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Introduction

Selenium (Se) was discovered by J.J. Berzelius in 1817 and, while initially identified as a
toxin when ingested in large amounts, it was determined to be an essential micronutrient in
the 1950s (Boyd, 2011). Since then, Se has been determined to influence human health, and
inadequate levels of Se can lead to deleterious effects. Indeed, Se deficiency has been
identified as the underlying etiological precipitant of the cardiomyopathy known as Keshan
disease, and is also thought to be a key contributor to development of the deforming
osteochondropathy, Kashin-Beck disease (Chen, 2012; Yao et al., 2011). Low serum Se
levels have also been associated with epilepsy, age-associated neurological disorders, and
decreased survival following HIV infection, although a causal role for Se in these diseases
has not been proven (Ashrafi et al., 2007; Baum et al., 1997; Zhang et al., 2010).

Once ingested, Se can be present as low molecular weight selenocompounds, or by
incorporation into proteins as modified amino acids. One such amino acid modification is
selenomethionine (SeMet), which is the primary chemical form of dietary selenium (Burk
and Hill, 2015). Once ingested, selenomethionine enters the body’s methionine pool and is
incorporated randomly into proteins in place of methionine in proportion to its concentration
relative to methionine. However, SeMet can also undergo metabolism in the liver (and other
tissues) to yield the selenium-modified cysteine, selenocysteine (Sec), which is degraded by
selenocysteine lyase, yielding selenide. The selenide is then metabolized by selenophosphate
synthetase to yield selenophosphate, the selenium of which is inserted into serine by
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selenocysteine synthase to yield selenocysteine attached to the specialized tRNA. The
selenocystyl-tRNA then serves to insert the selenocysteine into the nascent protein at the
UGA. Collectively, selenocysteine-containing proteins are referred to as selenoproteins
(SePs), and are believed to be the primary functional effectors of Se’s effect on human
homeostasis and disease. To-date, 25 SePs have been identified in the human genome and 24
in the mouse, including those in the glutathione peroxidase (GPx), idothryonine deiodinase
(DIO), and thioredoxin reductase (TrxR) protein families (Gladyshev et al., 2016).

SePs are well-known for their antioxidant roles, as many catalyze oxidation-reduction
reactions using the Sec as an active site. The Sec makes them particularly effective enzymes;
the Sec selenol group is more fully ionized than the thiol of cysteine (Cys) at physiological
pH and has a lower pKa (~5.2) and reduction potential than Cys (Stadtman, 2000).
Altogether, these render Sec more reactive than the Cys residue which comprises the active
site of many non-selenoprotein enzymes (Stadtman, 1996). Thus, it is perhaps not surprising
that the contributions of Se and SePs to human health are most often attributed to their
antioxidant functions.

Altered redox homeostasis is believed to be a contributing factor to a number of diseases,
and in particular to the development of cancer, as oxidative insult can lead to genomic
instability, DNA mutation, tumor initiation, and progression. As Se may reduce oxidative
stress by the antioxidant activities of its associated SePs, it was hypothesized that Se
supplementation would confer protection against tumor initiation and progression. Indeed,
animal tumor models have demonstrated that Se supplementation can reduce the incidence
and severity of liver, esophageal, pancreatic, prostatic, colon, and mammary carcinogenesis
(Baines et al., 2000; Daoud and Griffin, 1980; Ip et al., 2000; van Rensburg et al., 1986;
Wang et al., 2009a; Woutersen et al., 1999). Unfortunately, large clinical trials in human
subjects have yielded mixed results; some suggest Se supplementation and/or higher Se
status may reduce cancer risk (Clark et al., 1998; Duffield-Lillico et al., 2003; Jacobs et al.,
2004) while others fail to correlate serum Se levels with cancer development (Klein et al.,
2011; Lippman et al., 2009; Papaioannou et al., 2011; Wallace et al., 2003). Of note, a large
international case-control study testing the efficacy of Se and vitamin E supplementation in
cancer (SELECT) did not demonstrate a protective effect of Se supplementation on risk of
prostate cancer (Klein, et al., 2011; Lippman, et al., 2009), and trial meta-analysis
determined that oral administration of Se was not effective in preventing colorectal neoplasia
(Lance et al., 2017; Papaioannou, et al., 2011). Furthermore, while not statistically
significant, Se supplementation was associated with increased incidence of type-2 diabetes.
Thus, the impact of Se supplementation on cancer is now recognized to be a complex issue
and careful consideration should be given to untoward “off-target” effects.

Interestingly, one potential explanation for the inconsistent effects of Se supplementation in
the above studies is the action of the SePs themselves. Indeed, while SePs have long been
thought to protect against cancer development and progression by antioxidant and anti-
inflammatory roles, other signaling roles for SePs are becoming increasingly recognized.
These other activities, such as modulation of angiogenesis, growth factor signaling, and
apoptosis inhibition, may contribute to tumorigenesis in both positive and negative fashions.
In this review, we will discuss what is known about the role of a subset of individual SePs in
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tumorigenesis, with a focus on how these proteins contribute to both pro- and anti-
tumorigenic pathways in order to better understand the full effect of Se supplementation on
cancer development and growth.

