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Prostate cancer (PCa) is the second most prevalent cancer in men worldwide. Despite
the advances understanding the molecular processes driving the onset and progression
of this disease, as well as the continued implementation of screening programs, PCa
still remains a significant cause of morbidity and mortality, in particular in low-income
countries. It is only recently that defects of the translation process, i.e., the synthesis
of proteins by the ribosome using a messenger (M)RNA as a template, have begun to
gain attention as an important cause of cancer development in different human tissues,
including prostate. In particular, the initiation step of translation has been established to
play a key role in tumorigenesis. In this review, we discuss the state-of-the-art of three
key aspects of protein synthesis in PCa, namely, misexpression of translation initiation
factors, dysregulation of the major signaling cascades regulating translation, and the
therapeutic strategies based on pharmacological compounds targeting translation as
a novel alternative to those based on hormones controlling the androgen receptor
pathway.

Keywords: prostate cancer, translation initiation, translational control, androgen receptor, elF4E, elF4G, mTOR,
MAPK

INTRODUCTION

Among different types of cancers, prostate cancer (PCa) is the third most commonly diagnosed
tumor around the world, ranking second in incidence among men and fifth leading cause of cancer
death in this gender. The most recent data (2018) have reported about 360,000 deaths and almost
1.3 million new cases due to this neoplasia worldwide (Dy et al., 2017; Bray et al., 2018; Ferlay et al.,
2018; Pilleron et al., 2018). In low-income countries, the importance of this malady is even more
dramatic. For instance, in the Americas, PCa is the most commonly diagnosed malign neoplasia
with over 400,000 new cases and the second cause of cancer death with about 80,000 dead men in
2018 (Global Burden of Disease Cancer Collaboration et al., 2015; Dy et al., 2017; Bray et al., 2018;
Pilleron et al., 2018).

Prostate is a gland laying underneath the bladder that secretes factors for sperm maintenance
and viability throughout life. PCa is defined as the uncontrolled growth of cells from the
gland epithelium that acquire the ability to scatter. Indeed, PCa is a highly heterogeneous
disease, comprising mostly adenocarcinomas that display a wide spectrum of both clinical
evolution patterns and phenotypic defects (Humphrey, 2014; Seitzer et al., 2014; Network, 2015;
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Packer and Maitland, 2016; Arora and Barbieri, 2018).
Nowadays, the parameters most used for surveillance, diagnosis,
and design of treatments are the blood level of prostate-specific
antigen (PSA), the biopsy clinical stage, and the Gleason score of
tumors (Humphrey, 2014; Seitzer et al., 2014; Jones et al., 2018;
Martin et al., 2018; McCrea et al., 2018).

Prostate cancer pathology has started to be understood at the
molecular level. Normal development and function of prostate
strongly depend on the action of both, androgens and androgen
receptor (AR, a transcriptional factor). Most tumors exhibit AR
gene amplification and/or somatic prostate mutations (Gottlieb
et al,, 2012). Thus, AR malfunctioning may be a main trigger for
the onset and progression of PCa. Other genes are also found
dysregulated in PCa. For example, loss of one copy of the tumor
suppressor PTEN has been reported in nearly 60% of PCa patients
(Phin et al., 2013), which appears to be a critical component in the
evolution of PCa with metastasic potential (Baca et al., 2013). In
metastasic prostate tumors, amplification of the oncogene c-myc
(DeVita et al., 2011) and mutations in the genes involved in cell
cycle regulation Cyclin-dependent kinase inhibitor 1B (CDKN1B)
and TP53 (Baca et al., 2013) have also been reported. Moreover,
promoter hypermethylation of different genes such as PTEN,
retinoblastome gene (RB), and cadherin 1 gene (CDHI) has been
linked to advanced stages of PCa (Friedlander et al., 2012).

Genomic rearrangements involving the 5" untranslated region
(UTR) of E26 transformation-specific (ETS) gene family members
also occur in approximately 50% of PCa tumors (Rubin et al,
2011). A DNA rearrangement found in 40-50% of primary PCa
tumors produces TMPRSS2-ERG, the fusion of the androgen
induced transmembrane gene serine 2 protease gene (TMPRSS2)
with members of the erythroblast transformation-specific related
gene (ERG) family of transcription factors (Tomlins et al.,
2005), which results in the androgen-dependent ERG oncogenic
expression (Nam et al., 2007; Perner et al., 2007; Tu et al., 2007;
Albadine et al., 2009; Fine et al., 2010).

Advanced PCa tumors are regularly treated by hormone-
deprivation via different types of castration to block AR function.
However, this eventually leads to treatment resistance and the
tumor recurs as a castration-resistant prostate cancer (CRPC).
Unfortunately, studies on the CRPC condition are scarce. Some
AR splicing variants lacking regulatory regions, such as the
ligand-binding domain, contribute to the development of CRPC
(Guo et al,, 2009; Hu et al., 2009). Comparisons between
primary PCa and CRPC revealed significant differences in ERG
expression, with primary tumors displaying higher expression
levels (Roudier et al, 2016). This may indicate that ERG
expression is important in primary PCa and may no longer be
required in CRPC tumors that might use a different mechanism
to promote proliferation and cell survival (Roudier et al., 2016).
Moreover, genome sequencing of CRPC tumors have shown that
the most recurrently alterations are mutations in the TP53 and
AR genes, the TMPRSS2:ERG fusion, loss of RB and breast cancer
gene (BRCA) genes, and gains in AR and MYC copy numbers
(Grasso et al., 2012). In contrast, these genomic alterations
were less frequent among clinically localized primary tumors,
supporting the idea that hormonal deprivation may induce
changes that alter AR function (Taplin et al., 1999).

Translation has recently begun to gain attention as a possible
key molecular process in cancer development, because cancer
cells display rapid growth and proliferation with significantly
increased protein synthesis. Translation is largely controlled at
the initiation step and translation initiation was frequently found
to be involved in the development of different types of cancer,
including PCa (Parsyan, 2014; Bhat et al., 2015; Sharma et al,,
2016; Truitt and Ruggero, 2016; Ali et al., 2017; Robichaud et al,,
2018). Thus, targeting translation initiation is being probed as
part of the global schemas of some emerging cancer therapies.
Here, we review a rapidly growing field of the study of translation
initiation contribution to PCa, as well as the signaling pathways
regulating it. We also summarize the most relevant research on
pharmacological compounds targeting translation initiation as a
new potential mean to alleviate this malady.

AN OVERVIEW OF TRANSLATION
INITIATION AND ITS REGULATORY
SIGNALING CASCADES

Translation is a sophisticated and tightly controlled process that
plays a central role in gene expression. It consists of three main
stages, namely, initiation, elongation, termination, and a final
stage in which the ribosome recycles. Overall, the initiation step
consists of the recruitment of the 40S ribosome subunit to the 5'-
UTR of an mRNA through the action of around a dozen initiation
factors (elIFs) (Jackson et al., 2010; Hinnebusch, 2014; Hershey
et al., 2018). This process is mostly regulated by two signaling
cascades, the mTOR and the mitogen-activated protein kinase
(MAPK) pathways.

Translation Initiation

Translation initiation begins when a free 40S ribosomal subunit
interacts with eIF1, eIF1A, elIF3, elF5, and the so-called ternary
complex (consisting of eIF2 bound to GTP and an initiator
Met-tRNA;Me!) to form a 43S pre-initiation complex (PIC). This
step positions the initiator Met-tRNA;Me in the peptidyl (P)
decoding site of the ribosome. In a parallel set of reactions, the
cap structure (m’GpppN, where N is any nucleotide) located
at the 5 end of the mRNA is recognized by eIF4E. Then, the
scaffold protein eIF4G performs simultaneous interactions with
the cap-bound eIF4E, the RNA-helicase eIF4A, poly(A)-binding
protein (PABP), and the ribosome-bound elIF3, to coordinate
recruitment of the 43S PIC to the mRNA 5-UTR. Because
PABP binds the poly(A) tail at the mRNA 3’ end, this set
of interactions circularizes the translating mRNA. Then, the
43S PIC scans base-by-base the mRNA 5-UTR to reach the
AUG start codon, a process in which elF4A, assisted by eIF4B,
unwinds 5'-UTR secondary structures. Selection of the correct
AUG start codon is driven by eIF1 and eIF1A, that leads to
the establishment a perfect Watson-Crick match between the
anticodon of the Met-tRNA;M¢! and the mRNA start codon.
Selection of the authentic start codon establishes the open reading
frame for mRNA decoding, arrests mRNA scanning, and results
in formation of a 48S PIC containing the Met-tRNA;M¢' and
elF1A tightly positioned within the A-site. Afterward, GTP
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FIGURE 1 | Signaling cascades regulating initiation of translation in prostate cancer and therapeutics targets. Regulation of translation initiation factors by the
PIBK/AKT/mTOR, RAS-ERK, and MAPK signaling pathways, as well as the drugs that have been used in PCa to target these molecules.
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hydrolysis of GTP—elF5B promotes the release of eIF5B from
the 80S monoribosome, which facilitates 60S ribosomal subunit
joining and the assembly of an 80S initiation complex, which is
ready to start elongation (Jackson et al., 2010; Hinnebusch, 2014;
Hershey et al., 2018).

