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Abstract
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The Human Protein Atlas project is a Swedish research initiative that uses antibody-based
proteomics for large scale protein profiling in human tissues and cells. Affinity-purified
antibodies are produced within the project and used for immunohistochemical staining on tissue
micro arrays (TMAs) in order to map the human proteome and publish the result in a protein
atlas (www.proteinatlas.org). In this thesis, TMAs were used for analysis of protein expression
patterns in order to identify and explore potential biomarkers of clinical relevance.

In Paper I, protein expression of SATB2 was studied in colorectal cancer. The results show
that SATB2 is a sensitive and specific biomarker for colorectal cancer, staining 85% of all
investigated tumors. Moreover, SATB2 in combination with CK20 showed positivity in 97% of
all colorectal carcinomas and is therefore suitable as a complementary tool in clinical differential
diagnostics of cancer.

In Paper II, ANLN was explored as a prognostic biomarker for breast cancer. A high
nuclear fraction of ANLN in breast cancer was significantly correlated to large tumor size,
high histological grade, hormone receptor negative tumors, high proliferation rate and poor
prognosis. Furthermore, ANLN depletion in breast cancer cell lines resulted in cell cycle arrest
and cellular senescence with altered cell morphology.

In Paper III, young age at breast cancer diagnosis was investigated as an independent risk
factor for poor prognosis. TMAs were produced from a selection of patients from a previously
defined register-based cohort. The analysis shows that young women with luminal B tumors
have a 2.2-fold higher risk of dying of breast cancer compared to older women.

In Paper IV, vascular expression of CD93 was explored by image analysis of the tissue-based
breast cancer cohort produced in Paper III. The analysis shows that young women with breast
cancer display a significantly higher CD93-positive vessel area in their tumors. High CD93-
positive vessel area was significantly associated with hormone receptor negative tumors, grade,
Ki-67, EGFR and a poor prognosis.

In conclusion, this thesis shows that protein expression profiling using TMAs is an important
tool for identifying and exploring potential novel biomarkers for cancer.
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Populärvetenskaplig sammanfattning 

I människokroppen finns det ca 20 000 gener som utgör mallar för bildning 
av olika proteiner, som behövs för att cellerna ska kunna fungera. En gen 
kan bli muterad, eller regleringen av hur mycket protein som bildas kan bli 
rubbad och beroende på vilket fel som uppstått så kan det leda till att cellen 
ombildas till en cancercell och delar sig ohämmat. För att detektera ett prote-
in i en vävnad kan man använda antikroppar som känner igen, och binder 
till, ett visst protein och sedan visualisera var proteinet finns i vävnaden. 
Detta kan utföras till exempel med immunhistokemi, där en enzymatisk re-
aktion genererar en brun färg i de celler där antikroppen har bundit till prote-
inet.  

Human Protein Atlas-projektet (HPA-projektet) (www.proteinatlas.org) är 
ett svenskt forskningsprojekt som producerar antikroppar och använder im-
munhistokemi för att kartlägga uttrycket av alla människans proteiner i fris-
ka vävnader, cancervävnader och celler. Vävnaderna kommer ifrån operera-
de patienter, och små bitar av vävnad fixeras i formalin och bäddas sedan in i 
klossar av paraffin. En vävnadsarray tillverkas sedan genom att ta 1mm stora 
stansar från flera vävnadsklossar och sätta ned dem i en tom paraffinkloss. 
Vävnadsarrayerna snittas med 4µm tunna snitt som läggs på objektglas och 
färgas in med immunhistokemi. Glasen med färgade snitt kan studeras med 
ljusfältsmikroskopi eller scannas in och färgningsmönstret kan då studeras 
på en vanlig dator. Immunhistokemi med antikroppar som binder till vissa 
specifika proteiner, biomarkörer, kan användas för att en patolog ska ställa 
rätt diagnos men kan även ge information om prognos och vilken behandling 
patienten behöver. Med vävnadsarrayer kan friska vävnader och tumörer 
från många patienter studeras samtidigt på ett och samma objektglas. Genom 
att kartlägga uttrycksmönstret för vart och ett av våra proteiner i både normal 
vävnad och cancer så kan proteiner upptäckas som till exempel uttrycks se-
lektivt i en viss typ av cancer eller i en viss subyp av cancer. Dessa proteiner 
kan studeras vidare i större vävnadsmaterial för att undersöka om de skulle 
kunna användas som biomarkörer för olika typer av cancer, och därmed öka 
tillförlitligheten vid diagnostisering.  

I det första arbetet undersökts möjligheten att använda proteinet SATB2 som 
biomarkör för att ställa diagnos för patienter med tjock- och ändtarmscancer. 
SATB2 identifierades genom HPA-projektet, och finns i stort sett bara i 
normala körtelceller och cancerceller i tjocktarmen och ändtarmen. Tillsam-
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mans med ett annat protein, cytokeratin 20, som också uttrycks i tjock- och 
ändtarmscancer undersöktes hur pass bra kombinationen av dessa två protei-
ners uttryck är för att hjälpa till att identifiera ursprunget av cancermetastaser 
med okänt ursprung. För att studera detta tittade vi på nio grupper av totalt 
1882 patienter med primär eller metastaserad cancer från tjock- och ändtar-
men samt 620 patienter med andra cancerformer med liknande utseende 
såsom bröst-, äggstocks- och lungcancer.  

SATB2 visade sig vara en väldigt specifik och känslig biomarkör som ut-
trycktes hos 85% av alla fall av tjock- och ändtarmscancer som undersöktes. 
Det visade sig även att SATB2 tillsammans med cytokeratin 20 kunde an-
vändas för att hitta metastaser från cancer i tjocktarmen eller ändtarmen på 
andra ställen i kroppen i 97% av fallen. Det specifika uttrycket av SATB2 
kan därmed användas för att identifiera vilken typ av cancer en patient har 
drabbats av, framförallt i de fall då primärtumören är okänd. 

I det andra arbetet studerades proteinet anillins potential som prognosmarkör 
i två stora oberoende grupper av bröstcancerpatienter. Anillin-proteinet un-
dersöktes även om det kan användas som behandlingsprediktiv markör för 
bröstcancerpatienter.  

När en cell i kroppen delar sig genomgår den olika faser, och dessa faser 
utgör cellcykeln. Först förbereder sig cellen genom att tillverka olika protei-
ner, lipider och kolhydrater som är unikt för just den här cellen, vilket gör att 
cellen ökar i storlek. Sedan dubblerar cellen sitt DNA genom replikation och 
i den sista fasen delar sig cellen. Celldelning regleras mycket noggrant, och 
tillväxtfaktorer av olika slag behövs för att cellen ska kunna driva cellcykeln 
framåt och slutligen dela sig. Anillin är ett protein som bildar aktin-trådar i 
cellskelettet och som tillsammans med myosin gör att cellen snörps av och 
delar sig i två nya celler.  

Tidigare studier har visat att uttrycket av anillin i cancerceller är kopplat 
till prognos hos bröstcancerpatienter. Vår studie visade att bröstcancerpatien-
ter med en hög fraktion av immunhistokemiskt anillin-positiva tumörceller 
hade sämre prognos, men någon koppling till hormonbehandling med ta-
moxifen hittades inte. Vid nedreglering av anillin i bröstcancercellinjer visa-
de det sig att cancercellerna hade sämre tillväxt och att en del av dem ökade i 
storlek, fick flera cellkärnor och fastnade i cellcykeln; s.k. senescence. Vi 
såg även att cyklinerna D1, A2 och B1 som behövs för att driva cellcykeln 
framåt nedreglerades.  

Vår slutsats var att anillin behövs för bröstcancertillväxt och att bröstcan-
cerpatienter med högt uttryck av anillin hade sämre prognos än andra bröst-
cancerpatienter. Uttrycket av anillin var dock inte kopplat till tamoxifen-
behandling.  

I det tredje arbetet undersöktes varför unga kvinnor med bröstcancer har 
sämre prognos än äldre kvinnor trots intensiv behandling. Arbetet utgick från 
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en registerstudie med 22 017 svenska kvinnor diagnostiserade med bröstcan-
cer mellan åren 1992 till 2005 där alla kvinnor yngre än 35 år (471) valdes ut 
och jämfördes med ett randomiserat urval av 200 kvinnor 35-39 år, 200 
kvinnor i åldern 40-49 samt 300 kvinnor 50-69 år gamla. Kliniska data och 
bröstcancervävnad från dessa kvinnor samlades in och en vävnadsarray till-
verkades för att kunna studera proteinuttryck på ett effektivt sätt samt under-
söka prognos i olika åldersgrupper. Totalt sett lyckades tumörvävnad från 
85% (1000) av de utvalda kvinnorna inkluderas i vävnadsarrayen.  

Det visade sig att kvinnor yngre än 40 år med bröstcancer av luminal B-
typ, en lågrisktyp, hade en 2,2-gånger högre risk för att dö i bröstcancer jäm-
fört med äldre kvinnor. Kvinnor yngre än 35 år, och som inte fått kemotera-
pi, hade högre risk för att få lokal-regionalt återfall och fjärrmetastas men 
inte att dö i bröstcancer.  

Slutsatsen blev att ung ålder är en oberoende prognostisk faktor för över-
levnad med avseende på både lokal-regionalt återfall i bröstcancer samt 
fjärrmetastas hos kvinnor som inte behandlats med kemoterapi.  

I det fjärde arbetet användes den vävnadskohort som producerades i den 
tredje studien för att med hjälp av immunhistokemi undersöka blodkärlsny-
bildning och potentiella biomarkörer för blodkärl i bröstcancer.  

