ISSN 0006-2979, Biochemistry (Moscow), 2022, Vol. 87, No. 5, pp. 413-424. © Pleiades Publishing, Ltd., 2022.
Russian Text © The Author(s), 2022, published in Biokhimiya, 2022, Vol. 87, No. 4, pp. 459-473.

REVIEW

Oxidative Stress and Redox-Dependent Signaling
in Prostate Cancer

Elena V. Kalinina'**, Ludmila A. Gavriliuk!, and Vadim S. Pokrovsky'-

! Peoples’s Friendship University of Russia (RUDN University), 117198 Moscow, Russia
2N. N. Blokhin National Medical Research Center of Oncology, 115478 Moscow, Russia
‘e-mail: kalinina-ev@rudn.ru

Received January 24, 2022
Revised March 20, 2022
Accepted March 20, 2022

Abstract—Tumor emergence and progression is complicated by the dual role of reactive oxygen species (ROS). Low con-
centrations of ROS are essential for many intracellular metabolic processes and cell proliferation, while excessive ROS gen-
eration disrupts the mechanisms of cancer suppression, leading to the cell damage and death. A long-term imbalance in the
ROS/antioxidant ratio and upregulation of the ROS generation due to the reduced efficacy of the antioxidant defense sys-
tem cause chronic oxidative stress resulting in the damage of proteins, lipid, and DNA molecules and cancer development.
Numerous data demonstrate that prostate cancer (the most common cancer in males) is associated with the development
of oxidative stress. However, the reasons for the emergence of prostate cancer, as well as changes in the redox signaling and
cellular redox homeostasis in this disease, are still poorly understood. The review examines the role of prooxidant and
antioxidant enzyme systems, the imbalance in their activity leading to the oxidative stress development, changes in the key
components of redox signaling, and the role of microRNAs in the modulation of redox status of cancer cells in prostate

cancer.
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INTRODUCTION

According to the WHO reports, morbidity associated
with various diseases of prostate has been posing a serious
problem in many countries in recent decades. Prostate
cancer (PCa) is the most common type of cancer, which
ranks second after lung cancer as the cause death in onco-
logical disorders [1]. Oxidative stress, inflammation, and
androgen receptor (AR) signaling are of critical impor-
tance in the initiation, development, and progression of
PCa. Reactive oxygen species (ROS) play a dual role in
the development of malignant neoplasms — they can
either initiate oncogenesis and maintain tumor cell pro-

Abbreviations: AR, androgen receptor; COX, cyclooxygenase;
JNK, c-Jun N-terminal kinase; LOX, lipoxygenase; NF-kB,
nuclear factor kB; NOX, NADPH oxidase; Nrf2, nuclear fac-
tor-erythroid factor 2-related factor 2; PCa, prostate cancer;
ROS, reactive oxygen species; STAT3, signal transducer and
activator of transcription 3.

* To whom correspondence should be addressed.

liferation or cause death of cancer cells. Genetic changes
ensure survival of cancer cells in the presence of high
ROS concentrations via activation of redox-dependent
transcription factors or increase in the NADPH content
through the pentose phosphate pathway activation [2].
Multiple publications corroborate existing relations
between oxidative stress and inflammation, pointing out
the role of antioxidant deficiency during the development
of inflammation and PCa [3, 4].

PCa cells are characterized by the elevated oxidative
stress that emerges due to the imbalance between the
prooxidants and antioxidants and plays a critical role in
PCa development and progression [5, 6]. Tumor cells at
the early stages of carcinogenesis are subjected to a severe
oxidative stress because of the downregulation of antioxi-
dant enzymes resulting in a higher-than-normal
ROS/antioxidant ratio [7].

PCa development is associated with altered intracel-
lular signaling, including MAPK, Nrf2, NF-xB, and AR
pathways that are coupled to the ROS levels and control
multiple signaling cascades in cancer cells [3, 6].
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However, the crosstalk between these pathways and cell
redox status remains poorly investigated. Redox-depend-
ent regulation of cellular events is now envisioned as a
multilevel system including proteins and enzyme com-
plexes, as well as noncoding RNAs, in particular, numer-
ous microRNAs (miRNAs). miRNAs play an essential
role by acting as oncogenes or onco-suppressors, e.g., via
regulation of the prooxidant/antioxidant ratio in cancer
cells [8, 9], This activity of miRNAs has gained a special
interest in the studies of changes in the cell redox status
during PCa development.

Here we analyzed the emergence of the imbalance
between the activities of the prooxidant and antioxidant
enzyme systems that results in the development oxidative
stress in cancer cells, the status of the key components of
the redox-dependent signaling, and the involvement of
miRNAs in the modulation of cell redox status in PCa.

