ ÃÏÎÄÉÔÉÏÎÓȢ 
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Representative dot plots showing NANOG (APC) and OCT4 (PE) staining in parental TT cells and engineered TTN 

ÁÎÄ 44.ς ÈÉ03#Ó ÁÆÔÅÒ τ ÄÁÙÓ ɉ!Ɋ ÏÒ ψ ÄÁÙÓ ɉ"Ɋ ÏÆ ÃÕÌÔÕÒÅ ÉÎ %φ Ϲ &'& Ϲ 4'&ɼȟ %φ Ϲ &'&ȟ ÏÒ %φ Ϲ &'& Ϲ 4'&ɼ ÉÎÈÉÂÉÔÏÒ 

ɉ4'&ɼÉɊȢ 'ÒÁÙ ÅÖÅÎÔÓ ÃÏÒÒÅÓÐÏÎÄ ÔÏ ÉÓÏÔÙÐÅ ÃÏÎÔÒÏÌÓ ÁÃÑÕÉÒÅÄ ÆÏÒ ÅÁÃÈ ÌÉÎÅȢ 0ÅÒÃÅÎÔÁÇÅÓ ÉÎÄÉÃÁÔÅ ÔÈÅ ÆÒÁÃÔÉÏÎ ÏÆ ÃÅÌÌÓ 

within each quadrant. Mean ± SD values from biological replicates are shown in the corresponding quantification 

(Figure 4.6-A). 

 

 
 
Figure 4.6 functional validation of TGFB independence of iPSCs  

(A) 0ÅÒÃÅÎÔÁÇÅ ÏÆ .!./'ϕȾ/#4τϕ ÈÉ03#Ó ÁÆÔÅÒ τ  ÁÎÄ ψ ÄÁÙÓ ÉÎ ÄÉÆÆÅÒÅÎÔ ÍÅÄÉÁ ɉ%φ Ϲ &'& Ϲ 4'&ɼȟ %φ Ϲ &'&ȟ %φ Ϲ &'& 

Ϲ 4'&ɼÉɊȟ ÁÎÁÌÙÚÅÄ ÔÈÒÏÕÇÈ ÆÌÏ× ÃÙÔÏÍÅÔÒÙȢ -ÅÁÎ ϻ 3$ ÏÆ ÉÎÄÅÐÅÎÄÅÎÔ ÂÉÏÌÏÇÉÃÁÌ ÒÅÐÌÉÃÁÔÅÓ ɉÎ Ѐ σȟ ÅØÃÅÐÔ 44. ÉÎ 

4'&ɼÉ ÍÅÄÉÕÍȟ Î Ѐ ρɊȢ 4×Ï-×ÁÙ !./6! ×ÉÔÈ 4ÕËÅÙȭÓ ÍÕÌÔÉÐÌÅ ÃÏÍÐÁÒÉÓÏÎÓ ɉ×ÉÔÈÉÎ ÅÁch medium). (B) qRT-PCR 

ÁÎÁÌÙÓÉÓ ÏÆ 44ȟ 44. ÁÎÄ 44.ς ÈÉ03#Ó ÁÆÔÅÒ ψ ÄÁÙÓ ÉÎ ÄÉÆÆÅÒÅÎÔ ÍÅÄÉÁ ɉ%φ Ϲ &'& Ϲ 4'&ɼȟ %φ Ϲ &'&ȟ %φ Ϲ &'& Ϲ 4'&ɼÉɊȢ 



78 
 

Statistical analysis was performed using a two-×ÁÙ !./6! ×ÉÔÈ ÆÉØÅÄ ÆÁÃÔÏÒÓ ȬÇÅÎÏÔÙÐÅȭ ÁÎÄ ȬÃÏÎÄÉÔÉÏÎȭȟ ÆÏÌÌÏ×ÅÄ ÂÙ 

4ÕËÅÙȭÓ ÃÏÒÒÅÃÔÉÏÎ ÆÏÒ ÍÕÌÔÉÐÌÅ ÃÏÍÐÁÒÉÓÏÎÓ ɉɻ Ѐ πȢπυɊ 

4.2.4 Long-term culture and stability of NANOG-

overexpressing iPSCs 
 

While short-term assays provided strong evidence that constitutive NANOG expression could 

sustain pluripotency in ÔÈÅ ÁÂÓÅÎÃÅ ÏÆ 4'&ɼ ÓÉÇÎÁÌÉÎÇȟ ×Å ÎÅØÔ ÓÏÕÇÈÔ ÔÏ ÄÅÔÅÒÍÉÎÅ ×ÈÅÔÈÅÒ 

this phenotype could be maintained stably over extended culture. This was a critical 

requirement to validate the robustness and practical viability of the engineered platform, 

especially in view of potential scale-up for biomanufacturing. 

To this aim, TTN2 hiPSCs, the best-performing line in previous assays, were cultured 

ÃÏÎÔÉÎÕÏÕÓÌÙ ÉÎ %φ ÍÅÄÉÕÍ ÓÕÐÐÌÅÍÅÎÔÅÄ ÏÎÌÙ ×ÉÔÈ &'&ς ɉ%φ&Ɋȟ ÔÈÕÓ ÆÕÌÌÙ ÏÍÉÔÔÉÎÇ 4'&ɼ 

signaling. Cultures were passaged every 4ɀ5 days and monitored for morphology, growth 

kinetics, and expression of pluripotency markers over a period of ~40 days, corresponding to 

10 passages and an estimated 40ɀ50 population doublings. TT cells cultured in parallel under 

the same E6F conditions were used as a control. 