Selenoprotein Production

Expression of SePs is tightly controlled by the SeP translational process, which is highly
specialized and with dedicated machinery. Sites of Sec incorporation are identified by the
opal codon (UGA) and require the presence of a cis-acting stem-loop sequence in the
selenoprotein mRNA 3" UTR known as a selenocysteine insertion sequence, or SECIS
(Walczak et al., 1996). This SECIS site is responsible for recruiting a complex of specialized
trans-acting factors dedicated to Sec incorporation, including the Sec-specific tRNA (Sec
tRNA) and its required elongation factors (Driscoll and Copeland, 2003; Lee et al., 1990;
Low et al., 2000). It is important to note that the SeP translation process is highly dependent
on the presence of Se, as the Sec-charged tRNA is only produced upon Se availability
(Hatfield et al., 1991). In times of Se deficiency, limited amounts of Sec tRNA results in the
UGA codon being read as a premature stop codon, which recruits nonsense mediated decay
factors and induces mMRNA turnover (Howard et al., 2013; Seyedali and Berry, 2014). More
recently, it has been shown that the Sec-specific tRNA can bind cysteine when Se is
deficient, resulting in the incorporation of cysteine at UGAs intended to designate Sec (Xu
et al., 2010). Whether this process is significant is unknown.

However, in times of selenium deficiency, SeP production is not universally decreased, but
rather a “hierarchy” of selenoprotein expression is maintained (Barnes et al., 2009; Schriever
et al., 2009). This is due in part to differential SeP mRNA stability based on resistance to
nonsense-mediated decay, and SePs responsible for house-keeping functions, such as
glutathione peroxidase 4 (GPx4), generally having more stable mRNA than SePs induced in
response to stress and injury, such as glutathione peroxidase 1 (GPx1) (Hill et al., 1992;
Seyedali and Berry, 2014). Selenoprotein synthesis is also modulated by differential
expression of two Sec tRNA isoforms, which are distinguished by the presence or absence of
2’-O-methylribose at position 34. Mice maintained on a normal Se diet have been observed
to have increased percentages of mcm®Um-containing Sec tRNA (Um34) as compared to
those on Se-deficient chow, suggesting that the Um34 modification is dependent on Se
availability (Diamond et al., 1993). Functionally, the two Sec tRNA isoforms are
differentially associated with production of specific classes of SePs. The housekeeping SePs
essential for survival, such as GPx4, are not dependent on the Um34 modification which
allows higher expression in the context of decreased Se availability. Conversely, the stress-
induced SePs such as GPx1 and glutathione peroxidase 3 (GPx3) are more responsive to
Um34 Sec tRNA and thereby more responsive to Se levels (Hatfield et al., 2006). Indeed, a
mutation of the Sec tRNA gene (7RSP) which interferes with the Um34 modification has
recently been described in a human subject, where authors note decreased expression of
stress-related SePs, while expression of housekeeping SePs is largely preserved
(Schoenmakers et al., 2016).
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Investigating selenoproteins through SEC tRNA mutations

To determine whether the bulk of Se’s impact was due to low molecular weight
selenocompounds, incorporation as selenomethionine, or as incorporation as selenocysteine,
early studies sought to specifically investigate the role of the SeP protein family by
modifying expression of Sec tRNA (7rsp), thereby globally interfering with selenoprotein
biosynthesis. The first such Sec tRNA mouse models [(i8A~) tRNAISeISeC] relied on
transgenic expression of mutated Sec tRNA which specifically inhibits Um34 Sec tRNA
through a dominant-negative effect (Moustafa et al., 2001). While physiologically normal,
mice with global transgene expression were determined to have decreased levels of stress-
related SePs, such as GPx1 (Moustafa, et al., 2001). Interestingly, studies using this mouse
model were the first to show that SeP expression could directly modify the development of
tumorigenesis. In the gut, Sec tRNA transgenic mice were observed to have increased
numbers of aberrant crypt foci (ACF), a type of pre-neoplastic colonic lesion, after exposure
to the mutagenic agent azoxymethane (AOM) (Irons et al., 2006). Interbreeding of Sec
tRNA transgenic mice with a model of prostate cancer (C3(1)/7ag) resulted in accelerated
development of prostatic intraepithelial neoplasias (PIN), as well as more aggressive high-
grade lesions (Diwadkar-Navsariwala et al., 2006). However, these results were not
universal, as Sec tRNA transgenic mice had no change in hepatocellular tumor number or
size as compared to WT mice when crossed onto a tumor-prone TGF-a transgenic
background (Moustafa et al., 2013). Thus, the role of stress-related SePs in tumorigenesis
appears to be dependent on organ and cancer type. Furthermore, these results may also point
to differential SeP function in the context of specific oncogenic drivers or undetermined
“environmental” co-factors, such as inflammation or microbiota.

