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Introduction 

Scientific progress has reached unbelievable momentum and continues to 
surprise me. Until the late 19th century, bloodletting was a standard cure and 
preventive measure against agents destabilizing fine harmony of our “hu-
mours”. Solving the structure of DNA, hacking the genetic code that en-
crypts molecular RNA blueprints, as well as revealing DNA’s and RNA’s 
link to structures and functions of proteins, marked a turning point in the 
history of research. We’ve only just begun to submerge into molecular level 
of cells, governing life and death.  

 
A laboratory in which I have conducted my doctoral research operates on 

such molecular level. The years I have devoted to science educated me and 
refined my understanding of principles underlying disease diagnostics and 
personalised medicine. In the first chapter of this work, I describe important 
facts and notions that constitute a fundamental part of my research and aim 
to provide a good ground for understanding of this thesis’ content. Addition-
ally, I explain how recent discoveries have shifted scientific focus to RNA, 
which for half a decade remained obscured and was considered a mere mes-
senger between DNA and proteins.  

 
The majority of my work was devoted to the development of innovative 

RNA detection techniques. I do not claim this thesis to be a comprehensive 
summary of all nucleic acids sensing methods, however, I present the most 
standardized tools—in the RNA field—used in world spread laboratories. 

 
In the third part of this thesis, I describe and discuss my scientific publi-

cations that constitute this thesis. Following with concluding remarks, I 
shortly acknowledge all friends and colleagues who supported me along this 
journey.  

 
 Stockholm, July 2017 
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half was sampled randomly. Not surprisingly, an abundance of novel 
ncRNAs, previously thought to be transcriptionally muted, was identified. 
Remarkably, as much as 74% of DNA was found to be transcribed to RNA 
molecules, as confirmed by at least two independent technologies (Figure 2). 

 
Reflecting on examples I have just presented, one can deduce that RNA, 

as a molecule, is more than just a transient messenger in the Dogma and its 
central position, is far from coincidental. Though the number of protein-
coding genes in human DNA lies between 20 000–25 000 (11), a number of 
proteins is much bigger (13). RNA is evolutionary older than DNA (13) and 
it used to be responsible for carrying genetic information. Today, infor-
mation is stored in DNA but it still needs to be transcribed to RNA and most 
of the proteome complexity is dictated by processes that take place after 
transcription. Apart of RNA’s passive, yet undeniably essential role as a 
platform for ribosomes as well as mRNA’s codon reader, research of the past 
two decades has linked RNA to the multitude of active functions, previously 
reserved to proteins:  
 Catalysis of chemical reactions: a flag example is the peptidyl transferase 

function of a ribosome, responsible for peptide bond formation in a grow-
ing protein chain, is fully executed by ribosomal RNA, rRNA (14, 15). 
Interestingly, Harry Noller from Ludwika Zimniak’s lab demonstrated 
that rRNA (natively complexed with ribosomal proteins) retained peptidyl 
transferase activity, even after vigorous protein extraction procedures (16) 

 Allosteric regulation of mRNA processing: RNAs, known as “riboswitch-
es”, were demonstrated to control gene expression in response to tempera-
ture changes or binding of selected metabolites (17) 

 Signalling and immune surveillance: the microbial equivalent of the 
mammalian adaptive immune system, conferring cell resistance to exter-
nal genetic objects like plasmids or phages, is encoded in prokaryotic 
DNA. Clustered regularly interspaced short palindromic repeats 
(CRISPR) form an archive of barcodes of potential foreign invaders. 
RNA transcribed from CRISPR can recognize foreign nucleic acids (NA) 
and stimulate defence mechanisms against bacteriophages (18, 19) 

 Silencing of gene expression by regulatory components targeting mRNAs 
(I will expand this particular class of RNAs later in this thesis). 
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We have begun to appreciate the new image of RNA and numerous func-
tions it plays in a cell. It is now obvious that RNA is no longer just an or-
dered series of nucleotides, sequence is just one component of its complex 
entity. Catalysis of enzymatic reactions as well as regulation of many physi-
ological processes imposes reconsideration of the RNA as molecule with 
proportional, if not more essential, function to proteins. Interest in RNA is 
growing (Figure 3). 

Classes and roles of RNAs in human biology 
Numerous types of RNAs have been characterised thus far; however, excep-
tions in physicochemical properties of RNAs within the groups make accu-
rate classification not trivial. It is important to mention that some of the 
RNA classes presented below are even further sub-classified. For the sim-
plicity of this paragraph, most essential types of RNA are briefly described 
and those absent in human were excluded.  

RNAs can be broadly divided into protein coding and ncRNAs, however, 
such distinction is a great oversimplification. Instead, RNAs can be classi-
fied into 3 categories according to their cellular function. RNAs that consti-
tute the biggest proportion of total RNA mass in a cell, belong to the first 
group and are involved in protein synthesis. This group includes mRNAs, 
rRNAs and transfer RNAs (Table 1).  

Table 1. Group I: RNAs involved in translation  

  

Class Abbreviation Function % 
RNA 
mass 

Reference 

messenger mRNA Genetic infor-
mation carrier 

3–5  

ribosomal rRNA Associates with 
set of proteins to 
form a ribosome  

80–85 (14, 15) 

transfer  tRNA Translates triplet 
codons in mRNA 
to aminoacids 

10–13 (20) 
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The most fundamental properties of these RNAs are: their short length (be-
tween 20 and 30 nt), ability to associate with numbers of effector proteins 
and their profound silencing effect on target genes. Micro RNAs (miRNA), 
small interfering RNAs (siRNA), piwi-interacting RNAs (piRNA), short 
hairpin RNAs (shRNA), and antisense RNAs (aRNA) are representative 
candidates in group III (Table 3). 