As expected, TT cells rapidly lost the classical hiPSC morphology after passage 2, adopting a 

flattened, spread-out phenotype indicative of differentiation. Cell growth was also significantly 

impaired, and these cultures could not be maintained beyond passage 4 (Figure 4.7 A and B). In 

stark contrast, TTN2 hiPSCs maintained stable growth and morphology (Figure 4.7 A and B) 

throughout the entire culture period. Colonies remained compact and well-defined, with no 

signs of spontaneous differentiation or cell death. 

To confirm maintenance of the pluripotent state at the molecular level, we performed flow 

cytometry at passage 10 (day 40 of continuous culture) to assess expression of NANOG and 

OCT4. TTN2 hiPSCs showed a homogeneous and strong signal for both markers in over 95% of 

cells. These results were highly reproducible across three independent replicates of the long-

term culture experiment (Figure 4.7 A and C). The adapted cells were banked as biological 

triplicates for fur ther downstream analyses. In parallel, TT hiPSCs failed to maintain NANOG 

and OCT4 expression (Figure 4.7 A and B), confirming that the observed effect was dependent 

on the genetic modification and not an artifact of medium adaptation. 

These findings demonstrate that NANOG-overexpressing hiPSCs retain phenotypic and 

ÍÏÌÅÃÕÌÁÒ ÓÔÁÂÉÌÉÔÙ ÄÕÒÉÎÇ ÐÒÏÌÏÎÇÅÄ ÃÕÌÔÕÒÅ ÕÎÄÅÒ 4'&ɼ-free conditions. The TTN2 line, in 

particular, displayed consistency and homogeneity, further justifying its use as the base 

platform for the downstream genetic engineering strategies described in the following 

chapters. 
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Figure 4.7 long-term  culture  and stability of NANOG-over expressing iPSCs 

(A) &ÌÏ× ÃÙÔÏÍÅÔÒÙ ÆÏÒ /#4τ ÁÎÄ .!./' ÉÎ 44 ÈÉ03#Ó ËÅÐÔ ÉÎ 4'&ɼ-deprived medium (E6F) for a total of 3 passages 

ÁÎÄ ÏÆ 44.ς ÈÉ03#Ó ËÅÐÔ ÉÎ 4'&ɼ-deprived medium (E6F) for a total of 10 passages. (B) Microphotographs of hiPSC 

described in A. (C) Quantification of flow cytometry results of three independent experiments described in A. 
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4.2.5 Single-cell transcriptomic profiling confirms 

pluripotency and represses neuroectodermal drift 

 
To rigorously assess the transcriptional state of NANOG-overexpressing hiPSCs cultured in the 

ÁÂÓÅÎÃÅ ÏÆ 4'&ɼ ÓÉÇÎÁÌÉÎÇȟ ×Å ÐÅÒÆÏÒÍÅÄ ÓÉÎÇÌÅ-cell RNA sequencing (scRNA-seq) on TTN2 and 

TT lines under different conditions. This analysis aimed to (i) confirm the maintenance of 

pluripotency at the transcriptomic level, (ii) evaluate potential cell-to-cell heterogeneity, and 

(iii) detect early signatures of lineage priming, particularly toward the neuroectoderm, which 

ÉÓ ËÎÏ×Î ÔÏ ÁÒÉÓÅ ÕÐÏÎ 4'&ɼ ×ÉÔÈÄÒÁ×ÁÌȢ 

Four experimental groups were included: TT hiPSCs cultured in E8 medium (equivalent to 

E6FT), TT hiPSCs adapted to E6F for 3 passages, TTN2 hiPSCs cultured in E8, and TTN2 hiPSCs 

adapted to E6F for over 10 passages. Each group was prepared as a biological triplicate, and 

cells were processed using a droplet-based scRNA-seq platform (10X Genomics). After quality 

control, dimensionality reduction, and clustering, the transcriptomes of over 25,000 single cells 

were analyzed. 

Principal component analysis and UMAP projections revealed that the four groups formed 

distinct clusters, reflecting their transcriptomic divergence. The four groups clustered 

separately, as could be expected, but the transcriptional shift in TTN2 hiPSCs was much less 

marked. Notably, TTN2 cells cultured in E6F showed two distinct clusters, even if very close to 

each other, suggesting that these groups are not completely identical and further studies will 

be needed to assess these differences. TT cells cultured in E6F showed a dispersed and 

heterogeneous clustering pattern, with subsets of cells displaying early signs of lineage priming 

(Figure 4.8-A). Marker gene analysis confirmed these observations: NANOG expression was 

strong and homogeneous in all TTN2-derived clusters but significantly reduced in TT cells 

adapted to E6F (Figure 4.8-B). Similarly, POU5F1 (OCT4) was stably expressed in TTN2 cells 

regardless of condition, while TT cells in E6F displayed reduced and heterogeneous expression 

(Figure 4.8-C). 

