

  nutrients-12-02424




nutrients-12-02424







Nutrients 2020, 12(8), 2424; doi:10.3390/nu12082424




Review



The Interaction between Dietary Selenium Intake and Genetics in Determining Cancer Risk and Outcome



Shrinidhi Kadkol and Alan M. Diamond *[image: Orcid]





Department of Pathology, College of Medicine, University of Illinois, Chicago, IL 60612, USA









*



Correspondence: adiamond@uic.edu







Received: 17 July 2020 / Accepted: 7 August 2020 / Published: 12 August 2020



Abstract

:

There is considerable interest in the trace element selenium as a possible cancer chemopreventive dietary component, but supplementation trials have not indicated a clear benefit. Selenium is a critical component of selenium-containing proteins, or selenoproteins. Members of this protein family contain selenium in the form of selenocysteine. Selenocysteine is encoded by an in-frame UGA codon recognized as a selenocysteine codon by a regulatory element, the selenocysteine insertion sequence (SECIS), in the 3′-untranslated region of selenoprotein mRNAs. Epidemiological studies have implicated several selenoprotein genes in cancer risk or outcome based on associations between allelic variations and disease risk or mortality. These polymorphisms can be found in or near the SECIS or in the selenoprotein coding sequence. These variations both function to control protein synthesis and impact the efficiency of protein synthesis in response to the levels of available selenium. Thus, an individual’s genetic makeup and nutritional intake of selenium may interact to predispose them to acquiring cancer or affect cancer progression to lethality.
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1. Introduction


Reports emerging in the 1970s indicated an inverse association between the dietary availability of the essential nutrient selenium and cancer incidence, sparking interest in using selenium for chemoprevention. Further evidence for the chemoprotective effects of selenium came from animal models [1,2]. Providing rodents with non-toxic doses of dietary selenium reduced the incidence of induced tumors, and, strikingly, affected several different tissue types and protected against a variety of different carcinogenic insults. These encouraging results led to the Nutritional Prevention of Cancer Trial (NPCT), which tested whether a supplement of 200 μg of selenium in the form of selenized yeast could reduce the incidence of skin cancers among 1312 participants from the Southeast United States previously determined to have an elevated risk for disease recurrence [3]. In this trial, selenium supplementation did not protect from skin cancer recurrence, but secondary analyses indicated that the selenium-supplemented group had a lower incidence of common cancers, including those of colon, lung, and prostate [4]. These results were not the primary endpoints of the study and there were relatively few cancers of these types among the participants, but the findings were considered encouraging enough to initiate other selenium supplementation trials.



Given the NPCT results, prostate cancer seemed a logical target for supplementation studies. Prostate cancer has a high frequency, and it is difficult to predict its course once diagnosed. Additionally, it is difficult to distinguish benign from malignant prostate cancer; thus, a significant percentage of men undergo unnecessary prostatectomies, making prevention an attractive approach to reduce mortality while sparing those diagnosed with prostate cancer from undergoing unwarranted procedures. For these reasons, the National Cancer Institute initiated the Selenium and Vitamin E Cancer Prevention Trial (SELECT) [5], the largest prostate cancer prevention study to date, with over 35,000 North American male participants aged 50 y or older. The study was designed to evaluate whether vitamin E and selenium in the form of selenomethionine, either individually or together, would be more effective than placebo at reducing prostate cancer. After three years, the trial was ended early in 2004 over concerns of elevated prostate cancer incidence in the vitamin E treatment group and a lack of any perceived benefit in the selenium treatment group [6]. Ancillary studies to SELECT have examined whether other cancer type risks were reduced in the selenium supplemented groups but detected no significant benefits [6]. The contrasting results of retrospective studies and supplementation trials may indicate that selenium could prevent cancer through dietary means but not through supplements.



The putative anticancer effects of selenium are likely mediated by selenoproteins as evidence links the expression levels or coding gene polymorphisms of several of these proteins with cancer incidence or outcome [7,8]. Most selenium-containing proteins contain selenium in the form of selenocysteine, often in active sites where the element participates in redox reactions. There are 25 human selenoproteins in this group, many with known enzymatic functions, but their impact on cellular physiology remains to be established [9]. Of note, the levels of approximately half of these selenoproteins are responsive to selenium availability, making these reasonable candidates for the mechanism of selenium chemoprevention indicated by epidemiological studies. In this review, proteins implicated in cancer etiology and whose levels are regulated by selenium will be discussed (Table 1) and the term selenoproteins will be used to refer only to proteins containing selenocysteine.




2. Selenoproteins and Their Regulation by Selenium Levels


In general, there are many ways to regulate mRNA translation, but there are some that are unique to RNAs encoding selenocysteine-containing proteins. These transcripts contain an in-frame UGA codon which encodes the amino acid selenocysteine [9]. Distinguishing UGA triplets that direct incorporation of selenocysteine from UGA codons that instead signal translation termination is determined by sequences in the 3′-untranslated region (UTR), which when present result in selenocysteine being added to the growing peptide chain [28,29]. This signal is a stem and loop structure called the selenocysteine insertion sequence (SECIS) [30]. The process of selenocysteine synthesis and insertion requires dedicated translational machinery, which although differing in its specific components, is represented in all Life Kingdoms [31]. In mammals, the process begins with the aminoacylation of a selenocysteine tRNA (tRNASerSec) with serine. The serine is then phosphorylated to phosphoserine, and subsequently selenium is added, resulting in a selenocysteine tRNA [32]. Protein synthesis of selenoprotein-encoding mRNAs then proceeds at the ribosome. If a UGA is encountered and there is a SECIS element in the 3′-UTR, selenocysteine is inserted and translation continues until a functional stop codon signals termination [29,33].



Selenoprotein synthesis is also uniquely regulated by selenium levels. Selenium is acquired by cells from the circulation and its intracellular levels influence the availability of specific forms of the tRNASerSec that favor translation of specific selenoprotein subsets. Most tRNAs contain many modified nucleotides, but tRNASerSec contains only six [34]. Among these is the modified nucleotide methylcarboxymethyl-5′-uridine (mcm5U) 3′ of the anticodon at position 34, which can undergo 2′-O-methylation (mcm5Um), with the mcm5U and mcm5Um containing isoacceptors distinguishable by chromatography. The levels of these isoacceptors differ in various cell types and tissues and are responsive to the selenium concentration in tissue culture media or animal diets [35,36]. When selenium is restricted, there is a shorter half-life and relatively higher level of the isoacceptor with the unmethylated residue mcm5U [37]. Using mice genetically engineered to express tRNASerSec unable to be modified to contain mcm5Um, it was determined that the two isoacceptors preferentially participate in the translation of different subsets of selenoproteins. The mcm5U-containing isoacceptor participates in the translation of selenoproteins with housekeeping functions while the mcm5Um-containing isoacceptor facilitates translation of stress response-associated selenoproteins [38]. Consistent with this, replacing the wildtype tRNA with a mutant tRNASerSec lacking two modifications, isopentyladenosine at base 37 and U-methylation at position 34, reduced expression of stress-related selenoproteins in a mouse model [38].



Selenium also regulates selenoprotein translation by controlling access of the SECIS binding protein 2 (SBP2) translation factor to the SECIS, a process required for the recognition of UGA triplets as selenocysteine [39]. Selenium deprivation increases production of the DEAD (Asp-Glu-Ala-Asp)box family RNA helicase eIF4a3, which binds to the SECIS element of stress-related selenoprotein transcripts and blocks their interaction with SBP2, a protein essential for selenoprotein translation [40].




