1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biol Trace Elem Res. Author manuscript; available in PMC 2020 November 01.

-, HHS Public Access
«

Published in final edited form as:
Biol Trace Elem Res. 2019 November ; 192(1): 51-59. d0i:10.1007/s12011-019-01809-0.

Selenoproteins of the Human Prostate: Unusual Properties and
Role in Cancer Etiology

Alan M. Diamond?
1Department of Pathology, College of Medicine, University of lllinois Cancer Center, University of
lllinois at Chicago, Chicago, Illinois 60612

Abstract

The prostate is an important organ for the maintenance of sperm health with prostate cancer being
a common disease for which there is a critical need to distinguish indolent from aggressive
disease. Several selenium containing proteins have been implicated in prostate cancer risk or
outcome due to either enzyme function, the reduced levels of these proteins being associated with
cancer recurrence after prostatectomy or their corresponding genes containing single nucleotide
polymorphisms associated with increased risk. Moreover, experimental data obtained from the
manipulation of either cultured cells or animal models have indicated that some of these proteins
are contributing mechanistically to prostate cancer incidence or progression. Among these are
selenocysteine-containing proteins selenoprotein P (SELENOP), glutathione peroxidase (GPX1)
and selenoprotein 15 (SELENOF) and the selenium-associated protein selenium binding protein 1
(SBP1). Genotyping of some of these genes for these proteins have identified functional single
nucleotide polymorphisms that are associated with prostate cancer risk and the direct
quantification of these proteins in human prostate tissues has not only revealed associations to
clinical outcomes but have also identified unique properties that are different from what is
observed in other tissue types. The location of GPX1 in the nucleus and SELENOF in the plasma
membrane of prostate epithelial cells indicate that these proteins may have functions in normal
prostate tissue that are distinct from that of the other tissue types.

Introduction

The prostate is a highly specialized organ among whose functions is to accumulate and
secrete large amounts of citrate as a component of semen, thus supporting sperm health.
Prostate cancer (PCa) remains a significant clinical problem in the USA with an estimated
180,890 men being diagnosed with the disease and 26,120 men dying from PCa in 2016
according to the American Cancer Society, making death from PCa the second leading cause
of death among American men. The most significant risk factor for prostate cancer is aging,
with the average age of being diagnosed with the disease being approximately 66 years old.
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Because of its prevalence and long latency period, prostate cancer is considered to be a
strong candidate as a target for a chemoprevention strategy.

Interest in selenium in the prevention of cancer in general was sparked by reports of an
inverse association between multiple cancer types and selenium levels in the 1970°s [1].
What followed was an extensive period of experimentation with selenium in tissue culture
and animal models of carcinogenesis with promising results. Selenium was able to inhibit
the growth of cancer cells and was effective in reducing the growth of a wide variety of
tumors induced by carcinogens in rodents [2]. While the growth of prostate cancer cells
could be inhibited with selenium compounds, only a single paper reported data on the
effective suppression of prostate lesions, this occurring in the TRAMP mouse, a rodent
model where prostate cancer occurs due to the expression of the SV40 T antigen oncogene
from a prostate-specific promoter, resulting in tumors of neuroendocrine origin and not the
much more common tumors which as adenocarcinomas of epithelial origin [3]. Selenium
was shown to be ineffective in reducing prostate cancer incidence using rats in which
prostate tumors were induced either by combination of testosterone and estradiol or by
exposure to N-methyl-N-nitrosurea [4,5]. And while several observational cohort studies
have detected an association between reduced selenium status and prostate cancer risk, this
result has not been consistently found among different study populations [6].

The interest in selenium as a means to reduce prostate cancer risk increased in 1997 when
the results of National Prevention of Cancer trial were reported [7]. While the primary
endpoint of the selenium supplementation trial was the prevention of the recurrence of skin
cancers, the secondary analyses indicated a protective effect of selenium against prostate
cancer among those participants with the lowest baseline selenium levels [8]. With
promising results from cell culture, animal and human research, the National Institutes of
Health embarked on the largest prostate prevention trial ever conducted, the Selenium and
Vitamin E in Cancer Prevention Trial (SELECT). SELECT was terminated early due to the
increased risk of prostate cancer in the vitamin E arm of the study and an apparent lack of
benefit of selenium supplementation [9]. Several commentaries provided opinions as to why
selenium was not effective in SELECT. The authors of these have suggested that the form of
selenium used may have been a factor: the previous study from 1997 used a selenized yeast
supplement while SELECT used selenomethionine, and others have suggested that the
differences in baseline levels of selenium in the different cohorts was a factor [10-12], In
spite of the disappointing results from SELECT, the interest in selenium’s impact on
prostate cancer has evolved into the study of selenium-containing proteins implicated in the
biology of both the normal and cancerous prostate, this being the focus of this review.

