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ABSTRACT

To identify genes that could be involved in the development of prostate cancer, a

combination of suppression subtractive (SSH) and cDNA microarray hybridizations was

used for the detection of differentially expressed genes. Both methods were first

validated by studying the efficiency of the subtraction as well as the sensitivity and the

linearity of the array hybridization. Two subtracted cDNA libraries were constructed

using a prostate cancer cell line PC-3 as a model for cancer and benign prostatic

hyperplasia (BPH) tissue as a non-cancerous model, and subsequently screened for

differentially expressed genes by cDNA microarray hybridization.

Using SSH and cDNA microarray hybridization, RAD21 and KIAA0196 genes were

found to be overexpressed in PC-3. In the real-time quantitative RT-PCR analysis,

RAD21 and KIAA0196 also showed elevated expression in clinical prostate

carcinomas. Using fluorescence in situ hybridization analysis (FISH), amplifications of

the RAD21 and the KIAA0196 genes were detected in 30-40% of hormone-refractory

prostate cancers. Overexpression of elongin C gene, located in 8q21, was detected by

utilizing commercial cDNA microarray slides and the PC-3 cell line containing

amplification of the 8q region. In FISH analysis, amplifications of the elongin C gene

were detected in about 20% of hormone-refractory tumors. Expression of elongin C was

also increased in hormone-refractory tumors according to the real-time quantitative RT-

PCR analysis. In conclusion, KIAA0196, RAD21, and elongin C are putative target

genes for the common amplification of 8q in prostate cancer.

An anonymous EST, expressed in BPH but not in PC-3, was detected using a

combination of the SSH and array hybridization methods. Full-length cloning of this

EST revealed a novel gene, designated as STEAP2, which encodes for a putative six-

transmembrane protein. Using a green fluorescent protein (GFP) fusion construct, it was

demonstrated that STEAP2 protein is located mainly in the plasma membrane, as well

as in vesicle-like structures in the cytoplasm. STEAP2 was shown to be predominantly

expressed in prostate epithelial cells, and the expression is increased in prostate

carcinoma cells. The biological function of STEAP2 is still unknown, but as a cell-

surface antigen, STEAP2 is a potential diagnostic or therapeutic target in prostate

cancer.
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One of the closest homologs of the STEAP2 protein is a rat protein pHyde. Rat pHyde

has been reported to display tumor suppressive activities in human prostate cancer cells.

To study whether human pHyde is a classical tumor suppressor gene in prostate cancer,

xenograft and clinical prostate carcinoma samples were screened for pHyde mutations

using DHPLC analysis as well as sequencing. In addition, gene copy numbers of pHyde

were analyzed by FISH. Of the 68 samples analyzed, only two (3%) contained

mutations in the pHyde gene suggesting that biallelic inactivation of pHyde is a rare

event and that pHyde is not a classical tumor suppressor in prostate cancer.
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INTRODUCTION

Cancer is a disease involving dynamic genetic changes. Inactivating mutations in tumor

suppressor genes and activating mutations in oncogenes gradually lead to

transformation of a benign cell to a malign derivative. There is a lot of evidence

suggesting that tumorigenesis is a multistep process in which mutations accumulate in

the genome in succession to clonal selection and expansion of the most aggressive

phenotype, “the fittest”, in terms of Darwinian evolution (Kinzler and Vogelstein, 1996;

Nowell, 1976; Hanahan and Weinberg, 2000). The multiple genetic changes are

believed to provide the cancer cells with novel capabilities giving them growth

advantage over normal cells, ultimately leading to invasion throughout the whole body.

Hanahan and Weinberg have suggested that there are six essential alterations in the cell

physiology that are the hallmarks of malignant growth: 1) self-sufficiency in growth

signals, 2) insensitivity to antigrowth signals, 3) escape from programmed cell death

(apoptosis), 4) unlimited replicating potential, 5) angiogenesis and 6) tissue invasion

and metastasis. These characteristics are believed to be common to all types of human

cancers (Hanahan and Weinberg, 2000).

The molecular basis of the tumorigenic process of prostate is poorly understood. The

present study was set up to find genes that could be involved in the initiation and

progression of prostate cancer. Using a combination of two methods, suppression

subtractive hybridization and cDNA array hybridization, genes were detected that are

expressed differentially in prostate cancer compared to benign prostate. The

differentially expressed genes were characterized, and their clinical significance in

prostate carcinomas was analyzed.
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REVIEW OF THE LITERATURE

1. Natural history of prostate cancer

Prostate cancer is now the most common malignancy among men in Finland (Finnish

Cancer Registry, 2000), as well as in many other Western industrialized countries.

Prostate cancer arises from glandular epithelium, most often in the peripheral zone of

the prostate. Prostatic intraepithelial neoplasia (PIN) is also often found in the

peripheral zone, and is believed to be a premalignant stage of prostate carcinoma.

However, as many early prostate carcinomas do not contain lesions of PIN, it is not

considered to be a prerequisite for cancer (reviewed by DeMarzo et al., 2003). Prostate

cancer progression is a multistep process, in which an organ-confined tumor eventually

invades through the capsule of the prostate into its surroundings and metastasizes, first

to local lymph nodes and finally to distant organs, mainly bones. Localized, organ-

confined prostate cancer is curable by either radical prostatectomy or radiotherapy. For

advanced prostate cancer, hormonal therapy is the standard treatment. As almost all

prostate cancers originally require androgens in order to grow, androgen withdrawal

leads to regression of the tumor. During the treatment, however, an androgen-

independent cancer cell population arises, after which a hormone-refractory cancer

develops (reviewed by Arnold and Isaacs, 2002). There is no effective treatment for

hormone-refractory prostate cancer.

The latent form of prostate cancer is very common. Microscopic lesions of cancer have

been found in autopsies from more than 50% of 70-80 year old men (Sheldon et al.,

1980). A vast majority of these histological cancers would most probably never have

developed into a clinical cancer. The critical mechanism that triggers the progression of

some of the small histological cancers to an aggressive disease is unknown. It has also

been suggested that the microscopic prostate carcinomas already represent two different

forms of prostate cancer: those that will remain latent, and those that will gradually

develop into clinical disease (reviewed by Selman, 2000). The molecular basis of this

fundamental difference is not known.
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2. Molecular mechanisms of prostate cancer

In 1996, Kinzler and Vogelstein proposed a model for a multistep genetic progression

of colorectal cancer, based on the finding that specific mutations are associated with

certain steps of colorectal tumorigenesis (Kinzler and Vogelstein, 1996). The model has

also been applied to prostate cancer progression, as it has been found that certain

chromosomal changes are commonly associated with certain stage of prostate cancer

(Isaacs et al., 1994; Visakorpi et al., 1995b). Unlike in colorectal cancer, however, in

prostate cancer the individual target genes of these chromosomal changes are still

mostly unknown. In the following chapters, chromosomal aberrations typical for

prostate cancer are described, and the role of the potential target genes is discussed. The

significance of some well-established tumor suppressor genes and oncogenes in prostate

cancer is considered. Genetic alterations detected at different stages of prostate cancer

are illustrated in Figure 1.
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Figure 1. Genetic alterations detected at different stages of prostate cancer. In the early
stages of prostate cancer, losses of genetic material are more common than gains or
amplifications, whereas in metastatic and hormone-refractory tumors, gains are also
frequently detected. The alterations of specific genes have been found almost
exclusively in advanced tumors, meaning that the genes involved in the initiation of
prostate cancer are still mostly unidentified.
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2.1 Chromosomal alterations in prostate cancer

Modern molecular genetic methods, such as the analysis of loss of heterozygosity

(LOH) using microsatellite markers and comparative genomic hybridization (CGH)

have enabled the rapid characterization of genomic aberrations that are typical for

various cancers, and also for the different stages of each cancer. These studies have

revealed two main features characteristic of prostate cancer. First, losses of genetic

material are much more common than gains or amplifications (Visakorpi et al., 1995b;

Fu et al., 2000; Alers et al., 2001), indicating that tumor suppressor genes, which are

believed to harbor the frequently deleted regions, probably play an important role in the

tumorigenesis of the prostate. Secondly, many of the chromosomal losses can already

be detected at the early stages of prostate cancer, whereas gains and amplifications are

mostly seen in advanced tumors, suggesting that oncogenes become activated in the

advanced stage of the disease (Visakorpi et al., 1995b; Cher et al., 1996; Alers et al.,

2001; El Gedaily et al., 2001).

2.1.1 Losses of genetic material in prostate cancer

The chromosomal regions most commonly showing losses in prostate cancer are 6q, 8p,

10q, 13q, 16q, and 18q (reviewed by Elo and Visakorpi, 2001; DeMarzo et al., 2003).

These regions are therefore believed to harbor tumor suppressor genes that are involved

in the tumorigenesis of the prostate.

One of the most common chromosomal alterations in prostate cancer is loss of the 8p

region (reviewed by Elo and Visakorpi, 2001; Dong, 2001). In LOH, FISH and CGH

analyses, loss of 8p has also been detected in high-grade PIN lesions (Dong, 2001),

which are considered to be premalignant stages of prostate cancer. About 40% of

prostate carcinomas involve the loss of 8p according to CGH studies (Dong, 2001), and

in metastatic and hormone-refractory tumors it has been detected in up to 70-80% of the

tumor samples (Cher et al., 1996; Nupponen et al., 1998b). At least two minimally

deleted regions, 8p21 and 8p22, have been identified, suggesting that several tumor

suppressor genes may be located at 8p. The most promising target gene for the loss is a

homeobox gene NKX3.1 at 8p21 (He et al., 1997), the significance of which in prostate
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cancer is discussed in more detail in Section 2.2.3. Other candidate target genes studied

include N33, FEZ1 and PRTLS (MacGrogan et al., 1996; Ishii et al., 1999; Fujiwara et

al., 1995), all located at the 8p22 region. Although FEZ1 has been demonstrated to

suppress cancer cell growth (Ishii et al., 2001), no mutations or other evidence of

inactivation of this gene or the two others in prostate carcinomas have been reported.

Quite recently, an association between germline mutations in the macrophage scavenger

receptor 1 gene (MSR1), located at 8p22, and prostate cancer risk was discovered (Xu et

al., 2002). However, mutations in the MSR1 gene in sporadic prostate cancer have not

so far been reported.

The second most frequently deleted chromosomal region in prostate cancer is 13q.

Although the loss of 13q is seen already in PIN lesions, it has been shown to be

associated with clinical aggressiveness of prostate cancer (reviewed by Dong, 2001). At

least three distinct regions of allelic loss, 13q14, 13q21-22 and 13q33, have been

detected in prostate cancer (Hyytinen et al., 1999). The strongest target tumor

suppresssor gene for the 13q loss has been the retinoblastoma gene (RB1) at 13q14

(Friend et al., 1986). Although loss of RB1 expression in prostate cancer has been

detected in many studies (Phillips et al., 1994; Tricoli et al., 1996; Cooney et al., 1996b;

Mack et al., 1998), there has been no correlation between the decreased expression and

LOH at the RB1 locus (Cooney et al., 1996b; Li et al., 1998; Latil et al., 1999). In

addition, mutations in the RB1 gene seem to be rare in prostate cancer (Tricoli et al.,

1996; Li et al., 1998). As the minimal region of deletion at 13q14 associated with

prostate cancer is actually also located outside the RB1 locus (Yin et al., 1999), RB1 is

not likely to be the target gene of the 13q loss. Other target genes suggested are, for

example, BRCA2 at 13q12 and endothelin receptor B gene (EDNRB) at 13q21. The

BRCA2 gene has not been found to be altered in prostate cancer (Latil et al., 1996),

whereas EDNRB has been reported to be hypermethylated and downregulated in

prostate cancer (Nelson et al., 1997). More recent studies have shown, however, that

EDNRB is not located at the minimal region of deletion (Dong et al., 2000).

Deletions at 10q have been detected in about 27% of prostate cancer samples studied by

CGH, and in 30-60% of samples in LOH analyses (reviewed by Dong, 2001).

According to CGH studies, the minimal regions of deletion are at 10cen-q21 and at

10q26 (Nupponen et al., 1998b), whereas the highest rate of LOH has been reported at
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the region 10q23-q24  (Gray et al., 1995; Lacombe et al., 1996), where the well-known

tumor suppressor gene PTEN is located (Li et al., 1997; Steck et al., 1997; Li and Sun,

1997). PTEN is likely to be one of the target genes for 10q loss, as evidenced by

deletions and mutations as well as downregulation of the gene observed in a high

proportion of prostate carcinoma samples (Cairns et al., 1997; Gray et al., 1998;

McMenamin et al., 1999). The role of PTEN in prostate cancer is more thoroughly

discussed in Section 2.2.1. However, LOH at 10q23-q24 has been detected much more

frequently than biallelic inactivation of the PTEN gene, suggesting that there may be

another, as yet unidentified target gene located close to PTEN. Another candidate target

gene for the 10q loss has been the MXI1 gene, located at 10q25. MXI1 has an

interesting function as an antagonist of MYC, and it has been shown to suppress

prostate cancer cell proliferation in vitro (Taj et al., 2001). Although there is one study

reporting a high rate of MXI1 mutations in prostate cancer (Eagle et al., 1995), in most

other studies mutations in the MXI1 gene have been found to be rare (Gray et al., 1995;

Kawamata et al., 1996; Kuczyk et al., 1998). In addition, as the MXI1 locus is not

included in the minimal regions of deletion detected by neither CGH nor LOH analyses,

the MXI1 gene is not likely to be one of the target genes of the 10q loss.

Loss of 16q has frequently been detected in prostate cancer by both CGH and LOH

analyses (reviewed by Dong, 2001). LOH at 16q has been most commonly observed in

advanced tumors and is associated with poor prognosis (Li et al., 1999; Elo et al., 1997;

Elo et al., 1999). Perhaps the most intensively studied putative target gene for the 16q

loss is E-cadherin (CDH1). However, according to various LOH studies, the common

minimally deleted region appears to be at 16q23-q24, excluding the CDH1 locus at

16q22 (Dong, 2001). Even if CDH1 was not the target gene for 16q loss, it may still be

implicated in the tumorigenesis of the prostate, as further discussed in Section 2.2.5.

Deletion of 18q is relatively common in prostate cancer according to CGH and LOH

studies (Dong, 2001), and it has been detected mainly in advanced stages of the disease

(Ueda et al., 1997; Padalecki et al., 2000). Three target genes, SMAD2, SMAD4 and

DCC, have been suggested for 18q loss. Although downregulation of DCC expression

has been reported in one study (Gao et al., 1993), no mutations have been found either

in the DCC gene or in the SMAD2 and the SMAD4 genes (Ueda et al., 1997; Yin et al.,
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2001). The DCC and the SMAD4 genes also seem to be located outside the minimal

region of deletion (Yin et al., 2001).

Deletions at 6q, especially at the 6q15-q22 region, have been found in prostate cancer in

several LOH and CGH studies (reviewed by Dong, 2001). Although mapping studies

have revealed at least two putative tumor suppressor loci at 6q (Cooney et al., 1996a),

no promising target genes for the 6q loss in prostate cancer have so far been suggested.

2.1.2 Gains of genetic material in prostate cancer

High-level amplifications of chromosomal regions are rare in prostate cancer, especially

in primary prostate cancer, suggesting a minor role for oncogenes in the tumorigenesis

of prostate (Kallioniemi and Visakorpi, 1996). In hormone-refractory and metastatic

tumors, 7p/q, 8q and Xq are the chromosomal regions that have most commonly shown

gains in CGH studies (reviewed by Elo and Visakorpi, 2001).