3. Selenium Transport via Selenoprotein P (SELENOP) and Selenoprotein Synthesis


Reduced levels of several of the 25 human selenoproteins are implicated in cancer etiology [33,41,42]. Thus, it is unsurprising that reduced levels of the selenium carrier protein, which delivers selenium to organs to support selenoprotein synthesis, are also linked to greater cancer risk. Selenium delivery to tissues is accomplished via the 60 kDa selenoprotein P (SELENOP) transport protein [43,44]. SELENOP is synthesized in the liver, where two SECIS elements within the 3′-UTR of SELENOP mRNA are required to incorporate selenium in the form of selenocysteine. SELENOP is uniquely able to incorporate up to 10 selenium atoms during synthesis, which are released upon intracellular digestion of the protein, highlighting its significance as a selenium transporter. After being synthesized in the liver, SELENOP is secreted into the blood plasma, where it is transported into cells by Apolipoprotein E Receptor-2 (ApoER2) mediated endocytosis (reviewed in [45,46]) or, in some tissues, the multi-ligand transport receptor megalin [47]. The transport system used in a particular tissue may influence selenium retention, as some organs, such as the brain and testes, which rely on ApoER2 for uptake, are better able to retain selenium in times of deficiency based on studies of rodents kept on a selenium-restricted diet. Upon entry into the cell, SELENOP is degraded by lysosomes resulting in immediate selenium availability for endogenous selenoprotein production. Due to its role in selenium delivery and bioavailability, SELENOP is a useful marker of selenium levels [48,49].



Functional polymorphisms in SELENOP were identified by examining SELENOP levels among a diverse group of participants in the Newcastle Heart Project [50]. Volunteers were genotyped at the SELENOP locus and provided plasma and lymphocyte samples at baseline, after receiving 100 mg sodium selenite per day for six weeks, and after a 6-week washout period. Two functional polymorphisms within the SELENOP gene were identified in this study, one in the coding region at mRNA position 24731 relative to the start codon resulting in either an alanine or threonine (rs3877899), and one (rs7579) located 14 nucleotides downstream of the in-frame UGA codon resulting in G or A variants. The rs3877899 variants were found to affect the amount of SELENOP at baseline and the rs7579 variants to affect SELENOP concentrations following selenium supplementation. As anticipated given the function of SELENOP in selenium transport, there were associations between the SELENOP variants and the levels of several selenoproteins that require selenium for synthesis [50,51]. Among these were selenoproteins associated with protection from oxidative stress, a result supported by a cross-sectional study of oxidative stress markers among New Zealand men [52] and a study of individuals supplemented with selenium-rich Brazil nuts [53]. In addition to affecting the levels of SELENOP, these polymorphisms impacted the distribution between two SELENOP isoforms which differ by approximately 10 kDa [54]. The biological significance of this difference remains to be determined.



Given the functionality of the SELENOP variations and the impact of selenium availability on selenoprotein synthesis, there have been several studies investigating the associations between SELENOP variations and cancer risk. Such associations have been reported for several cancers [7], including those of the colon [10,55,56], breast [57], and prostate [58,59]. In the case of colorectal cancer, the SELENOP genotype was reported to interact with selenium status to impact selenoprotein levels and cancer risk [60]. SELENOP variants also interact with polymorphisms in the SOD2 gene, which encodes another antioxidant protein, MnSOD, to affect prostate cancer risk [61].




4. 3′-UTR Polymorphisms in Other Selenoprotein mRNAs Implicated in Cancer Etiology


Polymorphisms within the 3′-UTR of selenoprotein mRNAs have been implicated in cancer risk or mortality and likely impact UGA recoding in response to selenium levels. The impact of 3′-UTR sequences on the translation efficiency of selenoproteins was experimentally established using reporter constructs specially designed to express an mRNA transcript encoding two easily quantifiable reporters, the lacZ gene that supports the production of β-galactosidase (β-gal) and the gene for firefly luciferase, separated by a UGA codon [62]. Introduction of the construct by transfection into mammalian cells results in the translation of lacZ with termination at the UGA, but if the construct is altered by the addition of a SECIS element 3′ to the coding sequences, readthrough occurs with the luciferase to -gal ratio reflecting readthrough efficiency and serving as a surrogate for selenoprotein synthesis. These and similar constructs established that the SECIS elements of selenoproteins contain the information for recognizing the UGA as selenocysteine and confirmed that the 3′-UTR sequences of selenoprotein mRNAs influence recoding efficiency in response to selenium availability [2,37,63,64]. A recent manuscript has applied this approach to all 25 human selenoprotein SECIS elements [65]. In addition to being the binding site for the selenocysteine-specific elongation factor SBP2 [39,66], SECIS elements can influence selenoprotein synthesis in response to selenium by binding other regulatory proteins [40], binding to miRNAs [67], or affecting selenoprotein mRNA stability [68,69,70,71,72].



Selenoprotein F (SELENOF) (previously referred to as SEP15 [73]) is an example of a selenoprotein where variations in the 3′-UTR of its mRNA affect expression. SELENOF was originally identified as a human T cell 15 kDa protein that was labeled with 75Se and expressed at high levels in several tissues, including the prostate [74,75]. Although the function of SELENOF continues to be investigated, it physically associates with the UDP-glucose:glycoprotein glucosyltransferase (UGTR) in the endoplasmic reticulum (ER) and likely plays an important role in disulfide bond formation and protein quality control in that organelle [76,77,78,79]. 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 the ER-resident protein which functions in proper protein folding, UGTR [76]. The SELENOF gene is polymorphic in the 3′-UTR and determines the recognition of in-frame UGA codons as the amino acid selenocysteine [74]. The polymorphisms at positions 811 and 1125 (rs5845 and rs5859, respectively) 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. Using two different specialized reporter constructs, we have shown that these genetic variations are functional and likely contribute to determining the amount of SELENOF protein made as a function of selenium availability [75,80].



Genetic data have implicated SELENOF in prostate cancer etiology. A genetic interaction between SELENOF and SELENOP polymorphisms (rs3877899, rs7579, as discussed above) impacting prostate cancer risk was identified in a cohort of European men [81]. Additionally, a statistically significant association was found between polymorphisms in SELENOF, plasma selenium levels, and importantly, prostate cancer mortality [82]. In that study, the 811/1125 polymorphism described above exhibited a trend towards association with prostate cancer-specific mortality with a p = 0.10 among a population of self-reported Caucasian men obtained from the Physicians Health Study, where the allele frequency for the at-risk genotype was less than 5%. This is consistent with the low frequency of that SELENOF genotype we previously reported among Caucasians [80]. In contrast, we reported a much higher frequency (31%) of the SELENOF1125AA genotype among African American women [80], and an even higher frequency at 36% was found in a cohort of Chicago-residing African American men [57].



African American men have the highest incidence and mortality from prostate cancer as compared to other racial groups in the US, indicated by a roughly two-fold higher incidence rate and a 2.4-fold greater mortality rate compared to Caucasians [83]. Racially distinct regulation of selenoproteins may play a role in these disparities. Notably, African Americans are reported to have lower selenium levels than Caucasians, as determined by examining selenium in plasma and toenails, which indicate long-term selenium status [57,84,85]. This and the frequency of the SELENOF risk genotype among African Americans may contribute to the racial disparities in prostate cancer and perhaps breast cancer. However, the reasons for the racial disparities in prostate cancer 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 outcomes which, along with environmental modifiers, likely account for the differences observed between African American and Caucasian men [86,87]. There are also other genetic components; it has been known for decades and confirmed by a recent meta-analysis [88] that individuals with a first-degree relative diagnosed with prostate cancer have a much higher risk of getting the disease.