Uttrycket av proteinet CD93 i blodkärl undersöktes och jämfördes med 
det välkända proteinet CD34, en generell blodkärlsmarkör, för att kartlägga 
kärltäthet i brösttumörer. För att undersöka hur pass stor kärlarea i varje 
brösttumör som uttryckte CD93 respektive CD34 användes programmet 
Cellprofiler för att analysera de immunhistokemiskt färgade vävnaderna med 
bildanalys.  

CD93-positiv kärlarea var signifikant korrelerad till CD34-positiv kärl-
area men CD93 förefaller dock vara mer lättanvänd för bildanalys eftersom 
den inte uttrycks i myoepitel runt bröstkörtlarna på samma sätt som CD34 
gör vilket resulterar i en renare immunhistokemisk färgning. Vidare visar 
resultaten att kvinnor som diagnostiserats med bröstcancer när de var yngre 
än 40 år har högre CD93-positiv kärlarea än äldre patienter och dessutom en 
sämre prognos. Hög CD93-positiv kärlarea var även signifikant korrelerad 
till hormonreceptor-negativa tumörer, histologisk grad samt uttryck av proli-
ferationsmarkören Ki-67 och tillväxtfaktorn EGFR.   

Studien visar att CD93 kan användas för att mäta kärlarea i bröstcancer 
med hjälp av bildanalys. Slutsatsen är att unga kvinnor med bröstcancer har 
en högre CD93-positiv kärlarea i deras tumörer jämfört med äldre kvinnor 
samt en sämre prognos.  
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Introduction 

Proteins 
Cells in the human body divide in order to make tissues grow and function 
properly. There is also a need to replace old cells that are worn-out and have 
undergone programmed cell death; apoptosis. In human cell nuclei, 23 pairs 
of chromosomes are located; 22 pairs of autosomal chromosomes and one 
pair of sex chromosomes; XX for females or XY for males. Each chromo-
some consists of a single molecule of deoxyribonucleic acid (DNA) tightly 
winded up on proteins called histones. The DNA together with the histones 
is entitled chromatin. Before cell division, the DNA is duplicated and then 
distributed among the cells so that the daughter cells will contain the same 
genetic code as the mother cells. Depending on the state of the cell, the 
chromatin can be either loose euchromatin or dense heterochromatin. For 
example, during interphase, the chromatin is loose to facilitate transcription 
while the chromatin is denser during mitosis to facilitate separation of the 
chromosomes. The building blocks of DNA are called nucleotides, and con-
sist of nucleosides and phosphates. In turn, nucleosides are built up by 
nucleobases and ribose (sugar). The nucleobases are either pyrimidines such 
as thymin (T) and cytosin (C) or purines like adenine (A) and guanin (G). 
DNA is preferably in a double-stranded state, and forms a double-helical 
structure. Bases A and T are, just like C and G, bound together by hydrogen 
bonds forming two attached polynucleotide strands.  

A gene is a part of DNA and describes how the sequence of nucleotides in 
DNA should be transcribed into messenger ribonucleic acid (mRNA) and 
subsequently be translated to a protein. More specifically, DNA is tran-
scribed to precursor mRNA (pre-mRNA) primarily by RNA polymerase II, 
although other transcription factors are also involved in the process for ex-
ample to unwind the helical structure of DNA. Nucleotides to produce the 
RNA are taken from the surrounding environment. However, uracil (U) is 
used as a complementary base to A instead of T as in DNA. A 5’-cap is add-
ed to the pre-mRNA by the enzyme guanylyl transferase so that the ribo-
some will recognize the mRNA. Moreover, a string of adenine bases which 
forms a poly-A tail is attached at the 3’-end of the pre-mRNA so that a poly-
A binding protein can be bound. This will stabilize the mRNA and protect it 
from degradation in the cytoplasm, and it is also needed for nuclear export 
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and translation. The introns (non-coding regions) of the pre-mRNA are 
spliced off by the spliceosome, and the exons (coding regions) are combined 
into mature mRNA and exported from the cell nucleus to the cytoplasm 
where the protein synthesis occurs in the ribosomes. The mRNA forms a 
ring-like structure and the ribosome finds the site on the mRNA where it can 
initiate translation. Transfer RNAs (tRNAs) recognize nucleotides on the 
mRNA as sets of three, codons. Each tRNA recognizes a specific codon and 
they carry a matching amino acid which is leaved at the ribosome. As trans-
lation continues, a chain of amino acids; a polypeptide, is produced and thus 
forming the primary structure of the protein. Next, the protein is folded, of-
ten assisted by chaperones, into alpha-helixes or beta-sheets; the secondary 
structure. The tertiary structure of the protein is the three dimensional struc-
ture. Many proteins contain several polypeptide chains, forming a quaternary 
structure. Translation is going on concurrently so each mRNA can be trans-
lated into several copies of the same proteins. There are 20 different amino 
acids, so the order in which the mRNA is translated together with the envi-
ronmental conditions determines the tertiary structure and thus the function 
of the protein1,2.  

 
Figure 1. The central dogma describes how DNA is transcribed to mRNA, which is 
subsequently translated to protein.   

The way by which information in the DNA is transferred to protein, via 
mRNA, is known as the central dogma (Figure 1)3. The human genome con-
tains 20,296 protein-encoding genes according to the current version of the 
Ensembl database (www.ensembl.org. Ensembl database version 82.38)4. 
However, each gene can give rise to several different proteins due to alterna-
tive mRNA splicing and post-translational modifications such as phosphory-
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lation, acetylation, glycosylation and methylation2,5. Different proteins have 
various assignments such as transport, gene regulation, immune defense or 
act as hormones or enzymes. Using immunohistochemistry (IHC) in order to 
assess protein expression has revealed that approximately 65% of all protein-
encoding genes are expressed in the majority of human tissues, while very 
few proteins (<2%) are detected in a single cell type6. Although every cell 
contains the same set up of protein-encoding genes and express the majority 
of all proteins, they differ in levels of protein expression at different time 
points due to response to the cellular environment. This is how the cells ob-
tain their cell-type specific characteristics2,6.  

Human Protein Atlas project 
Since 2003, a Swedish research initiative called the Human Protein Atlas 
(HPA) project has worked to provide a free and publically available tissue-
based map of the human proteome. The main aim of the HPA project is to 
produce validated affinity-purified polyclonal antibodies towards the entire 
human proteome, and to visualize the protein expression patterns by im-
munohistochemistry (IHC) in a protein atlas. The human protein atlas 
(www.proteinatlas.org) makes it possible to study protein expression in 44 
different normal tissues, the 20 most common cancer forms, 46 different cell 
lines and 12 primary cell samples7-10. The generation of polyclonal antibod-
ies is based on data from the human genome sequencing project11,12. In 2015, 
the HPA project presented a first draft of the human proteome13.  

The current version (v.14) of the protein atlas contains more than 25,000 
antibodies targeting proteins from more than 17,000 genes. The protein atlas 
is now extended to contain a mouse brain atlas with expression patterns for 
88 unique proteins as assessed with immunofluorescence (IF) in 129 brain 
regions. Furthermore, the protein atlas also contains RNA-sequencing data 
from 32 tissues and 44 cell line samples. The transcriptomic data showed 
that 44% of the protein-encoding genes were detected in all analyzed tissues. 
These housekeeping genes encode proteins involved in basic cellular func-
tions such as DNA replication, transcription and protein synthesis as well as 
mitochondrial proteins and cytoskeletal proteins. An interactive part of the 
current version of the protein atlas makes it possible to explore various sub-
proteomes, such as the cancer, druggable, regulatory, secretory and membra-
nous proteomes. Moreover, an effort to further validate the in-house pro-
duced antibodies with gene silencing small interfering RNA (siRNA) tech-
nology has recently been initiated. Until now, 190 genes have been silenced 
and analyzed by western blot and 256 genes have been silenced and ana-
lyzed by IHC8,13. The HPA-project uses antibody-based proteomics in a 
high-throughput manner to discover novel protein biomarkers of potential 
clinical value14-17.  
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The antibodies in the HPA-project are produced by inserting a Protein 
Epitope Signature Tag (PrEST) into E. coli bacteria that will express the 
recombinant peptide. A PrEST is a short, 25-150 amino acids long, gene 
segment with low homology to other gene sequences and the regions are 
selected using an in-house produced special software. The PrEST sequences 
are produced by reverse transcriptase-polymerase chain reaction (RT-PCR) 
and ligated into a vector that contains a hexa-histidine albumin binding pro-
tein (His6ABP) domain. The His6-tag is used for purification of the PrESTs 
and the ABP function as an enhancer of the immune response. After immun-
ization in rabbits with the purified recombinant peptide, the produced poly-
clonal antibodies are purified towards their own PrEST to enhance the speci-
ficity. In that way, the polyclonal antibodies are affinity-purified18.  

Antibodies 
Antibodies are a type of proteins called immunoglobulins, and they are pro-
duced by specialized B lymphocytes; plasma cells, in the body as a response 
to invading pathogens; antigens. The antibody binding site on the antigen is 
called an epitope. An antibody consists of two heavy chains and two light 
chains where the outer Y-part of the antibody, consisting of both light and 
heavy chains has variable regions for recognizing different antigens, while 
the other parts of an antibody are constituted of constant regions.   

