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ABSTRACT

The last decade has seen an exponential development of scRNA-seq technologies. This thesis
begins by recapitulating the history of transcriptomics, from its early years to the development
of modern single-cell protocols, in order to understand the evolution and current state of the
field. During the experimental part, | focus on the description and validation of a versatile
pipeline for scRNA-seq. This combines a novel sample preparation strategy (ACME) with a
powerful in situ barcoding platform (SPLiT-seq) to overcome some of the restrains of current
single-cell protocols. ACME provides simultaneous tissue dissociation, fixation and
permeabilization, resulting in cells that can be cryopreserved, sorted by FACS and used in
multiple platforms. As proof of concept, ACME-cells are combined with SPLiT-seq (Rosenberg et
al., 2018), obtaining over 32,000 cell transcriptomes and profiling two comprehensive single-cell

atlases for the planarian species Schmidtea mediterranea and Dugesia japonica.

Later, | use the same pipeline in a single-cell RNA interference study, in S. mediterranea, to
describe and quantify the effects of the hnf4 knockdown at tissue-resolution. Our results reveal
cellular and genetic changes in the gut and parenchymal populations of knockdown animals,
proving that our transcriptomic approach can finely dissect tissue specific effects in knockdown
conditions. In the last part of the thesis, | present the single-cell atlases of multiple planarians
(Schmidtea mediterranea, Schmidtea polychroa, Dugesia japonica, Girardia tigrina and Polycelis
nigra), and compare the differences between sexual and asexual strains and life-history stages
of the same species. This data includes over 116,000 cell transcriptomes, and sets the bases for
a future cross-species comparison that will explore the diversity of cell types and gene
expression in planarians at single-cell resolution. Overall, these examples show how single-cell
transcriptomics is moving toward the end of the era of descriptive cell type atlases into more

complex quantitative and evolutionary studies.
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CHAPTER I: INTRODUCTION

1. BRIEF HISTORY OF TRANSCRIPTOMICS

Transcriptomics is the study of the transcriptome. The term ‘transcriptome’ was coined by
Charles Auffray in 1996 to describe the sum of all the RNA molecules of an organism -known as
transcripts- (Piétu et al.,, 1999). In recent decades, transcriptomic technologies have
revolutionized biology by making it possible to measure gene expression under different
conditions. This has greatly expanded our understanding of disease mechanisms, development,

transcription regulation and cell physiology, among other fields.

1.1. MAKING RNA INTO cDNA

RNA is the raw material of transcriptomics, but it is highly prone to degradation by RNases.
Fortunately, RNA can be reverse transcribed into more stable complementary DNA (cDNA)
using reverse transcriptase enzymes. Reverse transcriptases, also known as viral RNA-
dependent DNA polymerases, were discovered independently by David Baltimore and Howard
Temin in 1970 (Baltimore, 1970; Coffin and Fan, 2016). The reverse transcription mechanism
was first used in 1971 to synthesize cDNA from unspecific RNA templates (Spiegelman et al,,
1971). Later, the use of synthetic oligos(dT)s was implemented to prime the reverse
transcription of messenger RNAs (mRNAs) by binding to their poly-A 3’-ends (Diggelmann et al.,
1973; Ross et al., 1972). Nowadays, reverse transcription protocols are routinely used in the lab,

but their invention was key for the development of transcriptomics.

1.2. EARLY YEARS OF TRANSCRIPTOMICS

Decades before the development of modern transcriptomics, RNA was studied by traditional
hybridization and Sanger sequencing. Hybridization protocols hybridize target RNAs -or cDNAs-
with complementary DNA probes. The design of these probes requires prior knowledge of the
sequence, limiting the use of these techniques. On the contrary, the approaches based on
Sanger sequencing can be used in any organism, as they directly determined the sequence of

the transcript (Wang et al., 2009).