Glutathione peroxidase 4 (GPX4) is another selenoprotein with a 3′-UTR polymorphism implicated in cancer risk or mortality [11,12,55,89]. The relevant polyorphism is a T/C variation at position 718 (rs713041) [13]. GPX4 is an antioxidant enzyme that reduces hydroperoxides within membranes and lipoproteins, acts to prevent the generation of reactive oxygen species (ROS) derived from these peroxides, and, more recently, was found to affect ferroptosis [14,15,16]. The functional role of rs713041 in selenoprotein translation was investigated by quantifying the ability of the different polymorphisms, containing either a C or T at position 718, to support recoding of the UGA codon in the type 1 iodothyronine deiodinase open reading frame when linked to the 3′ end in a reporter construct [17,18]. These constructs were transfected into Caco-2 adenocarcinoma cells, and greater reporter activity was observed in cells expressing the C variant. However, the activity of both reporters decreased significantly when transfected cells were grown in selenium-deficient conditions. Differential binding of an unidentified protein was also reported, with the C-variant binding this protein more tightly [19]. The functionality of these variations was also established in a clinical selenium supplementation trial where volunteers were provided a daily supplement of 100 μg selenium in the form of sodium selenite, and blood samples were analyzed at baseline, at six weeks, and after a washout period [19]. Selenium supplementation increased GPX4 levels and activity, with these GPX4 values falling during the washout phase in TT but not CC participants.



The distribution of this polymorphism and establishment of its association with cancer risk was determined in a study genotyping 546 Scottish participants undergoing colonoscopy [17]. Although the C variant exhibited greater reporter activity in cultured cells, the homozygous CC genotype was more prevalent in the germline of adenocarcinoma patients than in patients presenting with adenomatous polyps or in the control group with no evidence of disease. GPX4 and SELENOP polymorphisms also interact to affect colon cancer risk [55], providing additional support for an interaction between selenium status and GPX4 alleles.




5. Selenium and Glutathione Peroxidase 1 Allelic Interactions


Glutathione peroxidase 1 (GPX1) was identified as an antioxidant protein decades ago and is one of the most studied selenoproteins [20]. It is ubiquitously expressed, resides in the cytoplasm and mitochondria [21,90], and was recently shown to localize to the nucleus in prostate epithelia [57]. GPX1 functions to detoxify hydrogen and lipid peroxides using glutathione as a source for reducing equivalents, yet it is not an essential protein as evidenced by the lack of an overt phenotype in GPX1 null mice [91]. GPX1 has a low standing in the selenoprotein hierarchy, its levels being among the most sensitive to fluctuations in selenium availability [64,92]. Because of its general role as an antioxidant, the protein has been extensively studied in the context of a variety of diseases, including diabetes, cardiovascular disease, and cancer [93].



Allelic variations in the coding sequences of GPX1 have been extensively investigated as a risk factor for human diseases [7,9,94]. The best investigated polymorphism is a single nucleotide variation affecting codon 198, resulting in either a proline or leucine in the corresponding region of the protein [95]. The consequences of the amino acid at this location remains uncertain, but it is proposed to affect overall structure [22]. Epidemiological studies have revealed inconsistent results regarding the impact of this polymorphism, although most studies have indicated the allele encoding leucine associates with elevated risk [7,96]. The other variation implicated in cancer risk is a variable number of alanine codon repeats, resulting in 5,6, or 7 alanines, in the amino terminus of the protein [23,24]. These trinucleotide repeat variations are thought to impact GPX1 structure and stability [25]. Although neither the codon 198 nor the alanine variations occur in the 3′UTR and, therefore, are unlikely to affect SECIS-controlled UGA recoding, they are likely to contribute to the effects of selenium status on steady state GPX1 levels in a SECIS-independent manner. As an initial screen, 25 immortalized human lymphoblastoid cell lines were genotyped and incubated in standard culture media or media supplemented with 30 nM selenium in the form of sodium selenite [26]. The addition of selenium increased GPX activity 1.3- to 6.9-fold regardless of genotype. To circumvent variables associated with cell line heterogeneity, GPX1 was ectopically expressed from constructs with either a leu or pro encoded by codon 198 and with either 5 or 7 amino-terminal alanine repeats in MCF-7 cells that do not produce detectable GPX1. Cells were then exposed to different amounts of selenium [26]. GPX1 containing 5 N-terminal alanines and a leucine at position 198 had much higher activity and protein levels than the other forms in response to selenium supplementation. Selenium in the media used in these experiments was provided by the 10% serum, resulting in ~25 nM selenium; because maximal GPX activity is not reached, this amount is considered selenium deficiency. These data suggest that GPX1 levels will differ between individuals with the GPX1 protein with five alanines and leucine at position 198 and those with other variants. This speculation has been supported by studies examining selenium status and GPX1 genotype in the prostate [27] and plasma [97]. GPX1 variations also affect the distribution of the protein between the mitochondria and the cytoplasm, which impacts cellular energy metabolism, mitochondrial function, and expression of proteins associated with cancer progression [98,99]. Interactions between the genotypes of GPX1 and SOD2, the gene encoding manganese superoxide dismutase, another antioxidant protein, also impact the regulation of proteins implicated in cancer progression [100].



In addition to GPX1 polymorphisms, polymorphisms in other selenoprotein genes have been linked to cancer risk when assessed in conjunction with selenium status. Polymorphisms in the genes for two members of the thioredoxin reductase family of selenoproteins (TXNRD1 and TXNRD2) and Selenoprotein K (SELENOK) associated with prostate cancer risk only when selenium status was also considered [101]. Neither of these polymorphisms resides in the coding sequence or 3′-UTR, leaving the mechanism behind these associations subject to future studies.




6. Conclusions


Definitive data regarding whether minor alleles of the genes for some selenoproteins can increase cancer risk or mortality have generally been inconsistent. A likely explanation for this is complexity of the interaction between dietary selenium intake and an individual’s genetic profile. Several selenoproteins are implicated in cancer etiology due to studies indicating polymorphisms in at-risk alleles that are also at positions that can influence the levels of the protein, with the risk-associated polymorphisms typically resulting in decreased protein levels when selenium availability is suboptimal for translation. For some proteins, e.g., SELENOF and GPX4, the encoded polymorphisms that are associated with cancer risk results in variations within the 3-UTR of the mRNA that controls UGA recoding and readthrough. In other cases, e.g., the non-synonymous polymorphism and alanine repeats in the coding region of GPX1, the mechanism behind the impact on translation remains less clear. Figure 1 is a schematic summarizing the locations of the polymorphic sites for which data indicates both an association with cancer risk and an influence on the translational regulation by selenium.



A central component to the interaction between selenium and selenoprotein synthesis, and presumably to cancer risk, is SELENOP, which delivers selenium to tissues. Lower SELENOP levels can occur due to sub-optimal intake of selenium or SELENOP allelic variations, eventually supporting malignant growth due to the consequential loss of protective selenoproteins. Given that many selenoproteins detoxify reactive oxygen species, the circumstances are even more complicated as variations in proteins in other pathways, such as antioxidant response, DNA repair, and protein transport, may also ultimately determine the benefit or harm attributable to dietary selenium levels. Despite this level of complexity, selenoproteins are still exciting targets for understanding the biology of cancer initiation and progression, as well as the interface between an individual’s genetics and diet.