mTOR Pathway

Two major signaling cascades control protein synthesis, namely,
the phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(Akt)/mammalian target of rapamycin complex 1 (mTORC1)
pathway, and the mitogen-activated protein kinase (MAPK)
pathway (Figure 1). The serine/threonine kinase mTOR is the
core of two structurally and functionally distinct multisubunit
complexes, namely, mTORC1 and mTOR2. mTORC1 is
composed by the proteins lethal SEC13 protein 8 (mLSTS),
pleckstrin [DEP]-domain-containing mTOR interacting protein
(DEPTOR), regulatory associated protein of mTOR (RAPTOR),
and proline-rich Akt substrate 40 kDa (PRAS40). The mTORC1
signaling pathway senses, integrates, and responds to nutrient
availability, stress, cellular energy status, hormones, and mitogens
to control cellular growth, survival, and proliferation, as well as
translation, transcription of ribosomal RNAs and transfer RNAs,
ribosome biogenesis, lysosome biogenesis, lipid synthesis, and
protein breakdown. TORC2 regulates co-translational protein
degradation and cytoskeletal organization (Fonseca et al., 20165
Proud, 2018; Roux and Topisirovic, 2018). Thus, only mTORC1

is of our interest here, as mTORCI pathway integrates cellular
signals to control translation through the phosphorylation of
proteins with functions in the initiation and elongation steps.

mTORC1 phosphorylates factors that directly regulate
the translational machinery, as well as protein kinases that
phosphorylate translation factors, including the eIF4E-binding
proteins (4E-BPs) and the S6 kinases (S6Ks). mTORCI1 also
promotes the indirect phosphorylation of initiation factors
elF4B, eIF4G, and elongation factor 2 kinase (eEF2K) (Fonseca
et al., 2016; Proud, 2018; Roux and Topisirovic, 2018). Binding
of 4E-BPs to eIF4E precludes its association with eIF4G and
represses cap-dependent translation. Binding to eIF4E is
controlled by the phosphorylation status of 4E-BPs: whereas
hypophosphorylated 4E-BPs bind eIF4E with high affinity, the
hyperphosphorylated species dissociate from eIF4E to relieve
translational repression. The reverse reaction is favored by the
protein phosphatase 1G (PP1G) that removes 4E-BP1 phosphate
groups. S6Ks control translation by modulating the activity of
targets such as ribosomal protein S6, eIF4B, and programmed
cell death 4 protein (PDCD4), a negative elF4A regulator
(Fonseca et al, 2016; Proud, 2018; Roux and Topisirovic,
2018).

MAPK Pathway

The MAPKs pathway also regulates translation (Figure 1).
MAPKSs are serine/threonine kinases that mediate intracellular
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signaling associated with a variety of cellular activities,
including cell proliferation, differentiation, survival, death,
and transformation. MAPK cascades components are activated
by mitogens and stress stimuli, and are coupled to the translation
machinery via the phosphorylation of downstream MAPK-
activated protein kinases (collectively known as MKs). In
response to diverse stimuli (Scheper et al., 2001; Wang et al,
2001), ERK or p38 MAPK phosphorylate Mnk 1/2 kinases,
which in turn interact with the carboxy-terminal of eIF4G to
directly phosphorylate eIF4E on Ser-209, resulting in stimulation
of translation (Proud, 2018; Roux and Topisirovic, 2018). The
RAS-ERK pathway crosstalks with the PI3K/AKT/mTORCI1
pathway. When bound to GTP, RAS can directly bind and
allosterically activate PI3K (Mendoza et al, 2011). AKT
negatively regulates ERK activation by phosphorylating RAF
in its amino-terminus (Mendoza et al, 2011). ERK in turn
phosphorylates RAPTOR which activates TORC1 in an AKT-
independent way (Herbert et al., 2002; Foster et al., 2010; Carriere
etal, 2011).

TABLE 1 | Defects in elFs and the signaling pathways regulating translation in
prostate cancer.

Protein Defect Reference
PI3K or MAPK (1) Point mutations and genomic Sun et al., 2009;
cascades alterations in PIKBCA/B, causing Barbieri et al., 2012;
signaling overactivation of the Robinson et al., 2015
components PIBK/Akt/mTORC1 pathway
(2) 25% of the prostate cancers Network, 2015
show a presumed actionable lesion
in members of the PI3K or MAPK
signaling pathways
(3) Rare gene fusions found in Palanisamy et al., 2010;
RAF1, that could drive MAPKs Wang et al., 2011;
pathway activation in PCa Beltran et al., 2012
PTEN (4) Deletions and high rate of Barbieri et al., 2012;
mutations in the PTEN locus are Beltran et al., 2012;
present in nearly 40-60% of Robinson et al., 2015
primary PCa tumors
TORC2 (5) Activates AKT in PCa cells Sarbassov et al., 2006
elF3 (6) elF3e is downregulated in PCa. Marchetti et al., 2001
(7) elF3d expression is upregulated ~ Gao et al., 2015
in PCa.
(8) Overexpression of elF3h in PCa.  Saramaki et al., 2001
elFAE (9) elF4E is overexpressed and Graff et al., 2009; Furic
hyperphosphorylated in PCa (10) et al., 2010 D’Abronzo
elF4E S209 phosphorylation etal., 2017
promotes resistance to
bicalutamide treatment
elF4G (11) elF4G1 chromosomal location Luo et al., 2002
(8g27.1) is amplified in PCa patients
4E-BP1 (12) Hyperphosphorylation Graff et al., 2009

correlates with poor prognosis in
PCa diagnostics.

(13) Critical regulator of both PCa
initiation and maintenance
downstream of mTOR signaling in a
genetic mouse model; increased
4E-BP1 abundance observed in
PCa patients

Hsieh et al., 2015

In the following, we will focus on how malfunction of elFs
and the mTOR and MAPK pathways impact PCa, and review
the numerous molecular defects related to translation that have
been reported in PCa (Table 1). We will also discuss the prospects
of targeting translation in PCa treatments using drugs inhibiting
translation.

TRANSLATION INITIATION FACTORS
INVOLVED IN PCa

elF2

elF2 is composed of three subunits (o, B, and y) that form
the core of the ternary complex GTP/eIF2/Met-tRNA;M¢,
which delivers initiator methionyl-tRNA; to the ribosomal P-site
during translation initiation. eIF2a regulates protein synthesis
depending on its phosphorylation status. Phosphorylated eIF2a
increases its affinity for its guanine nucleotide exchange factor
elF2B, leading to the formation of inactive elF2B-elF2-GDP
complexes that suppress cap-dependent translation. eIF2a can be
phosphorylated by four stress-responsive kinases upon various
stimuli, namely, double-stranded RNA activated protein kinase
(PKR), general control non-repressed 2 (GCN2) kinase, heme-
regulated inhibitor (HRI), and PKR like endoplasmic reticulum
kinase (PERK), that become activated in response to viral
infection, decreased nutrients, oxidizing agents, high salt levels,
hypoxia, and heat-shock among others (Wek, 2018).

Nguyen et al. (2018) used murine and humanized models
to demonstrate that PCa can respond adaptively via elF2a
phosphorylation to reset global protein synthesis and promote
aggressive tumor development. Additionally, high expression
of phosphorylated eIF2a along with loss of PTEN in 424 PCa
patients was found to associate with increased risk of metastasis
(Nguyen et al., 2018). The critical role of eIF2a phosphorylation
to regulate the global rate of translation renders elF2o a
promising target for PCa treatments.

elF3

The multisubunit eIF3 is the largest of initiation factors, with
an approximate size of 804 kDa. This factor is a complex of 13
subunits, namely, elF3a-m, that bridges between the 43S PIC
and the mRNA/eIF4F complex during translation initiation. The
functions of the different eIF3 subunits are varied. While some
fulfill essential tasks for the synthesis of proteins, others have
regulatory activities (Hinnebusch, 2006). Of particular interest
for PCa, eIF3h was frequently found overexpressed in tumors and
high levels of eIF3h positively correlated with increased Gleason
scores (Nupponen et al., 1999; Saramaki et al., 2001). However,
overexpression of eIF3 subunits is not a rule in PCa; in fact, the
elF3e subunit was found to be down regulated in this neoplasia
(Marchetti et al., 2001).

elF4F

The eIF4E cap-binding protein, together with the eI[F4A RNA
helicase and the eIF4G scaffold protein, form the eIF4F complex
that drives mRNA recruitment to the 40S ribosome subunit
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to initiate mRNA translation. Although eIF4E is required for
cap-dependent translation of all nuclear-transcribed mRNAs,
some mRNAs with long and highly structured 5-UTR have
showed a high requirement for eIF4E and the eIF4A helicase
unwinding activity (Rajasekhar et al., 2003; Mamane et al,
2007; Feoktistova et al, 2013). Tightly related to cancer
development, these so-called “eIF4E-sensitive” transcripts encode
proteins that stimulate cell survival and proliferation, such
as vascular endothelial growth factor-A (VEGEF-A), hypoxia
inducible factor 1 alpha (HIFl-a), BCL-2 family members,
ornithine decarboxylase 1 (ODC1), cyclin D3, and ¢c-MYC
(Feoktistova et al., 2013; Truitt et al., 2015; Hinnebusch et al.,
2016; Truitt and Ruggero, 2016; Vaklavas et al., 2017). Their
regulation is critical for normal cell proliferation. Accordingly,
using a haploin-sufficient eIF4E mouse model (eIF4E+/—),
Truitt et al. (2015) observed that a 50% reduction of eIF4E
levels protected the animals from cellular transformation and
tumorigenicity.

elF4E, eIF4G, and elF4B have been implicated in PCa
development. Overexpression of eIlF4E has been reported in
advanced tumor stages, and also to be associated with decreased
rates of patient survival (Wang et al., 2005; Graft et al., 2009).
eIF4E phosphorylation promotes tumor development in prostate
and has been found to be elevated in PCa. Moreover, eIF4E
is highly phosphorylated in hormone-refractory PCa, which
correlates with poor clinical outcome (Furic et al.,, 2010). By
using a model knock-in mice expressing a non-phosphorylatable
version of eIF4E, Furic et al. (2010) also demonstrated that
eIF4E phosphorylation is required for translational upregulation
of several mRNAs, and that increased phospho-eIF4E levels
correlate with disease progression in patients with PCa.

