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Abstract

Spatially resolved transcriptomics has greatly expanded our knowledge of complex
multicellular biological systems. To date, several technologies have been developed
that combine gene expression data with information about its spatial tissue context.
There is as yet no single spatial method superior to all others, and the existing
methods have jointly contributed to progress in this field of technology. Some
challenges presented by existing protocols include having a limited number of targets,
being labor extensive, being tissue-type dependent and having low throughput or
limited resolution. Within the scope of this thesis, many aspects of these challenges
have been taken into consideration, resulting in a detailed evaluation of a recently
developed spatial transcriptome-wide method. This method, termed Spatial
Transcriptomics (ST), enables the spatial location of gene activity to be preserved and
visually links it to its histological position and anatomical context. Paper I describes
all the details of the experimental protocol, which starts when intact tissue sections
are placed on barcoded microarrays and finishes with high throughput sequencing.
Here, spatially resolved transcriptome-wide data are obtained from both mouse
olfactory bulb and breast cancer samples, demonstrating the broad tissue
applicability and robustness of the approach. In Paper II, the ST technology is applied
to samples of human adult heart, a tissue type that contains large proportions of
fibrous tissue and thus makes RNA extraction substantially more challenging. New
protocol strategies are optimized in order to generate spatially resolved
transcriptome data from heart failure patients. This demonstrates the advantage of
using the technology for the identification of lowly expressed biomarkers that have
previously been seen to correlate with disease progression in patients suffering heart
failure. Paper III shows that, although the ST technology has limited resolution
compared to other techniques, it can be combined with single-cell RNA-sequencing
and hence allow the spatial positions of individual cells to be recovered. The
combined approach is applied to developing human heart tissue and reveals cellular
heterogeneity of distinct compartments within the complete organ. Since the ST
technology is based on the sequencing of mRNA tags, Paper IV describes a new
version of the method, in which spatially resolved analysis of full-length transcripts is
being developed. Exploring the spatial distribution of full-length transcripts in tissues
enables further insights into alternative splicing and fusion transcripts and possible
discoveries of new genes.

Keywords
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Sammanfattning

Spatialt upplost transkriptomik har markant breddat var kunskap om komplexa
multicelluldra biologiska system. Idag har flertalet tekniker utvecklats med avsikt att
linka genuttrycksdata med dess fysiska vivnadssammanhang. Aven om det dnnu inte
finns en enda enskild teknik med 6verldgsna fordelar gentemot andra tekniker sa har
befintliga metoder gemensamt bidragit till framsteg av teknikutvecklingen. Befintliga
protokoll omfattar dock fortfarande vissa utmaningar, sd som ett limiterat antal
gener, tungt laborativt arbete, beroende av vavnadstyp, storskalighet eller begransad
upplésning. Inom ramen for denna avhandling har aspekterna av dessa utmaningar
beaktats och resulterat i en omfattande utvardering av en nyligen utvecklad spatialt
upplost hel-transkriptom-omfattande metod. Denna metod gar under namnet Spatial
Transcriptomics (ST) och mojliggér en bevarad lokalisering av genaktivitet, vilken
samtidigt kan kopplas visuellt till dess histologiska position och anatomiska
sammanhang. Artikel I beskriver detaljerna kring det experimentella protokollet,
vilket borjar med att placera intakta vavnadssnitt pa avkodningsbara mikroarrayer
och avslutas med storskalig sekvensering. Har visas spatialt upplost hel-transkriptom
data fran saval vavnad av musluktlob och broéstcancerprover, vilket visar pa dess
breda applicerbarhet och robusthet. Artikel II applicerar ST tekniken pa adult humana
hjartprover, en vavnadstyp innehdllande stora proportioner av fibros vavnad vilket
gor RNA extraheringen vasentligt mer utmanande. Nya strategier for
protokollutférandet optimerades for att kunna generera spatialt upplost
transkriptomik data fran patienter med hjartsvikt. Hir demonstreras fordelen med att
anvanda tekniken for att detektera de 1agt uttryckta biomarkoérer som vanligtvis kan
ses i sjukdomsutvecklingen av hjartsvikt. Trots att ST tekniken har en begrdansad
upploésning jamfort med andra tekniker visar artikel III att metoden kan kombineras
med RNA-sekvensering pd enskilda celler, och pa sa satt erhdlla vavnadsspecifika
positioner for enskilda celler. Detta kombinerade tillvigagangssatt appliceras pa
human hjartutveckling och visar pa celluldr heterogenitet inom de olika regionerna av
organet. Eftersom ST tekniken ar baserad pa sekvensering av mRNA-taggar, beskriver
artikel IV en ny version av metoden, dir spatialt upplost analys av full-
langdstranskript utvecklas. Detta mojliggor ytterligare insikter om alternativ splicing,
fusions transkript och upptackten av nya gener.

Nyckelord
RNA, RNA-sekvensering, transkriptomik, spatialt upplost transkriptomik, enskilda
celler
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Don't kid yourself that you're going to live again after you're dead; you're not.
Make the most of the one life you've got. Live it to the full.

- Richard Dawkins
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INTRODUCTION

1. A spatial aspect of biology

The word “spatial”, which originates from the Latin word spatium, meaning “space”,
can be used when describing how objects relate to each other with regard to their
relative positions. The spatial concept allows a biological system to be described as a
global network where each element is influenced by its surrounding environment.
Single cells in close proximity constitute tissues and individual organs are linked into
organ systems. Studying biology therefore means that every piece of information has
to be put into context in order to fully understand each element’s entire repertoire of
mechanisms. Here follows an introduction to various biological units and their spatial
relations to each other.

1.1 The building blocks of an organism
Organisms are life forms consisting of one or more cells: the basic biological unit of

lifel. A unicellular organism, such as a member of the bacteria or archaea, is the
simplest form of organism and absorbs its nutrition directly from the environment
through its cellular membrane. Once it is ready to reproduce, it simply divides itself
into two unicellular organisms. A multicellular organism, however, is a lot more
complex. Animals, plants and fungi are examples of organisms that can contain many
cells. For example, the number of cells in the human body has been estimated at ~37
trillion?, all of which have defined roles within the biological system. Similar cells in
multicellular organisms are grouped into tissues (muscle-, nervous-, connective
tissue etc.) and different types of tissues together form organs (heart, brain, lungs
etc.), which, in turn, make up whole organ systems (cardiovascular-, respiratory-,
nervous system etc.) that constitute the entire organism. When it comes to the
reproduction of a multicellular organism, the process is way more complex than just
dividing itself (and far beyond the scope of this thesis).

1.2 The genetic code

Looking more closely into a cellular unit, nearly every one of those that constitute a
human being contains a nucleus. The nucleus holds possibly the most famous
biological molecule in the world - deoxyribonucleic acid (DNA). DNA is a long
molecule, and if the content of all our cells together were stretched out it would reach
to the sun and back more than 80 times?3. DNA contains the genetic code, or the
“blueprint”, and carries all instructions regarding cellular functions. It also contains
information determining our individual traits, such as eye color, whether odor can be
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detected in the urine after eating asparagus and if we are susceptible to certain
diseases - some of these traits are passed on to our offspring during reproduction. As
an example, all blue-eyed people in the world share a common ancestor who lived
~10,000 years ago. Originally, we all had brown eyes but that single common
ancestor carried a mutation affecting the production of melanin in the iris#, which
resulted in a blue eye color.

