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Prostate cancer is a major health problem as it continues to be the most frequently
diagnosed cancer in men in the Western world. While improved early detection signifi-
cantly decreased mortality, prostate cancer still remains the second leading cause of
cancer-related death in Western men. Understanding the mechanisms of prostate cancer
initiation and progression should have a significant impact on development of novel
therapeutic approaches that can help to combat this disease. The recent explosion of
novel high-throughput genetic technologies together with studies in animal models and
human tissues allowed a comprehensive analysis and functional validation of the molec-
ular changes. This chapter will summarize and discuss recently identified critical genetic
and epigenetic changes that drive prostate cancer initiation and progression. These
discoveries should help concentrate the efforts of drug development on key pathways
and molecules, and finally translate the knowledge that is gained from mechanistic
studies into effective treatments. © 2010 Elsevier Inc.

I. EPIDEMIOLOGIC STUDIES IN PROSTATE CANCER

A. Incidence and Prevalence

Prostate cancer is the most common nonskin cancer in men in the Western
world. Age is by far the most significant risk factor for development of
prostate cancer, with a prevalence of approximately 35% in 60-69-year-
old and 46% in 70-81-year-old men (Yin et al., 2008). Incidence of prostate
cancer is 1.56 times higher in the Black compared to the Caucasian popula-
tion. In 2007, there were 2.2 million men alive in the USA who
had a diagnosis of prostate cancer (Altekruse et al., 2009). While early
detection of prostate cancer significantly improved with the prostate-specific
antigen (PSA) screening test and prostate cancer deaths decreased (Etzioni
et al., 2008b), the false-positive rate of the test is high and the screening is
not cost-effective (Etzioni et al., 2008a). High-grade cancers can cause
deceivingly low serum PSA levels and may be missed by the guidelines
PSA concentrations that typically prompt prostate biopsies. While in the
majority of cases, prostate cancer is treated as a chronic disease, approxi-
mately one-third of patients with serological relapse detected by an increase
in serum levels of PSA progress to develop symptomatic metastatic disease.
While there are several lines of therapy, the available drugs eventually
fail and prostate cancer still ranks second among cancer-related causes
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of death in U.S. men (Altekruse et al., 2009). Understanding the mechanisms
of prostate cancer should help to develop novel targeted approaches to
combat this devastating disease.

B. Role of the Environment

The first realization that prostate cancer is triggered by environmental
factors occurred when epidemiologic studies demonstrated a vastly lower
cancer incidence in Asian countries, compared to the USA and Europe
(Zeigler-Johnson et al., 2008). However, Asian-Americans born in the USA
experience a much higher prostate cancer prevalence, suggesting that the
development of prostate cancer is affected by environmental factors (Gong
et al., 2002; Moyad, 1999). Major differences between Asian countries and
the USA are diet and lifestyle. Epidemiological studies over many
years demonstrated that diets rich in soy and vegetables, in particular,
cruciferous vegetables (Kristal and Lampe, 2002), tomatoes (van Breemen
and Pajkovic, 2008) and garlic, red wine, and green tea attenuate prostate
cancer susceptibility (Thompson, 2007), while meat, fat, and dairy products
increase risk (Chan ef al., 2005). In addition, obesity and stress increase
prostate cancer incidence and grade (Fesinmeyer et al., 2009). To understand
the molecular basis of results from epidemiologic studies, various serum and
plasma proteins, hormone levels of sex steroids and steroid binding proteins,
and genetic polymorphisms have been analyzed in large cohorts of
individuals.

The main mechanism by which diet affects prostate cancer development is
mediated by a long lasting reduction in androgen stimulation and by a
decrease in oxidative stress (Bostwick et al., 2004). The two mechanisms
are connected, since oxidative stress through the Nrf2 transcription factor,
which binds to antioxidant response elements in the promoter regions of
phase-II detoxifying genes, strongly triggers expression of (aldo-ketoreduc-
tase family 1 member C1) AKRC1 and AKRC2, the two major dihydrotes-
tosterone (DHT) catabolizing enzymes (Lou et al., 2006; Wang et al.,
2006b). Thus, the antioxidant response of cells in the prostate can lead to
a decrease in tissue DHT levels and a lower overall activity of the androgen
axis. Another bidirectional interaction between oxidative stress and
the androgen axis occurs between the regulation of activity of the
androgen receptor (AR) and the generation of reactive oxygen species
(ROS) (Gong et al., 2009; Mehraein-Ghomi et al., 2010; Pinthus et al.,
2007; Sharifi et al., 2008; Shigemura et al., 2007; Veeramani et al., 2008).
Thus, a few of the molecular causes for the dietary effects on prostate cancer
reduction have been elucidated and many others are being extensively
studied.
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C. Genetic Predisposition

The inherited genetic background is a significant risk factor for the devel-
opment of prostate cancer. Inheritance of high-penetrance genetic “risk”
alleles in hereditary prostate cancer (HPC) can increase the incidence of
prostate cancer by several folds, while more common low-penetrance loci
increase the risk only modestly. HPC is characterized by early onset disease
(<60 years old) with two or three first-degree relatives affected at a young
age and causes a 5- and 11-fold increased risk of prostate cancer. Genes
involved in HPC have been identified by positional cloning in affected
families.

The HPC gene (HPC1/RNASEL) encodes the enzyme ribonuclease L and
localizes to chromosome 1q24-25 (Chen et al., 2003). RNASEL is involved
in the innate immune defense mechanisms and the interferon-mediated
signaling, which lowers cell proliferation (Malathi et al., 2007). RNASEL
reduces antiviral activity and plays an important role in regulation of apo-
ptotic cell death (Zhou et al., 1997). The relevance of antiviral defenses to
prostate cancer development became more obvious after the recent discov-
ery of a retrovirus in the samples of human prostate tumors in patients with
RNASEL mutations (Urisman et al., 2006). Sporadic prostate cancers also
revealed retroviral infections highlighting the potential role of chronic retro-
viral infection in inflammation and cancer initiation (Eeles et al., 2008;
Schlaberg et al., 2009). Since retroviral infection is a very exciting potential
etiology of prostate cancer, it will be certainly investigated in great details in
the near future.

Another HPC gene (HPC2/ELAC2) resides on chromosome 17p11 and
encodes a protein with poorly understood function (Camp and Tavtigian,
2002). ELAC2 binds SMAD?2 and may be involved in prostate cancer via its
role in regulation of TGF-beta signaling pathway (Noda et al., 2006). MSR1
(macrophage scavenger receptor 1) is the third identified HPC gene and it
resides on chromosome 8p22 (Xu et al., 2002). However, the low penetrance
of this allele resulted in several studies, which were unable to confirm its
association with HPC (Maier et al., 2006; Wang et al., 2003a).

The X chromosome is believed to play an important role in prostate cancer
inheritance, because it contains the AR and because small deletions in
hereditary and sporadic prostate cancer in the Xq26.3-q27.3 region were
noted (Xu et al., 1998). This region contains the genetic locus known as
HPCX, which explains 16% of HPC cases (Bergthorsson et al., 2000;
Schleutker et al., 2000).

An alternative approach to positional cloning for gene discovery of HPC
has been the analysis of known cancer susceptibility genes, such as BRCAI,
BRCA2, and several DNA mismatch repair genes. A subset of HPC was
found to occur in individuals with BRCAI1 and BRCA2 mutations.
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In BRCA2 mutation carriers, prostate cancer incidence is increased and
cancers with mutant BRCA1 and BRCA2 are clinically more aggressive
(Gallagher er al., 2010). Individuals with mutations in DNA mismatch
repair genes (MLH1, MLH2, MLHG6, and PNS2) have a risk of prostate
cancer that is similar to BRCA2 carriers (Grindedal et al., 2009). The
significance of BRCA2 signaling in prostate cancer was recently highlighted
by the discovery that the BRCA2-interacting protein PALB2 is involved in
familial prostate cancer (Erkko et al., 2007). More recently, a genome wide
SNP (single nucleotide polymorphism) linkage analysis in 301 HPC families
revealed multiple novel loci and their significance will be evaluated in the
future studies (Stanford et al., 2009).

While positional cloning was successful in identifying genetic causes of
HPC, it is not useful in sporadic cancers because of the poor penetrance of
cancer alleles. To identify low-penetrance genomic modifications that are
associated with prostate cancer risk in the general population, SNPs in
genes, most of them loosely associated with prostate cancer, were tested
for their incidence in men with prostate cancer. In the last few years, several
cohorts of thousands of men were assembled to conduct genome wide
association studies (GWAS). These studies were designed with sufficient
statistical power to identify genetic changes that are responsible for the
development of sporadic prostate cancers and for gene—environment inter-
actions in cancer development. When combined with family history, the
predictive strength of cancer risk-associated SNPs increases substantially
(Xu et al., 2009; Zheng et al., 2008). GWAS and other SNP studies resulted
in an accumulation of massive amounts of data linking prostate cancer risk
to genes and pathways.

The androgen pathway is one of the most important signaling mechanisms
involved in prostate cancer. There is a significant association between pros-
tate cancer risk and SNPs in the genes encoding enzymes involved in the
synthesis of testosterone and DHT: hydroxysteroid (17-beta) dehydroge-
nase-1, hydroxy-delta-5-steroid dehydrogenase (Chang et al., 2002; Kraft
et al., 2005; Margiotti et al., 2002; Suzuki et al., 2005), Sa-reductase-1
(Setlur et al., 2010) and -2 (Chang et al., 2003; Lindstrom et al., 2006;
Loukola et al., 2004), and CYP17, CYP3A4, CYP19A1 (Sarma et al., 2008).
There is also association between prostate cancer and the variants of andro-
gen responsive genes—Kkallikrein family, hK2 and PSA (Cramer et al., 2008;
Klein et al., 2010; Nam et al., 2006), and microseminoprotein (Beuten et al.,
2009; Chang et al., 2009; Lou et al., 2009), as well as genes involved in
estrogen receptor signaling—estrogen receptors o (Hernandez et al., 2006)
and 3 (Chen et al., 2007; Thellenberg-Karlsson et al., 2006). While in most
cases, the exact functional role of identified SNP variants is not known, it is
thought that many of them are associated with differences in the levels of
gene expression or function, which may influence prostate cancer incidence.
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There is a strong link between prostate cancer and inflammation. Chronic
inflammation causes proliferative inflammatory atrophy (PIA) (De Marzo
et al., 2007), which in 30% of cases progresses to the precursor of prostate
cancer known as prostatic intraepithelial neoplasia (PIN) (De Marzo et al.,
2003). Therefore, it is perhaps not surprising that SNPs in genes involved in
inflammation such as cyclooxygenase (COX-2) (Danforth et al., 2008a;
Fernandez et al., 2008), interleukin-1 (IL-1) (Zabaleta et al., 2009), IL-6
(Bao et al., 2008; Pierce et al., 2009), IL-8 (Zabaleta et al., 2009), and I1L-10
(Wang et al., 2009b; Zabaleta et al., 2009), tumor necrosis factor-a. (TNF-c)
(Danforth et al., 2008b), and toll-like receptor-4 (TLR4) (Chen et al.,
2005a; Song et al., 2009; Stark et al., 2009; Wang et al., 2009b) demon-
strated an association with prostate cancer risk.

