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Oncoproteomic technologies offer a complementary approach to the understanding of cancer proteins’ function and the 
translation of molecular knowledge into clinical practice. Our aim was to compare the proteomic profiles of prostate tumors 
versus benign prostatic hyperplasia (BPH) tissues in order to identify modulated proteins as the potential biomarkers for 
prostate cancer. Proteins extracted from twenty prostate cancer tissue specimens and ten BPH tissues were analyzed by 
two-dimensional electrophoresis (2-DE) coupled with MALDI-TOF mass spectrometry. Western blot and quantitative real-
time PCR (RT-PCR) were performed to confirm the different amounts of protein biomarkers revealed by 2DE combined 
with MALDI mass spectrometry. We found 42 spots whose expression in the prostate was altered more than 1.5-fold 
compared with BPH tissue (p<0.05). These spots represented ten different proteins that were identified by a database search 
after mass spectrometry: they comprised proteins involved in the regulation of actin dynamics, the cytoskeleton, and cell 
motility (ACTG2, ACTA2, TPM1, DES, VIM, FLNA, and TAGLN), heat shock protein-27 (Hsp27), and proteins with other 
functions (TR and RANBP3). Subsequent western blot and RT-PCR assays for DES, VIM, TAGLN, and Hsp27 in prostate 
tumor tissues and BPH tissues confirmed the observations obtained by proteomic analysis. The cytoskeletal and cytoskel-
eton-associated proteins identified by this approach might be useful molecular targets for prostate cancer diagnostics and 
may contribute to novel therapies for prostate cancer. 
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The incidence of prostate cancer has obvious geographic 
and ethnic differences. Prostate cancer is the second most 
frequent cancer diagnosis and the second cause of all cancer 
deaths among men reported in the USA and the European 
Union [1]. Moreover, it is the fourth most prevalent cancer 
and the sixth leading cause of cancer death worldwide 
[2]. The development and evolution of prostate cancer is a 
complex and heterogeneous process. Risk factors of prostate 
cancer involve age, genetic background, and environmental 
and lifestyle factors [3].

The concept of personalized medicine includes novel 
biomarkers that might facilitate the risk stratification of 
prostate cancer aggressiveness at the time of diagnosis 
and help to guide clinical treatment decisions and reduce 
overtreatment [4, 5]. Proteomic and genomic technologies 
have accelerated the development of biomarkers. However, 
genomic analysis alone has some limitations. It cannot 

provide complete information concerning the cellular, 
subcellular, and intercellular functions in which proteins 
and not the genes govern functions, and for which no strict 
linear relationship exists between genes and the protein 
complement or “proteome” of a cell [6]. Therefore, cancer 
proteomics enables a more in-depth understanding of cancer 
as it enables the analysis of dynamic protein expression, post-
translational modifications, cellular and subcellular localiza-
tions, and protein-protein interactions [7, 8].

In recent years, new potential biomarkers for prostate 
cancer have been identified in a variety of biological materials 
(various cell cultures, prostate tumor tissue, and body fluids) 
by means of the proteomic approach (mass spectrometry, 
2D electrophoresis, multiplex assays, and protein microar-
rays) [4]. This general method has identified a substantial 
number of proteins with known associations with prostate 
cancer, plus proteins not previously clearly related to prostate 
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cancer, providing a starting point for further elucidation of 
their function in disease initiation and progression. These 
targets can be grouped into several large categories such 
as heat shock proteins, signaling proteins, and cytoskeletal 
proteins [9–11] and proteins involved in the cell cycle and 
apoptosis [12, 13], in multiple anabolic processes including 
fatty acid and protein synthesis, in ribosomal biogenesis and 
protein secretion, in the oxidative phosphorylation capacity 
in mitochondria [14, 15], and in cancer progression [16].

Despite the epidemiological link having been demon-
strated between prostate cancer and benign prostatic hyper-
plasia (BPH), the pathogenesis of prostate cancer and BPH 
remains poorly understood. One serum biomarker that is 
widely used for prostate cancer diagnosis is the prostate-
specific antigen (PSA). However, the PSA in the ‘gray zone’ 
from 4 to 10 ng/ml is limited in its ability to differentiate 
prostate cancer from BPH; with a specificity of only 25–30% 
[17]. Intensive efforts are currently being directed towards 
a search for alternative prostate cancer biomarkers to allow 
the differentiation between these two most common diseases 
of the prostate gland. Therefore, the present study focuses 
on the differential profiling of the prostate cancer proteome 
by comparing proteins separated by two-dimensional gel 
electrophoresis coupled with MALDI-TOF mass spectrom-
etry in samples from both prostate tumor tissues and BPH 
tissues. We considered that this method would provide 
important information relating to the malignant transfor-
mation of prostatic cells and might characterize potential 
biomarkers and molecular targets for early prostate cancer 
diagnostics.

