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”It is very easy to answer many of these fundamental biological questions;

you just look at the thing!”

Richard P. Feynman
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Introduction – take a closer look 

The human body consists of about 1013 cells1, all containing the same ~3 x 
109 bp of genomic DNA2, a ~2 m long molecule3 packed into the nucleus. 
What information cells use from their genomic DNA, e.g. which genes and 
miRNA are expressed, will differ substantially between cell types and the 
expressed molecules span concentration ranges from only a couple of 
molecules up to millions of them4. Complexity is further increased by taking 
into account all intercellular communication that is required to sustain a 
multicellular organism. All cells in a given population, even within clonal 
expansions from each other – e.g. in immortalized cell cultures – are slightly 
different because of position in cell cycle or access to stimuli from 
surrounding cells. Even the molecules present in each cell vary: proteins 
with different modifications, expressed mRNAs or accessibility of certain 
DNA-sequences for transcription factors. When looking at this impressive 
complexity, it seems amazing that an organism like the human body 
functions properly most of the time, ensured by a concert of interacting 
molecules, transporting signals within one cell and from one to another, 
directing cells to e.g. division, differentiation or apoptosis. How cells cope 
with this seemingly overwhelming amount of – sometimes contradictory – 
information that they receive in every second of their lives can yet only be 
partly appreciated. But not until we understand how processes in a cell and 
body interweave and synergize, will we be able to efficiently treat diseases 
that occur when this teamwork is perturbed.  

Despite this knowledge, investigations of signaling networks and 
regulating events have for a long time been recorded as averages for large 
numbers of cells or molecules, often investigated in vitro. Unfortunately, it is 
quite likely that such average analyses hide intercellular variations, and 
analysis of individual cells will thus retrieve more complex, but also more 
reliable information (Figure 1)5. In particular, as soon as we investigate not 
cell cultures with clonal expansions from one precursor cell but mixtures of 
cells, patient samples or tissue sections, averaging also means ignoring the 
heterogeneity of different cell types within a tissue and what effects the 
composition of this tissue has on each individual cell. In situ studies and 
studies focusing on single cells have the advantage that these can be 
correlated to the surrounding tissues. Thereby additional local, 
morphological and, when molecules are investigated in vivo, in the living 
cell or organism, maybe even spatiotemporal information can be retrieved.  
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Figure 1. Difference between single cell- and average detection methods. 

All three cell populations have an average of 4 molecules per cell, which would be 
the number detected by methods investigating the average of a sample. Studies with 
single cell resolution would however reveal different degrees of cell-to-cell variation 
in the left and right population and a truly homogenous distribution of signals in the 
middle panel.  

Heterogeneity is not only found between individual cells but also between 
properties of individual molecules in these cells. In order to gain information 
about distribution of these molecules in time and space, their interaction 
partners and modifications, as well as about any changes upon different 
stimuli, molecules have to be studied individually. Even if not all molecules 
in a volume – for instance a cell – can be analyzed, single molecule analysis 
will result in more than one (average) data point for the whole sample and 
thereby strengthen the data6-8.  

Of course, not all questions need to, can or should be answered by single 
molecule / single cell methods. Very important findings were made with 
averaging methods and could only have been found in that way. Still, in 
order to comprehensively understand molecules, cells, tissues and 
organisms, in health and disease, we have to move closer, look deeper and in 
greater detail on what is happening to each molecule, in every cell in its 
natural environment.  
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Methods to study protein-protein interactions in situ 
Cell signaling is achieved by a series of connected events were protein-
protein interactions (PPIs) will add posttranslational modifications (PTMs) 
to interacting proteins, causing conformational changes and activating the 
modified protein for a subsequent PPI with another partner. This cascade of 
PTMs and PPIs can transmit and amplify signals through the different 
compartments of the cell, from the cellular borders to the nucleus and 
specific genetic loci, and it is regulated by feedback loops and crosstalk 
between pathways to ensure a controlled response to stimuli. Several 
methods have been developed to study such interactions in vitro either for 
screening purposes – e.g. 2D gel electrophoresis with mass spectrometry 
readout9, yeast-two-hybrid systems10-11 or protein microarrays12-13 – or to 
investigate certain interactions in greater detail by methods like co-
immunoprecipitation14, protein fragment complementation assay (PCA)15 
and the proximity ligation assay (PLA)16. These methods have helped to 
unravel important information, however, with the exception of PLA they all 
provide averages for populations of molecules or cells. As pointed out 
above, in situ analyses are required in order to retrieve information on a 
single cell level.  

To study proteins in intact cells and tissues, methods to recognize and 
label the proteins of interest are required, using either genetic modifications 
to directly attach a reporter molecule to the targeted protein, or affinity 
reagents (e.g. antibodies) to label the targeted protein with a reporter 
molecule. 

Fluorescence immunostaining (IF) is an example of the latter, applying 
wide-field or confocal microscopy for readout. Interacting proteins are 
detected in situ by two different primary antibodies. Either these antibodies 
are directly labeled or they are in turn detected by fluorescence-labeled 
secondary binders. If the proteins are co-localized, the fluorophores also 
become co-localized in the cell (Figure 2). When the images derived from 
the individual fluorescence channels are superimposed, the area of co-
localization can be calculated by comparing fluorescence intensities in each 
pixel of the image. Investigating PPI through confocal microscopy has the 
benefit that spatial information about the PPI can be obtained at microscopic 
resolution just below micrometers. In order to prevent detection of artifacts, 
the aim is to visualize interactions of endogenously expressed proteins, 
rather than overexpressed proteins, genetically modified with a fluorescence 
tag. However, in some cases, low abundance of proteins can make detection 
of few complexes challenging17. 
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Figure 2. Immunofluorescence (IF). 

(A) Interacting proteins are detected by directly fluorescence-labeled antibodies or 
(B) by primary antibodies derived from different species, which are in turn 
visualized by fluorescence-labeled secondary antibodies. 

The sensitivity of immunostaining is highly dependent on whether the signal 
generated by binding of the affinity reagents, i.e. fluorescence-labeled 
primary or secondary antibodies, can be distinguished from background 
autofluorescence of the cells. Therefore, application of secondary 
fluorescence-labeled antibodies instead of directly labeled primary 
antibodies has the advantage of signal amplification: Every primary antibody 
can be bound by several secondary antibodies (Figure 2B). This leads to an 
increase of fluorophore concentration at the site where the primary antibody 
has bound and hence a stronger signal.  

To increase the spatial resolution of PPI detection, methods based on 
resonance energy transfer can be used, reducing the distance required 
between two proteins to record them as interacting molecules. Förster 
resonance energy transfer (also: Fluorescence resonance energy transfer 
(FRET)) exploits a nonradiative energy transfer between two adjacent 
fluorophores with compatible excitation and emission spectra. Since the 
emission spectrum of a fluorophore is of a longer wavelength span than its 
excitation spectrum, a donor molecule can emit energy that will excite a 
second fluorophore (acceptor) (Figure 3). This is however only possible if 
the excitation spectrum is overlapping with the donors’ emission spectrum 
and if the donors’ emission dipole and the acceptors’ excitation dipole are 
not perpendicular orientated towards each other. Furthermore, nonradiative 
energy transfer between donor and acceptor can only occur in a range of 2-
10 nm. Beyond this distance, the energy has decayed too much to excite the 
acceptor molecule18.  
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Figure 3. Förster resonance energy transfer (FRET).  

(A) Two potentially interacting molecules are fused to two different fluorophores 
with overlapping excitation- and emission spectra. When the proteins are not 
interacting i.e. their distance from each other is larger than 10 nm, the donor is 
excited and emits light at a longer wave length. (B) Upon interaction of the 
molecules, the fluorophores are brought into FRET distance. If now the donor 
fluorophore is excited, an energy transfer to the acceptor fluorophore occurs, leading 
to (C) excitation of the acceptor which in turn starts to emit light. 