Table 3. Group III: regulatory RNAs 

In 1993, Caenorhabditis elegans’ lin-4 RNA, the first short ncRNA was 
discovered in Victor Ambros’ lab (27). Rosalind Lee and co-workers found 
multiple short lin-4 RNA transcripts, containing complementary sequence to 
C. elegans lin-14 mRNA 3’-UTR (untranslated region). Authors suggested 
that the lin-4 transcript regulates lin-14 translation via an antisense RNA–
miRNA interaction. Seven years later, a second regulatory RNA transcript 
let-7 was suggested to control developmental transitions in C. elegans (36). 
Discovery of exceptional let-7 conservancy across wide range of animal 
species (28) taken RNA field by storm and started scientific revolution 
(Figure 3). Under a standard term of microRNAs (miRNA), coined by 
Ruvkun in 2001 (29), thousands on new miRNAs have been identified in 
animals and plants and number is growing every year. 2588 unique miRNAs 
identified in human (at a point of writing this thesis) have been demonstrated 
to regulate gene expression by antisense mRNA binding, which results in 
RNA decay (37, 38) or alternatively, in translation inhibition by repression 
of ribosome attachment (39) and elongation (40, 41). Interestingly, next to 
their gene silencing function, miRNAs can also induce transcript levels (42) 
and effectively regulate all fundamental cellular processes (43).  

Just when miRNA research was germinating, Andrew Fire in Craig 
Mello’s lab has observed that introduction of double stranded RNA (dsRNA) 
into C. elegans gonads interfered with the expression of endogenous mRNA 
transcript (30). The discovery of dsRNAs (later called small interfering 
RNAs (siRNAs)), capable of RNA silencing via a mechanism prevalent from 
protozoa to vertebrates started a revolutionary era of RNA interference 

Class Abbreviation Function Reference 
micro  miRNA Gene expression regu-

lation 
(27–29) 

small interfer-
ing 

siRNA Gene expression regu-
lation 

(30) 

piwi-interacting piRNA Silencing of transpos-
ones 

(31, 32) 

short hairpin shRNA Gene expression regu-
lation 

(33) 

antisense aRNA Gene expression regu-
lation 

(34, 35) 
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(RNAi) (44). siRNAs are considered as exogenously administered dsRNAs, 
while miRNAs as endogenous and single-stranded. These early distinctions 
became less significant as our understanding of miRNA biology has in-
creased and short, endogenous dsRNA were discovered (45, 46). Post-
transcriptional RNAi can be moderated by either miRNA or siRNA; these 
two are the key participants in gene expression regulation. RNAi using sin-
gle stranded (ss), antisense RNA (aRNA) has been reported in bacteria (34, 
35) and together with synthetic RNA hairpins—shRNA (33)—they expand a 
repertoire of oligo-tools used for RNAi in eukaryotic cells. The ability to 
moderate genes expression made RNAi oligonucleotides a promising candi-
dates for the treatment of genetic disorders in human (33, 47). 

As our understanding of complicated cellular circuitry grows, and scien-
tific literature with it, various lately described RNAs receive unique acro-
nyms such as piwi-interacting RNAs (piRNA). These exceptional, short 
RNAs associate with Piwi proteins (essential in the RNAi pathway) and are 
abundantly expressed in germline cells. Similarly to CRISPR, mammalian 
piRNA loci occur in clusters and map to repetitive sequences (32), including 
fragmented transposons. piRNAs play the role of genome guardians, protect-
ing cells from the destructive effect of mobile, genetic elements (31).  

The last group of RNAs, which also deserves a short introduction, en-
compasses long non-coding RNAs (lncRNA). Even though this RNA class 
remained unknown for a long time, lncRNAs are receiving progressively 
more attention (Figure 3). Arbitrarily defined as longer than short RNAs 
from group III, lncRNAs are involved in regulating numerous biological 
processes including loci imprinting, allosteric regulation of enzyme activity 
and chromosome structure (48, 49). As the overall complexity of the organ-
ism correlates better with the number of lncRNAs than mRNAs (50), the 
rank of lncRNA will most likely continue to grow in parallel with our under-
stating of their role in human biology. The function of the most lncRNAs is 
still unknown, yet certain lncRNA received coding-gene-like status for their 
defined involvement in fundamental biological processes like: X chromo-
some inactivation (XIST), telomere elongation (TERC) or chromatin rear-
rangements (HOTAIR) (51). 

Finally, it should be emphasized that this chapter encompasses a larger 
fraction of RNA classes, selected by their general share in the landscape of 
biological processes. As interest in RNA field is accelerating, it is very likely 
that new classes will soon be defined or the balance of importance between 
RNA classes presented in this chapter will change. 
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Implications of RNA sequence variations and 
abundance on transcriptome function 
Hermann Joseph Muller began his career at the times when genetics was not 
so precisely defined and all biological hypotheses and conclusions were 
based on direct observations. In 1927, through series of experiments, Muller 
demonstrated that exposure of fruit flies to various doses of X-ray radiation 
causes mutations (52). 50 years later, after the DNA structure was resolved 
and understood, the first heritable mutations were precisely annotated in the 
human genome (53, 54). Till today, the number of described human gene 
lesions responsible for inherited diseases exceeds 140 000 for nearly 6 000 
protein coding genes (Human Gene Mutation Database, HGMD; 
http://www.hgmd.org; August 2017) and the number continues to grow. 
Variation in the DNA sequence of a functional gene will be propagated into 
mRNA molecule during transcription and finally into protein. While the 
genetic code is degenerated and some frequently occurring mutations will 
code exactly the same aminoacids (a phenomenal example of evolutionary 
genetics safety mechanism), certain changes will be deleterious and will 
result in a phenotypic change. A study from 2007 showed that 53% of mis-
sense mutations—that result in aminoacid substitution—are associated with 
a moderate proteins’ phenotype alteration and 20% with proteins’ loss of 
function (55). Although the majority of disease-associated DNA variants are 
single nucleotide polymorphisms (SNP), a significant number of mutations 
is attributed to nucleotide insertions or deletions (56). Functional (or pheno-
typical) gene variations are primarily localised within gene coding regions 
(60%), though DNA changes occurring outside coding segments can still 
affect gene expression, mRNA splicing or binding of proteins associated 
with RNA maturation (56). 