Author Contributions


S.K. and A.M.D. contributed to the planning and writing of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by NIH Grants RO1CA193497 and R21CA182103 and grant PC170236 from the Department of Defense Prostate Cancer Research Program to AMD.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rayman, M. Selenium in cancer prevention: A review of the evidence and mechanism of action. Proc. Nutr. Soc. 2005, 64, 527–542. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, M.; Copeland, P.R. Functional analysis of the interplay between translation termination, selenocysteine codon context, and selenocysteine insertion sequence-binding protein 2. J. Biol. Chem. 2007, 282, 36797–36807. [Google Scholar] [CrossRef] [PubMed]

	



Clark, L.C.; Combs, G.F.; Turnbull, B.W.; Slate, E.H.; Chalker, D.K.; Chow, J.; Davis, L.S.; Glover, R.A.; Graham, G.F.; Gross, E.G.; et al. Effects of selenium supplementation for cancer prevention in patients with carcinoma of the skin. A randomized controlled trial. Nutritional Prevention of Cancer Study Group. JAMA 1996, 276, 1957–1963. [Google Scholar] [CrossRef] [PubMed]

	



Clark, L.C.; Dalkin, B.; Krongrad, A.; Combs, G.F.; Turnbull, B.W.; Slate, E.H.; Witherington, R.; Herlong, J.H.; Janosko, E.; Carpenter, D.; et al. Decreased incidence of prostate cancer with selenium supplementation: Results of a double-blind cancer prevention trial. Br. J. Urol. 1998, 81, 730–734. [Google Scholar] [CrossRef]

	



Lippman, S.M.; Goodman, P.J.; Klein, E.A.; Parnes, H.L.; Thompson, I.M.; Kristal, A.R.; Santella, R.M.; Probstfield, J.L.; Moinpour, C.M.; Albanes, D.; et al. Designing the Selenium and Vitamin E Cancer Prevention Trial (SELECT). J. Natl. Cancer Inst. 2005, 97, 94–102. [Google Scholar] [CrossRef]

	



Lippman, S.M.; Klein, E.A.; Goodman, P.J.; Lucia, M.S.; Thompson, I.M.; Ford, L.G.; Parnes, H.L.; Minasian, L.M.; Gaziano, J.M.; Hartline, J.A.; et al. Effect of selenium and vitamin E on risk of prostate cancer and other cancers: The Selenium and Vitamin E Cancer Prevention Trial (SELECT). JAMA 2009, 301, 39–51. [Google Scholar] [CrossRef]

	



Meplan, C. Selenium and chronic diseases: A nutritional genomics perspective. Nutrients 2015, 7, 3621–3651. [Google Scholar] [CrossRef]

	



Zhuo, P.; Diamond, A.M. Molecular mechanisms by which selenoproteins affect cancer risk and progression. Biochim. Biophys. Acta 2009, 115, 227–242. [Google Scholar] [CrossRef]

	



Kryukov, G.V.; Castellano, S.; Novoselov, S.V.; Lobanov, A.V.; Zehtab, O.; Guigó, R.; Gladyshev, V.N. Characterization of mammalian selenoproteomes. Science 2003, 300, 1439–1443. [Google Scholar] [CrossRef]

	



Meplan, C.; Hughes, D.J.; Pardini, B.; Naccarati, A.; Soucek, P.; Vodickova, L.; Hlavatá, I.; Vrána, D.; Vodicka, P.; Hesketh, J.E. Genetic variants in selenoprotein genes increase risk of colorectal cancer. Carcinogenesis 2010, 31, 1074–1079. [Google Scholar] [CrossRef]

	



Ke, H.L.; Lin, J.; Ye, Y.; Wu, W.J.; Lin, H.H.; Wei, H.; Huang, M.; Chang, D.W.; Dinney, C.P.; Wu, X. Genetic variations in glutathione pathway genes predict cancer recurrence in patients treated with transurethral resection and bacillus calmette-guerin instillation for non-muscle invasive bladder cancer. Ann. Surg. Oncol. 2015, 22, 4104–4110. [Google Scholar] [CrossRef] [PubMed]

	



Peng, G.; Tang, Z.; Xiang, Y.; Chen, W. Glutathione peroxidase 4 maintains a stemness phenotype, oxidative homeostasis and regulates biological processes in Panc1 cancer stemlike cells. Oncol. Rep. 2019, 41, 1264–1274. [Google Scholar] [PubMed]

	



Villette, S.; Kyle, J.A.; Brown, K.M.; Pickard, K.; Milne, J.S.; Nicol, F.; Arthur, J.R.; Hesketh, J.E. A novel single nucleotide polymorphism in the 3’ untranslated region of human glutathione peroxidase 4 influences lipoxygenase metabolism. Blood Cells Mol. Dis. 2002, 29, 174–178. [Google Scholar] [CrossRef] [PubMed]

	



Imai, H.; Nakagawa, Y. Biological significance of phospholipid hydroperoxide glutathione peroxidase (PHGPx, GPx4) in mammalian cells. Free Radic Biol. Med. 2003, 34, 145–169. [Google Scholar] [CrossRef]

	



Maiorino, M.; Conrad, M.; Ursini, F. GPx4, Lipid peroxidation, and cell death: Discoveries, rediscoveries, and open issues. Antioxid Redox Signal 2018, 29, 61–74. [Google Scholar] [CrossRef] [PubMed]

	



Brigelius-Flohe, R.; Maiorino, M. Glutathione peroxidases. Biochim. Biophys. Acta 2013, 1830, 3289–3303. [Google Scholar] [CrossRef]

	



Bermano, G.; Pagmantidis, V.; Holloway, N.; Kadri, S.; Mowat, N.A.; Shiel, R.S.; Arthur, J.R.; Mathers, J.C.; Daly, A.K.; Broom, J.; et al. Evidence that a polymorphism within the 3′UTR of glutathione peroxidase 4 is functional and is associated with susceptibility to colorectal cancer. Genes Nutr. 2007, 2, 225–232. [Google Scholar] [CrossRef]

	



Gautrey, H.; Nicol, F.; Sneddon, A.A.; Hall, J.; Hesketh, J. A T/C polymorphism in the GPX4 3′UTR affects the selenoprotein expression pattern and cell viability in transfected Caco-2 cells. Biochim. Biophys. Acta 2011, 1810, 584–591. [Google Scholar] [CrossRef]

	



Meplan, C.; Crosley, L.K.; Nicol, F.; Horgan, G.W.; Mathers, J.C.; Arthur, J.R.; Hesketh, J.E. Functional effects of a common single-nucleotide polymorphism (GPX4c718t) in the glutathione peroxidase 4 gene: Interaction with sex. Am. J. Clin. Nutr. 2008, 87, 1019–1027. [Google Scholar] [CrossRef]

	



Mills, G.C. Hemoglobin catabolism. I. Glutathione peroxidase, an erythrocyte enzyme which protects hemoglobin from oxidative breakdown. J. Biol. Chem. 1957, 229, 189–197. [Google Scholar]

	



Asayama, K.; Yokota, S.; Dobashi, K.; Hayashibe, H.; Kawaoi, A.; Nakazawa, S. Purification and immunoelectron microscopic localization of cellular glutathione peroxidase in rat hepatocytes: Quantitative analysis by postembedding method. Histochemistry 1994, 102, 213–219. [Google Scholar] [CrossRef] [PubMed]