The Sec tRNA transgenic model only interfered with translation of a subset of SePs and did
not globally inhibit SeP production. However, global knockout (KO) of the mammalian Sec
tRNA gene (7rsp) is embryonically lethal, thus a conditional approach has been used to
analyze the effects of complete SeP loss (Bosl et al., 1997). Interestingly, even restricting
7rsp KO to certain tissues often yielded severe effects, and SeP expression in many tissues,
such as the endothelium, cardiac muscle, liver, and skin is apparently required for survival
(Carlson et al., 2005; Sengupta et al., 2010; Shrimali et al., 2007). Nevertheless, this model
has allowed assessment of SeP contribution to tissue homeostasis as well as a number of
malignancies. In the mammary gland, homozygous 7rsp loss was associated with increased
tumor incidence and shorter survival time after treatment with the carcinogen, 7, 12-
dimethylbenzyl[a]antracene (DMBA) (Hudson et al., 2012). Interestingly, while 7rsploss
was not sufficient to induce tumors in non-DMBA treated mice, it altered expression of
BRCA and p53 in the mammary epithelium and suggests SePs can affect oncogenic
pathways in premalignant tissue (Kumaraswamy et al., 2003). In the prostate, 77sp loss
alone was sufficient to induce tumorigenesis even in the absence of additional oncogenic
alteration (Luchman et al., 2014). These mice presented with widespread PIN lesions by 6
weeks of age, which soon progressed to microinvasive carcinomas characterized by
increased proliferation and activation of the mitogen-activated protein kinase (MAPK)
pathway. While mice do not live long enough to assess susceptibility to cancer development,
7rsp KO in the skin also led to development of widespread proliferation and hyperplasia,
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which are considered early events in tumor development (Sengupta, et al., 2010). Finally, the
7rsp KO model has also been utilized to gain insight into the function of SePs in immune
cell population which, in turn, may also influence tumor development. 7rsp knockout in
myeloid lineages through a LysM-Credriver led to increased oxidative stress, upregulated
transcription of antioxidant enzymes, accumulation of reactive oxygen species, altered
expression of extracellular matrix-related genes, diminished migration through matrix, and
increased severity in a model of experimental colitis (Carlson, et al., 2005; Kaushal et al.,
2014; Suzuki et al., 2008). While the effect of myeloid-specific 7rsp loss on tumor
development has not been directly analyzed, collectively these results point to a wide-spread
tumor-suppressive role for SePs and suggest they inhibit key oncogenic molecular pathways.

Role of Specific Selenoproteins in tumorigenesis

Selenoprotein P

While studies of Se supplementation and global SeP modification suggest SePs broadly
suppress tumorigenesis, they do not address the role of specific selenium-containing
proteins. Therefore, researchers have generated numerous cell culture and mouse models to
investigate individual SePs, such as selenoprotein P (known also as SELENOP, SEPP1, and
several other designations (Gladysheyv, et al., 2016)). Unlike the majority of SePs which are
best characterized by their enzymatic activity, SELENOP is better known for its roles in Se
transport. In addition to GPx3, SELENOP is one of the few secreted SePs and is primarily
produced in the liver at the main site of Se metabolism (Burk and Hill, 2005). In comparison
to most SePs which only have 1 Sec residue, SELENOP is able to incorporate Se in up to 10
Sec residues within its primary structure, with the majority harbored within a Se-rich C-
terminal domain. After Sec incorporation, SELENOP is secreted into the plasma and travels
to distant tissues where it is taken up via endocytosis and lysosomally degraded to free Se
for synthesis of other SePs (Kurokawa et al., 2012; Saito et al., 2004). Indeed, liver-specific
Selenop KO revealed a striking 95% reduction in plasma SELENOP levels, which greatly
reduced Se levels in distant tissues (Hill et al., 2012). However, it is important to note that
SELENORP still retains antioxidant activity through a single N-terminal Sec, which exists
within a UXXC motif that catalyzes the oxidation of glutathione (GSH) (Kurokawa et al.,
2014b; Saito et al., 1999). Thus, both N- and C-terminal domains contribute to the overall
function of SELENOP, making it vital for the production of other selenoproteins within
target organs while still serving an antioxidant function.

Because such a large proportion of Se is incorporated into SELENOP, it is frequently
measured as a reliable marker for overall Se levels. Thus, a number of epidemiological
studies have analyzed SELENOP serum levels and tissue expression to determine their
correlation with cancer incidence, aggressiveness, and survival. On the whole, these studies
have determined SELENOP to be decreased in various tumor types, including hepatocellular
carcinomas, gallbladder and biliary tract cancers, gastric adenocarcinomas, colorectal
cancer, and prostate cancer (Al-Taie et al., 2004; Calvo et al., 2002; Gonzalez-Moreno et al.,
2011; Hughes et al., 2016; Murawaki et al., 2008; Wang et al., 2009b). Indeed, SELENOP
transcript levels are reduced as early as the pre-malignant adenoma stage in the colon
(Barrett et al., 2015; Smith et al., 2010). SELENOP expression was also inversely correlated
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with disease stage in renal, prostate, and colon cancer patients (Meyer et al., 2012;
Murawaki, et al., 2008; Outzen et al., 2016). Interestingly, several single nucleotide
polymorphisms (SNPs) have also been identified in SELENOPthat may attenuate its
expression or function, and these SNPs have been associated with cancer risk in the colon,
breast, and prostate (Al-Taie et al., 2002; Meplan et al., 2013; Meplan et al., 2010; Pellatt et
al., 2013; Peters et al., 2008; Steinbrecher et al., 2010). However, SELENOP expression is
not universally decreased in all tumor types. It has been reported to be increased in
metastatic melanoma samples as compared to normal melanocytes, and its upregulation has
also been associated with poorly-differentiated prostate cancer which is more likely to
metastasize (Hassona et al., 2013; Riker et al., 2008).

Despite a wealth of expression and epidemiological data, very few studies have directly
analyzed SELENOP’s contribution to tumor formation and progression. Using an siRNA
approach, Gonzalez-Moreno et al. determined that reductions in SELENOP increased
reactive oxygen species (ROS) in prostate cancer cells (Gonzalez-Moreno, et al., 2011). In
line with the expression studies, this data supports a role in tumor-suppression by decreasing
ROS-mediated mutation and tumor initiation. However, this increase in ROS also rendered
cells more susceptible to growth inhibition upon stimulation with hydrogen peroxide
(H205). Thus, this illustrates a facet of the “double-edged sword” effect of oxidative stress
which is highly relevant to studies of SePs in cancer progression; increased oxidative stress
can enhance tumorigenesis through genomic instability and mutation, but excess can be
toxic and induce tumor cell death (Figure 1A) (Perez et al., 2017). This dichotomy is also
highlighted in studies by Barrett et al., in which Se/engp KO mice were placed on an
azoxymethane/dextran sodium sulfate (AOM/DSS) protocol to induce inflammatory
carcinogenesis in the colon (Barrett, et al., 2015). Here, heterozygous Seflenop loss
augmented tumor number, size, and proliferation, while Se/enop null mice were relatively
protected from tumorigenesis and displayed smaller tumors with elevated DNA damage and
increased apoptosis.

