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Abstract
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The cells building up the human body is in constant communication with each other. This
communication is done through large complex networks of signaling pathways for inter- and
intracellular signal transduction. The signaling activity regulates many important processes, for
example cell death, proliferation and differentiation. Information within the signaling networks
is communicated over the cell membrane, through the cytoplasm and entering the nucleus by
protein activities such as protein-protein interactions (PPIs) and post translation modifications
(PTMs). The cells adapts to their own environment, responding to multiple stimuli from their
surroundings. This in combination with memory of previous responses, difference in cell cycles
stages and sometimes altered genetic background generates heterogeneous cell populations in
which every cell is slightly different from its neighbor. This calls for methods to study the
activity of endogenous proteins in individual cells within a population.

In situ proximity ligation assay (in situ PLA) was originally developed to visualize interaction
between endogenous proteins in fixed cells and tissue and can also be applied to detect PTMs.
This thesis describe the application of in sifu PLA to study PPIs in signaling pathways and the
work to further develop and improve techniques for proximity dependent detection.

In paper I in situ PLA is used to study cross talk between the Hippo and the TGF signaling
pathways. The study shows the complex formation by the transcription co-factors of the Hippo
pathway, Yap and Taz, and the main effectors of the TGF pathway Smad2/3. Furthermore the
density dependent localization of the interaction is described.

Paper II presents a new version of the in situ PLA probes for simultaneous detection of
multiple complexes. Visualization of various complexes involving EGFR, Her2 and Her3 is
presented as a proof of concept.

The efficiency of in situ PLA is limited by several factors, one being the design of PLA
probes and oligonucleotide systems. Even upon proximal binding of the probes there is a risk of
formation of non-circular ligation products, which cannot be amplified and detected. In Paper
III two new PLA probes are presented aiming to reduce the formation of non-circular ligation
product and hence increase the detection efficiency of in situ PLA.

Paper IV presents a new method for detection of protein complexes and phosphorylation;
proxHCR. ProxHCR combines signal amplification by enzyme free hybridization chain reaction
(HCR) with the requirement of proximal binding of two affinity probes. As a proof of principle
the method is used to detect multiple complexes and protein phosphorylation in fixed cells and
tissue.
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Introduction

Life started on earth billions of years ago. How and in what form we can
probably never know for sure but that life form has developed into a huge
range of organisms, from simple single-celled bacteria to large complex
organisms with their individual cells collaborating to make up organs and
systems. The cell theory was established in the late 1830°s by Matthias
Schleiden and Theodore Schwann, when they stated that cells are the build-
ing blocks of all plant and animal tissue'. The human being is far from the
largest organism on earth, compare us to the blue whale that can reach a
weight of 200 tons. Still our bodies consist of about 40 trillion cells®, build-
ing up all our organs and tissue, interacting to make us one single organism.
All cells in a human body contain an identical, or almost identical, copy of
our genomic DNA. It is the regulation of which part of the DNA is expressed
and transcribed to messenger RNA, and in the next step which proteins
translated, that decides the functional status of the cell. These proteins are
responsible for almost all cellular functions such as cell structure, movement
and communication’.

The proteins largely determine the characteristics of a cell and their presence
can be used as a marker of the cell status. But mere knowledge of the pres-
ence or absence of a protein in a cell usually contributes insufficient infor-
mation. Knowing the amount and cellular localization will give a hint of the
protein function but knowing if the protein is alone or takes part in complex-
es with other proteins further improves our knowledge. During my PhD
studies I have been working with development and use of in situ proximity
ligation assays (in situ PLA) for visualizing and analyzing proteins, protein-
protein interactions and post translational modifications (PTMs) where they
naturally occur, i.e. in situ.

Signaling networks - Communication and coordination

All the cells in an organism are engaged in a complex communication with
each other to share information and to coordinate functions and activities.
The cells act within their environment by enacting their differentiated gene
programs, responding to stimuli from their surroundings and communicating
with other cells. One approach to communication between cells is the release
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of ligands that can bind to receptors of other cells to start a series of events; a
signaling pathway. The signaling is initiated by the binding of a ligand to a
receptor, creating a conformational change that causes recruitment of other
proteins to the receptor. This is the starting point of a signal transduction,
converting the signal to a cellular response’. Through the signaling pathway
information is transferred by PTMs®, protein-protein interactions > and trans-
location of proteins. This results in either activity change of existing proteins
or in a change in DNA transcription, for example by protein binding to
DNA®. Signaling pathways regulate important functions such as prolifera-
tion, differentiation, migration and apoptosis’'’. Describing this signaling as
independent pathways is really a too simplified explanation. The signaling
pathways interact with each other and should rather be seen as complex sig-
naling networks''.

Activity in the cell signaling networks is directly linked to the cell functions
and status. Aberrant activity in a signaling pathway disrupts the control sys-
tem and normal functions of a cell, and can cause diseases such as cancer '%.
Studying the cell signaling pathways and their interactions gives us infor-
mation of how to characterize healthy and unhealthy cells and what differen-
tiate them from each other'"". Cancer cells often carry the properties of
uncontrolled growth and genetic instability '* leading to heterogeneity within
tumors . As the cancer cells divide they will compete with both other can-
cer cells and healthy cells about space and nutrition'®. Metastatic cancer can
be spread by cancer cells detaching from the main tumor by epithelial-
mesenchymal transition (EMT). The detached cancer cells can enter the
blood stream in the form of circulating tumor cells (CTC) and invade new
tissue to form daughter tumors after mesenchymal-epithelial transition
(MET)'"*®. The combination of response to the external environment and the
high mutation rate in many cancers further increases the diversity within and
between tumors .

The standard in vitro approach of studying cell activity often involves study-
ing the average of proteins, or protein-protein interactions, of a cell popula-
tion. Besides loosing information about the cell heterogeneity this also omits
spatial information. Studying cell signaling calls for methods to detect en-
dogenous proteins as well as study their activity with single cell resolution to
retain information about the heterogeneity of cell populations.

Methods for studying proteins in situ

Proteomics can be divided into expression proteomics; studying the abun-
dance and location of proteins and functional proteomics focusing on protein
activities such as interactions, PTMs and signal transduction®. A signaling
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pathway can consist of a series of protein interactions and PTMs, transmit-
ting the information from the cell membrane, through the cytoplasm and to
the nucleus®'*>. As signaling is a consequence of both the genetic program
and the cell’s interaction with its environment, detecting these events in situ
will provide information on cellular communications and response to micro-
environmental cues.

There are several methods available to detect the important protein-protein
interactions and PTMs. This work revolves around one of these methods, in
situ PLA. To give a perspective of available methods I will start by introduc-
ing a few other methods for detection of protein activity and interactions.

There are many methods available for detection of protein interactions in
vivo, such as yeast-two-hybrid systems> and its mammalian equivalent™, or
in vitro; electrophoresis mass spectrometry (MS) in combination with gel
electrophoresis™, Surface plasmon resonance (SPR)***’, immunoprecipita-
tion and TAG systems>. Even though these methods have proven very use-
ful, they generally lack the ability to observe cell-cell variations. Hence, to
be able to reveal heterogeneity and cellular communication analysis needs to
be performed in situ on endogenous proteins, which calls for additional
methods. This work will focus on methods primarily used in situ.

Immunohistochemistry (IHC) (figure 1a) and immunofluorescence (IF) (fig-
ure 1b) are two commonly used methods for detection of endogenous pro-
teins in situ* ", both methods are used in many clinical applications®'**. The
methods utilize antibodies, carrying marker molecules, to bind to the target
protein. The marker molecule, that can be an enzyme or a fluorophore, is
then visualized by wide-field or confocal microscopy. By using two different
reporter molecules the co-localization between two proteins can be measured
and indicate an interaction but these approaches are limited by light micros-
copy resolution or that of the signal generating system used (i.e. colored
precipitates formed by attached enzymes). Enzymatic limitations and the
difficulty to resolve colors in bright field imaging limit opportunities for
multiplexing THC, making IF an attractive alternative to study co-
localization. The sensitivity of IF depends on the strength of the specific
fluorescent signals compared to the autofluorescence background from the
sample, a problem of greater concern when studying weakly expressed pro-
teins. Both IF and IHC have the possibility to utilize secondary affinity bind-
ers; probes targeting the primary affinity binder. Using secondary binders the
amount of reporter molecule per target molecule can be increased. IHC and
IF have no proximity condition for signal generation, thereby these methods
are highly dependent on the ability to visualize and analyze the localization
with high resolution.
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Figure 1. Protein detection using IHC and IF.

(a) IHC; secondary antibody carrying horseradish peroxidase (HRP) binds to the
primary antibody. The HRP converts substrate to colored product to be visualized by
bright field microscopy. (b) IF; fluorescently labeled secondary antibodies bind to
the primary antibody. Visualization can be done by fluorescence microscopy.

Optical imaging by fluorescence microscopy is used in research and clinics
all over the world. For a long time the resolution; the shortest distance be-
tween two imaged objects before they seems to amalgamate®, was limited
by the diffraction barrier. This limiting the resolution to around half of the
wavelength of the light used to image the sample®. Developments in mi-
croscopy during recent years, such as stimulated emission depletion (STED)
microscopy °, photo-activated localization microscopy (PALM) *¢, fluores-
cence photoactivation localization microscopy (FPALM) and stochastic op-
tical reconstruction microscopy (STORM)’” have moved the detection limits
beyond the diffraction barrier down to around 20 nm’****°. In 2014 Erik
Betzig, Stefan Hell and William Moerner were rewarded with a joint Nobel
Prize in chemistry for their work developing super-resolved fluorescence
microscopy. Even with the great developments in microscopy, identifying
co-localization by fluorescence intensity in individual pixels will often end
up with a poor resolution when considering the size ranges in a cell and be-
tween proteins. Furthermore the equipment for super-resolution imaging is
expensive and requires training to use thus is not commonly available.
Methods with a proximity condition for the generation of a detectable signal
does not remove the need for high resolution imaging but enables detection
of molecular proximity, rather than optical proximity identified by co-
localization of pixels.

