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Abstract

Cancer survival is largely impacted by the dissemination of cancer cells from the original tumor 

site to secondary tissues or organs through metastasis. Targets for anti-metastatic therapies have 

recently become a focus of research, but progress will require a better understanding of the 

molecular mechanisms driving metastasis. Selenoproteins play important roles in many of the 

cellular activities underlying metastasis including cell adhesion, matrix degradation and migration, 

invasion into the blood and extravasation into secondary tissues, and subsequent proliferation into 

metastatic tumors along with the angiogenesis required for growth. In this review the roles 

identified for different selenoproteins in these steps and how they may promote or inhibit 

metastatic cancers is discussed. These roles include selenoenzyme modulation of redox tone and 

detoxification of reactive oxygen species, calcium homeostasis and unfolded protein responses 

regulated by endoplasmic reticulum selenoproteins, and the multiple physiological responses 

influenced by other selenoproteins.
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1. Introduction

Cancer treatment approaches have conventionally focused on reducing cancer cell 

proliferation or ‘shrinking tumors’. However, cancer patients most often die not from 

primary tumors but from metastasis, which involves the spread of cancer from primary sites 

to other tissues and accounts for greater than 90% of overall patient mortality (Gupta and 

Massague, 2006). Shrinking tumors is, of course, clinically important and represents one 

way to limit metastasis and thereby increase survival, but developing drugs that target other 

steps of the metastatic process can provide additional weapons to reduce cancer deaths. 

While such efforts have produced limited results thus far in generating effective treatments 

(Weber, 2013), researchers should not be deterred from delving deeply into the molecular 

underpinnings of metastasis so that targets can be identified and therapies pursued. The 

selenoprotein family is comprised of a diverse group of member proteins that may represent 

valuable targets for anti-metastatic drugs. Some selenoproteins are well characterized 

enzymes while others may play non-enzymatic roles (Reeves and Hoffmann, 2009). The 
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cellular activities regulated by selenoproteins involving redox reactions, calcium 

homeostasis, and stress mitigation suggest that many are functionally integrated into the 

steps of metastasis, and also suggests that these proteins may be targeted for effective new 

anti-cancer therapies. This review will describe what is known to date regarding the role of 

selenoproteins in metastasis.

2. Metastasis

Metastasis is a term to describe a set of biological steps promoting the dissemination of 

transformed cells from their original tissue to other sites in the body and the subsequent 

outgrowth of secondary tumors. As shown in Figure 1, the main steps can be partitioned into 

the following: (1) local invasion of primary tumor cells through adjacent extracellular matrix 

(ECM), (2) intravasation into blood vessels or entry into lymphatic vessels, (3) survival 

during transit, (4) arrest at basement membrane of distant organ sites, (5) extravasation into 

parenchyma or entry into draining lymph nodes, (6) survival in an unfamiliar 

microenvironment, and (7) reestablishment of programs associated with proliferation 

including angiogenesis.

2.1 Local invasion

Local invasion involves the entry of cancer cells originating from the defined area of the 

primary tumor into adjacent normal tissue. An essential component characterizing local 

invasion is the ability of carcinoma cells to breach the basement membrane (BM), which is a 

specialized ECM component that organizes epithelial tissue. The organized structure of the 

BM acts as an inherent barrier to invasiveness that metastatic cancer cells must surmount. In 

fact, loss of expression of ECM proteins, such as type IV collagen, enhances cancer cell 

invasiveness in colorectal cancer (Ikeda et al., 2006). In general, active proteolysis 

performed by matrix metalloproteinases (MMPs) is a major contributor to the loss of the BM 

barrier, leading to invasion into adjacent tissue. MMPs are also implicated in other steps in 

the metastatic process, including intravasation and angiogenesis, and may be more relevant 

in the context of overall metastasis in those later steps (Stamenkovic, 2000). In addition to 

organizing epithelial tissue, the ECM contains a repository of growth factors that can be 

liberated via MMP actions, which can then be utilized by the carcinoma cells during 

invasion (Mott and Werb, 2004).

2.2 Intravasation

Intravasation is characterized by local invasion of the carcinoma cells into the lumina of 

lymph or blood vessels. At the location of intravasation, tumor cells make contact with 

endothelial cells via complex interactions involving proteins, lipids and carbohydrates. For 

example, interactions between a complex of glycosphingolipids (GSLs) and α2β1 integrin 

receptors was shown to be responsible for metastatic behavior of C4–2B prostate cancer 

cells (Van Slambrouck et al., 2014). The mechanism of intravasation is also likely to be 

dependent on the formation of new blood vessels (neoangiogenesis) via the action of 

vascular endothelial growth factors (VEGF). Compared to normal vasculature, the new 

blood vessels originating from carcinoma cells are ‘leaky’ and dynamic (Tong et al., 2004). 

