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ABSTRACT 
Prostate cancer is the most common cancer in men in Sweden and but luckily the 
majority of the patients will carry on their life without any consequences from the 
disease. Unfortunately, some will develop aggressive tumors and eventually die. 
However, current prognostic and diagnostic techniques used to distinguish lethal 
prostate cancer from harmless prostate cancer are insufficient. It is therefore 
necessary to find novel diagnostic and prognostic markers, so aggressive prostate 
cancer can be detected and treated as early as possible whilst allowing non-
aggressive variants to be safely left without extensive treatment. Interestingly, 
aggressive tumors have been shown to induce certain adaptive changes in the 
non-malignant parts of the tumor-bearing prostate – changes probably necessary 
for subsequent tumor growth and spread. Our research group have termed this 
response “Tumor Instructed (and thus Indicating) Normal Tissue (TINT)” and 
proposed this tissue as an alternative source of diagnostic/ prognostic markers.  
The aim of this thesis is to analyze factors related to tumor aggressiveness in 
prostate TINT. Experimental studies and studies on patient material were 
executed to investigate potential TINT markers at the mRNA and protein level. 

In patients we saw that high expression of lysyl oxidase (LOX) in TINT epithelial 
cells was associated with poor prognosis and served as a prognostic factor. In an 
animal model, created by injecting tumor cells into rat prostates, expression of 
LOX was increased in the surrounding non-malignant tissue. If LOX was 
inhibited while tumors were establishing in the prostate, tumor growth was 
decreased. In contrast, if LOX was inhibited after tumors were established, tumor 
growth was increased. Taken together, this suggests that tumors can induce LOX 
expression in TINT and that the function of LOX is context dependent. 

Another gene that was significantly increased in TINT was heme oxygenase-1 
(HO-1). TINT in rat prostates injected with aggressive tumor cells was infiltrated 
by HO-1 expressing macrophages. In patients, HO-1 expressing macrophages was 
mainly seen in the invasive front of high-grade primary tumors, which also 
correlated with the presence of bone metastases. HO-1 expressing macrophages 
was more common in bone metastases than in primary tumors, and had an 
inverse correlation to AR expression in castration resistant prostate cancer. 
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Microseminoprotein-β (MSMB) is normally expressed by prostate epithelial cells 
but is reduced in prostate tumors. Decreased levels of MSMB in serum are 
currently used as a biomarker for prostate cancer. Both in experimental studies 
and in patients, we saw that levels of MSMB were also decreased in TINT and 
related to tumor aggressiveness. This suggests that decreased levels of MSMB in 
serum could be caused by decreased levels of MSMB in the non-malignant 
prostate tissue and that TINT-markers possibly could be measured in blood. 

In conclusion, findings presented in this thesis show several alterations in TINT 
associated with tumor aggressiveness which have good potential of being useful 
as clinical prognostic markers for prostate cancer after further research.  
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POPULÄRVETENSKAPLIG 
SAMMANFATTNING 
Prostatacancer är den vanligaste cancerformen hos män i Sverige. Varje år 
diagnostiseras cirka 10 000 män, varav en fjärdedel av patienterna dör av 
sjukdomen. Det är först när modertumören sprider sig utanför prostatan och 
bildar metastaser – som den blir farlig för patienten. Med dagens diagnostiska 
och prognostiska metoder är det ibland svårt att, i ett tidigt skede, särskilja 
aggressiva tumörer från ofarliga tumörer. Detta medför att vissa män inte får 
tillräcklig behandling, medan andra får behandling i onödan. Det finns därför ett 
behov av att förbättra de diagnostiska och prognostiska metoderna – och med 
större säkerhet avgör vilka patienter som har en aggressiv tumör och därmed 
behöver behandling, och vilka patienter som utan risk kan vänta med behandling 
och därmed besparas behandlingsrelaterade biverkningar, så som impotens. 

För att diagnosticera prostatacancer tas nålbiopsier från prostatan, vilket innebär 
att en ytterst liten del av prostatan – mindre än 1% – analyseras. De 
röntgenmetoder som används kan inte alltid visualisera tumören, vilket gör det 
svårare att ta biopsier direkt från tumören. Det är därför vanligt att många 
nålbiopsier enbart innehåller tumörfri normal prostatavävnad. 

Vi har, i djurmodeller och patientmaterial, undersökt om den normala 
prostatavävnaden utanför tumören förändras av tumören och om dessa 
förändringar skiljer sig mellan aggressiva och mindre aggressiva tumörer. Vi har 
namngett denna typ av vävnad ”Tumor Instructed (Indicating) Normal Tissue 
(TINT)”, och vår hypotes är att förändringar i TINT kan indikera att det finns en 
närliggande tumör och även prognostiskt avgöra tumörens aggressivitet. 

Syftet med denna avhandling var att analysera nivåerna av Lysyl oxidase (LOX), 
Heme oxygenase-1 (HO-1) och Microseminoprotein-β (MSMB) i TINT, i patienter 
och i en djurmodell, och undersöka om nivåerna var associerade till tumörens 
aggressivitet. Vi undersökte även om LOX påverkade prostatatumörens tillväxt. 

Studierna visar att patienter med höga nivåer av LOX i prostatans normala 
epitelceller hade en högre risk att dö från sjukdomen. LOX skulle därför kunna 
användas som en prognostisk markör. LOX är ett enzym som sammanbinder 
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olika proteiner i bindväven. I en djurmodell visar vi att tumörer i prostatan 
resulterade i ökade nivåer av LOX i den närliggande normala vävnaden. Om 
enzymets funktion blockerades innan tumören hunnit etablera sig, minskade 
tumörtillväxten. Om LOX istället blockerades efter tumören etablerat sig, ökade 
tumörtillväxten. Sammantaget visar vi att tumören inducerar LOX i den 
omgivande normala prostatan (TINT) och att funktionen av LOX, med avseende 
på tumörtillväxt, beror på i vilket stadie tumören befinner sig. 

Vi visar även, i vår djurmodell, att nivåerna av HO-1 ökar i den omkringliggande 
normala prostatavävnaden, speciellt runt aggressiva tumörer. HO-1 fanns främst 
i makrofager som infiltrerade TINT. Trots att makrofager är en del av vårt 
immunförsvar, visar många studier att de är viktiga för tumörens tillväxt. I 
patienter visar vi att makrofager med HO-1 fanns främst i den normala vävnaden 
närmast tumören. Höga nivåer var associerat med ökad tumöraggressivitet och 
om patienten hade skelettmetastaser. Makrofager med HO-1 var mer vanligt i 
skelettmetastaser än i modertumören. HO-1 aktiveras normalt vid sårläkning och 
bryter ner Heme i röda blodkroppar till mindre beståndsdelar som senare 
återanvänds i produktionen av nya röda blodkroppar. Både HO-1 och dessa 
beståndsdelar har i andra studier visat sig stimulera tumörtillväxt. Patienter med 
höga nivåer av HO-1 i sina metastaser skulle därför eventuellt dra nytta av att 
HO-1 blockeras. 

Den tredje potentiella TINT-markören som analyserades var MSMB, ett protein 
som normalt finns i höga nivåer i prostatan. Tidigare studier visar att MSMB är 
reducerat i prostatatumörer, men vi visar att MSMB även är reducerat i den 
normala vävnaden nära en tumör. Mängden MSMB var mindre nära tumören än 
längre bort, och denna gradient var associerad med tumörens aggressivitet. 
Minskade nivåer av MSMB i blod ingår idag i den nya modellen STHLM3. Vår 
studie visar att minskade nivåer av MSMB i blod kan vara ett resultat av minskade 
nivåer, inte bara i tumören, utan även utanför i TINT. 

Sammanfattningsvis visar vi att det finns potentiella markörer i den ”normala” 
prostatavävnaden hos män med prostatacancer. Dessa TINT-markörer skulle 
exempelvis kunna analyseras i nålbiopsier som innehåller normal vävnad för att 
detektera och/eller prognostisera prostatacancer. Fler studier behövs för att 
undersöka om förändringar i TINT är viktiga för tumörens tillväxt och om TINT-
markörer kan mätas i blod. 
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INTRODUCTION 
Prostate cancer is a heterogenous and multifocal disease with large variations, 
not only between individuals but also within one individual1. In general, the 
majority of prostate cancers are indolent – meaning  they consist of slow growing 
tumor cells that never will grow outside the prostate and never cause any harm to 
the patient2. However, some prostate tumors are highly aggressive and need to be 
treated as early and effectively as possible. Unfortunately, the ability to predict 
tumor behavior at diagnosis is limited. This leads to overdiagnosis of indolent 
tumors coupled to overtreatment of patients, or failure to identify tumors that 
would benefit from additional treatments leading to undertreatment of patients. 
Better prognostic markers are therefore needed. 

Moreover, aggressive tumor foci may be missed, as some tumors are difficult to 
detect using current imaging techniques and the biopsies may thus fail to sample 
the most malignant areas present. Instead, biopsies from men with prostate 
cancer generally contain normal non-malignant prostate tissue, which potentially 
could be a source of novel diagnostic and prognostic markers. 

Previous findings by our group indicate that tumor cells communicate with the 
extratumoral surrounding normal tissue, in ways largely beneficial for tumor 
growth and spread3-5. These alterations indicate that the extratumoral 
surroundings adapt differently depending on the aggressiveness of the tumor4. 
More knowledge about the effects in the extratumoral surroundings, explaining 
differences between indolent and aggressive tumors, could lead to new prognostic 
biomarkers and new ways to treat prostate cancer. If such extratumoral changes 
could be used to determine tumor aggressiveness, potentially lethal tumors could 
be detected in time and less aggressive variants not subjected to overtreatment. 

The Prostate 

Anatomy, morphology and physiology 
The human prostate gland is part of the male reproductive system and its main 
function is to produce and secrete important components of the seminal fluid. 
The gland sits in front of the rectum, beneath the urinary bladder and surrounds 
the urethra (Figure 1). It can be divided into three histological zones; the 
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peripheral zone, the transition zone, and the central zone6. The peripheral zone 
constitutes approximately 70% of the organ, covers the outer region of the 
prostate, and has the highest incidence of carcinoma6, 7. The transitional zone 
constitutes approximately 5% and is where benign prostatic hyperplasia (BPH) is 
almost exclusively detected7, 8. In rodents, the prostate is divided into four 
different lobes: the anterior, the ventral, the lateral and the dorsal prostate9. 

 

Figure 1. Anatomy of the human prostate gland. The prostate is positioned below the urine 
bladder, in front of the rectum and encircles the urethra. The prostate is divided into three zones; TZ: 
transition zone, CZ: central zone and PZ: peripheral zone.  

Although the prostate shows anatomical differences between human and rodents, 
they show similarities on cellular basis. The prostate is composed by epithelial 
acini and ducts arranged in a fibromuscular stromal network6, 10. The human and 
rodent prostate epithelium both include three different cell types, namely basal, 
secretory luminal and neuroendocrine cells10. The luminal cell type is the most 
common of the three and plays a major role in the synthesis and secretion of 
seminal plasma. In humans, seminal plasma includes the production of prostate 
specific antigen (PSA), which is used as an indicator for prostate cancer11. The 
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fibromuscular stroma consists of fibroblasts, myofibroblasts, immune cells, 
smooth muscle cells, collagen fibers, blood vessels and nerves10, 12. The stroma is 
separated from the epithelial acini by a basement membrane (BM). 

Prostate Cancer 

General background 
Prostate cancer is one of the most common cancer types in the world affecting 
approximately 1.3 million men each year13. In 2019, 10 984 men were diagnosed 
with prostate cancer in Sweden, and about 20% of them will die from the 
disease14. Both the incidence and mortality show a substantial diversity within 
different regions worldwide13, which partly can be explained by the differences in 
environment, lifestyle and diet15-17. To develop prostate cancer, the most 
significant risk factor of all is ageing18, but genetic background may also relate to 
risk of tumor development19. In Sweden the median patient age at diagnosis is 69 
years, and the majority of prostate cancer deaths occur in men over 79 years11. 

Prostate cancer is both multifocal and heterogenous, meaning that one patient 
can have several dissimilar tumor foci simultaneously, most of them indolent and 
clinically insignificant2. 

Diagnosis and prognosis of prostate cancer 
Early detection of prostate cancer is mainly based on the PSA-test, taken by men 
on a routine basis or by men seeking help due to voiding problems. The PSA level 
is measured in blood and considered normal if the PSA value is <3 ng/ml. Higher 
value usually indicates illness of the prostate, although not necessarily cancer. 
Approximately a third of men with PSA 3-10 ng/ml are later diagnosed with 
prostate cancer20. Elevated PSA levels are also caused by inflammation or BPH11. 
However, a PSA value >10 ng/ml indicates a substantial risk of having prostate 
cancer11. PSA is an enzyme produced by luminal epithelial cells, and normally 
drained from the ducts by ejaculation. In cancer, inflammation or BPH, the basal 
membrane and basal epithelial cell layer are disrupted leading to leakage of PSA 
into the stroma and vasculature, and thereby leads to elevated levels in the blood 
system. 
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Introduction of the PSA-test in the 1990s considerably increased diagnosis of 
prostate cancer and also enabled treatment at an earlier stage in men with 
aggressive cancer. Unfortunately, since patients with harmless prostate tumors 
without symptoms are common, the introduction of the PSA-test also leads to an 
increased amount of overdiagnosed and overtreated patients21. 

The Stockholm-3 (STHLM3) model was introduced in 2015, combining 
information from blood tests and clinical data determining whether further 
investigation is needed through tissue sampling. Total PSA, free PSA, intact PSA, 
human kallikrein 2 (hK2), microseminoprotein-β (MSMB), macrophage 
inhibitory cytokine 1 (MIC1), a panel of genetic polymorphisms (232 single 
nucleotides polymorphism (SNPs)), and clinical parameters (age, family history 
and prostate examination) are measured22. Prostate biopsy data is also included 
if existing from examinations prior to the STHLM3 test. The model was first 
tested in a prospective and population-based study presented by Grönberg et al. 
on men 50-60 years old without prostate cancer22. The STHLM3-model shows a 
similar sensitivity for patients with GS≥7 as the PSA-test does, with the advantage 
that the number of biopsies was reduced by ~30%. The model was validated by 
others23, 24, but needs to be further validated according to the National Board of 
Health and Welfare before it can be introduced to national screening. 

Treatment of prostate cancer should always be based on histological diagnosis. 
Patients with elevated levels of PSA and where there is a suspicion of prostate 
cancer usually undergo systemic needle biopsies guided by transrectal ultrasound 
(TRUS). Systemic biopsies include 10-12 samples or more, and are generally 
collected at pre-decided places independent of where the tumors may be, or 
directed towards suspicious areas seen at ultrasound or magnetic resonance 
imaging (MRI)11. Biopsies are small and the procedure samples less than ~1% of 
the whole prostate volume, thus giving low probability of finding the clinically 
most relevant tumor foci. TRUS is usually unable to visualize tumor tissue but 
will assure that the samples are taken from the prostate25. Hence, tumors with 
clinical significance can easily be missed, leading to men being diagnosed in a 
later stage. Also, detected insignificant tumors may cause overdiagnosis and 
unnecessary treatments in men25. MRI is an upcoming method and an alternative 
to TRUS. Compared to TRUS, MRI gives better visualization of tumor tissue thus 
enabling higher precision of biopsies in detecting prostate cancer. MRI-targeted 
biopsy improves the diagnostic accuracy in prostate cancer detection in 
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comparison to TRUS-guided biopsy, and has shown a reduction in overdiagnosis 
and overtreatment in men with indolent disease, but not all tumors are detected 
by MRI25, 26. 