Due to its roles in Se transport, SELENOP is crucial for formation of other SePs, which may
further affect net antioxidant function. Therefore, it can be difficult to determine whether the
protumorigenic effects observed with SELENOP reduction are truly specific to SELENOP,
or instead driven by loss of other selenium-containing proteins. This question was addressed
by utilizing two additional mutant mouse models of SELENOP which express modified
genes deficient in either the transport or antioxidant functions (Hill et al., 2007; Kurokawa,
et al., 2014b). These studies observed increased tumor numbers with loss of either domain,
similar to the results with the heterozygous mice. Interestingly, not only do these results
suggest that both antioxidant and transport capabilities functionally contribute to
tumorigenesis, but suggest that it is their combined loss which increases oxidative stress to
the point of cytotoxicity. Thus, it seems that moderate, but not complete, loss of SELENOP
and antioxidant capability is the most detrimental, which further highlights a potential bi-
modal effect of SePs and oxidative stress.

While much of SELENOP’s effect on tumor development has been attributed to increased
oxidative DNA damage, it can also mediate microenvironmental changes which can further
influence tumor cell growth. For example, SELENOP has been found to modify cytokine
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production, and SELENOP knockdown in the HepG2 hepatoma cell line induced expression
of the pro-inflammatory cytokine TNF-a (Yi et al., 2003). Overexpression of SELENOP
attenuates TGF-p-mediated transition of fibroblasts to myofibroblasts and reduces their
secretion of HGF, VEGF, and IL-6, which can induce tumor cell invasion (Cat et al., 2006).
Interestingly, local SELENOP expression is regulated by inflammatory cytokines, as TGF-B,
IL-1B, TNF-a, and IFN-y inhibit SELENOP transcription, while IL-10 induces expression
(Bosschaerts et al., 2008; Mostert et al., 1999; Speckmann et al., 2010). SELENOP can also
contribute to a protumorigenic microenvironment through altering macrophage polarization
and function. Gene expression analysis has determined that SELENOP s one of the most
upregulated genes in the M2 macrophage phenotype, which are widely believed to be more
pro-tumorigenic than their classically activated M1 counterparts (Bosschaerts, et al., 2008;
Solinas et al., 2010). Indeed, macrophages from Sefenop heterozygous mice show altered
macrophage polarization both /in vivo and invitro and show enhanced macrophage migration
in tumors from AOM/DSS treated mice (Barrett, et al., 2015).

In order to take up extracellular SELENOP, cells rely on two known receptors which are
differentially expressed based on tissue type. In tissues such as the brain and testes,
SELENOP is taken up by apoER2-mediated endocytosis, although in other tissues such as
the kidney, the primary SELENOP receptor is megalin. Both receptors are members of the
lipoprotein receptor (LRP) family (Burk et al., 2007; Hill, et al., 2007; Olson et al., 2007).
However, it is important to note that these receptors are not specific to SELENOP, and each
has additional functions that may impact tumor growth. ApoER2, for example, is known to
regulate cell motility through interactions with Reelin and Cdc42 (Leemhuis and Bock,
2011), and its knockdown inhibits cell migration in pancreatic cancer cells (Sato et al.,
2006). Likewise, megalin is increased in some cancer types such as cerebral lymphomas and
melanomas, and in these cases its loss decreases tumor cell proliferation and survival
(Andersen et al., 2015; Pedersen et al., 2010). On the other hand, megalin also mediates
uptake of Vitamin D (which has been associated with a reduced cancer risk),
chemotherapeutic drugs, and drug-sensitizing agents (Christensen and Birn, 2002;
Christensen and Willnow, 1999; Deeb et al., 2007). Thus, it is possible that SELENOP may
further modulate tumorigenic signaling pathways downstream of these receptors by
competitive binding or modifying receptor internalization. Another compelling question is
whether SELENOP can bind to other members of the LRP family, as the p-propeller region
bound by SELENORP is found on all LRP family members (Kurokawa et al., 2014a). This is
especially intriguing in the case of LRP5/6, which functions as the primary receptor for the
morphogen WNT3a which elicits numerous pro-tumorigenic growth responses.
Interestingly, Se deficiency induces WNT pathway activation, and reduced Se/ernop
enhanced expression of WNT targets and stem cell phenotypes in intestinal tumors and
intestinal organoid models, respectively (Barrett, et al., 2015; Kipp et al., 2009). However,
whether these effects are mediated by SELENOP interaction with LRP family receptors has
yet to be addressed.