SNPs in a number of transcription factors or chromatin remodeling
enzymes also display an association with prostate cancer. For example, a
SNP in the fragile histidine triad gene (FHIT), a tumor-suppressor gene
involved in the development of the kidney and pancreas, is associated with
prostate cancer (Ding et al., 2008; Larson et al., 2005). SNPs associated with
prostate cancer risk were also detected in the homeobox B gene, HNF1B
(Sun et al., 2008b); JAZF1, a transcriptional repressor (Thomas et al.,
2008); Mel-18/Bmi, a chromatin modifying gene (Wang et al., 2009d); and
in NR1H2, which dimerizes with the retinoid acid receptor and is associated
with an aggressive type of prostate cancer (Hooker et al., 2008). The vitamin
D receptor is a transcription factor, which stimulates differentiation of
prostate epithelial cells, and SNPs that diminish its activity were associated
with prostate cancer risk (Ahn et al., 2009; Kidd et al., 2005; McKay et al.,
2009; Moon et al., 2006).

With the improvement of high-throughput genotyping, several GWAS
studies have provided confirmatory results for cancer susceptibility loci in
multiple populations and have had an important contribution to prostate
cancer risk prediction. Genetic variants on chromosomes 3, 6, 7 (JAZ1),
8 (¢c-MYC), 10 (MSMB), 11, 17 (HNF1B), 19, and X were associated with
prostate cancer risk in PRACTICAL, a worldwide consortium of 13 groups
evaluating the most significant SNP (Kote-Jarai et al., 2008). The results
from this study supported a multiplicative risk model, which in combination
with previously reported SNPs on 8q and 17q explained 16 % of familial risk
in a high-risk population.

Compelling evidence demonstrates chromosome 8q24 as a susceptibility
locus for prostate and several other cancer types (Eeles et al., 2008;
Gudmundsson et al., 2009; Sun et al., 2008a; Thomas et al., 2008). The
SNPs of the 824 region were rigorously tested in a case—control study of
1012 cases and controls with advanced prostate cancer. Of 10 8q24 variants,
six were associated with the risk of advanced prostate cancer at p-values
between 0.001 and 0.038. In addition, a meta-analysis of four 8q24 variants
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in 10 studies demonstrated strong associations across a wide array of study
designs and populations, and provided confirmation that the three 8q24
regions independently influence the risk of prostate cancer and advanced
disease (Cheng et al., 2008). Because the 8q24 region is a gene desert, the
functionality of SNPs remained unclear until recently long-range interac-
tions of enhancers in 8q24 showed effects on c-M YC expression and regula-
tion of the activity of the Wnt pathway (Nielsen et al., 1991; Tuupanen et al.,
2009; Wright et al., 2010).

Despite the accumulation of massive amounts of data, which were
acquired to understand the genetics of prostate cancer risk, the knowledge
gained has not informed about the molecular mechanisms that drive devel-
opment and progression of prostate cancer. In contrast, significant informa-
tion has been obtained from the analysis of human prostate cancers and
through discovery of genomic, transcriptomic, and protein expression
changes. We will now review the knowledge about the morphological and
molecular changes that take place during prostate cancer initiation and
progression.

II. THE ARCHITECTURE OF THE NORMAL
PROSTATE GLAND

The prostate, like all other glandular organs, consists of an epithelial and a
stromal compartment, which contain multiple cell types (Fig. 1). It is impos-
sible to understand the cellular mechanisms of prostate cancer without
knowing the origin and physiological function of these cells or without a
clear idea about the coordination of cellular activities that forms and main-
tains the entire organ. Significant information about the development and
homeostasis of the prostate gland was obtained using wild-type and mutant
model organisms, especially mice. While there are important similarities
between mouse and human prostates, there are also some differences, and
understanding these similarities and differences is important for any prostate
cancer investigator.

A. Comparison of Mouse and Human Prostates

In both humans and mice, the prostate is a glandular organ situated at the
neck of the bladder. As all exocrine glands, the prostate produces secretions,
which are generated in acinar cells and are channeled through the tree-like
system of ducts to the urethra. During ejaculation, smooth muscle cell
contraction squeezes prostatic secretions into the urethra, where they mix



Normal T Prostatic T Low-grade T High-grade T Metastasis

epithelium intraepithelial carcinoma carcinoma
& _Basal cell neoplasia (PIN)
@ -Luminaicel  GgTpy § ETS family 4 E-cadherin ¥ EzH2 }
== —Basement .
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Fig. 1 Model of prostate cancer progression. Histological changes and concomitant genetic and epigenetic events during prostate cancer initiation and
progression. The deletion or inactivating mutation in tumor-suppressor genes are denoted as (loss). Overexpression of a gene is shown with an arrow
pointing up, while downregulation of expression is shown with an arrow pointing down. Only initial changes in the expression levels are shown. The up-
or downregulation of expression may persist at more advanced stages.
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with semen from the seminal vesicles. Prostate secretions liquefy the ejacu-
late and increase the survival of the sperm.

The rodent prostate contains four distinct lobes (dorsal, ventral, lateral,
and anterior lobes), which encircle the urethra and are named according to
their anatomical location (Hayashi et al., 1991; Sugimura et al., 1986a)
(Fig. 2A). Unlike the rodent prostate, the human prostate gland does not
have an obvious lobular organization; however, it does have a distinct zone-
specific architecture and compartmentalization, with prostate tumors usual-
ly originating in the peripheral zone. The relationships between different
murine lobes and human prostate remain unclear. While some investigators
believe that the dorsal lobe of the mouse prostate is most similar to the
human prostate, the glandular architecture in the murine dorsal lobe is most
histologically distinct from the human prostate as epithelial cells often fill
and obliterate the lumen of prostate acini.

Both human and rodent prostates consist of two tissue compartments:
epithelial and stromal (Fig. 1). Stromal and epithelial compartments in the
prostate gland are separated by the basement membrane, a packed structure
of collagen fibers containing various extracellular matrix proteins produced
by both epithelial (laminins) and stromal cells (collagens) (Bonkhoff et al.,
1991a, 1992). The epithelium consists of two cell layers. The luminal cell
layer is formed by polarized columnar luminal epithelial cells, which pro-
duce prostatic secretions. A distinct basal epithelial cell layer separates the
luminal cells from the stroma (Brawer et al., 1985; Liu et al., 1997; Nagle
et al., 1987; van Leenders and Schalken, 2003). Basal and luminal cells also
express different cell-type-specific proteins, which are often used to analyze
the gland and to detect glandular pathologies. For example, luminal cells
express high levels of AR, low molecular weight cytokeratins 8/18, CDS57,
and the homeobox domain transcription factor Nkx3.1. In contrast, basal
cells express high molecular weight cytokeratins 5/14, p63, CD44, GSTP1,
and much lower levels of AR. While in the human prostate, a cellular basal
cell layer completely separates the luminal cells from the stroma, this cell
layer is much more sparsely populated in rodents with flattened basal cells
that extend a thin layer of cytoplasm between the basement membrane and
the luminal cell layer. Because the thin layer of cytoplasm is difficult to detect
by immunofluorescent staining, it is predominantly thought that the basal
cell layer is discontinuous in the rodent prostate (El-Alfy et al., 2000). In
contrast to mouse, human basal cells become hyperplastic under conditions
of androgen suppression, estrogen access, and stromal fibrosis. In addition
to luminal and basal cell layers, the human prostate epithelium contains a
compartment of transiently amplifying, “intermediate cells,” which express
markers of both basal and luminal epithelial cells (Verhagen et al., 1988).
These cells are enriched in PIA, express the ¢-MET receptor, low AR,
and may represent the daughters of the basal cells, which initiate a
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A" Normal Mouse Human D Metastatic
mouse prostate prostate prostate
prostate cancer cancer cancer

Fig. 2 Histology of human and mouse prostate cancer. (A) Ventral, dorsal, anterior, and
lateral lobes of adult mouse prostate. (B) Distinct histologic appearances of primary prostate
tumors from different mouse models of prostate cancer. LPB-Tag/PB-Hepsin, transgenic mice
expressing SV-40 T antigen and Hepsin in prostate epithelium (Klezovitch et al., 2004). Myc,
transgenic mice expressing c-Myc in prostate epithelium (Ellwood-Yen et al., 2003). PTEN,
conditional mutant mice with prostate epithelium-specific deletion of PTEN (Wang et al.,
2003b). ERG, transgenic mice expressing ERG in prostate epithelium (Klezovitch et al.,
2004). (C) Histology of human prostate. Normal prostate, Gleason Grade 3, Gleason Grade 4
showing a cribiform pattern, Gleason Grade 4 showing glands with a limited ability to form a
lumen and invasion into the prostate stroma. (D) Histology of prostate cancer bone metastasis
from human and mouse (LPB-Tag/PB-Hepsin; Klezovitch et al., 2004) prostate cancer. H&E
stainings were performed by Liem Nguyen and the images were taken by Aviva Ventura.

differentiation program and are in the process of becoming luminal cells
(van Leenders et al., 2000).

