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Abstract 
 

High-throughput sequencing has greatly influenced the amount of data produced 
and biological questions asked and answered. Sequencing approaches have also enabled 
rapid development of related technological fields such as single-cell and spatially resolved 
expression profiling. The introductory parts of this thesis give an overview of the basic 
molecular and technological apparatus needed to analyse the transcriptome in cells and 
tissues. This is succeeded by a summary of present investigations that report recent 
advancements in RNA profiling.  

RNA integrity needs to be preserved for accurate gene expression analysis. A 
method providing a low-cost alternative for RNA preservation was reported. Namely, a low 
concentration of buffered formaldehyde was used for fixation of human cell lines and 
peripheral blood cells (Paper I). The results from bulk RNA sequencing confirmed gene 
expression was not negatively impacted with the preservation procedure (r2>0.88) and that 
long-term storage of such samples was possible (r2=0.95). However, it is important to note 
that a small population of cells overexpressing a limited amount of genes can skew bulk 
gene expression analyses making them sufficient only in carefully designed studies. 
Therefore, gene expression should be investigated at the single cell resolution when 
possible. A method for high-throughput single cell expression profiling termed 
microarrayed single-cell sequencing was developed (Paper II). The method incorporated 
fluorescence-activated cell sorting, sample deposition and profiling of thousands of 
barcoded single cells in one reaction. After sample attachment to a barcoded array, a high-
resolution image was taken which linked the position of each array barcode sequence to 
each individual deposited cell. The cDNA synthesis efficiency was estimated at 17.3% while 
detecting 27,427 transcripts per cell on average. Additionally, spatially resolved analysis is 
important in cell differentiation, organ development and pathological changes. Current 
methods are limited in terms of throughput, cost and time. For that reason, the spatial 
transcriptomics method was developed (Paper III). Here, the barcoded microarray was used 
to obtain spatially resolved expression profiles from tissue sections using the same imaging 
principle. The mouse olfactory bulb was profiled on a whole-transcriptome scale and the 
results showed that the expression correlated well (r2=0.94-0.97) as compared to bulk RNA 
sequencing. The method was 6.9% efficient, reported signal diffusion at ~2 µm and 
accurately deconvoluted layer-specific transcripts in an unbiased manner. Lastly, the spatial 
transcriptomics concept was applied to profile human breast tumours in three dimensions 
(Paper IV). Unbiased clustering revealed previously un-annotated regions and classified 
them as parts of the immune system, providing a detailed view into complex interactions 
and crosstalk in the whole tissue volume. Spatial tumour classification divulged that certain 
parts of the tumour clearly classified as other subtypes as compared to bulk analysis 
providing useful data for current practice diagnostics.  

The last part of the thesis discusses a look towards the future, how the presented 
methods could be used, improved upon or combined in translational research. 

 
Keywords: RNA-sequencing, single cells, spatially resolved transcriptomics, 3D profiling. 



 

  

Sammanfattning 
 

Storskalig sekvensering har påverkat mängden sekvensdata som produceras samt 
den biologiska frågeställningen. Sekvenseringsmetoder har möjliggjort en snabb teknisk 
utveckling av närliggande områden så som analys av enskilda celler och spatialt upplöst 
genuttryck. Avhandlingen ger inledningsvis en överblick av de grundläggande molekylära 
och teknologiska redskap som krävs för att analysera transkriptomet i celler och vävnader. 
Därefter följer en sammanfattning av rådande forskning som presenterar nya framsteg inom 
RNA-analys.   

Det är nödvändigt att bevara kvaliteten på RNA för att ge en korrekt analys av 
genuttrycket. En metod för ett lågkostnadsalternativ till konservering av RNA 
presenterades. Humana cellinjer och perifera blodceller fixerades i en buffert med låga 
koncentrationer formaldehyd (Artikel I). Resultat från bulksekvensering bekräftade att 
genuttrycket inte påverkades negativt av konserveringsmetoden (r2>0,88) och att förvaring 
av sådana prover var möjlig under längre tid (r2=0,95). Det är dock viktigt att notera att en 
liten population av celler som överuttrycker en begränsad mängd gener kan ge en 
missvisande bild av genuttrycket vid bulk-analys. Detta medför att då det är möjligt, bör 
analys av genuttryck utföras på enskilda celler. En metod för storskalig karaktärisering av 
enskilda cellers genuttryck utvecklades, vilket benämndes som sekvensering av enskilda 
celler på mikrochip vars yta var täckt av specifika DNA-sekvenser (Artikel II). Metoden 
inkluderade fluorescens-aktiverad cellsortering, inbindning av prov och karaktärisering av 
tusentals enskilt märkta celler i en reaktion. Efter inbindning av provet till ett mikrochip, 
togs en högupplöst bild vilket länkade varje unik DNA-sekvens på chipet till en inbunden 
cell. Effektiviteten av cDNA-syntesen uppskattades till 17,3% och i genomsnitt detekterades 
27427 unika transkript per cell. Analys av spatial upplösning är viktigt för att studera många 
aspekter av celldifferentiering, organutveckling och patologiska förändringar. Nuvarande 
metoder begränsas av kapacitet, kostnad och tid. På grund av detta utvecklades en metod 
för spatial transkriptomik (Artikel III). Mikrochip användes för att erhålla spatial 
upplösning av genuttryck från vävnadssnitt, genom att använda samma typ av chip och 
avbildningsprincip som tidigare nämnts. Det kompletta transkriptomet av musens luktlob 
karaktäriserades och resultaten visade att genuttrycket var väl korrelerat (r2=0,94-0,97) vid 
jämförelse med bulksekvensering. Metodens effektivitet var 6,9%, spridningen ~2 µm och 
även utan tidigare vetskap var en exakt kartläggning av skikt-specifika transkript möjlig. 
Slutligen användes konceptet för spatial transkriptomik på humana bröstcancertumörer i 
tre dimensioner (Artikel IV). Klustringen avslöjade tidigare okända regioner och 
klassificerade dem som en del av immunsystemet, vilket gav en detaljerad inblick i 
komplexa interaktioner i hela vävnadsmassan. Spatial klassificering av tumören visade att 
särskilda delar av tumören tydligt klassades som tillhörande andra underordnade 
tumörtyper än vad som observerats vid bulk-analys, vilket bidrog till utökad kunskap inom 
aktuell diagnostisk praxis.  

I den avslutande delen av avhandlingen diskuteras framtida möjligheter, 
potentiell utveckling och användningsområden för de presenterade metoderna, samt hur 
dessa skulle kunna kombineras för att användas i translationell forskning.   

 
Nyckelord: RNA-sekvensering, enskilda celler, spatialt upplöst transkritomik, 3D-
karaktärisering              
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Introduction 
Life is the period between the birth and death of every living thing. The 
ability to grow and reproduce is what differentiates life from inorganic 
matter. In 1944, Erwin Schrödinger gave a series of lectures on the 
subject and asked one basic question:  
 

How can the events in space and time which take place within the 
spatial boundary of a living organism be accounted for by physics 
and chemistry?  (1).  

 
The answer followed:  
 

The arrangements of the atoms in the most vital parts of an 
organism and the interplay of these arrangements differ in a 
fundamental way from all those arrangements of atoms which 
physicists and chemists have hitherto made (1).  

 
He called the hereditary material a substance that acted as a “aperiodic 
crystal” which was built from small parts in a polymer fashion, with 
mutations only occurring as rare changes to the compressed miniature 
code (1). 
 
Although not the father of DNA, Schrödinger was on the right track and 
only 9 years later, on the 25th of April, 1953, James Watson and Francis 
Crick published their article in Nature postulating the DNA structure and 
pairings suggesting a possible copying mechanism of the genetic 
material (2). 
 
All living organisms contain this hereditary nucleic acid and yet large 
physical variations exist both within and between species. Therefore, 
nucleic acid must be regulated in a manner that can produce these 
differences and, over time, allow a species to adapt to new or changing 
environments. 
 
The central dogma of biology describes the information flow for those 
differences. The sequential information, starting from DNA, cannot be 
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reversed once it has been translated to a protein with RNA acting as an 
intermediate template for protein synthesis (3, 4). 
 
Heritable DNA changes are limited due to the template copying 
mechanism and robust error checking during replication. Some changes 
may rarely occur but are often lethal or can negatively affect normal 
protein function. However, regulating gene expression is a very common 
event that can help explain some of the variation (5).  
 
Messenger RNA (mRNA) is the intermediate step in producing proteins 
from DNA, and quantifying the number of copies for each gene can give a 
measure of gene activity. Regulation of transcription, alternative splicing 
and degradation can account for differences not only between tissue 
types, but also between individual cells within a tissue.  
 
Our understanding of gene activity and its occurrences has evolved 
tremendously in recent years. Now, we know that genes are transcribed 
periodically and episodically for short periods of time and that the levels 
of gene activity depend on the frequency of these bursts as well as the 
speed of RNA degradation after the bursts (6). These findings need to be 
taken into account when comparing gene activity levels and treat the 
analysis as relative levels of expression at a specific time point. The term 
“absolute quantification” needs to be used with some care.  
 
Methods for quantifying gene expression at the cellular level are needed 
to increase our understanding of both the similarities and the differences 
between these smallest units of life.  
 
Today, research can be performed on nucleic acids and proteins within 
cells or that have originated from cells, except in the case of viruses. 
Therefore, it is crucial to preserve the cells or tissues and the respective 
molecules in question once they have been taken from their native 
environment. Also, in most cases, to capture meaningful information 
from these molecules and transfer them to a digital signature, the signals 
need to be amplified in one way or another. A possibility to tag and track 
the origin of these molecules within a spatial context of a cell, a tissue or 
an organ gives us an opportunity to grasp the landscape transcriptome 
and its underlying functions and interactions. Many efforts have been 
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made to capture this information, with the predominant analysis tools 
being single-cell RNA-sequencing (scRNA-seq), in situ hybridisations 
(ISH) and spatially resolved transcriptomics.  
 
This thesis presents four papers analysing RNA from cross-linked cells 
and describes the process of development needed to even attempt to 
unravel the expressional landscape. RNA sequencing (RNA-seq) provides 
a quantifiable and digital measurement of gene expression and is the 
central theme in all four papers. The first paper, Paper I, describes a 
method for efficiently preserving mRNAs in human cells. The second 
paper, Paper II, describes a novel high-throughput method for scRNA-
seq. The third paper, Paper III, describes a novel method for spatially 
resolved transcriptomics based on the developed array technology. The 
forth paper, Paper IV, describes an approach to extract three-dimensional 
and spatial information from diseased tissues.  
 
The thesis begins with the description of the basic molecular and 
technological apparatus needed to analyse information from a cell – from 
reverse transcription, RNA and DNA amplification to microarray 
production, sequencing and current methods for single cell and spatial 
transcriptome analyses. Secondly comes a description of the present 
investigations (Papers I-IV) and their importance. It concludes with a 
look towards the future, how methods presented in the current studies 
could be used in future studies, and how these methods could be 
improved on.  
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The Molecular Toolbox 
Gregor Mendel described the term gene (although not using the word) in 
the mid 1800s whilst Friedrich Miescher isolated an organic acid named 
“nuclein” from the cell in 1869 (7). Richard Altmann purified this form in 
1889. Although the isolated molecules were small at the time due to the 
crude extraction methods, Phoebus Levene postulated the presence of a 
pentose sugar and an equal extent of four bases, leading to the 
misconception that DNA was a small and monotonous molecule. In 1929, 
Levene further identified the sugar in DNA as deoxyribose, leading to the 
term deoxyribonucleic acid (DNA) (7).  
 
Simultaneously, Fredrick Griffith injected mice with a mix of living non-
virulent (type R) pneumococci and heat-inactivated virulent (type S) cells 
and noticed that many of the mice died and their blood contained living 
type S cells (7), even though the mice had received dead virulent cells. 
This was the first experiment that showed DNA as the heritable material 
in an organism, although it took some years until the Avery-MacLeod-
McCarty experiment (1944) was performed, which showed that there was 
no need for heat-inactivated type S cells to be present, and that only their 
DNA sufficed (8). In 1950, Erwin Chargaff’s first rule disputed Levene’s 
hypothesis of four equimolar bases present in the DNA - total purine 
equalled total pyrimidine and their ratios were close to 1 (9, 10). The 
Hershey-Chase experiment, where the coating of the bacteriophage was 
labelled with the S35 and its DNA with the P32 radioisotope, confirmed 
that DNA from the phage was indeed infecting the bacterial cells (11). 
This experiment was published almost 9 years after the Avery-MacLeod-
McCarty experiment and, by then, it was a well-known fact that DNA was 
indeed the hereditary molecule.  
 