Gain of 8q is the most common chromosomal alteration detected in hormone-refractory

and metastatic prostate carcinomas by CGH (Nupponen et al., 1998b), with almost 90%

of advanced tumors showing gain of 8q, compared to only 5% of primary tumors

(Visakorpi et al., 1995b; Cher et al., 1996; Nupponen et al., 1998b). Gain of 8q has been

shown to be associated with an aggressive phenotype of prostate cancer (Alers et al.,

2000). Although the gain usually covers the entire long arm of the chromosome 8, two

independently amplified subregions, 8q21 and 8q23-q24, have been identified (Cher et

al., 1996; Nupponen et al., 1998b). Probably the most intensively studied putative target

gene for 8q gain is MYC, located at 8q24. MYC is a well-known oncogene that is

activated in many human cancers (reviewed by Pelengaris et al., 2002). MYC has been

shown to be amplified and overexpressed in prostate carcinomas (Jenkins et al., 1997;

Nupponen et al., 1999), and its increased copy number seems to be associated with poor

prognosis of prostate cancer (Sato et al., 1999). The involvement of MYC in prostate

cancer is discussed in more detail in Section 2.3.1. Even though many researchers

suggest that MYC is a target gene of the 8q23-q24 gain, it may not be the only one. This

view is supported by a finding that in breast cancer, in which gain of 8q is also very

common, overexpression of MYC is rarely due to an increased copy number of the
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MYC gene (Bieche et al., 1999). Another suggested candidate for the gain at 8q23-q24

is EIF3S3, a subunit of a translation inititation factor eIF3. The EIF3S3 gene, located at

8q23, has been shown to be amplified in 30% of hormone-refractory prostate cancers

and in 50% of metastases (Nupponen et al., 1999; Saramäki et al., 2001). Amplification

of EIF3S3 has been shown also to be associated with high Gleason score (Saramäki et

al., 2001). The EIF3S3 gene is most often amplified together with the MYC gene, but in

some tumors, the copy number of EIF3S3 is higher than that of MYC (Nupponen et al.,

1999). A third putative target gene for the 8q23-q24 gain is a prostate stem cell antigen

gene (PSCA), located at 8q24 (Reiter et al., 1998). PSCA protein expression has been

demonstrated to correlate with prostate tumor stage, grade and androgen independence

(Gu et al., 2000), but studies on the mRNA levels of PSCA have not confirmed this

correlation (Ross et al., 2002). Even though co-amplification of PSCA and MYC has

been detected in a subset of advanced prostate carcinomas, MYC often seems to be

independently amplified without amplification of PSCA, suggesting that PSCA may not

be the primary target of the 8q amplicon (Reiter et al., 2000; Tsuchiya et al., 2002). Fine

mapping of the minimal region of the 8q23-q24 amplicon has revealed tens of other

genes residing in this region (Nupponen et al., 2000, Tsuchiya et al., 2002). No further

evidence of the potential involvement of any of these genes in clinical prostate cancer

has so far been reported.  For the gain of the 8q21 region, no promising target genes

have been identified.

Gain at both arms of the chromosome seven has frequently been detected in prostate

cancer in CGH analyses (Visakorpi et al., 1995b; Alers et al., 2001). In FISH analysis,

at least one extra copy of the entire chromosome seven is often observed in prostate

carcinoma samples (Alcaraz et al., 1994; Visakorpi et al., 1994; Bandyk et al., 1994;

Wang et al., 1996; Cui et al., 1998), and aneusomy of chromosome 7 has been shown to

be associated with advanced tumor stage and poor prognosis of prostate cancer (Bandyk

et al., 1994; Alcaraz et al., 1994; Cui et al., 1998; Alers et al., 2000). In CGH studies,

the minimal regions of gain have been narrowed down to 7p21-p15, 7q21 and 7q31

(Nupponen et al., 1998b). One of the target genes suggested for the 7p/q gain is the

well-known oncogene MET. The MET gene encodes for a receptor tyrosine kinase that

binds a hepatocyte growth factor/scatter factor (HGF/SF). Overexpression of the MET

protein and mRNA has been detected in PIN lesions, as well as in higher grade tumors

and metastases (Pisters et al., 1995; Humphrey et al., 1995; Watanabe et al., 1999;
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Knudsen et al., 2002), the expression being significantly higher in high-grade tumors

compared to PIN lesions and in metastases compared to primary tumors (Pisters et al.,

1995; Humphrey et al., 1995; Knudsen et al., 2002). Another putative target gene for the

gain of chromosome seven is the caveolin gene (CAV1). Elevated expression of CAV1

has been detected in prostate cancer (Yang et al., 1998), with correlation between

increased expression and progression of the disease (Yang et al., 1999). Suppression of

CAV1 expression has been shown to convert androgen-insensitive prostate cancer cells

to the androgen-sensitive phenotype, which is then again reversed by the induction of

the CAV1 expression (Nasu et al., 1998). Both the CAV1 and the MET genes are

located at one of the minimal regions of gain, at 7q31. Paradoxically, deletions and

allelic losses at the region 7q31 have also frequently been detected in prostate cancer

(Zenklusen et al., 1994; Takahashi et al., 1995; Cui et al., 1998; Jenkins et al., 1998b;

Zenklusen et al., 2000), suggesting that a tumor suppresor gene, instead of an oncogene,

may be located at 7q31. In fact, many researchers have reported results indicating that

CAV1 actually displays tumor suppressive activities (Galbiati et al., 1998; Zhang et al.,

2000b), and that the expression of CAV1 is decreased in many human cancers (Wiechen

et al., 2001b, Wiechen et al., 2001a). The 7q arm, especially the region 7q31, seems to

be genetically unstable, probably due to a common fragile site at 7q31 (FRA7G)

(Jenkins et al., 1998a). This may partly explain the controversial results observed.

Gain of chromosome X has been detected by CGH in over 50% of hormone-refractory

prostate cancers, whereas in primary tumors it is not seen (Visakorpi et al., 1995b). At

the region Xq12-q13, even high-level amplifications can be detected  (Visakorpi et al.,

1995b). The gene for the androgen receptor (AR) is located at this region, and in further

studies it has been shown that the AR gene is amplified in 30% of hormone-refractory

prostate carcinomas (Visakorpi et al., 1995a). The increased copy number of the AR

gene is associated with its overexpression, although high expression of AR is frequently

also detected in hormone-refractory tumors without the AR amplification (Linja et al.,

2001). No amplifications of AR have been found in tumors prior to hormone therapy,

suggesting that AR amplification is selected during androgen deprivation and may be a

possible mechanism for the failure of the therapy (Visakorpi et al., 1995a; Koivisto et

al., 1997). Another possible mechanism could be point mutation that changes the ligand

binding or transactivation capacity of AR. The rate of AR mutations in prostate cancer

has been widely studied with somewhat contradictory results. Although in one study,
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AR mutations were reported to be quite frequent in tumors already prior to hormone-

therapy (Tilley et al., 1996), in most of the other studies mutations in samples from

untreated patients have been reported to be rare (Newmark et al., 1992; Elo et al., 1995;

Evans et al., 1996; Segawa et al., 2002). Several research groups have detected AR

mutations in patients with androgen-independent prostate cancer, but the reported

mutation frequencies vary widely (reviewed by Balk, 2002). The highest rates of AR

mutations have been found in hormone-refractory tumors or metastatic lesions after

anti-androgen therapy (Taplin et al., 1999; Haapala et al., 2001). Specific mutations

have been found to be associated with the type of hormone therapy used (Taplin et al.,

1999; Haapala et al., 2001; Hyytinen et al., 2002), suggesting that the mutations occur

in response to selective pressure of the treatment in a way similar to the selection for

AR amplification.

2.1.3 Epigenetic changes in prostate cancer

In addition to chromosomal changes that alter gene copy numbers, epigenetic changes,

such as DNA hypo- or hypermethylation and histone acetylation or deacetylation, have

also been studied quite extensively during the last decade. It has been discovered that in

many cancer types, the genome as a whole is hypomethylated, whereas some specific

regulatory regions in the genome frequently show hypermethylation (reviewed by

Rennie and Nelson, 1999; Jones and Baylin, 2002). DNA hypomethylation has been

suggested to promote chromosomal instability, as evidenced by its association with

chromosomal alterations (Schulz et al., 2002; Jones and Baylin, 2002).

Hypermethylation of promoter regions of specific genes, on the other hand, can lead to

the silencing of tumor suppressor genes, being functionally equivalent to inactivating

mutations in the genes. Several tumor suppressor genes have been reported to be

frequently hypermethylated in prostate cancer, e.g. glutathione-S-transferase π-class

gene (GSTP1), E-cadherin (CDH1) and CD44,  (Lee et al., 1997; Li et al., 2001; Lou et

al., 1999). These genes, as well as their roles in prostate cancer, are more closely

described in Chapter 2.2. Together with DNA methylation, histone acetylation and

deacetylation are believed to control gene expression (Rennie and Nelson, 1999). There

are a few studies suggesting that histone acetylation/deacetylation could be one

mechanism for altered expression of some genes in prostate cancer (e.g. p21/WAF/Cip1
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and hDAB2IP) (Sowa et al., 1997; Chen et al., 2003b), but so far there is very little

direct evidence of this.

2.2 Tumor suppressor genes in prostate cancer

Tumor suppressor genes are genes that, when functioning normally, prevent cells from

becoming malignant by controlling, for example, the cell cycle, proliferation, apoptosis

and cell adhesion mechanisms. Inactivation of a tumor suppressor gene by mutation,

deletion or downregulation of the expression, for example, by hypermethylation of the

promoter leads to loss of the tumor suppressing function, thus rendering the cell

susceptible to transforming stimuli. When the concept of a tumor suppressor gene came

into being, it was suggested that both alleles of the gene must be inactivated for its

activity to be lost (known as the "two-hit" theory) (Knudson, 1971; reviewed by

Knudson, 2001). The mechanisms for inactivation of a tumor suppressor gene have

been considered to be mutation, deletion or chromosomal loss (reviewed by Knudson,

2001; Devilee et al., 2001), but recently it has been suggested that other mechanisms,

such as hypermethylation, could also mediate tumor suppressor inactivation (Esteller et

al., 2000; Grady et al., 2000).

The number of tumor suppressor genes found to fulfill the criteria of the "two-hit"

theory (i.e. showing inactivation of both alleles) has been quite low. Therefore, it has

been suggested that for some tumor suppressor genes, loss of only one allele could

result in insufficient amount of the gene product (haploinsufficiency), leading to cancer

formation (Fero et al., 1998; Song et al., 1999; Cook and McCaw, 2000; Kwabi-Addo et

al., 2001).

In prostate cancer, most of the classical tumor suppressors known to be crucial in many

other cancers (e.g. APC, RB1, and VHL) do not seem to have a significant role. In the

following sections, tumor suppressor genes that have been shown to be involved in the

development of prostate cancer are described. The most significant of these are also

presented in Table 1.
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Table 1. Genes shown to be altered in prostate cancer.

Gene Chromos. Identified Alteration in References

name location function prostate cancer  

PTEN 10q23 Lipid/ tyrosine Mutations and deletions in Cairns et al., 1997; Gray et al., 1998;

phosphatase advanced tumors Suzuki et al., 1998

TP53 17p13 Transcription factor, Mutations in advanced Bookstein et al., 1993;

cell cycle regulator tumors Navone et al., 1993;

Heidenberg et al., 1995

NKX3.1 8p21 Transcription factor LOH, loss of expression in Bowen et al., 2000

advanced tumors

GSTP1 11q13 Detoxifying enzyme Hypermethylation in PIN Lee et al., 1994; Lee et al., 1997;

lesions and in carcinomas Brooks et al., 1998

CDH1 16q22 Cell adhesion Hypermethylation Graff et al., 1995; Li et al., 2001

KAI1 11p11 Metastasis suppressor Decreased expression Dong et al., 1996; Ueda et al., 1996

CD44 11p11 Cell adhesion Hypermethylation Lou et al., 1999;

Verkaik et al., 1999;

Noordzij et al., 1999;

Verkaik et al., 2000

AR Xq12-q13 Androgen receptor Amplifications in hormone- Visakorpi et al., 1995a

refractory tumors

MYC 8q24 Transcription factor, Amplifications in primary Jenkins et al., 1997;

regulates e.g. proliferation, and in advanced tumors Nupponen et al., 1998b;

differentiation, apoptosis Bubendorf et al., 1999;

    Reiter et al., 2000

2.2.1 PTEN

The PTEN tumor suppressor gene (Li et al., 1997), also known as MMAC1 (Steck et

al., 1997) or TEP1 (Li and Sun, 1997), is located at 10q23, a region that often shows

loss of genetic material in prostate cancer by both LOH and CGH studies (reviewed by

Dong, 2001). The PTEN gene encodes for a dual specificity phosphatase that regulates

crucial signal transduction pathways. PTEN functions mainly as a lipid phosphatase, its

main target molecule in vivo being a signaling lipid, phosphatidylinositol 3,4,5-
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trisphosphate (PIP-3) (Maehama and Dixon, 1998; Myers et al., 1998). By

dephosphorylating PIP-3, PTEN downregulates the Akt/PKB signaling pathway that

promotes cell survival and inhibits apoptosis. In addition, PTEN displays weak tyrosine

phosphatase activity. The cellular substrates of PTEN tyrosine phosphatase activity are

focal adhesion kinase (FAK) and an adapter protein Shc (Tamura et al., 1998; Gu et al.,

1999), which regulate cell adhesion and migration. However, the in vivo tyrosine

phosphatase actitivity of PTEN, compared to its phospholipase activity, is controversial

(reviewed by Yamada and Araki, 2001). In addition, functional studies have shown that

it is the lipid phosphatase activity of PTEN that is required for the tumor suppressive

effects (Myers et al., 1998).

Deletions and other mutations of PTEN have frequently been detected in a wide variety

of cancers, especially in glioblastomas and in endometrial carcinomas, but also in renal,

ovarian, breast and prostate cancers (Steck et al., 1997; Li et al., 1997; Cairns et al.,

1997). Although deletions and mutations of PTEN gene have also been detected in

primary prostate carcinomas, (Cairns et al., 1997; Gray et al., 1998), alterations of

PTEN have more often been reported to be infrequent in primary tumors (Wang et al.,

1998; Feilotter et al., 1998; Pesche et al., 1998; Dong et al., 1998). Instead, inactivation

of PTEN has been shown to be commonly associated with advanced stages of prostate

cancer, as evidenced by the high rate of mutations and deletions detected in cell lines

and xenografts as well as in metastatic lesions of prostate cancer (Steck et al., 1997; Li

et al., 1997; Vlietstra et al., 1998; Suzuki et al., 1998). Since the frequency of LOH at

the PTEN locus has been reported to be higher (about 40%, on average) than the rate of

PTEN mutations in prostate cancer, (Fernandez and Eng, 2002), alternative mechanisms

for inactivation of the remaining allele have been studied. One potential explanation for

the low rate of biallelic alteration might be that inactivation of only one allele of PTEN

would be sufficient to promote  tumor growth (haploinsufficiency). This hypothesis is

supported by the heterozygous Pten+/- TRAMP mouse model, in which the loss of one

allele of PTEN results in an increased rate of prostate cancer progression (Kwabi-Addo

et al., 2001).
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2.2.2 TP53

The tumor suppressor gene TP53 is the most commonly mutated gene in human cancer.

TP53 gene encodes for the tumor protein p53, which is a key regulator of the cell cycle,

controlling the transition from the G1 phase to the S phase. Under conditions conducive

to DNA damage, TP53 may either induce apoptosis or arrest the cell cycle for DNA

repair (reviewed by Morris, 2002). Mutated TP53 protein has a prolonged half-life,

leading to nuclear accumulation of the abnormal protein (reviewed by MacGrogan and

Bookstein, 1997). Because of the nuclear accumulation, the presence of the TP53

mutation can be indirectly detected by immunohistochemistry. The frequency of TP53

mutations in prostate cancer has been studied using both the immunohistochemical

detection of the protein and direct sequencing of the gene. Although there is some

discrepancy in the reports concerning the actual mutation frequencies, most prostate

cancer researchers agree that mutations in the TP53 gene are more common in advanced

(poorly differentiated, metastatic and/or hormone-refractory) prostate carcinomas than

in early, localized prostate cancer (Bookstein et al., 1993; Navone et al., 1993;

Heidenberg et al., 1995).

Nuclear accumulation of the TP53 protein has also been shown to be associated with

many clinical parameters, such as short progression interval and poor prognosis,

transition from androgen-dependent to androgen-independent growth, incidence of

distant metastasis and overall survival (Visakorpi et al., 1992; Navone et al., 1993;

Grignon et al., 1997). However, in some other studies, no correlation between TP53

immunoreactivity and progression interval or survival has been found (Brooks et al.,

1996). There are several studies reporting heterogeneity of TP53 mutation between

tumors in multifocal prostate cancer and also within the same tumor (Mirchandani et al.,

1995; Gumerlock et al., 1997; Navone et al., 1999). This may partly explain the

controversial results obtained in different studies on the frequency and the prognostic

value of TP53 mutation in prostate cancer.
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2.2.3 NKX3.1

The human homeobox gene NKX3.1, located at 8p21 (He et al., 1997), is the strongest

candidate for the commonly observed 8p deletion in prostate cancer. Several different

mouse models with NKX3.1 deficiency have been demonstrated to have abnormal

ductal morphogenesis, hyperplasias and PIN-like lesions in the prostate (Bhatia-Gaur et

al., 1999; Abdulkadir et al., 2002; Kim et al., 2002a). In addition, it has been shown that

loss of NKX3.1 function and PTEN function together leads to synergistic activation of

the Akt/PKB signaling pathway (Kim et al. 2002b), which promotes cell survival and

inhibits apoptosis.