There are different ways of producing antibodies. The polyclonal antibod-
ies are produced by several different B lymphocytes in response to numerous 
epitopes on the same antigen. Due to the fact that polyclonal antibodies rec-
ognizes several different epitopes on a protein makes them highly sensitive 
regardless of protein modifications and folding. On the other hand, polyclo-
nal antibodies may cross-react with other proteins, and are not reproducible 
since re-immunization with the same antigen in the same animal species will 
yield a different pool of antibodies. Monoclonal antibodies are produced by 
immunizing an animal with an antigen and fusing one clone of plasma cells 
from the animal spleen with immortalized myeloma cells to create 
hybridomas that will generate identical antibodies that are directed towards 
the same epitope of an antigen. Although the monoclonal antibodies are 
highly specific and renewable, some epitopes having modified conformation 
may not be recognized by a monoclonal antibody and the production is both 
time-consuming and expensive19,20. 

Antibody validation 
The affinity-purified antibodies used in the protein atlas project are validated 
by protein microarray, bioinformatic predictions and available scientific 
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literature. Similarities in immunohistochemical staining are compared to 
expression patterns from antibodies from other companies and antibodies 
generated from non-overlapping PrESTs but directed towards the same pro-
tein. IHC staining on appropriate positive and negative tissue controls that is 
known to express or not express the target protein is another valuable strate-
gy to determine the reliability of the antibody21. Western blot analysis on in-
house produced antibodies and other commercially available antibodies di-
rected towards the same protein will determine the protein size and IF will 
give information about the subcellular localization14. As previously men-
tioned, the antibodies produced within the HPA project are now being fur-
ther validated using siRNA22. The RNA sequencing data produced within the 
project is used to compare RNA levels and protein expression13. Since the 
HPA project focuses on major protein isoforms and therefore lack data on 
post-translational modifications, the antibodies could also benefit by being 
validated by for example mass spectrometry23, in situ proximity ligation 
assay24 and in situ hybridization (ISH)25,26.  

Tissue micro arrays 
The usage of TMAs makes it possible to examine a large number of tissues 
on a single glass slide and saves precious patient material27. Therefore, the 
TMA technology is applied within the HPA project16. A surgically removed 
specimen, for example a piece of tissue containing a tumor, is put into for-
malin which is a very common fixative. Fixation of the tissue is very im-
portant for preserving cellular morphology and antigens. The advantage of 
using formalin as a fixative is the low cost and that it preserves cellular mor-
phology. However, the disadvantage of formalin is that is cross-links pro-
teins with disulfide bonds and thereby also modifies the antibody targets. 
Depending on the immunodetection method and if cell preparations, tissues 
or protein lysates is investigated, different fixatives have different ad-
vantages due to how they influence protein recognition28.  

Next, the tumor is dissected from surrounding tissue and cut into smaller 
pieces by a pathologist. The tissue is commonly dehydrated in ethanol and 
xylene, followed by embedding in paraffin blocks, which can be easily 
stored. The tissue blocks are cut in 4µm sections, placed on glass slides and 
stained with hematoxylin and eosin in order to visualize the tissue morphol-
ogy. A representative region of the tumor is marked on the slide while look-
ing at the slide in a microscope. A TMA is constructed by taking 1.0mm 
cylinders from the corresponding marked regions of the formalin-fixed par-
affin-embedded (FFPE) donor tissue blocks and inserting them into a new 
empty pre-punched paraffin block. The TMA block is cut in 4µm thin sec-
tions that are placed on glass slides and can then be used for IHC or other 
histological analyses such as immunofluorescence (IF) and ISH (Figure 
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2)25,26,29. One TMA block contains up to 120 tissue cores which means that 
tissue samples from many patients can be analyzed simultaneously. To as-
sure a good representation of the tissue samples, duplicate tissue cores from 
each patient can be used15,16. The TMA technique is useful for determining 
cell type specific protein expression patterns or linking clinical data with 
protein expression in patients with a certain disease14,15,30.  

 

 
Figure 2. A tissue micro array is produced by taking 1.0mm cores from multiple 
formalin-fixed paraffin-embedded tissues samples and inserting the cores into an 
empty pre-punched paraffin block. The tissue micro array is cut into 4µm sections 
and placed onto glass slides.  

Immunohistochemistry 
A commonly used method for diagnostic and prognostic pathology is IHC on 
FFPE tissues, where the expression of a protein is visualized by an antibody-
based, often enzymatic, reaction31. Prior to IHC, the glass slides are 
deparaffinized, hydrated in graded ethanol and the target epitopes are made 
accessible by antigen retrieval, for example heat-induced epitope retrieval or 
proteolytic treatment20,31-33.  

To detect a specific protein (antigen) in a tissue mounted on a glass slide, 
a primary antibody directed towards the antigen mixed in buffer is applied 
on the glass slide. The antibody can be directly labeled with a fluorophore or 
an enzyme to visualize the bound protein. To amplify the signal, a labeled 
anti-species secondary antibody labeled that targets the primary antibody can 
be added. Within the HPA project, the secondary antibody is labeled with an 
enzyme, horseradish peroxidase (HRP). Addition of a substrate, e.g. hydro-
gen peroxide (H2O2), and a chromogen, e.g. 3,3’-diaminobenzidine (DAB), 
will induce a reaction and yield a brown-colored product due to the oxida-
tion of DAB (Figure 3). Following IHC, the unstained cells in the tissue can 
be visualized by counterstaining with hematoxylin16. Next, the staining result 
can be studied by brightfield microscopy. 
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Figure 3. A schematic illustration of immunohistochemical staining using a primary 
antibody targeting an antigen, and a secondary antibody, labeled with horse-radish 
peroxidase (HRP), that targets the primary antibody. Diaminobenzidine (DAB) is 
oxidized by HRP, which yields a brown precipitate.  

Clinical relevance of biomarkers 
Diagnosis, prognosis and treatment prediction is currently being made by 
rough stratification of patients, leading to incorrect diagnosis, imprecise 
prognosis as well as over- and undertreatment of many patients. Established 
factors, such as patient age, gender, morphological subtypes and clinical 
stage, do not provide sufficient information regarding patient outcome and 
therapeutic response. Therefore, there is a great need for individualizing 
diagnostic, prognostic and treatment decisions for different diseases. Bi-
omarkers are important tools for decision making and they also provide val-
uable information regarding the biology behind the disease14. 

Usage of immunohistochemical biomarkers is a rapid, relatively low cost 
and straightforward strategy for diagnostic pathology. It is therefore com-
monly used to determine the diagnosis of a patient but to a lesser extent for 
prognostic or treatment predictive purposes, except for hematological malig-
nancies. Today, there is a high throughput discovery rate of novel potential 
prognostic and predictive biomarkers, however, clinical implementation is 
rather low throughput. Consequently, there is still a great need for personal-
ized medicine, and many patients would benefit from an improved stratifica-
tion into different treatments by using IHC biomarkers to predict prognosis 
and therapeutic response14,34,35. 
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Cancer 

In developed areas of the world, there is approximately a 23-30% cumulative 
risk of developing a cancer by the age of 75. Life style factors such as smok-
ing, diet, obesity and lack of physical activity are causing a large part of all 
cancer cases. Certain viruses and bacteria are also associated with cancer in 
different organs36. Furthermore, genetic alterations due to genome instability 
in cells may enable malignant growth. However, accumulation of several 
somatic mutations is needed for the development of an individual tumor. 
Especially damages to genes involved in the DNA-repair system can cause 
selection of cells with a proliferative advantage37-40. Moreover, exposure of 
mutagenic substances and radiation may also cause mutated genes which 
could lead to unregulated proliferation and cancer growth41.  

There are six suggested acquired functional capabilities of cancer cells. A 
normal cell controls the production of growth signals through feedback sys-
tems to ensure that the number of cells and the function of the cell are main-
tained at homeostasis. The ability of cancer cells to sustain proliferative 
signaling is one of the more fundamental hallmarks of cancer. Cancer cells 
may acquire the ability to produce growth factors and thereby not depend on 
other cells for growth factor stimulation. Furthermore, overexpression of 
receptors on the cell surface and changed receptor conformation to facilitate 
ligand-independent signaling are two ways to make the cell hyperresponsive 
to a limited number of growth factor ligands. Somatic mutations may cause 
constitutive activation of down-stream targets in the signaling pathway, such 
as the RAS oncogene, and defect feedback mechanisms which promotes the 
cancer cell phenotype. However, excessive proliferative signaling may in 
fact induce cellular senescence, which is an irreversible nonproliferative 
state, and/or apoptosis.  Cancer cells may also stimulate normal surrounding 
stromal cells, which will then produce and supply the growing tumor with 
growth factors.   

Evading growth suppressors for example by disrupting the RB or the p53 
tumor suppressor pathways is another hallmark of cancer. Another way for 
the cancer cell to become insensitive to antigrowth signals is to disrupt the 
TGFβ signaling pathway that is normally inhibiting cell proliferation. More-
over, high grade malignant tumors have even been found to activate the epi-
thelial-to-mesenchymal transition (EMT), which will facilitate tumor inva-
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sion and metastasis. In addition, normal cells stop growing at cell-cell con-
tact, so called contact inhibition, but cancer cells may have the ability to 
downregulate the expression of cell adhesion molecules such as integrins 
and thereby circumvent the inhibitory signals resulting in maintained prolif-
eration.  

Resisting cell death is the third hallmark of cancer. One strategy for the 
cancer cell to evade apoptosis is to upregulate Bcl-2 that functions as inhibi-
tor of programmed cell death, apoptosis, by binding to and to inhibit Bax and 
Bak, which are proapoptotic proteins located in the mitochondrial outer 
membrane. Moreover, loss of the p53 tumor suppressor that normally induc-
es apoptosis in response to DNA damage will consequently lead to cell sur-
vival. As a solid tumor grows, cells in the center of the tumor often undergo 
necrotic cell death which may recruit tumor-promoting inflammatory cells 
from the surrounding stromal microenvironment. Necrotic cells also have the 
ability to release IL-1α that can directly stimulate proliferation of neighbor-
ing cells.    

