REVIEW PAPER

CENTRAL EUROPEAN JOURNAL OF UROLOGY

Molecular alterations associated with prostate cancer

Herney Andres Garcia Perdomo?, James A. Zapata-Copete?, Adalberto Sanchez?

School of Medicine at Universidad del Valle, Department of Surgery, Cali, Colombia
2UROGIV Research Group at Universidad del Valle, Cali, Colombia
3School of Basic Sciences, Department of Physiological Sciences at Universidad del Valle, Cali, Colombia

Citation: Garcia Perdomo HA, Zapata-Copete JA, Sanchez A. Molecular alterations associated with prostate cancer. Cent European J Urol. 2018; 71: 168-176.

Article history

Submitted: Oct. 18, 2017
Accepted: March 16, 2018
Published online: March 16,
2018

Corresponding author
Herney Andres Garcia
Perdomo

School of Medicine

at Universidad del Valle
Department of Surgery
76001Cali, Colombia

Introduction The amount of information and knowledge about pathways and genetic alterations regard-
ing prostate cancer, including the tools available for its study has been recently increasing. Additionally,
a variety of molecular signaling pathways control cell proliferation, however, this incompletely understood
process is disturbed in cancer cells.

Materials and methods A literature review was made using the MEDLINE, Embase and LILACS databases
searching for the following keywords: prostate neoplasms, prostate cancer, molecular medicine, genomics,
pathways, and cell cycle.

Results Different biological mechanisms have been associated with the development of prostate
cancer, such as alterations in tumor suppressor genes, oncogenes (TP53, RB1, among others) and
CDKls; DNA methylation; chromosomal alterations and rearrangements; changes in PTEN and
PI3K / mTOR; global defects in apoptosis; alterations in the androgen receptor (AR); and epigenetic
mechanisms.
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INTRODUCTION

Recently, the quantity and quality of tools avail-
able for the genetic study of cancer and the whole
genome have increased, with even greater detail
available for the exome alone. Many molecular sig-
naling pathways provide negative or positive regu-
latory signals that control cell proliferation in a way
that attempts to preserve cell number and homeo-
stasis, but this process is completely altered in can-
cer cells [1, 2].

Normal cells must acquire at least eight attributes
to transition from a normal cell to a cancer cell.
These attributes include the following: 1) genetic
instability and mutation; 2) autonomous growth;
3) insensitivity to internal and external anti-prolif-
erative signals; 4) resistance to apoptosis and other
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Conclusions Good clinical practice and a practical approach have to be based on basic knowledge,
thus, in this article, the main genetic alterations, mutations and pathways involved in prostate cancer

forms of induced cell death; 5) unlimited cell divi-
sion potential; 6) ability to form new blood vessels
(angiogenesis); 7) local invasive behavior that en-
ables the distinction of benign and malignant neo-
plasms; 8) evasion of the immune system.
Additionally, cancer cells require energy for auton-
omous growth and unlimited replication. Tumor-
associated inflammatory mediators also cause pre-
neoplastic cells to progress to invasive cancer cells;
finally, cancer cells gain the ability to metastasize,
that is, to migrate and colonize organs or tissues
[1, 3, 4]. The purpose of this article was to review
and describe the main biomolecular mechanisms
associated with prostate cancer. Therefore, the so-
matic genetic alterations that are involved in the
pathogenesis of prostate carcinoma progression are
shown in Figure 1 [5, 6].

doi: 10.5173/ceju.2018.1583
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MATERIAL AND METHODS

We performed a systematic literature search in Med-
line via Ovid, Scopus (including Embase) and LI-
LACS from their inception to nowadays with the
following keywords: prostate neoplasms, prostate
cancer, molecular medicine, genomics, pathways, and
cell cycle. We included reviews, systematic reviews,
basic science studies and analytical studies, which
tried to explain the molecular disturbances associ-
ated with prostate cancer. According to the hetero-
geneity expected, we synthesized information based
on the molecular mechanism. Information about the
most promising biomarkers associated with prostate
cancer can be found elsewhere [7].