 
In contrast to the sequence variants residing within gene coding segments, 

posing obvious consequences for the functioning of the encoded protein, we 
begin to understand implications of mutations in non-protein-coding seg-
ments. Genome-wide association studies and high-throughput sequencing 
projects like 1000 Genomes project (http://www.internationalgenome.org) 
dramatically increased our understanding of the mutation-disease relation-
ship. Indeed, sequence alterations within gene promoter or enhancer can 
affect gene transcription, post-transcriptional regulation and mRNA half-life 
(57).  
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Gene expression can also be affected if mutations are localized directly 
within gene-regulatory elements like miRNAs or miRNAs’ binding site in 
the mRNA 3’-UTR (58). miRNAs and mRNAs are part of the mutually 
regulated network. As miRNA genes are often localized in loci subjected to 
frequent genetic damage, alternated expression of an oncogene-silencing 
miRNA will promote oncogene expression (59, 60). As a consequence, not 
only variations in sequence but also miRNA abundance became a hallmark 
of several human diseases. Amplification of a locus coding for a miRNA that 
silences expression of a tumour suppressor can promote cancer growth (60). 
Indeed, mutations in miRNAs have been associated with cancer (61–63) as 
well as with schizophrenia (64), osteoporosis (65), autoimmune diseases (66) 
and more. 

A great example of a miRNA-mRNA network, where mutations affecting 
miRNA abundance are reflected on the level of matched mRNAs is KRAS 
and let-7 miRNA. Approximately 20–25% of tumours harbour activating 
mutations in KRAS gene, stimulating proliferative, downstream pathways 
and conferring a survival advantage for tumours (67). let-7 miRNA, the first 
miRNA ever discovered, was also identified as one of the first tumour sup-
pressor miRNAs downregulated in cancer (68). Mutations in KRAS 3’-UTR, 
targeted by let-7, as well as let-7 expression found to be a prognostic bi-
omarker in cancer (69, 70).  



 23 

Analysis of RNA  

Role of RNAs as biomarkers 
 

As we have learned from the simplified picture of The Central Dogma, 
DNA, RNA, and proteins are organized in a way that supports information 
storage, readout and execution. Characterisation of individual components as 
biomarkers became available after a) we defined specific links between bio-
logical conditions and properties of biomolecules b) learned how to accu-
rately differentiate that properties from a biological noise. Diagnostic meth-
ods based on detection of proteins are ubiquitous in hospitals, giving clini-
cians rapid answers regarding patients’ state (blood types, infections or ac-
tivity of liver enzymes). Analysis of nucleic acids (NA) on the other hand, 
have a slightly broader line of applications. In comparison to proteins or 
RNA, DNA is profoundly stable (71) and unique for every person. Thus, 
defining DNA fingerprint is broadly used in forensics or parenthood tests 
(72). High-resolution DNA sequence analyses allow us to put any organism, 
including human, in the context of time (evolution) as well as space (geo-
graphical migrations). Automated platforms reduced the cost of DNA se-
quencing to the point where personal sequencing becomes a regular clinical 
a practice (73). It is estimated that by 2018, up to 70% of lung cancer pa-
tients and 60% of colorectal cancer patients will have some level of tumour 
DNA sequenced (73). Such knowledge is extremely valuable, as its interpre-
tation helps to establish the personalised line of treatment, that could signifi-
cantly slow down disease progression (74).  

 
In contrary to DNA, RNA level changes under different physiological and 

pathological conditions. Thus, there is a great potential for RNA to become 
accurate predictive factor of a person’s condition. By measuring the expres-
sion of genes and regulatory molecules, various immune- or chemotherapy 
targets can be potentially identified in cancer patients. Indeed, there are few 
examples of established cancer diagnostic tests based on mRNA expression 
profiling, including OncotypeDX (75), Pathwork TOO (76) and Prosigna 
(76), some of which are approved by Food and Drug Administration. Re-
cently, there is an enormous interest in the extracellular, RNA containing 
vesicles as well as in circulating RNA molecules as potential biomarkers for 
non-invasive diagnostic applications. In fact, circulating RNA molecules 
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(including mRNAs and lncRNAs) were used to track tissue changes in preg-
nant woman and fetus, sampled from mother’s blood (77). The same study 
also showed that neuron-specific RNAs are differentially expressed in indi-
viduals with Alzheimer’s disease and this difference is reflected in blood 
circulating RNAs (77). Finally, a tumour type—as well as the tissue of 
origin—can be accurately determined based on miRNA expression signa-
tures (78). miRNAs’ clinical potential is reflected by the number of ongoing 
clinical trials investigating their roles as biomarkers under various conditions 
(https://clinicaltrials.gov/).  

 
Examples above visualise how much information can be recovered from 

the transcriptome of an individual person. Even though genome remains 
unchanged throughout life (in a healthy cell), genes expression changes in 
response to the environment and this constant fluctuation can be used in 
diagnostics. 

Challenges in RNA detection 
Detection of a biomarker, directly in cells or biological fluids, without prior 
isolation or amplification is a desired feature of a diagnostic assay, however, 
technically challenging. The polymerase chain reaction (PCR) is used to 
exponentially amplify few copies of sample DNA to concentrations facilitat-
ing detection (79). Most NA sensing assays are based on DNA PCR, as it 
provides required robustness, detection sensitivity, and accuracy. The diffi-
culty in exponential RNA amplification is that enzymes carrying out similar 
activity are not present in nature. Thermostable DNA polymerases were 
evolutionary engineered to readily amplify (replicate) DNA fragments and 
withstand thermal cycling, features exploited in PCR. DNA dependent RNA 
polymerase on the other hand (most commonly used bacteriophage T7 RNA 
polymerase), requires a double stranded DNA promoter sequence to initiate 
RNA synthesis (limiting applicability) and cannot be cycled due to enzyme 
thermolability (80). Thermostable RNA polymerases are available, but hav-
ing optimal activity at 55-65°C they do not tolerate high NA melting tem-
peratures, typical for PCR. T7 RNA polymerase is used as in vitro and in 
vivo RNA transcription tool to generate various RNA products (tRNAs, ri-
bozymes) and express proteins in vivo (80). Polymerases able to replicate 
RNA from RNA are exclusively reserved to RNA viruses and are not used as 
tools for research (81, 82). Curiously, a unique RNA dependent RNA repli-
case has been discovered in Q  bacteriophage. Q  replicase is able to copy 
very particular type of structured RNA. Even though RNA detection with 
Q  replicase is highly sensitive, the requirement of specialised templates is 
its’ major limitation (83). To increase the sensitivity of RNA sensing assays, 
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procedures and rapid sample freezing or RNA isolation effectively protects 
RNA from the undesired hydrolysis (93). 

