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Abstract
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A comprehensive understanding of how the body and all its components function is essential
when this knowledge is exploited for medical purposes. The achievements in biological and
medical research during last decades has provided us with the complete human genome and
identified signaling pathways that governs the cellular processes that facilitates the development
and maintenance of higher order organisms. This has brought about the realization that diseases
such as cancer is a consequence of genomic aberrations that effects these signaling pathways,
endowing cancer cells with the capacity to circumvent homeostasis by acquiring features
like self-sustained proliferation and insensitivity to apoptosis. The increased understanding of
biology and medicine has been made possible by the development of advanced methods to carry
out biological and clinical analyses. The demands of a method often differ regarding in what
context it will be applied. It may be acceptable for method to be laborious and time consuming
if it is used in basic research, but for medical purposes molecular methods need to be fast and
straightforward to perform. Innovative technologies should preferentially address the demands
of both researchers and clinicians and provide data not possible to obtain by other methods.
An example of such a method is the in situ proximity ligation assay (in situ PLA). In this
thesis I have used this method to determine the activity status, at the single-cell level, of the
transforming growth factor-f§ (TGF-f) signaling pathway and activating protein-1 (AP-1) family
of transcription factors. Both of these pathways are frequently involved in cancer development
and progression. In addition to this research I herein also present further modifications of in situ
PLA, and analyses thereof, to increase the utility and resolution of this assay.
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Introduction

A number of mechanisms can modulate Smad signaling on different levels.
To understand all aspects of that signaling it is important to build a “map” of
interactions and modifications that are involved. Smads never work alone
and there is not only one path of signaling through Smads. To project a com-
plete picture of TGF-f signal transduction one needs to change the percep-
tion of Smad signaling pathway and see it as a sophisticated network instead
of a linear signaling pipeline. The core components of Smad signaling func-
tion as a “backbone” of TGF-f signaling, while the most important regulato-
ry elements for the outcome of the cascade activity come from the outside of
the canonical pathway. These are the ones we now need to focus on.

Analyses of cellular responses are generally done at the population level,
ignoring sources of heterogeneity and thereby complicating interpretation of
how cells coordinate responses to changes in the external and internal envi-
ronments. Outcomes of analysis of in vitro cultured cell lines are often ex-
trapolated to biology of cells in their natural environment, the body. Taking
into account the variety of cellular responses in tissue of organs or tumors it
is unlikely that this is the right path to follow. Therefore analysis of signal-
ing events needs to be performed at the single cell level within the cells
normal environment, i.e. within tissue sections.
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TGF- signaling- the classical frame

The TGF-B pathway is one of the most well studied regulatory systems of
the cell that is involved in most of major cell activities under physiological
and pathological conditions. Deregulation in signaling downstream of TGF-f
is associated with many diseases such as cancer and fibrosis [1-4]. TGF-§
has a very complex role in tumorigenesis, exhibiting both oncogenic and
suppressive properties, depending on tumor stage. At early stages TGF-
induces apoptosis and growth arrest, it also has the ability to suppress te-
lomerase activity inducing a replicative senescence, maintaining genomic
stability [4]. During tumor development cells become resistant to the sup-
pressive properties of TGF-f} signaling and the pro-oncogenic activities dom-
inate. This results in epithelial to mesenchymal transition (EMT), augmented
cells motility, invasiveness and acquirement of metastatic properties, en-
hanced angiogenesis and suppressed immune responses [2-4] .

Down to the nucleus

The TGF-B family of ligands includes TGF-Bs, bone morphogenetic proteins
(BMPs), activins and inhibins. These multifunctional proteins regulate a
variety of cellular events including cell differentiation, immune response,
cellular senescence, apoptosis and wound healing [5, 6]. Binding of TGF-8
to the TGF-p receptor type II (TGF-B RII) recruits the type I receptor (TGF-
B RI), inducing the assembly of a heteromeric receptor complex. The for-
mation of such heterocomplex enables TGF-B RII to activate the TGF-p RI
serine/threonine kinase domain through phosphorylation of the glycine-
serine rich region (GS domain) [7, 8]. Activated TGF-p RI will then phos-
phorylate receptor-linked R-Smad proteins at their SSXS motif, thereby re-
leasing them from the receptor complex. The released R-Smad will bind
common Smad4 and the formed R-Smad/Smad4 complex translocates from
the membrane to the nucleus, where it will transmit the signal by binding
promoters and induce gene expression with a variety of transcriptional co-
factors (Fig.1) [9-12]. Besides R-Smads and the common Smad4 there is
also a third group of inhibitory Smads (I-Smads), which consist of two
members Smad6 and Smad7.
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Figure 1. Core signaling in the TGFf} pathway. Smad2 and Smad3 become phos-
phorylated upon TGFR activation and bind to Smad4. The complexes then translo-
cate to the nucleus were they regulate gene transcription of Smad responsive genes.