ANTIOXIDANT AND PROOXIDANT ENZYMES
AND DEVELOPMENT OF OXIDATIVE STRESS
IN PROSTATE CANCER CELLS

ROS formed in the process of cell metabolism play
an important role in the cell signaling, regulation of cell
differentiation, proliferation, and bioenergetics. The
major sources for ROS are electron leak in the mitochon-
drial electron transport chain and electron transport
chain of the endoplasmic reticulum with the involvement
of cytochromes P450 and b5, activity of prooxidant
enzymes [NADPH oxidase (NOX), xanthine oxidase, L-
amino acid oxidases, monoamine oxidase, lipoxygenase
(LOX), etc.], and aerobic redox reactions with metal ions
(Fenton reaction). Disruption of the ROS/antioxidant
balance accompanied by the rise in the intracellular ROS
content can result in the development of cellular oxida-
tive stress may followed by the adaptive activation of the
antioxidant defense mechanisms aimed to restore the bal-
ance [10]. Long-lasting disruptions of the ROS/antioxi-
dant ratio and markedly elevated ROS levels along with
the downregulation of the antioxidant system lead to the
chronic oxidative stress accompanied by the damage of
protein, lipid, and DNA molecules and development of
cell pathologies including malignant neoplasms [11-13].

Development of oxidative stress in PCa is related to
the antioxidant deficiency due to a number of reasons
(comorbid chronic inflammatory processes, deficit of
nutrients with antioxidant properties, etc.), aging being
one of the most important among them. The risk of devel-
oping PCa is significantly elevated in males above 65 years
of age and is related to the reduced activity of the antiox-
idant defense system [7, 10]. According to the free-radi-
cal theory of aging, the balance between the prooxidants
and antioxidants is shifted with age towards the oxidative
state in most body tissues [14], which increases the risk of
oncogenesis [15].
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Aging is accompanied by the decrease in the expres-
sion of the GSTPI gene coding for the glutathione S-
transferase (GST) isoform highly active against products
of DNA oxidative damage and lipid peroxidation, which
is related to the increased DNA methylation [16]. It was
found that the CpG-rich promoter region of the pi-class
GSTPI gene is methylated at single restriction endonu-
clease sites in the majority of PCa cells vs. normal cells
[17]. The loss of the GSTP1 expression due to the hyper-
methylation of its own promoter is the most common
case of epigenetic modulation observed in human PCa.
Reduced GSTPI expression may contribute to the eleva-
tion in the ROS production and DNA damage.

Malignant transformation of cells altera the oxi-
dant/antioxidant ratio due to the adaptive activation of
redox-dependent transcription factors and related
increase in the expression of the ROS-neutralizing
antioxidant enzymes, which allows cancer cells to sustain
their high proliferative activity. PCa cells are character-
ized by the upregulated gene expression and higher activ-
ity of key antioxidant enzymes. PCa progression renders
cancer cells more dependent on the antioxidant enzymes,
in particular, superoxide dismutase (SOD), which cat-
alyzes dismutation of superoxide anion to H,0O, [18]. The
data of in vivo experiments suggest that expression of
SOD?2 between the early and advanced PCa stages is reg-
ulated by p53 [19].

An important source of ROS in PCa cells is the
activity of NOX isoforms [20]. The NOX family consists
of seven isoforms (NOXI-5, DUOX1, DUOX2) that
transfer electrons from NADPH across the plasma mem-
brane to molecular oxygen followed by formation of
superoxide anion.

Although the pivotal role of NOX in developing PCa
has been demonstrated in many studies (Table 1), the role
of enzyme isoforms in this process remains controversial.
Thus, it was demonstrated that xenografts of DU145 cells
(human PCa cell line) in Balb/c nude mice were charac-
terized by the NOX1 gene overexpression that correlated
with the tumor growth [21]. Higher NOX1 expression was
found in the high-grade vs. low-grade prostate intraep-
ithelial neoplasia (as well as vs. normal prostate tissue) in
the transgenic adenocarcinoma mouse prostate
(TRAMP) model [22]. It was found that the activity of
NOXI is related to the VEGF-mediated angiogenesis in
the xenografts of DU145 cells [21]. The relation between
the NOXI1 activity and oncogenesis and development of
PCa, was demonstrated in animal models [23]. Moreover,
it was found that NOXI is involved in PCa metasta-
sis [24]. Human PCa cells display higher levels of NOX1
expression compared to healthy prostate tissue [24].
However, some studies revealed no significant differences
in the levels of NOX1 mRNA in benign and malignant
PCa cells [25, 26].

Patients with moderately differentiated prostate ade-
nocarcinoma demonstrated low NOX2 expression levels
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Table 1. Expression of NOX isoforms in PCa cell lines and tissues
Isoform Refe-
Cell line/tumor tissue rences
NOX1 NOX2 NOX3 NOX4 NOX5 DUOX1 | DUOX2
PC-3 T 0 ) 0 ) ) [2-29,
93, 94]
DU145 T ) ) 0 ) ) [27-29,
94, 95]
DU 145, mouse xenograft 0 [21]
VCaP T 0 [27-29]
U251 ) 193]
LNCaP 0 ) 0 [24, 27,
28, 94]
C4-2 t [96]
RWPE1, human prostate benign 0 0 [28, 29]
epithelial cells
EP156T, cancer cells, human prostate 0 0 0 [29]
benign epithelial cells
Human prostate adenocarcinoma 0 0 T T [20, 24,
28]
TRAMP, C57BL/6 mice ) [22]

[25]. However, no difference in the NOX2 expression was
found between the malignant and benign prostate cells
[26]. Although some publications reported upregulated
NOX2 expression in PCa vs. non-cancer cells, numerous
in vivo studies suggest that both NOX2 and NOX3 play no
role in developing PCa.