Donor and acceptor molecules – fused to the proteins of interest – are 
transfected into cells to be studied. When the target molecules are interacting 
and thereby brought within FRET distance, energy transfer from the excited 
donor to the acceptor occurs, leading to immediate excitation of the acceptor. 
This energy transfer is detectable by different means, either by detecting the 
increase of acceptor fluorescence intensity, changes in donor lifetime 
(fluorescence lifetime imaging (FLIM)) or donor intensity upon addition or 
photobleaching of the acceptor. Alternatively changes of the fluorophore 
orientation towards each other can be detected18. By using FRET, the 
dynamics of proximity between two proteins can be detected in situ and in 
vivo19. Another possibility is to detect endogenous proteins with a pair of 
antibodies labeled with the donor and acceptor molecules, respectively20. 
Furthermore, protocols are available for single molecule detection in situ21, 
as well as for detection of three interacting proteins22.  

Bioluminescent resonance energy transfer (BRET) is closely related to 
FRET, but employs a bioluminescent luciferase instead of the donor 
fluorophore. Under oxidative conditions, the luciferase converts a substrate, 
leading to the emission of light. If the acceptor fluorescent molecule is in 
close proximity, then Förster resonance energy transfer will transport the 
energy to the acceptor molecule and the fluorophore will be excited (Figure 
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4)23. BRET is able to circumvent some of the problems encountered with 
FRET e.g. the risk for simultaneous excitation of both, donor and acceptor 
fluorophores, due to overlapping excitation spectra. Furthermore, BRET 
reactions do not require a certain orientation of the interacting proteins 
towards each other since the energy that the luciferase sets free is spherically 
distributed. The assay is not impaired by autofluorescence and does not 
damage light sensitive tissue. BRET has recently been applied for detection 
of PPI in living mice24 and at subcellular localization25. 

Figure 4. Bioluminescent resonance energy transfer (BRET).  

(A) One of the interacting proteins is fused to a luciferase, the other one to a 
compatible fluorophore. The luciferase converts a substrate leading to the emission 
of light as long as the proteins of interest are spatially separated by > 10 nm. (B) 
When the proteins interact, the energy releasing enzyme and the fluorophore are 
brought in proximity to each other and hence the energy is transferred to the 
fluorophore, (C) excites it and light is emitted.  

However, both FRET and BRET, by fusing the fluorophores / luciferase to 
the proteins of interest, alter the proteins and their function may be 
compromised. Hence careful controls are needed to prevent false-positive 
and -negative signals. Expression levels have to be sufficiently high, 
otherwise the energy transfer cannot be detected but not so high that the 
physiological function of the proteins is impaired. For FRET, precautions 
have also to be taken for the design of the fusion construct because the 
orientation of donor and acceptor towards each other plays an important role 
for FRET efficiency. Unfortunately, FRET is prone to photobleaching and 
difficult to use in samples with high autofluorescence, limiting its usefulness 
for studies in tissue sections. Furthermore, it may be challenging to find 
fluorophores with excitation and emission spectra suited for higher 
multiplexed FRET assays to simultaneously detect multiple interactions. 
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However, BRET also as drawbacks in that it requires a substrate which has 
to be delivered into the cell. Furthermore, the substrate is not locally 
anchored, and it is therefore difficult to create a localized signal23. 

PCA is another approach that can be used to detect PPIs, based upon 
reassembly of a split reporter molecule to obtain a functional reporter 
molecule. The approach was originally described using ubiquitin as the 
reporter molecule15. Bimolecular fluorescence complementation (BiFC) is a 
special case of PCA, based on the assembly of a fluorescent protein from 
two non-fluorescent domains, each domain fused to one protein of a 
complex. Upon complex formation of these proteins the fluorescent protein 
is reconstituted from both domains, hence fluorescence from non-interacting 
molecules is avoided (Figure 5)26. This property renders BiFC more sensitive 
than F/BRET26-27. When the two proteins to be investigated interact in a 
living cell, the location of the association can be visualized in situ and even 
weak and transient interactions can be detected as the interactions are 
preserved by the assembled fluorophores. Interaction partners do not need to 
be positioned in a certain orientation towards each other as it is the case with 
FRET, and the distance range for BiFC depends on the length of the linkers. 
An advantage of BiFC over other forms of PCA is that it does not depend on 
exogenous substrates28. BiFC can be utilized to study PPIs in living cells29 
and has been used for interaction studies in several organisms, e.g. 
mammalian cells, plants30 and yeast31. Multiplexed detection is enabled by 
using several pairs of split fluorescent molecules32. 

The fact that BiFC suffers from a delay of one hour or more between 
complex formation of the proteins and reconstitution of the fluorescent 
molecule is however a drawback. Moreover, dissociation detection is 
difficult due to the stability of the reconstituted protein domains. These two 
properties severely limit opportunities to use the method for studies on 
dynamic events26, and the stable complexes may interfere with cellular 
physiology.  

Since it might be challenging to multiplex each method in itself, detection 
of higher order complex formation is accomplished through combinations of 
the methods described above: BiFC and FRET33, BiFC and BRET34 or FRET 
and BRET35. 
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Figure 5. Bimolecular fluorescence energy transfer (BiFC).  

(A) A fluorescent molecule is split into two halves that are fused to the proteins of 
interest. (B) Upon interaction of the target proteins the halves are brought in 
proximity to each other, and can reconstitute to form a fluorescent molecule (bulb), 
(C) which can subsequently be excited to emit light. 

The methods discussed so far for in situ detection of PPI share the 
limitations that they often require the studied proteins to be fused to domains 
and transfected into cells, potentially leading to unphysiological 
overexpression. The fluorescence signal generated may be difficult to detect 
in cells and tissue sections with high autofluorescence. To overcome these 
limitations, namely to detect endogenous PPIs in fixed cell lines and tissues, 
the in situ proximity ligation assay (in situ PLA) was developed (Figure 6)36. 
This method is based on the proximity ligation assay (PLA)16, where a 
double recognition of the protein of interest through oligonucleotide-
carrying antibodies (PLA-probes)37 or aptamers16 is required to produce an 
amplifiable reporter molecule. Upon proximal binding of the PLA-probes, 
the oligonucleotides can be joined by ligation and amplified by a PCR 
reaction.  

However, to allow localized detection of the protein complexes in situ, 
another method for DNA amplification is required, i.e. rolling circle 
amplification (RCA). For in situ PLA the oligonucleotides on the PLA-
probes instead act as a template for hybridization and ligation of two 
subsequently added connector oligonucleotides, which can form a circular 
DNA molecule. Once ligated, this circular molecule can be amplified by 
RCA, primed from the oligonucleotide attached to the PLA-probe. After the 
first round of amplification, phi29 DNA polymerase – a polymerase with a 
strong strand displacement activity – displaces the newly created strand 
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leading to the production of single-stranded concatemeric complements of 
the original DNA circle38-39. As the RCA-priming molecule stays attached to 
the detected protein complex via the antibody, the amplified DNA-
concatemer will remain located at the site where the protein complex was 
detected. Such immobilized RCA-products (RCPs) are visualized by 
hybridization of fluorescence-labeled detection oligonucleotides binding to a 
hybridization sequence encoded in the DNA-circle. Since the amplified 
product consists of hundreds of copies, hundreds of detection 
oligonucleotides will hybridize to the same molecule. The resulting bright 
signals, approximately one µm in size, are easily distinguishable from 
potential background fluorescence in an epifluorescence microscope. Each 
detected interaction event gives rise to one distinct RCP and it is therefore 
straightforward to enumerate detected complexes. In situ PLA provides an 
assay for detection of endogenous proteins and PPIs in cells and tissue 
sections, with a single-molecule resolution and the possibility for relative 
quantification of the signal. Further developments of the method include the 
development of a brightfield variant40, application of secondary PLA-probes 
for detection of PTMs (paper I), flow cytometry as readout platform (paper 
II) and for detection of three proteins forming one complex36. 
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Figure 6. In situ proximity ligation assay (in situ PLA).  