Most normal cells in the body are only able to divide a limited number of 
times until they go into senescence or a crisis phase leading to cell death. By 
enabling replicative immortality the tumor cell gains the capability of un-
limited replication. Telomerase, a DNA polymerase, that adds telomere re-
peat segments protecting the ends of chromosomes during passage through 
the cell cycle is almost absent in normal cells gradually getting shorter and 
eventually leading to a cell crisis and cell death after a limited number of cell 
divisions. However, expression of telomerase can be upregulated in malig-
nant cells causing unlimited replicative potential.    

The angiogenic switch explains how malignant cells are inducing angiogen-
esis by stimulating the microenvironment. Tumor cells may recruit immune 
cells that express vascular endothelial growth factor A (VEGF-A) and/or 
fibroblast growth factor (FGF) to a high extent stimulating the production of 
new blood vessels. In that way, the tumor is supplied by nutrients and oxy-
gen from the vascular system as well as removal of metabolic waste and 
carbon dioxide.  

The sixth and last hallmark of cancer is the capability of activating invasion 
and metastasis. Malignant cells may lose the cell adhesion molecule E-
cadherin promoting invasion and metastasis. In addition, upregulation of 
other cell adhesion molecules normally involved in migration during embry-
ogenesis and inflammation is commonly found in malignant tumors. Fur-
thermore, activation of EMT can make transformed epithelial cells to acquire 
abilities that enable invasion and metastasis. Crosstalk between malignant 
cells and stromal cells can also contribute to the metastatic behavior of the 
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tumor. For example, it has been shown that cancer cells can influence 
mesenchymal stem cells and macrophages to produce factors facilitating 
invasion and metastasis, respectively. Cancer cells that have transitioned 
from an epithelial to a mesenchymal phenotype during invasion and meta-
static dissemination from the primary tumor to a distant site, no longer re-
ceive EMT-signals and signals from tumor-activated stroma. Thereby, the 
cancer cells may regress to a dormant, noninvasive state by passing through 
the mesenchymal-to-epithelial transition (MET). In that way, the formation 
of new secondary tumor colonies with similar traits as the primary tumor 
may arise at distant sites a long time after the original primary tumor has 
been treated and the patient supposedly cured.  

There are two emerging hallmarks of cancer: deregulating cellular energet-
ics and evading immune destruction. Cancer cells have the capability to 
reprogram their glucose metabolism to favor glycolysis, partly by 
upregulating glucose transporters like GLUT1 and thereby increase the im-
port of glucose into the cytoplasm. Immunosuppressed patients have an in-
creased risk of getting certain types of cancer, especially virus-induced can-
cers. Cancer cells may avoid destruction by the immune system by secreting 
TGF-β or other immunosuppressive factors that may disable infiltrating 
CD8+ cytotoxic T lymphocytes and natural killer (NK) cells. Inflammatory 
cells, such as regulatory T cells (Tregs) and myeloid-derived suppressor 
cells, can suppress cytotoxic lymphocytes and can therefore be recruited by 
cancer cells in a way to evade immune destruction. 

Furthermore, two characteristics that can facilitate tumor progression are 
genome instability and mutation and tumor promoting inflammation40,42,43. 

Colorectal cancer 
Epidemiology and etiology  
Colorectal cancer (CRC) is the second most common form of cancer world-
wide in women and third most common cancer in men with the highest inci-
dence rates in USA, Europe, Australia and New Zealand. Over 50% of those 
affected by CRC develop advanced disease36,44. In Europe, colorectal cancer 
has the second highest incidence (13.0%) of all cancer forms and is the se-
cond most common cause of death from cancer45. In Sweden, cancer in the 
colon is the fourth most common cancer form in men and the third most 
common cancer form in women while rectal cancer is less frequent. In 2013, 
4181 new cases of colon cancer and 2054 new cases of rectal cancer were 
diagnosed in Sweden, which in total represents about 10% of all diagnosed 
cancer forms. The majority of those diagnosed with colon cancer are older 
than 65 years46.  
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The occurrence of CRC is associated with a high intake of fat and smoked 
food as well as food low on fiber. Smoking and alcohol may also contribute 
to the development of CRC. Coffee, exercise and non-steroidal anti-
inflammatory drugs are considered to prevent disease. In a majority of cases, 
the tumors are developed from benign neoplastic polyps in the colonic mu-
cosa. A few percent of all CRC cases are due to an inherited predisposition 
to form a large number of polyps in the intestinal tract and thereby increase 
the risk of developing cancer. Familial adenomatous polyposis and heredi-
tary non-polyposis colorectal carcinoma (HNCPP) are genetic diseases that 
are associated with CRC development. These inheritable diseases frequently 
lead to a CRC diagnosis relatively early in life and the tumors associated 
with HNCPP are often poorly differentiated and highly aggressive. Individu-
als suffering from inflammatory diseases in the bowel, such as ulcerous coli-
tis or Crohn’s disease, have an increased risk of developing CRC47.  

Histology and classification 
The large intestine, colon, is approximately one and a half meters long and 
contains muscles that press the food downstream, to the rectum, while most 
of the fluid from the food is absorbed. The colon consists of a mucosal 
membrane containing an abundant amount of goblet and absorptive cells as 
well as a low number of enteroendocrine cells (Figure 4A).  The absorptive 
cells are columnar with microvilli at the luminal surface and absorb water 
passively following active transport of sodium out of the cells48. Up to a few 
kilos of bacteria are found in the colon, where they help fermenting the food 
and produce vitamins, such as vitamin K which is required for blood coagu-
lation49. The lamina propria has plenty of lymphoid cells and lymphoid nod-
ules that are related to the large number of bacteria found in the colon. The 
goblet cells produce mucus that protects and lubricates the intestinal surface. 
The muscular layer consists of both longitudinal and circular strands, with 
three thick muscle fiber bands, teniae coli, characterizing the longitudinal 
part. The intestinal tract has a high rate of cell renewal which makes it easily 
affected by drugs that inhibits mitosis, such as chemotherapy for cancer 
treatment48.  

Adenomas derived from glandular cells in the colonic crypts are catego-
rized as tubular, villous or tubulovillous polyps and frequently develop into 
adenocarcinomas, which is the most common histological type of CRC (Fig-
ure 4B). Approximately 50% of the adenocarcinomas occur in the rectum 
and the sigmoidal part of the colon while 30% occur in the cecum and right 
colon and 20% occur in the transverse and descending parts of colon. Two 
other common histological subtypes are the mucinous adenocarcinomas and 
signet ring cell cancer. Endocrine tumors, carcinoids, are very rare and usu-
ally grow in the appendix. The carcinoids often display a deeper growth 
pattern than the adenocarcinomas47.  
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Figure 4. Hematoxylin-eosin staining of normal colon (A) and colonic adenocarci-
noma (B). 

Symptoms 
The most common symptom for CRC is blood in the stool, which may lead 
to anemia. Upset stomach, diffuse pain and mucus in the stool are other 
common symptoms. Early stages rarely show any symptoms while during 
later stages of the disease, bad appetite, fatigue and weight loss can occur47.  

Diagnosis 
Blood in stool sample is one way of diagnosing CRC and may therefore be a 
potential screening method for early discovery of the disease. The intestines 
are examined by colonoscopy/rectoscopy which makes it possible to locate 
and take tissue samples from a suspected tumor area. Tumors in the rectal 
area are always examined by palpation but also by transrectal ultrasound to 
assign a local stage to the rectal cancer before surgery. Ultrasound of the 
liver is done to investigate any presence of metastasis, which occurs in 10-
15% of all CRCs. Computer tomography of the thorax and abdomen is an 
alternative to ultrasound for screening of metastasis. The pelvis is examined 
by magnetic resonance imaging (MRI) to investigate the tumor spread of a 
rectal cancer50.  

Metastasis is in some cases the first sign of malignancy and finding a carcino-
ma with unknown primary origin occurs in 3-5% of all cancer patients51. It is 
important to identify the primary tumor because the type of cancer affects the 
choice of treatment. For that reason, there is a great need for better diagnostic 
biomarkers. Pathological diagnostics of CRC is usually done by staining a 
panel of immunohistochemical biomarkers on FFPE tissue from a suspected 
cancerous polyp biopsied from the intestinal tract during colonoscopy.  

Cytokeratin 20 (CK20) is a commonly used protein biomarker that is ex-
pressed along the entire gastrointestinal tract. Together with Cytokeratin 7 
(CK7) it is possible to distinguish if a tumor is derived from colorectal origin 
since CK7 is rarely expressed in colon and rectum while cancers from near-
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by structures such as pancreas, lung, biliary ducts and ovary as well as most 
tumors originating from stomach are CK7 positive. However, the specificity 
of CK20+/CK7- in cells from colorectal origin is approximately 70-80% 
which leaves many colorectal tumors unidentified52-54. Caudal-type 
homeobox 2 (CDX2) is an emerging diagnostic biomarker highly sensitive 
for detection of CRC, but CDX2 is also expressed in gastric and ovarian 
mucinous cancer, which are two common differential diagnoses to CRC55.  

