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Introduction

Human pluripotent stem cells (hPSCs) possess the unique ability to self-renew
and differentiate into all cell types derived from the three embryonic germ layers:
endoderm, mesoderm, and ectoderm. This remarkable potential enables hPSCs
to form any cell type in the human body (Figure 1), making them invaluable
for studying developmental biology and advancing therapeutic applications
for tissue repair and regeneration (Engle & Puppala, 2013; Zhu & Huangfu,
2013). There are two primary types of hPSCs: human embryonic stem cells
(hESCs) and human induced pluripotent stem cells (hiPSCs). The fundamental
distinction between these types lies in their origin. hESCs are derived from
the inner cell mass of human blastocyst-stage embryos, whereas hiPSCs
are reprogrammed somatic cells, typically sourced from adult tissues. The
reprogramming process generally involves the overexpression of four specific
transcription factors associated with pluripotency: OCT3/4, SOX2, c-MYC, and
KLF4 (Takahashi et al., 2007). In 2010, synthetic modified mMRNA (modRNA)
enabled the reprogramming of human somatic cells through a non-integrating
approach (Warren et al., 2010). By 2013, mouse somatic cells were successfully
reprogrammed using chemically defined conditions (Hou et al., 2013). More
recently, this chemically defined reprogramming method has been extended to
human somatic cells (Guan et al., 2022; Liuyang et al., 2023).

hiPSCs and hiPSC-derived cell types

The discovery of hiPSCs by Shinya Yamanaka marked a transformative
milestone in stem cell biology. Initially, Yamanaka and colleagues successfully
reprogrammed adult mouse fibroblasts into PSCs (Takahashi & Yamanaka,
2006). Shortly thereafter, human dermal fibroblasts were reprogrammed using
retroviral vectors to deliver the transcription factors OCT3/4, SOX2, c-MYC,
and KLF4. The hiPSCs demonstrated characteristics nearly identical to hESCs,
including similar morphology, proliferation rates, and gene expression profiles.
Additionally, hiPSCs could differentiate into cell types from the three germ layers
and form teratomas in mice (Takahashi et al., 2007).

This breakthrough not only expanded the possibilities for research but also
provided an ethically favorable alternative to hESCs. Since hiPSCs can be
generated from any somatic cell type, the need for human embryos as a source
of pluripotent stem cells was eliminated. This addressed critical ethical issues
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surrounding the destruction of embryos for research. Moreover, hiPSCs have
revolutionized disease modeling by enabling the derivation of patient-specific
cell lines. These cells carry the same genetic mutations as the patients from
whom they were derived, providing a powerful platform for studying disease
mechanisms (Soldner et al., 2011). Additionally, advances in gene editing
technologies, such as CRISPR/Cas9, have further enhanced the utility of hiPSCs.
For instance, isogenic control lines can be generated by correcting mutations
in patient-derived hiPSCs or introducing specific disease-causing mutations
into wild-type hiPSCs (Bassett, 2017). These isogenic pairs minimize genetic
variability and improve the accuracy of genotype-phenotype correlations,
offering a robust framework for studying disease mechanisms (Brandao et al.,
2020; Soldner et al., 2011).
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Figure 1. hPSCs differentiation potential.

This figure highlights that hPSCs have the potential to develop into any cell type in the human
body. They can differentiate into cells from all three germ layers: endoderm, mesoderm, and
ectoderm, which together contain all types of cells in the bodly.

The early protocols developed for the in vitro differentiation of hESCs were readily
adapted for hiPSCs, enabling the efficient generation of various somatic cell
types. Over the past two decades, differentiation techniques have been refined
using developmental biology insights. By providing precise signaling cues,



Chapter 1

hiPSCs can now be directed to differentiate into highly specialized cells, including
pacemaker cells and motor neurons (Fernandopulle et al., 2018; Schweizer et
al., 2017). Importantly, when hiPSCs harbor disease-associated mutations that
are expressed in specific cell types, the differentiated cells also exhibit these
mutations. This enables the modeling of disease phenotypes observed in
patients. For instance, hiPSC-derived cardiomyocytes have been instrumental
in studying cardiac diseases (Bellin et al., 2013). These cells have been shown
to recapitulate electrophysiological abnormalities observed in patients, such as
the prolonged repolarization phase caused by KCNH2 mutations associated with
long QT syndrome type 2 (Bellin et al., 2013; Brandao et al., 2020).

Similarly, hiPSCs provide unprecedented opportunities for neurodegenerative
disease modeling. Disease variants linked to conditions such as Alzheimer’s
disease or amyotrophic lateral sclerosis (ALS) can be introduced into wild-
type hiPSCs or corrected in patient-derived hiPSCs. These cells can then be
differentiated into neurons, enabling the study of disease pathophysiology and
drug discovery in vitro (Kondo et al., 2013; Workman et al., 2023).

