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ABSTRACT 

Selenium is an essential micronutrient linked to various aspects of health. Selenium 

exerts its biological activity through incorporation of the amino acid, selenocysteine 

(Sec), into a unique class of proteins termed selenoproteins. Sec incorporation occurs 

cotranslationaIly at UGA codons in archaea, prokaryotes, and eukaryotes. UGA codons 

specify Sec coding rather than termination by the presence of secondary structures in 

mRNAs termed selenocysteine insertion (SECIS) elements, and trans-acting factors that 

associate with SECIS elements. Selenoprotein mRNAs are potential targets for 

degradation via nonsense-mediated decay, due to the presence of in-frame UGA codons. 

When UGA recoding is inefficient, as occurs when selenium is limiting, termination 

occurs at these positions. Based on predicted exon-intron structure, fourteen of the 25 

human selenoprotein mRNAs are predicted to be sensitive to nonsense-mediated decay. 

Among these, sensitivity varies, resulting in a hierarchy of selenoprotein synthesis. 

Potential factors dictating this hierarchy are the SECIS binding proteins, SBP2 and 

nucleolin. To investigate the role of these proteins in the hierarchy of selenoprotein 

synthesis, we carried out knockdowns of SBP2 expression and assessed the effects on 

selenoprotein mRNA levels. We also investigated in vivo binding of selenoprotein 

mRNAs by SBP2 and nucleolin, via immunoprecipitation and quantitation of bound 

mRNAs. We report that SBP2 exhibits preferential binding to some selenoprotein 

mRNAs over others, whereas nucleolin exhibits minimal binding differences. Thus 

SBP2 is a determinant in dictating the hierarchy of selenoprotein synthesis via differential 

selenoprotein mRNA translation and sensitivity to nonsense-mediated decay. 
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Selenophosphate synthetase I (SPSI) and selenophosphate synthetase 2 (SPS2) have 

been implicated as essential components in selenoprotein biosynthesis. In vitro studies 

have demonstrated that SPS2, but not SPSI, generates the active selenium donor for Sec 

synthesis, monoselenophosphate. To establish the functions of these two proteins in 

vivo, siRNAs were used to knockdown SPSI and SPS2 expression, and DNA constructs 

were designed to overexpress the two proteins in HEK-293 and MSTO-2IlH cells. 

Knockdown of SPS 1 and SPS2 decreased the protein levels of several selenoproteins 

whereas the overexpression of SPS 1 and SPS2 increased selenoprotein levels. These 

results reconfirm the role of SPS2 and establish SPS 1 as a factor that regulates 

selenoprotein biosynthesis. 
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CHAPfERI 

INTRODUCTION 

Selenium is an essential micronutrient that bas been linked to various aspects of human 

health (84). The element was discovered in 1817 by the Swedish chemist Jons Jakob 

Berzelius while investigating the cause of an illness suffered by workers at a local sulfuric 

acid manufacturing plant Selenium was long considered a toxic element associated with 

carcinogenesis and livestock poisoning, however, in 1957 it was identified as an essential 

micronutrient in rats. Soon afterward selenium deficiency was shown to cause numerous 

livestock diseases prevalent in the Great Plains and in Oregon, including white muscle 

disease and "ill-thrift" in calves and lambs, and exudative diathesis and pancreatic 

degeneration in poultry (46). The ability of such small quantities of the element to cause 

such profound biological effects stimulated research into the enzymatic involvement of 

selenium. In the 1970's selenium was found to be present in glutathione peroxidase (85) 

in the form of selenocysteine (Sec; U in one letter code) (39). Sec was subsequently 

identified as the 21 m amino acid encoded by UGA (9), a codon that typically dictates 

translational termination. Selenium exerts its biological activity through the incorporation 

of Sec, into a unique class of proteins termed selenoproteins (54). Sec incorporation 

occurs cotranslationally at UGA codons in archaea, prokaryotes, and eukaryotes. UGA 

codons specifY seJenocysteine coding rather than termination by the presence of specific 

secondary structures in mRNAs termed selenocysteine insertion (SECIS) sequences, and 

trans-acting factors that associate with SECIS elements. The various proteins known to 

function in selenoprotein biosynthesis are reviewed. 
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Selenoprotein Synthesis Factors 

