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Abstract
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Biological processes take place through interactions between macromolecules, such as nucleic
acids and proteins. It is, therefore, fundamental to understand the functions of proteins and how
they form complexes in order to carry out their role. Importantly, including spatial information
in the analyses of protein complexes allows us to account for cell or tissue heterogeneity,
highlighting the importance of in situ studies in biologically and clinically relevant material.

To that end, methods for the analysis of protein complexes in situ have been developed, such
as in situ proximity ligation assay (PLA) and proximity-dependent initiation of hybridisation
chain reaction (proxHCR). Both methods depend on antibodies for target recognition and utilise
oligonucleotide systems in order to generate reporter signals with fluorescence readout. While
in situ PLA employs rolling circle amplification, proxHCR is an enzyme-free method that
takes advantage of DNA hybridisation properties. Both methods, however, yield a polymerised
reporter signal of protein complex formation.

To further the use of proxHCR, we optimised the design of the oligonucleotide system as
well as the experimental procedure, so as to increase the robustness and versatility of the assay.
In addition, we developed a novel method, MolBoolean, that simultaneously reports the levels
of free proteins as well as protein complexes. In this way, we address limitations of earlier
methods and provide the opportunity to obtain a more comprehensive picture of biological
processes. Our methods provide a means to circumvent the resolution limits of light microscopy
by utilising molecular tricks so that protein binding events, that occur below the resolving power
of conventional instrumentation, are made visible. 

The methods presented in the present doctoral thesis provide powerful tools in the analysis
of protein interactions and have applications in cell biology studies as well as in diagnostics.

Part of this thesis was the examination of the function of 1,25D3-MARRS (membrane-
associated, rapid response steroid-binding) receptor, potentially linked to vitamin D3. We
investigated the expression and subcellular localisation of 1,25D3-MARRS in an array of
cell lines and employed siRNA-mediated depletion to examine effects on cellular processes
in androgen-independent prostate cancer cell models. Our data suggest that 1,25D3-MARRS
supports cell proliferation and might have a role in cell migration. Additionally, we observe
an effect on the regulation of intracellular vitamin D3 levels. With this study, we contribute to
the understanding of the role of 1,25D3-MARRS in prostate cancer cells, that could potentially
prove of value in the adaptation of therapeutic strategy for prostate carcinoma.
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Dedicated to my family

“Once you do know what the Question actually is,
 you’ll know what the Answer means.”

The hitchhiker’s guide to the galaxy, Douglas Adams
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1,25D3-MARRS: membrane-associated, rapid response steroid-binding 
AP: alkaline phosphatase 
A: adenine 
BiFC: bimolecular fluorescence complementation 
BRET: bioluminescence resonance energy transfer 
C: cytosine 
CYP24A1: 24-hydroxylase 
CYP27B1: 1α-hydroxylase 
CYP2R1: 25-hydroxylase 
DBP: vitamin D binding protein 
DIC: differential interference contrast 
DNA: deoxyribonucleic acid 
DUB: deubiquitinating enzyme 
eGFP: enhanced green fluorescent protein 
ER: endoplasmic reticulum 
FGF: fibroblast growth factor 

FGF23: fibroblast growth factor 23 
FGFR: fibroblast growth factor receptor 
FOV: field of view 
FRET: Förster resonance energy transfer 
HCR: hybridisation chain reaction 
 proxHCR: proximity-dependent initiation of HCR 
HRP: horse radish peroxidase 
IF: immunofluorescence 
Ig: immunoglobulin 
IHC: immunohistochemistry 
MHC-I: major histocompatibility complex class I  
MaMTH: mammalian-membrane two-hybrid system 
NA: numerical aperture 
NLS: nuclear localisation signal 
NMR: nuclear magnetic resonance 
PALM: photoactivated localisation microscopy 
PCA: protein-fragment complementation assay 
PCR: polymerase chain reaction 
PDGFRβ: platelet-derived growth factor receptor β 
PDI: protein disulphide isomerase 



PLA: proximity ligation assay 
PSF: point spread function 
PTH: parathyroid hormone 
PTM: post-translational modification 
RCA: rolling circle amplification 
RCP: rolling circle amplification product 
RNA: ribonucleic acid 
 mRNA: messenger RNA 
ROI: region of interest 
RXR: retinoid X receptor 
SIM: stimulated emission depletion microscopy  
SNP: single nucleotide polymorphism 
SRM: super resolution microscopy 
STED: stimulated emission depletion microscopy  
STORM: stochastic optical reconstruction microscopy 
UPR: unfolded protein response 
VDR: vitamin D receptor 
VDRE: vitamin D response element 
 nVDRE: negative VDRE 
Y2H: yeast-two-hybrid 
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Introduction 

After two decades of work, the mapping of the human genome was completed 
this year. It spans over 3 billion base pairs of nuclear DNA and over 16,000 
base pairs of mitochondrial DNA1. These correspond to approximately 20,000 
protein coding genes2. In complete antithesis lies the generation of the 
simplest synthetic cell, that contains a synthetic chromosome, approximating 
1/3 of the length of the human nuclear DNA. It was constructed to contain just 
473 protein coding genes, most of which are essential to sustaining life3. 
However, the precise function of each and every one of them is not entirely 
clear.  

The human body consists of a staggering 37.2 trillion cells4, with different 
locations in the body. Despite sharing the same genetic material, the blueprint 
for cell structure and function, each cell has the potential to express a different 
set of genes and proteins. Further, the proteomic profile and function of each 
cell can be affected by potentially very different microenvironments within 
the human body.  

As per the name allocated to them by Berzelius in 1838, proteins were 
recognised as the primary macromolecules responsible for nutrition and body 
structure5. Through the years, numerous proteins and their functions have been 
described and nowadays everyone is aware that proteins are involved in 
almost all cell processes – they regulate DNA transcription, cell division, 
intracellular and extracellular trafficking, metabolism, cell differentiation, 
proliferation and motility. Structural and sequence similarity to proteins with 
known function may be used to predict the function of a protein. Theoretically, 
protein structure is deducible based on the amino acid sequence of the protein, 
as dictated by the DNA sequence of the respective protein-coding gene. 
Whereas secondary structures can be predicted based on the protein sequence, 
a three-dimensional model prediction is, largely, not possible with current 
methods. X-ray diffraction pattern analysis is employed in order to elucidate 
protein structure6. Apart from X-ray crystallography, that can be notoriously 
complicated, nuclear magnetic resonance (NMR) spectroscopy in 
combination with the protein amino acid sequence can help in computationally 
predicting the three-dimensional structure7.  

In vitro analyses of proteins can be performed with classical techniques, 
such as gel separation, ultracentrifugation, and mass spectrometry. However, 
they all share the same caveat; by generating averaged measurements of a cell 
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population, they ignore heterogeneity. Individual cells can vary greatly in their 
expression profiles, even if they originate from a common tissue. An example 
illustrating this heterogeneity is cancer, where cells taken out of the same 
tumour are likely to be vastly different from one another and further exhibit 
differential response to stimuli8. A way to overcome this limitation is to select, 
isolate and enrich specific cells in an otherwise heterogeneous tissue, for 
example through laser capture microdissection9. Whereas in vitro studies and 
averaging continue to be very useful in providing valuable insight into cellular 
processes, it is highly important to also look through the lens of a single cell. 
In situ studies provide additional information in the sense that single cells can 
be analysed individually, but also incorporate spatiotemporal information. 
Ideally, in order to obtain the most accurate picture in our studies, a 
combination of in vitro, in vivo, ex vivo, and in situ studies should be 
employed. 

Cells are organised in compartments in order to synchronously perform 
multiple processes. Subcellular localisation, or disruption thereof, is a way to 
infer the function of a protein. Proteins, however, rarely work alone, but rather 
in conjunction with other biomolecules. To date, there is a plethora of 
proteomics-based methods for the study of protein interactions, each with its 
own advantages and limitations. Many of them focus on the detection of the 
interaction itself and disregard any localisation information. At the same time, 
they further exclude information on the amounts of proteins that are not 
interacting with each other as well as the protein complexes as a fraction of 
the total amount of protein. Such information can provide additional insight 
into the relative amounts of the interacting proteins as well as dynamic and 
kinetic differences in various conditions. 

The main scope of the present doctoral thesis is method development in 
cell biology for the analysis of protein interactions, based on proximity 
between them. Both methods discussed in the papers that compile this thesis 
are based on target recognition, mediated by antibodies as affinity reagents, 
and utilise an oligonucleotide-based system as a means of signal generation in 
situ. In addition to the method development papers, the thesis also contains a 
paper investigating a specific protein (1,25D3-MARRS [membrane-
associated, rapid response steroid-binding] receptor) and its involvement in 
cellular processes. 

Antibodies 
Antibodies are the cornerstone of proteomics research. They are 
glycoproteins, physiologically secreted by the B cells of vertebrates as a 
response to antigens10,11. The main functional domain of an antibody is the Y-
shaped immunoglobulin (Ig) that consists of a two heavy and two light chains, 
connected with disulphide bonds. Each heavy and light chain has a constant 
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and a variable domain. Further structural and functional categorisation gives 
the antibody the Fc (Fragment, crystallisable) and Fab (Fragment antigen-
binding) fragments for modulating the different effects of the antibody and for 
specifically binding the antigen, via the paratope12,13. The most common 
isotype of antibody in mammals is the IgG, with two paratopes and an 
approximate size of 10 nm14 and 150 kDa12. 

Antibody production and purification has progressively improved over the 
years. In order to raise antibodies, a protein of interest or a part of it is injected 
into an animal, so as to induce immune response and thereby lead to the 
production of antibodies. Antibodies can be purified directly, in which case 
they are produced by several clones of B cells and therefore have affinity 
against multiple epitopes (polyclonal antibodies). Alternatively, they can be 
produced by a single clone of B cells, via hybridoma technology, so as to 
target a specific epitope (monoclonal antibodies)15. Non-immunoglobulin-
derived affinity reagents include aptamers, DARPins16, affimers17, avimers18, 
knottins19, monobodies20, affinity clamps21, affilins22, affibodies23 and 
anticalins24.  

In order to visualise antibodies, labelling with a reporter dye is necessary. 
In immunohistochemistry (IHC), the enzyme label on the antibody reacts with 
the substrate, resulting in a strong coloured product, that can be visualised 
with a light microscope. Frequently used enzymes are horseradish peroxidase 
(HRP) and alkaline phosphatase (AP). In the early 1940s, Albert Coons 
developed immunofluorescent techniques for labelling antibodies25 and 
nowadays a common way of antibody labelling is with the use of fluorophores. 
A fluorophore (or fluorochrome) is a compound that, upon excitation at a 
certain wavelength, emits light at a longer wavelength (Stokes shift)26. 
Through this physical property of fluorophores, it has become possible to 
visualise them with epifluorescence microscopes.  

Other types of staining have been of great use in biological research. 
Nucleic acid dyes, such as 4´,6´-diaminidino-2-phenylindole (DAPI) and 
Hoechst, that bind the minor groove of DNA with AT selectivity27, are widely 
used as counterstains; cell function dyes, such as seminaphthofluorescein 
(SNARF), used in optical biosensors28; fluorescent proteins, such as enhanced 
green fluorescent protein (eGFP), initially isolated from the jellyfish 
Aequorea victoria29, are routinely used in fusion with proteins of interest, to 
be observed in situ.  