There are three main molecular subtypes of CRC. The most common sub-
type (60%) is tumors with chromosomal instability (CIN) and the second 
most common group (20%) is the CpG island methylator subtype. Microsat-
ellite instability (MSI) is caused by mutations in the DNA mismatch repair 
system and is present in approximately 17% of all CRCs56,57. MSI-high 
CRCs are mainly found in the rectum and in mucinous adenocarcinomas. 
This phenotype is associated with decreased or absent CK20 and CDX2 
expression as well as increased CK7 expression20. Carcinoembryonic antigen 
(CEA) is a sensitive serum marker for CRC that is used for early detection of 
recurrent disease and for monitoring response to treatment58. Due to the low 
specificity of CEA it is not used for differentiating CRCs from other cancer 
types20,54.  

Sensitivity and specificity are commonly used statistical measures for diag-
nostic testing. Sensitivity is described as the probability of getting a positive 
test result given that the tested person has the disease. Specificity is the 
probability of getting a negative test result given that the person does not 
have the disease. Regarding diagnostic testing, the prevalence of a disease in 
the investigated population affects the testing result. Positive Predictive Val-
ue (PPV) takes the prevalence into account and can be described as the prob-
ability of a person having a certain disease given a positive test result. So, 
when screening the population for a certain disease, there is always a risk for 
incorrectly labeling persons as ill; false positive, due to the specificity of the 
test. Therefore, the best way to use a biomarker is to make a directed screen-
ing, for example in a patient group where you suspect illness, in order to 
decrease the proportion of false positive test results. The sensitivity and 
specificity of a test depends on the cut off. A test with a low cut off will de-
tect all persons with a certain disease and consequently has a high sensitivi-
ty. However, the specificity will be low since a number of persons will be 
falsely labeled as ill. The ideal cut off depends on the prevalence of the dis-
ease and the consequence of a true or a false test result59.    

Prognosis 
The prognosis for patients with CRC has greatly improved during the last 
decades, due to better diagnostic methods and treatment regimes. Today, an 
early discovered CRC is in most cases curable. The prognosis of CRC is 
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strongly related to the stage of the disease, scored according to the tumor-
node-metastasis (TNM) classification staging system, defined by the Ameri-
can Joint Committee on Cancer which was preceded by the Dukes’ score 
staging system.  

The T stage is defined by the depth of tumor invasion. In stage I (T1-2, N0, 
M0), the tumor is growing in the submucosa and in the deep muscle layer, 
muscularis propria, but has not extended through the muscle layer. The 5-
year survival for a patient with a stage I tumor is over 90%. Stage II tumors 
are subdivided into two groups; IIA (TNM T3, N0, M0), where the tumor has 
extended through the muscle layer into the subserosa, and stage IIB (TNM 
T4, N0, M0), where the tumor has directly invaded other organs or perforated 
the peritoneum. The 5-year survival is 80-85% for a stage IIA tumor and 70-
80% for a stage IIB tumor. As the depth of tumor invasion increases, there is 
an increasing risk for disease spread to lymph nodes and distant sites. In 
stage III, the cancer has spread to the regional lymph nodes. A stage IIIA 
tumor, (TNM T1-2, N1, M0), has not extended through the muscularis propria 
but shows cancer cells in 1-3 regional lymph nodes leading to a 5-year sur-
vival of 65-80%. A stage IIIB tumor (TNM T3-4, N1, M0) has grown even 
deeper and directly invaded other organs and are also showing 1-3 cancer 
positive regional lymph nodes, and 50-65% of the patients are alive 5 years 
after diagnosis. A stage IIIC tumor (TNM T1-4, N2, M0) has metastasized into 
4 or more regional lymph nodes and thereby the 5-year survival drops to 25-
50%. In stage IV (TNM T1-4, N0-2, M1), the presence of distant metastasis 
reduces the survival time drastically to a 5-year survival of 5-8% (Figure 
5)60. Although stage is an important prognostic factor for CRC, socioeco-
nomic status also clearly affects the treatment and mortality61. 

 
Figure 5. A schematic illustration of the different stages of colorectal carcinoma. In 
stage I, the tumor has grown through the muscularis mucosa into the submucosa 
(T1) or it may have grown into the muscularis propria (T2). In stage II, the tumor 
may have grown through the colorectal wall. In stage III, the tumor has spread to the 
lymph nodes. In stage IV, the tumor has spread to a distant organ.  
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Novel commercial kits for applying gene transcript signatures in order to 
detect recurrence and progression are promising although validation studies 
are needed. For example, ColoGuidePro is a seven-gene test that stratifies 
the risk of progression for patients with stage III CRC62. 
Immunohistochemical biomarkers MLH1 and MSH2 for microsatellite in-
stability have been shown to be associated with a good prognosis in early-
stage CRCs but also with a poor response to chemotherapy63,64. 

Treatment  
Surgery is the first choice of treatment for CRC. Rectal cancer patients re-
ceive pre-operative radiotherapy to prevent local recurrence65. Due to im-
provements in surgery and radiotherapy less than 10% of the patients get 
local recurrence66,67. Patients diagnosed with colon cancer are given post-
operative adjuvant systemic treatment, such as 5-fluorouracil (5-FU), for six 
months to reduce the risk of recurrence68. In general, patients with high-risk 
stage II or III tumors receive a combination of 5-FU, leucovorin (LV) and 
oxaliplatin, (FOLFOX), or a combination of capacitabine and oxaliplatin 
(XELOX) after surgery. However, this treatment is only recommended to 
healthy patients younger than 70 years old. In addition to radiotherapy, pa-
tients with intermediate or locally advanced rectal cancer also receive pre-
operative chemotherapy. Moreover, post-operative chemoradiotherapy has 
been shown to prolong disease free survival although it is still controversial 
and not generally given. MSI tumors show resistance to 5-FU based chemo-
therapy to some extent69. By combining 5-FU treatment with oxaliplatin, the 
treatment result increases synergistically68.  

Metastasized CRC is commonly treated with palliative chemotherapy with 
FOLFOX or a combination of 5-FU, LV and irinotecan57. Targeted therapies 
are nowadays also often added to the treatment of metastasized CRC57. 
Antiangiogenesis treatment with bevacizumab, a monoclonal antibody which 
inhibits vascular endothelial growth factor, has a well documented effect on 
metastasizing CRC but only works if treatment with chemotherapy is suc-
cessful70. Cetuximab is another antibody used as anti-CRC therapy and it 
inhibits the epidermal growth factor receptor (EGFR), which is a tyrosine 
kinase receptor expressed in 60-80% of all CRCs. However, whether expres-
sion of EGFR correlates to treatment efficacy of cetuximab is still not clearly 
determined58. V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog 
(KRAS) mutation has a treatment predictive value for antibody treatment 
directed towards EGFR. CRCs with KRAS mutation in codon 12 or 13 do 
not respond to EGFR inhibitors and the KRAS mutation status is therefore 
routinely used in the clinic69,71. Patients with pre-treated metastasized CRC is 
recommended therapy with the multikinase inhibitor regorafenib, that targets 
angiogenic, stromal and oncogenic protein kinases57.     
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Breast cancer 
Epidemiology and etiology 
Breast cancer is the most common cancer type in women, with the lowest 
incidence in Africa and the highest incidence in the western world72. Of all 
reported female cancer cases in Europe 2013, 28.8% was reported as breast 
cancer, and it is also the third most common cause of death of cancer after 
lung and colorectal cancer45. In Sweden, approximately 9100 women are 
diagnosed with breast cancer every year which represents 31% of all diag-
nosed cancer forms in women. The breast cancer incidence in Swedish 
women has increased with 1.4% every year during the last 20 years. Since 
2003, the breast cancer incidence leveled out, until 2009, where the inci-
dence started to increase again. During the recent 10-year period there has 
been an annual increase of 2.0%. Women aged 65-79 years old had the 
greatest increase in breast cancer incidence. The systematic mammographic 
screening programs have made it possible to discover breast tumors at an 
early stage and that is one reason to why the breast cancer incidence has 
increased over the years. The average age for being diagnosed with breast 
cancer is 60 years and less than 5% are younger than 40 years old46.  

Inheritable breast cancer is the dominating type in 5-10% of all breast cancer 
cases, but life style also influences the incidence. Mutations in breast cancer 
type 1 (BRCA1) and breast cancer type 2 (BRCA2) genes are common in 
families with a history of breast cancer and high risk individuals commonly 
develop the disease early in life. The BRCA1/BRCA2 mutations appear to 
be evenly distributed across the coding sequences, without any apparent 
mutation hot-spots. Breast tumors with mutated BRCA1 are generally ductal 
carcinomas of high grade and have a high mitotic count73. Most of them are 
also estrogen receptor (ER) negative and progesterone receptor (PR) nega-
tive and consequently not responsive to tamoxifen treatment74. Early menar-
che and late menopause as well as having the first pregnancy late in life are 
also important risk factors for breast cancer. The incidence increases with 
age, until menopause. The impact of hormone replacement therapy is still 
debated but several studies show an increased risk for breast cancer, espe-
cially for patients using drugs containing both estrogen and progesterone75,76.  

Histology and classification 
A normal breast mainly consists of adipose and connective tissue but also 
mammary glands, acini, with the ability to produce milk to a newborn baby. 
Each gland consists of 15-25 lobules connected to the nipple through sepa-
rate excretory lactiferous ducts. The acini and ducts consist of an inner layer 
of epithelial cells and an outer layer of myoepithelial cells (Figure 6A). The 
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myoepithelium is contractile and assist in expelling milk after stimulation by 
the hormone oxytocin. After menopause, the mammary glands are reduced 
in size along with atrophy of the ducts and replaced by adipose tissue. The 
growth and senile involution of the breasts are dependent on estrogen48.  