The functional activities of NKX3.1 as well as its location at the commonly deleted

chromosomal region strongly support the hypothesis that NKX3.1 is the one of target

genes for the 8p deletion. However, although loss of the NKX3.1 locus is frequently

detected in prostate cancer, no mutations in the remaining allele have been found

(Voeller et al., 1997; Xu et al., 2000b; Ornstein et al., 2001). Loss of NKX3.1

expression has been shown to be associated with hormone-refractory disease and

advanced tumor stage (Bowen et al., 2000), but overexpression of NKX3.1 in prostate

carcinomas has also been reported (Xu et al., 2000b). The lack of mutations in the

remaining allele of NKX3.1 has raised speculation of haploinsufficiency as the

mechanism to abolish the tumor suppressive activity of NKX3.1. NKX3.1 mouse

models support this hypothesis, since heterozygous mutant mice lacking only one allele

of NKX3.1 gene also develop hyperplasias and PIN-like lesions in their prostate

(Bhatia-Gaur et al., 1999; Abdulkadir et al., 2002).

2.2.4 GSTP1

Glutathione S-tranferase π−class gene (GSTP1) is the most commonly altered gene in

prostate cancer detected so far (reviewed by Elo and Visakorpi, 2001). Silencing of the

GSTP1 expression by hypermethylation of the promoter region has been detected in 90-

100% of prostate carcinoma samples (Lee et al., 1994; Lee et al., 1997; Brooks et al.,

1998), and also in a high proportion of PIN samples (Brooks et al., 1998), suggesting

that it is an early event in prostate tumorigenesis. Glutathione S-transferases are
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detoxifying enxymes that catalyze the conjunction of glutathione with harmful,

electrophilic molecules either endogenously or exogenously produced, thereby

protecting cells from carcinogenic factors. GSTP1 is usually not hypermethylated in

BPH tissue (Lee et al., 1994; Goessl et al., 2000). Therefore, it has been suggested that

detection of the hypermethylated GSTP1 could be used as a diagnostic marker for

prostate cancer. This has already been shown to be feasible by studies in which

hypermethylation of GSTP1 has been detected by methylation-specific PCR from body

fluids (Goessl et al., 2000; Cairns et al., 2001) and needle biopsies (Harden et al., 2003).

2.2.5 CDH1

Cadherins are transmembrane glycoproteins that mediate calcium-dependent cell-cell

adhesion. The E-cadherin gene (CDH1), a member of the cadherin family, is located at

chromosomal region 16q22. As loss of the 16q arm is frequently observed in advanced

prostate cancer by CGH as well as by LOH studies (reviewed by Dong, 2001), CDH1

has been the most promising target gene for the 16q loss. However, no somatic

mutations in the CDH1 have been found (Suzuki et al., 1996; Li et al., 1999), and the

more recent studies have shown that the most commonly deleted regions at 16q are

actually outside the CDH1 locus (Li et al., 1999). Instead, decreased expression of the

E-cadherin protein in prostate cancer has been reported (Umbas et al., 1992; Li et al.,

1999), and the decreased expression has been shown to correlate with histopathological

grade, tumor stage, tumor progression and overall survival of prostate cancer patients

(Umbas et al., 1992; Cheng et al., 1996; Richmond et al., 1997). On the other hand, in

some studies, no correlation between expression of E-cadherin and tumor stage has been

found (Rubin et al., 2001). Decreased expression in prostate cancer cell lines and in

clinical tumors has been shown to be accompanied by hypermethylation of the CDH1

promoter (Graff et al., 1995; Li et al., 2001).

2.2.6 Other tumor suppressor genes

KAI1 was first identified as a metastasis suppressor gene by transfecting it into rat

prostate cancer cells (Dong et al., 1995). Expression of KAI1 has been reported to be
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downregulated both in primary prostate tumors and metastatic lesions (Dong et al.,

1996; Ueda et al., 1996), and an inverse correlation between KAI1-positive cells and the

Gleason score of the tumor has been found (Ueda et al., 1996). However, since no

somatic mutations or allelic loss at the KAI1 locus at 11p11 or hypermethylation of the

promoter region have been detected (Dong et al., 1996; Sekita et al., 2001), the

mechanism of the downregulation of KAI1 expression remains uknown.

CD44 gene is located at the same chromosomal region as the KAI1 gene (11p11), and it

encodes for a transmembrane glycoprotein that participates in specific cell-cell and cell-

extracellular matrix interactions. As with KAI1, CD44 has also been suggested to be a

metastasis suppressor gene (Gao et al., 1997). Downregulation of CD44 expression, as

well as hypermethylation of the CD44 promoter, has been detected in prostate cancer

(Verkaik et al., 1999; Lou et al., 1999; Noordzij et al., 1999; Verkaik et al., 2000). Both

decreased expression and hypermethylation have been shown to be associated with the

progression and metastasis of prostate cancer (Noordzij et al., 1999; Kito et al., 2001).

Quite recently, allelic loss of the Kruppel-like factor 6 (KLF6), a transcription factor

with an unknown function, was detected in 77% of primary prostate carcinoma samples.

In the same study, mutations in the KLF6 gene were found in 55% of the samples

(Narla et al., 2001). Transfected wild-type KLF6 was shown to reduce cell proliferation

and to upregulate p21 expression in a p53-dependent manner, whereas mutated KLF6

proteins did not show this activity (Narla et al., 2001). In another study soon after, the

rate of KLF6 alterations in prostate cancer was, however, reported to be much lower,

with LOH occurring in 19% of cell lines and xenografts and in 28% of tumors (Chen et

al., 2003a). Missense mutations of KLF6 were detected in only 9% of the samples, and

no truncation mutations were reported. In addition, genetic alterations of KLF6 were

mainly detected in high-grade tumors and metastases, not in early tumors. As the results

of these two studies differ so markedly from each other, further studies are needed to

fully ascertain the frequency and the signification of KLF6 alterations in prostate

cancer.
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2.3 Oncogenes in prostate cancer

Oncogenes are genes whose activation leads to the transformation of a benign cell to a

malignant phenotype. The activation mechanism may, for example, be gene

amplification leading to overexpression of the gene, translocation of the gene into a

transcriptionally active domain in the genome or activating point mutation in the gene.

The knowledge of oncogenes in prostate cancer is very limited, and none of the

traditional oncogenes is known to be significant in the tumorigenesis of the prostate. In

the following sections, the oncogenes that have been most widely studied regarding to

their role in prostate cancer are introduced.

2.3.1 MYC

The oncogene MYC encodes for a transcription factor implicated in various cellular

processes, such as cell growth, proliferation, loss of differentiation and apoptosis.

Elevated or deregulated expression of MYC has been detected in many human cancers,

and it is often associated with aggressive and poorly differentiated tumors (reviewed by

Pelengaris et al., 2002). As the MYC gene is located at chromosomal region 8q24,

which is one of the most frequently amplified regions in advanced prostate cancer (Elo

and Visakorpi, 2001), it has been a strong target gene for the 8q23-q24 amplification.

The MYC gene has been found to be amplified in 8% of primary prostate carcinomas

and in 11-35% of advanced tumors (Jenkins et al., 1997; Nupponen et al., 1998b;

Bubendorf et al., 1999; Reiter et al., 2000). Amplification of MYC has in some studies

been shown to correlate with overexpression of its protein product as well as with tumor

grade and poor prognosis (Jenkins et al., 1997; Sato et al., 1999). However, in some

other studies, no correlation between MYC amplification and clinical outcome has been

found (Kaltz-Wittmer et al., 2000).

The putative oncogenic function of MYC in prostate cancer has been studied both in

vitro and in vivo: a MYC antisense oligonucleotide has been demonstrated to have

antiproliferative effects on prostate cancer cell lines (Balaji et al., 1997), and a retroviral

construct of an antisense MYC reduced tumor size when injected into established

tumors in nude mice (Steiner et al., 1998). Transgenic mice with chronic overexpression
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of MYC in their prostate have been reported to develop epithelial abnormalities similar

to low-grade PIN lesions in humans, but these abnormalities have not been found to

progress to carcinomas (Zhang et al., 2000a). In conclusion, the role of MYC in prostate

cancer remains unclear.

2.3.2 ERBB2

ERBB2 (also known as HER-2/neu) is a receptor tyrosine kinase belonging to the

epidermal growth factor receptor family. The role of ERBB2 is important in breast

cancer, in which it is amplified and overexpressed in 20-30% of cases and is also a

prognostic marker (reviewed by Hayes and Thor, 2002). Since ERBB2 is capable of

activating the androgen receptor signaling pathway at low levels of androgens (Craft et

al., 1999; Yeh et al., 1999), it has been suggested that ERBB2 might be implicated in

the development of androgen-independent prostate cancer. Over the past decade,

expression of the ERBB2 protein in prostate cancer has been widely studied. Although

some researchers have reported that ERBB2 is overexpressed in prostate cancer (Myers

et al., 1994; Gu et al., 1996; Signoretti et al., 2000), others have not detected

overexpression of ERBB2 (Visakorpi et al., 1992; Reese et al., 2001; Savinainen et al.,

2002). It has been reported that the level of ERBB2 expression is as low in prostate

tumors as it is in breast tumors without the gene amplification (Savinainen et al., 2002).

Amplifications of the ERBB2 gene in prostate cancer have been reported by only one

research group (Ross et al., 1997a; Ross et al., 1997b), whereas other investigators have

found ERBB2 amplifications to be very rare in prostate cancer (Bubendorf et al., 1999;

Signoretti et al., 2000; Reese et al., 2001; Savinainen et al., 2002; Lara et al., 2002).

After the introduction of the new anti-ERBB2 antibody, trastuzumab (Herceptin), which

is used in the treatment of advanced, ERBB2 positive breast cancer, trials with

Herceptin in prostate cancer have been initiated. Even though growth inhibition after

treatment with Herceptin was observed with prostate cancer xenograft and cell line

models (Agus et al., 1999), in clinical trials no positive effects on prostate cancer

patients have been seen (Morris et al., 2002). In summary, ERBB2 does not seem to be

as significant in prostate cancer as it is e.g. in breast cancer.
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2.3.3 BCL-2

BCL-2 is an anti-apoptotic factor that has been found to be involved in many human

cancers. The oncogenic function of BCL-2 in prostate cancer cells has been widely

studied. It has been demonstrated that the expression of BCL-2 protects prostate cancer

cells from apoptotic stimuli and increases their tumorigenic potential (Raffo et al.,

1995). Inhibition of BCL-2 expression has been reported to induce apoptosis in prostate

cancer cell lines (Dorai et al., 1999) and to delay the progression of hormone-refractory

tumors after castration in a mouse model (Miyake et al., 1999). In addition, prostate

xenograft tumors overexpressing BCL-2 have been shown to display increased

angiogenetic potential (Frenandez et al., 2001). The role of BCL-2 in clinical prostate

carcinomas has also been studied, however with somewhat contradictory results. In

normal prostate, only basal cells express the BCL-2 protein (McDonnell et al., 1992).

Elevated expression of BCL-2 has been detected in prostate cancer especially after

androgen withdrawal and in hormone-refractory tumors (McDonnell et al., 1992; Stattin

et al., 1996; McDonnell et al., 1997; Furya et al., 1996), suggesting that BCL-2 could be

involved in the progression of androgen-independent prostate cancer. On the other hand,

some researchers have reported high expression of BCL-2 in PIN lesions and in primary

tumors, but not in metastases (Stattin et al., 1996), whereas others have found BCL-2 to

be expressed in high-grade PIN but not in clinical carcinomas (Johnson et al., 1998).

According to some studies, BCL-2 overexpression predicts progression of prostate

cancer and is associated with high grade tumors (Bubendorf et al., 1996; Krajewska et

al., 1996), but others have found no correlation between BCL-2 expression and tumor

stage or prognosis (Stattin et al., 1996; McDonnell et al., 1997). No high-level

amplifications of the BCL-2 gene have been detected in prostate carcinomas (Nupponen

et al., 1998b). To summarize, the mechanisms of the oncogenic function of BCL-2 in

cancer cells are quite well characterized, but there is no decisive proof of the

significance of BCL-2 in prostate cancer.

3. Methods for studying differential gene expression

Positional cloning is one strategy to search for genes involved in cancer. This has been

carried out either by linkage analysis or by first screening genetic alterations at the
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chromosomal level, and subsequently revealing the target genes underlying the

chromosomal changes. Another way of detecting genes potentially involved in

tumorigenesis is to monitor differences in gene expression. Several powerful techniques

for studying differential expression have been developed, the most widely used being

subtractive hybridization, differential display, serial analysis of gene expression and

cDNA microarray hybridization. These four techniques, with their advantages and

disadvantages, are described below. The various characteristics of the techniques are

compared in Table 2.

Table 2. Characteristics of the subtractive hybridization, differential display, SAGE
and DNA microarray methods.

Method Qualitative/ Expression Detection High Global Costs
Quantitative comparison of novel throughput  of expression

   genes samples profiling  
Subtractive
hybridization qualitative one-way yes no no low

Differential display qualitative two-way yes no no low to medium

SAGE quantitative two-way yes no yes medium

DNA microarray quantitative two-way usually no yes yes high

3.1 Subtractive hybridization

Subtractive hybridization is used to isolate nucleic acids present in one sample but not

in another. The two samples compared are called “tester” and “driver”. The tester is the

sample from which differentially represented sequences are to be isolated, and the

driver is the reference sample. Subtraction is based on hybridization of sequences

present in both the tester and the driver samples, and subsequent separation of the driver

and the tester-driver hybrids from unhybridized tester DNA. To achieve as complete

subtraction as possible, an excess amount of driver DNA is used in hybridization. The

first protocols of subtractive hybridization used methods like hydroxyapatite columns,

biotinylation or immobilization of the driver or enzymatic hybrid removal to separate

the tester-driver hybrids from the single-stranded tester sample (reviewed by Sagerström

et al., 1997). The enrichment of the differentially represented sequences was inefficient,
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and so large amounts of starting material were needed, as well as several rounds of

subtractive hybridization.

In a new modification of subtractive hybridization, called representational difference

analysis (RDA), a PCR based, positive selection of the tester-DNA was used instead of

physical separation of double-stranded and single-stranded DNA, allowing subtractive

hybridization with much smaller amounts of starting material (Lisitsyn et al., 1993;

Hubank and Schatz, 1994). However, the subtraction with the RDA protocol was still

biased with high abundant sequences, and rare sequences were missed.

The latest and the best developed version of subtractive hybridization, called

suppression subtractive hybridization (SSH), combines normalization with subtraction

in the same step (Diatchenko et al., 1996). As a result, concentrations of the high and

the low abundance cDNA species become equalized, the subtraction is effective with all

sequences, and the probability of detecting rare, differentially expressed genes is

increased. In selection, a phenomenon called suppression PCR is utilized to selectively

suppress amplification of the non-target DNA molecules, whereas the target molecules

are exponentially amplified in the same reaction. SSH is a powerful tool to enrich

differentially expressed genes, but since the subtraction can never be complete, a

secondary screening process is necessary. The subtracted cDNA population can be used

to construct a cDNA library followed by screening with another method, or it can be

used as a complex probe to screen other libraries, for example. Only one-way

comparisons (up or downregulation) between the two cell populations can be made in

one subtraction experiment, and only two samples can be compared at a time. SSH is

also suitable for detecting novel sequences. The disadvantage of the method is that since

the protocol includes a restriction enzyme digestion, the resulting cDNAs are typically

500-600-bp fragments. Therefore, some additional effort is often required to obtain the

full-length sequences of the transcripts. However, several novel, differentially

expressed, cancer-related genes, such as ING1 in neuroblastoma and breast cancer

(Garkatsev et al., 1996) as well as STEAP, EIF3S3 and Trp-p8 in prostate cancer

(Hubert et al., 1999; Nupponen et al., 1999; Tsavaler et al., 2001) have been identified

using the SSH method.
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3.2 Differential display

Differential display (DD) was first described in 1992 (Liang and Pardee, 1992) as an

effective method to separate and clone individual, differentially expressed transcripts. In

DD, two or more mRNA populations are first reverse transcribed into cDNA using a

poly-A anchoring primer. Subsequently, the poly-A anchoring primer is used in

combination with a short, arbitrary primer to randomly amplify the cDNA species by

PCR. Finally, the PCR reactions are run in parallel in a high-resolution gel to visualize

the expression patterns. Differentially expressed genes are identified by extracting and

cloning the PCR products from the gel. The advantage of DD lies in its simplicity. By

combining three frequently used molecular biology methods; reverse transcription, PCR

and polyacrylamide gel electrophoresis, DD allows a rapid screening of differentially

expressed genes in two or more samples at a time. The bottleneck of the method,

however, is the cloning of the individual genes. PCR products from several different

mRNA species may lie in one band, and so the PCR products usually have to be cloned

before sequencing. The major disadvantage of DD is the high percentage (up to more

than 50%) of false positive clones. In addition, the high redundancy of genes may be

detected as a result of the capability of the arbitrary primers to anneal to several target

sequences in the same transcript. Meanwhile, some transcripts are not amplified at all.

