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Abstract The molecular cause of prostate cancer (PCa) is
still unclear; however, its progression involves androgen,
PI3K/Akt, and PTEN signaling, as cycle and apoptotic
pathways. Alterations in oncogenes and tumor suppressor
genes as PIK3CA, BRAF, KRAS and TP53 are not very
common. Recently, somatic mutations have been discov-
ered in relation to cancer progression mainly in genes such
as PIK3CA; however, little data has been described in PCa.
Nowadays genetic tools allow us to investigate multiple
details about the biological heterogeneity of PCa, to better
understand the mechanisms of disease progression and
treatment resistance. Therefore, if the most relevant
somatic mutations were included during screening,
we could identify the best treatment for the right patient,
bringing us closer to personalized medicine. The main
objective of this article is to provide a review of the prin-
cipal somatic mutations that appear to have a relevant role
in hormonal cancers, like prostate cancer.

< M. J. Alvarez-Cubero
mjesusac@ugr.es

< L. J. Martinez-Gonzalez
luisjavier.martinez @ genyo.es

1. Robles-Fernandez
inmaculada.robles @ genyo.es

J. Martinez-Herrera
joaquin.marher@gmail.com

G. Garcia-Rodriguez
gema_ggr3 @hotmail.com

M. Pascual-Geler
manriquepascual @hotmail.com

J. M. Cozar
cozarjm@yahoo.es

Key Points

This review covers the principal somatic mutations
that may have an important role in PCa.

Somatic mutations in androgen, PI3K/Akt, and
PTEN signaling, like cycle and apoptotic pathways,
can provide biomarkers useful for the prognosis and
some treatment strategies in PCa.

1 Introduction

A high percentage of PCa is considered sporadic, while a
minority of cases are considered familial and hereditary
PCa [1]. Sporadic PCa is caused mainly by somatic
mutations, that, according to the NCI dictionary of cancer
terms, are “alterations in DNA that occurs after conception
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and it can occur in any of the cells of the body except the
germ cells (sperm and egg) and therefore are not passed on
to children”. In the context of somatic mutation, the dif-
ference between hereditary and familial is that the familial
PCa may be due to germline mutations (they are heredi-
tary) and/or to somatic mutations caused by shared envi-
ronmental and lifestyle factors by family members, while
hereditary PCa is associated with germline mutations [2].

Advances in next-generation sequencing (NGS) will
facilitate the discovery of multiple novel somatic muta-
tions. Most of the work is focused on searching for new
genetic variants that will offer relevant biomarker data,
providing important prognostic and treatment response
data [3]. Currently one of the principal goals in clinical
medicine is the ability to offer personalized medicine and
pharmacogenetic therapy to each patient. Already in
tumors of metastatic colorectal cancer (CRC) patients, the
status of v-Ki-ras2 Kirsten rat sarcoma viral oncogene
homolog (KRAS) mutations are routinely determined, and
patients with non-mutated KRAS are treated with cetux-
imab [a monoclonal antibody to estimated glomerular fil-
tration rate (EGFR) receptor]. Almost all the biomarkers of
treatment prediction response are genetic biomarkers; this
highlights the relevance of a proper and universal stan-
dardization testing for somatic mutations [4].

Even though most cases of PCa are sporadic, by con-
trast, the majority of somatic mutations that appear in
tumors have no impact or role in the progression of the
cancer, they are known as passenger mutations [5]. For
example, Frohling et al., through high-throughput DNA
sequence analysis and functional assays, identified five
variants (T167A, V194M, Y364H, M7371, and G831E) of
the fms related tyrosine kinase 3 (FLT3) gene identified in
acute myeloid leukemia (AML) patients that do not
increase kinase activity and do not contribute to leuke-
mogenesis [6]. A minor percentage (<0.1%), known as
“driver” mutations, provide selective advantages to cancer
cells and have a relevant role in conferring the main
characteristics of cancer development. Driver mutations
occur in mutation driver genes, but these genes can also
harbor passenger mutations. A total of 54 oncogenes and
71 tumor suppressor genes are considered mutation driver
genes [5]. Somatic mutations could include punctual
genetic changes (base substitutions, insertions, deletions,
etc.) along with epigenetic alterations [7]. For example,
miRNAs regulate gene expression at the post-transcrip-
tional level and its deregulation affects critical cellular
processes that contribute to the onset and progression of
PCa [8].

Somatic mutations are also found in mitochondrial DNA
(mtDNA), which also have a common role in many human
cancers (breast, colorectal and ovarian cancer, among
others) [9]. Mutations in the mtDNA appear to be a
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common event and are more frequent than mutations in
autosomes in PCa [10]. These mutations could compromise
the normal operation of the organelle, and mutations in
tRNA could alter protein synthesis [11].