(A) Two PLA-probes (red, blue), consisting of an antibody and an oligonucleotide 
each, can bind to the protein of interest. (B) Upon complex formation, the PLA-
probes are brought in proximity. Now two connector oligonucleotides can hybridize 
and (C) be ligated forming a circular molecule. (D) This DNA circle can now be 
amplified as a concatemeric copy of the circle by RCA and be detected with 
fluorescence-labeled detection oligonucleotides (stars). (E) Each resulting RCP and 
with that each detected interaction or modification (red dots, see green rectangle) is 
visualized as single bright spots in a fluorescence microscope. Here phosphorylated 
PDGFR  in BJhTert cells detected by in situ PLA with secondary PLA-probes is 
depicted. 

Methods to study protein-DNA interactions in situ 
Although all cells in the body contain the same genomic DNA, the 
accessibility of this information for the cell is closely regulated by proteins, 
e.g. the DNA is tightly wrapped around histones organizing the DNA in 
nucleosomes. It is also proteins that direct transcription of the genes for 
expression (transcription factors and RNA polymerases) and copy DNA 
prior to cell division (DNA polymerases and ligases). For all such and many 
more events, proteins are interacting with nucleic acids. Therefore, I think 
that it is as important to study protein-DNA interactions (PDI) and histone 
modifications, how access of DNA is regulated and what impact that might 
have on a cell’s fate in situ, as it is important to study protein and mRNA 
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expression, PPIs and protein modifications. However, today there is no 
method available to study individual PDIs in single eukaryotic cells and it 
can therefore only be hypothesized that there is an equally large variation 
between individual cells within a seemingly homogenous population as it 
has been seen for proteins and mRNA-molecules41-43.  

There are several methods that can extract information about proteins 
binding to DNA-sequences, one of the most popular ones being chromatin 
immunoprecipitation (ChIP)44-45. ChIP extracts DNA-sequences interacting 
with a protein by applying an antibody against the protein of interest to 
fragmented nuclear extract. By doing so, the DNA fragments bound to the 
protein will be retrieved together with the protein. After reversal 
crosslinking, DNA bound by the protein can be determined by PCR, 
microarrays (ChIP-on-chip) or sequencing (ChIP-seq)46-47. With ChIP, new 
interactions can be found but they are averaged over hundred48 to millions of 
cells and no spatial information can be retrieved, rendering the method 
unsuited to study cell-to-cell variations.  

PLA has also been applied for detection of PDIs. The binding of 
recombinant transcription factors to synthetic oligonucleotides spiked into 
nuclear extracts has been investigated. By using a panel of synthetic 
oligonucleotide sequences containing potential binding sites for the 
transcription factor, a consensus sequence for the transcription factor 
recognition site could be determined. As described above, one PLA-probe 
was used to detect the protein. Instead of the second PLA-probe, a part of the 
target DNA-sequence was allowed to participate in the ligation reaction. 
Upon binding of the protein to the right DNA-sequence, the oligonucleotide 
on the PLA-probe could be ligated to the bound DNA with the help of a 
connector oligonucleotide. Detection of interactions of the amount of 
proteins corresponding to 1-10 cells was analyzed using qPCR-readout49.  

Nevertheless, none of the methods described so far can be used to retrieve 
spatial information from individual cells – in which cells do these 
interactions or epigenetic modifications occur and how often and where in 
the tissue? In order to answer questions related to variation in the population, 
in situ methods are required. The major obstacle for such analyses is to find 
a compromise between making the DNA-sequence accessible and at the 
same time keeping proteins bound to the DNA. Furthermore, detection of a 
specific DNA-sequence can be challenging, especially if this sequence is 
short. For detection of PDIs in situ FRET based assays have been used. In 
one study the proteins to be analyzed were fused to green fluorescent protein 
(GFP), serving as donor fluorophore, and transfected into mammalian cells. 
A fluorescent dye, intercalating with genomic DNA, was used as acceptor 
(Figure 7). Upon close proximity between the investigated protein (e.g. the 
glucocorticoid receptor and heterochromatin proteins 1  and 1 ) and the 
genomic DNA, energy is transferred from the excited GFP fused protein to 
the DNA intercalating dye and changes in donor lifetime can be measured by 
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FRET-FLIM50. Even though this method allows investigation of differences 
between individual cells, no information about the DNA-sequence can be 
retrieved. 

Figure 7. FRET-FLIM.  

(A) Genomic DNA is 
labeled with a fluorescent 
dye suitable as FRET 
acceptor (dark grey stars) 
and DNA-binding 
proteins are labeled with 
the corresponding FRET 
donor. (B) The 
fluorophore on the protein 
can be excited and upon 
binding of the protein to 
the DNA FRET occurs 
between fluorescent 
molecules within FRET 
distance. (C) This leads to 
excitation of the acceptors 
which in turn start to emit 
light. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To detect a specific DNA-sequence and its co-localization with a particular 
protein, IF and fluorescence in situ hybridization were combined to immuno 
DNA fluorescence in situ hybridization (immuno DNA FISH) and immuno 
RNA FISH 51-53. First, antibodies against the protein of interest are applied, 
followed by secondary fluorescence-labeled antibodies. The cells are then 
postfixated before the genomic DNA is denatured and the target sequence 
detected by hybridization of hapten labeled detection oligonucleotides. 
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These haptens can in turn be detected by IF utilizing antibodies against the 
label (Figure 8). By superimposing the different fluorescent channels, co-
localization of the nucleic acid sequence and the protein can be detected and 
visualized in situ. Immuno DNA FISH has e.g. been applied for co-
localization studies of histone methylations in chromosomal subdomains and 
at differentially expressed gene loci in human cells54. Although immuno 
DNA / RNA FISH presents a valuable tool for investigation of PDIs in situ, 
it is still limited in resolution since the target nucleic acid sequence is 
recognized by hybridization and has to be quite large (see below). 
Furthermore, spatial resolution is restricted to the resolution of the 
microscope used and proteins can only be detected if they are so abundant 
that IF can distinguish them from background.  

 
Figure 8. Immuno DNA / RNA FISH.  

Upon fixation, the protein of interest is detected by IF and the secondary antibodies 
are labeled with one color (red stars). Subsequently, the DNA-sequence is detected 
with several labeled probes (green sequence), which in turn are detected by IF 
(green stars).  
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Methods to study nucleic acids in situ  
To my knowledge there is today no method available for in situ PDI 
detection with a sequence resolution better than several kbs to Mbs. 
However, methods for detection of plain nucleic acid sequences that can 
discriminate between shorter sequences exist: 

In in situ hybridization (ISH) the target DNA-sequence is detected by 
hybridization, as described for immuno DNA FISH, with radioactively 
labeled probes55-56, but this detection is limited in resolution and by the probe 
instability. Therefore ISH was further developed, utilizing other means to 
label the detection probe e.g. enzymatic reactions and fluorescence-labeled 
probes (FISH), testing different probe lengths and extent of probe labeling. 
Using either directly fluorescence-labeled or hapten-labeled probes 
amplified by secondary detection, signals from hybridized sequences could 
be visualized: several Mbs large DNA-sequences in metaphase spreads and 
down to ~50 kb in interphase chromatin57. On the other end of the scale, 
larger sequences up to whole chromosomes – even in 24-plex – and 
individual chromosome arms in 48-plex could be simultaneously and 
differentially labeled58-60.  