Forster resonance energy transfer (FRET) can be utilized to measure intra-
and intermolecular distances between 2 and 10 nm. FRET is a phenomenon
of distant dependent energy transfer between two fluorophores (in some
applications called fluorescence resonance energy transfer), one donor and
on acceptor fluorophore. The basic principle of FRET (figures 2a and 2b) is
that the donor fluorophore absorbs a photon and thereby becomes temporari-

14



ly excited to a higher electron state. The excess energy can be transferred
from the donor to the acceptor, without emission of the photon, by a dipole-
dipole energy transfer if the following criteria are fulfilled; (i) an acceptor
fluorophore is between 2 and 10 nm from the donor, (ii) the emission spec-
trum of the donor overlaps with the absorbance spectra of the acceptor and
(iii) the donor and acceptor are sufficiently aligned to enable the donor to
induce an acceptor dipole. The transfer efficiency is directly correlated to the
distance between donor and acceptor and can be used as a distance meas-
urement. There are several parameters to detect and measure the transfer
efficiency; change in donor lifetime by fluorescence lifetime imaging mi-
croscopy (FLIM), quenching of donor fluorescence intensity, increase of the
acceptor fluorescence intensity or a change in the fluorescence polarization
(the orientation of the fluorophores)***'. The change in fluorescence polari-
zation, as well as changed distance can also be used to detect conformational
changes of proteins™*. By fusing the acceptor and donor with the target
protein pairs in a complex, FRET can be used to study the dynamics of an
interaction in vivo as well as in situ™** If the acceptor and donor fluoro-
phores are linked to antibodies targeting the proteins of interests then it is
possible to detect interactions between endogenous proteins in situ®**’. There
are also FRET methods available to study single proteins as well as three
party complexes®. It is important not to confuse the distance between the
donor and acceptor labeled proteins with the distance between the actual
target proteins. This is especially important when using acceptor/donor-
coupled antibodies since there is some spatial flexibility in the do-
nor/acceptor — antibody construct.

While useful and precise in many cases, FRET detection assays still struggle
with issues some of which were addressed by the development of biolumi-
nescence resonance energy transfer (BRET). BRET, like FRET, is based on
distance dependent energy transfer between two molecules. In BRET the
donor is bioluminescent luciferase and the acceptor is a fluorophore (figures
2¢ and 2d). Upon oxidation of its substrate luciferase emits luminescence
light that will excite the acceptor. This causes a measurable increase of fluo-
rescence intensity of the acceptor fluorophore.

In contrast to FRET the energy transfer between acceptor and donor in
BRET is independent of their orientation due to the spherical distribution of
luminescence emitted by the luciferase. Since BRET, in contrast to FRET,
does not require optical excitation, the risk of photo bleaching and problems
with background fluorescence are minimized*””°. BRET on the other hand
depends on local access to substrate. Originally BRET showed less sensitivi-
ty compared to FRET, resulting in problems with single cell resolution and
intracellular resolution. However, further development of BRET has im-
proved sensitivity and enabled successful detection of interactions on subcel-
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lular level’'™. Both FRET and BRET have problems with detection of low
abundant proteins. The two methods are also mostly often used in applica-
tions where the acceptor and donor protein domains are fused to the target
proteins, which might alter the protein properties and which precludes stud-
ies of endogenous proteins™

a b

Emitted light Enerfv transfer (FRET) Emitted light

t xeitation f:g.f.l.' Excitation ﬁghm

Donor i i QAL( eplor Donor
rrm.rk d light

Luciferas z 2’1“ eplor Donor

Figure 2. Detection of protein interactions using Forster resonance energy transfer
(FRET) and Bioluminescence resonance energy transfer (BRET).

Acceptor

Emitted light

Enerfy ransfer

Acceptor

FRET (a) Two interaction partners not yet in interaction. One fused with a donor
fluorophore and the other with an acceptor fluorophore. (b) Interaction between the
two interaction partners brings the donor and the acceptor into 2-10 nm distances
from each other, enabling energy transfer from the donor to acceptor. Excitation of
the acceptor causes emission of light. BRET (¢) Two interaction partners that are not
in complex, one fused with luciferase and the other with an acceptor fluorophore.
The luciferase converts substrate, which generates emitted light. (d) Interaction
between the two proteins brings the luciferase close enough to excite the acceptor
causing emission of light of a longer wavelength.

FRET and BRET both generate a detectable signal only if two molecules are
in proximity of each other. This is however not always the same thing as
being members of the same complex or in direct contact. The protein-
fragment complementation assay (PCA) is a method where two, individually
inactive, fragments of a reporter molecule are fused to two interaction part-
ners of interest. Upon interaction the fragments are brought in proximity and
can form an active reporter molecule. There are several versions of PCA,
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many based on the formation of functional enzymes, and other on the for-
mation of fluorescence reporter molecules, also called bimolecular fluores-
cence complementation (BiFC)**”°. By using multiple pairs of split fluores-
cence reporters BiFC can be multiplexed. BiFC has been shown to offer
greater sensitivity than FRET and BRET, and it is suitable for detection in
vivo. BiFC does not depend on the orientation of the interaction partners as
FRET and does not require delivery of a substrate as in BRET, but the tech-
nique cannot be used to measure the distance, although the proximity re-
quirements can be varied by the length of the linkers®™. The methods have
also successfully been combined in BRET-BiFC and FRET-BiFC®*®',

PCA and BiFC are limited to ectopically expressed proteins since the report-
er fragments must be fused to the target proteins. VeraTag is a technology
(also used in the HerTag assay) for detection of endogenous proteins and
protein-protein interaction in formalin fixed paraffin embedded (FFPE) tis-
sue, and thereby suitable for analysis of patient samples. Even though the
method is not detecting localized events in situ, the method is of clinical use
and therefore well worth mentioning. VeraTag utilizes pairs of antibodies as
affinity probes for the interacting proteins. One antibody is attached to a
fluorescence reporter molecule and the other antibody to a biotin molecule.
After binding of the two antibodies to the sample, streptavidin conjugated to
sensitizer methylene blue is added, binding to the biotin labeled antibody.
The sample is illuminated which releases reactive single state oxygen from
the photosensitizer. The short lived oxygen will affect only its close sur-
rounding, enabling a proximity dependent cleavage of the marker fluoro-
phore from the antibody. The detached fluorophore can be collected and
analyzed by capillary electrophoresis®®. The VeraTag technology can only
provide information at the bulk level and fails to offer spatial information
about the target proteins.

Proximity ligation assay — visualizing proximity

The in situ proximity ligation assay is a method for visualizing proximity
between two or three interacting molecules® in situ. The method is a further
development of the proximity ligation assay (PLA), originally developed to
detect proteins and protein interactions in vitro. In the original publication
PLA utilized pairs of DNA-aptamers as affinity probes to detect homodimers
of platelet-derived growth factor B-chain (PDGF-BB) or thrombin. The
DNA-aptamers were extended with additional DNA sequences. Upon bind-
ing within proximity the two additional DNA sequences could hybridize to a
common connector oligonucleotide, allowing the ends to be covalently
joined by enzymatic ligation. The ligation product was then quantified by
real time PCR®.
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In situ PLA was developed to visualize proximity between endogenous pro-
teins using pairs of antibodies as affinity probes (figure 3). Each antibody is
conjugated to an oligonucleotide creating a PLA probe. When a pair of these
probes binds in proximity to each other, they can template the hybridization
of two additional oligonucleotides to form a circular DNA molecule. After
ligation by T4 ligase the circular DNA molecule can be amplified by phi29
DNA polymerase, in a process called rolling circle amplification (RCA),
using one of the probes as a primer. The phi29 polymerase continuously
displace the newly produced strand from the template DNA circle to contin-
ue the RCA, thereby producing a long single stranded DNA molecule con-
sisting of repeats complementary to the DNA circle. One hour of phi29 pol-
ymerase-driven RCA generates a single DNA molecule, consisting of ap-
proximately 1000 monomers of complements to the 100 bases nucleotide
DNA circle. The RCA product remains attached to the protein complex via
one of the PLA probes. The DNA circle includes a detection sequence to
allow the RCA products to be visualized by the hybridization of hundreds of
fluorophore labeled oligonucleotides, detection oligonucleotides, comple-
mentary to the repeated detection sequence in the RCA product. Each such
product is seen as a bright dot of about 1 um size by fluorescence microsco-
py®>*’. The great amount of fluorophores per RCA product decreases prob-
lems with background fluorescence from the sample compared to IF and
FRET/BRET. Every RCA product serves as a localized marker for proximal
binding of the two in situ PLA probes.

By introducing secondary in situ PLA probes; oligonucleotide-coupled spe-
cies-specific pairs of antibodies can be used as general in situ PLA probes in
multiple applications where primary antibodies of different species are
used®. A drawback of using secondary in situ PLA probes is the size of the
primary antibody-secondary in situ PLA probe complex, increasing the dis-
tance criteria for detection. Besides antibodies, recombinant affinity binders,
such as DARpins, can be utilized in in situ PLA®.

Immunohistochemical detection methods have a widespread use and are not
affected by autofluorescence from the sample. By attaching HRP to a detec-
tion oligonucleotide the RCA product can be enzymatically visualized by a
protocol for bright-field microscopy in situ PLA™. Besides protein-protein
interaction in situ PLA has been used for detection of protein-RNA interac-
tion’', protein-DNA* interactions and PTMs"”.
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Figure 3. Principle of in situ PLA

(a) Two PLA probes; oligonucleotide equipped antibodies, binds to the target pro-
teins. (b) Upon proximal binding the PLA probes acts as template for hybridization
of two subsequently added oligonucleotides. (¢) The ends of the hybridized oligonu-
cleotides are ligated by T4 ligase to form a circle. (d) The DNA circle is amplified
by Phi29 driven RCA. (e) The RCP product is hybridized by fluorescently labeled
oligonucleotides. (f) Visualization of cell nuclei (blue) and RCA product (red) by
epifluorescence microscope. In this example detection of Mek-Erk interaction in
Hct116 cells.

Studying cell signaling pathways using in situ proximity ligation
assay

In situ PLA can be used to study signaling pathways in their natural envi-
ronment, revealing heterogeneity among cell populations and within tissue
samples’*. Important information about the activity status of different mem-
bers of the signaling pathway ca be obtained by monitoring and quantifying
interactions and PTMs involved in signal transduction”.