Analysis of complex mRNA populations would require about 240 primer combinations

to achieve 95% coverage of the transcriptome (Liang and Pardee, 1992). Thus, DD is

not suitable for global expression profiling.

DD can be used to detect both over and underrepresented genes at the same time and in

principle, even very low-abundant transcripts can be detected by DD, if the primer

combination used is capable of annealing to the sequence (Wan et al., 1996). However,

differences in high-abundant transcripts may not be detected by DD, because saturation

of the PCR reactions finally leads to equalization of the amounts of the products (Matz

and Lukyanov, 1998). One of the advantages of DD is that only a small amount (<5 µg

of total RNA) of starting material is needed, although the rate of false positive clones is

likely to be higher when very small amounts of RNA (50 ng) are used (Matz and

Lukyanov, 1998). Novel genes can also be discovered by DD; for example, several

prostate cancer associated genes, such as PTI-1 (Shen et al., 1995), GC79 (Chang et al.,
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1997), caveolin (Yang et al., 1998), DD3 (Bussemakers et al., 1999) and UROC28 (An

et al., 2000) have been identified using DD.

3.3 Serial analysis of gene expression (SAGE)

The SAGE method was introduced in 1995 by Velculescu et al. Gene expression

analysis by SAGE is based on two principles: first, that a short (9-14 bp) fragment of a

transcript called “tag”, is sufficient to identify the corresponding transcript, and

secondly, that concatenation of the tags allows sequence-based identification of a large

number of transcripts in one experiment. In contrast to the other two methods for genes

expression analysis described above (subtractive hybridization and differential display),

SAGE also provides quantitative information of the gene expression, because the

relative number of each individual tag among other tags reflects the abundance of the

corresponding transcript in the cell. Since the protocol includes PCR amplification of

only short DNA fragments (“ditags”) with common adaptor primers, no artifacts in gene

expression results can be produced by selective amplification of some sequences over

others. SAGE can be applied for both global expression profiling and detecting

differential expression of individual genes. In principle, novel genes can also be found

using SAGE. However, since the expression analysis is based on 9 to 14-bp cDNA

fragments, full-length cloning of the novel sequence requires extra work, such as cDNA

library screening or rapid amplification of cDNA ends (RACE). One of the advantages

of SAGE is that global expression profiling is possible without any previous sequence

information. SAGE data is also easily portable, meaning that data produced by different

laboratories can be combined. As a part of the National Institutes of Health Cancer

Genome Anatomy Project (CGAP) of the USA, a SAGE database currently containing

over five million tags from more than a hundred cell types (Boon et al., 2002) is

maintained and freely accessible at the website of the National Center for

Biotechnology Information (http://www.ncbi.nlm.nih.gov/SAGE).

Performing SAGE analysis is basically simple, requiring only a high-throughput

sequencing system. However, the more complete expression profile is desired, the more

tags need to be sequenced. Typically, more than 200 000 tags are sequenced in one

SAGE experiment, which is both time-consuming and expensive. Therefore, SAGE is
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not suitable for the analysis of a large number of samples at a time. Even though novel

genes, such as the prostate-specific, androgen-responsive gene PMEPA1 (Xu et al.,

2000a), have been detected using SAGE, it has mainly been applied for comparing the

expression profiles of two different cell types. For example, gene expression in

colorectal, pancreatic, breast and prostate cancer cells (Saha et al., 2001; Zhang et al.,

1997; Nacht et al., 1999; Waghray et al., 2001), and also in tumor endothelial cells of

colon cancer (St. Croix et al., 2000) has been studied using SAGE.

3.4 DNA microarray

DNA microarray, introduced by Schena et al. in 1995, is a high-throughput method for

monitoring gene expression. The microarrays are prepared by robotically printing

cDNA or oligonucleotide fragments onto glass slides, or by synthesizing

oligonucleotide probes in situ on silicon-based chips (reviewed by Holloway et al.,

2002). RNA from the samples to be studied is reverse-transcribed into cDNA in the

presence of fluorescently labeled nucleotides. Usually, the two samples that are being

compared are labeled with two different fluorochromes and hybridized together to the

probes on the slide, although in some applications (e.g. Affymetrix GeneChip arrays),

each sample is hybridized to a separate chip. The fluorescent signals from each spot are

then measured using a special reader, and signal ratios are calculated. The choice

between cDNA and oligonucleotide probes may not be simple, as they both have their

advantages and disadvantages: cDNA clones are easier and cheaper to propagate, but

their use is limited by the availability of representative cDNA libraries. Oligonucleotide

probes, in principle, can be obtained for any gene, but they must be very carefully

designed, as the base composition can easily affect the hybridization results (Holloway

et al., 2002).

One of the disadvantages of the microarray method is the costs: the manufacture of the

microarray slides is expensive, and special equipment is needed both for printing the

slides and for detecting the hybridization signals. In addition, the expression analysis

made by microarray is always limited to those genes that have been spotted onto the

slides. Although it is possible to study the expression of unidentified genes using

microarray hybridization by spotting unknown genes, such as anonymous ESTs or
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randomly picked clones from a cDNA library, most of the commercially available

microarrays contain only known genes. It has been demonstrated that even very subtle

changes, such as 10-20% differences in expression, can be detected by microarray

hybridization (Lockhart et al., 1996). However, the drawback is that conventional

hybridization protocols usually require a substantial amount of starting material

(typically 20-75 µg of total-RNA) (Holloway et al., 2002), which can be problematic

with certain types of samples.

The microarray method allows monitoring and comparing of the gene expression of up

to tens of thousands of genes simultaneously (Lockhart et al., 1996). The hybridization

protocol is simple enough to permit studies with several different samples in one

experiment, making it feasible for expression profiling of groups of samples.

Consequently, microarray experiments often produce a vast amount of data, which is

why data analysis has become the major challenge of the method. In order to extract

meaningful information from tens of thousands of data points, datamining software

programs are used to discover patterns and rules from large data sets (reviewed by

Holloway et al., 2002). Although datamining tools are extremely useful in pattern

recognition or clustering of genes and/or samples, they cannot answer fundamental

questions like "what kind of data is interesting" or "what is a significant difference".

Finding a piece of data that has some biological meaning is the real challenge of a

microarray experiment.

In spite of the limitations described, microarray hybridization has become a popular and

a widespread method in studying differential expression. It has been used for identifying

individual, differentially expressed genes (Lin et al., 1999; Liau et al., 2000; Finlin et

al., 2001), but more often for global gene expression profiling and subsequent clustering

of genes and/or samples on the basis of the similarities in their expression profiles

(Eisen et al., 1998; Iyer et al., 1999). With clustering analysis, it has been possible to

even classify certain subtypes of B-cell lymphomas and breast cancers according to

their expression profiles (Alizadeh et al., 2000; Perou et al., 2000). With the aid of

constantly improving datamining tools, the microarray method is at present perhaps the

most powerful for studying gene expression.
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AIMS OF THE STUDY

The general aim of the study was to identify genes that might be involved in the

tumorigenesis of the prostate. The specific aims were:

1. To evaluate the utility of a combination of suppression subtractive hybridization

(SSH) and cDNA microarray hybridization to detect genes that are differentially

expressed in prostate cancer.

2. To identify the differentially expressed genes by combining SSH and the microarray

hybridization or by utilizing commercial microarrays.

3. To evaluate the clinical significance of the differentially expressed genes in prostate

cancer.

4. To clone and characterize the differentially expressed, anonymous EST detected by

using SSH and the microarray hybridization.

5. To study whether pHyde is a classical tumor suppressor gene in prostate cancer.
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MATERIALS AND METHODS

1. Cancer cell lines and xenografts

Prostate cancer cell lines PC-3 (ATCC number CRL-1435), DU145 (ATCC number

HTB-81), LNCaP (ATCC number CRL-1740), 22Rv1 (ATCC number CRL-2505) and

NCI-H660 (ATCC number CRL-5813), breast cancer cell lines T47D (ATCC number

HTB-133), MCF-7 (ATCC number HTB-22), MDA436 (ATCC number HTB-130),

SK-Br-3 (ATCC number HTB-30), MDA415 (ATCC number HTB-128) and ZR75-1

(ATCC number CRL-1500), as well as a cell line originating from fibrocystic disease of

the mammary gland, MCF10A (ATCC number CRL-10317), were obtained from the

American Type Culture Collection (ATCC, Rockville, MD, USA). A breast cancer cell

line EFM19 was purchased from DSMZ GmbH (Braunschweig, Germany) and a

normal prostate epithelial cell line, PrEC, from Clonetics (Walkersville, MD, USA).

The cells were cultured under the recommended conditions.

Ten prostate cancer xenografts (LuCaP 23.1, 23.8, 23.12, 35, 41, 49, 58, 69, 70 and 73)

were made available by Robert L. Vessella (Department of Urology, University of

Washington, USA). The xenografts have been established from human prostate

carcinomas and propagated in intact male nude mice (BALB/C nu/nu).

2. Clinical tumor samples

The BPH tissue material used in Study I was obtained from Tampere University

Hospital. The clinical prostate tumor material obtained from Tampere University

Hospital was used for the real-time RT-PCR, FISH and mutational analyses in Studies

II, IV and V. The clinico-pathological characteristics of the sample materials are

described in Table 3. The BPH samples were obtained from prostatectomy specimens

from patients with prostate cancer. However, the samples were histologically verified

not to contain any cancer cells. The samples used for the real-time quantitative RT-PCR

and the FISH analyses (Studies II, IV and V) were freshly frozen. For the mutational

analysis in Study V, fifty-three freshly frozen and three formalin-fixed, paraffin-
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embedded prostate carcinoma samples were utilized. The sample materials used in the

real-time RT-PCR and the mutational analyses were mostly but not completely

overlapping. The use of the clinical tumor samples was approved by the ethical

committee of Tampere University Hospital.

Table 3. Clinicopathological characteristics of the clinical prostate tumor material used
in Studies II, IV and V.
Characteristic Samples used for the

mutation analysis
(Study V)

Samples used for the FISH and
the quantitative RT-PCR

analyses (Studies II, IV and V)
BPH:

Total no. of cases 0 9

Untreated carcinomas:

Total no. of cases 38 30

        TNM-stage:

        T2N0M0

        T2N1M0

        T3N0M0

        T3NXM0

        T3NXM1

        T4NXM0

        T4NXM1

        TXN0M0

20

1

13

1

1

1

0

1

15

1

12

0

0

0

1

1

        Histological grade

       (WHO system):
         I

         II

         III

10

22

6

10

15

5*

Hormone-refractory carcinomas:

Total no. of cases 18 12*

Time of the hormonal therapy prior
to the TURP (months)

7-80 15-60

Abbreviations: BPH, benign prostate hyperplasia; TNM, tumor, lymph node, metastasis;
TURP, transurethral resection of prostate
* = Samples used for the FISH analyses in Studies II and V
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In Study III, tissue microarrays (TMA) consisting of formalin-fixed, paraffin-embedded

tumor tissues obtained from Tampere University Hospital were utilized in FISH

analysis. The TMA contained samples from 35 untreated, prostate cancer specimens and

from 35 locally-recurrent, hormone-refractory prostate carcinomas.

3. Suppression subtractive hybridization (SSH) (Studies I and II)

SSH was carried out using the PCR-Select  cDNA Subtraction Kit  (Clontech, Palo

Alto, CA, USA) according to the manufacturer’s instructions. Total-RNA from the

prostate cancer cell line PC-3 and from BPH tissue was extracted using the TRIzol

reagent (Invitrogen, Leek, The Netherlands), and poly (A)+ RNA was isolated from the

total RNA preparations using Oligotex resin (Qiagen GmbH, Hilden, Germany). In the

first subtraction (Study I), BPH was used as a tester and PC-3 as a driver. The second

subtraction (Study II) was performed with PC-3 as a tester and BPH as a driver. After

the subtractions, BPH and PC-3 cDNA libraries were constructed by cloning the

subtracted cDNA fragments into pCR II-TOPO TA cloning vector (Invitrogen). For a

subtraction efficiency test, a cDNA library from unsubtracted cDNA from the same

BPH sample used for the subtraction was constructed in the same way.

4. DNA microarray (Studies I, II and III)

4.1 Filter arrays (Study I)

In Study I, 432 clones from the subtracted BPH library and 432 clones from the

unsubtracted BPH were randomly picked and grown in liquid 96-well cultures. For

internal standards, IMAGE clones of common housekeeping genes ubiquitin (IMAGE:

628344), G3PDH (IMAGE: 645081) and 40S ribosomal protein (IMAGE: 362274)

were obtained from GenomeSystems (St. Louis, MO, USA.) The inserts of the cDNA

clones from the subtracted libraries and from the IMAGE clones were PCR-amplified

using adaptor-specific primers (Clontech) or vector-specific primers respectively. The

PCR-amplified inserts from the subtracted and the unsubtracted BPH libraries, as well

as from the IMAGE clones were arrayed onto nylon membranes (GeneScreen Plus,
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NEN  Life Science Products Inc., Boston, MA, USA) using a 96-pin Multi-blot

Replicator tool (V&P Scientific Inc., San Diego, CA, USA). The DNA was denatured

after gridding by soaking the membranes in 1.5 M NaOH, after which the membranes

were neutralized in 1.5 M NaCl/ 0.5M Tris, pH 7.2/ 0.001M EDTA.

Total RNA from BPH tissue and from the cell lines was extracted using TRIzol reagent

(Invitrogen), and poly(A)+ RNA from the total RNA using Oligotex resin (Qiagen). 32P-

dCTP labeled probes were synthesized from 500 ng of poly(A)+ RNA using Oligo-dT

primer (Invitrogen) and SuperScript II RNase H- Reverse Transcriptase (Invitrogen)

according to the manufacturer’s instructions. For a sensitivity and linearity test, various

amounts of in vitro transcribed poly(A)+ RNA (Riboprobe  in vitro Transcription

Systems, Promega, Madison, WI, USA) coding for prostate specific antigen (PSA) were

spiked to the labeling reactions. The labeled  probes were purified with NucTrap Probe

Purification Columns (Stratagene, La Jolla, CA, USA), denatured and hybridized to the

membranes. After washes, the membranes were exposed to Phosphoimager screens

(Molecular Dynamics Inc., Sunnyvale, CA, USA,) and the hybridization signals were

detected and analyzed using the Phosphoimager scanner and ImageQuaNT software

program (Molecular Dynamics). Background subtracted hybridization signals within the

same hybridization were normalized using ubiquitin and 40S ribosomal protein as

references. Genes showing greater than two-fold difference in signal intensity between

separate hybridizations were classified as differentially expressed.

4.2 Custom-made cDNA microarrays (Study II)

In Study II, 960 cDNA clones from the subtracted PC-3 library were picked, cultured

and PCR-amplified as described in Section 4.1. The PCR products were purified by

ethanol precipitation and arrayed onto glass slides at the Finnish DNA Microarray

Centre (Turku Centre for Biotechnology, Turku, Finland). For cDNA labeling, total

RNA was extracted from the PC-3 (test sample) and the LNCaP (reference sample) cells

using RNeasy Midi Kit (Qiagen). Cy3 and Cy5 labeled probes were synthesized from

50 µg of total RNA with 40 U of AMV reverse transcriptase (Finnzymes, Espoo,

Finland) and 2 µg of Oligo dT Primer (Invitrogen). After alkaline hydrolysis of the

RNA template, the probes were purified and concentrated using the Microcon YM-30
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columns (Millipore Corporation, Bedford, MA, USA). Hybridization was carried out at

+65°C for 16 h. After washes, fluorescent intensities of Cy3 and Cy5 were measured

using the ScanArray 4000 laser confocal scanner (GSI Lumonics, Billerica, MA, USA)

and quantitated with the QuantArray software program (Packard Bioscience, Billerica,

MA, USA). Local background was subtracted from the signal volume of each spot, and

the mean value of the housekeeping genes ubiquitin, G3PDH and 40S ribosomal protein

was used for normalization of the Cy3/Cy5 signals.

4.3 Commercial microarrays (Study III)

In Study III, Atlas Glass Human 1.0 Microarray slides containing oligos representing

1081 genes were purchased from Clontech. Total RNA from cell lines was extracted

using the TRIzol reagent (Invitrogen), and poly(A)+ RNA from the total RNA using the

Oligotex resin (Qiagen). Normal prostate poly(A)+ RNA from Clontech was used as the

reference sample. Cy3 and Cy5 labeled probes were synthesized from 2 µg of poly(A)+

RNA using the Micromax Direct cDNA Microarray system (NEN Life Science

Products Inc., Boston, MA, USA) except for the cDNA synthesis primers, which were

replaced by the CDS Primer Mix from Clontech. The synthesized probes were purified

with Microcon YM-30 columns (Millipore Corporation) and added to the GlassHyb

Hybridization Solution (Clontech). After hybridization and washes, Cy3 and Cy5

signals were measured and quantitated. Local background was subtracted from the

signal volume of each spot, and the mean signal value of eight housekeeping genes was

used for the normalization of the Cy3/ Cy5 signals.