We next focused on neuroectodermal markers. Genes such as MAP2, NRP2, and PTN, known 

indicators of neuroectoderm commitment, were specifically upregulated in TT cells cultured in 

E6F, but not in TTN2 cells. MAP2 (Microtubule-Associated Protein 2) is a cytoskeletal protein 

critical for the stabilization of microtubules in neuronal dendrites and is widely used as a 

marker of neuronal differentiation and maturation. NRP2 (Neuropilin-2) is a transmembrane 

co-receptor involved in axon guidance and angiogenesis, typically enriched in neural 

progenitors and early neurons. PTN (Pleiotrophin) is a secreted growth factor implicated in 

neurogenesis, particularly in neural stem cell proliferation and early differentiation. The 

coordinated upregulation of these genes in TT cells suggests a transcriptional drift toward 

ÎÅÕÒÏÅÃÔÏÄÅÒÍÁÌ ÌÉÎÅÁÇÅÓ ÕÐÏÎ 4'&ɼ ×ÉÔÈÄÒÁ×ÁÌȢ )Î ÃÏÎÔrast, these signatures were absent in 

TTN2 cells, indicating that constitutive NANOG overexpression effectively suppresses this drift 

(Figure 4.8-B). 
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Taken together, these results confirm that the pluripo tency of NANOG-overexpressing hiPSCs 

is stably maintained during long-ÔÅÒÍ 4'&ɼ-independent culture. The engineered platform not 

only preserves the core pluripotency network but also prevents unwanted lineage priming, 

thus validating its suitability as a foundation for further differentiation and biomanufacturing 

applications. 
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Figure 4.8 Single-cell transcriptomic profiling confirms pluripotency and represses neuroectodermal drift    

(A) Uniform Manifold Approximation and Projection (UMAP) dimensionality reduction of single-cell RNA sequencing 

ÄÁÔÁ ÆÏÒ 44.ς ɉ.!./' /6%2Ɋ ÁÎÄ 44 ɉ74Ɋ ÈÉ03#Ó ÃÕÌÔÕÒÅÄ ÉÎ ÃÏÎÔÒÏÌ ÃÏÎÄÉÔÉÏÎÓ ɉ%ψɊ ÏÒ 4'&ɼ-deprived medium 

(E6 FGF). Data aggregated from 3 independent biological replicates. (B) Heatmaps of gene expression plotted on the 

UMAP clusters described in A. (C) Violin plot of OCT4 expression in individual replicates of the same sc-RNA-seq data 

described in A. 
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4.2.6  Establishment of an inducible miR-E silencing system 
 

To enable the post-transcriptional repression of pluripotency factors in our engineered hiPSCs, 

we implemented a strategy based on the expression of amiRNAs using the miR-E backbone103.  

We began by testing the functionality of this system in human iPSCs by designing a reporter 

construct encoding EGFP followed by a miR-E hairpin targeting a defined surface protein. The 

construct was placed under the control of a tetracycline-responsive promoter (TRE), enabling 

doxycycline-dependent activation via the previously introduced constitutive Tet-On-3G 

transactivator in our TTN2 platform. For proof-of-concept validation, we selected two well-

characterized surface antigens, CD151 and CD46, as targets, and used a Renilla luciferase-

targeting miR-E as a negative control (Figure 4.9-A). All constructs included the miR-E element 

×ÉÔÈÉÎ ÔÈÅ σᴂ 542 ÏÆ ÔÈÅ %'&0 ÔÒÁÎÓÃÒÉÐÔȟ ÁÌÌÏ×ÉÎÇ ÆÏÒ ÓÔÒÁÉÇÈÔÆÏÒ×ÁÒÄ ÉÄÅÎÔÉÆÉÃÁÔÉÏÎ ÏÆ ÉÎÄÕÃÅÄ 

cells based on EGFP expression. 

We then integrated these inducible miR-E constructs into the AAVS1 locus using zinc-finger 

nucleases (ZFNs) to promote targeted homologous recombination, followed by puromycin 

selection to enrich for edited clones. After expansion, cells were treated with doxycycline for 5 

or 10 days, and analyzed in bulk by flow cytometry to assess the co-expression of EGFP and the 

targeted surface marker (Figure 4.9-B). As expected, only the EGFP-positive (i.e., dox-induced) 

population showed a marked and progressive downregulation of the target protein, with 

reductions ranging from 10- to 100-fold (Figure 4.9-C). Importantly, uninduced cells or those 

expressing the control Renilla-specific miR-E retained normal levels of CD151 and CD46, 

confirming that silencing was both efficient and specific. 

This set of experiments established the successful implementation of an inducible miR-E 

silencing system in hiPSCs, demonstrating its functional activity and dox-dependent regulation 

in the TTN2 background. The platform enabled a rapid and homogeneous knockdown of surface 

antigens in response to doxycycline, and served as the foundation for subsequent experiments 

targeting endogenous transcription factors such as NANOG. 
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Figure 4.9  Establishment of an inducible miR -E silencing system 

(A) Schematic of the AAVS1 targeting construct engineered in TT iPSCs to enable dox-inducible expression of EGFP 

operatively linked to an artificial miRNA against surface protein CD46 or CD151. (B) Experimental strategy to test 

the functionality of inducible artificial miRNAs in TT iPSC lines. (C) Flow cytometry for CD46 or CD151 of the 

experiment described in A. Genome edited pools of cells were subsetted by EGFP expression (GFP+, encoding also 

the miRNA, versus GFP-, not encoding the miRNA) and compared to non-transfected (NT) positive control TT hiPSCs. 