Many mediators driving these early stage vasculature dynamics originate from the cancer 
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cells themselves. For example, cyclooxygenase-2 (COX-2) is expressed in 40% of human 

breast cancer and mediates production of prostaglandins, thereby promoting breast cancer 

metastasis to bone (Singh et al., 2007).

2.3 Survival in vasculature, extravasation and formation of micrometastases

After carcinoma cells have undergone intravasation into blood vessels, they have the ability 

to disseminate throughout the body and may now be considered circulating tumor cells 

(CTC). Alternatively, they may enter lymphatic vessels and travel to draining lymph nodes. 

In order for CTCs to survive in hematogenous circulation they must overcome a number of 

stresses including absence of anchorage, hemodynamic shear forces, and immune 

surveillance. In the absence of adhesion to the ECM, epithelial cells normally undergo a type 

of apoptosis referred to as anoikis (Guo and Giancotti, 2004). Mutations involving genes that 

regulate apoptosis and/or anoikis that promote survival would presumably enhance 

metastasis. For example, transfection of the anti-apoptotic protein Bcl-xL into human breast 

cancer cell line MDA-MB-435 increased their metastatic ability in mice (Fernandez et al., 

2000).

Given that the average size of carcinoma cells is 20–30 μm and the luminal diameter of 

capillaries is approximately 8 μm, the cells must often squeeze through these spaces and 

CTCs eventually become trapped in various capillary beds. At this point CTCs can penetrate 

endothelial cells and migrate into new stromal microenvironment distal from the original 

tumor site (extravasation). Unlike the tumor-associated blood vessels available during 

intravasation, the vasculature at the site of extravasation is not ‘leaky’ and therefore 

additional mechanisms must be activated for the CTCs to induce permeability and 

extravasate. One example is neuropilin-2 (NRP-2), which is a receptor for VEGF and other 

growth factors that interacts with α5 integrin on endothelial cells to mediate extravasation in 

zebrafish and murine xenograft models of clear cell renal cell carcinoma (RCC) and 

pancreatic adenocarcinoma (Cao et al., 2013). Furthermore, angiopoietin-like 4 (Angptl4), 

epidermal growth factor (EGF) family member Epiregulin (EREG), COX-2, MMP-1 and 

MMP-2 disrupt endothelial cell-cell junctions in breast cancer cells in the lungs (Gupta et 

al., 2007). Similar to the primary tumors, the promotion of angiogenesis in secondary tumors 

influences the final stages of metastasis and affects patient outcome.

3. Dietary selenium and selenium supplementation

Before discussing selenoproteins, one must first consider what is known about selenium 

metabolism and metastasis. This is because the biological effects of dietary selenium are 

largely exerted through the incorporation of this element into selenoproteins as 

selenocysteine, but when it comes to cancer biology the intermediates of selenium 

metabolism can play significant roles (Jackson and Combs, 2012; Rayman, 2005). The 

notion that selenium metabolites affect carcinogenesis and tumor progression is supported 

by the observation that effective doses for anti-cancer effects are substantially greater than 

those required for maximal selenoprotein expression. In fact, selenium metabolites may in 

some cases assert effects on signaling pathways in cancer cells that are opposed to the 

actions of certain redox regulating selenoproteins (Gopalakrishna and Gundimeda, 2001). 
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Thus, it is important to consider the effects of various selenium metabolites separately from 

the actions of selenoproteins when analyzing how dietary selenium influences cancer 

biology and metastasis. Extensive reviews have been published describing how different 

forms of selenium may impact carcinogenesis, tumor proliferation, angiogenesis, and 

metastasis (Bera et al., 2013; Brigelius-Flohe, 2008; Chen et al., 2013b; Jackson and Combs, 

2012), but there are some key issues worthy of discussion herein. First, it is important to 

note that data pertaining to selenium and metastasis in patients is scarce, and most of what is 

known has been obtained through mouse models and cell culture studies. Most of these data 

suggest that the form of selenium ingested and the type of metabolites they generate 

influence metastasis differently. One example is the finding that dietary supplementation 

with methylseleninic acid reduced spontaneous metastasis of Lewis lung carcinoma (LLC) 

in mice while supplementation with selenomethionine was ineffective (Yan and DeMars, 

2012). Selenomethionine is more readily metabolized to hydrogen selenide on its way to 

supporting selenoprotein synthesis, while methylseleninic acid generates the bioactive 

methylselenol. There are also differences in how these selenocompounds affect redox status 

and reactive oxygen species, which both can affect the proliferation and metastatic 

properties of cancer cells. Using the same LLC model, the anti-metastatic effects of 

methylseleninic acid were abrogated by feeding the mice a high fat diet (Yan and Combs, 

2014), suggesting adipose-derived inflammatory mediators can impinge upon the effector 

mechanisms of selenium metabolites regarding cancer cell movement in vivo. These results 

suggest that obesity and chronic inflammatory conditions must be taken into consideration 

when investigating the effects of dietary selenium and metastasis.