After the discovery that DNA was the unit of heredity, scientists wanted to 
identify its structure. One lab researching this was the famous Cavendish 
lab at Cambridge University, led by William Lawrence Bragg, and in the 
early 1950’s, joined by James Watson and Francis Crick. At that point 
Bragg had already received a Nobel Prize, alongside his father, for X-ray 
crystallography that was primarily used to solve structures of proteins. 
Watson was already aware that DNA might be the hereditary molecule in 
bacteria due to the Avery-Macleod-McCarthy and Hershey-Chase 
experiments while Crick, a physicist turned biologist, worked on the 
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diffraction of the protein alpha helix and was well aware of the 
importance of double covalent bonds holding complex structures 
together. Rosalind Franklin, also in Cambridge at the time, had been 
working on solving the DNA structure by X-ray crystallography alongside 
Maurice Wilkins. Franklin had not agreed with the first DNA model 
proposed by Watson and Crick and corrected them by saying the 
hydrophilic phosphates were on the outside of the molecule whilst the 
inside was filled with the hydrophobic base backbone. However, due to a 
disagreement between Franklin and Wilkins, when Franklin finally did 
take a photo of the DNA double-helix, Wilkins immediately took credit 
and showed the photo to Watson which helped Watson and Crick to 
recognize and postulate the correct DNA structure in 1953 (2). Watson, 
Crick and Wilkins received a joint Nobel Prize in 1962, a few years after 
the untimely death of Rosalind Franklin.  
 
Crick proposed the central dogma of biology in 1956 (3). In 1961, Marshal 
Nirenberg confirmed that a triplet code (in this case UUU) coded for 
phenylalanine (12). Nirenberg continued to decode the amino acids and 
received a Nobel Prize in 1968, which he shared with Robert Holley, for 
the discovery of transfer RNA (tRNA), and Har Gobind Khorana, for the 
invention of methods for chemically synthesizing nucleic acids (13).  
 
It was actually Khorana’s work that then streamlined the nucleic acid 
research field by enabling synthesis of predefined short oligonucleotide 
stretches. Although Kary Mullis was solely accredited for developing the 
polymerase chain reaction (PCR) in 1987 (14), Khorana and his 
Norwegian colleague Kjell Kleppe described the idea already in 1971, 
although not reporting an experimental result (15). Nevertheless, in the 
1980s, Mullis while working at Berkeley came up with the idea of using 
two complementary short DNA sequences hybridising on both strands 
after a heat denaturation step. After that, the short sequences served as 
starting points for a DNA polymerase to extend and ultimately copy the 
target sequence in the presence of free nucleotides. The first experiments 
were performed with the thermally unstable Klenow fragment of DNA 
polymerase I (16) and without a PCR machine – both were soon 
developed (17, 18) and are similar to the equipment used today.  
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PCR is the most common and likely cheapest way to amplify a target 
sequence, DNA or RNA. In doing so, it paves the way for quantitative and 
comparative studies of the cell’s working code.  
 
However, PCR is somewhat limited in the amplification of longer DNA or 
RNA molecules and is dependent on the error rate of the polymerase 
used. Amplification biases towards shorter fragments creates misleading 
results in the amount of RNAs present – the quantification error can rise 
by a thousand-fold after 30 cycles of exponential PCR amplification. RNA 
is a less stable molecule than DNA due to the hydroxyl group on the 2’ 
position of the ribose sugar. RNA is also a single-stranded molecule 
making it more prone to hydrolysis by enzymes natively present in the 
cells. Such molecular characteristics make RNA a challenging target to 
study in its native form.   
 
Howard Temin, a virologist, and his postdoctoral fellow Satoshi Mazutani 
were performing experiments with a Rous sarcoma RNA virus. They 
discovered that cells they had infected were actually generating double 
stranded DNA. This meant that when the RNA virus infected the cells it 
was able to convert its genetic material into DNA before insertion into the 
host genome (19). This was controversial at the time, as the central 
dogma of biology stated that information flowed from DNA to RNA to 
protein, and never backwards. Independently, David Baltimore 
discovered the same molecular mechanism with the murine leukaemia 
virus (20) and both received the Nobel Prize in 1975. The enzyme 
responsible for these reactions was called reverse transcriptase and is still 
the key enzyme in preserving the mRNA information successfully. Not 
even two years later, it was reported the reverse transcriptase could be 
used in vitro to synthesize complementary DNA (cDNA) from 
mammalian mRNAs (21, 22). cDNA is the molecular code read in high-
throughput RNA research today.  
 
In order to detect most RNA molecules present in a cell, the amplification 
efficiency needed to be improved and a way very different from that of 
exponential PCR amplification discovered. An approach using the T7 
RNA polymerase, obtained from the T7 phage was one such way. First 
successfully applied by Michael Chamberlin in 1970 (23), this E. coli 
infected T7 phage system resulted in production of a RNA polymerase 
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that was extensively investigated – Audrey Stevens (24), Michael 
Chamberlin and Paul Berg (25) verified the hypothesis that this RNA 
polymerase preferentially incorporated nucleotides into new RNA 
molecules over new DNA molecules. However, as it needed double-
stranded DNA to function, it was confirmed the DNA template, 
containing a double stranded T7 promoter region, acted as a catalyst in 
this reaction. Further, they also noted that the RNA molecules created 
with the RNA polymerase bind only to the DNA template of origin, after 
heating and denaturation. This confirmed that the amplification was very 
conserved and preferential over the native RNA polymerases present in 
the cell. In 1992, Jim Eberwine used this approach to linearly amplify the 
starting mRNA template, through a cDNA intermediate state, at least a 
million times (around 2000 fold per amplification cycle) and later 
characterized these mRNAs from a single cell and stated:  
 

We characterize several mRNAs from a single cell, some of which 
were previously not described, perhaps due to "rarity" when 
averaged over many cell types …  
 
… This profiling suggests that cells that appear to be morphologically 
similar may show marked differences in patterns of expression (26).   
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The Sequencing Toolbox 
With the development of molecular tools came new discoveries – DNA 
was no longer a short and monotonous molecule – it was a long and 
complex polymer-like structure present in every living cell and carried 
hereditary information from one cell to another. The next step was 
decoding this information.  
 
The Human Genome Project (HGP), first devised in 1984 and started in 
1990, took 13 years to complete. Its aim was to:  
 

Determine the sequence nucleotide base pairs which make up human 
DNA, and to identify and map all of the genes of the human genome 
from both a physical and functional standpoint (27).  

 
Of course, this had to be accompanied by setting up public resource 
databases, GenBank (28) and Ensembl (29), and their supplement tools, 
dbSNP (30) and HapMap (31). All of the tools were built, updated and 
published at the same time as the HGP, between 2001 and 2003. The 
projects continued and the databases have been updated in tandem with 
new human genome builds being released. However, as those are public 
databases and depend on manual entries by multiples groups who have 
various approaches to producing and analysing data, the databases now 
include a validation score: who submitted the data and the submitter’s 
status, whether the submission had already been recorded and could be 
compared, whether the submission is corroborated in all alleles in at least 
two chromosomes, and whether the submission has been recorded in 
both the HapMap and 1000 Genomes Project (32). 
 
The 1000 Genomes Project, started in early 2008, was a project to create 
a more detailed map of the human genome based on genomic material 
from 1000 random individuals from different ethnic groups (33–35). The 
project was to complement the HapMap with more information on 
possible causative variables that were neither very rare nor very common 
in the examined population i.e. the project’s aim was to map structural 
variants in the human genome. The 1000 Genomes Project was designed 
differently than the HGP: (i) a pilot of six individuals, or two pairs of a 
nuclear family, was deep sequenced to set up necessary pipelines and 
platforms, (ii) 180 individuals were shallow sequenced to assess using 



Sanja Vickovic 

9 

this type of data and (iii) exome sequencing of 1000 genes from 1000 
individuals was performed to assess differences in protein-coding genes. 
Initially, the 1000 Genomes Project used three different sequencing 
technologies: 454, SOLiD and Illumina and the project continues to run. 
Researchers are encouraged to use the study design of a nuclear family 
and at least 90 unrelated individuals and submit the data to the project. 
Now, the project hosts data from 2,504 individuals and >80 million 
variants found in the genome. Since the finish of the HGP until today, as 
demonstrated in the 1000 Genomes Project, the technologies relevant to 
the genomics field have undergone unrecognizable development. The 
following chapters will try to elucidate these technological developments 
in the context of this thesis. 

Background into the first sequencing platforms 
Electrophoresis was probably the first major accomplishment preluding 
the Human Genome Project as it enabled separation of DNA molecules in 
a medium based on the negative backbone DNA charge migrating in an 
electric field. The speed of the migration was dependant on the size of the 
molecules, the size of the pores in the medium as well as the voltage (36–
39).  
 
Frederick Sanger, well before he developed chain termination 
sequencing, was responsible for sequencing the first ever protein, insulin 
(40–43), and then the first ever nucleic acid, tRNA in 1969 (44). 
Following this, Sanger developed the ”plus-minus” method for DNA 
sequencing, in which the ”plus” reaction held only one nucleotide and the 
”minus” reaction all but one nucleotide making up a total of 8 reactions 
that were all supplemented with DNA polymerase I and template 
fragments of the phiX genome as well as a labelled 10 nucleotides (nt) 
primer (45). The labelled products were loaded on a gel to be separated 
by electrophoresis and the DNA sequence reconstructed from the 
fragments. A major drawback with this method was not being able to 
distinguish homopolymer regions. Allan Maxam and Walter Gilbert then 
published a method where they radioactively labelled the 5’ end of a DNA 
fragment and then chemically fragmented the DNA in four separate 
reactions and reaction types to generate short fragments ending with G, 
G+A, C or C+T (46). The fragments could be loaded on a gel and the 
resulting sequence read after electrophoresis. This method did not suffer 
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from tedious cloning steps as the ”plus-minus” method did or problems 
reading through homopolymers, but it used a radioactive isotope and 
hazardous chemicals. In 1977, Sanger published another sequencing 
method, the second major accomplishment before the HGP, known as 
Sanger’s dideoxy method (47) – now, only 4 reactions were needed as one 
nucleotide dideoxy analogue was added per reaction which the 
polymerase could incorporate but not extend making it a chain 
terminator. The technology in-between the classic Sanger sequencing and 
publishing the human genome included the partially automated 
fluorophore-based column gel separation (48) and the laser detection 
system, apart from extensive enzyme engineering. The result from the 
machine was presented as a series of peaks being translated into a DNA 
sequence on a commercial ABI 370A oligonucleotide synthesizer and 
sequencer.  
 
Leroy Hood and colleagues developed this approach in the late 1980s and 
called it a “specific-primer-directed” approach (49). In this approach, 
only one clone needed to be generated, with a 1-3 kbp DNA insert. This 
stretch of DNA was then inserted into an M13 phage. A universal 15-20 
nucleotides (nt) primer adjacent to the insert enabled sequencing of the 
fragment from both directions. First they sequenced a 600 bp stretch of 
DNA and then synthesized a primer just before the break in the sequence 
leaving space for an overlap, and repeated the process up to 4 times. They 
then improved the process and made a digital read-out system. On the 
other hand, a company-based endeavour to sequence the human genome, 
Celera Genomics (50), used a different approach called “the shotgun” 
approach. Restriction enzymes (51, 52) were used to generate random 
breaks in the DNA which were then inserted into plasmids (53) by 
ligation (54) to transform the bacteria and then amplify the fragment.   
 
Celera, entering the human genome race in 1998 with the random 
shotgun approach of expressed sequence tags (ESTs), ended up pressing 
the HGP to change their strategy from hierarchical to whole genome 
shotgun sequencing to speed up their process. This was also when 
Applied Biosystems released their ABI PRISM 3700 instruments that 
significantly contributed to the increase in the sequencing throughput. 
Although Celera was at first hesitant to make their data public, the HGP 
managed to convince them otherwise. Inevitably, this showed that 
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competition in the field lead to advancements and resulted in two papers 
describing the human genome published on 15th and 16th of February 
2001 (27, 50).   