Also, detection of single mRNA molecules by multiple fluorescence-
labeled probes was accomplished. Single mRNA molecules were either 
detected by few, multiply labeled, or by several, singly labeled 
oligonucleotides43,61-62. Incorporation of the RNA analogous locked nucleic 
acid (LNA) into the probe was utilized to increase hybridization affinity. 
Hence higher hybridization temperatures could be applied and with that 
higher sequence discrimination accomplished. Utilizing LNA-containing 
probes, miRNAs could be detected in situ applying signal amplification 
schemes like tyramide signal amplification (TSA) or enzyme-labeled 
fluorescence. With the latter approach even individual miRNA molecules 
could be visualized63-64. LNA as well as peptide nucleic acid – DNA analogs 
which bind stronger to DNA due to their uncharged peptide backbone – 
containing probes form more stable complexes with the target DNA and 
enhance thereby detection sensitivity in FISH65. Furthermore, FISH has been 
applied for detection of DNA and mRNA-sequences in vivo66-67. 

Primed in situ labeling (PRINS)68 is mostly applied for detection of 
repeated sequences and utilizes a specific oligonucleotide to hybridize to the 
target sequence in denatured chromosomes. Upon hybridization, the primer 
can be elongated by a DNA polymerase, incorporating hapten labeled 
nucleotides. These nucleotides can be detected by fluorescence-labeled 
avidin molecules or anti-hapten antibodies allowing visualization of the 
target sequence in situ. Even though single nucleotide polymorphism (SNP)-
discrimination can be accomplished when positioned at the 3’ end of the 
primer, detection of individual genes is difficult, probably since the created 
signal is not strong enough and not reaching high enough detection 
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efficiency – impaired by gaps in the target DNA, which can serve as 
undesired primers. However, single gene detection has been accomplished 
combining PRINS with signal amplification by TSA69-70.  

In situ PCR and in situ reverse transcriptase PCR amplify detected DNA 
or cDNA-sequences exponentially, thereby increasing their availability for 
FISH detection, which leads to a decrease in the limit of detection. Detection 
is utilized either directly by fluorescence labeling the PCR product or 
indirectly utilizing haptens. Since the signal is amplified, shorter sequences 
(150-350 bp) can be visualized and in situ PCR was successfully applied to 
single copy genes and low copy RNAs. Although the resulting PCR-products 
are fixed to the cells, they are not anchored at the site where they were 
generated. PCR-products can therefore diffuse away, causing false positive 
signals while false negative signals occur due to inefficient in situ PCR 
reactions71-72.  

Another approach to amplify the detected target sequence is by the 
branched DNA technique73. The target DNA-sequence is detected by several 
oligonucleotides hybridizing only at the 3’ end to the target sequence. The 
free 5’ end can in turn be bound by a preamplifier sequence consisting of 
tandem repeats, which are bound by several amplifier oligonucleotides. This 
structure can be detected by alkaline phosphatase labeled probes directed 
against the preamplifier creating a comb-like structure which strongly 
amplifies the localized signal. 

Padlock probes – a technique capable of distinguishing single molecule 
sequence variants in situ – is a further development of the oligonucleotide 
ligation assay (OLA)74. In OLA, two oligonucleotides that hybridize 
adjacent to each other are ligated by T4-DNA ligase if they form a perfect 
match with the target sequence. For padlock probes these two hybridization 
oligonucleotides are linked together by a spacer region. Hybridization to its 
target sequence brings the 3’ and 5’ ends together, facing each other75-76. 
Only a perfect match in the junction enables ligation, which creates a 
circular DNA molecule that subsequently can be detected. For in situ 
detection of single molecules however detection by hapten- and 
fluorescence-labeled probes was not sensitive enough. Therefore, padlock 
probes were combined with efficient and locally anchored signal 
amplification by RCA, primed from enzymatically cleaved target DNA77. 
The RCP can then be detected by hybridization of fluorescence-labeled 
detection oligonucleotides (Figure 9). Padlock probes have been applied for 
detection of mitochondrial DNA in fixed cells in situ77 and genomic DNA in 
comet assays78 as well as recently for detection of mRNA in situ79. For this 
application the mRNA molecules are first converted to target cDNA through 
reverse transcription using specific LNA-containing primers. mRNA is then 
degraded with RNase H to provide a template for padlock hybridization, 
except for the part where the primer is bound, since the LNA bases protect 
the mRNA from degradation. This ensures that the cDNA stays attached to 



 26 

the place where the mRNA was located and provides a cDNA template for 
the padlock probes, as ligation of DNA probes hybridized to RNA is less 
efficient. Padlock probes have been applied for SNP discrimination in situ 
and multiplexed mRNA detection, enabled by the linker sequence including 
the detection sequence, which can be freely chosen79. 

Figure 9. Padlock probe.  

(A) A padlock probe is a 
single stranded DNA 
molecule with the 3’ and 5’ 
ends (red, blue) 
complementary to the target 
strand. A segment of the 
noncomplementary part of 
the probe is utilized as 
detection site (green). (B) 
Upon hybridization of the 
probe to its target sequence, 
the 3’ and 5’ ends of the 
probe are brought together 
and can be ligated to a 
circular DNA-molecule. 
(C) Now an RCA can be 
primed from the target 
molecule and the resulting 
product can be detected by 
a fluorescence-labeled 
detection oligonucleotide 
(green sequence with red 
stars).  
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Model systems 

PDGFR  and DUSP6 
Platelet-derived growth factor receptor beta (PDGFR  belongs to a family 
of receptor protein-tyrosine kinases (RTKs), characterized by an 
extracellular, ligand binding domain composed of five immunoglobulin-like 
loops, a transmembrane domain, a juxtamembrane domain, two tyrosine 
kinase domains separated by a kinase insert domain and a C-terminal 
domain. Stimulation with platelet-derived growth factor-BB (PDGF-BB)80 or 
-DD81 leads to dimerization of two receptor molecules, conformational 
changes and autophosphorylation at multiple tyrosine residues in the 
intracellular domains of the receptors. Thereby binding sites for SH2-domain 
containing downstream signaling mediators are created e.g. the RAS-RAF-
MEK-ERK-pathway mediating an increase in cell survival, proliferation and 
motility82-83. Upon sustained signal activation the receptor is downregulated 
by internalization of the ligand-receptor complex. Dysregulated PDGFR  
signaling is found in malignancies like dermatofibrosarcoma protuberance or 
glioblastoma multiforme82 and the receptor is therefore a potential target for 
treatment84. However, detecting the PDGFR  specifically is challenging, 
since the PDGFR  shares ~80% sequence homology in the kinase domain 
with the alpha isoform of the PDGFR85 and both isoforms are equally well 
stimulated by PDGF-BB86. This has rendered it difficult to distinguish 
between PDGFR  and PDGFR  especially in their activated forms, using 
methods like IF and immunohistochemistry (IHC).  

Dual-specificity phosphatase 6 (DUSP6, alternatively called MKP-3) is an 
ERK-specific cytosolic member of the MAP kinase phosphatases (MKP), 
exhibiting phosphatase activity specific against threonine and tyrosine 
residues in the activation loop of MAPK87. ERK is activated by RTK 
signaling (including PDGFR 88) among others via GRB2 and SOS and the 
RAS-RAF-MEK-pathway. Upon activation, phosphorylated ERK 
translocates into the nucleus and activates transcription of target genes. One 
of these targets is DUSP6, which in turn becomes expressed, 
dephosphorylates ERK and therefore forms a feed-back-loop for ERK 
activation.  
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EGFR family 
The epidermal growth factor receptor (EGFR) belongs to the family of 
receptor tyrosine kinases; consisting of four members: EGFR and HER2-4. 
All members comprise an extracellular binding domain, a lipophilic 
transmembrane segment, and an intracellular tyrosine kinase domain, which 
is inactive in HER3. Through stimulation with different ligands, the EGFR 
family members can form homo- and heterodimers. Binding of six different 
ligands to EGFR has been described, among them EGF and TNF- , while no 
ligands have yet been reported for HER2. Upon stimulation, EGFR is 
phosphorylated at tyrosine residues in the intracellular domain, leading to 
recruitment of effector proteins and signal propagation in the cell, via RAS-
RAF-MEK- and PI3K- pathways89. Whether the receptor dimerizes upon 
stimulation90 or exists as preformed dimers/complexes that undergo a 
conformational change upon ligand binding, leading to phosphorylation of 
the intracellular domains91, is however still a controversy. EGFR and HER2 
are both overexpressed in many human cancers – breast, ovarian and 
stomach cancer to name a few – and are therefore possible targets for cancer 
therapy. Monoclonal antibodies against HER2 – Trastuzumab – and EGFR – 
Cetuximab – are currently applied in the clinic, i.e. Trastuzumab was 
approved for treatment of HER2 overexpressing metastatic breast cancer and 
Cetuximab for treatment of colorectal cancer as well as head and neck 
cancer.  

