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Abstract

The past ten years witnessed the exponential evolution of the single-cell
sequencing technologies, nowadays reaching to analysis of over a million cells in a
single experiment. They provide unprecedented insights into developmental
trajectories in complex organisms, significant rare cells such as adult stem cells or
circulating tumor cells, cancer microevolution, and environmental studies. Most
popular single-cell analysis techniques have certain limitations though, such as
shallow coverage, lack of quantitativeness for many genes, and high costs. In order
to address these problems, I developed a method for enrichment of selected
genomic/transcriptomic loci and barcoding for next-generation sequencing, named
Barcode Assembly for Targeted Sequencing (BART-Seq).

In this study, I initially optimized a workflow and implemented it for
targeted transcriptomics. After verifying dynamic range measurements of bulk
samples, I used the method for analyzing transcripts in single cells. I explored the
expression of selected pluripotency genes in self-renewing human embryonic stem
cells (hESCs) and observed that they embrace different flavors of pluripotency
depending on the maintenance media composition. Next, I analyzed the cell
subpopulations that emerge from hESCs upon activation of the Wnt/B-catenin
pathway at different levels, and observed that they correspond to distinct regions of
the gastrulating embryo based on the inducer. Moreover, I have contributed to two
projects for targeted genotyping and compound screening of bulk gDNA/RNA
samples. In parallel, I developed bioinformatics tools for analyzing the BART-Seq
data; from raw count matrices to biological interpretations.

BART-Seq is the first targeted sequencing technology that is applicable for
both transcriptomics of single cells and genomics/transcriptomics of bulk samples. It
addresses drawbacks of existing methods by offering increased sequencing depth,
quantitative measurements, and ability to analyze also the non-poly(A) transcripts.
The simple and cost-effective workflow that can be performed with basic laboratory
equipment and open-access bioinformatic tools makes BART-Seq accessible to any
research group. I therefore expect that it will serve as an important companion to
existing technologies for a wide spectrum of research fields.



This project was carried out in the Institute of Stem Cell Research, Helmholtz
Center Munich - Germany, under the supervision of Dr. Micha Drukker and Prof.
Dr. Heiko Lickert.

Key parts of my thesis were published in the following peer-reviewed article:

Uzbas F, Opperer F, Sonmezer C, Shaposhnikov D, Sass S, Krendl C, Angerer P,
Theis FJ, Miller NS, Drukker M (2019) BART-Seq: cost-effective massively
parallelized targeted sequencing for genomics, transcriptomics, and single-
cell analysis. Genome Biology 20 (1):155. https://doi.org/10.1186/s13059-019-1748-6
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Zusammenfassung

In den letzten zehn Jahren hat sich die Technologie der
Einzelzellsequenzierung exponentiell weiterentwickelt, sodass mittlerweile uber
eine Million Zellen in einem einzigen Experiment analysiert werden kénnen. Dies
liefert beispiellose Einblicke in Entwicklungsverldufe in komplexen Organismen,
signifikante seltene Zellen wie adulte Stammzellen oder zirkulierende Tumorzellen,
Krebsmikroevolution und Umweltstudien. Die meisten gangigen
Einzelzellanalysetechniken weisen jedoch bestimmte Einschriankungen auf, z. B.
geringe Abdeckung, mangelnder quantitativer Sinn fiir viele Gene und hohe Kosten.
Um diese Probleme anzugehen, habe ich eine Methode zur Anreicherung
ausgewéihlter genomischer/transkriptomischer Loci und zum Barcoding fiir Next-
Generation Sequenzierung mit dem Namen Barcode Assembly for Targeted
Sequencing (BART-Seq) entwickelt.

In dieser Studie habe ich zunichst einen Workflow optimiert und diesen fiir
gezielte Transkriptomanalysen implementiert. Nachdem ich die dynamischen
Bereichsmessungen von Gesamtproben verifiziert hatte, verwendete ich die Methode
zur Analyse von Transkripten in einzelnen Zellen. Ich untersuchte die Expression
ausgewdihlter Pluripotenzgene in sich selbst erneuernden humanen embryonalen
Stammzellen (hESCs) und stellte fest, dass sie je nach Zusammensetzung des
Erhaltungsmediums unterschiedliche Arten der Pluripotenz aufweisen. Als néchstes
analysierte ich die Zell-Subpopulationen, die bei Aktivierung des Wnt/B-Catenin-
Weges auf verschiedenen Ebenen aus hESCs hervorgehen, und beobachtete, dass sie
je nach Induktor unterschiedlichen Regionen des gastrulierenden Embryos
entsprechen. Dariiber hinaus habe ich an zwei Projekten zur gezielten
Genotypisierung und zum Screening von gDNA/RNA-Gesamtproben mitgewirkt.
Parallel dazu entwickelte ich Bioinformatik-Tools zur Analyse der BART-Seq-Daten;
ausgehend von den Rohdaten bis hin zu deren biologischer Interpretation.

BART-Seq ist die erste zielgerichtete Sequenzierungstechnologie, die sowohl
fur die Transkriptomik einzelner Zellen als auch fir die Genomik/Transkriptomik
von Gesamtproben anwendbar ist. Es behebt die Nachteile bestehender Methoden,
indem es eine erhohte Sequenzierungstiefe, quantitative Messungen und die
Moglichkeit bietet, auch Nicht-Poly(A)-Transkripte zu analysieren. Der einfache und
kostengiinstige Workflow, der mit grundlegenden Laborgerdten und frei
zuganglichen Bioinformatik-Tools durchgefithrt werden kann, macht BART-Seq fir
jede Forschungsgruppe zuginglich. Ich gehe daher davon aus, dass es fiir ein breites
Spektrum an Forschungsbereichen ein wichtiger Begleiter bereits bestehender
Technologien sein wird.
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Dieses Projekt wurde im Institut fur Stammzellforschung des Helmholtz-Zentrums
Minchen unter der Leitung von Dr. Micha Drukker und Prof. Dr. Heiko Lickert
durchgefiihrt.