In addition, to epithelial cells, the epithelial cell layer also contains rare
postmitotic neuroendocrine cells, which produce and secrete various neuro-
peptides and growth factors necessary for growth of luminal cells (Bonkhoff
et al., 1991b, 1994, 1995). Synaptophysin and chromogranin A are two
widely used markers of prostatic neuroendocrine cells.
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The stromal cell compartment of the prostate gland contains several
different cell types. Smooth muscle cells represent the most abundant cell
type in the stroma (Bartsch ez al., 1979). In addition, the stromal layer
contains myofibroblasts, which form a circumferential cell layer around
glands. Interspersed between the mesenchymal cells are endothelial cells of
blood vessels and lymphatics, cells of the nerve sheet, and inflammatory
cells. As in all glandular organs, the epithelial cells of the prostate require
close proximity to the stromal cells and blood vessels for their survival.
Approximately 50% of stromal cells as well as prostate endothelial cells
and neuronal cells express ARs. In response to androgen, stromal cells
secrete “andromedins,” which are factors that promote the proliferation,
survival, and differentiation of epithelial cells. Androgen suppression or
inflammation results in stromal fibrosis, which leads to the atrophy of
epithelial cells (Cunha, 1973). There is a significant difference in the archi-
tecture and abundance of stroma in human and mouse prostates. The human
prostate has a much higher stromal-to-epithelial ratio. In the rodent pros-
tate, stromal cells form a thin layer around branching epithelial tubes. This
results in a distinct gland morphology, where the prostate gland contains a
loosely assembled collection of glandular ducts and each duct contains its
own epithelial and stromal cell compartment (Sugimura et al., 1986a).

III. DEVELOPMENT AND MAINTENANCE OF
THE PROSTATE GLAND

The prostate starts to develop during late embryogenesis (embryonic day
17.5 in mice) as an outgrowth of epithelial buds in the urogenital sinus (Prins
and Putz, 2008). Under the influence of androgen, these buds display rapid
extension and branching morphogenesis resulting in the formation of typical
glandular organ architecture. The initial organ outgrowth continues vigor-
ously after birth and it is largely completed before reaching sexual maturity
(8-9 weeks after birth in mice). The developing prostate is a highly prolif-
erative tissue, with the majority of cellular divisions appearing at the tips of
growing prostatic ducts. In contrast, in the adult, the gland becomes largely
quiescent, with very few cells showing either mitotic cell divisions or apo-
ptotic cell death (Bhatia-Gaur et al., 1999).

The male hormone, testosterone, plays a critical role during prostate
initiation, morphogenetic development, and maintenance (Cunha, 1973;
Lasnitzki and Mizuno, 1977). AR signaling is active in both epithelial and
stromal cell compartments. During early prostate morphogenesis, AR
signaling in the mesenchyme is especially critical. This finding was made
using tissue recombination experiments in which purified epithelial and
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mesenchymal cells from the embryonic urogenital sinus were mixed and
transplanted under the capsule of a recipient adult nude mice, where they
formed prostate tissue (Cunha ef al., 1987, 1995; Hayward et al., 1997).
Tissue recombination experiments with mesenchymal cells lacking the AR
and wild-type epithelial cells failed to produce prostate tissue (Cunha et al.,
1995). Androgen signaling in epithelial cells is also important because
reciprocal tissue recombination experiment of wild-type mesenchymal cells
and AR-mutant epithelial cells resulted in formation of prostate tissue;
however, the epithelial cells failed to differentiate (Cunha and Young,
1991; Donjacour and Cunha, 1993).

In adult prostate, the loss of androgen signaling upon castration results in
rapid and dramatic death of the majority of luminal epithelial cells, which
express high levels of AR and require androgen signaling for their survival
(English et al., 1987; Evans and Chandler, 1987). Subsequently, the prostate
gland regresses with only a fraction of cells at the proximal region of the
prostate surviving the testosterone depletion. Remarkably, readministration
of testosterone to these castrated animals via implantation of hormone pellets
results in the rapid regrowth of the prostate gland. The entire process of
hormone-mediated regression and regrowth can be repeated for more than
15 cycles (Sugimura et al., 1986b,c; Tsujimura et al., 2002). This androgen-
regulated cycles of regression and regrowth of the prostate gland were used to
investigate the stem cell population of the mouse prostate, which is believed to
be castration resistant and residing close to the urethra (Tsujimura et al., 2002).
Historically, it was believed that stem cells reside among the basal prostate
epithelial cell population, which are insensitive to androgen deprivation, and
this was reinforced recently by the discovery that a single basal cell expressing
c-kit (CD117), CD44, CD133, and Scal and negative for Lin generated an
entire prostate ductal system after transplantation i vivo (Leong et al., 2008).
However, the view that stem cells only reside in the basal compartment was
dramatically challenged by identification of stem cells among the castration-
resistant Nkx3.1-positive (CARN) luminal cells (Wang et al., 2009¢). It is
possible that there are independent stem cell populations within both the
luminal and basal cell populations (Shen et al., 2008). Alternatively, the
CARN stem cells might be “transient-amplifying” cells that can acquire stem
cell characteristics through dedifferentiation (Shen et al., 2008).

Identifying the stem cell population(s) in the prostate gland is a very
exciting task and may provide important insights concerning the origin of
prostate cancer and, especially, castration-resistant prostate cancer, which
may be arising from androgen-independent stem cell population. Neverthe-
less, it is important to remember that under normal conditions, the process
of stem cell self-renewal and differentiation plays only a minor role in gland
homeostasis, as the majority of prostate epithelial cells are long lived and
show limited cell proliferation or cell death activities.
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IV. MORPHOLOGICAL AND CYTOLOGICAL CHANGES
THAT TAKE PLACE DURING PROSTATE CANCER
INITIATION AND PROGRESSION

Technically, prostate carcinoma involves an accumulation of cancerous
epithelial cells; however, nonepithelial cell types also play a very important
role in prostate cancer initiation and progression. In general, significant
changes in both epithelial and stromal cell compartments take place during
prostate cancer initiation and progression (Fig. 1). While normal adult pros-
tate is largely quiescent, this can change in older individuals, leading to a
hyperplastic prostate epithelium. This condition is called benign prostatic
hyperplasia (BPH) and is not considered to be the precursor to prostate
carcinoma (Kristal ef al., 2010). While the number of luminal epithelial cells
increases in BPH, the columnar appearance and nuclear cytology remain
normal. Up to 25% of men in their 50s and up to 90% in their 80s develop
prostate hyperplasia; however, it only becomes symptomatic and requires
treatment in 10% of the cases (Bushman, 2009). Drug-attenuating DHT
synthesis blocks the enlargement-promoting effects of androgen and reduce
the size of the prostate gland. Alpha adrenergic blockers which cause relaxa-
tion of smooth muscle are an alternative treatment (Auffenberg et al., 2009).

A. Prostatic Intraepithelial Neoplasia

In contrast to BPH, high-grade PIN, which is the in situ carcinoma, is
considered to be a precursor to invasive prostate carcinoma. While PIN was
initially divided into high- and low-grade lesions, low-grade PIN is not a
precursor to carcinoma and therefore receives little attention. PIN usually
appears in the peripheral regions of the prostate gland and is characterized
by dysplasia of prostate epithelial cells. In PIN, luminal epithelial cells
accumulate and show nuclear enlargement with prominent nucleoli (Ayala
and Ro, 2007). Even though the integrity of the basal cell layer decreases,
basal cells are still present in PIN. As long as basal cells are present, the
basement membrane is preserved in PIN lesions and it contains laminin 332
(Laminin-5), which is produced by basal cells. Cancer cells from high-grade
PIN lesions can invade and generate frank prostate carcinoma.

B. Prostate Adenocarcinoma

The majority of tumors in the prostate are adenocarcinomas. Histologi-
cally, the transition from PIN lesions to adenocarcinomas is characterized by
several histological changes in invasive epithelial cells with a cytokeratin
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profile characteristic of luminal cells: excessive branching morphogenesis,
loss of the basal cell layer, and cytologic atypia with enlargement of nuclei
and nucleoli (Figs. 1 and 2). Prostate cancer is suspected based on digital
rectal examination, ultrasound, and increased levels of PSA in blood plasma.
The tumors are often multifocal and they usually develop in the peripheral
zone of the prostate gland.

C. Gleason Grading System

As most epithelial tumors, invasive prostate cancers can be divided into
low and high grades, based on their histologic features. The prostate cancer
grading scheme was developed by the pathologist Donald E. Gleason and
became known as the “Gleason Score” system (Gleason and Mellinger,
1974). This system relies entirely on the architectural pattern of the tumor
and the overall score is determined as the sum of two most prevalent growth
patterns (Fig. 3). The Gleason Score system has recently been refined to
improve the consistency of grading between pathologists. In general, low-
grade tumors, for example, Gleason Grade 3 and below, form well-
organized ductal structures, which are surrounded by stroma. In contrast,
high-grade tumors, Gleason Grades 4 and 5, possess a severely disrupted
glandular architecture. High-grade cancers are indistinguishable from low
grade based on cytokeratin expression. However, in contrast to low-grade
cancers, high-grade cancers are either unable to form a lumen or exhibit
gland fusion and cribiform morphology, suggesting that cells have developed
autonomy from the stroma. The Gleason Score is the primary predictor of
tumor recurrence and progression to metastatic disease. The assignment of a
tertiary growth pattern which encompasses a higher grade, in addition to the
two most prevalent patterns, has improved prognostic ability (Epstein,
2010) (http://pathology2.jhu.edu/gleason/patterns.cfm). While pure Glea-
son Score 3 cancers rarely lead to death from prostate cancer, high-grade
cancers can be lethal (Miyamoto et al., 2009). Approximately 2-3% of
patients diagnosed with prostate cancer die of their disease.