On the contrary, expression of the NOX4 gene in PCa
cells (DU145, PCa-3, and LNCaP) was upregulated
compared to normal prostate cell lines [27]. In particular,
the content of NOX4 mRNA in PCa cells was markedly
higher than in benign prostate tumor cells [26].

Due to the lack of differences in the NOX5 mRNA
expression between normal prostate tissue and PCa cells,
it was concluded expression of this gene cannot be used as
a marker of malignant transformation of prostate cells
[28]. Similar data were obtained in [26], which allowed to
conclude the absence of significant difference in the
expression of NOX5 gene in malignant vs. benign tumor
tissues.

DUOXI1 is a dual-activity NOX isoform and is one of
the major sources of H,0,. It is highly expressed in both
in human prostate normal and PCa cells. However, in
some patients with PCa, expression of DUOX1 was higher
in PCa vs. normal cells [25]. In addition, upregulated
expression of the DUOX2 gene was found in DU145 cells
[26]. Although the role of DUOX in PCa remains poorly

BIOCHEMISTRY (Moscow) Vol. 87 No. 5 2022

understood, it was found that the high content of ROS in
PCa-3 cells is largely sustained due to the activity of
DUOXI1 and DUOX2 enzymes and that ROS generation
may lead to the development of resistance to apoptosis in
cancer cells via activation of Akt signaling [29].
Androgens upregulate expression of genes coding for
the NOX subunits p22phox and gp91phox in PCa cells
and activate ROS generation by NOX2 and NOX4 in the
androgen-sensitive 22Rv1 cell line [30]. Similar to andro-
gens, adiponectin triggers marked elevation in the NOX2
and NOX4 expression in DU145 and 22Rvl1 cells [31].
Cyclooxygenase (COX) and lipoxygenase (LOX) also
contribute to the oxidative stress development. These
enzymes generate hydroperoxides of polyunsaturated high-
er fatty acids that are further transformed into highly reac-
tive bifunctional electrophiles — 4-hydroxynonenals and 4-
oxo-nonenals, which form crosslinks in proteins and
DNA, thus contributing to the emerging oxidative stress
[32]. The role of metabolism of arachidonic and linoleic
acids catalyzed by LOX in developing malignant neoplasms
has been convincingly demonstrated [33-35]. Fatty acid
hydroperoxides generated in the metabolism of arachidon-
ic or linoleic acids affect cell growth and survival, angio-
genesis, cell invasion, metastasis, and immunomodulation.
Based on the data obtained in PCa experimental
models, it was proposed that 5-LOX and 12-LOX, whose
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inhibitors exhibit the anti-proliferative activity, can be
used as PCa biomarkers [36, 37]. 12-LOX promotes PCa
progression and metastasis. It was found that 12(S)-
hydroxyeicosatetraenoic acid produced from arachidonic
acid in 12-LOX-catalyzed reaction stimulates the
PI3K/AKT/mTOR signaling pathway that upregulates
expression of the transcription factor HIF-1oa gene. This
results in the upregulated expression of the vascular
endothelial growth factor (VEGF) gene, thereby con-
tributing to the activation of its angiogenic potential [36].
5-LOX also plays an important role in the survival and
proliferation of PCa cells by maintaining high expression
levels of the C-MYC gene. Inhibition of LOX-5 suppresses
expression of the c-Myc oncogene in tumor cells [37].

PCa cells demonstrate higher expression levels of the
15-LOX-1 isoform compared to the normal prostate tis-
sue; higher expression of this gene was linked to the
tumor Gleason score. In contrast, expression of the 15-
LOX-2 gene expression in the tumor was suppressed com-
pared to the healthy tissue [38]. Studying effects of 15-
LOX-1, 15-LOX-2, and relevant metabolites on the EGF
(epidermal growth factor)-dependent signaling in PC3
cells revealed 13-(S)-hydroxyoctadecadienoic acid
(product of 15-LOX-1 activity) activated MAP kinase,
whereas 15-(S)-hydroxyeicosatetraenoic acid (product of
15-LOX-2 activity) inhibited this enzyme, which in turn
promoted or suppressed, respectively, PPARy phosphory-
lation [38]. Hence, it was concluded that 15-LOX-1 and
15-LOX-2 have different or even opposing functions in
the prostate.