1.2.1. HYBRIDIZATION-BASED APPROACHES

One of the oldest techniques for the study of RNA is the Northern blot protocol (Alwine et al.,
1977), which is based on the analogue Southern blot protocol for DNA separation (Southern,
1975). Northern blot was designed to detect specific RNA molecules in a complex mixture

(Figure 1.1). After years of being the standard technique for RNA studies, Northern blot was
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replaced by newer protocol due its disadvantages. Despite its high specificity and simplicity,
Northern blot is time-consuming, low-sensitive (not suitable for low expression transcripts) and
prone to RNases degradation. Moreover, it can only process one or few genes at a time (Alwine

et al., 1977; Moustafa and Cross, 2016).
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Transfer of RNA from gel to membrane RNA

Figure 1.1 Northern blot scheme. The RNA is separated by electrophoresis and then transferred to a
membrane, where it hybridizes with complementary DNA probes, labelled radioactively or chemically.
The membrane is revealed by X-ray. Adapted from: https.//www.thesciencenotes.com/northern-blotting-
principle-procedure-and-applications/

In the 1980s, the reverse transcription-polymerase chain reaction (RT-PCR) gained popularity
to quantify gene expression (Becker-André and Hahlbrock, 1989). RT-PCR combines RNA reverse
transcription with the polymerase chain reaction technology, developed by Kary Mullis in 1985
(Saiki et al., 1988). RT-PCR presents multiple advantages over the Northern blot. It is fast, highly
specific, high-sensitive, and suitable for amplification of very small amounts of RNA (Moustafa
and Cross, 2016). Although RT-PCR can only process a few transcripts at a time, this technique
remains the standard for multiple applications. A very illustrative example is the use of real-time
RT-PCR in the detection of viral RNA sequences during the Covid-19 pandemic (Chung et al.,
2021).

1.2.2. SANGER SEQUENCING-BASED APPROACHES

In 1977, Frederick Sanger and Walter Gilbert independently developed the first-generation
sequencing methods for long DNA molecules (Barba et al., 2014; Maxam and Gilbert, 1977;
Sanger et al., 1977). The most successful one was the Sanger sequencing, named after its author.
This technology was soon applied to RNA studies, with the creation of Expressed Sequence Tags
(ESTs) (Putney et al., 1983). ESTs are collections of short fragments (200-800 bp) -or reads-
sequenced from selected clones of a cDNA library. ESTs are therefore a representation of gene
expression in the library. Among other applications, ESTs were used for transcript profiling and

gene discovery (Parkinson and Blaxter, 2009).
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After ESTs, a more efficient method called Serial Analysis of Gene Expression (SAGE) was
developed (Velculescu et al., 1995). In SAGE, the cDNA is digested into short tags (13-20 bp) by
restriction enzymes. These tags are concatenated into longer fragments (>500 bp) and
sequenced by Sanger. Concatenation allows to sequence a larger number of cDNA molecules,
increasing the throughput. After sequencing, the long reads are separated again into short tags,
and each tag is aligned to the reference genome to identify the gene. When the genome is not
available, tags are simply used as a catalogue of markers for a certain stage or condition (Lowe
et al.,, 2017; Velculescu et al., 1995). A variation of SAGE, known as Cap Analysis of Gene
Expression (CAGE), was later described (Shiraki et al., 2003). While SAGE tags derived from the
3’-end of the cDNAs, CAGE tags capture the 5-end. Thus, CAGE additionally allows the

identification of transcriptional start sites (TSS) and the analysis of the promoter usage.

1.3. THE ERA OF MICROARRAYS

From the mid-1990s to late 2000s, microarrays became the leading technology for the study of
transcriptomics. Microarrays evolved from 1970s low-throughput filter-based arrays protocols.
On those, cloned colonies were immobilized on paper filters and hybridized to RNA -or DNA-
probes to detect target sequences (Gergen et al., 1979; Grunstein and Hogness, 1975). These
protocols were progressively refined and automatized (Craig et al., 1990; Lennon and Lehrach,
1991) to create the microarray technology (Schena et al., 1995). Microarrays are chips, made of
glass, plastic or silicon, with multiple probes attached to it. These probes are sets of short oligos
(25-60 bp) used to hybridize complementary DNA or cDNA molecules labelled by fluorescence
(Bumgarner, 2013) (Figure 1.2). The intensity of the fluorescence signal is quantified by

computerized image analyses to estimate the abundance of the hybridized transcripts (Lowe et

al., 2017).
Hybridization of . hi
complementary sequences Microarray chip
[ |
Extracted mRNA Labelled cDNA
RT
labelling