Principles governing nucleic acid detection 
Detection of NA may seem like an easy task due to one fundamental and 
simple property of RNA and DNA: base pairing. NA polymer comprises 
four nucleotide bases: adenine (A), guanine (G), cytosine (C) and thymine 
(T) or uracil (U) in RNA. Each base is composed of three subunits: a nitrog-
enous base, pentose (ribose in RNA and deoxyribose in DNA) and a phos-
phate group. Thanks to the chemical properties of these DNA and RNA sub-
units, nucleotides can assemble via sterically precise hydrogen bonds into 
double stranded helices. Formation of bonds between corresponding bases is 
called base pairing, or more generally, hybridisation. Adenine forms a base 
pair with thymine and guanine with cytosine. DNA/RNA hybridisation via 
base pairing is one of the two key principles governing detection of NA. 
Genomic DNA exists as the double stranded helix and requires a lot of ener-
gy, in a form of heat, to break hydrogen bonds between the associated DNA 
strands. With each base removed from the DNA end, however, this breaking 
(melting) point will slightly decrease. By careful manipulation of a comple-
mentary probe length, a melting point of a probe/target duplex can be estab-
lished to favour hybridisation of the desired duplex solely. Complementary 
NA probes, designed to base pair with a particular target fragment and la-
belled to facilitate visualisation, are successfully used in various DNA/RNA 
detection methods (described briefly later). 

DNA replication and repair are meticulously controlled to ensure genomic 
continuity. The second principle that drives accurate detection of NA is utili-
zation of inherent fidelity of DNA reactive enzymes. Enzyme-assisted meth-
ods proved to be more robust than passive, complementary probe base pair-
ing (95) as distinct types of bonds have to form between enzyme and sub-
strate to catalyse the reaction. Methods that acquired a status of universal 
techniques are based on one or combination of the following reactions: liga-
tion, polymerisation and NA lysis. The ultimate NA sensing assay often 
combines two of aforementioned principles to minimize detection of unde-
sired substrates. For example, linear oligonucleotides can be designed to 
form a circle-like duplex with DNA or RNA. Short, terminal target-
complementary arms promote base pairing with a correctly matching sub-
strate, while ligase, supplied in the reaction, seals a nick between hybridised 
arms. These probes, called “padlock probes” (96) are described later. 
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Methods to detect RNA 
Various methods were developed to provide whole RNA or specific (target-
ed) RNA profiling in vitro and in situ. Below, I briefly describe techniques 
that received gold standard status and are used worldwide. 

Hybridisation-based methods 
The main advantage of methods that are based solely on hybridisation is 
single molecule sensitivity, provided that the event of hybridisation is effi-
ciently detected. Complementary detection probes (decorators) are often 
conjugated with reporter chemicals, fluorescent or non-fluorescent. Fluoro-
phore-conjugated probes allow for direct visualisation while non-
fluorescents molecules can be targeted by secondary detection reagents 
yielding stronger detection response. Fluorescent hybridisation is a popular 
technique with a range of sub-techniques for in situ or in vitro applications. 
In traditional, fluorescent RNA in situ hybridization (FISH), mRNA mole-
cule is “covered” with multiple fluorescently-labeled decorators that gener-
ate signal in situ, observed under a fluorescence microscope (97). To in-
crease mRNA detection throughput, multiple mRNA-complementary DNA 
probes can be imprinted on a glass in microarrays format for massively par-
allel mRNA hybridization. Sample mRNAs are labelled prior the hybridiza-
tion step and signal strength is proportional to RNA abundance allowing for 
quantitative mRNA expression measurements (98). Multiple mRNAs can 
also be detected simultaneously using RNA barcoding techniques in situ (99) 
and in vitro (100). The disadvantage of these methods is low throughput, 
dictated by the low brightness of hybridized probes that demands use of 
high-magnification objectives. To circumvent this limitation, the number of 
sites in mRNA molecule, to which decorators can hybridize, can be in-
creased by formation of mRNA-dependent DNA scaffolds. Decorators are 
designed to target scaffolds instead, leading to a local concentration of fluor-
ophores (101, 102), signal enhancement and thus, faster imaging (Figure 5).  
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High temperature cycling, used in PCR, makes traditional amplification in-
appropriate for NA detection in situ, in vivo or in heat-sensitive applications. 
For this reason, a myriad of isothermal amplification techniques has emerged 
and were applied for DNA and RNA sensing. Loop-mediated isothermal 
amplification (LAMP) uses multiple sets of primers and a polymerase with 
high displacement and polymerisation activity (116). At constant tempera-
ture, series of consecutive strand displacements and replications result in 
exponential DNA amplification that can be detected using various down-
stream methods. For mRNA detection, RT can be added (117) or alternative-
ly DNA polymerase with RT activity, can be applied (118). Unlike methods 
described above, nucleic acid sequence-based amplification (NASBA) and 
signal mediated amplification of RNA technology (SMART) utilize T4 RNA 
polymerase to generate RNA in presence of DNA or mRNA target. In NAS-
BA, mRNA is reverse-transcribed and replicated to form dsDNA harbouring 
a T7 RNA polymerase promoter sequence. mRNAs transcribed from the 
promoter are again turned to dsDNA from and transcription continuous ex-
ponentially (119). In SMART, RNA amplification is initiated by formation 
of three-way-junction between mRNA/DNA and DNA probes. Extension of 
one probe creates a dsDNA containing a T4 RNA polymerase promoter,  
initiating transcription (120). 

Sister strands in dsDNA can also be displaced using DNA untangling en-
zymes. In helicase-dependent amplification (HDA) (121) as well as in re-
combinase polymerase amplification (RPA) (122), DNA is enzymatically 
displaced to bring primers to the desired location. Amplified DNA is used as 
a substrate in another cycle and reaction proceeds exponentially. 

