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ABSTRACT
This thesis is comprised of two parts. In the first part we study the influence of four frequently
disputed genes on the susceptibility for developing prostate cancer, and in the second part we
attempt to establish a basic understanding of the molecular genetic events in penile cancer.
In a prostate cancer cohort we have investigated the relation of prostate cancer risk and
single nucleotide polymorphisms (SNPs) in four different genes coding for the androgen
receptor (AR), the vitamin D receptor (VDR), insulin (INS) and insulin receptor substrate 1
(IRS1). Despite strong biological indications of an involvement of these genes in prostate
carcinogenesis, the results from different studies are contradictory and inconclusive.
The action of the AR varies between individuals in part owing to a repetitive CAG sequence
(polyglutamine) in the first exon of the AR gene. The results presented in this thesis shows that
in our cohort of prostate cancer patients the average number of repeats is 20.1, which is
significantly (p<0.001) fewer repeats compared to healthy control individuals, where the average
is 22.5 repeats. We find a 4.94 fold (p=0.00003) increased risk of developing prostate cancer
associated with having short repeat lengths (≤19 repeats), compared with long repeats (≥23
repeats). In paper I we also study the TaqI polymorphism in the VDR gene, and find that it
does not modify the risk of prostate cancer.
In the INS gene we study the +1127 PstI polymorphism and find no overall effect on the risk
of prostate cancer. However, we do find that the CC genotype is associated with low grade
disease defined as having a Gleason score ≤6 (OR=1.46; p=0.018). In the IRS1 gene we study
the G972R polymorphism and observe that the R allele is significantly associated with a 2.44
fold increased prostate cancer risk (p=0.010).
The knowledge of molecular genetic events in penile cancer is very scarce and to date very
few genes have been identified to be involved in penile carcinogenesis. We chose therefore to
analyse the penile cancer samples using genome-wide high-density SNP arrays. We find major
regions of frequent copy number gain in chromosome arms 3q, 5p and 8q, and slightly less
frequent in 1p, 16q and 20q. The chromosomal regions of most frequent copy number losses
are 3p, 4q, 11p and 13q. We suggest four candidate genes residing in these areas, the PIK3CA
gene (3q26.32), the hTERT gene (5p15.33), the MYC gene (8q24.21) and the FHIT gene
(3p14.2).
The mutational status of the PIK3CA and PTEN genes in the PI3K/AKT pathway and the
HRAS, KRAS, NRAS and BRAF genes in the RAS/MAPK pathway was assessed in the penile
cancer samples. We find the PIK3CA, HRAS and KRAS genes to be mutated in 29%, 7% and
3% of the cases, respectively. All mutations were mutually exclusive. In total the PI3K/AKT and
RAS/MAPK pathways were found to be activated through mutation or amplification in 64% of
the cases, indicating the significance of these pathways in the aetiology of penile cancer.
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GTYPE
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hTERT
IKK
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IRS
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MAPK
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MEK
mTOR
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a protein kinase
activator protein 1
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cyclin dependent kinase inhibitor
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epidermal growth factor
member of ETS oncogene family
extracellular signal-regulated kinase
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mitogen-activated and extracellular signal-regulated-kinase kinasse
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PH-domain
PI3K
PIK3CA
PIP2/PIP3
PSA
PTEN
RAF
RAS
RHEB
RR
SD
SHC
SNP
SOS1
SSCA
TSC2
TURP
UTR
VDR
VNTR
WGA

pleckstring homology domain
phosphatidylinositol-3 kinase
catalytical subunit of PI3K
phosphatidylinositol di/tri-phosphate
prostate specific antigen
phosphatase and tensin homolog deleted on chomosome 10
murine sarcoma viral oncogene homolog
rat sarcoma viral oncogene homolog
RAS homologue enriched in brain
relative risk
standard deviation
SH2-containing protein
single nucleotide polymorphism
son of sevenless 1, a guanine nucleotide exchange factor
single stranded conformation analysis
tuberous sclerosis complex 2
transurethral resection of the prostate
untranslated region
vitamin D receptor
variable number of tandem repeat
whole genome amplification
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INTRODUCTION
The process of cancer
Cancer is a process where the accumulation of several genetic alterations leads to a
malignant transformation. Genetic alterations occur randomly at any location in the
genome and will most often damage parts that are not of significant importance for the
propagation of the cell. However, should it affect a position that will give the cell a
replicative advantage, which can be passed on to the daughter cells, it may initiate the
formation of a tumour. A number of key features are required for a tumour to develop;
the tumour needs to secure continuous growth signals, block growth inhibitory signals,
evade apoptosis, create a blood supply to obtain nutrients, acquire the ability to replicate
indefinitely and infiltrate surrounding tissue to enable metastatic spread (HANAHAN and
WEINBERG 2000).
Each cell in the body has a specific role and cells will replicate only when new cells are
needed to maintain the homeostatic balance (HANAHAN and WEINBERG 2000). Each
replication represents a risk where even small mistakes such as the insertion of a
different base resulting in an altered sequence can lead to severe consequences.
Therefore the entry into the cell cycle is tightly controlled. There are additional check
points within the cycle which will initiate termination of the cell should something go
wrong during the replication. When a disabled control feature remains unchecked and
the cell continues through the cell cycle despite flaws, the cell acquires the first step in
carcinogenesis. The homeostatic balance can be disrupted both through increased
proliferation as well as decreased cell death.
The replicative potential of a cell is limited to maintain optimal performance of the cell
throughout its lifetime (HANAHAN and WEINBERG 2000). The number of divisions
which a cell has gone through is counted by a molecular clock. The chromosome ends,
telomeres, are shortened in each round of division due to an inability of the DNA
polymerase to replicate the outermost parts of the 3’ ends of the DNA strand. After
approximately 50 divisions the loss starts to affect important chromosomal material and
challenges the integrity of the chromosome upon which the cell enters apoptosis and is
terminated. Human stem cells express telomerase, an enzyme complex that add the
missing sequences and thus prevent shortening of the telomeres. Most human cancer
cells have activated this dormant function and thus ensuring the maintenance of the
tumour through indefinite replication.
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In order for a tumour to grow to a size beyond a few millimetres it needs to recruit and
establish a blood supply that can provide the cells with nourishment and oxygen. The
tumour will form an internal vascular network and connect it to existing adjacent
vessels. Tumours that are unable to form a capillary network may enter a dormant state
at which balance exists between formation of new cells and cell death due to lack of
nutrients and oxygen.
The final stage of the carcinogenic process is when the tumour cells acquire the ability
to ignore the constraints of the neighbouring cells, detach and infiltrate the surrounding
tissue (HANAHAN and WEINBERG 2000). At this point a migrating tumour cell may
enter the blood stream and be transported to other locations in the body where it can
start to form a new tumour, a metastase.

Prostate cancer, the most common cancer in men
Prostate cancer is one of the major medical problems facing the male population in
Europe, North America and Australia. In Sweden 2006, the incidence was 206/100,000
males, equivalent of 9500 new cases, representing approximately 35% of the cancers
diagnosed in males per year (Cancer Incidence and Mortality report for 2006, National
Board of Health and Welfare, Sweden). Annually approximately 2300 Swedish men will
die from their prostate cancer. The causes of prostate cancer remain an enigma, where
few major risk factors can be identified. To date the only established risk factors are
increased age and a positive family history. It is considered a cancer of the elderly men,
usually affecting men over 60 years of age and is rare in those under 40 years. A metaanalysis of 32 population-based studies showed a 2.46 fold risk of prostate cancer for
family members of a prostate cancer patient (ZEEGERS et al. 2003). It has been
speculated how much of this can be attributed shared genetic traits and how much of it
reflects a shared environment. However, hereditary prostate cancer accounts for about
9% and the majority of prostate cancers are sporadic (CARTER et al. 1992). While the
prevalence of microscopic cancer foci detected at autopsy is similar and high among
men of different ethnic groups, the clinical incidence is low among Asians and highest
in Scandinavians and African-Americans (HAAS and SAKR 1997).
Two classifications are used to describe prostate cancer. The Union International
Contra Cancer (UICC) 2002 tumour, node, metastasis (TNM) classification is a
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common classification used for malignant tumours. The second classification system,
Gleason score, is specific for grading of adenocarcinoma of the prostate (GLEASON and
MELLINGER 1974). The system is based on the degree of differentiation, and describes
the two most common patterns (grade 1-5) of tumour growth seen, yielding a score
between 2 and 10, where 2 being the least aggressive and 10 the most aggressive.
Transurethral resection of the prostate (TURP) is a treatment used to ease some lower
urinary tract symptoms more commonly caused by benign prostatic hyperplasia (BPH)
rather than prostate cancer. Prostate cancer detected incidentally at TURP are
designated T1, and can be subclassified as T1a or T1b, depending on whether less than
5% (T1a) or more than 5% (T1b) of the resected tissue contains tumour cells. While
T1a tumours are fairly indolent with a median time to progression of disease of 15 years,
T1b tumours have a much quicker median time to progression of 5 years. Tumours that
can be detected by rectal palpation are designated T2 and 90-100% of these will have
progressed within 15 years if left untreated (ALBERTSEN et al. 1995). Tumours that can
be determined by palpation to be extending outside the prostatic capsule are designated
T3.
Prostate cancer is an androgen driven tumour form, a trait that can be used both for
screening purposes and as a target for early therapies. Prostate specific antigen (PSA) is a
glycoprotein that is produced by the prostatic epithelium (BRAWER 1999). An increase
in PSA can be an indication of abnormal prostatic behaviour and is used in some
countries as a non-invasive means of screening for prostate cancer, normally a threshold
of 4 ng/ml is used. What level of PSA that can be considered normal will depend on the
age of the patient. There are several controversies being discussed regarding screening
for prostate cancer using PSA, and the screening programs vary greatly from country to
country. There are two major risks with PSA screening. Firstly it has been shown that
15% of men diagnosed with prostate cancer had a PSA level of <3 ng/ml, and that 15%
of these had a Gleason score of ≥ 7 (THOMPSON et al. 2004). Secondly, many of the
diagnosed tumours would remain indolent for the remaining lifespan of the patient,
and that higher morbidity may be associated with the treatment than with the tumour
itself. Such overtreatment would not only reduce the quality of life for the patient but
may also divert significant amounts of funding from other areas of health care where it
could be better used. For diagnostic purposes, regular PSA measurements are used in
conjunction with digital rectal examination and transrectal ultrasound guided biopsy of
the prostate.
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The introduction of PSA screening programs in the late 1980s lead to a dramatic
increase in the number of cases diagnosed annually, especially of patients with a low-risk
cancer (COOPERBERG et al. 2003). This has meant a shift from diagnosing mainly highrisk, late stage prostate cancer to detecting low-risk disease, which of course improves the
chances of treatment. The only concern is the risk of over diagnosis, which might lead
to over treatment of cancer that would not become symptomatic. A puzzling observation
is that despite the definite shift towards diagnosing early stage cancer the mortality rates
for men with prostate cancer does not decrease, but remains at the same level.
Treatment of prostate cancer will heavily depend on the stage of the diagnosed tumour
and of the age and life expectancy of the patient. Generally if the patient is
asymptomatic, with a tumour that has a Gleason score of ≤7 and <10 year lifeexpectancy, watchful-waiting is adopted, where the patient is closely monitored but no
treatment is given (HEIDENREICH et al. 2008). Should the tumour develop a new
assessment is made. Treatment for prostate cancer can be: radical prostatectomy,
radiotherapy, hormonal therapy or a combination of them.
A large number of individuals would benefit if risk factors that increase the
susceptibility to develop prostate cancer could be established, which could aid in the
early detection of the disease which is crucial for successful treatment. Numerous studies
have been conducted on the molecular genetic aetiology of the disease. The suggested
involvement of certain genes in the development and progression of prostate cancer has
been contradictory, making interpretation of the significance of these genes for prostate
cancer difficult. In this thesis we study and discuss the role of four susceptibility genes
commonly debated within the field of prostate cancer research.