Patients and methods

Tissue samples. The present study was approved by the 
Ethics Board of Jessenius Faculty of Medicine, Comenius 
University, and informed written consent was obtained 
from all individuals prior to the study. In total, twenty tissue 
samples from prostate cancer patients and ten tissue samples 
from patients with BPH were collected during routine surgery 
and stored in mRNA stabilizing solution (RNAlater®; Applied 
Biosystems/Ambion, USA) at –80 °C until processed. The 
diagnosis of prostate cancer was made by transrectal ultra-
sound (TRUS)-guided biopsies in all patients. The indica-
tion for prostate biopsy was either a suspicious finding on 
digital rectal examination (DRE) or elevated serum levels 
of prostate specific antigen (PSA), or both. Prostate cancer 
patients who presented other cancers or other major patholo-
gies were excluded. Prostate cancer patients and patients with 
BPH were tested for total serum PSA levels (Prostate specific 
antigen chemiluminescence immunoassay). Both groups were 
interviewed regarding age, previous and/or current prostate 
diseases, and incidence of cancer and chronic diseases. The 
studied population is described in Table 1.

Protein sample preparation for proteomics. All thirty 
tissue samples were processed under identical conditions. 

The samples (20 mg) were washed with 0.5 ml of Dulbecco’s 
phosphate-buffered saline (DPBS) solution and were then 
homogenized in ice-cold homogenization buffer (30 mM 
KH2PO4, 5 mM EDTA, 0.3 M sucrose, and 0.3 mM phenyl-
methyl-sulfonyl fluoride, pH 7.0) by using a SONOPLUS 
Ultrasonic Homogenizer HD3100 (BANDELIN, Germany). 
Proteins were extracted by vortexing for 1 hour at 4 °C. 
Samples were centrifuged at 12,000×g for 15 min at 4 °C. 
Subsequently, the insoluble fractions were discarded, and 
the soluble material was analyzed by 2D gel electropho-
resis. Protein concentrations were determined by means of a 
protein Dc assay kit (BioRad Laboratories, Inc.) with bovine 
serum albumin (BSA) as a standard.

Two-dimensional PAGE and image analysis. 
Two-dimensional gel electrophoresis was carried out as 
previously described [18]. To eliminate contaminants, we 
added ice-cold acetone in a volume that was four times 
higher than the volume of the lysate. Each protein pellet 
was loaded into 11 cm nonlinear Ready Strip IPG strips 
pH 3–10 (BioRad Laboratories, Inc.), which were equili-
brated for 12–16 hours with rehydration buffer (8 M urea, 2% 
CHAPS, 50 mM DTT, 0.2% Bio-Lyte 3/10 ampholyte, and 
0.001% bromophenol blue). Isoelectric focusing (IEF) was 
performed using the Protean IEF system (BioRad Labora-
tories, Inc.) in three steps, namely at 250 V for 20 min, at 
8000 V for 2.5 h, and then at 8000 V, until the total voltage 
reached 20,000 Vh. Prior to separation in the second dimen-
sion, strips were incubated in equilibration buffer I (375 mM 
Tris-HCl, pH 8.8, 6 M urea, and 2% SDS) for 15 minutes, 
first with 2% DTT and then with 0.03 g/ml iodoacetamide. 
Separation in the second dimension was carried out in 12% 
homogeneous polyacrylamide gels by using the AE-6220 
electrophoretic system (ATTO, Tokyo, Japan) for 20 min at 
15 mA/gel and then at 30 mA until the bromophenol blue 
dye reached the bottom of the gel. The proteins were stained 
with Bio-Safe Coomassie G-250 stain (BioRad Laboratories, 
Inc.) and scanned on a GS-800 Calibrated Densitometer 
(BioRad Laboratories, Inc.).

Quantitative analysis of the images was performed by 
PDQuest 8 software (BioRad Laboratories, Inc.). All matched 
spots were then checked manually. Spots with a statistically 
significant differential abundance were selected based on two 
criteria: t-test <0.05 and fold change >1.5. Selected protein 
spots with significant differences were subsequently identi-
fied by mass spectrometry.