	



Ratnasinghe, D.; Tangrea, J.A.; Andersen, M.R.; Barrett, M.J.; Virtamo, J.; Taylor, P.R.; Albanes, D. Glutathione peroxidase codon 198 polymorphism variant increases lung cancer risk. Cancer Res. 2000, 60, 6381–6383. [Google Scholar] [PubMed]

	



Shen, Q.; Townes, P.L.; Padden, C.; Newburger, P.E. An in-frame trinucleotide repeat in the coding region of the human cellular glutathione peroxidase (GPX1) gene: In vivo polymorphism and in vitro instability. Genomics 1994, 23, 292–294. [Google Scholar] [CrossRef] [PubMed]

	



Kote-Jarai, Z.; Durocher, F.; Edwards, S.M.; Hamoudi, R.; Jackson, R.A.; Ardern-Jones, A.; Murkin, A.; Dearnaley, D.P.; Kirby, R.; Houlston, R. Association between the GCG polymorphism of the selenium dependent GPX1 gene and the risk of young onset prostate cancer. Prostate Cancer Prostatic Dis. 2002, 5, 189–192. [Google Scholar] [CrossRef]

	



Knight, J.A.; Onay, U.V.; Wells, S.; Li, H.; Shi, E.J.; Andrulis, I.L.; Ozcelik, H. Genetic variants of GPX1 and SOD2 and breast cancer risk at the Ontario site of the Breast Cancer Family Registry. Cancer Epidemiol. Biomarkers Prev. 2004, 13, 146–149. [Google Scholar] [CrossRef]

	



Zhuo, P.; Goldberg, M.; Herman, L.; Lee, B.S.; Wang, H.; Brown, R.L.; Foster, C.B.; Peters, U.; Diamond, A.M. Molecular consequences of genetic variations in the glutathione peroxidase 1 selenoenzyme. Cancer Res. 2009, 69, 8183–8190. [Google Scholar] [CrossRef]

	



Diamond, A.M. Selenoproteins of the Human Prostate: Unusual Properties and Role in Cancer Etiology. Biol. Trace Elem. Res. 2019, 192, 51–59. [Google Scholar] [CrossRef]

	



Turanov, A.A.; Xu, X.M.; Carlson, B.A.; Yoo, M.H.; Gladyshev, V.N.; Hatfield, D.L. Biosynthesis of selenocysteine, the 21st amino acid in the genetic code, and a novel pathway for cysteine biosynthesis. Adv. Nutr. 2011, 2, 122–128. [Google Scholar] [CrossRef]

	



Bulteau, A.L.; Chavatte, L. Update on selenoprotein biosynthesis. Antioxid Redox Signal 2015, 23, 775–794. [Google Scholar] [CrossRef]

	



Berry, M.J.; Banu, L.; Chen, Y.Y.; Mandel, S.J.; Kieffer, J.D.; Harney, J.W.; Larsen, P.R. Recognition of UGA as a selenocysteine codon in Type I deiodinase requires sequences in the 3’ untranslated region. Nature 1991, 353, 273–276. [Google Scholar] [CrossRef]

	



Gladyshev, V.N.; Kryukov, G.V. Evolution of selenocysteine-containing proteins: Significance of identification and functional characterization of selenoproteins. Biofactors 2001, 14, 87–92. [Google Scholar] [CrossRef] [PubMed]

	



Lee, B.J.; Worland, P.J.; Davis, J.N.; Stadtman, T.C.; Hatfield, D.L. Identification of a selenocysteyl-tRNA(Ser) in mammalian cells that recognizes the nonsense codon, UGA. J. Biol. Chem. 1989, 264, 9724–9727. [Google Scholar] [PubMed]

	



Labunskyy, V.M.; Hatfield, D.L.; Gladyshev, V.N. Selenoproteins: Molecular pathways and physiological roles. Physiol. Rev. 2014, 94, 739–777. [Google Scholar] [CrossRef] [PubMed]

	



Hatfield, D.; Diamond, A.; Dudock, B. Opal suppressor serine tRNAs from bovine liver form phosphoseryl-tRNA. Proc. Natl. Acad. Sci. USA 1982, 79, 6215–6219. [Google Scholar] [CrossRef]

	



Hatfield, D.; Lee, B.J.; Hampton, L.; Diamond, A.M. Selenium induces changes in the selenocysteine tRNA(Ser)Sec population in mammalian cells. Nucleic Acids Res. 1991, 19, 939–943. [Google Scholar] [CrossRef]

	



Chittum, H.S.; Hill, K.E.; Carlson, B.A.; Lee, B.J.; Burk, R.F.; Hatfield, D.L. Replenishment of selenium deficient rats with selenium results in redistribution of the selenocysteine tRNA population in a tissue specific manner. Biochim. Biophys. Acta 1997, 1359, 25–34. [Google Scholar] [CrossRef]

	



Jameson, R.R.; Carlson, B.A.; Butz, M.; Esser, K.; Hatfield, D.L.; Diamond, A.M. Selenium influences the turnover of selenocysteine tRNA[Ser]Sec in Chinese hamster ovary cells. J. Nutr. 2002, 132, 1830–1835. [Google Scholar] [CrossRef]

	



Carlson, B.A.; Xu, X.M.; Gladyshev, V.N.; Hatfield, D.L. Selective rescue of selenoprotein expression in mice lacking a highly specialized methyl group in selenocysteine tRNA. J. Biol. Chem. 2005, 280, 5542–5548. [Google Scholar] [CrossRef]

	



Copeland, P.; Fletcher, J.E.; Carlson, B.A.; Hatfield, D.L.; Driscoll, D.M. A novel RNA binding protein, SBP2, is required for the translation of mammalian selenoprotein mRNAs. EMBO J. 2000, 19, 306–314. [Google Scholar] [CrossRef]

	



Budiman, M.E.; Bubenik, J.L.; Miniard, A.C.; Middleton, L.M.; Gerber, C.A.; Cash, A.; Driscoll, D.M. Eukaryotic initiation factor 4a3 is a selenium-regulated RNA-binding protein that selectively inhibits selenocysteine incorporation. Mol. Cell 2009, 35, 479–489. [Google Scholar] [CrossRef]

	



Davis, C.D.; Tsuji, P.A.; Milner, J.A. Selenoproteins and cancer prevention. Annu. Rev. Nutr. 2012, 32, 73–95. [Google Scholar] [CrossRef] [PubMed]

	



Short, S.P.; Williams, C.S. Selenoproteins in tumorigenesis and cancer progression. Adv. Cancer Res. 2017, 136, 49–83. [Google Scholar] [PubMed]

	



Burk, R.F.; Hill, K.E. Regulation of selenium metabolism and transport. Annu. Rev. Nutr. 2015, 35, 109–134. [Google Scholar] [CrossRef] [PubMed]

	



Schomburg, L.; Schweizer, U.; Holtmann, B.; Flohé, L.; Sendtner, M.; Köhrle, J. Gene disruption discloses role of selenoprotein P in selenium delivery to target tissues. Biochem. J. 2003, 370, 397–402. [Google Scholar] [CrossRef]

	



Olson, G.E.; Winfrey, V.P.; Nagdas, S.K.; Hill, K.E.; Burk, R.F. Apolipoprotein E receptor-2 (ApoER2) mediates selenium uptake from selenoprotein P by the mouse testis. J. Biol. Chem. 2007, 282, 12290–12297. [Google Scholar] [CrossRef]

	



