Jesse K. McKenney, Christopher G. Przybycin
and Cristina Magi-Galluzzi

Introduction

Prostate carcinoma (PCa) is a multifactorial
disease influenced by both environmental and
genetic factors. After advancing age and eth-
nic background, the strongest epidemiological
risk factor for PCa is a positive family history.
Although genetic factors implicated in the de-
velopment of PCa are as yet ill defined, over the
past 20 years the body of evidence that gene ab-
normalities may be specifically associated with
prostate cancer risk has grown immensely, rang-
ing from familial aggregation and twin studies,
to family-based linkage studies, to detection of
likely functional genes via mutation screening,
to molecular epidemiological studies of both
rare and common polymorphisms of candidate
genes [1]. Gene—environment interactions play a
crucial role in cancer development, particularly
when low penetrance genes such as genetic poly-
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morphisms are the major contributor. Strength-
ening the genetic evidence is a high frequency
of prostate cancer in monozygotic as compared
to dizygotic twins. Two different analyses have
revealed a concordance for prostate cancer diag-
nosis of 21.1 and 27.1 % for monozygotic versus
6.4 and 7.1% for dizygotic twins, respectively
[2, 3]. Using a model developed to determine the
effects of heritable versus environmental factors,
heritable factors have been estimated to account
for 42 % of prostate cancer risk in one study [2].

For practical purposes, PCa can be divided into
three groups: hereditary, familial, and sporadic.
Up to 85% of all prostate cancers are sporadic
and only 10-15 % are genetically determined [4].
Hereditary PCa, compatible with Mendelian in-
heritance criteria, is demonstrated only in 5% of
cases with PCa family history, whereas familial
PCa accounts for about 13-25 % of cases. Hered-
itary prostate cancer has been defined as families
that meet at least one of the following three crite-
ria: 1—three or more first-degree relatives (e.g.,
father, son, brother) affected with PCa in any
nuclear family; 2—occurrence of PCa in each
of three successive generations in either of the
proband’s paternal or maternal lineages; or 3—at
least two relatives, both affected with PCa diag-
nosed before age 55 [5]. Familial aggregations
of PCa that do not fulfill the previously reported
criteria but have at least two affected first-degree
relatives are defined as familial forms. Sporadic
PCa are likely due to nonhereditary causes. Even
if there is more than one case in the family, there
is no particular pattern of inheritance.
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The relative risk of PCa in a man with a broth-
er or father with PCa is 3.4 and 2.2, respectively
[6, 7], and increases proportionally to the number
of diseased relatives and their decrease in age at
diagnosis, so that the risk of developing PCa is
assessed 8.5 for men with both first-and second-
degree affected relatives [1]. Family history is
associated with 2.2-fold risk of PCa before age
65 years and 1.7-fold risk for onset after age 65;
in the presence of a family history that includes
both PCa and either breast or ovarian cancer, the
risk is approximately 5.8, but results differ be-
tween studies [8, 9].

No distinct clinicopathologic characteristics
or tumor progression attributes have been gen-
erally identified for hereditary versus sporadic
PCa, except an earlier age at diagnosis (heredi-
tary PCa occurs on average 6 years earlier than
the sporadic form) [10, 11].

Apart from RNaseL-, ElaC2-, MSRI-,
HOXB]13- as well as low number of CAG repeats
in the androgen receptor (AR) gene, there are no
other identified high-risk genetic variants which
might be considered responsible for hereditary
PCa. These findings suggest that even familial
PCa is a genetically heterogeneous disease, re-
lated to changes in many gene loci rather than a
specific major susceptibility gene. These genetic
changes likely interact not only reciprocally, but
also with environmental conditions that are gen-
erally more strongly associated with sporadic
PCa initiation [1].