In-gel digestion of proteins and protein identification 
by mass spectrometry. Protein spots were cut out manually 
and were digested as described previously [18]. Briefly, the gel 
pieces were destained twice with 50% acetonitrile (CH3CN) 
in 25 mM ammonium bicarbonate at room tempera-
ture overnight for the first destaining step and with 100% 
CH3CN for an additional 15 min for the second destaining 
step. Subsequently, the dried gel spots were reduced, alkyl-
ated, and then rinsed with 25 mM ammonium bicarbonate 
followed by 100% CH3CN. After removal of the liquid, the 
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gel pieces were allowed to dry by volatilization in opened test 
tubes. The proteins were then digested with 3 ml of 20 mg/ml 
trypsin (Promega, Madison, WI, USA) for 30 min on ice. 
After digestion, the tryptic peptides were incubated with 25 
mM ammonium bicarbonate at 37 °C overnight in a shaking 
incubator. Finally, they were dissolved in 1 ml of 10% trifluo-
roacetic acid.

The protein digest was concentrated in a vacuum centri-
fuge, and 0.75 ml was applied onto an AnchorChipTM target 
(BrukerDaltonics, Bremen, Germany) together with 1 ml of 
matrix (a-cyano-4 hydroxy cinnamic acid) and left to dry at 
room temperature. For MS analysis, samples were analyzed 
by MALDI-TOF mass spectrometry on an UltraflexIII mass 
spectrometer (Bruker Daltonics, Bremen, Germany). Mass 
spectra were acquired in the positive ion reflectron mode, 
with an accelerating voltage of 20 kV and pulsed extrac-
tion, across the m/z range 700–3000. The instrument was 
calibrated with a peptide calibration standard (Bruker). 
External calibration was performed using a calibration 
standard mixture containing [M+H] + ions of bradykinin, 
angiotensin I, angiotensin II, substance P, bombesin, adreno-
corticotropin fragments 1–17 and 18–39, and somatostatin. 
A list of peaks was created using Flex Analysis 3.4 (Bruker 
Daltonics, Bremen, Germany). Proteins were identified by 
peptide mass fingerprinting (PMF) and MS/MS fragmen-
tation. MS/MS fragmentation spectra were obtained by 
selecting the two strongest peaks of each peptide mass map. 
The MS and MSMS spectra were combined by BioTools 3.2 
software (Bruker), and a search was undertaken for appro-
priate candidates in the annotated NCBI non-redundant 
protein database and Swiss-Prot 2017_03 databases by 
using Mascot software (Matrix Science Ltd., London, UK). 
The following parameters were used in the database search: 
trypsin, taxonomy: human, one missed cleavage site allowed, 
fixed modification: carbamidomethylating, variable modifi-
cation: methionine oxidation, mass tolerance for PMF 50 
ppm, MS/MS tolerance 0.5. Positive identification was based 
on a Mascot score greater than 65, above the significance 
level (p<0.05). Presented scores are combinations of MS and 
MS/MS measurements.

Protein characterization and protein-protein networks. 
Biological functions of differentially expressed proteins were 
explored using the UniProt database. Analysis of functional 
protein-protein interactions associated with these proteins 
was predicted using STRING software (http://www.string-
db.org/) [19].

Western blot analysis. Total proteins (30 μg) were 
loaded onto 12% SDS-PAGE gels, and after electropho-
resis, the separated proteins were transferred onto nitrocel-
lulose membranes by using a semi-dry transfer protocol. 
Non-specific binding was blocked with 5% non-fat dry milk 
in TBS-T (Tris base saline, 0.05% Tween 20) for at least 
2 h. They were then incubated with the following primary 
antibodies at 4 °C overnight: mouse monoclonal anti-
desmin (1:200, ab8470), anti-vimentin (1:1000, ab8978), or 

anti-Hsp27 (1:500, ab2790) antibodies or rabbit monoclonal 
anti-TAGLN (1:500, ab170902) or anti-β-actin (1:500, 
sc-1616) antibodies. On the following day, membranes 
incubated with primary antibodies were washed with TBS-T 
solution (50 mM Tris-Cl, pH 7.5, 150 mM NaCl, and 0.05% 
Tween 20) and then incubated with secondary antibodies 
conjugated with horseradish peroxidase (1:5000, Santa Cruz) 
for 1  hour. After extensive washes with TBS-T solution 
(3 times 15 min), membranes were incubated in SuperSignal 
West Pico Chemiluminescent Substrate (Thermo Scientific, 
Rockford, IL, USA) solution for 3 min in dark. After exposure 
of the membranes to Chemidoc XRS (BioRad Laboratories, 
Inc.), the intensities of the relevant bands were quantified 
using Quantity One software (BioRad Laboratories, Inc.). 
The intensities of the bands of interest were normalized 
against corresponding intensities of bands of β-actin.