Wichtige Teile dieser Dissertation wurden in dem folgenden Peer-Review-Artikel
veroffentlicht:

Uzbas F, Opperer F, Sonmezer C, Shaposhnikov D, Sass S, Krendl C, Angerer P,
Theis FJ, Miller NS, Drukker M (2019) BART-Seq: cost-effective massively
parallelized targeted sequencing for genomics, transcriptomics, and single-
cell analysis. Genome Biology 20 (1):155. https://doi.org/10.1186/s13059-019-1748-6
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"Investigating the cascades that give rise to a whole
organism commencing with fertilization is like witnessing
the very beginning of a miracle, an alchemy combining
an egg and a sperm to create an exquisite organism via a
process similar to the formation of the Universe after the
Big Bang; both start with a multi-potential but
invariable structure and end in a vast multiplicity.”

Fatma Uzbas
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1.1. Transcriptomics

1 INTRODUCTION

1.1 Transcriptomics

The transcriptome is defined as the set of all transcripts produced in a cell, which
characterize a certain physiological or pathological state (Piétu et al., 1999).
Although proteins are the incarnation of one-dimensional digital genetic code as
“flesh and blood”, it is often laborious to identify and quantify them. Therefore,
measurement of mRNA molecules is traditionally used as a proxy (Svensson et al.,
2017). The coding transcriptome transfers the genetic information from the genomic
DNA to ribosomes in the form of messenger RNAs (mRNAs) for the synthesis of
proteins, the ultimate functional products of the central dogma. The non-coding
transcriptome comprises 98% of the transcripts, and includes ribosomal RNAs
(rRNA), transfer RNAs (tRNA), long noncoding RNAs (IncRNAs), and small RNAs
(miRNAs, promoter associated RNAs), which serve structural, epigenetic, and
regulatory functions (Ozsolak and Milos, 2011).

Besides the genes that are constantly expressed based on a cell’s identity, different
sets of transcripts are produced during development, and in response to internal or
external cues in homeostatic or disease conditions (Lowe et al.,, 2017). Gene
expression is fine-tuned by mechanisms such as alternative promoter usage, allele-
specific expression, or alternative splicing. Alternative splicing, for instance, is
known to be important for stem cell differentiation and development (Salomonis et
al., 2010). Disruption of these regulatory mechanisms for both coding and non-
coding RNAs are implicated in many inherited and acquired diseases, including
cancer, and cardiovascular and neurological disorders (Esteller, 2011; Lee and
Young, 2013).

1.1.1 Analysis of gene expression

The discovery of the reverse transcriptase in 1970 marks a key milestone for
transcriptomics (Baltimore, 1970; Temin and Mizutani, 1970), as it allowed the
conversion of rather unstable RNA molecules into complementary DNAs (cDNA)
with the same sequence, which are much easier to preserve and analyze. Since then,
numerous techniques have been developed to determine the sequence and
abundance of the transcripts in cells (Figure 1), which fall broadly under two
categories; hybridization-based (indirect) and sequencing based (direct) methods.
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Figure 1: The timeline of transcriptomics

1.1.1.1 Hybridization-based methods

Hybridization-based methods analyze transcripts indirectly by measuring
secondary signals. Northern blotting is one of the earliest examples of this type,
which involves gel electrophoresis followed by hybridization of the labeled
complementary probe and detection of the transcript (Alwine et al., 1977). Later,
nylon membrane arrays (macroarrays) allowed analysis of several transcripts at
once, whereas their processing was laborious (Lowe et al., 2017). Invention of the
oligonucleotide microarrays scaled the number of target sequences up to thousands,
which today is still a powerful high-throughput method widely used in genomics and
transcriptomics. It is based on printing numerous oligonucleotide spots on a solid
surface, each of which is complementary to a fragment of their target (Schena et al.,
1995). Test and control samples differentially labeled with fluorescence (e.g. red vs
green) are simultaneously hybridized to the array for relative measurement of
thousands of targets. On the downside, prior knowledge of the sequences is required
to manufacture the arrays, and sensitivity and dynamic range are rather limited
(Saliba et al., 2014).

Real-time PCR (also known as qPCR) is another indirect method widely used for
quantification of gene expression (Higuchi et al., 1993) that is based on measuring
the signals emitted from samples in each cycle of PCR during the exponential phase,
using DNA intercalating dyes or fluorophore-tagged probes. It allows simultaneous
analysis of template concentrations that differ by several orders of magnitude, with
sub-picogram sensitivity. Although qPCR can analyze hundreds of samples in
parallel, it is not truly high-throughput in terms of the number of targets (Lowe et
al., 2017; Marin de Evsikova et al., 2019).

1.1.1.2 Sequencing-based methods

A direct approach to analyze gene expression is sequencing that determines the
order of nucleotides in transcripts without prior knowledge. Sequencing-based
methods can be classified into three main categories; first-generation (since 1975),
next-generation (since 2005), and third-generation (since 2008) (Figure 2).