Biopsies or radical prostatectomies are scored according to the Gleason grading 
system which is an important predictor of prostate cancer prognosis and was 
created in 1966 by Donald F Gleason. It is solely based on the histological patterns 
of the tumor. The most common and the second most common pattern are graded 
ranging from 1 through 5, where 5 shows the lowest differentiation and most 
aggressive type of tumor. In biopsies the most common plus the most malignant 
grade is graded. The sum of the two grades is then reported as Gleason Score (GS) 
ranging from 2-1027 . GS is a reliable predictor for prostate cancer outcome in 
patients with low (GS≤6) and high (GS 8-10) grade tumors, but the majority of 
patients have medium-grade tumors (GS 7)28. The outcome for GS 7 tumors is 
largely unpredictable, depending on predominance of the second most aggressive 
grade 4. Patients with GS 7 sometimes undergo the same treatments regardless 
of having the less aggressive GS 7 (3+4) or the more aggressive GS 7 (4+3) leading 
to incorrect treatment and follow-up11. However, the practical use of Gleason 
grading has gradually been improved due to continuously increasing knowledge 
of prostate cancer, and the development of a new grading system, namely the 
International Society of Urological Pathology (ISUP) grade29, 30. The ISUP 
grading system is based on the Gleason grades and thus the histological patterns 
of the tumor, but only contains five grading groups. Grade 1 indicates low risk, 
grade 2-3 intermediate risk and 4-5 high risk. ISUP-grading separates GS 7 (3+4) 
and GS 7 (4+3) into ISUP-grades 2 and 3, respectively, and thereby improves 
therapy-prediction for those patient groups30. According to the Swedish national 
healthcare program for prostate cancer, clinics are recommended to grade 
cancerous prostate tissue by both grading systems11. 

Different imaging techniques are used to determine whether the tumor is local 
with an intact capsule (rectal palpation, TRUS and MRI), spread to regional 
lymph nodes (MRI, computed tomography (CT) and positron emission 
tomography (PET)) or metastasized to the skeleton or other distal organs (bone 
scintigraphy, MRI, CT and PET-CT). 
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Treatments of prostate cancer 
As prostate cancer in general is a slow growing type of cancer, men with truly 
localized and low risk prostate cancer (GS≤6, ISUP 1) have less than 1% risk of 
being afflicted with metastatic disease within 10 years, and are therefore 
suggested active surveillance31, 32. Active surveillance includes regular controls 
with digital rectal examination (DRE), PSA-tests and recurrent biopsies. Elderly 
men with an early stage of prostate cancer are subjected to active monitoring 
(watchful waiting) including regular controls of PSA-tests and palpations. 
Localized prostate cancer can be cured by radical prostatectomy or radiotherapy. 
Both treatments show prolonged survival compared to active surveillance33, with 
a disease specific mortality of 5-10% after 7 years34, 35. 

It has long been known that growth and progression of normal prostate and 
prostate cancer is dependent on androgens, hence, deprivation of the hormones 
in advanced prostate cancer is a widely used therapeutic strategy in clinics36, 37. 
Androgen-deprivation is conducted by a surgical or chemical castration, which 
reduces tumor size and the pain associated with metastasis37. Castration 
treatment will eventually provoke tumor progression into castration-resistant 
prostate cancer (CRPC)38. Once a patient enters this state it is more likely he will 
die from prostate cancer than any other disease. Tremendous progress has been 
made during the last decade in identifying agents targeting metastatic CRPC. In 
Sweden, five different agents are approved and used in clinics11, within cytostatic 
therapy (docetaxel and cabazitaxel), hormonal therapy (abiraterone with 
prednisolon, and enzalutamide) and radionuclide therapy (radium-223). 
However, knowledge of treatment set up, sequence and combinations of the 
agents are still poor39, and the treatments only offer temporary palliation.  Several 
studies in the matter are ongoing as this thesis is written. If aggressive tumors 
were detected prior to metastasizing, patients could get treatment in an earlier 
stage and hopefully be cured. 

Tumor Microenvironment 
Prostate tumors show organ-like structures and are composed of several 
components in contact with the neoplastic epithelial cells, such as stromal 
fibroblasts, myofibroblasts, smooth muscle cells, immune cells, vasculature, 
nerves, and the extracellular matrix (ECM). The components all interact with 
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each other, which is essential for the tumor to grow and spread40, 41. Together they 
form a highly complex tumor microenvironment. 

The extra cellular matrix 
The extra cellular matrix (ECM) is a complex network of macromolecules, mainly 
collagens, proteoglycans, fibronectins and laminins42. The differences in ECM 
structure and function determine the biomechanical and physical properties of 
the ECM, as seen in different tissues, such as mesh size and rigidity. ECM 
composition plays an important role in cell growth, survival, differentiation, and 
maintaining homeostasis42. The ECM in tumors shows a significant difference 
from that in normal organs, as tumors are highly active in remodeling the 
dynamics of the ECM into being beneficial for tumor progression. For instance, 
increased ECM stiffness influences cell growth, differentiation and motility43-45. 

The BM is a thin but dense sheet-like form of ECM separating parenchymal cells 
from its underlying connective tissue46. For cancer cells to invade the underlying 
stroma and connective tissue, and qualify as invasive (the most definitive 
hallmark of cancer), the BM must be remodeled and degraded47, 48. 

Cancer associated fibroblasts 
The normal prostate stroma is a complex mixture of resident smooth muscle cells, 
fibroblasts, vascular structures, nerves, and non-resident infiltrating immune 
cells49, 50. The stromal cells are able to adhere and migrate along the scaffolded 
3D-structure provided by the ECM51. In normal conditions, fibroblasts play a key 
role in maintaining the composition of the ECM and BM by producing ECM 
proteins. In the presence of a tumor, adjacent stroma responds by becoming more 
reactive, which leads to abnormal growth and remodeling of connective and 
stromal tissue52. 

Some of the main alterations in a reactive stroma in the prostate are increased 
deposition of cancer associated fibroblasts (CAFs), and loss in differentiated 
smooth muscle cells53. CAFs are characterized by increased proliferation and 
production of ECM components, growth factors, cytokines, and alpha smooth 
muscle actin (aSMA)51-53. The process triggers signals to the immune system 
leading to infiltration of inflammatory cells similar to that in wound healing54. In 
normal wound healing, activated fibroblasts undergo cell death when the 
composition of the tissue is restored. However, during tumor progression CAFs 
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persist, affecting the crosstalk between tumor cells and the adjacent 
microenvironment in a pro-oncogenic manner generating a constant 
inflammatory response of a “wound that does not heal”55. 

Angiogenesis 
For the tumor to be able to grow, nutrients and oxygen are necessary to support 
proliferation and cell viability. The requirement from the tumor increases as it 
grows larger, and eventually exceeds the maximum supply provided by the tumor 
bearing organ. To manage the new demands, the tumor stimulates increased 
angiogenesis, which is formation of new blood vessels. Tumor-induced 
angiogenesis generates abnormally leaky blood vessels allowing intravasation of 
cells into the vasculature promoting metastatic spread56, 57. Therefore, 
angiogenesis plays an essential role during tumor progression. In normal 
conditions, angiogenesis is controlled by both inducers and inhibitors to maintain 
an appropriate balance of vessels in the organ. In and around the tumor, there is 
a constant presence of inducers stimulating new vessel formation. Some of these 
inducers are tumor necrosis factor α (TNFα), vascular endothelial growth factor 
(VEGF)-A, platelet derived growth factor (PDGF), and transforming growth 
factor b (TGFb)58. 

Despite the increased angiogenesis, the rapid growth of the tumor leads to a lack 
of oxygens – called hypoxia – which is a common state in solid tumors and its 
microenvironment56. The intensity of hypoxic areas varies in the tumor where 
some areas are more hypoxic than others generating not only abnormal 
angiogenesis, but also inflammation and an excessive growth of fibrous and 
connective tissue56, 59. 

Tumor associated macrophages 
Macrophages located in the tumor microenvironment originate from monocytic 
progenitors circulating in the bloodstream which is suggested to be their major 
source of origin60. In vitro, macrophages are able to undergo a cytokine-induced 
polarization into two different phenotypes, M1 (anti-tumorigenic) and M2 (pro-
tumorigenic)61. However, in vivo macrophages polarize within a much wider 
phenotypic spectrum indicating the complexity of understanding macrophages 
function and behavior62. As the tumor becomes more hypoxic tumor cells secrete 
exosomes, cytokines and chemokines, promoting recruitment of 
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monocytes/macrophages to the tumor and extratumoral microenvironment63, 64. 
Signals secreted by the tumor polarize macrophages towards M2-phenotype to 
evade host immunity and enhance tumor progression63. CAFs may also promote 
recruitment and polarization towards M2-like phenotype65. Tumor-associated 
macrophages (TAMs) have an M2-like phenotype and are suggested to be 
involved in tumor proliferation, angiogenesis and metastasis as they are 
producing growth factors, ECM proteins, matrix metalloproteinases (MMPs), 
and cytokines66-70. Increased TAM density in the prostate tumor 
microenvironment is associated with high GS and poor outcome65, 66, 71-73. 

Changes outside the tumor microenvironment 
In order to grow and spread, the tumor cells need to communicate with their most 
local neighboring cells. This microenvironment adapts by tumor stimuli 
beneficial for its progression, e.g. by inducing new vessel formation as described 
above. However, studies by others have mainly focused on interactions occurring 
within the tumor microenvironment/tumor stroma during tumor progression. 
Considerably less is known about interactions between the tumor and the rest of 
the tumor-bearing organ i.e., the remaining non-malignant environment and 
how this affects tumor progression.  

The TINT-concept 
In our research group, we hypothesize that tumoral changes are not only seen in 
the tumor microenvironment but also further away, in the non-malignant tissue 
of the tumor-bearing organ. For example, angiogenesis within a tumor is of little 
significance for blood flow if the incoming or draining vessels going through the 
normal parts of organ are not also adapted. Changes in the tissue outside the 
tumor – in the tumor macroenvironment – could either be similar to those 
detected in the tumor stroma or additional and specific for the histologically non-
malignant prostate tissue. The tumor probably sends out signals to the normal 
tissue to “prepare the soil” for the growing tumor. This could appear in the tumor 
bearing organ, but also affect more remote organs such as lymph nodes, bone 
marrow, lungs etc.  This concept was termed Tumor Instructed (Indicating) 
Normal Tissue (TINT) by our group3. If further characterized, TINT may 
contribute to novel diagnostic and prognostic biomarkers, and through functional 
studies novel therapeutic targets. 



 

10 

Field cancerization 
In the early 50’s, Slaughter et al. suggested that carcinoma originated by a process 
of “field cancerization”74. Cancerized fields emerge when a healthy organ is 
exposed to a cancerogenic agent causing spontaneous mutations or epigenetic 
alterations in the cells75. Mutated cells with altered phenotypes, and positively 
selected by the microenvironment in the otherwise healthy organ, could grow to 
produce large fields, so called cancerized fields75. These fields could also occur 
from one single clonal expansion which was seen in a patient reported to have the 
same mutation in several tumors detected in both lungs76. In this case, smoking 
(cancerogenic agent) caused a single mutation in one cell increasing the survival 
skills of that specific cell. Consequently, the cell proliferated and with time 
expanded and outcompeted the healthy cells in the lungs76. A cancerized field is 
more likely to expand than the resident population if the form of the field has a 
higher efficacy to survive. In this stage the morphology of the organ still looks 
normal, but as these tumorigenic changes continue the cellular lineage may 
irreversibly progress to malignancy76. The healthy microenvironment 
surrounding the mutant cells may also change by the cancer field effects 
consequently determining which mutations are selected for. 

Slaughter et al. suggested etiological agents – infectious substances – to be the 
cause of field cancerization74. Today it is known “unlucky mutations” may cause 
field cancerization both by DNA replication errors during ageing or by mutagenic 
insult (such as ultraviolet radiation, bacterial infections or obesity)75, 77-79. For 
example, high-frequency of sun exposure is seen to trigger mutations within the 
Notch family and TP53 in skin (squamous epithelial)78. Methylation of various 
promoters has been noted in Helicobacter pylori-infected stomach77, as well as 
in the benign prostate preceding prostate cancer development79. However, the 
main predictor of prostate cancer risk is DNA replication errors caused by 
accelerated ageing. Mutations accrue throughout life in the body creating a 
patchwork of different clones where some may drive phenotypic evolution closer 
to malignancy18. 

The morphology of cancerized fields is classified as noncancerous, but may 
exhibit dysplasia, metaplasia or hyperplasia80. Pre-malignant diseases can be 
recognized in many different organs and are examples of field cancerization 
where morphological changes increase the risk of cancer. For example, prostatic 
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intraepithelial neoplasia (PIN)81, ductal carcinoma in situ (DCIS) in the breast82, 
and Barrett esophagus83 . 

 

Figure 2. TINT vs. field cancerization. Illustration of morphologically normal cells being 
affected by different external signals. Cancerized fields (light yellow cells) are caused by cancerogenic 
signals, e.g. UV-radiation or smoking, while “tinted” fields (light red cells) are caused by signals 
expressed by the tumor (red cells). 

The difference between TINT and cancer field effects 
Both cancerized fields and TINT changes are characterized by alterations in the 
normal tissue surrounding tumors. The difference between these two is the cause 
of the alterations. TINT is the effect of signals from the tumor changing its micro- 
and macro-environment, whilst cancerized fields are the result of exogenous 
(cancerogenic) signals affecting both the developing tumor and its adjacent tissue 
(Figure 2). Cancerized fields are present in the organ before a tumor is 
established, but TINT is formed first when tumor cells are present. By definition, 
cancer fields affect epithelial cells, but TINT-changes are occurring both in the 
epithelial and stroma compartments of organs. As TINT is emerging in parallel 
with tumor progression, cancer field effects and tumor-induced changes will 
sometimes overlap, but eventually the TINT effect will probably be more evident 
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and further reaching. Extra- and intracellular effects in the normal tissues 
adjacent to tumors can thus be caused by either cancer field effects, TINT effects 
or both. As aggressive tumors need to influence their micro- and macro-
environment in more profound ways than more indolent tumors, the nature and 
magnitude of TINT changes are clearly related to tumor progression and 
aggressiveness and they may also be used for prognostics and as targets for 
therapy. 

TINT as a tool for diagnosis and prognosis 
Previous studies from our research group suggest that TINT can be used for 
cancer prognosis4, 5, though more research is still needed. TINT could be a useful 
tool in many types of cancer, especially in prostate cancer where the tumors are 
difficult to detect with current imaging techniques. Biopsies are taken when 
suspecting prostate cancer, however, even in the presence of cancer not all 
biopsies will include tumor tissue and these (negative) biopsies are currently not 
used for diagnostic or prognostic purposes. To date in clinics, prognostic markers 
are searched for in tumors, mainly the epithelium, but alterations in the 
surrounding morphologically normal tissue could be used as well to evaluate 
tumor aggressiveness. Multiple biomarkers altered in TINT are correlated to 
clinical outcome and are suggested to be used within prognosis84-93. In addition, 
recent data suggested nuclear shape and architecture of epithelial cells in TINT 
to predict biochemical recurrence of patients that have undergone radical 
prostatectomy (RP), and serve as an additive value to GS94. However, prostate 
cancer is a multifocal cancer type and could in theory cause several TINTs in the 
same prostate. If these alterations, caused by both aggressive and indolent 
tumors nearby, are up- or downregulated due to the neighboring tumor needs to 
be further investigated. Also, if the prostate is differently “tinted” throughout the 
whole organ, depending on the malignancy of the tumor, needs to be further 
investigated. 

Previously detected TINT changes 
In rodents, TINT have revealed several biological differences when compared 
with normal tissue from tumor-free controls4, 5. When tumor cells were injected 
into the normal rat prostate, several genes were altered in both tumor and the 
non-malignant surrounding4, 5. The majority were either up- or downregulated in 
both compartments suggesting similar changes in the tumor 
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microenvironment/stroma as in TINT. Perhaps indicating that the signals 
forming the tumor microenvironment reach far beyond the tumor border. 
Interestingly, some genes were exclusively regulated in TINT, suggesting that 
TINT responds differently to signals expressed by the tumor compared to the 
tumor stroma. Several of the up-regulated genes in tumor and TINT were 
associated with wound healing, inflammation and ECM remodeling4, 5. 
Alterations can be seen in the entire prostate – as well as in lymph nodes and 
elsewhere in the host – and are associated with tumor aggressiveness4. Changes 
discovered in TINT from our animal model were further investigated in patients, 
and several TINT-markers were shown to give prognostic information85, 86, 88, 89, 

91, 92, 95. 