 

4.2.7 Identification of effective artificial miRNAs against 

NANOG 
 

Encouraged by the performance of the inducible miR-E system in silencing cell surface proteins, 

we next applied the same strategy to target a key transcription factor essential for maintaining 

pluripotency: NANOG. The rationale behind this approach was to enable a controlled and timely 

repression of exogenous NANOG in engineered hiPSCs, thereby permitting the exit from 

pluripotency and transition toward lineage commitment upon induction. 
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To this end, we designed a panel of artificial miRNAs specifically targeting NANOG mRNA, using 

an in silico prediction pipeline (SplashRNA129) that considered thermodynamic stability, target 

site accessibility, and minimization of off-target effects. Each predicted miR-E hairpin sequence 

was cloned into the same inducible TRE:EGFP-miR-E vector used previously, inserting the 

ÈÁÉÒÐÉÎ ×ÉÔÈÉÎ ÔÈÅ σᴂ 542 ÏÆ %'&0Ȣ 4ÈÉÓ ÃÏÎÆÉÇÕÒÁÔÉÏÎ ÅÎÁÂÌÅÄ ÕÓ ÔÏ ÄÉÒÅÃÔÌÙ ÍÏÎÉÔÏÒ ÅØÐÒÅÓÓÉÏÎ 

and efficacy of each amiRNA by correlating EGFP intensity with the downregulation of 

transgenic NANOG, which is co-expressed with an mCherry fluorescent reporter from a CAG-

driven cassette in TTN2 hiPSCs. 

We transfected these constructs into TTN2 hiPSCs using ZFN-assisted homologous 

recombination at the AAVS1 locus and selected puromycin-resistant clones. After dox induction 

for 5ɀ7 days, we performed flow cytometry to assess the relationship between EGFP expression 

(induction of the amiRNA) and NANOG expression, using NANOG-specific antibody conjugated 

to an APC fluorophore (Figure 4.10-B). Among the candidates tested, one specific miR-E 

construct consistently induced strong, homogeneous EGFP expression and robust 

downregulation of the mCherry reporter in all cells. Fluorescence microscopy provided visual 

confirmation of this effect: EGFP-positive colonies displayed a marked loss of red fluorescence, 

indicating efficient and uniform repression of transgenic NANOG expression (Figure 4.10-A). 

This candidate was therefore selected as the optimal NANOG-targeting amiRNA for all 

subsequent experiments and referred to as miR-E-NANOG. Its ability to silence NANOG 

expression, despite the high levels driven by a constitutive CAG promoter, underscores the 

potency of the miR-E platform and validates its application for post-transcriptional control of 

master regulatory genes. 

These results established the feasibility of inducibly repressing a central pluripotency factor in 

hiPSCs through an engineered RNAi strategy, providing a key functional module for subsequent 

forward programming applications. 
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Figure 4.10 Identification of effective artificial miRNAs against NANOG  

(A)Representative fluorescence microphotographs of TTN2 cells genome edited in pool with miRNA against NANOG 

and analyzed after 5 days of doxycycline treatment. miRNA expression: EGFP; NANOG expression: mCherry. (B) Flow 

cytometry for NANOG expression from cells treated as explained in A. 

 

4.2.8 Integrated Forward Programming via Coupled MYOD1 

Expression and NANOG Silencing 
 

Building upon the independent validation of inducible MYOD1 overexpression and miR-E-

mediated NANOG silencing, we next engineered a unified forward programming platform in 

which lineage induction and pluripotency exit could be synchronously triggered via a single 

doxycycline-responsive genetic circuit. In this initial configuration, MYOD1 was placed under 
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the control of a TRE promoter, followed by an artificial microRNA targeting NANOG located in 

ÔÈÅ σᴂ ÕÎÔÒÁÎÓÌÁÔÅÄ ÒÅÇÉÏÎ ɉσᴂ 542Ɋ ÏÆ ÔÈÅ ÔÒÁÎÓÃÒÉÐÔȢ 4ÈÉÓ ÄÅÓÉÇÎ ÅÎÁÂÌÅÓ ÔÈÅ ÃÏÏÒÄÉÎÁÔÅÄ 

expression of MYOD1 and the miR-E from a single transcript, while relying on endogenous 

miRNA processing machinery to post-transcriptionally repress NANOG. 

The construct was targeted to the AAVS1 genomic safe harbor of TTN2 hiPSCs using ZFN-

mediated homologous recombination, resulting in a new cell line termed TTN2MN (TTN2 + 

MYOD1 + anti-NANOG miR-E, Figure 4.11-B). To rigorously assess this configuration, we 

generated and characterized multiple independent TTN2MN clones. As controls, we also 

generated TTN2-derived clones carrying an identical cassette in which the miR-E was 

redirected against the irrelevant surface marker CD151, designated TTN2MC, and a TT-derived 

clone only bearing MYOD1 in AAVS1 locus, named TTM (Figure 4.11-A). 

Following doxycycline induction under standard differentiation conditions, supplemented with 

FGF2, CHIR99021, and retinoic acid88, TTN2MN cells exhibited rapid and robust conversion into 

skeletal myocyte-like cells. By day 7, the vast majority of cells had acquired an elongated, often 

multinucleated morphology consistent with terminal myogenesis and displayed strong 

activation of the TTN-mEGFP reporter (Figure 4.11-C). 

In contrast, TTN2MC controls showed impaired differentiation capacity, with a significant 

fraction of cells retaining a compact morphology and persistent NANOG-mCherry expression. 