Zooming in even further down to a DNA molecular unit, one can see that its structure
is somewhat similar to a twisted ladder. The steps of the ladder are comprised of
even smaller building blocks called nucleotides or bases. There are four types of DNA
bases: adenine (A), thymine (T), guanine (G) and cytosine (C). It is the ordering of
these bases (or the steps of the ladder) that makes up the personal blueprint for
every individual. The presence of DNA has been known for over 100 years and it was
isolated for the first time in 1869 by a Swiss chemist named Friedrich Miescher>. He
named it “nuclein” as it was found inside the cells’ nuclei, and in 1944 it was shown
that DNA is the hereditary material®. In 1953, Rosalind Franklin and Maurice Wilkins
used X-ray data to demonstrate that DNA is assembled in a repeated helix structure.
James Watson and Francis Crick got hold of the unpublished data (without Franklin's
permission), and made the inference that the DNA molecule is composed of a double
stranded helix, where A always pairs with T and C always with G. All these
discoveries were published in the same issue of the journal Nature’-°. About 40 years
later, in 1990, an international scientific research project set the goal of determining
the order of all bases in the human genome, which has a total size of ~3 billion base
pairs10. The project was named the Human Genome Project and as the project
progressed, the private company Celera Genomics joined the race in 1998. Both the
public and the private effort published their draft genomes in 200111.12,

1.3 The central dogma of molecular biology

Cells in our body contain almost the same blueprint!3, so how come they do not all
look the same or have the same function? The answer lies in the process of
transferring genetic information from DNA into a final product within the cell, a
process referred to as the central dogma of molecular biology. The central dogma,
which was introduced by Francis Crick in 195814, concerns three mechanisms
performed by the cellular machinery. Existing DNA can be copied to produce new
DNA (replication) or a ribonucleic acid (RNA) (transcription). The RNA molecule can
possess direct activity and have, for example, a regulatory function within the cell. It
can also act as an intermediate between DNA and the final product, a protein. RNA
can be copied to make new RNA (replication) and used as the template for proteins
(translation). Proteins, the main building blocks of the cell, cannot be replicated or
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copied into DNA or RNA. The central dogma was refined in 1970 when it was
discovered that RNA can be copied into DNA (reverse transcription)?>.

The DNA molecule contains shorter segments referred to as “genes”. The definition of
a gene varies within the scientific community but generally, one can explain the
concept of a gene as a piece of DNA, which can be transcribed into RNA and has a
function within the celll®. Different genes are turned on or off in different cells and
genes that are active can be so at different levels. There are different "flavors" of RNA
species, however, this thesis will focus mainly on the messenger RNA molecule
(mRNA - a single-stranded RNA molecule that is later translated to proteins). As
mRNAs are the intermediates between DNA and proteins, they can be used as
indicators of a specific cell type. In 2016, an international effort called the Human Cell
Atlas consortium set the goal of identifying all cell types in the human body?!. With the
implementation of this large-scale project, the number of cell types identified is
expected to increase significantly over the next few years. A cell’s complement of RNA
molecules will hereafter be referred to as either its “transcriptome”, its “gene
expression” or simply to as its “content of RNA molecules”.

1.4 The importance of spatial context in biology

Let us return to the spatial concept and how it describes biology. The molecular
properties of individual cells within a multicellular organism can only be completely
determined once we know their physical locations!’. Cells within distinct tissue
microenvironments express specific sets of genes, both influenced by, and
influencing, the cells around them. This phenomenon governs, for example, the
formation of gene expression gradients along the main embryonic body axes during
different stages of development. These gradients direct the activation of the correct
developmental gene programs, needed for the construction of specific organs!819,
Moreover, cells located in the same organ are not always uniform, a state referred to
as cellular heterogeneity which is always present to some degree in any cellular
population. When it comes to tumor microenvironments, the cellular environments
in which tumors exist, several sub-populations of cancer cells constituting the tumor
can differ from each other completely in terms of both structural features and gene
expression. Even down to a subcellular level, it is recognized that organelles and
molecules are spatially localized in certain positions in order to carry out all
necessary cellular functions. Proteins are spatially localized in certain structures2?
and similarly, DNA is found in both the nucleus and the mitochondria and, in plants,
the plastids. Some cells, such as muscle fibers, even have multiple nuclei?! and the
overall spatial distribution of DNA within the nucleus is arranged in a dynamic
way?223, RNA can also have different localizations within the cell; for example is half
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of the neuronal mRNAs that are present in rat hippocampus are enriched in the axons
or dendrites compared to their levels in the cell body?4.

Earlier biological studies aiming to understand cellular heterogeneity within
biological samples were carried out using histological methods. Tissue sections are
first stained to highlight cellular structures or to tag particular molecules of interest.
This is still done extensively today by, for example, pathologists wishing to
distinguish diseased tissue from healthy and particularly to discriminate between
cancer types2>. Because it is based on a subjective visual evaluation, there are
occasions when pathologists disagree on their findings?6. An objective classification
of cells within a sample could be achieved by combining the histological image with
information about gene expression profiles. The work in this thesis concerns how we
can connect gene expression profiles with morphological positions.
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2. Analyzing gene expression

The entire set of an organism’s DNA is called its genome. It contains both coding parts
(genes) and non-coding parts. The coding parts give rise to RNA molecules, and the
sum of these RNAs is referred to as its transcriptome. The human genome contains
more than 20,000 distinct genes, expressed at different levels in different tissues.
Determining the DNA sequence of a cell’s genome tells us what the cell is capable of
doing, whereas analyzing its RNA content instead gives us an indication of what the
cell is doing at that particular point in time. A brief historical timeline of
transcriptomics methods mentioned in this chapter is shown in Figure 1.

2.1 Background

A wide range of technologies for analyzing RNA molecules within a biological sample
has preceded today’s techniques. These technologies have typically been
hybridization-, amplification- or sequencing-based approaches.

2.1.1 Northern blot

Early gene expression analysis was performed by means of the northern blot
technology developed in 197727. RNA is first extracted from a tissue- or a cell culture
sample, after which RNA molecules are separated by size using electrophoresis.
Separated RNA molecules are then transferred to a blotting membrane, on which
detection is achieved by hybridizing a labeled complementary DNA nucleotide
sequence (a probe) corresponding to the sequence of a known expressed gene.