D. Multifocal Nature of Prostate Cancer

Multifocal tumor is one of the most typical features of human prostate
cancer. High-grade PIN (in situ carcinoma) develops concurrently at multi-
ple sites, presumably due to the presence of a field effect, which facilitates
cancer initiation. Multiple studies have attempted to identify the molecular
causes that underlie the field defect and that may lead to the onset of cancer,
because they would provide logical targets for cancer prevention (Troyer
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Fig. 3 Schematic diagram of the Gleason Grading system for human prostate cancer. This
system is based on the architectural growth pattern and not on cytological features. It takes into
account the glandular morphology of the cancer and the interaction with the tumor stroma. The
Gleason system takes into account the heterogeneity of prostate tumors and calculates a sum of
the two most prevalent patterns, for example, Gleason Score 3 + 4 = 7. Pattern 1—an accu-
mulation of round glands of similar size; most Gleason 1 cancers would today be classified as
adenosis and not carcinoma because of the detection of rare basal cells with the help of
immunohistochemical staining. Pattern 2—a tumor mass that consists of large cancerous glands
of slightly variable diameter with a sharply demarcated edge. Pattern 3—an accumulation of
discrete glandular units with lumen formation of variable size and shape, each surrounded by
stromal cells, with infiltration between normal glands. Pattern 4—four growth patterns: (1)
fused glandular units; (2) glands with ill-defined lumen formation; (4) cribiform; (5) hyperne-
phroid (sheets of cells that resemble renal carcinoma cells). Pattern 5—two growth patterns: (1)
sheets of cancer cells, often with central necrosis; (2) single cancer cells in the stroma. Briefly, in
low-grade cancers each gland forms a lumen and is surrounded by stroma, while high-grade
cancers either lose the ability to form a lumen or become autonomous from the stroma. Areas of
necrosis only exist in Gleason Grade 5 cancers. Sarcomatoid morphology, as has been observed
in some mouse models, does not exist in human prostate cancer.

et al., 2009). The multifocality of prostate cancer hinders the accurate
assessment of the tumor grade (Conti et al., 2009; Dall’Era et al., 2008;
Wayenberg et al., 1993), and in approximately 30% of patients the tumor
grade is underestimated (Falzarano et al., 2010). The accurate diagnosis of
tumor grade is an area of intense investigation because men with truly
indolent cancers can choose to delay treatment.

Whether or not prostate cancer can progress from low to high grade is
controversial (Albertsen, 2010; Epstein et al., 2001; Turley et al., 2008).
Microscopically, regions of Gleason Grades 3 and 4 growth patterns fre-
quently coexist in the same cancer nodule and are intermixed. While it is
conceivable that this grade admixture is derived from two cancer initiation
events, the histologic appearance suggests that under some conditions,
Gleason Grade 3 pattern can progress to Gleason Grade 4. In particular,
after refining the Gleason Grading criteria, this type of potential grade
progression is more frequently observed (Epstein, 2010), and may
have important ramifications in identifying biomarkers of high-grade pros-
tate cancer.
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E. Cellular Origin of Prostate Cancer

The newly acquired ability to isolate and analyze different cellular popula-
tions originating from prostate cancer tissues has enabled investigators to
address critical questions of prostate cancer biology: What is the cell origin of
prostate cancer? Is the development of prostate cancer driven by tumor initiat-
ing cells, which are sometimes erroneously called cancer stem cells, or does
prostate cancer originate in more differentiated luminal cells? What is the
precise identity of the cells that can undergo oncogenic transformation? Does
the luminal phenotype of prostate cancer cells strictly imply a luminal origin?

One possibility is that transformation of terminally differentiated luminal cells
results in partial dedifferentiation and acquisition of immortality. An alternative
possibility is that oncogenic transformation takes place in the prostate stem cells,
which are believed to be residing among the basal cells. The transformed stem
cells then, through partial and incomplete differentiation of their daughters,
would generate proliferative cells with a luminal phenotype, constituting the
bulk of the tumor. Indeed, recent reconstitution experiments demonstrated that
basal but not luminal cells contain a prostate cancer initiating cell population
(Lawson et al., 2010). In other solid tumor types, targeting the oncogenic event
to the stem cell population results in rapid and vigorous tumor formation, while
tumor development is much more attenuated when the same oncogenic event is
targeted to more differentiated cell population (Barker ez al., 2009).

A recent study challenged the concept that cells in the basal compartment give
rise to prostate cancer. In this study, stem cells (“CARNSs,” castration-resistant
Nkx3.1-expressing cells) were identified in the luminal cell compartment. These
rare luminal cells express NkX3.1 in the absence of testicular androgens.
Furthermore, genetic inactivation of PTEN, specifically in CARN cells in the
mouse prostate, resulted in prostate cancer development (Wang ef al., 2009e).
Since CARN cells are luminal, the CARN-cell origin of prostate cancer is an
attractive possibility that can explain luminal phenotype of prostate cancer cells.
In humans, the equivalent to CARNs may be the “intermediate cells,” which
exist in the suprabasal and luminal layers of the prostate epithelium. Additional
experiments utilizing a more detailed characterization of the differentiation
program in the prostate epithelium and defining CARN cells in human prostate
will be necessary for identification of the cellular origin of prostate cancer.

F. Changes in Prostate Stroma During Prostate Cancer
Initiation and Progression

While prostate cancer is an epithelial neoplasm, cells in the prostate
stroma also play a critical role in cancer initiation and progression (Josson
et al., 2010). One of the most significant changes that takes place early in
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prostate cancer initiation is the formation of regions of PIA of epithelial
cells, which are associated with inflammation in the stromal compartment
(De Marzo et al., 1999). Interestingly, despite the decrease in the density of
epithelial cells, many of these regions show increases in epithelial cell prolif-
eration (Ruska ez al., 1998; Shah et al., 2001). Regions of PIA are often
contingent with areas containing high-grade PIN and carcinoma, and there-
fore might be a precursor to prostate neoplasia (De Marzo et al., 2007).
Lymphocytic inflammation and other types of infiltrating immune cells are
an important part of the tumor microenvironment. For instance, tumor-
infiltrating macrophages and lymphocytes activate the inflammation-re-
sponsive lkappaB kinase (IKK)-alpha in prostate cancer cells, and IKK-
alpha stimulates tumor metastasis by repressing the metastasis suppressor
MASPIN (Ammirante et al., 2010; Luo et al., 2007). Inflammation is also
important at the final stages of prostate cancer as it is associated with the
appearance of castration-resistant tumors. The initial death of cancer cells
during androgen ablation therapy is associated with infiltration of tumor
masses by B lymphocytes, which produce lymphotoxin that stimulates acti-
vation of IKK-alpha and STAT3 to promote the formation of castration-
resistant tumors (Ammirante et al., 2010).

Stromal cells also undergo changes during cancer initiation and progres-
sion. For instance, fibroblasts in the close proximity to the cancer cells
(cancer-associated fibroblasts, CAFs) differ from the normal cells in expres-
sion of cell surface and secreted proteins (Dakhova et al., 2009; Dean and
Nelson, 2008). These cells produce increased levels of various growth fac-
tors and cytokines that can influence and perhaps even induce transforma-
tion of epithelial cells (Hayward et al., 2001; Sung et al., 2008).

G. Prostate Cancer in Mouse Models

Several genetic mouse models of prostate cancer have been generated,
which differ significantly in regard to the histological appearance of primary
prostate tumors (Fig. 2B) (Shappell et al., 2004). Models utilizing prostate-
specific expression of SV40 large T antigen (TRAMP and LADY (LPB-Tag),
and their derivatives) display massive overproliferation of prostate epithelial
(and stromal) cells, which results in tremendous increases in the prostate
gland size (Gingrich et al., 1996; Kasper et al., 1998). These models develop
metastatic prostate cancer, including bone metastases in LPB-Tag/PB-Hepsin
mice; however, metastatic lesions in these animals display prominent neuro-
endocrine differentiation that resembles human AR- and PSA-negative small
cell carcinoma (Kaplan-Lefko et al., 2003; Klezovitch et al., 2004;
Masumori et al., 2001). When only a fragment of SV40 large T antigen
predicted to inactivate all Rb-family genes was expressed in prostate
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epithelium of transgenic mice, resulting model (TgAPT,; mice) displayed
development of prostate adenocarcinoma with no evidence of neuroendo-
crine tumors, but these mice also showed no evidence of metastasis (Hill
et al., 2005). Stromal cells in the normal mouse prostate form a very thin
sheet covering the epithelial ducts, but in some prostate cancer models, the
size of the stromal compartment is greatly enlarged and accompanies the
expansion of epithelial cells in PIN lesions. Stromal cell compartments
between ducts often fuse to generate an overall stromal appearance that is
more similar to the human prostate (Fig. 2B).

In addition to models expressing exogenous viral proteins, several genetic
models of prostate cancer have been generated, which exclusively utilize
genetic changes that are confirmed in human prostate cancer. Conditional
deletion of PTEN or overexpression of c-Myc in the prostate epithelium are
two models that most faithfully replicate the development of human adeno-
carcinoma (Ellwood-Yen et al., 2003; Wang et al., 2003b) (Fig. 2B). Prostate
cancer metastasis is rarely seen in these animals. In addition to the loss of
PTEN and overexpression of Myc, the sustained activation of FGF signaling
pathway in mouse prostate epithelial cells can also cause development of
prostate cancer (Acevedo et al., 2007). These tumors display prominent
epithelial-to-mesenchymal transition (EMT) and form sarcomatoid carcino-
mas. Rare metastatic lesions contain spindle-shaped cells, which may have
had a prostate epithelial origin and lost their epithelial morphology, as they
dedifferentiated (Acevedo et al., 2007). Androgen signaling plays an impor-
tant role in human prostate cancer and AR is mutated and hyperactivated in
many metastatic prostate tumors. Overexpression of one of such mutants
(AR E231G) in mouse prostate epithelium is sufficient to cause the develop-
ment of prostate cancer in 50-week-old mice (Han et al., 2005).