Deoxyribonucleic acid (DNA) 
Deoxyribonucleic acid (DNA) is the carrier of genetic information. X-ray 
crystallography experiments by Wilkins and Franklin, together with the work 
of Watson and Crick led to the discovery of the molecular structure of DNA.  
DNA is a polymer of four different nucleotides, the sequence of which 
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compiles the blueprint for cell function. Each nucleotide is comprised of a 
molecule of phosphoric acid, a sugar molecule, deoxyribose, and one 
nucleobase. Those are the purines (adenine, A, and guanine, G) and the 
pyrimidines (thymine, T, and cytosine, C)30.  

DNA is a right-handed double helix, where the two strands with sugar-
phosphate backbone are held together, in part, due to complementarity 
between the nucleobases. In the two antiparallel strands, the flat and 
complementary nucleobases are stacked in such a way that allows for 
approximately 10.5 nucleobases at a distance of 34 Å per turn of the double 
helix. In the double helix, the purines and pyrimidines are complementary and 
bind their counterpart with hydrogen bonds. Two hydrogen bonds form 
between A and T, and three between G and C. Complementary base pairing, 
however, has little contribution to the overall stability of the DNA molecule31. 
Together with stacking interactions between adjacent pairs of nucleotides 
stabilise the double helix and render it suitable as the carrier of genetic 
information. This form of DNA is referred to as B-DNA and is the most 
common DNA conformation in nature32 (Figure 1). 

 

 
Figure 1. The nucleobases of B-DNA and their Watson-Crick complementary 
base pairing. Left: The four nucleobases that make up the DNA, the purines, adenine 
(A) and guanine (G), and the pyrimidines, thymine (T) and cytosine (C). Right: The 
binding of the phosphate backbone of the DNA. Dashed lines represent the hydrogen 
bonds between the complementary nucleobases. 

DNA, as a reporter molecule, has the advantage that it has predictable 
behaviour. DNA has a known structure and, due to the nucleobase 
complementarity, knowledge of the sequence of one of the strands is sufficient 
to know the sequence of the duplex. Moreover, it can be easily, specifically 
and efficiently manipulated. One property of DNA that is advantageous in its 
utilisation as a molecular tool is that each strand can hybridise to any 
complementary strand, a reaction termed “DNA hybridisation”. DNA 
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hybridisation refers to the formation of a double-stranded nucleic acid. A 
double-stranded DNA molecule needs to be disrupted, by means of increased 
temperature, chemical treatment or invasion, in order to become available for 
hybridisation. The hybridisation reaction takes place when single-stranded 
DNA sequences bind their nucleobases with hydrogen bonds. Initially, the 
hybridisation reaction is not thermodynamically favoured, yielding free Gibbs 
energy ΔG > 0. However, once enough bases have hybridised, stacking 
interactions further stabilise the reaction. Optimal hybridisation temperature 
in slightly lower than the melting temperature, Tm, of the individual DNA 
strands. The Tm of an oligonucleotide refers to the temperature at which 50% 
of that nucleotide is hybridised. It is influenced by the nucleotide length and 
content, typically referred to as GC content. Although the base pairing does 
not contribute much to the overall duplex stability, mismatches in the base 
pairs have a destabilising effect and alter the Tm

33. Moreover, higher ionic 
strength in the reaction buffer increases the hybridisation stringency32.  

The disruption of a DNA duplex can lead to an exchange of one of pre-
hybridised DNA strand with another. This process is called “strand 
displacement” and happens based on, either complete or partial, Watson-Crick 
base complementarity. The displacement can be mediated by enzymes, such 
as polymerases34,35, with inherent displacement capacity, but also by the 
presence of a foothold in the invading strand (Figure 2, strand C). The foothold 
serves as the point of initiation of the branch migration process and its length 
can greatly affect the kinetics of the displacement36,37. Figure 2 illustrates the 
process of DNA strand displacement by means of invasion. A single-stranded 
oligonucleotide C with a foothold is complementary to strand A. (Figure 2a) 
During branch migration, the invading strand C hybridises to strand A, by 
displacing it one nucleotide at a time. Strand C is longer than strand B, which 
makes the hybridisation between A and C more kinetically favoured to that 
between A and B. The branch migration goes back and forth (Figure 2b, c) 
until the invading strand C is fully hybridised to strand A. The lack of a 
foothold in strand B makes the exchange reaction irreversible. (Figure 2d) 

Foothold-mediated DNA strand displacement was initially used in 
molecular tweezers, that could be used to cause changes in the structure of 
molecules38. Since then, the utilisation of foothold-mediated strand 
displacement has expanded and is used in three-dimensional DNA self-
assembly systems and DNA origami39–45. 

In silico design and predictive binding of oligonucleotides can be 
performed with the use of the online available tool NUPACK (nupack.org), as 
designed by Dirks and Pierce to incorporate a predictive algorithm of 
oligonucleotide structure and behaviour based on the sequence and reaction 
conditions46. 
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Figure 2. DNA strand displacement. a. Strand A is hybridised to strand B, via a-a* 
domain complementarity. Strand C has an a* domain, complementary to domain a in 
strand A, and a foothold c*, complementary to domain c in strand A. b. The foothold 
domains of strands A and C hybridise via complementary domains c and c*. c. 
Initiation of branch migration. Strand C displaces strand B from strand A, due to 
complementary domains a and a*. The strand displacement is a dynamic process, 
during which strands B and C compete for hybridisation with strand A. d. The strand 
displacement is complete. Strand C has fully displaced strand B and is fully hybridised 
to strand A. * annotation indicates domain complementarity.  

DNA-modifying enzymes 
Prokaryotic and eukaryotic cells express a wide variety of enzymes, many of 
which are involved in DNA replication, transcription, DNA repair and the 
defence mechanisms of the cell. This array of enzymes can be used to create 
novel molecular biology methods – for studies of DNA (e.g. genotyping), 
exploiting DNA as carrier of genetic information (e.g. expression vectors) or 
utilising DNA as a reporter molecule, as in the methods described in the 
present thesis (e.g. in situ PLA).  

An enzyme class, widely used for molecular cloning, genotyping, and in 
recombinant DNA applications, is restriction enzymes. Physiologically, 
restriction enzymes are part of the defence mechanism of bacteria and archaea 
as a response to viral infection47,48. Restriction enzymes target DNA in 
different manners, however, the ones utilised in molecular biology are such 
that cut double-stranded DNA in a sequence-specific manner and typically 
recognise mirror-palindrome or inverted repeat palindromic DNA 
sequences49. They can generate “sticky” ends with nucleotide overhang, or 
“blunt” ends at the point of cleavage50. Restriction enzymes that introduce a 
single cut (“nick”) in one of the DNA strands in a double-stranded DNA 
molecule are termed “nickases”. 
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Double-stranded or nicked DNA can be reconstituted by ligation, mediated 
by enzymes called ligases. These enzymes are physiologically involved in 
DNA synthesis and recombination51 in order to catalyse the formation of a 
phosphodiester bond in a DNA or RNA molecule.  

Arguably, the most well-known and widely used enzyme is the polymerase, 
physiologically used for the synthesis of nucleic acid polymers. There are 
various types of polymerases, each with their own distinct features. However, 
in general, polymerases are used for DNA amplification due to their ability to 
extend a given nucleotide sequence, based on Watson-Crick complementarity, 
as long as priming oligonucleotides are present. The priming oligonucleotides 
are extended by the polymerase, via the addition, with high fidelity, of 
complementary nucleosides and the catalysis of phosphodiester bonds52. This 
characteristic is the basis of polymerase chain reaction (PCR)53, which is used 
so commonly in research, diagnostics and forensics laboratories. Further, 
incorporation of fluorescent intercalating dyes (e.g. SYBR Green) to the DNA 
backbone allows for quantification of the rate of synthesis. Dyes such as 
SYBR Green will intercalate in any amplified double stranded DNA, 
regardless of being the correct product or not, thereby requiring additional 
validation through gel electrophoresis. To increase specificity, TaqMan 
probes may be used instead, that span the length of the target gene and further 
incorporate a quencher and a reporter molecule. Hybridisation of the TaqMan 
probe to the target and subsequent cleavage, due to 5´ exonuclease activity of 
Taq polymerase, releases the reporter molecule which is now allowed to emit 
fluorescence54. In this way, real-time PCR is used for estimating the 
quantitative levels of a DNA template, based on the rate of amplification.  

A type of polymerase used in our applications is phi29 polymerase (Φ29). 
Phi29 polymerase is a high-fidelity polymerase that can process large DNA 
fragments, ranging up to more than 70 kb55. It is also equipped with 3´5´ 
proofreading exonuclease ability, that renders it highly accurate. Phi29 
polymerase is capable of rolling circle amplification (RCA) via strand 
displacement, where a short oligonucleotide primes the amplification of a 
circular DNA template55. Once phi29 polymerase has generated a full copy of 
the template, it has the ability to displace one of the strands and continue the 
polymerisation process. In this way, phi29 polymerase continues to amplify 
circular templates, resulting in long strands that consist of concatemeric copies 
of the initial circular template. RCA is robust and specific and can take place 
in a wide range of conditions in regard to temperature and salinity55, which 
means that it can be very efficient in mild conditions. Theoretically, 1 hour of 
RCA should amplify a 100-nucleotide long DNA molecule by 1000-fold. 
However, the efficiency with which phi29 polymerase processes a circular 
molecule is correlated to the turn of the double helix. Molecules whose length 
is an integer multiple of 10.5 nucleobases added to approximately half a turn 
of the double helix allow for higher polymerase velocity. This effect appears 
to be the result of fraying of the base pairs that lie ahead of the amplification 
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fork and follows a sinusoidal pattern with a reduction in the efficiency for 
longer molecules56. Moreover, secondary structures in the DNA molecule, that 
would lead to increased torsion or polymerase dissociation rate negatively 
affect the amplification efficiency. 

Visualisation 
Microscopy 
The term “microscope” is derived from the ancient Greek “μικρός” (small) 
and “σκοπεῖν” (to observe), meaning “to see small objects” one is unable to 
see with the naked eye. The first use of lenses is already documented in ancient 
Greek and Roman texts and the creation of the first microscope is credited to 
Hans and Zacharias Janssen. However, the first to describe microscopic 
observations was Antonie van Leeuwenhoek, who is considered to be the 
father of microscopy. 

Any given microscope has three key elements: magnification, thereby 
yielding an enlarged image of the observed object, resolution, thereby making 
things distinguishable, and contrast, thereby enhancing the ability to 
distinguish between adjacent objects. In this work, focus will be given on the 
light microscope, albeit the existence of electron, scanning probe and X-ray 
microscopy.  

Under the light microscope, the observed sample interacts with a beam of 
photons, that illuminate it. The interaction of the photons with the sample is 
captured and used to generate the image. The light microscope can be further 
divided into two types: the simple microscope, referring to a system dependent 
on lenses for the magnification, and the compound microscope, in which there 
are two systems of lenses, for further magnification of the sample by a second 
lens system. More specifically, the sample is placed close to the objective lens, 
that generates a real image, which in turn is magnified by the ocular lenses, 
thereby generating an inverted magnified image of the sample. The excitation 
light comes either from an external source and gets reflected on a mirror or 
from an illuminator, so that it reaches the stage, where the sample is mounted. 
The light passes by the condenser and the diaphragm, in order for the light 
from the illumination source to be focused on the sample57. 

