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Abstract
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Cancers display heterogeneity in genetic profiles of the individual cancer cells and in the
composition of different malignant and non-malignant cell populations. Such intra-tumor
heterogeneity plays a role in treatment response and the emergence of resistance to cancer
therapies. Approaches that address this complexity and improve stratification of patients for
treatment are therefore highly warranted. Thus, the aims of this thesis were to further develop
and apply in situ technologies for expression and mutation analyses of candidate cancer genes
to gain a deeper understanding of cancer biology and to study intra-tumor heterogeneity.

In paper I, we established and validated a procedure for scalable in situ hybridization of large
gene sets in human formalin-fixed paraffin-embedded tissues for analysis of gene expression.
This method was used in paper II for large-scale expression analysis of the tyrosine kinome
and phosphatome, two gene families whose members are frequently mutated in many forms of
cancers. Systematic, compartment-specific expression mapping at cell type resolution enabled
us to identify several novel vascular markers that have gone unnoticed in bulk transcriptomic
analyses. In papers III and IV, we used padlock probes for in situ mutation detection in
single cells for studies of genetic intra-tumor heterogeneity. In paper III, multiplex detection
and genotyping of oncogenic point mutations was demonstrated in routinely processed tissue
materials, whereas in paper IV we further the application by demonstrating multiplex detection
of fusion gene transcripts.

Collectively, the work presented in this thesis employs in situ-based methods to obtain spatial
resolution of gene expression and mutation patterns in normal and cancer tissues, thereby
broadening our understanding of the cancer genome.
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Introduction 

The availability of a reference human genome sequence, in combination with 
large scale sequencing technologies, has enabled systematic analyses to 
identify the mutated genes that cause cancer. Knowledge on the biology of 
novel cancer genes can be obtained by studying their expression patterns and 
mutations in normal and malignant tissues. Methods that are based on analy-
sis of bulk tumor tissues will capture the most abundant gene signal and the 
identity of the cells giving rise to a particular genetic profile cannot be de-
duced. Alternatively, in situ analyses can provide cell type resolution, ena-
bling identification and discrimination of cells thereby revealing subpopula-
tions of cells with a particular genetic profile within a tumor tissue. Methods 
that provide information on cell-specific differences will be increasingly 
important when studying heterogeneous tissues such as tumors. The work 
presented in this thesis provides spatial resolution of cancer gene expression 
and mutation by utilizing in situ hybridization and padlock probes for deeper 
understanding and translation of the genomic revolution in cancer into useful 
diagnostic tools in pathology and clinical oncology.  

The Cancer Genome 
Cancer is a group of diseases characterized by cells acquiring the ability to 
divide without control and invade surrounding tissues. The term cancer en-
compasses approximately 200 different diseases which can broadly be cate-
gorized by tissue of origin into i) carcinoma – cancer of the skin or of tissues 
lining or covering internal organs, ii) sarcoma – cancer of the bone, cartilage, 
fat, muscle, vascular, or hematopoietic tissues, iii) leukemia – cancer of 
blood-forming tissues, e.g. bone marrow, iv) lymphoma and myeloma – can-
cer of cells of the immune system, and v) central nervous system cancer – 
cancer of the brain and spinal cord tissues. Most cancers are initiated in a 
normal cell through alterations in the DNA sequences of genes affecting cell 
growth and division. However, cancer cells do not act alone. Studies have 
shown that genomic aberrations in cancer cells cannot fully describe tumor 
phenotypes and clinical behavior1-3. An altered microenvironment plays a 
crucial role in cancer initiation, growth and progression by secreting chemo-
kines, cytokines and growth factors. However, the nature of the molecular 
changes underlying these alterations is still unclear2,4,5.  
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Cancer Genes 
Cancer is a genetic disease caused by mutations in genes regulating cell 
growth and differentiation. These genes drive tumorigenesis by increasing 
net tumor cell growth through activation or inactivation of pathways regulat-
ing cell birth, differentiation and apoptosis6,7. Whereas some of these muta-
tions may be inherited, the vast majority are acquired as somatic mutations 
providing growth advantages to the cells in which they occur. These somatic 
mutations occur in all dividing cells, primarily because of defects in DNA 
replication and/or through exposure to exogenous or endogenous mutagens8. 
Mutations can be either drivers or passengers depending on the effect they 
have on the cell. Driver mutations are events that confer growth advantages 
on the tumor cell and are therefore positively selected for. Passenger muta-
tions are either present in the predecessor cell that gave rise to the clonal 
expansion or co-selected with a driver mutation9-11. On their own, passenger 
mutations are not sufficient to drive tumor growth or survival. However, 
they may adopt driver characteristics due to treatment or changes in envi-
ronmental conditions12. Systematic resequencing of cancer genomes has 
revealed that most somatic mutations are passengers that do not contribute to 
oncogenesis8.  

Genes frequently mutated in cancer can broadly be divided into onco-
genes and tumor suppressor genes6,13. Proto-oncogenes are normal genes that 
control cell proliferation and apoptosis. When mutated, proto-oncogenes 
become active oncogenes and lose their ability to respond to normal regula-
tory signals, thus contributing to cancer. Oncogene activation can occur 
through chromosomal translocations, gene amplifications or mutations at the 
nucleotide level. Generally, an activating somatic mutation in one allele of 
an oncogene is sufficient to confer a growth advantage6,14. Examples of on-
cogenes include platelet-derived growth factor receptor alpha (PDGFRA), 
where activating point mutations occur in gastrointestinal stromal tumors 
(GISTs)15, epidermal growth factor receptor (EGFR), where amplifications 
are frequently observed in gliomas16 and lung cancers17, and translocation of 
the anaplastic lymphoma kinase (ALK) with echinoderm microtubule associ-
ated protein like 4 (EML4) in non-small cell lung cancers18 . 

Tumor suppressor genes (TSGs) are genes that contribute to tumor 
growth when inactivated by mutations at either the nucleotide or chromoso-
mal level. This inactivation can result from point mutations, leading to ami-
no acid changes or truncated proteins, insertions or deletion, causing truncat-
ed proteins, or from epigenetic modifications such as promoter methylation. 
Generally, both alleles need to be inactivated for a cell to confer growth ad-
vantage6. This can occur through deletion of the non-mutated allele, also 
known as loss of heterozygosity (LOH). In the early 1970s, Knudson formu-
lated the two-hit hypothesis relevant for both sporadic and inherited tumor-
igenesis. By analyzing patients with one inherited mutated copy (first hit) of 
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the TSG retinoblastoma (RB), he hypothesized that patients only needed a 
second hit, either by a second mutation or LOH, to develop a tumor19. Alt-
hough most classical TSGs behave in accordance with this two-hit hypothe-
sis, there are several examples of genes, such as TP53 and phosphatase and 
tensin homolog (PTEN), where heterozygous mutations present an interme-
diate phenotype to that of the wild-type and homozygote mutants, which is 
referred to as haploinsufficiency20. Mutational analysis in colorectal cancers 
has revealed many TSGs within the tyrosine phosphatome, such as PTPN3, 
PTPN13, PTPN14, PTPRF, PTPRG and PTPRT21. TSGs can further be di-
vided into gatekeepers and caretakers. Gatekeeper genes, such as adenoma-
tous polyposis coli (APC) and PTEN, act to control cell proliferation by in-
ducing apoptosis, or cell-cycle arrest, whereas caretaker genes, for example 
mismatch repair (MMR) genes, reduce the mutation rate and restrict tumor-
igenesis by averting or repairing genomic damages6,20. 

Cancer Pathways 
Systematic analysis of genetic alterations in cancers has revealed that there 
are few frequently mutated cancer genes but a large number of infrequently 
mutated genes9,10. Despite this apparent complexity, the characterized cancer 
genes belong to a limited number of pathways, predominantly controlling 
cell growth and apoptosis6. This pathway-centric view is further supported 
by observations that mutations in different members of the same pathway 
result in similar phenotypic effects9,10,22. Generally, most genes in a pathway 
obey a mutual exclusivity principle meaning that one and only one compo-
nent of the pathway is mutated in a single tumor.  