It is not clear how mtDNA mutations contribute to the
onset and progression of cancer. Trying to clarify this
point, Van Gisbergen et al. have proposed different models
to explain how mutations in mitochondrial genes could
cooperate in cancer. These models are not mutually
exclusive; otherwise they could coexist in the same tumor
[12]. However, mutations in the mitochondrial genome
appear to be an early event in the carcinogenesis process
being detectable before morphological alterations occur in
the prostate tissue, thus, they are useful as biomarkers for
diagnosing PCa in biopsy (confirmed by anatomopatho-
logical analysis) as evidenced by the use of the Prostate
Core Mitomic Test™ (PCMT™). This test identifies
deletions in mtDNA in the healthy tissue adjacent to tumor
tissue in the biopsy. It has a sensitivity of 85%, thereby
increasing tumor detection and reducing false negatives
[13].

Although all cancers carry somatic mutations, most of
them have been reported in CRC, especially in the BRAF,
KRAS, PIK3CA and APC genes [14]. For example, somatic
mutations have been related to a high incidence of meta-
static disease and different treatment response has also
been reported depending on the KRAS and BRAF mutation
status [15, 16].

One of the main challenges of PCa is related to its high
heterogeneity. This makes clinical stratification and
selecting treatment strategies difficult. With the inclusion
of expression patterns, molecular and genetic biomarkers in
PCa, the aim is to create a specific classification profile to
assess risk and treatment options [17]. In this regard, a
correlation between the newly proposed grading of prog-
nostic groups for PCa (based in Gleason grades) and
genomic events has recently been established, so that the
groups at risk of a biochemical recurrence are identified,;
those presenting with a higher frequency of polyploidy, as
well as a higher frequency of point mutations in 7P53,
SPOP and ERG rearrangements [18]. It is very important to
keep studying structural alterations such as gene fusion
events, for example, the ETF gene family should be
explored in different populations, to achieve better man-
agement and cancer screening programs in prostate cancer
[19].

When talking about somatic mutations in PCa there are
some candidate genes such as AR, TP53, KLF6, EPHB2,
CHEK?2, ZFHX3 (formerly known as ATBFI), NCOA2,
PTEN, MYC, PIK3CA, FOXAI, KIT, and various histone-
modifying genes [20]. But, there is not much information
available for somatic mutations in tumors at the metastatic
stage [21], in part, owing to the difficulty in accessing the
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target organs (bone is the primary site of metastatic PCa)
and getting enough quality tissue to undertake the neces-
sary studies [22]. Newly identified subsets of PCa have
been related to mutations in the encoding SPOP gene, a
class of cullin E3-ubiquitin ligase (Cullin E3) [20].

The major problem at this point is the high intra-tu-
moral heterogeneity and multifocality in primary tumors.
That is why NGS needs to be used with hundreds tumors
in order to create a better understanding of the evolution
of prostate cancer [23]. One approach to this issue, which
produced surprising results, was reported by Gundem
et al. in April 2015 [24], which shines unprecedented
light on the prostate cancer evolution process in different
patients using NGS with sub-clones and metastases from
the same tumor; also, the study of Cooper et al. [25] that
has demonstrated the origin of multifocal disease from
clonal expansion of mutations in morphologically normal
tissue and the intra-tumoral heterogeneity by the coexis-
tence of various tumor lineages with distinct ERG fusions
in a tumor sample.

In 2015, the TCGA (the Cancer Genome Atlas) pre-
sented a complete analysis of more than 300 prostate car-
cinomas. These samples showed patterns defined by
specific gene fusions or mutations. The result of the project
in prostate cancer established a molecular taxonomy using
data obtained from somatic mutations, gene fusions,
somatic copy-number alterations, gene expression and
DNA methylation analysis. The results revealed a molec-
ular taxonomy in which 74% of the samples are included in
seven subtypes defined on distinct oncogenic driver
mutations or gene fusions (21 and 53% of the samples,
respectively). Mutations in genes speckle-type POZ protein
(SPOP) (11%), forkhead box Al (FOXAI) (3%) and
isocitrate dehydrogenase 1 (IDHI) (1%) and gene fusions
in ERG (46%), ETVI (8%), ETV4 (4%) and Friend leu-
kemia virus integration 1 (FLII) (1%). The results of this
large analysis show molecular heterogeneity among pri-
mary prostate cancers and potentially actionable gene
fusions and mutations [26].