Tumor suppressor genes and oncogenes

Suppressor genes negatively regulate cell growth,
and therefore, play an important role in the normal
cell cycle, DNA repair and cell signaling. The loss
of the function of both alleles of a suppressor gene
leads to carcinogenesis; thus, different pathways can
result in cancer, such as 1. Homozygous gene dele-
tion, 2. Loss of one allele and mutational inactivation
of the second, 3. Mutations in both alleles, or 4. Loss
of one allele and epigenetic inactivation of the sec-
ond allele (e.g., DNA methylation) [1]. The two best
characterized suppressor genes thus far are the reti-
noblastoma gene (RB1) and the TP53 gene, which
are described later.

Oncogenes are positively associated with cell prolif-
eration and are the mutated form of normal genes
(proto-oncogenes). Two such oncogenes are MYC and
MET. MYC is responsible for the regulation of cell pro-
liferation. This amplified gene is frequently present in
prostate cancer (PCa), and its expression in prostatic
cells has been associated with immortalization [8].
In contrast, MET has been reported in renal cell car-
cinoma (RCC), primarily in the hereditary type [9].
The mechanisms by which a proto-oncogene can
become an activated oncogene are as follows:
1) proto-oncogene mutation, 2) gene amplification
and 3) chromosomal rearrangement. An example
of the third mechanism is the translocation that
leads to the fusion of the TMPRSS2 gene with the
ERG oncogene in a large proportion of PCa cases
[10]. Figure 2 schematically represents the cell cycle
and describes how a cell in GO is allowed to prolifer-
ate based on a signal, is duplicated in S phase, the
phase in which DNA is synthesized, and subsequent-
ly segregates its genomic complement, which results
in two daughter cells in a process called M phase
(mitosis). These two processes are separated by two
critical gaps termed Gap 1 and Gap 2. The entire cy-

cle lasts approximately 24 hours, and each phase de-
pends on the previous one. In addition, some mecha-
nisms function to verify the integrity of the DNA.
If any alterations are found, the cell attempts to re-
pair the damage, but if repair is not possible, the cell
enters an active process termed apoptosis, which will
be described later. The loss of the ability to respond
to DNA damage leads to genetic instability, increases
the mutation rate and mutates genes associated with
cancer, thereby contributing to carcinogenesis and
progression of the disease [11, 12].

Retinoblastoma protein (RB1)
RB1 is important for controlling the R-point, which

is a decisive point in late G1 phase during which the
cell is committed to undergo division. Thus, if this
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Figure 1. Natural history of prostate cancer and the molecular
alterations involved.
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control is lost, the cell continues to proliferate. All
of the above events are due to inactivation of the
RB1 pathway, which is mutated in at least 30%
of bladder and prostate tumors, although RB1 muta-
tions have not been strongly associated with these
cancer types. It has also rarely been associated with
renal carcinoma [13, 14].

Cyclin-dependent kinase inhibitors

The temporal sequence of events during the cell
cycle is dependent on cyclins and cyclin-dependent
kinases (CDKs). CDKs phosphorylate protein sub-
strates that are involved in the execution of spe-
cific activities in each phase. In contrast, cyclin-
dependent kinase inhibitors (CDKIs) bind directly
to CDKs and suspend their activity and their ability
to phosphorylate other proteins [15]. CDKIs belong
to one of two classes: the Cip / Kip Family, which
includes the CDKN1A (p21), CDKN1B (p27) and
CDKNI1C (p57) proteins, and the INK4 (inhibits
CDK4) family, which includes the INK4B (p15),
INK4A (p16), INK4C (p18) and INK4D (p19) pro-
teins. The pl6 protein binds to CDKs 4 and 6 and
inhibits their interaction with cyclin D1; nor-
mally, active CDK4 and 6 mediate the passage
of the cell through G1 phase via the phosphorylation
of RB1 [1, 16]. The latter has also been associated
with bladder cancer (by deletion of INK4A) and with
renal cancer, and p16 inactivation has been shown to
occur by hypermethylation of the DNA (epigenetic
mechanism) [17]. In prostate cancer, hypermethyl-
ation of INK4A is typically seen in 60% of cases, al-
though INK4B is rarely inactivated [18].

Decreased CDKN1B has been correlated with de-
creased overall survival and disease-free survival
after radical prostatectomy. In addition to positive
CDKN1B in prostate biopsies, it has been associ-
ated with increased biochemical recurrence, and
in mice, absence is associated with prostatic hyper-
plasia [19, 20].