2.1.2 Polymerase Chain Reaction (PCR)

The polymerase chain reaction (PCR) was developed in the 1980s by Kary Mullis?8,
who received the Nobel Prize for it in 1993. The technique is one of the most
important scientific inventions and is still used extensively today in many protocols.
It is sometimes referred to as “molecular photocopying”2°, where small pieces of DNA
are amplified to produce a large number of copies. It constitutes a repeated series of
heating cycles, where each cycle contains three separate steps: (i) Denaturing of
double stranded DNA into single stranded DNA, (ii) Hybridization of specific primers
(short DNA fragments), complementary to the flanking areas of the DNA region of
interest, and (iii) Elongation, where the primers are extended over the DNA target by
addition of free nucleotides by DNA polymerase. The extended primers generate new
DNA target molecules, used as templates for the next amplification cycle. This means
that theoretically the number of DNA molecules is doubled after each cycle and that
the amplification rate is exponential. However, because some DNA fragments are
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more accessible for amplification than others, the reaction efficiency is less than
1009%30-32,

2.1.3 Quantitative real-time PCR (qPCR)

The development of PCR technology subsequently enabled gene expression studies to
be carried out by modifying the technique into a version called quantitative real-time
PCR (qPCR)33. In gPCR, the amplification of DNA molecules is monitored in real-time,
and not solely at the end of the reaction. This is done by including fluorescent
molecules in the PCR reaction mix (previously ethidium bromide was used but
modern protocols often use SYBR Green343>), which then bind nonspecifically to
double-stranded DNA. A more specific measurement can be achieved by using target-
complementary probes attached to a fluorophore3>. As the fluorescent signal is
proportional to the amount of DNA molecules it is possible to quantify the amount of
molecules present in the beginning of the reaction.

2.1.4 Microarrays

Another method, which exceeds the capacity of qPCR in terms of multiplexing (the
ability to process and analyzing multiple samples at once), is the microarray
approach, which has been used extensively in gene expression studies since 199536,
Here, clusters containing short complementary DNA nucleotide sequences (probes)
corresponding to known gene sequences are attached to a solid-state surface.
Extracted genetic material from a tissue sample is then labeled and applied to the
microarray. If a gene (the target) is expressed, a hybridization-match between the
array-probes and the target will occur, resulting in a signal. Relative abundances of
target sequences can then be determined and quantitative measurements of gene
expression within the sample can be made. However, microarrays suffer from three
major limitations: (i) prior knowledge about gene sequences is required (ii) cross-
hybridization can result in high background levels and (iii) the dynamic range of
detection is limited, resulting in both background and saturated signals3’.

2.1.5 Sanger sequencing, EST, SAGE and CAGE

In 1977, Frederick Sanger and colleagues developed a sequencing method that could
directly determine the base sequences of nucleic acids38, for which he and Walter
Gilbert received the Nobel Prize in 1980. It was the main technology used during the
Human Genome Project and is still used today to validate sequencing data produced
from newer technologies3®. The Sanger technology is able to read nucleotide
sequences from cDNA and expressed-sequence-tags (EST) libraries (shorter
subsequences of cDNA) without previous knowledge of the target sequence#041,
However, EST sequencing suffers from being low-throughput, generally not
quantitative, and costly for larger projects. Tag-based methods such as serial analysis
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of gene expression (SAGE)*? and cap analysis of gene expression (CAGE)*3 were
therefore developed to increase the throughput of sequencing data.

2.2 RNA sequencing (RNA-seq)

With the development of massively parallel sequencing technologies, one could
process millions of DNA sequences in parallel, rather than 96 using Sanger#4. High-
throughput technologies allow us to explore the entire transcriptome in a parallel
fashion, an approach referred to as RNA-seq.

2.2.1 Massively parallel sequencing

The first commercial massively parallel sequencing approach was developed in 2005,
when pyrosequencing#> was multiplexed by immobilizing hundreds of thousands of
unique DNA templates to nano-beads in a system named 45446. Individual
nucleotides are added one by one and each incorporation event is detected as light is
emitted through a cascade of enzymatic reactions. The principle of nucleotide
addition and detecting the incorporation of each nucleotide is called sequencing-by-
synthesis (SBS). Ion Torrent technology#’ is another system utilizing SBS, but instead
of detecting the incorporation event as a light signal, it registers the change in pH that
occurs as a hydrogen ion is released at every base incorporation step. Another
commercial massively parallel sequencing system released in 2007 is SOLiD
(Sequencing by Oligo Ligation and Detection)**. In contrast to SBS, consecutive
rounds of ligation of fluorescently labeled oligonucleotides (oligos) are used to read
out the sequences - a principle called sequencing-by-ligation (SBL). Many different
high-throughput technologies have followed but undoubtedly the most successful
one is the Solexa system, acquired by I[llumina in 200748. The [llumina method is
based on SBS, but uses fluorescently labeled nucleotides for detection.

2.2.2 Single molecule and long read sequencing

Existing high-throughput technologies have a sequencing read length of around 100-
500 bases. Since most RNA molecules are much longer4°, shorter cDNA fragments
have to be sequenced individually and pieced together computationally. In 2011,
Pacific Biosciences (PacBio) released a commercially available platform able to
perform single molecule sequencing on long DNA fragments>?. The technology is
based on Single Molecule Real-Time (SMRT) sequencing, meaning that individual
DNA sequences are recorded directly as fluorescently labeled nucleotides are
incorporated. DNA molecules are attached to polymerases, which in turn are
individually attached to the bottom of zeptoliter-sized wells, called zero-mode
waveguides (ZMW)>152, Although the system has an average read length of about
15,000 bases, it does not yield the same throughput as the previous massively
parallel sequencing technologies®3. For RNA studies, the PacBio Iso-Seq protocol has
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been used to directly provide full-length information about human cDNA molecules,
without the need to assemble them afterwards>*. Another technology that can be
used for transcriptome studies is the Oxford Nanopore platform. This is based on
immobilized protein nanopores on a polymer membrane>>. As an electrical potential
is applied over the membrane, molecules are pushed through the pores and bases are
detected when changes in the potential are registered. Generally, in practice the
concept of sequencing RNA really means sequencing the cDNA (reverse transcribed
RNA). The process of reverse transcription (RT) and additional amplification may
introduce errors and biases. In 2017, Oxford Nanopore launched a new RNA
sequencing solution making it possible to perform direct sequencing on full-length
native RNA molecules>6:57,

2.3 Single cell RNA sequencing (scRNA-seq)

Initially RNA-seq only allowed for analyzing gene expression from bulk samples due
to the large amount of RNA required for input. Whole pieces of tissue are
homogenized and thousands of cells are analyzed simultaneously. This creates an
average picture of gene expression within the bulk sample, potentially masking the
products of genes that are expressed only by a minority of the cells. Measuring the
gene activity of a single cell instead allows us to define gene expression profiles
individually. However, there was one major challenge to be overcome in order
accomplish this; one single cell contains roughly 1-50 pg>8 of total RNA, of which only
1-5% (0.01-2.5 pg) comprise its ~300,000 mRNA moleculess®.

2.3.1 First RNA-seq of a single cell

In 2009, Tang et al.?® improved existing single-cell RNA amplification protocols®1-63
and were able to apply their method to high-throughput RNA-seq and examine the
whole transcriptome of one single cell. From then on, the number of methods
available for analyzing single cells has exploded and today we are able to analyze
hundreds of thousands of single cells in parallel.