Penile cancer, a rare but psychologically devastating tumour form
Penile cancer, in contrast to prostate cancer, is among the rarest cancer forms in men in
Europe. In Sweden the annual incidence is 2.2/100,000 males, equivalent of
approximately 100 cases (PERSSON et al. 2007). Much higher incidence can be observed
in some African, Asian and South American countries (MICALI et al. 2006). Early
diagnosis is essential for implementation of life saving efforts, and will also enable the
use of functionally and cosmetically acceptable treatments.
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Penile cancer will in 95% of the cases manifest in the form of squamous cell carcinoma
(MICALI et al. 2004). The most established risk factor is lack of circumcision, as many
studies have reported a very low incidence of penile cancer among circumcised men.
The preventive effect is however only evident in men that were circumcised at birth or
early in life, whereas late or adult circumcisions seemed to be ineffective (TSEN et al.
2001). Infection with human papilloma virus (HPV) has also been suggested as a risk
factor. However, in contrast to cervical carcinoma where HPV is found in approximately
95% of the cases, penile cancers show HPV infection in 30-60% of the cases (RUBIN et
al. 2001). Among 25% of patients with penile cancer, a history of phimosis has been
reported (TSEN et al. 2001). Chronic inflammatory conditions have also been suggested
to be a risk factor (DILLNER et al. 2000). Collectively these results point towards poor
hygiene being a major determinant for the risk and development of penile cancer.
Penile cancer starts as a lesion on the surface of the glans, foreskin or penile shaft. It can
remain localized for long periods, but if left untreated will grow, with eventual corporal
or urethral invasion. Tumour cells may spread via the penile lymphatics that drain into
the superficial and deep inguinal lymph nodes and then to the iliac nodes (DEWIRE and
LEPOR 1992). In late stages of the disease metastatic spread to liver and lung is common
(KHANDPUR et al. 2002).
The classification systems used for describing penile cancers are; the Broder’s
classification system (tumours are designated I through to IV) (LUCIA and MILLER 1992)
and the UICC-TNM system for staging of the tumour. The stage at diagnosis appears to
be the most important prognostic indicator of survival, which emphasis the essentiality
of early detection and diagnosis.
The mainstay of treatment for penile carcinomas is surgical intervention, with focus on
the primary tumour as well as regional lymph nodes. The extent of surgical removal may
range from local excision to partial or total penectomy. The ideal surgical outcome is to
eliminate the disease while preserving sexual and urinary function, although this is not
always possible due to the extent of the tumour. Radical procedures, such as total
penectomy, may be devastating for patients, especially younger, sexually active
individuals.
Little research effort has gone into assessing the molecular genetic background of penile
cancer. In part this is likely due to the relative rarity of this tumour form, and following
with that the lack of sufficiently large cohorts to conduct conclusive studies.
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GENES OF INTEREST FOR THIS THESIS
Androgen receptor gene
The normal growth and development of the prostate is stimulated by androgens such as
testosterone and 5α-dihydrotestosterone. These hormones exert their growth
stimulatory effect through binding to the intracellular androgen receptor (AR)
(KOKONTIS and LIAO 1999). The AR is a member of the nuclear steroid hormone
receptor family, which following homodimerization will regulate the transcription of
many downstream genes, for example PSA. The AR gene is located on Xq11-12 and is
composed of 8 exons. The protein contains a 5’ DNA-binding domain and a 3’ ligandbinding domain separated by a hinge region (MCEWAN 2004). The 5’ part of the
protein contains the activation factor 1 (AF1), which is the major transactivation
domain. The normal transcriptional activity of the AR is androgen dependent, where
the ligand binding domain inhibits the DNA binding domain in absence of a ligand.
Deletions in the ligand binding domain can abolish this control function and result in a
constitutively active receptor (JENSTER et al. 1991).
Located 5’ is a highly variable polyglutamine sequence (coded by CAG repeats), normally
ranging from 14-35 repeats, which has been shown to alter the activity of the AR
(SARTOR et al. 1999). Abnormally long sequences of 40-62 repeats, results in spinal and
bulbar muscular atrophy also know as Kennedy’s disease (LA SPADA et al. 1991). Within
the normal range of repeats there is also a difference in the transcriptional activity and
shorter repeats have been associated with higher activity (CHAMBERLAIN et al. 1994;
IRVINE et al. 2000; KAZEMI-ESFARJANI et al. 1995). In addition to this there has been an
association between the number of repeats and several androgen related clinical
conditions: long repeat sequences adversely affect fertility and spermatogenesis
(YOSHIDA et al. 1999), while fewer repeats is associated with increased risk of baldness
(SAWAYA and SHALITA 1998) and benign prostatic hyperplasia (GIOVANNUCCI et al.
1999; MITSUMORI et al. 1999; SHIBATA et al. 2001). Furthermore, the observation of
racial difference in CAG repeat number, where African-American men tend to have
fewer repeats and Asian men tend to have more repeats, correlate well with the risk of
prostate cancer observed in these groups (IRVINE et al. 1995; PRICE et al. 2004; ROSS et
al. 1998).
The extent of involvement of the CAG repeat in development of prostate cancer has
been investigated in many studies. However, no conclusive evidence for such an
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association has yet been presented, since many studies contradict each other. The main
difficulty in the research field studying the CAG repeat in the AR gene is the lack of
uniform cut-offs for subdivision of the number of repeats into relevant groups. There
might be a detection bias associated with this problem, with a potential tendency to
report associations based of subdivisions that give the most attractive result. A metaanalysis of the to-that-date available results was published in 2004 by Zeegers and
colleagues who reported a modest summary 1.19 fold risk of prostate cancer associated
with shorter CAG repeats (ZEEGERS et al. 2004). We sought therefore to assess the effect
of CAG repeat length on the risk of prostate cancer, using different cut-offs and also
comparing mean lengths in cases and controls.