R-Smads, that comprise Smad1/2/3/5/8 proteins, are phosphorylated by
an active heterocomplex consisting of one type I receptor, a family of seven
members which are often denoted as activin receptor-like kinases 1-7
(ALK1-7), and one type II receptor, i.e. TBRII, ActR-II, BMPR-II, AMHR-
II, ActR-IIB. The different pairwise combinations of type I and II receptors
are activated by different TGF-p ligands. ALKS is phosphorylated and medi-
ate signaling via TGF-p while ALK4 and ALK?7 are specific for activins and
nodal ligands. Smad2 and 3 are downstream effectors of activated ALK4/5/7
in canonical signaling. ALK1/2/3/6 are activated by ligands such as BMPs
and phosphorylate R-Smad1, 5 and 8 [13].
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They are not alone

TGF-B- induced cell responses are regulated by variety of factors and mech-
anism that tightly control this pathway under physiological conditions. There
are several proteins influencing TGF-B signaling at different levels. The
major ones are two proteins belonging to the same family, called SnoN and
Ski. Both were discovered as proto-oncoproteins, promoting transformation
of avian fibroblasts and myogenic differentiation of quail embryo cells, sug-
gesting that in normal cells overexpression of SnoN and Ski results in onco-
genic transformation [14-16]. Expression of both proteins was subsequently
shown to be elevated in many cancer cell lines and tissues, such as colorectal
carcinoma [17, 18], esophageal squamous cell carcinoma [19], leukemia
[20] and melanoma [21]. Ski and SnoN were shown to negatively regulate
TGF-f signaling by binding to Smad proteins [22-24]. They are by them-
selves unable to either bind DNA directly or expose any catalytic behavior,
thus it is believed they can only function through interaction with other cel-
lular proteins as negative transcriptional regulators. It has been proposed that
the ability of Ski and SnoN to physically interact with Smad proteins and
suppress their transcriptional activity is essential for their transforming activ-
ity [25]. The level of expression and potency of SnoN and Ski actions is
regulated at multiple levels: by regulation of their transcription, TGF- in-
duced protein degradation, post-translational modifications and subcellular
localization. Activation of the TGF- pathway, by exposure to TGF-f, caus-
es an immediate degradation of SnoN and Ski. After 2 hours of TGF-f
treatment the SnoN level will increase significantly, whereas Ski level seems
to be uninfluenced, suggesting that TGF-p plays dual role in regulation of
this oncoprotein, both at levels of transcriptional regulation and protein sta-
bility [23, 26]. Weather the regulation of SnoN and Ski expression is cell
cycle dependent, or not, is still a controversy with a lot of discrepancy in
published data, some groups have observed elevated levels of SnoN in the
Gl-phase of the cell cycle [27, 28] whereas others have found higher levels
of Ski and SnoN in the G2/M-phase [29-31].
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Phospho-*“diversion” — when one is not enough

R-Smads consist of two highly conserved polypeptide fragments, the MH1
and MH2 domains, joined by a variable serine/threonine-rich linker region.
Until recently studies of TGF-f signaling have been primary focused on
Smads activation by TGFR induced phosphorylation in their SSXS C-
terminal region of MH2 domain. Currently we experience an increasing in-
terest in TGF-B pathway alterations induced by additional, or alternative,
phosphorylation events of serine and threonine residues inside the linker
region of Smads sequences. The intermolecular interactions between Smads
and other regulatory molecules and intramolecular interactions of the MH1
and MH2 domains can be modulated by the linker phosphorylation (Fig.2).

MH1 DOMAIN LINKER MH2 DOMAIN

Smad2

Smad3

MH1 DOMAIN LINKER ) MH2 DOMAIN

Figure 2. Schematic representation of phosphorylation sites in Smad2 and Smad3.
INK, p38 MAPK, CDK4 and ERK phosphorylate Smad2 and Smad3 at specific
residues in linker regions. Activated TGF- RI phosphorylates COOH-terminal
SSXS motif of MH2 domain.

The linkers multiple phosphorylation sites for proline-directed kinases are
targeted by mitogen-activated protein kinases (MAP kinases), cell division
cyclin-dependent kinases (CDKs) or ERK, all with preferences for specific
residues within the linker. CDK2 and CDK4 phosphorylate Smad3 at the Thr
8 in the N-terminus and T179 and S213 in the linker region at the basal cell
state [32-34]. TGF-B8 and EGF treatment causes rapid phosphorylation of
T179, S204 and S208 in linker region that inhibits Smad3 activity similarly
to CDKs [34, 35]. As a consequence thereof phosphorylation of Smad by the
same kinase can lead to diverse or opposite effects in different experimental
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settings, which suggests that multiple combinations of phosphorylated sites
can occur. In addition, one phosphorylation event can prevent or stimulate
other phosphorylation events that further increase the level of complexity

(Fig.3).

TGFR TGFR
Smad3 Smad?2
Smad2
Smad3
K
CDK CDK
Smad3 Smad2
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Figure 3. Localization of different Smad2 and Smad3 phosphoisoform types:
pSmad2-COOH, pSmad3-COOH; pSmad2-Linker, pSmad3-Linker, pSmad2-
Linker/COOH and pSmad3-Linker/COOH. TGF-B RI, JNK and CDK differentially
phosphorylate Smad2 and Smad3. Only pSmad2-Linker is localized to the cyto-
plasmic, the other phosphoisoforms are restrictedly present in the cell nuclei (based
on Carcinogenesis vol.32 no.11 pp.1578-1588, 2011).

