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Abstract—The results of the whole-exome DNA sequencing of eight prostate adenocarcinoma patients are
presented. DNA was isolated from the peripheral blood as well as healthy and tumor prostate tissue from each
patient. Bioinformatics analysis was conducted and the most significant mutations in prostate cancer patients
were revealed. The obtained data could be important for understanding of the molecular mechanisms of pros-
tate cancer pathogenesis and facilitate development of new approaches for treatment of the disease.
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INTRODUCTION
Prostate cancer (PC) is one of the most common

malignant tumors in the male population worldwide.
In 2003, 13 881 subjects with the initial diagnosis of
“prostate cancer” were registered in Russia. In 2013,
this number increased to 31 569 [1]. PC was the sec-
ond (12.9%) most common disease after tumors of
bronchopulmonary system in the Russian male popu-
lation [1]. Extremely rapid growth of PC morbidity
reaching 3% per year, a severe course affecting the
everyday life of patients, and high prevalence of the
disease in the world require unraveling the basic
mechanisms of PC development.

The most common histological form of PC is an
adenocarcinoma. Numerous genetic studies have
shown that, in prostate adenocarcinoma, a combina-
tion of genes TMPRSS2 and ERG (TMPRSS2: ERG,
or T2: ERG) occurs in about 50% of cases [2], and less
often, a combination of some other genes from the
ETS family, primarily ETV1, ETV4, ELK4, and ETV5,
is encountered [3]. In addition, during PC, deletions
in genes NKX3.1 (8p21) [4–6] and PTEN (10q23)
arise, and the number of copies of the AR gene
increases [7].

Here, we present the results of the whole-exome
sequencing of eight prostate adenocarcinoma patients.
Specimens of the peripheral blood and healthy and
tumor prostate tissues were obtained from each patient
with informed consent. In view of intratumor hetero-
geneity, tumor tissue specimens from three regions of

each tumor and adjacent specimens of normal tissue
obtained after a radical prostatectomy were taken for
analysis. Tumor tissues containing at least 85% of tumor
cells were included in the study. Clinical and pathological
features of patients are presented in Table 1.

DNA from prostate tissue and the peripheral blood
of PC patients were isolated using standard phenol-
chloroform extraction. The DNA concentration was
measured using a Qubit 2.0 f luorimeter (Life Technol-
ogies, United States). DNA fragmentation, library
preparation, and exome “capture” were conducted
according to the manufacturer’s recommendations.
Selection of specific DNA fragments was conducted
using the SureSelect system followed by concurrent
sequencing of the obtained libraries using Illumina
technology with a HiSeq 2000 device. All the
sequences (reads) were aligned with the reference
genome using Burrows-Wheeler Alignment (BWA)
software [8]. We used the human genome sequence
(Genome Reference Consortium Human Build 37
(GRCh37-hg19)) as a reference. Designation of vari-
ants was conducted using the Genome Analysis Tool
Kit (GATK) [9]. The identified variants were anno-
tated by ANNOVAR software using the scripts
table_annovar.pl and annotate_variation.pl [10],
which permits comparing single nucleotide substitu-
tions obtained in the course of sequencing with the
number of specialized databases and annotating prog-
nostic functional significance of the revealed alter-
ations using six in silico software programs (SIFT,
PolyPhen-2, LRT, Mutation Assessor, Mutation-
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Taster, phyloP, and GERP++) from dbNSFP v.3.0а.
Additionally, we used CLINVAR and CADD (Com-
bined Annotation Dependent Depletion) software
[11]. After exome sequencing, in PC patients, 41542
changes per one specimen in healthy tissue and 45948
changes per specimen in tumor tissue were found on
average. The analysis of exome DNA sequencing from
healthy tissue revealed that 50.02% of changes are syn-
onymous substitutions, 47.48% are nonsynonymous
substitutions, 0.50% are mutations resulting in forma-
tion or abolition of stop codons (0.04% “stoploss”;
0.46% “stopgain”), 0.90% are open reading frame
shift mutations, and 0.49% and 0.61% are insertions
and deletions, respectively, which do not result in
open reading frame shift. In the DNA from tumor tis-
sue, the majority of the revealed disturbances are also
nonsynonymous (47.45%) and synonymous (49.95%)
substitutions; 0.70% are mutations resulting in forma-
tion or abolition of stop codons (0.07% “stoploss”;
0.62% “stopgain”); 0.80% are open reading frame
shift mutations; 0.50% and 0.60% are insertions and
deletions, respectively, which do not result in open
reading frame shift.

All the examined specimens contained mutations
in the recognized suppressor genes of tumor growth,
TP53 and ATM.

For somatic mutation search in the examined DNA
specimens isolated from the tumor tissue, we used the
most instructive database for mutations in oncological
diseases, COSMIC (Catalog of Somatic Mutations In
Cancer). In addition, for determination of reliability of
the revealed somatic mutations, we used several bioin-
formatics approaches: for exclusion of germinal alter-
ations, the data was filtered using databases dbSNP132
and Genome Project 1000. For identification of the
events associated with tumors, we excluded the vari-
ants which are present in the databases dbSNP and
1000Genomes with the frequency exceeding 1%. The
selection of the most important somatic mutations
from all the pool of alterations was conducted by
determination of the functional significance of the
revealed changes in accordance with predicted patho-

genicity described in the used databases. In addition,
we primarily considered changes which result in the
loss of function, namely, frameshift mutations and
mutations producing formation of a premature stop
codon. Such changes were validated by Sanger
sequencing

Finally, in each specimen, 9418 somatic mutations
were identified on average. The most pathogenic alter-
ations revealed in PC patients are presented in Table 2.