Sanger sequencing

4 x PCR (+ one dideoxynucleotide)

Next-generation sequencing

Synthesis cycle

1.1. Transcriptomics

Third-generation sequencing

0000 B @
GOINGE
ddTTP ddATP ddGTP ddCTP o@ ee

GC AT

4 $ 4 4

T A G Cc

i
0000038
%OGO@%

©

+
Rounds of imaging

Current (pA)

Current levels

[0}

0 10 20
Time (s)

T - A -
G - C .
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1.1.1.2.1 First-generation (Sanger) sequencing

Introduction of the Sanger method in 1975 launched the first generation of
sequencing, which utilized the primer extension and chain-termination idea
(Sanger and Coulson, 1975). Including small amounts of a modified di-
deoxynucleotidetriphosphate (ddNTP) in the dNTP mixture causes the DNA
polymerase to stop at semi-random positions during replication, resulting in a
mixture of DNA strands with varying lengths terminated in theoretically all possible
positions where the specific nucleotide is found. Gel electrophoresis of the reactions
each performed with one of the four ddNTPs reveals position of the bases in the
template DNA fragment (Figure 2, left).

Adoption of Sanger sequencing, in combination with the routine production of cDNA
libraries from different individuals and species enabled massive endeavors such as
the Human Genome Project, a major leap forward for discovery of genes,
understanding their regulation, and disease. For example, Expressed Sequence Tags
(ESTs), random fragments (100-800 nt) cloned from ¢cDNA libraries, allowed de novo
discovery of genes from various species (Adams et al., 1991). While ESTs were useful
for the analysis of individual genes, they did not allow comparative quantitative

L https://www.onlinebiologynotes.com/sangers-method-gene-sequencing/
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analyses and were low-throughput. Subsequently introduced Serial Analysis of Gene
Expression (SAGE) covered a larger portion of the transcriptome by concatenating
small (11 nt) random fragments from each mRNA, and enabled quantification of
transcript frequencies by counting fragments (Velculescu et al., 1995). Because
entire transcripts were not sequenced, it was not optimal for homologous loci or
repeats though (Marin de Evsikova et al., 2019).

1.1.1.2.2 Next-generation sequencing

First introduced in 2005 (Margulies et al., 2005), next-generation (second
generation) sequencing (NGS) revolutionized the transcriptomics and genomics
fields by enabling parallel analysis of millions or billions of sequences. The key
principle of NGS is determining the order of nucleotides by imaging during the
synthesis of a complementary strand using fluorescently labeled nucleotides
(Figure 2, middle), with the following basic steps: Preparation of an RNA sample
for NGS begins with conversion to cDNA. It is possible to enrich the target RNA
molecules, for example via rRNA depletion, reverse transcription with oligo(dT)
primers (e.g. poly(A) mRNASs), or size selection (e.g. micro RNAs) (Lowe et al., 2017).
Genomic DNA (gDNA) or ¢cDNA samples are then fragmented to a size range
compatible with the sequencing instrument and the kit; via chemical hydrolysis,
nebulization, sonication, or tagmentation. Adapters are attached to both ends of the
fragments, which are typically used for (optional) PCR enrichment. Finally, single-
stranded fragments are captured on the sequencing surface via adapters, and clonal
amplification takes place (e.g. Illumina) to create tight clusters of several hundred
copies of the initial oligonucleotides, to ensure the visibility of the fluorescent signal
to the imaging system during sequencing. In some systems, clonal amplification is
performed on the surface of the beads in emulsion (emPCR), which are subsequently
captured on a surface (e.g. Roche/454). Next, sequencing synthesis takes place using
fluorescently labelled nucleotides, and interpretation of multiple images taken at
each fluorescent channel in each sequencing cycle determines the order of
nucleotides per cluster (Metzker, 2010). There are various techniques that differ in
one or more of these steps such as pyrosequencing (Roche), sequencing by synthesis
(INlumina and Life Technologies), or sequencing by ligation (SOLiD) (Kulski, 2016).
Ion Torrent from Life Technologies differs from these, in that it measures the
voltage changes caused by the released H* ions during the synthesis reaction instead
of imaging fluorescent signals (Rothberg et al., 2011).

NGS technology quickly replaced numerous applications of microarrays and other
transcriptomic techniques, since it provides higher throughput, speed, resolution,
and dynamic ranges up to five orders of magnitude, while lowering costs and input
materials. In contrast to SAGE or microarrays, the entire length of the transcripts
can be determined by NGS. Since the NGS technology requires no prior knowledge
of the target sequences, it enables discovery of new forms of gene regulation
including transcription initiation sites, 5 and 3’ untranslated regions (UTRs),
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alternative splicing events, sense-/anti-sense transcripts, modifications (e.g. indels,
SNPs)?, gene fusion events, and more (Ozsolak and Milos, 2011; Saliba et al., 2014).
For example, it revealed pervasiveness of the transcription, i.e. although only 2% of
the human genome is protein-coding genes, more than 80% of it is transcribed,
adding to the overall complexity (Hangauer et al., 2013).

Next-generation sequencing boosted many research fields. Many disease
mechanisms are known to relate to transcription, such as alternative promoter
usage, allele usage, modifications of the regulatory elements (i.e. control of
transcription), or SNPs (Lowe et al., 2017). Genome-wide association studies
(GWAS) aim to identify the complete genome or exome sequences of complex
organisms to gain insights into the full range of variation, and to learn how they
influence the phenotypic traits and disease progression (Mamanova et al., 2010a).
As opposed to Mendelian diseases that can be explained with a single gene, many of
the prevalent diseases such as autism, obesity, diabetes, and schizophrenia are
multifactorial, caused by multiple genetic and environmental factors, and their exact
molecular pathophysiologies remain to be explained (Karczewski and Snyder, 2018).
Next-generation sequencing aided the GWAS projects greatly by allowing routine
and cheap resequencing of individual genomes and transcriptomes. In addition to
disease discovery, high-throughput sequencing has already started to benefit
personalized therapies as well. Since disease progression has a multifactorial nature
in complex organisms, resequencing information can be readily used to determine
the optimum treatment regime based on the patient-specific targets, rather than
relying on the ultimate symptoms (Karczewski and Snyder, 2018). Intermediate
screening can enable timely modification or fine-tuning the treatments based on the
patient’s response, for example in cancer (Marin de Evsikova et al., 2019).