Another method, that exploits a thermostable polymerase, but not its pol-
ymerase activity, is an Invader assay. 5’->3’ exonucleolytic activity of eu-
bacterial polymerases or flap endonucleases (FEN) was shown to be well 
orchestrated if proper structures between probe and target are formed (Figure 
7) (123). This rigorous sequence and structure regime was exploited to cre-
ate highly sensitive and specific assay for in vitro NA sensing, including 
SNPs in DNA (124), mRNA (125) and miRNAs (126). 
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Targets can be detected on sub-cellular level, allowing for quantitative and 
spatial analysis of expression. Finally, another advantage of PLP technology 
is the excellent scalability with a minimal loss of performance (141) or spec-
ificity (151). 55 000 probes targeting 10 000 human exons were amplified 
and sequenced in vitro (151). Using barcoded PLPs, as many as 31 cDNAs 
were targeted in situ. Individual DNA barcode in each RCP was decoded 
sequentially using sequencing-by-ligation chemistry (SBL) (152).  

RNA-Sequencing 
High-throughput sequencing revolutionised biology and medicine during 

the last two decades. Next Generation Sequencing (NGS) delivers the un-
precedented amount of RNA expression data in biological samples. Im-
portantly, sequence of each RNA molecule is reassembled during the pro-
cess, facilitating discovery of SNPs, splice variants or novel genes. RNA-
Seq comprises multiple steps, some of which were described in previous 
chapters. Even though direct sequencing of RNA has been demonstrated 
(153), vast majority of RNA-Seq experiments are conducted on DNA se-
quencing machines, circumventing RNA-associated limitations. Depending 
on the sequencing platform used or class of RNA to be analysed, preparation 
of cDNA library varies. Generally, mRNA transcripts are often enriched 
based on poly(A) tail presence (90), while shorter RNAs can be size-selected 
(154, 155). RNAs are reverse-transcribed and adapter sequences are added to 
cDNA ends for clonal amplification and sequencing (156). Interestingly, 
RCA was also used for clonal library amplification for whole genome se-
quencing by hybridisation (157) and whole genome SBL (156). The accura-
cy of the sequencing process is dictated by the fidelity of DNA polymerases 
(sequencing-by-synthesis) or ligases (sequencing-by-ligation) used in the 
reaction (159).  
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Present investigations 

Paper I. Simultaneous single-cell in situ analysis of 
human adenovirus type 5 DNA and mRNA expression 
patterns in lytic and persistent infection 

Background 
Human adenovirus 5 (HAdV-5) is one of more than 60 species of adenovirus 
described so far (160). HAdV-5 efficiently infects epithelial cells, releasing 
viral progeny from lysed cells within few days after the infection (161). Ad-
ditionally, HAdv-5 have been shown to establish long-term infections in 
lymphocytes residing in tonsil tissue (162). Infection leads to virus DNA 
proliferation as well as expression of mRNAs associated with virus replica-
tion cycle. Due to population averaging methods used for most DNA/RNA 
expression assessments, detailed cellular data was unavailable. Interestingly, 
HAdV-5 in long-term infections can be transcriptionally silent, thus single-
cell studies would be superior and more informative to visualise cell-to-cell 
heterogeneity and to study gene expression and the progress of the infection. 

Summary 
In the paper I, we have developed a novel method allowing for simultaneous 
visualisation of HAdV-5 genomic DNA and spliced mRNAs on the sub-
cellular level. After the desired mRNA targets were reverse transcribed to 
cDNA, viral DNA was rendered single-stranded by a combined endo- and 
exonucleolytic digestion. Padlock probes targeting viral RNAs, associated 
with early and late infection stages, were used in parallel with probes target-
ing the HAdV-5 genome. No cross-reactivity between RNA- and genome-
specific padlock probes was observed due to the careful selection of mRNA 
targets on the spliced junctions. We have studied spatiotemporal changes in 
HAdV-5 infected HeLa cells and described highly heterogeneous popula-
tions of cells sampled at every time point studied. Interestingly, we have 
observed clear mRNA splice variants expression patterns, dependent on the 
virus replication rate. To study the long-term infection, we have infected 
human B-lymphocyte cell line (BJAB) with HAdV-5. 6 days post-infection 
cells were sampled and the protocol was applied. Cells were clustered using 
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non-supervised methods into 3 clusters, resembling expression patterns in 
cells during the lytic infection in HeLa cells. Interestingly, out of ~5 300 
cells sampled, we identified 12 cells showing considerably lower mRNA 
expression but high HAdV-5 DNA content. 

Discussion 
An alternative method to visualise HAdV DNA and mRNA in situ has been 
proposed, but additional RNase or DNase digestion steps were required to 
separate genome-derived signal from RNA due to probe cross-reactivity 
(163). Our novel method allows for simultaneous, multiplexed detection of 
HAdV-5 ds/ssDNA and mRNAs with great specificity and no signal overlap. 
The method provided quantitative, single-cell data on viral replication and 
RNA expression during the lytic infection in HeLa cells. Though our data 
were concordant with traditional, whole-cell population methods, we were 
able to highlight discrete cell subpopulations with unique expression charac-
teristics. For example, cells with considerably high virus amount but little 
viral-derived RNAs were detected. Those cells would have been missed if 
the experiment was performed using PCR, on cellular isolates. Finally, we 
have delivered evidence that overexpression of pVII, histone-like protein 
involved in HAdV-5 DNA packing, hinders accessibility to viral DNA, lim-
iting sensitivity of hybridisation-based methods in situ. We hypothesise that 
this explains why detection of the virus at low copy number (initiation of 
infection) was not possible with our method. Technique is suitable for mo-
lecular characterisation of viral infection, not restricted to HAdV-5. As no 
DNase, RNase or proteinase procedures are required, cellular morphology is 
preserved and specimen could be additionally stained for markers of host 
immune response (164). 