Selenoproteins Implicated in Cancer

Selenium-containing proteins fall into two basic categories: a small group of selenium-
containing proteins with selenium covalently attached, i.e. selenium binding protein 1
(SBP1), and a better characterized group including proteins containing selenium as the
amino acid selenocysteine, which is encoded by an in-frame UGA codon. For this second
group, the process of selenoprotein biosynthesis begins with the aminoacylation of a unique
tRNA with serine and the subsequent synthesis of selenocysteine via a phosphoseryl tRNA
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intermediate [13,14], Recognition of the in-frame UGA codon as the triplet for
selenocysteine occurs if there is a structurally conserved sequence, called the Selenocysteine
Insertion Sequence (SECIS) element, in the 3’-untranslated region (UTR) of the
selenoprotein mMRNA [15]. While selenoproteins were initially identified by their ability to
incorporate radioactive Se’®, Gladyshev and colleagues developed an algorithm to
accurately detect all selenoprotein genes encoding selenocysteine in any sequenced genome,
including the 25 present in humans [16].

With few exceptions, selenocysteine, when present in proteins, occurs within the active site
of enzymes that participate in oxidation/reduction reactions. Reactions catalyzed when
selenocysteine is present proceed at speeds orders of magnitude higher than when cysteine is
present at that position. Many selenoproteins are anti-oxidants with the ability to detoxify
reactive oxygen species (ROS) or oxidized proteins, and this created early interest in the
possibility that reduced selenoprotein levels could increase the risk of prostate cancer [17].
In support of this possibility was data resulting from the cross between mice with reduced
selenoprotein levels with mice engineered to develop prostate cancer [18]. In this study,
bigenic mice that expressed lower levels of several selenoproteins due to the expression of
an altered selenocysteine tRNA gene as well as the simian virus 40 (SV40) early-region
large T and small t oncogenes (C3(1)Tag) were created. These mice exhibited accelerated
prostatic hyperplasia and nuclear atypia, lesions associated with prostate cancer progression
compared to the C3(1)Tag mice. Using a different genetic approach, the specific deletion of
the selenocysteine tRNA in mouse prostate epithelium, resulted in the appearance of
intraepithelial neoplasia which progressed to high grade dysplasia and carcinomas [19].

Further evidence of the role of selenoproteins in a wide range of diseases comes from
studies in which naturally occurring genetic variations in several of the corresponding genes
were shown to associate with an increased risk of disease in humans. In the case of prostate
cancer, single nucleotide polymorphisms (SNPs) in the genes for a subset of selenoproteins
expressed in that organ have been linked to either the risk or dying of prostate cancer. In
some of these, the functionality of the SNP in altering either the primary sequence of the
encoded protein, the transcription of the gene or translation of the protein have provided
evidence for the role of that selenoprotein in the development or progression of the disease
[20].

Selenium transport to the prostate and selenoprotein P (SELENOP)