Strong Candidates for Susceptibility
Genes

Recent studies suggest that hereditary prostate
cancer is a complex disease, involving mul-
tiple susceptibility genes with variable pheno-
typic expression. Family-based studies have
identified three strong candidate susceptibility
genes involved in the hereditary form of pros-
tate cancer: the endoribonuclease RNasel gene
(RNaseL/hereditary prostate cancer 1 (HPCI)),
the 3’ processing endoribonuclease ELaC2/HPC?2
gene, the macrophage scavenger receptor 1 gene
(MSR1), and HOXB13 (Table 8.1).
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RNasel/HPC1 (1q24-25)

The identification of genetic susceptibility loci
for prostate cancer has been extremely difficult.
It was only in 1996 that the first prostate cancer
susceptibility locus, HPC1, was mapped to chro-
mosome 1q24-25, which was subsequently iden-
tified as the RNaseL gene. RNaseL is a uniquely
regulated endoribonuclease requiring 5'-triphos-
phorylated, 2',5'-linked oligoadenylates (2-5A)
for its activity. This enzyme is important in im-
mune response to viral infection, induction of
apoptosis, and cell cycle and cell differentiation
regulation. The presence of germ-line mutations
in RNaseL that segregate with disease within
hereditary-prostate-cancer-affected families and
the loss of heterozygosity (LOH) in tumor tissues
suggest a relationship between innate immunity
and tumor suppression.

RNaseL mutations have an autosomal domi-
nant type of inheritance with high penetrance;
consequently, carriers of this mutant variant have
a high risk of prostate cancer development [4].
The HPCI locus is associated with disease that
affects younger men (age <66 years) and mul-
tiple family members [12]. Men with this predis-
position typically have more aggressive cancer
(higher Gleason score), often locally advanced or
even metastatic. Germ-line mutations in the tu-
mor-suppressor gene RNaseL have been reported
to track in PCa families, and have been implicat-
ed in up to 13 % of all prostate cancer cases [13].

ElaC2/HPC2 (17p11.2)

The ElaC2/HPC?2 gene at 17p11.2 is the first can-
didate gene identified for human prostate cancer
based on linkage analysis and positional clon-
ing [14]. HPC2 gene encodes ElaC protein 2, a
zinc phosphodiesterase located in the nucleus.
ElaC2 displays transfer ribonucleic acid (tRNA)
3'-processing endonuclease activity, inducing
tRNA maturation. The ELaC2/HPC2 gene dis-
played several sequence variants: missense mu-
tations Ser217Leu, Ala541Thr, and Arg781His
and a frame-shift mutation 1641 insG [14]. Two
previous studies found an association between
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Table 8.1 Genes involved in prostate cancer development

Gene localization

Candidate gene/locus

Strong candidates for susceptibility genes

Gene function

Antiviral and pro-apoptotic

Induces tRNA maturation
Involved in arterial wall
deposition of cholesterol
and in endocytosis of low
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Key features

<65 year old, high GS, advanced disease
at diagnosis, strong relationship with PCa
in families with > 5 affected men

Meta analysis failed to reveal correlation
between locus
for MSR1 and hereditary risk for PCa

density lipoproteins

1925.3 RNaseL/HPC1
role
17p11 ELaC2/HPC2
8p22-23 MSR]
17q21-22 HOXBI3

Weak candidates for susceptibility genes (low-risk alleles)

Xq27-28 HPCX
20q13 HPC20
17q21 BRCAI

repair
13q12-13 BRCA2

repair
1q42-43 PCAP

Regulation of cell cycle
progression and DNA

DNA recombination and

5% of families, predominantly of Euro-
pean descent, more frequent in males
diagnosed with PCa with early-onset
disease and family history

Gonosomal inheritance, higher risk of
PCa in men with affected brother than
with affected father; early-onset prostate
cancer, responsible for 16 % of hereditary
PCa

PCa diagnosed at older age

Germ-line mutations observed in 0.44 %
of PCa cases; 9.5 % lifetime risk of PCa
by age 65 years

Relative risks estimated as high as
fivefold to sevenfold at young age (<65
years); 20 % lifetime risk of PCa
Male-to-male transmission, average age
at diagnosis <66 years, and >5 affected
individuals

GS Gleason score, PCa prostate cancer, tRNA transfer ribonucleic acid

Ser217Leu and Ala541Thr and their combination
with PCa [14, 15].

The finding of a nonsense mutation in the
HPC2/ELaC2 gene confirms its potential role in
genetic susceptibility to prostate cancer. How-
ever, HPC2/ELaC2 germ-line mutations are rare
in hereditary prostate cancer and variants Leu217
and Thr541 do not appear to influence the risk
for hereditary prostate cancer, suggesting that
alterations within the HPC2/ELaC?2 gene play a
limited role in genetic susceptibility to hereditary
prostate cancer [16].