Canonical pathways mutated in many forms of cancer include the RAS, 
Wnt and PI3K pathways23-25. Members of the RAS pathway have regulatory 
roles in pathways governing normal cell proliferation. About 20% of all hu-
man tumors harbor activating somatic mutations in a RAS member, most 
commonly in KRAS26. The alterations in KRAS frequently occur in codon 12 
and 13, which account for more than 90% of all activating point mutations, 
but mutations have also to a lesser extent been observed in codon 6127. So-
matic missense mutations in BRAF, a downstream target of KRAS, have been 
observed in 66% of malignant melanomas, where the single base substitution 
V599E accounts for 80% of the mutations28. These mutations will lead to a 
deregulated RAS pathway by constitutively activating their gene products.  

Alterations in components of the Wnt signaling pathway leading to aber-
rant activation of the pathway is observed in more than 90% of colorectal 
cancers, and less frequently in cancers at other sites such as hepatocellular 
carcinoma. In more than 80% of colorectal cancers with deregulated Wnt 
pathway signaling, inactivating somatic mutations occur in the TSG APC 
whereas activating mutations in the oncogene CTNNB1 accounts for the 
majority of the remaining cancers24. The Wnt pathway has also been shown 
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to play a role in prostate cancers. Between 40-60% of prostate cancer pa-
tients harbor the TMPRSS2-ERG fusion29, which leads to overexpression of 
the transcription factor ERG, an oncogene regulating cellular growth and 
differentiation. The overexpression and nuclear translocation of ERG acti-
vates the Wnt pathway by upregulating members such as frizzled-430,31.  

Deregulation of the PI3K pathway is implicated in several human can-
cers, including breast, colorectal and lung cancers. The most frequent altera-
tions include activating mutations in PIK3CA, one of the most commonly 
mutated oncogenes in human cancers, but also inactivating mutations in the 
antagonist PTEN or amplification of the oncogene AKT. These mutations 
lead to aberrant activation of the PI3K pathway, which results in increased 
cell growth, proliferation and survival32,33. The high frequency of deregulat-
ed PI3K pathway in many forms of cancer makes this pathway an attractive 
target for cancer therapeutics, targeting either upstream tyrosine kinase re-
ceptors or members of the pathway34.  

Clonal Evolution and Heterogeneity in Cancer  
In the mid-1970s, Nowell postulated that cancer is an evolutionary process 
driven by stepwise mutations in somatic cells together with sequential selec-
tion of subclones35. This theory has been supported by numerous studies 
over the past three decades. Individual cancer clones evolve through the 
interaction between selectively advantageous, neutral and deleterious muta-
tions. Moreover, genomic instability and alterations in the microenvironment 
will change the fitness effects of these mutations over time11,36.  

The classical model of clonal evolution suggests a linear genetic ap-
proach resulting from activating mutations in oncogenes coupled with inac-
tivating mutations in tumor suppressor genes (Figure 1A, upper panel). This 
type of monoclonal evolution can be exemplified by colorectal cancer37, a 
cancer type that has been extensively studied at various stages of tumor de-
velopment, from small adenomas to large metastatic carcinomas. It has been 
demonstrated that colorectal tumorigenesis proceeds through a progressive 
accumulation of changes involving activation of oncogenes and inactivation 
of tumor suppressor genes38,39. This model is proposed to involve key genetic 
events; inactivation of the APC pathway, activation of the KRAS pathway 
and inactivation of the TP53 and TGFB pathways. It has also been suggested 
that it is the order of genetic events rather than the individual genes within a 
pathway that is important for the tumor development40-42. Mutations are ac-
quired randomly and it is selection that defines their order, thus the sequence 
of alterations needed for a tumor to progress to the next stage cannot before-
hand be determined. Therefore, this representation is unlikely to reflect the 
dynamics of tumor evolution. Tumors change over time; due to environmen-
tal variations the selective effect of certain mutations might change when the 
surroundings change. For example, during treatment original passenger mu-
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tations may become driver mutations, or due to alterations in the microenvi-
ronment driver mutations might lose their significance because of selection 
pressure, thereby creating new driver events12. Therefore, tumor evolution is 
most likely to be multiclonal, where intra-tumor heterogeneity is expected to 
be present in the tumor cell populations (Figure 1A, lower panel)43.  

The majority of human tumors demonstrate intra-tumor heterogeneity, 
both in terms of the composition of different malignant and non-malignant 
cell populations but also in genetic profiles of the individual cancer cells. 
Whereas normal tissues display very low genetic heterogeneity, cancers ex-
hibit diverse genotypic features due to genomic instability and clonal diver-
sity44. It was recently demonstrated that different biopsies from the same 
tumor displayed intra-tumor heterogeneity, where distinct diagnostic signa-
tures could be derived from various regions of the same tumor45 (Figure 
1B). Representative sampling of a tumor can therefore be crucial for deter-
mining therapeutic strategies. The recent advent of deep-sequencing and 
single-cell technologies is starting to resolve the complexity of tumor heter-
ogeneity and the composition of diverse tumor subclones, and their contribu-
tions to tumor progression and drug resistance46-48. Genomic profiling of 
different subclones within a tumor has helped determine the ancestral line-
age and genetic events during the development of the tumor. For example, 
mutation analysis can deduce the path of clonal expansion and the occur-
rence of initiation, invasion and metastasis42,49,50. Such analyses that infer the 
subclonal genetic diversity will become an important feature in determining 
the outcome of therapy.  
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Figure 1. Clonal evolution and heterogeneity in cancer. A. Schematic illustration of 
monoclonal (upper panel) and multiclonal (lower panel) models of tumor progres-
sion. Different colors reflect subclones and increasing color intensity corresponds 
with tumor progression. The upper panel represents a monoclonal model of clonal 
evolution where advantageous mutations in oncogenes and tumor suppressor genes 
drive linear clonal expansion and subsequent tumor progression. The lower panel 
shows a multiclonal model of evolution where genetically divergent subclones, all 
originating from a single cell, co-exist within the tumor for periods of time. As the 
tumor progresses the population sizes and characteristics of subclones will change, 
whereby some will increase in size and other will remain the same or become ex-
tinct. Dominance of single clones might occur during advanced stages of tumor 
evolution. B. Due to intra-tumor heterogeneity, single tumor biopsies will not accu-
rately reflect the tumor genomic landscape and may therefore present major chal-
lenges to personalized treatment and biomarker development. Also minor subpopu-
lations with distinct clinical or biological features could be taken into consideration 
when deciding on therapeutic strategies. Modified from Marusyk et al43,44. 
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Personalized Cancer Treatment 
Targeted therapies hold the promise of personalized cancer treatment by 
interfering with specific molecular targets involved in tumor growth and 
progression, as opposed to cytotoxic chemotherapy which targets all rapidly 
dividing cells. These drugs can be either small molecules competing for 
binding to catalytic or substrate binding sites of the intracellular domains of 
receptors, for example binding of gefitinib or erlotinib to EGFR (Figure 
3B), or monoclonal antibodies binding to ligands or the extracellular do-
mains of receptors thus interfering with receptor activation, such as binding 
of cetuximab or panitumumab to EGFR (Figure 3B)51,52. The efficacy of 
many targeted anticancer therapies depends on the presence of genomic ab-
normalities, thereby defining the subset of treated patients that will show a 
significant clinical benefit from therapy53 (Figure 2). Recent advances in 
high-throughput technologies have enabled rapid and comprehensive analy-
sis of the cancer genome, and recurrent abnormalities that possibly contrib-
ute to treatment response have been identified54,55. By this means, individual 
patients could be matched with the appropriate drug on the basis of their 
genomic profile, thereby reducing costs and side-effects associated with 
unnecessary treatment. 
 