Chromatin structure and Alu-repeats 
In its smallest entity, chromatin is organized in nucleosomes, each consisting 
of an octamer histone core of two halves built from histone H2A, H2B, H3 
and H4. Around this core, genomic DNA is wound in two turns consisting of 
147 bp. Where the DNA enters and leaves the histone core, it is retained by 
one of two histone molecules, either H1 or H5, which compact the DNA 
further into a fiber structure (Figure 10). Whether a certain DNA-sequence is 
accessible for transcription is regulated by epigenetic signals acting either in 
trans – through feedback loops of transcription factors back on the gene 
itself and RNA-directed positioning of epigenetic signals – or cis – 
modifications, which are stably associated with the DNA-sequence and 
inherited with it92. Such cis-acting modifications are e.g. methylation of 
DNA in CpG islands and histone modifications such as methylation, 
acetylation, ubiquitylation and phosphorylation to name a few. Certain 
histone modifications are associated with specific effects on the 
transcriptional activity. For example, H3K9 methylation is associated with 
transcriptional inactivity, while H3K4 methylation is associated with active 
transcription.  
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Figure 10. Chromatin structure.  

(A) Genomic DNA is wrapped 
around a histone core consisting of 8 
histones (two H2A, H2B, H3 and H4 
respectively, dark grey circles). 
Histone H1or H5 is utilized as linker 
histone (light grey). (B) The 
nucleosomes are then organized like 
“beads-on-a-string” and (C) 
condensed into a ~30 nm fiber. (D) 
This fiber is in turn abridged into 
active chromatin, which (E) can be 
further condensed to a chromosome.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

The family of Alu repeats belongs to the family of short interspersed repeats 
(SINE) present in over 1 million times in the human genome93, being one of 
the larger families of the SINE accounting for ~5% of human DNA94. The 
family is divided in several subfamilies with AluJ and AluS being the oldest 
and most abundant ones and AluY, which is still active as transposable 
element. Most of the Alu-repeats can be cleaved by AluI restriction 
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endonuclease. The primate sequence consists of ~300 bp, two imperfect 
repeated monomers, whereof one is well conserved between different Alu-
family members and the other monomer being more variable. The rodent 
sequence contains only one monomer of ~130 bp. In 1995, a short 26 bp Alu 
consensus sequence was identified95, which is also present in the left arm of 
the ~300 bp Alu consensus sequence presented by Deidinger et al.96. This 
short consensus sequence is present ~60,000 times in the human genome 
(perfect matches counted in NCBI, assembly march 2006). Alu repeats are 
not randomly distributed in the genome but rather seem to accumulate in 
gene rich regions93. Alu elements are mobile sequences, their genome 
interactions are suggested to be recombinatorial hotspots and involved 
through homologous recombination in most gene rearrangements95. Alu 
repeats can cause diseases by creating new insertions into coding sequences 
or promoters and by altering the level of gene expression, changing the 
reading frame and causing deletions and duplications by unequal cross 
over94. Furthermore, Alu repeats were found to be hypomethylated in colon 
cancer cell lines when compared to normal colon epithelial cells and the 
CpG island methylation level at one specific AluY repeat correlated with the 
amount of trimethylated histone H3K9 in these cell lines97. Hence analysis of 
the methylation status of repetitive elements at specific genomic loci could 
provide new insights into the mechanisms for cancer development. 
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Present investigations 

The papers included in this thesis are all based on the development of novel 
methods for in situ detection of individual PPIs and protein modifications by 
in situ PLA, either alone (paper I and II) or together with simultaneous 
detection of individual mRNA-molecules by padlock probes (paper III). In 
paper IV, in situ PLA and padlock probes were combined as a novel method 
for detection of individual, sequence specific protein-DNA interactions.  

Paper I: In situ detection of phosphorylated platelet-
derived growth factor receptor  using a generalized 
proximity ligation method 
Aim of the study 
In situ PLA36 was generalized by exploiting secondary, species-specific 
PLA-probes directed against primary antibodies derived from different 
species. These probes were applied for detection of individual 
phosphorylated PDGFR  in transfected as well as endogenously expressing 
cells and tissue sections. Earlier, the phosphorylation status of the PDGFR  
has been investigated in situ using IHC or IF with phospho-specific 
antibodies against PDGFR 98-99. Due to high sequence homology in the 
kinase domains85, it has been difficult to distinguish phosphorylated 
PDGFR  from the alpha-isoform. By combining the phospho-tyrosine-
specific antibody with a receptor-specific antibody, requiring the binding of 
two antibodies to generate a signal with in situ PLA, we gained the 
selectivity that allowed us to distinguish both isoforms and a signal 
amplification to visualize individual receptors. An additional value by using 
secondary PLA-probes was that they could be conjugated in larger batches, 
and the need to conjugate every primary antibody was thus circumvented.  

Methods 
All cell types utilized in this paper – HEK293-PDGFR , PAE cells 
overexpressing either PDGFR  (PAE ) or PDGFR  (PAE ) and human 
fibroblasts (BJhTert) endogenously expressing the receptor – were starved 
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for 24 h prior to stimulation with PDGF-BB at indicated concentrations. 
After fixation and blocking, primary antibodies rabbit-anti-PDGFR  and 
mouse-anti-PDGFR -pY751 were applied. Upon binding of the primary 
antibodies to the same target protein complex, secondary PLA-probes 
directed against mouse- or rabbit-IgG could bind to their target proteins 
thereby bringing the oligonucleotides in close proximity to each other. 
Subsequently, the assay was performed as described above for the original in 
situ PLA36, and RCPs representing single phosphorylated PDGFR -
molecules were quantified by image analysis. Detection of phosphorylated 
PDGFR  in fresh frozen tissue sections was similar to detection in fixed 
cells except that higher concentrations of primary antibodies, PLA-probes 
and phi29-DNA polymerase were used. 

For immunoblot analysis of phosphorylated PDGFR , the cells were 
starved and stimulated with different concentrations of PDGF-BB before 
they were lyzed and subjected to SDS-PAGE and immunoblotting. The 
membrane was probed with rabbit-anti-PDGFR  antibody and subsequently 
stripped and reprobed with mouse-anti-pY751 antibody. 

Results 
Phosphorylation of PDGFR  was first investigated in HEK293 cells stably 
over-expressing PDGFR  by in situ PLA. In unstimulated cells, minimal 
amounts of signals were detectable. Upon stimulation with PDGF-BB, the 
amount of signals increased dramatically. As expected, technical controls 
confirmed, that presence of the phosphorylated receptor, primary antibodies 
as well as both PLA-probes were required for RCPs to arise.  

Selectivity of in situ PLA was demonstrated using stably transfected 
PAE-cells expressing either the alpha- or beta-isoform of PDGFR. Both 
isoforms are stimulated by PDGF-BB to the same extent and closely 
related85-86. Using in situ PLA we detected PDGFR phosphorylation in the 
beta-isoform expressing cells, while only negligible amounts were found in 
the alpha-isoform expressing cells.  

It was possible to detect phosphorylated PDGFR  even in endogenously 
expressing human fibroblasts. When stimulating the cells with different 
amounts of PDGF-BB, in situ PLA revealed a similar dose-response curve as 
obtained with immunoblotting. 