Vitamin D receptor gene
The first epidemiological indication that vitamin D might reduce the risk of prostate
cancer was the observation that mortality rates in prostate cancer had an inverse
correlation to ultraviolet radiation exposure, which is essential for the production of
vitamin D (HANCHETTE and SCHWARTZ 1992; SCHWARTZ and HULKA 1990). Corder et
al further reported that men with prostate cancer had lower levels of the active form
1α,25-dihydroxyvitamin D3 (1,25(OH)2D3) than age and race matched healthy controls
(CORDER et al. 1993). 1,25(OH)2D3 has been shown to have an anti-proliferative and
differentiating effect on prostate cells in vitro (HANCHETTE and SCHWARTZ 1992;
MILLER et al. 1995; PEEHL et al. 1994; SKOWRONSKI et al. 1993).
The actions of 1,25(OH)2D3 are mediated through the vitamin D receptor (VDR), a
member of the nuclear steroid hormone receptor family. Upon activation the VDR will
heterodimerize with the retinoid X receptor and drive transcription of several target
genes in many tissues, including the prostate (MINGHETTI and NORMAN 1988). It has
been postulated that disruptions leading to decreased receptor function could increase
the susceptibility to prostate cancer, due to decreased effectiveness of vitamin D
signalling.
The VDR gene gene is located on chromosome 12q12-q14 and is composed of 9 exons.
In VDR there are 4 single nucleotide polymorphisms (SNPs) which can be detected
using restriction enzymes, FokI in exon 2, BsmI and ApaI in intron 8 and TaqI in exon 9,
where presence of the restriction enzyme recognition sites is designated with a minor
letter (f, b, a, t) and absence of sites designated with capital letters (F, B, A, T).
Additionally there is a poly(A) repetitive sequence (which can either be Long or Short)
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located in the 3’ untranslated region, accounting for a fifth polymorphic site. The 3’
located BsmI, TaqI, ApaI and poly(A) polymorphisms are in tight linkage disequilibrium
and form the major haplotypes, baTL and BAtS (MORRISON et al. 1994). In a luciferase
reporter assay the BAt haplotype was shown to have greater transcriptional activity than
the baT haplotype. The FokI polymorphism located more 5’ in the gene is not part of
this haplotype and presence of the site will result in a 9 bp longer protein through
creation of an alternative starting codon located 5’ of the original start (GROSS et al.
1996). The f allele has been shown to result in decreased VDR transcriptional activity
compared to the F allele (ARAI et al. 1997).
The effect of these polymorphisms on the risk of developing prostate cancer has been
investigated in many studies with inconsistent results, possibly due to heterogenous
study designs (BLAZER et al. 2000; CORREA-CERRO et al. 1999; FURUYA et al. 1999;
HABUCHI et al. 2000; KIBEL et al. 1998; MA et al. 1998; TAYLOR et al. 1996; WATANABE
et al. 1999). Given the strong indications, at the time of the initiation of the project (in
2001) leading up to paper I, of an involvement of the vitamin D system in prostate
cancer we sought to investigate the influence of the TaqI polymorphism, and thereby the
effect of the whole 3’ haplotype BsmI/TaqI/poly(A), on prostate cancer risk.

Insulin gene
Insulin is an important factor in cell growth and development, and is involved in
processes regulating cell proliferation, differentiation, apoptosis and transformation.
Deregulation of these characteristics are hallmarks of cancer and therefore alterations in
the insulin signalling pathways been implicated in carcinogenesis (GRIMBERG and
COHEN 2000). A possible association of insulin physiology with increased prostate
cancer risk was first suggested by Hsing and colleagues in 2000, who observed that
abdominal adiposity, as measured by waist-hip-ratio, was a risk factor for prostate cancer
(HSING et al. 2000a). The following year the group published data showing that higher
levels of circulating insulin were associated with an increased prostate cancer risk
(HSING et al. 2001). Men in the highest tertile of insulin levels had a 2.56 fold (95% CI
= 1.38-4.75) risk of prostate cancer compared to men in the lowest tertile. Studies have
also observed a relation between serum insulin levels and advanced tumour stage and
risk of prostate cancer recurrence (LEHRER et al. 2002a; LEHRER et al. 2002b).
An elevated serum insulin level might be caused by genetic variations in the insulin
gene. The insulin (INS) gene is located on 11p15.5 and consists of 3 exons. Adjacent to
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the 5’ promoter region, lie a variable number of tandem repeat (VNTR) region, which is
believed to have a direct effect on the regulation of the insulin gene (KENNEDY et al.
1995). The VNTR polymorphism can be classified into two main groups, short class I
alleles (28-60 repeats) and long class III alleles (138-159 repeats), occurring at frequencies
of 70% and 30% respectively (STEAD and JEFFREYS 2000). Intermediate class II alleles
are rare. Class I alleles have been associated with increased insulin levels and risk of type
1 diabetes (BENNETT and TODD 1996; LE STUNFF et al. 2000; LUCASSEN et al. 1995).
The VNTR is part of a 4.1 kb region, spanning the entire INS gene and flanking
regions, that includes 10 SNPs which are all in tight linkage disequilibrium, such as they
form two major haplotypes (COX et al. 1988; LUCASSEN et al. 1993). One of the SNP
markers is +1127 PstI (C/T), and can in Caucasians act as a surrogate for analysis of the
VNTR region due to the tight linkage disequilibrium. The +1127 PstI C allele is linked
to the VNTR class I allele, and hence also result in increased insulin levels (LUCASSEN et
al. 1993). The SNP is located in the 3’ UTR which also might have an effect on the
mRNA stability of the transcript. Our study was based on the observation of Ho et al
that the CC genotype at the +1127 PstI site was associated with a 3.14 fold (p = 0.008)
increased risk of prostate cancer (HO et al. 2003). Additionally the study showed that
the CC genotype was associated with late age of onset and low grade tumours,
characteristic for majority of prostate cancers with a high prevalence of indolent cancers
and a drastic elevated incidence with age.

Two central signalling pathways relaying growth signals
Two central signalling pathways are situated downstream of membrane bound receptor
tyrosine kinases such as insulin- or growth factor receptors, and relay growth signals
from extracellular ligands and orchestrates the cellular response to these. These two
signaling pathways are; the phosphatidylinositol-3 kinase (PI3K) and AKT pathway, and
the RAS and mitogen activated protein kinase (MAPK) pathway (Figure 1). The
importance of these two pathways in carcinogenesis has been shown to be significant in
numerous in vitro and in vivo studies as well as epidemiological studies. Disruptions of
components in the pathways have been shown to be frequent in a wide variety of cancer
forms. In the light of recent studies it may be argued that these two pathways may be
treated as one, due to complex interactions at multiple points between the pathways.
However, for the sake of familiarity and to easier relate to previously published studies,
the pathways will be presented as separate entities where points of interaction will be
stated. Some of the components included in these pathways are of special interest for
this thesis and will hence be presented in more detail.
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PI3K/AKT pathway
There are three major classes of phosphatidylinositol-3 kinases (PI3K), but to date only
the class 1A PI3K subgroup has been implicated in carcinogenesis. Class 1A PI3K are
heterodimeric proteins composed of a catalytic subunit (p110α) and a regulatory
subunit (p85) (VANHAESEBROECK and WATERFIELD 1999). The regulatory subunit p85
interacts either directly with the phosphotyrosine residues on activated RTKs or via the
intermediate proteins termed insulin receptor substrates, such as IRS1 and IRS2. The
catalytic subunit p110α also contains a RAS binding domain, and can be directly
activated by active RAS proteins (RODRIGUEZ-VICIANA et al. 1994; RODRIGUEZ-VICIANA
et al. 1996). The substrate for PI3K is the membrane bound phosphatidylinositol 4,5
diphosphate (PIP2) which is converted to the active second messenger,
phosphatidylinositol 3,4,5 triphosphate (PIP3) (CORVERA and CZECH 1998).
Dephosphorylation of PIP3 by the 3-phosphatase PTEN will result in the second
messenger being returned to its inactive state, PIP2 (MAEHAMA and DIXON 1998). Active
PIP3 will recruit proteins with a pleckstrin homology (PH) domain to the cell membrane
and lead to their activation (CORVERA and CZECH 1998). The foremost protein
recruited by PIP3 is the AKT protein, a serine/threonine kinase, which is also known as
protein kinase B (PKB). At the cell membrane AKT is activated by phosphorylation on
Thr308 by 3-phosphoinositide-dependent protein kinase-1 (PDK1), another PH-domain
containing serine/threonine kinase. Maximal activation of AKT is accomplished by
additional phosphorylation on Ser473 by PDK2. AKT is a very central protein and will
regulate a wide range of downstream targets controlling cell survival, cell growth, cellcycle progression and cell metabolism.
Promoted cell survival can be achieved by AKT through direct effects by inactivating
phosphorylation of pro-apoptotic proteins such as BAD, caspase-9 and FKHR (member
of the Forkhead family of transcription factors) (BRUNET et al. 1999; CARDONE et al.
1998; DATTA et al. 1997). Cell survival can also be achieved more indirectly, leading to
increased levels of free NFκB or decreased levels of the tumour suppressor p53 (MAYO
and DONNER 2001; ROMASHKOVA and MAKAROV 1999).
AKT can drive the cell cycle forward through phosphorylating inactivation of the kinase
activity of glycogen synthase kinase-3β (GSK3β), which leads to a decreased degradation
of Cyclin D1 and allowing it to accumulate (DIEHL et al. 1998). AKT also negatively
regulates the activity of cyclin dependent kinase inhibitors (CKIs), such as p21 and p27
(GRAFF et al. 2000; LAWLOR and ROTWEIN 2000).
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In addition to increasing proliferation, AKT can also affect cell growth, leading to
increased cell mass or size. A central protein in this aspect is mTOR (the mammalian
target of rapamycin), a serine/threonine kinase that is sensitive to and will react on the
availability of nutrients (NAVE et al. 1999). AKT initiates activation of mTOR pathway
by inactivating phosphorylation of the TSC2 (tuberous sclerosis complex 2, also known
as tuberin) and thereby liberating RHEB (RAS homologue enriched in brain) leading to
activation of the mTORC1-raptor protein complex (MANNING and CANTLEY 2003).
The mTORC1-raptor complex will regulate cell growth by activation of p70 S6 kinase
and inactivation of 4EBP1, leading to the translation of mRNAs and transcription of
critical growth genes. mTOR is also an important mediator of metabolic signals in the
cell reacting on the levels of ATP (DENNIS et al. 2001).