This review is focused in the important effect of somatic
mutations mainly in PCa, the effects of which remain
undiscovered. The main aim is to try to classify somatic
mutations in relation to changes in tumor cell activities to
identify and prioritize those that generate functional
changes and enhance tumor cell proliferation.

2 Methods

We performed a methodical literature examination from
December 2012 to August 2016. Published research using
somatic mutations in PCa and other cancers were selected
by using databases (Pubmed, Scopus and Science direct).

For inclusion in the searching process we also included
related terms containing PCa, somatic mutations and TP53,
KRAS, PIK3CA, APC, PTEN, EGFR, KIT, AR, SPOP, ETS
and FOXAI genes.

First, we performed a global search comprising somatic
mutation in main genes such as 7P53, KRAS, PIK3CA,
APC, PTEN, EGFR, KIT, AR, SPOP, ETS and FOXAI as
well as other somatic mutations in cancer in general.
Second, our search was restricted to the principal genes
(TP53, KRAS, PIK3CA, APC, PTEN, EGFR, KIT, AR,
SPOP, ETS and FOXAI) and PCa. Only papers published
in English are included in the review.

3 Somatic Mutations
3.1 TP53 (Tumor Protein p53)

The TP53 gene is located on chromosome 17p13.1 codi-
fying a 393 amino acid protein. The p53 tumor suppressor
protein is a crucial factor for the preservation of a
stable nuclear genome as well as for suppression of cancer.
This gene is implicated in the activation of transcription
factors in the presence of numerous types of cell stress
situations (such as DNA damage, hypoxia, spindle damage,
etc.) and exerts multiple, antiproliferative functions [27].
Genetic variations of TP53 contribute to human cancers in
different ways; loss of TP53 gene function (>98%) or
somatic mutations, Table 1. Most of the TP53 mutations
(75%) are missense substitutions, and a minor proportion
of frameshift indels (9%), nonsense (7%), and silent (5%)
mutations [28].

One of the principal targets for deactivating the cancer
process is focused on the p53 protein, mainly due to its
antiproliferative role in answer to stress situations [29]. It is
related to metastasis, pathogenesis and progression in many
cancers such as bladder, colorectal, and breast. Further-
more, there are also data about p53’s relevant role in the
regulation of mtDNA [9]. As can be seen in Fig. 1, TP53 is
included in the COSMIC database as one of the genes with
the highest somatic mutation rate in PCa (138 above 1238
analyzed samples) [30]. Somatic mutations in the 7P53 and
AR genes, and other somatic point mutations in genes such
as MTOR, BRCA2, ARHGEF12 and CHDS, can contribute
to lethal PCa [21] associated with invasive metastasis [31].

In PCa, abnormal p53 expression was related to
increased risk of disease, as well as the development of
distant metastasis [32], a high percentage of TP53 alter-
ations were found in metastatic castration-resistant prostate
cancer (mCRPC) samples compared to samples of primary
tumors PCa [33]. P53 expression can be modified by miR-
124 in a positive feedback loop with AR; miR-124 down-
regulates AR, which in turn downregulates miR-125b and
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somatic mutations. The table includes the percentage of samples with
presence of mutations in the genes included in COSMIC “catalogue
of somatic mutations in cancer”. A sample is examined through one
or more genes for mutations. The selection parameters are “tissue
type” prostate, “histology selection” carcinoma and “sub-histology

this, upregulates p53 expression promoting apoptosis
inhibition, but miR-124 is often repressed in PCa [34].

3.2 KRAS (v-Ki-ras2 Kirsten Rat Sarcoma Viral
Oncogene Homolog)

KRAS gene on chromosome 12p12 .1 consists of six exons
and spreads over 35 kb of genomic DNA. This gene
encodes a protein that is a main component of Ras/MAPK
signaling pathway. This protein’s main function is to
interact with GTPase activating proteins (GAPs) and
sending indications to nuclei.

In the Ras family, which comprises KRAS, NRAS and
HRAS, mutations have been identified which encode for
oncogenic proteins that promote tumorigenesis. There is
little by way of pharmacological inhibition for these pro-
teins [35].