To test if the assay would be applicable for analyses in tissue sections, 
fresh frozen human scar tissue was analyzed for the presence of 
phosphorylated PDGFR Receptor expressing stromal fibroblasts and 
pericytes are stimulated by PDGF-BB secreted during wound healing100, so 
in situ PLA signals were found in the fibrotic dermal stroma beneath the 
epithelium and the stroma around venules, in accordance with literature. 
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Discussion 
In situ PLA was shown to be a potent method also for detection of PTMs. 
Double recognition of the target protein for signal generation and the 
therewith accomplished selectivity, made it possible to discriminate between 
the phosphorylated PDGFR  and - The potent amplification step 
integrated in the protocol enabled detection of single phosphorylated 
receptors. By utilizing species-specific secondary PLA-probes, the need to 
conjugate every primary antibody was overcome. Thus, secondary PLA-
probes can be produced in large batches and be stored for a long time, 
ensuring reproducibility of the experiments. Any pair of primary antibodies 
can now be applied as long as the two antibodies are derived from two 
different species.  

Since the RCPs stay attached to the site where the primary antibodies 
have bound, the results can hence be interpreted both with regard to the 
spatial distribution of the signals within the cells, as well as the variation 
within the cell population.  

Paper II: Flow cytometric in situ proximity ligation 
analyses of protein interactions and post-translational 
modification of the epidermal growth factor receptor 
family 
Aim of the study 
In paper II, in situ PLA was performed using flow cytometry as readout, 
which would enable analysis of thousands of individual cells in one run. In 
this study, homo- and heterodimers between EGFR and HER2 were 
determined and detection of the phosphorylation status of EGFR by in situ 
PLA was compared to IF.  

Methods 
For relative quantification of EGFR and HER2; SKOV-3, U343 and MCF-7 
cells were stained with fluorescence conjugated primary antibodies and 
analyzed using a flow cytometer. The same cells were analyzed with in situ 
PLA for EGFR and HER2 interactions using PLA-probes made from 
Cetuximab and Trastuzumab. To visualize phosphorylated EGFR in EGF-
stimulated U343 by in situ PLA, primary antibodies goat-phosphorylated-
EGFR (pEGFR, pY1173) and rabbit-pEGFR (pY1045) together with 
secondary PLA-probes were applied. The same primary antibody (rabbit-
pEGFR pY1045) was also used in IF and both samples were analyzed by 
flow cytometry. 



 34 

For comparison, cytospins of the same EGF-stimulated cells were used to 
detect phosphorylated EGFR either by IF using the rabbit-anti-pEGFR 
antibody or by in situ PLA.  

Results 
Levels of homo- and heterodimers of EGFR and HER2 were investigated in 
three different cell lines: U343, SKOV-3 and MCF-7. First the protein levels 
were determined by IF-based flow cytometry: U343 and SKOV-3 expressed 
high levels of EGFR while MCF-7 expressed only low levels; for HER2, 
U343 expressed low, SKOV-3 high and MCF-7 intermediate levels of 
protein. Next, in situ PLA-based flow cytometry was applied to detect levels 
of EGFR-EGFR, EGFR-HER2 and HER2-HER2 dimers: U343 showed high 
levels of EGFR-EGFR homodimers and low levels of the hetero- and HER2 
homodimers. In SKOV-3 cells low levels of EGFR-EGFR but high levels of 
the other two investigated dimers were detected. Finally, for MCF-7 none of 
the investigated dimers could be detected even though HER2 was expressed 
in these cells. However, MCF-7 also expresses HER3, which is a preferred 
interaction partner of HER2 and might bind most of the HER2 molecules.  

In the next step, to detect changes in dimerization upon stimulation with 
EGF, the three cell lines were stimulated with varying amounts of EGF for 
different amounts of time and at different temperatures. Since no changes in 
dimerization were detected in any of these conditions, the phosphorylation 
status of the EGFR in U343 cells upon stimulation by EGF was instead 
determined by both in situ PLA and IF. When utilizing one of the primary 
anti-pEGFR antibodies for IF to detect pEGFR, the signal increased only 
slightly over background upon stimulation. With in situ PLA utilizing both 
pEGFR-antibodies, the ligand dependent increase in signal was dramatic. 
The same observation could be made when these experiments were 
performed on cytospins of the stimulated cells.  

Discussion 
In our work we were able to detect homo- and heterodimers of EGFR and 
HER2 by in situ PLA, and the results for U343 and SKOV-3 are in 
agreement with what is described in the literature, namely that the preferred 
interaction partner is HER2. In the MCF-7 cell line, we could not detect any 
of these dimers, even though HER2 is expressed in this cell line but most 
probably engaged with HER3. Therefore, expression levels alone do not 
provide enough insight into how the proteins interact with each other. We 
did not detect any changes in dimerization levels in any of the investigated 
dimers upon EGF-stimulation, but could detect changes in the amount of 
pEGFR by in situ PLA, confirming that the EGF-stimulation was successful. 
This phosphorylation was difficult to detect by IF, due to unspecific staining 
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of the primary antibody, again showing that dual recognition provides 
advantages over single recognition. The lack of response in dimerization, 
upon ligand stimulation, might be due to that the distance requirement of our 
in situ PLA (estimated to be below 30 nm) is not sufficient to detect the 
change in distance between the epitopes of the EGFR, although for other 
receptors such as VEGFR101 receptor dimerization upon stimulation has been 
detected. Whether the members of the EGFR family exist as pre-formed 
clusters in the cell membrane that change conformation upon stimulation 
with the ligand, or whether they exists as inactive monomers, which 
associate with each other upon stimulation, is widely discussed in the 
literature90-91. 

In this paper we have successfully used in situ PLA together with flow 
cytometry, which increases the through-put compared to in situ assays by 
microscopy, allowing investigation of thousands of individual cells. We 
could also show that in situ PLA can be used for detection of PTMs even if 
each antibody alone, when used in IF, is not selective enough to distinguish 
its target molecule from the background. 

Paper III: Simultaneous visualization of both signaling 
cascade activity and end-point gene expression in single 
cells. 
Aim of the study 
Two methods recently developed by my group were combined for detection 
of PTMs of receptors (in situ PLA) and individual mRNA molecules 
(padlock probes)79. In situ PLA was utilized for the detection of 
phosphorylated PDGFR  together with padlock probes for detection of 
DUSP6 mRNA, a downstream target of the PDGFR  signaling. The aim of 
the study was to determine if the two protocols could be combined, since the 
ability to address several nodes of a pathway at the same time would be a 
valuable tool for e.g. drug screening.  

Methods 
BJhTert cells were starved for 48 hours in Modified Eagle Medium + 0.1% 
fetal calf serum. For stimulation, PDGF-BB was added at different time 
points and the cells were incubated at 37oC. When inhibitors (Gleevec or 5-
Iodotubercidin) were applied, these were added at a final concentration of 10 
µM 1 h before stimulation with PDGF-BB was started. The drug 
concentration was kept constant throughout the stimulation. After fixation 
and permeabilization, mRNA detection by padlock probes was performed as 



 36 

described in Larsson et al.79. Alternatively, PDGFR -phosphorylation was 
detected as described in paper II, with the exception that the pY751-antibody 
was exchanged for the pY100-antibody.  

To accomplish simultaneous detection of phosphorylated PDGFR  and 
DUSP6 molecules, padlock probes were ligated to the target cDNA before 
the cells were blocked and primary antibodies and PLA-probes were applied. 
After hybridization and ligation of the circularization oligonucleotides for in 
situ PLA, RCA was performed for both methods together and detected by 
hybridization of differently labeled oligonucleotides. In all cases, the cell 
membranes were stained with FITC-labeled wheat germ agglutinin and the 
nuclei were labeled with DAPI. Images were taken with an epifluorescence 
microscope, three images per condition, enhanced in ImageJ102 and analyzed 
in CellProfiler103 on a single cell level. 