In a metastasis model utilizing B16BL6 murine melanoma cells injected i.v. in C57BL/6 

mice followed by analyses of tumors formed in the lung, both selenite and selenomethionine 

supplemented at high levels (2.5 and 5.0 ppm Se) were found to inhibit tumor size in the 

lungs, with selenite exhibiting a more effective reduction of lung tumor formation (Yan et 

al., 1999). However, the high levels of selenium supplementation and model used in these 

studies may not reflect physiological effects of selenium on actual tumor metastasis. This 

same group found other forms of supplementation such as selenium containing soy protein 

was effective in reducing pulmonary metastasis of melanoma in mice (Li et al., 2004; Yan et 

al., 1997). A different model involving mice fed either selenium deficient or adequate diets 

(0.01 and 0.08 ppm Se, respectively) or diets supplemented with selenite (0.4 ppm Se), 

selenomethionine (3 ppm Se), or methylesleneninic acid (3 ppm Se) were examined for 

metastasis using mammary gland inoculation of 4T1.2 murine breast cancer cells into 

mammary tissue followed by tumor size analyses in secondary organs (Chen et al., 2013a). 

While no differences were found between selenium deficient and adequate dietary groups, 

reduction of metastases to some organs was found with selenomethionine or 

methylesleneninic acid, but selenite appeared to increase tumors in secondary tissues. Since 

the molar levels of selenium were not equivalent and bioavailability of selenium from each is 

different, it is difficult to compare these supplemented forms. However, the lack of 

differences between selenium deficient and adequate diets suggests that subtle, 

physiologically relevant differences in selenium intake may not have strong effects. Also, the 

variability in secondary tumor formation in supplemented groups also does not provide 

conclusive results regarding how selenium metabolites affect metastasis. In another study 
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involving the 4T1.2 breast cancer model, selenium enriched Lactobacillus brevis was found 

to reduce secondary tumor formation in the liver (Yazdi et al., 2013). The bioavailable levels 

from different bioactive forms of selenium leading to these results were not determined, but 

these results are consistent with the general notion that selenium supplementation can affect 

metastasis.

A number of studies have focused on how selenium compounds affect different steps of the 

metastatic process such as detachment of cells from the extracellular matrix or tumor tissue, 

degradation of extracellular matrix and migration, invasion into the blood and extravasation 

into secondary tissues, and subsequent proliferation into metastatic tumors. For example, in 

vitro studies using a human fibrosarcoma cell line, HT1080, showed that supplementation 

with selenite, but not selenite, decreased the invasiveness due to inhibition of cell-matrix 

interactions and alteration of protease expression involved in matrix degradation (Yoon et 

al., 2001). Methylseleninic acid and methylselenol also were found to affect the expression 

profile of matrix metalloproteinases (MMPs) along with their inhibitors in HT1080 cell 

studies that resulted in decreased invasiveness (Park et al., 2007; Zeng et al., 2006). Another 

research group examined the effects of methylselenol generated from selenomethionine on 

cell proliferation, adhesion, and expression of integrins in murine melanoma B16F10 cells, 

which are metastatic in the lungs of syngeneic C57BL/6J mice (Kim et al., 2007). Treatment 

with both selenomethionine and the enzyme that converts it to methylselenol, methioninase, 

led to reduced integrin expression and inhibited melanoma-ECM adhesion. This detachment 

led to increased apoptosis and the approach used suggests that the anti-cancer effects of 

selenium supplementation can be enhanced by therapeutic manipulation of factors that 

regulate certain metabolic steps. Migration of melanoma cells was also decreased by selenite 

treatment by decreasing IL-18 gene and protein expression, which was utilized by the cells 

to promote migration (Song et al., 2011).