 
Figure 2. Stratification of patients based on genomic features can lead to increased 
clinical responses to tyrosine kinase therapies compared with traditional histopato-
logical stratification. NSCLC, non-small cell lung cancer, EGFR, epidermal growth 
factor receptor, TKI, tyrosine kinase inhibitor, ALK, anaplastic lymphoma kinase, 
MET, hepatocyte growth factor receptor. Modified from McDermott et al53.   
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Biomarkers in Cancer 
According to the Biomarkers Definitions Working Group, a biomarker is “a 
characteristic that is objectively measured and evaluated as an indicator of 
normal processes, pathogenic processes, or pharmacologic responses to a 
therapeutic intervention”56. Cancer biomarkers can for example be DNA, 
mRNA or proteins produced by the tumor or the surrounding tissue, in re-
sponse to the cancer or cancer-associated conditions such as inflammation. 
These biomarkers can be divided into several different categories, primarily 
diagnostic, prognostic and predictive biomarkers. A diagnostic biomarker is 
used to detect and identify a specific type of cancer in an individual54, exam-
ples of such can be the BCR-ABL fusion, present in approximately 95% of 
patients with chronic myeloid leukemia (CML)57, and mutations in BRCA1/2 
which lead to an increased risk of developing breast and/or ovarian can-
cers58. A prognostic biomarker predicts the probable course of a cancer, dis-
tinguishing patients with good outcome from patients with poor outcome and 
can therefore be used to decide how aggressively to treat a patient. Examples 
include expression of the estrogen and progesterone receptors in breast can-
cer. Patients with tumors that are positive for these receptors have a better 
survival than patient with hormone negative receptor tumors59. In non-small 
cell lung cancer patients with KRAS mutation, the KRAS mutation status can 
be used as a prognostic biomarker for poor sensitivity to anti-EGFR 
therapy17. Predictive biomarkers are used to assess the response to a particu-
lar treatment and can divide patients into responders and non-responders. 
Breast cancer patients with amplification of ERBB2 (HER-2) will benefit 
from treatment with trastuzumab, whereas breast cancer patients with ER 
expression will benefit from treatment with tamoxifen59,60 Recent advances 
in genomic and proteomic technologies have greatly increased the number of 
potential cancer biomarkers. However, these need to be rigorously validated 
before being implemented in the clinical setting60. 

Tyrosine Kinases and Phosphatases as Targets for Cancer 
Therapy 
Certain gene families, such as the protein kinases and protein phosphatases, 
are known to be frequently mutated in human cancers8,21,61. The human ge-
nome encodes approximately 520 protein kinases and 180 protein phospha-
tases62,63. On the basis of substrate specificity the kinases can be divided into 
four main groups: tyrosine kinases, tyrosine-like kinases, serine-threonine 
kinases and lipid kinases63. In a similar way, the phosphatases can be 
grouped into three classes: serine/threonine phosphatases, tyrosine phospha-
tases and dual-specificity phosphatases63,64. To date, more than 90 protein 
tyrosine kinases (PTKs)65 and 100 protein tyrosine phosphatases (PTPs)66,67 
have been identified in the human genome.  
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PTKs are enzymes that catalyze the transfer of a phosphate group from 
ATP to specific tyrosine residues, whereas PTPs catalyze the reverse process 
by removing the phosphate group61. This reversible phosphorylation of tyro-
sine residues is a key feature in many signaling pathways affecting for ex-
ample cell proliferation, migration and survival (Figure 3A). PTKs are di-
vided into receptor PTKs, transmembrane proteins with an extracellular lig-
and-binding domain and an intracellular catalytic kinase domain, and cyto-
plasmic non-receptor PTKs. Upon binding of a ligand, the receptor PTKs 
become activated resulting in dimerization, autophosphorylation of tyrosine 
residues, recruitment of signaling proteins and the activation of downstream 
signaling cascades65,68. The non-receptor PTKs are activated through a series 
of intracellular signals leading to dimerization and autophosphorylation, but 
also through transphosphorylation by other PTKs68. Deregulation of PTKs in 
cancers can occur by i) mutations affecting autophosphorylation or dimeriza-
tion, ii) overexpression of receptors or ligands, iii) chromosomal transloca-
tions resulting in fusion genes or iv) loss of PTPs inhibitor activity65. Such 
alterations lead to aberrant activation of pathways that sustain tumor growth. 
Well-known examples of altered tyrosine kinases include BCR-ABL fusion 
in CML, ERBB2 (HER-2) amplification in breast cancers, and c-KIT and 
PDGFRA mutations in GIST.  

In a similar fashion, PTPs can be divided into receptor and non-receptor 
PTPs. The receptor PTPs have a transmembrane domain, variable extracellu-
lar domains, and intracellular parts consisting of either single or dual catalyt-
ically active domains. Non-receptor PTPs are intracellular, containing se-
quences that allow binding to specific proteins or direct them to specific 
subcellular compartments67. Several PTPs have been linked to tumorigenesis 
by genetic evidence. Mutational analysis of PTPs in colorectal cancers iden-
tified inactivating somatic mutations in PTPN3, PTPN13, PTPN14, PTPRF, 
PTPRG and PTPRT, which were suggested to act as tumor suppressors 
based on demonstration of loss of function21. Moreover, overexpression of 
PTPRJ reverted the tumor phenotype of different cancer cells, while LOH 
was seen in breast, colon, lung and thyroid cancers69-71. Inactivation through 
promoter methylation was observed for PTPN6 in leukemia, lymphoma and 
multiple myeloma72,73 and for PTPRO in lung cancers74. Because most PTPs 
have been implicated as tumor suppressor genes, reactivation of a mutated 
PTP is most likely pharmacologically challenging, thus making it attractive 
to identify the corresponding PTK as a possible novel therapeutic target21. 
However, a few PTPs have been found to function in an oncogenic manner, 
such as activating mutations in PTPN11 in myeloid malignancies75 and over-
expression of PTPRB in glioblastoma76, and have therefore emerged as po-
tential drug targets77. 
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Figure 3. Schematic view of epidermal growth factor receptor (EGFR) signaling 
pathway and its inhibition. A. Normal signaling cascade; upon binding of ligands, 
the receptors dimerize and trigger autophosphorylation of the tyrosine sites leading 
to activation of downstream signaling cascades, and transcription of genes promot-
ing migration, cell proliferation and survival. B. Signaling cascade is blocked by 
monoclonal antibodies (cetuximab/panitumumab) targeting the extracellular domain 
of EGFR, small molecule inhibitors (gefitinib/erlotinib) targeting the intracellular 
domain or by protein tyrosine phosphatase receptor J (PTPRJ) dephosphorylating 
the tyrosine sites.  

Over the last decades, research on PTKs has enabled the development of 
different drugs. Imatinib mesylate, a tyrosine kinase inhibitor (TKI) of ABL, 
c-KIT and PDGF receptors, induces complete remission in more than 70% 
of patients with CML, suggesting a single dysregulated PTK as the major 
somatic genetic alteration driving the malignant cells78. More than half of 
patients with GIST show a partial response to imatinib treatment79. Overex-
pression of ERBB2, observed in 20-25% of invasive primary and metastatic 
breast cancers, is associated with poor prognosis. Treatment with the mono-
clonal antibody trastuzumab in combination with chemotherapy increases 
response rates and decreases recurrence in these patients80.   