RNA isolation and quantitative RT-PCR. Total RNA was 
isolated from all prostate tumor tissue and BPH tissues by an 
AllPrep DNA/RNA/miRNA Universal Kit (Qiagen GmbH, 
Hilden, Germany). The amount of extracted RNA was quanti-
fied with a Nanophotometer (Implen GmbH, München, 
Germany). First-strand cDNAs were synthesized from 
total RNA (1 μg) by using an RT2 First Strand Kit (Qiagen 
GmbH, Hilden, Germany) according to the manufacturer’s 
protocol. Real-time PCR analysis of selected genes expres-
sion was performed using the Custom RT2 Profiler PCR 
array (Qiagen GmbH, Hilden, Germany). Two endogenous 
control genes, namely glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) and β-actin (ACTB), present on the PCR 
array were used for normalization. The data were analyzed 
by the 2−ΔΔCt method; the value of 2–ΔΔCt indicated the fold 
change in relative gene expression normalized to the average 
CT of two endogenous controls on a plate-by-plate basis [20].

Statistical analysis. Data are expressed as mean ± standard 
error of the mean (SEM). Differences between groups were 
compared by the two-tailed Student t-test. A value of p<0.05 
was considered to be statistically significant.

Results

The clinicopathologic characteristics of prostate cancer 
patients and patients with BPH are presented in Table 1. No 
significant difference was noted in the ages between prostate 
cancer patients and patients with BPH. The total serum PSA 
levels measured at the time of diagnosis were significantly 
higher among prostate cancer patients than in patients with 
BPH (38.1±11.2 ng/ml, vs. 1.6±0.3 ng/ml; p<0.05). Out of 20 
patients, 10 (50%) had a higher Gleason score (>7), and 10 
(50%) had a lower Gleason score (≤7). Approximately 65% 
of the cases had a pathological tumor stage of T3, and 30% of 
the cases were classified as T4.

Comparison of proteome difference between prostate 
tumor tissues and BPH tissues. We used MALDI-TOF mass 
spectrometry to identify the proteome of prostate tumor 
tissues. In total, 30 2D gels were generated, with each gel 
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statistically significant (p<0.05) 1.5-fold variation or more 
in abundance. Only those protein spots that were uniquely 
altered between prostate cancer versus BPH patients were 
excised from the gels. However, the majority of the protein 
spots with a differential abundance were either part of 
the most abundant protein in the blood, later identified 
as albumin, or were low-quality spots. We identified the 
following proteins: actin, gamma-enteric smooth muscle 
(ACTG2); actin, aortic smooth muscle (ACTA2); tropo-
myosin alpha-1 chain (TPM1); desmin (DES); vimentin 
(VIM); filamin A (FLNA); transgelin (TAGLN); heat shock 
protein-27 (Hsp27); ran-binding protein 3 (RANBP3); and 
serotransferrin (TR). DES, TAGLN, and TR were detected in 
5, 3, and 2 different spots, respectively, indicating the modifi-
cation or degradation of the native protein. Some spots 
displayed different isoelectric points (pI), probably because 
of post-translational modifications. Moreover, the different 
isoforms of a protein might have been generated during 
alternative splicing at the mRNA level, allowing a single gene 
to express multiple protein variants possibly with different 
functions [21]. All altered proteins were significantly down-
regulated in the prostate cancer tissues in comparison with 
BPH tissues (p<0.05). The individual optical densities from 
the measurements of 12 identified spots in BPH tissues and 
prostate cancer tissues are presented in Supplementary Table 
S1. The identified proteins and their biochemical properties 
and MS characteristics are shown in Table 2.

To determine the protein-protein interactions of differen-
tially expressed proteins, we utilized the STRING database 
(Figure 2). The identified pathways with the highest score 
involved muscle contraction, tissue morphogenesis, tissue 
development, and cytoskeleton organization.