As these studies demonstrate, the relationship between dietary selenium and metastasis is 

quite complex. The physiology underlying how selenium status affects the stages of tumor 

development, metastasis, and clinical outcome depends on the type of cancer, the form of 

selenium ingested and its interaction with several patient factors such as inflammatory 

conditions and others. The use of pharmacological levels of selenocompounds for therapy 

appears to show promise based on mouse models and cell studies. However, results from 

clinical trials and the wide variety of tissues affected by using high doses of 

selenocompounds to reduce tumor progression and metastasis do not provide a clear picture 

of how this therapeutic approach may be optimally utilized. This has led many researchers to 

turn their attention to better understanding roles that individual selenoproteins may play in 

cancer metastasis. Selenoproteins may serve as more selective targets for controlling certain 

steps of cancer progression and metastasis. In addition, underlying genetic factors that 

influence selenoproteins levels or functions may affect cancer in concert with or independent 

of dietary selenium intake. The remainder of this review will summarize issues regarding 

how different selenoproteins may be involved with metastasis.
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4. Thioredoxin reductases and redox tone

As primary cells of various types transform and develop into aggressive malignant cells, 

their energy demands and redox tone are altered (Cairns et al., 2011). As discussed above, 

selenium metabolites may influence redox cycling in different ways, and for the most part 

the selenoproteins function to tip redox balance toward a reductive state. As described in 

Chapter 9 of this series and in other published work (Arner, 2009), one selenoprotein 

subfamily that plays a key role in redox adjustment during tumor progression is the 

thioredoxin reductases (TXNRDs). TXNRD1 is localized to the cytosol and nucleus and 

represents the best characterized member of the subfamily in regards to cancer. TXNRD2 is 

localized to the mitochondria in most cells and TXNRD3 is mainly expressed in sperm 

during maturation. All three TXNRDs utilize NADPH as an electron donor to regenerate 

reduced thioredoxin in cells and thus increase reducing capacity (Mustacich and Powis, 

2000).

The essential role for TXNRD1 and 2 in development are evident by the fact that deletion of 

either in mice results in embryonic lethality (Conrad et al., 2004; Jakupoglu et al., 2005). As 

is the case with many proteins important for development, the TXNRDs are upregulated in 

many types of cancer. The best example is TXNRD1, which is overexpressed in a variety of 

malignant cells compared to normal tissue of the same region and with progression toward a 

metastatic phenotype (Selenius et al., 2010). Microarray and immunohistochemical analyses 

found that increased TXNRD1 expression correlated with regional lymph node metastasis 

and clinical stage in 50 patients with oral squamous cell carcinoma (Iwasawa et al., 2011). 

Mice injected with mouse lung carcinoma cells in which RNAi was used to reduce 

TXNRD1 expression showed a dramatic reduction in tumor progression and metastasis 

compared with those mice injected with control cells (Yoo et al., 2006). While much has 

been uncovered regarding the role of TXNRD1 in steps of carcinogenesis and tumor 

formation (Schmidt and Arnier, 2016), limited information is available on its specific roles 

in metastasis. One exception to this is the demonstrated importance of TXNRD1 in 

angiogenesis during the metastatic process. Reduced expression of TXNRD1 or treatment 

with reagents that target the TXNRD members exhibit antiangiogenic properties (Xie et al., 

2016a). A pro-invasive role for TXNRD1 was shown in breast cancer studies using MDA-

MB-231 cells and meta-analysis of 25 gene array studies with 5910 patients showed that 

thioredoxin-1 and TXNRD1 were both associated with a poor patient prognosis in terms of 

overall survival, distant metastasis free survival and disease free survival (Bhatia et al., 

2016). This is consistent with data showing levels of this enzyme in serum as measured by 

ELISA correlated with prostate cancer metastasis risk (Zhang et al., 2015) and TXNRD1 

levels measured by histological analyses correlating with gallbladder carcinoma invasiveness 

risk (Nagano et al., 2012). Also, metastasis of salivary adenoid cystic carcinoma correlated 

with increased thioredoxin and TXNRD1 and a TXNRD1 inhibitor, BBSKE, reduced 

metastatic potential by limiting EMT in a xenograft mouse model (Jiang et al., 2015). EMT 

via anchorage independent growth properties of mouse lung carcinoma (LLC1) cells in vitro 

and in mice injected with these cells was reduced using RNAi techniques targeting 

TXNRD1 (Yoo, et al., 2006). In fact, EMT has become a focus of TXNRD1 inhibitors as a 

potential therapeutic strategy for reducing metastasis (Durand and Storz, 2017). TXNRD2 
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has been less studied, but this selenoenzyme was upregulated in metastatic osteosarcoma and 

the TXNRD inhibitor, auranofin, was found to reduce metastasis to pulmonary tissues 

(Topkas et al., 2016). Prostate cancer patients carrying a TXNRD2 single nucleotide 

polymorphism (rs1005873) had a higher risk of cancer aggressiveness (Xie et al., 2016b), 

although the functional significance of this polymorphism was not determined. Thus, both 

TXNRD1 and 2 may not only serve as prognostic biomarkers for metastasis but as 

therapeutic targets for reducing metastatic capacity for a variety of cancers by limiting 

multiple steps including EMT, angiogenesis, as well as the redox dependent survival of these 

cells during the metastatic process.