RAS/MAPK pathway
Upon binding of a growth stimulating ligand to a membrane bound RTK, a protein
complex will form on the inside containing adaptors such as SHC (SH2-containing
protein), GRB2 (growth-factor-receptor bound protein 2) and SOS1 (a guanine
nucleotide exchange factor) (BOGUSKI and MCCORMICK 1993). SOS1 will initiate the
change of RAS from its inactive GDP bound state (RAS-GDP) to the active GTP bound
state (RAS-GTP). RAS-GTP can be returned to the inactive RAS-GDP form by GTPase
activating proteins (GAPs) (DONOVAN et al. 2002). Active RAS can subsequently
interact with and activate a number of downstream proteins, among these is RAF
(CHONG et al. 2003). Downstream of RAF is the mitogen-activated and extracellularsignal-regulated-kinase kinase (MEK) which in turn activates the extracellular signalregulated kinase (ERK) (MERCER and PRITCHARD 2003). This cascade of signaling,
RAS-RAF-MEK-ERK, will result in a proliferative cell response. As previously mentioned
RAS-GTP can also bind to and activate the catalytic p110α subunit of PI3K, and
thereby initiate that signal cascade (RODRIGUEZ-VICIANA et al. 1994; RODRIGUEZVICIANA et al. 1996).
ERK phosphorylates cytosolic and nuclear proteins, such as JUN and ELK1 (a E26
transformation specific sequence, ETS), the latter which drives the transcription of FOS.
JUN and FOS will together create the activator protein 1 (AP1) transcription factor
leading to the expression of proteins that control cell cycle progression, such as cyclin
D1 (YORDY and MUISE-HELMERICKS 2000). ERK can also inactivate TSC2 by
phosphorylation similarly to the action previously described for AKT (MA et al. 2005).
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I will in the next sections go into more detail on genes coding for certain proteins in
these signalling cascades and the research linking dysregulation of these to
carcinogenesis.
IRS1 gene
Insulin receptor substrate 1 and 2 (IRS1 and 2) can be found expressed in almost all
tissues and cells in the body. IRS1 controls body growth and peripheral insulin action,
while IRS2 regulate body weight control and glucose homeostasis (SCHUBERT et al.
2003). Polymorphisms in these two genes can affect the level of activity of the proteins.
The G972R (amino acids) polymorphism in the IRS1 gene has been associated with
insulin resistance and type 2 diabetes (FEDERICI et al. 2003; JELLEMA et al. 2003), and
additionally also with cancer. Slattery et al observed that having at least one copy of the
R allele was associated with a 1.4 fold (95% CI = 1.1-1.9) increase in risk of developing
colon cancer (SLATTERY et al. 2004). Following this study, Neuhausen et al showed that
the IRS1 G972R GR/RR genotypes were associated with a 2.8 fold (95% CI = 1.5-5.1)
increased risk for prostate cancer (NEUHAUSEN et al. 2005). The study also showed a
significant association of the GR/RR genotypes with a more advanced Gleason score
(p=0.001).

PIK3CA gene
The PIK3CA gene, located on 3q26.32 and consisting of 20 exons, codes for the
catalytic p110α subunit of PI3K and has emerged to be one of the most frequently
mutated genes in cancer. The PIK3CA gene was known to be overactive due to
amplification (MA et al. 2000; RACZ et al. 1999; REDON et al. 2001; SHAYESTEH et al.
1999), but it was the pioneering work of Samuels and colleagues in 2004 that turned the
attention to the mutational status of this gene (SAMUELS et al. 2004). Following the
initial study there has been a constant flow of reports of mutations identified in this
gene in many cancer forms, with the highest frequencies observed in cancers of the
colon, breast and liver [reviewed in (KARAKAS et al. 2006)]. Samuels et al observed in
their study that mutations tended to cluster to specific codons located in exon 9 and 20,
and the studies following upon theirs shows that this observation hold true. The most
commonly mutated codons are 542 and 545 in exon 9 and codon 1047 in exon 20.
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PTEN gene
The PTEN (phosphatase and tensin homolog deleted on chomosome 10) gene is located
on 10p23 and is composed of 9 exons. PTEN was originally discovered as a tumour
suppressor protein in breast, prostate cancer and glioblastomas (HAAS-KOGAN et al.
1998; LI et al. 1997), and as mutations in this protein subsequently was observed in
other cancer forms the importance of this gene for the carcinogenic process became
undisputable. Germline mutations in the gene are associated with hereditary cancer
syndromes, including Bannayan-Zonana and Cowden disease (LIAW et al. 1997; MARSH
et al. 1997). Mutations in the PTEN gene are usually found in exons 5 through to 8 and
has been observed in glioblastomas, ovarian cancer, endometrial cancer, hepatocellular
cancer, melanoma, thyroid cancer, prostate cancer and lymphoid cancer (CAIRNS et al.
1997; CELEBI et al. 2000; DAHIA et al. 1997; HALACHMI et al. 1998; HSIEH et al. 2000;
KAWAMURA et al. 1999; SAITO et al. 2000; SAKAI et al. 1998; WANG et al. 1997;
YOKOYAMA et al. 2000).

RAS genes
The RAS (Rat sarcoma virus oncogene homologue) family of proto-oncogenes consists of
three members, HRAS, KRAS and NRAS. The HRAS, KRAS and NRAS genes are located
on 11p15.5, 12p12.1 and 1p13.2 respectively. Point mutations in RAS genes can be
found in approximately 30% of human cancers. Specific RAS genes are mutated in
different cancer forms: HRAS mutations are common in bladder cancer, NRAS
mutations frequently occur in melanoma and myeloid disorders whereas in tumours
from the exocrine pancreas more than 80% carry a mutated KRAS gene [reviewed in
(BOS 1989)]. In most cases, the somatic mutations observed in the RAS genes affect
codons 12, 13 or 61.

RAF genes
Similarly to the RAS (murine sarcoma viral oncogene homolog) gene family, the RAF
family is composed of three members, ARAF, BRAF and CRAF (which is also known as
RAF-1). The RAF genes code for serine/threonine kinases that are regulated by the
binding of activated RAS. Of the three family members, only BRAF is found to be
mutated in cancers (DAVIES et al. 2002; FRANSEN et al. 2004). Mutations in the BRAF
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gene are thought to be present in approximately 7% of human cancers (DAVIES et al.
2002; FRANSEN et al. 2004). The highest frequency of BRAF mutations can be found in
malignant melanoma, papillary thyroid cancer, colorectal cancer and serous ovarian
cancer [reviewed in (GARNETT and MARAIS 2004)].
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AIMS

The aims of the first two papers in this thesis were to study the influence of four muchdisputed genes on the susceptibility for prostate cancer. The aims of the third and
fourth paper were to establish a basic understanding of molecular genetic events in the
poorly studied field of penile cancer.
The specific aims for this thesis were:
• To assess whether the length of the CAG repetitive sequence in exon 1 of the AR
gene has an influence on the risk of developing prostate cancer.
• To assess whether the TaqI polymorphism in the VDR gene increase the
susceptibility for prostate cancer.
• To assess whether the +1127 PstI polymorphism in the insulin gene affect the
susceptibility for prostate cancer.
• To assess whether the G972R polymorphism in the IRS1 gene affect the
susceptibility for prostate cancer.
• To screen the mutational hotspots in the PIK3CA, PTEN, HRAS, KRAS, NRAS
and BRAF genes and study the significance of these in penile squamous
carcinomas.
• To determine chromosomal regions frequently affected by copy number
aberrations in penile squamous cell carcinoma using a genome wide approach.
• To attempt to identify plausible candidate genes located in the observed regions
of frequent copy number change.
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STUDY POPULATIONS
Prostate cancer patients (I, II)
In 1987 the National Cancer Registry in Sweden was expanded with a separate registry
for prostate carcinoma in the South-East Region of Sweden (AUS et al. 2005). Beside
date of diagnosis, municipality, county of residence and tumour type, the extended
registry included the collection of data on tumour characteristics, treatment and
survival.
The prostate tumours used in this thesis were discovered and histologically verified by
examination of tissue chips collected through TURP during the time period of 19871996. These patients are part of and representative of a random selection of a larger
cohort of approximately 1300 cases.

Penile cancer patients (III, IV)
Despite penile cancer being a rare tumour form, the Urology department at Örebro
university hospital has managed to collect a cohort consisting of 200 tumours that have
been surgically removed. We have used 28 of these tumours in the pilot studies included
in this thesis. These tumours were collected between the years 2000-2006.
Normal control subjects (I, II)
Healthy blood donors have been randomly chosen from the population register to
establish a DNA bank comprising 800 subjects, with an even distribution of ages and
sex. This cohort is used to determine allele frequencies of polymorphisms in a normal
Swedish population. For PAPER I and II part of this population was used consisting of
men older than 54 years, corresponding as closely as possible to the age distribution in
the prostate cancer population.
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METHODS
DNA isolation (I, II, III, IV)
DNA was extracted from formalin-fixed paraffin-embedded prostatic tissue. Tissue
sections were deparaffinized with xylene followed by degradation of cell membranes and
proteins by multiple additions of proteinase K over a period of 48-72 hours. Metal ions
were removed by boiling in Chelex 100, since these can interfere with downstream PCR
reactions. DNA was purified with phenol-chloroform extractions, precipitated with
sodium acetate and ice-cold ethanol, dried and diluted to a final concentration of
50ng/µl.
DNA was isolated from snap frozen penile tumour tissue using proteinase K digestion
followed by the Wizard™ Genomic DNA Purification kit from Promega.