The hippo signaling pathway is one of the control systems for cell growth
and organ size, deregulation of the pathway is associated with tissue over-
growth and tumorigenesis. The pathway was first discovered in Drosophila
melanogaster with many components strongly conserved in humans’™. At
active signaling the two co-transcription factors of the Hippo signaling
pathway; Yap and Taz, are translocated to the nucleus where they can pro-
mote transcription. The Hippo signaling pathway is partly regulated by cell-
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to-cell contract and in dense cell cultures Yap and Taz become phosphory-
lated and bind to the 14-3-3 protein binding site. As a consequence Yap and
Taz are accumulated in the cytoplasm and degraded by ubiquitin-mediated
proteolysis’”’®. The controlling components of the Hippo signaling pathway
is relatively well understood but the up- and down-stream regulatory systems
are not fully known””. As a part of the widespread cell signaling networks
the Hippo pathway is believed to interact with components of other im-
portant pathways such as the transforming growth factor beta (TGFp) signal-
ing pathway. Yap and Taz have been shown to form complexes with and
influence the nuclear shuttling of Smad2 and Smad3, effectors of the TGFp
pathway***'. In the TGFp signaling pathway Smad2 and Smad3 are phos-
phorylated upon interaction between TGFf receptor I and II. Phosphorylated
Smad2 and Smad3 forms a complex with Smad4 and enters the nucleus
whegrg2 they together with other transcription factors influence the transcrip-
tion™™".

Using in situ PLA the activity of signaling pathways can be studied in cell
cultures where both dense and sparse areas of cells are represented®. In pa-
per I (Crosstalk between Hippo and TGFp - Subcellular localization of
YAP/TAZ complexes) we show density dependent formation of Yap-
Smad2/3 and Taz-Smad2/3 complexes and visualize the subcellular localiza-
tion of these complexes.

Signaling networks consists of proteins with important regulatory functions
and many interaction partners, so called nodes or hubs, as well as proteins
engaged in only a few interactions®. The different interaction options for
theses nodes induce different signaling outcomes and alterations in the nodes
has been shown to have a great effect on signaling and development of dis-
eases™ ™. Mapping protein nodes and their interaction partners as well as
determining the balance between the different interaction events provides a
more detailed picture of cellular functions. In paper II (Parallel visualiza-
tion of multiple protein complexes in individual cells in tumor tissue) we
present a multiplex in situ PLA method for simultaneous detection of multi-
ple protein complexes in situ.

Characteristics of a successful detection method

As all other detection methods in situ PLA has its advantages and draw-
backs. The list of characteristics of a successful method for detection of mo-
lecular events will change depending on the application and the user. But
some characteristics are more general and to start with the obvious; a detec-
tion method need to be sensitive and specific. Enough sensitive to detect the
amount of molecules in a sample, and specific to detect the analytes intended
with a minimum of false positives.
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The limit of detection (LOD) is the lowest number of analytes that can be
detected in a robust and reproducible fashion. LOD is often defined as the
number of molecules that give rise to a detection signal either 2 or 3 standard
deviations above the background®*’. The sensitivity and LOD depends on;
the background signal, signal variation among replicates and detection effi-
ciency. Detection with affinity reagents in situ has many causes contributing
to the background; unspecific binding of the affinity reagents, unspecific
binding of the detection reagents and background autofluorescence from the
sample are a few examples. Interactions detected by in sifu PLA are visual-
ized by the binding of detection oligonucleotides to RCA products, creating
high local concentrations of fluorescence that are relatively easy to distin-
guish from background fluorescence and non-specifically bound detection
oligonucleotides. /n situ PLA has the advantage that detection by two, or
sometimes three, independent affinity binders is required to produce a detec-
tion signal. This serve to reduce risks of false positive signals due to unselec-
tive affinity binders. The use of commercial antibodies makes the method
versatile and easy for users to apply towards their specific research question.
That said, one must always take care to find the best binders available for the
application as well as do proper validation. An antibody can cross react with
a related epitope on an irrelevant molecule, or bind to a closely related simi-
lar, homologous protein. Furthermore in situ PLA detects proximity not in-
teraction, this is something the method has in common with other methods
such as FRET, BRET, and IF. Even though the distance criteria is small
enough to indicate interaction, there is always the possibility that the pro-
teins are just very close to each other.

A high detection efficiency for a detection method implies a low LOD and
often also a wide dynamic range. 100% detection efficiency would mean that
every single target gives rise to a detectable signal. This is not the case for in
situ PLA, or any other in situ detection method. There are many factors lim-
iting the detection efficiency of in situ PLA; the dissociation constant (Kp)
of the affinity binders, the efficiency of the enzymatic steps, the composition
and complexity of the sample as well as the design of the oligonucleotide
system. All these factors can also be affected by the experimental conditions
such as buffers, temperatures and time of reaction. One particular factor that
may limit the detection efficiency of in situ PLA is that not every interaction
will give rise to a circular DNA ligation product, even when the two interac-
tion partners are successfully bound by PLA probes. This can be due to inef-
ficient enzymatic reactions but it might also be caused by the design of the
oligonucleotide system used for the PLA probes. Furthermore the formation
of a circular ligation product can be limited by assembly of several inde-
pendent oligonucleotides prior to ligation. In paper III (Increasing effi-
ciency of in situ proximity ligation assay by enzymatic conversion de-
pendent proximity probes) we present and evaluate the efficiency of three
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different oligonucleotide systems by their ability to form a circular ligation
product as well as detect PTMs in situ. The oligonucleotide systems evaluat-
ed are; in situ PLA®, ReLig in situ PLA and Unfold in situ PLA.

ReLig in situ PLA

ReLig in situ PLA is a further development of the previous presented in situ
PLA detection of protein-DNA interaction "*. The system is designed to limit
the difference in concentration and ratio between the in sifru PLA probe and
the circularization oligonucleotides. In ReLig in situ PLA one of the PLA
probes to carry the circularization oligonucleotide while the other PLA probe
is necessary for priming the RCA reactions, creating a one-to-one ratio be-
tween PLA probe and circularization oligonucleotide.

The ReLig in situ PLA probes are equipped with linear oligonucleotides
(figure 4). One of the PLA probes carries a padlock-like oligonucleotide that
includes two hairpin structures. The carrier PLA probe is blocked from prim-
ing the RCA reaction by three 2'-O-methyl bases at the 3’-end. The two
hairpin structures contain deoxyribonucleic uracil and can thereby be opened
for hybridization to the second PLA probe by enzymatic digestion. The ura-
cil is released by Uracil-DNA Glycosylase (UNG) and the apuri-
nic/apyrimidinic sites are removed by Endonuclease IV (EndolV). The now
open oligonucleotide can hybridize to the second PLA probe, and together
with an additional tag oligonucleotide, filling in a short gap between the two
ends of the circularization oligonucleotide, form a circle that can be ligated
and amplified by RCA. Both the circularization and the tag oligonucleotides
contain detection sequences. This enables dual colored RCA products and
also ensures that the RCA product detected is generated from hybridization
with the second PLA probe. Probe specific tag oligonucleotides can also be
used for multiplexing of the method.
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Figure 4. The principle of ReLig in situ PLA.

(a) The PLA probes, one probe carrying a circular oligonucleotide, binds to two
interacting proteins. (b) The circle is opened by enzymatic digestion and now avail-
able for hybridization to the other probe. (¢) The open circle and a tag oligonucleo-
tide hybridize to the second PLA probe. (d) The circle is closed by ligation. (e) The
DNA circle is amplified by RCA and the RCA product is visualized by hybridiza-
tion of detection oligonucleotides.

UnFold in situ PLA

The UnFold in situ PLA design includes two PLA probes, consisting of anti-
bodies conjugated to self-hybridizing oligonucleotides. One of the probes
includes the circularization oligonucleotide sequence (figure 5). This probe
consist of a hairpin structure with a large loop, at the end of the loop three
deoxyribonucleic uracil residues are situated. The second probe consists of a
hairpin structure with multiple deoxyribonucleic uracil residues in the stem
of the hairpin shape. The deoxyribonucleic uracil residues can be enzymati-
cally digested by UNG and EndolV. Upon enzymatic digestion the probe
containing the circularization oligonucleotide sequence is cleaved in two
parts; one part remains attached to the antibody and hybridized to the other
part containing the circularization sequence. The other probe oligonucleotide
will after digestion remain as a single stranded sequence and can now tem-
plate circularization of the DNA strand of the first PLA probe when bound in
proximity. Finally the circle is enzymatically closed and the circular DNA
molecule can be amplified by RCA.
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Figure 5. The principle of UnFold in situ PLA.

(a) The UnFold in situ PLA probes. (b) Enzymatic digestion open the self-
hybridized hairpin structure. (¢) Upon proximity the UnFold ir situ probes can hy-
bridize to each other forming a circle. (d) After ligation the closed circle can be
amplified by RCA and the RCA product can be visualized by hybridization of detec-
tion oligonucleotides.

ReLig in situ PLA and UnFold in situ PLA are designed aiming to reduce
the fraction of non-circular ligation products. The UnFold in situ PLA design
also reduces the number of ligation events needed to form a circle. The
drawback is the addition of another enzyme dependent reaction, the diges-
tion, which could possible reduce efficiency and increase cost.

Removing the enzyme dependency

A method that is complicated, expensive and that requires dedicated equip-
ment will in most cases be of less use than an easy and cheap method that
can be performed using standard equipment. The equipment needed to per-
form in situ PLA is mostly standard equipment found in most labs; possibil-
ity to heat to 37 °C and a bright-field or fluorescence microscope. But the
reactions also depend on enzymes that, besides increasing the cost, have high
demands on storage and control of the reaction temperature. Removing the
enzyme dependency is a step toward a less expensive method with less de-
mand on storage. The basic principles that makes in situ PLA unique is the
proximal binding by pairs of affinity reagents providing localized detection
with high specificity, and the amplification of detection signals to exceed
background, enabling quantification of single detection events.
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Recently an enzyme free amplification method based on sequential DNA
hybridization called hybridization chain reaction (HCR) was described’’.
DNA is a versatile building block that is relatively easy to manipulate to use
for different applications. By design of a DNA sequence a single stranded
DNA molecule can self-hybridize or hybridize to other molecules into dif-
ferent secondary structures’’. HCR is based on four meta-stable single-
stranded DNA molecules that self-hybridize into hairpin structures; two
HCR probes and two elongation oligonucleotides. Even though these mole-
cules can hybridize to each other their strong self-hybridization prevents
them from doing so. Exposure to an activator sequence that invades the stem
of one of the HCR probes, renders part of the stem that now can invade the
second HCR probe. The now opened second HCR probe will in turn invade
one of the first elongation oligonucleotides, starting a chain reaction of these
hybridization events that create a long double-stranded DNA molecule con-
sisting of tiles of opened hairpins held together by base paring’'”*. By using
elongation oligonucleotides conjugated to fluorophores the hybridization
product will contain a large amount of fluorophores. HCR has been utilized
to detect cytokines by attaching the initiator to an antibody in a sandwich
immunoassay format’. The method has also been shown to be possible to
multiplex”.