Phosphoseryl-tRNA [Ser]Sec kinase 

Sec is synthesized on its transfer RNA. tRNA[Ser]Sec (63) (66). tRNA[Ser]Sec is initially 

aminoacylated with serine, then phosphorylated to form phosphoseryl-tRNA[Ser]Sec, and 

converted to selenocysteyl-tRNA[Ser]Sec (104). A minor species of seryl-tRNA was 

discovered in 1970 in rooster liver and was shown to be converted to phosphoseryl-tRNA 

by a kinase activity (71). The seryl-tRNA was subsequently demonstrated to associate 

with UGA codons (48) and decode UGA in vitro (24) (45), and was later identified as 

selenocysteyl-tRNA[Ser]Sec (63) (66). For years, identification of the phosphoseryl kinase 

remained elusive, however, a recent in silico analyses of archaeal and eukaryotic 

genomes for novel kinase-like genes that are present within genomes containing Sec 

incorporation genes revealed a candidate phosphoseryl-tRNA [Ser]Sec kinase gene. 

Phosphoseryl-tRNA [Ser]Sec kinase was subsequently cloned and characterized as a protein 

that phosphorylates the seryl moiety on seryl_tRNA[Ser]Sec in the presence of ATP and 

Mg2+ (14). 

Sec Synthase 

Sec synthesis was initially established in E. coli in the early 1990s. The process occurs 

on the seryl_tRNA[Ser]Sec molecule and is catalyzed by the bacterial enzyme, Sec synthase 

(SeeS), encoded by the SelA gene (38) (36). SeeS, a pyridoxal phosphate-dependent 

enzyme, esterifies the serine moiety of seryl_tRNA[Ser]Sec. forming an aminoacrylyl 

intermediate which is then exchanged with seleno!. Recent studies have identified 

soluble liver antigen (SLA), a 48kDa tRNA[Ser]Sec binding protein, as the eukaryotic SeeS 
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(104). Eukaryotic SeeS is also a member of the pyridoxal phosphate-dependent 

transferase superfamily (56) and associates with the supramoleeular complex mediating 

See incorporation into selenoproteins (91). SeeS dephosphorylates O-phosphoseryl 

tRNA[Ser]Sec and transfers monoselenophosphate onto the tRNA to form selenocysteyl­

tRNA [Ser]Sec (104). 

SecP43 

SecP43 was identified in a degenerate peR screen for RNA binding proteins, and shown 

to bind to selenocysteyl_tRNA[Ser]sec (25). RNA interference studies targeting SeeP43 

demonstrated that the protein is required for methylation of the 2'-hydroxyJribosyl moiety 

in the wobble position of the selenocysteyl-tRNA[Ser]Sec. Methylation of the wobble 

enhances selenocysteine recoding and selenoprotein expression. Analysis of the 

subcellular localization of SecP43 suggests that it may regulate shuttIing of the SecS­

selenocysteyl_tRNA[Ser]Sec complex between the nucleus and cytoplasm (105) (91). 

Selenophosphate Synthetase 

Monoselenophosphate is the active form of selenium that is transferred to the seryl­

tRNA[Ser]Sec to generate selenocysteyl-tRNA[Ser]Sec in prokaryotes (41) and eukaryotes 

(103). Bacterial selenophosphate synthetase, encoded by the SelD gene, catalyzes the 

synthesis of monoselenophosphate from selenide and ATP in vitro by the following 

reaction: ATP + HSe· + H20 7 H2SeP03· + AMP + Pi. The Km value for selenide in 

the reaction is 20""M, a concentration toxic to cells, suggesting that selenide is not the 

selenium donor for monoselenophosphate synthesis in vivo (59). The eukaryotic SelD 

homologues, selenophosphate synthetase 1 (SPS 1) and selenophosphate synthetase 2 
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(SPS2), were first identified in mammals and implicated as essential components in 

selenoprotein synthesis (58) (70) (43) (57) (60). Interestingly, SPS2 is aselenoprotein 

and thereby may auto-regulate its own production along with the production of other 

selenoproteins (43). It bas recently been reported that SPS2 synthesizes selenophosphate 

in vitro whereas SPSI does not (104). SPS1 shares only 32% homology with SelD, but 

contains a highly similar ATP/GTP binding domain in its predicted active site. 