5. GPX and ROS regulation

While TXNRDs appear to mainly serve a pro-metastasis role as described above, the 

relationship between the glutathione peroxidases (GPXs) and metastasis is more dependent 

on the member of the GPX family being considered. All GPX enzymes utilize glutathione 

that is oxidized to glutathione disulphide (GSSG) in the process of reducing hydroperoxides 

(Brigelius-Flohe and Maiorino, 2013). Hydroperoxides are non-radical reactive oxygen 

species (ROS) generated in cells that in some cases can diffuse to extracellular spaces and 

possibly back into cells (Finkel, 2003). Hydrogen peroxide (H2O2) and lipid hydroperoxides 

are reduced by GPX1–3 and 4, respectively, along with other antioxidant systems such as 

peroxiredoxins and catalase. This detoxification process serves to reduce damage these ROS 

may cause in cells and the extracellular matrix but also regulates the signaling functions of 

these secondary messengers as well. The signaling roles hydroperoxides, particularly H2O2, 

play in non-cancer cells can be exploited during the transformation of primary cells to 

cancer cells and subsequent development into metastatic tumor cells (Liou and Storz, 2010; 

Storz, 2005; Wu, 2006). In some cases, GPX loss-of-function may lead to increased ROS 

that may promote the metastatic potential of tumors. This was clearly demonstrated in 

studies showing that the treatment of carcinoma cells with H2O2 prior to intravenous 

injection into mice enhanced metastasis (Kundu et al., 1995). This may reflect a particularly 

important role for extracellular ROS in promoting metastasis, and the enzyme that regulates 

levels of H2O2 in the extracellular space is the secreted GPX3 enzyme. In human thyroid 

cancer, methylation of the GPX3 gene and reduced GPX3 protein levels were correlated 

with tumor size and lymph node metastasis (Zhao et al., 2015). Wnt signaling was inhibited 

by overexpressing GPX3 in TPC-1 and FTC133 cells, suggesting that these cells utilize 

secreted GPX3 to regulate extracellular H2O2 levels and this regulates cellular function. 

There are other examples of both methylation of the GPX3 gene and reduced GPX3 protein 

being associated with metastatic potential including studies involving prostate cancer (Yu et 

al., 2007), hepatocellular carcinoma (Cao et al., 2015), gastric carcinoma (Peng et al., 2012), 

as well as a cervical cancer study in which downregulation of GPX3 was associated with 

lymph node metastasis and prognosis (Zhang, et al., 2015).

An elevation in bioavailable extracellular H2O2 may facilitate cancer cells during various 

stages of the metastatic process, but since this ROS can diffuse through the plasma 

membrane, it is likely intracellular GPX enzymes, such as GPX1, 2 and 4, are involved as 

well. In contrast to secreted GPX3, loss-of-function of these intracellular GPXs is in some 

cases associated with decreased metastatic potential. Perhaps the best example is GPX2, 
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which is highly expressed in gastrointestinal tissues and mostly examined in the context of 

colorectal cancer due to its upregulation in intestinal adenomas and in colon tumors (Florian 

et al., 2001). In a study using patient-derived colonosphere cultures, GPX2 silencing caused 

accumulation of reactive oxygen species, sensitization to H2O2-induced apoptosis, and 

strongly reduced metastases from primary tumors in the spleen to secondary tumors in the 

liver (Emmink et al., 2014). These cancer cells rely on GPX2 to keep ROS at optimal levels 

for metastatic capacity. GPX2 expression may be induced through NF-E2-related factor-2 

(Nrf2) or through transcription factors of the signal transducers and activators of 

transcription (STAT) family (Emmink, et al., 2014). Interestingly, GPX2 loss generated a 

population of stem-like cancer cells, suggesting that GPX2 and ROS play important roles 

during both early and late stages of cancer development. How these regulatory pathways 

operate during progression to metastatic stages of cancer cell development are not 

completely understood, but may offer potential as targets of controlling tumor progression. 

This is highlighted by studies showing more aggressive tumors have higher levels of Nrf2 

compared to less aggressive tumors and this can upregulate expression of both GPX2 and 

TXNRD1 for exploitation of their roles in regulating ROS (Brigelius-Flohe et al., 2012; 

Chen et al., 2010). GPX2 was also found to contribute to metastatic potential in 

hepatocarcinoma (Suzuki et al., 2013). There may be tissue-specific effects of GPX2 

regulating metastasis as demonstrated by findings with non-gastrointestinal or liver cancers 

such as the urothelial carcinoma in which higher risk of metastasis-free survival has been 

associated with lower levels of GPX2 transcripts (Chang et al., 2015).