MSR1 (8p22-23)

The MSRI gene at 8p22-23 has been implicated
as a candidate gene for hereditary prostate cancer.
MSR1 encodes membrane glycoproteins, MSR

type-I and type-II, involved in the modulation
of interaction between foreign cells and macro-
phages, cell adhesion and phagocytosis, arterial
wall deposition of cholesterol during atherogen-
esis, and endocytosis of low density lipoproteins.
The frequencies of deleterious alleles is low, and
the penetrance is apparently moderate, suggest-
ing that MSR/ is not a major susceptibility gene
in prostate cancer families [17]. Meta analysis of
existing data has failed to show any clear correla-
tion between the MSRI locus and the hereditary
risk of prostate cancer [18].

HOXB13 (17q21-22)

HOXBI3 is a transcription factor gene impor-
tant in prostate development. HOXBI3 is sup-
pressed in AR negative prostate cancer cells and
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its overexpression results in significant inhibition
of cell growth. In addition, HOXBI3 has been
shown to suppress androgen-stimulated AR ac-
tivity by interacting with the receptor [19].

A recurrent germ-line mutation (G84E) in the
HOXBI13 has been recently identified by Ewing
et al. in a previously recognized region of link-
age at 17q21-22 as harboring an increased risk
for familial prostate cancer [20]. Xu et al. have
utilized a large sample of prostate cancer-prone
families recruited by the International Consor-
tium for Prostate Cancer Genetics (ICPCG) to
confirm that the HOXB13 G84E mutation is rare,
but significantly associated with predisposition
to PCa. G84E mutation was present in ~5% of
prostate cancer families, predominantly of Eu-
ropean descent, and was encountered more fre-
quently in males diagnosed with PCa (51 %) than
in unaffected male family members (30 %) [21].
The frequency of the mutation was higher in PCa
patients with early-onset disease (age at diagno-
sis <55 years, 2.2 %) or with positive family his-
tory (2.2%), and most common in patients with
both features (3.1 %). In a family-based analysis,
the proportion of G84E mutation-associated PCa
was highest in families from the Nordic coun-
tries of Finland (22.4%) and Sweden (8.2 %),
particularly for early-onset PCa and cases with
substantially elevated prostate-specific antigen
(PSA) [22]. HOXB13 G84E variant poses a sta-
tistically significant risk of hereditary PCa, while
accounting for only a small fraction of all pros-
tate cancers.

Weak Candidates for Susceptibility
Genes

An indeterminate number of weak candidate
susceptibility loci have been suggested to be in-
volved in hereditary PCa (Table 8.1). However,
high-risk PCa alleles, associated with a lifetime
penetrance of at least 66 %, have a frequency un-
likely above 2—3 % of the cases, whereas low-risk
PCa alleles may have a more frequent impact on
sporadic PCa.
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HPCX (Xq27-28)

A linkage analysis of 360 families at high risk
for PCa identified the q27-28 region on chromo-
some X as the potential location of a gene, hered-
itary prostate cancer X-linked (HPCX), involved
in prostate cancer susceptibility [23]. Results
supporting this localization were obtained in
another analysis of 153 American families. The
most significant evidence of linkage to this locus
was found in pedigrees without male-to-male
transmission and with early-onset prostate cancer
[24]. Studies have revealed a higher relative risk
of prostate cancer for men with a brother affected
by PCa than for men with an affected father. It
is presumed that HPCX is responsible for 16 %
of hereditary PCas [25]. HPCX variants seem to
be associated with prostate tumor aggressiveness
[12].

HPC20 (20q13)

A recent study of hereditary prostate cancer has
provided evidence for a prostate cancer-suscep-
tibility locus, HPC20, which maps to 20q13. It
is speculated that HPC20 may potentially play a
role in men with PCa diagnosed at older age [26].