Beyond NGS, which requires the conversion of RNA molecules to cDNA first (Saliba
et al., 2014), there are also a few methods that can infer the sequence of RNA
molecules directly, without reverse transcription or amplification, which preserves
strand specificity that is often lost with the methods that involve amplification. For
example, FRT-Seq analyzes the poly(A)+ RNAs directly on the flow cell during cDNA
synthesis by reverse transcriptase. The fragmented RNA 1is ligated to two DNA-RNA
hybrid adapters homologous to Illumina’s P5 and P7 primers, captured by the flow
cell, and sequenced (Mamanova et al., 2010b). Direct RNA-Seq (DRS) is a similar
method where poly(A)+ RNA molecules are captured on a flow cell with oligo(dT)
probes on the surface, and sequencing takes place during cDNA synthesis using a
special polymerase with reverse transcription function (Helicos BioScience; Ozsolak
and Milos, 2011). Nevertheless, these methods hinge on the synthesis of a
complementary strand, which does not preserve base modifications, and the reads
are too short for capturing alternative splicing events in eukaryotes. Although
sequencing full-length cDNA molecules was made possible via strand switching and

2 https://www.illumina.com/science/technology/next-generation-sequencing/microarray-rna-seq-
comparison.html
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using a long-read sequencer, it can still suffer from the problems related to reverse
transcription (Thomas et al., 2014).

1.1.1.2.3 Third-generation sequencing

The third generation of sequencing is the direct determination of template
sequences, including modified nucleotides (e.g. epigenetic modifications), without
any amplification or reverse transcription step, which is not possible with the NGS
workflows. An example is single-molecule real-time (SMRT) sequencing that uses
zero-mode waveguide (ZMW) nanostructures to significantly reduce the observation
area per single reaction in order to detect the signals over the background (Pacific
Biosciences, Eid et al., 2009). A template strand is attached to the DNA polymerase
that 1s immobilized at the bottom of each structure, and nucleotide-specific
fluorophores released during synthesis of the complementary strand are imaged.
While templates of >10 kb can be sequenced with this method, the error rate of 10-
13% 1is still higher than NGS (Picelli, 2017). Nanopore is another technology (Figure
2, right), which passes the DNA/RNA molecules through protein nanopores that are
embedded on a synthetic hydrophobic membrane (MinION/PromethION from
Oxford Nanopore Technologies?, Garalde et al., 2016). In this system, the current
passing through individual nanopores is continuously recorded, which is modified by
the nucleic acid translocating through the nanopore in a sequence-specific manner.
To enable recording, the strands are attached to a motor protein that slows down the
process. Nanopore systems can sequence full length of DNA/RNA molecules (>2
million bp) directionally, including non-poly(A) transcripts, however their
throughput is currently lower than NGS (Picelli, 2017). Although still in its infancy,
the third generation of sequencing is a promising tool of the future.

1.1.1.2.4 Targeted sequencing

More than 90% of the transcripts have less than 50 copies per cell despite having
central roles in biological processes, including critical genes such as signaling
proteins and transcription factors. Due to the fact that the global (unbiased) RNA-
sequencing (RNA-Seq) approaches randomly sample the transcripts, sensitive
detection and in-depth analysis of lowly expressed genes are hindered as the most
abundant (e.g. housekeeping) genes consume majority of the sequencing reads
(Eberwine et al., 2014; Mercer et al., 2014). Therefore, targeted analysis of a small
number of loci of interest can be advantageous in particular cases over exhausting
the sequencing resources for the uninteresting information (Hodges et al., 2007).

With a fixed number of total reads consumed for a specific experiment, enriching the
transcripts of interest over others (targeted sequencing) can maximize the coverage,
e.g. of the lowly expressed genes (Figure 3). Targeted sequencing can be used for a
broad range of applications such as detecting mutations, RNA editing events, and
fusion transcripts; studying the dynamics of specific processes (e.g. stem cell

3 https://manoporetech.com/products
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differentiation) or screening the response of selected genes to a compound library. A
large number of samples can be analyzed in parallel while minimizing sequencing
costs and time, which would benefit both clinical and research applications (Li et al.,
2012). There are different methods for enrichment of selected sets of transcripts,
which can be classified under the following categories:

e Amplification based:
o PCR based
o MIP-based
e Hybridization-based:
o On-array capture
o In-solution capture

Global

|gene1| |gene 2| Igene3| |gene4| |gene5| |gene6| |gene 20,000|

|gene 1| |gene2| |gene 3| Igene4| |gene 5| |gene6| |gene 20,000|

Figure 3: Global (unbiased) and targeted sequencing approaches trade the number of genes
with the sequencing depth reciprocally (when the output is fixed)

One strategy to enrich the selected set of transcripts is amplification, which can be
done either per target via individual reactions, or in a multiplexed manner. For
example, Craig et al. (Craig et al., 2008) resequenced 46 individuals in parallel, to
identify genetic variants. Multiple 5 kb regions from each individual were co-
amplified, samples were fragmented, barcoded and mixed in equimolar
concentrations for sequencing. Commercial platforms such as Ion AmpliSeq gene
panels (Life Technologies) also use the multiplex PCR technology. Multiplex PCR
can have certain disadvantages such as uneven efficiency of different primer pairs,
non-specific amplification, or cross-hybridization of the pooled primers. This can be
avoided if each target can be amplified in isolation, such as the RainStorm
platform*, which is based on parallel individual PCR reactions that take place in
microdroplets (Mamanova et al.,, 2010a; Tewhey et al., 2009). The fragmented
sample is captured together with the PCR reagents within multiple droplets, each of
which receives a single primer pair targeting a specific locus. The droplets per target
are combined equimolarly and PCR is run within each droplet, which are
subsequently combined and prepared for sequencing. Isolation of the reactions
circumvents the problems inherent to multiplex PCR, and thousands of loci can be

4 http://raindancetech.com/



1.INTRODUCTION

co-analyzed this way; however, cost and processing time limits the length of the
targets (<2-3 Mb) and high-throughput analyses.