Despite the difference in the mechanisms of action,
the role of LOX isoforms in the PCa development in
humans has been elucidated (Table 2). Thus, 12-LOX is
considered as a PCa prognostic marker [39]. Analysis of
the tumor samples from PCa patients revealed a signifi-

Table 2. Expression of LOX isoforms in human PCa cell
lines and prostate cancer tissue

Isoform
Cell line/ References
tumor tissue 15-LOX-1|12-LOX| 5-LOX
PC-3 0 0 (34, 41-43]
DU145 0 [34, 41,
43]

LNCaP T [37]
PCa, tumor tissue 0 [40]
CD133", PCa stem 0 [97]
cells
CD44*, PCa stem T [97]
cells
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cant increase in /2-LOX expression that correlated with
the tumor malignancy, which indicated that 12-LOX can
be used as a marker of aggressive PCa phenotype and an
indicator of poor prognosis [40]. Upregulated expression
of 5-LOX and 12-LOX was found in PC3 and DU-145
cells [41]. Similar to human PCa tissues, PC-3 cells dis-
play an elevated 15-LOX-1 expression that correlates with
the extent of cell malignancy [34, 42, 43].

REDOX-DEPENDENT SIGNALING IN PROSTATE
CANCER CELLS. THE ROLE OF NRF2, NF-«B,
JNK, AND AR SIGNALING PATHWAYS

Nrf2 signaling cascade. Development of chronic
oxidative stress in PCa (due mostly to the high ROS con-
tent) results in some adaptive alterations in cell signaling
that are accompanied by the emergence of the so-called
aggressive cancer cell phenotype. Transcription factor
Nrf2 (nuclear factor erythroid 2-related factor 2) is the
most important regulator of genes encoding enzymes of
the antioxidant and detoxification systems in normal and
tumor cells [44-46]. Nrf2 is encoded by the NFE2L2 gene
from the family of CNC (Cap’n’collar leucine zipper)
transcription factors that also includes NF-E2, Nirfl,
Nrf3, BACHI1, and ACH2 proteins. Nrf2 controls gene
expression of both antioxidant and detoxifying enzymes
and, therefore, is an essential element of the cell defense
against oxidative stress [46].

Under physiological conditions, Nrf2 binds to the
cytosolic repressor protein Keapl (Kelch-like ECH-asso-
ciated protein 1) that promotes Nrf2 degradation via the
ubiquitin—proteasome pathway. Stress promotes oxida-
tion of cysteine residues in Keapl, thus preventing Nrf2
ubiquitination [47] and facilitating Nrf2 nuclear translo-
cation. In the nucleus, Nrf2 together with small Maf pro-
teins binds to the antioxidant responsive elements (AREs)
or MAF recognition elements (MARESs) in the promoter
regions of more than 250 target genes. Among currently
identified Nrf2-regulated ARE-containing genes there
are genes encoding the (i) antioxidant enzymes Mn-SOD
(8S0D2), catalase (CAT), heme oxygenase 1 (HOI),
(ii) enzymes maintaining the level of the intracellular
lower-molecular-weight antioxidant glutathione (GSH)
via its de novo production or GSSG reduction, such as y-
glutamylcysteine synthetase H and L subunits (y-GCSH,
y-GCSL), y-glutamyl transferase (y-Gr), and glutathione
reductase (GSR), (iii) redoxin proteins involved in the
redox-dependent regulation, such as thioredoxin 1
(TRX1), thioredoxin-reductase 1 (TRXRDI), peroxire-
doxin 1 (PRDXI), peroxiredoxin 2 (PRDX2), and
(iv) other enzymes participating in deactivation of oxida-
tive stress products, in particular, GST isoforms GSTP1-
1 (GSTPI), GSTA4-4 (GSTA4), NAD(P)H:quinone oxi-
doreductase 1 (NQO1I), and ferritin H and L subunits (H-
Ferritin, L-Ferritin). Activation of Nrf2 along with other
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Redox-dependent regulation in PCa cells involving Nrf2, NF-xB, and AR. The type of redox-dependent signaling in PCa depends on the
ROS level and developing oxidative stress. The effects of middle-level ROS ensure Nrf2 activation, whereas higher ROS concentrations
“switch on” NF-«B and suppress expression of the NFE2L2 gene. PCa progression is related to the activation of STAT3 in the presence of
elevated ROS concentrations. p53 and NF-kB can suppress each other’s transactivation. Inactivation of p53 and activation of NF-kB pro-
mote resistance to apoptosis. NF-kB activation suppresses activation of JNK necessary for the stimulation of p53. However, ROS can acti-
vate JNK via phosphorylation. In turn, JNK activation promotes ROS generation via phosphorylation of p66Shc protein. JNK activation and
suppression of Nrf2 facilitate AR activation. Activated by ROS growth, NF-kB can directly bind to the AR site, suppressing AR binding to