PCAP (1q42-43)

PCAP (predisposing for cancer prostate) was
identified on 1q42.2-43 on a combined analysis
of French and German families [27]. PCa tumor
antigen-1 (PCTA-1), located within the PCa sus-
ceptibility locus 1q42.2-43, is not a high-risk
PCa gene, but data suggest that it might make
a low-risk contribution [28]. PCTA-1 belongs
to the family of galectins. Galectins expression
correlates with tumor growth and differentiation,
modulates tumor cell adhesion, and mediates cell
proliferation, survival, and apoptosis. Linkage
studies using microsatellite markers on 144 pros-
tate cancer families found suggestive evidence
for linkage to PCAP in 21 families that met the
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criteria of male-to-male transmission, average
age at diagnosis <66 years, and >5 affected indi-
viduals [29]. The role of PCAP in prostate cancer
warrants further investigation.

8q24

Two independent genome-wide association stud-
ies of prostate cancer, using different methodolo-
gies, converged on the same chromosomal locus,
8q24 [30, 31]. A 3.8-megabase region of 8q24
has been identified as significantly associated
with prostate cancer risk. The region contains
nine known genes, including the oncogene MYC,
commonly gained in PCa. Single nucleotide poly-
morphisms (SNPs) within three adjacent regions
at 8q24 have been recently identified to be con-
nected with familiar PCa risk [32, 33]. In 2009,
two additional risk regions were discovered at
8q24 [34]. At least nine SNPs, all independently
associated with PCa risk, reside within these five
loci. Notably, all 8q24 risk polymorphisms reside
in intergenic, noncoding regions of the genome
[35]. Chung et al. have recently shown that a
critical region at 8q24 is transcribed as a ~ 13 kb
intron-less non-coding RNA (ncRNA), termed
PRNCRI (prostate cancer ncRNA 1). PRNCRI
expression was found to be upregulated in some
prostate cancer cells as well as the precursor le-
sion prostatic intraepithelial neoplasia [36].
Variability at 8q24 seems to be associated with
high risk of aggressive PCa patterns at diagnosis.

1623

Prostate cancer linkage to the region of 16923
has been observed in a SNP-based genome-wide
linkage scan on 131 Caucasian prostate cancer
families participating in the University of Michi-
gan Prostate Cancer Genetics Project. Linkage to
this same region, which contains several strong
candidate genes including the known pros-
tate cancer tumor-suppressor genes ATBFI and
WWOX, has also been observed [37].
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Prostate Cancer Associated with Other
Tumors

Several epidemiological studies have shown a
possible, either synchronous or metachronous
association of different tumors (e.g., breast,
brain, gastrointestinal tumors, and lymphomas)
with PCa, thus suggesting common genetic risk
factors.

BRCAT1(17q21), BRCA2 (13q12)

The breast cancer susceptibility genes 1 (BRCAI)
and 2 (BRCA?2) are tumor-suppressor genes that
are inherited in an autosomal dominant fashion
with incomplete penetrance. They are normally
expressed in breast, ovary, prostate, and other tis-
sues. Their germ-line mutation is the cause of he-
reditary breast-ovarian cancer syndromes. Both
genders have the same probability of inheriting
the trait; however, the phenotype is different in
males and females, and the risk of cancer is sig-
nificantly lower in males. Although the results of
some studies are conflicting, it has been clearly
shown that male BRCA mutation carriers are pre-
disposed to an increased risk of breast, prostate,
pancreas, gastric, and hematologic cancers when
compared to non-carriers.

Deleterious mutations in both genes have been
associated with more aggressive prostate cancer
and poor clinical outcome [38].

BRCA1 is on chromosome 17g21 and encodes
a protein that has been implicated in the regula-
tion of cell cycle progression, DNA damage re-
sponse and repair, transcriptional regulation and
chromatin modeling. BRCA1 has been associ-
ated with an increased risk of sporadic PCa (3.5-
fold), even though germ-line mutations in this
gene have only been observed in 0.44 % of PCa
cases [39] (Table 8.1).

BRCA2 is on chromosome 13q12 and its func-
tion seems to be limited to DNA recombination
and repair processes. There is consistent evi-
dence that germ-line mutations in BRCA?2 lead to
an increased risk of prostate cancer, with relative
risks estimated as high as fivefold to sevenfold,
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and some evidence suggesting a more important
role in prostate cancer presenting at a young age
(<65 years) [38] (Table 8.1).

The lifetime risk of PCa in BRCA2 mutation
carriers has been estimated to be 20 %, while for
BRCAL the risk is 9.5% by age 65 years [39],
similar to that in non-carriers.