Most of the mutations in KRAS affect codons 12, 13 and
61. Indeed they appear in many types of tumors, such as
pancreatic cancers (with a mutation rate over of 90%) [36],
where there is a major region of mutation in codon 12 [37].
Analysis of tissues revealed that some metastatic PCas
harbored aberrations at the KRAS locus [38]. However,
discrepancies in the frequency of mutation in relation to
PCa have been reported across a range of geographical
regions, races, and patient cohorts in KRAS [39]. For
example, Wang et al. described a fusion protein whose
expression exhibits transforming activity in some cells
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deletion, Inser insertion, Fram frameshift, n number of samples,
Miss missense, Nons nonsense, Subst substitution. *The sum of
number of mutated samples (n) do not match the number shown in the
side tables because the same sample name can exist as separate
entries. Date of COSMIC extraction: 09-12-2016

lines suggesting that this aberration may drive metastatic
progression in a rare subset of PCa [38]. The protein Ras is
important for local PCa growth, but it is not essential for
tumor progression as it has a secondary role during the
invasion and metastases processes [40]. However, it has
been proven that activation of KRAS synergizes with
overexpression of androgen receptor (AR) or the Akt sig-
naling pathway and appears to significantly contribute to
the progression of advanced PCa [41]. Recently it has been
shown that approximately 40% of primary tumors and 90%
of the metastatic tumors in PCa are altered in Ras signaling
pathways [42]. KRAS expression is downregulated by miR-
143 inhibiting Kras pathway, but this miRNA is frequently
downregulated in PCa [8].

3.3 PIK3CA (The Phosphatidylinositol 3-Kinase
Catalytic Subunit)

PIK3CA gene is on chromosome 3q26.32 and it is formed
by 21 exons. One of the most common mutated oncogenes
in breast cancer is the subunit p110 alpha of P13 kinase
[43]. The main role of this kinase is to phosphorylate PTDs
(protein transduction domains), and activate signaling
cascades involved in cellular signaling in response to var-
ious growth factors and in other important cascades such as
EGF, INS, IGF1, VEGFA and PDGF [44]. Most common
mutations are theorized to activate the enzyme by two
mechanisms: (i) release of the autoinhibition by the nSH2
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domain of p85, and (ii) increase the interaction of the
protein with the membrane that results in a greater acces-
sibility of the enzyme to its substrate, a membrane com-
ponent [45]. These somatic mutations are frequent in many
different human diseases, many of them cancers; 43% of
endometrial cancer, 4% of ovarian cancer and 2% of colon
cancer [46].

However, it is not as common as in other tumors such as
prostate, brain or pancreas [47-51]. In recent studies it was
shown that aberrant activation of PI3K/Akt/mTOR has
been implicated not only in the survival and metastasis of
PCa cells but also in the development of drug resistance
[52]. This is one of the signaling pathways frequently
altered in patients with castration-resistant prostate cancer
(CRPC), owing to amplifications of PIK3CA that give rise
to a gene overexpression [33].

3.4 APC (Adenomatous Polyposis Coli)

APC is a tumor suppressor gene localized on chromosome
5q21, which encodes a protein with a relevant role in
regulating proliferation and apoptosis. This protein regu-
lates expression of B-catenin, both components of the Wnt
pathway, and has several cellular functions such as
adherence or stabilization in the cytoskeleton.

Approximately 90% of CRC present APC-inactivating
mutations in somatic cells [53, 54]. Recent studies have
detected various mutation types in CRC, for example
missense, frameshift, deletions/insertions and stop/gain
variants [55, 56]. Therefore, it is assumed that samples of
CRC proliferation and tumor progression are affected by
gene regulation or protein modifications [55]. Furthermore,
mutations in the APC gene correlate with DNA breakage in
late-replicating, low percentage GC and untranscribed
regions of the genome [57]. In sporadic CRC, the loss of
function of the APC protein is an early event already
occurring during the formation of adenoma and cancerous
lesions [58, 59]. It has also been identified in other cancer
such as malignant mesothelioma where the mRNA of APC,
Wnt4, Fzd3, sFRP4 and Axin2 was downregulated in
relation to primary mesothelial cells [60].

As can be seen in Table 1, APC mainly plays a role in
CRC and PCa. Wnt/B-catenin signaling is generally inac-
tive in normal differentiated prostate cells but is crucial for
regulating prostate development. Active Wnt/B-catenin
signaling is associated with human PCa, and its progres-
sion. Approximately 20% of advanced prostate tumors and
85% of skeletal bone metastases have an elevated nuclear
B-catenin expression [61]. The absence of APC expression
may also be due to epigenetic regulation. APC is hyper-
methylated and silenced in the tissue of poorly differenti-
ated PCa, where their low level of expression is inversely

correlated with the expression level of DNMTI1, which is
responsible of gene methylation [62].