DNA and its effect on the transcription of target genes

redox-sensitive transcription factors (e.g., AP-1 and NF-
kB) can result in the redox-dependent changes in their
expression, which ensures shaping of coordinated cell
response to oxidative stress. According to the rheostat
model of the response against oxidative stress, Nrf2 acti-
vation is the first tier in the defense against to moderate
ROS concentration, whereas higher amounts of ROS
induce the switch to the transcription factors AP-1 and
NF-xB, so that further ROS elevation activates apoptosis
[2]. It is believed that the final response to the extremely
high ROS concentrations is enabled by the transcription
factor p53, which controls cell cycle, aging, and apopto-
sis. It should be noted that during extensive oxidative
stress, an excessive amount of accumulated nuclear Nrf2
may bind to the regulatory element in the KIf9 (Kruppel-
like factor 9) gene promoter and activate its expression,
resulting in the downregulated expression of the antioxi-
dant enzymes due to the KIf9 binding to the relevant
repressor sites, and thus cause cell damage due to the ele-
vated ROS generation [48].

NF-kB signaling pathway. PCa development is often
accompanied by the decrease in the Nrf2 activity. In par-
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ticular, lower Nrf2 levels were observed in the TRAMP
progression [49]. Downregulated NFE2L2 expression in
PCa cells is accompanied by the extensive oxidative stress
and DNA damage [50]. Low Nrf2 levels can contribute to
oncogenesis, since disruptions of the cell defense mecha-
nisms are associated with the development of inflamma-
tion. To a certain extent, this is accounted for by the fact
that the decreased Nrf2 activity may elicit activation of
the inflammation-promoting transcription factor NF-
kB. A crosstalk between Nrf2 and NF-kB is a critical ele-
ment in the integration between oxidative stress and
inflammation [51]. Suppression of the NFE2L2 expres-
sion elevates NF-kB activity and cytokine production,
whereas NF-kB itself can regulate NRF2 transcriptional
activity both positively and negatively [51, 52].

The family of NF-«B transcription factors includes
proteins formed by the homo- or heterodimerization of
the p50, p52, p65/RelA, RelB, and c-Rel subunits. The
binding to DNA is mediated by the N-terminal domain of
Rel (~300 amino acid residues). In the cytoplasm, NF-
kB is bound to its cognate inhibitor IkB. Activation of the
IxB kinase (IKK) complex consisting of the IKKa and
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IKK} subunits results in IkB phosphorylation leading to
the proteolytic degradation of the latter accompanied by
the nuclear translocation of the NF-«xB dimer. NF-xB
controls expression of genes encoding cytokines,
chemokines, matrix metalloproteinases, pro-inflamma-
tory enzymes (such as cyclooxygenase 2, COX2), cyclins,
anti-apoptotic and pro-angiogenic proteins, as well as
antioxidant (SODI1, SOD2, HOI) and prooxidant
(CYP2E1, NOX2, XOR, NOS2, COX2, ALOXS5, and
ALOX12) genes [53] that can contribute to the develop-
ment of the redox-dependent adaptation [2].

NF-xB activation occurs in different types of malig-
nant neoplasms, including PCa, and correlates with can-
cer progression, chemoresistance, and metastasis [54]. In
many cases, activation of target gene by the binding of
NF-«B dimers to specific DNA motifs requires participa-
tion of other transcription factors, such as STAT, API,
IRE, as well as kinases involved in various (e.g., mTOR,
ERK1/2, JNK, p38, PI3K, AKT, and WNT) signaling
pathways [53].

Transcription factors NF-kB and STAT3 (signal
transducer and activator of transcription 3) may interact
both positively and negatively and regulate, e.g., expres-
sion of pro-inflammatory factors (cyclin D1, MYC), anti-
apoptotic proteins (Bcl-X;, Bcl-2), and inducible nitric
oxide synthase (NOS2) [55]. STAT family proteins are
transcription factors; they are activated by cytokines and
growth factors and then activate transcription of their tar-
get genes. Downregulation of the STAT3 gene expression
is associated with the reduced PCa tumor size and pre-
vents disease recurrence [56]. Inhibition of the Jak-
1/STAT3 pathway reduces cell proliferation and activates
apoptosis of PC3 cells [57].

At the same time, it was found that the content of
interleukin-8 (IL-8) is significantly increased in PCa
cells, where this inflammatory mediator exhibits carcino-
genic and pro-angiogenic activity, stimulates cell prolifer-
ation, and suppresses apoptosis due to the activation of
the STAT3/AKT/NF-kB axis [58]. IL-8 activates phos-
phorylation of AKT kinase, which, in turn, triggers
canonical NF-kB pathway resulting in the increased
phosphorylation of the inhibitory IkB subunit followed by
its separation from p50-p65-IxBa complex and subse-
quent p50-p65 nuclear translocation.

STAT?3 also can affect the content of ROS in tumor
cells. In particular, epidermal growth factor (EGF) con-
tributes to the PCa progression via the ROS/STAT3/
HIF-10/TWIST1/N-cadherin pathway, which is related
to the STAT3 activation and elevated ROS levels.
According to the authors, these results can indicate new
cancer biomarkers and therapeutic targets. Also, it was
demonstrated that STAT3 inhibition may result in the
increased ROS generation and activation of the endoplas-
mic reticulum stress leading to the PCa cell apoptosis [59].