Whole genome amplification (III)
Due to limited amounts of penile cancer tissue, and to secure availability of sufficient
DNA amounts, all penile samples were subjected to a whole genome amplification
(WGA) using the GenomiPhi™ V2 kit from Amersham Biosciences. Here 10-20 ng of
the original DNA is subjected to a 16h, one-step amplification using short random
primers, giving a representative amplification of the whole genome and resulting in an
average DNA yield of 10µg. This DNA was used for mutational analysis and in samples
where mutations were identified; original non-WGA DNA was used to verify the
finding.

Single nucleotide polymorphism (I, II)
The most abundant genetic variation in the human genome is in the form of single
nucleotide polymorphisms (SNPs). SNPs are locations in the genome where 2 alleles can
be found in the population and it is estimated that there are more than 10x106 SNPs in
the genome. Given the abundance of these genetic variations and their even distribution
across the genome, most SNPs will be located to areas where no genes can be found,
thus in locations where the variation will have little or no phenotypic impact. However
when the SNPs are located to coding or regulating areas of the genome they can have
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profound effects, possibly modifying the function of the protein and the susceptibility to
diseases.
A classical way of detecting SNPs is by the use of restriction enzymes which cleave DNA
at specific recognition sequences, usually 4-8 nucleotides in length. A fragment
containing the SNP is amplified using PCR, with a following digestion with a restriction
enzyme which will recognize and cleave the wildtype allele and leave sequences
containing the mutated allele intact or vice versa. The resulting product is separated and
visualized on an agarose gel where genotypes can easily be scored for each sample.

Single stranded conformation analysis (III)
A rapid cooling of heat-denatured DNA will cause the single stranded DNA to adopt a
secondary structure determined by the specific nucleotide sequence of the DNA strand.
Even though two DNA stands only differ by a single base, this will lead to the formation
of two different secondary structures. This characteristic can be used to identify
mutations in a heterogenous mass of tumour and normal cells. In a single stranded
conformation analysis (SSCA) samples are marked in a PCR reaction by the inclusion of
radioactively labelled nucleotides and separated on a polyacrylamide gel. The pattern of
separated bands can be visualized using an x-ray film. Samples containing only one set of
DNA strands will result in two bands on the film, while a sample containing both DNA
from normal cells and from tumour cells carrying a mutation, will result in four bands.
The bands representing mutated DNA can be excised, eluted and used as template in a
secondary PCR and then sequenced to determine the exact sequence of bases. SSCA
provides an efficient screening method for mutations in multiple samples. The method
also provides a sensitive way to identify a small population of mutated cells in a big
population of normal cells, even down to a ratio of 1:10.

Sanger chain termination DNA sequencing (III)
In a PCR reaction the existence of a free 3’ hydroxyl group on the target sequence is
crucial for the polymerase to continue incorporating nucleotides. Dideoxynucleotides
(ddNTP) lack this hydroxyl group and can be used to terminate the chain. In a
sequencing PCR reaction there are both ordinary dNTPs and ddNTPs and as the chain
is extended a dNTP or a ddNTP can be incorporated at each position. An inclusion of a
ddNTP will terminate the chain, but since the ordinary dNTPs are present in a greater
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concentration the majority of fragments will continue to be extended. By the end of the
reaction there will be fragments of all lengths, ranging from the primer sequence with
one added ddNTP to the full target sequence completed with a final ddNTP. The
ddNTP can be radioactively or fluorescently labelled. The generated fragments can be
separated on a denaturing sequencing gel or in a capillary gel electrophoresis system. In
this thesis a MEGABASE™ capillary gel electrophoresis system was used where each of
the ddNTP types have a specific fluorophore. Each of the four fluorophores can be
excited by laser light and emits fluorescence of a specific wavelength that can be detected
when run through the system and the sequence and potential mutations can be
determined.

Analysis of AR CAG microsatellite (I)
A radioactive labelled target sequence containing the CAG trinucleotide repetitive
sequence was generated using PCR with the inclusion of radioactive 32P-labelled dATP
nucleotides. The labelled PCR products were separated on a denaturing sequencing gel
and the lengths of the PCR products were determined using a sequenced known sample
as reference and size marker. The length of the CAG trinucleotide repeat will be directly
proportional to the length of the PCR product since the flanking sequences for the
target sequence will be the same for each sample.

Microarray (IV)
The microarray technique provides a powerful method to obtain genetic information on
a genome-wide scale from a sample. The technique enables the simultaneous
interrogation of 100,000s of SNPs. Briefly; each sample was digested using an array type
specific restriction enzyme after which all fragments have adaptor sequences ligated to
the ends. A PCR with specific conditions was used to selectively amplify fragments with
lengths ranging from 200-1100 bases, using a generic primer recognizing the adaptor
sequences. The amplified DNA was then fragmented, labelled and hybridized to short
oligonucleotides, each containing a SNP site, attached to the surface of an array. In this
thesis the Affymetrix GeneChip Human Mapping 250k NspI Array has been used,
which is one part of the Affymetrix GeneChip Human Mapping 500k Array Set. The
GeneChip Human Mapping 250k NspI Array interrogates approximately 262,000 SNPs
and uses the NspI restriction enzyme to generate specific fragments.
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The amount of genetic information obtained is breathtaking and the most time
consuming part of the process is the post-experiment data-analysis. Genotype calls for
each SNP were generated in the GeneChip Genotyping Analysis Software (GTYPE)
provided by Affymetrix using the Bayesian Robust Linear Model with Mahalanobis
distance classifier (BRLMM) algorithm. The resulting data was analyzed for copy
number data for each sample using two programs: dChip (LIN et al. 2004) a software
package freely available at www.dchip.org; and GeneChip Chromosome Copy Number
Analysis Tool version 4.0 (CNAT 4.0), an analysis feature included in the GTYPE
software.
In dChip, following normalization the signal values for each SNP on each array were
obtained with a model based (perfect-match/mismatch) method. The signal intensities
were compared with data from a set of 16 normal reference samples from the HapMap
project, freely available on the Affymetrix website. From the raw signal data, inferred
copy number state at each SNP locus was estimated by applying a Median smoothing
algorithm with a sliding window of 15 SNPs. With an average distance between SNPs of
5.8 kb, a window of 15 SNPs will show areas of aberrations larger than approximately 87
kb. Copy number gain was defined as ≥ 2.8 and copy number loss as ≤ 1.2 DNA copies.
We chose these thresholds instead of the more stringent of ≥ 3 for gains and ≤ 1 for
losses, to compensate for the possible presence of up to 25% normal cells in the
samples. Mapping information of SNP locations and cytogenetic bands were obtained
from Affymetrix and University of California Santa Cruz (http://genome.ucsc.edu).
Copy number data was also calculated using the CNAT feature included in the GTYPE
software from Affymetrix. Copy numbers for each SNP in each sample were generated
by comparing with 30 normal male reference samples from the HapMap project
obtained from the Affymetrix website. The raw copy number data was smoothed by
applying a Hidden Markov Model (HMM) using default values in the software. Copy
number information for each sample was exported from CNAT to the UCSC genome
browser to assess the exact copy number state for genes residing in the identified
chromosomal regions of aberration.
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Statistics (I, II)
The t-test is a parametric test which was used to identify differences in numbers of CAG
repeats between the case and control populations in paper I. A prerequisite for using the
t-test is that the variables are normally distributed and therefore the distribution was
tested using Kolmogorov-Smirnov test before applying the t-test. A power calculation
was also made to assess the statistical strength of the study, which takes into account the
size of the populations, the magnitude of difference to be detected and the statistical
threshold chosen for significance. In papers I and II χ2-analysis were performed to
compare genotype and allele frequencies. Comparisons were expressed as odds ratio
(OR) if comparing cases and controls and as relative risk (RR) if comparisons of
subgroups within the case population (such as Gleason grade). A χ2-analysis was also
used to test whether the control populations deviated from the Hardy-Weinberg
equilibrium. Results were considered significant if p < 0.05
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RESULTS AND DISCUSSION
Short CAG repeat length in the AR gene increases risk of prostate cancer

The frequency distribution of CAG repeats among cases and controls in our study are
presented in Figure 2. Firstly the data was analyzed by comparing the mean number of
repeats in the case and control population. This may be the crudest of comparisons but
has the advantage of being free from a priori assumptions. The mean number of CAG
repeats in the case population was 20.1 (SD=3.73) and in the control population 22.5
(SD=2.85). Since both populations follow Gaussian distribution, we performed an unpaired t-test which shows a significant (p<0.001) difference in mean number of repeats
between the cases and controls. In this study we have a power of 99.9% to discover a
difference of 2.5 repeats, using a threshold of p<0.001. The meta-analysis by Zeegers and
colleagues showed that by statistical pooling of data from 19 studies, prostate cancer
cases had on average 0.26 fewer CAG repeats than controls (ZEEGERS et al. 2004). We
find this to give strong support to the hypothesis of fewer CAG repeats being associated
with increased risk of prostate cancer.
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Figure 2. The frequency distribution of number of CAG repeats among cases and controls.