While there are multiple similarities between human and mouse prostate
cancer, there are also major differences. One of the most significant differ-
ences is a universal loss of basal cells in human prostate cancer, but the
presence of the basal cell populations in some mouse cancers (Wang et al.,
2006a). Another notable difference is the paucity of metastasis in mouse
models. In the rare cases that develop metastases, the metastatic lesions are
usually small and appear only when the size of the primary tumor is
extremely large. While human prostate cancers preferentially metastasize
to lymph node and the bone, presently, bone metastasis have consistently
been seen in only one genetic model of prostate cancer (LPB-Tag/PB-Hepsin
mice; Klezovitch et al., 2004; Fig. 2D). Overall, while tumor pathology and
metastatic potential in mouse models significantly differ from human
tumors, it remains to be seen whether these differences are due to inherent
differences between mice and humans, or due to the failure of mouse models
to capture the primary molecular mechanisms responsible for prostate
tumor formation in human patients.
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V. EARLY GENETIC AND EPIGENETIC EVENTS IN THE
TRANSITION FROM NORMAL PROSTATE TO PIN
AND INVASIVE CANCER

While environmental factors play an important role in the risk of pros-
tate cancer, as in all other cancer types, the actual development of prostate
cancer is primarily a genetic disease, which is caused by changes in gene
expression and function (Fig. 1). HPC accounts for only a small fraction of
cancers, and the bulk of prostate cancers arises in a sporadic fashion due to
cancer initiation by de novo genetic changes in the prostate gland through-
out the life of an individual. While previously these events were difficult to
identify, novel technologies involving analysis of gene, protein, and tissue
expression by microarrays, analysis of genomic copy number variation by
comparative genomic hybridization (CGH), and, most recently, next-gen-
eration high-throughput sequencing have together revolutionized prostate
cancer biology. These advances allowed for tremendous increases in the
knowledge of the critical genetic and epigenetic events that take place
during prostate cancer initiation and progression. The changes identified
using these technologies were further analyzed in tissue culture and in live
organisms. These functional studies established the causality of genetic and
epigenetic events that are involved in prostate cancer initiation and pro-
gression. In Section V.A, we will review the most well-characterized genet-
ic and epigenetic changes that are known to play an important role in
prostate cancer.

Epigenetic changes resulting in increased methylation and silencing of
several critical genes are amongst the earliest events that take place during
prostate cancer initiation (Nelson et al., 2009; Schulz and Hoffmann, 2009).
Several genes including GSTP1, APC, RASSF1A, RABB2, and MDR1 were
reported to be consistently hypermethylated, which can robustly distinguish
normal prostate from prostate adenocarcinoma (Enokida et al., 2005; Florl
et al., 2004). While the significance of many of these events is not known
presently, one of these genes GSTP1 is heavily implicated in prostate cancer
initiation.

A. Decreased Expression of GSTP1
(Glutathione-S-Transferase P1)

GSTP1 is an enzyme that decreases oxidative damage in cells by catalyzing
the conjugation of toxic compounds to glutathione. Promoter hypermethy-
lation and silencing of GSTP1 expression is an early event in prostate cancer
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initiation, which is seen in up to 70% of PIN lesions and in 90-95% of
prostate carcinomas (Lee ef al., 1994). Decreased GSTP1 expression, which
normally occurs during differentiation of basal to luminal cells, may predis-
pose luminal cells to increased oxidative damage. This will in turn result in
accumulation of genetic changes ultimately resulting in cell transformation
and cancer.

B. Decreased Expression of NKX3.1

The loss of heterozygocity at chromosome 8p21-22 is an early and fre-
quent event (up to 12% in PIN and up to 85% in carcinoma) in prostate
carcinoma (Bethel ez al., 2006; Vocke et al., 1996). One of the most likely
candidate genes in this region is a prostate-specific homeobox transcription
factor Nkx3.1 (Swalwell et al., 2002). Nkx3.1 is prominently expressed in
prostate luminal epithelial cells and it is important for normal differentiation
of prostate epithelium (Abate-Shen et al., 2008). Decreased levels of Nkx3.1
may result in deficient prostate epithelial differentiation and promote a
nondifferentiated phenotype that can contribute to neoplastic transforma-
tion. Expression of Nkx3.1 is decreased in human prostate cancer, and
deletion of Nkx3.1 in mice results in development of PIN lesions
(Abdulkadir et al., 2002; Bhatia-Gaur et al., 1999). While PIN lesions in
Nkx3.1/—/— mice do not progress to prostate cancer, Nkx3.1 shows promi-
nent cooperation with PTEN, as double heterozygous Nkx3.1 and PTEN
mice develop prostate adenocarcinomas, which in some cases display metas-
tasis to lymph nodes and distant organs (Abate-Shen et al., 2003). Moreover,
human germ line mutations in Nkx3.1, which decreases its interaction with
DNA, result in genetic predisposition to prostate cancer (Zheng et al.,
2006). While significant functional analysis in cell lines and genetically
engineered mice strongly suggests an important role of Nkx3.1 haploinsuf-
ficiency in prostate cancer, Nkx3.1 is not a classical tumor-suppressor gene
because the second allele of Nkx3.1 is not lost or mutated in prostate cancer
(Ornstein et al., 2001; Voeller et al., 1997).

C. Increased Lipid Metabolism

Lipid biosynthesis is markedly increased in PIN and invasive cancers. The
two enzymes that are responsible for this increase are a-methylacyl-coA-
racemase (AMACR) and fatty acid synthase (FASN). AMACR is used
clinically in difficult cases to distinguish true prostate cancer from benign
histologic mimicry of cancer and has significantly increased the accuracy
of diagnosing prostate cancer in prostate needle biopsies (Luo et al., 2002).
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The overexpression of FASN is an early event in prostate cancer initiation
and is observed in PIN. FASN expression was inversely proportional to the
apoptotic rate. A recent systematic and extensive analysis of FASN over-
expression led to classifying FASN as an oncogene (Migita ef al., 2009). The
study demonstrated that forced expression in immortalized prostate epithe-
lial cells promoted cell proliferation and anchorage independent growth in
soft agar. Furthermore, when transplanted into mice, FASN expressing
human prostate epithelial cells formed invasive tumors. The transgenic
expression of FASN in mouse prostate resulted in PIN, but not in invasive
carcinoma (Migita et al., 2009). Given its oncogenic activity, FASN is a
treatment target in prostate cancer (Kuhajda et al., 2000).

D. Recurrent Chromosomal Rearrangement and
Overexpression of ETS Family Proteins

Previously, it was believed that recurrent chromosomal rearrangements
were extremely rare in carcinoma. Dr. Arul Chinnaiyan’s group discovered a
common and recurrent gene fusion event in human prostate cancer, recurrent
fusions may also involve other ETS-family genes, such as ETV4 and ETVS
which results in a fusion of sequences in the androgen-driven TMPRSS2
promoter with a portion of the coding region of ERG or ETV1 ETS family
transcription factors (Tomlins ez al., 2005). ETS family transcription factors
are homologous to the viral v-ETS erythroblastosis oncogene. These initial
findings of gene fusions were confirmed and extended by many laboratories
(Kumar-Sinha et al., 2008). In addition to ERG or ETV1, recurrent fusions
may also involve other ETS-family genes,such as ETV4 and ETVS (Helgeson
et al., 2008; Tomlins et al., 2007). Interestingly, TMPRSS2 and majority of
other genes donating their promoter elements to ETS family proteins are
positively regulated by androgen signaling (Lin e# al., 1999), which is promi-
nently implicated in human prostate cancer (see below). Remarkably, AR
signaling is likely to also be the mechanism restricting TMPRSS2-ERG
fusions to prostate cancer, because it brings the TMPRSS2 and ERG genes
in close proximity to facilitate the subsequent recombination event (Mani
et al., 2009). Rearrangement of ERG and TMPRSS2 is by far the most
frequent event in human prostate cancer. It is reported to happen early in
prostate cancer (up to 20% of high-grade PIN lesions) and it can be detected
in up to 50% of all prostate adenocarcinomas (Kumar-Sinha et al., 2008).
Rearrangements involving other ETS genes are much less frequent and ac-
count for about 10% of prostate carcinomas. Overall, about 60% of all
human prostate adenocarcinomas present with gene rearrangement resulting
in overexpression of an ETS family transcription factor.
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Since the discovery of recurrent gene fusions in prostate cancer, extensive
efforts have been made to understand the significance of these events. Analysis
of the potential association between TMPRSS2-ERG rearrangements and
patient prognosis has revealed complex and confusing data. While the majority
of studies report association between fusion and poor patient outcome, others
report no clinical association or even an association with a better patient
prognosis (Kumar-Sinha ef al., 2008). It has to be noted that, since recurrent
gene fusion is a very frequent event that occurs in majority of prostate tumors,
these prognostic association studies cannot suggest the role of ETS proteins in
etiology of prostate cancer; however, they can compare the potential aggres-
siveness of ETS rearrangement positive and negative tumors.

The functional significance of ETS rearrangements in prostate cancer has
been analyzed in cell lines and iz vivo. Gain-of-function and loss-of-function
experiments in cell lines have revealed an important role of ETS proteins in
cell invasion (Helgeson et al., 2008; Klezovitch et al., 2008; Tomlins et al.,
2007). Some reports also found an important positive role of ETS proteins in
cancer cell proliferation and tumor progression (Wang et al., 2008). Over-
expression of ETS genes in prostate epithelium of transgenic mice results in
development of PIN lesions, which do not readily progress to invasive adeno-
carcinoma in adult mice (Klezovitch et al., 2008; Tomlins et al., 2007, 2008a),
but do show development of prostate cancer in older animals (Fig. 2B).
However, tissue recombination experiments demonstrated rapid development
of prostate cancer in cells overexpressing ERG in combination with AKT
pathway activation or AR upregulation (Zong et al., 2009). Overall, these
in vivo data indicate that while ETS proteins overexpression is observed in
cancer, additional genetic or epigenetic events must be cooperating with ETS
proteins to drive development of frank carcinoma. Indeed, ERG expression
prominently cooperates with the loss of PTEN. While transgenic animals
expressing low levels of ERG protein in prostate epithelium reveal no obvious
histological phenotype, crossing these mice with PTEN+/— animals reveals
development of prostate adenocarcinoma in double mutant ERG+/PTEN+/
— mice (Carver et al., 2009; King et al., 2009). In addition, significant
correlation was established between the loss of PTEN and overexpression of
ETS family proteins in human carcinomas, indicating that overexpression of
ETS cooperates with activation of phosphatidylinositol 3-kinases pathway in
development of prostate carcinoma (Carver et al., 2009; Han et al., 2009).