Mutagenesis studies revealed that this conserved region binds to A TP and regulates 

deiodinase I synthesis in vivo (70). In vivo studies using a mutant SelD E. Coli strain 

revealed that SPS2 expression restores selenoprotein synthesis whereas SPS I does not 

when selenite is used as a selenium supplement. On the other hand, SPS I was able to 

complement selenoprotein synthesis when selenocysteine was supplied to the cells. 

These results led the investigators to speculate that SPS2 functions in the de novo 

synthesis of monoselenophosphate from selenite whereas SPS 1 plays a role in Sec 

recycling and selenium salvage (94). Subsequent in vivo knockdown studies of the two 

proteins in NIH3T3 cells bas revealed that SPS2 serves to generate the active selenium 

donor for selenocysteine synthesis while SPSI does not (103). Furthermore, SPSI is 

found in the silkworm, Bombyx mori, and the red flour beetle, Tribolium castaneum, 

selenoproteinless animals which have also lost Sec biosynthesis and insertion genes. 

These fmdings suggest that SPS 1 functions in a pathway unrelated to Sec biosynthesis 

but perhaps an undefmed pathway of selenium utilization (67). Further studies are 

necessary to elucidate the roles of SPS 1 and SPS2 in selenoprotein synthesis. 
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EFSec 

Selenocysteine decoding employs a selenocysteyl-tRNA [Ser]Sec specific elongation factor 

in both prokaryotes (SELB or EFsec) and eukaryotes (eEFSec). The prokaryotic factor is 

a GTP-dependent RNA binding protein consisting of an N-tenninal elongation factor 

domain specific to selenocysteyl-tRNA[Ser]Sec, and a C-tenninal SEcrs binding domain 

(37) (3) (62). EFsec delivers selenocysteyl-tRNA[Ser]Sec to the ribosomal A site for Sec 

incorporation into the nascent protein (3), dissociates from the ribosome and the SECIS 

element, and reassembles with selenocysteyl-tRNA[Ser]Sec for the subsequent round of Sec 

incorporation (96). In silico analysis of eukaryotic genomes resulted in identification of 

the murine Sec elongation factor, eEFSec (97) (33). Like its prokaryotic counterpart, 

eEFsec binds to selenocysteyl-tRNA[Ser]Sec; however it does not associate directly with 

SECrS elements (97) (33). Instead, eEFsec associates with SECrS binding protein 2 

(SBP2) in the presence of selenocysteyl-tRNA[Ser]sec, thereby forming the Sec decoding 

apparatus (107) (97). 

SEcrs binding protein 2 

SBP2 was discovered in rat testicular extracts by RNA affmity chromatography using 

SECrS elements as RNA ligand (19). SBP2 stimulates Sec incorporation in vivo and in 

vitro (19) (20) (21) by associating with SECrS elements and recruiting the eEFSec­

selenocysteyl_tRNA[Ser]sec complex to the ribosome (97). SBP2 binds to the large 

ribosomal subunit and a conserved intemalloop domain within the core of the SEcrs 

(34) (21). SBP2 contains an RNA binding domain common to the ribosomal binding 

proteins L30 and eRF1, and the SUPI protein (20), a suppressor of translational 

termination in yeast (61). Mutagenesis of this conserved RNA binding domain abolishes 
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SEcrs binding but not ribosomal binding (21). Recent reports have identified naturally 

occurring mutations affecting SBP2-SEcrs binding and Sec decoding capacity. 

Missense mutations in the RNA binding domain of SBn identified in patients with 

abnormal thyroid hormone metabolism (31) have been shown to confer diminished 

SEcrs binding affinity in vitro (10) and in vivo (92). A homozygous point mutation 

within the SBPZ binding domain of the SelN SEcrs was recognized in patients with rigid 

spine muscular dystrophy. The mutation decreases SBn binding capacity and 

downregulates SelN expression (2). We have recently demonstrated that SBP2 binding 

affinity differs between selenoprotein mRNAs and is a major determinant in differential 

selenoprotein mRNA translation and sensitivity to nonsense-mediated decay (Chapter 2) 

(92). Subcellular localization studies of the protein suggest that SBn undergoes 

nucleocytoplasmic shuttling and complexes with the selenocysteine incorporation 

machinery in the nucleus, thereby allowing selenoprotein mRNAs to circumvent 

nonsense-mediated decay (23). Furthermore, the redox state of SBP2 regulates its 

subcellular localization and Sec decoding function. Oxidative stress induces nuclear 

sequestration of SBPZ and possibly its associated mRNAs and results in downregulation 

of selenoprotein synthesis (82). 