5. Real-time quantitative RT-PCR (Studies II-V)

The tumor samples used in the real-time quantitative RT-PCR were histologically

examined using hematoxylin-eosin stained sections to ensure the presence of more than

60% of carcinoma or hyperplasic tissue in the samples. Subsequently, small amounts of

frozen tissue were scraped for total RNA extraction with the RNeasy Mini Kit (Qiagen).

From the cell lines, total RNA was isolated with either the TRIzol reagent or with the
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RNeasy Midi Kit. RNA samples from normal human tissues were purchased from

Clontech.

The total RNA samples were first reverse transcribed with Oligo dT Primer (Invitrogen)

and SuperScript II RNase H- Reverse Transcriptase (Invitrogen). Subsequently, the

cDNA was used as the template in the real-time quantitative PCR, using the

LightCycler apparatus (Roche Applied Science, Basel, Switzerland) with either SYBR

Green I or hybridization probe detection method (FastStart DNA Master SYBR Green I

or FastStart DNA Master Hybridization Probes, Roche Applied Science). Thermal

cycling was performed as previously described (Helenius et al., 2001; Linja et al.,

2001). For a standard curve, cDNA from normal human tissue (prostate or liver) or

from prostate cancer cell lines was used to make serial dilutions. PCR primers were

designed to anneal to separate exons in order to avoid amplification from any

contaminating genomic DNA. To ensure the specificity of the PCR product, a melting

curve analysis was performed after the cycling in the SYBR Green application, and all

the PCR products were also analyzed in an agarose gel. For normalization, expression

of TATA-box binding protein (TBP) was measured from each sample. The normalized

expression values were calculated by dividing the expression value of the gene of

interest by the expression value of TBP.

6. FISH (Studies II, III and V)

For a gene copy number analysis by FISH, human genomic BAC clones containing the

genes of interest were obtained from ResGen  Invitrogen Corporation (Huntsville, AL,

USA). The BAC probes were labeled with digoxigenin-dUTP (Roche Applied Science,

Basel, Switzerland) using nick translation. FITC-labeled, chromosome 8 centromeric

probe (pJM128) was used as a reference in Studies II and III, and SpectrumOrange-

labeled, chromosome 2 centromeric probe (Vysis Inc., Downers Grove, IL, USA) in

Study V. Metaphase chromosome preparations from normal blood lymphocytes and

from cell lines were prepared using routine techniques. Tissue sections from freshly

frozen xenograft and carcinoma samples, as well as from paraffin-embedded tumor

samples were pretreated as previously described (Helenius et al., 2001; Saramäki et al.,

2001). The dual-color FISH was performed for all the samples according to the
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previously published guidelines (Hyytinen et al., 1994). After washes, the samples were

stained with either anti-digoxigenin-FITC or anti-digoxigenin-Rhodamine (Roche

Applied Science) and counterstained with 0.1 M 4,6-diamino 2-phenylindole in

Vectashield antifading solution (Vector Laboratories Inc., Burlingame, CA, USA). The

fluorescent signals were scored from non-overlapping epithelial cells using Olympus

BX50 epifluorescence microscope (Tokyo, Japan). According to the gene copy

numbers, the tumors were classified into three different categories: normal (two copies

of the gene and the centromere signals per cell), low-level gain (three or four copies of

the gene per cell) and high-level amplification (five or more copies of the gene per cell

or signal clusters).

7. Northern hybridization (Studies I, II, IV and V)

Twenty micrograms of total RNA was electrophoresed in an agarose-formaldehyde gel,

blotted and hybridized using standard protocols (Sambrook and Russell, 2001). In

addition, commercial MTN blots containing poly (A)+ RNA from normal human tissues

were purchased from Clontech and hybridized according to the manufacturer’s protocol.

The cDNA fragments used as probes in the hybridizations were labeled with 32P-dCTP

using the Rediprime II labeling system (Amersham Biosciences, Piscataway, NJ, USA).

The hybridization signals were detected using the Storm PhosphorImager (Molecular

Dynamics).

8. Southern hybridization (Study IV)

Thirty micrograms of genomic DNA from cell lines and from normal human blood

lymphocytes was digested with XbaI and separated in agarose gel electrophoresis.

Blotting and hybridization were performed using standard protocols (Sambrook and

Russell, 2001). A cDNA probe containing the full-length mRNA sequence of the six-

transmembrane epithelial antigen of the prostate 2 (STEAP2) was labeled using the

Rediprime II labeling kit (Amersham Biosciences). The hybridization signals were

detected using Storm PhosphorImager (Molecular Dynamics).
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9. Cloning of the full-length STEAP2 cDNA (Study IV)

The first 600 bp of the STEAP2 cDNA sequence were revealed from the clone from the

subtracted BPH library. Next, a contig of matching sequences was assembled using EST

sequences retrieved from public databases. In addition, the genomic sequence of

STEAP2 was utilized to make exon predictions using the Grail and Genscan programs.

The exons were then cloned by RT-PCR (Titan One Tube RT-PCR System, Roche

Applied Science) from normal human prostate poly (A)+ RNA (Clontech) using primers

designed for the predicted exons. The final 5’ and 3’ untranslated sequences were

cloned from normal human prostate poly (A)+ RNA (Clontech) using the SMART

RACE protocol (Clontech). A sequence similarity search was carried out using the

BLAST program with blastn and blastx algorithms. Predictions for secondary structures

and subcellular localization were made using the PSORT II and the SOSUI programs.

10. Sequencing (Studies I, II, IV and V)

Sequencing was performed using the ABI PRISM  BigDye  Terminator Cycle

Sequencing Ready Reaction Kit with the ABI 310 and ABI3100 sequencers

(PerkinElmer Life Science Inc., Boston, MA, USA).

11. Androgen stimulation of the LNCaP cells (Study IV)

The LNCaP cells were cultured in phenol-red free RPMI medium with 10% charcoal

stripped serum for 24 h before androgen stimulation. The medium was then replaced

with fresh medium containing dihydrotestosterone (DHT) (Sigma-Aldrich, St. Louis,

MO, USA) at final concentrations of 0 M; 10-10 M; 10-9 M; 10-8 M and 10-7 M. The cells

were cultured in the presence of DHT for 24 h and harvested. Total RNA was extracted

from the stimulated cells using the RNeasy Mini Kit (Qiagen).
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12. Methylation analysis (Study IV)

The DU145 and the PC-3 cells showing very low expression of STEAP2 were cultured

to 50% confluence, after which a demethylating agent, 5-aza-2’-deoxycytidine (Sigma-

Aldrich) was added to the medium at final concentrations of 0 µM; 0.5 µM and 0.75

µM. Fresh medium with the demethylating agent was replaced after every 48 h, and

after five days the cells were harvested. Total RNA was extracted from the cells with

TRIzol reagent (Invitrogen). STEAP2 expression in the treated cells was studied using

both Northern hybridization and the real-time quantitative RT-PCR as described above.

13. Subcellular localization of STEAP2 with GFP fusion proteins (Study IV)

The coding region of STEAP2 was subcloned into pEGFP-N3 and pEGFP-C1

expression vectors (Clontech) to produce constructs for N-terminal and C-terminal GFP

fusion proteins respectively. The DU145 and the LNCaP cells were cultured to 80%

confluence and transfected with 6-8 µg of the purified STEAP2-pEGFP plasmids using

the lipofectamine method (Lipofectamine PLUS reagent, Invitrogen). After transfection

the cells were cultured for two days and then fixed with 4% paraformaldehyde/ 5%

saccharose/ 1 x PBS for 30 min, counterstained with 0.1 M 4,6-diamino 2-phenylindole

in Vectashield antifading solution (Vector Laboratories Inc.) and visualized using a

confocal laser scanning microscope (UltraView, PerkinElmer Life Science Inc.)

14. mRNA in situ hybridization (Study IV)

A 600-bp fragment of STEAP2 cDNA was subcloned into pBluescript vector, which

was then linearized to produce 33P-rUTP labeled antisense and sense riboprobes using in

vitro transcription method (Riboprobe  in vitro Transcription Systems, Promega).

Hybridization to formalin-fixed, paraffin-embedded prostate tissue sections was

performed as previously described (Nupponen et al., 1999). The sections were

counterstained with hematoxylin and visualized using a Nikon Microphot-SA
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fluorescence microscope with an epipolarization filter enabling simultaneous imaging of

tissue morphology and hybridization signal.

15. Mutational analyses (Studies IV and V)

Genomic DNA was isolated from prostate cancer cell lines and tumor tissues using

proteinase K/ phenol extraction method (Sambrook and Russell, 2001). In Study IV, the

four coding exons and the exon-intron boundaries of the STEAP2 gene were PCR-

amplified and directly sequenced from the cell line and the xenograft samples. In Study

V, the four coding exons as well as exon-intron boundaries of the pHyde gene were

PCR amplified from the cell line, xenograft and clinical tumor material as previously

described (Xu et al., 2001). Mutational analyses of the cell line and the xenograft

samples were performed using direct sequencing. For the clinical tumor material,

heteroduplex analysis was performed according to the previously published guidelines

(Xu et al., 2001) using an automated denaturing high-performance liquid

chromatography (DHPLC) instrument equipped with an analytical 2.1 x 75 mm Eclipse

dsDNA experimental column (Agilent Technologies). All putative heteroduplex

samples were reanalyzed by sequencing.

16. Statistical analyses (Studies II, IV and V)

The association of the gene expression levels with tumor type and histological grade

was calculated using non-parametric tests: Kruskall-Wallis, with Dunn’s multiple

comparison test (Studies II, IV and V), and Mann-Whitney U-test (Studies II and V).

Pearson’s chi-square test was used to study the association of regions of chromosomal

gains detected by CGH and localization of genes found to be overexpressed by cDNA

microarrays (Study II).



47

RESULTS

1.Detection of differentially expressed genes by combining SSH and cDNA
library array (Studies I and II)

In Studies I and II, two subtracted cDNA libraries were constructed: one with BPH as a

tester and PC-3 as a driver (Study I), and the other with PC-3 as a tester and BPH as a

driver (Study II). Both cDNA libraries were screened for differentially expressed genes

using array hybridization: filter array hybridization in Study I and glass array

hybridization in Study II.

1.1 Subtraction efficiency (Study I)

Prior to the construction of the subtracted BPH cDNA library, a subtraction efficiency

test was performed according to the manufacturer’s protocol (Clontech) to ensure that

the subtraction had been successful. To study the degree of enrichment more closely, an

unsubtracted cDNA library was prepared from the same BPH tissue sample with

essentially the same protocol omitting the subtraction step. Subsequently, 432 clones

were randomly picked from both cDNA libraries, arrayed onto nylon membranes and

hybridized with a cDNA probe complementary to prostate specific antigen (PSA), a

gene that was known to be expressed in BPH but not in PC-3. Of all the clones that

according to PCR analysis contained inserts (412 clones in the unsubtracted and 386

clones in the subtracted cDNA library), one clone (0.24%) in the unsubtracted library

and 15 clones (3.86%) in the subtracted library represented PSA, corresponding to 16-

fold enrichment of PSA cDNA in the subtracted library.

1.2 Sensitivity and linearity of cDNA filter array hybridization (Study I)

To study the sensitivity and linearity of the cDNA filter array hybridization method,

seven identical cDNA array membranes were prepared. The membranes were

hybridized with 32P-dCTP labeled probes synthesized from 500 ng of poly(A)+ RNA
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from the PSA negative DU145 cells, spiked with 0, 10, 25, 50, 100, 500 and 1000 pg of

in vitro transcribed PSA poly(A)+ RNA. The smallest amount of PSA poly(A)+ RNA

giving a hybridization signal that was reliably distinguished from the background was

50 pg, corresponding to 0.01% of the total amount of poly(A)+ RNA used for the

labeling. Linearity curve showed that the linear range of the hybridization signal was

from 50 pg to 1000 pg. The maximum variation of the normalized signal intensities

between the separate hybridizations measured from the non-PSA clones was two-fold.

1.3 Genes showing higher expression in BPH than in PC-3 (Study I)

Next, the subtracted BPH cDNA arrays were hybridized with 32P-dCTP labeled probes

synthesized from poly(A)+ RNA from BPH as well as from the cell lines PC-3, DU145,

LNCaP, PrEC, MFC10-A and MCF-7. Of the 386 clones that contained inserts

according to the PCR analysis, 76 (20%) showed no hybridization signal with any of the

probes. Altogether, 111/310 (=36%) clones showing hybridization signals were more

highly expressed in BPH than in PC-3. Of these 111 clones, 54 were expressed only in

BPH and in none of the cell lines studied, whereas 57 clones were also expressed in at

least one of the cell lines. Seven clones (2%) out of the 386 clones showed higher

hybridization signal in PC-3 than in BPH.

Of the clones showing higher hybridization signal in BPH than in PC-3, 42 clones were

sequenced, revealing 21 different genes: 16 known genes, two anonymous ESTs and

three mitochondrial sequences. Thus, the redundancy of the library was approximately

two-fold. The expression of 17 of the clones (HLA class clones were excluded) was

reanalyzed by Northern hybridization, confirming the differential expression of eight

genes (myosin light polypeptide kinase, lumican, α-tropomyosin, PSA, phosphatidic

acid phosphatase 2a, EST AI689722, glandular kallikrein 2 and IGFBP7). Twelve

clones showing a hybridization signal only in BPH in the cDNA array hybridization

were also sequenced. One of these clones represented a gene called hevin. Northern

hybridization confirmed that hevin was moderately expressed in BPH, but not in any of

the cell lines studied.
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1.4 Genes showing overexpression in PC-3 (Study II)

The subtracted PC-3 cDNA library was arrayed onto glass slides and used for

microarray hybridization with fluorescently labeled PC-3 (sample) and LNCaP

(reference) probes. Clones showing a median signal ratio >3 were classified to be

overexpressed in PC-3 and sequenced. The sequencing revealed 68 different genes

(Table 4) with both known and unknown functions. When the chromosomal locations of

these genes were retrieved from public databases and combined with data from

previously published CGH studies (Nupponen et al., 1998a), it was found that the

overexpressed genes clustered in regions that showed gains in PC-3. According to the

CGH studies, chromosomal regions showing gain of the genetic material cover about

837 Mb (∼ 27%) of the total of 3133 Mb (excluding chromosome Y) of the PC-3

genome. As 36 (54%) of the 67 overexpressed genes (the chromosomal location of one

of the 68 genes was unknown) were localized in the gain regions, the association

between overexpression and localization in the regions of gain was strong (p<0.001).

The association was even stronger when the same analysis was performed with only

regions showing high-level amplifications (CGH ratio >1.5). In PC-3, high-level

amplifications of three regions, 8q13-qter, 10cen-q23 and 14q22-q24, have been

detected in CGH studies covering about 174 Mb (∼ 6%) of the genome. Of the 67 genes

overexpressed in PC-3, 14 (21%) were localized in such regions.

2. Detection of differentially expressed genes using commercial
microarray slides (Study III)

In Study III, commercial microarray slides containing 1081 oligonucleotide targets were

utilized to study differential expression in prostate cancer cell lines PC-3, DU145 and

LNCaP compared to normal prostate cells. The ten most highly overexpressed genes in

each cell line were selected for further study. The selected 22 different genes could be

classified into the following functional categories: cell cycle regulators (cell division

cycle 2, cyclin-dependent kinase 5, cyclin B1 and cyclin 2A), ribosomal proteins

(ribosomal protein S21 and ribosomal protein 3a), DNA polymerases and replication-

associated proteins (topoisomerase II α and replication protein A3), proteases

(urokinase type plasminogen activator and calpain 2), nuclear receptors/ transcription
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factors (orphan hormone nuclear receptor and c-myc), apoptosis/ cell proliferation –

associated proteins (cellular apoptosis susceptibility protein and apoptosis inhibitor 4)

and miscellaneous (nucleoside diphosphate kinase A, 90-kd heat shock protein A,

elongin C, caveolin 2,  calmodulin, KIAA0175, prostate-specific membrane antigen and

G-protein activated inward rectifier potassium channel 2).

The chromosomal locations of these genes were retrieved from public databases, and

expression profiles were constructed by plotting the expression ratios of the genes

against the physical maps of the chromosomes containing the overexpressed genes.