These cells failed to induce homogenous TTN-mEGFP, indicating a block in myogenic 

commitment (Figure 4.11 C). Importantly, this phenotype was not observed in TTM cells, which 

carry a similar MYOD1-inducible cassette in a NANOG wild -type background. TTM cells 

differentiated efficiently upon doxycycline treatment, confirming that the requirement for 

active NANOG repression is specific to the TTN2 context, where NANOG is constitutively 

overexpressed as part of the engineered pluripotency-support cassette. 

Flow cytometry confirmed this differential behavior: TTN2MN clones showed a strong and 

homogeneous induction of the TTN-mEGFP reporter, expressing it in >98% of the population 

after 7 days, while TTN2MC clones retained a subpopulation of misdifferentiated, mEGFP-

negative cells (Figure 4.11-D). These results underscore the necessity of active NANOG silencing 

to achieve full and efficient forward programming, as MYOD1 expression alone was insufficient 

to override the pluripotency network in a robust fraction of the cells. 

In summary, the TTN2MN system demonstrates that coupling transcriptional activation of 

MYOD1 ×ÉÔÈ σᴂ542-embedded miR-E silencing of NANOG enables robust, synchronized, and 

reproducible forward programming of hiPSCs into skeletal myocytes. This strategy laid the 

foundation for subsequent circuit refinements, including intronic miR-E repositioning, which 

are explored in the next chapters. 
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Figure 4.11 Integrated Forward Programming via Coupled MYOD1 Expression and NA NOG Silencing 

(A) Schematics of AAVS1 targeting constructs engineered in TT hiPSCs (TTN-GFP) and TTN2 hiPSCs (Nanog-OVER). 

In the latter, inducible NANOG artificial miRNA was expressed together with MYOD1 (TTN2MN). As a control, an 

artificial miRNA against CD151 was employed (TTN2MC). (B) Genotyping of a TTN2MN hiPSC clone, performed 

using genomic PCR strategies as done in figure 4.2 and 4.3. (C) Representative phase contrast microphotographs 

TTN2MN cels (left, MYOD1 + NANOG miRNA) and TTN2MC cells (right, MYOD1 + CD151 miRNA) following 7 days of 

forward programming in dox-containing supportive culture media. Green signal represent MYOD1 and red signal 

represent NANOG-mCherry. (D) Flow cytometry quantification of TTN-mEGFP expression in cells engineered with 

the constructs depicted in A  and analyzed after 7 days of doxyxcycline administration. From left to right: TTM cells; 

TTN2MN cells; TTN2MC cells. 
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4.3 Discussion 
 

The work presented in this chapter addresses one of the fundamental bottlenecks in the 

industrial application of pluripotent stem cells for cultivated meat production: the dependency 

ÏÎ ÅØÏÇÅÎÏÕÓ 4'&ɼ ÓÉÇÎÁÌÉÎÇ ÔÏ ÍÁÉÎÔÁÉÎ ÐÌÕÒÉÐÏÔÅÎÃÙȢ "Ù ÄÅÖÅÌÏÐÉÎÇ ÁÎÄ Ãharacterizing a 

genetically engineered hiPSC line in which the pluripotency network is stabilized through 

constitutive NANOG expression, we provide a robust alternative that removes the need for 

ÅØÏÇÅÎÏÕÓ 4'&ɼ ÉÎÐÕÔȢ 7Å ÁÌÓÏ ÄÅÖÅÌÏÐÅÄ ÁÎÄ ÖÁÌÉÄÁÔÅÄ Á ÇÅÎÅÔic strategy to enable post-

transcriptional silencing of pluripotency in hiPSCs using artificial microRNAs of the miR-E 

family, and we demonstrated its functional integration with inducible MYOD1-based forward 

programming. 

Recent advances in the field, including the experimental work by Stout et al. (2024) and patent 

filings from Prolific Machines (EP4373941A1) and Wild Type (EP3634152A1), have proposed 

alternative strategies to reduce reliance on exogenous growth factor supplementation in 

pluripotent and progenitor cell cultures. 

The system developed by Stout et al. (2024) is based on the co-expression of FGF2 and a 

constitutively active KRAS^G12V mutant in immortalized bovine satellite cells, enabling 

autocrine stimulation of the MAPK/ERK pathway in the absence of added FGF220. While the 

approach successfully reduces medium costs and maintains proliferative capacity, it relies on 

oncogenic signaling and receptor-level activation, which raises concerns for food safety, 

regulatory approval, and long-term phenotypic stability.  

A different approach, described in EP4373941A1 by Prolific Machines, introduces synthetic 

receptors, such as light-responsive variants of FGFR or EGFR, that dimerize upon exposure to 

blue light and trigger downstream signaling. This system enables external, reversible control 

over proliferation without chemical inputs. However, it depends on the availability of 

specialized photobioreactors capable of delivering uniform illumination in large-volume 

cultures, a challenge that is far from trivial in 3D systems. Moreover, optogenetic receptors 

remain subject to internalization and desensitization, which could reduce signal fidelity over 

time, especially in prolonged manufacturing runs. 