There are certain limiting factors that determine the resolving ability of a 
microscope: the numerical aperture (NA) of the lens, the refraction index of 
the lens, and the wavelength of the emitted light, λ. The NA is a characteristic 
of any given lens and refers to the ability to accept and emit light. It is 
determined based on the angular aperture of the lens in reference to the 
position of the sample. It can be influenced by the immersion medium, 
between the lens and the sample, in order to acquire images of increased 
resolution. There is a wide assortment of immersion media with different 
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refraction indices. The refraction index refers to the speed in which light can 
travel through the lens. For oil immersion lenses, the refraction index is higher 
than that for air or water immersion lenses, allowing more photons to pass 
through the lens over time. Therefore, the maximum resolution that can be 
achieved from an optical system, defined as the minimum distance between 
two points, d, is 

0.61 57. 

The minimum distance that can be achieved with the light microscope is about 
200 nm, provided that the best optical specifications are used.  

The types of light microscopy include brightfield, darkfield, phase contrast 
and differential interference contrast (DIC) imaging. In brightfield imaging, 
the sample is illuminated, as described above, with photons coming from an 
illuminator towards the objective lens and, based on its NA, are scattered or 
absorbed upon interaction with the structures in the sample, which then 
appears less bright57. The development of fluorophores, that could be coupled 
to antibodies, and the utilisation of fluorescent proteins and of other 
fluorescent dyes provides increased contrast between the fluorescent structure 
and the black background. For the visualisation of fluorescent structures, the 
epifluorescence microscope is conventionally used, which, in its basis, is like 
the brightfield microscope. It features an illuminator that emits photons in the 
shorter wavelength range, so as to excite fluorophores, but also a beam splitter 
that filters the photons, so that they correspond to the desired wavelength. The 
beam splitter is used together with filters. In this way, the emitted photons, 
from the illuminator, for sample excitation, and from the sample, for image 
generation, are carefully selected57.  

In order to get better resolution and reduce the effect caused by structures 
that lie out of focus from the field of view (FOV), one can use confocal laser 
scanning microscopy. The imaging is performed through a pinhole, placed 
confocally (in the same focus) as a carefully pinpointed illuminated spot in the 
FOV. In this way, out-of-focus features of the sample are detected with such 
low brightness that they can practically be disregarded, thus leading to the 
acquisition of an image with higher resolution in comparison to one generated 
with a brightfield epifluorescence microscope57,58. 

Light waves have a specified wavelength which sets the lowest limit for 
optical resolution. To overcome this, super-resolution microscopy (SRM) 
techniques have been developed, that further circumvent the resolution limit 
in fluorophore-based imaging. During the past few decades, sub-diffraction 
limit resolutions have become possible with the use of SRM techniques. 
These, namely, are: structured illumination microscopy (SIM), stimulated 
emission depletion microscopy (STED), stochastic optical reconstruction 
microscopy (STORM), and photoactivated localisation microscopy 
(PALM)59,60. 
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Overall, light microscopes are conventional tools, widely used in research 
labs, especially since they are the less costly ones of the bunch, and do not 
require special manipulations for sample preparation. However, light 
microscopy is bound by resolution. The methods described in the papers that 
compile this work provide molecular tricks with which the generated signals 
allow for further utilisation of the conventional epifluorescence and confocal 
microscopes. We utilise pair-wise antibody binding, that occurs within a 
certain distance subcellularly, in order to create reporter signals. These signals 
are generated only when binding events, that lie below the resolution limit, 
take place, but are made visible within the confines of the resolving power of 
light microscopes.  
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Methods for the analysis of protein proximity 

Protein-fragment complementation assays (PCA) 
Most methods for protein interaction analyses are based on protein-fragment 
complementation. Protein-fragment complementation assays (PCA) are based 
on the premise that the function of a split protein is restored upon 
reconstitution of the initial protein and utilise protein activity as reporter of 
protein interactions. One such method is yeast-two-hybrid (Y2H), which was 
developed by splitting the protein GAL4 form Saccharomyces cerevisiae to a 
DNA binding and an activating domain. Fused with proteins of interest, 
reconstitution of GAL4 signals that these proteins interact61. Figure 3 depicts 
how Y2H can be used to examine protein interactions, by fusing the binding 
and activating domains of GAL4 (BD and AD, respectively) to a bait and prey 
protein (Figure 3a). Interaction between the bait and prey proteins leads to 
reconstitution of GAL4, that is used as the reporter of the interaction taking 
place (Figure 3b). 

 

 
Figure 3. Yeast-two-hybrid (Y2H) assay for the analysis of protein interactions 
between a bait and a prey protein. a. Bait and pray proteins are fused to the binding 
(BD) and activating (AD) domains of split GAL4, respectively. b. Interaction between 
bait and prey proteins leads to functional reconstitution of GAL4, that is utilised as 
the reporter of the interaction being detected.  

Mammalian-membrane two-hybrid system (MaMTH)62 is based on the 
reconstitution of split ubiquitin. MaMTH is used for the detection of 
mammalian full-length membrane proteins. The premise behind the method is 
the complementation of the C-terminal and the N-terminal moieties of 
ubiquitin (Cub and Nub, respectively) (Figure 4a). Upon interaction between 
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a membrane-bound bait protein, tagged with Cub, and a pray protein, either 
cytosolic or membranic, tagged with Nub as well as with a transcription factor, 
ubiquitin is reconstituted. Deubiquitinating enzymes (DUBs) cleave the 
transcription factor leading to the expression of a selected reporter gene, as 
proof of protein interaction62 (Figure 4b). 

 

 
Figure 4. Mammalian-membrane two-hybrid (MaMTH) assay for the analysis of 
protein interactions of mammalian membrane proteins. a. MaMTH utilises the 
split ubiquitin approach. Bait and prey proteins are fused to the C-terminal (Cub) and 
the N-terminal (Nub) moieties of ubiquitin, respectively. The Nub moiety is further 
fused to a transcription factor. b. Interaction between the bait and pray proteins leads 
to functional reconstitution of split ubiquitin. As a result, deubiquitinating enzymes 
(DUBs) cleave the transcription factor from the Nub moiety, leading to the 
transcription of reporter gene that acts as the reporter of the interaction being detected. 

Y2H and MaMTH share the caveat that they completely omit any localisation 
information or possibility for tracking of protein interactions. In both these 
assays, the readout comes in the form of expression of a reporter gene as a 
consequence of protein interactions, rather than direct visualisation of the 
protein complexes. 

Visualisation of the protein interaction via fluorescent signal is a way in 
which spatial information can be incorporated in PCA. At the same time, 
fluorescent signal can be detected directly, upon excitation and with a variety 
of ways. Bimolecular fluorescence complementation (BiFC) is a PCA based 
on the fact that fluorescent proteins can be separated at a loop or a β-strand in 
their structure and still be functional when the two fragments are brought in 
close proximity. Therefore, in BiFC, the two parts of the fluorescent protein 
are fused to proteins of interest63,64 (Figure 5). Depending on the type of the 
fluorescent protein and more specifically the excitation and emission spectra, 
it is possible to image protein interactions in deep tissue as well as small 
animals. For successful BiFC it is important to minimise unspecific 
fluorescence, rendering it crucial to identify those sites on the fluorescent 
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proteins that, upon complementation, will lead to fluorescent emission. BiFC 
is continuously improving, as new ways to use the wide variety of known 
fluorescent proteins emerge and the way of splitting them is refined, thus 
improving the signal-to-background ratio65. BiFC can be useful for the 
detection of weak and transient protein interactions, since it is largely 
irreversible65, however, unspecific self-assembly yields fixed false positives. 
Furthermore, functional complementation requires the split protein to re-fold, 
so that fluorescence capacity is reconstituted. Consequently, the time required 
for this process to take place means that rapid or dynamic protein interactions 
are not detected66. An added limitation of BiFC is that it cannot be used to 
examine endogenous proteins, since the target proteins need to be 
overexpressed, fused with the split fluorescent protein.  

 

 
Figure 5. Bimolecular fluorescence complementation (BiFC) assay for the 
analysis of protein interactions. a. Fluorescent proteins retain their function when 
they are split at a loop or β-strand. In BiFC, the two parts of a split fluorescent protein 
are fused to proteins of interest. b. Interaction between the proteins of interest leads 
to functional reconstitution of the fluorescent protein, which can get excited and 
fluoresce, acting as the reporter of the interaction being detected.  

Förster resonance energy transfer (FRET) 
Förster resonance energy transfer (FRET, also known as fluorescence 
resonance energy transfer) refers to the way resonance energy is transferred 
between two molecules. Fluorophores with overlapping emission and 
excitation spectra are subject to FRET in a distance-dependent manner. The 
energy transferred from a donor to an acceptor fluorophore is inversely 
proportional to the sixth power of the distance between them67, which makes 
FRET very sensitive to changes in the fluorophore positioning68. Fusing a 
donor and acceptor fluorescent protein to target proteins69 is a way to 
investigate protein interactions and post-translational modifications (PTMs) 
and also acquire spatial information. FRET has the advantage that it can be 
used in live cell imaging to detect dynamic interactions, but it requires the 
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fluorophores to be positioned within 6-10 nm of each other68. The efficiency 
is further influenced by the orientation of the positioning of the fluorophore. 
Moreover, FRET is susceptible to photobleaching and depends on external 
illumination of the samples. In Figure 6, the premise behind FRET is shown 
for fluorescent proteins (Figure 6a,b) and for antibody-based FRET (Figure 
6c). Fluorescent proteins have a more rigid conformation compared to 
fluorophores conjugated to antibodies. Since they feature a flexible linker that 
permits movement of the fluorophores around their antibody. Consequently, 
this alteration in the positioning of the fluorophores, combined with the size 
of the antibodies negatively affect resonance energy transfer, causing reduced 
antibody-based FRET efficiency. Bioluminescence resonance energy transfer 
(BRET) utilises bioluminescent luciferase instead of a donor fluorophore, as 
a way to avoid the need for external illumination. The excitation of the 
acceptor fluorophore comes from the oxidisation of the luciferase substrate, 
thereby circumventing autofluorescence or photobleaching issues, associated 
with fluorophore-based resonance energy transfer70. 

Even though the existing methods are valuable and perform well, they all 
have limitations. Among them, FRET has the valuable advantage that it 
maintains spatial information, however, a small number of fluorophores might 
not be able to generate reporter signals strong enough to be distinguishable 
from the background. Newly developed methods for in situ analysis of protein 
interactions incorporate a step of signal amplification. Methods such as 
proximity ligation assay (PLA) and proximity-dependent initiation of 
hybridisation chain reaction (proxHCR), that will be described below, utilise 
DNA as a reporter molecule. This allows for the employment of different 
strategies in order to amplify the generated signal, by means of 
polymerisation.  