Results 
First the kinetics of PDGF-BB stimulation was determined for PDGFR  
phosphorylation and DUSP6 expression levels. As expected, PDGFR  
phosphorylation increased steeply within the first 5-10 min of stimulation 
before the levels gradually decreased towards baseline levels, due to 
internalization of the receptor. Maximal DUSP6 expression was detected 
after 3 hours of PDGF-BB stimulation, in the same range as described 
earlier, despite differences in the applied model system88. Then in situ PLA 
and padlock probe detection were combined in one protocol. To access what 
effect the combination of these two methods had, we investigated ACTB 
mRNA instead of DUSP6 since ACTB is an abundantly expressed 
housekeeping gene and changes in detection efficiency would be more 
readily detectable. Even though the combining of both protocols decreased 
the detection efficiency by 50% compared to the individual detections, the 
levels of ACTB were overall unaffected by treatment with PDGF-BB, 
indicating that a higher number of in situ PLA signals does not inhibit 
detection by padlock probes.  

Then, in situ PLA and padlock probes were combined to detect, which 
effects the treatment with either Gleevec or 5-Iodotubercidin had on the 
PDGFR  pathway at the two nodes investigated. As expected, treatment 
with Gleevec prior to PDGF-BB abolished the increase in signals from both 
PDGFR  phosphorylation and DUSP6 expression. 5-Iodotubercidin on the 
other hand affected only signals from DUSP6, since 5-Iodotubercidin acts on 
the pathway downstream of PDGFR . 
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Discussion 
The results presented herein show that in situ PLA can be combined with 
padlock probes for detection of individual proteins and mRNA molecules in 
situ.  

Since data analysis was done on a single cell level, cell-to-cell differences 
were readily accessible. Even though the cells were synchronized by 
starvation, the variation in response to PDGF-BB treatment was quite large 
at the investigated time points in particular for DUSP6, where some cells 
seemed to burst with expression while others were lacking behind. 
Alternatively, transient bursts of expression in between the time points of 
analysis were not detected. This heterogeneity would have gone unseen with 
an averaging method. Furthermore, as the molecules are detected in situ, not 
only information about the amount of detected signals per cell can be 
retrieved, but these data can even be put in context of the morphology and 
surrounding of the cell. The method presented here for simultaneous 
detection of individual PPIs, PTMs of proteins and mRNA molecules should 
be particularly interesting in drug screening applications for discovery of 
new drugs that affect a pathway at a certain point but leave other parts 
unaffected.  

Paper IV: Visualizing individual, sequence-specific 
protein-DNA interactions in situ 
Aim of the study 
The aim of this paper was to develop a method for detection of protein-DNA 
interactions in situ that can discriminate between closely related genomic 
sequences. As a model system, histone H3’s binding to a 26 bp-Alu repeat 
consensus sequence (5’CCTGTAATCCCAGCACTTTGGGAGGC 3’)95 
was utilized. This Alu-repeat sequence is highly abundant in humans 
(~60,000 copies per genome) but not present in mice, although they carry an 
orthologous sequence present in ~6,000 copies 
(5’CCTTTAATCCCAGCACTCGGGAGGC 3’; differences to the human 
sequence are indicated in bold)104. 

Three different approaches for detection of protein-DNA interactions in 
situ were investigated. The most selective – “padlock probe based in situ 
PLA” – based protein recognition on in situ PLA with a single antibody and 
a single PLA-probe and detection of the genomic sequence on modified 
padlock probes. 
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Methods 
Human (BJhTert) and mouse (NIH3T3) fibroblasts were seeded on glass 
slides and allowed to attach over night. Subsequent to fixation and 
permeabilization, the cells were treated with AluI and Lambda-exonuclease 
to cut the genomic DNA and make it partially single stranded. Now the cells 
were subjected to one of the following protocols: 

Hybridization based in situ PLA 
As DNA-detecting PLA-probe, an oligonucleotide complementary to the 
target sequences was utilized. This oligonucleotide hybridized to BJhTert 
and NIH3T3 cells before incubation with anti-histone H3 antibody and anti-
rabbit PLA-probe. Subsequently, two circularization oligonucleotides were 
allowed to hybridize and ligate, and the resulting DNA-circle was amplified 
by RCA and detected by fluorescence-labeled detection oligonucleotides.  

Genomic DNA-templated in situ PLA 
The next approach was to use single stranded genomic Alu repeats as 
templates for ligation of the circular probes. Cells were first incubated with 
primary antibody and secondary PLA-probe as described for hybridization 
based in situ PLA. Subsequently, the two circularization oligonucleotides 
were hybridized directly to Alu-repeats at the genomic DNA and the 
secondary PLA-probe, followed by ligation using T4 DNA ligase. The 
resulting circular DNA molecule was amplified by RCA as described for 
hybridization based in situ PLA. 

Padlock probe based in situ PLA 
In the final approach, we used a padlock probe modified with two internal 
uracil-containing hairpin structures. The padlock probe was first hybridized 
and ligated to the genomic DNA, using Amp-ligase at 45oC before primary 
antibody and secondary PLA-probe were added. Treatment with Uracil-
DNA-glycosylase (UNG)/EndoIV was then performed to degrade the 
hairpin-structures of the padlock probe, allowing it to hybridize to the PLA-
probe. Upon hybridization of an additional splint oligonucleotide to the 
PLA-probe, a circular DNA molecule could be created, amplified by RCA 
and detected by fluorescence-labeled detection oligonucleotides (Figure 11).  
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Figure 11. Hairpin-containing padlock 
probe.  

The hairpin-containing padlock probe 
hybridizes to the target sequence via the 
target complementary sites of the probe 
(green) and is ligated. Subsequently, the 
hairpin structures (orange) can be resolved 
by removing the uracil bases. Now the 
parts of the probe complementary to the 

antibody-bound PLA-probe (blue) are liberated and can hybridize to the PLA-probe 
forming a circular DNA molecule.  

Results 
Hybridization based in situ PLA 
To test if the selectivity of hybridization would be sufficient to discriminate 
between human and mouse sequences, binding of the Alu-specific probe 
alone was detected by a padlock probe hybridizing to the free 3’ end of the 
PLA-probe. Even though the staining was more intense in human cells, there 
was still substantial staining found in mouse cells, indicating unspecific 
hybridization. The primary antibody was tested by IF and was found to give 
a similar staining in both human and mouse cells.  

When using probes for in situ PLA to detect protein-DNA interactions, 
we observed ~160 interactions per human cell which was a 5-fold increase 
compared to the mouse cells, where ~30 interactions per cell were detected. 

Genomic DNA-templated in situ PLA 
Since detection of target DNA by hybridization was not specific enough, 
genomic DNA should be tested directly as PLA-probe. After incubation with 
primary antibody and secondary PLA-probe, the circularization 
oligonucleotides could hybridize to both the PLA-probe and genomic DNA, 
and then be ligated. An additional tag oligonucleotide was incorporated into 
the final circle to avoid unspecific ligation between two genomic sequences, 
i.e. increasing the requirement for a perfect match at the PLA-probe. This tag 
oligonucleotide served as a second detection site in the final RCP and thus 
only double colored RCPs were regarded as true signals. With this second 
design ~13 times more signals were detected in human compared to mouse 
cells. 