The majority of TINT-changes of prognostic value in patient samples were found 
in the stroma and some in the epithelium. Patients with high proliferation in 
prostate tumors are characterized by increased levels of phosphorylated 
epidermal growth factor receptor (pEGFR) in TINT epithelial cells, and 
associated with poor prognosis86. In addition, patients with high cell proliferation 
in the tumors are characterized by increased levels of mast cells in TINT stroma95. 
Mast cells stimulate new blood vessel formation by expressing pro-angiogenic 
factors, and high density in TINT stroma is associated with poor prognosis88. 
PDGFRb is normally expressed by fibroblasts close to malignant prostate glands 
and correlates with poor prognosis, also, high expression of PDGFRb in TINT 
stroma is correlated with poor prognosis85. Elevated levels of stromal fibroblasts 
in the extratumoral prostate predicting poor outcome were also confirmed by 
others96. In addition, increased vascular density, S100A9 positive inflammatory 
cells and hyaluronan in TINT stroma is associated with shorter prostate cancer-
specific survival87, 89, 91. 

Tumor cells are dependent on a continuous supply of nutrients and oxygen in 
order to grow and spread, which is determined by the interactions between 
epithelial and stromal cells. Cell-to-cell communication – also called paracrine 
signaling – by the adjacent stroma is critical for tumor development and 
progression50. When experimentally changing the paracrine signaling in our rat 
prostate model in various ways, several changes were seen both in TINT and 
tumor64, 89, 97, 98. For example, androgen-deprivation by castration therapy is a 
standard treatment in prostate cancer patients and causes prostate shrinkage. 
Androgen-independent rat prostate tumors surrounded by normal prostate 
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tissue responded to androgen-deprivation97, suggesting that therapy may 
sometimes work through effects in the surrounding normal tissue. During 
androgen-deprivation, normal prostate epithelial cells undergo cell death in 
parallel with decreased vascular density. Acute hypoxia, due to fewer blood 
vessels, together with a disrupted paracrine signaling in the TINT stroma 
probably cause a temporarily reduction of tumor growth. However, a smaller 
fraction of the tumor cells is possibly more resistant to hypoxia and will 
eventually relapse and become more aggressive and metastatic97, 99. This means 
castration therapy in patients could possibly drive the tumor cells into a 
castration resistant state, and then be less affected by a hypoxic environment. In 
patients, low androgen receptor (AR) expression in the non-malignant stroma 
was correlated with poor prognosis84. 

Tumor microenvironments generally regulate stromal cells towards a pro-
tumoral behavior, and numerous factors expressed by the tumor promote 
macrophage recruitment64. In fact, suppressed macrophage recruitment in our 
rat prostate tumor model reduced tumor growth and was accompanied by 
reduced blood vessel formation in the extratumoral prostate tissue64. In patients, 
the M2-like phenotype seems to increase in a stepwise manner from normal 
prostate tissue, to primary carcinoma, to hormone-naïve regional lymph node 
(LN) metastases and finally metastatic CRPC100. M2-like macrophages are found 
in high numbers in prostate tumors, but they are also present in increased levels 
in the tumor-adjacent normal tissue101. 

Pre-metastatic niche 
The primary tumor not only affects the tumor bearing organ, but also regional 
lymph nodes and more remote organs3-5. Regional lymph nodes in rats injected 
with tumor cells into the prostate were differently adapted, according to the 
aggressiveness of the tumor4. 

Some tumors are more aggressive than others and therefore more prone to induce 
formation of microenvironments promoting survival and outgrowth of tumor 
cells in distant organs. In rats, aggressive prostate tumors with metastatic 
potential precondition regional lymph nodes towards an immunosuppressive 
feature4, 102. These microenvironments – called pre-metastatic niche (PMN) and 
characterized by abnormal tumor growth-favoring microenvironment – undergo 
environmental changes due to soluble factors and extracellular vesicles (EVs) 
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secreted by the primary tumor into the circulation103-105. One of the first steps at 
the pre-metastatic site is increased vascular leakiness followed by alteration of 
the residential cells104, 106, 107, and recruitment of non-residential cells103, 108. In 
approximately 80% of patients with advanced prostate cancer the disease 
metastasizes to the bone109, 110. As the microenvironment in the bone generates 
into appropriate PMN, bone marrow stem cells (BMSC) increase in response to 
the growing primary tumor104, 106. 

During establishment of the PMN, the ECM is actively remodeled by lysyl oxidase 
(LOX) and fibroblasts providing a platform for cell adhesion104, 106. In addition, 
activation of the LOX regulator hypoxia-inducible factor 1 (HIF1) is crucial for 
PMN formation111. As the ECM is remodeled, an inflammatory response is 
activated and mediated by various factors, e.g. the tumor-derived C-C motif 
chemokine ligand 2 (CCL2)112. Hence, overexpression of CCL2 is correlated with 
poor prognosis seen in several types of primary tumors112, 113. 

The pre-metastatic niche shows similarities to TINT adjacent to the primary 
tumor. The PMN is a non-malignant tissue, also becoming “tinted” by the primary 
tumor, which could mean that the non-malignant tissue is being prepared to 
receive invading tumor cells. Interestingly, low expression of CD169 was detected 
in metastases-free regional lymph nodes in prostate cancer patients and was 
associated with a poor outcome114. 

Factors inducing TINT alterations 
Tumors can induce TINT-changes either locally in the same organ or systemic in 
a more remote organ4, 5. The mechanisms behind this could be numerous and are 
not fully elucidated. As mentioned above, the tumor could send out signals as 
soluble factors or EVs, either locally or systemic. EVs are used by tumor cells to 
communicate and manipulate the surrounding environment in order to grow and 
spread115. Their biologically active “cargo” including several types of RNAs, 
proteins and lipids, and reflects the current physiological state of their cell of 
origin105, 116. It is not unlikely to assume that specific EV signatures are transferred 
from tumor cells to recipient cells. Accordingly, in human prostate cancer, 
expression of PSA was induced in infiltrating T-cells by tumor expressed EVs117. 
In addition, EVs from metastatic rat prostate tumors where able to prime the 
normal prostate tissue, increase macrophage infiltration and increase growth of 
an otherwise slow growing DG tumor116. EVs extracted from patients with 
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prostate cancer also induced malignant features in normal prostate epithelial 
cells118. 

Adaptive (TINT)-changes in other cancer types 
Adaptive changes in the extratumoral tissue have been detected in other cancer 
types as well. In colorectal cancer, epidermal growth factor receptor (EGFR) and 
19 other genes were recently reported to be overexpressed in what we refer to as 
TINT119. As mentioned above, increased levels of phosphorylated EGFR in TINT 
in prostate cancer patients were correlated with poor prognosis86. Gene 
expression analysis performed in eight different cancer types showed results 
comparable to ours in the extratumoral tissue4, 5, associated with inflammation, 
ECM remodeling, blood coagulation, blood vessel formation and immune 
response120-122.  

A transcriptomic and proteomic analysis of non-malignant samples taken 
proximal and distal from breast cancer identified four different subtypes, namely; 
metabolic, immune, epithelial-mesenchymal transition (EMT) and non-coding 
enriched. The metabolic subtype was represented by several genes of prognostic 
value122.  

Over more than a decade, our group have reported that histologically normal 
tumor-adjacent tissue is affected by tumors nearby97. Since then, it has been 
suggested that the surrounding tissue should be studied in conjunction with its 
tumor rather than being used as a control, which is common. If “tinted” tissue is 
considered as a control to tumor samples, characterization studies on a molecular 
level could lead to suboptimal results, as recently notified in a study on 
transcriptomic profiles in colorectal cancer119. Researchers are becoming more 
aware of this conflict, which was investigated by Aran et al. who found altered 
gene expression in the normal tumor-adjacent tissue in all eight cancer types 
included in the study120. However, TINT may cause complications when studying 
human samples, since healthy controls are hard to acquire. To date, few 
researchers use healthy matched controls in their studies on human material, 
consequentially diminishing genuine data when studying TINT in human 
material.  
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Potential TINT-biomarkers studied in this thesis 
To analyze gene alterations in tumor and TINT, aggressive prostate tumor cells 
were injected into the rat prostate and grown for 10 days. In TINT, approximately 
500 genes changed their expression pattern more than a 2-fold compared to 
tumor-free controls5. The majority of those genes showed increased expressions, 
and two of them were lysyl oxidase (LOX) and heme oxygenase-1 (HO-1), the later 
having the highest fold-change of all5. The practically prostate specific protein 
microseminoprotein-β (MSMB) showed significantly decreased levels in TINT 
compared to controls. Those three factors have all been studied in tumors and 
associated with tumor aggressiveness by others123-125. However, what roles they 
play in TINT and if their TINT levels are of prognostic value have been barely 
studied. The LOX family, HO-1 and MSMB are described in more detail below. 

The LOX family 
Tissue integrity and structure is determined by the mechanical properties of the 
ECM42, 126. ECM is also a key regulator of cellular behavior such as determining 
the cell fate on proliferation, invasion and survival127. The ECM is based on highly 
organized molecular structure of collagen and elastin. Assembly of collagen and 
elastin molecules in the ECM is strengthened by covalent crosslinks and largely 
managed by the Lysyl oxidase (LOX) family128. 

LOX family structure and function 
The LOX family includes five members, LOX and Lysyl oxidase-like (LOXL) 1-
4129. They all oxidize aldehydes which are important components of the covalent 
cross-linkage found in fibrillar collagen and elastin128, 130. These are the main 
substrates to the LOX family and their crosslinking provides integrity and 
mechanical strength of the ECM. The catalytic domain present in the C-terminal 
of the enzymes is a highly conserved region within all members131. The N-terminal 
however differs among all of them, giving them their specific functions and also 
suggests that they can have other functions than ECM crosslinking132. For 
example, LOXL2, LOXL3 and LOXL4 contain multiple scavenger receptor 
cysteine-rich (SRCR) domains in the N-terminal. The SRCR-superfamily 
primarily consists of cell surface proteins and are suggested to mediate cell-
adhesion through protein-protein interactions129. It is therefore possible that 
LOXL2, LOXL3 and LOXL4 could be associated with the cell surface. 
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LOX is synthesized as a 50 kDa inactive proenzyme in the cell and later secreted 
out to the extracellular environment. In the ECM, LOX is processed into the 32 
kDa active form which occurs when the pro-peptide located in the N-terminal is 
cleaved off133. This means that the LOX enzyme is mature and active first after it 
has entered the ECM. To inhibit LOX activity, the established potent and 
irreversible inhibitor beta-aminopropionitrile (BAPN) is often used131, 134, 135.  

In general, LOX is considered as an ECM enzyme but can re-enter the cytoplasm 
and nucleus, after becoming enzymatically active – when the pro-peptide in the 
N-terminal is cleaved in the ECM136. Intracellularly, LOX has been suggested to 
affect the cytoskeleton as well as play a critical role in transcriptional 
regulation137, 138. For example, LOX deaminates lysine residues on Histone H1 in 
the nucleus causing detachment of H1 on targeted DNA and opening up promoter 
sites138. Also, LOX is suggested to have migratory phenotypes by modifying actin 
filaments in the cytoskeleton139. 

LOX is highly regulated during aging and developmental stages, and is 
fundamental for keeping tissue structure and integrity throughout the body. 
Abnormal expression patterns of LOX are associated with various disorders, for 
example cancer140. LOX function takes part in several signaling pathways 
including inflammatory, PDGFRβ, PI3K/AKT, EGFR, ERK, TGFβ, VEGF, steroid 
regulatory pathways among others135. For example, in a mouse model of breast 
cancer, LOX was shown to partially drive formation of new blood vessels141. LOX 
activity increased the expression of VEGF by indirectly activating Akt through 
stimulation of PDGFRβ141. Additionally, LOX mRNA expression is directly 
regulated by TGFβ via the TGFβ/Smad3 signaling pathway135. 

The LOX family in tumors 
LOX. The role of LOX during prostate tumor progression is largely unknown, 
and conflicting data has so far suggested LOX acts as both a tumor suppressor 
and promoter. Low LOX mRNA expression has been reported in high-grade 
prostate tumors142-144. This indicates LOX may have inhibitory effects on tumor 
growth and that LOX may function as a tumor suppressor. Conversely, high LOX 
mRNA expression was also shown to associate with high-grade prostate tumors 
and tumor recurrence145, and correlates with GS146. In breast cancer, increased 
extracellular LOX activity promotes tumor growth, metastasis and invasion by 
making the microenvironment stiffer123, 147, 148. Levental et al. reported that by 
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regulating collagen cross-linkage and stiffness in the ECM, through inhibition of 
the LOX family with the LOX-inhibitor BAPN, they could directly modify tumor 
growth and invasion147. BAPN is a highly potent LOX-inhibitor but has also been 
shown to inhibit the LOXLs149-152. In a patient cohort diagnosed with gastric 
cancer, mRNA and protein levels of LOX and the LOX-inducer HIF1a were higher 
in tumor tissue compared to healthy controls and associated with a poor 
prognosis153. Furthermore, a study on patients with non-small cell lung cancer 
showed higher mRNA and protein level of LOX in tumor tissue compared to the 
corresponding noncancerous tissue. In addition, high LOX expression was 
associated with MMP2/ MMP9, tumor size, lymph node metastases and overall 
survival154. These studies indicate LOX as a tumor promoter and also shows the 
complexity of the enzyme suggesting that additional studies are required. 

During tumor growth, LOX mRNA expression is altered, which was shown by our 
group when studying rat prostate tumors4, 5. Interestingly, in addition to the 
increased LOX mRNA expression in the tumor, the expression was also increased 
in the surrounding TINT5. Collagen and elastin were up-regulated in TINT as 
well5. Apart from our group, no studies have focused on LOX in the non-
malignant tumor-adjacent tissue. One of the aims of this thesis, was therefore to 
study the expression and function of LOX in prostate tumors and in TINT. 

LOXL1-4. LOXL2 is the most studied enzyme of the LOXLs and it is proposed to 
be a tumor promoter. LOXL2 is highly expressed in prostate tumors and when 
silenced by microRNA, tumor cell proliferation, migration and invasion activity 
was significantly suppressed155. In addition, inhibition of LOXL2 activity using 
siRNA sensitizes CRPC cells towards radiotherapy, proposing LOXL2 to be a 
potential target for therapy156. 

Most of the scientific research, regarding tumor progression and the LOX family, 
has primarily focused on LOX and LOXL2. Little is known about LOXL1, LOXL3 
and LOXL4 during tumor progression, though recent data report their expression 
to correlate with metastasis and invasion in patients with gastric cancer157. In 
addition, a clinical study on bladder cancer suggested LOXL1 and LOXL4 to 
suppress tumor growth since silencing of the genes by hypermethylation was 
correlated with poor prognosis158. In gene expression analysis of rat prostate 
tumor and TINT, LOXL1 and LOXL2 were significantly increased in both 
compartments compared to tumor-free control5.  
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LOX pro-peptide. The LOX pro-peptide (LOX-PP) is cleaved from the LOX 
proenzyme upon LOX catalytic maturation. It seems LOX-PP possesses tumor 
suppressing properties in prostate cancer. For example, LOX-PP suppresses 
proliferation of prostate cancer cells159, and sensitizes prostate cancer cell lines to 
apoptosis by re-entering the nucleus and interacting with DNA repair proteins160. 
In addition, recombinant LOX-PP seems to play multiple roles in osteoclast and 
osteoblast differentiation161. Osteoblasts synthesize bone while osteoclasts break 
down bone162. It has been shown that cell medium from prostate cancer cell lines 
with overexpression of recombinant LOX-PP stimulated osteoclast 
differentiation but inhibited osteoblast differentiation161. Hence, in normal 
conditions, LOX-PP is thought to maintain a balance in bone turnover but seems 
to promote break down of bone during cancer161. 