Ha, H.Y.; Alfulaij, N.; Berry, M.J.; Seale, L.A. From selenium absorption to selenoprotein degradation. Biol. Trace. Elem. Res. 2019, 192, 26–37. [Google Scholar] [CrossRef]

	



Olson, G.E.; Winfrey, V.P.; Hill, K.E.; Burk, R.F. Megalin mediates selenoprotein P uptake by kidney proximal tubule epithelial cells. J. Biol. Chem. 2008, 283, 6854–6860. [Google Scholar] [CrossRef]

	



Brodin, O.; Hackler, J.; Misra, S.; Wendt, S.; Sun, Q.; Laaf, E.; Stoppe, C.; Björnstedt, M.; Schomburg, L. Selenoprotein P as biomarker of selenium status in clinical trials with therapeutic dosages of selenite. Nutrients 2020, 12, 1067. [Google Scholar] [CrossRef]

	



Burk, R.F.; Hill, K.E. Selenoprotein P: An extracellular protein with unique physical characteristics and a role in selenium homeostasis. Annu. Rev. Nutr. 2005, 25, 215–235. [Google Scholar] [CrossRef]

	



Meplan, C.; Crosley, L.K.; Nicol, F.; Beckett, G.J.; Howie, A.F.; Hill, K.E.; Horgan, G.; Mathers, J.C.; Arthur, J.R.; Hesketh, J.E. Genetic polymorphisms in the human selenoprotein P gene determine the response of selenoprotein markers to selenium supplementation in a gender-specific manner (the SELGEN study). FASEB J. 2007, 21, 3063–3074. [Google Scholar] [CrossRef]

	



Meplan, C.; Dragsted, L.O.; Ravn-Haren, G.; Tjønneland, A.; Vogel, U.; Hesketh, J. Association between polymorphisms in glutathione peroxidase and selenoprotein P genes, glutathione peroxidase activity, HRT use and breast cancer risk. PLoS ONE 2013, 8, e73316. [Google Scholar] [CrossRef] [PubMed]

	



Karunasinghe, N.; Han, D.Y.; Zhu, S.; Yu, J.; Lange, K.; Duan, H.; Medhora, R.; Singh, N.; Kan, J.; Alzaher, W.; et al. Serum selenium and single-nucleotide polymorphisms in genes for selenoproteins: Relationship to markers of oxidative stress in men from Auckland, New Zealand. Genes Nutr. 2012, 7, 179–190. [Google Scholar] [CrossRef] [PubMed]

	



Donadio, J.L.S.; Rogero, M.M.; Guerra-Shinohara, E.M.; Barbosa, F.; Desmarchelier, C.; Borel, P.; Sneddon, A.A.; Hesketh, J.E.; Cozzolino, S.M.F. Genetic variants in selenoprotein genes modulate biomarkers of selenium status in response to Brazil nut supplementation (the SU.BRA.NUT study). Clin. Nutr. 2019, 38, 539–548. [Google Scholar] [CrossRef] [PubMed]

	



Meplan, C.; Nicol, F.; Burtle, B.T.; Crosley, L.K.; Arthur, J.R.; Mathers, J.C.; Hesketh, J.E. Relative abundance of selenoprotein P isoforms in human plasma depends on genotype, se intake, and cancer status. Antioxid Redox Signal 2009, 11, 2631–2640. [Google Scholar] [CrossRef]

	



Peters, U.; Chatterjee, N.; Hayes, R.B.; Schoen, R.E.; Wang, Y.; Chanock, S.J.; Foster, C.B. Variation in the selenoenzyme genes and risk of advanced distal colorectal adenoma. Cancer Epidemiol. Biomarkers Prev. 2008, 17, 1144–1154. [Google Scholar] [CrossRef]

	



Hughes, D.J.; Fedirko, V.; Jenab, M.; Schomburg, L.; Méplan, C.; Freisling, H.; Bueno-de-Mesquita, H.B.; Hybsier, S.; Becker, N.P.; Czuban, M.; et al. Selenium status is associated with colorectal cancer risk in the European prospective investigation of cancer and nutrition cohort. Int. J. Cancer 2015, 136, 1149–1161. [Google Scholar] [CrossRef]

	



Ekoue, D.N.; Zaichick, S.; Valyi-Nagy, K.; Picklo, M.; Lacher, C.; Hoskins, K.; Warso, M.A.; Bonini, M.G.; Diamond, A.M. Selenium levels in human breast carcinoma tissue are associated with a common polymorphism in the gene for SELENOP (Selenoprotein P). J. Trace Elem. Med. Biol. 2017, 39, 227–233. [Google Scholar] [CrossRef]

	



Ekoue, D.N.; Ansong, E.; Liu, L.; Macias, V.; Deaton, R.; Lacher, C.; Picklo, M.; Nonn, L.; Gann, P.H.; Kajdacsy-Balla, A.; et al. Correlations of SELENOF and SELENOP genotypes with serum selenium levels and prostate cancer. Prostate 2018, 78, 279–288. [Google Scholar] [CrossRef]

	



Geybels, M.S.; van den Brandt, P.A.; Schouten, L.J.; van Schooten, F.J.; van Breda, S.G.; Rayman, M.P.; Green, F.R.; Verhage, B.A. Selenoprotein gene variants, toenail selenium levels, and risk for advanced prostate cancer. J. Natl. Cancer Inst. 2014, 106, dju003. [Google Scholar] [CrossRef]

	



Fedirko, V.; Jenab, M.; Méplan, C.; Jones, J.S.; Zhu, W.; Schomburg, L.; Siddiq, A.; Hybsier, S.; Overvad, K.; Tjønneland, A.; et al. Association of Selenoprotein and Selenium Pathway Genotypes with Risk of Colorectal Cancer and Interaction with Selenium Status. Nutrients 2019, 11, 935. [Google Scholar] [CrossRef]

	



Cooper, M.L.; Adami, H.O.; Grönberg, H.; Wiklund, F.; Green, F.R.; Rayman, M.P. Interaction between single nucleotide polymorphisms in selenoprotein P and mitochondrial superoxide dismutase determines prostate cancer risk. Cancer Res. 2008, 68, 10171–10177. [Google Scholar] [CrossRef] [PubMed]

	



Kollmus, H.; Flohe, L.; McCarthy, J.E. Analysis of eukaryotic mRNA structures directing cotranslational incorporation of selenocysteine. Nucleic Acids Res. 1996, 24, 1195–1201. [Google Scholar] [CrossRef] [PubMed]

	



Latreche, L.; Duhieu, S.; Touat-Hamici, Z.; Jean-Jean, O.; Chavatte, L. The differential expression of glutathione peroxidase 1 and 4 depends on the nature of the SECIS element. RNA Biol. 2012, 9, 681–690. [Google Scholar] [CrossRef] [PubMed]

	



Martitz, J.; Hofmann, P.J.; Johannes, J.; Köhrle, J.; Schomburg, L.; Renko, K. Factors impacting the aminoglycoside-induced UGA stop codon readthrough in selenoprotein translation. J. Trace Elem. Med. Biol. 2016, 37, 104–110. [Google Scholar] [CrossRef] [PubMed]

	



Touat-Hamici, Z.; Bulteau, A.L.; Bianga, J.; Jean-Jacques, H.; Szpunar, J.; Lobinski, R.; Chavatte, L. Selenium-regulated hierarchy of human selenoproteome in cancerous and immortalized cells lines. Biochim. Biophys. Acta Gen. Subj. 2018, 1862, 2493–2505. [Google Scholar] [CrossRef] [PubMed]