The era of massive sequencing 
The rather expensive human genome sequencing project, estimated at 
USD 3 billion, had followed the pace of Moore’s law (55) of a two-fold 
decrease in price per sequenced base every two-years (56). Today, that 
does not apply anymore thanks to the rapid technological advances for 
massively parallel sequencing. The major key to that success was 
abandoning vector-based clonal amplification.  
 
Pyrosequencing, emulsion PCR and 454 
Pyrosequencing, or “sequencing-by-synthesis”, was a light-based direct 
real-time approach where a series of enzymatic reactions lead to a digital 
output. The pyrophosphate (PPi) was released upon the correct 
incorporation of a respective dNTP. Then, an ATP sulfurylase converted 
PPi to ATP, which activated the luciferase to convert luciferin into a light 
signal. Readout was produced in the form of a pyrogram. The apyrase 
enzyme could then degrade the unused dNTPs and the reaction was ready 
for the next cycle. To expand this technology, water-in-oil emulsions were 
prepared to amplify the DNA template fragments. In an emulsion PCR 
(emPCR) reaction, each water-in-oil droplet contained: a diluted and 
adapter-ligated DNA template, dNTPs, the forward primer, universal 
reverse primers covalently bound to beads, DNA polymerase and buffer. 
The approach was based on the principle that small water-in-oil 
compartments contained a single molecule of the template DNA that was 
then monoclonally amplified. After the PCR, the emulsions were broken 
and the clonally amplified fragments covalently bound to the beads 
collected. These beads could be redistributed into microtiter plates (one 
bead per well) and the “sequencing-by-synthesis” reaction started. This 
technology was developed by 454 Life Sciences, and eventually acquired 
by Roche in 2007. At the time, the first instrument (GS) had a read length 
of 100 bp whilst the final generation machine, the GS FLX+, could read 
up to 1000 bp (with the average being 700 bp) and a total of 1 million 
reads or 0.7 Gb of data generated for USD 5000-7000 per run (57, 58). 
The technology has today been discontinued due to its high price, low 
output and inherent problems with reading through homopolymers. 
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Bridge amplification and Solexa (Illumina) 
Bridge PCR amplification is based on a chip surface on which forward 
and reverse primers are anchored and act as universal primers on solid 
support. The template DNA is fragmented and complementary universal 
adapters are ligated to each end. When the diluted DNA is added to the 
chip surface, the immobilized oligonucleotides (59, 60) act as primers for 
the DNA polymerase. With bridge amplification, each DNA molecule is 
amplified about 1000 times to form a sequence-specific cluster (61). This 
creates covalently bound DNA molecules on the surface. Then, the first 
sequencing primer is added and sequencing-by-synthesis started with a 
fluorescently labelled chain-terminating nucleotide. Unlike in Sanger’s 
chain termination sequencing, reversibly fluorescently labelled dideoxy 
dNTPs (ddNTPs) are used in the Solexa technology (61). After ddNTP 
incorporation, the fluorophore is cleaved and thus a new sequencing cycle 
can start. A new modified ddNTP is added in each cycle to the now 
accessible and cleaved upstream dNTP. Due to the clusters containing 
amplified clones of the same DNA template, the fluorescent signal is 
amplified and can be read with confidence. After a predetermined 
number of cycles, the template is made single stranded with formamide, 
the second sequencing primer is added and the sequencing process 
repeated in the reverse direction in case of paired-end sequencing. The 
technology started off with a 2x36 bp read length and now goes up to 
2x300 bp. Illumina is the preferred technology on the market due to 
high-output and low error rates at relatively low costs. In the Illumina 
NextSeq and MiniSeq, a two-fluorophore system is used in place of the 
four-fluorophore systems in their other instruments. 
 
Polony sequencing, Polonator and SOLiD 
Polony PCR and the polonator system were based on libraries constructed 
from 1 kb DNA constructs. These fragments were circularized using a 30 
poly(dT) sequence and two MmeI restriction sites. They were amplified 
with rolling circle amplification (RCA) using phi29 and its exceptional 
strand-displacement activity making more circular products. After 
restriction digestion of the amplified circular products, two universal 
primers were ligated to the linear molecule and taken to emPCR. With 
this technique, 1 µm paramagnetic beads were used and after enrichment 
for amplified beads, the products and unused primers on the beads were 
capped, the beads placed in a polyacrylamide gel for polymerization and 



Sanja Vickovic 

13 

then covalently attached to an aminosilane coverslip using the caps. The 
concept was based on several advances started by Mitra and Church 
inserting PCR colonies or “polonies” into a gel matrix in 1999 (62), 
followed by 8 bp read length sequencing of the same constructs in 2003 
(63). In 2005, Shendure (64) demonstrated the “sequencing-by-ligation” 
concept directly on the polonies. Prior to Shendure’s experiments, 
previous sequencing techniques were still based on single labelled-base 
extension with a DNA polymerase. Shendure was the first to start using 
“degenerate ligation” – a set of degenerate nonamers where a predefined 
base was coupled with a fluorophore on one end of the nonamer 
sequence. By a series of primer hybridisations and degenerate nonamer 
ligations, the group was able to reconstruct 7 bp from the 5´primer site 
and 6 bp from the 3’ end of the adjacent primer site. This generated 13 bp 
reads with a 3-4 bp gap in the middle or a 2x13 bp reads if both ends of 
the sequencing adaptors were used. This procedure cost only one ninth of 
that of other technologies at the time and was used to successfully 
sequence the E. coli genome. When automated, the Church lab released a 
sequencer, the Polonator G.007, with open-source software, although the 
technology was still limited by its read-length (58). 
 
Applied Biosystems soon adapted this approach for SOLiD sequencers 
using “sequencing-by-chained-ligation”. Here, a di-base principle was 
used – a pair of bases in a degenerate octamer was connected to a specific 
fluorophore, resulting in 16 base combinations connected to 4 
fluorophores. Compared to Shendure’s unchained principle, these 
fluorophores were cleaved after each imaging cycle by cleaving the 
degenerate octamer upstream of it’s 5th base. With this, no fluorescent 
signal was present after cleavage, as the fluorophore had been washed off. 
Also, the 5’ phosphate group after the 5th base was then accessible for the 
ligation reaction in the next sequencing cycle. After seven cycles of 
sequencing every 5th base, the template was striped of the sequencing 
primer and the chain ligated octamers and a new sequencing primer, with 
a 1 bp shift upstream of the previous start site, was hybridised. The 
chained ligation sequencing was again performed and the whole principle 
repeated 5 times, each time with a 1 bp primer shift (n-1), giving a total 
read length of 35 bp. The advantage of such a system was very low error 
rates due to reading each base twice (thanks to the di-base labelling 
scheme), but it suffered from some of the same problems as the 
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pyrosequencing system; it was dependant on very cumbersome and lab 
intensive emPCR (58). Applied Biosystems has now eliminated the use of 
beads in their 5500xl W instruments by using template walking directly 
on a flowchip, which creates covalently bound templates that are 
amplified and re-hybridised to the primers on the flowchip. There is no 
bridge PCR as in the Illumina technology. The current read length is 2x50 
bp and 320 Gb of data can be created on two flowchips (65). 
 
Nanoball generation and Complete Genomics 
The combinatorial probe-anchor ligation (cPAL) approach developed at 
Harvard (66) was based on a series of four sequential restriction 
reactions, adapter ligations and circularization, similar to Shendure’s 
approach (64). DNA nanoballs were created in solution using the phi29 
polymerase and distributed onto an ordered glass array for sequencing 
where each position on the array was capable of receiving only one 300 
nm ball, out of 20 billion nanoballs that were available. Similar to the 
Polonator, a combinatorial degenerate probe coupled to a fluorophore 
was used. It decoded the first five bases adjacent to the 3’ end of the 
primer anchor by sequential hybridisation, ligation and stripping of 
labelled degenerate probes. Then, to read bases 6-10, first a non-
florescent degenerate primer was hybridised and ligated to the anchor 
sequence. This primer spanned the first 5 bases that had just been 
sequenced and the sequencing process with another five rounds of 
“sequencing-by-ligation” repeated. As this could be done for all 4 
sequencing adaptor sites, it gave a read length of 31-35 nt. Then, as with 
the Polonator, sequencing from the other end of the adaptors was 
performed which made a total of 2x35 bp read-length. The technique was 
adapted by Complete Genomics and is now offered strictly as a service on 
main land China at the Beijing Genomics Institute (BGI) under the name 
BGISeq-500 (67).  
 
Long-reads sequencing 
Pacific Biosciences (PacBio) and single molecule real 
time (SMRT) sequencing  
In 2009, PacBio published a method based on zero-mode waveguide 
(ZMW) technology. Each chip contained up to 150,000 wells with 
zeptoliter amounts of reagents, and also contained a single molecule of 
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DNA and an immobilized phi29 DNA polymerase at the bottom of each 
transparent well (68). Sequencing of the single molecules was measured 
by real-time (and amplification-free) incorporation of fluorescently 
labelled nucleotides. The phi29 polymerase cleaved the fluorophore on 
the dNTPs upon incorporation and allowed for the next labelled dNTPs to 
come into the reaction. Although the polymerase could in theory 
incorporate 70,000 dNTPs (69), the warmth from exciting the 
fluorophore with the laser damaged the polymerase enzyme and limited 
the read-length to about 2.5 kb on average. Due to no signal 
amplification, the system was prone to a higher error rate (around 15%) 
as there is no way to account for failure in detecting single dNTP 
incorporation. This could partly be circumvented with creating a circular 
single-molecule construct that could be read several times (15x) and 
outputted as a circular consensus sequence (CCS) with 99.3% accuracy. 
The Sequel instrument today produces around 10 Gb data (0.5 million 
reads) in 4h at $850 per run (70). 
 
Linked-reads sequencing 
Moleculo 
Moleculo, a company now acquired by Illumina, was another Stanford 
spin off from Steven Quake’s lab. The idea, called long read sequencing 
(LRSeq) (71), was to dilute the template DNA fragments and redistribute 
around 500 unique 6 kb DNA copies in a single well in a microliter plate. 
Due to the DNA being highly diluted, it was unlikely two very similar 
homopolymer fragments of DNA would end up in the same well, which 
would cause problems with assembly. These DNA copies would then 
undergo standard Nextera library preparation in which they would be 
further fragmented, but also receive a unique barcode. Fragmentation 
ensured that the reads would be sequenced on the standard Illumina 
short-read sequencers with low error rates and high-throughput. The well 
barcode helped with assembly to the original 500 unique 6 kb DNA 
fragments from each well. This approach was also very tedious, as twelve 
96-well plates were needed to assemble a 580 Mbp Botryllus schlosseri 
genome. The approach is now offered as a service with Illumina (72). 
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10X Genomics 
10X Genomics, another Stanford spin off, presented a method where they 
aprtition large 100 kb DNA fragments into an emulsion reaction 
containing GEMs (gel beads in emulsion) (73). Each GEM is a gel-based 
bead carrying around one million monoclonal barcodes. In each droplet, 
the large DNA strand can be further fragmented, coupled to the 
monoclonal barcode from the corresponding GEM and amplified, with 
>85% single GEM occupancy per droplet partition. The emulsion is 
broken and libraries are prepared for sequencing on Illumina short read 
sequencers. After sequencing, the unique 100 kb fragments can be 
assembled due to the corresponding smaller fragments containing the 
same barcode. The resulting reads were termed linked reads as the full 
100 kb reads could not be assembled due to homopolyers. However, 
many copies of the same 100 kb DNA fragment was used in the process so 
the random gaps could be filled and full coverage achieved. The system 
loads around 300 human genomes (or 1 ng DNA) to 100,000 GEMs 
giving around 90 copies of the same 100 kb sequence a chance to be 
randomly fragmented inside a water-in-oil reaction. The second-
generation system, the Chromium, contains around a million GEMs with 
each GEM carrying up to 4 million barcodes to simplify the 
bioinformatics (74). 