Paper II. Fidelity of RNA templated end-joining by 
Chlorella virus DNA ligase and a novel iLock assay 
with improved direct RNA detection accuracy 

Background 
Most of the enzymatic methods for NA sensing are based on DNA. If RNA 
detection is desired, cDNA copy of the original molecule is typically formed 
as a substrate for high-fidelity enzymes. Similarly, in high-resolution liga-
tion-based methods, RNA molecules are converted prior detection (149, 
165). However, reverse-transcription is prone to bias and was shown to in-
troduce artefacts that can interfere with accurate expression assessment 



 36 

(153). Ligase-based assays using RNA as substrate/ligation template could 
provide a low-cost and bias-free alternative. In recent years, efficient RNA-
templated DNA end joining was demonstrated for Paramecium bursaria 
Chlorella virus 1 DNA ligase (PBCV-1)(166), but little was known with 
respect to ligation fidelity. In Paper II, we systematically characterised fi-
delity of the PBCV-1 DNA ligase on RNA, mRNA and miRNA. Since liga-
tion activity on RNA was not dependent on accurate probe-target base pair-
ing, we proposed RNA sensing approach based on novel circularizable 
probes, iLocks.  

Summary 
We have evaluated RNA splinted PBCV-1 DNA ligase DNA nick sealing 
fidelity on 3’ and 5’ probe termini. Due to high mismatch tolerance, PBCV-1 
DNA ligase could not be used for single nucleotide variants detection or 
discrimination of highly similar miRNA sequences. To circumvent this 
drawback, we adapted invasive cleavage step prior to ligation (167). Hybrid-
isation of an iLock (padlock probe with a 5’ flap) is verified by the polymer-
ase and non-complementary extension is removed only upon correct base 
pairing. Following the cleavage, probe arms are ligated by the PBCV-1 DNA 
ligase. We observed substantial improvement (up to nearly 100% for almost 
all tested bases) of ligation specificity on RNA with iLock probes. We tested 
our method to accurately differentiate single base variants in mRNA and 
closely related let-7 miRNA family members. Finally, we showed that inva-
sive cleavage-ligation combination can be integrated into traditional assay 
formats for detecting the low copy numbers of RNA. 

Discussion 
Considering intrinsic polymerisation biases and inefficiency of the reverse-
transcription step, common in most RNA detection assays, direct RNA de-
tection is desired for accurate RNA profiling. However, traditional enzymes, 
commonly used in nucleic acid (NA) sensing do not perform well on RNA. 
PBCV-1 DNA ligase has proved to be highly error-prone when DNA oligo-
nucleotides are ligated on RNA. We have integrated a principle of the invad-
er assay into a padlock probe, to make use of thermostable Taq DNA poly-
merase’s ability to recognize and act on sequence-specific probe/target struc-
tures  (167). Specificity of the RNA sensing in the iLock assay is dictated by 
two independent sequence recognition events. During the first event, Taq 
DNA polymerase reads the DNA/RNA heteroduplex and cleaves the pro-
truding 5’ extension only if iLock probe is matching the target. 5’ extension 
itself as well as lack of the 5’ phosphate group, effectively prevents probes 
from non-templated ligation. During the second event, following the exten-
sion cleavage, ligase seals the nick, thus overall method specificity is medi-
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ated by fidelities of both enzymes combined. Considerable improvement of 
RNA sensing specificity as well capability of integration in alternative assay 
formats makes our method a valuable addition to a NA sensing toolkit. By 
using thermostable ligases, cleavage and ligation reaction could be potential-
ly performed in a single step, thus shortening the protocol time. We have 
also observed higher efficiency of iLock probe activation and ligation for 
longer RNA targets when compared to miRNAs. This suggests that method 
can be further optimised to provide sensitive and specific sensing of short 
RNA targets. 

Paper III. Detection of miRNAs using chimeric 
DNA/RNA iLock probes utilizing novel activity of 
PBCV-1 DNA ligase: RNA-templated ligation of 
ssRNA 

Background 
As explained in several paragraphs throughout this thesis, miRNAs, despite 
their short size, are extremely important regulatory RNAs that are commonly 
used as biomarkers in pathological conditions. Their detection is technically 
challenging and often requires specialized equipment or expensive reagents. 
In the paper II, we have presented and systematically studied a novel RNA 
detection assay using DNA iLock probes, undergoing intermolecular trim-
ming in response to perfect base paring with a target (168). We have demon-
strated specific detection of different RNA classes, including mRNA and 
miRNA. Though assay showed excellent, single-base resolution specificity, 
the overall end-point efficiency for short RNA targets was lower comparing 
to longer RNAs. We hypothesized that miRNA detection sensitivity could be 
increased if efficiency of catalytic reactions is improved or when 
probe/target binding increased. Higher ligation activities on RNA were ob-
served for T4 RNA ligase 2 (T4Rnl2) provided that terminal base(s) of the 
3'-OH acceptor substrate were RNA (169). Motivated by this principle, we 
decided to investigate, if ligation of chimeric substrates is possible for 
PBCV-1 ligase. As mentioned earlier, prior ligation, iLock probes need to 
become enzymatically cleaved (activated). Invasive cleavage on RNA has 
only been observed for handful of enzymes, and has been relatively less 
studied on RNA. Because displaced and cleaved 5' extension is natively 
RNA (replication of lagging strands in Taq is initiated from RNA primer) we 
hypothesized that endonucleolytic activity of Taq DNA polymerase could 
also be improved for RNA containing iLock probes. 
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Summary 
We characterized, previously unreported, RNA template-dependent 3'-
RNA/5’-DNA hybrid nick sealing efficiency and fidelity for PBCV-1 DNA 
ligase and T4Rnl2 (such activity was known for T4Rnl2, but not properly 
characterized) for detecting RNA single nucleotide polymorphisms and 
miRNAs. We have observed considerable ligation efficiency improvement 
for RNA containing padlock probes on short RNA targets. Ligation activity 
was structure- but not sequence-specific for PBCV-1 DNA ligase. Higher 
enzymatic efficiency, despite poor fidelity, motivated us to investigate if 
miRNA detection using iLock probe RNA detection assay could also be 
improved. We have studied various RNA substitutions in iLock probes, how 
they affect probe activation and ligation. Our experiments highlighted two 
particular positions in the iLock probe that enhance probe activation and 
ligation on miRNA if substituted with RNAs (single substitution at the 3’ 
end and a single substitution within a 5’ flap). Using chimeric iLock probes, 
we performed multiplexed differentiation of conserved let-7 miRNA family 
members with next-generation sequencing-by-ligation readout. 