There are several different types of proliferative lesions and benign tu-
mors of the breast, for example fibroadenomas, phyllodes tumors, lipomas, 
adenomas, hamartomas, duct papillomas, fat necroses and fibrocystic dis-
ease. Fibroadenomas are the most common reasons for a lump in the breast 
in young women. They are composed of both epithelial and stromal compo-
nents. The fibrosis causes compressed ducts and microcysts are common. 
Hamartomas resembles the fibroadenomas and are composed of fibrous 
stroma. Phyllodes tumors consist of epithelial cleft-like spaces surrounded 
by a stromal component. Approximately 10% of the Hamartomas display 
atypical stromal cells and these types of tumors are likely to recur or even 
metastasize. Adenomas of the breast are very uncommon and mainly occur 
in young women47. Besides family history, the presence of a benign breast 
tumor, especially a type with atypical hyperplasia, is an important risk factor 
for developing breast cancer later in life77.  
 

 
Figure 6. Hematoxylin-eosin staining of normal breast glands (A), ductal breast 
cancer (B) and lobular breast cancer (C). 

Carcinoma in situ is a tumor stage prior to invasion where the basement 
membrane is still intact but with proliferative atypical cells. In situ tumors 
may develop into invasive breast cancer and it is therefore of great im-
portance to find these tumors early, for example by mammograms. Invasive 
breast cancers are traditionally divided into groups based on their histologi-
cal type. Approximately 80% of the invasive breast cancers are of ductal 
type and they form tubular structures growing in a cribriform pattern (Figure 
6B). The cell nuclei are atypical and very large. Lobular breast tumors ac-
count for approximately 10% of the invasive breast cancers. They derive 
from acini and are characterized by invasion in narrow cords of cells, called 
“Indian file” invasion (Figure 6C). This type of breast cancer is associated 
with bilateral breast involvement more frequently than other histological 
subtypes. Tubular, medullar and mucoid histological subtypes are relatively 
rare47.  



 32 

By dividing breast tumors into groups based on their molecular properties, it 
is possible to distinguish five different subtypes. Several studies based on 
gene expression profiles show that the molecular subtype is an independent 
prognostic factor for local and distant recurrence as well as breast cancer 
related death. These subtypes are identified as luminal A, luminal B, human 
epidermal growth factor receptor 2 (HER2) over-expressing, normal breast-
like and basal-like tumors78,79. By using IHC staining of 4 protein biomarkers 
(ER, HER2, CK5/6 and EGFR), the basal-like subtype was identified as 
being ER negative, PR negative, HER2 negative, CK5/6 positive and/or 
EGFR positive with a specificity of 100% and a sensitivity of 76%. The ba-
sal-like subtype is associated with a reduced breast cancer specific survival 
and there has not previously existed a validated clinical tool to identify those 
tumors80. The luminal A and luminal B tumors have also been identified by 
IHC staining of ER, PR, HER2 and ki67 where Ki-67 is the marker that dis-
tinguishes luminal A from luminal B subtype since luminal B tumors have 
higher proliferation and also poorer prognosis than luminal A tumors81. Six 
subtypes of breast cancer were defined by IHC expression of five protein 
biomarkers (ER, PR, HER2, CK5/6 and EGFR) showing important differ-
ences in prognosis. Clinical use of these biomarkers could potentially im-
prove the targeting of specific therapies since the biological differences be-
tween the subtypes may have an impact on response to therapy82. Breast 
tumors have been shown to spread to different metastatic sites in the body 
for different subtypes. Depending on the metastatic behavior of the breast 
tumor it may be important to adjust treatment guidelines as well as follow-up 
methods83.  

Symptoms    
A hard, sore and growing lump in the breast or axilla is the most common 
symptom of breast cancer. Inflammation, clear or bloody secretion from the 
nipple, retraction of the skin or eczema are other common symptoms. How-
ever, a breast cancer can also be asymptomatic47.  

Diagnosis 
A breast cancer is commonly diagnosed by a so-called triple approach in-
cluding clinical examination, imaging (mammogram, ultrasound, MRI) and 
histology/cytology of tissue/cells taken from the suspected tumor area. 
Lobular in situ tumors do not generally produce palpable lumps and some 
tumors only display palpable lumps in advanced stages. This makes mam-
mogram screenings very important47. It has recently been suggested that 
early detection of copy number gains, for example of ERBB2 (gene encod-
ing the HER2 protein) and EGFR genes, in normal breast tissue may predis-
pose for cancer development before sporadic breast tumors are even formed 
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and possible to discover84. This finding may be used for prevention of local 
recurrence detecting additional foci of breast cancer not yet formed in appar-
ent microscopically normal breast tissue, when a patient has been diagnosed 
with breast cancer.  

Prognosis 
Breast cancer prognosis is based on a number of clinicopathological factors, 
such as the TNM stage which is strongly correlated to patient survival. A 
tumor size larger than 2.0cm is associated with poor prognosis and tumor 
spread to regional lymph nodes reduce the 5-year survival from around 80% 
to 60%47. Nottingham histological grade (nhg) is assessed by evaluating the 
percentage of tubule formation, the degree of nuclear pleomorphism and 
mitotic count. The score from each variable is summed into an overall grade 
score which is divided in three groups with relation to survival time. Patients 
with a primary breast cancer assigned a grade I generally show a 10-year 
survival of 85%, while grade II tumors have a 10-year survival of 60% and 
only 45% of the patients assigned a grade III tumor are alive after 10 years85. 
Histological grade is a part of the Nottingham prognostic index (NPI), to-
gether with tumor size and lymph node status, and is determined by adding 
the tumor size value (cm)*0.2 to the lymph node stage (1, 2 or 3) and histo-
logical grade (1, 2 or 3). An NPI value ≤3.4 is associated with a predicted 
15-year survival of 80%, while an NPI value of 3.41-5.4 correlates to 42% 
15-year survival and in the poor prognosis group with an NPI value >5.4 
only 13% of the patients are predicted to be alive after 15 years. Histological 
subtype also provides some prognostic information although histological 
grade is far more powerful86.  

As briefly discussed previously, the molecular subtype of the tumor is also 
correlated to prognosis. The triple-negative tumors (ER negative, PR nega-
tive, HER2 negative as well as CK5/6 negative and EGFR negative) as well 
as the basal-like tumors (ER negative, PR negative, HER2 negative, CK5/6 
positive and/or EGFR positive) have a strong association to aggressive clini-
cal behavior and therefore also poor prognosis. However, it is not certain 
that the basal-like phenotype is truly associated with a poorer prognosis, 
when comparing with other breast tumors that are ER negative, non-basal-
like cancers or grade-matched non-basal-like cancers87. The HER2 gene is 
amplified in 15-30% of all breast cancers leading to an over-expression of 
the HER2 protein in the cancer cells. HER2 over-expressing breast tumors 
are associated with an aggressive phenotype and reduced survival57,88,89. 
Vascular invasion is an independent prognostic factor for survival and local 
recurrence and provides an important contribution of clinical management of 
breast cancer90. Immunohistochemical expression of the proliferation bi-
omarker Ki-67 is proposed as a prognostic biomarker for early stage breast 
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cancer, and although several studies have shown the prognostic impact of 
Ki-67, and that patients with a high Ki-67 expression would benefit from 
chemotherapy, defining an appropriate cut off seems to be controversial. 
Nevertheless, it is included in the St Gallen guidelines for classification of 
luminal A tumors91,92. The cell cycle regulators cyclins A, B1, D1 and E 
have also shown to be of prognostic significance in different breast cancer 
subtypes, however, they are not routinely used in the clinic93-96.  

Mammaprint is a gene expression signature that identifies breast cancer pa-
tients with a short time to distant metastasis. This gene signature for poor 
prognosis consists of genes involved in cell cycle regulation, invasion, me-
tastasis and angiogenesis, and consequently identifies patients who would 
benefit from adjuvant treatment97. Another gene expression assay, based on 
21 genes, is the Oncotype DX (ODX) test that uses ER positive and lymph 
node negative FFPE breast cancer tissues in order to calculate a recurrence 
score. The ODX test has been shown to be prognostic and predictive of 
chemotherapy response in breast cancer98,99.   

Recently, age was shown to be an independent prognostic biomarker for 
breast cancer, where young women have a poor prognosis despite intensive 
treatment100. Moreover, breast tumors from young women have been shown 
to be associated with inferior tumor characteristics like large tumor size, ER 
negativity, HER2 positivity, lymph node metastasis and subsequently a poor 
prognosis101.  

Treatment  
Surgery is an important treatment for breast cancer often curing the patient 
when it is used alone or in combination with local irradiation and with or 
without adjuvant systemic therapy102. Breast saving surgery followed by 
irradiation is a good and safe medical alternative to mastectomy for unifocal 
breast tumors and these treatment options show a similar risk of breast can-
cer death103. Since the lymphatic drainage from the breast tissue mainly 
passes through the axillary lymph nodes it is common to examine the lymph 
nodes for possible metastatic spread, either through sentinel node operation 
or lymph node dissection104. Metastasized breast cancer is not curable and 
the prognosis is poor, with a median survival of less than two years57.  

There are several different types of chemotherapy for breast cancer treatment 
such as alkylating agents, anti-metabolites, mitotic inhibitors, antibiotics and 
taxanes. Polychemotherapy, such as the combination of cyclophosphamide, 
methotrexate and 5-FU, as adjuvant treatment has been shown to prolong 
survival compared to single agent chemotherapy. However, individualized 
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therapy strategies are needed since many breast cancer patients are 
overtreated105.  