Jaiswal et al. (2018) have observed that elF4Gl protein
levels are increased in PCa tumors as compared to normal
tissues, and that gene expression of this protein positively
correlates with the tumor grade and stage. Accordingly, eIF4G1
silencing impaired cell viability, proliferation, and migration
and downregulated genes involved in the epithelial-mesenchymal
transition, such as N-cadherin and Snail-1 (Jaiswal et al., 2018).
Renner et al. (2007) have observed that eIF4G phosphorylation
was increased in the prostate of transgenic mice expressing
a constitutively active pl10-alpha catalytic subunit of PI3K.
Consistently, inhibition of PI3K activity with the drug LY294002
inhibited eIF4G phosphorylation. Thus, eIF4G phosphorylation
has been proposed as a new marker for PI3K activity in PCa
(Renner etal., 2007). Finally, both meta-analysis and immunoblot
of tissue extracts showed that eIF4G is overexpressed in human
PCa epithelial tissue (Wang et al., 2005).

elF4B activity has been also proven to affect PCa development
(Oh et al, 2007). Accordingly, the protein level of the
serine/threonine kinase Proviral integration site of murine
(Pim-2) was found to significantly correlate with eIF4B
phosphorylation both in PCa samples and in cell lines
(Ren et al., 2013). Pim-2 is a potent anti-apoptotic factor
and its upregulation is associated with prostatic carcinoma
tumorigenesis, suggesting that Pim-2 overexpression may cause
direct eIF4B phosphorylation during PCa tumorigenesis (Ren
etal., 2013).

DYSREGULATION OF THE MAJOR
SIGNALING CASCADES CONTROLLING
THE TRANSLATION MACHINERY IN PCa

PISK/Akt/mTOR Pathway

In response to different stimuli, PI3K phosphorylates
phosphatidylinositol-4,5-biphosphate (PIP2) yielding
phosphatidylinositol-3,4,5-triphosphate (PIP3). This reaction
is balanced by PTEN, which catalyzes the reverse reaction.
PIP3 acts as a second messenger propagating intracellular
signals and resulting in AKT activation. Upon activation, AKT
phosphorylates several proteins, including the mTORCI.

The PI3K/Akt/mTOR signaling pathway is frequently
hyperactivated in most human cancers, and inactivation of tumor
suppressors such as PTEN, LKB1, and TSC1/2, which antagonize
the PI3K/AKT/mTORC1 pathway, may drive tumorigenesis
(Fonseca et al., 2016; Proud, 2018; Roux and Topisirovic, 2018).
Activation of the PI3K pathway is associated to resistance to
androgen deprivation therapy and to poor outcomes in PCa (Jiao
et al., 2007; Reid et al,, 2010; Bitting and Armstrong, 2013; Liu
and Dong, 2014). Aberrations in PI3K/AKT/mTORCI signaling
have been identified in approximately 40% of early PCa cases
and 70-100% in advanced cases and metastasic tumors (Taylor
et al., 2010; Carver et al., 2011). In particular, overactivation of
this pathway via PTEN loss significantly favors initiation of PCa
(Di Cristofano et al., 1998; Suzuki et al., 1998; Podsypanina et al.,
1999), and leads to constitutive activation of the PI3K pathway
in 60% of CRPCs (Vivanco and Sawyers, 2002). Pre-clinical data
indicated that some PTEN-deficient neoplasms, including PCa,
activated the PI3K pathway via the pll0Obeta isoform of the
PI3K catalytic subunit (Jia et al., 2008; Wee et al., 2008; Ni et al.,
2012). Moreover, mutations of AKT or its gene amplification
have also been observed in different PCa cases (Sadeghi and
Gerber, 2012). Genetic studies in mouse models have implicated
mTOR hyperactivation in triggering PCa in vivo (Guertin et al,,
2009; Nardella et al., 2009). It has also been shown that 4E-BP1
may regulate tumor initiation and progression through mTOR
signaling in PCa (Hsieh et al., 2015).

MAPK/ERK Pathway

MAPK signaling is divided into three subtypes, namely,
extracellular signal-regulated protein kinase (ERK), p38 MAPK,
and c-Jun N-terminal kinase/stress-activate protein kinase
(JNK/SAPK), that play a key role in modulating intracellular
responses, including translation. Whereas JNK/SAPK and p38
have been generally linked to cell death and tumor suppression,
ERK plays a prominent role in cell survival and tumor promotion
in response to a broad range of stimuli (Zhuang et al., 2005;
Proud, 2018; Roux and Topisirovic, 2018).

In most cancer types, including PCa, the MAPK signaling
cascades are found hyperactivated and also play a role in
tumor growth, castration-resistant development, and metastasis
(Wagner and Nebreda, 2009; Mulholland et al., 2012; Rodriguez-
Berriguete et al., 2012; Proud, 2018; Roux and Topisirovic, 2018).
Their inhibition prevents PCa cell growth (Gioeli et al., 1999;
Kinkade et al., 2008), and in Pten-null;Ras activated PCa cells, the
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RAS/MAPK pathway was observed to play a significant role in
metastasis (Mulholland et al., 2012).

TARGETING TRANSLATION INITIATION
IN PCa

A summary of the translation initiation factors as well as
the components of the PI3K/AKT/mTOR pathway used as
therapeutic targets in PCa is depicted in Figure 1 (Kinkade et al.,
2008; Edlind and Hsieh, 2014). PI3K is a common therapeutic
target with existing drugs such as GDC-0941 and LY294002
which are reported to inhibit proliferation in human (Raynaud
et al., 2009) and mouse transgenic (Renner et al., 2007) PCa
cell lines. NVP-BKM120, a pan-class I PI3K inhibitor, showed
antiproliferative activity in xenograft animal models and the PCa
cell line PC3 (Maira et al., 2012). The use of the AKT inhibitor
GSK690693 has also demonstrated antitumoral activity in PCa
xenograft animal models (Rhodes et al., 2008).

mTOR is perhaps the most targeted molecule in PCa. mTOR
inhibition by the drug INK128 was described to prevent PCa cells
invasion and metastasis in vivo (Guertin et al., 2009; Nardella
et al., 2009). In combination with the AR inhibitor bicalutamide
(not depicted), Everolimus (also termed RADO0O01) inhibits
mTORCI and leads to growth arrest in some castration-resistant
PCa models (D’Abronzo et al., 2017). The drug MLN0128 (also
known as INK128) has been reported to make a dual inhibition of
both mTORC1 and mTORC2 complexes in PCa cells, preventing
metastasis and inducing apoptosis (Sarbassov et al., 2006; Hsich
et al., 2012; Bitting and Armstrong, 2013). However, a recent
study suggested that the clinical efficacy of MLN0128 is limited
(Graham et al.,, 2018). Fenofibrate is a widely used drug for
its lipid-lowering activity, and some reports have described its
inhibitory effect on growth of different PCa cell lines, such
as LN and PC-3. It induces apoptosis mediated by oxidative
stress (LN cells) (Zhao et al, 2013), or by the caspase-3 and
the apoptosis-inducing factor (AIF) signaling pathways (PC-3
cells) (Lian et al., 2017). In PC-3 cells, Fenofibrate inhibits the
activation of the mTOR pathway independently of the PI3K/AKT,
MAPK, and AMPK pathways, but the mechanism underlying this
effect remains unclear (Lian et al., 2017). Carver et al. (2011)
reported that the use of the dual PI3K/mTOR inhibitor BEZ235
(also known as Dactolisib) and of enzultamide induces cell death
in a Pten-deficient PCa mouse model, which results in ~80% of
tumor regression (Carver et al., 2011).

Stimulation of PCa cells with dihydrotestosterone has been
described to induce elF2a phosphorylation at Ser-51 in an AR-
dependent way, thus shutting down global protein synthesis
(Overcash et al., 2013). eIF4F assembly and activity has also
been targeted by different drugs in prostate tumors or cells. In
PC3 cultured cells, Cencic et al. (2009) showed that silvestrol
impaired ribosome recruitment by affecting eIF4A activity
and the composition of elF4F complex. Silvestrol exhibits
strong anticancer effects, such as increased apoptosis, decreased
proliferation, and inhibition of angiogenesis in PCa xenograft
animal models. It mediates its effects by preferentially inhibiting
translation of malignancy-related mRNAs (Cencic et al., 2009).

Jaiswal et al. (2018) have shown that treatment of CRPC C4-2B
cells with the eIF4G/eIF4E complex formation inhibitor 4EGI-1
impairs prostate tumor progression. They also showed that
treatment with 4EGI-1 sensitized CRPC cells to enzalutamide and
bicalutamide, two antiandrogen chemotherapy agents currently
used to treat PCa (Jaiswal et al, 2018). By using a mouse
model of PCa, Hsich et al. (2015) found that diminishing
4E-BP1 expression decreased resistance to the PI3K pathway
inhibitor BKM120 in CaP cells (Hsieh et al., 2015). Additionally,
PCa patients treated with BKM120 displayed increased 4E-BP1
abundance, indicating that 4E-BP1 may be associated with PCa
progression and drug resistance (Hsieh et al., 2015).

OUTLOOK

Understanding the molecular processes underlying PCa will
provide novel tools for both, its timely detection and the
development of improved therapeutic strategies. To date, the
United States Food and Drug Administration (FDA) has
approved more than 20 pharmacological compounds for PCa
treatment, most of which are hormonal modulators targeting the
AR pathway. However, in most patients, advanced PCa develops
resistance to androgen-deprivation therapies (Khemlina et al,
2015; Nevedomskaya et al., 2018). Due to the prolific studies in
the field of dysregulation of translation in PCa, new molecules
that can be chemically targeted are being rapidly identified. Most
drugs tested in PCa models so far act on the signaling cascades
controlling translation. Interestingly, other molecules targeting
elFs have shown activity in a myriad of different cancers but
have not been yet tested in PCa. These include 4Ei-I, antisense
eIF4E oligos, Hippuristanol, Pateamine A, 4E1R-Cat, 4E2R-Cat,
and Rivavirin among others (Parsyan et al., 2012; Bhat et al., 2015;
Malka-Mabhieu et al., 2017; Siddiqui and Sonenberg, 2015). The
next step should be to test these compounds in PCa.