2.3.2 PCR amplification using the terminal transferase approach

Most methods take advantage of the poly-A tail of eukaryotic mRNAs. By hybridizing
a poly-T primer (a short single-stranded stretch of DNA nucleotides) to the poly-A
tails, mRNA can be reverse transcribed to complementary DNA (cDNA). The cDNA
then needs to be amplified, which can only be achieved when amplification adaptor
sequences are added to the ends. The first adaptor can be incorporated together with
the poly-T primer, while the second adaptor is introduced by different strategies. The
Tang protocol enzymatically added another poly-A stretch to the cDNA using
terminal deoxynucleotidyl transferase; a second poly-T primer containing the other
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amplification adaptor can be hybridized to it. This approach was updated in 2013 to a
more simplified protocol named Quartz-Seq®*. Here, the whole procedure was made
more sensitive by completing all reaction steps in a single tube, without any need for
purification. The protocol achieved higher multiplexing capacity in 2018¢, when a
cell barcode (a sequence unique for one specific cell) and a molecular barcode (a
sequence unique to one specific transcript) were introduced.

2.3.3 PCR amplification using the template-switch approach

Another approach to introducing the second amplification adaptor is to employ the
template-switch mechanism®. When the reverse transcriptase reaches the very end
of the mRNA molecule, it adds a small additional number of nucleotides. The result is
a short single-stranded overhanging sequence to which the second adaptor can
hybridize. This has been applied in a couple of methods: in 2011 in STRT-seq®’
(Single-cell tagged reverse transcription) and in 2012 in Smart-seq*’. In STRT-seq,
cDNA is fragmented and enriched for its 5’ ends, while in Smart-Seq full-length
information is retrieved enabling details about alternative RNA isoforms to be
obtained. Both protocols have been further updated: STRT-seq introduced molecular
barcodes®® and Smart-seq2 improved its sensitivity and full-length coverage®®.

2.3.4 Linear amplification

The above-mentioned technologies are all based on exponential PCR amplification,
which is prone to the risk of introducing sequence biases. One way to reduce
amplification biases is by using in vitro transcription (IVT) amplification’?, a linear
amplification-based approach. IVT was implemented in 2012 in a protocol termed
CEL-Seq (Cell Expression by Linear amplification and Sequencing)’! with further
optimization steps in 201672. Up to 2014, protocols were able to analyze ~100 cells
in parallel’? but an automated IVT approach named MARS-Seq (massively parallel
single-cell RNA-seq)’# made it possible to analyze several thousands of cells in
parallel.

2.3.5 Scaling up the multiplexity of sScRNA-seq

To further increase the multiplexity capacity of scRNA-seq experiments up to tens of
thousands”3 of cells, a method named CytoSeq’>, which was described in 2015, uses
an approach that combines multiple shorter barcodes. This enabled the generation of
a greater number of barcodes and thus increases the number of cells being analyzed.
Shortly afterwards, two papers published in the same issue of the journal Cell
introduced single cell droplet technology. The first of these, named InDrop (Index
Droplets)’¢, uses the previously described combinatorial indexing approach, while
the second one, named Drop-seq’’, instead employs longer random barcodes.
Recently, new multiplexing strategies have been developed and we are reaching a
point where a number in the hundreds of thousands of cells can be analyzed
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together’3. Here, cells are not isolated and barcoded individually. Instead, barcoding
takes place inside the cell within pools of ~10-100 cells’87°. Several rounds of
pooling, mixing and re-pooling facilitates a decrease in the probability of two cells
ending up with the same barcode.

2.3.6 Single cell combined approaches

Even though a snapshot of a cell's RNA content (which results from transcriptional
bursts) can give us an indication of what cell type we are looking at, the ideal
procedure would be to combine it with other omics technologies®?. Today,
technologies combining single-cell transcriptomics with information such as the cell's
genome81.82, its proteome?3-85 and its chromatin conformation23 and accessibility?22
have been developed.
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Sanger sequencing gPCR RNA-seq SBS 1,000-plex ~ SCRNA-seq
scRNA-seq I
Direct full-length
RNA-seq

Figure 1. Brief historical timeline of transcriptomics.
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3. Analyzing spatially resolved gene expression

There has been extensive analysis of gene expression in both bulk and single cell
samples. However, understanding the complex network of biological functions within
tissues and organs requires the spatial context of gene expression to be preserved.
Today, several experimental and computational methods have been established
which are designed to connect positional information with gene expression data.
Characteristics of the experimental methods mentioned in this chapter are shown in
Table 1.

3.1 Technologies based on microdissected gene expression

One way of capturing spatial gene expression information is simply by isolating
regions of interest from within a sample. These regions can then be individually
placed in test tubes for RNA extraction and subsequent gene expression profiling.

3.1.1 Laser capture microdissection (LCM)

Laser capture microdissection (LCM) is a technique in which a laser beam is used to
cut out tissue regions identified under a microscope®®8’. In 2017, an extended
version of the LCM protocol, named Geo-seq (geographical position sequencing)®s,
combined LCM with scRNA-seq in order to profile the transcriptomes of tissue
regions as small as ten single cells. Although LCM is a robust technology, it is very
labor intensive, which limits the throughput of samples to be analyzed.

3.1.2 Analyzing individual cryosections

Another way of producing regionalized gene expression data is to slice tissue samples
into thin cryosections and prepare individual sequencing libraries from each piece of
tissue. In 2013 this transcriptome-wide approach was applied to Drosophila embryos,
where cryosectioning and sequencing was performed along the anterior-posterior
body axis, revealing both known and novel spatial gene expression patterns®°. High
quantities of input RNA were needed for the preparation of sequencing libraries, a
problem which was solved by adding large amounts of carrier RNA. This approach
requires a large number of sequencing reads in order to obtain a sufficient number of
the sequences originating from the individual tissue sections.

3.1.3 RNA tomography (tomo-seq)

A cryosectioning approach described in 2014, called RNA tomography (tomo-seq)°°,
avoided the need of carrier RNA by linearly amplifying”! the cDNA of individual tissue
sections. Here, the authors systematically cryosectioned three identical zebrafish
embryos, each along one of the three main body axes: anterior-posterior, ventral-
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dorsal and left-right. A 3D transcriptional profile of the embryo was then
reconstructed computationally by overlapping RNA-seq information from all
cryosections. This method is superior for both RNA quantification and spatial
resolution compared to the earlier cryosectioning protocol®®. However,
transcriptome-wide maps using tomo-seq can only be constructed using identical
biological samples and cannot be applied to clinical samples.