Probes Chip well

Figure 1.2 Scheme of microarrays performance. The isolated RNA is reverse transcribed into cDNA and
labelled by fluorescence. Target cDNA molecules hybridize to the complementary probes attached to the
microarrays chip. The fluorescence signal represents the abundance of the target transcript. Microarray
chip credit: Thomas Shafee, CC BY 4.0 <https://creativecommons.org/licenses/by/4.0>, via Wikimedia
Commons.
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First microarrays were custom made. Then, private companies began to commercialize high-
throughput chips to detect thousands of transcripts in parallel. The most popular choice during
the golden age of microarrays was the Affymetrix GeneChip®. It was launched in 1994 and
pioneered the use of photolithography for in situ probe printing (Gershon, 2004; Lipshutz et al.,
1999). Commercial platforms helped to standardize and scale up microarrays to the point of
offering whole-genome chips. In 2003, NimbleGen released the first whole-human-genome
chip. Other companies soon followed, realising platforms for human, mouse, rat, and other

economically relevant species (Gershon, 2004).

However, microarrays are not without drawbacks. The commercial chips, reagents and
equipment needed to run the experiments are expensive. Moreover, probes design still requires
prior knowledge of the sequence, which limits the use of microarrays to well-known species.
From the 2010s, these limitations caused microarrays to lose ground to sequencing-based
technologies, which had experienced a great development and cost reduction (Lowe et al., 2017;

Moustafa and Cross, 2016).

1.4. NEXT GENERATION SEQUENCING

Next-generation sequencing (NGS) is the name given to the high-throughput sequencing
technologies developed since the 2000s. NGS revolutionized genomics and transcriptomics, and
quickly replaced the Sanger method by offering a much bigger throughput per experiment at a
lower price. In 2005, Roche 454, based on pyrosequencing, became the first commercial NGS
platform. One year later, Solexa launched the Genome Analyzer, a sequencer with a capacity of
1 Gb per run. During the following years, numerous companies launched their own NGS
platforms with enhanced features and increasing throughputs. SoLiD (Applied Biosystems,
2008), lon Torrent (LifeScience Technologies, 2010) or HiSeq (Illumina, 2010) are some of the

most well-recognized (Liu et al., 2012; Lowe et al., 2017).

Since lllumina acquired Solexa in 2007 (Liu et al., 2012), this company has become one of the
major actors of NGS. Nowadays, lllumina is leading the short-read sequencing market (Figure
1.3.A). Its most powerful platform to date is NovaSeq 6000, launched in 2017, which has
capacity to generate up to 6 Tb of information (20 billion reads) per run

(https://www.illumina.com/systems/sequencing-platforms/novaseq.html).

23



CHAPTER I: INTRODUCTION

1.5. THIRD-GENERATION SEQUENCING

Since the 2010s, a third-generation of sequencing technologies has been developed by Pacific
Bioscience and Oxford Nanopore Technologies. Compared to the previous generation, third-
generation platforms present many advantages. First, they do not require prior PCR or bridge
amplification, which reduces sample preparation time and avoids amplification bias. Second,
sequences are read in real-time. Finally, third-generation sequencing generates much longer
reads than their predecessors, earning the name of long-read sequencing. In contrast, they still
offer lower throughputs and higher error rates (~15%) than second-generation platforms (Liu et

al., 2012; van Dijk et al., 2018).
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Figure 1.3 Overview of different NGS technologies. A) lllumina: Input cDNA is amplified by bridge PCR
on a flow cell. The resulting clusters are sequenced through the detection of fluorescence emitted by the
nucleotides incorporated during the synthesis of the complementary strand B) Pacific Bioscience: DNA
polymerases, embedded in ZMW wells, synthesize the complementary strand of a circular cDNA template
incorporating fluorescent nucleotides. Emitted florescence is read in real-time within the wells C) Oxford
Nanopore: Molecules are polymerase translocated through the nanopores of an electro-resistant
membrane. The electrical changes caused by each nucleotide are characterized in real-time. No
fluorescence signal is involved. Adapted from Stark et al., 2019.