Tumor suppressor TP53

TP53 is a suppressor gene that plays an important
role in response to cellular damage. It signals a halt
to the cycle or leads to damage repair pathways
(Figure 3), but if repair is not possible, the cell will
undergo apoptosis. This suppressor is often mutat-
ed in genitourinary cancers. Additionally, Figure 4
shows the possible causes of alterations in TP53 and
its responses in the cell cycle.

TP53-induced apoptosis is mediated by Bcl-2
through an intrinsic pathway, and alterations in
the regulation of this pathway have direct relevance

in the etiology of cancer. This pathway is associat-
ed with the activation of transcriptional genes and
the inhibition of other genes that block the cascade.
On the one hand, TP-53 is dependent on the acti-
vation of the Apaf-1/caspase-9 pathway, but on the
other hand, Bax (Bcl-2 family) is not essential for
TP53-dependent apoptosis.

In addition, different tumor suppressive pathways
are associated with TP53, and some examples are the
response to DNA damage, cell senescence and apop-
tosis, and thus, it is logical to consider that TP53
is frequently mutated in cancer [1, 21].

Methylation of DNA

The covalent modification of the C5 position
of the cytosine by a methyl group is mediated
by DNA methyltransferase and results in the for-
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mation of 5-methylcytosine, which is an epigen-
etic modification that occurs in vertebrates and
is part of normal and essential embryological de-
velopment. As vertebrates have evolved, CpG di-
nucleotides have become depleted within the ge-
nome, but in some areas, this depletion is not seen;
these areas are termed CpG islands and represent
approximately 1% of the genome. The epigenetic
properties of methylation can affect the genetic
activity without alterations in the DNA sequence
and represent an alternative means to inactivate
the gene apart from a mutation or deletion. The
three major pathways that DNA methylation uses
to result in genetic alterations include the follow-
ing: 1) inherent mutational effects of 5-methylcyto-
sine, 2) epigenetic effects of the promoter on tran-
scription and 3) activation and potential induction
of a gene due to instability of the chromosome
by DNA hypomethylation [1].

DNA methylation and prostate cancer

Glutathione S transferases are a family of en-
zymes that are responsible for the detoxifica-
tion of a large group of xenobiotics that catalyze
the nucleophilic attack of reduced glutathione
in potentially harmful electrophilic compounds.
The aberrant methylation of the CpG island
at the glutathione S transferase pi (GSTP1) locus
is the most frequent somatic alteration reported
in PCa [22]. This methylation has been detected
in up to 90% of PCa and in 70% of prostatic in-
traepithelial neoplasia (PIN), however it might
be present in normal or hyperplastic tissue [22].
Due to oxidative stress, this aberrant methylation
leads to the overexpression of GSTP1 in prostatic
epithelial columnar cells. These findings are also
associated with worse clinical outcomes [23].

The gene for the ras association domain of the fa-
milial protein 1 isoform A (RASSF1A) is located
on chromosome 3p21. This is a suppressor gene
that is methylated in 60-70% of prostate carcino-
mas, and it has been observed that this alteration
is more frequent in high-grade tumors than in
less aggressive tumors [24, 25]. The methylation
patterns are not consistent since they can consist
of either hypo- or hypermethylation, and in addi-
tion, the methylation is conserved in all metasta-
ses, suggesting an alteration that follows clonal
selection [26, 27].

DNA damage and repair

Cancer is fundamentally a genetic disease. Alterations
in different genes will lead to the activation of differ-

ent pathways associated with cancer, leading to chang-
es in tumor suppressor genes and oncogenes through
epigenetic, mutational and copy number distortions.
To counteract these elements, the cell employs dif-
ferent defense mechanisms including the use of free
radicals such as alpha tocopherol, vitamin C, carot-
enoids, bilirubin and urate and protective enzymes
such as superoxide dismutase, glutathione peroxi-
dase and glutathione transferase. In addition to the
previously described methylation of GSTP1, associa-
tions have been found between the polymorphisms
of this gene and the risk of biochemical recurrence
in patients with PCa [28].