Currently, although measurements of PSA in blood are the
routine test for detection of possible PCa, the predictive value
of PSA is at debate. In some studies, PSA has demonstrated a
positive effect in the detection of potentially fatal cancer, but its
value as a population screening tool can lead to poor diagnosis
and treatments (Herget et al., 2016). In another study, a follow-
up of 10 years, Martin et al. (2018) found that the single PSA
screening intervention detected more PCa cases but had no
significant predictive power of PCa mortality (Martin et al.,
2018). Thus, there is a need to find more reliable markers that
can complement the PSA test.

Genomics and epigenomics studies have led to
the discovery of novel putative PCa biomarkers (Goh
et al, 2014; Ngollo et al, 2014; Peng et al, 2014).
Among these, the most promising molecule is the
PCa antigen 3 (PCA3), a long non-coding RNA found

overexpressed in more than 90% of prostate tumors
(Kok et al, 2002). Different from the PSA marker,
PCA3 has been detected neither in normal prostate

tissues nor in prostatic hyperplasias, and PCA3 can be
detected in urine samples from PCa patients with high
certainty (Auprich et al, 2012). Another promising

Frontiers in Genetics | www.frontiersin.org

January 2019 | Volume 10 | Article 14


https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Hernandez et al.

Translation in Prostate Cancer

marker is the TMPRSS2-ERG fusion (Tomlins et al., 2005; Rubin
et al., 2011), which is specific for PCa and can even be detected
in precursor lesions such as prostate intraepithelial neoplasia
(Mehra et al., 2008; Han et al, 2009). In the near future,
this knowledge will be translated to pre-clinical and clinical
phases, with multidisciplinary approaches for rigorous validation
and future applications in PCa patients. As we have discussed
here, the predictive value of hyperphosphorylated factors eIF4G,
elF4B, and elF2a in PCa should also be validated soon. The
next generation of markers should aim to efficiently detect PCa-
specific circulating DNAs or microRNAs in fluids such as saliva or
urine. They should also aim to detect early stages of this malady.

AUTHOR CONTRIBUTIONS

GH conceived, gathered information for the manuscript, and
wrote most of the manuscript. JR, AP-T, LH, and MJ-R
contributed to the writing as well as gathered information for the
manuscript. AP-T and JR assembled Table 1 and Figure 1.

REFERENCES

Albadine, R., Latour, M., Toubaji, A., Haffner, M., Isaacs, W. B., Platz, A. E.,
et al. (2009). TMPRSS2-ERG gene fusion status in minute (minimal) prostatic
adenocarcinoma. Mod. Pathol. 22, 1415-1422. doi: 10.1038/modpathol.
2009.121

Ali, M. U,, Rahman, M. S,, Jia, Z., and Jiang, C. (2017). Eukaryotic translation
initiation factors and cancer. Tumour Biol. 39:1010428317709805. doi: 10.1177/
1010428317709805

Arora, K., and Barbieri, C. E. (2018). Molecular subtypes of prostate cancer. Curr.
Oncol. Rep. 20:58. doi: 10.1007/s11912-018-0707-9

Auprich, M., Augustin, H., Budéus, L., Kluth, L., Mannweiler, S., Shariat, S. F.,
et al. (2012). A comparative performance analysis of total prostate-specific
antigen, percentage free prostate-specific antigen, prostate-specific antigen
velocity and urinary prostate cancer gene 3 in the first, second and third
repeat prostate biopsy. BJU Int. 119, 1627-1635. doi: 10.1111/j.1464-410X.2011.
10584.x

Baca, S. C., Prandi, D., Lawrence, M. S., Mosquera, J. M., Romanel, A., Drier, Y.,
et al. (2013). Punctuated evolution of prostate cancer genomes. Cell 153,
666-677. doi: 10.1016/j.cell.2013.03.021

Barbieri, C. E., Baca, S. C., and Lawrence, M. S. (2012). Exome sequencing identifies
recurrent SPOP, FOXA1 and MED12 mutations in prostate cancer. Nat. Genet.
44, 685-689. doi: 10.1038/ng.2279

Beltran, H., Yelensky, R., and Frampton, G. M. (2012). Targeted next-generation
sequencing of advanced prostate cancer identifies potential therapeutic targets
and disease heterogeneity. Eur. Urol. 63, 920-926. doi: 10.1016/j.eururo.2012.
08.053

Bhat, M., Robichaud, N., Hulea, L., Sonenberg, N., Pelletier, J., and Topisirovic, I.
(2015). Targeting the translation machinery in cancer. Nat. Rev. Drug Discov.
14, 261-278. doi: 10.1038/nrd4505

Bitting, R. L., and Armstrong, A. J. (2013). Targeting the PI3K/Akt/mTOR pathway
in castration-resistant prostate cancer. Endocr. Relat. Cancer. 20, R83-R99.
doi: 10.1530/ERC-12-0394

Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A.
(2018). Cancer statistics 2018: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 68,
394-424. doi: 10.3322/caac.21492

Carriere, A., Romeo, Y., Acosta-Jaquez, H. A., Moreau, J., Bonneil, E., Thibault, P.,
et al. (2011). ERK1/2 phosphorylate Raptor to promote Ras-dependent
activation of mTOR complex 1 (mTORCL1). J. Biol. Chem. 286, 567-577. doi:
10.1074/jbc.M110.159046

FUNDING

GH was supported by CONACyT (Mexico), Grant No. 273116,
“Identification of new mutations in the Androgen Receptor
gene specific of Mexican men and their clinic impact on
prostate cancer;” and by an internal funding of the National
Institute of Cancer (INCAN, Mexico). JR was supported by a
Master in Sciences Fellowship of CONACyYT (Mexico). AP-T
was supported by a fellowship of the Cdtedra-CONACyT
Program (Mexico). LH and MJ-R were supported by an
internal funding of the National Institute of Cancer (INCAN,
Mexico).

ACKNOWLEDGMENTS

We thank the valuable criticism and comments of the two
reviewers and of our Editor CG that significantly improved
this manuscript. We also thank Sean Kristian Fritchley for
proofreading of the manuscript.

Carver, B. S., Chapinski, C., Wongvipat, J., Hieronymus, H., Chen, Y.,
Chandarlapaty, S., et al. (2011). Reciprocal feedback regulation of PI3K and
androgen receptor signaling in PTEN-deficient prostate cancer. Cancer Cell 19,
575-586. doi: 10.1016/j.ccr.2011.04.008

Cencic, R., Carrier, M., Galicia-Vazquez, G., Bordeleau, M. E., Sukarieh, R.,
Bourdeau, A, et al. (2009). Antitumor activity and mechanism of action of the
cyclopenta[b]benzofuran, silvestrol. PLoS One 4:€5223. doi: 10.1371/journal.
pone.0005223

D’Abronzo, L. S., Bose, S., Crapuchettes, M. E., Beggs, R. E., Vinall, R. L,
Tepper, C. G., et al. (2017). The androgen receptor is a negative regulator of
elF4E phosphorylation at $209: implications for the use of mTOR inhibitors
in advanced prostate cancer. Oncogene 36, 6359-6373. doi: 10.1038/onc.
2017.233

DeVita, V. T., Lawrence, T. S., and Rosenberg, S. A. (2011). Cancer: Principles
and Practice of Oncology, 10th Edn. Philadelphia, PA: Lippincott Williams and
Wilkins.

Di Cristofano, A., Pesce, B., Cordon-Cardo, C., and Pandolfi, P. P. (1998). Pten is
essential for embryonic development and tumour suppression. Nat. Genet. 19,
348-355. doi: 10.1038/1235

Dy, G. W,, Gore, J. L., Forouzanfar, M. H., Naghavi, M., and Fitzmaurice, C.
(2017). Global burden of urologic cancers, 1990-2013. Eur. Urol. 71, 437-446.
doi: 10.1016/j.eururo.2016.10.008

Edlind, M. P., and Hsieh, A. C. (2014). PI3K-AKT-mTOR signaling in prostate
cancer progression and androgen deprivation therapy resistance. Asian J.
Androl. 16, 378-386. doi: 10.4103/1008-682X.122876

Feoktistova, K., Tuvshintogs, E., Do, A., and Fraser, C. S. (2013). Human
elF4E promotes mRNA restructuring by stimulating eIF4A helicase activity.
Proc. Natl. Acad. Sci. US.A. 110, 13339-13344. doi: 10.1073/pnas.1303
781110

Ferlay, J., Colombet, M., Soerjomataram, I., Mathers, C., Parkin, D. M., Pifieros, M.,
et al. (2018). Estimating the global cancer incidence and mortality in 2018:
GLOBOCAN sources and methods. Int. J. Cancer doi: 10.1002/ijc.31937 [Epub
ahead of print].

Fine, S. W., Gopalan, A., Leversha, M. A., Al-Ahmadie, H. A., Tickoo, S. K.,
Zhou, Q., et al. (2010). TMPRSS2-ERG gene fusion is associated with low
Gleason scores and not with high-grade morphological features. Mod. Pathol.
23, 1325-1333. doi: 10.1038/modpathol.2010.120

Fonseca, B., Graber, T. E, Hoang, H.-D., Gonzilez, A., Soukas, A. A,
Herndndez, G., et al. (2016). “TOR and translation control in evolution,”
in Evolution of the Protein Synthesis Machinery and its Regulation, eds G.
Herndndez and R. Jagus (Cham: Springer), 327-412.