Selenoprotein P (SELENOP) is the major form of selenium in plasma, contains multiple
selenocysteines and transports selenium to organs where the amino acid selenocysteine is
degraded by sec-B-lyase to release the selenium for selenoprotein synthesis [21,22]. Using
tissue microarrays (TMAS), lower levels of SELENOP have been reported in prostate
cancers as compared to adjacent benign prostate tissue [23]. Whether levels of SELENOP
are associated with the risk of prostate cancer was investigated in a Danish population which
has a relatively low selenium status [24], The results indicated that here was an inverse
association between SELENOP levels and the risk of advanced disease. Additional
consideration for a role of SELENOP in prostate cancer has been pursued by assessing if
functional polymorphisms in the SELENOP gene are associated with prostate cancer risk or
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mortality. Two SELENOP SNPs have been focused upon, one resulting in a coding region
alanine/threonine variation (rs3877899) and another resulting in either a G or A in the 3’
UTR (rs7579) that regulates selenocysteine insertion into the SELENOP peptide in response
to in-frame UGA codons. Both of these SNPs have been shown to be functional, impacting
the amount of selenium, SELENOP and selenoproteins in a variety of cell types [25,26].
However, there have been mixed results regarding the association of these SNPs and prostate
cancer risk or stage at presentation [20]. One study involved subjects participating in the
Adiposity and Outcomes of Clinically Localized Prostate Cancer Study, a prospective study
of men who had undergone prostatectomy and designed to investigate whether obesity was
associated with recurrence of the disease after surgery [27]. Genotyping DNA obtained from
these men indicated that subjects with the SELENOP rs3877899 genotype resulting in a
threonine rather than an alanine at that position were approximately 6-fold more likely to
experience a rise in prostate specific antigen (PSA) levels, an indication of the recurrence of
their disease, within the first 2 years post-surgery [27].

While it is possible that the anti-oxidant function attributed to SELENOP or some yet
unknown activity mechanistically accounts for some of these data, the transport of selenium
into the prostate by SELENOP may determine the levels of other selenoproteins whose
transcription or translation are selenium-dependent. Each tissue and cell type has its own
repertoire of selenoproteins, and among these, there is a subset of selenoproteins that are
very sensitive to fluctuations in selenium availability and those that are not. This “hierarchy”
of selenium responsiveness that occurs in the prostate [28] may indicate selenoproteins
which are regulated by the import of SELENOP and can attenuate prostate cancer initiation
or progression. Transport of SELENOP to the prostate may also be highly regulated as
indicated by the lack of a statistically significant association between selenium levels
assessed in both the serum and prostate tissue obtained from the same men following
prostatectomy [29]. In addition, a significant association was found between SELENOP
rs3877899 and an at-risk polymorphism in the gene for the NKX3.1 tumor suppressor and
the increased risk of prostate cancer recurrence following prostatectomy, although no
association was found between the NKX3.1 variant and plasma selenium levels [30]. These
results may indicate that SELENOP transport proteins play an important function in
ultimately determining the impact of selenium levels on prostate cancer. While
polymorphisms in the gene for megalin, one such transporter present in the prostate that
imports SELENOP to the tissue, were shown to be associated with prostate cancer outcome
after diagnosis, megalin also transports many other molecules and hormones making it
uncertain what role megalin contributes to the impact of SELENOP on the disease [31].

Glutathione Peroxidase 1 (GPX1)

One protein that is regulated by selenium availability is glutathione peroxidase 1 (GPX1),
the first discovered and best characterized selenoprotein that functions to reduce lipid and
hydrogen peroxides to water [32], A role for GPX1 in cancer was initially considered due to
its anti-oxidant function and subsequent work investigating the association between GPX1
SNPs and cancer risk or outcome. The GPXZ allele containing a leucine at codon 198 has
been associated with increased risk of several types of cancers, including those of the lung,
breast, bladder, liver as well as lymphomas (reviewed in [33,32]). Evidence for the
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functionality of this polymorphism has been provided by studies in which either the
GPX1MeU or GPX1P™ is exclusively expressed in human MCF7 breast carcinoma cells that
do not express detectable GPX1 levels [34,35]. These /n vitro studies indicated that the
GPX1U variation would likely result in reduced amounts of GPX1 being synthesized when
selenium levels are low [34]. Consistent with these /n vitro results, there have been several
reports indicating that the individuals with lower selenium status and the GPX1-€! allele
exhibited lower GPX activity than those expressing GPX1Fr, although none of these studies
determined GPX enzyme activity in the prostate [36-39]. GPX1 resides primarily in two
different subcellular compartments, the cytoplasm and the mitochondria, and using the same
in vitro approach, it was also determined that GPX 18U expressed in MCF7 cells
differentially partitioned more to the cytoplasm as compared to GPX1P™ [35]. The
functional consequences of the subcellular location was investigated by targeting GPX1 to
the mitochondria in these cells by the addition of a mitochondrial localization signal and
demonstrating that GPX1 cellular location affected cellular bioenergetics, mitochondrial
function and response to oxidative stress [35,40]. However, the impact of GPXZ allelic
identity on prostate cancer risk or progression has been looked at in several populations with
conflicting results. Some studies have reported increased risk associated with GPX1L€Y,
others indicated increased risk associated with the GPX1”7? allele while yet others showing
no genotype effect [41-48].