	



Low, S.C.; Grundner-Culemann, E.; Harney, J.W.; Berry, M.J. SECIS-SBP2 interactions dictate selenocysteine incorporation efficiency and selenoprotein hierarchy. EMBO J. 2000, 19, 6882–6890. [Google Scholar] [CrossRef]

	



Fan, R.F.; Cao, C.Y.; Chen, M.H.; Shi, Q.X.; Xu, S.W. Gga-let-7f-3p promotes apoptosis in selenium deficiency-induced skeletal muscle by targeting selenoprotein K. Metallomics 2018, 10, 941–952. [Google Scholar] [CrossRef]

	



Weiss, S.L.; Sunde, R.A. Selenium regulation of classical glutathione peroxidase expression requires the 3’untranslated region in Chinese hamster ovary cells. J. Nutr. 1997, 127, 1304–1310. [Google Scholar] [CrossRef]

	



Brigelius-Flohe, R.; Müller, C.; Menard, J.; Florian, S.; Schmehl, K.; Wingler, K. Function of GI-GP-x: Lessons from selenium-dependent expression and intracellular locaalization. Biofactors 2001, 14, 101–106. [Google Scholar] [CrossRef]

	



Weiss, S.L.; Sunde, R.A. Cis-acting elements are required for selenium regulation of glutathione peroxidase-1 mRNA levels. RNA 1998, 4, 816–827. [Google Scholar] [CrossRef]

	



Squires, J.E.; Stoytchev, I.; Forry, E.P.; Berry, M.J. SBP2 binding affinity is a major determinant in differential selenoprotein mRNA translation and sensitivity to nonsense-mediated decay. Mol. Cell Biol. 2007, 27, 7848–7855. [Google Scholar] [CrossRef] [PubMed]

	



Banerjee, S.; Yang, S.; Foster, C.B. A luciferase reporter assay to investigate the differential selenium-dependent stability of selenoprotein mRNAs. J. Nutr. Biochem. 2012, 23, 1294–1301. [Google Scholar] [CrossRef] [PubMed]

	



Gladyshev, V.N.; Arnér, E.S.; Berry, M.J.; Brigelius-Flohé, R.; Bruford, E.A.; Burk, R.F.; Carlson, B.A.; Castellano, S.; Chavatte, L.; Conrad, M.; et al. Selenoprotein Gene Nomenclature. J. Biol. Chem. 2016, 274, 4722–4734. [Google Scholar] [CrossRef] [PubMed]

	



Gladyshev, V.N.; Jeang, K.T.; Wootton, J.C.; Hatfield, D.L. A new human selenium-containing protein. Purification, characterization and cDNA sequence. J. Biol. Chem. 1998, 273, 8910–8915. [Google Scholar] [CrossRef]

	



Kumaraswamy, E.; Malykh, A.; Korotkov, K.V.; Kozyavkin, S.; Hu, Y.; Kwon, S.Y.; Moustafa, M.E.; Carlson, B.A.; Berry, M.J.; Lee, B.J.; et al. Structure-expression relationships of the 15-kDa selenoprotein gene. Possible role of the protein in cancer etiolgy. J. Biol. Chem. 2000, 275, 35540–35547. [Google Scholar] [CrossRef]

	



Korotkov, K.V.; Kumaraswamy, E.; Zhou, Y.; Hatfield, D.L.; Gladyshev, V.N. Association between the 15-kDa selenoprotein and UDP-glucose:glycoprotein glucosyltransferase in the endoplasmic reticulum of mammalian cells. J. Biol. Chem. 2001, 276, 15330–15336. [Google Scholar] [CrossRef]

	



Labunskyy, V.M.; Hatfield, D.L.; Gladyshev, V.N. The Sep15 protein family: Roles in disulfide bond formation and quality control in the endoplasmic reticulum. IUBMB Life 2007, 59, 1–5. [Google Scholar] [CrossRef]

	



Labunskyy, V.M.; Yoo, M.H.; Hatfield, D.L.; Gladyshev, V.N. Sep15, a thioredoxin-like selenoprotein, is involved in the unfolded protein response and differentially regulated by adaptive and acute ER stresses. Biochemistry 2009, 48, 8458–8465. [Google Scholar]

	



Kasaikina, M.V.; Fomenko, D.E.; Labunskyy, V.M.; Lachke, S.A.; Qiu, W.; Moncaster, J.A.; Zhang, J.; Wojnarowicz, M.W.; Natarajan, S.K.; Malinouski, M. Roles of the 15-kDa selenoprotein (Sep15) in redox homeostasis and cataract development revealed by the analysis of Sep 15 knockout mice. J. Biol. Chem. 2011, 286, 33203–33212. [Google Scholar] [CrossRef]

	



Hu, Y.J.; Korotkov, K.V.; Mehta, R.; Hatfield, D.L.; Rotimi, C.N.; Luke, A.; Prewitt, T.E.; Cooper, R.S.; Stock, W.; Vokes, E.E.; et al. Distribution and functional consequences of nucleotide polymorphisms in the 3’-untranslated region of the human Sep15 gene. Cancer Res. 2001, 61, 2307–2310. [Google Scholar]

	



Steinbrecher, A.; Méplan, C.; Hesketh, J.; Schomburg, L.; Endermann, T.; Jansen, E.; Akesson, B.; Rohrmann, S.; Linseisen, J. Effects of selenium status and polymorphisms in selenoprotein genes on prostate cancer risk in a prospective study of European men. Cancer Epidemiol. Biomarkers Prev. 2010, 19, 2958–2968. [Google Scholar] [CrossRef]

	



Penney, K.L.; Schumacher, F.R.; Li, H.; Kraft, P.; Morris, J.S.; Kurth, T.; Mucci, L.A.; Hunter, D.J.; Kantoff, P.W.; Stampfer, M.J.; et al. A large prospective study of SEP15 genetic variation, interaction with plasma selenium levels, and prostate cancer risk and survival. Cancer Prev. Res. (Phila. Pa) 2010, 3, 604–610. [Google Scholar] [CrossRef] [PubMed]

	



DeSantis, C.E.; Siegel, R.L.; Sauer, A.G.; Miller, K.D.; Fedewa, S.A.; Alcaraz, K.I.; Jemal, A. Cancer statistics for African Americans, 2016: Progress and opportunities in reducing racial disparities. CA Cancer J. Clin. 2016, 66, 290–308. [Google Scholar] [CrossRef]

	



Xun, P.; Bujnowski, D.; Liu, K.; Morris, J.S.; Guo, Z.; He, K. Distribution of toenail selenium levels in young adult Caucasians and African Americans in the United States: The CARDIA Trace Element Study. Environ. Res. 2011, 111, 514–519. [Google Scholar] [CrossRef] [PubMed]

	



Hargreaves, M.K.; Liu, J.; Buchowski, M.S.; Patel, K.A.; Larson, C.O.; Schlundt, D.G.; Kenerson, D.M.; Hill, K.E.; Burk, R.F.; Blot, W.J.; et al. Plasma selenium biomarkers in low income black and white americans from the southeastern United States. PLoS ONE 2014, 9, e84972. [Google Scholar] [CrossRef]

	



Martin, D.N.; Starks, A.M.; Ambs, S. Biological determinants of health disparities in prostate cancer. Curr. Opin. Oncol. 2013, 25, 235–241. [Google Scholar] [CrossRef]

	