It has been shown that linker phosphorylation changes during cancer pro-
gression, e.g. phosphorylation at both the C-terminal and linker domains of
Smad2 and Smad3 promotes malignant signaling resulting in increased pro-
liferation and invasiveness of the cancer cells [36]. The extent, magnitude,
timing, and functional consequences of linker phosphorylation differs be-
tween cell types and stage of cancer, substantial increase in Ser208/Ser213
phosphorylation of Smad3 has been shown to positively correlate with late
colorectal tumors. These findings suggest that the phosphorylation of Smad3
linker is involved in the TGF-B promoted growth in late stages of tumor-
igenesis [37]. Phosphorylation and dephosphorylation of several residues of
Smad sequences can induce, prevent or terminate active signaling. Neverthe-
less the precise mechanism, by which the linker phosphorylation controls
Smad signaling, and the influence of linker phosphorylation on C-terminal
phosphorylation, still remains to be clarified. Further investigation of the
regulatory role of Smad linkers require studies on specific
(de)phosphorylation events and physiological conditions under which these
events occur.
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TGF-B in cancer

TGF-B pathway plays a central role in progression of human cancer; mal-
function of this pathway severely influences both cell and an organ condi-
tion. At early stages of cancer development TGF-f act as a growth-
suppressor, which was demonstrated with several experiments by introduc-
ing mutations in the basic components of the TGF-3 pathway [38]. When the
cancer cells by-passes the suppressive functions of the TGF-f pathway it
will progress into a malignant stage that utilizes TGF-f signaling to promote
tumor growth, invasion and metastasis to secondary organs. In progressive-
stage tumor, cells produce elevated levels of TGF-f; overexpression of TGF-
B strongly correlates with presence of metastasis in colon, breast, and pros-
tate cancer [39-41] . The expression pattern in these secondary tumors was
considerable higher than in their primary tumors suggesting important role
of TGF-B in invasion and metastasis. Even though the TGF-f level is up-
regulated in certain cancer cells that may remain TGF-B-responsive, they
often loose sensitivity for TGF-B-induced growth arrest, which in turn in-
duce unrestricted proliferation. Deactivation of components in the TGF-$
pathway, by mutations or loss of heterozygosity, is essential for the tumor to
escape the suppressive functions of this pathway. This functional switch of
TGF-p from a suppressive to an oncogenic role is a dynamic process that
involves multiple factors. Not only genetic changes but also epigenetic
events and abnormal alterations within tumor microenvironments are associ-
ated with the oncogenic activity by TGF-B. These changes collectively pro-
motes EMT, a first step in tumor cell invasion and metastasis that gives rise
to cells with stem-like properties, including capability for self-renewal and a
tumor-initiating phenotype, that result in increased resistance to chemothera-
py [42]. During TGF-B induced EMT also non-canonical effectors of the
pathway appear to have elevated or altered activity. The protein complexes
involved in the TGF-B driven EMT is called EMT promoting Smad com-
plexes (EPSC). AP-1 is the one of this EMT-linked family of transcription
factors that by interaction with Smads regulates gene expression, promoting
expression of mesenchymal genes and repressing epithelial ones. AP-1 tran-
scription factors belong to several different families, the common feature for
all of them is the presence of basic leucine zipper (bZIP) domains that are
required for proteins dimerization and binding to DNA. The main factors
belonging to the AP-1 family are Fos (FosB, c-Fos, Fral, Fra2) and Jun
(JunB, c-Jun, JunD) subgroups. Less studied but also important are activat-
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ing transcription factor (ATF) proteins and the Maf subfamily. The multiple
possible combinations between these proteins, together with a multitude of
co-factors, gives rise to a large panel of complexes that ensures affinity and
specificity for a large repertoire of genes. The AP-1 binding sequences vary
and are determined by interactions with proteins such as, for example,
Smads [43]. Both Smad2 and Smad3bind all three Jun family members and
TGF-pB stimulation has been shown to cause rapid phosphorylation of cJun,
promoting its association to Smads and thereby inducing transcriptional ac-
tivity of AP-1 sites [44]. The activation of mechanisms involved in the in-
duction of EMT in tumors, involvement of various signaling pathways and
transcription factors and formation of regulatory complexes is of highest
interest in cancer research, [45] as this provide the cancer cells the ability to
migrate, invade surrounding tissue and to form metastases. By EMT the cells
acquire features analogous to stem cells and several stem cells pathways like
Noch, Ras or Wnt are likely to be involved in this process. Also members of
Hippo pathway, Taz and Yap, were found to promote proliferation, EMT
and therefore oncogenesis in cell culture overexpression studies [46]. It has
been suggested that Yap could promote stem cell like properties, by directly
binding to promoters of the genes inducing stem cell pluripotency [47], a
finding that might shed lights on the connection between EMT and the con-
cept of cancer stem cells, or cancer initiating niche. Interestingly the Hippo
pathway has been recently associated with TGF- B signaling in a microenvi-
ronment and context-dependent fashion [48].

The tumor suppressive functions of TGF-P are sustained by the core ele-
ments of the pathway. Increase in non-canonical signaling and interactions
with other molecules may interfere with these functions and result in imbal-
ance, leading to metastatic progression. The synergistic outcome of interac-
tions among all components involved in TGF-} induced EMT is cell-context
dependent.

TGF-P in colon carcinogenesis

There are several types of cancer where TGF- signaling plays a prominent
role. Mutations of Smad2 and Smad4 together with TGF-B receptor muta-
tions are predominantly present in a subset of colorectal cancers (CRC)
which there is linked to their development and progression. TGF-f inhibits
cell proliferation and induces apoptosis in the normal intestinal epithelium,
but through mutations in the signaling cascade many colorectal tumors gain
resistance to this growth inhibitory signal [49]. At the late stages of colorec-
tal carcinogenesis TGF-f is usually highly expressed, which then is associat-
ed with increased probability of recurrence and low survival rate [50]. Ex-
tended exposure to high levels of TGF-p results in neoplastic transformation
of intestinal cells and both preoperative and the postoperative high levels of