LJO 

The ribosomal protein LJO interacts with SEcrs elements at a site overlapping the SBn 

binding site. L30 promotes Sec decoding, and competes with SBPZ for SEcrs binding 

under conditions of high magnesium (15). Magnesium is thought to induce a kink-turn in 

the SECrS RNA structure and enhance L30-SECrS binding activity while attenuating 

SBn's SEcrs interaction (15). During UGA recoding, L30 has been proposed to 
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displace SBP2 from the selenoprotein mRNA by inducing a conformational change in the 

SECIS element and tethering the Sec decoding apparatus to the large ribosomal subunit. 

Disassociation of SBP2 from the SECIS putatively releases selenocysteyl-tRNA into the 

ribosomal A site and stimulates eEFSec GTP hydrolysis, thereby recycling these factors 

for the subsequent round of Sec decoding (15). 

NucIeoIin 

In 2000, nucleolin, a protein best known for its involvement in ribosome synthesis, was 

identified as a selenoprotein mRNA-binding protein in a cDNA library screen utilizing 

radiolabeled glutathione peroxidase mRNA as a probe. The nucleolin-SECIS interaction 

was subsequently confirmed by RNA electrophoretic mobility shift assays (102). We 

have recently reported that unlike SBP2, which exhibits strong preferential binding to 

some selenoprotein mRNAs over others, nucleolin exhibits minimal differences in 

selenoprotein mRNA binding, and thus is unlikely to contribute to the hierarchy of 

selenoprotein synthesis but may playa role in Sec translation or transport (92). 

Selenocysteine insertion sequences 

Translation ofUGA codons as selenocysteine requires specific stem-loop structures 

present in selenoprotein mRNAs. The position of the SECIS elements differ in the three 

lines of descent, being found in the coding region of prokaryotes, and in the 3' 

untranslated regions (UTRs) in eukaryotes and archea (109) (100). SECIS elements 

direct Sec recoding by recruiting trans-acting selenoprotein synthesis factors to the 

ribosome thereby forming a decoding apparatus for Sec insertion (97). Eukaryotic 

SECIS elements contain three highly conserved regions, one of which contains three 
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adenosine residues on the 5' side of either the termina1loop or internal bulge. The other 

regions, AUGA and GA, are located at the 5' and 3' base of the stem, respectively, 10-12 

base pairs below the conserved adenosine residues. These residues form a non-Watson­

Crick G-A, A-G tandem pair and are referred to as the "SECIS core" (74) (Figure 1). 

Mutagenesis studies have confirmed the importance of these conserved structures for 

SECIS function (8, 74, 75, 89). Structural differences between eukaryotic SECIS 

sequences allow the elements to be divided into two classes. These classes, termed form 

1 and form 2, are distinguished by the presence (Form2) or absence (Form 1) ofa 

predicted upper stem loop structure above the conserved adenosine residues (68). Genes 

containing the form 1 class include GPX1, GPX2, DIl, and the second SECIS element of 

SeIP. All other selenoproteins contain SECIS form 2 elements (42). 
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Figure I . Consensus sequences of the two classes of SECIS elements. Form 1 elements 

contain a 9- 11 base pair stem separating the AUGA SECIS core from the 10-14 

nucleotide loop containing three conserved adenosines. Form 2 elements contai n the 

three conserved adenos ines in an internal bulge separating a 3-5 base-pair upper stem and 

3-6 base-pair terminal loop from the lower stem and SECIS core. The conserved 

nucleotides are shown in bo ld (42). 
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Figure 2. Hypothetical mechanism for Sec biosynthesis and its incorporation into 

protei n. We propose the following mechanism for selenocysteine biosynthesis and 

insertion into a nascent selenoprotein. Additional factors may ex ist in the process and 

their di scovery should provide more inclusive mechanistic insight into the synthesis of 

these unique prote ins. 
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Seleniwn and Hwnan Health 