Even though ROS induced damage and apoptosis need to be controlled through the activity 

of antioxidant enzymes in cancer cells, metastatic cancers still require usable levels of H2O2 

to migrate and invade. This was shown in the HT-29 human colon cancer cell line in which 

stable GPX2 knockdown (not complete knockout) cells exhibited a higher capacity to 

migrate and invade than the GPX2-expressing controls and this was dependent on 

cyclooxygenase-2 (COX-2) (Yoon et al., 2002). Thus, GPX2 and H2O2 levels may need to 

fluctuate depending on the stage of tumor progression for promoting metastasis. So, how 

does H2O2 promote metastasis? Part of the answer may involve MMPs. As described above, 

prior to migration of cancer cells to distal sites they undergo EMT to release themselves 

from the restraint of the basal membrane. During this process, MMPs are upregulated to 

degrade the proteins that compose the basal membrane and are key for the metastatic process 

(Duffy et al., 2000; Nelson et al., 2000), and these enzymes are regulated by ROS at several 

levels. One example is the regulation of the MMP activation state through redox modulation 

of the cysteines in their catalytic domains (Koch et al., 2009; Rajagopalan et al., 1996). In 

addition, MMPs can be regulated transcriptionally by ROS via Ets and AP-1 responsive 

elements present in promoter regions (Nelson et al., 2006). Sustained production of H2O2 

was also shown to influence expression of MMPs through activation of the 

phosphatidylinositol 3-kinase/NF-κB pathway, and this affected cell motility and invasion in 

HT1080 fibrosarcoma cells (Yoon, et al., 2002). Also, in esophageal cancer cell lines EC109 

and EC9706, enhanced GPX1 activity led to higher capacity for invasion and migration 

through enzymes MMP2 and urokinase type plasminogen activator (uPA), which are crucial 

for tumor formation and metastasis (Qian et al., 2010). Consistent with these results are data 

showing a role for selenoprotein expression in macrophages for influencing MMP function 
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through transcriptional regulation of inhibitors of ECM proteolysis (Carlson et al., 2009). 

These inhibitors affected migration of these cells through ECM and may reflect mechanisms 

by which selenoproteins control ROS regulated migration of cancer cells during metastasis, 

although specific roles for GPXs were not addressed in the macrophage study.

GPX1 has largely been studied in relation to carcinogenesis, although transcript levels for 

GPX1 along with other antioxidants have been suggested to have predictive value for 

metastasis (Giesing et al., 2012; Han et al., 2013; Miar et al., 2015; Min et al., 2012). 

Increased GPX1 activity, but not expression levels, was linked to increased vascular invasion 

using a hepatocellular carcinoma cell model (Huang et al., 2012). GPX4 has been found to 

be decreased in many cancer tissues, and GPX4-overexpressing cancer cells have low 

COX-2 activity and tumors derived therefrom are smaller than from control cells and do not 

metastasize (Brigelius-Flohe and Kipp, 2009). Overall, the collective data suggest a 

dependence on increased extracellular H2O2 for metastasis by decreasing GPX3 secretion, 

but the cancer cells themselves may upregulate other GPXs in a tissue-specific manner to 

manage intracellular ROS. In this sense, treatments focused on antioxidant drugs that are 

restricted to the extracellular spaces may prove more effective than those targeting extra- and 

intracellular spaces.

6. Selenoproteins involved in ER stress and calcium flux

Seven of the twenty-five members of the selenoprotein family are localized to the ER, 

including SELENOF, SELENOK, SELENOM, SELENON, SELENOS, SELENOT, and the 

type-2 iodothyronine deiodinase (Shchedrina et al., 2010). While the latter is an enzyme 

regulating thyroid hormone metabolism, the other six have been found to be involved in 

functions such as quality control of protein folding in the ER, retrotranslocation of 

misfolded proteins from the ER to the cytosol, protein palmitoylation at the ER surface, and 

regulation of calcium (Ca2+) homeostasis. Ca2+ flux from the ER and ER stress are 

important for regulating metastasis, which implicates the ER resident selenoproteins 

involved in these cellular processes.