In paper IV (Proximity dependent initiation of hybridization chain reac-
tion) we present a modified approach of in sifu proximity probes that com-
bines detection of proximity with the enzyme free signal amplification of
HCR; proxHCR (figure 6). In order to introduce proximity dependence for
detection of protein complexes and PTMs a pair of antibodies was equipped
with two different oligonucleotides containing hairpin structures. In the
presence of an activator oligonucleotide one of the hairpins opens up and can
invade the other hairpin structure of the second proximity probe, provided
that two proximity probes have bound in close proximity. This will lead to
exposure of the initiator sequence that previously was hidden in the stem of
the second proximity probe and will start a hybridization chain reaction. The
reaction is driven by release of potential energy in the hairpin structure and
will in presence of additional free fluorescently labeled DNA hairpins create
hybridization products possible to detect by fluorescence. The reaction can
continue until all available DNA hairpins are exhausted.

By avoiding enzyme-dependency the method results in a robust, cost effi-

cient procedure. This is a step towards more portable methods adapted to
point-of-care devices as well as for high throughput screening.
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Figure 6. The principle of proxHCR.

(a) The proxHCR probes are brought in proximity by binding to two interacting
proteins. (b) An activator oligonucleotide invades the oligonucleotide of one of the
proxHCR probes, leaving parts of the invaded probe free to invade the second
proxHCR probe. (¢) The second proxHCR probe is invaded and now partly open to
invade the hairpin shaped elongation oligonucleotide (d) The newly opened
proxHCR probe invades a fluorescently labeled elongation oligonucleotide. (e)
Elongation by invasion and hybridization of fluorescently labeled oligonucleotides.
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Present investigations

Paper I: Crosstalk between Hippo and TGFp -
Subcellular localization of YAP/TAZ complexes

Introduction

The hippo signaling pathway is involved in functions such as growth control
and proliferation, it is associated with the regulation of organ size and linked
to tumorigenesis. The main effectors, Yap and Taz, and their roles in the
regulation of the pathway have been described, but up- and downstream
regulation remain only partially characterized’®*°. The pathway is inactive in
dense cell cultures, where cell-to-cell contacts cause phosphorylation and
cytoplasmic retention of Yap and Taz”*”’. Yap and Taz have been reported
to be involved in the regulation of other important signaling pathways, one
of them being the TGFp signaling pathway by interaction and regulation of
nuclear shuttling of the main effector proteins Smad2/3***'. Smad2 and
Smad3 are phosphorylated by the activated TGFp ligand receptor complex-
es; the phosphorylation induces the formation of Smad2/3-Smad4 complexes
that accumulate in the nucleus where they regulate transcription®*®. The aim
of the project was to analyze the complex formation and complex localiza-
tion of Smad2/3-Yap and Smad2/3-Taz complexes.

Procedure, findings and discussion

We investigated the effect of cell density and TGFf treatment on the nuclear
shuttling of Smad2/3/4, Yap and Taz in HaCaT and in Smad4 deficient
HT29 cells. We showed that treatment with TGFf causes a strong nuclear
accumulation of Smad2 and Smad3 in sparse cell areas but less so in dense
cell areas of HaCaT cells, while Smad4 display less density dependent nu-
clear shuttling. In Ht29 cells Smad2 show a similar pattern as in HaCaT cells
while Smad3 shows less TGFf induced nuclear accumulation. None of the
cell lines had any change in total Smad expression upon TGFf treatment. In
HaCaT cells Yap and Taz accumulated in the nucleus in sparse growing
cells, while being mainly located in the cytoplasm in dense cell areas. In
HT29 cells Yap showed a nuclear accumulation in sparse growing cells but
in dense growing cells Yap could be observed in both nuclei and in cyto-
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plasms. Taz was absent in the nuclei of dense HT29 cells but was present in
both nuclei and cytoplasms in sparse cells.

The hippo signaling pathway has been associated with nuclear shuttling of
Smads by interactions with Yap and Taz. We therefore continued by exam-
ining the formation of Smad2/3-Yap and Smad2/3-Taz complexes. We de-
tected complex formation between Smad2/3 and Yap or Taz in HaCaT cells
by immunoprecipitation while no complexes were found in HT29 cells. The
localization of complexes was determined by using in situ PLA to visualize
the increased formation of both Smad2/3-Yap and Smad2/3-Taz complexes
upon stimulation with TGFP in sparse HaCaT cells. The complexes were
mainly located in the nuclei. In dense cell cultures less TGFf induced com-
plex formation was seen, and the complexes were predominantly localized in
the cytoplasm. No complexes could be visualized in the HT29 cells using in
situ PLA. To determine if the absence of complexes might be caused by
Smad4 deficiency we treated HaCaT cells with siRNA targeting Smad4 and
obtained a successful knockdown. This did not alter the expression or locali-
zation of any of the proteins analyzed other than Smad4. The Smad4 siRNA
treatment did not decrease the number of Smad2/3-Yap complexes but the
treatment resulted in more cytoplasmic complexes compared to no siRNA
treatment. Also the siRNA control resulted in a reduced number of nuclear
complexes. The reason for this difference in nuclear shuttling upon siRNA
treatment is not known. The pattern of density dependent complex formation
by TGFp treatment was not affected by siRNA treatment.

Paper II: Parallel visualization of multiple protein
complexes in individual cells in tumor tissue

Introduction

Many important cellular functions are regulated by cell signaling pathways
in which the information is transferred between and throughout the cells by
protein-protein interactions and protein phosphorylations. These pathways
interact in large signaling networks, affecting each other. In the signaling
networks there are hubs consisting of proteins with many interaction part-
ners, while other proteins have only a few possible interactions. These hubs
have important regulatory functions and aberrations in the hubs can have
grave consequences™ . The original in situ PLA technique® is described as
a method for visualizing complexes involving two or three proteins. In this
study we present a new version of the in situ PLA probe in which a protein
specific sequence is inserted in the oligonucleotide of the in situ PLA probe.
A probe specific tag must then be included to form a circular ligation prod-
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uct upon hybridization of oligonucleotide to two in situ PLA probes bound
in proximity to each other. The circle is amplified by RCA and the RCA
product can be visualized by hybridization of detection oligonucleotides that
uniquely recognize the tag sequence. This design enables simultaneous and
localized visualization of the interaction partners of alternative protein-
protein complexes.

As a proof of concept we visualize pairwise interactions between EGFR,
HER2 and HER3, forming homo- and heterodimers, in breast cancer tissue.
EGFR, HER2 and HER3 are all members of the epidermal growth factor
family and can form homo- and heterodimers upon receptor activation. The
total expression levels of EGFR and HER2 are used as prognostic and pre-
dictive biomarkers, but it has been shown that also the dimerization level has
impact on drug effects'®'"".

Procedure, findings and discussion

The selectivity of the in situ PLA probes were verified by detection of
EGFR, HER2 and HER3, one at a time, in transfected PAE cells, expressing
different combinations of EGFR, HER2 and HER3. These results were con-
gruent with detection of protein expression obtained by Western blot.

We continued with visualizing proximity between EGFR, HER2 and HER3
in fresh frozen human breast cancer tissue. The tissues had been character-
ized by immunohistochemistry measuring HER2 expression and been scored
from 0+ (no visible stain) to 3+ (strong stain). Initially we used a general
HER2-binding probe (with no tag sequence) in combination with specific
(tag-containing) EGFR-, HER2- and HER3-binding probes. This way we
could detect all three versions of HER2 complexes (HER2-HER2, HER2-
EGFR and HER2-HER3). We saw higher levels of HER2 complexes in 3+
tissues compared to the 0+ tissues. We continued with replacing the general
HER2-binding probe with general EGFR- and HER3 binding probes to visu-
alize all pairwise complex alternatives. Complexes consisting of EGFR and
HER3 were less abundant than the HER2 containing complexes in both 3+
and O+ tissues, but the pattern of higher level of complexes in 3+ tissues
compared to 0+ tissues remained.

This new in situ PLA probe design enables visualization of proximity of
combinatorial proteins in fixed cells and tissue. The level of multiplexing by
this design alone is limited by the number of wavelengths possible to distin-
guish by fluorescence microscopy but can be increased by serial hybridiza-
tion of detection oligonucleotide'”>. Multiplexing allows several measure-
ments on the same sample, which is valuable when working with precious
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patient samples. Furthermore multiplex in situ PLA offers simultaneous
visualization of several concurrent complexes with subcellular resolution.

Paper III: Increasing efficiency of in situ proximity
ligation assay by enzymatic conversion dependent
proximity probes

Introduction

The limit of detection of a method is coupled to the efficiency of the method.
The efficiency of in situ PLA is limited by several factors such as enzyme
activity, affinity reagents and oligonucleotide quality but also the design of
the proximity probes and the oligonucleotide system. The formation of the
correct circular DNA molecule depends on the assembly and correct hybrid-
ization of four different oligonucleotides and there is a risk that non-circular
ligation products are formed besides the circular products required for detec-
tion.

In this study we present two oligonucleotide systems; ReLig in situ PLA and
UnFold in situ PLA, designed to reduce the fraction of non-circular ligation
products. Both the new systems are dependent on enzymatic conversion to
form circular ligation products. The ReLig in situ PLA system carries the
parts of the DNA circle by hybridization to one of the PLA probes. After
enzymatic conversion the circle part can, together with a tag oligonucleotide,
form a full circle by hybridization to the second PLA probe. The circle can
be amplified by RCA. In the UnFold in situ PLA design, the circle parts are
integrated in the sequence of one of the PLA probes. After enzyme treatment
the circle parts are available for hybridization to the second PLA probe and
can form a circular DNA molecule.

We evaluate the ability of the new in situ PLA systems to form circular liga-
tion products in solution and to detect PTMs in sifu. The systems are com-
pared to the original in situ PLA design®.