Padlock probe based in situ PLA 
To further improve the selectivity of the DNA detection we switched ligase 
to Amp-ligase that tolerates higher temperatures for ligation and thus is more 
specific than T4 DNA ligase. Since the antibodies utilized for detection of 
the protein part might not endure temperatures exceeding 37oC, the DNA 
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had to be targeted prior to the protein. Circularization oligonucleotides were 
converted into a padlock probe to couple both sequences together and with 
that increase the likelihood that both would bind to the same target sequence. 
This necessitated however that the padlock probe contained sequences that 
were complementary to the oligonucleotide carried by the PLA-probe. 
Hence, the PLA-probe would be attracted to the site where the padlock probe 
had bound without the requirement to recognize a primary antibody in its 
proximity. To circumvent this problem, two hairpin structures were 
introduced in the padlock probe, shielding the PLA-probe complementary 
parts. Subsequent to ligation of the padlock probe to genomic DNA and 
binding of the primary antibody and the secondary PLA-probe, the hairpin 
structures in the padlock probe were opened. This was achieved by 
degradation of the uracil residues incorporated in the padlock probe, hence 
allowing the probe to hybridize to the PLA-probe. As the hairpin-containing 
padlock probe could be amplified by RCA like a regular padlock probe, it 
had to be ensured that the probe had been cleaved by UNG/EndoIV and 
religated. We therefore introduced a tag oligonucleotide into the final 
circular DNA (as described above) that served as a second detection site, 
confirming that the padlock probe had been cleaved and religated. Only 
double colored signals were regarded as true detected interactions whereof 
~25 signals could be detected for interaction of Alu-repeats with histone H3 
in human cells and almost no interactions were detected in mouse cells 
(median = 0). Hence, padlock probe based in situ PLA resulted in a ~500 
times higher signal in humans than in mice, showing the highest selectivity 
of the methods tested herein.  

Discussion 
We have herein described the first method that enables a highly selective 
detection of PDIs in situ, potent to discriminate between highly homologous 
sequences. However, only a small fraction of all Alu repeats was detected, 
giving a detection sensitivity of ~0.13%. Thus we are still far from being 
able to detect transcription factors’ interaction with single copy genes. To 
improve this method further and make it applicable for less abundant 
interactions, accessibility of genomic DNA to the probe needs to be 
improved without affecting the protein binding to DNA. To gain access to 
genomic DNA, the nucleus had to be permeabilized and the degree of 
permeabilization to gain access to the nucleus had to be balanced to the 
amount of protein that was lost due to permeabilization. With padlock 
probes, ~0.13% of all Alu-repeats could be detected, which suggests that a 
great part of the genomic DNA is not accessible to restriction digestion and 
exonuclease treatment or inaccessible for the probes.  
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Summary and future perspective 

Analyses on a single cell level are essential to determine cell-to-cell 
variations in a population and assays where this can be performed in 
complex material, such as tissue sections, are needed for the methods to also 
be applicable in a diagnostic setting. The papers presented in this thesis all 
utilize in situ PLA in one way or another to investigate interacting 
biomolecules and their modifications, as a measurement of protein activity 
status. In paper I, we developed secondary PLA-probes to detect the 
phosphorylation of individual PDGFR  molecules. These probes allowed us 
to apply primary antibodies, without the need for conjugation, as long as 
these antibodies were derived from different species. Individual in situ PLA 
signals could be quantified and with that provide a measurement of how 
many receptors were phosphorylated upon different treatments. To increase 
the throughput, we investigated in paper II if in situ PLA would be 
compatible with flow cytometer readout for detection of homo- and 
heterodimers of EGFR and HER2, as well as phosphorylation of EGFR. In 
addition, we could also show that in situ PLA was superior to IF for 
detection of phosphorylated EGFR due to its dual recognition. In paper III, 
we combined in situ PLA detection of PDGFR  phosphorylation with 
padlock probe detection of DUSP6 mRNA, both being induced by PDGF-
BB stimulation. The ability to simultaneously measure activity status at 
different nodes in a signaling cascade provides a tool to study kinetics at a 
single cell level and can be utilized to dissect the molecular effect of drug 
candidates. In paper IV, we developed a method for detection of PDI in situ 
utilizing both in situ PLA and padlock probes, providing a highly selective 
method and paving the way for future developments of assays to determine 
protein interactions with single copy genes. The papers included in this 
thesis are a contribution to the molecular toolbox offering means to deepen 
our understanding of how cells are regulated through interactions between 
various biomolecules and of what variation that occurs within a seemingly 
homogenous cell population.  

Of course, still too many questions remain unanswered, and are not 
possible to answer with current available methods or have not yet been 
asked. Therefore, new methods and improvements of existing methods are 
always required. To retrieve as much information from each investigated cell 
as possible, not only should the type of binders that can be used with in situ 
PLA be expanded, but also the number of molecules that can be investigated 
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simultaneously. Therefore a multiplex version of in situ PLA has been 
developed to determine the balance between alternative interaction partners 
and to follow signaling pathways (Leuchowius et al., submitted). 
Furthermore, the dynamic range of in situ PLA’s single molecule 
discrimination is restricted since it has to be possible to distinguish 
individual signals. To expand the dynamic range and dissolve signals that 
have converged, a novel oligonucleotide design has been tested that can 
increase the dynamic range by several orders of magnitude (Clausson et al. 
in preparation). Also, other designs that provide the ability to decrease or 
increase the distance requirement for the generation of in situ PLA signals 
have been developed (Leuchowius et al., submitted). Utilization of screening 
and scanning devices as well as flow cytometers makes in situ PLA 
applicable even for high content analyses as demonstrated by Leuchowius et 
al.105. Now it is possible to screen new drugs not only for their effect on the 
expression of a protein but also for their impact on the function, and the 
analyses can be done either on cell lines or in patient cells to support the 
choice of therapy.  

Methods to detect protein-DNA interactions for single copy genes 
interacting with rare proteins like transcription factors are a future goal. To 
achieve this goal with in situ PLA, the greatest current obstacle is that 
genomic DNA has to be made accessible to probes, while also the proteins 
have to stay in place. Therefore fixation and permeabilization need to be 
improved. Furthermore, all enzyme and binder based reactions need to be 
performed with high efficiency. Whether an interaction is detectable will 
also depend on the place in the nucleus where this interaction occurs, and 
how condensed the chromatin is at this place. Interactions between other 
types of biomolecules such as protein-RNA also require method 
development. As the efficiency of the DNA ligases for a DNA/RNA hybrid 
is very poor, our method for PDI detection described herein would require 
development of a ligase efficient in ligating a DNA molecule templated by 
RNA. Alternatively, if an RNA molecule can ligate on an RNA template, an 
RNA polymerase (or reverse transcriptase) would be capable to perform an 
RCA. 

However, despite all efforts to improve the sensitivity of the target 
molecule detection – protein, nucleic acids and all combinations hereof – it 
will be challenging to detect 100% of endogenously expressed, untagged 
molecules present in a sample. What might be the greatest obstacles is the 
accessibility of the target molecules and the fact that all types of binders and 
enzymes have a limited affinity for their target but unfortunately also an 
affinity for other, irrelevant molecules.  

But where does that leave us? As mentioned in the beginning, in addition 
to in vitro methods that provide important basic knowledge, methods that 
visualize endogenous molecules in cells, tissues and whole animals will 
contribute substantially to a deeper understanding of the processes of life. As 
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Richard P. Feynman said: “It is very easy to answer many of these 
fundamental biological questions; you just look at the thing!”. Being able to 
look at single molecules and how they interact in signaling cascades, in 
individual cells and potentially in vivo, is desirable so that we one day can 
understand how cells and whole organisms work. It is tempting to speculate 
that methods could be developed to detect all proteins belonging to one 
pathway and their interactions in multiplex, so that the signaling cascade 
could literally be “looked at” in individual cells. If further protein detection 
could be combined with multiplexed detection of RNA and DNA molecules 
in situ, then gene expression profiles and mutations as well as changes in 
signaling cascades could be studied in healthy and diseased cells. In that case 
questions like: Where in the cell and tissue are the interactions taking place? 
How often do certain interactions occur and how are they distributed in the 
cell, the population, the tissue and the organism? – all leading up to the 
ultimate question: Which molecular events cause or perpetuate a disease and 
how can it be cured? – could be answered. The methods presented in this 
thesis will hopefully be one step in the relay to answer these questions.  
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