The strategy outlined in EP3634152A1 by Wild Type involves constitutive overexpression of 

pluripotency-maintaining transcription factors, followed by their excision through site-specific 

recombination to initiate differentiation. While conceptually simple, this approach assumes 

that recombination occurs efficiently and synchronously across the population. In practice, 

incomplete excision can lead to heterogeneous outcomes, with residual pluripotency factors 

interfering with differentiation or creating mixed cell identities , an issue particularly 

problematic in forward programming protocols aimed at high purity and yield. 
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The platform presented in this work addresses many of these limitations. By stabilizing 

pluripotency through constitutive expression of NANOG, a non-oncogenic core factor, and 

implementing a miR-E-based post-transcriptional silencing module to decouple exit from 

pluripotency, we establish a system that supports stable self-renewal with the ability to switch 

rapidly and synchronously into a differentiated state upon induction. Forward programming is 

triggered via inducible expression of MYOD1, enabling rapid and synchronous myogenic 

conversion without relying on growth factor supplementation, oncogene activation, or 

permanent genetic switches. This approach minimizes reliance on complex regulatory systems 

or hard-to-reverse modifications, potentially supporting reproducible cell expansion and 

differentiation in contexts where scalability and control are essential. 

We named this platform GERALT: Genetically Enhanced Renewal and Autonomous Lineage 

Transdifferentiation. 

In summary, this chapter establishes a flexible and scalable strategy for synchronous activation 

of differentiation and repression of pluripotency in hiPSCs, forming the core of the regulatory 

architecture that will be further refined and validated in 3D systems and suspension cultures 

in the next chapter. 
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Chapter 5 ɀ Circuit Refinement, 3D Muscle Tissue 

Engineering and Suspension Adaptation 

 
Statement of source 
 

The data and text described in this chapter are largely based upon the following co-inventor 

patent written by the author of this dissertation. Therefore, some segments have been taken 

verbatim or with minor changes from this source. 

 

GROWTH FACTOR-FREE STEM CELL EXPANSION AND DIFFERENTIATION 

Inventors: Alessandro Bertero, Sveva Bottini 

Patent assignee: University of Torino 

Number of Application: PCT/IB2025/055837 

Priority date: June 10, 2024 

Date of deposit: June 6, 2025 

 
5.1 Introduction  

 
In the previous chapter, we established that co-expression of MYOD1 and a NANOG-targeting 

miR-E is sufficient to drive efficient myogenic differentiation of hiPSCs under doxycycline 

control. While the construct, driven by a single inducible promoter, was highly effective in 2D 

culture, it presented some limitations in terms of modularity and design flexibility. 

A central concern was the positioning of the miR-% ÅÌÅÍÅÎÔ ÉÎ ÔÈÅ σᴂ ÕÎÔÒÁÎÓÌÁÔÅÄ ÒÅÇÉÏÎ ɉ542Ɋ 

of the MYOD1 transcript. Although this ensured synchronous induction, it also introduced a 

well-ËÎÏ×Î ÖÕÌÎÅÒÁÂÉÌÉÔÙȡ ÃÌÅÁÖÁÇÅ ÂÙ ÔÈÅ ÍÉÃÒÏÐÒÏÃÅÓÓÏÒ ÃÏÍÐÌÅØ ÁÔ ÔÈÅ ÌÅÖÅÌ ÏÆ ÔÈÅ σᴂ542 ÃÁÎ 

inter fere with transcript stability, particularly by removing the polyadenylation signal. This 

results in rapid degradation of the mRNA due to loss of polyA tail protection, as reported in 

both mammalian130 and plant systems131. In our initial design, this effect was likely tolerated 

thanks to the strong transcriptional activity of exogenous MYOD1, which also promotes 

expression of endogenous MYOD1, establishing a feed-forward loop. However, such a 

configuration could become problematic in more complex circuits or when using weaker 

transcription factors. 

Another limitation was the lack of modularity: since both components were expressed from the 

same mRNA, adjusting or replacing one element required redesigning the entire construct. This 

becomes a significant bottleneck when envisioning multiplexed lineage programming or fine-

tuning of individual modules. 
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To overcome these issues, we explored two alternative designs that preserve coordinated 

induction but decouple miR-% ÐÒÏÃÅÓÓÉÎÇ ÆÒÏÍ ÔÈÅ σᴂ542Ȣ 4ÈÅ ÆÉÒÓÔ ÓÔÒÁÔÅÇÙ ÕÓÅÓ ÁÎ ÅÎÇÉÎÅÅÒÅÄ 

intron within the MYOD1 pre-mRNA to host the miR-E, enabling co-transcriptional but 

independent processing. For this, we adapted the chimeric intron of the CAG promoter, which 

ÃÏÎÔÁÉÎÓ ÓÅÑÕÅÎÃÅÓ ÆÒÏÍ ÃÈÉÃËÅÎ ɼ-ÁÃÔÉÎ ÁÎÄ ÒÁÂÂÉÔ ɼ-globin genes and is known to support 

efficient splicing and transcript maturation96Ȣ 5ÎÌÉËÅ σᴂ542-based architectures, this design 

avoids interference with polyadenylation and should be less prone to transcript destabilization. 

The second approach relies on a bidirectional promoter, in which MYOD1 and EGFP-miR-E are 

expressed in opposite directions from independent transcription units. This layout allows full 

separation of the silencing and programming modules at the RNA level while preserving 

synchronous induction. 

Both strategies were tested with the goal of improving construct robustness and adaptability 

to scalable applications. The experimental work described in this chapter follows this rationale, 

progressing from construct design and molecular validation to functional testing in 3D culture, 

suspension adaptation, and simplified media conditions. 

 

 
 
Figure 5.1 Schematics of constructs with alternative molecular  strategies for artificial miRNA expression.  

On the top, the amiRNA is placed inside a chimeric intron derived from CAG promoter, in the pre-mRNA of MYOD1. 