In order to compare our results with results from previous studies we have to divide the
populations into subgroups based on the number of CAG repeats. Previous studies have
chosen to either dichotomize or use tertiles, generating 2 and 3 groups respectively in
each population. Studies have defined short CAG repeat lengths with the lowest cut-off
at ≤17 repeats (HAKIMI et al. 1997) and the highest at ≤22 repeats (HARDY et al. 1996;
HSING et al. 2000b). Applying the ≤17 repeats cut-off on our data results in an
OR=18.76 (95% CI= 2.39-787.62; p=0.0001), which is very high due to the fact that
only one sample in the control group had a repeat length this short, while 18 samples
could be found in the case group. On the other hand, applying the ≤22 repeats cut-off
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on our data showed a modest OR=1.72 (95% CI= 1,00-2.96; p=0.036). In the metaanalysis by Zeeger and colleagues a cut-off at ≤21 repeats was chosen showing a summary
OR=1.19 (95% CI 1.07-1.31) (ZEEGERS et al. 2004). Our data shows an OR=1.64 (95%
CI=0.98-2.75; p=0.048) using this cut-off, which is borderline significant. This shows
that the cut-off chosen for the dichotomization of the populations will greatly determine
the outcome. However, our data consistently show an association between fewer CAG
repeats and increased risk of prostate cancer (Table 1).
Table 1. An overview of different cut-offs for dichotomization of our populations based
on CAG repeat length and the risks obtained when comparing cases and controls.

Dichotomizing cut-off used

OR

95% CI

p-value

≤ 17 CAG

18.76

2.39 – 787.62

0.0001

≤ 18 CAG

6.42

2.03 – 26.11

0.0002

≤ 19 CAG

4.58

2.13 – 10.03

0.00001

≤ 20 CAG

2.39

1.35 – 4.15

0.001

≤ 21 CAG

1.64

0.98 – 2.75

0.048

≤ 22 CAG

1.72

1.00 – 2.96

0.036

Since the frequency of CAG repeat lengths in a population follow a Gaussian
distribution an attempt to enhance visualization of the potential effects of shortest and
longest repeat lengths can be to divide the population into three evenly sized groups,
removing the diluting effect of the frequently occurring middle ranged repeat lengths
(GIOVANNUCCI et al. 1999; GSUR et al. 2002; HSING et al. 2000b; INGLES et al. 1997). In
our study we defined ≥23 repeats, 20-22 repeats and ≤19 repeats as being long,
intermediate and short respectively. Using the long subgroup as reference the
intermediate group showed an OR=1.14 (p=0.630) and the short group an OR=4.94
(p=0.00003).
As showed in the meta-analysis by Zeeger and colleagues there are many contradicting
results regarding the CAG repeat length and its influence on the prostate cancer risk
(ZEEGERS et al. 2004). As pointed out by Giovannucci in 2002, one explanation of
discordant results may be that many studies that find an association have used study
populations collected prior to the era of PSA screening and thus contain more tumours
with a high grade (GIOVANNUCCI 2002). It seems likely that our tumours have similar
characteristics to those studied by Giovannucci, Ingles and Hsing, studies that also find
a positive correlation with short CAG repeats (GIOVANNUCCI et al. 1999; HSING et al.
2000b; INGLES et al. 1997). The CAG repeat length was suggested to be most important
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for cancer diagnosed in younger patients (<60 years) (GIOVANNUCCI 2002). However,
we do not observe an association with Gleason score or age at diagnosis. The lack of
association concerning the age at diagnosis might be due to the fact that we have no
cases that were under 60 years of age.
We acknowledge that we have a fairly small cohort and that the rather strong association
we observe might be exaggerated due to this. Polymorphisms with a minor allele
occurring at a high frequency will tend to have subtle phenotypic effects due to
evolutionary pressure. However, we do believe that there is a true association between
fewer CAG repeats and an elevated risk of prostate cancer. As pointed out by Nelson
and Witte, even a modest increase in risk could be of importance from a public health
perspective because of the high frequency of short CAG repeat lengths in the population
(NELSON and WITTE 2002).

The TaqI polymorphism in the VDR gene does not modify risk of prostate cancer
The epidemiological evidence of the involvement of the VDR gene in prostate
carcinogenesis is unclear. The TaqI polymorphism is the most commonly studied SNP
in the VDR gene. Our research group previously observed an association between the
TaqI polymorphism in the VDR gene and increase risk of lymph node metastasis in a
breast cancer material (LUNDIN et al. 1999), however we do not find an association
between the TaqI polymorphism and risk of prostate cancer (Table 2). Comparing cases
and controls regarding frequencies of the t- and T-allele result in an OR=0.98 (p=0.925).
Neither the Tt genotype (OR=1.03, p=0.935) nor the TT genotype (OR=0.98, p=0.959)
was significantly differing from the tt genotype when comparing cases and controls. The
TaqI polymorphism was not associated with stage, Gleason grade or cause of death
either. We therefore believe that the TaqI polymorphism does not have an influence on
the risk of prostate cancer.
A meta-analysis of this research field was published by Ntais and colleagues,
unfortunately two years following the initiation of our TaqI study. In this study a
summary OR of 0.95 (p=0.3) was presented for the t-allele versus T-allele, based on 14
studies, indicative of a lack of association (NTAIS et al. 2003). In 2006 another metaanalysis was published by Berndt and colleagues, including an additional 4 studies on
the TaqI polymorphism. Collectively the 18 studies generated a combined OR=1.00
(95% CI=0.85-1.18) for the [Tt vs TT] comparison and combined OR=0.94 (95%
CI=0.78-1.13) for the [tt vs TT] comparison (BERNDT et al. 2006). These two studies
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provide strong evidence that the VDR TaqI polymorphism does not affect the
susceptibility for prostate cancer. Both meta-analyses investigated the other three SNPs
in the VDR gene, FokI, BsmI and ApaI as well as the poly(A) polymorphism in the 3’
UTR, and found none to be associated with an increased risk of prostate cancer
(BERNDT et al. 2006; NTAIS et al. 2003).
There can be many reasons to the inconclusive results regarding the role of the VDR in
prostate carcinogenesis. Firstly as pointed out by both Ntais et al and Berndt et al,
individual studies may be too small to faithfully assess small differences in risk (BERNDT
et al. 2006; NTAIS et al. 2003). Further, there is heterogeneity in study designs regarding
the ethnical distribution in the cohorts and the choices of control population. Three of
the SNPs in the 3’ end of the VDR gene and the poly(A) polymorphism belong to the
same haplotype, but the degree of linkage disequilibrium within this haplotype differ
between different ethnical groups (NEJENTSEV et al. 2004), which may be a factor when
studying the effects of single SNPs in the gene. Additionally there are reports that the
SNPs in the VDR gene actually will not alter the level of activity of the protein (DURRIN
et al. 1999; GROSS et al. 1998; VERBEEK et al. 1997).
A hypothesis put forward by many is that there is a susceptibility site in the vicinity of
the VDR gene that is in partial linkage with the haplotypes in the VDR gene, thus
explaining the sporadic nature of the associations observed. Speaking against such a
hypothesis is that studies based on genome scans fail to identify significant linkage with
the chromosomal region of 12q12-q14, where the VDR gene is located (OSTRANDER
and STANFORD 2000; STANFORD and OSTRANDER 2001).
The biochemical and epidemiological evidence of a link between vitamin D and prostate
cancer is strong, and alterations in the physiology surrounding the vitamin D will likely
have an effect on the susceptibility for prostate cancer. However, the VDR gene,
although an obvious candidate, might not be the right component to study and possibly
the research in this field should be concentrated to other components in the pathway.

The +1127 PstI polymorphism in the insulin gene does not modify risk of prostate
cancer
In the second paper we study the influence of the +1127 PstI polymorphism in the INS
gene on prostate cancer risk; with the background that the polymorphism is thought to
result in altered mRNA levels of the INS gene and variability in mRNA stability. The
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common CC genotype is additionally linked with the regulatory VNTR located adjacent
5’ of the INS gene. We do not find any association between the +1127 PstI
polymorphism and prostate cancer, neither on an allelic level (C vs T; OR=1.02,
p=0.929) nor on a genotype level (CT vs TT; OR=0.73, p=0.503) (CC vs TT; OR=0.84,
p=0.698) (Table 2). Unfortunately we do not have data on circulating insulin levels or
whether individuals have diabetes, which would facilitate the interpretation and enable
further stratification. Not being able to compensate for such diluting factors will make
identification of risks more challenging, especially for a frequently occurring genotype
like the CC where only a modest risk can be expected.
Our results are contradictory to two previous studies conducted, the first on a multiethnical population and the other on an African-American population (CLAEYS et al.
2005; HO et al. 2003). The studies report that subjects with CC genotype were 3.14
times and 1.59 times, respectively, as likely to be diagnosed with prostate cancer. A
noticeable difference between the present study and the previously conducted ones is
that we have cohorts with significantly older subjects, especially regarding cases. Our
results are in agreement with the study of Neuhausen et al, where no association with
the C allele was seen, which is conducted on a Caucasian population, similar to the
present study but in contrast to the studies of Ho and Claeys (CLAEYS et al. 2005; HO et
al. 2003; NEUHAUSEN et al. 2005). At a first glance one might attribute the difference
observed to the fact of ethnical origin, however the strongest association was in fact
among the Caucasian subpopulation in the study by Ho and co-workers. Unfortunately
this study is underpowered with limited population sizes of 40 cases and 36 controls.
Similar to our study, Neuhausen and co-workers have a case population assembled prior
to the era of active PSA screening, meaning that cases are more likely to be of higher
grade due to later detection. In the paper of Neuhausen et al 48% cases have a Gleason
score of ≥7 (NEUHAUSEN et al. 2005), and in our study 63% cases have Gleason scores
of ≥7. Ho et al on the other hand study a case population where 77% were diagnosed
due to abnormal PSA-values and only 31% had Gleason scores ≥7 (HO et al. 2003).
Since neither Neuhausen nor our study finds any association a possibility is that the
polymorphism is only significant in low grade tumours. Unfortunately the data
concerning Gleason score is not shown in the study by Claeys et al and thus we are
unable to use that data to further support such a hypothesis (CLAEYS et al. 2005). One
may speculate that since the cases in Claeys et al study are collected between 1999 and
2002, after the introduction of PSA screening, they could represent similar
characteristics to those in Ho et al study (HO et al. 2003).
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When comparing genotype frequencies for each Gleason group with each other we find
a significant increase in risk associated with the CC genotype in the ≥7 Gleason group.
Given that we only have Gleason scores for 114 subjects together with the fact that we
did not find any overall difference for this polymorphism it cannot be excluded that this
may be a chance finding. These data are contradictory to previous studies where no
association with Gleason score have been found (CLAEYS et al. 2005) or where an
increased risk was associated with low Gleason scores (≤6) and the CC genotype (HO et
al. 2003).