Frontiers in Genetics | www.frontiersin.org

January 2019 | Volume 10 | Article 14


https://doi.org/10.1038/modpathol.2009.121
https://doi.org/10.1038/modpathol.2009.121
https://doi.org/10.1177/1010428317709805
https://doi.org/10.1177/1010428317709805
https://doi.org/10.1007/s11912-018-0707-9
https://doi.org/10.1111/j.1464-410X.2011.10584.x
https://doi.org/10.1111/j.1464-410X.2011.10584.x
https://doi.org/10.1016/j.cell.2013.03.021
https://doi.org/10.1038/ng.2279
https://doi.org/10.1016/j.eururo.2012.08.053
https://doi.org/10.1016/j.eururo.2012.08.053
https://doi.org/10.1038/nrd4505
https://doi.org/10.1530/ERC-12-0394
https://doi.org/10.3322/caac.21492
https://doi.org/10.1074/jbc.M110.159046
https://doi.org/10.1074/jbc.M110.159046
https://doi.org/10.1016/j.ccr.2011.04.008
https://doi.org/10.1371/journal.pone.0005223
https://doi.org/10.1371/journal.pone.0005223
https://doi.org/10.1038/onc.2017.233
https://doi.org/10.1038/onc.2017.233
https://doi.org/10.1038/1235
https://doi.org/10.1016/j.eururo.2016.10.008
https://doi.org/10.4103/1008-682X.122876
https://doi.org/10.1073/pnas.1303781110
https://doi.org/10.1073/pnas.1303781110
https://doi.org/10.1002/ijc.31937
https://doi.org/10.1038/modpathol.2010.120
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Hernandez et al.

Translation in Prostate Cancer

Foster, K. G., Acosta-Jaquez, H. A., Romeo, Y., Ekim, B., Soliman, G. A,
Carriere, A, et al. (2010). Regulation of mTOR complex 1 (mTORC1) by raptor
Ser863 and multisite phosphorylation. J. Biol. Chem. 285, 80-94. doi: 10.1074/
jbc.M109.029637

Friedlander, T. W., Roy, R., Tomlins, S. A., Ngo, V. T., Kobayashi, Y., Azameera, A.,
et al. (2012). Common structural and epigenetic changes in the genome of
castration-resistant prostate cancer. Cancer Res. 72, 616-625. doi: 10.1158/
0008-5472.CAN-11-2079

Furic, L., Rong, L., Larsson, O., Koumakpayi, I. H., Yoshida, K., Brueschke, A., et al.
(2010). eIF4E phosphorylation promotes tumorigenesis and is associated with
prostate cancer progression. Proc. Natl. Acad. Sci. U.S.A. 107, 14134-14139.
doi: 10.1073/pnas.1005320107

Gao, Y., Teng, J., Hong, Y., Qu, F,, Ren, J,, Li, L., et al. (2015). The oncogenic
role of EIF3D is associated with increased cell cycle progression and motility
in prostate cancer. Med. Oncol. 32, 1-8. doi: 10.1007/s12032-015-0518-x

Gioeli, D., Mandell, J. W., Petroni, G. R., Frierson, H. F. Jr., and Weber, M. J. (1999).
Activation of mitogen-activated protein kinase associated with prostate cancer
progression. Cancer Res. 59, 279-284.

Global Burden of Disease Cancer Collaboration, Fitzmaurice, C., Dicker, D.,
Pain, A., Hamavid, H., Moradi-Lakeh, M., et al. (2015). The global burden of
cancer 2013. JAMA Oncol. 1, 505-527. doi: 10.1001/jamaoncol.2015.0735

Goh, L. K, Liem, N., Vijayaraghavan, A., Cheng, G., Lim, P. L., Tay, K. J,, et al.
(2014). Diagnostic and prognostic utility of a DNA hypermethylated gene
signature in prostate cancer. PLoS One 9:¢91666. doi: 10.1371/journal.pone.
0091666

Gottlieb, B., Beitel, L. K., Nadarajah, A., Paliouras, M., and Trifiro, M. (2012). The
androgen receptor gene mutations database: 2012 Update. Hum. Mutat. 33,
887-894. doi: 10.1002/humu.22046

Graff, J. R, Konicek, B. W., Lynch, R. L., Dumstorf, C. A., Dowless, M. S., McNulty,
A. M., et al. (2009). eIF4E activation is commonly elevated in advanced human
prostate cancers and significantly related to reduced patient survival. Cancer
Res. 69, 3866-3873. doi: 10.1158/0008-5472.CAN-08-3472

Graham, L., Banda, K., Torres, A., Carver, B. S., Chen, Y., Pisano, K., et al.
(2018). A phase II study of the dual mTOR inhibitor MLN0128 in patients with
metastatic castration resistant prostate cancer. Invest. New Drugs 36, 458-467.
doi: 10.1007/s10637-018-0578-9

Grasso, C. S., Wu, Y. M., and Robinson, D. R. (2012). The mutational landscape of
lethal castration-resistant prostate cancer. Nature 487, 239-243. doi: 10.1038/
naturel1125

Guertin, D. A,, Stevens, D. M., Saitoh, M., Kinkel, S., Crosby, K., Sheen, J. H., et al.
(2009). mTOR complex 2 is required for the development of prostate cancer
induced by Pten loss in mice. Cancer Cell 15, 148-159. doi: 10.1016/j.ccr.2008.
12.017

Guo, Z., Yang, X., and Sun, F. (2009). A novel androgen receptor splice variant
is up-regulated during prostate cancer progression and promotes androgen
depletion-resistant growth. Cancer Res. 69, 2305-2313. doi: 10.1158/0008-5472.
CAN-08-3795

Han, B., Mehra, R., Lonigro, R. J., Wang, L., Suleman, K., Menon, A., et al. (2009).
Fluorescence in situ hybridization study shows association of PTEN deletion
with ERG rearrangement during prostate cancer progression. Mod. Pathol. 22,
1083-1093. doi: 10.1038/modpathol.2009.69

Herbert, T. P., Tee, A. R, and Proud, C. G. (2002). The extracellular signal-
regulated kinase pathway regulates the phosphorylation of 4E-BP1 at multiple
sites. J. Biol. Chem. 277, 11591-11596. doi: 10.1074/jbc.M110367200

Herget, K. A., Patel, D. P., Hanson, H. A, Sweeney, C., and Lowrance, W. T. (2016).
Recent decline in prostate cancer incidence in the United States, by age, stage,
and Gleason score. Cancer Med. 5, 136-141. doi: 10.1002/cam4.549

Hershey, J. W. B., Sonenberg, N., and Mathews, M. B. (2018). Principles of
translational control. Cold Spring Harb. Perspect. Biol. 4:a011528. doi: 10.1101/
cshperspect.a011528

Hinnebusch, A. G. (2006). eIF3: a versatile scaffold for translation initiation
complexes. Trends Biochem. Sci. 31, 553-560. doi: 10.1016/j.tibs.2006.08.005

Hinnebusch, A. G. (2014). The scanning mechanism of eukaryotic translation
initiation. Annu. Rev. Biochem. 83, 779-812. doi: 10.1146/annurev-biochem-
060713-035802

Hinnebusch, A. G., Ivanov, I. P., and Sonenberg, N. (2016). Translational control
by 5-untranslated regions of eukaryotic mRNAs. Science 352, 1413-1416. doi:
10.1126/science.aad9868

Hsieh, A. C,, Liu, Y., Edlind, M. P, Ingolia, N. T., Janes, M. R., Shger, A.,
et al. (2012). The translational landscape of mTOR signalling steers
cancer initiation and metastasis. Nature 485, 55-61. doi: 10.1038/nature
10912

Hsieh, A. C., Nguyen, H. G., Wen, L, Edlind, M. P., Carroll, P. R, Kim, W,
et al. (2015). Cell type-specific abundance of 4EBP1 primes prostate cancer
sensitivity or resistance to PI3K pathway inhibitors. Sci. Signal. 8, 1-10. doi:
10.1126/scisignal.aad5111

Hu, R, Dunn, T. A, and Wei, S. (2009). Ligand-independent androgen receptor
variants derived from splicing of cryptic exons signify hormone-refractory
prostate cancer. Cancer Res. 69, 16-22. doi: 10.1158/0008-5472.CAN-08-
2764

Humphrey, P. A. (2014). “Cancer of the male reproductive organs,” in World
Cancer Report 2014, eds B. W. Stewart and C. P. Wild (Geneva: World Health
Organization), 453-464.

Jackson, R. J., Hellen, C. U, and Pestova, T. V. (2010). The
mechanism of eukaryotic translation initiation and principles of
its regulation. Nat. Rev. Mol. Cell Biol. 11, 113-127. doi: 10.1038/

nrm2838

Jaiswal, P. K., Koul, S., Shanmugam, P. S. T., and Koul, H. K. (2018). Eukaryotic
translation initiation factor 4 gamma 1 (eIF4G1) is upregulated during prostate
cancer progression and modulates cell growth and metastasis. Sci. Rep. 8:7459.
doi: 10.1038/541598-018-25798-7

Jia, S., Liu, Z., Zhang, S., Liu, P., Zhang, L., Lee, S. H,, et al. (2008). Essential roles
of PI(3)K-p110beta in cell growth, metabolism and tumorigenesis. Nature 454,
776-779. doi: 10.1038/nature07091

Jiao, J., Wang, S., Qiao, R., Vivanco, I., Watson, P. A., Sawyers, C. L., et al. (2007).
Murine cell lines derived from Pten null prostate cancer show the critical role
of PTEN in hormone refractory prostate cancer development. Cancer Res. 67,
6083-6091. doi: 10.1158/0008-5472.CAN-06-4202

Jones, C., Fam, M. M., and Davies, B. (2018). Expanded criteria for active
surveillance in prostate cancer: a review of the current data. Transl. Androl.
Urol. 7,221-227. doi: 10.21037/tau.2017.08.23

Khemlina, G., Ikeda, S., and Kurzrock, R. (2015). Molecular landscape of prostate
cancer: implications for current clinical trials. Cancer Treat. Rev. 41, 761-766.
doi: 10.1016/j.ctrv.2015.07.001

Kinkade, C. W., Castillo-Martin, M., Puzio-Kuter, A., Yan, J., Foster, T. H.,
Gao, H,, et al. (2008). Targeting AKT/mTOR and ERK MAPK signaling inhibits
hormone-refractory prostate cancer in a preclinical mouse model. J. Clin. Invest.
118, 3051-3064. doi: 10.1172/JCI134764

Kok, J. B., Verhaegh, G. W, Roelofs, R. W., Hessels, D., Kiemeney, L. A., Aalders,
T. W, et al. (2002). DD3PCA3, a very sensitive and specific marker to detect
prostate tumors. Cancer Res. 62, 2695-2698.