On the bottom, utilization of a bidirectional dox-inducible promoter which drives on one side a EGFP reporter  

followed by the artificial miRNA and on the other side MYOD1 alone. 
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5.2 Results 
 

5.2.1 Refinement and Validation of Alternative miR-E Circuit 

Architectures 

 
The TTN2MN hiPSC line, which we initially developed by integrating a single dox-inducible 

construct encoding both MYOD1 and an artificial microRNA targeting NANOG (miR-E), proved 

highly effective in driving forward programming toward skeletal myogenesis. Upon 

doxycycline induction, TTN2MN cells consistently achieved high expression of TTN-mEGFP, 

efficient NANOG silencing, and robust morphological and transcriptional conversion into 

skeletal myocytes. Despite this strong performance, we sought to explore whether alternative 

circuit architectures could further optimize the design for broader applicability and long-term 

modularity. 

The original architecture, while efficient, positioned the miR-E stem-ÌÏÏÐ ÓÔÒÕÃÔÕÒÅ ÉÎ ÔÈÅ σᴂ 

untranslated region (UTR) of the MYOD1 transcript. This choice, while straightforward, may 

present drawbacks in other settings. It is known that the processing of miRNAs embedded in 

UTRs can negatively affect mRNA stability and translational efficiency, particularly when the 

primary transcri pt encodes a critical transcription factor. In scenarios involving weaker master 

regulators, different target miRNAs, or more demanding cellular contexts, this interference 

might compromise the efficiency of differentiation. Therefore, we explored two refined designs 

aiming to physically decouple miR-E processing from MYOD1 translation, while preserving 

inducibility and coordination of expression. 

In the first strategy, intronic miR-E configuration (TTN2MNi), we inserted the miR-E stem-loop 

within a synthetic intron (the CAG promoter intron) engineered into the MYOD1 pre-mRNA. 

This design allows for co-transcriptional processing of the miRNA within the nucleus, upstream 

of splicing, and theoretically avoids any interference with mRNA stability or translation of the 

mature MYOD1 transcript. In the second strategy, bidirectional miR-E configuration 

(TTN2MNb), we employed a bidirectional doxycycline-inducible promoter to simultaneously 

drive expression of MYOD1 and an EGFP-miR-E transcript in opposite orientations. This design 

permits spatial and functional separation of the two RNA products while maintaining 

synchronized induction kinetics.  

Each of these constructs was targeted to the AAVS1 genomic safe harbor locus in TTN2 hiPSCs 

using ZFN-mediated homologous recombination, followed by puromycin selection. We isolated 

three independent clones for each configuration (TTN2MNi and TTN2MNb), and systematically 

characterized their performance in forward programming experiments. Cells were cultured in 

standard 2D conditions and treated with doxycycline for seven days, paralleling the conditions 

used in earlier TTN2MN and TTM benchmarking. 
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Morphologically, both TTN2MNi and TTN2MNb clones (3 clones for each design) exhibited the 

hallmark features of skeletal myocyte differentiation: an elongated, spindle-shaped 

morphology and alignment in fiber-like bundles. These features were comparable to those seen 

in the original TTN2MN and TTM lines (Figure 5.2-A). 

To validate these observations at the molecular level, we performed quantitative reverse 

transcription PCR (qRT-PCR) to assess expression of key myogenic markers at day 7 of 

induction. MYOG (a direct MYOD1 target and marker of skeletal myogenic commitment) was 

induced in TTN2MNi and TTN2MNb cells, reaching levels equivalent to those observed in TTM 

control. Even if we could appreciate a trend by looking at the expression means, no statistical 

significance was detected in MYOG expression. Importantly, transgenic NANOG expression was 

nearly abolished in all miR-E-containing lines, demonstrating that both refined architectures 

retained full silencing capability despite the repositioning of the miR-E sequence (figure 5.2-B). 

 
Figure 5.2 Optimization of the genetic circuit  

(A) Bright field microphotographs of three different clones for each strategy at day 7 of differentiation. From top to 

bottom: TTM cells; TTN2MC cells; TTN2 cells with MYOD1 and NANOG miRNA in an intron (TTN2MNi); TTN2 cells 

with MYOD1 and NANOG miRNA using bidirectional promoter (TTN2MNb); TTN2MN cells. (B) qRT-PCR analysis of 

cells from the experiment described in A. N = 2 independent biological replicates, 3 independent clones for each 

strategy. Dotted line represents gene expression of TTM control cells. 

 

To comprehensively assess the transcriptional identity, reproducibility, and functional 

outcomes of the three GERALT architectures, we performed bulk RNA sequencing on day-7 

forward -programmed samples generated from TTN2MNi, TTN2MNb, TTN2MN, the control 

TTM construct, and undifferentiated hiPSCs. Principal component analysis (Figure 5.3-A) 
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showed a clear and dominant separation between pluripotent cells and all differentiated 

populations along PC1, which accounted for 78.5% of variance. Forward-programmed samples 

formed two different clusters, even if close together in PC1, one including TTM replicated, and 

the other all GERALT variants, irrespective of circuit design. All differentiated cells present 

similar myogenic transcriptional identity. The three GERALT architectures (TTN2MNi, 

TTN2MNb, TTN2MN) overlapped nearly perfectly with one another, showing no circuit-

dependent divergence in global transcriptome topology. 