3.5 PTEN (Phosphatase and Tensin Homolog)

PTEN is a tumor suppressor gene on chromosome 10q23.3
encoding a 403 amino acid. This protein is localized in
cytoplasm and the nucleus, regulating cell cycle progres-
sion by maintenance of the G2/S cell cycle checkpoint, and
prevents genomic instability by increasing the double
strand break repair activity [63]. There are a wide range of
studies focused on the relationship of PCa and mutations in
PTEN [63], so it is interesting to view this gene when we
study phenomena related to PCa. A relevant role in initi-
ation, development and progression of PCa has been pro-
ven in recent studies [61, 64]. As can be seen in Fig. 1,
there are data in the COSMIC database on the PTEN gene
which indicate that it is one of the genes with the highest
somatic mutation rate (133 above 1698 analyzed samples)
[30]. PTEN inhibits the spread and migration of cells by
regulating kinase adhesion and p53 protein activity [65].
As a consequence of PTEN’s regulation of the PI3K-AKT-
mTOR pathway, the transcription of the GLUTI gene is
also affected. PTEN dysfunction increases the production
of GLUTI, increasing the glucose intake and lactate pro-
duction, which is called the Warburg effect. This effect is
well known in cancerous metabolism as a great generator
of energy to allow the cells to proliferate and spread easily
[63]. In PCa, the PI3K/Akt pathway is one of the most
commonly altered signaling pathways. PTEN loss and
upregulation of the Akt pathway have begun to emerge as
potentially important aberrations in PCa biology. Abnor-
malities of this pathway have been shown to induce pro-
liferation in PCa [66]. MicroRNAs can down regulate the
PTEN expression, like the miR-22 and miR-106b-25
cluster, which are overexpressed in human PCa. But there
is a PTEN pseudogene (PTENPI) which can act as a target
for PTEN’s miRNAs, inhibiting their action over PTEN’s
regulation [63].

There are many studies indicating the role of miRNAs in
the progression of PCa. miR-125b is found to have altered
expression patterns of PTEN in PCa cells and tissues [64].
Likewise, miR-153 can suppress PTEN expression in PCa
cells to promote cellular proliferation and it is upregulated
in PCa [67].

3.6 EGFR (Epidermal Growth Factor Receptor)
The epidermal growth factor receptor (EGFR) has a rele-
vant role in many tumorigenic processes, such as cell

proliferation, survival, invasion and metastasis. EGFR is a
member of the tyrosine kinase receptors ErbB family
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Table 1 Role of the main somatic mutations in the principal target genes in prostate cancer and other related cancers

Somatic  Cancer Type mutation Clinical relevance Type of References
mutation analysis
TP53 Bladder and Single-base substitutions Metastasis, pathogenesis and Observational  [29]
Colorectal progression
Ovarian Excess of copy no. neutral regions of Malignancy Observational [115]
homozygosity
Prostate Copy no. loss Invasive metastasis Prospective [31]
Cervical and Differences in both copy no. and mutation Hypoxia-induced metastasis and poor Prospective [115]
breast frequencies overall survival
KRAS Prostate Gene fusions Metastatic progression Observational  [38]
Pancreatic Transitions Shortened survival Retrospective  [37]
neuroendocrine
APC Colorectal SNS Cell proliferation and tumor Prospective [55]
progression through both gene
regulations via chromatin
modification and protein functional
changes
Colorectal Indels, CNVs and translocations [-catenin accumulation and binding to  Prospective [116]
TCF/LEF transcription factors
Prostate Hypermethylation of the APC gene Metastatic tumors Prospective [61]
promoter
Lung Deletions Adenocarcinoma metastasis Observational [117]
PTEN Hepatocellular Point mutations Hepatocarcinogenesis Observational  [46]
Prostate Deletion Initiation, development and Observational [64]
progression of prostate malignancies
EGFR Lung Unique functional somatic mutations Adenocarcinoma Observational [118]
(non-synonymous or stop/gain/loss) Correlated with pathway deregulation
and patient survival
Colorectal Deletion of the APC tumor suppressor Metastatic tumors Retrospective  [69]
gene
Prostate Overexpression of mutation of the Development of cancer Observational  [70]
receptor
EGFR Prostate Point mutations Mitogenic signaling pathways Observational [119]
and implicated in the progression
HER2
KIT Melanoma Exon 8 KIT point mutations Advanced or metastatic Prospective [120]
Colorectal and SNS Proliferation and tumorigenesis Observational [121, 122]
pancreatic
AR Prostate Silencing of one of the somatic AR Advanced metastatic disease Observational [82, 83]
mutations (missense mutation) can be
associated simultaneously with both
“gain-of-function” phenotype and a
“loss-of-function” phenotype.
SPOP Prostate Somatic point mutations and indels Localized and advanced prostate Observational  [96]
tumors
FOXAI  Prostate Non-silent mutations Carcinogenesis and progression Prospective [96]

SNS single nucleotide substitutions, EGFR estimated glomerular filtration rate, SPOP speckle-type POZ protein, FOXAI forkhead box Al, AR
androgen receptor, HER2 human epidermal growth factor receptor 2, APC adenomatous polyposis coli, KRAS v-Ki-ras2 Kirsten rat sarcoma viral

oncogene homolog, PTEN phosphatase and tensin homolog, PT53 tumor protein p53, CNVs copy number variants

located on chromosome 7pl2 and is responsive to extra-
cellular ligands such as EGF and TGF-o [68].