While the significance of recurrent rearrangements of ETS family genes in
prostate cancer is beginning to be understood, the molecular mechanisms of
ETS function in prostate cancer remain unclear. An integrative analysis
recently demonstrated an important role of ETS proteins in the binding
and downregulation of AR activity in addition to the direct activation of
polycomb group methyltransferase EZH2. Together these events can acti-
vate a dedifferentiation program in prostate epithelial cells (Yu ez al., 2010).
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E. Overexpression of SPINKI1

Recurrent rearrangement of ETS genes takes place in about 60% of
human prostate tumors (Kumar-Sinha et al., 2008), indicating that there
may be several additional molecular mechanisms that are responsible for
human cancer development. Indeed, specific gene expression changes were
identified, which take place only in ETS fusion-negative tumors. One of
these is the overexpression of SPINK1 (Tomlins et al., 2008b). SPINK1 is
prominently overexpressed in approximately 10% of prostate tumors, and
overexpression strongly correlates with aggressive cancer and reduced pro-
gression-free survival (Leinonen et al., 2010; Tomlins et al., 2008b). Knock-
down of SPINKI in the human prostate cancer line 22RV1, which
overexpresses endogenous SPINK1, reduces cell invasion (Tomlins et al.,
2008b). SPINKT1 is a secreted trypsin inhibitor, which, by preventing prema-
ture activation of pancreatic proteases, protects from chronic pancreatitis
(Witt et al., 2000). SPINK1 also binds and regulates the activity of EGFR
(Ozaki et al., 2009). It is possible that SPINK1 performs similar functions in
prostate cancer.

F. Loss of FOXP3

FOXP3 is a forkhead/winged-helix transcription factor localized on the X
chromosome (Xp11.23) and involved in X-linked autoimmunity-immuno-
deficiency syndrome. FOXP3 is somatically deleted or mutated in human
prostate cancer (Wang et al., 2009a). FOXP3 is a potent transcriptional
repressor of c-Myc, which is one of the commonly upregulated genes in
human prostate cancer. Importantly, modeling of inactivation of FOXP3 in
prostate epithelia using genetically engineered mice results in upregulation
of c-Myc and development of PIN lesions, indicating an important role of
FOXP3 inactivation in prostate cancer (Wang et al., 2009a). Interestingly,
since males have only one copy of FOXP3, a single inactivating hit in
FOXP3 would be sufficient to activate carcinogenesis.

The list of genetic changes that occur during the initiation of prostate
cancer is clearly much longer and reflects the magnitude and complexity of
mechanisms that are associated with the early development of prostate
cancers. The late onset of prostate cancer suggests that genetic changes
that lead to cancer development accumulate over many years, are likely to
be heterogeneous. It is plausible that there are several different subtypes of
human prostate cancer, which are driven by different molecular mechan-
isms. Perhaps, subclassifying cancers according to genetic criteria will facili-
tate the discoveries of specific genes and pathways that are responsible for
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the development of a particular tumor subtype. For example, exon sequenc-
ing of 218 prostate tumors demonstrated frequent deletion of 3p14.1-p13 in
cancers with TMPRSS2-ERG gene fusion (Taylor et al., 2010). Comprehen-
sive annotation of prostate cancer genomes in this study resulted in identifi-
cation of six independent cancer subtypes, which were independent of
Gleason Grade and demonstrated a risk of tumor progression that was
proportional to the extent of genomic alterations.

VI. TRANSITION TO HIGH-GRADE CARCINOMA AND
METASTASIS

Prostate tumors with Gleason sums of >7 are high-grade lesions that are
more likely to metastasize and to progress to a lethal form of prostate cancer.
A recent study found that prostate cancer cells metastasize early during tumor
development. In this study, bone marrow aspirates were obtained in > 500
men, who underwent prostate cancer surgery. Many men had low-grade can-
cers. Surprisingly, in 68% disseminated prostate cancer cells were detected in
the bone marrow sample, even in patients with low-grade cancer (Morgan
et al., 2009). Since the recurrence rate in this patient population is approxi-
mately 15%, only a small number of men with metastatic prostate cancers in
the bone marrow will experience a relapse of their cancer. Interestingly, when
cancer cells were present in a repeat biopsy, sometimes years after prostate
cancer surgery, the amount of persistent cancer cells increased the risk of cancer
recurrence. The results from this study have important implications for the
pathophysiology of prostate cancer metastasis. [t appears that (1) the metastat-
ic process begins in the early stages of cancer development, (2) the majority of
metastatic prostate cancer cells remain in a dormant state, and (3) tumor
growth in lymph node or bone marrow is the bottleneck of cancer recurrence
(Husemann et al., 2008; Klein, 2009; Podsypanina ez al., 2008). These concepts
are in agreement with the seed-and-soil hypothesis of cancer metastasis, which
was proposed 100 years ago and is still debated. In the section below, we will
discuss several genetic and epigenetic events that take place at high frequency in
high-grade prostate tumors and are likely to be causally involved in the devel-
opment of high-grade cancer and its progression to metastasis.

A. Loss of PTEN

PTEN is a well-known tumor suppressor involved in variety of human
cancer types (Salmena et al., 2008). PTEN is a lipid phosphatase that
opposes the enzymatic function of PI3 kinases and activates PI3K/Akt
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signaling pathway. PTEN is lost in up to 17% of primary prostate
tumors and there is significant correlation between PTEN loss and Gleason
Score and clinical stage (Reid et al., 2010). Moreover, tumors that main-
tain PTEN expression are less likely to progress. Up to one-third of all
castration-resistant metastatic prostate tumors display loss of PTEN
(Shen and Abate-Shen, 2007). The most compelling evidence for the
role of PTEN in prostate cancer is from the phenotype of genetically
engineered mice. Conditional inactivation of PTEN in prostate epithelium
results in development of high-grade prostate cancer, which occasionally
develops small metastatic lesions in the distant organs (Wang et al.,
2003b). The development of primary tumors is even more significant in
mice with prostate-specific inactivating mutations of both PTEN and p53
tumor-suppressor genes (Chen ef al., 2005b). Even loss of one allele of
PTEN is likely to be significant in prostate cancer. Indeed, double hetero-
zygous Nkx3.1/PTEN mice develop androgen-independent prostate cancer
(Gao et al., 2006). Taken together, the data reported from the analysis of
human tumors and mouse models of prostate cancer strongly indicate an
important role for PTEN in the origination of lethal form of prostate
cancer.

B. Amplification and Overexpression of C-MYC

C-MYC is a proto-oncogene frequently amplified in variety of human
malignancies. C-MYC is a transcription factor involved in activation of the
cell-cycle progression and protein biosynthesis. It resides on chromosome
8924 and this region often shows gain in advanced human prostate cancer.
¢-MYC is upregulated in 76% of PIN lesions prior to amplification of the
chromosomal region that contains the c-MYC locus on chromosome 8p, and
¢-MYC protein expression and genomic amplification do not correlate (Gurel
et al., 2008). C-MYC copy number is modestly increased in approximately
30-40% of primary prostate tumors and 90% of metastatic prostate cancers
(Ishkanian et al., 2009; Jenkins et al., 1997; Sato et al., 2006) and is associated
with poor patient outcome (Sato et al., 2006). Experiments with mouse
models of prostate cancer provided strong causal connection between the
overexpression of c-MYC and the development of prostate cancer. Transgenic
mice overexpressing c-myc in prostate epithelium develop prostate adenocar-
cinoma, but metastatic lesions are rare in these animals (Ellwood-Yen et al.,
2003). These functional studies, as well as the overexpression data in human
tumors provide strong evidence of an important role of ¢-MYC signaling in
the development and progression of prostate carcinoma.
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C. Overexpression of Hepsin

Hepsin is a cell-surface serine protease, which is highly (>10-fold) over-
expressed in up to 90% of primary prostate tumors (Dhanasekaran et al.,
2001; Landers et al., 2005; Stephan et al., 2004). Hepsin is a promiscuous
protease that degrades laminin, and cleaves and activates pro-HGF to stim-
ulate the HGF-Met tumor invasion pathway (Kirchhofer et al., 2005;
Tripathi et al., 2008). In addition, it can efficiently cleave and activate pro-
urokinase-type plasminogen activator, which is also heavily implicated
in tumor invasion and metastasis (Moran et al., 2006). The most compelling
evidence for the role of hepsin in prostate cancer came from animal models.
Mice overexpressing hepsin in the prostate epithelium do not develop
tumors and show mild problems with the integrity of the basement mem-
brane (Klezovitch et al., 2004). However, hepsin overexpression in the
nonmetastatic prostate cancer (LPB-Tag line 12T-f) mouse model (Kasper
et al., 1998) results in mice displaying prominent metastases (Klezovitch
et al., 2004). Similar data concerning the role of Hepsin in prostate
tumor progression were also obtained in an orthotopic xenograft model
of human prostate cancer (Li ef al., 2009). These data indicate that
while hepsin is upregulated in prostate cancer as early as PIN lesion forma-
tion, functionally, it plays an important role at later stages of tumor invasion
and metastatic progression. Interestingly, while bone is the preferred site
of human prostate tumor metastasis, bone metastasis is rare in mouse
models of prostate cancer. LPB-Tag/PB-Hepsin is the only mouse model of
prostate cancer that consistently develops bone metastasis (Klezovitch et al.,
2004). Coincidently, this is the only animal model that captures Hepsin
overexpression, which is seen so frequently in human tumors. Future re-
search will help to determine whether this is simply a coincidence, or
whether Hepsin is involved in the development of prostate cancer bone
metastasis.

D. Overexpression of PIMI

PIM1 is serine/threonine kinase involved in positive regulation of cell-
cycle progression and inhibition of apoptosis. It is implicated as an oncogene
in human lymphomas, and gastric, colorectal, and prostate cancers (Shah
et al., 2008). In prostate, PIM1 is overexpressed in about 50% of primary
prostate tumors (Dhanasekaran et al., 2001). While the role of PIM1 in
prostate cancer has not been analyzed in genetic animal models, PIM1
promotes tumorigenesis and transcriptional activity of c-Myc in prostate
cancer cell lines in vitro and in vivo (Kim et al., 2010).
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E. Loss of EPHB2

EPHB2 is a receptor tyrosine kinase for ephrin-B family of ligands. A
combination of array-based CGH and nonsense-mediated RNA decay
microarray revealed deletion and mutation-mediated loss of EPHB2 in
prostate tumors and metastasis (Huusko et al., 2004). In prostate cancer
cell lines, reexpression of EPHB2 attenuates clonogenic growth, indicating
that the loss of EPHB?2 is likely to be an important part of prostate cancer
progression. Interestingly, a variant EphB2 present at high frequency in
African-American population is associated with increased risk for prostate
cancer (Kittles et al., 2006).