Peroxidases

The glutathione peroxidase family includes eight members, GPx1-8, and constitute some of
the SePs most thoroughly studied for their contributions to tumorigenesis to-date. These
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proteins catalyze hydroperoxide reduction by using GSH as a reductant, and their
antioxidant capabilities are well established. However, not all GPx family members contain
the selenocysteine residue required for classification as a SeP. In humans, the selenium-
containing GPx family members consist of GPx1, GPx2, GPx3, GPx4, and GPx6, while
GPx5, GPx7, and GPx8 contain a Cys in place of Sec (Brigelius-Flohe and Maiorino, 2013).
While a SeP in humans, murine GPx6 does not contain a Sec, and its restriction to the adult
olfactory system renders its contribution to tumorigenesis unlikely (Dear et al., 1991;
Kryukov et al., 2003). Therefore, for this review we will focus on GPx1-4, although the role
of GPx family proteins in cancer risk and progression are covered in more depth in an
accompanying chapter in this serial.

Of the GPx family members, GPx1 is the most abundant and is widely expressed in the
cytosol and mitochondria of various tissue types (Lubos et al., 2011). While all GPx’s
catalyze peroxide reduction, GPx1 serves as the family prototype as it contains the full
complement of residues for optimal GSH binding (Flohe et al., 2011). As one of the lowest
SePs in the “hierarchy of selenoproteins,” GPx1 is highly responsive to Se levels and its
expression decreases dramatically in the case of Se deficiency or Sec tRNA modification
(Barnes, et al., 2009; Moustafa, et al., 2001). Thus, GPx1 may be one of the SePs most
easily modified by Se supplementation. Indeed, GPx1 expression is decreased in many
tumor types, and multiple studies have suggested a protective role for GPx1 (Lubos, et al.,
2011). For example, overexpression of GPx1 has been found to reduce growth of cancer
cells /n vitroand in vivo, inhibit pro-survival signaling through the AKT pathway, and
attenuate expression of COX2-derived, pro-inflammatory mediators (Capdevila et al., 1995;
Handy et al., 2009; Liu et al., 2004; Nasr et al., 2004). On the other hand, studies using
mouse models of skin cancer have found that GPx1 overexpressing mice had higher tumor
numbers and tumor growth rate, and GPx1 expression has been linked to resistance to
chemotherapy and radiation (Gan et al., 2014; Lu et al., 1997; Yang et al., 2015).
Interestingly, it is possible that this disparity can be attributed to a further complication of
oxidative stress in tumorigenesis (Figure 1B). Indeed, established tumors often have higher
levels of basal oxidative stress, and in this case SeP expression can enhance protection from
ROS-based apoptosis. Thus, the cumulative effect of GPx1 expression in cancer is not yet
clear.

In contrast to GPx1, glutathione peroxidase 2 (GPx2) shows a more localized expression
pattern and is most highly expressed in the proliferative crypt compartment of the intestinal
epithelium (Florian et al., 2010). Like GPx1, it too appears to have an anti-inflammatory role
and can reduce expression of pro-inflammatory cytokines (Banning et al., 2008a).
Furthermore, GPx1 and GPx2 appear to synergize, as mice that lack both GPx1 and GPx2
develop ileocolitis and spontaneous tumorigenesis in the small intestine, despite little
phenotype being observed with loss of either GPx individually (Esworthy et al., 2001).
Interestingly, tumor development was dependent on inflammation driven by interactions
with pathogenic microflora, as germ-free mice remained tumor-free (Chu et al., 2004).
Placing GPx2 null mice on an inflammatory carcinogenesis protocol also determined that
GPx2 null mice had more severe inflammation as well as higher tumor incidence in the
colon (Krehl et al., 2012), overall indicating a protective role for GPx2 in colitis and colitis-
associated tumorigenesis. However, the effect of GPx2 in non-inflammatory driven cancers
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appears to be the opposite. GPx2 is often found to be overexpressed in sporadic (i.e. non-
hereditary and non-inflammatory) colon cancers as well as cancers from the esophagus and
liver, and it appears to promote carcinogenesis in this context (Florian et al., 2001; Lei et al.,
2016; Suzuki et al., 2013). GPx2 null mice had decreased ACF formation after AOM
treatment, and its knockdown has been shown to decrease growth of HT-29 colon cancer
xenografts, patient-derived colon tumor spheroids, and castration-resistant prostate cancer
cells (Banning et al., 2008b; Emmink et al., 2014; Muller et al., 2013; Naiki et al., 2014).

While the roles of GPx1 and GPx2 in tumorigenesis appear to be tissue- or context-specific,
perhaps the GPx which most clearly functions as a tumor-suppressor is the extracellular
family member, GPx3. This GPx is most highly expressed in the kidneys and secreted
extracellularly into the plasma, although expression can also be detected in other tissue types
(Avissar et al., 1994; Whitin et al., 2002). In tumor cells, GPx3 is a frequent target of
hypermethylation, and its downregulation and/or methylation is associated with poorer
prognosis and chemotherapeutic resistance in a wide range of cancer types (Falck et al.,
2010; Pelosof et al., 2016; Yu et al., 2007). Functionally, GPx3 overexpression has been
reported to decrease anchorage-independent growth, xenograft size, and metastasis of
prostate cancer cells (Yu, et al., 2007). Interestingly, these authors also report
downregulation of c-Met, a tyrosine kinase receptor which mediates signaling downstream
of hepatic growth factor (HGF) signaling. Other studies have also determined that GPx3’s
anti-tumorigenic function may be through direct interaction with p53-induced gene 3
(P1G3), a p53 target gene which regulates cell death following DNA damage (Wang et al.,
2012). In vivo, GPx3 maintained these tumor suppressive functions in the TRAMP model of
prostate cancer and the AOM/DSS inflammatory carcinogenesis model of the colon, and in
both cases Gpx3null mice displayed greater tumor number (Barrett et al., 2013; Chang et
al., 2016). It is worth noting, however, that knockdown of GPX3in an established colon
cancer line, CaCo-2, both induced apoptosis (in the context of H,0,) and decreased growth
in soft agar, supporting a pro-tumorigenic role for GPx3 in these cells (Barrett, et al., 2013).
Interestingly, CaCo-2 cells may be an outlier as they express a mutated form of p53, which
may interfere with signaling through PIG3.