Procedure, findings and discussion

The original in situ PLA was shown to form both circular and linear ligation
products by performing the ligation reaction coupled to beads. The ReLig
and UnFold in situ PLA systems were designed aiming to limit the formation
of non-circular ligation products. Their predicted secondary structures were
analyzed using the Nupack nuclei acid system. To ensure that the additional
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enzymatic step, the digestion by UNG and EndolV, would not be limiting
for the enzymatic conversion the efficiency of the different steps was evalu-
ated and estimated to be almost 100% efficient. The efficiency in forming
circular ligation products was evaluated and the original in situ PLA design
displayed a larger proportion of non-circular ligation products compared to
the other two designs, when the reaction was performed in solution.

All the designs successfully detected increase of phosphorylated epidermal
growth factor receptor (EGFR) in A431 cell upon treatment with EGF. The
UnFold in situ PLA system showed higher detection efficiency than the oth-
er two designs while The ReLig in situ PLA system showed less ability to
detect the elevated phosphorylation level. The designs were also tested to
detect elevated levels of phosphorylated Erk protein in Hct116 cells after
stimulation with Phorbol-12-myristate-13-acetate (PMA). The UnFold in
situ PLA system detected more phosphorylation events compared to the in
situ PLA system, but the two designs showed similar ability to detect eleva-
tions of phosphorylated Erk. The ReLig in situ PLA system displayed inferi-
or detection of elevated of phosphorylation.

In this study we present two enzymatic conversions dependent proximity
probe designs; ReLig in situ PLA and UnFold in situ PLA, aiming to in-
crease the detection efficiency of in situ PLA. The UnFold in situ PLA sys-
tem show increased detection efficiency of phosphorylated proteins com-
pared to the original in situ PLA design. Furthermore the design of the Un-
Fold in situ PLA should enable easy multiplexing by adding a probe specific
tag hybridization requirement and we hope to further develop this design to
use for efficient multiplex detection of protein events in fixed cells and tis-
sues.

Paper IV: Proximity dependent initiation of
hybridization chain reaction

Introduction

The dependence on enzymatic reactions makes in situ PLA relatively expen-
sive and with requirements for temperature regulation and storage. In this
study we present proxHCR as a method for detecting protein complexes and
PTMs, combining the proximity dependent dual binding requisite of in situ
PLA® with the enzyme free hybridization chain reaction (HCR)’' for signal
amplification. By avoiding the requirements for enzymes the method is ro-
bust, inexpensive and possible to use with a minimum of equipment.
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ProxHCR, like regular in situ PLA, utilizes a pair of antibodies with conju-
gated oligonucleotides as affinity binders. The oligonucleotides on the anti-
body pairs each have a hairpin structure. The DNA hairpin structures will
remain stably self-hybridized until one of them is invaded by an activator
oligonucleotide, opening up the hairpin structure. If the two antibodies bind
in proximity to each other, for example to two interacting proteins in a com-
plex, the free part of the opened affinity probe can invade the second probe.
This will leave the second affinity probe with part of the sequence available
for hybridization. In the presence of two additional fluorophore-conjugated
hairpin shaped oligonucleotides this will start a hybridization chain reaction
forming a fluorescently labeled amplification product that serve as a reporter
molecule for the interaction.

Procedure, findings and discussion

We designed five species of oligonucleotides, four of them self-hybridizing
and the fifth as a linear activator oligonucleotide. Two of the self-
hybridizing oligonucleotides are conjugated to pairs of antibodies as parts of
the proximity probes. The additional two hairpin shaped oligonucleotides are
attached to fluorophores and acts as building blocks for the long hybridiza-
tion product, that serves as a reporter molecule. These are added to the reac-
tion upon removal of unbound proxHCR probes. A substantial part of the
study was devoted to optimizing the oligonucleotide designs for proximity
detection. For example mismatches were added to the proxHCR probe se-
quences to suppress generation of false positive signals.

The design of the interacting oligonucleotides was evaluated by surface
plasmon resonance (SPR), showing efficient binding of the activator oligo-
nucleotide and efficient hybridization of the two proxHCR probe oligonu-
cleotides as well as the hybridization of the elongating oligonucleotides. The
Opera high content screening system was used to determine the accumula-
tion of fluorescence by elongation, showing a concentration dependent in-
crease in fluorescence after 5 minutes of incubation. By epifluorescence
microscope we observed no further increase of fluorescence after 30 minutes
of HCR. Quantification of the signals is done based on fluorescence intensi-
ty, rather than counting individual amplification products.

ProxHCR as a means for detection of protein complexes and PTMs in situ
was evaluated by comparison with established in situ PLA assays. We
demonstrated successful detection of E-cadherin-B-catenin interactions in
cells and in FFPE tissue sections. In preparations of cultured cells we also
showed complexes of BCL2-BNP3, LC3-SQSTM1 and Mek-Erk, and we
detected phosphorylation of PDGF-receptor B, Akt and Syk.
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ProxHCR showed successful detection of both protein complexes and phos-
phorylations. In contrast to in situ PLA the method does not rely on enzy-
matic steps, which reduces its demands on storage and overall costs.
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Summary and future perspectives

In this thesis I emphasize the importance to study not only protein expres-
sion but also the activity of proteins. It has been shown that the expression
level of proteins alone, including proteins today used as clinical biomarkers,
often do not serve as prognostic and predictive biomarkers '**'**, hence there
is a need to study also the activity of proteins. Many well-established meth-
ods for evaluation of proteins, protein complexes and PTMs fail to observe
the cell-to-cell heterogeneity in both cells and tissue. One important applica-
tion when detecting molecular events is characterizing the molecular events
in a population of cancer cells i.e. cancer tissue. Knowing that there is a
great heterogeneity both between and within tumors", it is not enough to
analyze the average of a cell population.

In paper I we present how in situ PLA can be used to visualize molecular
events of crosstalk between the Hippo and the TGFp signaling pathways.
Complex formation is visualized with single cell resolution, showing differ-
ences depending on the microenvironment (cell-to-cell contact) within the
same culture. Subcellular resolution facilitates analysis of how the molecular
events act in the different compartments of the cell (cytoplasm vs. nuclei).
The Hippo signaling pathway has been reported to be involved in the regula-
tion of multiple important signaling pathways by interactions between
Yap/Taz and the regulatory elements of other pathways.

The cell density regulation of the hippo signaling pathway has been suggest-
ed as a sensor also affecting the TGFp signaling pathway. But recent papers
report that basal-lateral restriction of the TGFp receptors also limits Smad
signaling, upon TGFp stimulation, in high-density cell cultures'®'®®. This
further emphasizes the need of monitoring the crosstalk between signaling
pathways in sifu to understand the impact of cell-to-cell contract. I believe
there is a use for in situ PLA, together with other methods, in the continuous
work to unravel the complex crosstalk between the Hippo signaling pathway
and its regulation of interacting signaling systems.

In paper II we developed a method able to simultaneously visualize multiple
molecular events in a sample. By introducing target specific tag sequences
into in situ PLA probes we could simultaneously detect three different com-
plexes in cells and tissue. Multiplexing detection methods are time and cost
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efficient, and maybe most importantly reduce the amount of patient material
used. Multiplexing beyond the three-plex system presented in this study
would be beneficial but adds demands on the read-out since an epifluores-
cence microscope only can resolve a few emission spectra. This problem
could be solved by sequential hybridization, with the drawback of increasing
the hands-on-time needed and the risk of sample degradation. The problem
will need some careful consideration but it would be well worth the benefit
of a high-grade-plex system.

In paper III the efficiency of in sifu PLA is discussed. In the original in situ
PLA an assembly of two additional oligonucleotides besides the proximal
binding of the PLA probes is required. Altogether four different DNA
strands must hybridize correctly prior to successful ligation to form an am-
plifiable circle. We present two new oligonucleotide designs, both with the
circularization oligonucleotide brought by one of the PLA probes. This aims
to facilitate the formation of the correct circular ligation product and reduce
the loss of efficiency due to non-amplifiable ligation products. We found
that the UnFold in situ PLA system shows the potential of being an efficient
alternative to the original in situ PLA system. By introducing a probe specif-
ic tag sequence in one of the arms there is a potential for multiplexing the
UnFold in situ PLA system. This system should undergo further tests to en-
sure that the increase of efficiency is not outbalanced by the extra enzymatic
digestion step added. I think it would be beneficial to further evaluating en-
zyme free means to make the oligonucleotide systems available for hybridi-
zation.

In situ PLA is a relatively easy method with no need for advanced equipment
besides a light- or epifluorescence microscope and temperature regulated
incubation. The enzymes used are a large contribution to the cost and the
enzymes also need to be stored at specific temperatures. In paper IV we pre-
sent an enzyme free detection method for proximity; proxHCR. As a proof
of concept we show successful detection of protein complexes and protein
phosphorylations in situ. We believe that the enzyme-free proxHCR method
will provide advantages for inexpensive and robust high throughput detec-
tion of molecular events. The read-out is based on fluorescence intensity,
which together with the low demands on equipment makes the method suita-
ble for development into portable and point of care devises.

The perfect detection method can measure every single analyte, in all sam-
ples, regardless of complexity, without generating any false positive nor
false negative and do so every time. Of course the method is also cost effi-
cient, fast and easy to use as well as portable with no need of advanced
equipment. Unfortunately this method does not exist. Nor should we hold
our breath until the perfect method has been developed. When working with
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development of methods we have to keep the purpose of the method in mind.
Sometimes there is need for in situ detection with sub-cellular resolution,
sometimes it is more important to use rapid and cost-effective analysis of an
average cell population, and maybe the two can be combined. /n situ PLA
has been proven to be a useful tool for studying molecular events and it has
potential to be further developed into more diverse and versatile applica-
tions.

36



Acknowledgements

The work presented in this thesis was carried out at the Department of Im-
munology, Genetics and Pathology at Uppsala University. Financial support
was provided by Stiftelsen for strategisk forskning (SSF).

I would like to thank my faculty opponent Christer Wingren and the exam-
ination board Emma Lundberg, Anna-Karin Olsson and Joakim Klar for
taking the time to read my thesis and to participate in my dissertation.

I want to express my gratitude to all who supported me during these years
and in different ways contributed to this work.

First I want to thank my supervisor Ola Séderberg for always being positive
and supportive. You successfully manage to balance the life as a scientist
with the life outside the lab, inspiring and encouraging others to do the same.
Thank you for creating and maintaining the great team spirit and working
environment of the in situ-Group.

I also want to thank my co-supervisor Ulf Landegren for creating such a
creative and innovative climate in which everyone’s opinions and ideas are
valued equally.