Label-free sequencing 
Ion Torrent 
Ion Torrent technology, although very similar to pyrosequencing, 
provides the first light-free detection system. Originally developed at 
Stanford by Nader Pourmand and Ron Davis, the methodology is based 
on sensing a 0.02 unit change in pH due to the release of a single 
hydrogen ion for each nucleotide incorporated. The change is detected 
with a semiconductor/transistor interface instead of a camera system. 
Each nucleotide is added separately to the reaction as in pyrosequencing. 
It suffers from the same intrinsic homopolymer problems as 
pyrosequencing, but it is a cheaper and faster system. The Personal 
Genome Machine (PGM) has a 2-4 hours turnaround time for up to 1 Gb 
data with the Ion PGM v2 chip (400 bp read length) or up to 10 Gb with 
the Ion Proton PI chip (200 bp read length) (75).  
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Oxford Nanopore Technologies 
Nanopore–based sequencing is a real-time label-free single-molecule 
approach. The DNA is fragmented to about 10 kb fragments and a leader 
and hairpin structure ligated in an undirected manner. The leader 
adapter is needed to direct the dsDNA fragment to the nanopore, which is 
inserted in an electrically resistant membrane. The hairpin is needed to 
enable sequencing of the reverse DNA strand once the forward strand was 
sequenced. Initially, an exonuclease I enzyme was added to the reaction 
and when in close proximity and alignment to the pore, single nucleotides 
could be read as a change in the current flowing only in the aperture of 
the pore (76). Oxford Nanopore Technologies released a modified 
commercial product in 2015 – it was the size of a USB and no reagents 
were needed apart from a small flow cell, which represented an ordered 
array of nanopores in an electronically resistant silicon membrane. The 
system employed a DNA-enzyme complex attached to the leader-adapter 
that guided the DNA to the pore. The enzyme had been attached to the 
pore and released the single stranded DNA (ssDNA) template. As the 
DNA passed though the pore at very high speed (70 bases a second), 
single-base changes in current could not be sensed. Instead, the MinION 
read k-mers of DNA stretches that were then assembled to reads (77). 
Theoretically, the system does not have a limit on the read length. The 
next generation nanopore sequencer, the PromethION, has been released 
as early-access. This instrument is the size of a bench top computer or an 
old ELISA machine, and is high-throughput with 48 flows cells, each with 
3000 pores capturing DNA data at 500 bp per second (78). The error rate 
of the PromethION is still unknown but hopefully lower than the current 
15% associated with the MinION (79). 
  



 

18 

The Microarray Toolbox 
In early 1992, when sequencing was still small scale, one technology 
enabled looking at thousands of genes at once: microarrays. Microarrays 
are ordered small arrays of predefined nucleotide sequences on a planar 
and easily imaged surface. In 1991, Stepfen Fodor synthesized primarily 
peptides and nucleotides directly on a glass slide using photolithography 
(80). He directed nucleotides with a light beam to a specific two-
dimensional coordinate on the glass slide, building a desired and 
miniaturized oligonucleotide sequence. He developed a combinatorial 
approach by light activating certain positions on the slide, a procedure 
that was controlled by a mask. Depending on the mask’s position and 
chemical used, he could chemically build a chain of a number of different 
photosensitive molecules on a number of different positions (Figure 1).  
 

 
Figure 1: Red boxes represent a fluorescent probe hybridizing to a dinucleotide sequence 

printed on a glass slide. Blue regions represent the still protected parts of the slide 
where no nucleotides were attached. The image has been reprinted with 
permissions from the publisher (80). 

A few years later, Pat Brown and Ron Davis used the microarray concept 
to measure gene expression levels of 45 Arabidopsis thaliana genes (81). 
Fluorescently labelled cDNAs were hybridised to the microarray while the 
intensity of the fluorescence reflected the amount of hybridisation of the 
labelled cDNA, which in turn reflected the amount of the mRNA in the 
sample. This paved the way for quantitative gene expression studies. They 
collected random expressed sequence tags (ESTs), which were then 
amplified through PCR to collect 1 kb fragments. They used the products 
as substrates to print microarrays on a glass slide using a robot. The 



Sanja Vickovic 

19 

labelled cDNA and an internal standard human gene were added to the 
microarray, incubated and washed. The fluorescence was measured to 
discover which genes were differentially expressed between the different 
mRNA species that they tested (Figure 2). The contact printing 
technology was later patented (82) and data analysis techniques based on 
internal poly(dA) and housekeeping standards in a study of over 1,100 
melanoma genes were proposed (83).  
 

 
Figure 2: Each spot on the microarray represents a specific transcript sequence. Labelled 

A. thaliana cDNA was hybridized to the array based on sequence 
complementarity. (A) and (B) represent the same microarray spots scanned at 
two different laser intensities. This was done in order to explore quantification of 
the fluorescent signals. The image has been reprinted with permissions from the 
publisher (81). 

The technology has since then evolved to non-contact printing using 
inkjet printers (84), in situ synthesis providing smaller features which 
result in higher density arrays (85), maskless printing (86) or a 
combination thereof (87). Although first intended for “sequencing-by-
hybridisation” (88–90), microarrays have found a wide market in forms 
of SNP genotyping (91–93), expression analysis and array-comparative 
genomic hybridisations for structural variation (93).  
 
The more recent advances accommodate production of random bead 
arrays which are later coordinate decoded (94, 95). The advantage of such 
a technology is the usage of miniature beads (300 nm) that are randomly 
assembled in 500 nm wells etched on a glass surface. This ensures good 
sequence synthesis in solution prior to covalent attachment to the bead as 
well as creating a high-density array without the need to chemically 
modify the surface. The sequences on the beads are decoded using a 
simple colour scheme carried by primers complementary to the sequence 
on the beads. After each hybridisation cycle, the probes are stripped and 
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another set of probes hybridised. This creates a colouring signature for 
each bead after a predetermined number of hybridisation cycles. In the 
original paper (95), Illumina used three colours and seven stages making 
1520 different bead types and a total of 50,000 beads which made each 
bead 30x redundant. Another more recent advancement is the suspension 
bead array, where each bead was colour-labelled in a similar scheme 
before an analyte is added to the system. As the name suggests, the 
detection of the beads and analyte is performed in a suspension and 
functions similarly to a fluorescence-activated sorter (96, 97). The 
continuous use of microarrays today is in the form of an enrichment assay 
with predefined capture moieties on the surface (e.g. the human exome) 
(98–101) as well as their use in methylome profiling (102–104). 
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The Transcriptome Toolbox 
Traditionally, expression profiling was based on sequencing ESTs (105). 
ESTs, as mentioned before, were designed as a shortcut to identifying 
human genes where random portions of the mRNA were transcribed to 
cDNA and then cloned for sequencing. Microarrays were faster and 
cheaper than sequencing clones. However, microarrays suffered from few 
major flaws: use of predefined sequences, cross-hybridisation and 
analogue fluorescent output. These limitations posed difficulties in 
detecting and quantifying low-abundant transcript species. Two 
strategies were proposed which combined microarray throughput and 
sequencing. 
 
Serial analysis of gene expression (106) (SAGE) was based on making 
cDNA with a biotinylated primer and cleaving the mRNA-cDNA hybrid 
with a restriction enzyme while being bound to streptavidin beads to 
facilitate washing and 3’ tag capture. Then the sample was split in two 
and two different adaptors, including another restriction site, were 
ligated. The enzyme would then cut exactly 11 nucleotides after the 
restriction site. The two populations were mixed and blunt end ligated to 
create a ditag construct flanked with a respective adaptor on each side 
and amplified through PCR. The amplified ditags were then isolated, 
ligated to form concatemers and cloned for sequencing (106).  
 
A similar method, cap analysis of gene expression (CAGE), to capture 5’ 
mRNA ends and transcription start sites was described by Piero Carninci 
and Yoshide Hayashizaki (107). After cDNA synthesis with a poly(dT) 
primer to full-length transcripts, a 5’ cap was added. The cap carried an 
MmeI restriction site and a random pentamer, which was to be ligated to 
the first strand cDNA and used to make the second strand. The dsDNA 
was then digested, the other adaptor ligated and a PCR reaction 
performed. After PCR, the adapters were cleaved with another restriction 
enzyme and the tag concatemerised and cloned into vectors for Sanger 
sequencing. Both approaches depended on analysing very short tags of a 
given transcript. 
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RNA Sequencing (RNA-seq) 
In the 2008 July edition of Nature Methods two back-to-back papers 
(108, 109) marked the beginning of the end for traditional microarrays in 
expression profiling (110). The proposed approaches, termed RNA 
sequencing (RNA-seq), were based on “shotgun” sequencing the 
mammalian poly(dA) transcriptome. The idea was a combination of the 
EST randomness and massive sequencing while the mRNA preparation 
and amplification techniques were based on those for microarray 
analysis.  
 
One approach used SOLiD technology (“sequencing-by-ligation”) while 
the other used Illumina (“sequencing-by-synthesis”). However, the 
differences in the approaches of the two groups were not related to 
sequencing, they were related to the preparation of mRNA and cDNA 
libraries used for sequencing.  
 
Grimmond et al retained information about transcript directionality after 
poly(dA) selection and mRNA fragmentation. They used random priming 
of the mRNA with the adapter sequence attached to the random primers. 
This way, they retained the directionality of the transcripts. After that, the 
template switching reaction (111) incorporated the other adapter to 
perform a PCR. The template switching reaction used the Moloney 
murine leukemia virus (M-MuLV) transcriptase, which added a few 
dCTPs after jumping off the mRNA template. After cDNA synthesis, a 
template switch oligonucleotide (TSO) hybridizing to those dCTPs was 
used to create the second strand cDNA. 
 
Wold et al focused their efforts on fragmenting the RNA, random priming 
it for cDNA synthesis and then using non-directional adaptor ligation for 
PCR and sequencing. However, although not retaining the directionality 
of the transcripts, they added internal RNA standards of known lengths 
and concentrations which made it easier to quantify transcripts in 
subsequent analysis. RNA fragmentation in both methods led to an even 
representation of the transcript length, except for the far ends.  Both 
methods are illustrated in Figure 3. An approach similar to that of Wold 
et al was adapted to a directional approach (112) - second strand cDNA 
was made with dUTPs (instead of dTTPs). After Illumina adapter ligation, 
this strand could be digested with a uracil-N-glycosylase. In the 
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subsequent PCR reaction, only strands containing both adapters were 
amplified. This approach was used in Paper I.  
 

 
Figure 3: Two RNA-seq approaches. Grimmond et al used the directional approach and 

template switching while Wold et al used non-directional cDNA synthesis. In the 
later case, DNA polymerase I used the nicked RNA as a primer to copy the cDNA 
strand before PCR amplification. 

Both groups struggled with the new data. They needed to map the short 
sequences to the reference genome, account for reads mapping at 
multiple loci, identify new splice junctions and classify reads not 
belonging to the transcript boundaries. Additionally, they needed to find 
ways of quantifying the transcript numbers. Wade et al opted for a 
normalisation strategy called reads per kilobase of the exon model per 
million mapped reads (RPKM). This was also the first proposed 
normalisation strategy used in comparison experiments. Grimmond et al 
used start-site frequency of the short transcript tags which they adjusted 
only for the relative length of the transcript as they were looking into 
which loci are transcriptionally active and the discovery of novel splice 
variants. Both labs compared their results to either Affymetrix or 
Illumina tilled high-density arrays and concluded that although the 
arrays and RNA-seq data correlate well for highly abundant transcripts, 
RNA-seq is more sensitive in detecting lowly abundant transcripts and, in 
general, that quantitative PCR results correlate well with RNA-seq data.  
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A few weeks before these landmark papers, Mike Snyder’s group 
published another well-received paper in Science (113) that actually 
coined the term RNA-seq and applied it to the yeast transcriptome, which 
is not alternatively spliced. In short, poly(dT)-selected mRNAs were used 
to make cDNA using either a poly(dT) primer or a random hexamer 
primer. The cDNA was then fragmented, the Illumina adapters attached, 
amplified and paired-end sequenced. They merged the data from both 
library approaches and observed a 3’ biases in their data due to the 
poly(dT) selection but also managed to capture a lot of the transcript 
body with the random hexamers. With this, they could map the 5’ and 3’ 
untranslated region (UTR) boundaries and use the 3’ tags for transcript 
counting. 
 
Some concerns over these methods were already raised the following year 
(114) – how to deal with PCR amplification resulting in non-linear 
transcript quantification and what was the reasonable cost for sequencing 
versus the coverage necessary to detect lowly abundant mRNAs. The 
sequencing depth can somewhat be estimated when dealing with 3’ 
tagged approaches but is more difficult to estimate when covering the 
transcript body (109).  
 