HO-1 
When tumors establish and grow, the healthy tissue including various cell types 
and microenvironment is disrupted – that is, wounded. Back in the 80s, Harold 
Dvorak named tumors “wounds that do not heal” and suggested that tumors 
might harness the wound-healing pathway to support their growth55. One of the 
genes found to have increased expression in the tumor-adjacent tissue, TINT, was 
heme oxygenase-1 (HO-1) which is involved in the wound-healing pathway5. 

HO-1 structure and function 
HO-1 is an enzyme ubiquitously expressed by healthy cells, and it is most active 
in the spleen where it takes part in the breakdown of erythrocytes. When 
hemoglobin is released, as in wounds, macrophages engulf the protein and the 
HO-1 pathway breaks it down to ferrous iron (Fe2+), carbon monoxide (CO) and 
biliverdin/bilirubin, which all are involved in wound healing responses (Figure 
3)163. HO-1 is strongly induced in injured tissue and demonstrates various effects 
against stress-related conditions124, 164, 165. For example, as heme is released from 
the heme protein in injured tissue, it may catalyze free radical reactions – also 
called oxidative stress – causing damage to cells, DNA and proteins124. Several 
factors can induce HO-1 expression and activity, such as heme, hypoxia, 
cytokines, IL6, TGFb, PDGF, oxidative stress, reactive oxygen species (ROS) 
among others166-168. 
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Figure 3. Degradation of heme through the HO-1 pathway. HO-1 catalyzes the degradation 
of heme to biliverdin, Fe2+ and CO, and both HO-1 and the by-products have shown to promote tumor 
progression. HO-1 activity is stimulated by various factors, such as heme, hypoxia, cytokines, IL6, 
TGFb, PDGF, oxidative stress and ROS. HO-1: Heme oxygenase-1, CO: carbon monoxide, Fe2+: ferrous 
iron, BR: Biliverdin reductase, IL6: interleukin 6, TGFb: Transforming growth factor b, PDGF: 
Platelet derived growth factor, ROS: Reactive oxygen species. 

HO-1 is mainly expressed by macrophages and is involved in maturation and 
polarization towards an M2-like phenotype169, 170. The HO-1 signaling pathway is 
more active in macrophages with M2-like phenotype than macrophages with M1-
like phenotype169. Therefore, the downstream effect of this process might be more 
regenerative since release of CO, biliverdin/bilirubin and iron utilize 
cytoprotective, pro-angiogenic and anti-inflammatory properties124, 164, 165. CO 
and bilirubin have anti-inflammatory properties to help wound healing171. In 
addition, HO-1 and CO mediate angiogenesis through anti-apoptotic 
mechanisms172.  

HO-1 and tumor progression 
Cytoprotective actions as described above can be harmful if translated into 
pathophysiological processes like tumorigenesis. In tumors, HO-1 is frequently 
upregulated, in comparison to healthy tissue, including prostate cancer173. 
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Elevated levels of HO-1 in epithelial cells, including the nucleus, are associated 
with high Gleason grade and poor outcome174, 175. Though, high levels of HO-1 
were found in the plasma of prostate cancer patients, were not correlated to GS 
or PSA176. HO-1 is mainly localized in the cytoplasm, but when detected in the 
nucleus, it is proposed to mediate upregulation of genes involved in cyto-
protection and antioxidant responses177. 

In prostate cancer, HO-1 has also been detected in tumor-associated 
macrophages where the by-product CO influences tumor initiation and 
progression178. HO-1 may also contribute to enhanced metastasis in prostate 
cancer162, 179. For example, mice with Hmox1 knockout – meaning the Hmox1 
gene is permanently altered leading to loss of function – had a decreased bone 
formation162. Osteoblasts isolated from the wildtype mouse, still expressing 
Hmox1, differentiated towards osteoclast profile if co-cultured with prostate 
cancer cells and the HO-1 inducer hemin. This was not seen in the osteoblasts 
with the Hmox1 knockout, suggesting HO-1 expression is implicated in bone 
remodeling and participates in the communication between bone and cancer 
cells162. 

However, HO-1 seems to play dual roles in prostate tumor biology, and although 
most of the properties of HO-1 is pro-tumorigenic, the opposite has also been 
described. Overexpression of HO-1 has been shown to downregulate several pro-
tumorigenic factors in prostate cancer, hence, challenging tumor development180, 

181. In addition, HO-1 is mainly expressed by macrophages and also tumor 
associated macrophages169, 170, 178, but seems to be expressed by other cell types 
such as epithelial and bone cells as well174, 175, 177. 

MSMB 
Detecting men at risk of prostate cancer and monitoring men with prostate cancer 
using measurements of PSA in blood is widely used. Although, only a third of men 
with PSA 3-10 ng/ml are later diagnosed with prostate cancer. Due to low test-
specificity of PSA in this range, a large number of men suffer overdiagnosis and 
risk of overtreatment182. Therefore, additional biomarkers for early detection of 
prostate cancer are needed, providing information enough to distinguish 
aggressive tumors with risk of lethal outcome from indolent tumors. When tumor 
cells were injected and grown in rat prostates several genes were altered in the 
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surrounding non-malignant tissue. One of the factors found to be decreased and 
with prognostic potentials was microseminoprotein-β (MSMB)5. 

MSMB structure and function 
Along with PSA and prostatic acid phosphatase (PAP), MSMB is one of the three 
most abundant proteins secreted by the prostate, and the serum levels can be 
measured as it leaks into the blood183, 184.  

MSMB, also called prostatic secretory protein (PSP94) or b-inhibin, is a non-
glycosylated cysteine rich protein consisting of 94 amino acids and primarily 
secreted by epithelial cells185. MSMB may have various functions, though, not yet 
fully elucidated but it has been suggested to protect the prostate against microbial 
infections186. In addition, MSMB is reported to bind to spermatocytes and is 
therefore suggested to play an important role in fertility187. In addition, MSMB is 
suggested to have a protective role in prostate cancer progression. 

MSMB and tumor progression 
MSMB is expressed by epithelial cells, and several studies have reported MSMB 
to be decreased in cancerous tissue183, 188-190. MSMB is suggested to work as a 
tumor suppressor and rats injected with a metastatic cell line have indicated 
MSMB to regulate cellular growth by inducing apoptosis191. Rats treated with 
MSMB had a decreased tumor volume and an increased apoptotic staining 
compared to untreated animals191. Also, MSMB is downregulated by the oncogene 
enhancer of zeste homolog 2 (EZH2) which is highly associated with 
aggressiveness and adverse patient prognosis192, 193. EZH2 is a methyltransferase 
and downregulates MSMB expression by methylation of histone 3, repressing 
transcription of the msmb gene192. Furthermore, high levels of MSMB in needle 
biopsies have been reported as a potential biomarker associated with favorable 
prognosis194. 

However, the prognostic significance is still not fully clear as the correlation 
between MSMB expression levels and prostate cancer phenotype and prognosis 
is controversial. Both high levels195, and low levels188, 194 of MSMB are proposed 
to have a better outcome in patients. Additionally, another study reported that 
MSMB expression, in tumors with various aggressiveness, had no prognostic 
significance125. However, low levels of serum MSMB, adjusted to PSA and age, 
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were associated with increased risk of prostate cancer. Hence, MSMB was 
suggested as a biomarker in combination with other biomarkers125. 

MSMB and STHLM3-model 
As mentioned before, decreased levels of MSMB can be detected in prostate 
tumor tissue compared to benign tissue. Decreased levels were also detected in 
serum and urine in prostate cancer patients compared to controls196. In addition, 
a clinical study has shown MSMB levels in serum to predict prostate cancer as 
well as identify high grade prostate cancer better than PSA197. Hence, MSMB 
could provide adjunct information to PSA, and is used as one of the biomarkers 
in the STHLM3-model22. 

Since decreased levels of MSMB mRNA were detected in both rat prostate tumor 
and the non-malignant surrounding5, hypothetically, the levels of MSMB 
measured in prostate cancer patients could be caused by the decreased amount 
of the protein in the whole tumor-bearing organ. 
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AIMS 

Overall aim 
Analyze potential biomarkers in the tumor-adjacent non-malignant tissue, TINT, 
in prostate cancer patients and tumor animal models, and study function of the 
candidate marker LOX in prostate TINT. 

Specific aims 

Paper I 
Evaluate the expression of LOX in a watchful waiting cohort with ~300 cases of 
prostate cancer with corresponding non-malignant prostate tissue, and whether 
the expression is related to histopathological characteristics and outcome. 

Paper II 
Examine the expression of LOX and LOXL enzymes in orthotopic rat prostate 
tumors and the adjacent non-malignant tissue. 

Study the function of LOX in an orthotopic rat prostate tumor model and whether 
treatment with the LOX-inhibitor Beta-aminopropionitrile (βAPN) would affect 
tumor growth and metastasis. 

Paper III 
Explore the role of HO-1 in different rat prostate tumor models and patient 
samples, and whether HO-1 expression is associated with tumor growth and 
aggressiveness. 

Evaluate the site of HO-1 expression and in what cell types HO-1 is mainly 
expressed. 

Paper IV 
Study the MSMB expression in tumor and benign tissue of prostatectomy 
specimens, and in relation to distance from tumor and its Gleason grade. 

Examine if orthotopic rat prostate tumors could reduce the MSMB expression in 
the adjacent non-malignant tissue and, if so, in relation to tumor aggressiveness. 



 

26 

MATERIALS AND METHODS 
See the corresponding paper for more detailed description. 

Patient Material 
All studies were approved by the Regional Ethical Review Board in Umeå. 

The TURP cohort described below had been used to analyze prognostic factors 
prior to the studies included in this thesis84-93. It was therefore of interest to use 
this cohort when studying the prognostic significance of HO-1 and LOX, to enable 
analysis in relation to those factors previously evaluated. Though, morphological 
analysis of TURP tissue has its limitations, since the material is collected in 
fragments making it difficult to analyze for instance alterations in relation to 
distance to the tumor. To study environmental changes in the non-malignant 
tissue at various distances from the tumor, radical prostatectomies was also used. 
To study metastatic alterations in relation to local tumors and different 
treatments, bone metastasis tissue was used198. 

Transurethral resection of the prostate (TURP) (Paper I, III) 
Tissue specimens from 351 men who underwent TURP were collected between 
1975 and 1991. Presence of prostate cancer was confirmed by histological analysis 
(see86 for more details). No anticancer treatment was received prior to TURP in 
304 men (including 265 for LOX and 45 for HO-1) who were managed by watchful 
waiting. The mean age was 74 years (range 51 to 91 years) at diagnosis, and 5.2 
years (0 to 25.5 years) was the median overall follow-up period. At the time of 
surgery, local tumor stage was determined by digital rectal examination, and 
presence of metastases by radio-nucleotide bone scan. Lymph node staging was 
not performed, as well as PSA-tests since this was prior to the PSA era. 

Tissue micro arrays (TMA) were prepared from the tissue specimen from each 
patient including 5-8 samples of tumor tissue and 4 samples of non-malignant 
tissue86. Each sample contained both epithelium and stroma. When TMAs were 
constructed, GS was re-assessed. The Swedish Regulations were followed 
accordingly when the material was collected.  
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Current LOX and HO-1 findings were related to results published prior to this 
study. For example, the TMAs were analyzed for factors of potential prognostic 
significance, such as AR84, vascular density91, tumor cell proliferation91, 
hyaluronan89, phosphorylated activated protein kinase (pAKT)92, PDGFRβ85, 
pEGFR86, LRIG193, tumor size and accumulation of various immune cells87, 88, 90. 

Radical prostatectomy  

Group 1 (Paper I) 
Tissue sections were collected from 10 prostate cancer patients who underwent 
radical prostatectomy in 2012, and analyzed at Medical Bioscience/ Pathology, 
Umeå University. LOX protein and mRNA expression were examined using 
immunohistochemistry and in situ hybridization, described in more detail later.  

Group 2 (Paper III) 
In addition, tissue specimens from 13 prostate cancer patients who underwent 
radical prostatectomy between 2001 and 2010, were collected and analyzed at 
Medical Bioscience/ Pathology, Umeå University. Protein expression of HO-1, 
Factor VII and CD68 were examined using immunohistochemistry, described in 
more detail later.  

Group 3 (Paper IV) 
Tissue sections from 36 prostate cancer patients who underwent radical 
prostatectomy were collected at Medical Bioscience/ Pathology, Umeå University 
between 2001 and 2010. Patients were divided in two groups, those with extra-
prostatic growth + growth in surgical margins (stage pT3, n=15) and those with 
organ confined disease (stage pT2, n=21). When GS was assessed, 22 patients had 
a GS ≤ 6 and 14 patients had a GS > 6. Cases with one unifocal tumor of different 
GS on one side and otherwise free of cancer (n = 23) or with one additional tumor 
foci of GS 6 (3+3) with a diameter of less than 3 mm (n = 13) on the contralateral 
side were selected. MSMB protein expression was examined using 
immunohistochemistry, described in more detail later.  
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Bone metastasis (Paper III) 
Tissue specimens were collected from untreated (hormone-naïve, n = 10) and 
castration-resistant (n = 31) bone metastases removed during surgical treatment 
of metastatic prostate cancer198. HO-1 protein expression was examined using 
immunohistochemistry, described in more detail later.  

Animal models 
All experiments carried out on animals were approved according to protocol by 
the Umeå Ethical Committee for animal studies. 

The Dunning model 
In the early 60’s, Dr. W. F. Dunning observed a spontaneous tumor in the prostate 
of a 22-months-old Copenhagen rat. The primary tumor was very heterogenous 
but non-metastatic199. Serial passaging of the primary tumor in vivo, gave rise to 
several tumor subtypes and cell lines with different characteristics. One of them 
was the fast growing, but non-metastatic, anaplastic tumor cell line AT-1. 
Additional passaging of the AT-1 tumor in vivo gave rise to the cell line MATLyLu 
(MLL)199. MLL is more fast growing than AT-1 and rapidly metastasize to both 
lymph nodes and lung. Several other subtypes with different characteristics have 
also emerged from the primary cell lineage, but is not studied in this thesis199.  

The cell lines are useful in both in vitro and in vivo experiments. When injected 
in vivo in immunocompetent Copenhagen rats, orthotopically or subcutaneous, 
the cells grow out as tumors and can be studied at different steps of tumor 
development199. 

In this thesis, three cell lines from the Dunning model was used, namely Dunning 
G (DG), AT-1 and MLL (Table 1). They resemble tumors in different 
developmental stages, thus, suitable to use when studying the affected non-
malignant tissue both in adjacent and remote distance to the tumor. 
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Experimental procedure (Paper II, III, IV) 

Cell lines (Paper II, III, IV) 
Dunning G, AT-1 and MLL cells (ECACC, Sigma Aldrich) were grown in culture 
at 37° C with RPMI 1640+GlutaMAX (Gibco, Thermo Scientific), 250 nM 
dexamethasone (Sigma) and 10% fetal bovine serum (Gibco) as previously 
described199. Prior to injection and when cells were about 75% confluence, they 
were trypsinized, counted in an automated cell counter (Invitrogen) and diluted 
into adequate concentration with RPMI. 

Orthotopic implantation in Copenhagen rats (Paper II, III, IV) 
Cells were injected into the prostate of immunocompetent adult Copenhagen rats 
(Charles River) to study morphological and functional changes in the tumor and 
non-malignant tissue. 

Orthotopic implantation was carried out during anesthesia. To expose the ventral 
prostate (VP) an incision was made in the lower abdomen. Cells (10 µl) were 
prepared in a Hamilton syringe, and carefully injected into one lobe of VP. When 
simulating metastatic colonization to lungs, cells (250 µl) were instead carefully 
injected into the tail vein. At sacrifice the animals were sedated, and the prostate 
and various organs were removed, weighed, snap-frozen and/or formalin-fixed 
and paraffin-embedded. The different experimental set ups are described 
separately below. 