19



TGF-p are predictive factor for metastasis [51]. TGF-p increases the expres-
sion of numerous mitogenic growth factors such as FGF, EGF and TGF-a
and activates other oncogenic pathways including JNK, Ras/MAPK and PI3
kinase/Akt pathways. In addition TGF-B controls of cell motility, adhesion
and the extracellular matrix composition, and hence is involved in cancer
cells invasion, and promotes immunosuppression and tumor angiogenesis.
Several mutations in TGF-f RI have been identified in human colorectal
cancer cell lines, but those mutations are not common [52, 53]. Some studies
have established association between CRC and a polymorphic allele of the
TGF-B RI named TGF-f RI *6A and indicate that *6A may have a function
of a tumor predisposition allele. A collective evaluation of role of *6A in
several studies of CRC cases shows that patients carrying TGF-B RI*6A
have higher risk of developing CRC [49, 54]. Deletions or mutations in the
Smad genes are common events in colon cancerogenesis. The most fre-
quently altered TGF-P related gene in CRC is Smad4, with a mutation rate of
16-25% while Smad2 mutations are identified in approximately 6% of the
cases. Both Smad2 and Smad4 are localized at chromosome 18q, a region
that often is deleted in colon adenocarcinomas. Mutations of Smad3 in CRC
are infrequent and they role is still elusive, but it has been proposed that
occurrence of specific phosphoisoforms of Smad3 linker region promotes
cell invasion.

TGF-B in biomarker discovery

CRC is the second most common malignancy in most western countries and
almost 50% of diagnosed patients with CRC die from the disease [55]. There
are currently no robust methods for determining risk of recurrence after di-
agnosis and although a number of effective treatments exist today selection
of treatment for individual patients are hampered by the lack of biomarker
predictive of prognosis and response to therapy [56].

The basis for diagnosis and decisions about treatment is usually the histo-
logical evaluation of tissue sections. CRC can be staged according to the
Duke system, wherein a patient is classified as Duke A if the tumor is affect-
ing the inside layer of the colon or rectum or slightly invading the muscle
layer. In Duke B the cancer spreads into the muscle layer of the colon or
rectum, without infecting lymph nodes, while spreading into a least one
lymphnode in the area of tumor classifies it as Duke C stage. When the can-
cer gains metastatic properties it is classified as a Duke D. This evaluation
system is satisfactory for prediction of the outcomes of therapies of A and D
stages, but not for the stages in-between [57-59] .

The lack of accuracy in the oncopathologic evaluation results in different
clinical outcomes of patients with similar immunohistochemical staining
pattern, which highlights the need for new prognostic and predictive mark-
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ers to improve the assessment and treatment of patients [60]. There are cur-
rently several candidate markers under investigation that show promise in
determining the risk for progression and responsiveness to adjuvant therapy.
Nevertheless it is becoming evident that there are multiple, cross-talking
pathways responsible for tumor progression and that using a single marker is
not sufficient. Therefore up to date there are no recommendations of predic-
tive markers, to be used in clinical routine diagnostics, for evaluation of
Duke B and Duke C stages. Candidate markers in clinical trials, such as 18q
and MSI status, p53, K-ras, TS, dihydropirimidyne dehydrogenase or tymi-
dine phosphorylase, has so far been shown to provide limited value [61] . It
has been shown that the level of expression of Smad4 in Duke C patients can
be employed as predictive marker whereas Smad4 mutations or imbalance of
18921 locus are of less prognostic value [62].

The use of protein expression or genetic alterations as biomarkers can be
insufficient, misleading or simply problematic to perform. Some, but not all,
genetic anomalies and changes in protein expression will affect the function
of a protein, thus may the functional activity of proteins be considered as
future key marker for prognosis and therapy assessment. Thus, methods such
as in situ PLA may be used to provide functional analysis of pathways pro-
moting cancer development and for detecting disturbances in the interplay
among proteins.
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Paper I and II - With the tool in my hand

TGF-B pathway is widely and extensively studied for its multidirectional
roles and importance in retaining normal functioning of healthy cells; muta-
tions in this pathway are one of the most common alterations in cancer. In
paper I and II we performed in situ analysis of TGF-p pathway signaling by
functional characterization of Smad proteins and related, accompanying
interaction partners. Our aim was to investigate the signal transduction in the
TGF-B pathway at a single cell resolution, to enable analysis on cell to cell
variations and to follow the kinetics of Smad complexes formation, and we
thus utilized in situ PLA for visualization of complexes between two or more
proteins as well as post-translational modifications of proteins in cultured
cells and tissue sections. /n situ PLA is based on antibody recognition of
proteins in a complex, converting a binding event into a DNA-based report-
er. To achieve this, the antibodies are converted into PLA probes by conju-
gating short DNA strands to them. Only when a pair of proximity probes
binds adjacent epitopes will they template hybridization and subsequent
ligation of two circularization probes, leading to the formation of a circular
DNA molecule. This DNA circle can then be amplified by rolling circle
amplification (RCA) primed by oligonucleotides of the proximity probes,
generating a long single stranded DNA molecule that still is attached to the
proximity probe that bind its antigen. The concatameric repetitions of the
complementary sequence of the circle enable hybridization of multiple de-
tection oligonucleotides, generating a bright florescent dot. Each rolling
circle amplification RCA product can easily be visualized in florescence
microscope and quantified. Such an approach of double recognition provides
high selectivity and sensitivity of analysis, providing single-molecule resolu-
tion using conventional microscopes [63-66], as binding of single proximity
probe is insufficient to create an amplifiable DNA circle (Fig.4).
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Figure 4. Schematic representation of proteins complex detection with in sifu PLA.
PLA-probes bind to proteins in a complex and thus are brought in close proximity.
Subsequently added circularization oligonucleotides hybridize to the PLA-probes
and will upon ligation form a circlular DNA molecule. This DNA circle is multi-
plied by rolling circle amplification, generating a concatemeric amplification prod-
uct of the circle that is detected by hybridization of fluorescence-labeled detection
oligonucleotides.