In order to determine if GPX1 levels in the prostate were associated with cancer recurrence
following prostatectomy, a cancer tissue microarray (TMA) specifically designed to address
this question was used [49]. The TMA was composed of tissues obtained from 200 men
whose prostate cancer returned, as defined by rising PSA after prostatectomy (referred to as
biochemical recurrence), matched by age and year of surgery, race, Gleason sum score and
pathological stage to tissues from 200 men who cancer did not return. An unexpected
observation was the localization of GPX1 in the nucleus of the prostate epithelial cells
(Figure 1), in contrast to previously published data indicating that GPX1 distributes
predominantly between the cytoplasm and the mitochondria. Nuclear localization of GPX1
was also observed in both primary prostate epithelial cells and the RWPE-1 immortalized
prostate epithelial cell line, but not in either PC-3 or LNCaP prostate cancer-derived cell
lines [49]. However, there was no association of cellular location or levels of GPX1 with
prostate cancer biochemical recurrence, tumor stage or grade.

What function GPX1 might provide in the nucleus of prostate epithelial cells is unknown.
Treating LNCaP cells with selenium under conditions that result in increased GPX1 activity
can reduce oxidative damage to DNA by stimulating the repair of the damage [50] and
knocking down GPX1 with siRNA sensitized the cells to UV-induced micronuclei
formation, an assay of susceptibility to DNA damage [51]. Over-expression of GPX1 in
MCF7 cells stimulated the activation of H2AX, a DNA repair protein critical in promoting
the assembly of DNA repair complexes at the site of DNA double strand breaks [52]. GPX1
was also required in MCF7 cells for the activation of CHK?2, a checkpoint protein that
functions as a tumor suppressor by regulating the progression of the cell cycle after DNA
damage, by phosphorylation following exposure of the cells to ionizing radiation [52].
Whether these results reflect a nuclear function of GPX1 or are a consequence of the effect
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of GPX1 activity on non-nuclear ROS-responsive signaling pathways has not been
investigated.

Selenoprotein F (SELENOF) and the disparity in prostate cancer among

African American men

Another selenoprotein whose levels are regulated by selenium availability [28,53] is
selenoprotein 15 (SELENOF, previously referred to as SEP15 [54]), which was originally
identified as a human T cell 15-kDa selenocysteine-containing protein that can bind 7>Se
and is expressed at high levels in the prostate [55]. The function of SELENOF is still being
investigated, but is known to physically associate with the UDP-glucose:glycoprotein
glucosyltransferase (UGGT) in the endoplasmic reticulum (ER) and likely plays an
important role in disulfide bond formation and protein quality control in that organelle [56-
59]. SELENOF is unusual as it contains an ER-localization sequence, but does not contain
an ER-retention signal; retention of SELENOF in the ER is postulated to occur due to its
interaction with UGGT [56].

The SELENOF gene is polymorphic in the 3’-untranslated region that determines the
recognition of in-frame UGA codons as the amino acid selenocysteine during protein
synthesis [55]. The polymorphisms at positions 811 (rs5845) and 1125 (rs5859) form a
haplotype where a C at 811 always corresponds to a G at 1125 and a T at 811 always
corresponds to an A at 1125 [60]. Using two different specialized reporter constructs, these
genetic variations have been shown to be functional and likely contribute to determining the
amount of SELENOF protein made as a function of selenium availability [61,60]. Genetic
data examining the frequency of these SNPs have implicated SELENOF in prostate cancer
etiology. The SELENOFBIL SNP was associated with prostate cancer risk in a cohort of men
in New Zealand [48]. SELENOF’s possible role in prostate cancer was also supported by
there being a significant association between polymorphisms in the SELENOF gene and
prostate cancer mortality among the 22,000 participants of the Physician’ Health Study [62],
Similarly, genotyping a cohort of 126 men from the Chicago area from the Adiposity Study
indicated that there was a five-fold decrease in the odds of presenting with a higher Gleason
sum group, an indication of tumor aggressiveness, among participants with a CC genotype at
position 1125, as compared to those with the CC +CT genotypes [27].