Lian, X., Gu, J., Gao, B., Li, Y., Damodaran, C., Wei, W., et al. (2017). Fenofibrate
inhibits mTOR-p70S6K signaling and simultaneously induces cell death in
human prostate cancer cells. Biochem. Biophys. Res. Commun. 496, 70-75.
doi: 10.1016/j.bbrc.2017.12.168

Liu, L., and Dong, X. (2014). Complex impacts of PI3K/AKT inhibitors to androgen
receptor gene expression in prostate cancer cells. PLoS One 9:¢108780. doi:
10.1371/journal.pone.0108780

Luo, J. H, Yu, Y. P, Cieply, K,, Lin, F., Deflavia, P., Dhir, R, et al. (2002). Gene
expression analysis of prostate cancers. Mol. Carcinog. 33, 25-35. doi: 10.1002/
mc.10018

Maira, S. M., Pecchi, S., Huang, A., Burger, M., Knapp, M., Sterker, D., et al. (2012).
Identification and characterization of NVP-BKM120, an orally available pan-
class I PI3-Kinase inhibitor. Mol. Cancer Ther. 11, 317-328. doi: 10.1158/1535-
7163.MCT-11-0474

Malka-Mahieu, H. Newman, M., Désaubry, L., Robert, C., and Vagner, V.
(2017). Molecular Pathways: The eIF4F translation initiation complex-new
opportunities for cancer treatment. Clin. Cancer Res. 23, 21-25. doi: 10.1158/
1078-0432.CCR-14-2362

Mamane, Y., Petroulakis, E., Martineau, Y., Sato, T. A., Larsson, O., Rajasekhar,
V.K,, etal. (2007). Epigenetic activation of a subset of mRNAs by eIF4E explains
its effects on cell proliferation. PLoS One 2:¢242. doi: 10.1371/journal.pone.
0000242

Marchetti, A., Buttitta, F., Pellegrini, S., Bertacca, G., and Callahan, R. (2001).
Reduced expression of INT-6/elF3-p48 in human tumors. Int. J. Oncol. 18,
175-179. doi: 10.3892/ij0.18.1.175

Frontiers in Genetics | www.frontiersin.org

January 2019 | Volume 10 | Article 14


https://doi.org/10.1074/jbc.M109.029637
https://doi.org/10.1074/jbc.M109.029637
https://doi.org/10.1158/0008-5472.CAN-11-2079
https://doi.org/10.1158/0008-5472.CAN-11-2079
https://doi.org/10.1073/pnas.1005320107
https://doi.org/10.1007/s12032-015-0518-x
https://doi.org/10.1001/jamaoncol.2015.0735
https://doi.org/10.1371/journal.pone.0091666
https://doi.org/10.1371/journal.pone.0091666
https://doi.org/10.1002/humu.22046
https://doi.org/10.1158/0008-5472.CAN-08-3472
https://doi.org/10.1007/s10637-018-0578-9
https://doi.org/10.1038/nature11125
https://doi.org/10.1038/nature11125
https://doi.org/10.1016/j.ccr.2008.12.017
https://doi.org/10.1016/j.ccr.2008.12.017
https://doi.org/10.1158/0008-5472.CAN-08-3795
https://doi.org/10.1158/0008-5472.CAN-08-3795
https://doi.org/10.1038/modpathol.2009.69
https://doi.org/10.1074/jbc.M110367200
https://doi.org/10.1002/cam4.549
https://doi.org/10.1101/cshperspect.a011528
https://doi.org/10.1101/cshperspect.a011528
https://doi.org/10.1016/j.tibs.2006.08.005
https://doi.org/10.1146/annurev-biochem-060713-035802
https://doi.org/10.1146/annurev-biochem-060713-035802
https://doi.org/10.1126/science.aad9868
https://doi.org/10.1126/science.aad9868
https://doi.org/10.1038/nature10912
https://doi.org/10.1038/nature10912
https://doi.org/10.1126/scisignal.aad5111
https://doi.org/10.1126/scisignal.aad5111
https://doi.org/10.1158/0008-5472.CAN-08-2764
https://doi.org/10.1158/0008-5472.CAN-08-2764
https://doi.org/10.1038/nrm2838
https://doi.org/10.1038/nrm2838
https://doi.org/10.1038/s41598-018-25798-7
https://doi.org/10.1038/nature07091
https://doi.org/10.1158/0008-5472.CAN-06-4202
https://doi.org/10.21037/tau.2017.08.23
https://doi.org/10.1016/j.ctrv.2015.07.001
https://doi.org/10.1172/JCI34764
https://doi.org/10.1016/j.bbrc.2017.12.168
https://doi.org/10.1371/journal.pone.0108780
https://doi.org/10.1371/journal.pone.0108780
https://doi.org/10.1002/mc.10018
https://doi.org/10.1002/mc.10018
https://doi.org/10.1158/1535-7163.MCT-11-0474
https://doi.org/10.1158/1535-7163.MCT-11-0474
https://doi.org/10.1158/1078-0432.CCR-14-2362
https://doi.org/10.1158/1078-0432.CCR-14-2362
https://doi.org/10.1371/journal.pone.0000242
https://doi.org/10.1371/journal.pone.0000242
https://doi.org/10.3892/ijo.18.1.175
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Hernandez et al.

Translation in Prostate Cancer

Martin, R. M., Donovan, J. L., TRurner, E. L., Metcalfe, C., Young, G. J., Walshh,
E.L, etal. (2018). Effect of a low-intensity PSA-based ccreening intervention on
prostate cancer mortality: the CAP randomized clinical trial. J. Am. Med. Asoc.
319, 883-895. doi: 10.1001/jama.2018.0154

McCrea, E. M., Lee, D. K, Sissung, T. M., and Figg, W. D. (2018).
Precision medicine applications in prostate cancer. Ther. Adv. Med. Oncol.
10:1758835918776920. doi: 10.1177/1758835918776920

Mehra, R., Tomlins, S. A, Yu, ], Cao, X., Wang, L., Menon, A., et al. (2008).
Characterization of TMPRSS2-ETS gene aberrations in androgen independent
metastatic prostate cancer. Cancer Res. 68, 3584-3590. doi: 10.1158/0008-5472.
CAN-07-6154

Mendoza, M. C,, Er, E. E., and Blenis, J. (2011). The Ras-ERK and PI3K-mTOR
pathways: cross-talk and compensation. Trends Biochem. Sci. 36, 320-328. doi:
10.1016/j.tibs.2011.03.006

Mulholland, D. J., Kobayashi, N., Ruscetti, M., Zhi, A., Tran, L. M., Huang, ]., et al.
(2012). Pten loss and RAS/MAPK activation cooperate to promote EMT and
metastasis initiated from prostate cancer stem/progenitor cells. Cancer Res. 72,
1878-1889. doi: 10.1158/0008-5472.CAN-11-3132

Nam, R. K,, Sugar, L., Yang, W., Srivastava, S., Klotz, L. H., Yang, L. Y, et al. (2007).
Expression of the TMPRSS2:ERG fusion gene predicts cancer recurrence after
surgery for localized prostate cancer. Br. J. Cancer 97, 1690-1695. doi: 10.1038/
§j.bjc.6604054

Nardella, C., Carracedo, A., Alimonti, A., Hobbs, R. M., Clohessy, J. G., Chen, Z.,
et al. (2009). Differential requirement of mTOR in postmitotic tissues and
tumorigenesis. Sci. Signal. 2:ra2. doi: 10.1126/scisignal. 2000189

Network, T. C. G. A. R. (2015). The molecular taxonomy of primary prostate
cancer. Cell 163, 1011-1025. doi: 10.1016/j.cell.2015.10.025

Nevedomskaya, E., Baumgart, S. J., and Haendler, B. (2018). Recent advances
in prostate cancer treatment and drug discovery. Int. J. Mol. Sci. 19:E1359.
doi: 10.3390/ijms19051359

Ngollo, M., Lebert, A., and Dagdemir, A. (2014). The association between Histone
3 Lysine 27 Trimethylation (H3K27me3) and prostate cancer: relationship with
clinicopathological parameters. BMC Cancer 14:994. doi: 10.1186/1471-2407-
14-994

Nguyen, H. G., Conn, C. S, Kye, Y., Xue, L., Forester, C. M., Cowan, J. E,, et al.
(2018). Development of a stress response therapy targeting aggressive prostate
cancer. Sci. Transl. Med. 10:eaar2036. doi: 10.1126/scitranslmed.aar2036

Ni, J., Liu, Q., Xie, S., Carlson, C., Von, T., Vogel, K., et al. (2012). Functional
characterization of an isoform-selective inhibitor of PI3K-pll0beta as a
potential anticancer agent. Cancer Discov. 2, 425-433. doi: 10.1158/2159-8290.
CD-12-0003

Nupponen, N. N., Porkka, K., Kakkola, L., Tanner, M., Persson, K., Borg, A.,
et al. (1999). Amplification and overexpression of p40 subunit of eukaryotic
translation initiation factor 3 in breast and prostate cancer. Am. J. Pathol. 154,
1777-1783. doi: 10.1016/S0002-9440(10)65433-8