F. Loss of MicroRNA-101 and Overexpression of EZH2

EZH2 is a critical enzymatic component of polycomb repressive complex
2, which methylates histone H3 on dimethyl lysine-27 to generate H3K27-
trimethyl and silences gene transcription (Sellers and Loda, 2002). Normal-
ly, EZH2 is involved in the dowregulation of expression of genes involved in
differentiation; however, EZH2 is also prominently overexpressed in ad-
vanced prostate cancers and overexpression confers a poor prognosis in
localized prostate cancers (Varambally ez al., 2002). EZH?2 is amplified in
a subset of advanced prostate tumors (Saramaki et al., 2006). While the
in vivo analysis of the role of EZH2 in animal models of prostate cancer has
yet to be reported, silencing of EZH2 expression in prostate cancer cell lines
attenuates their proliferation (Varambally et al., 2002). Mechanistically,
EZH2 regulates the expression of a variety of genes and some of its known
targets, such as E-cadherin and DAB2IP, have been already implicated in
prostate cancer (Cao et al., 2008; Min et al., 2010).

The recently discovered microRNA regulation of signaling pathways has
opened a novel dimension in prostate cancer research. For instance, miR-101
is a microRNA frequently deleted in human prostate tumors (Varambally
et al., 2008). Interestingly, EZH2 is a direct target of mir-101 and loss of
mir-101 expression may provide an explanation of one of the mechanisms
responsible for upregulation of EZH2, disregulation of epigenetic control of
gene expression, and cancer (Varambally et al., 2008).

VII. MECHANISMS OF CASTRATION-RESISTANT
PROSTATE CANCER

The majority of prostate adenocarcinomas are formed by luminal-type
prostate epithelial cells that require activity of AR signaling for survival.
Surgical or chemical castration prominently downregulates AR signaling
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resulting in the death of the majority of prostate cancer cells (Huggins and
Hodges, 1941). Unfortunately, cancer-initiating cells do not die after this
treatment and cancers recur as a castration-resistant and potentially lethal
disease. The major cause of castration resistance is likely due to the continu-
ous transcriptional activity of the AR (Chen et al., 2008, 2009), despite
castrate levels of circulating androgens. Tumor cells can employ several
mechanisms that promote survival despite castration, which will be dis-
cussed below.

A. Overexpression of AR

The AR is commonly overexpressed in advanced prostate cancer (Setlur
and Rubin, 2005). An interesting study compared androgen-sensitive and
castration-resistant cancers from same patients. Despite a marked increase
in protein expression and in the frequency of AR gene amplification in
castration-resistant cancer, there was no correlation between these events
(Edwards et al., 2003). It was also clear from this study that not all castra-
tion-resistant cancers overexpressed AR, and that additional mechanisms
are responsible for castration resistance. Recently, several mechanisms that
can lead to the “androgen hypersensitivity syndrome” in castration-resistant
prostate cancer have been identified (Vis and Schroder, 2009), and these are
reviewed in the sections below.

B. Variant AR Transcripts

Several mutations have been identified in the AR gene in castration-
resistant tumors. These mutations provide a growth advantage by reducing
androgen concentrations needed for activation of AR, or by increasing the
affinity of AR to progesterone and glucocorticoid hormones, or by affecting
the recruitment of AR corepressors or coactivators. In normal prostate
epithelial cells, the inactive AR is complexed with Hsp90 chaperone and
resides in the cytoplasm (Georget et al., 2002). Androgen binding to AR
induces a conformational change in the receptor, which generates a hydro-
phobic cleft in the ligand binding domain (LBD) that is then able to bind the
unstructured amino-terminus. ARs subsequently homodimerizes, translo-
cate to the nucleus, and bind to the androgen-response elements in the
promoters and enhancers of target genes. Coactivators and corepressors are
usually recruited to the amino-terminus and thereby regulate the transcrip-
tional activity of the AR (Dehm and Tindall, 2007). There are at least 70
different somatic missense mutations in the AR gene in patients with prostate
cancer (Gottlieb ez al., 2004). Of 44 mutations that were tested, 20 possessed
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increased functional activity (Shi et al., 2002). The mutations are concen-
trated in the N-terminus and in the LBD and affect dimerization, binding of
AR to transcriptional coactivators and corepressors, and modify the interac-
tion of AR with chromatin (Jaaskelainen et al., 2006; Li et al., 2006; Welsbie
et al., 2009). In addition, mutations in the hinge region of AR affect its
nuclear translocation (Buchanan et al., 2001). Specifically, the S296R and
T877A mutations, which were identified in castration-resistant prostate
cancer, change hormone specificity from androgen to estrogen and progester-
one (Sack et al., 2001) (Li et al., 2008). Overall, the functional outcome of
AR mutations is to circumvent the decrease in the levels of testosterone and
continue to activate androgen-mediated signaling pathways.

In addition to mutations in AR, utilization of splice variants of AR
provides a novel mechanism for the escape from androgen suppression
(Dehm et al., 2008; Hu et al., 2009; Marcias et al., 2010). Alternative
splicing of AR gene transcripts can result in the formation of AR variants
with modified functions. Multiple splice variants of AR were identified in
prostate cancer cell lines and castration-resistant prostate tumors. These
variants often truncate the C-terminal domain of AR making it constitutive-
ly active and hormone insensitive (Dehm et al., 2008; Marcias et al., 2010).
Importantly, these splice variants were upregulated during prostate cancer
progression and were enriched in prostate cancer xenograft tumors, which
were resistant to therapy (Dehm et al., 2008; Guo et al., 2009). The drugs
currently used for chemical castration in prostate cancer decrease testoster-
one levels in the circulation and inhibit androgen binding to the AR LBD.
Since mutations and splice variants reduce the androgen dependence of the
AR, a novel class of drugs is necessary to directly target the AR, independent
of androgen. EPI-001 is a recently developed novel compound, which binds
to the amino-terminus of the AR and blocks its transactivation (Andersen
et al.,2010). This compound is specific for the AR and inhibits the growth of
castration-resistant xenografts without causing toxicity to the animals. An-
other effective and high affinity AR inhibitor, MDV3100, has recently been
tested in a phase I/II clinical trial against treatment-refractory prostate
cancer (Scher et al., 2010). Another drug inhibits nuclear translocation,
DNA binding, and coactivator recruitment of AR, and it will soon be tested
in clinical trials (Tran et al., 2009).

C. Intracrine Androgen Synthesis

Another mechanism for resistance to castration is the autocrine activation
of androgen synthesis by cancer cells. Indeed, some recurrent prostate can-
cers develop the capacity to synthesize testosterone from adrenal androgens
or cholesterol (Titus et al., 2005), which leads to persistence of intraprostatic
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androgen despite testosterone suppression (Mostaghel er al., 2007; Page
et al., 2006). Under conditions of de novo synthesis of androgens by cancer
cells, drugs that effectively block hormone synthesis would be most benefi-
cial. For example, the CYP17 inhibitor, abiraterone, which blocks androgen
synthesis by cancer cells, demonstrated clinical efficacy in patients who
failed prior treatment with ketochonazol, an inhibitor of adrenal androgen
synthesis (Ryan et al., 2010), or who had previously received docetaxel
(Danila et al., 2010).

D. Hyperactivity of the AR Through Phosphorylation

The drastic decrease in the levels of circulating androgens in castrated
patients can be overcome by hyperactivation of signaling pathways resulting
in an increased activity of AR. For instance, phosphorylation of steroid
hormone receptors by various kinases in the N-terminal transactivation
domain can increase their transcriptional activity. IL-6 is an autocrine cyto-
kine in the prostate epithelium and activation of its receptor significantly
lowers the androgen dependence of the AR (Hobisch ez al., 1998). Mecha-
nistically, IL-6 receptor activation leads to increased AR phosphorylation by
MAPK, Etk, and Pim1 kinases (Giri et al., 2001; Kim et al., 2004). The
activation of several tyrosine kinases, such as HER2, IGFR, Ack1, and Src,
can also result in AR phosphorylation and in an increase in AR activity (Guo
et al., 2006; Mahajan et al., 2007; Mendoza et al., 2002; Qi et al., 2009;
Sugita et al., 2004; Wu et al., 2005). In addition to the AR itself, the AR
coactivator, SRC3, can also integrate signaling pathways via multiple phos-
phorylation sites that are necessary to promote the transcriptional activity of
the AR (Wu et al., 2004). Overall, inhibition of phosphorylation of AR may
provide a viable therapeutic intervention for castration-resistant tumors;
however, the heterogeneity of kinases that can phosphorylate and transacti-
vate the AR is a significant complication for the development of such
treatments.

E. Changes in AR Transcriptional Activity in
Castration-Resistant Prostate Cancer

In addition to the increase in AR activity in castration-resistant cancers,
recent studies suggest that AR target genes can differ in castration-resistant
compared to androgen-sensitive cancers. The difference in transcriptional
target genes in androgen-sensitive versus castration-resistant cancer is
caused by other transcription factors, which bind to their own DNA-binding
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sequences in the proximity of AR-response elements (AREs) and regulate the
occupancy of AREs by the AR (Agoulnik et al., 2008; Lupien and Brown,
2009). FoxA1l, GATA2, PAX2, Octl, ETS, and Nkx3.1 can affect AR
binding to AREs, and their expression levels differ in castration-resistant
prostate cancer (Bohm et al., 2009; Jia et al., 2008; Shyr et al., 2010;
Simmons and Horowitz, 2006; Wang et al., 2007; Yu et al., 2010; Zhang
et al., 2010). The major mechanism that regulates the occupancy of AREs is
histone modifications (Chen et al., 1999). Gene activation and repression are
specifically regulated by histone methylation status at distinct lysine resi-
dues. Interestingly, AR target genes display significantly higher levels of
histone-activating marks H3K4 and H3K27 methylation and H3-K9/K14
acetylation in castration-independent prostate cancer (Chen et al., 1999; Jia
et al.,2006; Kang et al., 2004; Lupien and Brown, 2009; Lupien et al., 2008;
Metzger et al., 2005, 2008; Wang et al., 2001; Wissmann et al., 2007). The
demethylases, JMJD2C, and LSD1, cooperatively promote androgen-depen-
dent transcription by association with AR, thereby removing the repressive
histone mark (H3K9) from target genes by demethylation of H3K9 (Metzger
et al., 2005; Wissmann et al., 2007).