Whether the levels of SELENOF in tumors are associated with prostate cancer recurrence
after prostatectomy was investigated using a TMA [27]. Although the tissue cores in this
array are derived from prostatectomy specimens, most cores include adjacent, benign tissue
as well. In the benign regions, SELENOF was predominantly located in the plasma
membrane of basal and epithelial cells (Figure 1), reduced levels at the apical border and
little detectable expression in the surrounding stroma. Localization to the plasma membrane
was unexpected given all previous publications indicated predominantly ER localization.
Plasma membrane staining was also observed in primary and immortalized prostate
epithelial cells. In contrast to what was observed in benign tissue, tumors displayed mostly
diffuse staining in the cytoplasm, as was the case when SELENOF location was examined in
either PC-3 or LNCaP cells derived from human prostate cancers [27]. The role SELENOF
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plays in the outer membrane of prostate epithelial cells remains unknown. Knocking down
SELENOF in HeLa cells resulted in cytoskeleton remodeling, non-apoptotic membrane
blebbing, the relocation of focal adhesions and disruption of cell polarity [63,64], In
addition, SELENOF knock-out mice were shown to exhibit elevated levels of circulating
IgM, leading the authors to describe SELENOF as a “gatekeeper”, functioning in the
retention of proteins [65]. It is unclear if any of these phenotypes reported for SELENOF are
related to its function in the plasma membrane of prostate cells.

Although there was a dramatic difference in SELENOF staining between tumor and non-
cancerous tissues in the TMA, there was no association between SELENOF levels and either
tumor grade or cancer recurrence [27]. However, significant differences were observed
between samples from African Americans and Caucasians. Among the samples in the TMA,
33 tissue cores were obtained from African American men and 295 were from Caucasian
men. Comparing SELENOF levels between these two groups indicated that SELENOF
levels in prostate tissues from African American was significantly lower than tissues from
Caucasians. Likely contributing to this difference in SELENOF levels is the dramatic
difference in the frequency of the SELENOF?L allele between African Americans and
Caucasians, with the minor A allele being 4.4-fold more frequent among African Americans
[61]. Similarly, genotyping a cohort of 126 men from the Chicago area from the Adiposity
Study described above indicated that the difference in allele frequency was even greater,
with the A allele being present at approximately 10-fold more frequent among African
American men than Caucasians [27]. The problem of prostate cancer is disproportionally
greater for African American men who have both the highest incidence and mortality from
PCa world-wide as compared to other racial groups in the US [66]. The reasons for this
disparity are likely multi-factorial, including reduced access to care and other socio-
economic factors. In addition, there are a host of biological differences in disease
presentation and clinical outcome which, along with environmental modifiers, are likely to
account for the differences observed between African American and Caucasian men [67,68].
A genetic component in prostate cancer risk has been known for decades as individuals with
a first-degree relatives diagnosed with PCa have a much higher risk of getting the disease,
confirmed by a recent meta-analysis [69]. However, most men with PCa do not have a
known family history which strongly suggests that high risk genetic factors are likely to be
of relatively low penetrance and may be influenced by environmental variables. The data
presented above is consistent with SELENOF contributing to the disparity in prostate cancer
observed among African American men. The SELENOF A allele is associated with prostate
cancer risk [70], more aggressive cancer [27] and is much more common among African
Americans [27,61]. Moreover, based on functional reporter studies [61,60], the A allele is
expected to result in lower SELENOF levels and consistent with these /n vitro studies,
tumors from African American men expressed less SELENOF. Additional studies with
access to DNA, protein and individual clinical information from the same participants will
be necessary to address this relationship.