The cell additionally employs a series of mechanisms
termed the DNA damage response (DDR), which in-
volves a number of genes. DDR relies on the repli-
cation machinery, as well as on specific mechanisms
such as repairs of base cleavage, nucleotide cleavage,
double helix rupture and imbalance [1].

Chromosomal abnormalities

Deletions of chromosomal segments are frequently
found, although gains and amplifications are seen
more frequently in cases of advanced disease [12].
These changes have been demonstrated through
cytogenetic techniques such as genomic hybridiza-
tion, fluorescence in situ hybridization or detection
of microsatellites. Cytogenetic methods detect nu-
merical changes, while molecular analytic methods
identify recombinations that do not lead to changes
in copy number [12].

The most frequently altered autosomes are 8, 13, 7,
10, 16, 6 and 17, likely in this order. In addition, gains
or amplification of parts of the X chromosome and
losses of the Y are also observed. A decreased copy
number and loss of heterozygosity of chromosome
8p are also consistent in previous studies (observed
in approximately 50% of cases). Specific alterations
are observed in each of the chromosomes, but special
attention must be paid to the functional impact each
alteration may have on the tumor phenotype and
the indication or expression of the tumor suppressor
genes or oncogenes in the affected regions [12].

Recurrent genetic rearrangements in PCa

Recurrent gene fusions have been identified, primar-
ily between the androgen-regulated gene TMPRSS2
and ERG, which is a member of the ETS (E26 trans-
forming sequence) family. This fusion occurs in 90%
of all fusions that involve ETS genes in prostate can-
cer [29]. The other fusions occur as a result of more
complex types of translocations [10, 30]. In 60%
of cases, the fusion occurs due to a deletion of the
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sequence that separates the two genes (3 Mb).
These rearrangements can be readily identified
through reverse transcription polymerase chain re-
action (RT-PCR) or by multicolor fluorescence in situ
hybridization (FISH).

At present, several clinical studies have evaluated
these markers in urine and blood, while other studies
have evaluated the expression of the ERG protein us-
ing a simpler method (immunostaining) [31, 32, 33].
The TMPRSS2-ERG fusion status is considered
a possible diagnostic marker, although its prognostic
significance is still unclear, which is a fundamental
part of patient follow-up [34, 35].

The TMPRSS2 gene can be merged with other mem-
bers of the ETS family including ETV1, ETV4 and
ETV5 [36, 37].

Studies have been performed with different tech-
nologies including next generation RNA sequencing;
in these studies, it was found that some fusions are
single events or events that occur in only one pa-
tient, which might imply that we actually know very
little about PCa [38].

PTEN and PI3K/mTOR

The PISBK/mTOR (mammalian target of rapamy-
cin) pathway plays an important role in cell growth,
proliferation and oncogenesis in PCa [39, 40, 41].
PTEN is a negative regulator of this pathway. In ret-
rospective studies, it has been shown how the loss
of PTEN and consequently, the activation of the
mTOR pathway lead to a poor prognosis in PCa
[5]. PTEN deletions have been found in up to 20%
of patients with PCa and have been associated with
earlier biochemical relapse, metastasis, resistance
to castration, presence of ERG gene fusions and the
accumulation of nuclear TP53 [5].

Association with telomeres

A potential association between telomere length and
prostate cancer has been found. Initially, this asso-
ciation was found only in studies with small sample
sizes, but subsequently, some studies with larger
sample sizes were performed in which associations
were observed between a short telomere length
and decreased overall survival and increased bio-
chemical recurrence. These findings have been con-
sistent even when adjusted for age, Gleason score
and lymph node involvement. It has been proposed
that cancer that develops from these areas can lead
to greater genotype and phenotype heterogene-
ity, as well as to an increase in aggressiveness [42].
Some studies have even suggested that the risk
of death is increased up to 14 times in patients with

short telomeres compared with patients with long
telomeres [43].