Subsequently, the expression profiles were compared with previously published CGH

profiles of the cell lines (Nupponen et al., 1998a). Prostate cancer cell lines show only

few regions of high-level amplification: PC-3 contains a high-level amplification of

8q13-qter, 10cen-q23 and 14q21-q24, and DU145 contains a gain of 14q including

amplification at 14cen-q21, whereas LNCaP does not show any amplification. By

comparing the expression profiles with the CGH profiles, two genes showing consistent

overexpression with amplification of the corresponding chromosomal region were

detected. These genes were urokinase type plasminogen activator (uPA) at 10q22 and

elongin C at 8q21. The expression ratio of uPA was 7.1 in PC-3 and 1.6 in DU145,

whereas in LNCaP the expression was below the detection limit. The expression ratio of

elongin C was 5.5 in PC-3, 1.0 in DU145 and 2.1 in LNCaP.

3. Overexpression and amplification of RAD21, KIAA0196 and elongin C in
prostate cancer (Studies II and III)

By combining the SSH and the array hybridization methods, as well as by using the

commercial microarray slides, a number of differentially expressed genes in prostate

cancer was detected in Studies I, II and III. Further study of a subset of the differentially

expressed genes led to the detection of overexpression and amplification of three genes,

RAD21, KIAA1096 and elongin C, in clinical prostate carcinomas (Studies II and III).



51

3.1 RAD21 and KIAA0196 (Study II)

In Study II, 68 different genes were classified to be overexpressed in PC-3 according to

the microarray results (ratio >3). To validate the results of the microarray hybridization,

and also to study the expression of selected genes in three other prostate cancer cell

lines (DU145, LNCaP and 22Rv1) as well as in nine prostate cancer xenografts (LuCaP

23.1, 23.8, 23.12, 35, 49, 58, 69, 70 and 73), real-time quantitative RT-PCR was used.

Of the 68 genes, we selected 23 genes that were clustered in chromosomal regions that

in CGH studies have shown gains in PC-3. These were genes at 8q (eight genes), 10p/q

(six genes), 14q (four genes) and 17q (five genes). In addition, we selected six genes on

the basis of high overexpression, indicated by a high ratio and a high clone frequency in

the SSH library (more than three clones with the hybridization signal ratio >3). The

real-time quantitative RT-PCR analysis confirmed the overexpression of all 29 genes in

PC-3. When the expression data was compared with the previously published CGH

profiles of the cell lines and the xenografts (Nupponen at al., 1998a; Laitinen at al.,

2002), it was found that seven genes (KIAA0196, RAD21, CHRAC1, BM-009, EXT1,

FBXO32 and PRG1) were overexpressed mainly in samples containing amplification at

the chromosomal regions harboring the genes.

Subsequently the expression of these seven genes was studied in clinical prostate tumor

material. According to the real-time quantitative RT-PCR analysis, expression of

RAD21 was significantly higher in carcinoma samples than in BPH samples (p=0.0255,

Kruskall-Wallis test). In addition, KIAA0196 showed significantly higher expression in

hormone-refractory tumors than in BPH samples (p=0.0252, Mann-Whitney U-test). A

tendency to increased expression in carcinoma samples compared to BPH samples was

also detected with CHRAC1, although the differences were not statistically significant

(p=0.0908, Kruskall-Wallis test). The rest of the genes did not show increased

expression in carcinoma samples.

The copy numbers of RAD21, KIAA0196 and CHRAC1 genes were studied by FISH

analysis. Since all three genes were located at the chromosomal region 8q24, the

prostate cancer cell line PC-3 and a breast cancer cell line SK-Br-3, both containing

amplification at 8q23-24, were first studied. As a control, the prostate cancer cell line

LNCaP showing no alterations at 8q was used. In PC-3, RAD21, KIAA0196 and
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CHRAC1 were all amplified with 6-12 copies of the gene and 2-4 copies of

chromosome eight centromere (ratio ∼ 3). In SK-Br-3, RAD21 and KIAA0196 showed

high-level amplifications with 13-15 copies of RAD21 and 10-12 copies of KIAA0196,

compared to one copy of the chromosome eight centromere. Only two copies of

CHRAC1 were detected in SK-Br-3. In LNCaP cells, four copies of RAD21,

KIAA0196 and CHRAC1 as well as of the chromosome eight centromere were

detected. Since amplification of the region 8q23-24 is frequently detected in advanced

prostate cancer, the copy numbers of RAD21, KIAA1096 and CHRAC1 were also

studied in ten prostate cancer xenografts as well as in twelve hormone-refractory

prostate tumors using FISH analysis. RAD21 was amplified in 7 (32%), KIAA0196 in 8

(36%) and CHARC1 in 4 (18%) of the samples studied. The samples showing high-

level amplification of KIAA0196 also had a higher expression value in the real-time

quantitative RT-PCR than samples with low-level gain or normal copy number

(p=0.0051, Mann-Whitney U-test). RAD21 and CHRAC1 did not show any statistically

significant association between the gene copy number and the expression.

Finally the results of the cDNA microarray hybridization and the real-time quantitative

RT-PCR of RAD21 and KIAA0196 were verified by Northern hybridization. Of the

prostate cancer cell lines, the highest expression of both RAD21 and KIAA0196 was

detected in PC-3. The results confirmed the microarray and quantitative RT-PCR

results.

3.2 Elongin C (Study III)

In Study III the results of the microarray hybridization were verified by measuring the

expression of uPA, elongin C and TOP2A in the prostate cancer cell lines PC-3, DU145

and LNCaP using real-time quantitative RT-PCR analysis. Differences in gene

expression between the cell lines were similar with both methods. The expression of

TOP2A was highest in DU145 and the expression of uPA in PC-3. The expression of

elongin C was over five times higher in PC-3 than in DU145 and in LNCaP.  The

expression of elongin C was also studied in seven breast cancer cell lines (T47D,

MDA436, SK-Br-3, MDA415, ZR75-1, MCF-7 and EFM19) and in one cell line
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originating from fibrocystic disease of the mammary gland (MCF10A). The highest

expression of elongin C was detected in SK-Br-3.

According to the public databases, elongin C is located at chromosomal region 8q21.

This was also confirmed by the FISH analysis using a gene-specific probe. In FISH

analysis, elongin C showed amplification in PC-3 with 6-12 copies of the gene

compared to 2-4 copies of the chromosome eight centromere (ratio ∼ 3). High-level

amplification was also detected in SK-Br-3, with about 12 copies of elongin C

compared to only one chromosome eight centromere (ratio ∼ 12). DU145 contained

three and LNCaP four copies of both the gene and the centromere (ratio=1). In order to

study the frequency of elongin C amplification in clinical prostate cancer, the copy

number of elongin C was studied by FISH in 35 untreated prostate carcinomas and in 35

hormone-refractory tumors. In the untreated carcinomas, no amplifications of elongin C

were detected, but 12 (34%) of the samples contained a low-level gain of the gene. Of

the hormone-refractory tumors, eight (23%) showed high-level amplification and 19

(54%) low-level gain of elongin C.

4. Cloning and characterization of STEAP2 (Study IV)

In Study I, one of the clones that showed a hybridization signal in BPH but not in PC-3

was an anonymous EST. In Study IV the cloning and characterization of this EST

(STEAP2) are described.

4.1 STEAP2 gene and protein

In BLAST search, the anonymous EST from the subtracted BPH cDNA library matched

to a genomic sequence from chromosomal region 7q21.13 (GenBank accession no.

AC002064) and to several EST sequences (e.g. AI023663, AI051210, R09227). Full-

length cloning of the cDNA revealed four different splicing forms, three of which

resulted from differential splicing of the last exon. According to the Northern

hybridization with probes specific to the three different splicing forms of the last exon,

the longest version turned out to be present in the major transcript, which was about 7.5
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kb long. The fourth splicing form contained an extra 113-bp exon upstream of the first

putative coding exon, introducing a new translation starting codon to the transcript.

However, translation from this starting codon would have produced a polypeptide of

only 14 amino acids in length, due to a stop codon in the following exon in this reading

frame. Therefore it is not likely that this exon is present in the major transcript of the

gene.

Southern hybridization did not reveal any major rearrangement of the gene in PC-3,

DU145 and LNCaP cell lines. Nor were any nonsense or frameshift mutations of the

gene found when the cell lines PC-3, DU145, LNCaP and 22Rv1 were sequenced.

However, four sequence variations were detected by sequencing. One of them was a

neutral change at codon 272 (CTC to CTT) with no amino acid change, but three of

them were substitutions that changed the amino acid: Phe17Cys (TTT to TGT),

Arg456Gln (CGA to CAA) and Met475Ile (ATG to ATT). All of these variants were

also detected in normal DNA samples (n=10), indicating that they are normal

polymorphisms, not mutations. The allele frequencies in normal DNA samples were

45% for T (Phe) and 55% for G (Cys) at codon 17, 45% for C and 55% for T (both

coding for leucine) at codon 272, 40% for G (Arg) and 60% for A (Gln) at codon 456

and 10% for G (Met) and 90% for T (Ile) at codon 475.

The major transcript of the gene encodes for a putative polypeptide of 490 amino acids,

with the predicted molecular mass of 56 kDa. According to the secondary structure

predictions made by PSORT II and the SOSUI software programs, the polypeptide is a

membrane protein with six putative membrane-spanning domains. The protein was

predicted to be located either at the endoplasmic reticulum (probablility 39.1%) or at the

plasma membrane (probability 34.8%). Sequence similarity search with the blastn

algorithm did not reveal any significant similarities at the DNA level. However, search

at the amino acid level with the blastx algorithm resulted in three highly homologous

proteins, with 50% identity and 70% similarity on average. These homologs were a

human six-transmembrane epithelial antigen of the prostate (STEAP) (Hubert et al.,

1999), a rat tumor suppressor pHyde (Rinaldy and Steiner, 1999) and a TNF-α-induced

adipose-related protein (TIARP) (Moldes et al., 2001) from mouse. Since the novel

gene shared so many similarities with the STEAP gene, both at the amino acid level and

at the expression level (described below), it was named STEAP2. Soon after the
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completion of the cloning and characterization of the STEAP2 gene, Korkmaz et al.

(2002) reported the cloning of the same gene under the name STAMP1 (six-

transmembrane protein of the prostate 1). The cDNA sequence of STAMP1 (GenBank

accession no. AY008445) is almost identical to the STEAP2 cDNA sequence, differing

in only a few bases and containing a slightly different 5’ untranslated region.

The subcellular localization of the STEAP2 protein was experimentally studied by

transfecting the DU145 and the LNCaP cells with a fusion protein construct of green

fluorescent protein (GFP) and STEAP2. The green fluorescent signal was seen in the

plasma membrane, and also in vesicle-like structures all over the cytoplasm. No signal

was detected in the nucleus.

4.2 Expression of STEAP2

In normal human tissues, STEAP2 was most highly expressed in prostate, according to

both the Northern hybridization and the real-time quantitative RT-PCR analyses. The

expression of STEAP2 was also detectable by Northern hybridization in ovary, and by

the RT-PCR in all the tissues studied (skeletal muscle, mammary gland, testis, uterus,

heart, kidney, lung, trachea, brain and liver), but at levels ten-fold lower than in the

prostate. In situ hybridization with prostate tissue showed that epithelial cells and

carcinoma cells were the major source of the STEAP2 expression in the prostate.

Subsequently the real-time quantitative RT-PCR was used to study the expression of

STEAP2 in clinical prostate tumor material. The expression of STEAP2 was three-fold

higher in the carcinoma samples than in the BPH samples (p=0.002, Kruskall-Wallis

test). No difference in the expression was detected between untreated and hormone-

refractory carcinomas, and there was no association between the histological grade and

the expression of STEAP2.

Of the prostate cancer cell lines (PC-3, DU145, LNCaP and 22Rv1), the LNCaP cells

showed about 30-fold higher expression of STEAP2 than the others. Since LNCaP is

the only androgen-sensitive prostate cancer cell line, whether the expression of STEAP2

is regulated by androgens was studied by culturing the LNCaP cells with the presence

of various concentrations of dihydrotestosterone (DHT). No differences in the
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expression of STEAP2 were detected after the stimulations, whereas the expression of

the positive control gene, PSA, correlated with the concentration of DHT. To study if

the expression of STEAP2 is silenced in the other cell lines by hypermethylation, the

PC-3 and the DU145 cells were cultured in the presence of a demethylating agent, 5-

aza-2’-deoxycytidine. The treatment did not restore the expression of STEAP2, whereas

the expression of the positive control gene, estrogen receptor alpha, was increased in

DU145.

5. pHyde (Study V)

One of the closest homologs of the STEAP2 protein that was cloned and characterized

in Study IV is a rat tumor suppressor pHyde (Rinaldy and Steiner, 1999). In Study V,

mutation and copy number analyses of the human pHyde gene were performed in order

to find out whether pHyde is a classical tumor suppressor gene in prostate cancer. In

addition, expression of pHyde was studied in normal human tissues as well as in

prostate carcinoma samples.

5.1 Mutation and copy number analyses

The sequence of the human pHyde gene was retrieved from the public databases by

BLAST search. Both the cDNA (GenBank Acc.no. AK00196) and the genomic

sequences (GenBank Acc.no. AC016673 and AC016736) were found, enabling us to

construct the exon-intron organization of the human pHyde gene. Four human prostate

cancer cell lines (PC-3, DU145, LNCaP and 22Rv1) as well as eight prostate cancer

xenografts (LuCaP 23.1, 35, 41, 49, 58, 69, 70 and 73) were screened for pHyde

mutations by sequencing the four coding exons and the exon-intron boundaries. No

sequence alterations were detected in the cell lines. In xenografts, two missense

mutations were found: a homozygous alteration, Ile305Thr (ATC to ACC), in LuCaP

69, and a heterozygous alteration, Ala184Thr (GCC to ACC), in LuCaP 58. These two

alterations were not detected in DNA samples from healthy blood donors (n=50),

indicating that they are real mutations, not polymorphisms. In addition, three silent

substitutions were detected in the xenografts: GGC to GGT at codon 32 in LuCaP 73
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and CTG to CTA at codon 379 as well as TTC to TTT at codon 391, both in LuCaP 58.

Fifty-six clinical prostate carcinoma samples were also screened for pHyde mutations

using a DHPLC analysis. No truncating or missense mutations were detected, but the

same silent substitution that was found in the xenograft LuCaP 58 (TTC to TTT at

codon 391) was also detected in four clinical tumor samples. The same alteration was

found in normal DNA samples as well, indicating that it is a polymorphic variant of the

gene.

The cell lines and xenografts were also analyzed by FISH for copy number changes.

The cell lines PC-3, DU145 and LNCaP contained equal numbers of the pHyde locus

and the chromosome two centromere, but the cell line 22Rv1 had only one copy of

pHyde compared with two centromeric signals. A deletion at the pHyde locus was also

detected in two xenografts, LuCaP 69 and 70. Of the grade III untreated primary

prostate carcinoma samples (n=5), one contained deletion of the pHyde gene, with two

copies of pHyde and four copies of the chromosome two centromere.

5.2 Expression analysis

In normal human tissues, expression of pHyde was detected in colon, small intestine,

ovary, prostate, placenta, liver and heart by Northern hybridization. With the real-time

quantitative RT-PCR, the expression was detected in skeletal muscle, mammary gland,

lung, trachea and kidney. The expression was weak but also detectable in testis, uterus

and brain tissues. According to the quantitative RT-PCR measurements, the expression

of pHyde was highest in the prostate.

Northern hybridization and quantitative RT-PCR analyses were utilized to study the

expression of pHyde in prostate cancer cell lines, xenografts and in clinical prostate

tumors. In the cell lines, pHyde was expressed at levels about two times higher in PC-3

and DU145 than in LNCaP and 22Rv1. All the xenografts (LuCaP 23.1, 35, 41, 49, 58,

69, 70 and 73) expressed pHyde, showing no clear differences between the samples. No

statistically significant differences (p=0.602) were found in the expression of pHyde in

BPH, untreated prostate carcinomas and hormone-refractory tumors. However, there

was an association between the expression of pHyde and histological grade in the
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untreated carcinoma samples, with poorly differentiatied (grade III) tumors showing

lower expression than well and moderately differentiated (grades I and II) tumors

(p=0.007).
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DISCUSSION

1. Detection of differentially expressed genes by combining SSH and
cDNA library array

1.1 Combination of SSH and array hybridization (Studies I and II)

In Studies I and II, the SSH method was used to enrich genes that are differentially

expressed in prostate cancer. However, as the subtraction can never be complete,

another method, such as Northern analysis or RT-PCR, is always needed to confirm the

differential expression of the genes. Only a limited number of genes can be analyzed in

one Northern hybridization, and designing and testing primers for hundreds of different

genes for RT-PCR is also both laborious and expensive. cDNA array hybridization is

therefore an optimal method for secondary screening of the subtracted cDNA

population, as expression of a large number of genes can be simultaneously studied in

one array hybridization.