Despite their transformative potential, generating patient-derived hiPSCs and
creating isogenic controls remains a time-intensive and technically demanding
process. Introducing or correcting genetic mutations in the human genome
can require several months, as it involves laborious steps such as single-cell
deposition and extensive screening to identify correctly edited clones (Brandao
et al., 2022). This highlights the urgent need for high-throughput methodologies
with improved efficiency and shorter timelines to accelerate the generation of
genetically-modified hiPSC lines.

Genome engineering tools

Introducing genetic modifications into mammalian organisms and cell lines
began in the 1970s. However, over the past decade, the techniques used to
facilitate these modifications have advanced significantly. These improvements
have made the process safer, reducing the likelihood of disrupting the
endogenous genome, while also increasing efficiency and precision. While
random integration methods have provided fundamental insights into gene
modification, their limitations necessitate more precise approaches. This has
led to the development of targeted genome editing techniques that ensure
greater accuracy and safety.

12
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Targeted approach is a more precise alternative. In this strategy, mutations
or DNA cargo are inserted into specific regions of the human genome. Key
tools enabling this precision are engineered endonucleases, which are
essential components of the genome engineering toolbox. These include Zinc
Finger Nucleases (ZFNs) and Transcription Activator-Like Effector Nucleases
(TALENS). A groundbreaking advancement occurred in 2012 with the discovery
of a bacterial adaptive immune system, CRISPR-Cas9 (Clustered Regularly
Interspaced Short Palindromic Repeats and CRISPR-associated protein 9), and
adaptation for mammalian genome editing in 2013 (Cong et al., 2013; Jinek et
al., 2012; Mali et al., 2013). To tailor CRISPR-Cas9 for use in higher organisms,
modifications were made. Spacer and repeat sequences were combined into a
single-guide RNA (sgRNA) to streamline targeting, while the Cas9 protein was
codon-optimized for enhanced expression in eukaryotic systems and equipped
with a nuclear localization signal (Cong et al., 2013; Jinek et al., 2012). The sgRNA
sequence typically contains around 20 nucleotides complementary to a chosen
target sequence in the genome. This sequence is next to a protospacer-adjacent
motif (PAM) sequence. For the commonly used Streptococcus pyogenes Cas9,
the PAM sequence is 5’-NGG-3’, where “N” can be any nucleotide. The Cas9
protein first binds to the DNA by recognizing the PAM sequence via its PAM-
interacting domain. After PAM recognition, Cas9 induces local unwinding
of the DNA upstream of the PAM sequence and the sgRNA then base-pairs
with the complementary sequence in the target DNA strand. If the sgRNA-DNA
hybrid forms correctly, the two nuclease domains of the Cas9 are activated
which results in a precise double-strand break (DSB) at the target site.

ZFNs, TALENs, and CRISPR-Cas9 serve as molecular scissors, enabling
the precise cutting of specific DNA sequences. These DSBs are repaired in
mammalian cells through two primary pathways: non-homologous end joining
(NHEJ), which is commonly used for gene knockouts; and homology-directed
repair (HDR), used for introducing specific mutations or performing gene knock-
ins (Shrivastav et al., 2008). HDR requires an additional double-stranded DNA
donor template to guide recombination. Among these tools, CRISPR-Cas9 has
revolutionized the field of gene editing with the breakthrough earning Jennifer
Doudna and Emmanuelle Charpentier the 2020 Nobel Prize in Chemistry. When
combined with hiPSC technology, CRISPR-Cas9 provides an unparalleled
platform for disease modeling (Bassett, 2017), gene therapy, drug discovery,
and precision medicine (Ortiz-Vitali & Darabi, 2019).
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Site-specific recombinases (SSRs) are another essential set of tools in genome
engineering, with decades of application not only in mammalian cell lines but
also in whole organisms, such as mice (Hosur et al., 2022; Zhang et al., 2023).
Among SSRs, Cre recombinase has been widely favored by scientists due to its
exceptional efficiency and specificity. It recognizes specific recombination sites,
such as loxP, and facilitates precise DNA modifications, including integration,
excision, and inversion of sequences flanked by or containing these sites (Turan
et al., 2013). Bxb1 recombinase has become a preferred tool for mediating the
integration of large DNA sequences into mammalian genomes, offering high
accuracy and efficiency for such applications (Brown et al., 2011; Xu et al.,
2013).