Large-scale sequencing of the tyrosine kinome and phosphatome in dif-
ferent cancers has identified several previously unknown mutations, for ex-
ample activating point mutations of PIK3CA81. Such large-scale mutation 
analyses identified alterations in at least one tyrosine kinase or phosphatase 
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in more than 50% of colorectal cancers21. In melanoma, mutational analysis 
of the tyrosine kinome revealed ERBB4, FLT1 and PTK2B mutations in 
19%, 10%, and 10% respectively, of patient tumors, encouraging the devel-
opment of small-molecule inhibitors or antibodies targeting these kinases in 
melanoma patients with such mutations82. The complete protein kinome was 
screened for somatic mutations in 33 lung cancers revealing 188 mutations 
in 141 genes83, and in 25 breast cancers identifying 92 mutations in 72 
genes. The results from such analyses have implications for the development 
of kinase inhibitors as novel therapeutics. Thus, there is a need for diagnostic 
approaches that identify mutations in kinases.  

Besides cancer cells, a tumor also contains many other cell types, includ-
ing fibroblasts, pericytes, endothelial cells, and immune cells. These cells 
together with the cancer cells and the extracellular matrix are defined as the 
tumor stroma. Cancers are dependent on tumor stroma for growth support. In 
a paracrine fashion, cancer cells release factors that stimulate stromal cells 
which in turn produce and release ligands that stimulate cancer cells by for 
example promoting angiogenesis and suppressing immune response. There-
fore, another strategy for cancer therapy has been to find suitable targets 
within the stroma84,85. Like many other tissues, most cancers are dependent 
on vessels for delivering nutrients and oxygen. Vascular endothelial growth 
factor (VEGF) is one of several pro-angiogenic growth factors secreted by 
endothelial cells. The monoclonal antibody bevacizumab, which binds to the 
VEGF-A ligand thereby blocking its binding to VEGF receptor sites, was 
developed for treatment of metastatic colorectal cancers in conjunction with 
chemotherapy86. Bevacizumab has also shown promising results for treating 
patients with non-small cell lung cancer and metastatic renal cancer87,88. 
Furthermore, small-molecule TKIs targeting the angiogenic process have 
recently been developed. Sorafenib and sunitinib, targeting VEGF receptors, 
but also BRAF, PDGFRB, FLT-3 and c-KIT, are approved for treatment of 
advanced renal carcinoma and GIST89-91.  

Challenges Associated with Personalized Treatment 
One of the major challenges related to personalized treatment is identifying 
biomarkers in cancer that can guide therapeutic decisions or predict who will 
benefit from a specific targeted therapy. Research over the past decades has 
presented many potential biomarkers but the number of biomarkers used in 
clinical settings is small. This could be related to incomplete tissue collec-
tion or inadequate preservation during disease or treatment studies making it 
difficult to fully evaluate a biomarker. One strategy to overcome this is to 
develop tools that can detect and isolate tumor DNA non-invasively, for 
example by identifying circulating tumor cells from a blood sample60,92,93. 
Also due to intra-tumor heterogeneity, single tumor biopsies can result in 
sampling bias and be a reason for failure when implementing biomarkers in 
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the clinical setting45,94. Furthermore, before introducing a biomarker into 
routine clinical care, concrete validation processes need to be established. 
For example assays for measuring biomarkers must be rigorously assessed in 
terms of reproducibility, sensitivity and accuracy95.  

In addition, the emergence of intrinsic or acquired resistance due to 
treatment is another major challenge. For example, the drug vemurafenib 
inhibiting the oncoprotein BRAF (V599E) is an efficient treatment for pa-
tients with melanoma, but colon cancer patients harboring the same mutation 
show poor response to this drug. Vemurafenib resistance in colorectal cancer 
cells arises as a result of rapid feedback activation of EGFR, which in turn 
leads to activation of RAS protein. This activation promotes dimerization of 
BRAF rendering the dimers resistant to the drug, thus leading to continued 
proliferation96-98. Resistance in melanoma patients will though eventually 
arise through two different mechanisms. One involves the overexpression of 
PDGFRB thereby creating an alternate survival pathway and the other is 
through oncogenic mutations in NRAS (Q61K) leading to reactivation of the 
MAPK pathway99. In addition, recent studies suggest that resistance of 
BRAF mutant melanoma to vemurafenib can be stroma-mediated. Stromal 
cell secretion of the RTK ligand hepatocyte growth factor (HGF) activates 
its receptor c-MET, thus stimulating the alternative survival pathways 
MAPK and PI3K100,101. Furthermore, colorectal cancer patients that are wild-
type for KRAS mutations are often sensitive to cetuximab or panitumumab. 
However, after an initial response, these patients almost always develop 
secondary resistance. This resistance is likely due to the presence of KRAS 
mutations in a clonal subpopulation within the tumor prior to initiating anti-
EGFR therapy, which then outgrows the susceptible cancer cells during 
treatment102,103. Moreover, acquired resistance of lung cancers to gefitinib  or 
erlotinib has been shown to be associated with a secondary mutation at 
T790M in the kinase domain of EGFR, plausibly causing steric hindrance 
thereby impairing the binding of the TKIs104,105, but also to c-MET amplifi-
cation, which drives the ERBB3-dependent activation of PI3K 
pathway106,107, or through activation of the AXL kinase, which activates al-
ternate survival pathways108.  

Collectively, these results have increased the understanding of resistance 
mechanisms and emphasize the significance of recurrent evaluation of the 
tumor genome during the course of the disease and treatment.  

Technologies for Analysis of Cancer Transcriptomes 
The transcriptome consists of all RNA molecules that are generated when 
DNA is transcribed. In comparison with the genome, which is roughly the 
same in all cells of an individual, the transcriptome is dynamic differing 
between cell types, developmental stages and in response to external stimuli. 
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The transcriptome in a given cell or tissue type is a representation of the 
interplay between RNA synthesis and degradation. By analyzing gene ex-
pression, a process where information from a gene directs the synthesis of a 
functional gene product, important insights regarding gene regulation such 
as transcription and post-transcriptional modifications can be obtained. Re-
cent advances in technologies for characterizing RNA has revealed that most 
of the human genome is transcribed and that the great diversity in gene ex-
pression can be generated at the RNA level109,110.  

Microarray-Based Technologies 
The simultaneous hybridization of target molecules in a single sample to 
thousands of specified probes on a microarray has been central to genomics 
research. Array-based methods can provide information on changes in gene 
expression patterns in different cell types and tissues, and across develop-
mental stages and disease phenotypes111-114. Although array-based technolo-
gies are more practical for large-scale transcriptional profiling due to re-
duced cost and time, drawbacks such as i) cross-hybridization between 
probes leading to unspecific signals, ii) unreliable detection of low abun-
dance genes, iii) the need for prior knowledge of gene sequences making 
novel transcripts detection impossible, and iv) difficulties in analyzing data if 
transcript splice variants have not been accounted for when designing hy-
bridization probes, have led to a shift towards sequencing-based technolo-
gies for analyzing gene expression115-117.  

Sequencing-Based Technologies 
In contrast to microarrays, sequencing-based technologies enable detection 
of novel transcripts, thus allowing for analysis of previously unidentified 
genes. Whereas gene expression in microarrays is measured by fluorescence 
intensity, sequencing-based technologies quantify gene expression by digital 
counting of the RNA molecules. An example is serial analysis of gene ex-
pression (SAGE), which provides a quantitative readout of expressed genes 
without any previous knowledge of sequence data. Although being time-
consuming, advantages with SAGE include the possibility for library prepa-
ration from small number of cells and automated library analysis118-120. An-
other method for transcriptional profiling is transcriptome sequencing 
(RNA-seq). Besides offering a large dynamic range and being highly sensi-
tive due to large number of reads, RNA-seq is suitable for analyzing allele 
specific gene expression, identifying gene fusions and mutations, and char-
acterizing alternative splice variants and rare or transiently expressed tran-
scripts121-124. However, disadvantages include bioinformatics challenges in 
having suitable computational tools for processing and analyzing the mas-
sive amount of sequencing data125, and the need for high sequence coverage 
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to detect rare transcripts leading to increased costs123. These methods do not 
provide single-cell resolution, which can be a limitation in terms of identify-
ing cell-specific differences within a heterogeneous sample. Gene expression 
in single cells is subjected to intrinsic fluctuations since transcription is an 
interaction between infrequent bursts of transcription and periods of tran-
scriptional inactivity and mRNA decay126. Single-cell approaches are im-
portant for understanding the complexity of gene expression and regulation, 
but also for detecting rare cell types in complex tissues such as tumors, and 
analyzing small number of single cells, for example circulating tumor 
cells127-129. However, drawbacks to single-cell transcriptome analysis include 
finding suitable markers for accurate isolation of specific cell populations 
and cell-to-cell variation in transcript abundances128.  