Discussion 
This study introduces multiple novelties. To begin with, RNA-templated 
chimeric nick sealing activity of PBCV-1 DNA ligase has not been shown in 
the literature. Our experiments delivered evidence that the ligase readily 
ligates RNA/DNA nicks, provided that RNA modification is restricted to the 
3’ terminus. Considerable ligation inhibition (when RNA was localised to 
the 5’ end) combined with high mismatch ligation tolerance, suggested that 
ligase activity is not sequence-specific, but rather dependent on a B-form 
helix conformation at the substrate 5’ end. Another novelty was observation 
that amplification of RNA enriched padlock probes is in fact possible. This 
suggested that Phi29 DNA polymerase displays reverse transcriptase activi-
ty. Phi29 RT is more broadly studied in paper IV. In this work, we have in-
vestigated how RNA substitutions affect functionality of iLock probes, supe-
rior over traditional padlock probes for specific RNA sensing. We have de-
fined two concrete nucleotide positions in the iLock probe that significantly 
increased probe efficiency on miRNAs. Our experiments showed that chi-
meric iLock probes can be used for multiplexed in vitro miRNA profiling 
using sequencing-by-ligation readout. Having in mind that padlock probes 
are commonly used for nucleic acid visualisation in situ, we believe that 
iLock assay can be optimised for multiplexed detection of miRNAs in cul-
tured cells or tissue specimen.  
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Paper IV. Reverse transcriptase activity of Phi29 DNA 
polymerase 

Background 
To increase interaction strength between hybridising oligonucleotides, vari-
ous nucleotide modifications or nucleotide analogues are used (126, 170). 
Elevated catalytic activities have been observed for certain ligases provided 
that terminal 3’-OH base(s) are RNA (169). In the paper III, we have intro-
duced RNA substitutions in otherwise DNA iLock probes, which resulted in 
substantially increased miRNA detection efficiency using the iLock RNA 
detection assay. Compatibility of the RNA/DNA chimeric probes with Phi29 
DNA polymerase, implied that the polymerase accepts RNA-containing 
circular substrates as rolling circle amplification (RCA) templates. At certain 
reaction conditions, reverse transcriptase activity can be enabled for Taq or 
Bst DNA polymerase I Large Fragment (171). For Phi29 DNA polymerase 
however, no such activity has been reported, and only limited literature ex-
ists describing the effect of nucleotide substitutions on the rate of RCA 
(172). In paper IV, we study the mechanism through which Phi29 DNA pol-
ymerase amplifies RNA-containing circular templates. We compare the ef-
fect of multiple RNA substations on RCA rate, amplicons size and fluores-
cence intensity.  

Summary 
Despite the common notion that the Phi29 DNA polymerase cannot reverse-
transcribe RNA, we have observed that the enzyme readily accepts RNA-
containing circular substrates for RCA. This observation motivated us to 
study the effect of various types and number of RNA substitutions on the 
rate of Phi29 DNA polymerase replication. By using SybrGold labelling and 
real-time PCR fluorescence build-up, we were able to monitor amplification 
rate of individual RNA-containing circles simultaneously, throughout the 
whole amplification process. We have observed that substrates with single 
RNA substitutions were amplified with similar rates as non-chimeric DNA 
circles. For 2 or 3 consecutive RNA substitutions, RNA pyrimidines were 
tolerated during RCA, but not purines. Inhibited RCA, observed for circles 
containing longer RNA stretches, was partially recovered by interspacing 
RNA bases with DNA. To identify the mechanism by which the Phi29 DNA 
polymerase replicates chimeric substrates, circles containing single and dou-
ble, consecutive RNA substitutions were amplified and RCA products mon-
omerised and sequenced using NGS system. We demonstrate that Phi29 
DNA polymerase incorporated expected dNTPs for the corresponding RNA 
base with very high accuracy.  
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Discussion 
In this work, we demonstrated that Phi29 DNA polymerase copies RNA 
containing circles via reverse transcription. According to our experiments, 
single RNA substitutions exerted no effect on the rate of RCA. Fidelity of 
RCA for circles containing a single RNA base was indifferent from those of 
pure DNA. Incorporation error rate for RNA positions was based on the 
analysis of full-length sequenced RCA monomers, extracted from the se-
quencing dataset. Interestingly, substrates with 2 and 3 consecutive RNA 
bases demonstrated both higher incorporation error as well as inhibited rep-
lication rate as measured in the real-time RCA experiments. Since for circles 
containing consecutive purines only a small fraction of sequencing reads was 
full length, this could explain their poor performance as substrates in RCA. 
Discovery of reverse transcriptase activity of Phi29 DNA polymerase ex-
tends range of applications of Phi29-mediated assays. This include usage of 
ligatable RNA/DNA chimeric oligonucleotides, exhibiting higher ligation 
efficiency on RNA targets (padlock probes or molecular inversion probes), 
as exemplified in Paper III. Increased ligation efficiency of chimeric probes 
combined with RCA offers an attractive alternative for direct RNA sensing 
assays. 
 