TABLE 1. Sublines of the Dunning tumor with different characteristics. 

Cell line Characteristics 
DG - Androgen sensitive  

- Slow growing 
- Low metastatic capacity 

AT-1 - Androgen insensitive 
- Fast growing 
- Low metastatic capacity 

MLL - Androgen insensitive 
- Fast growing  
- High metastatic capacity 
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LOX, LOXL1-LOXL4 and collagen expression (Paper II) 
To study the expression patterns of the LOX family during tumor development, 
AT-1 cells (2x103) were injected into VP as described above. The prostate was 
harvested at 3, 6, 7 and 10 days after cell injection.  

LOX functional study (Paper II) 
To study the function of LOX during tumor development in the prostate, AT-1 
cells were injected into VP (2x103 cells) or the tail vein (2.5x106 cells) as described 
above. The animals were given intraperitoneal injections of the LOX inhibitor 
Beta-aminopropionitrile (BAPN) (1oo mg/kg, Sigma-Aldrich) or PBS134. 
Treatment started: (1) one day prior to cell injection and on daily basis until 
sacrificed at day 10; (2) day 6 after cell injection and on daily basis until sacrificed 
at day 10; (3) day 6 after cell injection and on daily basis until sacrificed at day 16. 

HO-1, CD68, CD163 and Factor VIII expression (Paper III) 
To study the expression of HO-1 during tumor development, DG (2x103 or 2x105), 
AT-1 (2x103) and MLL (2x103) cells were injected into VP as described. Animals 
were sacrificed after 7 days (AT-1 and MLL), 10 days (AT-1 and MLL), 14 days 
(AT-1), 42 days (2x105 DG cells) or 49 days (2x103 DG cells). Matching controls 
were injected with RPMI. 

MSMB expression (Paper IV) 
To study the expression of MSMB during tumor development, DG (2x105), AT-1 
(2x103) or MLL (2x103) cells were injected into VP as described. Animals were 
sacrificed after 10 days (AT-1 and MLL) or 42 days (DG). Matching controls were 
injected with RPMI. 

Cell Culture 

Hypoxia treatment (Paper II) 
From the ventral prostate of tumor-free Copenhagen rats, primary mesenchymal 
cells (referred to as fibroblasts) were isolated as previously described53. Small 1-
mm cubes of a recently removed prostate was washed with HBSS and cultured in 
DMEM (Life Technologies) containing 5% Nu-serum (BD Bioscience), 5% bovine 
serum (Life Technologies), 10 nM dihydrotestosterone, 100 units/ml penicillin, 
100 µg/ml streptomycin and 5 µg/ml insulin (all Sigma). The explants were 
incubated, with changed medium every other day, until stromal cells had 
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migrated from the tissue and were confluent. After removal of the explants, 
stromal cells were passaged a few times before they were exposed to hypoxic 
treatment. Mesenchymal phenotype was verified in the cells by 
immunohistochemical staining showing cytokeratin-5 and -18 negative (Covance 
and Progen) and vimentin-positive (Atlas) features.  

AT-1 and primary fibroblast cells were incubated in hypoxic (1.0% O2, 5% CO2 
and 94% N2) or normoxic (21% O2, 5% CO2 and 74% N2) conditions for 24 hours 
followed by extraction of total RNA and examination of Lox and Loxl1-Loxl4 
mRNA as described later on. 

Viability assay (Paper II) 
A colorimetric MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide assay (Roche Diagnostics) was used to measure AT-1 cell metabolic 
activity as an indicator for cell viability and cytotoxicity. In a 96-well plate 103 
cells/ well were seeded and incubated overnight. Next day, cells were incubated 
in normoxia (24-96 hours) or hypoxia (24-48 hours) with BAPN (0, 1, 100 and 
500 µM) or recombinant LOX protein (Origene) (0, 15, 150 or 30 ng/ml) in 6 
replicates/concentration/time point. MTT is metabolized to purple formazan 
crystals by living cells. To dissolve and measure the crystals, MTT labelling 
reagent and solubilization solution were added at the different time points. 
Absorbance was measured at 550 nm the following day according to the 
manufacturer´s instructions.  

Protein Assay 

Immunohistochemistry (Paper I-IV) 

LOX, HO-1, MSMB, CD68, CD163, Factor VIII 
Paraffin embedded sections were deparaffinized and rehydrated according to 
standard procedure and stained using automatic staining system Ventana 
Benchmark Ultra (Ventana Medical System Inc.). 

For antigen retrieval in human samples, sections were pre-treated with CC1 and 
then stained with primary polyclonal antibody against LOX (NB100-2530, Novus 
Biologicals), HO-1 (HPA000635, ATLAS/ Sigma-Aldrich), MSMB 
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(6C7/TA501072, Origene Technologies), CD68 (M0814, Dako), and factor VIII 
(A0082, Dako).  

For antigen retrieval in animal samples, sections were pre-treated with CC1 and 
then stained with primary polyclonal antibody against LOX (NB100-2527, Novus 
Biologicals), HO-1 (ADI-SPA-895, ENZO), MSMB (PSP94/ab196754, Abcam), 
CD68 (MCA341, AbD Serotec) and CD163 (MCA342R, AbD Serotec). 

For visualization, the ultraView Universal DAB detection kit was used, and 
sections were analyzed using Panoramic viewer 1.12.2 (3D Histech) or light 
microscope. 

Sirius Red staining (Paper II) 
To detect collagen fibers in rat samples, paraffin-embedded sections were stained 
with Sirius red and analyzed using polarization microscopy. The acidic Sirius red 
dye binds to basic amino groups in collagen, which enhance the birefringent 
property of collagen seen using polarized light200. Fiber density was calculated by 
quantifying pixels of Sirius red staining in 3 photos/animal/group in photoshop 
software (Adobe Photoshop Cs5). 

Stereology 
Volume density on sections stained with different antibodies (HO-1, factor VIII, 
CD68, CD163, MSMB) was calculated using Weibel’s point counting method201. 
An eyepiece containing a 121-point square-lattice was mounted in the bright field 
microscope and intersections falling on selected compartments, at randomly 
chosen fields, were counted. 

The volume density of tumor tissue in VP, lymph nodes, or lungs was analyzed on 
hematoxylin- and eosin sections and could be calculated with two different 
methods. (1) Tumor size was estimated by using the square-lattice and the 
amount of grid intersections falling on the different compartments was counted, 
or (2) the tumor area was assessed using Pannoramic Viewer software version 
1.15 (3DHistech). The section with the largest tumor area in total was selected for 
each sample to represent the tumor size. In samples where the tumor had grown 
outside the prostate and predominantly occupied the whole organ, tumor weight 
represented the tumor size. 
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LOX immunoreactivity (Paper I) 
Morphological appearance of LOX staining intensity and spread was analyzed in 
four different compartments of the TMA sections: tumor epithelium, TINT 
epithelium, tumor stroma and TINT stroma. The four areas were separately 
scored as negative (0), weak (1), moderate (2), or strong (3) and the median value 
was calculated for each patient. Two investigators analyzed and scored the TMA 
independently (M. N., 50 patients, C. H., 351 patients), with no knowledge of 
patient data prior to the examination. The in situ hybridized sections were 
analyzed by one investigator as described below.  

MSMB immunoreactivity (Paper IV) 
In patients, epithelial MSMB expression was analyzed in tumors and TINT at two 
distances from the tumor (TINT1: 1 cm and TINT2: 1-3 cm from the tumor 
border). In animals, MSMB expression was analyzed in tumor and the whole 
TINT compartment of the prostate since all TINT is situated adjacent to the 
tumor. Epithelial MSMB expression was scored in the same manner as for LOX 
immunoreactivity described above. 

RNA Analysis 

Tissue preparation (Paper II, III, IV) 
To determine localization of the tumor in rat prostate, fresh-frozen samples with 
either G, AT-1 or MLL tumors plus surrounding non-malignant tissue were 
sectioned and stained with hematoxylin-eosin. The sections were then used for 
guidance when separating frozen tumor and surrounding non-malignant tissue 
with a surgical blade. Approximately 1-2 mm spacing was kept from the tumor, 
to avoid contamination, when removing the non-malignant tissue.  

Whole sections from radical prostatectomies were stained with hematoxylin-
eosin to determine suitable areas for upcoming sampling of tumor tissue and 
surrounding non-malignant tissue. One area in the tumor was selected and two 
areas in the non-malignant surrounding at different distances from the tumor 
were determined. The paraffin-embedded prostatectomies were then punched 
with a surgical needle to encircle the selected areas before sectioned and sorted 
out with a forcep and used to extract total RNA.  
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RNA extraction and quantitative RT-PCR analysis (Paper I-IV) 
Total RNA was extracted from fresh-frozen tumors, surrounding non-malignant 
tissue, tumor-free prostate and cultured cells using the TRIzol method according 
to manufacturer´s instructions (Invitrogen), and afterwards DNase-treated to 
remove contaminating DNA (DNase I, Ambion/ ThermoFisher Scientific).  

In paraffin-embedded samples of tumor or surrounding non-malignant tissue, 
total RNA was extracted using the High Pure RNA Paraffin Kit according to the 
manufacturer´s directions (Roche). 

cDNA was synthesized according to protocol by reverse transcription of total RNA 
using Superscript II or Superscript VILO (Invitrogen). Quantification of mRNA 
levels were achieved using the Taqman Gene Expression Assay for LOX 
(Hs00942480_m1 or Rn005566984_m1), LOXL1 (Rn01410838_m1), LOXL2 
(Rn01466080_m1), LOXL3 (Rn01765242_m1), LOXL4 (Rn01410872_m1), HO-
1 (Rn01536933_m1) or MSMB (Hs00738230_m1) (Applied Biosystem) on the 
Applied Biosystem 7900HT Real-Time PCR system. Relative values for each 
sample were normalized to corresponding 18S (Hs99999901_s1) or b-actin 
(Rn00667869_m1) levels. 

in situ hybridization (Paper I) 
For localization of LOX mRNA an in situ hybridization was performed using RNA 
scope 2.0 FFPE Reagent Kit (Advanced Cell Diagnostics Inc.) according to the 
manufacturer´s instructions. Sections were deparaffinized and pre-treated with 
heat and protease followed by probing the samples targeting Hs-LOX. Next, the 
sections were sequentially pre-amplified, amplified and hybridized with HRP-
oligonucleotides followed by chromogenic detection with DAB and 
counterstained with Meyers hematoxylin. Cyclophilin B (PPIB) RNA was used as 
a quality control of the RNA integrity and bacterial dapB RNA for non-specific 
background on each sample. LOX mRNA was analyzed in bright field microscope 
and recognized as brown, punctuated dots. 

Statistics 
Statistical analyses were performed using SPSS software (SPSS Inc., Chicago, 
USA) or Statistica 12.0 (StatSoft, Tulsa, USA). The P-values were considered 
statistically significant if lower or equal to 0.05.  
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Univariate analysis (Paper I-IV) 
Correlations were calculated using Kendall’s tau b for nominal and continuous 
variables, or Spearman’s rank for bivariate tests. Groups were compared using 
the student t-test, or the non-parametric Mann-Whitney U-test if data was 
without normal distribution. Wilcoxon signed-rank test was used for comparison 
between paired samples. 

For survival analysis the Kaplan-Meier method was used with death from 
prostate cancer and death from other causes as censored events. Groups were 
tested with a log-rank test for differences in outcome. 

Multivariate analysis (Paper I) 
Prognostic relevance of LOX immunoreactivity together with GS was analyzed 
using Cox regression. 
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RESULTS AND DISCUSSION 
Highlights and an overall summary of the results are presented and discussed 
below. For more detailed data and figures, see the original articles of this thesis. 

Paper I 
Previous studies have shown that the non-malignant tissue surrounding the 
tumor is changed and probably adapts to the tumor nearby – what we refer to as 
a TINT response. In TINT surrounding rat prostate tumors, one of the genes that 
showed an increased expression pattern was LOX4, 5. The expression of LOX in 
other cancer types has shown to be of prognostic value154, 202, 203, however, in 
prostate cancer the role of LOX has been unclear showing both promoting and 
suppressing roles in patients142-145. 

In this paper, we wanted to evaluate the prognostic relevance of LOX expression 
in both the tumor and the corresponding non-malignant prostate tissue in 
prostate cancer patients, and if expression was associated with other markers of 
tumor aggressiveness.   

LOX immunoreactivity in prostate cancer and the extratumoral 
environment 
LOX expression was studied in a patient cohort of 351 men with prostate cancer 
and followed over long term with watchful-waiting. TMA sections from each 
patient were analyzed and scored for LOX immunoreactivity in four different 
compartments: prostate tumor epithelium, prostate tumor stroma, non-
malignant prostate epithelium (TINT epithelium) and non-malignant prostate 
stroma (TINT stroma).  

LOX expression was seen in all compartments and strong correlations were found 
between levels in tumor epithelium and related stroma as well as in TINT 
epithelium and TINT stroma. LOX expression varied in tumor epithelium and 
tumor stroma, but generally had a moderate score. In TINT, LOX staining was 
normally seen in the basal epithelial cells, while staining in the luminal epithelial 
cells and in the stroma varied between patients from negative to strong staining 
intensity.  

Previous studies have shown LOX mRNA to be expressed mainly by epithelial 
cells, with a weak expression in prostate cancer stroma204. This was also seen in 
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our study when examining LOX mRNA expression with in situ hybridization 
analysis of radical prostatectomies. LOX mRNA was pre-dominantly detected in 
the epithelial cells with only a weak expression in the stroma. Interestingly, this 
was shown in both the tumor and in TINT. When staining for LOX protein in the 
same samples, expression was found both in the epithelial and the stromal 
compartments. These findings indicate LOX to be mainly expressed by prostate 
epithelial cells, and that LOX protein expression in the stroma is likely due to 
LOX secreted from the nearby epithelial cells. 

LOX maturation has been shown to occur after extracellular secretion133, and the 
mature LOX can then either stay in the extracellular environment or re-enter the 
cytoplasm137, 138. LOX protein staining in the epithelium could therefore be both 
the unmatured pro-LOX protein and/or the mature LOX that has re-entered the 
epithelial cells. 

Prognostic significance of LOX expression in non-malignant 
prostate tissue 
Several adaptive changes of TINT discovered in our rat prostate model have later 
shown prognostic value in prostate cancer patients84-86, 88, 89, 91. When analyzing 
the scoring data of LOX staining in the four compartments described above, we 
saw that LOX indeed had a prognostic value in men with prostate cancer. Patients 
with a high LOX score in TINT epithelium had a significantly shorter cancer 
specific survival compared to patients with a low LOX score. A high LOX score in 
TINT epithelium was also associated with an increased relative risk for prostate 
cancer specific death, and was an independent prognostic marker from GS. LOX 
could therefore be used as an additive prognostic marker to GS in prostate cancer. 

LOX expression is associated with markers of tumor aggressiveness 
LOX expression in the four different compartments was analyzed in relation to 
establish potential markers of tumor aggressiveness. LOX score in both tumor 
and TINT epithelium showed significant correlations to several malignant 
factors. LOX expression in tumor epithelium was significantly associated with 
several clinical parameters such as GS, tumor stage, metastases and tumor 
microvessel density. A positive correlation was also seen with cell proliferation, 
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pEGFR, pAKT and hyaluronan in the tumor as well as pEGFR and hyaluronan in 
TINT.  

Except for local tumor stage, LOX score in TINT epithelium was also positively 
correlated with microvessel density in both the tumor and TINT, and hyaluronan 
in TINT stroma. Interestingly, epithelial expression of pAKT and pEGFR in both 
tumor and TINT were significantly correlated with LOX score in TINT epithelium 
revealing previously unknown relationships between TINT epithelial LOX 
expression and these factors. Phosphorylated AKT and EGFR, involved in cell 
growth and survival, are often co-expressed in prostate cancer tumor tissue205, 
and provides prognostic information if increased in TINT epithelium86, 92.  