Paper I: Intercellular variation in signaling through the
TGF-B pathway and its relation to cell density and cell
cycle phase

The members of transforming growth factor-f superfamily initiate signaling
through complex ligand-receptor interactions followed by formation of
Smad complexes that are transduced to the nucleus, resulting in a nuclear
accumulation of transcriptionally active Smad complexes that initiates a
wide range of transcriptional programs. The quantitative aspects of Smad
signaling as the duration and strength of signaling affect those responses and
are regulated on many levels. In my first paper I have used the in situ PLA
technique to characterize how stimulation via TGF-B affects Smad proteins
in genetically unmodified cells. Herein we focus on the assembly of func-
tionally active complexes between endogenous Smad proteins, during TGF-3
signal transduction from cytoplasm to nucleus by visualizing complexes of
Smad proteins in individual cells. The single-molecule resolution of in situ
PLA enabled us to investigate sub-cellular localization of the interacting
proteins, to determine were interactions occur and to monitor trafficking. We
show that in presence of TGF-f Smad-2/4 and Smad-3/4 complexes are
mainly localized in the nucleus and their accumulation is dependent on con-
centration of TGF-P and time of exposure to the cytokine. We also demon-
strated that complex assembly involving Smad proteins is influenced by the
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cellular environment, and that it correlates with the cell cycle phase, result-
ing in striking cell to cell variation of complex formation. Our data clearly
show that Smad3 activation, i.e. Smad3 phosphorylation, does not depend on
cell density. However, Smad complexes were found to be significantly re-
duced in numbers in dense cell cultures, suggesting that activation by Smad
phosphorylation need not always result in productive signaling. These find-
ings are consistent with recently published data [48]. We speculate that acti-
vated Smad2/3 might be sequestered in cytoplasm due to interactions with
Taz or Yap in a density-dependent manner. In addition, we demonstrate a
possible role for SnoN and Ski, potent transcriptional repressors of the sig-
naling pathway, in which they sequester Smads proteins in a cell cycle-
dependent manner.

Earlier studies of Smad interactions have mostly relied on engineered sys-
tems of transfected, over-expressing cells, with measurements made across
populations of cells. Due to the limitations of such methods, important ques-
tions remain to be addressed: regarding mechanisms and kinetics of endoge-
nous cell signaling, the localization of complexes within different cells and
compartments of the cell, and about the quantitative nature of these process-
es. Our data supports and extends earlier findings about TGF-f signaling,
and demonstrates the potential of the in situ PLA method to reveal new
mechanisms of regulation of cell signaling in genetically unmodified cells.
We further demonstrate that analysis can be performed in formalin-fixed
patient tissue sections, providing a basis for characterization of tumors with
respect to the activity status of signaling pathways. Thus, analysis of Smad
proteins via in situ PLA might provide new biomarkers for developmental
and disease-related studies of critical signaling pathways.

Paper II: Specific interactions between Smad proteins
and AP1 components determine TGFp—induced breast
cancer cell invasion.

The role of Smad proteins as transcriptional effectors of TGF-f signaling is
well studied and defined. However, in addition to their role as DNA binding
transcription factors Smads also function as transcriptional coactivators,
transducing signal from TGF-f to promote AP-1 regulated genes activation.
This is achieved by direct physical interaction between Smads and members
of the AP-1 family.

The composition of AP-1 complexes depends on expression of the AP-1
members, which differs between different cell types. The affinity of Smad
proteins to AP-1 family members varies and certain complexes, like Smad-
Jun, prevent Smad association with other factors. The Smad-AP-1 complex-
es exhibit different affinities to DNA-elements and will thereby modulate the
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capability to activate responsive promoters. In paper II, I describe our recent
findings on the transcriptional crosstalk between TGF- and AP-1 family
members in context of tumor progression and metastasis. The aim with this
study was to investigate how AP-1 signaling is influenced by TGF-B. As a
3D model of breast cancer invasion we used spheroids of MCF10A-MII
(pre-malignant human breast cancer cells) imbedded in collagen. This model
was previously used in studies on TGF-B-induced invasion, showing that
TGF-B-RI and Smad proteins play a critical role in cancer breast invasion by
activating the secreted proteases mmp2 and mmp9 [67] . With this 3D model
we determined that AP-1 transcription factor such JunB, cJun, cFos and Fral
are essential for tumor cell invasion induced by TGF-p. We also established
that these factors are responsible for regulation of numerous TGF-f3 induced
genes involved in EMT and tumor invasion. To determine protein complexes
formation between AP-1 transcription factor and Smad proteins we used in
situ PLA in MCF10A-MI cells, and were able to detect Smad proteins inter-
acting with several AP-1 family members. We showed that signaling from
TGF-B promotes complex formation in the nucleus between Smad3 and
Smad4, but also complexes between Smad2/3 and Fral proteins. Interesting-
ly Smad3 complexes with cJun and JunB were found prior to TGFf-
stimulation. Using chromatin-immunoprecipitations (chIP) we could deter-
mine the functional consequence of these complexes, showing that associa-
tion of Smad2/3 to the mmp10 and PAI-1 promoters depends on binding of
cJun, JunB and Fral, in a TGF-B-dependent manner. We conclude that spe-
cific types of complexes formed between Smad2/3 and Fral may trigger the
activation of the TGF-B-induced invasion program.
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Paper III and IV - Necessity is the mother of
invention

In the course of our work we often find ourselves limited by a lack of proper
methods to find answers to important questions we raise. In two of my pro-
jects presented in this thesis I was faced with such problems to overcome.