Most of the regulatory effects on tumorigenesis (cell
proliferation, differentiation, survival and migration) are
controlled by the activation of the Ras-Raf-MEK- ERK1/2,
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STAT-3, STAT-5; and the PI3K/PTEN-Akt- mTOR cas-
cades [65]. Activation of the EGFR oncoprotein is one of
the principal events in human cancers. There are many
alterations related to EGFR activation, like substitutions,
indels (in kinase domain in cases of thyroid and lung
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cancers), high-copy amplifications (shown in epithelial,
lung, gastrointestinal cancers, head, neck cancers and
glioblastoma); or even overexpression rates of EGFR
protein in others cancers (colorectal) [69]. Many studies
suggest multiple roles for EGFR in developing prostate,
mature prostate, and in androgen-responsive or in depen-
dent malignant PCa, for example cellular invasion and
bone metastasis. A number of results suggest that some
relevant processes are mediated by EGFR activation in PCa
including overexpression of mutation of the receptor, or its
ligands; heterodimerization with other members of the
ErbB receptor family, and transactivation by other recep-
tors [70].

3.7 KIT (V-Kit Hardy-Zuckerman 4 Feline
Sarcoma Viral Oncogene Homolog)

Normal cell migration and development is controlled
by the KIT gene. This proto-oncogene is located on chro-
mosome 4q12, and consists of 21 exons [71]. Most frequent
KIT mutations are clustered at exons 11 and 17, but others
in KIT exons 2, 8, and 9 or KIT-TKI (exons 13 and 14).

Generally, KIT is inactive when its ligand is not present,
but when KITLG/SCF binding occurs, there is a dimer-
ization and activation on tyrosine residues of the kinase in
an inactive conformation. When there are mutations, KIT
activates the RassMEK/MAPK pathway and they produce
cell proliferation, survival, differentiation, adhesion, and
motility alterations [72].

c-Kit is a transmembrane receptor that is activated by
the binding to its ligand (KL). Previous studies by Simak
et al. [73] have shown that c-Kit is expressed in cultured
prostate stromal cells. The same group showed that KL
protein was expressed in normal prostate stromal cells as
well as approximately 40% of PCa. Thus, there is abundant
KL present in PCa from stromal cells or from cancer cells
that can activate c-Kit [74]. There are previous recent
studies reporting somatic mutations in KIT and PCa, but
their presence in other cancers, such as leukemia, may be a
clue to follow through the study of different kind of neo-
plasias as PCa [75].

3.8 AR (Androgen Receptor)

AR gene is on chromosome Xq12 and it is composed of 919
amino acids. Androgens are required for prostate differ-
entiation and growth, playing an important role in car-
cinogenesis. Androgens act via the AR that performs a
relevant role in steroid hormone production and forms part
of one of the most important activated signaling pathways
in PCa [76]. Antiandrogen therapy is one of the most
effective treatments for PCa [77]. Moreover, AR is impli-
cated in normal prostate growth and differentiation as well