Capturing by circularization is based on the principle of placing inversely
oriented target-specific probe pairs at the 3’ and 5 of an oligonucleotide stretch with
a spacer, to increase the specificity of multiplex amplification, such as padlock or
molecular inversion probes (MIPs) (Mercer et al., 2014). Following hybridization, the
gap in between the probes are filled-in, and the resulting circular molecule contains
the target fragment and the spacer, which contains loci for global primers to amplify
the captured DNA stretch with PCR or rolling circle amplification. The probes on the
original padlock systems hybridized to the entire target without any space, and the
gap 1s closed via ligation, which required full complementarity. The MIP system
derived thereof contains a space between the probes, which is filled in by a
polymerase using the target as the template, allowing to capture also the variable
sequences in between, e.g. SNPs or indels (Porreca et al., 2007; Turner et al., 2009).
Nonetheless, target-specific sequence of each probe lowers the uniformity of the
padlock/MIP systems compared to hybridization-based methods (Mamanova et al.,
2010a).

Another strategy to select the sequences of interest is hybridization to pre-
designed probes, either on arrays or in solution. The first adaptation of the array-
based target capturing to NGS was established by NimbleGen (Hodges et al.,
2007). It is much faster and easier to perform in comparison to PCR, yet requires
expensive instruments and relatively large amount of starting material (10-15 pg of
DNA), and is not suitable for parallelization of many samples. In-solution
capturing, on the other hand, requires lower amount of starting material compared
to array-based versions and does not need special instruments (Mamanova et al.,
2010a). An example i1s the RNA CaptureSeq, in which a pool of custom
oligonucleotides attached to beads are used to capture the targets of interest from
fragmented samples, and then are pulled down. The use of multiple probes for the
same target can help normalizing the variations (like in microarrays) that might
arise from individual probes, which can ensure a higher uniformity (Mercer et al.,
2014). Nevertheless, in comparison to amplification-based methods, hybridization-
based target enrichment demands higher amount of starting material (Ozsolak and
Milos, 2011), which does not suit single-cell applications.

To my knowledge, there are currently two methods for targeted transcriptomics of
single cells. CytoSeq combines oligo(dT) capturing and gene-specific primers to
analyze up to 111 genes (3’ ends) in tens of thousands of cells using nanowell plates
(Fan et al., 2015). The recently introduced RAGE-Seq combines targeted nanopore
sequencing of full-length transcripts with the short-read transcriptome sequencing
in single cells (Singh et al., 2019).
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1.1.2 Single-cell analysis

Human body is made up of tens of trillions of cells that can be categorized merely
into about 200 cell types. Even if located in the same tissue, the cells of the same
type often have heterogeneous gene activity though, which plays important roles
during development, homeostasis, and disease (Figure 4). Fluctuations of gene
expression during embryonic development allow the cells to explore alternative
lineages. In adult tissues, it ensures the continuous presence of a small population of
cells that are ready to rapidly respond to physiological or external cues, thereby
warrant adaptiveness. Besides, whereas all the cells of an organism hypothetically
contain the same genome, exceptions are common, such as the immune system,
germline cells, tumor cells, as well as replication-related somatic mutations.

Traditionally, biological mechanisms are studied using materials obtained from
pools of thousands or millions of cells in order to have enough material to study,
which, as a result provides averaged information on the sampled cell population.
However, it is impossible to know whether these values reflected an underlying
uniform profile or are the average of bimodal or multimodal subpopulations. It is
now known that gene expression levels varies significantly (up to 1000-fold) even
within the presumably homogenous cell populations (Raj et al., 2006).

RECRMIAND) ZYGOTE BCELL SiciL BeCELL MORULA BLASTOCYST
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Figure 4: Analysis of cells in bulk masks the underlying heterogeneity, which plays crucial
roles in development, homeostasis, and disease. Single-cell analysis can provide higher-resolution and
more accurate information. Top and right figures were adapted from online resources56

5 https://cdn.the-scientist.com/assets/articleNo/30175/ilmg/1098/-kst1.jpg
6 http://www.marketreportgazette.com/wp-content/uploads/2019/07/Organ-Transplant-
Immunosuppreant.jpg
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Being able to analyze single cells can provide unprecedented insights into biological
mechanisms, and address questions that were impossible to answer previously. How
to create a colossally complex organism step-by-step starting from a single zygote? Is
stem cell differentiation stochastic or deterministic, is it reversible, and when does it
become irreversible? Reconstructing developmental lineage trees, for example by
examining accumulated somatic mutations in single cells can partially answer these
questions. Significant rare cells can be investigated, such as adult stem cells in
tissues, circulating tumor cells in the blood, or cells that cause resistance to
antibiotics (Picelli, 2017). Single-cell analysis of biopsies can provide insights into
the tumor microevolution and cancer relapse and advance the strategies to target
them using precision medicine (Shapiro et al., 2013). Environmental studies can
benefit from single-cell analysis, too, e.g. for novel discoveries of microorganisms
that cannot be cultured in the lab (Saliba et al., 2014).