Paper III: A detailed analysis of 3D subcellular signal
localization

The function of cellular components often depends on their localization
within the cell. Accordingly it is of great importance to identify the subcellu-
lar localization of proteins and protein complexes in many biological studies.
Most of current methods for image analysis are restricted to 2D signal detec-
tion and therefore the possibilities of detailed analysis of localization are
limited. To overcome this obstacle, in paper III we developed an approach
for 3D analysis of subnuclear localization of RCA products obtained with in
situ PLA. Our aim with this paper was to develop an analysis tool for detec-
tion of 3D point-like fluorescence signals, providing subnuclear positioning
of such signals to enable a more detailed analysis for localization of com-
plexes between Smad proteins.

In situ PLA signals were detected using a stable wave detector, and analy-
sis of signals was then confined to a restricted area in relation to the nuclear
membrane. This tool was used to explore Smad complex localization within
nuclei of mouse embryonic fibroblasts, treated with TGF-B for different
times. We found that the Smad proteins exist as complexes close to the inner
nuclear membrane, which implies temporal regulation of transcription. The
quantitative data agreed with the generally proposed model of Smad kinetics.
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Paper IV: Bright-field microscopy visualization of
proteins and protein complexes by in situ proximity
ligation with peroxidase detection.

Bright-field microscopy is by far the most commonly used type of microsco-
py. An advantage, compared to fluorescence microscopy, is that bright-field
microscopy provides a better view of the histology than fluorescence mi-
croscopy. In addition, bright-field microscopy is not affected by the auto-
fluorescence of a sample, something that hampers detection of weakly fluo-
rescent objects. The level of intrinsic or fixation induced, unspecific back-
ground fluorescence is tissue type specific and can severely influence sample
analysis and data acquisition.

In paper IV we aimed to replace the fluorescent detection probes with
horseradish peroxidase (HRP) labeled detection probes, as this would allow
colorimetric detection of RCA products and enable quantification of RCA
products using bright-field microscopy.

To test the new protocol we applied HRP-labeled detection probes to vis-
ualize in situ PLA signals, representing individual proteins or protein com-
plexes, in different cells and tissue sections. To specifically enumerate the in
situ PLA signals we developed software to separate black and red color from
hematoxyline-eosine staining, and with this we were able to quantify in situ
PLA signals. This approach provides better visualization of tissue structures,
without compromising the detection of in situ PLA signals. Equivalent re-
sults were obtained when comparing the enzyme-linked with fluorescent
detection.

We have herein shown that in situ PLA can be used together with bright-
field microscopy, providing an approach that readily can be adopted in rou-
tine clinical histopathology.
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Current investigations and future plans

The context-dependent signaling: Perspectives on the
single cell analysis of the TGF-3 pathway

Smad phosphorylation

A wide range of kinases and phosphatases control activity of TGF-f3 signal-
ing by generating multiple Smad phosphoisoform, which exhibit various
biological functions. The diversity of phosphorylation events controls func-
tion of Smad2 and Smad3 in a temporal- and context-dependent manner
(Fig.3). Therefor I will focus on the involvement of cyclin dependent kinases
in phospho-control of TGF-p activity in relation to cell cycle phases.

Intermittent activation and inactivation of CDKs and their complex for-
mation with cyclins governs cell cycle progression and the processes thus
need to be tightly regulated. CDKs undergo cell cycle dependent changes of
their activity, which influences their subcellular localization, i.e. nucleocyto-
plasmic translocation that is regulated by phosphorylation at the beginning
of mitosis [68]. CDKs play a fundamental role in regulation of mitosis and it
has been shown in a large-scale analysis of the phosphoproteome that most
of identified by mass spectrometry phosphorylation sites in CDKs are main-
ly modulated in mitotic cell. Almost full phosphorylation was observed in
the majority of phospho-residues regulated by CDK1 and CDK2, suggesting
phospho- inactivation of these proteins in mitotic cells [69]. It has also been
shown that CDK4 is activated by cyclinD, whose expression is induced by
the Ras/ERK pathway during mitosis. This also significantly increases
Smad3 phosphorylation, although the cell cycle-dependent phosphorylation
of Smad3 peaks at the G1/S transition [34]. However, the phosphorylation of
Smad3 during G1/S phases does not prevent Smad3 and Smad4 complex
formation upon TGF-B stimulation, while in mitotic cells these complexes
are not present in the nuclei (Paper I). Interestingly, in mitotic cells we ob-
served complexes between Smad4 and a form of Smad3 that is phosphory-
lated at the T179 residue in the linker region. This complex is localized only
to the cytoplasm (Zieba A. and Blokzijl A. unpublished data, Fig.5).
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pSmad3(T179)-Smad4

Figure 5. The variation in localization of complexes formed between Smad4 and
Smad3 phosphorylated at Linker (T179) or COOH-terminal region (SXSS). The
nuclei are stained with Hoechst (blue) and cytoplasm is detected with Alexa488-
labeled phallodin (green). The complex formation is visualized using probes labeled
with Alexa555 (orange). Complexes between Smad4 and pSmad3 (T179) are local-
ized mostly in cytoplasm of mitotic cells. Smad4 and pSmad3-COOH complexes are
not present in mitotic cells.