In Situ-Based Technologies 
Most solid tumors are composed of different cell types, such as cancer cells, 
stromal cells and normal epithelial cells, all of which have different gene 
expression signatures130. Methods employing bulk transcriptome measure-
ments will often only provide information on the average gene expression of 
the most abundant signals in a sample and it is usually not known which 
cells are predominantly responsible for a given genetic profile. In situ-based 
technologies on the other hand offer accurate spatial localization of gene 
expression within cells and tissues, avoiding the problems associated with 
analyzing heterogeneous tumors. Since these analyses are performed on 
morphologically preserved specimens, subregions with similar expression 
patterns can be identified and information on the cell origin of different 
genes can be obtained. 

One such technology is fluorescence in situ hybridization (FISH), a cyto-
genetic method for detection and localization of specific DNA sequences on 
chromosomes, which has been widely used in the field of cancer genetics for 
both diagnostics and research131. Modifications to FISH has enabled the de-
tection and quantification of single RNA transcripts either through hybridi-
zation of oligonucleotide probes labeled with multiple fluorophores132, 
probes labeled with different fluorophore combinations for each RNA tran-
script133, or numerous oligonucleotide probes labeled with one fluorophore 
each134.   

To enhance the sensitivity of in situ detection, strategies for circumvent-
ing limitations such as low abundance and poor accessibility of the target 
have focused on amplifying the target, the signal or the probe. For amplify-
ing the target, in situ PCR or in situ reverse transcription PCR (RT-PCR) can 
be utilized for detecting DNA and mRNA, respectively135,136. After amplifi-
cation of specific sequences within cells or tissues, the target can be detected 
directly by incorporating labeled nucleotides into the PCR products, or indi-
rectly using labeled target-specific probes137,138. The catalyzed reporter depo-
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sition technique (CARD)139 uses biotinylated tyramide for signal amplifica-
tion. Probes labeled with for example digoxigenin or biotin are hybridized to 
the target sequence and detected by antibodies or streptavidin coupled with 
horseradish peroxidase (HRP). Tyramide biotin molecules, which act as 
substrates for HRP, are added and become activated by HRP leading to their 
deposition onto electron-rich moieties at the hybridization site. If fluores-
cently labeled tyramides are employed, the deposited tyramide biotin can be 
visualized directly after the CARD reaction with fluorescence microscopy, 
otherwise indirectly by brightfield microscopy137,138,140. When compared to 
conventional procedures such as IHC and “normal” ISH, CARD ensures a 
500- to 1000-fold increase in sensitivity of the detection signal without in-
creasing the background141. Since CARD amplification is performed after 
probe hybridization and stringent washings, the specificity of probe hybridi-
zation is not affected. However, it is essential to block or quench endoge-
nous peroxidase as it can catalyze the CARD reaction thereby amplifying 
nonspecific background signals. In addition, endogenous biotin should be 
blocked to avoid high background staining in tissues like liver and kidney138. 
A third way of increasing the sensitivity of in situ detection is to amplify the 
probe, for example using padlock probes and rolling-circle amplification 
(RCA)142, which will be described later.  

For rapid and cost-effective in situ analysis tissue microarrays (TMAs) 
can be utilized. TMAs are constructed by taking small tissue core biopsies 
from individual donor formalin-fixed paraffin-embedded (FFPE) tissue 
blocks and combining them as an array on a recipient block, thereby mini-
mizing excess handling of precious samples. In addition, combining multiple 
tissues from one donor or tissues from multiple donors on one block allows 
for standardization of protocols and ensures that all biopsies on one TMA 
are treated the same. This high-throughput method allows for analysis of 
molecular targets in thousands of tissue specimens from patients at different 
stages of disease, either at the DNA, RNA or protein level. TMAs have been 
extensively applied in the field of cancer research for examination of tumor 
progression and identification of diagnostic, prognostic or therapeutic fac-
tors143,144.  

In Situ Hybridization 
In situ hybridization (ISH) employs labeled complementary RNA or DNA 
probes to detect and localize specific RNA or DNA sequences in individual 
cells within tissues, thereby providing morphological information on spatial 
distribution and heterogeneity of gene expression in complex tissues145,146. 
Traditionally, detection of gene expression was performed using radio-
labeled probes, however the need for long incubation times and the use of 
radioactivity restrained the broad application of this method and has there-
fore led to a transition toward non-radioactive detection147,148. Although iso-
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topic ISH displays greater sensitivity to non-isotopic ISH, applications such 
as CARD have significantly increased the sensitivity149.  

Another recent improvement is the automation of ISH, which besides re-
ducing labor and increasing throughput allows for rapid and simple optimi-
zation and standardization of variables, such as reaction times, concentra-
tions and temperatures150,151. This type of automation has enabled compre-
hensive analysis of gene expression in the adult mouse brain and in mouse 
embryo152,153.  Since FFPE tissues are the most commonly existing material 
in biobanks worldwide, modifications enabling automated detection of 
mRNA in FFPE tissues have recently been developed154. 

ISH has many applications in clinical research and diagnostic pathology, 
and has provided valuable insights about the biology of normal tissues and 
the changes manifested in disease155. However, ISH lacks the sensitivity to 
distinguish between highly similar sequences.  

Padlock Probes and Rolling-Circle Amplification 
In situ technologies for studying single cells with single-molecule sensitivity 
can provide valuable information on transcript variation within cells and also 
on the genotype of individual transcripts. Padlock probes and target-primed 
RCA is such a technology (Figure 4). A primer containing locked nucleic 
acid (LNA) bases is used to reverse transcribe the target mRNA into cDNA. 
LNA bases are RNA analogs that have been modified to contain a methylene 
bridge between the 2’-O and 4’-C to increase the hybridization affinity for 
complementary DNA and RNA by conformational constraint156. LNA probes 
are resistant to RNase H activity resulting in high stability but also in pre-
venting the newly synthesized cDNA to diffuse from the cell by binding to 
the LNA-containing primer156,157.  

Padlock probes are synthetic single stranded DNA oligonucleotides of 70-
100 nucleotide lengths with target complementary 5’- and 3’-ends. Upon 
hybridization of the padlock arms to the target sequence, the 3’- and 5’-ends 
are brought together allowing for DNA ligase to covalently join the ends. 
This creates circularized molecules, which are locked on the target sequenc-
es as padlocks158. Ligation will only occur if the padlock probe and target 
sequence are perfectly matched at the ligation junction, thus leaving mis-
matched probes linear159. This  makes padlock probes suitable for detecting 
and genotyping point mutations160 and single nucleotide polymorphisms 
(SNPs)161. For discrimination of highly similar sequences, the padlock 
probes are designed to differ at one nucleotide at the 3’-end, complementary 
to the target SNP or point mutation159. To produce strong signals that are 
distinguishable from the background, the padlock probes are amplified using 
target-primed RCA, where a free 3’end of the target cDNA acts as a primer. 
After the first round of replication of the complete padlock probe sequence, 
the DNA polymerase will displace the newly synthesized strand and proceed 
with the next round, ultimately resulting in a long linear single stranded 
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DNA molecule with multiple repeats of the targets complementary se-
quence161. The amplification products will then coil into a micrometer sized 
DNA bundle162 and can be visualized by fluorescently labeled oligonucleo-
tides, which hybridize to the complementary sequence on the padlock probe 
backbone. Each detected target transcript can be visualized as a fluorescent 
spot, enabling quantification163,164.  