Regulation of LOX in TINT 
The reason why LOX staining score varies between patients and why a high LOX 
score in TINT epithelium is coupled to a worse outcome is unknown. 

This study suggests that LOX expression is associated with tumor aggressiveness, 
and increased LOX expression in TINT could therefore be induced by more 
aggressive tumors. LOX mRNA expression was significantly higher in CRPC bone 
metastases compared to primary tumor or TINT, further suggesting that high 
LOX expression could be associated with tumor aggressiveness. 

In general, human prostate tumor tissue and TINT is hypoxic99, which was also 
confirmed in rat prostates injected with tumor cells4, 5. Gene expression patterns 
in TINT were associated with inflammation, TGFb-signaling and hypoxia5. 
Hypoxia is a strong inducer of LOX expression in tumors148, 206, and Wang et al. 
identified HIF response elements in the human LOX gene promoter207. To better 
understand why LOX was upregulated in the non-malignant parts of the prostate 
in some patients, prostate epithelial and fibroblast cells were incubated in 
hypoxic conditions. A significant increase of LOX expression was seen by hypoxia 
in both cell types, with the highest increase in prostate epithelial cells. Increased 
LOX expression in TINT could thus be an indirect effect of tumor formation and 
oxygen consumption, and the hypoxic conditions caused by the tumor in its 
surrounding environment. 

The classical function describing LOX activity is collagen crosslinking in the 
ECM128, 130, though several studies indicate LOX to be involved in various 
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signaling pathways135, 207-210. High expression of TGFb in tumor cells is associated 
with poor outcome and is suggested to be one of the major components to up-
regulate LOX in cancer209, 211. Furthermore, LOX was recently seen to be regulated 
by the EGFR pathway, and was significantly down-regulated when EGFR was 
inhibited in a lung cancer model210. Overexpression of LOX in patients with lung 
cancer is associated with a poor prognosis 210. Thus, the increased levels of LOX 
in TINT could be due to TGFb-signaling, HIF-signaling, EGFR-signaling and/or 
other signaling pathways. 

Taken together with our results – showing LOX to be expressed in different tissue 
environments (normal and pathological) – this indicates the enzyme to be 
integrated in a highly complex network of signals which are continuously 
elucidated. 

In conclusion, this study shows that high LOX expression in the extratumoral 
surrounding was associated with poor prognosis of prostate cancer, and gave 
additive prognostic information to GS. In addition, the high levels of LOX in the 
extratumoral surrounding was correlated to several pathological characteristics, 
such as tumor stage, microvessel density, pEGFR and pAKT. Hence, the 
promising results presented here indicate that LOX may be used as a biomarker 
in TINT, though, further studies are needed to verify our findings. 

Paper II 
The main function established for LOX is to provide ECM integrity through 
crosslinking of collagen and elastin. During tumor progression, LOX has shown 
to be of importance in pre-metastatic niche formation and metastatic 
formation103, 106, 147, 148. However, the role of LOX still seems to be unclear as the 
enzyme has proven to have suppressive properties as well142-144, 159, 204.  

Here we investigated expression of the LOX family in tumor and TINT in a rat 
prostate tumor model, and if inhibition of LOX activity in vivo initiated at 
different time points would affect tumor growth and development. 

Expression of LOX and LOXL1-4 in rat prostate tumors and TINT 
In tumors and in the non-malignant surrounding tissue, members of the LOX 
family were shown to change their gene expression5. Also, in Paper I we 
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discovered LOX expression to have a prognostic value when expressed in TINT. 
Some of the LOX members may play a role in tumor progression and this was 
functionally examined in this study. 

When AT-1 tumors were grown for 10 days in the prostate in our 
immunocompetent rat prostate tumor model, mRNA levels in tumor and TINT 
were significantly increased for Lox, Loxl1, Loxl2 and Loxl4. This shows that 
presence of a tumor can induce the expression of these enzymes in the 
surrounding non-malignant prostate tissue. Furthermore, the expressions of 
these factors were higher in tumors in vivo than in vitro, suggesting that some 
factor/s in the prostate environment up-regulate the expression of the LOX 
enzymes. 

Hypoxic conditions have previously shown to up-regulate the LOX family106, 212-

214, and recent publication revealed HIF response elements in the human LOX 
gene promoter207. In Paper I, we saw up-regulated LOX expression in normal 
human epithelial cells and fibroblasts during hypoxic conditions, probably due to 
HIFs binding to the gene promoter. In this study, tumor cell exposure to hypoxia 
in vitro resulted in increased expression of several of the LOXLs, suggesting that 
the hypoxic environment in tumor and TINT is likely to induce their expression 
also in vivo. Whether all the LOXLs up-regulated by hypoxia also have HIF 
response elements in their gene promoter needs to be further elucidated. 

The main function of the LOX family is the same – crosslinking of collagen and 
elastin – suggesting similar tumor suppressive or promotive effects for the LOXLs 
as seen for LOX215, 216. ECM remodeling in the normal tissue might be caused by 
the tumor preparing the environment for tumor growth and invasion. It could 
also be a host-response trying to strengthen and repair the prostate as a defense 
mechanism. Whatever the cause, the remodeling of ECM in this model may be 
initiated by any of the LOX enzymes upregulated in TINT.  

The location of the enzymes may differ due to individual properties in the N-
terminal of the protein129, 132. Since LOXL2-4 has cell membrane binding 
properties, their enzymatic function could be located at the cell surface which is 
not the case for LOX and LOXL1 moving freely in the ECM129, 132. Thus, ECM 
structure and remodeling could somewhat differ depending on which enzyme in 
the LOX family being expressed. In our study, Lox has the highest mRNA 
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expression in both tumor and TINT when compared to the other LOX family 
members. The LOXLs are differently up-regulated in normal fibroblast exposed 
to hypoxia as well as in tumor and TINT. For example, Loxl4 has the highest 
expression of all LOXLs in the tumor. Though, Loxl2 has the highest expression 
in normal fibroblast exposed to hypoxia, and TINT when compared to the other 
LOXLs. Hence, the LOX family might be expressed differently by various cells, 
and located at cell surfaces or freely in the ECM. 

When evaluating LOX expression on protein level using IHC, LOX in tumor cells 
was seen in both the cytoplasm and the nucleus and varied in intensity. LOX 
protein expression in the tumor stroma was difficult to analyze since this 
compartment is poorly developed in the Dunning tumor models used. In both 
TINT and the tumor-free control prostate, LOX protein expression was found in 
the stromal smooth muscle cells and in the luminal epithelial cells. Notably, 
staining intensity showed no significant difference between TINT and control.  

As no specific antibodies were available, we could not examine the protein 
expression of the LOXL enzymes in this model. Additional studies are therefore 
needed to examine if the LOXL enzymes differs in localization and levels in TINT 
compared to controls and compared to LOX. Further studies to examine if the 
enzymes in the LOX family can compensate for each other are also needed. 

LOX inhibition with BAPN in different tumor models of Copenhagen 
rats 
The role of the increased levels of LOX and LOXL in tumors and TINT is 
unknown. LOX has shown to play an important role in many cancer type132, 145, 146, 

217, and are thus proposed as a therapeutic target in cancer patients. To further 
examine LOX/ LOXLs as a potential target for prostate cancer therapy, AT-1 cells 
were injected orthotopically in VP in rats and treated with the irreversible LOX 
inhibitor BAPN in various treatment setups.  

Tumors grown for 10 days and with daily treatment of BAPN, starting one day 
prior to cell injection, had a significant decrease by 80% in tumor growth 
compared to PBS-treated controls. In contrast, if the treatment started on day 6 
after cell injection and continued until sacrificed on day 10 there were no 
difference in tumor growth. Interestingly, if treatment was prolonged from day 6 
until sacrificed on day 16 tumor size was significantly increased by 50%.  
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The conflicting results, caused by different treatments setups with BAPN, indicate 
that the function of LOX is highly complex effecting tumor growth differently 
depending on whether the tumor is established or not. Similar results were 
reported by Bondareva et al. in mice with breast cancer, where treatment using 
BAPN diminished metastatic colonization if started one day prior to tumor cell 
injection, but had no effect if started at a later time point when metastases were 
established134. Thus, blocking LOX activity seems to prime the non-malignant 
environment in an anti-tumorigenic manner, by mechanisms unknown.  

In a mouse model with breast cancer, tumor progression was reduced when LOX 
enzymatical activity was inhibited218. Mice with early-stage tumors were treated 
with either BAPN or a pharmacological LOX-inhibitor, both treatments delayed 
primary tumor growth and reduced metastatic burden significantly218. 

Our results indicate the tumor to be more dependent on LOX activity and ECM 
stiffness (collagen fibers are increased in the tumor at the same time point) when 
the cells are settling and forming a small tumor. When the animals are treated 
with the LOX-inhibitor, the enzyme is blocked in two compartments of the 
prostate: 1) LOX in the tumor and 2) LOX in the tumor bearing organ. LOX seems 
to be highly context-dependent and due to the contrary results, one could 
speculate whether enzymatical function has different purposes depending on 
composition of the surrounding environment and where LOX is expressed. When 
the tumor was established the amount of collagen was decreased in parallel to 
increased LOX expression in TINT. If LOX expressed in TINT is engaged in other 
substrates than crosslinking of collagen and possibly with a suppressive effect on 
tumor growth cannot be excluded. 

The LOX-inhibitor, BAPN, also inhibits the LOXLs if present in the environment. 
The effect caused by BAPN treatment could therefore partially be from also 
inhibiting LOXLs functions. To assure if the contradicting results are caused by 
ablation of LOX function and not the LOXLs, silencing or knockout of Lox is to 
prefer. Unfortunately, Lox knockout in the host cause death during fetal 
development219. A specific LOX-blocking antibody was used in a previous study 
to inhibit the enzyme activity220. Interestingly, the study showed a decreased 
metastatic burden as previously seen by Bondareva et al. who blocked LOX 
activity using BAPN134. When treating a mouse model with pancreatic cancer 
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using the LOX-blocking antibody, metastatic formation was inhibited, though 
primary tumor growth and survival was not affected220.  

Taken together, our results and others indicate LOX inhibition to be effective on 
tumor establishment and metastatic formation suggesting a promising 
therapeutic target. Though, absence of the crystal structure of LOX has hampered 
development of specific LOX inhibitors suitable for clinical use.  

To further investigate whether BAPN or increased concentration of LOX protein 
in the environment had any direct effect on cell viability, AT-1 cells were treated 
in vitro with BAPN or recombinant LOX in various concentration. AT-1 
proliferation was not affected by any of the treatments, neither in normoxic nor 
in hypoxic conditions. This shows that BAPN or recombinant LOX did not have 
any direct effects on AT-1 tumor cell growth. The effects of BAPN treatment in 
vivo are therefore likely through inhibition of LOX activity in the tumor 
microenvironment and the TINT microenvironment. 

ECM remodeling during tumor establishment and growth 
In a previous study, our group reported increased levels of ECM remodeling 
factors such as collagens, proteases and Mmps in tumor and TINT5. As collagen 
is one of the targets for LOX, we therefore wanted to further investigate the 
collagen content in the prostate during tumor establishment and growth.  

Sections of VP with implanted AT-1 tumors grown for 3, 7 and 10 days were 
stained for collagen with Sirius Red. Collagen fibers were found in tumors grown 
for 3 days, but in tumors grown for 7 or 10 days almost no collagen was seen and 
it was significantly reduced also in corresponding TINT. LOX mRNA expression 
in tumors was also increased after 3 days post-cell injection compared to after 6 
or 10 days. 

This might explain why blocking LOX activity was more effective when treatment 
started prior to tumor establishment. Thus, crosslinking of collagen by LOX in 
the tumor stroma was only possible during tumor establishment when collagen 
was present.  

However, at the later time point when the tumors were already established, 
collagen density was low, and BAPN-treatment might therefore inhibit other 
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functions of LOX than collagen crosslinking. This suggest that without collagen, 
LOX might instead function as a tumor suppressor. Other factors than collagen 
and elastin have been identified as substrates to LOX218, where some have shown 
suppressive effects on prostate tumor growth221, 222.  However, the underlying 
mechanism to LOX, and whether any of these substrates is involved in the 
inhibitory effect of LOX in late-stage tumors and TINT needs to be further 
investigated. 

To understand why collagen levels were decreased in the established tumors, we 
examined the expression of ECM remodeling factors in our previously published 
array data in more detail5. This showed that collagens, but also several matrix 
degrading enzymes were upregulated in AT-1 tumors and TINT, suggesting active 
ECM remodeling that favors degradation. Also increased hypoxia was seen in 
both tumor and TINT, which has been suggested by others to degrade collagen223. 

Another aspect to have in mind is whether collagen has tumor promotive or 
suppressive effects depending on if it is expressed by the tumor or by the non-
malignant surrounding environment. In patients the majority of prostate tumors 
are detected in the peripheral zone and less in the transition zone. The amount of 
collagen in the transition zone is higher than in the peripheral zone in a tumor-
free prostate12. If high levels of collagen in TINT cause an unattractive 
environment for the tumor to grow and spread in and whether reduction is caused 
by the tumor, needs to be further investigated. 

In summary, we show that several of the members in the LOX family induce their 
expression in both rat prostate tumor and the extratumoral surrounding. 
Functional studies blocking LOX enzymes, using BAPN, in an orthotopic rat 
prostate model showed contrary results, where treatment initiated before the 
tumor had established decreased tumor growth, and treatment initiated after the 
tumor had established increased tumor growth. Hence, the different roles of the 
LOX family members, and whether LOX could be used as a therapeutic target in 
early tumor stage needs to be further studied. 
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Paper III 
In this paper we used a rat prostate tumor model to study the possible roles of 
HO-1 (which is upregulated in TINT5) in different tumor types and corresponding 
TINT. HO-1 expression was also investigated in tissue samples from human 
primary prostate cancer and bone metastases. 

HO-1 expression in the tumor bearing organ during tumor 
progression 
HO-1 gene expression was previously reported to be increased in the non-
malignant surroundings of aggressive, but non-metastatic, rat prostate tumors5. 
In fact, from 461 altered genes, HO-1 in TINT had the highest expression level 
compared to tumor-free controls with a 14-fold increase, and a 6-fold higher 
expression in TINT than in the tumor5. We wanted to further investigate if HO-1 
expression in tumor and TINT was different depending on tumor aggressiveness.  

HO-1 was expressed differently in tumor and TINT in our orthotopic rat prostate 
model depending on tumor cell aggressiveness. Implanted tumors in VP of DG 
(slow growing and non-metastatic), AT-1 (aggressive but poorly metastatic) or 
MLL (aggressive and metastatic) cells showed increased mRNA levels of HO-1, 
with increasing tumor aggressiveness. In TINT, HO-1 was mainly increased in 
AT-1 and MLL compared to tumor-free controls. 

When studying HO-1 protein expression in the different tumor types with 
corresponding TINT, expression was mainly detected in stromal cells and rarely 
seen in tumor and normal epithelial cells. HO-1 expressing cells were increased 
in the entire TINT compartment compared to tumor-free prostate and seemed to 
accumulate closer to the tumor and at the tumor barrier. The majority of the HO-
1 expressing cells in TINT were identified as macrophages with M2-like 
phenotype (CD68+ and CD163+), with a small subset of HO-1+ and CD163- 
macrophages. CD163-receptors mediate uptake of the haptoglobin-hemoglobin 
complex which is followed by degradation and HO-1-catalyzed conversion of 
heme167. This indicate that most of the HO-1+ macrophages in TINT were involved 
in the breakdown of hemoglobin. In line with this we also found more 
macrophages in areas of bleeding (see below). However, HO-1+/CD163- cells may 
also induce HO-1 expression by other mechanisms than bleeding. 
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Other factors shown to increase HO-1 expression are for example hypoxia, ROS, 
cytokines, IL6, PDGF and TGFb166. Several of these factors/processes are 
predicted to be increased in TINT5. Indeed, HO-1 expression did increase in rat 
monocytes in vitro when exposed to exosomes derived from MLL and DG tumors 
with a stronger response by MLL exosomes116. Hence, expression of HO-1 in TINT 
may also be caused by other factors than bleeding, for example by hypoxia or 
tumor epithelial cells trying to instruct the surrounding normal tissue by 
secreting exosomes. 