I want to give a special thanks to my colleagues in the in situ-Group; Linda
for all your endless energy and for teaching me how to do proper burpees.
Bjorn for all the life-saving fikas and being the super (camera) man. Agata
for being a good friend and for being so refreshingly non-Swedish. Axel for
your curiosity and for helping me to unfold all the probes. Gaelle for teach-
ing me about nice cheese and for being an endless source of knowledge.
Carl-Magnus for inspiring the rest of us to try new unexpected things. Jo-
han H for your positive approach and good advice. I also want to thank the
previous members of the group Irene, Kalle and Malin for warmly welcom-
ing me to the group.

I want to thank those who make the MolTool-group and lab run smoothly;
Christina C for always pointing me in the right direction and for the great
book tips, Elin E for doing everything we take for granted and Johanna for
doing everything we do not realize is done until it is not. Thank you Johan

37



O for your endless patience when I knock on your door for the fifth time the
same day with my computer under my arm. I also want to thank the former
members of the troops Lena, Carla and Delal. I would like to thank Chris-
tina M and Tuulikki for taking care of us PhD-students as well as the rest of
the group.

I want to express my gratitude to all my present and former colleagues in the
MolTools-group for making our lab into such a great place to be. Thank you
Masood Kamali-Moghaddam for all the interesting discussions around
world politics and religion. And for teaching me to cook rice properly.
Thank you Erik for keeping track on where everyone should work and
Joakim for always having a joke on hand.

Thank you Liza for spreading your happy attitude and for drinking Bulldogs
in Florida, Lotta for all the nice chats during our runs and Junhong for the
interesting Chinese snacks. Thank you Tonge for your heart-warming laugh-
ter, Lei for the Christmas-party dumplings and Johan B for introducing new
interesting ideas into the group. Thank you Felipe for continuing with our
nice spex tradition, Rasel for all nice “Bangla- fika”, Anne-Li for your great
interpretation of the red carpet and Caroline for your thoughts about ethics
and sustainability. Thank you Peter for all your expertise and ideas in the
Hippo project, Andries for always walking the extra mile to help out and for
making my lab bench look super organized and Marcus for joining our
group and the nice lunch chats.

Thank you Mats Nilsson for contributing with all your expertise and for
taking care of our “sister-group-in-exile”. Thank you David for all fun trav-
eling anecdotes, Camilla for being “my-partner-in-thesis-writing” and Anja
for clubbing in Berlin. Thank you Elin L for all nice talks and for being a
great running companion, Annika for always seeing the positive side of
things and Elin F for not letting me drown during butterfly practice. Thank
you Marco for always giving it all as a spex-actor, I’'m still impressed by
how well you walk in high heels. Thank you Thomas for introducing me to
the fold-up bikes, I am still not convinced that it is worth the hassle and
Malte for always asking the questions the rest of us are thinking. Thank you
Tagrid for doing everything with a smile and Thomasz for all the help with
padlocks. Thank you Lotte for fun renovation inspiration and Anna for be-
ing a fellow “X-are” in the lab.

Thank you Johan V for being such an inspiration by bravely following your
dreams, Di for being the king of the dance floor, and Maria for being a great
travel and purse-hunter companion. Thank you Ronqin for all interesting
chats about politics, Gueci for all your knowledge about PLA and tips on
soy-milk, Spyros for your humor. Thank you Yanling for always being en-

38



couraging, Mikaela for all the in situ PLA input, Sara and Ida for the nice
welcoming to the lab. Thank you Francesca and Alessandro for sharing
your knowledge about Wnt signaling and for adding an Italian touch to the
lab.

Jag vill ocksa tacka mina hérliga vinner utanfor labbet; Rebecka, Jenny,
Jonas, Mattias K, Frida, Christian, Annika, Mattias L, Harriet, Mats,
Fengan och Anna.

Ett stort tack till min familj, mamma Barbro och pappa Ingvar for att ni
alltid har stottat och uppmuntrat mig i allt jag har gjort. Tack Maria for att
du alltid stéller upp med stod, uppmuntran och fredagsbubbel. Tack Lisbeth
for ditt konstnédrliga bidrag till avhandlingen. Tack farmor Svea, Inger,
Per-Anders, Erik, Lisa, Susanne, Janne, Malin, Robert, Kerstin, Pir,
Max och Moa for att ni finns dér. Tack till den nyare delen av min familj
Lena och Peter for ert stod och for att ni vilkomnat mig in i familjen. Tack
Johan for hjdlpen med att f& mina ideer fran papper till skarm.

Slutligen tack Fredrik, min finaste, for att du alltid finns dir fér mig och for
att du alltid lyckas pdminna mig om vad som egentligen &r viktigast i livet.

39



References

10

11

12

40

BaluSKa, F., Volkmann, D. & Barlow, P. W. Eukaryotic Cells and
their Cell Bodies: Cell Theory Revised. Annals of Botany 94, 9-32,
doi:10.1093/aob/mch109 (2004).

Bianconi, E. et al. An estimation of the number of cells in the human
body. Annals of  Human Biology 40, 463-471,
doi:doi:10.3109/03014460.2013.807878 (2013).

Darnell, H. {Molecular Cell Biology By Lodish, Berk, etc. (5th, Fifth
Edition)}. (WHFreeman, 2004).

Liu, Y. & Chance, M. R. Integrating phosphoproteomics in systems
biology. Computational and Structural Biotechnology Journal 10,
90-97, doi:10.1016/j.csbj.2014.07.003 (2014).

Pawson, T. & Scott, J. D. Signaling Through Scaffold, Anchoring,
and Adaptor Proteins. Science 278, 2075-2080,
doi:10.1126/science.278.5346.2075 (1997).

Kim, T.-M. & Park, P. J. Advances in analysis of transcriptional
regulatory networks. Wiley Interdisciplinary Reviews: Systems
Biology and Medicine 3, 21-35, doi:10.1002/wsbm.105 (2011).
Burotto, M., Chiou, V. L., Lee, J.-M. & Kohn, E. C. The MAPK
pathway across different malignancies: A new perspective. Cancer
120, 3446-3456, doi:10.1002/cncr.28864 (2014).

Heldin, C.-H. & Moustakas, A. Role of Smads in TGFf signaling.
Cell and Tissue Research 347, 21-36, doi:10.1007/s00441-011-
1190-x (2012).

Rubinfeld, B. et al. Binding of GSK3beta to the APC-beta-catenin
complex and regulation of complex assembly. Science 272, 1023-
1026 (1996).

von Kriegsheim, A., Preisinger, C. & Kolch, W. in Functional
Proteomics Vol. 484 Methods in Molecular Biology (eds JulieD
Thompson, Marius Ueffing, & Christine Schaeffer-Reiss) Ch. 12,
177-192 (Humana Press, 2008).

Dittrich, A., Gautrey, H., Browell, D. & Tyson-Capper, A. The
HER2 Signaling Network in Breast Cancer—Like a Spider in its
Web. Journal of Mammary Gland Biology and Neoplasia, 1-18,
doi:10.1007/s10911-014-9329-5 (2014).

Dhillon, A. S., Hagan, S., Rath, O. & Kolch, W. MAP kinase
signalling pathways in cancer. Oncogene 26, 3279-3290 (0000).



13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

Vogelstein, B. & Kinzler, K. W. Cancer genes and the pathways
they control. Nat Med 10, 789-799 (2004).

Feinberg, A. P., Ohlsson, R. & Henikoff, S. The epigenetic
progenitor origin of human cancer. Nat Rev Genet 7, 21-33 (2006).
Gerlinger, M. et al. Intratumor Heterogeneity and Branched
Evolution Revealed by Multiregion Sequencing. New England
Journal of Medicine 366, 883-892,
doi:doi:10.1056/NEJMoal 113205 (2012).

Carmeliet, P. & Jain, R. K. Molecular mechanisms and clinical
applications of angiogenesis. Nature 473, 298-307 (2011).

Nguyen, D. X., Bos, P. D. & Massague, J. Metastasis: from
dissemination to organ-specific colonization. Nat Rev Cancer 9,
274-284 (2009).

Aceto, N. et al. Circulating Tumor Cell Clusters Are Oligoclonal
Precursors of Breast Cancer Metastasis. Cell 158, 1110-1122,
doi:http://dx.doi.org/10.1016/j.cell.2014.07.013 (2014).

Seol, H. et al Intratumoral heterogeneity of HER2 gene
amplification in breast cancer: its clinicopathological significance.
Mod Pathol 25, 938-948 (2012).

Azad, N. S. et al. Proteomics in Clinical Trials and Practice: Present
Uses and Future Promise. Molecular & Cellular Proteomics 5,
1819-1829, doi:10.1074/mcp.R600008-MCP200 (2006).

Sever, R. & Brugge, J. S. Signal Transduction in Cancer. Cold
Spring Harbor Perspectives in Medicine 5,
doi:10.1101/cshperspect.a006098 (2015).

Shi, Y. & Massagué, J. Mechanisms of TGF-f Signaling from Cell
Membrane to the Nucleus. Cell 113, 685-700,
doi:http://dx.doi.org/10.1016/S0092-8674(03)00432-X (2003).
Fields, S. & Song, O.-k. A novel genetic system to detect protein—
protein interactions. Nature 340, 245-246 (1989).

Vasavada, H. A., Ganguly, S., Germino, F. J.,, Wang, Z. X. &
Weissman, S. M. A contingent replication assay for the detection of
protein-protein interactions in animal cells. Proceedings of the
National Academy of Sciences of the United States of America 88,
10686-10690 (1991).

Rao, V. S., Srinivas, K., Sujini, G. N. & Kumar, G. N. S. Protein-
Protein Interaction Detection: Methods and Analysis. International
Journal of Proteomics 2014, 147648, doi:10.1155/2014/147648
(2014).

Ivanov, A. S. et al. Protein interactomics based on direct molecular
fishing on paramagnetic particles: Practical realization and further
SPR validation. PROTEOMICS 14, 2261-2274,
doi:10.1002/pmic.201400117 (2014).

Patching, S. G. Surface plasmon resonance spectroscopy for
characterisation of membrane protein—ligand interactions and its
potential for drug discovery. Biochimica et Biophysica Acta (BBA) -

41



28

29

30

31

32

33

34

35

36

37

38

39

40

42

Biomembranes 1838, 43-55, doi:http://dx.doi.org/10.1016/
j.bbamem.2013.04.028 (2014).