Table 1. Characteristics of the study groups.
BPH Prostate cancer 

Number (n) 10 20
Age (years, mean ± SEM) 72±1.3 72.2±1.9
PSA (ng/ml) 1.6±0.3 38.1±11.2
Gleason score NA 7.7±0.3
Pathological stage no (%)
pT1 NA 1 (5%)
pT3 NA 13 (65%)
pT4 NA 6 (30%)

NA-not applicable; bold characters represent p<0.05

Figure 1. Representative 2D-PAGE gels of specimens from patients with 
A) BPH or B) prostate cancer. Spots showing significant changes in their 
expression are labeled by numbers. Spot numbers correspond to those 
listed in Table 2.

containing ~280 protein spots (Supplementary Figure S1). 
Representative gel images of proteins from prostate tumor 
tissue and BPH tissue are shown in Figure 1. The circles 
indicate spots of differently abundant proteins. A total of 42 
spots from the prostate tissue of the cancer patients showed 

Figure 2. Protein-protein interactions generated by the STRING software 
analysis of differentially expressed proteins.
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Expression of selected proteins by western blot and 
quantitative RT-PCR. Based on the results from MALDI-
TOF mass spectrometry, network analysis, and the literature 
search, four candidates (DES, VIM, TAGLN, and Hsp27) 
were selected for examination of their levels by western 
blot. Additionally, VIM and Hsp27 were selected, because 
of the observed diversity between our study and previously 
published studies, with the aim of evaluating the signifi-
cance of VIM and Hsp27 expression in regard to its potential 
relevance as a diagnostic, prognostic, or predictive marker in 
prostate cancer as a complicated multistep process.

As shown in Figure 3, western blot confirmed our 
MALDI-TOF mass spectrometry findings showing that the 
protein levels of VIM and TAGLN were significantly lower 

in prostate tumor tissues relative to BPH tissues (p<0.001). 
Levels of DES and Hsp27 were also lower but, because of 
larger variations among the samples, the changes were not 
significant.

To test whether any changes occurred at the transcrip-
tional level of these four selected proteins, we compared the 
mRNA levels by performing RT-PCR on all tissue samples 
obtained from prostate cancer patients and patients with 
BPH. The result demonstrated that the gene expression levels 
of those proteins exhibited the same tendency of changes as 
the 2-DE-MS and western blot results. As shown in Figure 4, 
DES, VIM, TAGLN, and Hsp27 mRNA expression in prostate 
tumor tissues was 1.8, 1.5, 1.8, and 2.1 times lower than in 
BPH tissues, respectively (p<0.05 and p<0.01).

Table 2. Identification of differentially expressed proteins in prostate tumor tissues and BPH tissues.

Spot 
no. Protein ID UniProt  

accession no. Gene ID Mw 
(kDa) pI

Fold change
Prostate cancer/

BPH

Matched 
peptides

MS 
score

MSMS 
score

Sequence 
coverage 

(%)
1 Serotransferrin P02787 TR 79294 6.81 0.56 23 257 294 31
2 Ran-binding protein 3 Q9H6Z4 RANBP3 60515 4.70 0.36 3 32 32 10
3 Vimentin P08670 VIM 53676 5.06 0.25 10 115 192 33
4 Desmin P17661 DES 53560 5.21 0.24 3 30 45 10
5 Desmin P17661 DES 53560 5.21 0.18 8 100 108 27
6 Actin, gamma-enteric smooth muscle P63267 ACTG2 42249 5.31 0.22 7 84 200 25
7 Filamin-A P21333 FLNA 283301 5.70 0.30 10 56 134 5
8 Tropomyosin alpha-1 chain P09493 TPM1 32746 4.69 0.42 8 64 91 20
9 Actin, aortic smooth muscle P62736 ACTA2 42381 5.32 0.43 6 48 169 18
10 Heat shock protein 27 P04792 HSPB1 22826 5.98 0.50 3 32 103 16
11 Transgelin Q01995 TAGLN 22653 8.87 0.53 5 63 112 34
12 Transgelin Q01995 TAGLN 22653 8.87 0.41 7 73 110 34

Proteins were identified by 2-DE followed by combined MS and MS/MS analysis. The mass and pI values were obtained from the MASCOT database. Spots 
4, 5 and spots 11, 12 were identified as the same proteins.