In 2011, Pacific Biosciences (PacBio) launched PacBio RS, the first commercially successful third-
generation sequencer (van Dijk et al., 2018). PacBio systems are based on two different
technologies: single-molecule real-time (SMRT) sequencing (Eid et al., 2009) and zero-mode

waveguides (ZMW) (Levene et al., 2003). In brief, circular input templates are captured by DNA
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polymerases immobilized on ZMW wells. Here, the polymerase synthesizes the complementary
strand of the template using fluorescently tagged dNTPs. The platform identifies the colour of
the fluorescence emitted during the incorporation of each nucleotide, reading the synthesis in

real-time (Eid et al., 2009; van Dijk et al., 2018) (Figure 1.3.B).

On the other hand, Nanopore Sequencing (Manrao et al., 2012), offered by Oxford Nanopore
Technologies (ONT), is becoming increasingly popular. Nanopore sequencing consists of a
porous lipidic membrane with a DNA polymerase embedded to each nanopore. When a DNA (or
RNA) molecule passes through these nanopores, the changes in electrical current caused by the
translocation of each nucleotide are detected and characterized in real-time (Figure 1.3.C). ONT
is fluorescence free and only relies on current changes across the membrane (van Dijk et al.,
2018). The read length is technically unlimited, and depends on the length and quality of the
input fragment (Jain et al., 2018). Since 2013, ONT has released a series of different scale
nanopore sequencing devices: MinlON (up to 50 Gb/run), GridlON (up to 250 Gb/run) and
PromethION (up to 14 Tb/run) (https://nanoporetech.com/products). MinlON is currently the
only pocket-size sequencer on the market. Its portability, affordable price (from 1,000 USD) and
simplicity make it one of the most interesting sequencing options for small labs, developing
countries and field applications. For instance, in 2015 MinlON was used in Guinea for real-time

screening of Ebola during an epidemic outbreak (Quick et al., 2016).

1.6. RNA SEQUENCING

With the development of NGS platforms, RNA began to be massively sequenced. This approach
was called RNA sequencing (RNA-seq). First RNA-seqg-like publication used a Roche 454
sequencer to profile the expression of 10.000 genes from a prostate cancer cell line (Bainbridge
et al., 2006). Later, the technique was fully described and used to create the first transcriptome
of Yeast using Illumina sequencing (Nagalakshmi et al., 2008). Since then, the use of RNA-seq
grew exponentially, becoming the leading technology in transcriptomics and displacing

microarrays (Lowe et al., 2017).

RNA-seq protocols start with the extraction of the RNA and its reverse transcription (RT) into
cDNA. Most sequencing platforms use cDNA as input material, except ONT, which can perform
direct RNA-sequencing (Smith et al., 2019; Zhao et al., 2019). Usually, mRNAs are enriched
during RT using oligo(dT) primers. This reduces the capture rate of abundant ribosomal RNAs
(rRNAs). After cDNA synthesis, library preparation frequently includes steps of adapters ligation,
PCR amplification, cDNA fragmentation and size selection (100-500 bp), to make the input cDNA

compatible with the sequencing platform. Third-generation sequencing technologies can
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dispense of fragmentation and PCR amplification steps. When the library is ready, the cDNA is
sequenced in one direction (single-end) or bi-directionally (paired-end), depending on the
application. The resulting sequences, called reads, will have a variable length depending on the

technology used (Lowe et al., 2017; van Dijk et al., 2018; Wang et al., 2009).

RNA-seq provides several advantages over microarrays. First, the background signal is extremely
low, and the initial amount of cDNA required is minimum. The quantification of gene expression
is also highly accurate, because it correlates with the total number of unique reads mapped per
gene (van Dijk et al., 2018; Wang et al., 2009). In addition, RNA-seq does not require prior
knowledge of the sequence and can therefore be used in non-model organisms (Carruthers et
al., 2018; Chen et al., 2014). RNA-seq power and versatility makes it suitable for multiple
applications, including gene identification (Chen et al., 2014), differential gene expression (Chen
et al., 2016), diagnostics (Best et al., 2015), transcriptome de novo assembly (Carruthers et al.,
2018), epitranscriptomics (Zhao et al., 2019), and the study of non-coding RNA (Westermann et
al., 2016), alternative splicing (Pan et al., 2008) or single nucleotide polymorphisms (Lopez-

Maestre et al., 2016), among others.