Oh, H. J., Lee, J. S., Song, D. K., Shin, D. H,, Jang, B. C,, Suh, S. L, et al. (2007).
D-glucosamine inhibits proliferation of human cancer cells through inhibition
of p70S6K. Biochem. Biophys. Res. Commun. 360, 840-845. doi: 10.1016/j.bbrc.
2007.06.137

Overcash, R. F., Chappell, V. A., Green, T., Geyer, C. B., Asch, A. S., and
Ruiz-Echevarria, M. J. (2013). Androgen signaling promotes translation of
TMEFF?2 in prostate cancer cells via phosphorylation of the a subunit of the
translation initiation factor 2. PLoS One 8:e55257. doi: 10.1371/journal.pone.
0055257

Packer, J. R., and Maitland, N.J. (2016). The molecular and cellular origin of human
prostate cancer. Biochim. Biophys. Acta 1863, 1238-1260. doi: 10.1016/j.bbamcr.
2016.02.016

Palanisamy, N., Ateeq, B., Kalyana-Sundaram, S., Pflueger, D., Ramnarayanan, K.,
Shankar, S., et al. (2010). Rearrangements of the RAF kinase pathway in prostate
cancer, gastric cancer and melanoma. Nat. Med. 16, 793-798. doi: 10.1038/nm.
2166

Parsyan, A. (ed.). (2014). Translation and its Regulation in Cancer Biology and
Medicine, 1st Edn. Dordrecht: Springer. doi: 10.1007/978-94-017-9078-9

Parsyan, A., Hernandez, G., and Meterisian, S. (2012). Translation initiation in
colorrectal cancer. Cancer Metastasis. Rev. 31, 387-395. doi: 10.1007/s10555-
012-9349-9

Peng, Z., Skoog, L., Hellborg, H., Jonstam, G., Wingmo, I. L., Hjalm-Eriksson, M.,
et al. (2014). An expression signature at diagnosis to estimate prostate cancer

patients’ overall survival. Prostate Cancer Prostatic Dis. 17, 81-90. doi: 10.1038/
pcan.2013.57

Perner, S., Mosquera, J. M., Demichelis, F., Hofer, M. D., Paris, P. L., Simko, J.,
et al. (2007). TMPRSS2-ERG fusion prostate cancer: an early molecular event
associated with invasion. Am. J. Surg. Pathol. 31, 882-888. doi: 10.1097/01.pas.
0000213424.38503.aa

Phin, S., Moore, M. W., and Cotter, P. D. (2013). Genomic rearrangements of
PTEN in prostate cancer. Front. Oncol. 3:240. doi: 10.3389/fonc.2013.00240

Pilleron, S., Sarfati, D., Janssen-Heijnen, M., Vignat, J., Ferlay, J., Bray, F., et al.
(2018). Global cancer incidence in older adults, 2012 and 2035: a population-
based study. Int. J. Cancer 144, 49-58. doi: 10.1002/ijc.31664

Podsypanina, K., Ellenson, L. H., Nemes, A., Gu, J., Tamura, M., Yamada, K. M.,
et al. (1999). Mutation of Pten/Mmacl in mice causes neoplasia in multiple
organ systems. Proc. Natl. Acad. Sci. U.S.A. 96, 1563-1568. doi: 10.1073/pnas.
96.4.1563

Proud, C. G. (2018). Phosphorylation and signal transduction pathways in
translational control. Cold Spring Harb. Perspect. Biol. doi: 10.1101/cshperspect.
2033050 [Epub ahead of print].

Rajasekhar, V. K., Viale, A., Socci, N. D., Wiedmann, M., Hu, X, and Holland,
E. C. (2003). Oncogenic Ras and Akt signaling contribute to glioblastoma
formation by differential recruitment of existing mRNAs to polysomes. Mol.
Cell 12, 889-901. doi: 10.1016/S1097-2765(03)00395-2

Raynaud, F. I, Eccles, S. A., Patel, S., Alix, S., Box, G., Chuckowree, I, et al.
(2009). Biological properties of potent inhibitors of class I phosphatidylinositide
3-kinases: from PI-103 through PI-540, PI-620 to the oral agent GDC-
0941. Mol. Cancer Ther. 8, 1725-1738. doi: 10.1158/1535-7163.MCT-
08-1200

Reid, A. H., Attard, G., Ambroisine, L., Fisher, G., Kovacs, G., Brewer, D., et al.
(2010). Molecular characterisation of ERG, ETV1 and PTEN gene loci identifies
patients at low and high risk of death from prostate cancer. Br. J. Cancer 102,
678-684. doi: 10.1038/sj.bjc.6605554

Ren, K., Gou, X., Xiao, M., Wang, M., Liu, C., Tang, Z., et al. (2013). The over-
expression of Pim-2 promote the tumorigenesis of prostatic carcinoma through
phosphorylating eIF4B. Prostate 73, 1462-1469. doi: 10.1002/pros.22693

Renner, O., Fominaya, J., Alonso, S., Blanco-Aparicio, C., Leal, J. F.,, and
Carnero, A. (2007). Mstl, RanBP2 and eIF4G are new markers for in vivo
PI3K activation in murine and human prostate. Carcinogenesis 28, 1418-1425.
doi: 10.1093/carcin/bgm059

Rhodes, N., Heerding, D. A., Duckett, D. R., Eberwein, D. J., Knick, V. B., Lansing,
T. J., et al. (2008). Characterization of an Akt kinase inhibitor with potent
pharmacodynamic and antitumor activity. Cancer Res. 68, 2366-2374. doi:
10.1158/0008-5472.CAN-07-5783

Robichaud, N., Sonenberg, N., Ruggero, D., and Schneider, R. J. (2018).
Translational control in cancer. Cold Spring Harb. Perspect. Biol. 10, 254-266.
doi: 10.1101/cshperspect.a032896

Robinson, D., Van Allen, E. M., Wu, Y. M., Schultz, N., Lonigro, R. J., Mosquera,
J. M., et al. (2015). Integrative clinical genomics of advanced prostate cancer.
Cell 161, 1215-1228. doi: 10.1016/j.cell.2015.05.001

Rodriguez-Berriguete, G., Fraile, B., Martinez-Onsurbe, P., Olmedilla, G.,
Paniagua, R., and Royuela, M. (2012). MAP Kinases and prostate cancer.
J. Signal Transduct. 2012:169170. doi: 10.1155/2012/169170

Roudier, M., Winters, B. R,, Coleman, I., Lam, H. M., Zhang, X., Coleman, R.,
et al. (2016). Characterizing the molecular features of ERG-positive tumors
in primary and castration resistant prostate cancer. Prostate 76, 810-822. doi:
10.1002/pros.23171

Roux, P. P, and Topisirovic, I. (2018). Signaling pathways involved in the
regulation of mRNA translation. Mol. Cell Biol. 38:¢00070-18. doi: 10.1128/
MCB.00070-18

Rubin, M. A., Maher, C. A, and Chinnaiyan, A. M. (2011). Common gene
rearrangements in prostate cancer. J. Clin. Oncol. 29, 3659-3668. doi: 10.1200/
JCO.2011.35.1916

Sadeghi, N., and Gerber, D. E. (2012). Targeting the PI3K pathway for
cancer therapy. Future Med. Chem. 4, 1153-1169. doi: 10.4155/fmc.
12.56

Saramaki, O., Willi, N., Bratt, O., Gasser, T. C., Koivisto, P., Nupponen, N. N.,
et al. (2001). Amplification of eIF3S3 gene is associated with advanced stage
in prostate cancer. Am. J. Pathol. 159, 2089-2094. doi: 10.1016/S0002-9440(10)
63060-X

Frontiers in Genetics | www.frontiersin.org

January 2019 | Volume 10 | Article 14


https://doi.org/10.1001/jama.2018.0154
https://doi.org/10.1177/1758835918776920
https://doi.org/10.1158/0008-5472.CAN-07-6154
https://doi.org/10.1158/0008-5472.CAN-07-6154
https://doi.org/10.1016/j.tibs.2011.03.006
https://doi.org/10.1016/j.tibs.2011.03.006
https://doi.org/10.1158/0008-5472.CAN-11-3132
https://doi.org/10.1038/sj.bjc.6604054
https://doi.org/10.1038/sj.bjc.6604054
https://doi.org/10.1126/scisignal.2000189
https://doi.org/10.1016/j.cell.2015.10.025
https://doi.org/10.3390/ijms19051359
https://doi.org/10.1186/1471-2407-14-994
https://doi.org/10.1186/1471-2407-14-994
https://doi.org/10.1126/scitranslmed.aar2036
https://doi.org/10.1158/2159-8290.CD-12-0003
https://doi.org/10.1158/2159-8290.CD-12-0003
https://doi.org/10.1016/S0002-9440(10)65433-8
https://doi.org/10.1016/j.bbrc.2007.06.137
https://doi.org/10.1016/j.bbrc.2007.06.137
https://doi.org/10.1371/journal.pone.0055257
https://doi.org/10.1371/journal.pone.0055257
https://doi.org/10.1016/j.bbamcr.2016.02.016
https://doi.org/10.1016/j.bbamcr.2016.02.016
https://doi.org/10.1038/nm.2166
https://doi.org/10.1038/nm.2166
https://doi.org/10.1007/978-94-017-9078-9
https://doi.org/10.1007/s10555-012-9349-9
https://doi.org/10.1007/s10555-012-9349-9
https://doi.org/10.1038/pcan.2013.57
https://doi.org/10.1038/pcan.2013.57
https://doi.org/10.1097/01.pas.0000213424.38503.aa
https://doi.org/10.1097/01.pas.0000213424.38503.aa
https://doi.org/10.3389/fonc.2013.00240
https://doi.org/10.1002/ijc.31664
https://doi.org/10.1073/pnas.96.4.1563
https://doi.org/10.1073/pnas.96.4.1563
https://doi.org/10.1101/cshperspect.a033050
https://doi.org/10.1101/cshperspect.a033050
https://doi.org/10.1016/S1097-2765(03)00395-2
https://doi.org/10.1158/1535-7163.MCT-08-1200
https://doi.org/10.1158/1535-7163.MCT-08-1200
https://doi.org/10.1038/sj.bjc.6605554
https://doi.org/10.1002/pros.22693
https://doi.org/10.1093/carcin/bgm059
https://doi.org/10.1158/0008-5472.CAN-07-5783
https://doi.org/10.1158/0008-5472.CAN-07-5783
https://doi.org/10.1101/cshperspect.a032896
https://doi.org/10.1016/j.cell.2015.05.001
https://doi.org/10.1155/2012/169170
https://doi.org/10.1002/pros.23171
https://doi.org/10.1002/pros.23171
https://doi.org/10.1128/MCB.00070-18
https://doi.org/10.1128/MCB.00070-18
https://doi.org/10.1200/JCO.2011.35.1916
https://doi.org/10.1200/JCO.2011.35.1916
https://doi.org/10.4155/fmc.12.56
https://doi.org/10.4155/fmc.12.56
https://doi.org/10.1016/S0002-9440(10)63060-X
https://doi.org/10.1016/S0002-9440(10)63060-X
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Hernandez et al.