1.1.2.1 Single-cell sequencing techniques

Following the first single-cell RNA-sequencing experiment that reported the
analysis of “seven” cells (Tang et al., 2009), the technology grew tremendously over
the past ten years that simultaneous sequencing of over a million cells is possible
today (Figure 5). This is made possible by co-development of different techniques
for isolating single cells, capturing and amplification of the transcripts, introducing
the barcodes, and analyzing the data. A technical summary of the techniques is
given in Table 1.
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Figure 5: The exponential growth of single-cell sequencing technologies over the past ten
years (Svensson et al., 2017)

1.1.2.1.1 Isolating single cells

The very first step of single-cell analysis is their proper isolation from the primary
tissue or the culture plate, and transfer to the reaction site (Figure 6). Following is
an overview of the existing techniques (based on Hwang et al., 2018; Marin de
Evsikova et al., 2019; Picelli, 2017; Saliba et al., 2014):

—10 —
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Figure 6: Single cell isolation techniques. (A) Limiting dilution. (B) Micromanipulation. (C)
Fluorescence-activated cell sorting (FACS). (D) Laser capture microdissection (LCM). (E) Droplet
emulsion. Figure modified from Hwang et al. (2018)

Micromanipulation is the isolation of cells from a suspension e.g. using mouth
pipette under microscope. Pros: cells can be observed and handling also the
fragile cells is possible. Cons: cells have to be in suspension, low-throughput,
labor-intensive.

Optical tweezers use laser beams to hold and move the cells. Pros: cells can be
observed. Cons: cells have to be in suspension.

Laser capture microdissection (LCM) uses laser beams to dissect the cells
from solid tissues. Pros: spatial information is preserved. Cons: low throughput,
might not recover the whole cytoplasm, thus sub-optimal for transcriptomics.
Limiting dilution of the cells to a certain concentration allows sampling single
cells based on Poisson distribution. Cons: majority of the wells will contain zero
cells rather than one, leading to unnecessary reagent consumption.
Fluorescence-activated cell sorting (FACS) isolates highly purified single
cells, as well as single nuclei using an electric field (e.g. MARS-Seq, snRNA-Seq).
Pros: can be either an unbiased (all live cells) or biased technique (specific
size/morphology or marker expression), high-throughput, economical, easy,
accessible by many research groups. Cons: requires large number of cells,
suboptimal for mixture of cells with different sizes.

Microfluidic chips offer compartmentalized nanoliter-sized units to capture
cells, into which additional components can be transferred in a controlled
manner (e.g. Fluidigm C1). Pros: low sample consumption, reduced risk of
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contamination due to closed circuitry, high throughput. Cons: limited cell size
range, expensive chips.

e Nanowells/microwells are microfabricated surfaces containing hundreds of
thousands of wells that capture cells via limiting dilution (e.g. ICELLS,
CytoSeq). Pros: works by gravity, possible to visually inspect the wells. Cons:
only a small percentage of wells contain cells.

e Droplet emulsion captures the cells and reagents in tiny aqueous droplets
enclosed by an oil phase (e.g. InDrop, Drop-seq, 10x Chromium). Pros: low cost
per cell, high throughput. Cons: Large number of starting cells are required,
majority of the droplets are empty.

1.1.2.1.2 RNA capturing and amplification

The next step to isolating the cells is recovery and amplification of their transcripts.
The workflows roughly consist of the following steps: reverse transcription, second
strand synthesis (optional), amplification, fragmentation, and library preparation
(Shapiro et al., 2013) (Figure 7):

Reverse transcription is often performed using oligo(dT) primers, either dissolved
in reaction solution (e.g. plate-based or microfluidic platforms) or attached to beads
(e.g. droplet or nanowell formats). Oligo(dT) stretch is flanked with a universal PCR
primer locus for the subsequent amplification. Later methods additionally include a
stretch of cell barcode and a molecular barcode -unique molecular identifier (UMI)-
in between the oligo(dT) and the universal primer (Figure 6E). The cell barcodes -
unique per cell- are used to sort the reads to the cell of origin, while the UMIs -
unique per molecule- are used to correct for the amplification bias (Kivioja et al.,
2012). Most of the techniques capture the transcripts at the poly(A) tail and count
the sequences in the 3’ or 5’ end (tag-based) at the expense of full-length coverage
(Table 1). There are a few techniques that can provide full-length coverage, such as
Smart-seq that uses template switching and RamDA-seq that combines random
displacement amplification with not-so-random primers to analyze full length (>10
kb) RNA including non-poly(A) transcripts (Hayashi et al., 2018; Picelli et al., 2013).
Notwithstanding the in-depth information they offer about transcripts, e.g. isoforms
or SNPs, these methods are often limited to a smaller number of cells due to labor
and costs, and they might not accommodate cell barcodes.