as in treatment response and metastases [78]. PCa has
many genetic alterations involved in its survival, some of
them related to PI3K and AR pathways [79]. Any alteration
of AR activation in PCa AR-independent could be related to
somatic or germline mutations. According to the latest
update published in 2012 by Androgen Receptor Gene
Mutations Database, 159 different mutations in the AR
have been identified, most of them somatic mutations. The
most common site of mutations is the ligand-binding
domain (LBD), where around half of the mutations have
been found; followed by exon 1, wherein 30% of the
mutations of AR occur [80]. Although, there is not much
detailed information about mutations in AR gene, mainly
due to its large size (around 90 kb), they are present in
coding (rs192696, rs1926927) and noncoding sequences;
and they are often missense mutations. AR mutations
appear to be a late event in the PCa, since metastatic
tumors have high percentages of AR alterations in relation
to primary tumors [26]. In the case of somatic mutations,
there are some previously described, such as the R726L
mutation, although it is a germline mutation, it has also
been identified in several sporadic cases of prostate cancer
in Finland [81]. Other cases also report point mutations,
G2T and C214A in 5'-UTR (noncoding) region and an AR-
Q798E mutation in PCa patients [82]. Recent studies have
discovered the AR P340L mutation in PCa that seems to
reduce the transcriptional response to ART-27 (AR N-ter-
minal coactivator associated with AR-mediated growth
inhibition) [83]. One of the most commonly identified
somatic mutations is T877A, located in the LBD, produc-
ing a receptor capable of promiscuous binding and acti-
vation by a variety of steroid hormones and ligands
including estrogens, progestins, glucocorticoids, and sev-
eral anti-androgens [84, 85]. Other AR somatic mutations,
such as L702H, also allow activation by glucocorticoids,
which are usually administered by the antiandrogen, abi-
raterone acetate, reducing its effectiveness [86]; or the
F876L mutation, that seems to be able to void the antag-
onistic activity of the androgen enzalutamide [87]. Many of
the recent studies are focused on truncated forms of the
androgen receptor, such as ARV-7 and its relationship with
responses of the anti-androgen treatments [88]. This splice
variant AR is resistant to degradation mediated by SPOP
[89] and even though it lacks the LBD, in the absence of
androgens, it can activate AR target genes [90]. One of the
possible implications of somatic mutations in the AR gene
could be to reduce or not produce AR activity at low hor-
mone levels [91]; however, there is no clear current data on
the function of these somatic mutations in cancer.
miRNAs play an important role in regulation of AR
expression and AR pathway. Among them, miR-34a, mR-
34c, miR-205 and miR-124, suppress AR expression by
direct targeting of AR [92]. Other miRNAs indirectly
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regulate AR activity, such as let-7, that inhibits AR
expression by targeting Myc [93] or miR-21 that can be
directly regulated by AR, promoting the proliferation and
tumor growth [94].

4 Other Somatic Mutations
4.1 SPOP (Speckle-Type POZ Protein)

This gene is located at chromosome 17q21.33 [95]
encoding a substrate for the Cullin-based E3 ubiquitin
ligase [96]. The SPOP protein consists of a BTB domain
for binding Cul3 [97]. Around 15% of the somatic muta-
tions of PCa tumors are related to SPOP gene, but in CRC
or gastric cancers, these are rare events [98]. In PCa, SPOP
mutations affect the substrate-binding region, altering
substrate interactions [99]. SPOP mutations alter the DNA
double strand break repair mechanism, contributing to
genomic instability and increased genomic rearrangements
in PCa [100]. According to Kim et al. [97] the mutation
p-Phel33Leu is relevant for PCa development. Recently
SPOP was related to AR interactions, with SPOP mutations
avoiding AR degradation and developing a relevant role in
PCa progression and carcinogenesis [98]. In addition,
SPOP mutations prevent the degradation of ERG onco-
protein [101], which is involved in cellular processes such
as cell migration and invasion [102].

4.2 FOXA1 (Forkhead Box Al)

FOXA1 belong to forkhead class of DNA-binding proteins.
FoxA proteins allow access by other transcription factors to
condensed chromatin [103]. FOXAI proteins have direct
interactions with AR and are involved in transcriptional
activity of androgen-regulated genes. Moreover, increased
expression of FOXAI is related to PCa tumorigenesis and
progression. FOXAI is one of the major genes mutated in
primary prostate tumors. In fact, in a recent study, primary
tumors have been classified into seven molecular subtypes
based on oncogenic profile drivers, patients with FOXIA
being one of them. The molecular subtype of primary
tumors with FOXAI mutations also showed SPOP muta-
tions but not mutations in any of the other genes that
defined subtypes, elevated AR-mediated transcription and
uniform epigenetic profiles [26].

4.3 ETS Gene Fusions
There are several alterations like gene fusions with ery-
throblast transformation-specific family of transcriptions

factor (ETS), which regulate AR and affect PCa. The most
common of these include the TMPRSS2 gene, an androgen-
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regulated gene transmembrane protease serine 2 and ERG
oncogene, resulting in different TMPRSS2-ERG gene
fusions [104]; rearrangements that occurs in approximately
50% of prostate tumors [105]. The fusion of both genes
causes overexpression of ERG under hormonal stimulation
due to androgen-responsive promoter elements of
TMPRSS?2 [102]. Furthermore, this fusion gene can express
a truncated protein ERG, that is resistant, in most cases, to
degradation by SPOP [101]. TMPRSS2-ERG gene fusions
and SPOP mutation, are both mutually exclusive, so they
could represent different molecular subtypes [106]. While
TMPRSS?2 was the most frequent fusion partner in all ETS
fusions, it has identified fusions with other previously
described androgen-regulated 50 partner genes, including
SLC45A3 and NDRG1 [26].