DNA-based methods for protein proximity analyses 
Proximity ligation assay (PLA) was initially developed for the detection of 
proteins that localise in close proximity in vitro. Affinity reagents, covalently 
linked to oligonucleotide arms, termed “proximity probes”, are used for the 
dual recognition of protein complexes. Upon binding in close proximity, they 
are able to hybridise and subsequently get ligated to a connector molecule. 
The newly formed system requires dual recognition from both proximity 
probes and, upon circularisation, is amplifiable through PCR71. However, 
adaptation of the assay to include affinity reagents, allowed for the use of PLA  
in situ. In in situ PLA, both the conventional version72 and using UnFold 
probes73, PLA was combined with rolling circle amplification (RCA), that 
allowed for the localised detection of protein complexes in fixed cells or tissue 
sections.  
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Figure 6. Förster resonance energy transfer (FRET) for the analysis of protein 
interactions. FRET refers to the way resonance energy can be transferred between 
fluorescent molecules with overlapping emission and excitation spectra. FRET can 
take place between fluorescent proteins (a, b) or fluorophores (c) and is highly 
susceptible to alterations in the distance between them. a. Fluorescent proteins outside 
of FRET distance. Appropriate wavelength leads to the fluorescent emission from the 
protein, the excitation spectrum of which includes the applied wavelength. The 
proteins lie outside of FRET distance, therefore no resonance energy transfer takes 
place and the excited protein fluoresces within its emission spectrum, while the other 
protein does not receive any excitation wavelength and does not fluoresce. b. 
Fluorescent proteins within FRET distance. Appropriate wavelength leads to 
excitation of the protein, the excitation spectrum of which includes the applied 
wavelength. The two proteins are interacting and are within FRET distance. The 
emitted wavelength from the first protein lies within the excitation spectrum of the 
second, thereby resulting in FRET between them. The second protein fluoresces 
within its emission spectrum. c. Antibody-based FRET between an acceptor and donor 
fluorophore. The antibodies, and consequently the fluorophores, lie within FRET 
distance. Therefore, wavelength appropriate for the excitation of the donor 
fluorophore (green) results in excitation of the acceptor fluorophore (yellow) via 
FRET. The acceptor fluorophore fluoresces within its emission spectrum. 

In the conventional in situ PLA system, the proximity probes consist of 
antibodies covalently linked to oligonucleotides. Upon recognition of the 
target by the proximity probes (Figure 7a), they can template the hybridisation 
of the connector oligonucleotides (Figure 7b). These get ligated and form a 
circularised DNA molecule (Figure 7c). The newly circularised DNA 
molecule can be amplified by RCA, which yields a multitude of concatemeric 
repeats of the reverse complement of the initial circle. The RCA product 
(RCP) remains covalently linked to one of the proximity probes, thereby 
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providing information on the subcellular localisation of the protein interaction 
(Figure 7d). Fluorophore-labelled oligonucleotides hybridise to the RCP 
concatemer and provide localised detection of the protein interaction (Figure 
7e). Reporter signal will only be generated by pair-wise binding of the 
proximity probes at a maximum allowed distance72,74. UnFold in situ PLA73 
presents an improvement in the efficiency of the conventional in situ PLA, by 
modified proximity probes. The UnFold proximity probes incorporate the 
connector oligonucleotides, that require only one ligation event per pair to take 
place.  

 

 

Figure 7. In situ proximity ligation assay (in situ PLA) for the analysis of protein 
interactions in situ. a. Binding of the proximity probes to their respective target 
proteins that interact. The proximity probes consist of an antibody conjugated to an 
oligonucleotide arm. b. The oligonucleotide arms can be used as a template for the 
hybridisation of the connector oligonucleotides on the oligonucleotide arms. c. The 
connector oligonucleotides get circularised by ligation. d. The newly formed circle 
can be amplified via rolling circle amplification (RCA), thereby generating a 
multitude of concatemeric repeats of the circle. The rolling circle amplification 
product (RCP) remains bound to the protein complex via the proximity probe. e. 
Fluorophore-labelled detection oligonucleotides are used for the detection of each 
RCP that appears as a distinct dot-like signal when visualised with an epifluorescence 
microscope. Each dot corresponds to an individual RCP.  

Single target detection can be performed with a technique called 
ImmunoRCA. Again, in immunoRCA target recognition is performed by an 
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antibody that, like the proximity probes, is conjugated to an oligonucleotide 
arm.  

RCA is used as a means of signal amplification and, to that end, it can be 
performed with the introduction of either a pre-formed circular 
oligonucleotide or a padlock probe. A padlock probe is an oligonucleotide 
designed so that both 5´ and 3´ ends are complementary to a target sequence, 
in which way it further increases selectivity in comparison to using a pre-
formed circle. Hybridisation causes the padlock to assume a conformation in 
which the two ends are brought in juxtaposition, thereby forming a circular 
molecule nicked at the point where the two ends have met75 (Figure 8a). Upon 
hybridisation of the padlock probe to its target, the nicked molecule can be 
ligated and amplified via RCA (Figure 8b). Apart from their in situ utilisation, 
padlock probes have also been utilised in the detection of single nucleotide 
polymorphisms (SNPs) in the mRNA of cells76. 

 

 
Figure 8. ImmunoRCA with the use of padlock probes for the detection of a 
single target protein. a. An antibody probe (antibody conjugated to an 
oligonucleotide arm - blue) binds the target protein. The padlock probe (black) 
hybridises to the arm, bringing the 5´ and 3´ ends in juxtaposition. In this way, the 
padlock probe assumes the conformation of a nicked circular molecule. b. The 
padlock probe gets circularised by ligation, allowing for amplification via rolling 
circle amplification (RCA). 

In in situ PLA, 1 hour of RCA can amplify a DNA molecule up to 1000-fold. 
The RCPs remain tethered to the point of antibody binding in situ and span 
around 1 μm in diameter. A typical RCP is a long single-stranded DNA 
concatemer with a charged backbone. This can potentially give rise to the 
appearance of more fluorescent signals that, however, originate across the 
consecutive repeats on an individual RCP. A compaction oligonucleotide, 
complementary to those regions has the ability to bring parts of the RCP 
closer, in order to condense it, thereby leading to a more compact and brighter 
DNA bundle. Compaction decreases the size of the RCP to approximately 200 
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nm. In this way, signal-to-background ratio is also increased, which in turn 
further helps with signal segmentation and quantification77. 

As a means to generate DNA concatemers in an enzyme-free way, 
foothold-mediated strand displacement was utilised in the development of 
hybridisation chain reaction (HCR). Dirks and Pierce78 used an initiator 
molecule as the means to release hairpins from the kinetic trap and jumpstart 
the chain reaction of hairpin polymerisation. The isothermal continuous 
hybridisation of new hairpins leads to the formation of a nicked double helix. 
The driving parameter of the reaction is the gain of energy that occurs when a 
metastable hairpin hybridises to its partner, a process that can continue based 
on the availability of unbound hairpins, with a speed dependent on the hairpin 
concentrations78. DNA hairpins were found to have the ability to autocatalyse 
the assembly and corresponding disassembly of DNA duplexes, but also to 
form multi-arm complexes and dendrimers, through sequestering footholds, 
to initiate HCR between hairpins79. 

Koos, et al.80 adapted HCR so as to incorporate proximity sensing. 
Proximity-dependent initiation of hybridisation chain reaction (proxHCR) 
utilised HCR in the detection of protein interactions, based on the binding of 
antibodies in close proximity. In proxHCR, antibodies are covalently linked 
to proximity hairpins PH1 and PH2, in order to generate proximity probes. 
The proximity hairpins are metastable and therefore do not interact with each 
other without the introduction of an activator oligonucleotide molecule. The 
activator, through chain migration, can invade and bind PH1, releasing it from 
its kinetic trap. In this way, a hidden sequence in PH1, complementary to a 
region on PH2, is revealed and can invade and hybridise to PH2. PH2 contains 
a hidden initiator sequence that is responsible for the initiation of HCR. Once 
the initiator sequence is available, the introduction of extension hairpins H1 
and H2 leads to polymerisation. H2 domain complementarity with PH2 and 
H1 makes it possible for the HCR to take place, via continuous and sequential 
hybridisation of the extension hairpins. This results in the formation of a 
double-stranded nicked helix, that grows linearly, based on the concentration 
of the hairpins (Figure 9). Labelling the extension hairpins with fluorophores 
permits the visualisation of the DNA chains with an epifluorescence 
microscope. This system has been used in situ for the detection of well-
established protein interactions, as well as post-translational modifications 
(PTMs), in cells and tissue sections, through microscopy, as well as with flow 
cytometry readout80. ProxHCR is a non-enzymatic method that utilises 
antibodies in conjunction with the properties of DNA in order to generate 
target specific signal amplification.  
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Figure 9. Proximity-dependent initiation of hybridisation chain reaction 
(proxHCR) for the analysis of protein interactions in situ. Target proteins are 
bound by the proximity hairpins PH1 and PH2, that remain metastable in the absence 
of an activator molecule. The introduction of an activator molecule leads to the 
invasion, via strand displacement, of a hidden complementary region in PH1, that 
releases it from the kinetic trap (red). PH1 can, in turn, invade PH2 through its loop, 
due to domain complementarity (dark blue). The result of the invasion by PH1 on PH2 
is that the initiator sequence that is hidden in the “closed” conformation of PH2 
(green) is now free for hybridisation. Extension hairpins H1 and H2 perform the HCR, 
by continuous and sequential hybridisation events, leading to the formation of a long, 
nicked DNA molecule. Domain complementarity is indicated with colour-coding. 
Cyan domain corresponds to a short spacer. Arrows signify DNA polarity. 
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Molecular Boolean Analysis (MolBoolean) 

Method development is an iterative process that consists of multiple cycles of 
DNA design, testing and analysis. In paper II, on the development of 
MolBoolean, a novel method to detect protein complexes at the same time as 
free proteins, we take advantage of certain properties of DNA in order to 
connect antibody-based target recognition to signal amplification and 
detection. In this section the theoretical basis of the DNA oligonucleotide 
system will be discussed. 

MolBoolean is a method in which the different components of the system 
are introduced in a step-wise manner. In brief, the experimental procedure 
begins with the target recognition by antibodies. In MolBoolean, we again 
utilise proximity probes in order to connect antibody binding to the 
oligonucleotide system. As stated before, a proximity probe refers to an 
antibody that has been conjugated to an oligonucleotide arm. Primary or 
secondary antibodies can be used as proximity probes alike, however, the use 
of secondary antibodies as proximity probes renders the system more flexible 
in terms of variety of targets. On the other hand, the use of secondary probes 
increases the minimum distance between the protein targets and has inherent 
limitations in terms of multiplexing. In the more generalised version, target 
recognition by primary antibodies is followed by the introduction of the 
proximity probes. The oligonucleotide arms are designed to be able to 
hybridise to a pre-formed oligonucleotide circle, that acts as an information 
receiver. The oligonucleotide arms also contain a footprint for a nickase, so 
that the circle can get nicked, only if it hybridises to the arms. The structure 
of the arms is that of a hairpin, so as to also incorporate a hidden barcode 
region. The hairpin structure of each arm has a small stem (4 bp) followed by 
a loop (13 bp long), designed to be complementary to tag oligonucleotides, 
marking the respective target protein.  

Subsequent to the addition of the proximity probes, a pre-formed 
oligonucleotide circle, that will bind the proximity probes, is added in order 
to introduce the barcoding as well as the signal amplification template to the 
method. Circles that are hybridised to two oligonucleotide arms will get 
nicked in both sites, whereas circles that were bound by either arm will have 
only one complete nickase recognition site, thereby getting nicked at that 
respective site.  
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Following the circle hybridisation and nicking, oligonucleotide tags, 
complementary to the loop regions of the arms, are used to barcode the circle. 
They hybridise to their respective arms and can get incorporated to the circle 
in the position of nicking by ligation. In this way, the circle receives 
information on which proximity probe(s) it has bound. The tags can only get 
incorporated to the circle if it has been nicked. Consequently, tag 
incorporation corresponds directly to target recognition and the only circles 
that get dually tagged are those that have hybridised to both proximity probes, 
thereby indicating target protein proximity. When the target proteins do not 
lie close enough for this to happen, the circle incorporates just one tag, thereby 
getting marked as a non-interaction event.  

The circular DNA molecule, regardless of the number of tags incorporated, 
can be amplified via RCA. Once the signal amplification is sufficient, the 
signals are visualised by hybridisation of detection oligonucleotides, labelled 
with different fluorophores, that correspond to the tags.  