Wang et al (115) described this issue well - RNA sequencing of the full 
transcriptome in ten human tissues and five cell lines revealed the need 
to adjust sequencing depth depending on the biological question. To 
detect most of the alternative splice variants in human tissues at least 20 
million reads per sample were needed. Wang et al concluded that the 
levels of alternative splicing in an organism possibly contribute more to 
tissue differentiation than do the differences between individuals. These 
tentative conclusions were based on the relative differences between 
tissues, and also these differences intrinsically included differences 
between biopsy sizes, cell-types and their abundances as well as the 
individuals themselves. Wang et al demonstrated one powerful tool: 
RNA-seq for analysing transcriptome dynamics across different tissues 
and conditions.  
 
A PCR-free approach was soon published (116) in which 3’ ligation was 
directed with a RNA ligase and 5’ ligation with a polynucleotide kinase. 
The adapter-ligated RNA was then directly sequenced on the Illumina 
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flow cells using a reverse transcriptase instead of standard Taq 
polymerase. This was Illumina’s direct answer to the Helicos direct first 
strand cDNA sequencing (117–119). After capture of the poly(dA) tailed 3’ 
ends of the cDNAs in the Helicos system, one reversible chain terminator 
dNTP was added at a time and imaged. Helicos maximum read-length 
was 30 bp, generated a poor amount of output reads and was unable to 
distinguish homopolymers while Illumina’s approach strongly depended 
on inefficient and sequence-biased ligation steps (120), thus neither 
approach is used today.  

Single-cell RNA sequencing (sc-RNAseq) 
By 2010 the field was demanding that less input material be used for all 
RNA-seq library preparations (119). Helicos and Illumina had already 
demonstrated this trend.  
 
The early 2010s marked a completely new era, one of single-cell RNA 
sequencing (scRNA-seq). This methodology was a combination of using 
minute sample amounts in library preparations and the biological 
material the nucleic acids originated from directly.  
 
A variety of cell types have unique and diverse transcriptomes, which 
contribute to underlying functions and phenotypes (121). Therefore, it 
was important to start investigating gene expression measurements at 
single cell resolution instead of population averages, as population 
averages could be skewed by a small population of cells overexpressing a 
limited amount of genes at a certain time (121). Techniques assessing 
these transcriptomes at high-resolution and throughput were needed. 
Four papers contributed to the start of single cell RNA-seq era: Tang et al 
(122), Islam et al (123), Hashimshony et al (124) and Ramsköld et al 
(125). A schematic overview of the methods in given in Figure 4 and is 
followed by a detailed description of each method. 
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Figure 4: Overview of scRNA-seq techniques. Tang et al used a poly(dT) primer to make 

first strand cDNA followed by polyadenylating the 3’ end, exponential amplification 
and adapter ligation. Islam et al used a poly(dT) primer for cDNA synthesis 
followed by a template switching reaction, restriction, 5’ end selection and adapter 
ligation. Hashimshony et al made cDNA using a poly(dT) primer and copied the 
first strand using the T7 RNA polymerase. The amplicons were fragmented and 
the adaptor ligated. Ramsköld et al used the poly(dT) primer and template 
switching followed by Tn5 fragmentation and undirected adapter ligation.  
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First massively sequenced cell 
Tang et al (122) optimised the cDNA synthesis reaction from previously 
published single-cell protocols that had used microarrays for detection 
(126, 127). This protocol provided full-length cDNAs with a poly(dT) 
primer carrying an adaptor. Then, the cDNAs were poly(dA) tailed on the 
3’ ends. The PCR reaction was performed with two poly(dT) primers 
carrying the PCR adaptors. Amplified material was sheared and 
sequencing adapters ligated for SOLiD sequencing. Sequencing one 
mouse blastomere to a depth of 85 million reads provided detection of 
5,270 more genes than microarrays did using bulk material. Due to the 
design of the protocol, no analysis of antisense or overlapping transcripts 
was possible. However, they were able to identify 1,753 new splice 
junctions. A one-tube strategy with an optimised primer removal and 
cDNA synthesis procedure resulting in a higher transcript detection rate 
was subsequently developed (128). 
 
STRT-seq 
Islam et al developed a method called single-cell tagged reverse 
transcription sequencing (STRT-seq). With this technique, two important 
issues in single-cell analysis were addressed: (i) multiplexing and (ii) 
marker-free cell mapping. Firstly, two cell populations were deposited in 
a 96 well plate. Each well also contained a dilution of reference mRNA 
molecules used for noise quantification. cDNA synthesis was performed 
with a poly(dT) primer followed by a template-switching reaction. This 
reaction was performed with a well-specific barcode primer carrying also 
one of the sequencing handles. All the reactions were then pooled, 5’ ends 
of transcripts selected by fragmentation on beads and Illumina libraries 
prepared with ligating the second sequencing primer. This approach 
ensured multiplexing as well as preserving strand specificity. An in silico 
map of the two cell populations was built and could be sanity-checked 
with the cell-specific well barcode. Out of the two cell populations, one 
expressed 22,000 while the other 505,000 molecules on average. Islam et 
al deemed the method sensitive down to 100 reference molecules, as only 
five out of ten reference molecules were present at a ten molecules 
concentration. The group also introduced the transcripts per million 
mapped reads (tpm) as a quantitative measure.  
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SMART-Seq 
Ramsköld et al (125) optimised the template switching protocol to 
achieve greater coverage of the 5’ ends and also assessed technical 
variability in the experimental set up. The variability was assessed using a 
series of total mRNA dilutions, down to 10 pg or approximately total 
mRNA found in a single cell. The more RNA used, the better the coverage 
of the 5’ ends for long transcripts. Additionally, with more RNA used, the 
greater the ability to detect less abundant transcripts, and less variation 
thereof was detected. Using 20 pg of mRNA resulted in 20% of the 
transcript detection rate, as compared to the control total RNA 
experiments using 100 ng RNA. A standard for sequencing a single cell at 
1-3 million paired-end reads was set. The SMART-Seq method was 
adapted by Clontech into a commercially available kit called SMARTer 
(125, 129). An improved version of SMART-Seq, called SMART-Seq2, was 
developed a year after the original publication (130, 131), noting 
improved sensitivity and coverage.  
 
CEL-seq 
Another approach to RNA amplification is incorporation of a T7 promoter 
region as discussed before (26). This approach requires a minimal input 
RNA amount (400 pg or 40 mammalian cells) so the first efforts to use in 
vitro transcription (IVT), were preferred but limited (132). Hashimshony 
et al (124) described a protocol called cell expression by linear 
amplification and sequencing (CEL-seq). The CEL-seq protocol used a 
poly(dT) capture region, followed by upstream sequences: a cell specific 
barcode, Illumina 5’ adaptor and a T7 promoter region. The barcoded 
cDNAs were pooled after synthesis into one IVT reaction ensuring enough 
material was present. IVT ascertained linear amplification of the cDNAs 
that are had been converted into RNAs, while preserving the strand 
information. The amplified RNA could be fragmented, the second 
Illumina adaptor ligated and 3’ ends selected. This approach ensured 
great multiplexing possibilities with the guarantee of preserving 
strandedness and sensitivity, but had the downside of losing coverage 
over the whole transcript body. However, it eliminated the inefficient 
template-switching step. Hashimshony et al have recently optimised the 
protocol providing three-fold higher sensitivity at a lower cost (133).  
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Unique Molecular Identifiers 
Although using a dilution of reference spike-in molecules had been 
proven as useful, a different method was designed by Linnarsson and 
Taipale (134). This involved uniquely labelling each molecule used in the 
reaction before sequencing. The approach had been proposed earlier, but 
suffered from a limited amount of labels due to using microarrays for 
detection (135). Linnarsson and Taipale proposed a general approach to 
keeping track of the number of copies of each molecule without needing 
to know which molecules these were. This was done via the creation of 
unique molecular identifiers (UMIs). A UMI was a random sequence of N 
bases where the number of bases used depended on the population size. 
Deep sequencing would determine each unique molecule that had been 
present in the population from the start. They reported that using UMIs 
was efficient in distinguishing unique molecules irrespective of number of 
PCR cycles used in library amplification. Furthermore, Linnarsson et al 
had recently applied UMIs in single-cell library preparations (136) and 
showed that a more accurate estimate of technical noise could be 
achieved, which was later independently confirmed (137). 
 
High-throughput methods for single-cell sequencing 
Transcript abundances vary greatly from cell to cell and cell type to cell 
type (121, 138). Additionally, as cells go through phases of transcriptional 
bursts (139), it has become evident that higher throughput is detrimental 
to overcome errors of bulk sequencing as well as to adjust for population 
heterogeneity (140). The first publications used mouth pipetting (122, 
126) or single cell picking (141) for selecting cells, both of which were 
quickly abandoned. The state of the analysed cells is also important (142). 
Different methods to preserve cells and how these methods impact the 
cells are an increasing area of discussion (143, 144). This is especially 
prevalent in high-throughput studies where large numbers of cells need 
to be analysed in short periods of time. 
 
Use of fresh cells is usually associated with greater yield of RNA. 
However, speed is critical when working with fresh cells due to RNA 
degradation, so large-scale studies can be limited and experimental 
design impacted (145). In light of this, various modelling approaches to 
transcript degradation when using fresh cells have been proposed (143, 
144). Use of preserved cells include fixed and cryopreserved transcripts 
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(142), which traditionally produce less yield due to transcript cross-
linking and thawing processes.  
 
First generation devices 
FACS-sorting 
Fluorescence-activated cell sorting (FACS) has been the golden standard 
in single-cell isolation for many years. It has successfully been used in 
both research and clinical settings (146). FACS sorting is able to process 
18 fluorescent markers in parallel (146). Any non-adherent cell 
population (e.g. from peripheral blood) can be distinguished on a single-
cell basis. To sort a specific cell population, the cells need to be labelled 
with a fluorescently conjugated antibody. The Human Proteome Atlas 
(HPA) project (147) has created an catalogue of the human proteome, 
simplifying the choice in markers for specific cell populations. An 
alternative choice is to randomly sort the cells without selecting a cell 
population. The FACS machines are also capable of sorting directly into a 
96- or 384-well plate, limiting the chance of cross-contamination. 
However, the FACS system has some limitations. It requires a known 
protein marker, a large starting sample volume and has no means for 
checking the number of cells sorted into each well (148). FACS protocols 
also lack the ability to combine morphological and transcriptional 
information but are compatible with both fresh and fixed cells. After 
sorting into plates, the samples can be processed on an automated liquid 
handler. In Paper II, we have adapted the traditional FACS sorting of a 
selected cell population to include both morphological and count-
checking information by sorting directly onto a transparent and barcoded 
microarray surface. 
 
Second generation devices 
Fluidigm C1 AutoPrep system 
Microfluidic devices (149, 150), such as the Fluidigm C1 platform, have 
been optimised to compartmentalize cells of certain sizes with 
corresponding reagents in small chambers (151). This ensures a close 
proximity between the reagents and the single cells. It was shown that use 
of such a device increases the efficiency of cDNA synthesis up to 5 times 
(136) and that nanoliter volumes reduce biases (152). Some limitations 
include encapsulation of cells from a narrow size window as well as 
encapsulation of two cells per well at as high as a 30% rate. However, 
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these doublet events can be distinguished by a camera system and 
excluded in downstream analysis. Up to 96 cells can be loaded on the 
system and improvements have been made to the 800-well format (153). 
The Fluidigm C1 has been used in large scale single cell studies (154, 155). 
Other microfluidic platforms have also been designed for rare-cell 
isolation in combination with RNA-seq (156, 157). 
 
Solid-phase platforms 
Solid-phase platforms enable easy and fast reagent exchange at low 
volumes without complex machinery. These platforms are similar to the 
concept of loading emPCR beads into microtiter plates. Such systems 
ensure compatibility with an imaging step, which marks the locations of 
both monoclonally amplified beads and cells. A pool of beads carrying 
millions of copies of the same barcode preluding a UMI and poly(dT) 
primers is made using the split-and-pool principle (Figure 5).  
 

 
Figure 5: A split-and-pool example. First, a set of 9 barcodes and beads are deposited in a 

single well. A single sequence is attached to the bead and is monoclonally 
amplified creating many copies of the same barcode on all the beads in that well. 
Then, all the barcoded beads are pooled and added to another four reactions 
each containing a different barcode. This makes a total of 36 uniquely barcoded 
bead types with each bead carrying million copies of the same unique barcode. 