Translation in Prostate Cancer

Sarbassov, D. D., Ali, S. M., Sengupta, S., Sheen, J. H., Hsu, P. P, Bagley, A. F,,
et al. (2006). Prolonged rapamycin treatment inhibits mTORC2 assembly and
Akt/PKB. Mol. Cell 22, 159-168. doi: 10.1016/j.molcel.2006.03.029

Scheper, G. C., Morrice, N. A., Kleijn, M., and Proud, C. G. (2001). The
mitogen-activated protein kinase signal-integrating kinase Mnk2 is a eukaryotic
initiation factor 4E kinase with high levels of basal activity in mammalian cells.
Mol. Cell Biol. 21, 743-754. doi: 10.1128/MCB.21.3.743-754.2001

Seitzer, N., Reschke, M., Clohessy, J. G., and Pandolfi, P. P. (2014). “Prostate
cancer; in Translation and its Regulation in Cancer Biology and Medicine, ed.
A. Parsyan (Dordrecht: Springer), 657-672.

Sharma, D. K., Bressler, K., Patel, H., Balasingam, N., and Thakor, N. (2016). Role
of eukaryotic initiation factors during cellular stress and cancer progression.
J. Nucleic Acids 2016:8235121. doi: 10.1155/2016/8235121

Siddiqui, N., and Sonenberg, N. (2015). Signalling to eIF4E in cancer. Biochem. Soc.
Trans. 43, 763-772. doi: 10.1042/BST20150126

Sun, X., Huang, J., Homma, T., Kita, D., Klocker, H., Schafer, G., et al. (2009).
Genetic alterations in the PI3K pathway in prostate cancer. Anticancer Res. 29,
1739-1743.

Suzuki, A., de la Pompa, J. L., Stambolic, V., Elia, A. J., Sasaki, T., del Barco
Barrantes, I, et al. (1998). High cancer susceptibility and embryonic lethality
associated with mutation of the PTEN tumor suppressor gene in mice. Curr.
Biol. 8,1169-1178.

Taplin, M. E., Bubley, G. J., and Ko, Y. J. (1999). Selection for androgen receptor
mutations in prostate cancers treated with androgen antagonist. Cancer Res. 59,
2511-2515.

Taylor, B. S., Schultz, N., Hieronymus, H., Gopalan, A., Xiao, Y., Carver, B. S., et al.
(2010). Integrative genomic profiling of human prostate cancer. Cancer Cell 18,
11-22. doi: 10.1016/j.ccr.2010.05.026

Tomlins, S. A., Rhodes, D. R., Perner, S., Dhanasekaran, S. M., Mehra, R., Sun,
X. W,, etal. (2005). Recurrent fusion of TMPRSS2 and ETS transcription factor
genes in prostate cancer. Science 310, 644-648. doi: 10.1126/science.1117679

Truitt, M. L., Conn, C. S., Shi, Z., Pang, X., Tokuyasu, T., Coady, A. M., et al. (2015).
Differential requirements for eIF4E dose in normal development and cancer.
Cell 162, 59-71. doi: 10.1016/j.cell.2015.05.049

Truitt, M. L., and Ruggero, D. (2016). New frontiers in translational control of the
cancer genome. Nat. Rev. Cancer 16, 288-304. doi: 10.1038/nrc.2017.30

Tu, J. J., Rohan, S., Kao, J., Kitabayashi, N., Mathew, S., and Chen, Y. T. (2007).
Gene fusions between TMPRSS2 and ETS family genes in prostate cancer:
frequency and transcript variant analysis by RT-PCR and FISH on paraffin-
embedded tissues. Mod. Pathol. 20, 921-928. doi: 10.1038/modpathol.380
0903

Vaklavas, C., Blume, S. W., and Grizzle, W. E. (2017). Translational dysregulation
in cancer: molecular insights and potential clinical applications in biomarker
development. Front. Oncol. 7:158. doi: 10.3389/fonc.2017.00158

Vivanco, I, and Sawyers, C. L. (2002). The phosphatidylinositol 3-Kinase AKT
pathway in human cancer. Nat. Rev. Cancer 2, 489-501. doi: 10.1038/
nrc839

Wagner, E. F., and Nebreda, A. R. (2009). Signal integration by JNK and p38
MAPK pathways in cancer development. Nat. Rev. Cancer 9, 537-549. doi:
10.1038/nrc2694

Wang, X., Paulin, F. E.,, Campbell, L. E., Gomez, E., O’Brien, K., Morrice, N.,
et al. (2001). Eukaryotic initiation factor 2B: identification of multiple
phosphorylation sites in the epsilon-subunit and their functions in vivo. EMBO
J. 20, 4349-4359. doi: 10.1093/emboj/20.16.4349

Wang, X, Yu, J., Sreekumar, A., Varambally, S., Shen, R., Giacherio, D, et al. (2005).
Autoantibody signatures in prostate cancer. N. Engl. J. Med. 353, 1224-1235.
doi: 10.1056/NEJM0a051931

Wang, X. S., Shankar, S., Dhanasekaran, S. M., Ateeq, B. Sasaki, A. T.,
Jing, X, et al. (2011). Characterization of KRAS rearrangements in metastatic
prostate cancer. Cancer Discov. 1, 35-43. doi: 10.1158/2159-8274.CD-
10-0022

Wee, S., Wiederschain, D., Maira, S. M., Loo, A., Miller, C., deBeaumont, R., et al.
(2008). PTEN-deficient cancers depend on PIK3CB. Proc. Natl. Acad. Sci. U.S.A.
105, 13057-13062. doi: 10.1073/pnas.0802655105

Wek, R. (2018). Role of eIF2a kinases in translational control and adaptation
to cellular stress. Cold Spring Harb. Perspect. Biol. 10:a032870. doi: 10.1101/
cshperspect.a032870

Zhao, H., Zhu, C.,, Qin, C,, Tao, T., Li, J., Cheng, G., et al. (2013). Fenofibrate
down-regulates the expressions of androgen receptor (AR) and AR target
genes and induces oxidative stress in the prostate cancer cell line LNCaP.
Biochem. Biophys. Res. Commun. 432, 320-325. doi: 10.1016/j.bbrc.2013.
01.105

Zhuang, Z. Y., Gerner, P., Woolf, C. J., and Ji, R. R. (2005). ERK is sequentially
activated in neurons, microglia, and astrocytes by spinal nerve ligation and
contributes to mechanical allodynia in this neuropathic pain model. Pain 114,
149-159. doi: 10.1016/j.pain.2004.12.022

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Herndndez, Ramirez, Pedroza-Torres, Herrera and Jiménez-Rios.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Genetics | www.frontiersin.org

10

January 2019 | Volume 10 | Article 14


https://doi.org/10.1016/j.molcel.2006.03.029
https://doi.org/10.1128/MCB.21.3.743-754.2001
https://doi.org/10.1155/2016/8235121
https://doi.org/10.1042/BST20150126
https://doi.org/10.1016/j.ccr.2010.05.026
https://doi.org/10.1126/science.1117679
https://doi.org/10.1016/j.cell.2015.05.049
https://doi.org/10.1038/nrc.2017.30
https://doi.org/10.1038/modpathol.3800903
https://doi.org/10.1038/modpathol.3800903
https://doi.org/10.3389/fonc.2017.00158
https://doi.org/10.1038/nrc839
https://doi.org/10.1038/nrc839
https://doi.org/10.1038/nrc2694
https://doi.org/10.1038/nrc2694
https://doi.org/10.1093/emboj/20.16.4349
https://doi.org/10.1056/NEJMoa051931
https://doi.org/10.1158/2159-8274.CD-10-0022
https://doi.org/10.1158/2159-8274.CD-10-0022
https://doi.org/10.1073/pnas.0802655105
https://doi.org/10.1101/cshperspect.a032870
https://doi.org/10.1101/cshperspect.a032870
https://doi.org/10.1016/j.bbrc.2013.01.105
https://doi.org/10.1016/j.bbrc.2013.01.105
https://doi.org/10.1016/j.pain.2004.12.022
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

	The Secret Life of Translation Initiation in Prostate Cancer
	Introduction
	An Overview of Translation Initiation and Its Regulatory Signaling Cascades
	Translation Initiation
	mTOR Pathway
	MAPK Pathway

	Translation Initiation Factors Involved in Pca
	eIF2
	eIF3
	eIF4F

	Dysregulation of the Major Signaling Cascades Controlling the Translation Machinery in Pca
	PI3K/Akt/mTOR Pathway
	MAPK/ERK Pathway

	Targeting Translation Initiation in Pca
	Outlook
	Author Contributions
	Funding
	Acknowledgments
	References