Mammalian synthetic biology

Synthetic biology is a multidisciplinary scientific field that integrates principles
from biology, engineering, computer science, and chemistry to design, construct,
and optimize biological systems. It involves the engineering of genomes in living
organisms, including mammalian cells, to endow them with novel properties or
capabilities. This field encompasses the design and construction of biological
modules, systems, and machines, as well as the re-engineering of existing
biological systems to serve innovative and practical purposes. At its core,
synthetic biology often relies on the introduction of exogenous genetic material
or synthetic genetic circuits into cells, enabling precise programming of their
behavior and functions (Peterman et al., 2024).

Within the last decade, mammalian synthetic biology has emerged as a
transformative approach, offering new strategies for gene- and cell-based
therapies. These therapies have demonstrated significant potential in diverse
fields, including precision medicine and the treatment of complex diseases. For
instance, synthetic biology has enabled advancements in cancer therapies, such
as the engineering of chimeric antigen receptor (CAR) T cells that target specific
tumor antigens (Yan et al., 2023). Similarly, it has contributed to the development
of treatments for metabolic disorders through the creation of engineered
cells that regulate homeostasis or compensate for genetic deficiencies (Ye &
Fussenegger, 2014). Additionally, synthetic biology has facilitated innovations
in immune therapies, providing tools to modulate immune responses for
autoimmune diseases or to enhance immune recognition of pathogens and
cancer cells (Yan et al., 2023).

14
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As the field progresses, mammalian synthetic biology continues to drive
advancements in therapeutic applications, offering the potential to address
previously intractable medical challenges. By enabling precise control and
reprogramming of cellular functions, synthetic biology represents a critical step
forward in the development of next-generation treatments tailored to individual
patients and specific disease contexts.

Aim and scope of this thesis

In the rapidly evolving fields of genome engineering and mammalian synthetic
biology, there remains a pressing need for fast, precise, and efficient methods to
integrate large DNA constructs into the genome of mammalian cells. This thesis
aims to address this challenge by developing a novel tool for DNA integration,
followed by iterative improvements to enhance its performance. We also
demonstrate the applicability of this novel and advanced platform to the fields
of drug screening, disease modeling and forward programing.

Chapter 2 provides an overview of recent advancements in DNA integration
platforms, with a focus on methodologies developed in the past five years. The
chapter identifies key challenges and areas requiring further refinement and
concludes with a discussion on potential applications that could benefit from
these platforms.

Chapter 3 explores the use of genetically encoded calcium and voltage
indicators delivered as mRNA in hiPSC-derived cardiomyocytes. This approach
enables repeatable recordings of action potentials and calcium transients,
offering valuable insights into the electrophysiological properties of these
differentiated cells.

Chapter 4 introduces STRAIGHT-IN, a rapid and efficient platform for integrating
large DNA payloads into the genome of hiPSCs. By combining the strengths of
CRISPR/Cas9 and SSRs, this platform enables the generation of multi-reporter
hiPSC lines expressing genetically encoded calcium and voltage indicators.
These lines facilitate simultaneous recording of voltage, intracellular calcium,
and contraction in hiPSC-derived cardiomyocytes. Additionally, STRAIGHT-IN
is used to create a panel of hiPSC lines carrying disease-associated KCNH2
variants that exhibit the expected LQT2 phenotype observed in patients with
the same mutations.




Chapter 1

Chapter 5 describes the development of STRAIGHT-IN version 2 (v2), which
integrates a novel landing pad at either the AAVS7 or CLYBL safe harbor
loci. The modifications to the landing pad allows for more rapid and efficient
generation of genetically modified hiPSC lines, further streamlining the process.

Chapter 6 provides a comprehensive, step-by-step protocol for the STRAIGHT-
IN platform, covering from the culture of the hiPSCs to how to characterize the
resulting genetically-modified hiPSC lines.

Chapter 7 presents STRAIGHT-IN Dual, a platform for the targeted integration
of two DNA payloads into hiPSCs. By inserting a second landing pad into the
free allele of the CLYBL locus, this platform achieves simultaneous integration
of two DNA constructs with high efficiency within a single week.

Chapter 8 details the generation of hiPSC lines expressing doxycycline-
inducible CRISPR/Cas variants. These lines have applications in gene editing
and lineage tracing, offering powerful tools for stem cell research.

Chapter 9 concludes the thesis by discussing the work and findings presented,
and exploring the future prospects of genome engineering and mammalian
synthetic biology in the field of stem cell biology.

This body of work represents an important contribution to genome engineering,
offering a novel tool that addresses critical challenges in the integration of
large DNA constructs. By enabling rapid and efficient generation of genetically
modified hiPSC lines, the STRAIGHT-IN platform paves the way for new
applications in disease modeling, drug screening and forward programming.
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