Figure 3. Western blot analysis of desmin, vimentin, transgelin, and Hsp27 and of β-actin as a house-keeping protein in prostate cancer tissue and BPH 
tissue samples. A) Western blot analysis. B) Relative protein expression levels were calculated densitometrically in reference to the β-actin expression 
level. Values are given as means ± SEM. ***p<0.001; significantly different when compared with BPH tissues.
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Discussion

Prostate cancer is a heterogeneous disease with variations 
within a single tumor. Therefore, novel prognostic or predic-
tive biomarkers are urgently needed that, when combined 
with clinical factors, can help establish effective risk predic-
tive models to improve the earlier diagnosis of prostate 
cancer. The integration of proteomics findings with genomics 
and transcriptomics data can offer unique information for 
biomarker research and might even be important in the 
decision-making process with regard to treatment and the 
development of new effective therapies. Previous proteomic 
studies of prostate cancer have identified a large number of 
differentially expressed proteins [14, 22, 23] in tumor tissue 
compared with tumor-free prostate tissue or benign hyper-
plasia. Some of these proteins have been identified as new 
biomarkers that improve the early non-invasive detection 
and stratification of prostate cancer patients [24–26]. In 
the present study, by comparing the proteome of prostate 
tumors versus benign prostatic tissues by using a 2DE-based 
proteomic approach, we have identified ten downregulated 
proteins in prostate cancer tissues, including mainly cytoskel-
etal and cytoskeleton-associated proteins such as the family 
of actins, tropomyosin alpha-1 chain, desmin, vimentin, 
filamin A, and transgelin. Moreover, Hsp27, ran-binding 
protein 3, and serotransferrin have been found to be 
downregulated. All of the proteins, except for ran-binding 
protein 3, have been previously deemed to be involved in 
prostate cancer progression [9, 10, 23]. The major strength of 
our study is that we have identified proteins that are related to 
the cytoskeleton, that exhibit altered expression, that partici-
pate in fundamental cellular functions, that play an impor-
tant role in tumor invasiveness, and that might be promising 
biomarkers for the differentiation between prostate cancer 

and BPH. The observed divergence of the levels for VIM and 
Hsp27 between our study and data from the current litera-
ture suggests that their amount is highly dependent on the 
unique molecular context of each tumor type, on genetic and 
epigenetic changes, and on protein expression profiles.

The prostatic gland is composed of two distinctive 
compartments: epithelial and stromal. During the process 
of prostatic carcinogenesis, progressive changes occur that 
include the development of a reactive stromal phenotype and 
the possible promotion, by stromal cells, of epithelial prolif-
eration and the loss of differentiated function [27]. Reactive 
stroma in prostate cancer tissue is characterized by an 
increase in myofibroblasts and fibroblasts, with a significant 
decrease or loss of smooth muscle cells as prostate cancer 
progresses [28]. Stromal cells secrete growth factors, produce 
an extracellular matrix, and express androgen receptor, 
estrogen receptor, adrenergic receptor, and 5-α reductase. 
Fibroblasts express vimentin and laminin, whereas smooth 
muscle cells express desmin, α-actin, calponin, caldesmon, 
myosin, smoothelin, and dystrophin [29]. Mesenchymal 
markers such as procollagen 1, tenascin, fibroblast activa-
tion protein, vimentin, and smooth muscle alpha-actin are 
all expressed in myofibroblasts relatively early in the genesis 
of reactive stroma in prostate cancer [30].

Cytoskeletal proteins, which consist of various sub-families 
of proteins including microtubules, actin, and intermediate 
filaments, are essential for survival and cellular processes 
in normal cells. However, in cancer cells, these proteins are 
often dysregulated. This is in agreement with well-known 
features of cancer: the promotion of tumor development 
and progression, whereby the functions of cytoskeletal 
proteins are co-opted to facilitate increased migrative and 
invasive capabilities, proliferation, and resistance to cellular 
and environmental stresses [31, 32]. Actin cytoskeleton 

Figure 4. Fold change of gene expression in the prostate cancer tissues. Values are given as means ± SEM. *p<0.05; **p<0.01; significantly different when 
compared with BPH tissues.
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remodeling plays a pivotal role in cancer, since it is essen-
tial for cell proliferation and migration, and requires the 
fine orchestration of actin microfilaments, intermediate 
filaments, and microtubules [33]. Actin is functionally 
associated with tropomyosin and troponins. Tropomyosin 
binds to actin filaments and has been implicated in the stabi-
lization of the actin cytoskeleton. Interestingly, an opposing 
expression regulation for the different tropomyosin isoforms 
has often been found in tumors, implying that these isoforms 
have diverse functions in cell transformation [34].