Apoptosis

Apoptosis is an orderly, energy-requiring process
in which the cellular content is degraded and con-
densed into an apoptotic body that is finally digested
by neighboring cells or macrophages [44]. The posi-
tive or negative signals of the apoptotic process final-
ly converge in a family of proteases termed cysteine
proteases with aspartic acid specificity. Caspases total
at least 13, and some of them are initiators (caspase
- 8, caspase — 9, caspase — 10), whereas others are ex-
ecutioners (caspase — 3, caspase — 6 and caspase — 7).
Caspases are derived from procaspases, which are
larger inactive forms that require proteolytic cleav-
age in order to become active. They are frequently
activated by other caspases (initiator) to generate
an activating cascade of executioner caspases. The
latter type attacks different anti-apoptotic intracel-
lular proteins such as Bcl-2 and Bcel-XL. They not
only destroy their anti-apoptotic functions but also
release carboxyl-terminal fragments to remove the
cell [45]. They also degrade DNA repair and replica-
tion proteins such as DNA-PKcs and replication fac-
tor C, leading to nuclear dysregulation.

Nuclear proteins such as laminin, NuMa and SAF-
A are fragmented and undergo nuclear dissolu-
tion and nuclear condensation (milestones in the
cell that lead to apoptosis). Proteolysis of cytoskel-
etal proteins such as keratin and actin also occurs,
which leads to the destruction of the integrity of the
internal structure. A final step is the breakdown
of cell-to-cell interaction proteins such as beta-
catenin and focal adhesion kinase, which precipi-
tates the phenotypic and irreversible changes associ-
ated with apoptosis [45].

Global defects in apoptosis

In both PCa and PIN, a high level of apoptosis
is seen, although compared with other malignancies,
PCa has low apoptotic activity along with increased
replication. As PCa progresses, it is unclear whether
androgen-resistant cells have an increased or de-
creased apoptosis rate because both have been found
in patients with castration-resistant prostate can-
cer [46]. In contrast, an advanced infiltrative tumor
whose DNA is mutated and that is fast-growing may
have a high rate of apoptosis despite the protective
mechanisms that the cell has acquired.

Apoptosis can be initiated by two pathways: the
intrinsic and the extrinsic pathways (Figure 5).
The intrinsic pathway monitors conditions within
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the cell and responds to various forms of stress.
Pro-apoptotic signals can originate from damaged
and unrepaired DNA or from the lack of signals from
the cell surface (cell-cell or cell-matrix contacts, in-
cluding hormones or diminished growth factors).
Mitochondria and the Bcl-2 family are major com-
ponents of the intrinsic pathway. The Bcl-2 family
contains 12 pro-apoptotic proteins including Bax,
Bak, Bok, Bik, Bas, Bid and Bim. It also contains six
pro-survival proteins including Bcl-2, Bel-XL, Bel-W
and Mcl1 [47].

Each protein in the family responds to different
stimuli; however, their primary function is to in-
crease the permeability of the mitochondrial mem-
brane [48]. Subsequently, cytochrome c is released
from the intermembrane space into the cytoplasm,
where it binds to Apaf-1 proteins and forms the
apoptosome complex. Caspase-9 is activated, which
then activates the entire cascade described above.
In addition, other activations occur such as ones that
involve Bid, which is regulated by initiating caspas-
es in the cytosol. Caspase-8 allows the dimerization
of Bid with Bax or Bcl-2. This active form of Bax in-
hibits Bcl-2, which leads to apoptosis. This process
can be blocked by anti-apoptotic proteins and by the
IAP proteins that inhibit specific caspases [1].

The extrinsic pathway mediates apoptosis after re-
ceiving external signals from surface receptors called
‘death receptors’, such as tumor necrosis factor re-
ceptor 1 (TNFR1) and Fas receptor. The death recep-
tor domain is located in its intracellular region and
allows binding to adapter proteins that also contain
a death domain (RIP, TRADD, FADD). Additionally,
these proteins have an effector domain that binds
to the caspase recruitment domain (CARD) of the
initiating caspase [49]. Subsequently, the initiator
caspase is cleaved and is able to activate the cascade.
The most well-known death receptor is CD95 or Fas,
but this receptor does not appear to have a direct
effect on the etiology of cancer. In contrast, IGF-1
can activate the PISK / AKT anti-apoptotic pathway
and stimulate the expression of Bcl-like proteins
along with Bax suppression. In addition, the expres-
sion of IGF binding proteins may also be altered
in PCa [12, 50, 51].