Nowadays, there are also a wide variety of commercial cDNA arrays available for

studying differential expression. However, the commercial arrays mainly contain known

genes, thus representing only a fraction of the human genes expressed. As expression

analysis by cDNA microarray is restricted to what has been printed on the slide or filter,

it is also not applicable for detection of novel genes, unless custom-made arrays are

used. For these reasons, subtracted cDNA libraries were constructed and screened for

truly differentially expressed genes using the array techniques in Studies I and II. Since

the cDNA was subtracted before the library construction, differentially expressed genes

were enriched, and at the same time, the number of common housekeeping genes was

decreased. This reduced the number of clones to be picked for a representative

collection of potentially interesting genes. On the other hand, using the array

techniques, it was feasible to considerably increase the number of clones screened for

differential expression.
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One of the disadvantages of using the subtracted cDNA libraries for the detection of

differentially expressed genes was that transcripts from only one sample (BPH tissue

sample or PC-3 cell line) were represented in each of the two libraries. Using pooled

RNA preparations from several tissue samples may have made the subtracted cDNA

libraries more representative. However, as prostate carcinoma tumors are very

heterogeneous, pooling could also have resulted in dilution of expression differences

present in one individual sample but not in the others, thus reducing the possibility of

capturing all differentially expressed genes.

Combining the SSH and the cDNA array hybridization methods led to the identification

of two genes (RAD21 and KIAA0196) that were found to be overexpressed and

amplified in prostate cancer, and also to the cloning and characterization of one novel

gene (STEAP2). Although the strategy includes steps that, without automatization,

require a lot of manual effort (e.g. picking of the clones, PCR amplification and

purification of the PCR products, sequencing of the clones etc.), it is still a powerful

tool for the rapid identification of putative new target genes of the chromosomal

alterations in prostate cancer, especially when applied together with data on

chromosomal alterations

1.2 Validation of the SSH and the cDNA array hybridization methods:

enrichment, sensitivity and linearity (Study I)

To study the degree of enrichment after subtraction, the number of clones representing

PSA was studied in unsubtracted and in subtracted cDNA libraries. It was found that the

number of PSA clones was 16-fold in the subtracted cDNA library compared to the

unsubtracted library. Further enrichment of differentially expressed genes could have

been achieved by performing additional rounds of subtractive hybridization or by

adding more cycles to the suppression PCR. However, a higher degree of enrichment is

also accompanied by reduced complexity, thus decreasing the likelihood of detecting all

differentially expressed genes. As secondary screening of the subtracted cDNA library

was included in the process of detecting truly differentially expressed genes, maximal

enrichment was not so crucial. Instead, it was more important to keep the complexity of
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the cDNA library as high as possible, so that more differentially expressed genes could

be detected.

The detection limit in cDNA array hybridization was found to be 50 pg, corresponding

to 0.01% of the 500 ng of poly(A)+ RNA used for the labeling. The transcripts that are

present in a cell at a time can be divided into three classes on the basis of their

abundance: the rare, the intermediate and the abundant class. It has been estimated that

if there are 15 000 different genes expressed in a cell at a time, about 14 200 of them

belong to the rare class, about 840 to the intermediate class and about 10 to the

abundant class (Hastie and Bishop, 1976). Together, the rare class transcripts have been

estimated to comprise about 37% of the total amount of transcripts in a cell (Hastie and

Bishop, 1976). From this, it can be calculated that each of the rare class mRNA species

would thus represent about 0.003% of the total amount of transcripts in a cell (37%

divided by 14 200). Correspondingly, the mRNA species belonging to the intermediate

class were estimated to comprise about 41% of all the transcripts in a cell (Hastie and

Bishop, 1976), each individual mRNA species thus representing about 0.05% of the

total amount of transcripts (41% divided by 840). The detection limit of 0.01% observed

in the array hybridization in Study I would thus be between the rare (0.003%) and the

intermediate (0.05%) classes.

Since the vast majority of the mRNA species in a cell belongs to the rare abundance

class, improving the sensitivity of the array hybridization would be extremely

beneficial. Higher sensitivity could be achieved by increasing the starting material used

for the probe labeling, or by prolonging the hybridization time. There is, however, a risk

of thereby saturating the signals of the more abundant transcripts. According to the

results of the linearity test, the linear range of the array hybridization signals was from

50 to 1000 pg, corresponding to 0.01%-0.2% of the poly(A)+ RNA used for the labeling.

This indicates that using this protocol it was possible to reliably study differential

expression of transcripts including those of greater abundance.
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1. 3 Differentially expressed genes

1.3.1 Genes showing higher expression in BPH than in PC-3 (Study I)

In Study I, genes expressed in BPH and not in PC-3 were detected. Fifty-four (49%) of

all the differentially expressed clones were found to be expressed only in BPH and in

none of the cancer cell lines studied. This was an expected result, as the subtracted

cDNA library used in the study was constructed from BPH. In addition to epithelial

cells, the BPH tissue also contains other types of cells, such as stromal cells and blood

cells, whereas the cancer cell lines consist of cells of epithelial origin only. Indeed,

sequencing of the differentially expressed clones revealed that many of them

represented genes known to be expressed in stromal cells (e.g. decorin) (Pulkkinen et

al., 1992). However, a subset of the clones was also likely to represent genes that are

expressed in the epithelium of normal prostate but not in cancer cell lines. An example

of such a gene is hevin, which in previous studies has been shown to be expressed in

normal prostatic epithelial cells and to be downregulated in prostate cancer cell lines

and in metastatic prostate carcinomas (Nelson et al., 1998).

Fifty-seven (51%) of all the differentially expressed clones were expressed, in addition

to BPH, in at least some of the cell lines studied, indicating that they represented genes

expressed in epithelial cells. Forty-two of them were sequenced and studied using

Northern hybridization, which confirmed the differential expression of eight different

genes (myosin light chain polypeptide kinase, lumican, α-tropomyosin, PSA, PAP2a,

glandular kallikrein 2, IGFBP7 and an anonymous EST). Of these, PSA, PAP2a and

glandular kallikrein 2 were expected findings, as they all are androgen-regulated genes,

thus known to be downregulated in the AR-negative cell line PC-3. In addition to PC-3,

downregulation of PAP2a has been detected at least in colon tumors (Leung et al.,

1998).

IGFBP7 (also known as IGFBP-Pr1/mac25) belongs to the multigenic family of insulin-

like growth factor binding proteins. IGFBP7 has been suggested to possess tumor

suppressive potential in prostate cancer, as transfection of IGFBP7 has been shown to

delay doubling time, decrease colony formation and increase apoptotic response in a
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prostate cancer cell line (Sprenger et al., 1999). At the mRNA level, expression of

IGFBP7 has been detected in both stromal and epithelial cells of normal prostate (Hwa

et al., 1998), but at the protein level, the expression has not been detected in normal

prostate tissue (Degeorges et al., 1999).

Alpha-tropomyosin (TPM1) is a cell-motility protein that binds to the actin filaments.

Intrestingly, the 3’ untranslated region of the α-tropomyosin gene has been reported to

show tumor suppressor activity in myogenic cells (Rastinejad et al., 1993). TPM1 gene

is located at 15q22, a region that shows deletion in PC-3, suggesting that at least one

copy of the TPM1 gene may be missing in this cell line.

Lumican is a member of a leucine-rich proteoglycan family involved in cell migration.

In breast, cervical and in colorectal tissues, it has been shown to be expressed in

fibroblast-like cells adjacent to both normal and cancerous epithelium (Leygue et al.,

1998; Leygue et al., 2000; Naito et al., 2002; Lu et al., 2002). Since lumican was

identified here as a gene expressed in BPH, it is entirely possible that the main source of

the lumican expression is the stroma.

Of the last two differentially expressed genes, the myosin light chain polypeptide kinase

has not been reported to be implicated in cancer by other investigators. The gene

represented by the anonymous EST (STEAP2) was cloned and characterized, and is

discussed in Chapter 3.

1.3.2 Genes overexpressed in PC-3 (Study II)

In Study II, genes overexpressed in PC-3 were detected. The subtracted cDNA library

constructed using PC-3 as a tester and BPH as a driver was screened using cDNA

microarray hybridization. In the microarray hybridization, the prostate cancer cell line

LNCaP was used as the reference to PC-3. PC-3 is an androgen-independent cell line,

which contains chromosomal alterations typical for late stage prostate cancer (e.g. gains

of 8q, 7p/q and 10q), whereas LNCaP is an androgen-sensitive cell line resembling the

early stages of prostate cancer with respect to chromosomal alterations (for example, no

gains or amplifications detected by CGH) (Nupponen et al., 1998a). With this strategy,
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the aim was to maximize the likelihood of detecting genes that might be overexpressed

due to a gene amplification, which is believed to be one mechanism for the activation of

oncogenes in the late stages of prostate cancer.

All in all, 68 different genes overexpressed in PC-3 (ratio>3) were identified. When the

chromosomal locations of these genes were retrieved and compared to the chromosomal

alterations of PC-3, it was found that more than half of the genes (54%) were located at

regions showing gains in PC-3 (Nupponen et al., 1998a). The percentage is high, even

though it should be noted that not every single gene located at a region of gain is

necessarily amplified. Interestingly, there were a few regions showing high clustering of

the overexpressed genes, such as 8q24, 10p11 and 17q21, suggesting that a gain of a

chromosomal region can lead to overexpression of several genes harboring the

amplified locus.

Quantitative RT-PCR confirmed the overexpression of all the 29 genes selected for

further study. In order to identify those genes that were likely also to be overexpressed

in clinical prostate cancer and not only in the cell lines, prostate cancer xenograft

samples were utilized in the RT-PCR analyses. Xenografts resemble clinical prostate

tumors more closely than the cell lines, in terms of their behavior. In addition, they also

contain chromosomal changes typical for clinical cancers, whereas of the cell lines only

PC-3 shows such alterations (Laitinen et al., 2002; Nupponen et al., 1998a). Many of

the genes showing high overexpression in PC-3, such as ITGB1, NRP1, DKK1,

ANXA7, C14orf31 and IGFBP4, were found to be expressed only in the cell lines, and

in none of the xenografts. These genes are likely to be those whose expression is altered

because of the in vitro culturing of the cells. Some of the genes, on the other hand, such

as COTL1 and ANXA2, seemed to be overexpressed in all samples, suggesting that the

expression of these genes was probably diminished in LNCaP, the reference, rather than

overexpressed in the other samples. By utilizing the xenografts along with the cell lines,

the number of genes to be analyzed in the clinical sample material was reduced from

twenty-nine to seven, thus making the analysis of the clinical material more feasible.
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2. RAD21, KIAA0196 and elongin C as putative target genes for 8q gain

Gain of the long arm of chromosome eight is one of the most common chromosomal

alterations in late-stage prostate carcinomas (Cher et al., 1996; Nupponen et al., 1998b),

and it has been shown to be associated with aggressive phenotype of prostate cancer

(Alers et al., 2000). Although the gain usually covers the entire 8q arm, two

independently amplified subregions, 8q21 and 8q23-q24, have been detected (Cher et

al., 1996; Nupponen et al., 1998b). In Studies II and III, three overexpressed and

amplified genes located at these minimal regions of amplification were detected, namely

RAD21 and KIAA0196 at 8q24 and elongin C at 8q21.

2.1 RAD21 and KIAA0196 (Study II)

Several putative target genes have been suggested for the commonly amplified region

8q23-q24, such as MYC, EIF3S3 and PSCA (Jenkins et al., 1997; Nupponen et al.,

1999; Reiter et al., 1998). In Study II, clustering of the genes overexpressed in PC-3

was found to be particularly high at the region 8q24, from which six different genes

were identified: FBOX32, RAD21, KIAA0196, BM-009, CHRAC1 and EXT1. Of

these, FBOX32, BM-009 and EXT1 did not show elevated expression in hormone-

refractory prostate carcinomas, indicating that they are not likely to be involved in

prostate cancer progression. Instead, expression of RAD21 and KIAA0196 was

significantly inreased in prostate carcinoma samples, and CHRAC1 also showed a

tendency of increasing expression in carcinomas. The RAD21 and the KIAA0196 genes

were also found to be amplified in 30-40% of hormone-refractory prostate carcinoma

and xenograft samples, whereas the CHRAC1 gene was not as frequently amplified.

The breast cancer cell line SK-Br-3 also showed high-level amplifications of both

RAD21 and KIAA0196, but not of CHRAC1. High expression of KIAA0196 was found

to be associated with amplification of the gene in hormone-refractory carcinomas. These

results suggest that KIAA0196, and possibly also RAD21, should be considered as

putative target genes for the 8q23-q24 amplification in prostate cancer.

The function of KIAA0196 is unknown, and it shows no homologies to known genes.

Instead, RAD21 (also known as hr21/ Scc1/ Mcd1/ NXP1/ KIAA0078) is a human
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ortholog of the S.pombe RAD21, and has been quite intensively studied in both yeast

and humans. The RAD21 protein is a component of the cohesin complex that holds

sister chromatids together during mitosis (Nasmyth et al., 2000; Hirano, 2000). At the

onset of anaphase, proteolytic cleavage of the RAD21 protein triggers the separation of

the sister chromatids into daughter cells. The presence of an uncleavable mutant of the

RAD21 protein has been shown to be associated with aneuploidy in interphase and

formation diplochromosomes in mitosis (Hauf et al., 2001). It has also been reported

that a caspase-mediated cleavage of the RAD21 protein occurs during apoptosis,

causing amplification of the proapoptotic death signal (Chen et al., 2002; Pati et al.,

2002). All these functional activities can be linked to cancer progression, thus making

RAD21 a promising candidate for a target gene for the 8q23-q24 amplification.

Whether the possible overproduction of the RAD21 protein is involved in cell

malignancy remains to be studied.

2.2 Elongin C (Study III)

No promising target genes have been identified for 8q21 amplification. In Study III,

elongin C, located at 8q21, was detected to be overexpressed in PC-3 compared to

DU145, LNCaP and to normal prostate by microarray hybridization as well as by

quantitative RT-PCR. When the expression profiles obtained by microarray

hybridization were compared with the previously published CGH profiles (Nupponen et

al., 1998a), it was found that overexpression of elongin C was associated with gain of

the chromosomal region harboring the gene. The elongin C gene was found to be

amplified in the prostate cancer cell line PC-3 as well as in the breast cancer cell line

SK-Br-3, both containing the gain at the 8q21 region. These cell lines also showed

much higher expression of elongin C than the cell lines without amplification of the

gene. In addition, about 20% of hormone-refractory prostate carcinomas were found to

contain amplification of elongin C. No amplifications of elongin C were detected in

primary, untreated prostate carcinomas, indicating that the amplification is associated

with late stage of prostate cancer, as 8q gain in general. As the expression on elongin C

was also elevated in hormone-refractory prostate carcinomas (p=0.0184, Kruskall-

Wallis test) (Porkka et al., unpublished data), elongin C is a putative target gene for the

8q21 amplification.
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Elongin C (TCEB1) is a subunit of the elongin complex (SIII) that activates

transcription performed by RNA polymerase II. The elongin complex is composed of

three subunits: A, B, and C. Elongin A is the transcriptionally active subunit, whereas

elongins B and C are regulatory units that activate and stabilize the complex. RNA

polymerase II has a tendency to pause at several positions after the transcription

initiation site. Binding of elongin A to the subunits B and C reactivates the RNA

polymerase, leading to high transcription level of the gene (Aso et al., 1995).

Binding to the elongin complex is not the only functional activity of elongin C; it has

been demonstrated that the protein product of the von Hippel-Lindau gene (VHL) can

also bind to the elongin C subunit (Duan et al., 1995; Kibel et al., 1995). Mutations in

the VHL gene are associated with the inherited von Hippel-Lindau cancer syndrome and

also with the majority of haemangioblastomas and renal carcinomas (reviewed by

Kaelin, 2002). The tumorigenic mutations in the VHL gene have been reported to occur

frequently in the domain responsible for elongin C binding (Stebbins et al., 1999). First,

it was suggested that VHL negatively regulates transcription elongation by binding to

elongin C, thus preventing the formation of the elongin complex. More recently,

however, it has been found that VHL binds to a multiprotein complex including elongin

B, elongin C, Cul2 and Rbx1 proteins (Pause et al., 1997; Lonergan et al., 1998;

Kamura et al., 1999). This complex targets other proteins for ubiquitinylation-mediated

degradation. It has been shown that hypoxia-induced proteins HIF1-α and HIF2- α are

targets, and the current view is that mutations in the VHL gene lead to accumulation of

HIF1-α and HIF2- α proteins. This in turn results in increased expression of their

target-genes, such as the vascular endothelial growth factor (VEGF), platelet-derived

growth factor B chain (PDGFβ), and transforming growth factor α (TGFα), thus

promoting tumor growth (reviewed by Kaelin, 2002). The complex network of elongin

C and VHL interactions is illustrated in Figure 2.
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Figure 2. Interactions of the elongin C and the VHL proteins. A) Binding of elongin A to
elongins B and C reactivates RNA polymerase II after pausing. Binding of elongin C to VHL
prevents the formation of the elongin complex, and RNA polymerase stops at the pausing site.
B) Binding of elongins C and B, CUL2 and Rbx1 proteins to the VHL protein directs HIF1α to
the ubiquitin-mediated degradation in normoxia. In the absence of the multiprotein complex
during hypoxia, free HIF1α induces transcription of its target genes.