The most important parameters to define treatment recommendations for 
invasive breast cancer are ER, PR and HER2 status. Tamoxifen, an antago-
nist to estrogen in breast tissue, is a standard adjuvant therapy for patients 
with ER positive breast cancer and is strongly associated with a reduction of 
risk for recurrence and breast cancer mortality106. Tamoxifen also reduces 
the incidence of breast cancer in women who are at increased risk of devel-
oping the disease107. Polychemotherapy in combination with tamoxifen is 
recommended to all patients with ER positive tumors since it significantly 
improves survival time105. One effect of estrogen is induction of PR, and less 
than 5% of all PR positive breast cancers are ER negative. ER/PR positive 
tumors respond well to tamoxifen treatment while some of the ER posi-
tive/PR negative tumors are not responsive20. Although tamoxifen functions 
as an anti-estrogen in breast tissue, it acts like estrogen in other tissues, such 
as the endometrium. A positive side effect of tamoxifen treatment is there-
fore a decreased risk of osteoporosis. On the other hand, tamoxifen treatment 
increases the risk for endometrial cancer, development of deep venous 
thrombosis, pulmonary emboli and stroke in women aged 50 or older107.  

Aromatase Inhibitors (AI), such as anastrozole, blocks aromatase which is 
needed for estrogen production, leading to decreased estrogen concentration. 
AIs are mainly used for hormone receptor positive breast tumors in post-
menopausal women since the ovary in premenopausal women can increase 
the hormonal production, thus leading to an increase of estrogen. Treatment 
with AIs in postmenopausal women is associated with prolonged survival 
and time to recurrence, with fewer side effects than tamoxifen108,109.  

Trastuzumab, a recombinant monoclonal antibody directed towards HER2, 
increases the benefit of chemotherapy in patients with metastasized HER2 
over-expressed breast cancer110. Patients with early stage HER2 over-
expressed breast cancer also benefit of trastuzumab treatment, with respect 
to disease free survival, after surgery and adjuvant chemotherapy111.   

Activation of the mammalian target of rapamycin (mTOR) pathway is asso-
ciated with resistance to endocrine therapy. Everolimus is a small molecule 
that inhibits mTOR in the phosphatidylinositol 3-kinase (PI3K)-Protein ki-
nase B (Akt)-mTOR pathway. In combination with endocrine therapy with 
exemestane, it has been shown to improve progression free survival and 
overall survival in hormone receptor positive advanced breast cancer112.  
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Present investigation 

Aims 

The overall aim of the present investigation was to study novel potential 
diagnostic, prognostic and treatment predictive protein biomarkers for can-
cer. The specific aims for each study were: 

 
 Paper I: Identification and validation of SATB2 as a novel diagnostic 

biomarker for colorectal cancer. 
 

 Paper II: Further investigation of the ANLN protein as a prognostic bi-
omarker and exploration of the potential treatment predictive role in 
primary breast cancer.  
 

 Paper III: Further exploration of why young women with breast cancer 
have a poor prognosis compared to older women, by producing and 
immunohistochemically stain and analyze a large tissue micro array co-
hort from a subset of patients from a previously defined registry-based 
patient cohort. 
 

 Paper IV: Investigation of potential novel biomarkers for angiogenesis 
using image analysis and to study the prognostic role of angiogenesis in 
young women with breast cancer.  

Methodological considerations 
Material and methods used in this thesis are described in detail in each pa-
per. A summary of the methods used and a background to certain methods 
are outlined in this chapter. 

In Papers I, II and IV, protein expression patterns were studied using several 
independent patient cohorts with clinical data and patient cancer tissue in a 
TMA format. In Paper III, clinical data for each patient was retrieved from 
hospital records and TMAs containing breast cancer tissue were produced 
from a selection of patients from a register-based cohort that was previously 
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described by Fredholm et al100. In all papers, IHC staining of slides with 
TMA sections containing cancer tissue was manually evaluated by annota-
tion of the digitalized slides. In Papers I, II and IV, the generated annotation 
data was used to explore and evaluate potential protein biomarkers. In Paper 
III, the annotation served as a complement to the information found in the 
patient hospital records.  

The advanced search tool of the Human Protein Atlas was used to discover 
proteins selectively expressed in human colorectal glands and in colorectal 
cancer cells and thereby SATB2 was identified in Paper I. Furthermore, in 
Paper I, automated analysis of the digitalized images from Cohort I and II 
using a commercially available algorithm (Aperio Technologies, Vista, CA) 
was used as a complement to the manually annotated images.      

In order to further validate the antibodies used for detection of SATB2 
and ANLN proteins in Papers I and II, western blot was used to determine 
the protein size and immunofluorescent staining was used to verify the sub-
cellular localization of the proteins. Moreover, in Paper I, stable transfected 
variants of colorectal carcinoma cell lines SW480 and SW620 were also 
analyzed by western blot. Furthermore, SATB2 mRNA expression was stud-
ied in 43 normal human tissues and 31 cancer types from the In Silico 
Transcriptomics database which contains Affymetrix gene expression micro-
array data.  

In Paper II, transient small interfering ribonucleic acid (siRNA) mediated 
ANLN gene knockdown on two different breast cancer cell lines, SKBR3 
and T47D, was used for functional studies of the ANLN protein. SiRNA 
knockdown utilize the fact that double stranded RNA (dsRNA) suppresses 
gene activity in a cell, RNA interference (RNAi), and can thereby be used to 
experimentally investigate the function of a certain gene. Briefly, cells are 
transfected in the cytoplasm with dsRNA that is subsequently cleaved by the 
endonuclease protein DICER in approximately 21 nucleotides long seg-
ments. The short double strands are then bound by an argonaute protein that 
keeps one of the RNA strands, the so called guide strand, and cleaves off the 
so called passenger RNA strand that is immediately degraded. The complex 
with the single strand RNA and argonaute protein called RNA induced Si-
lencing Complex (RISC) binds specifically to the complementary strand of a 
target mRNA. The bound target mRNA strand is cleaved, sliced, by RISC 
and subsequently degraded. Thereby, translation of the mRNA to protein is 
inhibited. A scramble siRNA was used to transfect control cells113-115. 

In Paper II, cell cycle analysis with flow cytometry was used to analyze the 
fraction of cells in different parts of the cell cycle in cells treated with 
ANLN siRNA and control cells. In brief, cultured cells were fixed in ice-
cold 70% ethanol in PBS and stained with a staining solution containing 
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propidium iodide (PI), a fluorescent dye that binds DNA, supplemented with 
Ribonuclease A (RNAse A) from bovine pancreas. Next, the cells were ana-
lyzed using an LSR II flow cytometer. Quantification of cells in each cell 
cycle phase was determined using ModFit LT software.   

The intensity of fluorescence at a certain wavelength is proportional to the 
amount of DNA and will therefore vary depending on how much DNA each 
cell contains. After DNA synthesis, in the Gap 2 (G2-) or mitosis phase (M-
phase) of the cell cycle, each cell will contain the double amount of DNA 
compared to cells in G0-/G1-phase (quiescence). During the synthesis phase 
(S-phase), each cell will contain an amount of DNA roughly in between G0-
/G1- and G2-/M-phases. In that way, it is possible to locate which phases of 
the cell cycle the cells are in116.   

Most normal cells go into an irreversible growth arrest, a senescent state, 
after a certain amount of cell divisions or as a response to oncogenic events. 
A senescence assay was used in Paper II, to study how proliferating cells are 
affected by treatment with ANLN siRNA. Senescent cells have the ability to 
express β-galactosidase activity that is detectable by histochemistry at pH 
6.0. In short, cultured cells were first fixed in formaldehyde and an X-gal 
staining solution in a buffer at pH 6.0 was prepared, protected from light and 
added to the cells. The cells were incubated at 37°C for approximately 12 
hours, washed in PBS and studied by brightfield microscopy. X-gal, a lac-
tose analogue, functions as a substrate to β-galactosidase which hydrolyses 
X-gal to galactose and an indigo-colored product. In that way, indigo-stained 
cells are indicators of senescent cells due to the presence of β-galactosidase. 
Cells with a senescent phenotype are commonly large, flat and have multiple 
nuclei. They also have an altered gene expression, inhibiting cyclin A, that is 
necessary for S/G2 transition, as well as inhibiting cyclin B, which is needed 
to G2/M transition. Moreover, senescent cells can neither synthesize DNA 
nor go into apoptosis117-119.  

In Paper IV, a pipeline in the program CellProfiler was produced to analyze 
IHC stained tissue with image analysis. The pipeline was programmed to 
mark areas with a certain intensity of DAB staining and compare that area to 
the total tissue core area.  
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Results and discussion 
Paper I: 
SATB2 in combination with Cytokeratin 20 identifies over 95% of all colo-
rectal carcinomas. 

In Paper I, the special AT-rich sequence-binding protein 2 (SATB2) was 
identified as a tissue type-specific protein using the advanced search func-
tion of the Human Protein Atlas. SATB2 showed a strong nuclear IHC stain-
ing pattern mainly restricted to glandular cells in the lower gastrointestinal 
tract and CRCs. Furthermore, the specific expression pattern of SATB2 was 
explored and compared with Cytokeratin 20 (CK20) protein expression in 
TMAs consisting of tumors from nine independent cohorts of patients with 
primary and metastatic CRC (n=1882) together with cohorts of other rele-
vant cancer types (n=620), including ovarian, breast and lung cancer. The 
results showed that SATB2 is a sensitive and highly specific marker for 
CRC with distinct positivity in 85% of all CRCs investigated. Furthermore, 
the combination of SATB2 and/or CK20 showed positivity in 97% of all 
CRCs studied.  