A full description of the oligonucleotide system and the experimental 
procedure can be found in the Methods and Supplementary Information 
sections of paper II. 

Image acquisition and analysis 
Visualisation of the results can be easily performed with conventional 
instrumentation, commonly present in most research laboratories. However, 
as with any tool, the more sophisticated the equipment used, the better the 
quality of the results. 

MolBoolean is a semi-quantitative method, in which one can identify the 
number of RCA events and their relative intensities in their respective 
channels. There is a plethora of freeware available for analysis, such as 
ImageJ, Cell Profiler81 and MatCol82, as well as commercially available 
software, with which one can quantify fluorescent signals. Image analysis in 
regard to quantitative colocalisation can be performed either by the calculation 
of intensity-based colocalisation coefficients or by segmentation and 
quantification of fluorescent objects. Colocalisation coefficient-based analysis 
is simpler and faster, however, interpreting the various coefficients is not 
always straightforward, especially when it comes to biological systems. 
Common colocalisation coefficients, such as Pearson’s, Spearman’s and 
Manders’ M1 and M2 coefficients are all based on pixel intensities83. 
Therefore, they are highly dependent on the image background and the 
biologically relevant regions of interest (ROI) in each image. ROIs are 
commonly manually identified, thereby introducing bias while being very 
labour-intensive. Further investigator-introduced bias is added upon the 
interpretation of the coefficients, as the same numerical output likely 
corresponds to different significance levels among investigators and 
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biological systems. Whereas coefficient-based colocalisation analyses can be 
useful, in systems where multiple objects are involved and precise 
measurements need to be made, object-based colocalisation is preferable.  

MolBoolean data analyses were object-based and were performed at a 
single cell level on deconvolved images. Object-based analyses are more 
complex and require more time and computer power than coefficient-based 
colocalisation analyses. However, they generate more accurate results, 
especially when differences are subtle. By analysing the fluorescence 
signature of the reporter signals individually, not only could we quantify them, 
but also perform the analyses at a molecular level and identify heterogeneity 
between cells within the same sample.  

Deconvolution is a process used in image restoration and, as in 
mathematics, it is the reverse process of convolution (blurring, image 
degradation). Image acquisition of fluorescence images, with either an 
epifluorescence or a confocal microscope, is usually performed in a focal 
series (stack) of the sample, so as to include volumetric data. Each illuminated 
fluorescent signal emits light in all three dimensions of image acquisition, 
thereby generating a point spread function (PSF). With deconvolution, 
volumetric data from all the slices in the stack help in reconstituting the PSF 
back to its centre of origin. In this way, out of focus fluorescence is minimised. 
In MolBoolean analyses, deconvolution is important so that individual signals 
are more distinct, as out of focus fluorescence from different planes might 
cause them to appear as coalescing.  

Object-based analysis requires good identification and segmentation of the 
signals. With MolBoolean, RCPs are but a few pixels/voxels big, which makes 
good segmentation hard for current object-based analysers. We used 
CellProfiler open source software81 in order to generate a pipeline that 
performed well in the segmentation and classification of the fluorescence 
identity of the RCPs in MolBoolean. The analysis strategy employed was 
based on the idea that each RCP has a maximum intensity pixel that also marks 
the centre of its mass. Deconvolved images offer improved identification of 
the point of origin of fluorescence signals and their centres of mass. 
Consequently, reducing all signals to their centres of mass and allocating to 
them a specific size was found to be a good strategy for segmentation. 
Classification of the fluorescence identity of each signal was performed based 
on the integrated intensity in the allocated signal surface for each RCP in each 
channel. Such correlations in the intensities of the two channels generate 
density plots that can be used in order to separate the signals into four distinct 
populations – background, free protein A, free protein B, and protein A-
protein B complex, when analysing protein proximity between proteins A and 
B. The classification is performed by applying a threshold on the correlated 
intensity metrics, in such a way so as to reflect the percentage of intensity from 
one channel intercalating with intensity from the other channel, as shown in 
Figure 10. 
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Figure 10. Scatter plot of intensity measurements per RCP and classification via 
thresholding. Each identified RCP in MolBoolean has a measured intensity value for 
both fluorophores A and B. A scatterplot of the intensities of each RCP shows the 
correlation of intensities. The fluorescence identity of each RCP is classified based on 
the correlation of fluorophore intensities. RCPs with high intensity values for both 
fluorophores A and B are found around the x = y line in the scatter plot and are 
classified as RCPs that represent protein complexes (white). RCPs with high intensity 
values in either fluorophore are classified as free proteins A or B (magenta and green, 
respectively). RCPs with low intensity values for both fluorophores are found towards 
the origin of the axes and are classified as background.  

Colocalisation analyses are commonly performed by simple overlay of the 
individual channels and the use of orthogonally projected signals84. However, 
such analysis disregards volumetric data. Therefore, colocalisation analyses 
should ideally be performed in three dimensions, taking into consideration the 
depth of the specimen as well as its surface. 
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1,25D3-MARRS (membrane-associated, rapid 
response steroid-binding) receptor: role in 
cellular processes 

1,25D3-MARRS (membrane-associated, rapid response 
steroid-binding) receptor 
1,25D3-MARRS (membrane-associated, rapid response steroid-binding) 
receptor is a protein with many known functions and is referred to with many 
different names, some of which are ERp57, PDIA3 and GRP5885. 1,25D3-
MARRS belongs to the protein disulphide isomerase family (PDI) and has 
thiol reductase and isomerase activity86. This means that it has the ability to 
oxidise substrates via catalytic cysteines87 and facilitate the formation of 
isomeric forms of target molecules88. 1,25D3-MARRS is mainly found in the 
endoplasmic reticulum (ER) where it is involved in mitigating ER stress, via 
its involvement in the unfolded protein response (UPR)89. 1,25D3-MARRS is 
also a known molecular chaperone and redox catalyst involved in the proper 
folding of glycoproteins, in conjunction with Calnexin and Calreticulin90. It is 
also found in the plasma membrane of cells, albeit lacking a transmembrane 
domain. This localisation is supported by a high probability myristoylation 
site, which facilitates association to cell membranes91. As a member of the 
PDI family, 1,25D3-MARRS includes a nuclear localisation signal (NLS) in 
its structure92, which suggests that it circulates and enters the nucleus93–95, 
where it can bind directly to DNA96,97. Other functions of 1,25D3-MARRS in 
the cell nucleus might include the modulation of transcription, as a co-
activator92,98. 1,25D3-MARRS is also reported to be present in the 
mitochondrial matrix99,100 as well as the cytoplasm of cells94,101. 

In all the diverse roles attributed to 1,25D3-MARRS, that of a receptor to 
1,25(OH)2-vitamin D3 has been of much debate. 1,25D3-MARRS has been 
associated with classic functions attributed to 1,25(OH)2-vitamin D3 and is 
thought to be responsible for membrane-initiated response to the steroid. The 
structure of 1,25D3-MARRS is, to date, partially crystallised and can be 
summarised to four domains a, b, b´, a´ (abb´a´), representing alpha helical 
domains and beta strands102. Whereas there is speculation that some residues 
might be involved in the binding to 1,25(OH)2-vitamin D3, the existence of a 
binding pocket for it has yet to be definitely confirmed103,104. Bioinformatics 
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analyses and in vitro studies implicate residues Glu238 and Lys258 in bb´ 
domains and Glu388 and Asn392 in a´ domain of 1,25D3-MARRS to 
constitute probable points of binding of 1,25(OH)2-vitamin D3 and propose a 
dissociation constant of 1 nmol/L104. Interestingly, SNP variants of vitamin D 
binding protein DBP, where residues are changed to Glu or Lys, show 
differential affinity to 1,25(OH)2-vitamin D3

105
, thereby highlighting the 

possibility of these residues to be involved, as identified, in the proposed 
pockets in 1,25D3-MARRS. 

1,25D3-MARRS has been connected to tumour progression and metastasis 
in different types of cancer106. High 1,25D3-MARRS expression levels have 
been reported in breast cancer107–109, cholangiocarcinoma110 and metastatic 
uveal melanoma111. Increased expression of 1,25D3-MARRS in ovarian 
cancer has been associated with increased tumour proliferation and 
migration112. 1,25D3-MARRS is further associated to worse survival and 
response to treatment in gliomata113. It is thought to be positively correlated 
with disease progression and a higher degree of malignancy, likely through 
suppression of T-cell-mediated immunity and promotion of inflammation114. 
Increased tumour invasiveness has also been reported in association to the loss 
of 1,25D3-MARRS expression in gastric cancer115, adding to the prognostic 
value of the protein in assessing the aggressiveness of different types of 
cancer. 1,25D3-MARRS expression levels have been reported to be positively 
correlated to prostate tumour cells, derived from tissues from patients that 
underwent radical prostatectomy, and their Gleason scoring116. In contrast, 
1,25D3-MARRS appears to have a negative correlation with some other types 
of carcinoma, as low expression levels have been associated with low risk for 
endometrial carcinoma117.  

One of the well-described roles of 1,25D3-MARRS concerns the assembly 
of major histocompatibility complex class I (MHC-I)118 and the interaction 
with Calreticulin towards cell surface presentation119. Therefore, low or 
depleted 1,25D3-MARRS expression could potentially lead to tumour cells 
escaping the immune system surveillance, permitting increased invasiveness. 

Vitamin D3 
Vitamin D3 is a seco-steroid, naturally taken up through diet or synthesised in 
the skin, mediated by ultraviolet radiation105. Enzymes CYP2R1 (25-
hydroxylase) and CYP27B1 (1α-hydroxylase) of the cytochrome (CYP) P450 
super-family are involved in the activation of vitamin D3. CYP2R1 and 
CYP27B1 sequentially catalyse two hydroxylation reactions in order for the 
inactive precursor to transform to the active 1,25(OH)2-vitamin D3. As a 
response to high intracellular levels of 1,25(OH)2-vitamin D3, CYP24A1 (24-
hydroxylase) expression is stimulated for the elimination of 1,25(OH)2-
vitamin D3, in order to avoid cytotoxicity (Figure 11). The action of CYP24A1 
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on 1,25(OH)2-vitamin D3 results in the production of the inactive 
1,24,25(OH)2-vitamin D3

105. Further catabolic reactions lead to the 
elimination of 1,24,25(OH)2-vitamin D3 from the cell. CYP24A1 activity can 
also lead to other versions of vitamin D3, depending on the substrate, such as 
24,25(OH)2-vitamin D3, which is further thought to induce cellular 
responses105,120. Vitamin D3 regulation is further influenced by fibroblast 
growth factor 23 (FGF23). FGF23 belongs to the family of fibroblast growth 
factors (FGFs) that modulate signalling via fibroblast growth factor receptors 
(FGFRs)121. Binding of FGF23 to FGFR acts to suppress CYP27B1 
expression and activate CYP24A1 expression122. FGF23 affinity for FGFR is 
enhanced by its co-receptor Klotho121, thereby further enhancing FGF23 
activity (Figure 11). Both the synthesis and the elimination of active 
1,25(OH)2-vitamin D3 are also regulated in feedback loops by the steroid itself, 
as shown in Figure 11, by virtue of the negative vitamin D response element 
(nVDRE) on the promoter of CYP27B1 and the two VDREs on the CYP24A1 
promoter123,124. Parathyroid hormone (PTH) is also involved in the regulation 
of 1,25(OH)2-vitamin D3 metabolism, by means of upregulating CYP27B1 
and downregulating CYP24A1, as a response to intracellular calcium 
concentrations122 (Figure 11).  