Hwnan dietary intake of seleniwn varies throughout the world. Seleniwn enters the food 

chain through plants that take up the element from the soil. Seleniwn deficiency has thus 

been identified in regions of the world low in seleniwn soil content. White muscle 

disease, "ill-thrift", a disease characterized by growth defects, exudative diathesis, and 

pancreatic degeneration were frrst identified in livestock in such regions. Human 

diseases were identified in seleniwn-deficient regions in China and include Keshan 

disease and Kashin-Beck disease (11, 84). Keshan disease is a cardiomyopathy cansed 

by coxsackie viral infection. Studies in coxsackie virus infected mice indicate that 

seleniwn-deficiency induces viral mutations that lead to cardiovirulence (5). Similar 

studies with mice lacking the glutathione peroxidase 1 (Gpx I) gene (an antioxidant 

selenoprotein gene), indicate that Gpxl protects the viral genome from oxidative damage 

that result in cardiovirulence (4). Kashin-Beck disease is a rare osteoarthropathy found in 

China. The disease is caused by iodine and/or seleniwn deficiency, contamination of 

drinking water with fulvic and humic acid, and mycotoxins in food (49, 77). 

Seleniwn and Cancer 

Nwnerous epidemiologic. clinical, and experimental studies have indicated that seleniwn 

may have potent chemopreventative properties. The most notable of these are the 

seleniwn supplementation studies carried out by the Nutritional Prevention of Cancer 

Study Group. The initial findings of this study, reported in the Journal of the American 

Medical Association in 1996, indicated decreases in the incidence of prostate, lung, and 
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colorectal cancer in the supplemented group (17). Follow up studies confirmed the 

decreased incidence of prostate cancer in the supplemented population, particularly in 

individuals with baseline plasma selenium levels concentrations in the lowest two tertiles. 

The molecular basis of selenium's potential anti-cancer activity is generally thought to be 

a result of its known effects on oxidative stress, cell proliferation, apoptosis, immunity, 

DNA repair, hormone signaling, angiogenesis, and cellular adhesion. Selenium is 

thought to act on cancer cells by directly altering cell metabolism in the form of selenite, 

selenomethionine, and methy lseleninic acid, or via indirect means through incorporation 

into selenoproteins, a unique class of proteins that contain the amino acid selenocysteine. 

Indeed, polymorphisms in the genes for the selenoproteins, Gpxl and selenoprotein 15 

(sepI5) have been linked to some cancers, and changes in expression of Gpxl, Gpx2, 

selenoprotein P (SeJP) and thioredoxin reductase 1 (Trx I) have been implicated in 

tumorigenesis. These alterations have been reviewed recently (26), and are summarized 

in the table below. 

Selenium and Prostate Carcinogenesis 

The Nutritional Prevention of Cancer (NPC) trials reported a 0.51 percent (0.29-0.87) 

reduction in prostate cancer incidence in individuals supplemented with dietary selenium 

(29). Selenium's chemoprevention in the prostate bas further been supported by 

epidemiological case studies that have shown an inverse correlation between advanced 

prostate cancer incidence and selenium levels in serum and toenails (106). Preliminary 

data from the ongoing Selenium and Vitamin E Cancer Prevention Trial (SELECT) also 
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indicates a lower incidence of prostate cancer in men with elevated plasma selenium 

levels (95). 

The relationship between selenium and prostate cancer risk has set an impetus to 

elucidate the mechanism of the micronutrient's chemoprevention. LNCaP cells (an 

androgen-sensitive human prostate cancer cell line) treated with methylseleninic acid 

(MSA) and analyzed by cDNA microarray analysis revealed downregulation of androgen 

receptor expression and changes in expression of cell cycle-regulating genes and 

androgen-regulated genes. MSA treatment inhibited cell proliferation of the LNCaPs and 

decreased the levels of prostate specific antigen secreted into the cell culture medium 