Currently, the IMPACT study is evaluating the
utility of PSA-based PCa screening in asymptom-
atic BRCAI and BRCA2 mutation carriers [40].

CAPB (1p35-36)

The CAPB (prostate and brain cancer) gene, lo-
calized to 1p36 is reportedly linked to a predis-
position to both brain and prostate cancer. Strong
evidence of linkage to this locus was reported
with 12 families showing both hereditary pros-
tate cancer and a history of brain tumors [41].
However, other investigations have reported data
that do not support linkage to this locus based on
an independent analysis of 13 pedigrees repre-
senting the same clinical profile [29].

E-cadherin (16q)

Somatic mutations in the E-cadherin (CDHI)
gene have frequently been reported in cases
with diffuse gastric and lobular breast cancers.
Germ-line mutations of the CDH1 gene at 16q
have recently been associated with familial gas-
tric cancer. Specifically, diffuse-type gastric can-
cers (such as signet-ring adenocarcinoma), while
relatively uncommon, have a strong genetic as-
sociation with mutation of the CDHI gene. Pros-
tate-specific cancer antigen (PSCA) was demon-
strated to be associated with an increased risk of
diffuse gastric cancer, but not with intestinal-type
gastric cancer [42].

Individual rare mutations and polymorphisms
in the CDH1 gene, such as S270A, may contrib-
ute to the onset of PCa. A significant rise in gas-
tric cancer has been shown in pedigrees of PCa
patients diagnosed before the age of 55 years;
however, no association between PCa and CDH/
germ-line mutation has been found so far [43].
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2q,16q,17q

Some hereditary PCa families have a co-occur-
rence of pancreatic adenocarcinoma. Three chro-
mosomal regions (2q, 16q, 17q) have been noted
as harboring potential susceptibility loci, sug-
gesting a linkage between prostate and pancreatic
cancer [44].

NBN (8q21)

Nibrin (NBN), located on chromosome 8q21, is
a gene involved in DNA double-strand break re-
pair that has been implicated in the rare autoso-
mal recessive chromosomal instability syndrome
known as Nijmegen Breakage Syndrome (NBS).
NBS is characterized by specific physical charac-
teristics (microcephaly and dysmorphic facies),
immunodeficiency, and increased risk of ma-
lignancy. Individuals who are heterozygous for
NBN mutations are clinically asymptomatic, but
may display an elevated risk for certain cancers
including, but not limited to, ovarian and prostate
cancer and various lymphoid malignancies [45].

Androgen Receptor and Steroid
Hormone Metabolism-Related Genes’
Involvement in Prostate Cancer

Conversion of testosterone to dihydrotestoster-
one (DHT), its active metabolite on prostatic tar-
get cells, is catalyzed in prostatic tissue by the
enzyme 5-a-steroid-reductase (srdSa). The two
genes srd5al and srd502, encoding for srdSa iso-
forms type I and type 11, are located on chromo-
somes 5pl5 and 2p23, respectively. It is believed
that isoform type II predominates in the prostate.
A larger number of dinucleotide thymine-adenine
(TA) repeats (> 18) on the last exon of the srd5a.2
gene (locus 2p22-23) is common in African-
American men, and seems to confer an increased
PCa predisposition [46].

AR is encoded by a gene located on the short
arm of chromosome X (Xq11-12). This locus is
one of the most conserved regions of the human
genome, with only very rare mutations occurring
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at this site [47]. One of the critical functions
of the product of the AR gene is to activate the
expression of target genes. This activity resides
in the transcriptional N-terminal domain of the
protein, which is encoded in exon 1 and contains
polymorphic guanine-guanine-cytosine (GGC)
and cytosine-adenine-guanine (CAG) repeats.
The variability in the AR gene length is deter-
mined by polymorphisms in the N-terminal re-
gion. A smaller number of either GGC (<16) or
CAG (<18) repeats appears to be associated with
a higher level of AR activity, resulting in an in-
creased PCa risk [48]. The number of CAG and
GGC base triplet repetition in the first exon of the
AR gene is substantially lower in African-Amer-
ican than in Caucasian men [4, 49].

Loss of chromosomal Y segment is the most
common chromosomal alteration that may be
identified in prostate cancer tissue. Sex-related
gene on chromosome Y (SRY) is downregulated
in PCa. Since SRY acts as negative regulator of
AR, the loss of chromosome Y results in an in-
crease in prostate cancer growth [50].