Desmin and vimentin are type III intermediate filaments. 
DES is not only expressed by smooth muscle cells but is 
also found in fibrotic tissue in wound healing and in tumor 
‘desmoplastic’ stroma [35] and is a highly sensitive marker 
for endothelial cell differentiation and tumor invasiveness in 
several types of cancers [36]. Reduced expression of DES has 
been detected in human prostate cancer cell lines (PCLNcap, 
DU145, PC-3, and PC-3M) [37]. Previous proteomic studies 
concerning the differential expression of this protein in 
prostate tumor tissues have given conflicting results, from an 
increased amount of desmin [13] to a reduced amount [10, 
38, 39], in agreement with our study. Ayala et al. [40] have 
shown that reduced desmin and smooth muscle-actin are 
hallmarks of a cancer-associated reactive stroma relative to a 
normal fibromuscular stroma and are a significant predictor 
of prostate cancer recurrence.

Previous investigations have demonstrated the involve-
ment of vimentin in the epithelial-mesenchymal transition 
(EMT), which is an essential process that occurs when the 
primary tumor transforms into a malignant one [41]. VIM 
expression has been noted in various epithelial cancers 
such as ductal carcinoma of the breast, prostate cancer, and 
gastrointestinal tumors [42]. An increased amount of VIM 
has been shown to be usually associated with a higher grade 
and aggressiveness of the tumor in prostate cancer [43, 44]. A 
higher amount of VIM has been detected in the central zone 
of the prostate relative to the peripheral zone [45]. Signifi-
cant expression of VIM has also been detected in 1E8-H cells 
(high metastatic potential) compared with 2B4-L cells (low 
metastatic potential) [46]. In our study, we have observed a 
significant decrease in the amount of VIM between prostate 
tumor tissues and BPH tissues by 2-DE, western blot, and gene 
expression analyses. Similar to our findings, the downregu-
lation of VIM has been described in prostatectomy samples 
from prostate cancer patients in comparison with corre-
sponding tumor-free prostate cancer tissue samples [38].

How can we explain this discrepancy between our study 
and the widely accepted theory of vimentin overexpres-
sion that correlates with a more malignant phenotype in 
cancer? We assume that several factors can decrease the 
expression of vimentin by its regulation at the transcrip-
tional, translational, and post-translational levels in tumors. 
First, we hypothesize that the reason for decreased vimentin 
expression may be the fluctuating expression of several 
microRNAs (miRs) that bind to the 3´ untranslated region 

of vimentin mRNA in prostate cancer cells. The overex-
pression of miR-519 [47], miR-1246 [48], miR-19a-3p [49], 
miR-129-5p [50], miR-200b [51], and others miRs causes 
a downregulation of vimentin in various prostate cancer cell 
lines. Furthermore, vimentin expression might be regulated 
by hypoxia-inducible factor 1 (HIF-1), which plays impor-
tant roles in tumor progression [52]. Moreover, the post-
translational modifications of vimentin, mainly phosphory-
lation on at least 23 identified phosphorylation sites on its 
N-terminus and C-terminus, has been shown to enhance 
tumor and metastasis growth in vivo [53]. The expression 
of vimentin might be dynamically dependent on the in vivo 
cellular environment, and the collaboration of vimentin 
with other factors in the stroma might be necessary to create 
a microenvironment favorable for tumor progression.

Filamin A is a non-muscle actin filament cross-linking 
protein or gelation factor. This protein mediates cell 
signaling, cell motility, phosphorylation, proteolysis, ion 
channel regulation, transcription regulation, receptor 
activation, and muscle development [54]. It is an important 
regulator of the EMT and is considered a potential marker 
of metastasis and poor prognosis [55]. Bedolla et al. [56] 
have shown that metastatic prostate cancer tissues express 
high levels of cytoplasmic FLNA and low levels of nuclear 
FLNA compared with localized cancers, and its presence in 
the cytoplasm might be used as a predictive marker of future 
metastasis. Furthermore, a reduced FLNA amount has been 
demonstrated to correlate with the T stage, lymph node 
metastasis, clinical stage, and Gleason score, but not with age 
or PSA concentration [57]. Our study has revealed the lower 
abundance of FLNA in prostate tumor tissues in comparison 
with BPH tissues probably because of differences in the 
subcellular localization of FLNA. As has been hypothesized, 
the function of FLNA in the cell depends on the binding 
partners available for its interaction, and FLNA remains as a 
scaffolding protein that only acts, whether in the cytoplasm 
or the nucleus, to promote the interaction of these proteins 
either to promote or prevent cancer [58].