(108). These results suggest that MSA protects prostate cells from carcinogenesis by 

altering gene expression and thereby activating cellular cancer defenses while inhibiting 

cell proliferation. Studies using cell lines isolated from C3(1)/SV40 T antigen (Tag) 

transgenic prostate cancer bearing mice have also revealed transcriptional alterations in 

prostate cancer (13). The C3(1)/Tag transgenic model employs a segment of the rat 

steroid binding promoter gene C3(l) to regulate the expression of SV40-T antigen. Male 

transgenic mice develop prostatic hyperplasia, and form preneoplastic lesions that 

develop into invasive carcinomas (73). Gene expression was profiled in cell lines 

isolated from prostatic intraepithelial neoplasia, invasive carcinoma, and lung metastases 

at different stages of tumorigenesis in the C3(1)/T antigen mice. cDNA microarray 

analysis and RT -PCR revealed changes in the expression of genes involved in promoting 

cell growth, angiogenesis, cellular adhesion, and invasion. Intriguingly, the investigators 

detected a significant decline in the expression ofSelP (13), a selenoprotein involved in 

selenium transport and the reduction of lipid hydroperoxides (12). To analyze the role of 
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selenoproteins in prostate chemoprevention, C3(l)ffag mice were crossed with i6A 

transgenic mice that lack fully-functional selenocysteyl-tRNA[Ser]Sec (27). i6A mutants 

lack the modified base, isopentenyladenosine, in the selenocysteyl-tRNA[Ser]Sec 

anticodon loop, and exhibit reduced efficiency of selenoprotein translation (80). The 

resulting i6Affag mice displayed an accelerated development of prostatic lesions as 

compared to the wild typeffag control mice, implicating the reduced efficiency of 

selenoprotein translation in prostate caocer. A marked decrease in Gpxl protein aod 

enzymatic activity was detected in the i6Affag animals as compared to the wild typeffag 

mice, confirming the selenoprotein deficient phenotype in the bigenic animals (27). 

Selenium and Colon Cancer 

Epidemiologic data suggest an inverse relationship between selenium aod colorectal 

cancer risk (30). Colorectal cancer patients have been found to have substantially lower 

serum selenium levels and higher manganese and iron levels thao controls (83). The 

selenoproteins SeJP, Trxl, Gpx2 and Gpx3 are expressed in the mucosa of the colon and 

have been implicated in colorectal carcinogenesis (79). Human biopsies of colorectal 

adenomas were analyzed and compared to neighboring non-adenomatous tissue. The 

cancerous tissue had a marked reduction in SeIP mRNA and protein, whereas Gpx2 

levels tended to increase, indicating a possible compensatory mechaoism to maintain the 

antioxidaot potential during colorectal carcinogenesis. Indeed, Trx 1 and Gpx3 levels did 

not change in the adenomas (79). Further investigation revealed polymorphisms within 

the SelP aod Gpx2 genes in colorectal cancer tissue, which are absent in colon cancer cell 

lines (I). Studies using the i6A transgenic mice and azoxymethane to induce colon 
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cancer showed increased aberrant crypt formation in the transgenic mice. Intriguingly, 

selenium supplementation with selenite suppressed the development of aberrant crypts in 

both wild-type and the i6A transgenic mice. These results suggest that both selenoprotein 

levels and supplementation with selenite may reduce colon cancer development (55). 

Selenium and Breast Cancer 

As in the prostate and colon, selenium has been implicated in chemoprevention in the 

breast (83). Studies using TM6 mouse mammary epithelial tumor cens treated with 

methylselenocysteine (MSC) revealed an inhibition of cell division. Data indicates that 

MSC arrests TM6 cells in S phase by increasing the interaction between cdk2 and cyelin 

E. It is postulated that the cellular arrest brought about by MSC may promote apoptosis 

(90). Further studies have shown MSC to inhibit cellular growth of TM6 cells by 

inhibiting phospatidylinositol 3-kinase (P13-K) activity. Signaling molecules 

downstream ofP13-K were also affected; p38 MAPK downreguJation and inhibition of 

the Raf-MEK-ERK signaling pathway were established (98). MSA studies on human 

breast cancer MCF-7 cells have indicated that selenium inhibits estradiol-dependent cell 

growth and decreases the expression of estrogen receptor u (ER u) (88). Investigators 

also provided evidence that MSA decreases binding ofER u to the estrogen response 

element and decreases the affinity of estradiol to ER u (64). 