In the first device, a set of 96 barcodes was added to 96 wells with beads. 
Secondly, the primers were attached to the beads, amplified and the 
beads pooled. Thirdly, the bead pool was split into ten reactions with ten 
different barcodes, which were incorporated by extension. This resulted 
in a total of 960 different bead barcodes that were pooled together into a 
final bead library. The cells of interest were loaded in a buffer to a 
10,000-well microtiter plate with 50 µm wells. After loading the cells, 30 
µm beads were loaded at a higher concentration than the cells. This 
ensured most of the cells shared a well with one bead, as the well size was 
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too small to contain more than one bead. Reverse transcription took place 
only in those wells that had received both a bead and a cell. The T7 
amplification was performed on chip, creating a barcoded molecule pool 
that could be easily pipetted off the chip for final Illumina indexing PCR 
(158). The system has been optimised according to a droplet-based 
protocol (Drop-seq) discussed in the section “Current high-throughput 
technologies” (159).  
 
A second approach that also used combinatorial barcoding and target 
based amplification was developed - CytoSeq, and was a gene expression 
cytometry approach (160). It was also based on capturing a single cell and 
a single monoclonal bead in a single well. After mRNA hybridisation to 
the poly(dT) primers, the beads were pooled for cDNA synthesis and 
gene-specific PCR performed. However, this device contained 100,000 
microwells and used a split-and-pool bead preparation in a 96x96x96 
barcode format.  
 
Current high-throughput technologies – Droplet-based 
systems 
Beer et al showed the digital droplet PCR principle on nucleic acids in an 
integrated lab-on-a-chip device (161, 162). Continued work from Hindson 
et al (163, 164) led to TaqMan profiling of around 50,000 single cells by 
Eastburn et al in 2013 (165). Water-in-oil high-throughput platforms for 
single-cell RNA profiling have recently become available. High-
throughput Single-Cell Labelling (Hi-SCL) is a bead-free emulsion 
amplification method that enabled encapsulation of around 100 cells. 
However, it suffered from relatively poor efficiency when compared to 
Fluidigm (166). This was one of the first applications of scRNA-seq in 
droplets.  
 
Two further applications of scRNA-seq in droplets were published in 
2015. The first approach was Drop-seq, published by Macosko et al. This 
method is based on encapsulating a monoclonal bead and a cell at a rate 
of thousands per hour (167). The beads were made by a split-and-pool 
approach but not with pre-synthesized oligonucleotides. In each synthesis 
cycle, the bead pool was split into 4 reactions for 4 dNTPs to be added by 
reverse synthesis. After a total of 12 rounds of synthesis, over 16 million 
unique beads were created. Each bead also carried a UMI and a poly(dT) 
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primer. Single cells were encapsulated with the beads and cDNA 
synthesis performed. These constructs were termed ‘‘single-cell 
transcriptomes attached to microparticles’’ (STAMPs). After cDNA 
synthesis, the emulsion was broken and a library preparation based on 
template switching performed in bulk with retaining only the 3’ ends after 
fragmentation. The second approach was InDrop-seq, published by Klein 
et al (168). This method used monoclonal hydrogel beads (split-and-pool 
principle with 384x384 barcodes, producing 150,000 unique barcodes) 
and a T7-based library preparation. The system is capable of generating 
10,000 droplets with 2,500 cell-barcode combinations per hour. Both of 
the approaches are depicted in Figure 6. 
 

 
Figure 6: Droplet-based technologies for scRNA-seq. (A-D) Cell isolation, STAMP 

generation, encapsulation and barcode synthesis in Drop-seq. (E) Barcoding 
hydrogels and scRNA-seq preparation in InDrop-seq. The figure has been 
reprinted with permissions from the respective publishers (167, 168). 

Two commercial droplet based platforms are built on the same principles: 
10X Genomics and the Illumina-BioRad droplet platform. 10X Genomics 
provides gel beads in emulsion (GEMs) carrying the cell barcode and 
provide analysis up to 48,000 cells in 10 minutes (169, 170), while the 
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Illumina-BioRad (171) has also been reported as a bead-based 3’ platform, 
but has not commercially been released yet.  

Spatially-resolved transcriptomics 
Single cell transcriptomics has become a standard. However, it depends 
on profiling non-adherent cells or single cells from disrupted tissues in 
which sampling biases can easily be introduced. Whilst bulk 
measurements are avoided, the spatial context of the tissue is lost. This 
level of analysis is important in many aspects of cell differentiation, organ 
development and pathological changes and could provide insights into 
tissue and organism architecture and complexity.  
 
Laser-based capture methods 
Almost two decades ago, laser-assisted techniques for ordered sub-tissue 
isolation were developed. Laser capture microdissection (LCM) attains 
small parts of the tissue sections fused to a membrane. The tissue parts 
are visually examined under a microscope and then an area is selected, 
physically extracted by a laser-cut and the sample placed into a tube for 
DNA or RNA amplification (172). Shortly after, a method compatible with 
excising single cells from a tissue was also employed for RNA analysis 
(173). Although simple in its initial design (i.e. analysing only parts of the 
tissue that have been deemed interesting), the methods were very 
laborious. Nevertheless, it was possible to achieve spatial resolution. LCM 
with microarray-based output was used in two landmark papers on 
human brain development (174, 175) and also later combined with RNA-
seq to establish spatial maps of tissue biopsies (176, 177). LCM libraries 
usually do not achieve high cDNA yields due to FFPE sample-related 
degradation (178).  
 
In situ hybridisation 
Gall and Pardue introduced in situ hybridisations (ISH) in 1969 (179) and 
since then the sensitivity has reached single molecule levels. Using high-
resolution fluorescence microscopy, in which labelled, target-specific 
probes are hybridised to cells and tissue sections, provides means to 
detect single molecules. The ISH approach has been extensively used to 
reconstruct human and mouse brains by the Allen Institute (180, 181). 
Today, single molecule fluorescent in situ hybridisation (smFISH) 
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provides a sensitive and quantitative measure of specific transcripts 
present in the same cell, while retaining spatial resolution (138, 182).  
 
Molecule counting techniques have also been developed to ease analysis 
(183). The system is limited to the number of probes and fluorophores (1-
4 moieties) that can be used in parallel (138) but detection of splice 
variants (184) and fusion transcripts (185) is possible. Moreover, 
approaches that combine single cell RT-PCR (186) or scRNA-seq (187, 
188) have successfully been used to reconstruct the spatial component 
when used in combination with smFISH on a number of targets. The 
expression information obtained via microscopy is used to guide the high-
throughput data. These approaches also enable a three-dimensional 
reconstruction of a small sample.  
 
Furthermore, in order to detect transcripts in multiplex at the single 
molecule level, different barcoding approaches can be employed. These 
are spatial, spectral and sequential barcoding. In spatial barcoding, the 
exact order of probes and the resulting linear dye combination used along 
a transcript are known. In spectral barcoding, probes with different dyes 
hybridise across the transcript and the sum of all dyes identifies a 
transcript (189). In sequential barcoding, the transcript is identified via 
hybridising and stripping the same set of probes, which are labelled with 
different dyes in each cycle. For detection of N transcripts with a 4-color 
system, a total of log(N)/log(4) number of hybridisation cycles are needed 
to uniquely barcode all the transcripts in a cell (190). A similar two-colour 
system with an error-correcting scheme has also been proposed (191) and 
an example is depicted in Figure 7. 
 

 
Figure 7: Two-colour scheme for sequential barcoding in smFISH. After two cycles of 

hybridization, Transcript1 is identified as RG, Transcript2 as RR and Transcript3 
as GR. G stands for “green” and R for “red”. 
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Microtomy sequencing 
Model organisms such as the fly or the zebrafish embryo can be 
cryosectioned in a specific order along 1-3 axes and the sectioned data 
sequenced as bulk and later reconstructed as voxels of gene activity with 
3D spatial coordinates (192, 193). It is similar to LCM in a sense that is 
spatially reconstructs tissue parts from bulk data. However, the 
throughput is improved by keeping track of serial sections instead of 
serial parts of a tissue section. The approach has been proposed in 2014 
but has not gained wider use, as multiple samples of genetically identical 
organisms need to be available for such a reconstruction. 
 
In situ sequencing 
In 2014, Mats Nilsson et al published a breakthrough paper for in situ 
sequencing directly in frozen tissue sections (194). The concept was based 
on two underlying technologies: padlock probes and “sequencing-by-
ligation”. Mats Nilsson and Ulf Landegren devised padlock probes in 
1994 for localized detection of circularized DNA fragments (195). A 
padlock probe carried two sequences that were connected with an 
intermediate sequence. These two specific sequences hybridised next to 
each other on the target DNA sequence and could be ligated with a DNA 
ligase. The intermediate sequence provided a mean to create a circular 
product. This ligated circular product travelled at a different speed during 
gel electrophoresis and could be distinguished from the linear probes. If 
the probe did not get ligated, it could then be digested with an 
exonuclease enzyme. The concept was adapted to visualise a specific 
sequence on chromosome 12 and later adapted for large-scale SNP 
genotyping by gap-filling and ligation (196).  
 
In 2014, both gap-filling and direct ligation were used to discriminate 
either single nucleotide variants or different transcripts directly in 
tissues. After probe circularization, the target sequence could be 
amplified with the phi29 DNA polymerase. The amplified product was 
then sequenced directly in the tissue. Only short stretches were read, 
these being the filled and amplified 4 bp gap or a 4 bp barcode embedded 
in the mRNA capture primer. This approach sequences predetermined 
regions and is limited by the underlying sequencing principle. However, 
bases are called with a 98.6% accuracy rate.  
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Also in 2014, George Church released a similar concept based on polony 
sequencing called fluorescent in situ sequencing (FISSEQ) (197). A tagged 
hexamer primed RNA for cDNA synthesis. The tagged transcript 
fragments were then circularized, amplified and crosslinked, creating 
DNA nanoballs that were 200-400nm in size. Each nanoball contained 
the same transcript fragment amplified numerous times. SOLiD 30-bp 
sequencing could be performed using the tag. However, as the nanoballs 
crowded a transcript dense space within a single cell, the number or 
transcripts identified in parallel had to be limited by extending the tag 
sequencing primer to overlap with a number of bases within the 
transcript fragment. This was already the second yield-diminishing step 
in the protocol after using random hexamer priming. The method 
exhibited relatively poor correlation (Pearson's correlation 
coefficient>0.5) to RNA-seq and reported identification of 8102 genes in 
situ per cell with average base calling at 99.36% accuracy, given each base 
was sequenced twice. 

Bioinformatics approaches 
Mapping and normalisation 
Whether bulk or single-cell RNA-seq reads are produced, the first step is 
assessing the reads quality and trimming low-quality reads where and if 
necessary (198). Performing quality trimming ensures that read-mapping 
to a reference genome is both fast and correct as it minimises the chance 
of false alignments (199–201). The mapped reads are the reads that have 
been associated with a genomic position and can be further associated 
with a genomic feature according to the information contained in an 
annotation file. Conventionally, in paired-end scRNA-seq, one read 
contains the cell barcode and UMI (if used) whilst the other read contains 
the gene sequence. The UMIs serve for duplicate removal and noise 
reduction whilst the cell barcode is needed to cluster all reads belonging 
to the same cell. Usually, small numbers of mismatches to the cell 
barcode are tolerated and similar barcodes are collapsed to a single entity 
(137, 145, 167, 168). The transcripts are then counted according to the 
number of instances associated with a corresponding annotated genomic 
feature (202). If reference RNA controls have been added to the single-
cell libraries, those can be used to discard low quality samples, as the 
number of those control molecules should theoretically be the same for all 
created libraries.  
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The data is then usually adjusted and the normalisation strongly depends 
on the experimental design (145). Usual normalisation strategies are 
based on adjusting the total number of transcripts per cell or experiment 
to one million reads (tpm) (123), while other strategies include 
normalisation to transcripts per million reads per kilobase transcript 
(RPKM) (108, 125). A normalisation approach similar to tpm was used in 
Paper II. Most approaches using these techniques were developed for 
bulk RNA-seq quantification. Cufflinks uses RPKM to estimate 
transcripts quantities within each sample and across splice-variants (203) 
while DESeq takes into consideration transcript abundances across 
sample replicates (204).  
 