Heat shock proteins (HSPs) are molecular chaperones that 
are involved in protein-protein interactions such as folding/
unfolding, the establishment of proper protein conforma-
tion, and the prevention of unwanted protein aggregation. 
Their expression is induced by a range of environmental and 
pathophysiological stimuli, such as hyperthermia, exposure 
to heavy metal ions, hypoxia, hyperoxia, or exposure to 
cytotoxic agents [59]. Hsp27 is a member of this family of 
proteins. In addition to its chaperone function, Hsp27 has 
been shown to have an anti-apoptotic role by the inhibition 
of caspase-dependent apoptosis, preventing a wide variety 
of apoptotic agents from causing cell death [60]. Hsp27 has 
further been shown to interact with actin and intermediate 
filaments, to contribute to the process of cell differentia-
tion, and to be involved in the activation of the proteasome. 
Higher levels of Hsp27 are commonly detected in many 
cancers, including those of the prostate, and is associated 
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with metastasis and poor clinical outcome for prostate cancer 
[58–63]. Our proteomic, western blot, and gene expression 
analyses have demonstrated a reduced amount of Hsp27 in 
prostate tumor tissues. We hypothesize that Hsp27 protein 
abundance varies, during the different stages of prostate 
cancer or as a result of its diverse nature, based on several 
mechanisms. The expression of HSPs is regulated by the 
heat shock transcription factors (HSFs) that also orchestrate 
the survival of cells in response to various forms of cellular 
stress [64]. We assume that various influences, including 
environmental, non-stress, and pathological conditions, 
can trigger HSP expression via the HSF1 pathway. Another 
possible mechanism leading to reduced Hsp27 expres-
sion might be mediated by the pro-inflammatory cytokines 
(tumor necrosis factor-α, interleukin-1β, interferon-γ), with 
no effect on HSF-1, as has been shown in human retinal 
endothelial cells [65]. Moreover, various naturally processed 
Hsp27 isoforms have been shown to be up- or downregu-
lated in prostate cancer tissues and may have functions in 
the malignant transformation of tissues [23]. Finally, Hsp27 
is constitutively expressed in the cytoplasm of many normal 
and malignant cell types in the absence of stress, with wide 
variations with regard to the basal level of expression among 
various tissues [66].

Our study has revealed a significant downregulation of 
TAGLN, which is an actin-binding protein involved in the 
formation of stress fibers in both muscle and non‐muscle 
cells [67]. Moreover, it is actively involved in cell differentia-
tion, tissue invasion, matrix remodeling, and tumor suppres-
sion [68]. TAGLN has also be reported to interact with p53, 
to induce apoptosis, and to inhibit the androgen receptor 
pathway in prostate cancer cells [69]. Both the upregulation 
and downregulation of TAGLN have been linked to prostate 
cancer development and progression [23, 70]. 

Our proteomic analysis has detected a decreased amount of 
ran-binding protein 3 and an iron-binding transport protein 
in blood serum, serotransferrin. To the best of our knowl-
edge, RANBP3 has not yet been identified in prostate tumor 
tissue. RANBP3 is primarily a nuclear Ran-binding protein 
that functions as an accessory factor in the Ran GTPase 
system. RANBP3 is also a cofactor for CRM1-mediated 
nuclear export and for the CRM1-independent nuclear 
export of β-catenin, Smad2, and Smad3 [71].

In conclusion, since prostate cancer is a heterogeneous 
disease, comprehensive and in-depth prostate cancer 
proteomic profiling is needed for the development of optimal 
biomarkers for the screening and early detection of tumors, 
for the characterization of the mechanism of disease progres-
sion, and for precise target treatment. We have identified 
ten proteins with significantly altered abundance in human 
prostate tumor tissues versus BPH tissues. Most of these 
proteins are involved in cell motility and cytoskeleton forma-
tion and thus might potentially be markers for diagnostics or 
targets for therapeutic intervention. To examine their poten-
tial, further research is warranted to define the way in which 

the cytoskeleton remodeling of these proteins specifically 
contributes to prostate cancer aggressiveness.

Supplementary information is available in the online version 
of the paper.
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