Androgens and prostate cancer

Most treatments for PCa are based on androgenic
suppression, but they are rarely curative. To cure
the disease, different mechanisms should be consid-
ered and are described as follows (Figure 6): 1) some
carcinomas do not express androgen receptor (AR)
in some cases because the gene is silenced by a hy-
permethylated promoter; 2) several peptide growth
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Figure 5. Intrinsic and extrinsic pathways of apoptosis.
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Figure 6. Mechanisms of altered androgen signaling in prostate
carcinoma: 1. The androgen receptor (AR) is absent in some
carcinomas. 2. Growth factors activate the AR or a coactivator
in a ligand-independent fashion. 3. AR mutations alter ligand
specificity and affinity. 4. AR expression is increased by gene
amplification. 5. Coactivators are differentially expressed

or mutated.

factors and cytokines such as fibroblast growth fac-
tor 7 (FGF7), epidermal growth factor (EGF) and
interleukin-6 (IL-6) can activate the AR synergis-
tically with or independently of a steroid ligand;
3) in some carcinomas, somatic mutations in the AR
alter its receptor specificity and cause it to respond
to estrogen, progesterone, dehydroepiandrosterone
or synthetic anti-androgens; 4) amplification of the
AR gene can occur in up to 30% of cases, even in the
presence of depletion, which leads to increased sen-
sitivity to a minimal androgen level; 5) different co-
activating proteins have been identified as mediators
of the effects of AR on chromatin structure, as well as
transcriptional initiators and their interactions with
other signaling pathways. All of the circumstances
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described above could lead to androgen-independent
tumor growth [12].

Expression profiles

With the advent of the analysis of gene expression
patterns by ¢cDNA or oligonucleotide microarrays,
research related to the diagnosis, prognosis and
new therapeutic markers has become increasingly
important. For example, it has been found that hep-
sin is not a good marker since its down-regulation
increases tumor heterogeneity in prostate carci-
nomas [52]. Another marker is the P504S protein,
which is identical to Alpha-Methyl-Acyl-CoA Race-
mase (AMACR); the latter is a peroxisomal enzyme
that is involved in the metabolism of branched-
chain amino acids, which might be useful for the
differentiation of hyperplasia and atrophy from
cancer [53, 54].

Epigenetics / Environmental factors

Lifestyle and dietary habits have been found to be
triggers of the oncogenic cascade in PCa. For exam-
ple, dietary carcinogens, estrogens and oxidants act
as a trigger for chronic inflammatory changes with-
in the prostatic tissue and thus act as a promoter
of PCa [5, 55, 56]. It has been suggested that the in-
take of red meat (formation of heterocyclic aromatic
amines and polycyclic aromatic hydrocarbon, which
have carcinogenic properties) or animal fat is a risk
factor for PCa. However, when prevention studies
on both of these micronutrients and other elements
of the diet were performed, the suppression of those
elements was not found to prevent prostate cancer
[67]. Additionally, sexually transmitted diseases
as part of a system that triggers chronic inflamma-
tion in epithelial cells have been associated with the
development of PCa (Figure 7) [58, 59, 60].

Given the change from persistent oxidative stress,
a survival response is generated by glutathione S
transferase, cyclooxygenase-2 and other mediators.
In general, the epigenetic silencing of multiple genes
occurs, including the silencing of a fundamental
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gene, GSTP1, which is found throughout all stages
of prostate cancer progression [5].

CONCLUSIONS

The natural history of prostate cancer involves nu-
merous genetic and molecular alterations that cause
the normal prostatic epithelial cell to become cancer-
ous and resistant to castration. Different biological
mechanisms have been associated with the develop-
ment of prostate cancer, such as alterations in tumor
suppressor genes, oncogenes (TP53, RB1, among oth-
ers) and CDKIs; DNA methylation; chromosomal al-
terations and rearrangements; changes in PTEN and
PI3K / mTOR,; global defects in apoptosis; alterations
in the AR; and epigenetic mechanisms. These are not
the only mechanisms, but they have been found to be
associated with prostate cancer at a higher frequency
than others. Similarly, the development of prostate
cancer does not have a unique etiology, but rather,
it is predominantly multifactorial and can be ex-
plained by the different mechanisms described here.
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