1.7. THE EMERGENCE OF SINGLE-CELL TRANSCRIPTOMICS

Single-cell transcriptomics, also called single-cell RNA-sequencing (scRNA-seq), emerged in
recent years as an evolution of RNA-seq. Single-cell transcriptomics can profile gene expression
in individual cells, allowing single-cell resolution studies. Through this new technology, we can

resolve and compare cellular identities and raise a whole new repertoire of biological questions.
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Figure 1.4 Historical evolution of single-cell RNA-seq technologies. A) Main technological developments
on the field B) Exponential scaling of the technique, showed as number of cells per study and per year.
Adapted from Svensson et al., 2018.
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However, scRNA-seq data is also more complex, expensive to produce, and difficult to interpret.
Because of this, in spite of the revolution of single-cell technologies, RNA-seq remains as a
valuable tool in multiple applications. To distinguish from single-cell approaches, traditional

RNA-seq is now referred to as bulk RNA-seq (G. Chen et al., 2019; Stark et al., 2019).

Despite being a recently developed technology, scRNA-seq has experienced a vast evolution. In
2009, the first scRNA-seq paper profiled the transcriptome of a single mouse blastomere,
manually isolated in an Eppendorf tube (Tang et al., 2009). Since then, the number of cells
profiled per experiment has grown exponentially, and the technique has gained great popularity
among the scientific community (Svensson et al., 2018) (Figure 1.4). ScCRNA-seq protocols
synthesise cDNA from poly-A captured mRNA, and label this cDNA with short DNA-sequences,
called barcodes, to identify their origin. Other than this, each single-cell approach follows
different strategies to isolate the cells and process the cDNA. Depending on where the reverse
transcription and barcoding take place, we can classify scRNA-seq protocols into three main
categories: plate-based, droplet-based, and in situ barcoding-based (Griffiths et al., 2018;

Svensson et al., 2018).

1.7.1. PLATE-BASED METHODS

In plate-based protocols, cells are isolated and processed within the wells of a plate (or chip).
First plate-based publication profiled the transcriptome of 85 cells in one experiment (Islam et
al., 2011). For this, each cell was manually pipetted into a 96-well PCR plate, and tagged with a
well-specific barcode introduced at the 3’-end of the cDNA (Figure 1.5). After tagging, cDNA

molecules were pooled in a single tube and amplified by PCR before sequencing.

cDNA

Cell lysis fragmentation
—
T —_— — H — —
¢~ —
rF Reverse = e —
.y ) - —
¥ Y transcription | ___ J/
— Well-specific

Microwell cell In-well RNA barcode

loading processing

Figure 1.5 RNA processing in plate-based methods. Single cells are isolated on the microwells of a plate
(or chip). Cell lysis, reverse transcription and cDNA cell-specific barcoding occurs in-well. Adapted from
Griffiths et al., 2018.

In the following years, other plate-based protocols were developed to incorporate novel
features for cDNA processing. For instance, CEL-seq (Hashimshony et al., 2012), introduced in

vitro transcription (IVT) as an alternative to PCR amplification (Beckert and Masquida, 2011).
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IVT reduces the initial amount of RNA required per experiment. Later platforms, such as MARS-

seq or InDrop, also incorporated IVT in their protocols (Svensson et al., 2018).

In parallel to CEL-seq, Smart-seq (Ramskold et al., 2012) was introduced as the first strategy to
capture full-length transcripts. This opened the door to single-cell studies on single nucleotide
polymorphisms and alternative splicing. Since then, improved versions of these protocols have
been published: CEL-seq2 (Hashimshony et al., 2016), Smart-seq2 (Picelli et al., 2013) and

Smart-seq3 (Hagemann-Jensen et al., 2020).