Farrell, J.; Petrovics, G.; McLeod, D.G.; Srivastava, S. Genetic and molecular differences in prostate carcinogenesis between African American and Caucasian American men. Int. J. Mol. Sci. 2013, 14, 15510–15531. [Google Scholar] [CrossRef]

	



Zeegers, M.P.; Jellema, A.; Ostrer, H. Empiric risk of prostate carcinoma for relatives of patients with prostate carcinoma: A meta-analysis. Cancer 2003, 97, 1894–1903. [Google Scholar] [CrossRef] [PubMed]

	



Van Blarigan, E.L.; Ma, J.; Kenfield, S.A.; Stampfer, M.J.; Sesso, H.D.; Giovannucci, E.L.; Witte, J.S.; Erdman, J.W.; Chan, J.M.; Penney, K.L. Plasma antioxidants, genetic variation in SOD2, CAT, GPX1, GPX4, and prostate cancer survival. Cancer Epidemiol. Biomarkers Prev. 2014, 23, 1037–1046. [Google Scholar] [CrossRef]

	



Esworthy, R.S.; Ho, Y.S.; Chu, F.F. The Gpx1 gene encodes mitochondrial glutathione peroxidase in the mouse liver. Arch. Biochem. Biophys. 1997, 340, 59–63. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, W.H.; Ho, Y.S.; Ross, D.A.; Valentine, B.A.; Combs, G.F.; Lei, X.G. Cellular glutathione peroxidase knockout mice express normal levels of selenium-dependent plasma and phospholipid hydroperoxide glutathione peroxidases in various tissues. J. Nutr. 1997, 127, 1445–1450. [Google Scholar] [CrossRef]

	



Schomburg, L.; Schweizer, U. Hierarchical regulation of selenoprotein expression and sex-specific effects of selenium. Biochim. Biophys. Acta 2009, 1790, 1453–1462. [Google Scholar] [CrossRef]

	



Lubos, E.; Loscalzo, J.; Handy, D.E. Glutathione peroxidase-1 in health and disease: From molecular mechanisms to therapeutic opportunities. Antioxid Redox Signal 2011, 15, 1957–1997. [Google Scholar] [CrossRef] [PubMed]

	



Crawford, A.; Fassett, R.G.; Geraghty, D.P.; Kunde, D.A.; Ball, M.J.; Robertson, I.K.; Coombes, J.S. Relationships between single nucleotide polymorphisms of antioxidant enzymes and disease. Gene 2012, 501, 89–103. [Google Scholar] [CrossRef] [PubMed]

	



Moscow, J.A.; Schmidt, L.; Ingram, D.T.; Gnarra, J.; Johnson, B.; Cowan, K.H. Loss of heterozygosity of the human cytosolic glutathione peroxidase I gene in lung cancer. Carcinogenesis 1994, 15, 2769–2773. [Google Scholar] [CrossRef] [PubMed]

	



Rayman, M.P. Selenoproteins and human health: Insights from epidemiological data. Biochim. Biophys. Acta 2009, 1790, 1533–1540. [Google Scholar] [CrossRef]

	



Jablonska, E.; Gromadzinska, J.; Reszka, E.; Wasowicz, W.; Sobala, W.; Szeszenia-Dabrowska, N.; Boffetta, P. Association between GPx1 Pro198Leu polymorphism, GPx1 activity and plasma selenium concentration in humans. Eur. J. Nutr. 2009, 48, 383–386. [Google Scholar] [CrossRef]

	



Bera, S.; Weinberg, F.; Ekoue, D.N.; Ansenberger-Fricano, K.; Mao, M.; Bonini, M.G.; Diamond, A.M. Natural allelic variations in glutathione peroxidase-1 affect its subcellular localization and function. Cancer Res. 2014, 74, 5118–5126. [Google Scholar] [CrossRef]

	



Aashique, M.; Roy, A.; Diamond, A.; Bera, S. Subcellular compartmentalization of glutathione peroxidase 1 allelic isoforms differentially impact parameters of energy metabolism. J. Cell Biochem. 2019, 120, 3393–3400. [Google Scholar] [CrossRef]

	



Ekoue, D.N.; Bera, S.; Ansong, E.; Hart, P.C.; Zaichick, S.; Domann, F.E.; Bonini, M.G.; Diamond, A.M. Allele-specific interaction between glutathione peroxidase 1 and manganese superoxide dismutase affects the levels of Bcl-2, Sirt3 and E-cadherin. Free Radic. Res. 2017, 51, 582–590. [Google Scholar] [CrossRef]

	



Meplan, C.; Rohrmann, S.; Steinbrecher, A.; Schomburg, L.; Jansen, E.; Linseisen, J.; Hesketh, J. Polymorphisms in thioredoxin reductase and selenoprotein K genes and selenium status modulate risk of prostate cancer. PLoS ONE 2012, 7, e48709. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 12 02424 g001 550] 





Figure 1. Locations of polymorphisms in selenoprotein genes implicated in cancer and likely impact selenium’s impact on translation. Polymorphism locations for the mRNAs encoded by the SELENOP, SELENOF, GPX4, and GPX1 genes are shown. Variations in the coding regions and 3′UTR’s of these proteins are indicated in red, and likely impart selenium responsiveness by influencing protein synthesis or selenocysteine incorporation. Vertical lines correspond to exon-exon junctions, which are numbered with the last nucleotide of the preceding exon. Horizontal lines indicate the length of selenoprotein mRNA relative to the other selenoproteins. 
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Table 1. Polymorphisms in selenoprotein genes associated with cancer risk or mortality as well as regulation by selenium levels.
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	Gene
	SNP
	Location
	Association with Selenium/Cancer
	Protein Function
	Ref





	SELENOP
	rs3877899 (G/A)

rs7579 (G/A)
	Codon 234 (Ala234Thr)

3′ UTR—SECIS
	Reduced breast cancer risk observed for homozygous Thr (rs3877899) carriers. Homozygous AA genotype (rs7579) and interaction of rs3877899 with SOD2 polymorphisms linked to increased prostate cancer risk.

Lower SELENOP levels are linked to cancer risk
	Transports selenium into cells



Antioxidant
	[27,28,40,43,44]



	SELENOF
	rs5845 (C/T)

rs5859 (G/A)
	3′ UTR—position 811

3′ UTR—position 1125
	T811A1125 haplotype associated with prostate cancer specific mortality

Haplotypes contribute to determining SELENOF levels made in a selenium-dependent manner
	Role in disulfide bond formation/protein quality control



Gatekeeper for protein secretion
	[57,59,60,61,62,63,64,65]



	GPX4
	rs713041 (T/C)
	3′ UTR—position 718
	Selenium deficiency causes decreased UGA recoding activity of both variants, while the C variant exhibits increased UGA recoding in selenium-sufficient conditions

Clinical supplementation trial - supplementation of 100 ug Se resulted in increased GPX4 levels in participants
	Prevents ROS formation by reducing lipid hydroperoxides



Structural role in spermatazoa
	[10,11,12,13,14,15,16,17,18,19,20]



	GPX1
	rs1050450 (C/T)
	Codon 198 (Pro198Leu)
	Leu variant is associated with lower GPX1 levels

Leu variant with 5 alanine repeat exhibits higher GPX1 induction with Se supplementation compared to other variants.

Supplementation of tissue culture media results in increased GPX1 activity and levels in genotype-independent manner
	Antioxidant that reduces hydrogen/lipid peroxides
	[8,21,22,23,24,25,26,27]
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