Based on the initial findings of the Nutritional Prevention of Cancer Study Group, the 

National Cancer Institute of the National Institutes of Health funded the SELECT study 

to recruit over 32,000 men into the largest prostate cancer study ever conducted. 

Meanwhile, research on the molecular mechanisms by which selenium may prevent 
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carcinogensis is progressing at an unprecedented pace, providing exciting new insights 

into the potential roles of individual selenoproteins in various cancers. 

Selenoprotein genes implicated in human cancers 

SeIenoprotein gen Cancer types Alterations 

GpxI Breast, prostate, lung Allelic variations, 
head and neck Loss of heterozygosity 

Gpx2 Colorectal adenoma Increased expression, 

Allelic variations, 

Loss of heterozygosity 

SelP Colorectal adenoma Decreased expression, 

Allelic variations, 

Loss of heterozygosity 

Sep15 Breast, head and nec Allelic variations, 

Loss of heterozygosity 

Trxl Numerous Increased expression 
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CHAPTER II 

SBP2 binding affinity is a major determinant in differential selenoprotein mRNA 

translation and sensitivity to nonsense-mediated decay 

Jeffrey E. Squires, Illm Stoytchev, Erin P. Forry, Marla J. Berry 
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Abstract 

Selenoprotein mRNAs are potential targets for degradation via nonsense-mediated decay, 

due to the presence of in-frame UGA codons that can be decoded as either selenocysteine 

or termination codons. When UGA decoding is inefficient, as occurs when selenium is 

limiting, tennination occurs at these positions. Based on predicted exon-intron structure, 

fourteen of the 25 human selenoprotein mRNAs are predicted to be sensitive to nonsense­

mediated decay. Among these, sensitivity varies widely, resulting in a hierarchy of 

preservation or degradation of selenoprotein mRNAs and thus, of selenoprotein synthesis. 

Potential factors in dictating the hierarchy of selenoprotein synthesis are the SECIS 

RNA-binding proteins, SBP2 and nucleolin. To investigate the mechanistic basis for this 

hierarchy and the role of these two proteins, we carried out knockdowns of SBP2 

expression and assessed the effects on selenoprotein mRNA levels. We also investigated 

in vivo binding of selenoprotein mRNAs by SBP2 and nucleolin, via 

inununoprecipitation of the proteins and quantitation of bound mRNAs. We report that 

SBP2 exhibits strong preferential binding to some selenoprotein mRNAs over others, 

whereas nucleolin exhibits minimal differences in binding. Thus, SBP2 is a major 

determinant in dictating the hierarchy of seienoprotein synthesis via differential 

seienoprotein mRNA translation and sensitivity to nonsense-mediated decay. 
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Introduction 

Selenoproteins contain the trace element selenium in the fonn of the unusual amino acid, 

selenocysteine. Selenocysteine is incorporated into selenoproteins via recoding ofUGA 

codons that would otherwise function as tennination codons (28, 47). Early studies on 

the fIrst identifIed eukaryotic selenoprotein, cytoplasmic glutathione peroxidase (Gpxl), 

showed that dietary selenium status influenced Gpxl enzyme activity levels in rat liver, 

and that levels of the corresponding mRNA exhibited dependence on dietary selenium 

(86). 1bis effect was shown to occur not at the level of transcription of the GpxI gene, 

but rather, via changes in RNA turnover (16). The mechanism by which selenium status 

influences Gpx I mRNA turnover bears the hallmarks of nonsense mediated decay 

(NMD), a pathway that targets mRNAs containing premature termination codons for 

degradation. The presence of both a UGA codon and an intron downstream of the UGA 

was shown to be required for selenium-dependent regulation of mRNA turnover (78, 99). 

Studies from several laboratories have shown that selenoprotein mRNAs exhibit 

differential tissue and selenoprotein-specific dependence on dietary selenium status. 

Whereas the mRNA for GpxI is highly sensitive to changes in selenium status, other 

selenoprotein mRNAs such as those encoding type I iodothyronine deiodinase (DioI) 

and selenoprotein P (SeIP) exhibit intermediate sensitivity, while Gpx4 and thioredoxin 

reductase I (Trxr I) mRNA levels exhibit minimal changes in response to selenium 

deprivation (7, 44, 50, 65). 