Further studies are needed to explain the effect of linker phosphorylations
of Smads during cell cycle progression. A synergistic effect has been pro-
posed for the Smad phosphorylation by CDK and ERK. This might explain
the observed differences in phosphorylation and Smads complex formation
in studies using different biological systems. One may speculate that it is the
variable stoichiometry of phosphorylation events in time and site-specific
manner, which accounts for variable effects on signaling.

The impact of each single phosphorylation event on Smad signaling regu-
lation might be determined by using specific antibodies against individual
phosphorylation sides. Phosphorylation of the same Smad residues may have
diverse effects on pathway activity in different cellular compartments, there-
fore identification of phosphorylation events and analysis of how they influ-
ence signal progression will be crucial for understanding context-dependent
Smad signaling.

Hippo pathway- The window on the world

The cell can respond to specific clues and stress signals, and the outcome of
the stimuli relies on integration and responses to those stimuli. The cues cells
receive via cell-to-cell contacts or from the extracellular matrix can act in a
coordinated manner and be additionally modified downstream the pathways
[70-73]. Uncontrolled mutation-driven or stimuli-independent cellular re-
sponses can result in significant alterations in growth and proliferation pro-
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cesses of the cell, leading to disease. Unrestrained growth of organs has been
linked to mutations in the Hippo pathway that senses cell density and con-
trols organ size [74, 75], although there may be discrepancies between or-
gans [76]. The same mechanism that controls global organ size signals, when
altered in cancer cells, may promote proliferation or inhibition of stress-
induced apoptosis [75]. The pathway transduces multiple external signals
from the cell membrane to the nucleus and controls expression of numerous
genes in a cell-type and tissue-type dependent manner. Hippo pathway is
regulated by variety of upstream inputs but many of controlling events still
remain to be explored. The outcome of the Hippo cascade signaling is there-
fore diverse and depends on cell context. Multiple binding partners of Hippo
pathway downstream effectors, such as Taz and Yap, play a significant role
in modulating the signaling and negative feedbacks, e.g. by regulating phos-
phorylation and ubiquitination.

The Hippo pathway has recently been linked to TGF-B signaling, in
which the main factors of the Hippo regulatory system, Taz and Yap, trans-
duce cell density information. In sparsely growing cells Taz and Yap are
localized to the nucleus, where they bind to other transcription factors and
promote transcription, while in dense cells both factors become phosphory-
lated and are retained in the cytoplasm, preventing signaling from other
pathways. It has been shown that Taz and Yap regulate TGF-B-Smad signal-
ing in response to cell density by dictating the localization of Smad com-
plexes. Taz and Yap have a dominant control over the subcellular localiza-
tion of phosphorylated Smads. In high-density cell cultures Taz and Yap
sequesters Smad complexes in cytoplasm, suppressing the TGF-B induced
signaling. Consequently TGF-B responsiveness is coupled to cell density,
utilizing the Hippo pathway through Taz and Yap to transduce external
stress stimuli into TGF- pathway that moderates Smad-dependent gene
expression [48].

Due to the integrating properties of the Hippo pathway in regulating cell
proliferation, apoptosis and organ growth, together with its involvement in
unrestrained proliferation in various types of tumors, there is an increasing
interest in alterations and mutations of the Hippo pathway with respect to
cancer development and progression. It is well known how the core elements
of the Hippo pathway interact, but the molecular and mechanistic character-
istics of regulatory components remain unclear. During cancer development
the core components of the pathway along with their upstream regulators
function as tumor suppressors, but Taz, Yap and other associated down-
stream factors are considered to be involved in tumor progression. Therefore
it is of great importance to identify not only direct downstream target genes
but also other signaling molecules or transcription factors that cross-talk
with the Hippo pathway [77].

I have therefore initiated a project, to analyze of interactions between Taz,
Yap and Smads in the context of cell density-dependent modulation of TGF-
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B regulated genes. Preliminary data on complex formation in normal and
cancer cell lines have been very promising (Fig.6) and we will hence contin-
ue analyses also in human cancer tissue sections.
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Figure 6. Cell density dependent Taz/Yap interactions with Smad. (A) In cells grow-
ing at low or moderate densities Taz and Yap translocate to the nucleus and act as
transcription co-factors by interaction with Smad molecules. (B) In dense cell cul-
tures Taz and Yap are phosphorylated and remain in the cytoplasms where they
sequester Smad complexes, blocking downstream genes activation. (C) Cells grow-
ing at different cell densities were analyzed by IF for endogenous Smad2/3 and Taz
expression, and we observed a correlation in localization between Smad2/3 and Taz
in sparse cell cultures. (D) Using in situ PLA we could detect Smad2/3 and Taz
complexes in sparse cell cultures, while in high density cultures the cells were empty
of complexes. The complexes, visualized by in situ PLA, were detected with hybrid-
ization probes labeled with Alexa555 (orange). The cytoplasm was stained with
Alexa488-labeled phallodin (green) (D).