 

 





 42 

infected human cells. Due to the fact that mRNA sequence is conserved in 
viral DNA, differentiation the two is challenging. Despite this hurdle, no off-
target signal was generated from probe cross-hybridisation. We have applied 
this technique to study spatial and temporal changes in the virus spread as 
well as expression of RNAs derived from the virus and host cells. Important-
ly, we have showed that the method is applicable in persistent adenovirus 
infections, more relevant from the clinical point of view. By using computa-
tional cell grouping, we have clustered cells according to the infection stage 
and we were able to define rare cells, possibly marking an onset of persis-
tency in the adenovirus infection cycle. The method presented in Paper I was 
a combination of procedures allowing for detection of mRNA and double 
stranded DNA, individually. mRNA detection procedure is relatively stand-
ardized and robust. However, it includes RNA to DNA conversion which I 
described in the previous chapters, that limits overall RNA detection sensi-
tivity (149). In Paper II, I have aimed to develop a novel tool that would 
allow for a direct detection of RNA. Such an approach has a potential to 
liberate RNA sensing from reverse-transcription bias and thus facilitate more 
precise RNA quantitation. I have found that RNA-dependent ligases exhibit 
high tolerance for sealing padlock probes, even if base-paired unspecifically 
with RNA. To circumvent this limitation, I have exploited the intrinsic fi-
delity of eubacterial polymerase in structure-dependent probe/RNA target 
recognition. When the polymerase was used prior ligation, probes were 
trimmed in the desired position. Only then probes could have been ligated. 
In Paper II, I have characterised mechanisms governing removal of the ex-
tension and its effect on ligation specificity. This novel type of probes, 
named iLocks, became a primary interest of my other projects. iLocks 
showed an excellent RNA sensing fidelity on synthetic RNA targets, 
mRNAs and miRNAs compared to traditional padlock probes. However, 
because of the short size of miRNAs and possibly, the instability of hybridis-
ing probes, iLock assay for miRNAs showed a limited efficiency. In Paper 
III we have tested if substitutions of certain DNA nucleotides in padlock and 
iLock probes with RNA can stimulate catalytic activities of ligases and the 
eubacterial polymerase. In line with the hypothesis that RNA nucleotides 
could influence base-pairing or enzyme activities, we have observed im-
proved detection of miRNAs using chimeric probes. Moreover, we have 
identified two particular positions in the iLock probe sequence that, when 
substituted with RNA, increased the rate of probe activation. Using the mod-
ified design, we proposed a novel iLock miRNA detection assay, allowing 
for multiplexed detection of miRNAs in vitro. It is worth to point out that 
alternative methods exist that allow for miRNA detection in vitro, some of 
which I have covered in the previous chapters. Those methods are very ro-
bust but suffer from a low multiplexibility, high costs, demand for advanced 
equipment. Unprecedented multiplexing capabilities of padlock probes com-
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bined with their universal applicability may establish their position as great 
tools for miRNA visualisation in situ.  

 
Lastly, successful application of chimeric probes in Paper III is attributed 

to the ability of the Phi29 DNA polymerase to replicate RNA-containing 
circles. Such activity, when polymerase can use RNA as a template for DNA 
synthesis, is called reverse transcription and was not known to exist in Phi29 
DNA polymerase. We reported this activity in Paper IV and study mecha-
nisms how various types, numbers and patterns of RNA substitutions affect 
Phi29 amplification rate. We delivered evidence that Phi29 polymerase ac-
curately copies RNA bases within a circular substrate via reverse transcrip-
tion, exhibiting preference towards RNA pyrimidines. 
 

This thesis has contributed to the understanding of mechanisms relevant 
for RNA detection with padlock probes. I have characterised mechanisms of 
action for RNA reactive enzymes, new probe constructs as well as effects of 
nucleotide analogues substitution in padlock probes on their activity on 
RNA. Considering significant potential of RNA as biomarker and that direct 
detection of RNA is not prevalent, I hope this work will stimulate and guide 
further research in this fascinating area. 



 44 

Populärvetenskapliga sammanfattningen på 
svenska 

Människans kropp består av 30–70 biljoner celler. Alla celler bär identiskt 
genetiskt material (DNA) men de kan ha olika roller i kroppen, från celler i 
en näthinna till celler i en tånagel. Denna funktionella mångfald styrs av 
olika faktorer genom cellens liv och återspeglas på olika nivåer. Medan pro-
teiner ofta anses vara byggstenar som bildar cellens kropp, har vi börjat upp-
fatta mekanismer som dikterar när, var och vilka proteiner som uttrycks i 
celler. Även om antalet proteinkodande gener i vårt DNA ligger mellan 20 
000–25 000 är antalet proteiner mycket större. För att skapa ett funktionellt 
protein läses en blåkopia från dess gen-DNA och sparas noggrant i en RNA 
molekyl. RNA är mer reaktivt och evolutionärt äldre än DNA och det bru-
kade förmodligen vara ansvarigt för lagring av genetisk information. Idag 
lagras vår genetiska information i DNA men det behöver fortfarande läsas av 
till en RNA molekyl för att skapa ett protein och den största cellmångfalden 
dikteras av processer som äger rum efter att RNA har skapats. Vi identifierde 
tidigt den centrala rollen av RNA som bärare av proteinmeddelanden och 
som en aktiv komponent i proteinbildningen. Forskning under de senaste två 
decennierna har kopplat RNA till många andra aktiva funktioner som tidi-
gare var reserverade för proteiner, inklusive katalys av kemiska reaktioner, 
reglering av läsning av proteinmeddelanden eller skydd mot främmande 
DNA. RNA-nivån förändras under olika fysiologiska och patologiska förhål-
landen, och det finns en stor potential i RNA att vara en bättre markör att 
förutsäga en persons tillstånd. 

I det här arbetet tillämpade jag "hänglåsprober" (padlock probes) för att 
detektera RNA. Traditionellt detekteras RNA indirekt med hjälp av hänglås-
prober, vilket kan påverka resultatet. Således finns det stort utrymme för 
förbättring eftersom direkt RNA-detektion inte bara kan bestämma RNA-
mängden i celler bättre, utan även förkorta analystiden. Denna avhandling 
presenterar alternativa metoder för att detektera RNA och exempel från mitt 
arbete visar hur RNA kan visualiseras in situ–inom celler–och in vitro–
utanför celler. Dessutom har jag utvecklat en uppdaterad version av en häng-
låsprobe, kallad iLock-probe. Även om iLocks liknar hänglåsprober, funge-
rar de på RNA direkt och måste aktiveras på RNA för att tillåta detektering. 
Jag visar hur iLocker kan användas för att upptäcka olika typer av RNA, 
vilket kan vara viktigt för klinisk tillämpning och forskningsapplikationer. 
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