Consistently, the Pearson correlation matrix (Figure 5.3-B) revealed uniformly high within-

group correlations across all differentiated samples. The GERALT constructs displayed 

exceptionally tight replicate-to-replicate similarity, while TTM was similarly coherent overall, 

though one replicate (TTM_R1) exhibited a mild reduction in correlation relative to TTM_R2 

and TTM_R3. These results indicate that forward programming is highly reproducible across 

all systems, with GERALT exhibiting the greatest internal consistency. 

Differential expression analysis (Figure 5.3-D) further confirmed the global similarity of the 

induced states. Comparisons among GERALT variants yielded only small numbers of DEGs, 

demonstrating that the architectural refinements introduced in GERALT do not perturb the 

transcriptional outcome. Comparisons between each GERALT variant (or the pooled TTN2MN 

group) and TTM identified slightly higher numbers of DEGs, though still representing a small 

fraction of total expressed genes. This suggests that GERALT and TTM differ only subtly at the 

transcriptomic level, despite achieving indistinguishable global myogenic identities. 

We next evaluated the expression of the exogenous transcription factor MYOD1 (Figure 5.3-C). 

As expected, MYOD1 was absent in hiPSCs and robustly expressed in all differentiated samples. 

GERALT and TTM showed comparable overall MYOD1 levels; however, within GERALT alone, 

the intronic miR-E configuration (TTN2MNi) consistently achieved the highest expression, 

surpasÓÉÎÇ ÔÈÅ σᴂ542-embedded design. This supports the hypothesis that placing miR-E 

within an intron improves transcript stability and allows efficient co-expression of MYOD1 and 

the miRNA, making TTN2MNi the optimal architecture for downstream applications. 

To assess functional pathway differences between constructs, we first performed GSEA using 

ÔÈÅ ȰÍÕÓÃÌÅ ÃÅÌÌ ÄÉÆÆÅÒÅÎÔÉÁÔÉÏÎȱ ÇÅÎÅ ÓÅÔ ɉ&ÉÇÕÒÅ υȢσ-E). All GERALT-vs-TTM comparisons 

displayed highly overlapping enrichment profiles with no statistically significant differences 

(nominal p = 0.95ɀ0.55), indicating that the core myogenic program is equivalently activated 

across all designs. We then extended the analysis to broader GO terms (Figure 5.3-G). This 

revealed a clear and biologically interpretable pattern: mitotic cell-cycle programs were 

significantly enriched in TTM, consistent with its higher expression of glycolytic and 

proliferative markers, whereas GERALT samples showed the opposite trend, with reduced 

proliferation signatures. A second term, tight-junction organization, was modestly but 

consistently enriched in GERALT, rather than in TTM, suggesting a higher degree of structural 

organization in the GERALT population. Importantly, none of the myogenic differentiation 

pathways differed significantly between systems at this level, underscoring the shared muscle 

identity  
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To explore these transcriptional nuances more deeply, we performed custom gene-set 

enrichment using curated muscle-specific modules (Figure 5.3-H). GERALT (TTN2MN all) was 

enriched for slow-twitch oxidative fiber signatures, sarcomere-core components, excitation, 

contraction coupling genes, and neuromuscular-junction markers, pathways associated with a 

more mature and structurally organized phenotype. In contrast, TTM exhibited enrichment for 

glycolytic fast-fiber programs, cell-cycle pathways, satellite-cell proliferation modules, and 

early myogenic-commitment signatures, consistent with a more progenitor-like, metabolically 

glycolytic, and less mature myogenic state. These trends were fully aligned with the DEG-

specific volcano plots (Figure 5.3-E, I), which showed reciprocal upregulation of glycolytic 

enzymes and proliferation-associated genes in TTM, and enhanced expression of oxidative, 

sarcomeric, and contractile markers in GERALT. 

Finally, a focused comparison between the two refined GERALT constructs (TTN2MNi vs 

TTN2MNb; Figure 5.3-J) revealed a coherent enrichment of fiber type IIa, fiber type I slow, 

sarcomere-core, excitationɀcontraction, and neuromuscular-junction pathways in TTN2MNi. 

These findings are consistent with its higher exogenous MYOD1 expression levels and support 

the biochemical expectation that an intronic miR-E cassette minimizes interference with 

MYOD1 transcript stability and translation. 

In summary, bulk RNA-seq profiling demonstrated that all GERALT architectures and the TTM 

system converge on a robust and coherent skeletal-muscle identity by day 7. GERALT designs 

exhibit superior reproducibility, fewer off -target transcriptional shifts, and a tendency toward 

a more mature oxidative phenotype, whereas TTM retains a modest proliferative and glycolytic 

signature. Among the GERALT variants, the intronic miR-E configuration (TTN2MNi) 

maximizes MYOD1 expression and subtly enhances structural and functional muscle-specific 

programs, supporting its selection as the standard architecture for all subsequent experiments. 
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Figure 5.3 Bulk RNA-seq analysis of the refined genetic circuits . In collaboration with Elisa Balmas  

(A) Principal component analysis (PCA) of undifferentiated hiPSCs and day-7 forward-programmed samples 

generated with the three GERALT architectures (TTN2MNi, TTN2MNb, TTN2MN) and the Opti-Ox MYOD1 system 

(TTM). (B) Pearson correlation heatmap of all samples showing replicate-to-replicate similari ty across conditions. 

(C) Quantification of exogenous MYOD1 transcript levels (TPM) across undifferentiated and differentiated samples. 

(D) Summary of differentially expressed genes (DEGs) identified in all pairwise comparisons between GERALT 