In conclusion, SATB2 in combination with CK20 can be used as an im-
portant complementary tool in clinical differential diagnostics of cancer. The 
findings in this work show that the large-scale antibody-based proteomics 
effort of the HPA project can be used to identify potential novel diagnostic 
biomarkers for cancer.  

Paper II: 
ANLN is a prognostic biomarker independent of Ki-67 and essential for cell 
cycle progression in primary breast cancer. 

In Paper II, Anillin (ANLN), an actin-binding protein required for cytokine-
sis, that was recently identified as a marker for poor prognosis in breast can-
cer was further examined regarding prognostic and functional value. Evalua-
tion of IHC staining pattern from two independent well characterized breast 
cancer cohorts (n=708) showed that high nuclear fraction of ANLN in breast 
cancer was significantly correlated to large tumor size, high histological 
grade, hormone receptor negative tumors, high proliferation rate and poor 
prognosis. The association between ANLN and survival was significantly 
independent of age in Cohort I and significantly independent of Ki-67, tumor 
size, age, hormone receptor status, HER2 status and nodal status in Cohort 
II. Analysis of ANLN mRNA expression in a publicly available 
transcriptomic dataset confirmed that high expression of ANLN was signifi-
cantly associated with poor overall survival in breast cancer patients. Further 
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analysis of the second breast cancer cohort, a randomized tamoxifen study, 
showed that expression of ANLN was not found to be predictive of response 
to tamoxifen treatment. Transient knock-down of ANLN protein expression 
in two breast cancer cell lines resulted in increased senescent cells and ac-
cumulation of cells in the G2-/M-phase of the cell cycle with altered cell 
morphology including large, poly-nucleated cells. In addition, ANLN siRNA 
knockdown resulted in decreased expression of cyclins D1, A2 and B1.  

In conclusion, the results suggest that ANLN expression in breast cancer 
cells plays an important role during cell division and that high nuclear 
ANLN expression assessed by IHC provides a biomarker for poor prognosis 
in breast cancer patients, independent of Ki-67, tumor size, age, hormone 
receptor status, HER2 status and nodal status.  

Paper III: 
Longterm outcomes in young women with breast cancer – low age a risk 
factor in luminal B tumors. 

In Paper III, young age at diagnosis of breast cancer was further explored as 
an independent risk factor for poor prognosis. From a register-based cohort 
consisting of 22,017 women diagnosed with breast cancer in Sweden be-
tween the years 1992 and 2005, all women younger than 35 years old at di-
agnosis (n=471) were selected and compared to randomly chosen samples of 
200 women aged 35-39 years, 200 women aged 40-49 years and 300 women 
aged 50-69 years. Clinical data for each patient was retrieved from medical 
records and TMAs were produced consisting of tumor tissue from the select-
ed patients, with a coverage of 88%. The cohort (n=1000) was used to inves-
tigate breast cancer specific survival, distant disease free survival and loco-
regional recurrence free survival in different age groups. The results showed 
that women less than 40 years old with luminal B tumors have a 2.2-fold 
higher risk of dying of breast cancer compared to women more than 40 years 
old. In women that were not given chemotherapy, young age (less than 35 
years) was found to be a significant independent risk factor for distant dis-
ease and loco-regional recurrence but not for breast cancer death. 

In conclusion, young age is an independent prognostic factor of distant 
disease free survival and loco-regional recurrence free survival in women 
that did not receive chemotherapy. 

Paper IV: 
Angiogenesis as a risk factor for young women with breast cancer. 

In Paper IV, the proposed angiogenesis biomarker CD93 was further ex-
plored in the breast cancer TMA cohort produced in Paper III. The TMAs 
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were stained with IHC using antibodies towards CD93 and the well-known 
angiogenesis biomarker CD34. A pipeline in CellProfiler was made to ana-
lyze IHC stained tissue with image analysis. The results showed that CD93-
positive vessel area was significantly correlated to CD34-positive vessel 
area. Moreover, women diagnosed with breast cancer before 40 years of age 
displayed a significantly higher CD93-positive vessel area in their tumors. 
High area fraction of CD93-positive vessels was also significantly associated 
with hormone receptor negative tumors, histologic grade, Ki-67 and EGFR. 
In addition, young women with high CD93-positive vessel area showed a 
significantly worse outcome in overall survival, breast cancer specific sur-
vival and distant disease free survival compared to older patients. The asso-
ciation of CD93-positive vessel area and distant disease free survival re-
mained independent of tumor size, hormone receptor status, HER2, Ki-67, 
EGFR, grade and nodal status in a multivariable analysis.  

In conclusion, young women with breast cancer display a significantly 
higher area fraction of CD93-positive vessels in their tumors. Moreover, 
women less than 40 years old expressing a high area of CD93-positive ves-
sels in their tumors have a poor prognostic outcome compared to older breast 
cancer patients. The data indicate that area fraction of CD93-positive vessels 
can be used to measure vascular density in breast cancer, and that high vas-
cular density is a prognostic biomarker for distant disease free survival inde-
pendent of tumor size, ER, PR, HER2, Ki-67, EGFR, grade and nodal status 
in young women with breast cancer. 

Concluding remarks and future perspectives 
Individualized cancer diagnostics, prognostics and therapy is emerging and 
will greatly facilitate the stratification of patients into different treatments 
depending on the molecular habits of each tumor. In this thesis, different 
protein expression patterns have been analyzed by IHC on TMAs in order to 
identify and further explore potential novel diagnostic, prognostic and treat-
ment predictive biomarkers for colorectal and breast cancer.  

Following the identification of SATB2 as a novel diagnostic biomarker for 
CRC in Paper I, a pathology-based clinical prospective study was done to 
evaluate the clinical importance of SATB2 as a biomarker of tumors of colo-
rectal origin120. In brief, SATB2 expression was studied in all clinical cases 
(n=840) where IHC staining of CK20 was required for diagnosis, between 
June 2010 and December 2011 at the Department of Surgical Pathology at 
the Uppsala University Hospital. The results showed that SATB2 displayed a 
high sensitivity (93%) and a high specificity (77%) for primary and metastat-
ic CRCs. In combination with CK20 staining and absence of CK7 expres-
sion, the specificity increased to 100%. Thereby, SATB2 was confirmed as a 
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novel biomarker aiding clinical differential diagnostics decisions. An anti-
body towards SATB2 is currently available for differential diagnostics at the 
Department of Surgical Pathology. SATB2 is currently also further explored 
in a CRC cohort from the Uppsala-Umeå Comprehensive Cancer Consorti-
um (U-CAN).  

In contrast, cases of CRC metastasis showed a reduced SATB2 expres-
sion compared to primary colorectal tumors in Paper I. A study by Wang et 
al showed that low SATB2 expression was associated with tumor invasion, 
metastasis and poor prognosis in CRCs121. Moreover, another study showed 
that medullary carcinomas of the large intestine displayed a reduced SATB2 
expression pattern in comparison to other CRC types122. Furthermore, the 
loss of SABT2 expression in high grade CRCs has been shown to be caused 
by upregulation of mir-31 and mir-182 and is associated with poor progno-
sis123,124.  

In summary, SATB2 has been shown to be a highly sensitive biomarker 
for CRC. However, the SATB2 expression is decreased and eventually lost 
in some cases during CRC progression and metastasis. Therefore, the diag-
nostic value of SATB2 in late stages of CRC should be further explored. 

 
In Paper II, the ANLN protein was further validated as a biomarker for poor 
prognosis in primary breast cancer using two independent TMA cohorts. We 
showed that ANLN protein is required for proliferation using two different 
breast cancer cell lines. Moreover, ANLN protein expression was found to 
be correlated to expression of the cell proliferation marker Ki-67, however, 
the prognostic significance of ANLN was independent of Ki-67 in a multi-
variable analysis.  

ANLN will be further explored in the breast cancer TMA cohort produced 
in Paper III, as a continuation of the work done in Papers II and III. Cyclins 
control the progression of normal cells through the cell cycle and several 
studies show that overexpression of cyclins are associated with a poor prog-
nosis125. Moreover, young women often have breast tumors with a high pro-
liferation rate and overexpression of cyclins D1 and B1 has been shown to 
be associated with breast cancer at a young age126,127.  

The purpose of the planned study is to explore and compare the protein 
expression patterns of ANLN with cyclins D1, E1, A, B1 as well as p27 and 
Skp2 in different age groups and in different breast cancer subtypes in order 
to determine their role as prognostic biomarkers in relation to age, alone or 
in combination with other biomarkers.  
 
In Paper IV, CD93-expression in tumor blood vessels was suggested as a 
novel prognostic biomarker for young women with breast cancer. Increased 
CD93-positive vessel area in the breast tumors investigated was found to be 
associated with distant disease independent of tumor size, grade, nodal sta-
tus, hormone receptor status, Ki-67, HER2 and EGFR. The CellProfiler 
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pipeline used for image analysis is currently set to mark all areas of a certain 
DAB staining intensity. This works fine for most tumor tissue cores exam-
ined. However, due to that CD93 is also expressed in inflammatory cells to a 
certain extent the image analysis program will also mark DAB-positive in-
flammatory cells as a positive area. Therefore, the image analysis could yield 
a more accurate result if the pipeline were improved. The polyclonal CD93-
antibody may also be further validated by for example siRNA silencing.  

Further work should include analysis of other proteins associated with 
angiogenesis, including angiogenic growth factors such as members of the 
vascular endothelial growth factor, fibroblast growth factor and angiopoietin 
families. In addition, other pan-endothelial markers and tumor vessel specif-
ic proteins should be analyzed.    

The work presented herein shows that high-throughput antibody-based pro-
teomics can be utilized to discover and further explore novel biomarkers of 
potential clinical relevance.     
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