Padlock probes and RCA allow for multiplex detection and genotyping of 
individual DNA and RNA molecules in cells and tissues. However, a disad-
vantage with this method is the low detection efficiency, approximately 30% 
as determined by qPCR160, which makes the detection of low expressed 
genes difficult.  
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Figure 4. Schematic illustration of in situ detection and genotyping with padlock 
probes and target-primed rolling-circle amplification (RCA). Target mRNA is con-
verted to cDNA (black) and padlock probes are hybridized to target complementary 
sequences. Upon circularization, the padlock probes act as templates for RCA and 
the resulting products can be detected with fluorescently labeled oligonucleotides 
(green or red depending on which sequence was detected). 
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Present Investigation 

Paper I: Scalable in situ hybridization on tissue arrays 
for validation of novel cancer and tissue-specific 
biomarkers 

Aim of study 
Precise and specific tissue localization of gene expression is essential for 
functional understanding of large-scale data sets from expression and muta-
tion analysis of complex tissues such as tumors. The aim of this study was 
therefore to establish a procedure for robust and scalable in situ hybridiza-
tion of large gene sets in formalin-fixed and paraffin-embedded tissue arrays. 
A further aim was to implement this method for validating the specificity of 
novel antibodies to cancer and tissue-specific biomarkers. 

Results and Discussion 
We generated RNA hybridization probes targeting regions with low homol-
ogy with transcripts of other genes, spanning exon boundaries and encom-
passing all RefSeq transcripts of the gene of interest by using a PCR-based 
approach and a human transcriptome library encompassing mRNA from 32 
human tissues and 34 human cancer cell lines. We chose 17 genes for gene 
expression analysis; chromogranin-A (CHGA), keratin 17 (KRT17), v-yes-1 
Yamaguchi sarcoma viral related oncogene homolog (LYN), antigen KI-67 
(MKI-67), phosphodiesterase 6A (PDE6A), platelet endothelial cell adhesion 
molecule 1 (PECAM1), protein tyrosine phosphatase type C (PTPRC) and 
villin 1 (VIL1) representing commonly used biomarkers in pathology, and 
bromodomain containing 1 (BRD1), histone-lysine N-methyltransferase 
(EZH2), family with sequence similarity 174 member B (FAM174B), gluta-
mate decarboxylase 1 (GAD1), janus kinase 3 (JAK3), junction plakoglobin 
(JUP), mix1 homeobox-like 1 (MIXL1), special AT-rich sequence binding 
protein 2 (SATB2) and zinc finger protein 473 (ZNF473) representing novel 
potential tissue- or tumor-specific biomarkers. We first assessed whether 
probe length affects the sensitivity or specificity of ISH signals due to cross-
linking and degradation of mRNA in FFPE tissues. By designing RNA 
probes of 500, 1000 and 1500 bp for PDGFRB and fragmenting 500 bp 
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probes to 50-200 bp for KTR17 and CHGA using alkaline- and metal ion-
catalyzed approaches, we concluded that no significant difference in signal 
could be detected for probe pairs of 500 bp or shorter, whereas an increase in 
background was observed for longer probes. Furthermore, to facilitate a 
large-scale approach, optimization of proteinase K concentration was per-
formed where three genes with various expression levels (PDGFRB, KRT17 
and ActB) were evaluated on a TMA with normal colon, kidney, liver, spleen 
and tonsil. Concentrations spanning from 2.5 to 100 µg/ml were tested and 
by comparing all tissues the optimal concentration was chosen to be 60 
µg/ml. In addition, for visualizing genes with low expression double cycles 
of tyramide-based signal amplification was implemented. 

By staining consecutive FFPE tissue microarray sections encompassing 
48 normal tissues in triplicates using parallel ISH and IHC, mRNA and pro-
tein expression patterns were evaluated for correlation. CHGA, KRT17, 
MKI67, PECAM1, and VIL1 showed similar tissue and cellular distribution 
of mRNA and protein across several tissue types, PDE6A expression could 
only be verified in a subset of cells by ISH. No correlation between mRNA 
and protein expression was observed for LYN and PTPRC, which can be due 
to biological processes such as post-transcriptional, translational or post-
translational modifications, or possibly because of mRNA decay or protein-
half-time. Moreover, novel antibodies with either a tissue- or tumor-specific 
expression were evaluated. Concordance between mRNA and protein ex-
pression patterns was observed for BRD1, EZH2, JUP and SATB2, semi-
correlation was seen for GAD1 but for the remaining antibodies targeting 
FAM174B, JAK3, MIXL1 and ZNF473 no correlation was obtained, which 
could be related to antibody specificity. Furthermore, for the novel colorectal 
cancer biomarker SATB2 expression was assessed in colorectal cancers 
demonstrating 94.9% agreement (Cohen’s kappa test κ = 0.68) between 
mRNA and protein expression patterns.  

Much groundwork has been performed in the context of large mouse tran-
scriptome studies on frozen tissues152,153 and we have modified this approach 
to also include FFPE human tissue specimens. By establishing a procedure 
for facile and robust probe generation based on PCR amplification from a 
comprehensive human transcriptome library, we show accurate generation of 
RNA probes for all the genes analyzed. In addition, by using a higher pro-
teinase K concentration and double cycles of tyramide-based signal amplifi-
cation we could successfully obtain signal in FFPE normal and cancer tissue 
sections. We also noticed that freshly sectioned tissue sections generated 
stronger signals compared to older FFPE specimens, which could be due to 
oxidative effects of the RNA on the exposed surface or unsatisfactory fixa-
tion conditions affecting RNA quality. Antibody sensitivity and specificity 
can be a major concern in IHC, especially when antibodies are generated 
towards targets with unknown expression patterns. Specificity validation of 
antibodies can be performed by obtaining similar expression patterns with an 
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antibody towards a different epitope of the antigen, loss-of-signal in knock-
out in for example mouse, or highly similar staining patterns with ISH. We 
demonstrate the applicability of the latter approach.  

In conclusion, this study presents a scalable ISH technology enabling 
gene set expression analyses in human tissue arrays and provides the founda-
tion for mapping transcript expression in systematic whole-genome ap-
proaches.  

Paper II: Expression analysis at cell type resolution of 
the tyrosine kinome and phosphatome in human normal 
and malignant tissues 

Aim of study 
Systematic analysis of gene expression can provide valuable information that 
will increase our understanding of cancer biology and help identify new 
biomarkers for diagnostic and prognostic use. In this study, we applied the 
methodology established in Paper I for determining the gene expression of 
the complete compendium of tyrosine kinases and phosphatases in the epi-
thelial or tumor cell compartments as well as the vascular, stromal, and in-
flammatory cell compartments in human formalin-fixed paraffin-embedded 
normal and cancer tissues. 

Results and Discussion 
We generated RNA probes for 85 tyrosine kinases and 42 tyrosine phospha-
tases, performed ISH and annotated staining in a total of 36,576 FFPE tissue 
specimens, comprising 48 normal adult human tissues in triplicate and 24 
cancers each of bladder, breast, colorectum, kidney, prostate and testis for 
each gene. The tissues were scored for expression in epithelial or tumor 
cells, vessels, connective tissue stroma and inflammatory cells. Further, we 
compiled a comprehensive reference on tissue expression of the genes by 
assembling gene expression data from prior ISH investigations in mouse, 
literature on mouse knockout, and normalized human array expression data. 
To determine the validity of gene expression patterns, we compared the ISH 
results with the publicly available literature. We observed positive expres-
sion patterns consistent with prior knowledge for 72% of the genes. Approx-
imately 20% of the genes demonstrated expected low or undetectable ex-
pression in normal and tumor tissues. No reference data could be obtained 
for five of the studied genes. Furthermore, the ISH expression pattern was 
discordant with the reference data for 4% of the tyrosine kinases and 7% of 
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the tyrosine phosphatases. Taken together, 93% of the investigated genes 
had in situ expression patterns in agreement with array-based gene expres-
sion profile. In this study we were able through systematic and compart-
ment-specific analysis of gene expression discover genes with stromal ex-
pression and identify genes as potential vascular markers, which have not 
been demonstrated before. These findings would have been overlooked by 
bulk tissue transcriptome analyses.  