In many tumor types, transcription factors NF-xB
and p53 antagonistically regulate each other’s activity
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[60]. p53 and NF-kB suppress each other’s transactiva-
tion and ability to stimulate gene expression. p53 inacti-
vation suppresses apoptosis, whereas NF-xB activation
promotes cell resistance to apoptosis [61]. According to
the data of clinical studies, expression of NF-
kB/p65/RelA, NF-xB/p50/RelB, and c-Rel is increased,
while activity of p53 is decreased in PCa primary and
metastatic tumor samples [62]. Despite the fact that
mutations in the p53 gene are found at the early stages of
PCa, the number of such mutations at the advanced and
metastatic stages is higher than in the localized tumors
[63]. p53 mutations impair cell cycle control, resulting in
abnormal cell proliferation and malignant transformation
[64]. Moreover, the high content of p53 protein in PCa
cells is closely related to cell proliferation, migration, and
adhesive potential. In DU145 cells, p53 activates the
FAK/Src pathway and increases the levels of JNK and
ERK phosphorylation [65]. At the same time, the
polyphenolic compound resveratrol induces apoptosis in
TRAMP cells via HIF-1a,/ROS/p53 signaling, which is
related to the elevated levels of the p53 and ROS [66].

JNK signaling pathway. The rise in the NF-«B activ-
ity suppresses JNK activation due to the activation of
GADDA45p, XIAP, and A20 proteins [67]. JNK as a com-
ponent of MAPK signaling, is essential for the growth of
PCa cells both in vitro and in vivo, which makes it a new
target in the PCa therapy [68]. The JNK family of protein
kinases, also known as stress-activated MAP kinases
(SAPK), includes JNKI1, JNK2, and JNK3 isoforms.
JNKI and JNK2 are expressed at low-to-moderate levels
in healthy prostate cells; however, their expression is
highly upregulated in PCa [68, 69].

JNK controls a wide range of cellular processes
including apoptosis, proliferation, migration, survival,
differentiation, and inflammation. Cytokines, pathogens,
growth factors, and ROS can activate JNK via phospho-
rylation [70]. The two upstream MKK protein kinases,
MKK4 and MKK, activate JNK by phosphorylation at
Thr183 and Tyr185 [71]. In turn, MKK4 and MKK?7 are
activated by serine/threonine protein kinases, such as
MEKKSs, mixed lineage kinases (MLKSs), apoptosis sig-
nal-regulating kinases (ASKs), TAKI, and TPL2 [72].
Among the target proteins able to activate JNK there are
transcription factors STAT1 and STAT3, p53, c-Myc,
Elk1, ATF-2, NFAT, and mitochondrial apoptosis-con-
trolling proteins from the Bcl-2 family (Bcl-2, Bad, Bim,
Bax) [68].

The role of INK signaling in PCa is controversial and
seems to depend on the ROS level and developing oxida-
tive stress. It was found that the decrease in the intracel-
lular NOXS5 content results in the reduced JNK1/3 phos-
phorylation, which suppresses the ROS-dependent pro-
liferation of PC3 cells. Similar effect was also observed for
the JNKI1 inhibitor SP600125 that exhibited strong anti-
proliferative activity in PC3 cells [26]. It was also demon-
strated that lanthionine synthase C-like protein 1
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(LanCL1) from the LanCL family protects LNCaP and
PCa-3 cells against oxidative stress and promotes cell
proliferation by reducing cell death via suppression of
JNK signaling [73].

JNKI1 can suppress PCa by regulating the anti-pro-
liferative activity. In particular, it was shown that the
knockdown of serine/threonine protein phosphatase 5
contributes to the JNK1 phosphorylation that results in
the inhibition of proliferation of PC3, DUI145, and
22RVI1 cells [74]. On the other hand, JNK kinases can be
directly translocated to mitochondria under various
stressful conditions and activate ROS generation followed
by cell death [75]. Rigosertib (synthetic benzylstyrylsul-
fone also known as ONO01910 or Estybon) activates
JNK1/2, which, in turn, activates p66Shc protein and
promotes mitochondrial ROS generation in PC3 and
DU-145 cells [76]. Phosphorylation of p66Shc (prooxi-
dant isoform from the SchA family of adaptor proteins) at
Ser36 by JNK1/2 results in the increased electron trans-
port from cytochrome ¢ to molecular oxygen, which acti-
vates ROS generation [77]. p66shc can also escalate ROS
production by elevating NOX levels and/or altering the
intracellular antioxidant enzyme ratio via suppression of
the transcription factor FOXO activity [78].