Many of the methods include a second strand synthesis step. One strategy is
homopolymer tailing, which is the addition of ~30 nt poly(A) tail to the 3’ end of
the first strand ¢cDNA using a terminal deoxynucleotidyl transferase (Quartz-Seq:
Sasagawa et al., 2013; Tang et al., 2009). Subsequently, oligo(dT) flanked by a
second primer locus is used to synthesize the second strand. The drawbacks include
loss of strand information and 3’ bias, thus uneven coverage of the transcripts,
because reverse transcription may terminate prematurely resulting in incomplete
sequences (Picelli, 2017; Saliba et al., 2014). Another strategy is template
switching (SMART: Switching Mechanism at the 5’ end of the RNA Transcript)
that uses Moloney Murine leukemia virus reverse transcriptase (M-MuLV RT) to
ensure full transcript coverage since only complete mRNA molecules are processed
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(Zhu et al., 2001). It is based on an intrinsic property of the M-MuLV RT to add 3-4
cytosines to the 3’ end of the first strand ¢cDNA. When a universal primer ending
with a short poly(G) motif is added to the reaction, it is anchored by the newly
synthesized poly(C) stretch, and the reverse transcriptase proceeds to synthesize the
second strand with its DNA dependent DNA polymerase activity. While majority of
the methods target the poly(A) tails of mRNAs, there are a few exceptions, for
example, MATQ-Seq is able to analyze non-poly(A) transcripts (Sheng et al., 2017),
and Hayashi et al. (2018) designed not-so-random (NSR) primers, which are
bioinformatically optimized to target all the RNA molecules except rRNAs.
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Figure 7: Methods used for capturing and amplification of transcripts from single cells
(Saliba et al., 2014)

Amplification is the next step of the workflows due to the limited RNA content of
single cells (1-50 pg) (Livesey, 2003) (Figure 7). For the methods that flank the
transcripts with universal primer loci on both ends, PCR is the choice for initial
amplification of the full-length The
simultaneously adds the sequencing adapters while fragmenting the amplicons. In
vitro transcription (IVT) is used by the methods that attach a T7 promoter to the
oligo(dT) primers during the first strand synthesis. Anti-sense RNAs (aRNA) are
produced via IVT, which are then fragmented, reverse transcribed, and prepared for
sequencing. Although linear amplification with IVT prevents potential PCR
artifacts, it tends to cause 3’ bias, and second reverse transcription might decrease
the overall efficiency (Ziegenhain et al., 2018). A third strategy is rolling circle
amplification (RCA), in which Phi29 DNA polymerase is used to amplify the
circularized cDNA (Pan et al., 2013).

transcripts. following tagmentation

Single-cell Combinatorial Indexing RNA-seq (sci-RNA-seq) is a recently introduced
method that couples the cell isolation with barcoding and amplification, using the
fixed cells or nucleli as in situ reaction chambers (Cao et al., 2017, 2019).
Combinatorial barcoding is achieved via splitting the cells as pools into 96/384-well
plates for the first round of barcoding, then collecting and mixing them, and
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splitting again for the second round of barcoding. SPLiT-Seq is a similar method
(Rosenberg et al.,, 2018) that includes multiple split-pool rounds, during which
barcodes are added by ligation. These methods achieve analysis of very large
number of cells, scaling up to millions.

Table 1: Technical summary of single-cell sequencing methods

Method Strategy Throughput Transcriptome Coverage Barcoding Cellisolation Amplification Reference

Tang method Homopolymertailing 7 Whole Full - Manual PCR Tang et al. 2009
Smart-seq2 Template switching 102-10° Whole Full - FACS PCR Picelliet al. 2013
STRT/C1-Seq Template switching 102 Whole 5 Cell barcode + UMIs  Microfluidics PCR Islam et al. 2014
MARS-Seq IVT 102-10° Whole 3 Cellbarcode + UMIs  FACS VT Jaitin et al. 2014
DropSeq Template switching 10°-10* Whole 3 Cell barcode + UMIs  Droplet PCR Macosko et al. 2015
inDrop IVT 103-10% Whole 3 Cellbarcode + UMIs  Droplet VT Klein et al. 2015
CytoSeq Multiplex PCR 10°-10° Selectedgenes 3 UMIs Microwells PCR Fanetal 2015
CEL-Seq2 IVT 102-10° Whole 3 Cell barcode + UMIs  Microfluidics VT Hashimshony et al. 2016
10X Chromium  Template switching 10°-104 Whole 3 Cellbarcode + UMIs  Droplet PCR Zhenget al. 2016
MATQ-seq Homopolymertailing  102-10% Whole Full UMIs Manual PCR Shenget al. 2017
Seq-Well Template switching 10°-104 Whole 3 Cell barcode + UMIs  Microwells PCR Gierahnet al. 2017
Fluidigm HT IFC Whole 3 Cell barcode Microfluidics PCR Fluidigm

ICELL8 Template switching 10® Whole 3 Cell barcode + UMIs  Nanowells PCR Goldstein et al. 2017
SPLiT-seq Template switching 10*-10° Whole 3 Cell barcode + UMIs  Split-pool, manual  PCR Rosenberg et al. 2017
Quartz-Seq2 Homopolymertailing  10° Whole 3 Cell barcode + UMIs  FACS PCR Sasagawa et al. 2018
mcSCRB-Seq Template switching 102-10° Whole 3 Cell barcode + UMIs  FACS PCR Bagnolietal 2018
RamDA-seq ’r:‘r‘.l’rtrfe‘r’s’ra”dom ‘r%*;fflgofy( n Rl - FACS gt.s';’l‘adcem ot Hayashietal 2018

sci-RNA-seq3 Template switching 2x108 Whole 3 Cell barcode + UMIs  Split-pool, FACS PCR Caoetal 2019

1.1.2.1.3 Analysis of single-cell sequencing data

Many tools were developed for analyzing the single-cell sequencing data, mostly
based on Python or R; including Monocle (Trapnell et al., 2014), SEURAT (Satija et
al., 2015), and Scanpy (Wolf et al.,, 2018). Some sequencing platforms offer
accompanying software for complete analysis starting from raw reads, such as the
Cell Ranger of 10x Chromium?’. The main analysis steps include filtering out the
low-quality cells, normalizing the data, dimensionality reduction and clustering the
cells, and identifying differentially expressed genes or gene trajectories.