The tyrosine kinome and phosphatome harbor oncogenes and tumor sup-
pressor genes in different types of human cancers and play important roles in 
angiogenesis. For these genes, prior knowledge exists on expression in bulk 
tumor tissues, which reflects the average gene expression in all cell com-
partments of the tissue, but no systematic investigation of expression pat-
terns has previously been performed. We therefore performed compartment-
specific gene expression analysis of 85 tyrosine kinases and 42 tyrosine 
phosphatases in human cancers by annotating gene expression to the tumor 
compartment, vascular, connective tissue stroma and inflammatory cells for 
the identification of novel biomarkers and therapeutic targets in cancer. We 
also demonstrate that transcriptomic data from bulk tissues together with in 
situ transcriptome studies in the mouse can be used to assess ISH specificity 
and sensitivity.  

In conclusion, knowing the precise tissue expression of the tyrosine ki-
nome and phosphatome can aid in development of diagnostic tests and repo-
sition available tyrosine kinase inhibitors.  

Paper III: In situ mutation detection in cancer tissue 
sections for research and diagnostics in clinical 
oncology 

Aim of study 
Activating somatic mutations in oncogenes are targets for a new generation 
of drugs. Current technologies for mutational analysis are performed in tis-
sue extracts that often display genetic and morphological heterogeneity. 
Therefore, methods that offer in situ mutation detection directly on tissue 
sections enabling a more detailed analysis of specific tumor regions are high-
ly warranted. The primary aim of the study was to develop an in situ assay 
for oncogenic mutation analysis in clinical oncology and molecular patholo-
gy, and to implement this assay for multiplex detection of KRAS point muta-
tions in lung and colon tumor specimens. A secondary aim was to apply this 
assay for analysis of intra-tumor heterogeneity by targeting point mutations 
in EGFR, KRAS and TP53 in lung cancers.    
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Results and Discussion 
We designed padlock probes for point mutations in KRAS in codon 12, 13 
and 61 (G12A, G12C, G12D, G12R, G12S, G12V, G13D and Q61H) and 
validated their selectivity by applying the individual padlock probes on 
KRAS wild-type (wt) and mutant cell lines. After confirmation of probe qual-
ity, the in situ genotyping method was applied on fresh frozen human colon 
and lung cancer tissues with known KRAS status. In this validation phase, 
each mutation-specific probe-pair was tested individually. KRAS mutated 
tumors displayed both wt and mutant signals whereas wt tissues exclusively 
showed signals originating from the wt probe. We then assessed whether the 
in situ mutation assay could be applied on FFPE tissues by analyzing colo-
rectal cancer cases. All tissues showed a combination of wt and mutant sig-
nals but varying number of signals which could reflect true differences in 
expression or variation in tissue quality of the specimens.  

Furthermore, to investigate whether we could detect multiple mutations in 
the same reaction, all KRAS probes were combined and a side-by-side com-
parison was made with in situ mutation detection using individual mutation-
specific probes. Detection efficiency or selectivity was not noticeably affect-
ed proving that this combined analysis approach can provide a rapid answer 
to whether a tumor harbors an activating KRAS mutation or not. We also 
demonstrated multiplex mutation detection on prospective lung cancer FFPE 
tissues and colon cancer tumor imprints, which were all concordant with 
pyrosequencing-based mutational analysis. 

In addition, we observed histological heterogeneity with regard to distinct 
patterns of expressed mutations during tumor progression when we screened 
colon and lung cancer tissues for KRAS (Q61H) and EFGR (L858R) muta-
tions, respectively, which could potentially result in variable responses to 
targeted therapy in different areas of a tumor. To further study intra-tumor 
heterogeneity, we established individualized in situ mutation assays for 
screening FFPE samples carrying unique combinations of mutation in KRAS, 
EGFR (G719A, G719C and S768I), TP53 (S127F and P190S). One lung 
cancer case was positive for G719C and to a lesser extent for S768I muta-
tions, the latter associated with resistance to anti-EGFR therapy. This could 
reflect a tumor population with different subclones, and thus one could spec-
ulate that anti-EGFR treatment could provide advantageous selection pres-
sure for this particular mutation. A second lung cancer case displayed signals 
from wt EGFR, G719A and S127F but none from the wt TP53 padlock 
probe, indicating TP53 LOH. Moreover, to evaluate if the in situ mutation 
assay is applicable to small diagnostic samples, we analyzed core needle 
biopsies from lung cancers with known EGFR mutation status and as low as 
10% tumor cell content. All five samples were correctly scored. 

We here report the establishment of a multiplex in situ mutation detection 
assay that targets point mutations in tumor tissue sections and cytological 
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preparations. To enable routine clinical applications of this method, we also 
developed a procedure for mutation analysis in FFPE tissue specimens. 
Hundreds of FFPE cancer samples can therefore be screened simultaneously 
in TMAs for presence of mutations thereby enabling biomarker discovery in 
retrospective patient cohorts. In addition, the method allows for analysis of 
histologic-genotypic correlations and elucidation of intra-tumor heterogenei-
ty in complex tumor tissues. Collectively, these applications of the method 
allows for investigating the role of somatic point mutations during tumor 
progression and for predicting response to anti-cancer therapy.  

Paper IV: Direct detection of TMPRSS2-ERG fusion 
transcripts in prostate cancer tissues by padlock probes  

Aim of study 
Discoveries during the past decade have established that the majority of 
prostate cancers express oncogenic gene fusions29, thereby changing the 
previous perception that gene translocations are only central to pathogenesis 
in hematological diseases and sarcomas. In this study we further developed 
the technology used in Paper III for multiplex in situ detection of expressed 
fusion transcript variants of TMPRSS2-ERG in fresh frozen and formalin-
fixed and paraffin-embedded prostate cancer tissue sections. 

Results and Discussion 
We designed padlock probes for the most prevalent TMPRSS2-ERG fusion 
transcript variants, which included fusions of exon 1 of TMPRSS2 with ex-
ons 2, 4 and 5 of ERG (referred to as T1/E2, T1/E4 and T1/E5) and exon 2 
of TMPRSS2 with exons 4 and 5 of ERG (T2/E4 and T2/E5)165-167. First, we 
established whether the method was specific in detecting the target fusion 
gene by applying the T1/E4 and wt padlock probes on the wt and fusion-
positive prostate cancer cell lines LNCaP and VCaP, respectively. After 
confirmation of probe sensitivity we evaluated whether multiplex detection 
could be performed without excess loss in detection efficiency by applying 
all probes in a single reaction. Having quantified the fusion and wt signals, 
we could conclude that the signal levels for simplex and multiplex detection 
were sufficient for transcript detection in tissues. Therefore, we applied the 
assay for multiplex fusion transcript detection on one fresh frozen and 13 
FFPE prostate cancer tissues whose ERG rearrangement status had previous-
ly been determined by antibody-based detection of ERG expression168,169. All 
ERG-positive tissues displayed signals from wt TMPRSS2 and TMPRSS2-
ERG fusion transcript variants whereas the ERG-negative tumors only 
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showed wt TMPRSS2 signals. Thus, we were able to correctly distinguish the 
ERG fusion-negative tumors from tumors harboring TMPRSS2-ERG rear-
rangements. Variations in signal density between the samples were observed 
which may reflect true differences in expression levels of the fusion gene or 
the tissue quality among the individual FFPE tissues. 