The G972R polymorphism in the IRS1 gene increases risk of prostate cancer
In this study we find an association between the R allele of the IRS1 G972R
polymorphism and prostate cancer, conferring a 2.44 fold increased risk of disease
(p=0.01) (Table 2). We can also observe a significant χ2 trend for an increase in risk with
increasing numbers of R alleles (p<0.001). This supports the earlier findings by
Neuhausen and co-workers in 2005 where a 2.8 fold increase in prostate cancer risk was
observed associated with the combined GR/RR genotypes (NEUHAUSEN et al. 2005).
The same group has found similar associations with colon cancer and breast cancer
(SLATTERY et al. 2004; SLATTERY et al. 2007).
The R allele results in decreased insulin stimulated signalling, due to decreased binding
of the p85 subunit of PI3K to IRS1 and impaired PI3K/AKT signalling (LEE et al.
2000). In cell lines it has been shown that IRS1 degradation can be blocked by PI3K
inhibitors which indicate the existence of a negative feedback mechanism, which has
been shown to be mediated through S6 kinase, a downstream target of mTOR and
AKT. This is somewhat surprising since one would expect that, if the R allele confers
increased risk of cancer, it would increase signalling through the pathway rather than
decreasing it. It has been suggested that in the case of the R allele the signalling through
the PI3K pathway would be weaker, giving rise to less feedback inhibition and hence a
longer and more sustained signalling (NEUHAUSEN et al. 2005). Speaking against this is
that the sites that are phosphorylated by the S6 kinase are located 5’ in the protein while
codon 972 is in the 3’ end. An alternative explanation could be that in response to a
decreased efficiency of the insulin signalling via IRS1 through the PI3K/AKT axis, the
signal diverts into the alternative pathway from the RTK comprised of activation of
RAS/MAPK, resulting in a strong mitotic signal (SHAW and CANTLEY 2006). A third
alternative is that the 3’ located G972R polymorphism merely acts as a marker for a
chromosomally linked disease causing gene.
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Table 2. A summary of the results obtained in polymorphism studies of the VDR, INS
and IRS1 genes.

Gene
Allele/genotype comparison

OR

95% CI

p-value

0.98
1.03
0.98

0.70 – 1.38
0.52 – 2.02
0.49 – 1.97

0.925
0.935
0.959

1.02
0.73
0.84

0.69 – 1.51
0.26 – 2.03
0.32 – 2.19

0.929
0.503
0.698

2.44
1.81
6.68

1.16 – 5.18
0.74 – 4.42
0.65 – 330.82

0.01
0.153
0.072

VDR TaqI
T vs t
Tt vs tt
TT vs tt

INS +1127 PstI
C vs T
TC vs TT
CC vs TT

IRS G972R
R vs G
RG vs GG
RR vs GG

Mutational status of the PIK3CA gene in prostate cancer
With the publication of Samules et al on frequent mutations in PIK3CA observed in a
variety of cancer forms, an attempt was made to assess the mutational status of the
PIK3CA in the prostate cancer cohort used in papers I and II (SAMUELS et al. 2004). The
PI3K/AKT pathway has previously been observed to be overactivated in prostate cancer
through frequent loss of PTEN (DI CRISTOFANO and PANDOLFI 2000; LI et al. 1997) or
through amplification of PIK3CA (BYUN et al. 2003), indicating that this pathway is of
importance for the carcinogenic process in this tissue. This supports a hypothesis for an
additional mutational activating mechanism for the PIK3CA gene. The hotspot regions,
exon 9 and 20, were subjected to mutational analysis in the available 120 prostate
cancer samples. We present preliminary data that 20 non-synonymous mutations were
found in this material, of which 5 are known mutations (E542K, E545K, Q546R),
previously observed in other cancer forms. We also observe a previously described silent
mutation in exon 20 which does not alter the amino acid (CT on nucleotide level,
resulting in T1025T on amino acid level) (LEVINE et al. 2005; MULLER et al. 2007;
WANG et al. 2005). We would like to emphasize that these are preliminary data which
need to be verified in a new material.
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Müller et al performed mutational analysis of the PIK3CA gene in prostate cancer and
found no mutations (MULLER et al. 2007). However, only 12 samples were analyzed in
the study, which is too few to exclude the possibility of mutations in the gene. It is
puzzling that only one study has been produced on the mutational status of the PIK3CA
gene in prostate cancer since the pioneering study by Samuels et al in 2004 (SAMUELS et
al. 2004). One would expect that given the high incidence and the strong evidence of an
involvement of the PI3K/AKT pathway in this cancer form that mutational analysis of
the PIK3CA gene would receive high priority among prostate cancer researchers.

The PIK3CA gene is frequently mutated in penile cancer
In paper III we perform mutation analysis of the PIK3CA and PTEN genes in the
PI3K/AKT pathway and HRAS, KRAS, NRAS and BRAF genes in the RAS/MAPK
pathway. A significant number of mutations were identified in the PIK3CA gene in
8/28 cases (29%), all of which cluster in the hot-spot region of exon 9 (Table 3). We
chose to focus our analysis primarily on the mutational hot-spot regions in PIK3CA,
exons 9 and 20, where 85% of mutations were initially found by Samuels et al which
may give rise to an underestimate the mutational frequency of PIK3CA in penile cancer
(SAMUELS et al. 2004). Unlike most previous studies we only find somatic mutations in
exon 9 and none in exon 20, although the limited number of samples may account for
this.
The mutations identified in this study, E542K and E545K are known to increase the
activity of the protein. We show in our study through immunohistochemical staining
that samples carrying PIK3CA mutations have an increased phosphorylation of the AKT
protein and hence an active signalling pathway. Recent results show that substitution of
the glutamic acid residues at positions 542 and 545 to lysine will render the p110α
subunit insensitive to the inhibition normally exerted by the regulatory p85 subunit in
the resting state of the protein complex (HUANG et al. 2007). This means that mutated
p110α subunits would be active even in the absence of growth stimulatory signals from
the RTKs. Previous studies have shown that overexpression of PIK3CA mutants (E542K,
E545K and H1047R) in chicken embryo fibroblasts and NIH3T3 cells induce the
phosphorylation of AKT and oncogenic transformation in comparison to wildtype
PIK3CA (IKENOUE et al. 2005; KANG et al. 2005). Samuels and colleagues showed that
in two colorectal cell lines harbouring each of the two hot-spot mutations (E545K and
H1047R), and expressing either the wild-type allele or the mutated allele, the
phosphorylation of AKT was dramatically increased in the cells expressing the mutant
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allele compared to cells expressing the wild-type allele (SAMUELS et al. 2005). Zhang et al
studied the effects of 9 common PIK3CA mutants in a breast cancer cell model and
showed that the prevalent mutations, E542K, E545K and H1047R rendered the cells
the strongest ability to grow, form colonies in and to invade 3D agaros gel matrix
(ZHANG et al. 2007). The study also showed that cells expressing mutated PIK3CA
continued to grow in the absence of epidermal growth factor (EGF). In addition to these
in vitro data, Bader and colleagues show that the three most prevalent mutants (E542K,
E545K and H1047R) are oncogenic also in vivo (BADER et al. 2006). The study showed
that PIK3CA mutants induced angiogenesis and malignant growth in the
chorioallantoic membrane of chicken embryo and caused hemangiosarcomas in young
chickens. Collectively, these data provide a line of strong evidence for the oncogenic
potential of mutated PIK3CA.