3.1.4 Transcriptome in vivo analysis (TIVA)

In order to accurately explore gene expression in cells within their natural
environment, the cells must be alive. One technology that enables spatially resolved
transcriptomics of living cells in their natural environment is TIVA (transcriptome in
vivo analysis)?1, published in 2014. In the TIVA protocol, intact live tissue sections are
exposed to TIVA tags (each tag is a photoactivatable mRNA capture molecule). These
multifunctional tags are attached to a cell-penetrating peptide, allowing them to
enter the cell cytosol. Next, TIVA tags can selectively be activated in cells of interest
by laser photoactivation, after which the mRNA capture molecule can hybridize to
mRNAs within the cell. TIVA tag-mRNA hybrids can then be purified and the captured
mRNAs can be further analyzed by RNA-seq. Although it is currently the only method
that can be applied to living tissue, its main limitation is its low throughput, as only a
few single cells can be analyzed at a time. Furthermore, as TIVA is applied to live
tissue, its use for the analysis of clinical samples is limited.

3.1.5 NICHE-seq

An alternative technology published in 2017, also using photoactivation, is NICHE-
seq’?. As the name implies, transcriptomes of individual cells within a specific niche
(an area within a tissue that holds a specific microenvironment) are profiled. First,
specific niches are visualized by intravenously transferring labeled landmark-cells
(e.g. T and B cells) into transgenic mice expressing photoactivatable green
fluorescent protein (GFP). Niches of interest are then photoactivated, followed by
tissue dissociation, cell sorting of GFP* activated cells and scRNA-seq. This technology
is very high throughput and can analyze thousands of cells within a niche, but their
exact positions within the photoactivated area are not known. As the current protocol
depends on genetically engineered model organisms, it cannot be applied to human
clinical samples.

12
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3.2 In situ hybridization technologies

Instead of extracting RNA molecules from individual parts (or cells) within a tissue,
one can visualize them directly in their original environment. This can be achieved by
hybridizing a labeled probe complementary to the target of interest. An overview of
in situ hybridization (ISH) technologies mentioned here is shown in Figure 2.

3.2.1 Single-molecule RNA fluorescence in situ hybridization (smFISH)

The ISH technique has existed since the 1960s°3 and has been used for visualizing
gene expression from the early 1980s%* onwards. Fluorescently labeled probes are
individually hybridized to predefined RNA targets in order to visualize gene
expression in fixed tissue. A further development of the fluorescence in situ
hybridization (FISH) protocol uses instead many short probes to target different
regions of the same transcript. This approach, named single-molecule RNA
fluorescence in situ hybridization (smFISH), enables quantitative measurements of
transcripts since one fluorescent spot indicates a single RNA molecule. Initially, a set
of five probes (50 bases in length) each coupled to five fluorophores was used to
target each transcript®®. However, labeling probes with a large set of fluorophores
has two main problems: (i) They are difficult to synthesize and purify (ii)
Fluorophores on the same probe can potentially interact with each other causing
altered hybridization characteristics and self-quenching. An alternative smFISH
method was developed in 2008, using instead a set of ~40 probes (20 bases in
length), each coupled to a single fluorophore?®. Although smFISH has high sensitivity
and subcellular spatial resolution, it can only target a few genes at a time.

3.2.2 Sequential hybridization (seqFISH)

A multiplex smFISH approach that uses sequential hybridizations (seqFISH)?78 was
developed in 2014. Individual transcripts are detected several times by serial rounds
of hybridization, imaging and probe stripping. In every hybridization round, a pre-
defined colored set of 24 encoding probes is used for each target. However, an
increased number of hybridization rounds requires an increased number of smFISH
probes, which makes seqFISH both expensive and time consuming.

3.2.3 Multiplexed error-robust FISH (MERFISH)

Another sequential hybridization method is multiplexed error-robust FISH
(MERFISH)?°. Here, ~192 smFISH probes are hybridized to each RNA target, each
probe carrying two flanking regions used for the readout. Fluorescent readout-
probes are then hybridized to identify the targets in several rounds of hybridization,
imaging, and signal extinguishing. Computational error-correction is performed after
readout to account for imperfect hybridizations. Since the RNA targets only need to
be hybridized with the smFISH probes once (a procedure taking ~10 hours), the
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experimental time is reduced significantly. The following hybridization of the
readout-probes takes ~15 minutes. In 2018, the MERFISH technique was combined
with expansion microscopy?® (an approach that physically enlarges tissues!?1) so as
to increase the distance between overlapping RNA molecules and so increase the
number of molecules that can be measured. Although no super-resolution
microscopy equipment is required, the large volumes of image processing can be
somewhat computationally demanding.
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Figure 2. (Figure appears on preceding page)

Overview of ISH technologies. smFISH: In the original smFISH approach, a set of five
probes labeled with five fluorophores each are hybridized to individual targets®s.
Alternatively, a set of ~40 probes coupled to a single fluorophore is used®®. seqFISH:
smFISH probes are hybridized consecutively to the target and stripped off by DNase I
in between each round. The same probe sequences are used in different rounds of
hybridization, but probes are connected to different fluorophores®’. seqFISH
(smHCR): seqFISH in combination with single-molecule hybridization chain reaction
(smHCR) to amplify the signal®®. MERFISH: A probe set with unique flanking read out
regions is used for individual targets. Readout probes are hybridized sequentially in
between rounds of signal extinguishing?®.

3.3 In situ sequencing technologies

Massively parallel sequencing can be performed directly on the RNA content of a cell
while it remains in its tissue context. This is referred to as in situ sequencing (ISS)
and several protocols have been developed. An overview of ISS technologies
mentioned here is shown in Figure 3.

3.3.1 In situ sequencing using padlock probes

In 2013, the first in situ sequencing approach was published that used padlock
probes to target known genes02. First, mRNA molecules within a tissue section are
reverse transcribed to cDNAs, after which the original mRNAs are degraded in order
to make the cDNAs accessible to the padlock probes. Padlock probes are single-
stranded DNA molecules, in which each end contains regions complementary to a
particular cDNA sequence. The probes can bind to the cDNA target either with a gap
between the ends, or with the ends adjacent to each other. In the first case, the gap is
filled by DNA polymerization and then, in both cases, the ends are ligated to create a
circle of DNA. The targets are then amplified so that sequencing signals can be
distinguished. This is done by amplifying the DNA circles, a process called rolling-
circle amplification (RCA), resulting in micrometer-sized RCA products (RCPs) within
the cells. Each RCP contains numerous repeats of the original padlock probe
sequence. RCPs are then subjected to SBL, where either the gap-filled sequence, or a
four-base-long barcode within the probe with adjacent ends, is decoded. By applying
ISS to a breast cancer tissue section19?, 31 targets were spatially localized. Although
ISS with padlock probes facilitates subcellular resolution, the number of targets is
limited due to the short sequencing read-length (of four bases) and the size of the
RCPs.
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3.3.2 Barcode in situ targeted sequencing (BaristaSeq)

A recently developed method called Barcode in situ targeted sequencing
(BaristaSeq)193 has an increased read-length of 15 bases. Instead of using SBL, it
applies the I[llumina sequencing chemistry (SBS), which has a higher signal-to-noise
ratio than SBL. The Illumina chemistry requires repeated heat cycles, which is
possible in BaristaSeq since RCPs are cross-linked using the same procedure as in
FISSEQ1%4 (described below).