The importance of ER stress generated through the unfolded protein response in regulating 

metastasis is well recognized (Hazari et al., 2016). The ER selenoproteins involved in the 

unfolded protein response within this organelle include SELENOF, SELENOK, and 

SELENOS (Kelly et al., 2009; Labunskyy et al., 2009; Lee et al., 2015). Polymorphisms in 

SELENOS have been linked to increased risk for different cancers (Hart et al., 2011; Shibata 

et al., 2009). SELENOF has been shown to have a pro-tumorigenesis and metastasis role, 

although exactly how it promotes these activities is unclear (Irons et al., 2010; Tsuji et al., 

2015). Altogether, little experimental data are available regarding specific mechanisms 

regulated by these selenoproteins in relation to metastasis. A similar lack of knowledge 

pertains to roles for the ER selenoproteins involved in Ca2+ homeostasis and/or flux, which 

include SELENOK, SELENOM, SELENON, SELENOT (Appenzeller-Herzog and Simmen, 

2016; Grumolato et al., 2008; Reeves et al., 2010; Verma et al., 2011). Direct examination of 

how these family members may influence metastasis through Ca2+ homeostasis or flux from 

the ER is scant. Ca2+ signaling within normal and cancer cells regulates diverse cellular 

functions including proliferation, migration, differentiation and cytokine secretion (Berridge 
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et al., 2003). Store operated Ca2+ entry (SOCE) is a mechanism utilized to release Ca2+ from 

ER stores and activate Ca2+ signaling, and SOCE has been shown to depend on SELENOK 

in immune cells (Verma, et al., 2011). In particular, SELENOK regulates SOCE by 

complexing with the DHHC6 enzyme to promote palmitoylation and stable expression of the 

inositol 1,4,5-triphosphate receptor for efficient SOCE (Fredericks et al., 2014). There is an 

emerging recognition of SOCE as playing a major role in metastasis (Chen et al., 2016; 

Umemura et al., 2014; Xia et al., 2016; Yu et al., 2016), suggesting that SELENOK may 

represent a potential therapeutic target for reducing tumor progression. In fact, ongoing 

studies in our laboratory support this notion and the fact that SELENOK deficient mice 

show no major defects suggest that side-effects of targeted SELENOK inhibition for cancer 

patients may be minimal. The stoichiometry of the SELENOK cofactor and the DHHC6 

enzyme may be important for migrating cancer cells in that overexpression of SELENOK 

was found to inhibit migration of human gastric cancer BGC-823 cells in transwell assays 

(Ben et al., 2015). This was true for full-length SELENOK and not a C-terminally truncated 

version, suggesting an overabundance of the selenocysteine containing SELENOK was 

capable of exerting a dominant negative effect. Overall, there remains a major gap in 

knowledge regarding how the ER selenoproteins may be involved in metastasis and further 

investigation is warranted.

7. Other potential roles for selenoproteins in metastasis

Among all selenoproteins, selenoprotein P (SELENOP) is the only one that contains more 

than one selenocysteine residue per protein with human and rodent SELENOP containing 

ten selenocysteines per molecule. SELENOP is found in the plasma and mainly secreted by 

the liver, although many cell types are capable of expressing and secreting this selenoprotein 

(Schweizer et al., 2016). A main function of SELENOP is transporting selenium to various 

tissues, although the selenocysteine most proximal to the N-terminus has antioxidant 

capacity (Burk and Hill, 2015). In this sense, understanding how SELENOP is related to 

metastasis parallels the discussion above regarding the relationship of dietary selenium to 

metastasis since SELENOP delivers bioactive selenium to tissues. However, because 

different cell types synthesize SELENOP at different levels and its synthesis comes at a 

potential cost to the synthesis of other selenoproteins, there are some additional issues. For 

the most part, tumors themselves exhibit lower levels of SELENOP compared to healthy 

tissues at the same location (Rayman, 2005), but neighbor cells may secrete SELENOP to 

compensate. For example, a recent study in which tumor cell culture media was used to 

differentiate macrophages into a pro-tumor phenotype (M2) revealed that SELENOP was 

upregulated 95-fold at the transcript level (Solinas et al., 2010). Colonocytes from late stage 

colorectal cancer (containing both normal and neoplastic human epithelial cells) had 

increased SELENOP transcript levels compared to early stage and healthy groups (Yajima et 

al., 2007). Whether this led to more secreted SELENOP for use by the tumor cells was not 

determined. However, another study looking directly at prostate cells as they transformed 

into highly metastatic cancer cells found that SELENOP levels decreased (Calvo et al., 

2002). There may be a stronger demand of bioavailable selenium for synthesis of other 

selenoproteins and, since SELENOP consumes 10-fold more selenium than the other 

members of the selenoprotein family, this may mean that synthesis of SELENOP is 
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sacrificed. In this sense, the increased SELENOP in M2 macrophages may offset the loss of 

SELENOP in tumor cells and support metastasis by supplying this in a paracrine manner, 

although this has not been tested experimentally. This may depend also on the location of 

cancer as a study of gastric adenocarcinoma found that SELENOP expression was low in 

cancer tissues compared with control tissues and was related to the degree of gastric 

adenocarcinoma differentiation but not to tumor node metastasis stage (Wang et al., 2009).