Selenium Binding Protein 1 (SBP1, SELENBP1, hSP56) and prostate cancer

Most selenium-containing proteins contain selenium in the form of selenocysteine, an amino
acid encoded by a UGA triplet that more typically is the translational termination signal in
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MRNAs [13]. SBP1 is a selenium-containing protein that does not contain selenocysteine
and the nature of the selenium moiety in the protein is unknown. Because SBP1 levels are
frequently lower in cancers as compared to the corresponding normal tissues, and lower
levels are frequently associated with worse clinical outcome, (reviewed in [71]) SBP1 was
examined in prostate cancer [72], SBP1 was distributed between the cytoplasm and nucleus
(Figure 1) and levels in prostate tissue were determined using a TMA comparing matched
tissues from men who experienced biochemical recurrence (rising PSA) following
prostatectomy to that of men whose cancer did not return [72]. Cell-by-cell quantification of
SBP1 in the nucleus and cytoplasm was performed and associations between SBP1 levels
and tumor grade as well as recurrence were assessed. Both the nuclear levels of SBP1 and
the nuclear to cytoplasmic ratio were inversely proportional to tumor grade and tumors in
the lowest quartile of SBP1 were more than twice as likely to recur as compared to those in
any of the other quartiles [72].

A tumor suppressor function for SBP1 is supported by observations made in several cell
types [71]. Ectopic expression of SBP1 in colon, gastric and prostate cancer cell lines have
resulted in reduced growth in semi-solid media and decreased tumorigenicity in xenograft
models. For example, SBP1 was over-expressed in HCT116 human colon cancer cells that
do not produce detectable SBP1 mRNA or protein. As a result of SBP1 over-expression,
these cells exhibited reduced growth in soft agar along with significantly increased
phosphorylation of p53 [72]. Others have shown that over-expression of SBP1 in these same
cells altered cancer-related signaling pathways regulated by MAPK, Wnt, NFxB and Notch
[73]. Very little is known about the role of SBP1 in prostate biology and what is known
about SBP1 from other organs may not be the same as what occurs in the prostate.

A biochemical function of SBP1 was only recently resolved as it was discovered that
inactivating SBP1 mutations resulted in extraoral halitosis, bad breath [74]. The enzyme
activity of SBP1 was determined to be a methanethiol oxidase (MTO) that converts
methanethiol to H,O, and hydrogen sulfide (H»S), both important signaling molecules, with
the latter being able to suppress mitochondrial respiratory complex Il at high concentration
[75-77]. At least for the MTO activity of SBP1, removal of the likely selenium-binding
cysteine did not alter the protein’s enzymatic function. Whether the MTO activity or some
other function of SBP1 contributes to its putative tumor suppressor activity remains to be
determined.

SBP1 may be indirectly regulated by selenium via its interaction with GPX1. An inverse
relationship between the levels of SBP1 and GPX1 has been reported in several tissues,
including the prostate [78,29].Consistent with this observation, knocking down SBP1 in liver
cells results in an increase in GPX activity [79] and over-expressing SBP1 in colon cells
caused a significant decline in GPX1 activity without altering protein levels [80]. Moreover,
over-expressing GPX1 in breast carcinoma cells results in the transcriptional repression of
SBP1 [80]. These results are consistent with there being a physical interaction between
SBP1 and GPX1 that results in the inhibition of GPX1 and that GPX1 expression influences
SBP1 transcription, possibly due to the presence of anti-oxidant response elements (ARES)
in the SBP1 promoter. The significance of this interaction may involve reactive oxygen-
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sensitive signaling as reduced levels of SBP1 is likely to result in less H,O, generated from
its MTO activity while increasing the H,O, scavenging activity of GPX1.

Conclusions

Interest in the potential use of selenium in the prevention of prostate cancer has declined
with the negative results of SELECT, but there remains much research to be done to evaluate
the role of selenoproteins in the normal prostate and cancers that develop in that organ.
Genetic studies and the examination of the levels of several selenoproteins in the prostate
and adjacent benign tissue have implicated these proteins in either the risk or aggressiveness
of the disease. These results may ultimately lead to new therapeutic targets or predictive
biomarkers to assist clinicians in diagnosing and/or managing aggressive cancer and
distinguishing it from indolent ones. Moreover, the direct evaluation of selenoproteins in
human prostate tissue has revealed unexpected results, such as the nuclear location of GPX1
and plasma membrane localization of SELENOF. The biological function of these well
studied proteins in unique subcellular compartments in benign prostate epithelium raises the
possibility that there are yet unidentified and unique functions of these proteins in the
prostate that are yet to be resolved.
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Fig.1.
Immunochemistry showing the location of the indicated selenoproteins in human prostate

epithelial tissue. Boxed regions are shown at higher magnification on the right.
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