3.3.3 Spatially-resolved Transcript Amplicon Readout Mapping (STARmap)

Another recently developed approach to ISS is Spatially-resolved Transcript
Amplicon Readout Mapping (STARmap)1%5. STARmap uses barcoded padlock probes
that hybridize to the targets, but avoid the RT step by using a second primer,
targeting the site next to the padlock probe. This duplex process is termed SNAIL
(Specific Amplification of Nucleic Acids via Intramolecular Ligation). Both probes
need to hybridize to the same target in order for the padlock probe to be circularized;
it is then amplified by RCA to generate nanometer-sized single-stranded DNA
products called nanoballs. Consequently, the SNAIL strategy reduces the noise that
could otherwise occur from non-specific hybridization events when only a single
padlock probe is used. Amine-modified bases are incorporated during the RCA, and
used for embedding the nanoballs in a 3D scaffold by applying a specific hydrogel-
tissue chemistry. The tissue-hydrogel complex is subsequently cleared of unbound
proteins and lipids, enhancing the transparency of the tissue. Next, a modified SBL
approach is applied to decode the five-base-long barcode. By using the hydrogel-
tissue chemistry in combination with the modified sequencing protocol, more than
1,000 genes were targeted in mouse brain tissue sections.

3.3.4 Fluorescent in situ RNA Sequencing (FISSEQ)

An untargeted ISS method named Fluorescent in situ RNA Sequencing (FISSEQ)104
was published in 2014. This technology is similar to the padlock approach in that it
also utilizes RCA to amplify the sequencing target and subsequent SBL. However, they
differ from each other at several steps. First, in FISSEQ cDNA synthesis is performed
using a mix of regular and modified amine-bases, together with tagged random-
hexamer RT primers. Because of the incorporated amine-bases, cDNA is cross-linked
to its cellular environment and thereafter circularized by ligation. Subsequent RCA
creates single-stranded DNA nanoballs, whose positions are maintained via cross-
linking to the cellular protein matrix. Lastly, sequencing is preformed using SBL with
a read-length of 30 bases. However, sequencing every nanoball within a cell is
problematic because of overcrowding; overlapping fluorescent nanoballs will be
impossible to distinguish from each other. Instead, by extending the sequencing
primers (which are complementary to the tag attached to the random-hexamer RT
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primers), nanoballs are randomly sampled so that only a subset is sequenced. By
applying FISSEQ to cultured fibroblasts, more than 8,000 targets could be detected
with subcellular resolution.

Although ISS technologies offer subcellular resolution, they all use micrometer- or
nanometer-sized DNA balls to amplify the signal. Due to space limitation in the cell,
the number of transcripts that can be detected is limited. All methods, except FISSEQ,
are targeted approaches, and this further limits unbiased transcriptome-wide studies
of intact tissue sections.
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Figure 3. (Figure appears on preceding page)

Overview of ISS technologies. ISS with padlock probes: Padlock probe-based ISS
using RCA and sequencing-by-ligation (the gapfilling approach is not shown here)102.
BaristaSeq: Utilizes the padlock probe-approach but the RCP is cross-linked to the
cellular matrix. Sequencing is performed using sequencing-by-synthesis!03.
STARmap: A SNAIL probe complex binds directly to RNA. RCA is performed and the
RCP is embedded within a hydrogel, which is thereafter cleared from unbound
proteins and lipids. A modified version of sequencing-by-ligation is performed on the
RCP105, FISSEQ: cDNA is cross-linked to its cellular environment. RCA is performed on
circulated cDNA and the RCP is again cross-linked to the cellular matrix. Sequencing
is performed using sequencing-by-ligation104.

3.4 In situ capturing technologies

The spatial techniques described so far have been based on either isolation of
already-known tissue regions of interest, or in situ visualization of RNA molecules
using hybridization or sequencing. Another approach is to capture and barcode
whole transcriptomes in situ, then perform sequencing ex situ.

3.4.1 Spatial Transcriptomics (ST)

The Spatial Transcriptomics (ST)1% technology, published in 2016, constitutes the
fundamental base upon which this thesis is built. It is described in detail in the
Present Investigation chapter. In short, a thin tissue section is placed on a microarray
glass slide printed with 1,007 spots, where each spot contains ~200 million
immobilized RT primers. Each primer within a spot bears a unique barcode sequence
corresponding to its position within the array. Individual spots are 100 pm in
diameter, with a center-to-center distance of 200 um. After the tissue section has
been placed on the microarray, it is fixed, stained, imaged and permeabilized. During
the permeabilization process, mRNA molecules diffuse vertically down to the solid
surface and hybridize locally to the RT primers. cDNA synthesis is then performed
directly on the microarray, after which the tissue is removed and the cDNA-mRNA
complexes are cleaved off. Subsequently, molecules are pooled into a single reaction,
where amplification and library preparation take place. Massively parallel
sequencing is then performed and the barcoded reads are superimposed back onto
the tissue image. ST is applicable to a wide range of tissue types106-112 and allows for
transcriptome-wide studies. However, the current spot size limits the spatial
resolution to ~10-40 cells.
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3.5 In silico reconstruction of spatial data

As well as the experimental approaches described in this chapter, there are also
computational ways of constructing spatially resolved gene expression datasets.
These technologies start from dissociated single cells and aim to computationally
assign them to a spatial location by using a gene expression reference map.

3.5.1 Using ISH as reference maps

In 2015, two similar computational approaches using preexisting in situ
hybridization (ISH) reference databases were published. The first (named Seurat)
integrated scRNA-seq data into the spatial context of a zebrafish embryo!13, while the
other focused on the brain of the marine annelid P. dumeriliill4. In both methods,
reference maps are created by computationally dividing the tissue into smaller
regions (bins). Each bin is given a score based on whether genes in the ISH database
are present or absent in that particular region. Single cells are then placed on the
tissue map by using their individual algorithms. The Seurat method applied to
zebrafish traced back 851 single cells based on a reference map constructed of ISH
data for 47 genes. In the P. dumerilii study, the authors used a larger reference set of
72 genes, mapping back 112 single cells. Another algorithm published in 2017 is
DistMap!1>. Here, the research group used scRNA-seq data from over 10,000 single
cells of dissociated Drosophila embryos to reconstruct a 6,000-cellular virtual
embryo. By using a ISH reference set comprising 84 ISH genes, they discovered that
most of the cells within the embryo have a unique transcriptional identity. All these
computational methods are able to give single cells a relatively precise location
within a tissue.

3.5.2 Using ST as reference maps

Using existing ISH databases to construct spatial reference maps limits analyses to
those tissue types for which ISH atlases already exist. Accordingly this approach is
not applicable to clinical samples. A way to overcome this limitation could be to
construct a reference map based on transcriptomics-wide data, for example data
obtained from ST technology. By combining scRNA-seq and ST on the same tissue,
one could refine spatial maps of theoretically any type of tissue. This approach was
applied to a tumor sample where one half was subjected to scRNA-seq, and the other
half to ST116. Marker genes found in the scRNA-seq data were used to deconvolute the
cell type compositions of different tissue regions. Another approach to this is
described in Paper IIl in the Present Investigation chapter. Briefly, expression
patterns found in the ST data are used to generate a spatial gene expression
reference map, on which single cells are positioned based on gene profile matches.
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Table 1. Comparison between spatially resolved transcriptomics technologies.