DESeq2 has been developed with a slightly different strategy than that of 
DESeq. DESeq2 still uses the same approach of adjusting sample sizes. 
However, the dispersion of each gene is later Bayesian-adjusted. As 
DESeq and DESeq2 are both dependant on pseudo-replicates, they are 
usually not used in single-cell analysis. DESeq2 was used in Paper III 
when analysing small tissue domains. A recently published normalisation 
approach based on pooling samples of similar yield for calculating a size 
factor based on a set of linear equations was used in Paper IV (205). 
 
An approach to model technical noise in combination with reference 
spike-ins was proposed for single cells (206). RNA spike-ins are used for 
normalisation, accounting for sequencing depth and resulting technical 
variation. Variance of normalised gene expression for a particular gene is 
given as a median function of the geometric mean across all samples and 
read counts detected for that gene in a particular sample. If this variance 
is above the variance of normalised expression of spike-ins representing 
technical noise, then the expression of that gene also marks its biological 
and not only technical variation (206). However, important to note is that 
efficiency of cDNA synthesis in spike-in controls does not necessarily 
correlate to the efficiency of reverse transcription in single cells. A 
tempting thought is to therefore use UMIs as absolute quantification of 
transcripts given library saturation (i.e. a very small percentage of new 
molecules would be detected with deeper sequencing). However, UMIs 
also suffer from technical difficulties and sequence amplification biases.  
Nonetheless, relative abundances can be used as a final read-out and, to 
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account for sequencing depth, single-cell libraries can be randomly 
downsampled to a common derivate.  
 
Understanding cell types 
When any data type is normalised, it is important to understand what this 
means and how this impacts the gene expression values associated with 
the study in question. Usually, these values are later clustered according 
to similarities in comparison to the rest of the data. Two common 
visualisation techniques are used: principal component analysis (PCA) 
(207) and t-stochastic neighbour embedding (t-SNE) (208). Both 
methods imply dimensionality reduction, which projects high-
dimensional data to a two-dimensional scatterplot. PCA calculates 
eigenvectors, one for each variable in the analysis, which in most cases 
explain the maximal variance between the minimal numbers of variables 
using sample-to-sample correlations. Each resulting principal component 
therefore explains a part of the original sample variance. t-SNE is a 
probabilistic technique that minimizes the differences between two 
metrics: similarities between samples and similarities between the 
corresponding components for each lower dimension in the embedding, 
which results in different visualisations of the same dataset.  
 
Hierarchical clustering is traditionally used for data mining for cluster 
generations by either a top-down or bottom-up approach. The clusters 
are also split based on dissimilarities (usually the Euclidian distance 
between two points) and results visualised as a dendogram. In Papers II-
III, Ward’s hierarchical approach was used that specifies the minimal 
variance in a bottom-up approach. In this approach, the initial distance 
between two neighbouring samples is the same but during the bottom-up 
clustering, each step results in a minimal change in the initial clustering 
of neighbouring samples. The method captures major differences 
between two cluster centres but minimal variance within a cluster. 
Hierarchical clustering can be used by itself or in combination with PCA 
and t-SNE (151, 167, 168, 209–211). Other clustering methods have been 
developed with the growth of the single cell field (154, 212). However, one 
needs to be careful when interchanging clusters for cell type identities 
due to batch and cell cycle effects (145). A grade of membership principle 
was used to cluster samples in Paper IV. It estimates the maximum 
likelihood to describe the probability a certain spatial domain is exactly as 
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one defined type based on all the data in the sample and it also describes 
the percentage as a degree of membership of every type present in the 
sample (213).  
 
After clusters have been visualised, the underlying question remains, 
what genes are driving the cluster formation. This can be investigated by 
principal component loadings or by differential expression (DE) analysis. 
DE analysis outlines which genes are significantly different in their 
expression in a pairwise manner – between two tissue types, two time 
points or two single cell clusters. A likelihood ratio test (214) was used in 
Paper II while DESeq2 was used for such analysis in Paper III. Most of 
the used methods do not account for multi-modality in gene expression – 
they count expression as a bimodal event. A recent paper accounts for 
these drawbacks (215).  
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Present investigations 
The research and developments performed in this thesis aimed at 
utilising new approaches and technologies for quick, labour and cost 
effective analyses of mammalian transcriptomes.  The results from all 
papers could be used to improve current diagnostic techniques.  

Paper I – Sample preservation 
In order to perform diagnostics, make classifications and suggest 
treatment options, tissue biopsies need to be collected and the molecular 
material preserved. The same types of samples are also needed to test any 
technological developments and advances.  
 
A few techniques have been used in order to conserve the tissue 
information. Many biobanks hold tissues that have been formalin-fixed 
and paraffin-embedded (FFPE). These samples are usually used in 
combination with antigen retrieval and immunohistochemistry (IHC), 
but it has been demonstrated that FFPE samples could provide valuable 
material for studies on RNA level using microarrays to correlate RNA 
expression with clinical outcome in hepatocellular carcinoma (216). Large 
numbers of FFPE blocks have been stored for a long time at a much 
cheaper price than fresh-fixed (FF) tissues. However, various reports 
state that efficient nucleic acid retrieval from these archival blocks 
presents a challenge (217, 218). This is due to formalin fixation 
introducing crosslinks between nucleic acids and proteins, while paraffin 
presents a major obstacle in the removal process. 
 
An alternative is to store FF samples. One of the largest cancer initiatives, 
The Cancer Genome Atlas (TCGA), relies on such tissues. However, upon 
asking researches to donate samples from their own biobanks, it was 
discovered that that maybe 1% of all tissues in the freezers passed initial 
histological staining and only 30% of those passed initial quality control 
tests of nucleic acids (219). Many lessons have been learned since the 
start of TCGA project, and now the UK Biobank project (220) successfully 
holds biological samples for over half a million people in two large 
facilities, utilising robotic systems to place and retrieve samples from -80 
°C and -200 °C freezers, respectively.  
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However, for smaller studies such coordinated efforts are expensive, both 
in terms of freezer space, energy consumption and personnel cost. 
Sample quality is also affected by the speed of sample processing, 
temperatures, pH and transport conditions.  In Paper I, we propose a 
cheap and efficient way to preserve non-adherent cells with 
formaldehyde. Here, we propose a workflow for preserving blood cells 
that is compatible with commercial extraction kits and reports good RNA 
retrieval rates. Formaldehyde (CH2O) interacts with AT-rich nucleic acid 
regions to donate nucleophiles from the amine groups to form a NH-
CH2OH group that then can be cross-linked by an electrophilic attack to 
another amine group to form a methylene bridge. These cross-links can 
mostly be reversed by a short heat treatment (221).   
 
As a proof-of-concept, in Paper I, we used a 2% formaldehyde solution for 
ten minutes for cross-linking and also for efficient inactivation of RNases 
that greatly contribute to native RNA degradation. A pairwise comparison 
was performed between non-fixed samples (fresh cell line aliquots), fixed 
and immediately extracted RNA material and fixed and stored material, 
with storage conditions of -20 °C, with an age from 0 to 1.5 years to assess 
compatibility of the workflow for use in laboratories. A workflow is shown 
in Figure 8. 
 

 
Figure 8: Pairwise comparison by bulk RNA-seq and quantitative reverse transcription 

PCR of a stimulated (fixed cells) and control (fresh cells) samples. Upon stimuli, 
the subsampled cells either change their expression profiles or remain 
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RNA was extracted with a QIAGEN RNA FFPE kit that included a cross-
link reversal step. RNA integrity values (RIN) were recorded and 3’ RNA-
seq bulk libraries were created. To assess whether the protocol would be 
compatible with a bead-based cell separation technique, fresh and fixed 
samples were processed on EpCAM-based magnetic beads. The RNA was 
extracted and the quality process repeated. None of the aforementioned 
conditions yielded significant differences in RNA yield, library 
preparation, sequencing quality, full-length transcript coverage or 
expression levels.  
 
The protocol underwent further testing, using blood in a clinical setting. 
White blood cells were separated based on a Ficoll-like gradient in 
combination with a CD45 depletion kit. The blood cells were spiked with 
human adenocarcinoma cells and non-spiked blood was used as control. 
RIN values were controlled and the spiked-blood sequenced. There were 
no significant differences between the libraries. To further confirm the 
results, RT-qPCR was performed on spiked and non-spiked libraries 
using a gene panel commonly used in circulating tumour cell (CTC) 
research. Both the sequencing analysis of gene-fusion events in spiked-
blood samples and the gene panel analysis confirmed that the sequencing 
signals in the spiked-blood were derived from the spiked human 
adenocarcinoma cells.  
 
The results in Paper I confirm that the developed protocol successfully 
preserves mRNA in mammalian cells with possibilities for long-term 
storage (up to 1.5 years), making the protocol a useful resource in small-
scale biobanking for research purposes. The proposed fixation conditions 
were also used in Paper II. There, FACS sorting of cell populations from 
fresh and frozen (-150 °C) white blood cells was performed. The fixation 
protocol was used after thawing the cells to preserve RNA integrity and 
cell morphology during the sorting and subsequent imaging processes. 
 
The most commonly used tissue fixative is 10% neutral buffered formalin 
(NBF), and has been used in Paper III and Paper IV on FF tissue sections 
for the same reasons as stated above. Additionally, in Papers II-IV, 
crosslinking was used as a way of keeping the reverse transcriptase from 
extending more than 300 nt from the 3’ ends of the transcripts. This 
approach eliminated the need to fragment the resulting libraries.  
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Paper II – Massive and parallel single-cell RNA-seq 
An organism is comprised of a range of cells that perform different 
functions in different locations and surroundings. Their functions can be 
described by their transcriptomes and, as such, the transcriptomes can be 
very diverse (222). Traditional RNA-seq masks individual cell 
transcriptomes but provides digitalised expression landscapes (108, 109). 
In various biological questions where pair-wise comparisons are 
investigated (e.g. selection pressure versus no pressure) bulk sequencing 
can provide a myriad of useful data (222–224). However, a significant 
fraction of questions concerning biological organ development or 
complex diseases cannot be answered with bulk data (132, 144). Bulk 
RNA-seq is insufficient to provide evidence of conclusive phenotypic 
differences in an approach that is dependent on the abundance of the 
analysed cells.  

As highlighted in a previous section of this thesis, “Single-cell RNA 
sequencing”, single-cell measurements were performed at either a low-
throughput scale (109, 122), as second-generation devices (128, 158–160, 
211, 212) or as high-throughput approaches based on water-in-oil 
droplets (167, 168). The later approaches provide crucial tools for new 
biological discoveries.  
 
In Paper II (225), we describe a new method that falls in line with the 
latest high-throughput approaches. Microarrayed single-cell sequencing 
(MASC-seq) is a high-throughput platform that provides both 
morphological information and single-cell RNA-seq profiles. MASC-seq is 
based on the development of three major parts: (i) InkJet 1000-spot 
barcoded microarray; (ii) efficient cDNA synthesis on solid-surface 
support provided by the poly(dT) barcoded microarray for hundreds of 
cells in parallel and (iii) T7-based library preparation as described by 
Hashimshony et al (124). 
 
The spotted microarray contains 1007 different DNA sequences 
surrounded by a common DNA frame sequence printed as a 33x35 
matrix. The 1007 oligonucleotides carry the following sequence: a T7 
promoter sequence, Illumina amplification primer, barcode sequence, 
UMI and a poly(dT)VN sequence. The barcode sequence differs in each 
oligonucleotide, but all other sequences are identical. These sequences 
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are deposited on an activated glass slide for covalent capture. Each 
sequence is deposited in a cluster that has a diameter of 100 µm, with a 
200 µm gap between each cluster. Each cluster is printed onto a 
predefined position on the glass slide, providing a Cartesian coordinate to 
the barcode composition. When a cell is attached to the glass slide, its 
relative position to each barcoded cluster is recorded simultaneously with 
its morphology. These microarrays were used in Papers II-IV.    
 
cDNA synthesis in RNA profiling is one of the most crucial steps. In order 
to optimise this step, a simple way to track cDNA synthesis on the 
microarrays was developed by adding fluorescently labelled nucleotides 
during the process. Following cDNA synthesis, the cell is digested with 
proteinase K. The microarray can then be imaged and the fluorescent 
cDNA signals recorded. In efficient cDNA synthesis, the labelled cDNA 
signal is strong and does not significantly extend outside the cell 
boundaries. The cell morphology and its corresponding boundaries have 
already been imaged prior to cDNA synthesis and the coordinate of the 
cell recorded. This system provided a quick way of testing cell-specific 
permeabilisation and cDNA synthesis conditions. The approach was used 
in Papers II-IV. 
 