GPx4 is unigue among SePs due to its localization to cellular membranes where it inhibits
lipid peroxidation (Maiorino et al., 1991; Ursini et al., 1982). Because of this function, it is
required for cellular homeostasis and its loss cannot be compensated by other members of
the GPx family. Indeed, loss of GPx4 /n vivois not tolerated during development or in the
adult mouse (Yant et al., 2003; Yoo et al., 2012). While conditional GPx4 knockout mice
have been generated, the effects of tissue-specific GPx4 knockout on cancer development
have not yet been reported (Sengupta et al., 2013). However, studies in cell lines have
determined GPx4 may function in a tumor suppressive role, and overexpression reduces
tumor growth in fibrosarcoma and pancreatic cancer cells (Heirman et al., 2006; Liu et al.,
2006). On the other hand, recent years have also seen exciting developments on the role of
GPx4 in a novel non-apoptotic, iron-based cell death pathway known as ferroptosis. In this
context, loss of GPx4 has been shown to render tumor cells more sensitive to ferroptosis-
inducing compounds, and thus may be a target of therapeutic intervention (Yang et al., 2014;
Zhu et al., 2017). Collectively, these results suggest that loss of GPx4 expression
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functionally mediates tumor cell growth, although further research is needed to determine
the full scope of GPx4’s contributions to tumorigenesis.

reductases

In mammals, the thioredoxin reductase (TrxR) family consists of 3 family members:
thioredoxin reductase 1 (TrxR1), thioredoxin reductase 2 (TrxR2), and thioredoxin reductase
3 (TrxR3). While structurally similar, they are broadly distinguished by their differential
expression; TrxR1 is predominantly localizes to the cytosol, TrxR2 to the mitochondria, and
TrxR3 to the testis, although TrxR1 may also be secreted and TrxR3 can be lowly expressed
in other cell types (Soderberg et al., 2000; Su et al., 2005; Sun et al., 2005). Each TrxR
family enzyme contains two redox domains, with the C-terminal position harboring a Sec
required for activity (Gasdaska et al., 1995; Gladyshev et al., 1996; Lee et al., 2000).
Collectively, this group of selenoproteins is responsible for reduction of thioredoxins (Trx),
which are ubiquitous small oxidoreductase enzymes capable of reducing disulfide bonds.
The Trx enzymes are present in all known organisms and critical for redox-mediated
regulation of a wide range of cellular substrates, including ribonuclease reductase,
peroxiredoxins, glucocorticoid receptors, and transcription factors such as AP-1 (Powis et
al., 2000). As TrxRs are the only known reducer of thioredoxins, they are required for Trx
activity and thus indispensable for redox homeostasis. In light of this housekeeping function,
it is perhaps not surprising that the expression of TrxR1 and TrxR2 were not as greatly
reduced in the Sec tRNA transgenic mouse model as SePs such as GPx1 or GPx3, although
their activity is reduced by Se deficiency (Hill et al., 1997; Moustafa, et al., 2001). TrxRs are
also responsive Se supplementation, which increases TrxR protein levels and activity and
augments antioxidant defense mechanisms (Berggren et al., 1999; Miller et al., 2001). While
TrxR is the only reducer of Tr, it is also important to note that TrxR reduces substrates
other than Trx. Interestingly, this includes selenite, selenodiglutathione, and
methylseleninate (Bjornstedt et al., 1992; Gromer and Gross, 2002; Kumar et al., 1992).
Therefore, in addition to being a selenoprotein, TrxR has a critical function in Se
metabolism, supports SeP production, and may globally modify SeP function on
tumorigenesis.

As TrxR expression is critical to maintaining redox balance, it was first hypothesized to
protect against malignant transformation. Indeed, TrxR has been shown to modify many
tumor-suppressive pathways, either alone or as a component of the Trx system. For example,
TrxR1 promotes maturation of p53 and is able to reactivate oxidized, inactive forms of
protein kinase C and PTEN, both of which typically function as tumor suppressors (Kahlos
et al., 2003; Lee et al., 2002; Moos et al., 2003). Furthermore, TrxR family members can
activate protein tyrosine phosphatases and thereby inhibit receptor tyrosine kinase-induced
growth signals, and in this manner TrxR1 has been shown to inhibit Src tyrosine kinase after
activation by H,0, (Shinozaki et al., 2006). TrxR may also inhibit microtubule assembly
and thus abrogate tumor cell migration and invasion (Khan and Luduena, 1991). Finally, the
increase in vascular endothelial growth factor (VEGF) observed after Se depletion is also
associated with TrxR inhibition (Streicher et al., 2004). Therefore, it appears that TrxR can
suppress multiple stages of tumor progression, from initiation to growth, invasion, and
metastasis.
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Surprisingly, in spite of these many tumor-suppressive functions, expression of TrxR family
members are instead increased in a variety of cancers and often correlated with more severe
disease (Lincoln et al., 2003). On one hand, this upregulation is likely due to TrxR induction
by the higher levels of oxidative stress observed in tumor cells, and so does not rule out an
anti-tumorigenic role. Yet studies in cell culture systems widely report that this increase in
TrxR indeed contributes to tumor cell survival. For example, in multiple myeloma cells,
pharmacological inhibition of TrxR with the gold compound, Auranofin, increased ROS-
induced apoptosis, decreased activation of NF-xB, and sensitization to NF-xB based
therapies (Raninga et al., 2015; Raninga et al., 2016). This is in part due to TrxR’s function
as a potent inhibitor of oxidative-stress induced apoptosis via regulation of apoptosis signal-
regulating kinase 1 and other redox-sensitive members of the MAPK pathway (Matsuzawa
and Ichijo, 2008; Rundlof and Arner, 2004). However, even in studies which do not report
widespread apoptosis, TrxR1 loss is often associated with growth arrest, alterations in
morphology, and/or anchorage independent growth (Gan et al., 2005; Yoo et al., 2006). In
one such, Yoo et al. report that TrxR1 was still required for tumorigenesis (Yoo, et al., 2006).
In these experiments, cells with loss of 7rxR1 were much less efficient at forming tumor and
metastasis /7 vivo, and tumors that did form still expressed TrxR1 due to loss of the targeting
construct. In breast cancer cells, TrxR1 appears to mediate the epithelial-to-mesenchymal
transition (EMT), as loss of TrxR1 pushes cells towards an epithelial phenotype while
overexpression enhanced invasion in Boyden chamber assays (Bhatia et al., 2016; Dong et
al., 2016). Together, these results offer strong evidence that TrxR’s primarily function is that
of an oncogene in malignant cells.