Meanwhile, other approaches focused on cell capture innovation to substitute manual
pipetting. In 2012, Fluidigm C1 was the first single-cell technology based on microfluidic cell
capture, and the first commercial platform for scRNA-seq. The C1 system distributes cell
suspensions through an integrated fluidic circuit that isolates each cell into the small reaction
chamber of a chip (Figure 1.6). At present, Fluidigm C1 devices run on Smart-seq or on a strategy
known as Seqg-HT, and have a maximum capacity of 800 cells per run (Chen and Ginhoux, 2018;

Svensson et al., 2018).

Cell capture site

Fluidigm C1 Chip

Microfluidic
circuit

Figure 1.6 Fluidigm C1 chip. Detail of the microfluidic circuit and cell capture sites. Adapted from Stark et
al., 2019 using BioRender.com

In 2014, the automation of scRNA-seq by liquid handling robots was introduced with MARS-seq
(Jaitin et al., 2014). Robotic automation substituted some manual pipetting steps, and helped to
increase throughputs up to a few thousand cells per experiment. In MARS-seq, single-cells are
isolated into 384-well plates by fluorescence-activated cell sorting (FACS). Additionally, the
improved MARS-seq2.0 (Keren-Shaul et al., 2019) incorporated indexed FACS to separate cells
according to a surface marker. Indexed FACS enables depletion or enrichment of cell

populations, facilitating the study of low-abundant cell-types.

After cell isolation and lysis, each cDNA molecule is tagged with plate-, cell- and molecular-
specific barcodes. Multi-tagging innovation increased multiplexing capacity -here understood

as cell processing capacity-, and introduced the molecular barcode, also known as UMI (Unique
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Molecular Identifier), as a new concept for single-cell transcriptomics. The incorporation of
UMIs allows the precise quantification of gene expression as it removes biases introduced by
PCR amplification. Reads with repeated UMIs will correspond to the same original cDNA

molecule, amplified multiple times (Chen and Ginhoux, 2018).

1.7.2. DROPLET-BASED METHODS

Droplet-based methods are based on microfluidic cell capture and were a significant step
forward for single-cell transcriptomics. In 2015, two different labs independently developed the
first droplet-based protocols: InDrop (Klein et al., 2015) and Drop-seq (Macosko et al., 2015).
Both protocols use a microfluidic device with different flow currents for cells, synthetic barcoded
beads, reagents and oil. Where these flows merge, a series of nanolitre droplets is created. The
flow is adjusted in such a way that, ideally, a single cell is encapsulated into one droplet, together
with a single barcoded bead and the reagents required for cell lysis and reverse transcription,

which occur within the droplet (Figure 1.7).
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Figure 1.7 Single-cell microfluidic device. A) InDrop whole microfluidic circuit. Adapted from Klein et al.,
2015 B) Close-up of droplet creation and subsequent cell processing based on the Drop-seq system.

During reverse transcription, cDNAs are labelled with primers containing a common cell barcode
and a unique molecular identifier (UMI). InDrop uses hydrogel microspheres to carry the
primers, which are released after encapsulation. Meanwhile, Drop-seq uses beads with primers
attached to their surface. After barcoding, droplets are broken, and all tagged cDNAs are pooled
and amplified by PCR (Drop-seq) or IVT (InDrop) before sequencing (Klein et al., 2015; Macosko
et al., 2015).

Originally, droplet methods used in-lab-operated custom microfluidic devices, with complex
handling and library preparations and low rates of cell capture. However, commercial options
were soon available to overcome these drawbacks. In 2015, the company 10x Genomics
presented a droplet platform built on their GemCode technology (Zheng et al., 2017), previously

used for genome assembly and haplotyping. GemCode highly resembles InDrop and Drop-seq
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protocols. The main novelty of this platform is the use of an 8-channel microfluidic chip, which
yields several thousand cells per experiment, allows the simultaneous processing of up to 8
different samples (one per channel), and improves encapsulation rate, with ~50-65% of total

input cells being correctly captured.

10x Genomics Chromium, an improved version of the GemCode platform, was launched in 2016.
Nowadays, 10x Chromium is leading the market as the most popular option for single-cell
transcriptomics (Svensson et al., 2020). 10x Genomics has automatized and externalized single-
cell experiments almost entirely. The only step that still takes place in the lab is sample
preparation, which also follows 10x Genomics standardized protocols (https://www.10x

genomics.com/support/single-cell-gene-expression).