1,25(OH)2-vitamin D3 is a lipophilic molecule that can cross biological 
membranes in order to modulate intracellular effects105,125. The most well-
described and recognised route of 1,25(OH)2-vitamin D3 response is the 
classical vitamin D receptor VDR. VDR has long been associated with the 
genomic response to 1,25(OH)2-vitamin D3

105,125,126
. Upon heterodimerisation 

with retinoid X receptor (RXR), the complex translocates to the nucleus in 
order to regulate transcription127. VDR binds 1,25(OH)2-vitamin D3 with high 
affinity (0.1 nmol/L) and is considered to be the only protein that has evolved 
such affinity for it86. However, membrane-initiated response to 1,25(OH)2-
vitamin D3 requires the existence of a non-genomic route. It has been 
suggested that VDR is the only receptor capable of mediating 1,25(OH)2-
vitamin D3 response. Some report the involvement of VDR in the non-
genomic response via membrane bound fraction of VDR (mVDR)86,128,129. To 
that end, the existence of an alternate binding pocket for 1,25(OH)2-vitamin 
D3 on VDR, responsible for the non-genomic effects has been suggested130,131. 
Further, certain cell models exhibit genome-wide abolishment of 1,25(OH)2-
vitamin D3 response in the absence of VDR. In contrast, numerous reports 
support the existence of an alternate 1,25(OH)2-vitamin D3 receptor132–135

 and 
support the idea that 1,25D3-MARRS is important for 1,25(OH)2-vitamin D3 

signalling132–137. Previous reports in corneal fibroblasts suggest that effects of 
1,25(OH)2-vitamin D3 can occur via both 1,25D3-MARRS and VDR138. 
Therefore, a parallel regulation of 1,25(OH)2-vitamin D3 response, mediated 
by both VDR and 1,25D3-MARRS cannot be excluded.  Importantly, there 
might be cell-type specific and parallel mechanisms for 1,25(OH)2-vitamin D3 
response for some of which both VDR and 1,25D3-MARRS are 
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necessary137,139, especially if one keeps in mind the high number of 1,25(OH)2-
vitamin D3 target genes and the heterogeneity between different cell and tissue 
types. 

 

 

Figure 11. Regulation of 1,25(OH)2-vitamin D3. Vitamin D3 needs to be catalysed 
to the active form 1,25(OH)2-vitamin D3 (“1,25(OH)2-D3”), via two hydroxylation 
reactions performed by CYP2R1 and CYP27B1. In its active form, 1,25(OH)2-vitamin 
D3 enhances the expression of CYP24A1, an enzyme responsible for the deactivation 
of the steroid. 1,25(OH)2-vitamin D3 further enhances the expression of FGF23. 
FGF23 binding to its receptor FGFR (“FGF23 : FGFR”) requires Klotho for increased 
affinity. Upon FGF23 : FGFR binding, regulation of CYP24A1 and CYP27B1 
metabolising enzymes takes place in an enhancing and suppressive manner, 
respectively. Reverse regulation occurs via a suppressive effect by 1,25(OH)2-vitamin 
D3 on the levels of PTH, that would otherwise exert a suppressive effect on CYP24A1 
and an enhancing effect on CYP27B1.  

Treatment with 1,25(OH)2-vitamin D3 has long been proposed as a therapeutic 
strategy for prostate cancer, however it is also the cause of severe adverse 
effects, such as hypercalcemia and hypercalciuria140,141. Studies in prostate 
carcinoma cell models indicate reduced 1α-hydroxylase activity in cancer-
derived prostatic epithelial cells compared to normal prostatic cells142,143, that 
could be attributed to a decrease in the promoter activity of CYP27B1144. The 
main circulating form of vitamin D3 is 25(OH)-vitamin D3. Further, the 
catalysis to the active form, 1,25(OH)2-vitamin D3, is thought to occur mainly 
in the kidneys145. Both forms may be taken up by the prostate, thereby 
rendering prostatic 1α-hydroxylase of less importance in the enzymatic 
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regulation of vitamin D3 levels in the prostate. Furthermore, PTH does not 
appear to be a point of regulation of 1,25(OH)2-vitamin D3 metabolism in the 
prostate146. Taken together, it would appear that intracellular regulation of 
vitamin D3 might take place mostly on the level of catabolism, likely based on 
the levels of circulating 25(OH)-vitamin D3. 
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Present investigations 

The current section provides an overview of the papers included in this 
doctoral thesis, that is mainly focused on the development and optimisation of 
DNA-based proteomics methods for the study of protein interactions in situ. 
Part of the present thesis was also the study of the effects of 1,25D3-MARRS 
(membrane-associated, rapid response steroid-binding) receptor in cellular 
processes in androgen-independent prostate carcinoma cell models.  

Paper I: Optimization of proximity-dependent initiation of 
hybridization chain reaction for improved performance 
Aim of the study 
Proximity-dependent initiation of hybridisation chain reaction (proxHCR) is 
an antibody-based method that reports target proximity and is used for the 
detection of protein interactions in situ. proxHCR utilises the hybridisation 
property of DNA in combination with strand displacement in order to generate 
reporter signals without the use of any enzymes80. The previously published 
version of proxHCR was dependent on temperature and salt concentrations of 
the reaction buffer. The aim of this work was the optimisation of the 
experimental procedure as well as the oligonucleotide system, so as to render 
it more efficient, and versatile, as well as more consistent.  

proxHCR method 
Figure 12 illustrates the process of proxHCR with revised design. Upon 
binding to their targets, secondary antibodies, covalently linked to 
oligonucleotide proximity hairpins are available for HCR. The introduction of 
an activator molecule invades and opens up the proximity hairpin PH1, by 
virtue of complementarity and kinetically favourable strand displacement. The 
activated proximity hairpin PH1 has an exposed sequence that can invade the 
other proximity hairpin PH2. An initiator sequence on PH2 is available for 
hybridisation with extension hairpin H2. Extension hairpin H1 can hybridise 
to extension hairpin H2, therefore, extension hairpins H1 and H2 are 
continuously and sequentially added, generating a long double-stranded 
nicked DNA molecule, that remains tethered to the protein targets. The 
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extension hairpins are fluorophore-labelled in order to detect the long DNA 
strands, that can be easily visualised with an epifluorescence microscope.  

Results 
The previously published proxHCR system was evaluated in conditions 
different to the previous protocol and was found to generate signals of reduced 
intensity. Poor initiation was identified as the limiting factor. However, 
addition of dextran sulphate led to increased signal intensity, regardless of the 
conditions employed. The oligonucleotide system for proxHCR was modified, 
so that the foothold would be at an external position for improved strand 
displacement. The size of the stems of the hairpins as well as their overall size 
were reduced as well, in order to enhance the displacement kinetics (Figure 
12). The specificity of the new system was evaluated in solution and 
demonstrated that the system remains metastable in the absence of the 
initiator. Moreover, it was evaluated in terms of performance compared to the 
previous design. Although it performed similarly in high temperature and high 
salt conditions, it was found more versatile in generating robust signals, 
regardless of the conditions. We further tested the performance of the system 
in the detection of post-translational modifications (PTMs), through the 
specific detection of phosphorylation of platelet-derived growth factor β 
receptor (PDGFRβ).  

Discussion 
The modification of the proxHCR system led to increase in consistency and 
yielded a more reliable assay that can be performed in a wider range of 
conditions. These include room temperature and physiological salt 
concentration, allowing for the utilisation of the method in diagnostics. 
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Figure 12. Optimised design for proximity-dependent initiation of hybridisation 
chain reaction (proxHCR) and schematic representation of proxHCR for the 
analysis of protein interactions in situ. Target proteins are bound by the proximity 
hairpins PH1 and PH2, that remain metastable in the absence of an activator molecule. 
The introduction of an activator molecule leads to the invasion, via strand displacement, 
of a hidden complementary region in PH1, that releases it from the kinetic trap (red). PH1 
can, in turn, invade PH2 due to domain complementarity (dark blue). The result of the 
invasion by PH1 on PH2 is that the initiator sequence that is hidden in the “closed” 
conformation of PH2 (green) is now free for hybridisation. The overall size of PH1 and 
PH2 is reduced compared to the former design. Further, translocation of the 
complementary domain to the activator and extension of the foothold were also applied. 
Extension hairpins H1 and H2 have shorter stems and shorter loop regions. H1 and H2 
perform the HCR, by continuous and sequential hybridisation events, leading to the 
formation of a long, nicked DNA molecule. Domain complementarity is indicated with 
colour-coding. Cyan domain corresponds to a short spacer. Arrows signify DNA polarity. 

  



 

 42 

Paper II: A method for Boolean analysis of protein 
interactions at a molecular level 
Aim of the study 
The aim of this body of work was the development of a novel method, 
MolBoolean, for the study of protein interactions in situ. MolBoolean is a DNA-
based immunoassay that utilises polymerase-mediated amplification in order to 
simultaneously report the levels of proteins engaged in a protein complex as well 
as the fractions of non-interacting proteins of interest. With MolBoolean, we 
attempt to address limitations of earlier methods used in the study of protein 
interactions by detecting protein proximity and free proteins at the same time.  

MolBoolean method 
MolBoolean utilises antibody-based protein recognition as a means of 
introducing a DNA oligonucleotide design. DNA malleability allows for 
utilisation as a reporter molecule in order to simultaneously detect protein 
complexes as well as the levels of these proteins in free state. In this work, 
primary or secondary antibodies were labelled with modified 
oligonucleotides, termed “arms”, in order to generate proximity probes. Upon 
binding to their respective targets, the proximity probes hybridise to a pre-
formed information receiver oligonucleotide circle (Figure 13a). After 
enzymatic manipulation, the circle gets invaded by sequence-specific reporter 
oligonucleotides, termed “tags” (Figure 13b, c). Tag incorporation to the circle 
is facilitated by ligation (Figure 13d) and followed by rolling circle 
amplification (RCA) (Figure 13e). A multitude of concatemeric repeats of the 
circular molecule (rolling circle amplification product, RCP) remains tethered 
to the proximity probe and is visualised via fluorescently-labelled second 
reporter molecules, termed “detection oligonucleotides” (Figure 13f). The 
detection oligonucleotides correspond to the reporter tags and can be traced 
back to the target proteins. The fluorescence identity of each RCP is used to 
assess whether it originated from a free protein or a protein complex.  

Results 
MolBoolean was benchmarked against the established techniques in situ 
proximity ligation assay (in situ PLA) and immunofluorescence (IF), for the 
detection of protein complexes and colocalisation analyses in situ. It can be used 
to target a single protein and evaluate antibody specificity and cross-reactivity. It 
also reliably detects protein complexes as well as protein pools that are not 
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supposed to interact and is robust and specific in detecting an array of established 
protein interactions under different conditions in fixed cells and tissue sections.  