Comprehensive comparison of AR-mediated transcription in androgen-
sensitive and -resistant derivatives of LnCaP cells identified very specific
changes (Wang et al., 2009¢). In particular, the transcription of genes reg-
ulating the M-phase of the cell cycle was increased in androgen-insensitive
LnCaP cells and in castration-resistant prostate cancer samples from
patients. Among the specific AR-regulated M-phase cell-cycle genes is the
ubiquitin-conjugating enzyme E2C, which specifically inactivates the
M-phase cell-cycle checkpoint (Wang ef al., 2009¢). In addition, the recruit-
ment of FoxA1l, MED1, and GATA2 transcription factors to the E2C pro-
moter was increased in the androgen-insensitive LnCaP cells. In general, AR
binding to promoters of M-phase genes was determined by H3K4 methyla-
tion and FoxA1 binding. Silencing E2C decreased the growth of castration-
resistant cancer cells by blocking S and G2/M cell-cycle progression. Thus,
information about the differences in AR-response genes between androgen-
sensitive and castration-resistant cancer can potentially be used to develop
novel therapeutic approaches specifically targeting castration-resistant pros-
tate cancer.

VIII. SUMMARY AND FUTURE DIRECTIONS

Extraordinary progress in the development of novel genetic technologies
in the recent years allowed for the first time a comprehensive analysis of
genetic and epigenetic changes in human prostate cancer. This information,
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combined with targeted functional studies, helped to identify critical signal-
ing pathways that are causally involved in prostate cancer initiation and
progression. Overall, significant evidence has been accumulated that strong-
ly implicates the activation of PI3K signaling, the upregulation of ETS family
and c-MYC transcription factors, the overexpression of EZH2 and HEPSIN,
and the persistent activation of AR signaling as critical genetic and epigenet-
ic changes that drive prostate cancer initiation and progression. This infor-
mation provides an opportunity for the development of novel targeted
approaches for therapeutic interventions that can block these critical for
cancer-inducing pathways.
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Lung cancer is the leading cause of cancer death worldwide, and cigarette smoking is
the major environmental factor for its development. To elucidate the genetic differences
in the susceptibility to lung cancer among individuals, genetic factors involved in tobac-
co-induced lung cancers have been extensively investigated and a number of genetic
polymorphisms have been identified to date as candidates. Most of the polymorphisms
identified are of genes encoding proteins associated with the activity to metabolize
tobacco smoke carcinogens and to suppress mutations induced by those carcinogens,
and functional significances have been elucidated for some of these polymorphisms.
However, the significance of these polymorphisms in the contribution to lung cancer
development still remains unclear. Recently, several novel lung cancer susceptibility
genes, including those on chromosomes 5p15.33, 6p21, and 15¢24-25.1, have been
identified by large-scale genome-wide association (GWA) studies. The 15¢25 region
contains three nicotine acetylcholine receptor subunit genes, and their polymorphisms
have been also reported as being associated with nicotine dependence. The 5p15.33
region is associated with risks specifically for lung adenocarcinoma, the commonest
histological type and weakly associated with smoking. This locus has been shown to
be associated with risks for a wide variety of cancers, including lung adenocarcinoma.
Associations of the 6q21 region have not been consistently replicated among studies. The
6q23-25 and 13q31.3 regions were also identified by recent GWA studies as being
associated with risk for lung cancer, particularly in never-smokers. However, contribu-
tions of genetic differences on these five loci to the susceptibility to overall lung cancer
seem to be small. There are several molecular pathways for the development of lung
adenocarcinomas, and environmental factors for their development are still unclear,
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especially those in never-smokers. In addition, geographic differences as well as gender
differences in lung cancer risk have been indicated. Furthermore, various genes identified
by candidate gene association studies have not been reevaluated for their significance
together with genes identified by GWA studies in the same population. Therefore, further
studies will be necessary to assess the individual susceptibility to lung cancer based on the
combination of polymorphisms in multiple genes, and to establish a novel way of
evaluating the individual risk for lung cancer for its prevention. © 2010 Elsevier Inc.

I. INTRODUCTION: OVERVIEW OF STUDIES ON
GENETIC AND ENVIRONMENTAL FACTORS INVOLVED
IN LUNG CANCER SUSCEPTIBILITY

Lung cancer is the leading cause of cancer death worldwide (Sun et al.,2007).
Therefore, identification of genetic factors as well as environmental factors is
very important in developing novel methods of lung cancer prevention. Since
cigarette smoking is the major environmental risk factor for the development of
lung cancer, genetic factors for tobacco-induced lung cancer have been exten-
sively investigated by candidate gene association studies for many years. Genes
involved in the metabolism of tobacco smoke carcinogens and genes involved
in the repair of genetic alterations induced by those carcinogens have been the
major targets of those investigations. In contrast, recent advances in molecular
technology and knowledge of the distribution of genetic polymorphisms in the
human genome have made it possible to identify genetic factors responsible for
the development of common polygenic diseases, including lung cancer, by a
genome-wide approach. Indeed, several loci containing candidate lung cancer
susceptibility genes have been identified in recent years by genome-wide asso-
ciation (GWA) studies. One of the chromosomal loci identified was 15q24-
25.1, and this region contained three genes encoding nicotinic acetylcholine
receptor subunit genes. Since this locus has been also suggested to be associated
with nicotine dependence, genetic susceptibility for nicotine addiction has
come to be the major genetic factor for the development of lung cancer.
However, epidemiologically, the incidence of lung cancers has been increasing
in never-smokers, in women, and in Asian population, in recent years; there-
fore, lung cancers in smokers and those in never-smokers are now considered to
be different diseases from each other. For this reason, identification of genetic
factors as well as environmental factors for the development of lung cancers in
never-smokers has also arisen as a major topic for prevention of these lung
cancers. Accordingly, GWA studies for the identification of lung cancer suscep-
tibility genes without association with smoking behavior are now also being
extensively conducted. Therefore, when we discuss the genetic basis for sus-
ceptibility to lung cancer, three different critical points should be considered, as
summarized in Fig. 1, in association with their functional significance in the
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Fig. 1 Three different types of lung cancer susceptibility genes involved in the process of lung
cancer development. Details are described in Section 1.

Y

susceptibility. The first point is interindividual differences in nicotine depen-
dence, the second point is susceptibility to tobacco-induced (smoking-related)
lung cancer, and the third point is susceptibility to lung cancer in never-smokers
(smoking-unrelated). Nicotine dependence should be associated with the quan-
tity of the intake of tobacco smoke carcinogens. In the development of smok-
ing-related lung cancers, interindividual differences in metabolizing activities
to activate/inactivate tobacco smoke carcinogens as well as DNA repair activ-
ities to suppress tobacco smoke carcinogen-induced mutations would play a
major role. Since environmental factors for the development of lung cancer in
never-smokers are largely unclear at present, GWA studies will be an effective
approach to identify responsible genes for their development. In addition, we
should accumulate the knowledge for the difference between lung cancers in
smokers and those in never-smokers, from the viewpoint of molecular process-
es for their development. For this reason, in this review chapter, the differences
between lung cancers in smokers and those in never-smokers are summarized
first, recent progresses in lung cancer susceptibility gene studies are summarized
second, and future directions of this field of science are discussed last.

II. DIFFERENCES IN THE PROCESS OF LUNG
CANCER DEVELOPMENT BETWEEN SMOKERS
AND NEVER-SMOKERS

Lung cancers are divided into the two major categories of small cell lung
cancer (SCLC) and non-small cell lung cancer (NSCLC) from clinicopatho-
logical aspects (Sun et al., 2007). NSCLCs are further divided into three
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major histological types, adenocarcinoma (ADC), squamous cell carcinoma
(SQC), and large cell carcinoma (LCC). However, LCC is thought to be
poorly or undifferentiated forms of and more heterogeneous than the other
three types of lung cancer, and only limited information is available at
present on genetic susceptibility to LCC. Therefore, in this review chapter,
LCC is not specifically taken up as a subject for discussion. ADC, SQC, and
SCLC are thought to be different in their origins (Govindan, 2010;
Subramanian and Govindan, 2008; Travis et al., 2004). Lung epithelial
cells consist of monolayer columnar glandular epithelial cells (Fig. 2).
Basal cells and neuroendocrine cells in the bronchi are thought to be pre-
cursors of SQC and SCLC, respectively. Clara cells in the bronchioles and/or
type II pneumocytes in the alveoli are thought to be precursors of ADC. In
mice, bronchioalveolar stem cells (BASC) have been identified as being a
candidate precursor of ADC (Kim et al., 2005); however, corresponding cells
in the human have not yet been identified. Therefore, three major types of
lung cancer are thought to be originated from different precursor epithelial
cells in the lungs.

It is now widely accepted that cancer is attributed to accumulation of
multiple genetic alterations in targeted precursor cells. Therefore, when we
discuss genetic susceptibility to lung cancer, it is important to understand the
differences and similarities in molecular pathways of cancer development
among the three major types. Indeed, accumulated genetic alterations during
their development are considerably different among them. Table I sum-
marizes the accumulated genetic alterations in ADC, SQC, and SCLC
(Govindan, 2010; Subramanian and Govindan, 2008; Sun et al., 2007;
Travis et al., 2004). Ten genes identified to date with frequent genetic
alterations in lung cancer cells are chosen as representatives. MYC, p53,
PTEN, and PTPRD are genetically altered commonly among ADC, SQC,

Bronchioalveolar stem cell (BASC)
Goblet cell Ciliated epithelial cell

Clara cell

Type Il pneumocyte

Type | pneumiy

Bronchus Bronchiole- Respiratory Alveolus
terminal bronchiole bronchiole

Neuroendocrine cell
Basal cell

Fig. 2 Component epithelial cells in the pulmonary system. Precursor (progenitor) cells of
small cell carcinoma, squamous cell carcinoma, and adenocarcinoma are thought to be neuro-
endocrine cells, basal