Processing the raw sequencing data results in a read count matrix that consists of
cells and genes as columns and rows. The first step is filtering out the cells with
sub-optimal biological or computational quality, for example when the transcripts
could not be recovered due to failed capturing, incomplete lysis, degradation, or
subsequent reactions. Low number of UMIs or detected genes, or high percentage of
spike-in reads (if used) might indicate incomplete recovery of transcripts or captured
ambient RNA molecules instead of cells. High number of UMIs or detected genes
might indicate doublets. Increased percentage of mitochondrial transcripts may

7 https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-
ranger
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imply stress or cell death. Such samples are omitted from subsequent steps.
Optionally, genes expressed in lower than a certain number of cells are also
excluded (Luecken and Theis, 2019). Nevertheless, the cell types being analyzed,
their metabolic demands and potential size heterogeneity within the population
should be taken into account on an experiment-to-experiment basis when deciding
on the filtering thresholds.

Since the sequencing depth per cell can vary due to biological or technical
confounders such as dropouts or random sampling, normalization aims to scale the
read counts per cell and per gene to comparable levels. Some methods simply
presume equal number of transcripts in each cell; hence, they use the total UMIs
detected in a cell as the scaling factor. Despite some limitations, use of ERCC RNA
spike-ins (rather for plate-based methods) is another strategy to deconvolute the
technical and biological variations, and to estimate the total mRNA count per cell
(Ziegenhain et al., 2018). Nevertheless, the zero-inflated nature of single-cell data
usually necessitates more complex approaches. To address this, various techniques
were developed, such as using pooled read counts from multiple cells as reference,
omitting the highest expressed genes, building non-linear models of the data,
quantile regression, and so on, as discussed extensively in multiple reviews (Hwang
et al.,, 2018; Luecken and Theis, 2019; Ziegenhain et al., 2018). An additional
correction step might be necessary to adjust the variations coming from cell cycle
stage or batch effects, for example when combining samples from different
experiments, namely data integration, which is important for the projects
accommodating data produced using various platforms, such as the Human Cell
Atlas Project (Regev et al., 2017).

Although the number of dimensions of a count matrix equals to the number of genes
detected, the underlying biological variability can indeed be explained with a much
smaller set of dimensions. Dimensionality reduction aims to discover the
inherent biological variance while reducing the computational burden (Luecken and
Theis, 2019). Principal component analysis (PCA) is a linear and the simplest
method, which also serves as a basis for the commonly used non-linear approaches
such as t-distributed Stochastic Neighbor Embedding (t-SNE: Maaten and Hinton,
2008) or Uniform Manifold Approximation and Projection (UMAP: Mclnnes et al.,
2018) that allows visualization of the multi-dimensional data in two dimensional
space. There are further methods that visualize the movements and bifurcations of a
cell population (e.g. diffusion maps: Haghverdi et al., 2015), and the connectivity
among the clusters (e.g. PAGA: Wolf et al., 2019). Finally, differential expression
analysis enables discovery of new pathways, gene regulatory networks, and the
molecular mechanisms behind them.

1.1.2.2 Alternative techniques for single-cell analysis

There are also non-NGS transcriptomics techniques to analyze single cells. For
example, Fluidigm Biomark is built upon multiplexed pre-amplification of selected
genes from single cells in a microfluidic device and subsequent analysis by qPCR

~15—



1.INTRODUCTION

(Sanchez-Freire et al., 2012). The advantages include the ability to design and
optimize primers, high sensitivity, specificity, and wide dynamic range. On the other
hand, cells should be homogenous in size to comply with the microfluidic device
(Hwang et al., 2018), the genes should be known in advance, and the data is based
on secondary signals which might lead to false positive signals (Kalisky et al., 2018).

Another approach is fluorescent in situ sequencing that is based on fixing the cells
on a surface, and sequencing via hybridization of fluorescent probes and imaging.
Transcripts are either sequenced at single nucleotide resolution (e.g. FISSEQ: Lee et
al., 2015), or estimated by the combinatorial information obtained using multiple
oligonucleotide probes (e.g. MERFISH: Chen et al., 2015). These methods have
complex workflows, high costs, and low throughput; nevertheless, they can be useful
for analyzing a smaller number of cells with high resolution since they preserve
spatial information of the RNA molecules.

1.2 Human Pluripotent Stem Cells

1.2.1 Pluripotent stem cells, in vivo and in vitro

Early embryonic development is an exceptional stage of a human’s life, where a
perfectly fine-tuned cascade starting from the zygote, a single cell with a single
genome, flows towards a colossally complex structure. In a very short time, a small
number of seemingly homogenous cells undergo major remodeling steps to initiate a
process that will give rise to hundreds of different cell types in the body. It starts
with the formation of the zygote which undergoes multiple cell divisions to create a
ball of cells resembling a mulberry, named morula (morus: mulberry in Latin).
Then, the cells divide further to create a fluid-filled ball named blastocyst,
consisting of two cell lineages; the trophoblast that surrounds the structure and
contributes to placenta, and the inner cell mass that gives rise to the embryo
proper and some extraembryonic tissues (Figure 4).

Pluripotency is defined as the ability of cells to differentiate into all three germ
layers (ectoderm, endoderm, mesoderm) and to the germline, but not to
extraembryonic tissues (Weinberger et al., 2016). As the embryo develops from
morula towards gastrula stage, pluripotent stem cells (PSCs) come into existence in
a very narrow window. However, they could be locked in an indefinitely self-
renewing state in vitro by controlling the culture components. The first human
embryonic stem cells (hESCs) were derived from inner cell mass outgrowths of
the donated IVF embryos by