AR signaling pathway. Activation of the JNK pathway
results in increased AR phosphorylation at Ser650 in
LNCaP cells. This promotes AR cytosolic export, but
lowers its nuclear translocation [68]. The activity of AR as
a transcription factor is crucial for the PCa progression.
Androgen binding to AR promotes tumor growth and
metastasis and suppresses apoptosis. The activity of AR
can change the ROS level in PCa cells in a dual manner:
on one hand, ROS stimulate AR nuclear translocation
and transcriptional activity; on the other hand, AR-acti-
vated intracellular signaling stimulates the prooxidant
enzyme systems [79]. AR-responsive elements and NF-
kB-binding sites in gene promoters are known to overlap,
so that ROS-activated NF-xB can directly bind to the
AR-responsive motif and alter its activity, thus affecting
transcription of the AR-regulated target genes [80].
Elevated ROS levels increase the content of AR by upreg-
ulating expression of the AR gene, increasing AR mRNA
stability, and promoting Prxl-mediated AR protein sta-
bility [81]. Significant elevation in the Nrf2 content
results in the suppression of the AR gene expression and
AR activity in PCa cells by decreasing the level of
ROS [82].

THE ROLE OF microRNAs IN THE REGULATION
OF CELL REDOX HOMEOSTASIS
IN PROSTATE CANCER

Currently, the role of microRNAs in pathogenesis of

various diseases attracts a special interest. MicroRNAs
are a class of short single-stranded non-coding RNAs that
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suppress gene expression post-translationally via comple-
mentary pairing with the 3'-untranslated regions (UTRs)
in the target mRNAs. They inhibit translation of target
mRNAs and/or cause their degradation [83]. Taking into
account that microRNAs participate in the regulation of
principal events ensuring cell viability, such as prolifera-
tion, differentiation, and programmed cell death, investi-
gation of their role in the mechanisms underlying devel-
opment of diseases, including malignant neoplasms, has
become of particular importance [83]. It has been
increasingly evident that microRNAs have a significantly
impact on the regulation of cell redox homeostasis in can-
cer cells by modulating the growth of malignant cell at
different stages of oncogenesis [84]. The relation between
microRNAs and intracellular redox system in PCa is also
relevant for searching new targets for the therapeutic
interventions in cancer, especially in the case of aggressive
drug-resistant PCa (Table 3). High metabolic rate is typi-
cal for rapidly proliferating cancer cells with an elevated
content of intracellular ROS generated by the prooxidant
enzymatic systems, mostly complexes I and III of the
mitochondrial respiratory chain. Mitochondrial
enzymes, such as Mn-dependent superoxide dismutase
(SOD2), glutathione peroxidase 2 (Gpx2) and thioredox-
in reductase 2 (TrxR2), constitute the primary antioxi-
dant defense system and contribute significantly to the
maintenance of redox balance necessary for the mito-
chondrial function. It was found that miR-17-3p sup-
presses activity of all the three enzymes in PCa cells.
PCa-3 cells (aggressive PCa type) transfected with miR-
17-3p demonstrate a markedly decrease content of these
enzymes and exhibit an increased sensitivity to ionizing
radiation [85]. Moreover, upregulated expression of the
miR-17-3p gene suppressed induction of SOD2, GPX2,
and TXNRD?2 expression (delayed cell response to ioniz-
ing radiation) and therefore, reduced cancer cell prolifer-
ation due to substantially elevated ROS levels and
decreased mitochondrial respiration [85]. One of the
mechanisms in cancer therapy is based on the activation
of ROS generation by radiation exposure or chemothera-
py. Thus, administration of the antitumor drug LQB-118
(pterocarpanquinone) capable to induce ROS generation
in the PC3, LNCaP and LAPC4 cell lines and subcuta-
neous PC-3 xenografts in Balb/c nude male mice result-
ed in the adaptive elevation of the SODI activity, while
introduction of miR-206, miR-1, and miR-101
decreased the intracellular content of SODI1 [86].
However, the efficacy of each microRNA in lowering the
SODI1 activity and sensitizing cells to the cytostatic
effects of LQB-118 varied greatly between different PCa
cell lines.

The target of miR-193a-5p in PCa cells is presum-
ably heme oxygenase (HO-1) that plays an important role
in the antioxidant defense and redox-dependent signal-
ing. PCa cell lines demonstrated the elevated levels of
miR-193a-5p that correlate with the HO-1 activity [87].
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Table 3. MicroRNAs regulating redox status in PCa cells

MicroRNA Target Enzyme Cells/tumor tissue Effect Refe-
activity rences
miR-17-3p GPx2 J PC-3 pro-oncogenic [85]
TrxR2 A
SOD2 A
miR-521 SOD2 J LNCaP pro-oncogenic [98]
miR-206, SOD1 J PC-3, LNCaP, LAPC4 pro-oncogenic [86]
miR-1, PC-3, mouse xenograft
miR-101
miR-193a-5p | HO-1 0 PC-3 human PCa-cancer tissue pro-oncogenic [87]
PC-3, mouse xenograft
miR-101 COX-2 0 LNCaP, PC-3 pro-oncogenic [91]
miR-205 COX-2 T human PCa tissue, PC-3 pro-oncogenic [99]
miR-21 NOX (p47) 0 PC-3M-MM2 pro-oncogenic [88]
miR-137 NOX4 0 PC-3 pro-oncogenic [100]
miR-23b NOX4 0 LNCaP pro-oncogenic [90]