Single-cell RNA-seq is not a spatial technique, but is shown here for reference.

Method

scRNA-seq

LCM

Geo-seq

tomo-seq

TIVA

NICHE-seq

smFISH

seqFISH

MERFISH

ISS using barcoded
padlock probes

BaristaSeq

STARmap

FISSEQ

Spatial
Transcriptomics

Spatial
resolution

NA

Cellular

10 cells

Anatomical
features

Cellular
Cellular
Subcellular
Subcellular
Subcellular
Subcellular
Subcellular
Subcellular

Subcellular

Anatomical
features

Approach

Transcriptome-

wide

Targeted or

Transcriptome-

wide

Transcriptome-

wide

Transcriptome-

wide

Transcriptome-

wide

Transcriptome-

wide

Targeted

Targeted

Targeted

Targeted

Targeted

Targeted

Transcriptome-

wide

Transcriptome-

wide

Detection
efficiency

5-40%117

NA

NA

NA

NA

NA

Nearly 100%118

84908
80%%°
30%11°

309103

No less than
scRNA-seq105

<0.005%120

6.99%106

21



Spatially Resolved Gene Expression Analysis

PRESENT INVESTIGATION

This thesis is based on four research papers, all of which address the field of spatial
transcriptomics. Paper I is the landmark paper describing a novel technology for
spatially resolved transcriptomics, while Paper II describes the application of the
technology to adult human cardiac tissue. In Paper III, the technology is applied to
developing human heart tissue in combination with scRNA-seq to facilitate increased
spatial resolution. Finally, Paper IV extends the technology described in Paper I,
making it also applicable to full-length gene expression analyses.

Paper I - A spatially resolved transcriptome-wide approach to study
whole tissue sections

Spatially resolved transcriptomics provides us with new insights into the molecular
diversity of complex multicellular organisms. Several approaches have been
established in order to preserve gene expression information together with its tissue
localization. However, existing challenges for many spatial technologies include the
extent of existing knowledge about the targets, the labor-intensive nature of the
methods or the fact that they are not applicable to clinical samples. This paper
describes a method whereby whole intact tissue sections can be studied in a spatial
whole-transcriptome manner. Firstly, fresh frozen tissue is cryosectioned into a thin
nearly-unicellular layer and placed on a barcoded microarray. The microarray
contains six 6,200 x 6,600 pum areas, each covering 1,007 individually printed spots
with a diameter of 100 pm. Each spot contains a cluster of ~200 million immobilized
poly-T oligos. All oligos within the same spot carry a unique positional barcode
sequence, specifying the x and y coordinate of the spot in the array. The tissue section
is then fixed and imaged, and subsequently subjected to permeabilization. During the
permeabilization step, mRNA molecules will diffuse down to the microarray surface
and hybridize to the oligos underneath it. Reverse transcription then takes place
directly on the surface. Next, the tissue section is removed and the mRNA-cDNA
hybrids are detached from the microarray for library preparation and high-
throughput sequencing. Barcoded sequencing reads can then be overlaid on the
histological image of the tissue. Hence, individual transcriptomes obtained from each
spot will provide spatial gene expression profiles. The technology was applied to
mouse olfactory bulb tissue and the resulting spatial gene expression profiles
correlated well with the ISH based Allen Brain Atlas. Additionally, the technology
showed a detection efficiency of ~6.9% when compared to smFISH. One key step in
the protocol is the permeabilization. If the tissue is permeabilized too much, mRNA
molecules will diffuse horizontally and their spatial contexts will be lost. On the other
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hand, if the tissue is permeabilized too little, mRNAs may not be extracted from the
cells at all. In order to investigate the amount of transcript diffusion, microarrays
uniformly coated with non-barcoded poly-T oligos were used together with a
modified reverse transcription mixture containing Cy3-labeled nucleotides. The
protocol was performed as described above up to tissue removal. The intensity of
signals generated from the Cy3-cDNA footprint was compared with the histological
staining of the tissue, revealing a diffusion distance of ~1.7 um. Lastly, the technology
is applied to explore tumor heterogeneity within human breast cancer biopsies,
showing its applicability to clinical samples. Although this technology provides a less
labor-intensive, transcriptome-wide approach applicable to a wide range of samples,
it does not have single-cell resolution. Furthermore, the experimental procedure of
the current protocol restricts analyses of full-length transcripts.
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Figure 4. Overview of the Spatial Transcriptomics technology.
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Paper Il - Detecting lowly expressed biomarkers in heart failure disease
progression

Studying human adult heart biopsies has previously only been carried out using
microarrays or bulk RNA-seq approaches. However, this generates an average profile
of gene expression across the sample and the signal from lowly expressed genes
related to subpopulations of cells can be lost. Identifying weakly expressed genes can
be of importance when investigating heart failure progression within clinical
samples. Earlier studies have shown that genes normally only expressed during the
fetal stage are reactivated during heart failure pathogenesis, and thus can be used as
biomarkers for disease progression. Here, the technology described in Paper I (ST) is
applied to heart failure clinical samples. The paper represents a pilot technical study
in which adult heart biopsies from three individual patients are investigated. This
was performed in order to explore tissue handling, permeabilization procedures and
the sensitivity of the method before applying it to future larger clinical studies. One of
the main challenges was to retain sufficient amounts of high quality RNA. Adult heart
tissue contains a large proportion of fibrous tissue and the cellular density is low,
meaning that RNA extraction can be problematic. Initially, the experimental protocol
was modified in order to make adult cardiac RNA accessible. The modifications
included both a stronger permeabilization treatment as well as a harsher procedure

for tissue removal. Investigating the expression of six potential biomarkers across all
samples revealed that the ST method provides a higher sensitivity than that which
can be achieved through bulk data. Although the study shows the advantage of using
ST technology for detecting biomarkers expressed at low levels, it covers only a
limited set of patients and therefore no conclusions about HF disease progression can
be made.