Immunohistochemical studies have shown
that the percentage of AR-positive cancer cells
is higher in hereditary PCa than in sporadic
forms, whereas the mean number of estrogen-o-
receptor-positive stromal cells is higher in spo-
radic PCa than in the hereditary form [51].

Gene Mutations Possibly Associated
with Prostate Cancer Development
and Progression

PTEN (10g23.3)

Phosphatase and tensin homologue deleted on
chromosome 10 (PTEN), also referred to as mu-
tated in multiple advanced cancers (MMACI)
and transforming growth factor-beta (TGF-B)
regulated and epithelial cell enriched phospha-
tase (TEPI), was first discovered in 1997 [52,
53]. PTEN, mapped to 10q23.3, is frequently
inactivated in somatic cancers and is the sec-
ond most common mutated tumor-suppressor
gene after p53 [54]. It plays a role in various cell
processes including apoptosis, cell cycle pro-
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gression, cell proliferation, angiogenesis, aging,
and DNA damage response [55]. PTEN encodes
a dual specificity phosphatase with the ability
to dephosphorylate both lipid and protein sub-
strates. By dephosphorylating PIP3 thereby op-
posing PI3K activity and resulting in subsequent
downregulation of Akt, PTEN is the main nega-
tive regulator of the PI3K/Akt pathway [55].

PTEN functions may be impaired by muta-
tions and other genetic alterations. PTEN inac-
tivation may be due to inappropriate subcellu-
lar compartmentalization, altered proteasome
degradation, somatic intragenic mutations, and
epigenetic inactivation in sporadic tumors [55].
PTEN alterations include a variety of possible
posttranslational modifications which may alter
the phosphatase activity, direct subcellular local-
ization, affect PTEN complexes and influence
protein stability. PTEN function can be impaired
not only by heterozygous mutations and homozy-
gous losses, but also by other molecular mecha-
nisms, such as transcriptional regression, epigen-
etic silencing, and microRNAs regulation [56].

Normal cells usually show strong nuclear
PTEN expression which is lost during transfor-
mation to neoplasia. Germ-line mutations of
PTEN cause the PTEN hamartoma tumor syn-
drome (PHTS), which includes those previously
called Cowden, Bannayan-Riley-Ruvalcaba,
Proteus, Proteus-like, and Lhermitte-Duclos syn-
dromes [57]. Somatic mutations of PTEN have
been observed in glioblastoma, prostate cancer,
and breast cancer cell lines, to mention only few
tissues where the involvement has been proven
[52]. A common feature of PTEN somatic muta-
tions is the association with advanced stage tu-
mors (mainly glial and prostate cancers) [57].

Monoallelic [58, 59] and biallelic PTEN loss
has been reported in approximately 42 and 10%
of prostate cancers, respectively [52, 53].

In mice, heterozygous loss (mutations in one
allele) of PTEN has been shown to lead to can-
cers in various organs or systems, such as pros-
tate, thyroid, colon, lymphatic system, breast, and
endometrium [60]. There is compelling evidence
in mice confirming PTEN as a haploinsufficient
tumor-suppressor gene [56]: loss of one allele
leads to the progression of a lethal polyclonal
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autoimmune disorder [61]; epithelial cancers,
such as prostate cancer, are driven by PTEN het-
erozygosity [62]; cellular levels of PTEN protein
inversely correlate with the occurrence of inva-
sive prostate cancer [56]. Consequently, func-
tional loss of one PTEN allele is critical for the
onset of cancer in mice.

KLF 6 (10p15)

The loss-of-function mutation of Kriippel-like
factor 6 (KLF 6) at chromosome 10p15 is a ge-
netic change that can lead to deregulation of cell
proliferation. KLF' 6 is a tumor-suppressor gene
inactivated in a significant percentage (up to
55%) of sporadic prostate cancers [63], however,
its role in hereditary PCa has not been confirmed
[64, 65]. KLF 6 is a ubiquitously expressed
zinc finger transcription factor, which is part of
a growing family of KLFs. The KLF family is
broadly involved in differentiation and develop-
ment, growth-related signal transduction, cell
proliferation, apoptosis, and angiogenesis [65].
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