Recent advances in large-scale genome and transcriptome technologies 
have revealed novel fusion genes involved in human cancers, such as 
TMPRSS2-ERG in prostate cancers and EML4-ALK in lung cancers18,29. 
Conventional technologies for detecting and characterizing gene fusions 
include FISH and RT-PCR, respectively. Whereas FISH can provide infor-
mation of the underlying mechanism for gene fusion, such as translocation 
or intrachromosomal deletion, it will not provide information on the expres-
sion level or type of fusion transcript variants present in the tumor. On the 
contrary, RT-PCR can be used to identify the fusion breakpoint and the ex-
pression level but the in situ localization of the fusion transcript variants is 
lost. Thus there is a need for in situ methods that can detect different gene 
fusion variants in tumors for diagnostics and therapeutic purposes, particu-
larly in heterogeneous cancers such as multifocal prostate cancers.  

In conclusion, in this study we present and validate a novel approach for 
in situ detection of expressed TMPRSS2-ERG fusion transcript variants in 
human prostate cancer tissues using padlock probes and rolling-circle ampli-
fication. This allows for direct detection of individual fusion transcript vari-
ants in single cells, providing information on cell-specific differences. 
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Concluding Remarks and Future Perspectives 

Recent studies have demonstrated that heterogeneity in regard to genotypic 
features within an individual tumor is wide in several different tumor types. 
This has led to the understanding that intra-tumor heterogeneity plays an 
important role in treatment response and emergence of resistance. As most 
of today’s treatment is based on tumor stage and patient characteristics, and 
little on the genomic features, information on intra-tumor heterogeneity will 
not only lead to an increased knowledge of cancer biology but it can also 
help in stratifying patients for treatment response thereby avoiding over-
treatment and unnecessary side effects. Thus, there is a need for methods 
that offer spatial resolution of cancer gene expression and mutation patterns. 

The papers presented in this thesis describe further development and ap-
plication of the in situ-based methods in situ hybridization and padlock 
probes for large-scale expression analysis of gene families, and detection and 
genotyping of individual mRNA transcripts, respectively. 

In paper I, we demonstrated a modified procedure for analysis of gene 
expression in human formalin-fixed paraffin-embedded normal and cancer 
tissue specimens. We also showed the applicability of this method as a tool 
for determining antibody specificity and sensitivity. Furthermore, we pro-
vided the foundation for large-scale expression analysis of gene families, 
which was the aim of paper II, were we performed systematic expression 
mapping at cell type resolution of the tyrosine kinome and phosphatome in 
human normal and malignant tissues. This type of compartment-specific 
analysis of gene expression enabled us to identify several genes as potential 
vascular markers, findings that would most likely have been overlooked by 
current methods using bulk transcriptomic analyses.  

In papers III and IV we used padlock probes for in situ detection of single 
transcripts in single cells thereby adding an extra dimension for studies of 
intra-tumor heterogeneity where cell-specific differences can be analyzed. In 
paper III, we applied this method for multiplex detection and genotyping of 
oncogenic point mutations, whereas in paper IV we further the application 
by demonstrating multiplex detection of gene rearrangements at the tran-
scriptome level in fresh frozen and formalin-fixed paraffin-embedded nor-
mal and tumor tissue sections.  

So what does the future hold for these in situ technologies? One possible 
approach could be to implement large-scale in situ hybridization as a screen-
ing tool for candidate cancer genes with expression patterns that have poten-
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tial clinical usefulness. For padlock probes, we have demonstrated the ap-
plicability for in situ detection of point mutations, amplifications and gene 
rearrangements in individual assays. An appealing thought is to combine all 
of these into one unified assay for in situ detection of genetic aberrations at 
the transcriptome level for application in research but also in the clinical 
setting. Another idea is to use the assay for in situ gene fusion detection in 
combination with an in situ sequencing approach to not only detect the ex-
pressed fusion transcripts but also to identify the individual variants, as there 
in for example prostate cancers and TMPRSS2-ERG case has been studies 
demonstrating different tumor characteristics depending on the expressed 
variants.  

Advances in high-throughput technologies have led to an increased 
knowledge of the cancer genome and genetic aberrations that plausibly con-
tribute to treatment response have been identified. Thus, the concept of se-
lecting the right patients for the right treatment will gradually become a real-
ity, and the presented methods in this thesis can become important tools for 
achieving this.   
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Populärvetenskaplig Sammanfattning 

Cancer är samlingsnamnet på ca 200 olika sjukdomar som uppstår när den 
perfekta balansen mellan celldelning och celldöd rubbas så att kroppens cel-
ler delar sig ohämmat. I friska celler är celldelningen noggrant kontrollerad 
genom mekanismer som begränsar antalet celldelningar och därmed cellens 
livslängd. Om något skulle rubba den balansen startar särskilda processer 
som tvingar cellen att begå självmord. I en cancercell är dessa mekanismer 
defekta vilket innebär att när en tidigare frisk cell börjar uppföra sig på ett 
onormalt sätt får den obehindrat fortsätta att dela sig vilket leder till att fler 
cancerceller bildas och att det till slut uppstår en liten ansamling av celler, en 
tumör. De genförändringar (mutationer) som orsakar cancer är antingen ärft-
liga eller förvärvas under vår livstid, och inträffar i viktiga gener som styr 
celldelningen. Att analysera olika typer av mutationer i tumörer kan leda till 
förbättrad behandling då man utgår från tumörens genetiska profil när man 
väljer behandling. De senaste årens forskning har uppdagat att tumörer är 
mer heterogena än vad man tidigare trott. Detta innebär att tumörer kan in-
nehålla flera olika små grupper av cancerceller med olika mutationer, vilket 
därmed kan förklara varför patienter med en viss typ av cancer svarar olika 
på samma typ av behandling eller varför vissa tumörer utvecklar resistens 
efter en tids behandling.   

Arbetena i den här avhandlingen handlar om att utveckla och använda 
metoder för analys av cancergener för att kartlägga skillnader i uttryck och 
mutationer i friska vävnader och tumörvävnader, men även för att undersöka 
heterogenitet. I arbete I vidareutvecklade vi en metod för att på kort tid och i 
många olika vävnadsprover studera flera geners uttryck. Vi anpassade även 
metoden så att den kan användas på vävnadsmaterial som inte är färskt utan 
som har fixerats för att lagras och användas vid mikroskopi. I arbete II till-
lämpades den metoden på två genfamiljer vars medlemmar ofta har an-
norlunda uttryck eller är muterade i olika cancertyper. Vi kartlade utrycks-
mönstret för varje gen i friska vävnader och tumörvävnader för att få en ökad 
förståelse för cancersjukdomarnas biologi genom att identifiera gener vars 
uttryck skiljer sig mellan friska och cancerceller, men även för att öka möj-
ligheten att hitta nya gener som kan användas som biomarkörer för utveckl-
ing och användning av läkemedel.  

I arbete III och IV vidareutvecklade vi en annan metod för att studera mu-
tationer i tumörvävnader. Vår förhoppning är att metoden kan erbjuda bättre 
diagnostik av vävnadsprover från cancerpatienter, då mutationsanalys kan 
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ske direkt på vävnadssnitt vilket ger en möjlighet att identifiera regioner med 
olika mutationer inom samma tumör.  

Sammantaget, har vi i den här avhandlingen tagit fram och tillämpat me-
toder som kan analysera cancervävnader på ett sätt så att informationen som 
erhålls kan härledas till specifika celler och deras lokalisation i tumören för 
att öka förståelsen för cancers utveckling och den varierande prognos och 
respons på behandling som kan uppstå hos patienter med samma cancerform. 
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