1.7.3. IN SITU BARCODING-BASED METHODS

In situ barcoding is the most recent approach to single-cell transcriptomics. In these protocols,
reverse transcription and cDNA labelling occur in situ within the cell -or nucleus-. Therefore,
cells need to be fixed and permeable to allow barcodes and reagents to penetrate the
membrane and reach the RNAs (Svensson et al., 2018). After barcoding, cells are lysed and

library preparation continues as in bulk RNA-seq.

The barcoding process is based on combinatorial indexing, also known as split-pool barcoding.
This system avoids the use of complex cell capturing devices, as cell isolation is no longer
required. In combinatorial indexing, the initial pool of cells is randomly split in a plate, and all
cells falling in the same well receive the same well-specific barcode. Cells are then pooled
together and split again in another plate with a different set of barcodes, and the labelling
process is repeated. After multiple rounds, each cell is randomly tagged with a unique
combination of barcodes, as the probability of two cells falling consecutively into the same wells,
and receiving the same barcodes, is minimal. Another strength of combinatorial indexing is its
high scalability. Theoretically, cell capacity is only limited by the number of possible barcode
combinations. Therefore, by increasing the number of barcodes or indexing rounds this

approach could profile millions of cells per experiment (Cao et al., 2017; Rosenberg et al., 2018).

First in situ barcoding protocols, sci-RNA-seq (Cao et al., 2017) and SPLiT-seq (Rosenberg et al.,
2018), were developed in parallel in 2017. The original sci-RNA-seq protocol counts with two
indexing rounds (during RT and PCR amplification), and UMI sequences (Cao et al., 2017). The
latest version, sci-RNA-seq3 (Cao et al., 2020; Martin et al., 2021), incorporates an extra indexing

round by hairpin ligation. In terms of cell numbers, sci-RNA-seq papers have the most impressive
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datasets to date. In recent years, sci-RNA-seq3 has been used to profile the transcriptome of 2

million cells (Cao et al., 2019) and 4 million cells (Cao et al., 2020) from mice embryos and human

fetal organs, respectively.
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SPLiT-seq proof-of-concept paper, on the other
hand, covered more than 150,000 cells from
mouse brains and spinal cords, and identified over
100 distinct cell types (Rosenberg et al., 2018).
SPLiT-seq uses four indexing rounds. A first indexed
RT reaction, two T4 ligations and a final indexed
PCR amplification. The UMl is introduced, together
with the third barcode, during the second ligation
(Figure 1.8). Some of the authors of SPLiT-seq
founded Parse Biosciences to commercialize the
technique. The company offers kits for sample
fixation, barcoding and library preparation, making
SPLiT-seq the first in situ barcoding technology
commercially available (https://www.parse

biosciences.com/ technology).

Figure 1.8 SPLiT-seq workflow. Cells are randomly split in 96-well plates containing unique barcodes. The
first reverse transcription captures mRNAs using an anchored-poly dT barcode (BC 1). The second (BC 2)
and third barcodes (BC 3) are ligated to the cDNA in two subsequent reactions. The last barcode (BC 4) is
added in a final indexed PCR reaction after cell lysis and tagmentation.

1.8. MULTIOMICS AND SPATIAL TRANSCRIPTOMICS

The future of transcriptomics points in two directions: the integration of multiomic data and the

resolution of spatial information. Like scRNA-seq has become the most powerful tool in

transcriptomics, other -omics have experienced equivalent revolutions driven by the rise of high-

throughput technologies. For instance, the development of ChiP-seq (Robertson et al., 2007),

CUT&RUN (Skene and Henikoff, 2017) or single-cell ATAC-seq (Buenrostro et al., 2015;

Cusanovich et al., 2015) have revolutionized epigenomics, changing the way we study DNA-

protein interactions and chromatin accessibility.

Multiomics aims to combine all these cutting-edge technologies in genomics, transcriptomics,

proteomics, epigenomics and metabolomics to achieve more comprehensive biological insights.