In human PCa cells (LNCap, PCa-3, and DUI145),
expression of the miR-193a-5p gene is associated with the
higher HO-1 content compared to normal prostate
epithelial RWPE cells, whereas miR-193a-5p inhibitor
causes decline in the HO-1 level. Examination of the
action of the anticancer drug docetaxel (commonly used
in therapy of patients with metastatic PCa) on the subcu-
taneous PC3 xenograft in Balb/c nude mice revealed that
the drug triggered oxidative stress accompanied by upreg-
ulated miR-193a-5p expression and elevated HO-1 syn-
thesis due to the reduced expression of the HOI gene
repressor caused by the miR-193a-5p binding to the 3'-
UTR in Bach2 mRNA [87]. miR-21, which is one of the
oncogenic microRNAs promoting invasive tumor growth,
was identified in PCa cells. Tumor tissues from patients
with the metastatic PCa demonstrated high levels of miR-
21, p47 (phox), and ROS together with the decreased
expression of PDCD4 (programmed cell death 4) pro-
tein [88].

Androgen-independent PCa cells (PCa-3M-MM?2)
exhibit high miR-21 and p47 (cytosolic NOX subunit)
expression. Cell transfection with the anti-miR-21 and
anti-p47 (si-p47) siRNAs resulted in the downregulation
of miR-21 and p47 expression accompanied by the
increase in the PDCD4 level and decrease in the PCa
invasiveness. Moreover, knocking out the p22phox gene
(membrane-bound NOX subunit) led to the reduced
miR-21 content and suppression of PCa metastatic
potential. Diphenyleneiodonium chloride (DPI; NOX
inhibitor) or N-acetylcysteine (antioxidant) decreased
expression of the miR-21 gene [88].

Low levels of miR-137 and, on the contrary, high
content of NOX4 found in PC-3 cells are considered as
important features of PCa progression [89]. An elevated
content of miR-137 promoted decrease in the content of
NOX4 and Bcl-2 in PC-3 cells, resulting in the increased
amounts of caspases-3, -8, and -9, PARP, and Bax, as
well as suppressed proliferation and activated apoptosis of
cancer cells [89]. NOX4 may be also targeted by miR-23b
in PCa. In particular, reduction in the miR-23b content
in PC-3 cells resulted in the upregulation of NOX4
expression [90].

Chronic inflammation is associated with oxidative
stress and oncogenesis and may often precede them. As a
key regulator of prostaglandin content, COX-2 con-
tributes to cell proliferation and growth; upregulated
expression of the COX-2 gene is often observed in PCa tis-
sues. It was found that miR-101 suppresses COX-2 syn-
thesis via binding to the 3'-UTR in the COX-2 mRNA
[91]. There is an inverse correlation between the levels of
miR-101 and COX-2 protein in the PCa cell lines
BPH“AFTP N Cap, and PCa-3. miR-101 not only lowers
the content of COX-2 protein, but also decreases EGFR
(epidermal growth factor receptor) expression in cultured
BPH1¢mRI0! cells and xenografts [91]. EGFR is a ligand-
activated surface receptor that initiates EGFR-dependent
DNA synthesis and cell proliferation. High expression
levels of the EGFR gene are observed in multiple types of
malignancies including PCa. Upregulated expression of
the COX-2 gene results in the EGFR-stimulated cell pro-
liferation, in which PGE?2 (a product of COX-2 activity)
activates EGFR-mediated signaling that promotes
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tumorigenesis. For instance, it was found that in the
androgen-independent PC-3 cells, intracellular por-
oncogenic PGE2 initiates EGFR-dependent activation
of COX-2 [92]. Hence, these data suggest a close inter-
play between miR-101, COX-2, PGE2, and EGFR,
which accounts for proliferation of PCa cell.

In conclusion, numerous data indicate an importance
of developing oxidative stress and altered redox-dependent
regulation of malignant growth in PCa, that are related to
the disruptions in the regulation of ROS content due to the
activation of some prooxidant systems and reduced antiox-
idant defense. A significant role in the modulation of cell
redox balance belongs to microRNAs. An increase in the
ROS content results in the altered redox-dependent regu-
lation involving Nrf2, NF-xB, JNK, and AR signaling
pathways in cancer cells and can affect tumor progression.
However, the mechanism and regulatory factors underlying
redox-dependent signaling in benign and malignant
tumors still remain poorly investigated. Further investiga-
tion of their role, as well as the search for efficient modula-
tors of prooxidant enzymes, antioxidant defense enzymes,
and enzymes transmitting redox-dependent signals may be
a promising approach for developing novel chemotherapy
strategies to suppress tumor growth in PCa.
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