When optimal cDNA synthesis conditions were reached, the procedure 
was repeated without labelled nucleotides and the material cleaved from 
the array for library preparation. The cells could be deposited on the 
microarray with FACS sorting directly onto the array or by pipetting and 
smearing a cell suspension from a tube. The library preparation was 
optimised with spiking around 3 ng total human reference RNA before 
the IVT amplification step in order to ensure sufficient material is present 
during amplification. Multiple microarrays can be processed in parallel as 
the smearing takes ~30 sec and sorting 6-8 min per microarray with a 
recommended daily maximum of 18 arrays by a single operator. Given 
~47% FACS sorting accuracy at the time of publication, this ensured 
profiling of ~9,000 single cells in parallel. A short illustrative summary is 
shown in Figure 9.  
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Figure 9: A 1007-barcodes microarray is produced as a 33x35 matrix. Probe clusters are 

surrounded by frame clusters (black), which are used for orientation. Each probe 
cluster contains oligonucleotides with a cleavage site, amplification handles, 
barcode, UMI and poly(dT) capture sequences. The (X,Y) barcode is different for 
all 1,007 clusters. Cells (purple) are deposited on the array and Cartesian (X,Y) 
coordinates recorded. When optimal cDNA synthesis (yellow) has been reached, 
the libraries are created and demultiplexed based on the barcode (X,Y) 
coordinate. 

A series of experiments were performed in order to assess the quality and 
reproducibility of the libraries. The cDNA efficiency was estimated at 
17.3% as compared to the smFISH golden standard; signal diffusion 
outside cell boundaries was reported at around 1 µm with ~1.5% barcode 
crosstalk in a mixed species experiment; single cell profiles showed less 
variance when compared to other methods and very limited variance 
when compared to the arrays used and operators that had performed the 
protocol. The method reports one of the highest transcript and gene rates 
per human cell: on average 27,427 unique transcripts code for 6,293 
genes.  
 
Finally, the method was examined in a clinical setting. CD5+CD19+ B cells 
(n=1,189±186 cells) from three chronic lymphatic leukaemia (CLL) 
patients were directly FACS sorted on the arrays. The strongest difference 
between the patients was based on the most abundantly expressed genes 
and no such genes were common for all three patients analysed. t-SNE 
visualisation followed by hierarchical clustering described subtle 
differences between individual single cells within each patient and 
between patients. There were distinct cells from patients with better 
prognosis (subset#2 and subset#4) that clustered together with all the 
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very poor prognosis patient cells (subset#1). The sole gene that was 
downregulated in connection with the poor prognosis was identified with 
DE analysis as INHBA.  

Papers III and IV – A spatial component to tissue-
wide RNA-seq expression analysis 
Spatially resolved transcriptomics is not only challenging from the 
perspective of preserving the spatial component in the expression 
analysis. It is also challenging in the amount of different molecules 
present at the same time in a tissue section, all of which contribute to the 
cellular and spatial diversity of the tissue in question.  
 
Spatial techniques involve tissue imaging and are a trade-off between 
cycles of fluorescent imaging needed for multiplexing and the resolution 
the microscopy can provide to detect small signals confidently. Both 
events damage the tissue and limit the usability of the transcripts after 
several rounds of imaging. Combinations of one-plex smFISH techniques 
with single-cell RNA sequencing have been proposed in order to spatially 
reconstruct the tissue transcriptome (187, 188). These approaches retain 
single-cell resolution. However, the amount of spatial information gained 
is limited by correlation between smFISH experiments and single-cells 
sequenced – the more cells and the more images produced, the more 
information is gained with certainty.  
 
If small parts of the tissue section are collected in an ordered and 
barcoded manner, the spatial 50 µm3 transcriptome voxels can be 
retained. However, LCM is of limited throughput and limited resolution 
and as such is not usually used for tissue-wide spatial experiments.  
 
In Paper III (226), a new method for spatially resolved analysis in tissue 
sections is proposed. First, the tissue section is placed on the 1,007-
barcoded microarray. Secondly, the section is stained and its 
morphological and Cartesian coordinate recorded. Thirdly, cDNA 
synthesis is performed with labelled nucleotides to optimise 
permeabilisation conditions. When optimized, the cDNA is repeated with 
unlabelled nucleotides. The library preparation is performed using the T7 
promoter and sequenced. The resulting reads are decoded based on 
overlying the Cartesian tissue and array coordinates (Figure 10).  
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Figure 10: A barcoded microarray is produced and a tissue section attached. 

Morphological and spatial information is recorded and then extracted through 
RNA-seq producing an expression heatmap that can be coupled back to the 
morphology. t-SNE or PCA dimensionality reduction can be performed in an 
unsupervised manner and the data again traced back to the morphological 
information. 

Barcoded microarray

35

33

35

33

Tissue and microarray
imaging

Recording coordinates

35

33

Expression heatmap

Low High

35

33

Dim1

Dim2

Dim3

Dim1

Dim2

Dim3

t-SNE or PCA

Barcodes Cluster identification

Morphological and Expression
Overlay

Unsupervised spatial clustering
Cluster1

Cluster2

Cluster3



Sanja Vickovic 

49 

In Paper III, we have applied this new spatial transcriptomics to study the 
mouse brain. The correlation between standard bulk RNA-seq and the 
presented method revealed 95% of the genes were shared and their 
expressions correlated well (r=0.94-0.97). The results were reproducible 
as multiple spatially resolved tissue libraries had been produced and 
showed high reproducibility between section and layer replicates. The 
main adult olfactory bulb was used in all proof-of-concept experiments 
and could be compared to that of ISH data created in-house or with the 
Allen Brain Project to confirm correct localization of layer-specific 
transcripts. To further confirm these findings, a comparison to LCM, 
which does not allow for transcript cross-contamination, was performed. 
The labelled cDNA signal was estimated to expand up to 2 µm from the 
cell borders. The sensitivity was estimated at 6.9%. t-SNE visualisation 
and hierarchical clustering confirmed the correct localization of layer-
specific transcripts and enabled an unbiased analysis of the layers. A total 
of ten sections from five animals were used in the study to display 
robustness. Morphologically defined areas were also analysed, these 
being ductal cancer in situ in human breast cancer biopsies, to investigate 
usefulness of the technique in a clinical setting. This analysis revealed 
great heterogeneity present in such areas.  
 
This method is not very laborious as compared to standard RNA-seq – 
the extra steps include sectioning (if not performed for RNA extraction 
for RNA-seq), tissue staining and imaging (a 30 min task for six tissue 
sections) and around two hours of hands-on pipetting to get the cleaved 
cDNAs from the microarray. The libraries are then prepared on a 
pipetting robot (227) and involve minimal efforts from the researcher.  
 
In Paper IV (228), the technique was used to further expand on spatial 
expression in breast cancer tissues. Breast cancer analysis has so far been 
dependant on IHC with known protein markers to define the spatial 
component or a predefined set of gene-panels for expression profiling in 
association with a known cancer type. This is an approach that makes it 
hard to define new breast cancer types or further explore existing ones.  
 
Consecutive sections from four breast cancer tissues were analysed in 
order to build a spatial three-dimensional model of the diseased state. 
The strategy is proposed in Figure 11. Six sections from each of the four 
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Her2+ tissues were used. A visualisation strategy based on interpolating 
the 100 µm constrained spatial data to fit the analysed tissue area was 
proposed. First, the same morphologically well-defined areas, ductal 
cancer in situ, were analysed. From the morphology it was clear that the 
area is confined to three regions, of which two seemed more closely 
related than the third. This was confirmed with constrained expression of 
the most variable genes in these regions. Interestingly, three marker 
genes connected to cancer survival showed very variable patterns in the 
third dimension, which was in line with the extensive morphological 
changes in the sections. 
 

 
Figure 11:  Images of consecutive sections are aligned, the expression matrices 

transformed and the data interpolated. Analysis of predefined regions or 
unsupervised analysis can be performed. The unsupervised analysis provides 
cell-specific clustering, network analysis or disease classification in a spatial 
and high-throughput manner. 

On a global pattern, in the same biopsy, we could investigate the 
transcriptome in an unsupervised way. It was noticed that the clusters 
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completely new and un-annotated areas were detected, which the 
network enrichment analysis classified as the adaptive immune system 
and as the complement immune system in adjacent areas. Furthermore, 
communication and interactions between these areas were tracked 
throughout the tissue volume. Spatial tumour classification was 
performed using the Absolute Assignment of Breast Cancer Intrinsic 
Molecular Subtype (AIMS) method. The bulk analyses classified all 
tumours as Her2+. When applied spatially, the analysis showed that 
certain parts of the biopsies clearly classified as other subtypes. With 
these findings, we further confirmed that the proposed spatial 
transcriptomics strategy provided a method for detailed biological 
analysis especially in complex diseases.  
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Future perspectives 
The immediate future in the field of method development is simple - 
develop even more and even better technologies. 
 
First and foremost, the technologies from Paper II and Papers III-IV 
could be combined in a similar fashion one combines smFISH and single-
cell RNA-seq data. A cell-classifier could be built based on the single cell 
data that could then deconvolute each spatial 100 µm domain into 
different but also defined cell signatures. As opposed to combining 
smFISH with scRNA-seq, the two developed technologies are extremely 
similar in their basis and would account for less technical noise between 
the platforms. However, the suggested approach would still suffer from 
the same problems as the already proposed approach, that is the more 
data you input, the better the model. Furthermore, the MASC-seq 
technology will always have its inherent use when analysing non-
adherent cells or cell-line type responses. MASC-seq has great potential 
in analysing rare blood cell populations such as the CTCs as it is already 
compatible with the presented sample preservation method. 
 
Another very intuitive step would be to bring spatial transcriptomics to 
the single or sub-single cell resolution. This is not trivial, as we have 
observed during the project’s lifespan. Microarrays have become a dying 
field with the birth of RNA-seq, so technology developments have been 
very limited. Nonetheless, we are certain that we are getting closer to the 
single cell resolution, which would mark a new technology milestone. 
 
A big project also in the making is the Human Cell Atlas project (229). 
This is a multi-centre effort to profile all the healthy cell types in the 
body. This virtual atlas would provide a reference point to all analysed 
cells in future disease studies and greatly accelerate population-wide 
studies. This project will pave the way in data analysis into defining and 
exploring cell types in humans.  
 
Not long ago, we were satisfied with the breakthroughs that microarrays 
have contributed to gene expression analysis. When RNA-seq appeared, 
another large milestone was broken. Although single-cell sequencing and 
spatial transcriptomics have been the natural way to move forward from 
bulk sequencing, more development could be envisioned - whole-
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transcriptome tissue sequencing directly on a flow cell with single 
molecule resolution, i.e. amplification-free single-molecule spatial 
sequencing.  
 
In the future, one could also envision combining multiple fields into one 
spatial-omics platform where we could monitor the population variation, 
gene activity and its products in translational research. These types of 
platforms would collect a vast amount of data on genetics and genomics 
of healthy and diseased states and maybe present itself as the ultimate 
human atlas. In my modest opinion, we are slowly but steadily 
approaching this goal.  
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Congratulations! You have reached the end of this thesis! This is a short PhD 
survival guide based on the wisdom of my dear friends and colleagues. Hopefully 
they will recognize themselves in these words.  
 
When making plans, be sure to use as many post-its as humanly possible and 
remember to tape them to your desk so you don’t lose them. When starving, 
remember almonds are actually considered real food by some. When sad, 
remember there is always alcohol lying around in the lab even if hidden in spray 
flasks. When frustrated, wave your hand like an annoyed little girl and walk 
away. When hungry, don’t try to find food in the lab as someone already ate up 
everything, instead go to the burger joint and order and beefsteak without any 
extra spices on. When in need of a friend, turn to your right as there is someone 
always there to pick you up. When in doubt, ask Fredrik only one question. When 
lonely, remember there is always a person sitting next to the glass window 
genuinely happy to spend time with you. When excited about results, spam your 
supervisor with screen shots. When in need of love, go to the one person that loves 
you. 
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