Taken together, the effect of TrxR inhibition on tumor cell survival and aggressiveness is so
robust that it is currently considered a candidate for therapeutic targeting. Indeed, a TrxR
inhibitor, motexafin gadolinium (proposed tradename Xcytrin), was recently evaluated in
phase 2 clinical trials for treatment of brain metastases in lung cancer patients. While
preclinical data found success in multiple cancer types, it was ultimately not granted FDA
approval as it did not offer a significant survival benefit (Brachman et al., 2015; Richards
and Mehta, 2007). Gold compounds, such as Auranofin or Aurothioglucose, are other highly
potent and well-characterized inhibitors of TrxR (Kean and Kean, 2008). These compounds
are currently approved for treatment of rheumatoid arthritis, although studies have also
found them to induce apoptosis in a wide variety of cancer cell lines even with fairly low
concentrations (Cox et al., 2008). Interestingly, both motexafin gadolinium and various gold
compounds show little to no adverse effects, which is surprising considering the Trx system
is required for maintaining homeostasis. Thus, the story of pharmacological inhibition of
TrxR in cancer is likely not over, and is discussed more thoroughly in the accompanying
chapter by Elias Arnér. It is also worth noting that a number of approved cancer
pharmaceuticals may derive activity in part by TrxR inhibition. For example, platinum
derivatives, such as cisplatin, and chemotherapeutic alkylating agents have been determined
to inhibit TrxR, which likely accounts for some degree of their cytotoxicity (Arner et al.,
2001; Wang et al., 2008). Taken together, these results suggest that through TrxR activation,
Se supplementation may actually promote tumor cell survival in primary and metastatic
cancers.
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Selenoprotein F

While the above SePs function primarily as cytoplasmic anti-oxidants, a number of SePs
localize to the endoplasmic reticulum (ER) and instead can function as regulators of protein
folding. Such Se-containing proteins include selenoprotein F (SELENOF, also known as
SEP15), type 2 iodothyronine deiodinase (D102), selenoprotein M (SELENOM),
selenoprotein N (SELENON), selenoprotein K (SELENOK), selenoprotein T (SELENOT),
and selenoprotein S (SELENOS) (Davis et al., 2012). While the role of the majority of these
ER-localized SePs in tumorigenesis are still unclear, one, SELENOF, has been reported to
mediate cancer cell growth and development.

SELENOF is a 15kDa thioredoxin-like oxidoreductase which interacts with the ER folding
sensor UDP-glucose:glycoprotein glucosyltransferase in order to mediate quality control of
protein disulfide bonds. While originally described in human T cells, it is also expressed in
numerous epithelial tissues such as the liver and prostate (Gladyshev et al., 1998).
Interestingly, SELENOF is located on a locus of chromosome 1p31 which is often deleted in
human cancers, and SELENOF is downregulated in gastric cancers, mesotheliomas,
hepatocellular carcinomas, prostate cancers, and colorectal cancers (Apostolou et al., 2004;
Irons et al., 2010; Kumaraswamy et al., 2000; Lan et al., 2016). SEL ENOF also harbors two
polymorphic sites at positions 811 (C/T) and 1125 (G/A), with the latter localized to the
SECIS insertion element (Gladyshev, et al., 1998). Thus, the A1125 appears to have lower
Sec incorporation efficiency and is less sensitive to Se levels (Apostolou, et al., 2004). This
particular allele is associated with increased risk of breast and head and neck cancers in
African Americans, although among smokers, those harboring a GG or GA1125 variant
were at higher risk for lung cancer than those with AA1125 (Hu et al., 2001; Jablonska et
al., 2008). SELENOF is a functional homolog of SELENOM (Reeves and Hoffmann, 2009),
which is downregulated in cholangiocarcinoma and low expression is correlated with worse
prognosis (Dai et al., 2016). However, SELENOM’s functional contribution to
tumorigenesis remains largely unknown.