Discussion 
We demonstrated that MolBoolean is sensitive, selective and robust in 
detecting protein complexes as well as single proteins. It can be applied for 
proteins of varied abundance, even those localised in crowded compartments. 
As in other approaches used for colocalisation studies, MolBoolean reports 
binding of proximity probes at such a distance that allows for dually tagged 
circles. The systems presented in this paper can be used for the classification 
of targets located within 30-40 nm of each other. Furthermore, the 
fluorescence identities of the generated signals are distinguishable and 
quantifiable at a single cell level. With MolBoolean the risk of false positives 
is decreased compared to other techniques, as the capacity to simultaneously 
report the levels of free proteins provides a better depiction of the proteomic 
state of each cell. It is further advantageous in that it saves time and effort as 
well as materials. In conclusion, MolBoolean is a reliable method for the 
detection of protein complexes and free proteins alike, thereby presenting new 
opportunities in the study of biological processes, while at the same time 
having applications in diagnostics.  
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Figure 13. Schematic representation of MolBoolean for the analysis of both 
protein complexes and free proteins A and B in situ. a. Upon binding to their target 
proteins A (magenta) and B (green), proximity probes A (black and magenta) and B 
(black and green) hybridise to the pre-formed oligonucleotide circle. Double-stranded 
areas, formed by the circle-arm hybridisation, provide the footprint for a nickase 
(indicated by cyan arrowheads). b. The circle gets is nicked. c. Reporter tags A 
(magenta) and B (green) invade the circle, by virtue of complementarity to the arms 
on the proximity probes. d. The tags are ligated in the pre-formed oligonucleotide 
circle. e. The circle is amplified via rolling circle amplification (RCA), thereby 
yielding a long concatemer, that consists of multiple repeats of the initial circle. The 
rolling circle amplification products (RCPs) remain tethered to the point of the 
antibody binding. f. Tag-specific, fluorophore-labelled detection oligonucleotides are 
used for the detection of the RCPs. Arrows signify DNA polarity.  
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Paper III: Silencing of 1,25D3-MARRS (membrane-
associated, rapid response steroid-binding) receptor in 
prostate cancer cell lines PC3 and DU145: effects on 
cellular responses 
Aim of the study 
The seco-steroid 1,25(OH)2-vitamin D3 has been associated with varied 
cellular processes, including tumour development and progression. The 
classical vitamin D receptor, VDR, is mainly responsible for mediating its 
effects. However, there is evidence to support the existence of an alternate 
receptor86,132–135, responsible for membrane-initiated 1,25(OH)2-vitamin D3 

signalling. 1,25D3-MARRS (membrane-associated, rapid response steroid-
binding) receptor has been associated to 1,25(OH)2-vitamin D3 functions132–

139, however, the precise role of 1,25D3-MARRS in the 1,25(OH)2-vitamin D3 

regulatory system remains unclear. Additionally, 1,25(OH)2-vitamin D3 as 
well as genes involved in its regulation and signalling have been correlated to 
prostate carcinoma. The aim of this study is to investigate the involvement of 
1,25D3-MARRS in 1,25(OH)2-vitamin D3-mediated cell responses in 
androgen-independent prostate carcinoma cell models.   

Methods 
Several cell lines of varied origin were used in order to examine the subcellular 
localisation of 1,25D3-MARRS and VDR. Cytoplasmic and nuclear protein 
pools were enriched and analysed with Western blotting. In order to 
investigate the role of 1,25D3-MARRS in cell processes, siRNA technology 
was used. The effects of 1,25D3-MARRS depletion on cell proliferation and 
migration were assessed via modified thymidine incorporation and scratch-
wound assay, respectively. We further examined effects on enzymes 
(CYP24A1, CYP27B1) and factors (VDR, FGF23, Klotho) involved in the 
regulation of intracellular 1,25(OH)2-vitamin D3 levels as well regulators of 
cell proliferation (c-Myc, c-Jun, JunB, c-Fos), via real-time PCR and Western 
blotting.  

Results 
An array of cell lines of different origin was tested for 1,25D3-MARRS and 
VDR expression and localisation. Our data show that both 1,25D3-MARRS 
and VDR can localise in the cytoplasm and nucleus. In addition, cell lines with 
common tissue of origin can display differential localisation for either or both 
receptors. In PC3 cells, 1,25D3-MARRS depletion resulted in significant 
reduction in the mRNA levels of VDR, that was, however, not reflected in the 
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VDR protein levels. Androgen-independent prostate carcinoma cell lines PC3 
and DU145 exhibited reduced proliferation upon 1,25D3-MARRS depletion, 
while treatment with 10 nM 1,25(OH)2-vitamin D3 for 24 h had no effect on 
cell proliferation. In PC3 cells, this effect was also accompanied by increased 
rate of cell migration, that was, however, not the case for DU145 cells. 1,25D3-
MARRS silencing in PC3 cells resulted in mitigated induction of the vitamin 
D3-metabolising enzyme CYP24A1 at the transcriptional as well as at the 
protein level, following treatment with 1,25(OH)2-vitamin D3. The mRNA 
levels of CYP27B1, which activates vitamin D3, were also reduced with 
1,25D3-MARRS depletion. The effect on proliferation appears to take place 
due to downregulation of c-Myc, that was found to be reduced at 
approximately the same order of magnitude as the reduction in cell 
proliferation. 

Discussion 
The localisation and microenvironment of a protein are tied to the function it 
has. 1,25D3-MARRS has been associated with a wide range of subcellular 
compartments to match the diverse functions attributed to it92,94,101. Similarly, 
VDR is known as a nuclear receptor105, however, it has been reported present 
in the plasma membrane as well86,128,129. Our data demonstrate that the 
subcellular localisation of 1,25D3-MARRS and VDR can vary between cell 
lines, even those of common tissue of origin and is likely to be indicative of 
the cell state or microenvironment. The effects of 1,25D3-MARRS depletion 
on cell proliferation and migration suggest involvement in tumour progression 
processes, likely via 1,25D3-MARRS-mediated regulation of c-Myc. 
Depletion of 1,25D3-MARRS further appears to result in impaired mechanism 
of regulation of intracellular 1,25(OH)2-vitamin D3 levels. Therefore, 1,25D3-
MARRS appears to be involved in the regulation of 1,25(OH)2-vitamin D3 

metabolism in PC3 cells, either independently or together with VDR. Further 
studies on the function of 1,25D3-MARRS are needed to fully understand the 
role of 1,25D3-MARRS in the pathology of prostate carcinoma.  
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Concluding remarks and future perspectives 

The main focus of this thesis was the development and optimisation of 
antibody-based methods for the analysis of protein interactions in situ. Papers 
I and II present methods that utilise DNA as a molecular tool for the analysis 
of protein interactions. Both methods include signal amplification, thereby 
generating higher resolution images that can be visualised with conventional 
instrumentation.  

In paper I, proximity-dependent initiation of hybridisation chain reaction 
(proxHCR) was further optimised. Experimental procedure adaptations 
alongside with optimisations in the oligonucleotide system led to improved 
efficiency and robustness of the method as well as increased signal-to-
background ratio. The optimisations applied to the previous version of the 
method generate accurate signals in a wider range of conditions. ProxHCR is 
an enzyme-free method, a characteristic that renders it convenient, cost-
efficient and suitable for utilisation in point-of-care devices.  

Despite the improved performance of proxHCR, a remaining issue is the 
oligonucleotide quality. Long oligonucleotides with secondary structures are 
complicated to synthesise, which commonly translates to insufficient quality. 
The process of producing, purifying, lyophilising and shipping of complex 
oligonucleotide structures is likely to lead to truncations. Whereas this can be 
of little consequence when it comes to applications like PCR, it is of high 
importance in DNA-based assays, such as proxHCR, that depend on the 
structural stability of the oligonucleotide system. Therefore, acquiring better 
quality oligonucleotides, and especially hairpins, is a priority and future 
direction for proxHCR (Leino et al., Manuscript).  

Paper II introduces a novel method for the analysis of protein proximity 
in situ – MolBoolean. MolBoolean allows for the simultaneous detection of 
protein complexes and free proteins, thereby providing an advantage over 
existing methods. We describe the experimental procedure and provide the 
current oligonucleotide design, as a result of a long iterative process of design 
and testing. The method was benchmarked against staple methods for 
colocalisation and detection of protein complexes in situ, in order to 
demonstrate the capabilities of the method. MolBoolean was demonstrated to 
be sensitive, selective and robust, while at the same time being time- and cost- 
efficient. Additionally, it can be used to decrease the risk of false positives. 
Proteins with high expression levels or located in highly crowded subcellular 
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compartments are more likely to be found in close proximity due to sheer 
chance. The ability to simultaneously detect the amounts of free proteins 
provides the opportunity to assess the credibility of the results on protein 
complexes. Furthermore, the dot-like nature of the generated signals, render 
MolBoolean data easily quantifiable at a molecular level.  

In its current form, MolBoolean in situ provides information on both free 
proteins and protein complexes with a fluorescence identity per RCP as 
readout. Further development might render it possible to exploit FRET 
measurements between a set of donor-acceptor fluorophores as the reporter of 
protein interactions. In this instance, protein proximity will result in FRET 
between the set of fluorophores, thereby leading to fluorescent signal from the 
acceptor fluorophore. 

Although MolBoolean is limited to detecting one protein pair at a time, it 
could be beneficial to multiplex it. To that end, highly specific primary 
antibodies will most likely be required as proximity probes, in order to avoid 
cross-reactivity and increase specificity. Multiplexing MolBoolean has, 
however, inherent limitations. The readout of the method is fluorescent 
signals, which means that the number of fluorophore types that can be detected 
simultaneously are limited by their excitation and emission spectra. Sequential 
photobleaching, quenching or removal of the fluorophores could potentially 
lead to a truly multiplexed MolBoolean system, however, one has to be aware 
of the reagent cost and how effectively fluorescence can be removed. A 
multiplexed MolBoolean system could be generated with the help of DNA 
sequencing. In such a system, proximity probes, able to hybridise to an 
oligonucleotide, be it either circular or linear, which would provide the 
recognition sites for enzymatic digestion with the use of a nickase (Figure 14). 
On a linear oligonucleotide, the nicked sites allow for incorporation of tag 
sequences, by means of hybridisation on the arms, and a ligated molecule can 
be amplified with conventional PCR. Subsequent DNA sequencing can be 
used for the identification of the incorporated tags, thereby leading to an 
analysis of the proteins, be it two or more, involved in the complex formation 
of interest. Such a setup also allows for the simultaneous detection of the 
proteins that are not involved in complex formation.  

Priority, however, should be given to further development of the image 
analysis strategy so that analyses can be performed in three dimensions. Most 
image analyses are performed in orthogonally projected images of focused 
stacks. This means that volumetric data are lost and signals that originate in 
different levels of the sample, are projected to the same plane. In this way, 
non-overlapping signals might appear as colocalising. In paper II we have 
demonstrated that, even with two-dimensional analyses, the data generated by 
the MolBoolean assay are not misclassified as protein complexes. However, 
adaptation to the image analysis strategy is important, especially when 
studying highly abundant proteins in crowded or small subcellular 
compartments or applying a multiplexed method. To date, it is tedious to 
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attempt three-dimensional segmentation of signals in the range of a few voxels 
and it is often unsuccessful too. Even with deconvolution, fluorescent RCPs 
can coalesce, which makes segmenting them to single PSFs challenging. Such 
analyses further require more sophisticated software, such as SVI Huygens 
(Scientific Volume Imaging, the Netherlands, http://svi.nl), with which we 
can attempt to perform our molecular level colocalisation analysis in space.  

 

 
Figure 14. Schematic representation of the probe hybridisation and tag invasion 
steps in a multiplexed MolBoolean system with PCR readout. Upon proximity 
probe hybridisation, a nickase recognition site is formed (indicated by grey 
arrowheads). Enzymatic digestion provides the site of invasion for tags, that 
correspond to the bound oligonucleotide arms on the probes, thereby marking the 
duplex as protein proximity between proteins A (magenta), B (green), C (red), D 
(cyan) in pair-wise combinations, or as free proteins A, B, C, and D. After ligation 
(not shown), the molecules, containing information from the tags, are amplifiable via 
PCR. Orange domains correspond to primer binding sites. Arrows signify DNA 
polarity.  