PLA in cancer diagnostics

The studies on cancer proteomics involve large scale analysis of the com-
plete set of proteins, their modifications and interactions to define character-
istics of particular pathologic states of cell physiology. However, biomarker
research still lacks established technologies for routine analysis of clinical
samples. Although methods for genetic analysis of tumor biopsies are com-
monly used they disregard intra-tumor heterogeneity, which might have tre-
mendous consequences for diagnosis and the outcome of the treatment.
Therefore the single cell analysis of tumor specimens may instead take ad-
vantage on the heterogeneity of tumors, allowing identification of cancer
sub-clones that is a prerequisite for a more advanced and personalized thera-
peutic approaches. In situ PLA is one of few methods that would be applica-
ble in such a context, although the clinical value of the method still needs to
be proven, as a viable option for future routine clinical diagnostics.

Identification of a gene expression signature for colorectal
cancer outcome

Most colorectal cancers are resistant to suppressing effects of TGF-f [2, 3],
primarily due to inactivating mutations in the TGF-f signaling pathway, and
almost all human colon cell lines have impaired TGF-B signaling [78]. Alt-
hough mutations in TGF- B RII and Smad4 are detected in almost 30% of all
colorectal tumors [3, 79, 80], whereas mutations in Smad2 are present in
only 4% of the cases [81], deeper analysis of TGF-f signal transduction are
required to better understand cancer development and to improve diagnosis
and treatment of this disease. Together with the Ludwig Institute of Cancer
Research (LICR) in Melbourne we will apply the recently established proto-
col for detection of complexes involving Smad2, Smad3 and Smad4 to ana-
lyze the functional state of the TGF-p pathway in genetically characterized
human colorectal tumor samples. The samples to be analyzed were taken
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from primary cancers from patients without recurrence and from patients
that have relapsed. The detection of mutations was performed for the Smads
and TGFRs genes, known to be mutated in this disease [79, 81], and they
were examined individually, and in combination, as markers of prognosis
(submitted work by LICR, Melbourne). Our goal with this project is to char-
acterize mutations influencing TGF-B signaling, e.g. mutations that prevent
complexes formation and repress the pathway or promote hyper-activation of
signaling, by analyzing the functional properties, i.e. complex formation and
PTMs, of these at a single cell level. We are also interesting in how signal
convergence between Smad and other pathways is affected by Smad muta-
tions and if the mutations in Smad4 can induce compensatory mechanisms
e.g. of AP-1 and Smad3 signaling to surmount the pro-oncogenic effects of
Smad4 mutations.

To accomplish this we plan to use a combination of two methods: padlock
probes for detection of individual mRNA molecules and in situ PLA for
detection of protein complexes (Fig.7) [82]. Padlock probes can be used to
determine expression levels and for genotyping of single mRNA molecules
in situ. In this method the mRNA molecules are converted to cDNA mole-
cules using reverse transcriptase and specific sets of primers containing the
locked nucleic acid sequences (LNA). The mRNA is then degraded with
RNase H, to generate free cDNA to which the padlock probes can hybridize.
However, the presence of LNA bases in the cDNA primers blocks degrada-
tion at the 5'end of mRNA, thereby anchoring the cDNA to the targeted
mRNA. Hybridizing padlock probes to the single stranded cDNA molecules,
and subsequent ligation, will result in cDNA templated circularization of the
padlock probes. These can then be amplified by RCA, primed from the
cDNA, to generate a localized RCA product that can be visualized by fluo-
rescence labeled detection oligonucleotides. In the same cells we will then
analyze complex formation between Smad proteins and subunits of TGF-3
receptor using in situ PLA. By combining both methods we hope to correlate
the mutation status of individual cells with their ability to form complexes of
mutated proteins (Fig.7).
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Figure 7. A schematic presentation of mRNA detection using padlock probes.
mRNA is converted to cDNA by reverse transcriptase, template by an LNA-
modified primer, and subsequently degraded by RNase H treatment. Padlock probes
will then be added and hybridized to, the newly formed cDNA. Upon ligation and
amplification the RCA product is visualized through hybridization of fluorescent
detection probes.

By extending genetic analysis of patient tissue samples to analysis at the
single cell level of both mRNA and proteins a more precise picture will
emerge, taking into account how the individual cancer cells interact with its

tumor microenvironment.

TGF-B and tumor vasculature

In the process of cancer development the tumor microenvironment is a cru-
cial factor that influences the fate of cancer cells. The interplay between
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cancer cells and non-malignant cells is a reciprocal process where the non-
malignant cells affect the cancer cells, and vice versa, creating an environ-
ment that promotes tumor growth. This process includes tumor vasculariza-
tion, to support the growing cells with oxygen and nutrition. The vascular
system of tumors depends on their type and grade and differs from the nor-
mal vasculature with the morphology and function. As a result of extensive
and aberrant angiogenesis vessels at later stages increase in size and become
permeable. The abnormal vasculature is a characteristic feature of glioblas-
toma multiforme, which is one of the most aggressive types of brain cancer.
However, very little is known about regulations and mechanism that control
those events.

Anna Dimberg at Uppsala University has recently identified changes in
expression of genes in abnormal vessels of glioblastoma multiforme, by
analysis of microdissected vessels. Based on evidence from mRNA studies
that showed increased level of expression of Smad controlled genes in high
grade tumor vessels, we analyzed of complex formation between Smad2/3
and Smad4. The vessels of grade IV tumors showed elevated signaling
through Smad2 and Smad3, indicating the involvement of the TGF-f path-
way in vasculature aberrations, while healthy and grade II tumor vessels had
none or minor TGF-B activity respectively. These results further highlight
the need for in situ analysis of tumor tissue sections to better understand the
mechanisms underlying the growth of cancer cells, as this is a consequence
of the communication between all the cell types present within a tumor. The
analysis may lead to high confidence prognostic/predictive assays for per-
sonalized medicine.
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