Monti, M., Orru, S., Pagnozzi, D. & Pucci, P. Functional
proteomics. Clinica Chimica Acta 357, 140-150,
doi:http://dx.doi.org/10.1016/j.cccn.2005.03.019 (2005).

Coons, A., Creech, H., Jones, N. & Berliner, E. The Demonstration
of Pneumococcal Antigen in Tissues by the Use of Fluorescent
Antibody. The Journal of Immunology 45, 159-170 (1942).

Nakane, P. K. & Pierce, G. B. ENZYME-LABELED ANTIBODIES
FOR THE LIGHT AND ELECTRON MICROSCOPIC
LOCALIZATION OF TISSUE ANTIGENS. The Journal of Cell
Biology 33, 307-318, doi:10.1083/jcb.33.2.307 (1967).

Arafah, M., Kfoury, H. K. & Zaidi, S. N. HER2/neu
Immunostaining in Invasive Breast Cancer: Analysis of False
Positive  Factors. Oman Medical Journal 25, 261-263,
doi:10.5001/0m;.2010.78 (2010).

Solomayer, E. F. et al. Comparison of HER2 status between primary
tumor and disseminated tumor cells in_,primary breast cancer
patients. Breast Cancer Research and Treatment 98, 179-184,
doi:10.1007/s10549-005-9147-y (2006).

Schermelleh, L., Heintzmann, R. & Leonhardt, H. A guide to super-
resolution fluorescence microscopy. The Journal of Cell Biology
190, 165-175, doi:10.1083/jcb.201002018 (2010).

Klein, T., Proppert, S. & Sauer, M. Eight years of single-molecule
localization microscopy. Histochemistry and Cell Biology 141, 561-
575, doi:10.1007/s00418-014-1184-3 (2014).

Klar, T. A., Jakobs, S., Dyba, M., Egner, A. & Hell, S. W,
Fluorescence microscopy with diffraction resolution barrier broken
by stimulated emission. Proceedings of the National Academy of
Sciences of the United States of America 97, 8206-8210 (2000).
Betzig, E. et al. Imaging Intracellular Fluorescent Proteins at
Nanometer Resolution. Science 313, 1642-1645, doi:10.1126/
science.1127344 (2006).

Bates, M., Huang, B. & Zhuang, X. Super-resolution microscopy by
nanoscale localization of photo-switchable fluorescent probes.
Current  Opinion in  Chemical Biology 12, 505-514,
doi:http://dx.doi.org/10.1016/j.cbpa.2008.08.008 (2008).

Thompson, M. A., Lew, M. D. & Moerner, W. E. Extending
Microscopic Resolution with Single-Molecule Imaging and Active
Control.  Annual  Review of Biophysics 41, 321-342,
doi:doi:10.1146/annurev-biophys-050511-102250 (2012).

Biteen, J. S. & Moerner, W. E. Single-Molecule and Superresolution
Imaging in Live Bacteria Cells. Cold Spring Harbor Perspectives in
Biology 2, a000448, doi:10.1101/cshperspect.a000448 (2010).
Osterlund, E., Liu, Q. & Andrews, D. in Mitochondrial Medicine
Vol. 1264 Methods in Molecular Biology (eds Volkmar Weissig &
Marvin Edeas) Ch. 34, 395-419 (Springer New York, 2015).



41

42

43

44

45

46

47

48

49

50

51

52

53

Cardullo, R. A. in Methods in Cell Biology Vol. Volume 114 (eds
Sluder Greenfield & E. Wolf David) 441-456 (Academic Press,
2013).

Fodale, V. et al Polyglutamine- and Temperature-Dependent
Conformational Rigidity in Mutant Huntingtin Revealed by
Immunoassays and Circular Dichroism Spectroscopy. PLoS ONE 9,
€112262, doi:10.1371/journal.pone.0112262 (2014).

Selvin, P. R. The renaissance of fluorescence resonance energy
transfer. Nat Struct Mol Biol 7, 730-734 (2000).

Jares-Erijman, E. A. & Jovin, T. M. Imaging molecular interactions
in living cells by FRET microscopy. Current Opinion in Chemical
Biology 10,  409-416,  doi:http://dx.doi.org/10.1016/j.cbpa.
2006.08.021 (2006).

Padilla-Parra, S. & Tramier, M. FRET microscopy in the living cell:
Different approaches, strengths and weaknesses. BioEssays 34, 369-
376, doi:10.1002/bies.201100086 (2012).

David Gerecht, P. S., Taylor, M. A. & Port, J. D. Intracellular
localization and interaction of mRNA binding proteins as detected
by FRET. BMC Cell Biology 11, 69-69, doi:10.1186/1471-2121-11-
69 (2010).

Miller, J. N. Fluorescence energy transfer methods in bioanalysis.
Analyst 130, 265-270, doi:10.1039/B314346P (2005).

Galperin, E., Verkhusha, V. V. & Sorkin, A. Three-chromophore
FRET microscopy to analyze multiprotein interactions in living
cells. Nat Meth 1, 209-217, doi:http://www.nature.com/nmeth/
journal/v1/n3/suppinfo/nmeth720 S1.html (2004).

Xu, X. et al. Imaging protein interactions with bioluminescence
resonance energy transfer (BRET) in plant and mammalian cells and
tissues. Proceedings of the National Academy of Sciences of the
United States of America 104, 10264-10269, doi:10.1073/
pnas.0701987104 (2007).

Xu, Y., Piston, D. W. & Johnson, C. H. A bioluminescence
resonance energy transfer (BRET) system: Application to interacting
circadian clock proteins. Proceedings of the National Academy of
Sciences of the United States of America 96, 151-156 (1999).

Boute, N., Jockers, R. & Issad, T. The use of resonance energy
transfer in high-throughput screening: BRET versus FRET. Trends
in Pharmacological Sciences 23, 351-354, doi:http://dx.doi.org/
10.1016/S0165-6147(02)02062-X (2002).

De, A., Loening, A. M. & Gambhir, S. S. An Improved
Bioluminescence Resonance Energy Transfer Strategy for Imaging
Intracellular Events in Single Cells and Living Subjects. Cancer
research 67, 7175-7183, doi:10.1158/0008-5472.CAN-06-4623
(2007).

Milligan, G. & Bouvier, M. Methods to monitor the quaternary
structure of G protein-coupled receptors. FEBS Journal 272, 2914-
2925, doi:10.1111/j.1742-4658.2005.04731.x (2005).

43



54

55

56

57

58

59

60

61

62

63

64

44

Lam, M. H. Y. & Stagljar, 1. Strategies for membrane interaction
proteomics: No mass spectrometry required. PROTEOMICS 12,
1519-1526, doi:10.1002/pmic.201100471 (2012).

Luker, K. E. & Piwnica-Worms, D. in Methods in Enzymology Vol.
Volume 385 (ed P. Michael Conn) 349-360 (Academic Press,
2004).

Gilad, Y., Shiloh, R., Ber, Y., Bialik, S. & Kimchi, A. Discovering
Protein-Protein Interactions within the Programmed Cell Death
Network Using a Protein-Fragment Complementation Screen. Cell
Reports 8,  909-921,  doi:http://dx.doi.org/10.1016/].celrep.
2014.06.049 (2014).

Kerppola, T. K. VISUALIZATION OF MOLECULAR
INTERACTIONS BY FLUORESCENCE COMPLEMENTATION.
Nature  reviews.  Molecular cell biology 7, 449-456,
doi:10.1038/nrm1929 (2006).

Hu, C.-D. & Kerppola, T. K. Simultaneous visualization of multiple
protein interactions in living cells using multicolor fluorescence
complementation analysis. Nature biotechnology 21, 539-545,
doi:10.1038/nbt816 (2003).

Ciruela, F. Fluorescence-based methods in the study of protein—
protein interactions in living cells. Current Opinion in
Biotechnology 19, 338-343, doi:http://dx.doi.org/10.1016/j.copbio.
2008.06.003 (2008).

Gandia, J. et al. Detection of higher-order G protein-coupled
receptor oligomers by a combined BRET-BiFC technique. FEBS
Letters 582, 2979-2984, doi:http://dx.doi.org/10.1016/j.febslet.
2008.07.045 (2008).

Shyu, Y. J., Suarez, C. D. & Hu, C.-D. Visualization of AP-1-NF-
kB ternary complexes in living cells by using a BiFC-based FRET.
Proceedings of the National Academy of Sciences of the United
States of America 105, 151-156, doi:10.1073/pnas.0705181105
(2008).

Shi, Y. et al. A Novel Proximity Assay for the Detection of Proteins
and Protein Complexes: Quantitation of HER1 and HER2 Total
Protein Expression and Homodimerization in Formalin-fixed,
Paraffin-Embedded Cell Lines and Breast Cancer Tissue. Diagnostic
Molecular Pathology 18, 11-21
10.1097/PDM.1090b1013e31818cbdb31812 (2009).

Huang, W. et al. Comparison of Central HER2 Testing With
Quantitative Total HER2 Expression and HER2 Homodimer
Measurements Using a Novel Proximity-Based Assay. American
Journal of Clinical Pathology 134, 303-311,
doi:10.1309/ajcp3bzy4yafntrg (2010).

Growdon, W. B. et al HER2 over-expressing high grade
endometrial cancer expresses high levels of p9SHER2 variant.
Gynecologic Oncology, doi:http://dx.doi.org/10.1016/j.ygyno.2015.
01.533 (2015).



65

66

67

68

69

70

71

72

73

74

75

76

77

Soderberg, O. et al. Direct observation of individual endogenous
protein complexes in situ by proximity ligation. Nat Meth 3, 995-
1000,  doi:http://www.nature.com/nmeth/journal/v3/n12/suppinfo/
nmeth947 S1.html (2006).

Fredriksson, S. et al. Protein detection using proximity-dependent
DNA ligation assays. Nat Biotech 20, 473-477 (2002).

Zieba, A. et al. Intercellular Variation in Signaling through the TGF-
B Pathway and Its Relation to Cell Density and Cell Cycle Phase.
Molecular & Cellular Proteomics : MCP 11, M111.013482,
do0i:10.1074/mcp.M111.013482 (2012).

Jarvius, M. et al. In Situ Detection of Phosphorylated Platelet-
derived Growth Factor Receptor 3 Using a Generalized Proximity
Ligation Method. Molecular & Cellular Proteomics 6, 1500-1509,
do0i:10.1074/mcp.M700166-MCP200 (2007).