Despite being one of the most recently identified SePs, the effect of SELENOF expression
on tumor growth has been investigated in a number of cancer models. Despite frequent
reports of its reduction in tumor cells and tumor cell lines, these studies uniformly report
that SELENOF loss attenuates pro-tumorigenic phenotypes. Downregulation of SELENOF
in cancer cell lines resulted in upregulation of the cell cycle inhibitors p21 and p27, and lead
to decreased proliferation and growth arrest in colon and liver cancer cells (Bang et al.,
2015a; Irons, et al., 2010; Tsuji et al., 2011). These studies also determined that SELENOF
loss decreased growth in soft-agar and induced aberrant activation of Rho signaling (Bang et
al., 2015b; Irons, et al., 2010; Tsuji, et al., 2011). Colon cancer cells with SELENOF knock-
down were also less likely to form tumors and had a striking decrease in pulmonary
metastases (Irons, et al., 2010). Likewise, Tsuji et. al observed that SELENOF loss
prevented the formation of aberrant crypt foci following AOM injection and induced IFN-y
and STAT1-regulated gene expression (Tsuji et al., 2012). Collectively, these results are
somewhat counterintuitive, as sustained ER stress and abnormal protein folding are often
associated with aggressive features and drug-resistance, and SELENOF KO indeed display
phenotypes attributed to abnormal protein folding (Cubillos-Ruiz et al., 2017; Kasaikina et
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al., 2011). However, these effects on protein folding may be overshadowed by robust
activation of the STAT1 pathway, which induces apoptosis and anti-tumoral immunity. It
also remains possible that effects of SELENOF are tissue specific, as its knockdown in
mesothelioma cells abrogated apoptosis and decreased cell growth induced by treatment
with Se, while loss of SELENOF in lung cancer cells had no discernable effects (Apostolou,
et al., 2004; Irons, et al., 2010). Thus, additional studies are necessary to determine the full
contribution of SELENOF to multiple cancer types.

Considerations and Conclusions

A wealth of data exists correlating levels of Se and/or expression of selenium-containing
proteins with cancer risk and tumor aggressiveness. While these data suggest the effects of
Se on tumor biology can partially be attributed to SePs, mechanistic studies to determine
exactly how these proteins modify tumor growth are still comparatively lacking. In this
review, we have discussed what is known about just a fraction of the SeP family, which were
chosen due to their more established connections to tumor growth. However, a number of
SePs still remain relatively uncharacterized in the context of tumorigenesis, such as
members of the iodothyronine deiodinase family (D101, DIO2, and D103), SELENOK,
SELENOS, and SELENOT. Future studies may identify contributions of these proteins to
oncogenic pathways, as well. It is also worth noting that Se can function through Se-binding
proteins which do not incorporate a selenocysteine. One such protein, selenium-binding
protein 1, has been reported to function as a tumor suppressor, and reduced levels are
correlated with poor clinical outcome in various cancer types (Yang and Diamond, 2013).
SECIS-binding protein 2 is a major component of the selenocysteine insertion machinery,
thus its expression can broadly influence SeP production (Fletcher et al., 2001). While these
proteins are not classified as SePs, their expression or activity may broadly impact
tumorigenesis in a Se-dependent manner.

Overall, tissue-specific and context-specific analysis appears crucial to our understanding of
SeP function in cancer progression. Many SePs, such as GPx1 and TrxR1, are widely
expressed across cell and tissue types, while SELENOP and GPx3 are secreted into the
plasma. Thus, these proteins can affect numerous cell types, although research suggests not
all are influenced equally. For example, GPx1 overexpression in a mouse model of skin
cancer found increased tumor growth, yet reduced tumor growth was observed in the context
of pancreatic cancer. Knockdown of SELENOF induced apoptosis in mesothelioma cells yet
had no effect on growth of lung cancer cells. As pathology, aggressiveness, and oncogenic
drivers can vary across tissues, and even across molecular subtypes of the same cancer, the
analysis of tissue-specific contributions will greatly aid our understanding of SePs’ role in
carcinogenesis. Further testing will also need to address disparities in the context of
alternative molecular drivers and mutagenic alterations. For example, the broad tumor
suppressive abilities of GPx3 were lost in the context of p53 mutation (Barrett, et al., 2013).
However, the effect of p53 mutation on the pro-apoptotic function of other SePs remains
unclear.

Collectively, these data suggest that SePs are potent modifiers of tumorigenesis, although
their action can vary greatly. Numerous epidemiological, in vitro, and in vivo studies are in
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agreement that SePs can inhibit tumor development by abrogating oxidative insults and
mutagenesis, particularly in the context of inflammatory-driven cancers. However, in a
tumor cell with higher basal levels of oxidative injury, this SeP activity can render tumor
cells resistant to apoptosis and even chemotherapeutic intervention. Furthermore, while
linked by the presence of a Sec, SePs are quite varied in their structure and function, and can
individually influence numerous oncogenic pathways, such as MAPK, AKT, VEGF, and c-
Met (Figure 2). Thus, Se supplementation remains an area of considerable debate, as global
modification of selenium-containing proteins may not always be beneficial, and indeed it
may be harmful in established tumors. Much work remains to be done to define the precise
biologic mechanisms by which individual SePs influence oncogenic programs, taking into
account molecular drivers, tissue types, and tumor stage. Once delineated, this knowledge
could be overlaid with patient-specific characteristics, such as tissue Se status, SeP levels in
target organs, and the presence of genetic polymorphisms in individual SePs (Figure 3).
Ultimately, this could determine the benefit of Se supplementation for individual disease
prevention and treatment, and while complex, provide enormous benefit for human health.
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