RAS mutations in penile cancer
In addition to PIK3CA mutations, mutations in the HRAS gene were identified in two
tumours, one tumour carried a G12S mutation and one a Q61L mutation, and yet
another tumour carried a mutation in the KRAS gene being a G12S substitution (Table
3). Generally, somatic missense RAS mutations found in cancer cells introduces amino
acid substitutions in codons, 12, 13 or 61. These mutations confer resistance to GAPs
thereby causing the RAS protein to accumulate in its active GTP bound form (TRAHEY
and MCCORMICK 1987). Dysregulated Ras proteins induce a constitutive activation of
downstream kinase cascades, resulting in continuous mitogenic signalling,
immortalizing the cell (KHOSRAVI-FAR et al. 1996). HRAS mutations have previously
been found in bladder tumours (CZERNIAK et al. 1992; KHOSRAVI-FAR et al. 1996;
PRZYBOJEWSKA et al. 2000), where as KRAS mutations have predominantly been
identified in pancreatic and colonic tumours (ALMOGUERA et al. 1988; FORRESTER et al.
1987).
No mutations were observed in the PTEN, NRAS or BRAF genes in this material.
However, due to the limited size of this cohort we cannot with certainty exclude the
possibility of mutations in these genes.
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Frequent copy number changes in penile cancer
The fourth paper was based on 19 tumours, which were chosen from the larger cohort
of 28 tumours on the basis of their tumour cell content (Table 3). The 75% tumour cell
content was chosen as a minimum requirement for the samples, to ensure faithful
detection of gene copy number changes and loss of heterozygosity.
In this study the major aberrations present in more than 25% of the tumours, are found
as copy number gains in chromosome arms 1p, 3q, 5p, 8q, 16q, 20q and losses at 3p,
4q, 11q, 13q. In relation to the results of Alves et al, we find similar observations of copy
number gains on 8q and 20q, and losses on 4q and 13q (ALVES et al. 2001). The
observed patterns of alterations are further supported by findings in squamous cell
carcinoma in other locations, such as the lung, cervix, oral and oesophagus (CHUJO et al.
2002; COE et al. 2005; MICCI et al. 2003; TONON et al. 2005; WILTING et al. 2006;
YAKUT et al. 2006; YEN et al. 2001; ZHOU et al. 2004).
Seven of the tumours showed very few copy number aberrations indicating a diploid
character and chromosomal stability. Interestingly, five of these tumours carry mutations
in the PIK3CA gene while no such mutations were observed in the remaining 14
samples. This suggests that PIK3CA mutations might obviate the need for gross genomic
changes, and that the oncogenic properties given by these mutations might be sufficient
to drive the malignancy without further disruptive genetic events seen in 12/14 of the
remaining samples. Two tumours with few copy number changes, and lacking activating
PIK3CA mutations remain unexplained. Since the initial PIK3CA mutation analysis
focused on two hotspot regions in exons 9 and 20, it is possible that these two samples
may carry activating mutations in other parts of the gene.
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Table 3. The table displays pathological data and results for the 28 penile cancer samples. Grey shaded samples have been chosen for SNP array analysis.
Immunohistochemical data on phosphorylated AKT (p-AKT) is presented such as 1= weak nuclear and cytoplasmic staining, 2 = intermediate cytoplasmic
staining, 3 = strong cytoplasmic staining. Black markings indicate samples with copy number change at the gene locus.
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Candidate genes for penile cancer
The chromosomal regions identified are fairly large and given the abundance of genes
located within these areas we can only tentatively make suggestions based on previous
knowledge of genes known to be involved in oncogenesis. We have identified four
plausible candidate genes located within four of the ten chromosomal regions frequently
displaying gains or losses, namely PIK3CA at 3q26.32, FHIT at 3p14.2, hTERT at
5p15.33 and MYC at 8q24.21.
Amplification of the distal part of 3q in half of our samples in addition to the mutation
analysis results in PAPER III, suggest that PIK3CA at 3q26.32 represents a natural
candidate gene in the 3q copy number gain region. Eight samples of the 10 identified to
have a 3q gain, had increased copy number at the locus for the PIK3CA gene, and none
of these samples carried mutations in this gene (Table 3). This is not surprising since
there may not be any selective pressure for amplification in addition to an existing
mutation in PIK3CA, which already is a strong driving force for the malignancy.
In nine samples with frequent copy number loss on chromosome 3p, we found eight
with only one intact copy of the tumour suppressor gene Fragile histidine triad (FHIT)
located on 3p14.2 (Table 3). The mechanism by with FHIT exerts its tumour
suppressive function remains unclear, but has been suggested to be through apoptosis
control and cell cycle regulation (HUEBNER and CROCE 2003). FHIT is commonly
disrupted through loss of heterozygosity or promoter-hypermethylation in many cancer
forms such as oral, lung, head and neck, breast, gastric, colon and cervical cancer. The
study further shows that FHIT seems to be susceptible to environmental damage in the
early stages of carcinogenesis, which an observation that may be interesting in the
context of penile cancer. A very interesting observation in our material is that FHIT
copy number loss and PIK3CA copy number gain were found exclusively in the same
tumours. Maisson et al observed in a study on non-small cell lung cancer a relationship
where deletion on 3p (including the FHIT gene locus) was associated with amplification
of 3q (including the PIK3CA gene locus), in analogy with our findings (MASSION et al.
2002). A similar observation was recently made by Bianchi et al who suggested a
synergistic function of disruptions in FHIT and HER2 in breast carcinogenesis (BIANCHI
et al. 2007).
Of the 11 samples observed to have 5p gain, seven samples contained a copy number
gain of the hTERT gene (5p15.33), a gene that codes for the catalytic part of the
telomerase protein and is commonly activated in the carcinogenesis (Table 3). Telomere
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maintenance is a hallmark in virtually all malignant cells by upregulating hTERT
expression and keeping the telomeres above a critical threshold to allow unlimited
replication.
The fourth commonly activated candidate gene that we suggest in this study is the MYC
gene, which resides in the common area of copy number gain on 8q, specifically in band
8q24.21. An increased copy number at the MYC gene locus, was observed in seven of
the 11 samples that had 8q gain (Table 3). Activation of this gene through amplification
has been seen in breast cancer and oesophageal cancer (BODVARSDOTTIR et al. 2007;
IOANNIDIS et al. 2003; SARBIA et al. 2001). In 1999 Wu et al showed that hTERT was a
direct transcriptional target of MYC, implying that not only will MYC decrease
apoptosis and propel the cell cycle but that it also can prevent cells from entering
senescence (WU et al. 1999).
These genes represent likely candidates for further studies although other genes located
in these chromosomal regions may still have an important role in the carcinogenesis.
The level of MYC and hTERT proteins in the penile cancer tissue is currently being
assessed using immunohistochemical staining and will provide a first confirmation of
the involvement of these proteins. In the continuation of this project more samples will
be added which hopefully can further narrow down the common areas of aberrations.
The increasing number of samples will also enable us to stratify the material and study if
there are any correlations with clinical parameters. The cohort of penile cancers used for
this project was collected between 2000 and 2006 which means that there is a limited
follow-up time for these patients. It is expected that the results obtained in this study
will become even more significant as the outcome of all patients eventually can be
observed.

Relation of mutations in the PIK3CA and RAS genes and amplification of the

PIK3CA gene
Mutations in the PIK3CA, HRAS and KRAS genes display mutual exclusivity throughout
this sample collection, suggesting that mutational inactivation in either of the two
pathways is sufficient for cancerous propagation. Copy number gain of the PIK3CA
gene and mutation of the gene were also found to be mutually exclusive. In one sample
both amplification of the PIK3CA gene and a mutation in the HRAS gene were seen. In
this study we observe an even distribution of activation of the PIK3CA gene through
mutation and amplification. Mutations and amplifications of PIK3CA have previously
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rarely been observed to occur in the same cancer form, for example in ovarian and
gastric cancers amplifications of PIK3CA are very common but mutations are rarely seen
and vice versa in colon and breast cancer (BYUN et al. 2003; CAMPBELL et al. 2004;
LEVINE et al. 2005; LI et al. 2005; SHAYESTEH et al. 1999; WANG et al. 2005). However,
one recent study on lung cancer showed that PIK3CA mutations and 3q amplification
can be found in the same tumour form, but not in the same tumour, in analogy to our
results (OKUDELA et al. 2007). Should both mutational activation and activation
through amplification result in the same level of increased signalling through this
pathway it seems unlikely that there would be a selective pressure for just one type of
aberration to appear.
We acknowledge that we have a limited population size and that these results need to be
confirmed in a larger study population, but believe that the pathways involving PIK3CA
and RAS genes are of significant importance in penile cancer, seeing that we find
alterations in these proteins in 18/28 (64%) of the cases. Since whole genome
microarray analyses could only be performed on 19 of these samples and the mutation
analysis was limited to known hot-spot regions we believe this number even represents
an underestimate of the extent of involvement of these pathways in penile squamous
cell carcinoma.
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CONCLUSIONS
I finally would like to give a brief summary of our main findings in this thesis. Based on
the results in papers I-IV, we draw the following conclusions:
• A low number of CAG repeats in the first exon of the AR gene significantly
increases the risk of developing prostate cancer. The elevated risk is due to an
increased transactivation ability of the androgen receptor protein.
• The R allele in the G972R polymorphism in the IRS1 gene is associated with a
2.44 fold increased risk of prostate cancer. However, the mechanism by which
this risk increase is mediated still remains unknown.
• The TaqI polymorphism in the VDR gene and the +1127 PstI polymorphism in
the INS gene, do not modify the susceptibility to develop prostate cancer.
• Gain on chromosomal regions 1p, 3q, 5p, 8q, 16q, 20q and loss on
chromosomal region 3p, 4q, 11q, 13q represents the major areas of aberration in
penile cancer. The PIK3CA, FHIT, hTERT and MYC genes are suggested as
plausible candidate genes, warranting further studies.
• The PIK3CA gene is frequently over-activated in penile squamous cell carcinoma.
We find the PIK3CA gene to be activated through mutations in 29% of the cases
and through copy number gain in yet another 29% of the cases. We also observe
mutations in the HRAS and KRAS genes in 11% of the samples. In total we find
disruption of the PI3K/AKT and RAS/MAPK pathways in 64% of our samples
indicating a clear significance of these pathways in the aetiology of prostate
cancer.
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