Accumulation of HO-1+ macrophages in TINT increases in larger tumors 
compared to smaller tumors of DG, the same was seen for AT-1 and MLL tumors, 
indicating HO-1+ macrophages is affected by tumor size. In addition, the density 
of HO-1+ macrophages in TINT also increased with tumor aggressiveness. When 
removing the largest and smallest tumors and comparing groups with tumor of 
similar sizes, we still saw a higher accumulation of HO-1+ macrophages in TINT 
of MLL tumors than in DG tumors. Taken together, accumulation of HO-1+ 
macrophages in TINT and at the invasive front could increase both by tumor size 
and tumor aggressiveness. 

Bleeding and macrophages containing high Fe2+ may be associated 
with high HO-1 expression 
One of the main functions of HO-1 is to break down heme derived from 
hemoglobin in erythrocytes which is commonly seen in wounds and bleeding. 
HO-1 is an inducible enzyme, and the expression is increased through stimulation 
by heme168. As described earlier, macrophages expressing HO-1 were 
accumulated in TINT at the tumor border, which was also seen for erythrocytes. 
The density of erythrocytes increased along with aggressiveness when analyzing 
samples of DG, AT-1 and MLL tumors and TINT. In AT-1 and MLL tumors, HO-
1+ cells were detected in necrotic areas, where bleeding was also seen. Necrotic 
areas were rarely found in the less aggressive DG tumors. The expression of HO-
1 at the tumor border and in necrotic areas increased along with tumor 
aggressiveness and could thus be triggered by the excessive amount of heme 
usually seen at these sites. 

In addition to HO-1, its byproducts through break down of heme (Fe2+, CO and 
bilirubin/biliverdin) are most likely increased at the tumor border as well along 
with tumor aggressiveness124, 164. Sections stained with Prussian blue identified 
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Fe2+-containing macrophages in MLL TINT, to some extent in AT-1 TINT, but not 
in DG TINT. In other cancer types, macrophages deliver Fe2+ to tumor cells224, 225, 
suggesting heme could be degraded by M2-macrophages and delivered to 
neoplastic cells in the invasive front. Patients with high levels of Fe2+ accumulated 
in prostate tumor cells have a less chance of survival226. Tumor growth was 
reduced in animals with prostate cancer when HO-1 activity was blocked178, 227. 
Mice injected with prostate tumor cells and treated with a small-molecule HO-1 
inhibitor showed decreased tumor growth and metastatic burden in lymph nodes 
and lungs227. Additionally, mice with selective depletion of HO-1 in macrophages 
showed a significantly reduced tumor establishment and metastatic progression 
compared to controls with HO-1+ macrophages178. The byproduct CO from heme 
degradation showed to influence loss of adherence in cancer cells – which tumor 
cells undergo when becoming metastatic – suggesting HO-1 activity through 
infiltrating macrophages promote tumor cell invasion178. 

HO-1 expression is associated with tumor aggressiveness in 
patients and increased in prostate cancer bone metastases 
To further investigate HO-1 expression in patients, sections from primary tumors, 
adjacent non-malignant tissue and bone metastases were stained and analyzed. 
Epithelial cells in both tumor and non-malignant tissue were generally unstained, 
though HO-1 expression was seen in a few stromal cells in the non-malignant 
tissue. In the tumor stroma, clusters of HO-1+ macrophages were observed at the 
border of high-grade tumor epithelial cells. In the same areas, blood vessels were 
often detected close to the tumor cells which may take part in vascular invasion 
and local bleeding.  

The number of clusters with HO-1+ cells was significantly increased in GS 8-10 
tumors compared to patients with GS 7, and weakly correlated to GS. In addition, 
an increased number of clusters with HO-1+ macrophages in the primary tumor 
were correlated with the presence of metastases at diagnosis. Tumor associated 
macrophages (TAMs) exist in various subtypes and all play key roles during 
metastasis, either at the primary site or in the pre-metastatic sites67, 69, 228-231. One 
subtype of intratumoral TAMs bind to tumor cells and help them migrate through 
the ECM towards the vascular system230. Other TAMs migrate from the primary 
site to pre-metastatic site and induce naïve macrophages to produce pro-
tumorigenic factors which in turn will recruit tumor cells229. Recently, TAMs 
expressing HO-1 were detected close to the vascular system at the primary site 
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and suggested to support metastatic spread of tumors cells by promoting 
intravasation – meaning migration of cells into the blood- or lymph system231. 
However, further studies are needed to establish the mechanism of how HO-1+ 
macrophages at the invasive front facilitate metastatic spread. 

In bone metastases, HO-1+ macrophages were seen at the same sites as in primary 
tumors at the tumor cell-stroma border. A considerably higher density was seen 
in bone metastases and in normal bone marrow compared to in primary tumors. 
HO-1 was also detected in epithelial cells of about 66% in the metastases, mainly 
in the cytoplasm.  

As for now, HO-1 have been suggested to have both promotive and suppressive 
properties during tumor progression. Studies by others have reported HO-1 
expression in tumor cells, mainly in the nuclei, to be associated with high GS and 
poor prognosis174, 175. However, overexpressed HO-1 could also downregulate pro-
tumorigenic factors in prostate cancer180, 181. Prostate tumors cells overexpressing 
HO-1 generated tumors with less microvessel density, and in long term reduced 
new vessel formation180. In addition, tumors had a reduced expression of the pro-
angiogenic factors VEGFR and MMP9 compared to controls and were therefore 
suggested to play a regulatory role in the angiogenic switch during tumor 
development180. Our results are somewhat contradictory since we rarely saw any 
HO-1 expression in epithelial cells in the primary tumor, and in metastases HO-1 
was mainly present in the cytoplasm, not the nuclei. HO-1 could possibly have 
different functions depending on what cell type it is expressed by.  

Primary tumors, adjacent non-malignant tissue and bone metastases were 
previously investigated on mRNA level in a global transcriptome198. HO-1 mRNA 
expression was significantly increased in bone metastases and low in normal 
prostate and primary tumor tissue, confirming our results using IHC. There was 
no significant difference in HO-1 mRNA expression when comparing metastases 
from untreated prostate cancer patients and CRPC patients. However, HO-1 
mRNA levels showed a positive correlation to CD68 and CD163 and an inverse 
correlation to AR mRNA levels in CRPC metastases198, 232, suggesting that 
metastases expressing less AR has an increased activity of M2-macrophages 
expressing HO-1. Though prostate cancer bone metastases characterize 
differently depending on gene profiles, morphology and clinical behavior233, AR 
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is expressed differently in various subtypes and which could also be the case for 
HO-1198, 232.  

Patients with locally advanced or metastatic tumors usually undergo androgen 
depravation therapy (ADT) which can be efficient but also progress into 
castration resistance as the AR re-activates234. The majority of CRPC patients 
have an AR-driven response in the bone metastases, which is also correlated to a 
low immune response235. There are several mechanisms leading to an AR-driven 
response e.g. increased AR amplification which occurs in over 50% of CRPC 
patients236. AR nuclear staining, which is increased in metastases of long-term 
CRPC patients, is related to poor outcome237. However, a subgroup of bone 
metastases has a non-AR-driven response correlated with a high immune 
response235, and bone metastases with low tumor cell AR activity showed 
increased bone cell activity238. Additionally, CD68+ macrophages were frequently 
detected close to osteoblasts in woven bone of mice with prostate cancer bone 
metastases and suggested to support tumor progression239. Whether M2 
macrophages expressing HO-1 support tumor progression in bone metastases in 
relation to bone formation needs to be further investigated. 

In conclusion, this study shows that HO-1 expression was mainly seen in 
macrophages infiltrating TINT and accumulating at the invasive zone of the 
tumor, which was also associated to tumor growth and aggressiveness seen in 
both our animal model and patients.  

Paper IV 
MSMB is one of the predominant proteins produced and secreted by the prostate 
epithelium. In prostate cancer, MSMB is reduced and for the moment used as a 
biomarker in blood serum23, 183, 184. Previous results reported in our group show 
MSMB mRNA to decrease in TINT5. In this study we examined MSMB protein 
levels in TINT and whether reduced MSMB expression is associated with tumor 
aggressiveness. 

Reduced MSMB expression in TINT is related to tumor 
aggressiveness 
To analyze the MSMB expression in tumor and TINT of orthotopic rat prostate 
tumors, three different cell types (DG, AT-1 and MLL) with different malignancies 
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were implanted in the rat prostate. Scoring of MSMB protein expression using 
IHC sections revealed an almost absent staining of MSMB in the tumor of all 
three tumor types. In TINT, MSMB expression was significantly decreased 
around all three tumor types compared to tumor-free controls. This suggest that 
tumors are able to reduce MSMB synthesis not only in the tumor, but also in the 
tumor bearing organ. Thus, the reduced levels of MSMB measurable in blood196 
and urine240 of prostate cancer patients is most likely caused by the reduction of 
MSMB expression in the whole prostate (tumor and TINT).  

In addition, MSMB was significantly decreased in the benign tissue surrounding 
aggressive MLL tumors compared to slow-growing DG tumors, indicating that 
the levels of MSMB reduction might be of prognostic value.  

In human prostate, MSMB immune score was significantly reduced in tumor and 
TINT in patients with GS > 6 compared to patients with GS ≤ 6. MSMB is able to 
drive tumor cells into apoptosis191. To avoid this tumor inhibiting function, highly 
aggressive tumors could, by mechanisms unknown, downregulate MSMB both in 
the tumor and in the surrounding normal tissue. MSMB expression can be 
downregulated by the histone methyl transferase EZH2, silencing transcription 
of the MSMB gene through methylation of histone 3192, which might be a part of 
MSMB reduction caused within the tumor and its invasive front.  

MSMB is expressed in TINT in a decreasing gradient towards the 
tumor 
The MSMB expression in patients was analyzed at two different distances from 
the tumor: TINT 1 (area within 1 cm from the tumor) and TINT 2 (area 1-3 cm 
from the tumor). Using immune score, MSMB expression in tumor epithelium 
was in general scored negative or weak. In TINT1 and TINT2, MSMB expression 
varied from moderate to strong. Patients with pT3 tumors had a significant 
decrease of MSMB in TINT1 compared to patients with pT2 tumors, which was 
also seen on mRNA level. Patients with pT3 tumors also had a significant lower 
amount of MSMB mRNA in TINT1 compared to TINT2. 

MSMB score in tumor, TINT1 and TINT2 was inversely correlated to GS, 
however, only MSMB mRNA in tumors was correlated to GS. The same was seen 
in correlation to tumor diameter (size). MSMB score was inversely correlated to 
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tumor size in tumor, TINT1 and TINT2, but only MSMB mRNA in tumors was 
correlated to tumor size. 

In conclusion, these results indicate that MSMB expression is reduced not only 
in the tumor but also in the surrounding non-malignant tissue being more 
pronounced in advanced tumors. Furthermore, MSMB seems to decrease in the 
surrounding non-malignant tissue close to the tumor in a higher magnitude then 
further away, one can suggest the mechanisms used to reduce MSMB in tumors 
are the same effecting the surrounding tissue.  
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CONCLUSIONS 
Expression of LOX in the non-malignant epithelium, probably induced by 
hypoxia, predicts prostate cancer specific survival and gives additional prognostic 
information to GS.  

The enzymatic function of the LOX family is highly context-dependent and 
demonstrates both tumor promotive and suppressive properties. Also, ECM 
remodeling with collagen in the surrounding microenvironment is a crucial step 
for tumor establishment. 

Increased density of M2-macrophages expressing HO-1 is associated with tumor 
aggressiveness and accumulates in TINT at the invasive front of prostate tumors. 

Reduction of MSMB in the tumor and the surrounding TINT is associated with 
tumor aggressiveness, which could explain the reduced serum levels of MSMB in 
patients.  
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GENERAL DISCUSSION 
We have shown in several studies that the non-malignant tissue in the prostate is 
altered if there is a tumor nearby, in ways that seem to be of benefit for tumor 
growth and progression3-5, 64, 84-86, 88, 89, 92, 102, 116, 241. If the alterations are caused by 
instructive signals from the tumor or by the host defense is not always know and 
need to be further investigated. However, it is clear that the “normal” tissue 
surrounding the tumor is not normal, which is also seen in more remote organs4, 

102. 

Novel findings presented in this thesis 
We have recently shown that rat prostate TINT has an altered gene-expression 
pattern compared to controls4, 5. Three of the altered genes were chosen for 
further investigation in this thesis, namely LOX, HO-1 and MSMB. Increased 
LOX expression in TINT epithelium, possibly induced by hypoxia, correlates with 
poor survival and this seems to give additive prognostic information to GS 
(Paper I). In addition, LOX enzymatical function seems to be context dependent, 
and LOX may work as a tumor promoter and suppressor depending on tumor 
stage (Paper II). HO-1+ M2-macrophages infiltrate TINT and are associated with 
tumor aggressiveness (Paper III). MSMB is downregulated in TINT epithelium 
and correlates to disease aggressiveness (Paper IV).  

The response of both HO-1 and MSMB appear to be dependent on tumor size, 
which can be seen as gradients in TINT. In our animal model, HO-1+ M2-
macrophages often accumulated close to blood vessels in the TINT stroma with a 
higher density closer to the invasive front of the tumor. MSMB expression was 
downregulated in human TINT epithelium close to the tumor but also further 
away with the strongest reduction closest to the tumor border. LOX staining in 
TINT epithelium in patients has a prognostic value but were marginally 
associated with tumor stage and therefore not related to tumor size. 

In conclusion, LOX, HO-1 and MSMB expression in TINT is associated with 
tumor aggressiveness, and HO-1+ M2-macrophages accumulated in TINT may be 
involved in metastatic spread. 



 

54 

What is the functional role of TINT? 
The results presented in this thesis and by our group shows that the normal 
adjacent tissue is changed if a tumor is present nearby, constantly raising 
questions of how and why this occurs. Changes are most likely caused due to the 
tumor activities of grow and spread, and gene expression assay of tumor and 
TINT in our animal model have shown the changes to be associated with wound 
healing, inflammation and immune response4, 5. 

The tumor needs nutrients and oxygen in order to grow and spread and possibly 
requires a constant supply from the surrounding environment and host. To 
enable the constant, and increasing, demands as it grows, the vascular system in 
the surrounding environment needs to expand. The tumor recruits various 
immune cells to the non-malignant surrounding which are suggested to be 
involved in new blood vessel formation in TINT64, 88, 241, and through that 
increases the flow of nutrients and oxygen, and the possibility to metastasize. 
Several ECM factors are up-regulated in TINT, such as LOX, to possibly 
reorganize TINT necessary for tumor growth and spread. Cross-linkage of 
collagen is suggested to create “roads” for the cells to migrate along44, 45, e. g. re-
educated M2-macrophages escort metastasizing tumor cells from the primary 
tumor to the vascular system along these “roads”230. Some changes of ECM 
remodeling factors seen in TINT are also seen in the tumor5, suggesting they may 
be regulated by similar underlying mechanisms. 