In paper III, we describe the effects of siRNA-mediated silencing of 1,25D3-
MARRS in cellular responses. 1,25D3-MARRS has numerous functions, 
accompanied by subcellular localisations and in recent years it has been 
associated with membrane-initiated response to 1,25(OH)2-vitamin D3. 
Initially, we examined the subcellular localisation of 1,25D3-MARRS and 
VDR in cells lines of varied tissue of origin. It appears that both proteins can 
be found in the cytoplasm and the nucleus of the cell lines we tested, however, 
differential localisation was observed, indicating that the subcellular 
localisation of both 1,25D3-MARRS and VDR depends on the cell type and 
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likely also the cell state of each individual cell in a cell population. We further 
conducted studies on androgen-independent prostate cancer cell models and 
examined the potential role of 1,25D3-MARRS in processes associated with 
tumour development and progression. siRNA-mediated 1,25D3-MARRS 
depletion was used in order to examine the role of 1,25D3-MARRS in cell 
growth and migratory potential as well as in the regulation of 1,25(OH)2-
vitamin D3. We observed an enhancing effect on cell proliferation for both 
androgen-independent prostate carcinoma cell lines, accompanied by an 
ameliorating effect on cell migration, which was present only in the more 
motile cell line. In terms of regulation of 1,25(OH)2-vitamin D3-dependent 
response, no effect could be detected under the conditions employed. Our data 
on the expression levels of VDR, CYP24A1 and CYP27B1, proteins involved 
in the regulation of vitamin D3 levels, suggest that the elimination mechanism 
for high levels of 1,25(OH)2-vitamin D3 is likely impaired in the absence of 
1,25D3-MARRS, although the precise mechanism through which this effect 
takes place remains unknown. Further investigation of potential targets 
implicated c-Myc as a likely point of influence of 1,25D3-MARRS on cell 
proliferation in our models. 

It is crucial to note that cell lines commonly used in research can be vastly 
different, between them and between research laboratories, but, most 
importantly, they are highly likely to exhibit great differences compared to the 
pathology of prostate carcinoma patients. However, studies on cell models are 
useful in illuminating points of interest in the molecular biology underlying 
certain aspects of pathology.  

Our study provides merit for potential future adaptation of therapeutic 
strategy in androgen-independent prostate carcinoma, however, more studies 
need to be performed in order to elucidate the role of 1,25D3-MARRS in 
various tissues. Expansion of our study to include more cell models of prostate 
carcinoma constitutes a priority, in order to better understand differential 
effects between models. As mentioned earlier, the status of vitamin D3 
receptor has yet to be allocated to 1,25D3-MARRS with absolute certainty. 
Efforts to gain information on the possibility of vitamin D3 binding on 1,25D3-
MARRS are, therefore, deemed to be of importance. Additionally, synthetic 
vitamin D3 analogues are known to bind VDR with different affinity to that of 
1,25(OH)2-vitamin D3 and also exert non-genomic effects147,148. Hence, it 
would be interesting to investigate potential binding of vitamin D3 analogues 
to 1,25D3-MARRS as well as cell responses following treatment with 
analogues in 1,25D3-MARRS-depleted cell models.  

An important part of this study has been the identification of targets and 
interaction partners of 1,25D3-MARRS. We employed MolBoolean in order 
to assess potential interaction partners for 1,25D3-MARRS, however, 
MolBoolean is a method that requires prior knowledge of the proteins that are 
likely to form complexes and cannot be used in an explorative way. Therefore, 
further studies need to be performed in order to investigate potential proteins 
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that could be interacting with 1,25D3-MARRS, in order to modulate the 
effects we observe in cell proliferation and cell migration. Mass spectrometry 
together with co-immunoprecipitation assays could provide great insight into 
proteins of interest and facilitate pathway mapping for 1,25D3-MARRS in 
order to further our understanding of the role it plays in 1,25(OH)2-vitamin D3 
membrane-initiated response and prostate cancer.  
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Popular scientific summary 

In order to find better treatments for diseases, we need to understand the 
underlying mechanisms of how the diseases occur. Diseases, like cancer, are 
largely caused by deregulation of the proper function of the cells, which is 
dictated by the proteins expressed in them. Therefore, understanding how the 
proteins of a cell function in a healthy organism and how they get affected in 
a given disease is important in discovering better ways of treatment. The role 
of a protein may be inferred by the location in which it is found in the cells 
and other proteins in the vicinity. Proteins interact with each other to 
communicate and perform their functions. It is, therefore, important to study 
the proteins in the context of their location and other proteins with which they 
interact. 

Proteins interact when they are very close to one another and these 
distances are too small to visualise with conventional microscopy techniques. 
In our lab, we use DNA as a molecular tool to develop methods that can 
circumvent this limitation and be used to study protein interactions. They are 
based on the binding of target proteins by antibodies, that specifically 
recognise them, thereby also providing localisation information. We then 
introduce a DNA-based system, in order to connect protein recognition to 
output. We use molecular tricks to multiply the initial signal, so that it 
becomes easily detectable with a microscope. This doctoral thesis is compiled 
by work on the expansion of “proximity-dependent initiation of hybridisation 
chain reaction (proxHCR)” and the development of the novel method 
“MolBoolean”. ProxHCR detects protein interactions in a cost- and time-
efficient way and is easy to use in a wide range of conditions, making it useful 
for rapid diagnostics. With MolBoolean, we are able to detect both free 
proteins and protein interactions at the same time. This additional information 
is useful in getting more precise measurements and provides a more 
comprehensive understanding of biological processes.  

Protein interactions take place in order to relay messages from the 
environment to the cell in order to induce a response, though cell signalling 
pathways. One such pathway is that of vitamin D3, which is taken up by cells 
through receptors, one of which is thought to be 1,25D3-MARRS (membrane-
associated, rapid response steroid binding) receptor. This thesis also explored 
the effects of 1,25D3-MARRS in prostate cancer cell models. We show that it 
supports cell growth in prostate cancer cells, by involvement of a protein, 
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called c-Myc, known to promote cell multiplication. These cells also appear 
to have difficulty in regulating the levels of active vitamin D3. Through this 
study, we contribute to the knowledge of the role of 1,25D3-MARRS in 
prostate cancer, that can be of use in bringing about improvements to prostate 
cancer treatment strategies.  
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Εκλαϊκευμένη επιστημονική περίληψη 

Για την καλύτερη αντιμετώπιση των ασθενειών είναι σημαντικό να 
κατανοήσουμε τους υποκείμενους μηχανισμούς της. Ασθένειες, όπως ο 
καρκίνος, προκαλούνται κυρίως από την απορρύθμιση της σωστής 
λειτουργίας των κυττάρων, όπως υπαγορεύεται από τις πρωτεΐνες που 
εκφράζονται σε αυτά. Επομένως, η κατανόηση του τρόπου λειτουργίας των 
πρωτεϊνών ενός κυττάρου σε έναν υγιή οργανισμό και του τρόπου με τον 
οποίο επηρεάζονται σε μια ασθένεια είναι σημαντική για την ανακάλυψη 
καλύτερων τρόπων θεραπείας. Ο ρόλος μιας πρωτεΐνης μπορεί να συναχθεί 
από το πού βρίσκεται αυτή η πρωτεΐνη στο κύτταρο, καθώς επίσης και από 
άλλες πρωτεΐνες σε εγγύτητα. Οι πρωτεΐνες αλληλεπιδρούν μεταξύ τους 
ούτως ώστε να επικοινωνήσουν και να επιτελέσουν το ρόλο τους. Είναι, 
επομένως, σημαντικό να μελετώνται όσον αφορά στην τοποθεσία τους αλλά 
και βάσει των αλληλεπιδράσεων τους με άλλες πρωτεΐνες.  

Οι πρωτεΐνες που αλληλεπιδρούν βρίσκονται σε πολύ μικρή απόσταση 
μεταξύ τους, πράγμα που την καθιστά μη ανιχνεύσιμη με τα συμβατικά 
μικροσκόπια. Στο εργαστήριό μας, χρησιμοποιούμε το DNA ως μοριακό 
εργαλείο προς την ανάπτυξη μεθόδων που ξεπερνούν αυτόν τον περιορισμό 
και μπορούν να χρησιμοποιηθούν για τη μελέτη αλληλεπιδράσεων μεταξύ 
πρωτεϊνών. Βασίζονται στην αναγνώριση των πρωτεϊνών από αντισώματα, 
παρέχοντας έτσι πληροφορίες ως προς την τοποθεσία τους στο κύτταρο. 
Χρησιμοποιούμε ιδιότητες του DNA ούτως ώστε το αρχικό σήμα, από την 
αναγνώριση των πρωτεϊνών, να πολλαπλασιαστεί και να είναι εύκολα ορατό 
στο μκροσκόπιο. Αυτή η διδακτορική διατριβή εμπεριέχει μελέτες σχετικά με 
τη βελτιστοποίηση της proxHCR (proximity-dependent initiation of 
hybridisation chain reaction) και την ανάπτυξη της νέας μεθόδου 
MolBoolean. H proxHCR μπορεί να χρησιμοποιηθεί για την ανίχνευση 
πρωτεϊνικών αλληλεπιδράσεων γρήγορα και με χαμηλό κόστος σε ευρύ 
φάσμα συνθηκών. Ως εκ τούτου, η μέθοδος μπορεί να χρησιμοποιηθεί σε 
διαγνωστικά τεστ. Με τη μέθοδο MolBoolean, παράλληλα με την ανίχνευση 
αλληλεπιδράσεων, είμαστε σε θέση να ανιχνεύουμε και τις ελεύθερες 
πρωτεΐνες. Οι επιπρόσθετες πληροφορίες είναι χρήσιμες για τη λήψη 
ακριβέστερων μετρήσεων και μιας πιο ολοκληρωμένης εικόνας μιας 
βιολογικής διαδικασίας. 

Οι αλληλεπιδράσεις μεταξύ πρωτεϊνών εξυπηρετούν στην μεταφορά 
σημάτων από το περιβάλλον προς το κύτταρο, έτσι ώστε να προκληθεί μια 
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αντίδραση, μέσω κυτταρικής σηματοδότησης. Ένα τέτοιο μονοπάτι είναι 
αυτό της βιταμίνης D3, η οποία προσλαμβάνεται από τα κύτταρα μέσω 
υποδοχέων, ένας από τους οποίους πιστεύεται ότι είναι ο υποδοχέας 1,25D3-
MARRS (membrane-associated, rapid response steroid binding). Η παρούσα 
διατριβή περιλαμβάνει μία μελέτη για την καλύτερη κατανόηση του ρόλου 
του υποδοχέα 1,25D3-MARRS στον καρκίνο του προστάτη. Η μελέτη 
υποδεικνύει ότι ο 1,25D3-MARRS υποστηρίζει τον πολλαπλασσιασμό σε 
κυτταρικά μοντέλα καρκίνου του προστάτη, μέσω μιας πρωτεΐνης, που 
ονομάζεται c-Myc, γνωστής για τον ρόλο της στον πολλαπλασιασμό των 
κυττάρων. Επιπλέον, φαίνεται ότι στα κύτταρα αυτά τα επίπεδα της βιταμίνης 
D3 δεν μπορούν να ρυθμιστούν σωστά. Αυτές οι νέες πληροφορίες σχετικά με 
το ρόλο του 1,25D3-MARRS είναι δυνητικά ωφέλιμες για τη βελτίωση της 
θεραπευτικής αντιμετώπισης του καρκίνου του προστάτη. 
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