The role of elongin C in the interaction with VHL seems to be protective against

tumorigenesis. Overexpression of elongin C could in that case promote tumor growth

only if the protein were inactivated by a mutation. No mutations were, however,

detected in the cell lines PC-3 and SK-Br-3 showing amplification and overexpression

of elongin C (Rauhala et al., unpublished data). One possible mechanism by which a

cancer cell might achieve growth advantage by the elevated expression of elongin C is

the overall inreased transcriptional activity that the formation of the elongin complex
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may induce. However, since it has been shown that the elongin C protein is capable of

forming complexes with several proteins, it is possible that is has also other,

unidentified functions, some of which may better explain the amplification and

overexpression of the elongin C gene in prostate cancer.

3. STEAP2 (Study IV)

In Study I, one of the differentially expressed genes detected by combining the SSH and

the array hybridization methods was an anonymous EST. In Study IV, the full-length

cDNA of this novel gene, named STEAP2 (six-transmembrane epithelial antigen of the

prostate 2), was cloned and characterized. Cloning and characterization of this same

gene was independently also reported by Korkmaz et al. (2002) under the name

STAMP1 (six-transmembrane protein 1). Korkmaz et al. presented very similar

findings, the only exception being the size of the transcript. Korkmaz et al. reported that

in Northern analysis, a major band of approximately 6.5 kb and minor bands of 2.2, 4.0

and 4.5 kb were detected, whereas in Study IV, only one major band of approximately

7.5 kb was seen. There may be several explanations for this. First, in Northern analysis,

the ribosomal RNA subunits 18S and 28S often show some non-specific background at

2.2 and 4.5 kb positions of the lane, which is why it is difficult to interpret bands of

these sizes. Secondly, the cDNA sequence cloned by Korkmaz et al. had a slightly

different 5' UTR than that reported in Study IV, indicating that there may be several

different forms of the UTR regions for STEAP2. In study IV, it was shown that also

differential splicing of some of the exons occurs. Therefore, using different probes,

different forms of the transcript can be seen. The major transcript detected in these two

studies, however, is probably the same, the differences merely reflecting the difficulties

in estimating the exact size of a transcript as long as 6.5-7.5 kb in Northern analysis. In

all cases, the putative coding region reported in these two studies is essentially identical,

with variations in only few bases.

STEAP2 was first identified as a gene expressed in normal prostate tissue and BPH as

well as in the LNCaP cell line, but in none of the other prostate cancer cell lines. Since

LNCaP is the only androgen-sensitive cell line, it was hypothesized that the expression

of STEAP2 could be regulated by androgens. However, stimulation of the LNCaP cells
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with DHT did not induce the expression of STEAP2. In addition, Korkmaz et al. did not

detect any alterations in STEAP2 expression after castration in nude mice (Korkmaz et

al., 2002). These results indicate that STEAP2 is not an androgen-regulated gene. No

mutations, major rearrangements or hypermethylation of the STEAP2 gene were

detected in the cell lines either, leaving the mechanism of the loss of expression of

STEAP2 unsolved. It is known, however, that the in vitro culturing of the cells leads to

the loss of the expression of many genes that are expressed in prostate tumors, the

androgen receptor being a good example (Linja et al., 2001). Therefore, it is important

also to analyse tumor samples in addition to the cell lines.

In clinical prostate tumor samples, expression of STEAP2 was significantly higher in

carcinoma samples than in BPH samples. Korkmaz et al. also showed by mRNA in situ

hybridization that STEAP2 expression was increased in prostate cancer cells (Korkmaz

et al., 2002). The STEAP2 gene is located at 7q, which is one of the most frequently

gained chromosomal arms in prostate cancer (Visakorpi et al., 1995b), and has been

shown to be associated with aggressive phenotype (Alcaraz et al., 1994). Whether the

high expression of STEAP2 is associated with the gain of 7q, remains to be studied. The

STEAP2 gene was found to be polymorphic, with three single nucleotide

polymorphisms (SNP) that also change the amino acid. Studies elucidating the possible

associations of these SNPs with prostate cancer are ongoing.

No functional domains in the STEAP2 protein were recognized by any prediction

program. Thus, predictions about the functional activites of STEAP2 can only be made

based on the sequence similarity of the STEAP2 protein with other proteins. STEAP2

belongs to a family of six-transmembrane proteins together with the six-transmembrane

epithelial antigen of the prostate (STEAP), (Hubert et al., 1999), a putative tumor

suppressor pHyde (Rinaldy and Steiner, 1999), and the TNFα-induced adipose-related

protein (TIARP) (Moldes et al., 2000). These proteins are about 50% identical and 70%

similar to each other. Interestingly, all the human genes except for pHyde are located at

7q21, probably due to ancient duplications of the ancestor gene.

STEAP was originally cloned from a prostate cancer xenograft modeling metastatic

prostate cancer (Hubert et al., 1999). The expression pattern of STEAP is very similar to

that of STEAP2, as they both are highly prostate-specific and show higher expression in
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LNCaP than in the other prostate cancer cell lines. Neither of them is induced by

androgens, however (Hubert et al., 1999). Nevertheless, the expression patterns of

STEAP and STEAP2 are not identical, so even though they are both located at 7q21

very close to each other, they are not likely to share a common regulatory region. The

TIARP gene was cloned from mouse 3T3-L1 cells, and it was shown to be induced by

TNFα, but also to be spontaneously expressed in differentiating mouse adipocyte cells

(Moldes et al., 2001). Both the TIARP and the STEAP proteins were shown to be

located in the plasma membrane, at cell-cell junctions (Moldes et al., 2001; Hubert et

al., 1999). Since the six-transmembrane proteins often function as ion channels or water

channels (Dolly and Parcej, 1996; Reizer et al., 1993), the authors suggested that

TIARP and STEAP could be transporter proteins. According to the GFP fusion protein,

STEAP2 was also localized mostly in the plasma membrane, suggesting a role in cell-

to-cell trafficking for STEAP2.

The fourth member of this six-transmembrane protein family is a putative tumor

suppressor pHyde, which was first cloned from a rat prostate cancer cell line (Rinaldy

and Steiner, 1999). In functional studies, the rat pHyde has shown tumor suppressive

activities (Steiner et al., 2000), and it has been demonstrated to promote apoptosis in

prostate cancer cells (Rinaldy et al., 2000). STEAP2, in contrast, is not likely to possess

a tumor suppressive function, as the expression of STEAP2 was significantly increased

in prostate carcinoma samples. To fully clarify the function of STEAP2, further

functional studied are now in progress. Whatever function STEAP2 may possess in the

prostate, however, as a cell surface antigen it is a potential diagnostic or therapeutic

target in prostate cancer.

4. pHyde (Study V)

One of the closest homologs of the novel gene, STEAP2, cloned in Study IV is the rat

tumor suppressor pHyde (Rinaldy and Steiner, 1999). The rat pHyde has been shown to

inhibit proliferation of human prostate cancer cell lines and to reduce tumor growth in

nude mice (Steiner et al., 2000). In addition, it has been demonstrated that rat pHyde

can induce apoptosis in prostate cancer cells through a caspase-3 dependent pathway

(Rinaldy et al., 2000; Zhang et al., 2001). The functional activities of rat pHyde make it
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a promising candidate for a novel prostate cancer tumor suppressor gene. However,

since no data about the pHyde gene or its expression in human has previously been

reported, the significance of pHyde as a tumor suppressor gene is unclear.

In Study V, 68 prostate carcinoma samples consisting of cell lines, xenografts and

clinical prostate tumors were analyzed for mutations in the pHyde gene. Missense

mutations were detected in two samples (3%), both of which were xenografts. No

truncating mutations were found. Mutational analysis of clinical tumor samples by

direct sequencing is often problematic due to a substantial number of contaminating

normal cells that may mask the mutations in the cancer cells. Therefore, direct

sequencing was applied here only for the analysis of the cell lines and the xenografts

representing pure malignant cell populations (xenografts containing only a minute

number of normal mouse cells). Mutational analysis of the clinical tumors was

performed using the DHPLC method, which is sensitive enough to detect mutations that

are present in only a small fraction of the sample (Xiao and Oefner, 2001). Since no

mutations in the pHyde gene were detected in the clinical samples by this method, it can

be concluded that they truly are rare.

The pHyde gene was originally identified as a gene whose expression was lost in a

high-metastatic rat prostate cancer cell subline when compared to a low-metastatic

subline (Rinaldy and Steiner, 1999). This might suggest that the possible inactivation of

the pHyde gene could be a late event in prostate cancer progression, in which case

mutations could only be detected in advanced tumor samples. However, the sample

material used in Study V also contained metastatic and hormone-refractory tumors as

well as cell lines and xenografts, most of which have been established from metastatic

lesions of prostate cancer. Therefore, if mutation of pHyde is a late event in prostate

cancer progression, more than just two mutations should have been detected in this

analysis. Thus, it is concluded that mutation of pHyde is not a frequent event in prostate

cancer progression.

To study copy number alterations of the pHyde gene, prostate cancer cell lines PC-3,

DU145, LNCaP and 22Rv1 as well as eight prostate cancer xenografts (LuCaP 23.1, 35,

41, 49, 58, 69, 70 and 73) were analyzed by FISH. In addition, the poorly differentiated

(grade III) prostate carcinoma samples (n=5) were also analyzed, because they showed
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significantly lower expression of pHyde than the well and moderately differentiated

(grades I-II) carcinomas. Deletions of the pHyde gene were detected in one cell line

(22Rv1), two xenograft samples (LuCaP 69 and 70) and in one grade III carcinoma

sample. All these samples have in previous CGH analyses been shown to sustain losses

at the pHyde locus at 2q14 (Laitinen et al., 2002, Visakorpi et al., 1995b). One of these

samples, the xenograft LuCaP 69, had been shown in this study to have mutation in the

pHyde gene. Of all the samples studied here, this was the only one showing alterations

in both alleles of the gene. According to the "two-hit" theory , both alleles of a classical

tumor suppressor gene are inactivated in cancer, typically through a mutation of one

allele and deletion of the other (reviewed by Knudson, 2001; Devilee et al., 2001). The

mutation in the remaining allele of pHyde in LuCaP69 should therefore be inactivating

to fulfill the criteria of a classical tumor suppressor gene. According to the secondary

structure predictions, the mutation is not located in any of the six putative membrane-

spanning domains of the pHyde protein. Since no other functional domains in the

pHyde protein can be recognized using prediction programmes, the functional

significance of the mutation remains unclear. However, since this was the only case in

which both alleles of the pHyde gene were altered, the results do not support the idea

that pHyde is a classical tumor suppressor gene in prostate cancer.

Increasing evidence suggests that mechanisms other than mutation and deletion, such as

promoter hypermethylation, can also mediate inactivation of tumor suppressor genes.

Hypermethylation has in some reports even been shown to be the second inactivating

event in addition to loss of one allele (Esteller et al., 2000; Grady et al., 2000). Many of

the tumor suppressor genes that are believed to be implicated in prostate cancer, such as

GSTP1, NKX3.1, CDH1, KAI1 and CD44, have shown no biallelic inactivation in

prostate carcinomas. Instead, decreased expression of these genes, either by

hypermethylation or by an unknown mechanism, has been reported to be associated

with tumorigenesis of prostate (Lee et al., 1994; Bowen et al., 2000; Umbas et al., 1992;

Dong et al., 1996; Noordzij et al., 1999).

The methylation status of the pHyde gene was not analyzed in Study V. Instead,

expression of the pHyde gene was studied in prostate cancer cell lines, xenografts and

tumor samples as well as in normal human tissues. The pHyde gene showed ubiquitous

expression in normal human tissues, suggesting that the biological function of pHyde is
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not restricted to prostate. In the cell lines, the expression of pHyde was highest in the

androgen-independent cell lines DU145 and PC-3, but in the xenografts no clear

differences between androgen-independent and androgen-dependent xenografts were

seen, indicating that pHyde expression is not related to androgen-dependence.

The lowest expression of pHyde was detected in the cell line 22Rv1 containing the

deletion of the pHyde gene. In the xenograft LuCaP 70 that showed deletion of one

copy and an intact remaining copy of the pHyde gene, the expression of pHyde was

likewise very low. Of the untreated, primary prostate carcinomas studied, the poorly

differentiated tumors (grade III, n=5) showed significantly lower expression of pHyde

than the well or moderately differentiated tumors (grades I-II, n=25). However, only

one of the grade III tumors exhibited deletion of the pHyde gene, indicating that

deletion of one allele of the gene is not the main reason for decreased expression of

pHyde. Whether this is an epigenetic event, such as hypermethylation, remains to be

studied. There was no statistically significant difference in the expression of pHyde

between the BPH, untreated primary carcinoma or hormone-refractory tumors.

Therefore, it is concluded that expression of pHyde is not associated with prostate

cancer progression.

The first functional studies demonstrating the tumor suppressive potential of pHyde

were carried out using rat pHyde cDNA. Quite recently, Passer et al. (2003) reported the

cloning of the human pHyde gene (called TSAP6 by the authors). Passer et al. showed

that the pHyde promoter contains a functional p53-responsive element and that the

expression of pHyde is induced by p53 (Passer et al., 2003). In addition, they

demonstrated that the blocking of pHyde with an antisense-RNA impairs p53-mediated

apoptosis, and overexpression of pHyde sensitizes cells to apoptosis (Passer et al.,

2003). Even though the human pHyde gene seems to have growth inhibiting potential in

vitro, the data obtained from the clinical material in Study V does not support the idea

that pHyde is involved in the development of prostate cancer.
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SUMMARY AND CONCLUSIONS

The present study was set up to identify genes that might be involved in tumorigenesis

of the prostate.

Suppression subtractive hybridization and cDNA microarray hybridization were used in

combination to detect genes that are expressed differentially in prostate cancer. The

methods were first validated by evaluating the subtraction efficiency as well as the

sensitivity and linearity of the array hybridization. In conclusion, the combination of

SSH and microarray hybridization was found to be suitable for the detection of

differentially expressed genes in prostate cancer.

By combining the SSH and the microarray hybridization methods, two overexpressed

genes from the chromosomal region 8q24, RAD21 and KIAA0196, were identified.

These genes showed increased expression in clinical prostate carcinomas, and were also

found to be amplified in 30-40% of hormone-refractory tumors. The results suggest that

KIAA0196 and RAD21 are putative target genes for the common amplification of the

8q23-q24 region in prostate cancer.

By utilizing commercial microarray slides, overexpression of elongin C gene was

detected. The elongin C gene, located in chromosomal region 8q21, was found to be

amplified in about 20% of hormone-refractory tumors. As the hormone-refractory

tumors also showed elevated expression of elongin C, it can be considered a putative

target gene for the amplification of region 8q21.

Using SSH and cDNA microarray methods, a differentially expressed, anonymous EST

was detected. Full-length cloning of the EST revealed a novel gene, named STEAP2,

that encodes for a 490 amino acid long polypeptide with six putative transmembrane

domains. A green fluorescent protein fusion construct indicated that the STEAP2

protein is localized in the plasma membrane, as well as in vesicle-like structures in the

cytoplasm. STEAP2 is predominantly expressed in prostate epithelial cells, and its

expression is elevated in prostate cancer. Although the androgen-sensitive prostate

cancer cell line LNCaP is the only cell line expressing STEAP2, the expression of

STEAP2 is not regulated by androgens. The biological function of STEAP2 has not yet



76

been solved. However, as a cell surface antigen STEAP2 is a potential diagnostic or

therapeutic target in prostate cancer.

One of the closest homologs of the STEAP2 protein is rat protein pHyde. Rat pHyde

had been shown to have tumor suppressive potential in human prostate cancer cells. In

order to study whether pHyde is a classical tumor suppressor gene, mutational as well as

copy number analysis of the pHyde gene in prostate carcinoma samples was performed.

Out of the 68 samples studied, only two (3%) showed mutations in the pHyde gene,

indicating that mutations of pHyde are rare in prostate cancer. Only one of the samples

contained both mutation and deletion of the pHyde gene (“two hits”), suggesting that

pHyde is not a classical tumor suppressor in prostate cancer. In addition, no differences

in the expression of pHyde in benign and malign prostate tissues were detected,

indicating that pHyde is not likely to be involved in the development of prostate cancer.
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