TINT changes associated to the magnitude of malignancy 
Changes seen in TINT have shown to differ depending on the level of tumor 
malignancy. In patients, poor prognosis can be predicted if analyzing the density 
of e.g. mast cells88, macrophages87 and blood vessels91 in TINT, where increasing 
levels are associated with aggressive prostate cancer compared to non-aggressive 
prostate cancer. In our rat prostate model, the density of mast cells increased in 
TINT surrounding DG, AT-1 and MLL tumors241, and when mast cells were 
inhibited, tumor and vascular growth was reduced88. However, the density of 
mast cells in the extratumoral environment was more related to tumor size than 
tumor aggressiveness, suggesting mast cells to be more engaged in mediating 
TINT for tumor growth then metastasis241. The aggressive and metastatic cell type 
MLL on the other hand attract and re-educate macrophages to TINT in a higher 
extent than AT-1241, which are thought to be involved in tumor growth, blood 
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vessel formation and metastatic spread64, 98. Macrophages are probably involved 
in the formation of TINT necessary for subsequent metastasis. 

Interestingly, a small but highly aggressive tumor effect the tumor-bearing organ 
in a higher magnitude than larger and less aggressive tumors, as for HO-1+ M2-
macrophages seen in Paper III. 

Alterations in the normal prostate caused by non-tumoral factors 
Changes in the normal extratumoral tissue have been recognized for many years, 
though mostly thought to be cancer field effects in pre-neoplastic cells caused by 
cancerogenic agents and not adaptations caused by tumor signals74. The normal 
tissue in the prostate could also be affected by other diseases than by tumors or 
cancer field effects. Bacterial infection in the prostate could cause acute and 
sometimes chronic inflammation in the prostate – bacterial prostatitis242. Both 
cancer and prostatitis trigger inflammation in the normal environment of the 
prostate causing an increased density of infiltrating immune cells64, 88, 101, 242. 
Though, in prostatitis macrophages are programmed to kill infectious organisms 
(M1 phenotype), while macrophages during aggressive prostate cancer are 
programmed to heal wounds (M2 phenotype)61, 101, 242. However, chronic 
inflammation in the prostate have been suggested to contribute to prostate cancer 
development243.  

TINT in multifocal and heterogenous prostate cancer 
When studying variations in TINT in orthotopic rat prostate models, unifocal 
tumors were analyzed. The differences seen in TINT compared to tumor-free 
controls are therefore caused by one homogenous tumor. This is usually not the 
case in patients since prostate cancer is a multifocal and heterogenous type of 
cancer.  

In Paper III, the HO-1 expression was increased in rat prostate TINT along with 
the aggressiveness of the tumor cell type, when comparing DG, AT-1 and MLL. 
Thus, when the tumor communicates with the extratumoral environment the 
signals seem to differ depending on tumor aggressiveness since the alterations 
seen in TINT differs when comparing indolent to aggressive tumors.  



 

56 

Our group recently discovered that indolent tumors were affected by aggressive 
tumors nearby and responded by growing faster244. In addition, transcriptomic 
analysis showed that gene expression varied along the whole prostate section 
depending if the area was inflammatory, “normal” or tumorigenic245. In Paper 
IV we selected unifocal radical prostatectomies – meaning the prostate only 
harbors one tumor – to study whether MSMB was differently expressed in TINT 
depending on distance from the tumor border. In patients, MSMB was decreased 
closer to the tumor compared to further away in the prostate suggesting TINT 
changes can be seen in gradients.  

Taken together, TINT is probably not the same throughout the whole organ, and 
local variations of gene expression and stromal composition may be seen in 
multifocal prostates. Each tumor altering its non-malignant surrounding is a 
fingerprint of that specific tumor. This may mean that there are as many different 
TINTs as there are different tumors in a multifocal prostate, where TINT from 
more aggressive tumors could influence indolent tumors in various ways244. 

Alterations in the extratumoral tissue seen by others 
Our group have detected TINT-changes caused by prostate cancer both in the 
tumor-bearing organ and in more remote organs, such as bone and lymph nodes3-

5. Research by others, where non-malignant tissue surrounding the tumor has 
been investigated and compared towards tumor-free controls, have shown 
similar changes in other cancer types as well120, 121, 246. A study including eight 
cancer types showed significantly increased levels of p53 in non-malignant tissue 
surrounding aggressive tumors compared to tissue surrounding indolent 
tumors246. From a gene expression assay on breast cancer, alterations in the non-
malignant tissue surrounding the tumor were associated with inflammation and 
immune response121. Another multi-cancer study revealed increased gene 
expression patterns in the non-malignant tissue surrounding the tumors 
associated with stromal pathways such as ECM remodeling, wound healing, 
fibrosis and EMT120. In conclusion, several cancer types displayed changes in the 
tumor adjacent non-malignant tissue e.g. a highly active stroma, in line with the 
increased levels of LOX and HO-1 in TINT of prostate cancer, identified in Paper 
I, II and III. 
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Nomenclature  
Unfortunately, there is no common term describing the concept. Instead, several 
names were encountered as I browsed the research field. Such as normal adjacent 
tissue (NAT)120, non-neoplastic tissue adjacent to tumor (NTAT)247, normal tissue 
adjacent to cancer tissue (NTAC)246, normal-appearing tissue (NT)248 and tumor 
adjacent histologically normal tissue (TAHN)249. If unaware of this conundrum, 
relevant published data could easily be missed preventing progress of research. 
The distance from the tumor is not always taken in consideration. In addition, 
methods, patients and choice of tumor-free controls may vary, aggravating 
interpretation and comparison of the data. Despite the various terms, several 
similarities were seen comparing TINT in prostate cancer with extratumoral 
tissue of other cancer types.  

Clinical significance 
Cancer cells interact in a myriad of ways with their immediate, local and remote 
environment trying to grow and spread. As mentioned above, several studies have 
identified altered gene expression profiles within the extratumoral environment, 
but still the biological functions remain poorly understood. A better functional 
understanding may be vital for being able to translate those important 
observations into more effective prevention and therapy. 

Prognosis and diagnosis 
In this thesis, we show that LOX has a prognostic value in men with prostate 
cancer. Patients with high levels of LOX in TINT epithelium suffers a higher risk 
of dying from the disease. Both prior to and after the publication of Paper I, 
other researchers have reported LOX to have a prognostic value in several cancer 
types in addition to prostate cancer142-146, 148, 153, 204, 250, 251. However, so far LOX is 
not suggested to have a prognostic value in the surrounding non-malignant tissue 
by others. 

In ovarian cancer increased levels of LOX, LOXL1, LOXL2 and LOXL3 in the 
tumor has shown to associate with poor prognosis250. In Paper II we show LOX, 
LOXL1, LOXL2 and LOXL4 to be increased in the tumor as well as TINT 
compared to controls. Whether the LOXLs have a prognostic value in TINT is still 
unknown and needs to be further investigated. From the four LOXLs, LOXL2 is 
the most studied in prostate cancer, and have shown to associated with poor 
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prognosis if elevated in the tumor of other cancer types252, 253. Taken together, it 
would be interesting to further investigate the prognostic potential of the LOXLs 
in patient material. Especially LOXL2 who has the highest significant difference 
in TINT compared with the other LOXLs, and is already shown by others to have 
a prognostic value in tumors. 

In patients with gastric cancer, increased levels of LOX in the tumor were 
associated with poor survival153. In addition, LOX was significantly increased in 
blood when compared with healthy controls153. If LOX has the potential as a 
biomarker in serum from prostate cancer patients is still unknown and need to 
be further analyzed. 

According to the results presented in this thesis, we believe LOX, HO-1 and 
MSMB has the potential of being a TINT-biomarker when analyzing the prostate. 
As mentioned in the introduction, it is common men get false-negative diagnose, 
diagnose too late, or the wrong prognosis. This is partly caused by the number of 
biopsies taken consisting of non-malignant tissue and not used during analysis. 
Our results show that LOX, HO-1 and MSMB is altered in TINT, the two first 
significantly up-regulated and the latter downregulated. LOX expression shown 
in Paper I was correlated to poor prognosis and MSMB expression presented in 
Paper IV is already used as a biomarker in blood and part of the STHLM3-test. 
Both HO-1 and MSMB showed stronger response closer to the tumor generating 
a gradient from the tumor towards the prostate capsule. If several biopsies, from 
one patient, containing non-malignant tissue showed variations of these factors, 
this would definitely increase the suspicion of having one or several tumors 
nearby in the prostate.  

Furthermore, during sampling of biopsies, only a fraction of the prostate is 
collected. Although the guidance techniques (such as MRI) used today have 
improved, it is not certain that small focal malignancies are detected. By 
analyzing the non-malignant biopsies for disease-indicating and tumor specific 
biomarkers, we would increase the possibility of getting correct diagnose in an 
earlier stage. Since the biopsies are already collected, the patient would not need 
to be exposed to further unpleasant sampling. LOX, HO-1 and MSMB all have 
potential of being part of a panel for TINT-markers in prostate cancer, and 
therefore deserves additional investigation, especially in false-negative biopsies. 
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Furthermore, the extratumoral tissue has to stop being treated as “normal” tissue. 
Pascal et al. detected expression of LOX in the epithelial cells and stroma in what 
we refer to as TINT and found the levels to be almost as high as in the tumor. 
Unfortunately, and because of this they claimed that LOX is lacking the potential 
of being a prognostic marker since expression patterns are to similar “normal” 
conditions143. On the contrary, we believe the alterations seen in both tumor and 
the “tinted” surrounding could be the most useful biomarkers for cancer. For 
example, MSMB, reduced in both tumor and TINT (Paper IV) and associated 
with tumor aggressiveness in patients, is used as a blood marker in the Stlhm3-
model. Hence, the most optimal biomarkers for cancer would be the ones where 
small and highly aggressive tumors affect larger volumes than only the tumor, 
enabling detection of prostate cancer at an earlier stage. 

Therapeutic targets 
Our results presented in Paper II show LOX to possess both promotive and 
suppressive properties which makes the role of LOX during tumor progression 
highly complex. Hence, if LOX has the potential as a therapeutic target needs to 
be further investigated.  

In theory, HO-1 has potential of being a therapeutic target in carcinomas since 
both HO-1 and the byproducts can be harmful in pathophysiological diseases 
such as tumorigenesis. Unfortunately, there is a high risk of unpleasant side 
effects if using metalloporphyrins, which is mostly used in in vitro studies of HO-
1254. In addition, little is known about other drugs, like imidazoles, with potential 
of targeting HO-1 and needs to be further studied. Others have suggested 
treatment of HO-1 being part of a combinatory treatment to sensitize tumor cells 
against radio- or chemotherapy255. In Paper III we saw indications in a subgroup 
of patients with lower amount of AR in bone metastases and higher density of 
HO-1 expressing M2-macrophages, which may have potential of receiving a 
combination treatment including targets towards HO-1. However, whether it is 
the enzymatic function HO-1 or the function of (HO-1+) M2-macrophages that 
affects metastatic growth needs to be further investigated.  

MSMB presented in Paper IV have, by others, shown to drive tumor cells into 
apoptosis191, which might be the reason for its suppression in the tumor and 
TINT. If MSMB expression could be up-regulated, in tumor, TINT or both, tumor 
growth might be suppressed. The only mechanism detected so far which is 
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downregulating MSMB expression is gene silencing by the methyltransferase 
EZH2192. Targeting EZH2 with the intention of increasing MSMB expression 
might be useful as a therapeutic strategy or part of a combinatory treatment for 
prostate cancer. 

Weaknesses and strengths in the project 
To study changes in the tumor and TINT in the prostate we injected cell types 
with different profiles into VP of normal immunocompetent rats. There are 
several advantages to study tumor growth in rats, and one of the most profitable 
is the possibility to compare tumoral changes against totally naïve and untreated 
controls, which is highly important when studying changes in TINT. In addition, 
since tumors are established in normal prostates, we can assure the changes seen 
in TINT are due to the tumor and not cancer field effects. 

Prostate cancer in men is a typical slow growing cancer type and it takes several 
years to be detected, mostly through various symptoms. By using an animal 
model such as the Copenhagen rat we can provoke tumor growth in the prostate, 
with the same ratio taking several years in a patient, in just a couple of weeks. 
Nonetheless, to be able to do this we use tumor cell lines with more aggressive 
traits then normally seen in patients.  

When comparing histological sections of rat prostate tumors, from DG, AT-1 or 
MLL, with sections from patients, they resemble the cellular composition 
commonly seen in patient tumors with GS 10. However, the group of patients 
where the most research is needed, to separate aggressive from indolent tumors, 
are those with GS 7. Even though the rat cell types may differentiate as they 
passage during cell division, they rarely contain distinct subgroups with different 
gene expression patterns, meaning the expression pattern for each cell type is 
highly homogenous and, in addition, unifocal when studying primary tumors in 
rats. On the other hand, prostate cancer in humans are highly heterogenous, one 
patient most likely has multiple distinct cancer foci differing in malignancy which 
could give slightly different results compared to in rats. For example, when 
studying LOX expression in tumor tissue in our TURP-material – which is 
collected in fragments in the clinic – it is impossible to know whether you look at 
one or several tumors, which could hamper the results if the tumor differ in 
malignancy.  
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Something else that has to be taken in consideration when analyzing data from 
our animal model is the age difference between our animals and patients. In 
general, prostate tumors in men start to develop at the earliest in their 50s and is 
usually not diagnosed until 10-20 years later due to the slow growing behavior of 
the tumor11. The rats used in this thesis can be compared with the age of a 
teenager or young man. Biological differences between young and old men can 
for instance be seen in the immune response, especially the innate immune 
response. Apparently, the number of macrophages in the tumor environment 
increases with age, seen in both elderly men and mice compared with 
youngsters256. Despite differences mentioned here between human and animal 
material, strong similarities were seen for all factors studied in this thesis. 

Future aspects 
There are several possibilities for TINT-biomarkers to be used in the clinic, either 
by indicating the presence of a tumor nearby or as additive information about 
tumor aggressiveness.  

To the date, there are no TINT-biomarkers used in diagnosis/prognosis in the 
clinic, though, several have shown to have a prognostic value. In our group we 
have discovered 11 biomarkers in patients that are associated to poor prognosis 
of prostate cancer in TINT stroma and epithelium. These are AR84, PDGFR-β85, 
hyaluronic acid89, mast cells88, macrophages (S100A9+87 and CD613+90) blood 
vessels91, pEGFR86, pAKT92, LRIG193 and LOX (see Paper I). 

Over 450 genes had a significantly altered gene expression in TINT seen in a gene 
expression assay on rat compared to tumor-free controls5, but only a few of these 
have been further investigated. To expand the panel of prognostic TINT-
biomarkers, altered genes in TINT would need to be analyzed in a larger scale and 
possibly in larger patient cohorts in relation to tumor aggressiveness, tumor size, 
and distance from the tumor. Thereby, in addition to functional studies, the 
biology of TINT would be clearer and possibly give us the tools needed to develop 
therapeutic targets and strategies against prostate cancer.  

Additionally, a more unexplored but interesting territory regarding TINT-
biomarkers with prognostic value is the usage of other samples than prostate 
tissue, such as lymph nodes, blood and urine. LOX was significantly increased in 
blood from patients with gastric cancer when compared to healthy controls153. 
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Also, MSMB is part of the STHLM3-model and measured in blood22, which is 
probably due to the decrease of MSMB in both the tumor and TINT. As discussed 
in Paper IV, if the tumor could affect TINT one tumor radius from the tumor 
border and out, the volume of TINT would be seven-fold of the tumors volume. If 
this were the case, the decreased levels of MSMB measured in blood would most 
likely be due to the decrease MSMB levels in TINT and not the tumor. 

The aim of this thesis was to analyze potential biomarkers in normal prostate 
tissue in prostate cancer patients and tumor animal models, as well as function 
of the candidate marker LOX in prostate TINT. We saw various changes in TINT 
due to the presence of a tumor, for example in gene expression, immune response 
and ECM remodeling where several changes were associated to tumor size, 
distance to the tumor, tumor grade and clinical outcome. The results presented 
in this thesis clarify some aspects of TINTs biological function but also indicate 
its complexity. Plus, this thesis together with the results published by our group 
demonstrate the clinical value TINT might have in diagnosis and prognosis of 
prostate cancer, suggesting a panel of TINT-markers that might come of use in 
the clinic. 
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