5 Conclusions

We have focused our analysis on the BRAF, PIK3CA,
TP53, KIT, AR, EGFR, KIT, APC, KRAS, PTEN, SPOP and
FOXAI genes, which were described in other hormonal-
dependent cancers which have a high similarity to PCa.
Details of somatic mutations could be vital for the cus-
tomization of medical decisions, practices, and drug
administration. For example, recent publications have
identified multiple concordant somatic mutations in cfDNA
and primary tumor samples and in cfDNA and metastatic
tumor samples from one patient. Using somatic mutations
as genetic biomarkers in esophageal squamous cell carci-
noma, has shown the possibility of diagnosing tumor
recurrence with greater accuracy than using standard tumor
markers or imaging methods [107]. Data has also proved
that phenotypic changes, such as a partial or complete
epithelial to mesenchymal transition (EMT), which play
important roles in survival and proliferation, and devel-
opment of resistance to therapeutic treatments in PCa, are
thought to to arise due to somatic mutations in the genome
[108].

Somatic genetic alterations can cause differences in
histopathology, gene expression, gene amplifications and
deletions. The interaction between germline genetic vari-
ations [insertions and deletions, single-nucleotide poly-
morphisms (SNPs), copy number variants, mini- and
microsatellites] and somatic alterations can influence the
clinical outcome of cancer. Somatic point mutations in PCa
may be rare relative to other tumor types such as
glioblastoma, lung cancer and melanoma [55] and this
could be one of the main reasons for the abundance of data
in these cancers. Clinical relevant alterations in CRPC
(castration-resistant prostate cancer) include defects in
DNA damage repair (at either the somatic or germline
level) in up to 20% of patients (with implications for
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PARPI inhibitor therapy), PI3K/PTEN/Akt pathway acti-
vation, WNT signaling pathway alterations, cell cycle gene
alterations, and less common but potentially targetable al-
terations involving RAF and FGFR2. Somatic aberrations
involving DNA defect repair genes [such as dele-
tions/mutations involving BRCA1/2, ataxia telangiectasia
mutated (ATM), CHEK?2, Fanconi (FANC) genes] are pre-
sent in up to 20% of CRPC tumors. Somatic loss of the
BRCA?2 gene, for instance, occurs in approximately 3% of
localized prostate cancer cases (TCGA) and 13% of CRPC
cases (SU2C-PCF) [109].

The important role of somatic mutations has been pro-
ven in cancers such as colorectal, non-small cell lung
(NSCLC) and breast cancer. In the case of NSCLC, some
studies have confirmed EGFR mutations as predictive
biomarkers of treatment response to tyrosine kinase inhi-
bitors, gefitinib and erlotinib [110]. For that reason, the
screening in EGFR mutations is performed before offering
the drugs to the patients. Similar results have been obtained
in KRAS mutations in patients of CRC. It is proven that
KRAS mutations confer resistance to treatment with EGFR
antibodies and only patients with wild-type KRAS tumors
obtain benefit from these agents [4].

Personalized screening may potentially confer addi-
tional benefits. It can detect cancer in younger subjects at
high risk. Prostate and breast cancer detected in younger
subjects tends to behave more aggressively. If a high
polygenic risk is associated with disease aggressiveness,
then potentially additional life years would be gained by
early detection of cancer in younger subjects [111].
Nowadays, in respect to PCa the main strategies in per-
sonalized medicine are focused on a gene-based approach
to prostate cancer prevention; specifically, in susceptibility
alleles in genes BRCAI, CHEK2, NBS1 and HOXBI3, that
can improve the performance of the PSA test in a popu-
lation-based setting [112]. So, if we add the most relevant
somatic mutations in the screening offered to the person-
alized medicine, we could improve the genetic information,
creating a more specific genetic profile in relation to the
cancer and achieving the aim of the right treatment for the
right patient at the right time [113].

In conclusion, some somatic mutations can interact with
tumor suppressor gene mutations or other cancer factors
and they are considered as risk factors. In PCa, although it
is one of the most prevalent cancers worldwide, and it has a
complex genetic landscape, we hypothesis that somatic
mutations could also confer risk in its progression and
development. A recently published study suggested that
BRCA2-disrupted tumors represent a unique and clinically
relevant molecular subtype of aggressive PCa, highlighting
both the promise and utility of this mutation signature as a
prognostic and treatment-selection biomarker [114].
However, at the moment, data are scarce in this cancer

compared to others. One of the main reasons could be the
heterogeneity of this cancer, manifested histologically as
multifocal or unifocal PCa, and the difficulty in detecting
these kinds of mutations in this complex tissue.
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