Gu, G. J. et al. Protein tag-mediated conjugation of oligonucleotides
to recombinant affinity binders for proximity ligation. New
Biotechnology 30, 144-152, doi:http://dx.doi.org/10.1016/j.nbt.2012.
05.005 (2013).

Zieba, A. et al. Bright-Field Microscopy Visualization of Proteins
and Protein Complexes by In Situ Proximity Ligation with
Peroxidase  Detection.  Clinical ~ Chemistry 56, 99-110,
doi:10.1373/clinchem.2009.134452 (2010).

Jung, J., Lifland, A. W., Alonas, E. J., Zurla, C. & Santangelo, P. J.
Characterization of mRNA-Cytoskeleton Interactions In Situ Using
FMTRIP and Proximity Ligation. PLoS ONE 8, e74598,
doi:10.1371/journal.pone.0074598 (2013).

Weibrecht, 1. et al. Visualising individual sequence-specific protein—
DNA interactions in situ. New Biotechnology 29, 589-598,
doi:http://dx.doi.org/10.1016/j.nbt.2011.08.002 (2012).

Leuchowius, K.-J. et al. High Content Screening for Inhibitors of
Protein Interactions and Post-translational Modifications in Primary
Cells by Proximity Ligation. Molecular & Cellular Proteomics 9,
178-183, doi:10.1074/mcp.M900331-MCP200 (2010).

Koos, B. et al. Next-Generation Pathology—Surveillance of Tumor
Microecology. Journal of Molecular Biology, doi:http://dx.doi.org/
10.1016/j.jmb.2015.02.017 (2015).

Kolch, W. & Pitt, A. Functional proteomics to dissect tyrosine
kinase signalling pathways in cancer. Nat Rev Cancer 10, 618-629
(2010).

Barron, D. A. & Kagey, J. D. The role of the Hippo pathway in
human disease and tumorigenesis. Clinical and Translational
Medicine 3, 25-25, doi:10.1186/2001-1326-3-25 (2014).

Gomez, M., Gomez, V. & Hergovich, A. The Hippo pathway in
disease and therapy: cancer and beyond. Clinical and Translational
Medicine 3, 22-22, doi:10.1186/2001-1326-3-22 (2014).

45



78

79

80

81

82

83

84

85

86

87

88

89

90

91

46

Harvey, K. F., Zhang, X. & Thomas, D. M. The Hippo pathway and
human cancer. Nat Rev Cancer 13, 246-257, doi:http://www.
nature.com/nrc/journal/v13/n4/suppinfo/nrc3458 S1.html (2013).
Yu, F.-X. & Guan, K.-L. The Hippo pathway: regulators and
regulations. Genes & Development 27, 355-371,
doi:10.1101/gad.210773.112 (2013).

Varelas, X. et al. The Crumbs Complex Couples Cell Density
Sensing to Hippo-Dependent Control of the TGF-B-SMAD Pathway.
Developmental Cell 19, 831-844, doi:http://dx.doi.org/10.1016/
j.devcel.2010.11.012 (2010).

Varelas, X. et al. TAZ controls Smad nucleocytoplasmic shuttling
and regulates human embryonic stem-cell self-renewal. Nat Cell
Biol 10, 837-848, doi:http://www.nature.com/ncb/
journal/v10/n7/suppinfo/ncb1748 S1.html (2008).

Samanta, D. & Datta, P. K. Alterations in the Smad pathway in
human cancers. Frontiers in bioscience (Landmark edition) 17,
1281-1293 (2012).

Zhao, B. et al. Inactivation of YAP oncoprotein by the Hippo
pathway is involved in cell contact inhibition and tissue growth
control. Genes & Development 21, 2747-2761,
doi:10.1101/gad.1602907 (2007).

Fadhal, E., Gamieldien, J. & Mwambene, E. C. Protein interaction
networks as metric spaces: a novel perspective on distribution of
hubs. BMC Systems Biology 8, 6-6, doi:10.1186/1752-0509-8-6
(2014).

Kar, G., Gursoy, A. & Keskin, O. Human Cancer Protein-Protein
Interaction Network: A Structural Perspective. PLoS Computational
Biology 5, €1000601, doi:10.1371/journal.pcbi.1000601 (2009).

He, X. & Zhang, J. Why Do Hubs Tend to Be Essential in Protein
Networks? PLoS Genetics 2, €88, doi:10.1371/journal.pgen.0020088
(20006).

Patil, A., Kinoshita, K. & Nakamura, H. Hub Promiscuity in Protein-
Protein Interaction Networks. International Journal of Molecular
Sciences 11, 1930-1943, doi:10.3390/ijms11041930 (2010).
Vallabhajosyula, R. R., Chakravarti, D., Lutfeali, S., Ray, A. &
Raval, A. Identifying Hubs in Protein Interaction Networks. PLoS
ONE 4, ¢5344, doi:10.1371/journal.pone.0005344 (2009).
Landegren, U. et al. Opportunities for Sensitive Plasma Proteome
Analysis. Analytical Chemistry 84, 1824-1830, doi:10.1021/
ac2032222 (2012).

Armbruster, D. A. & Pry, T. Limit of Blank, Limit of Detection and
Limit of Quantitation. The Clinical Biochemist Reviews 29, S49-S52
(2008).

Dirks, R. M. & Pierce, N. A. Triggered amplification by
hybridization chain reaction. Proceedings of the National Academy
of Sciences of the United States of America 101, 15275-15278,
doi:10.1073/pnas.0407024101 (2004).



92

93

94

95

96

97

98

99

100

101

102

103

104

Seeman, N. C. DNA in a material world. Nature 421, 427-431
(2003).

Venkataraman, S., Dirks, R. M., Rothemund, P. W. K., Winfree, E.
& Pierce, N. A. An autonomous polymerization motor powered by
DNA hybridization. Nat Nano 2, 490-494, doi:http://www.
nature.com/nnano/journal/v2/n8/suppinfo/nnano.2007.225 S1.html
(2007).

Choi, J., Love, K. R., Gong, Y., Gierahn, T. M. & Love, J. C.
Immuno-Hybridization Chain Reaction for Enhancing Detection of
Individual Cytokine-Secreting Human Peripheral Mononuclear
Cells. Analytical chemistry 83, 6890-6895, doi:10.1021/ac2013916
(2011).

Choi, H. M. T. et al. Programmable in situ amplification for
multiplexed imaging of mRNA expression. Nature biotechnology
28, 1208-1212, doi:10.1038/nbt.1692 (2010).

Varelas, X. The Hippo pathway effectors TAZ and YAP in
development, homeostasis and disease. Development 141, 1614-
1626, doi:10.1242/dev.102376 (2014).

Low, B. C. et al YAP/TAZ as mechanosensors and
mechanotransducers in regulating organ size and tumor growth.
FEBS Letters 588, 2663-2670, doi:http://dx.doi.org/10.1016/
j-febslet.2014.04.012 (2014).

Sundqvist, A. et al. Specific interactions between Smad proteins and
AP-1 components determine TGF[beta]-induced breast cancer cell
invasion. Oncogene 32, 3606-3615, doi:10.1038/onc.2012.370
(2013).

Good, M. C,, Zalatan, J. G. & Lim, W. A. Scaffold Proteins: Hubs
for Controlling the Flow of Cellular Information. Science (New
York, N.Y.) 332, 680-686, doi:10.1126/science.1198701 (2011).
Mukherjee, A. et al. Profiling the HER3/PI3K Pathway in Breast
Tumors Using Proximity-Directed Assays Identifies Correlations
between Protein Complexes and Phosphoproteins. PLoS ONE 6,
€16443, doi:10.1371/journal.pone.0016443 (2011).

Arteaga, C. L. Epidermal Growth Factor Receptor Dependence in
Human Tumors: More Than Just Expression? The Oncologist 7, 31-
39, doi:10.1634/theoncologist.7-suppl 4-31 (2002).

Goransson, J. et al. A single molecule array for digital targeted
molecular analyses. Nucleic Acids Research 37, e7-¢7,
doi:10.1093/nar/gkn921 (2009).

Sereni, M. 1. et al. Functional characterization of epithelial ovarian
cancer histotypes by drug target based protein signaling activation
mapping: Implications for personalized cancer therapy.
PROTEOMICS 15, 365-373, doi:10.1002/pmic.201400214 (2015).
Andersen, J. N. et al. Pathway-Based Identification of Biomarkers
for Targeted Therapeutics: Personalized Oncology with PI3K
Pathway Inhibitors. Science Translational Medicine 2, 43ra55,
doi:10.1126/scitranslmed.3001065 (2010).

47



105

106

48

Nallet-Staub, F. ef al. Cell Density Sensing Alters TGF-p Signaling
in a Cell-Type-Specific Manner, Independent from Hippo Pathway
Activation. Developmental Cell 32, 640-651, doi:http://dx.
doi.org/10.1016/j.devcel.2015.01.011 (2015).

Narimatsu, M., Samavarchi-Tehrani, P., Varelas, X. & Wrana,
Jeffrey L. Distinct Polarity Cues Direct Taz/Yap and TGFp Receptor
Localization to Differentially Control TGFp-Induced Smad
Signaling. Developmental Cell 32, 652-656, doi:http:/dx.
doi.org/10.1016/j.devcel.2015.02.019 (2015).






Acta Universitatis Upsaliensis

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1099

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-248876

Gu

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2015




	Abstract
	List of Papers
	Related Work by the author
	Contents
	Abbreviations
	Introduction
	Signaling networks - Communication and coordination
	Methods for studying proteins in situ
	Proximity ligation assay – visualizing proximity
	Studying cell signaling pathways using in situ proximity ligation assay
	Characteristics of a successful detection method
	Removing the enzyme dependency


	Present investigations
	Paper I: Crosstalk between Hippo and TGFβ - Subcellular localization of YAP/TAZ complexes
	Introduction
	Procedure, findings and discussion

	Paper II: Parallel visualization of multiple protein complexes in individual cells in tumor tissue
	Introduction
	Procedure, findings and discussion

	Paper III: Increasing efficiency of in situ proximity ligation assay by enzymatic conversion dependent proximity probes
	Introduction
	Procedure, findings and discussion

	Paper IV: Proximity dependent initiation of hybridization chain reaction
	Introduction
	Procedure, findings and discussion


	Summary and future perspectives
	Acknowledgements
	References