The 15 kDa selenoprotein, selenoprotein F (SELENOF; SEP15), has been found to be 

upregulated in a wide variety of cancers and reduced in others (Carlson et al., 2016). 

Regarding metastasis, SELENOF was shown to promote both anchorage-dependent and 

anchorage-independent growth and formation of experimental metastases of mouse colon 

carcinoma CT26 cells (Tsuji, et al., 2015). In contrast to CT26 cells, SELENOF-targeted 

down-regulation in Lewis Lung Carcinoma (LLC1) cells did not affect anchorage-dependent 

or -independent cell growth (Irons, et al., 2010). Thus, the role of SELENOF in facilitating 

steps of metastasis may be tissue specific and this requires further investigation.

The three selenoenzymes regulating thyroid hormone activity include iodothyronine 

deiodinases 1,2, and 3 (DIO1, 2, and 3). DIO1 and 2 convert the prohormone (T4) into 

active hormone (T3), and DIO3 inactivates T3 (Kohrle et al., 2005). Since thyroid hormone 

regulates a wide range of cellular processes, including the balance between proliferation and 

differentiation, it is not surprising that these selenoproteins are involved in cancer 

(Piekielko-Witkowska and Nauman, 2011). DIO3 in particular is reactivated in human 

neoplasias through MAPK and sonic hedgehog pathways (Romitti et al., 2016). However, 

specific roles for the DIO enzymes in metastasis are less clear. Some evidence was presented 

for a potential role of DIO3 in a study involving papillary thyroid carcinoma showing 

increased mRNA levels and activity for this enzyme were correlated with lymph node or 

distant metastasis at diagnosis (Romitti et al., 2012). Data from this study also suggested that 

levels of DIO2 were altered in the opposite direction, although the role in metastasis was not 

clearly determined. Much of what is known regarding DIOs and metastasis has been 

garnered through case studies, and more mechanistic studies interrogating the roles they may 

play in in disease progression through metastatic processes is required.

SELENOH is an oxidoreductase localized to the nucleolus in a variety of tissues that has 

been shown to be involved in p53 pathway activation related to both development and 

carcinogenesis (Cox et al., 2016). There is evidence using the MDA-MB-231 metastatic 

breast cancer cell line that SELENOH is transcriptionally upregulated by the anti-

proliferation and anti-migration protein, delta-lactoferrin (Hoedt et al., 2014). These 

different studies do not clarify how SELENOH may affect metastasis, but redox directed 

transcription regulated by SELENOH is likely to both influence and be influenced by the 

stage of cancer cell progression into aggressive metastatic tumors.

8. Conclusions

There are several cellular activities regulated by selenoproteins related to metastasis and 

poor outcome in cancer patients. These include modulation of redox tone and detoxification 

of ROS by the TXNRDs and GPXs, Ca2+ homeostasis and unfolded protein responses 
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regulated by ER selenoproteins, and the multiple physiological responses influenced by 

other selenoproteins. The tissue-specific expression of different selenoproteins is likely to 

influence particular roles they play during development of different cancers into metastatic 

tumors and the establishment of secondary tumors in various tissues. Also, it is worth noting 

that there are sex-specific mechanisms affecting transcription, alternative splicing, 

translation and post-translational activity of different selenoproteins (Schomburg, 2016). 

Thus, the effects exerted by selenoproteins on the steps of metastasis may differ between 

males and females. Acquiring data from studies in humans has proven difficult, although 

many clues have been obtained through correlative studies. Animal and cell culture model 

systems have emerged as a source of novel insights and this is sure to expand in the future as 

genetic models become more available for the full set of selenoproteins and factors 

regulating their activity. In fact, the exact biological roles for many selenproteins themselves 

are only beginning to emerge. More mechanistic insight is a prerequisite for developing anti-

metastasis therapies focused on modulating selenoproteins, but progress will continue to be 

made toward this goal as our understanding of the biological roles of selenoproteins 

increases.
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Figure 1. 
The metastatic process. Metastases are formed via a multi-step process occurring after an 

initial tumor has been established. During metastasis tumor cells escape their primary site by 

passage through extracellular matrix and intravasation into blood vessels or entry into 

lymphatic vessels. They then translocate via systemic circulatory systems protected by 

platelets (tumor cell embolus, adhesion to basement membrane and extravasation) or they 

travel to draining lymph nodes. Once in distant tissue they proceed through metastatic 

deposit, angiogenesis and growth.
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Figure 2. 
Potential roles for selenoproteins in metastasis. Selenoproteins located in different sites 

within the cell or in extracellular spaces may promote or inhibit malignant cells as they 

progress through the steps or metastasis.
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