Adult heart tissue sections Fat and
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|
Expression
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Spatial Transcriptomics library Detection of biomarkers
preparation and sequencing Spatial gene expression profiles expressed at low level

Figure 5. Applying Spatial Transcriptomics technology to human adult heart tissue.
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Paper III - Tracing cellular heterogeneity within the developing human
heart

Little is known about the process of human cardiac morphogenesis as a whole. The
early structure of the primitive heart tube will eventually transform into a fully
functional adult heart. During this process, various stem-cell populations furnish the
heart with its entire repertoire of cell types, a procedure not yet completely
understood. In this paper, the ST technology described in Paper I is applied to
developing human heart tissue in combination with scRNA-seq to investigate gene
expression programs during human heart development. Initially, two heart tissue
samples of the same age (~7 weeks-old) were processed either through the ST
protocol or by scRNA-seq. Spatial gene expression profiles were linked to distinct
anatomical structures within the heart and one of the regions, called the outflow
tract, deviated particularly strongly from the rest. Based on gene profile matches
between cardiac regions (ST data) and single cells (scRNA-seq data), cellular
heterogeneity across the regions could be tracked. By using the combined approach,
the outflow tract region could be characterized as having a relatively higher cellular
diversity compared to the other regions. Furthermore, two additional heart samples
from an earlier (~5 weeks-old) and a later (~9 weeks-old) developmental time point
were processed by the ST protocol. Comparisons between the three time points
showed low temporal differences in gene expression (from week 5 to week 9) in
contrast to the differences seen within the heart. Here, a framework is set up that
combines scRNA-seq data with ST technology in order to trace single cells to a
location in situ. This paper is a first step towards a complete organ-wide gene
expression atlas of the developing human heart. However, additional samples would
provide a more detailed map of cardiac structures and facilitate more in-depth
investigations regarding cell-to-cell interactions.
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Figure 6. Combining scRNA-seq and Spatial Transcriptomics.

25



Spatially Resolved Gene Expression Analysis

Paper IV - Constructing spatially resolved full-length transcriptomes
within whole tissue sections

In the protocol described in Paper I, tissue sections are placed on a barcoded
microarray and fixed with formaldehyde, a chemical agent responsible for creating
covalent cross-links between the mRNAs and their surrounding molecules. The
reverse transcription is therefore restricted by the site of a cross-link, resulting in
short tags of mRNA data. This approach is very valuable for quantitative gene
expression studies, but it does not provide full-length transcript information. More
detailed investigations into alternative splicing, fusion transcripts and mutations are
therefore largely precluded. This paper describes an alternative protocol using ST
barcoded microarrays to study complete transcript structures within individual
tissue sections. The protocol differs from the standard procedure in the following
steps; (i) fixation, (ii) reverse transcription, (iii), amplification and (iv) library
preparation. Firstly, the tissue is fixed with methanol to keep entire RNA molecules
intact and accessible to the reverse transcriptase. Secondly, the reverse transcription
reaction is performed with an enzyme possessing terminal transferase activity,
resulting in the addition of a couple of non-templated nucleotides to the 3’ end of the
cDNA. A template-switch oligo (designed with an amplification handle) can then
hybridize to the extended part of the cDNA, and the RT enzyme can continue to
extend over the template-switch oligo. The cDNA constructs will consequently
contain amplification handles on both sides and can be subsequently amplified by
PCR. Next, the diluted cDNA library is placed in 10x Genomics droplets and a second
barcode is incorporated into the cDNA molecules. This procedure generates shorter
barcoded cDNA fragments suitable for massively parallel sequencing. Droplet
barcodes and spatial barcodes are then linked computationally to reconstruct full-
length transcripts. This paper demonstrates that spatially barcoded libraries can be
combined with the 10x Genomics droplet station to identify spatial positions of full-
length cDNAs within a tissue context. However, future studies based on redesigned
barcoded surface-probes and/or the droplet barcodes would provide a more
seamless system for spatial isoform profiling.
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Figure 7. Spatially resolved full-length transcriptomics.
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Concluding remarks

More than ten years ago, massively parallel sequencing and the introduction of RNA-
seq revolutionized the field of transcriptomics. Shortly after, it was even possible to
analyze the individual transcriptome of a single cell. Going from analyzing bulk
samples to single cells has truly opened our minds to the cellular diversity in, e.g.,
complex tissue systems and developmental processes. By adding a spatial dimension
to the analysis of these heterogeneous tissue structures, we are beginning to
understand biological networks and interactions within the system.

Today, there is a wide range of spatial technologies but none of them is superior in
every respect to the others. Dissection approaches, such as Geo-seq and TIVA, can be
combined with scRNA-seq to retain complete transcriptome-wide information. TIVA
can also be applied to living tissue, a unique feature no other spatial technique
possesses. However, both these methods suffer from low throughput when it comes
to analyzing a number of regions/cells in parallel. NICHE-seq and tomo-seq, on the
other hand, offer high throughput, but are not applicable to clinical samples. The
transcriptome-wide ST technology can be applied to a variety of tissue types,
including clinical samples, but it does not achieve single cell resolution. In situ
approaches, in contrast, have exceptional spatial resolution, reaching down even to
the subcellular level, but are restricted regarded the fact that targeted genes need to
be defined a priori. An exception is FISSEQ, but this method has a lower detection
efficiency compared to the others.

A major obstacle for many spatial technologies today is the efficiency of detection. In
order to increase the efficiency, RNA losses throughout the workflow need to be
minimized. This can be achieved by using minimum number of experimental steps
and ideally without performing any wash steps. However, RT may be the most
efficiency-limiting step, in which not all transcripts are converted to cDNA. Future
protocols will likely have workflows with substantially fewer steps and many will
probably exclude the RT step by directly targeting native RNA.

Further implementation of spatial techniques in the clinical setting would benefit
from protocols compatible with formaldehyde fixed-paraffin embedded tissue.
Although possible by some present-day methods, it is more laborious and it is still
challenging to achieve sufficient quality. Whether or not spatial techniques will be
routinely used in future applications within clinics, they could certainly be a powerful
screening tool for the detection of disease biomarkers.
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For a technology to be widely accessible, it may be beneficial either to commercialize
the method in the form of a kit or a service, or to make the protocol procedure cost
efficient and compatible with regular lab equipment. LCM, ST and padlock-probe
based ISS studies have all been published outside their lab of creation. Which one of
the existing spatial methods will reach the widest future community of scientists,
either in its current form or with complementary improvements, remains to be seen.

Beyond analyzing spatially resolved gene expression lies the challenge of analyzing
spatially resolved multiomics. This integration of transcriptomics, genomics,
proteomics and certainly many other types of omics could advance our knowledge of
cell heterogeneity and interactions between cells. Existing protocols for combined
single cell omics could surely be applied to spatial techniques using dissection
approaches. In terms of analyzing individual tissue sections, using technologies such
as ISH, ISS and ST, it would currently be possible to process consecutive tissue
sections in order to integrate transcriptomics and proteomics for example. Another
future prospect, beyond spatially resolved transcriptomics, would be to monitor real-
time temporal changes in gene expression in living tissue, a possibility that may not
be too far away considering the technological progression made during the last
decade alone.

One thing is for sure; teamwork is fundamental to technological development and
scientific discoveries, and it is often most effective when it brings together people
across disciplinary divides. One excellent example is the global Human Cell Atlas
initiative, which is gathering the efforts of many researchers to profile all the cell
types in the human body. By the time it is completed, this international, open access
project will have produced an enormous library of descriptions of at least 10 billion
cellsl. As this project proceeds, new technologies and collaborations will advance in a
rapid manner. These are technologies that will produce a tremendous amount of
data, in need of analysis and interpretation with new, standardized procedures. The
field of spatially resolved transcriptomics is undoubtedly only beginning to show us
what is possible.
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