Multiomic studies can result from the integration of data of different -omics (Ranzoni et al.,
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2021), or the performance of hybrid protocols that capture different biological features. For
instance, CITE-seq (Stoeckius et al., 2017) and REAP-seq (Peterson et al., 2017) pair scRNA-seq
and protein measurement. Similarly, SHARE-seq combines scRNA-seq with scATAC-seq for
simultaneous gene expression and chromatin accessibility studies (Ma et al., 2020). In
bioinformatics, novel tools and analysis pipelines are emerging to deal with the challenges of

integrating multiomic data (Hao et al., 2021; Lin et al., 2022).

Spatial transcriptomics, on the other hand, study the transcriptome at spatial resolution. This is
one of the major limitations of bulk and single-cell transcriptomic, which fail to preserve spatial
information after tissue dissociation (Longo et al., 2021). One of the simplest approaches of
spatial transcriptomics uses laser-capture microdissection to isolate specific tissue sections
(Brosch et al., 2018). Spatial information can also be retrieved using high-plex RNA imaging
techniques, like MERFISH (Chen et al., 2015) or seqFISH+ (Eng et al., 2019). These protocols use
fluorescence in situ hybridization (FISH) to image panels of a few hundred transcripts on small
histological sections. Finally, spatial barcoding approaches capture the transcripts in situ and
label them with a location barcode. For this, permeabilized tissue sections are positioned over
an array that carries the location barcodes. ‘Spatial Transcriptomics’ (Stahl et al., 2016), Slide-
seq (Rodriques et al., 2019; Stickels et al., 2021) and Visium, offered by 10x Genomics
(https://www.10xgenomics.com/products/spatial-gene-expression), are current examples of

spatial barcoding platforms.

Spatial transcriptomics are still limited by optical resolution, low coverage, low depth, and the
requirement of gene markers. Thus, these techniques are usually combined with parallel bulk or
single-cell RNA-seq. The integration of data from scRNA-seq and spatial transcriptomics is later
achieved by two different computational approaches: mapping and deconvolution (Longo et al.,

2021).

Transcriptomics has experienced an astonishing evolution (Figure 1.9), but there is still room for
improvement. In the future, we will move towards the unbiased integration of the layers of
information provided by multiomics, while increasing the resolution of individual techniques.
These highly precise and comprehensive analyses will, foreseeably, lead to exciting

breakthroughs in multiple biological fields.
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Figure 1.9 Timeline of historical innovations in transcriptomics. Based on Hong et al., 2020.
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2. SAMPLE PREPARATION IN SINGLE-CELL TRANSCRIPTOMICS

Sample preparation is frequently overlooked, but it has a critical impact on technical variability
and the final quality of the experiment. Thus, it must be carefully considered and thoroughly
optimized. Sample preparation workflows are very variable but, as every protocol handles RNA,
the use of nuclease-free consumables and reagents is always recommended (Lafzi et al., 2018).
Sample preparation starts with the dissociation of solid tissues -or cell cultures- into single-cell
or single-nuclei suspensions. After dissociation, sample preparation is followed by optional steps
of quality control, fixation, permeabilization, cryopreservation and cell enrichment (Lafzi et al.,

2018; Nguyen et al., 2018).

2.1. SINGLE-CELL DISSOCIATION METHODS

Traditional single-cell dissociation combines mechanical forces with enzymatic digestion.
Dissociation of complex tissues starts with mechanical dissection to reduce the size and remove
the hardest parts (e.g. shells). It continues with tissue mincing, to increase the surface area
exposed to the enzyme. These steps are normally performed manually, using blades, scissors,
forceps or scalpels. When tissue fragments are small enough, they are dissociated by enzymatic
digestion using proteases such as trypsin, collagenase, dispase, liberase or papain (Figure 1.10).
The election of the protease will depend on the specific characteristics of the tissue. The most
important factors to consider during proteolysis are enzyme concentration, incubation time and
temperature. These factors need to be adjusted carefully to guarantee a good dissociation

without over breaking the cells (Lafzi et al., 2018; Nguyen et al., 2018; Reichard and Asosingh,

2019).
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Figure 1.10 Enzymatic dissociation general workflow. Adapted from Allan et al., 2020 and Reichard and
Asosingh, 2019.
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Enzymatic digestion is usually combined with rocking and pi