One of the most interesting genes, whose muta-
tions were revealed only in the tumor tissues in two PC
patients, was a protein kinase A RIIα (PRKAR2A)
gene. A pathogenic missense mutation p.Y282C was
found in this gene. It is considered that PRKAR2A
and its composing proteins are involved in response to
chemotherapy. In the last decade, the important role
of taxanes in therapy of hormone refractor cancer of
the prostate was revealed. Nevertheless, many tumors
do not noticeably respond to therapy, while other
tumors develop resistance to treatment, resulting in
relapse of the disease. In spite of the years of intensive
studies, the mechanisms of taxane resistance during
PC and other malignant tumors are not clear and are
actively investigated. Karolczak-Bayatti et al. [12]
showed that both the full and the shortened product at
the N-terminus of the PRKAR2A gene significantly
increased survival of prostate cancer cell lines treated
with Taxol and Taxotere. In the KAZALD1 gene,
which is also known as IGFBP-RP10, from the periph-
eral blood and normal tissue of two patients, a patho-
genic mutation at the second exon, c.T226G, was
found, which produces amino acid substitutions in the
protein (p.C76G). The KAZALD1 gene belongs to the
family of insulin-like growth factor IGFBP and con-
tains the N-terminal domain, an inhibitor of serine
protease type Kazal-1, follistatin-like domain, and
C-terminal immunoglobulin-like domain. Serine pro-
teases are known to be involved in various processes in
the human body, which require exact and specific pro-
teolysis, including the processes of cell neoplastic
transformation and apoptosis. Specific proteinase
inhibitors represent physiological regulators of prote-

Table 1. Clinical and pathological traits of prostate cancer patients

According to TNM classification: T, tumor size; N, lymphogenic metastasis; M, hemetogenic metastasis. PSA, prostate specific antigen.

Specimen Age at diagnosis Glison index TNM classification PSA concentration,
ng/mg

PCA758 75 3+4 T1c/Nx/M0 17.6
PCA759 61 3+4 T2/Nx/M0 19
PCA760 62 3+3 T2/Nx/M0 8.7
PCA761 63 4+4 T3/Nx/Mx 13.2
PCA762 66 3+4 T2/Nx/M0 10.3
PCA763 62 4+4 T3/Nx/M0 10.6
PCA764 70 3+3 T2/Nx/M0 10.4
PCA765 72 3+4 T2a/N0/Mx 15.5
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olysis. Disturbance of the balance between proteolytic
enzymes and their inhibitors can produce an excessive
activation of proteolysis, which is an important patho-
genetic element in the development of destructive and
malignant processes [13]. It was shown that the
KAZALD1 gene is hypomethylated in glioma, while its
decreased expression inhibits cellular proliferation
and invasion both in vitro and in vivo. The role of the
KAZALD1 gene in the pathogenesis of PC is not clear
at present.

It is worth noting that all patients possessed various
mutations in the genes of the mucin family (Table 2).
Mucins are high-molecular-weight glycoproteins,
which are synthesized in a wide range of epithelial tis-
sues. It is considered that mucins play an important
role in pathobiology of malignant tumors in various
locations. MUC16, also known as CA-125, is the larg-
est transmembrane mucin, which demonstrates pro-
oncogenic and pro-metastatic traits [14] and plays an
important role in formation of metastases by defend-
ing tumor cells from cytotoxic reactions, which occur
in response to natural killer cells. The MUC16 gene is
shown to be involved in pancreatic cancer progression
and proliferative processes in breast cancer [15, 16]. In
pancreatic cells, MUC16 interacts with GPI-associ-
ated protein mesothelin and thus activates MMP-7, an
extracellular matrix-remodeling enzyme. This results
in the increased motility of the malignant cells and
invasion [17].

In two patients with the third stage of the disease, a
mutation c.C13T in the second exon of the LASP1
gene, which produces synthesis of a shortened protein
(p.R5X), was discovered. The LASP1 gene encodes a
protein of the LIM family. LASP1 is a cAMP- and
cGMP-dependent protein, which is important in reg-
ulation of actin fibril activity in the cytoskeleton. Its
involvement in the development of metastatic breast
cancer, B-cell lymphoma, and colon cancer is demon-
strated. It is also well established that PDEF, which is
involved in the pathogenesis of prostate cancer as a
potential tumor suppressor, might serve as a regulator
of LASP1 expression [18].

In 2012, exome sequencing of European patients
with PC showed that 5.4% of tumors contained muta-
tions in the MED12 gene. Moreover, more than 70%
of tumors in the 26th exon of the MED12 gene pos-
sessed the mutation p.L1224F [7]. We did not observe
this mutation in our patients. The MED12 gene of
three patients examined by us carried two missense
mutations in the heterozygous state: in exon 16,
c.C2344A (p.L782M), and in exon 2, c.C176A
(p.A59D). Moreover, one of the patients carried both
mutations, while others carried only one of the muta-
tion variants in the MED12 gene. Interestingly,
according to the data reported in the previous study
[19], sequencing of 61 specimens of predominantly
castration-resistant PC demonstrated that mutations
in the MED12 gene were observed only in 3.3% cases

and the spectrum of mutations in the MED12 gene dif-
fered from that revealed in another study [7]. In [19],
no p.L1224F mutation was found in prostate cancer
tumors. This variability might be associated with the
type of examined disease. For example, in [19], lethal
cases of PC were examined. In 2013, sequencing of the
exome and RNA of 64 tumor specimens obtained
from 55 PC patients with aggressive, relapsing, and
nonrelapsing disease forms was conducted. However,
not a single tumor carried a mutation in the MED12
gene [20].

Therefore, full exome sequencing of PC patients
made it possible to reveal several genes whose role in
PC was not described before. However, further in-
depth analysis of the results for identification of the
functional importance of the revealed variants and the
involvement of the revealed genes in PC pathogenesis
is required.
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