It is well documented that retention of selenium stores differs widely in different 

tissues (6) and this is a likely factor in some of the reported differences in selenoprotein 

mRNA responses. Strikingly, however, even within a given tissue, the levels of some 
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selenoproteins decrease with selenium depletion, whereas others are preserved. This 

observation suggests that other factors may differentiate between the different 

selenoprotein mRNAs to elicit varying expression levels of the corresponding proteins. 

We previously suggested the SECIS-binding protein, SBP2, as a candidate for 

establishing or contributing to the hierarchy of selenoprotein synthesis (69). SBP2 binds 

SECIS elements, the secondary structures in the 3'untranslated regions of selenoproteins, 

and results in recoding UGA codons as selenocysteine instead of stop (18). Using a 

transient transfection system in which constructs encoded a selenoenzyme, Dio1, linked 

to different SECIS elements, we showed that different SECIS elements exhibited 

differing responses to SBP2 cotransfection, presumably due to their respective 

interactions with SBP2 (69). A recent report by Dumitrescu et al (31) demonstrated that 

mutations in SBP2 result in differential effects on expression levels of different 

selenoproteins. SelP levels and plasma glutathione peroxidase (Gpx3) activity in plasma 

from patients bearing the SBP2 mutation were -4 and -7.S-fold lower, respectively, than 

in unaffected siblings. Gpx1 and Di02 activities in skin fibroblasts of the patients were-3 

and lO-fold lower, respectively, relative to unaffected siblings. Binding of SEC IS 

elements by other factors, including nuc1eolin and ribosomal protein L30 (15, 102) may 

also contribute to the hierarchy effect 

The goal of the present study was to gain insight into the factors and mechanism 

dictating the differential sensitivity of different selenoprotein mRNAs to degradation. 

We investigated the effects ofSBP21imitation, via transient and stable RNAi, on 

selenoprotein mRNA levels. We show that SBP2 knockdown exerts differential effects 

on different selenoprotein mRNAs. We carried out immunoprecipitations of wild type 
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and mutant SBP2 and of nucleolin, and assessed the levels of selenoprotein mRNAs 

bound by these factors. We report that SBP2 exhibits widely differing binding levels to 

different selenoprotein mRNAs, whereas nucleolin appears to bind most selenoprotein 

mRNAs similarly. We examined the in vivo binding of these factors to the two SECIS 

elements of SelP, as we have shown that the two elements function differently in SelP 

translation (93). The implications for elucidating how the biosynthesis of crucial 

selenoproteins is maintained, at the expense of more expendable ones, is discussed. 

Materials and Methods 

Construets and Antibodies. SBP2 shRNA and non-silencing control shRNA gene 

constructs cloned into pSM2 retroviral vectors were purchased from Open Biosystems. 

SBP2 siRNAs and non-targeting control siRNAs were purchased from Dharmacon. Full­

length human SBP2 cDNA was a generous gift from Dr. Paul Copeland. The region of 

human SBP2 (amino acids 408-783) corresponding to the "minimal functional domain" 

defmed for rat SBP2 (21) was subcloned into the pD0NR221 vector and recombined into 

pcDNA-DEST40, a C-terminaI V5 tag vector for mammalian expression, using 

GatewayTM Technology (Invitrogen). Inverse PCR was utilized to generate a missense 

mutation within the putative nucleolar localization signal and RNA binding domain 

(R540Q mutation) that has been implicated in Sec incorporation defects (31). Full length 

murine EFsec in pUHDlO-3 has been described previously (97). Human SelP DNA was 

a generous gift from Drs. Kristina Hill and Ray Burk. SelP was subcloned into pcDNA 

3.1 and linked to three copies of the lambda phage boxBL sequence. This was used for 
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derivatives that contain the coding region and either the first SECIS element plus 

flanking 3' UTR sequences with the second SECIS element deleted, or the second SECIS 

element plus flanking 3' UTR sequences with the first SEeIS element deleted. Each of 

these constructs contain three copies of the lambda boxBL sequence. A lambda N 

peptide-GST fusion was generated by subcloning the 22 amino acid lambda box-BL N 

protein-binding domain into GatewaylM pDESTl5 vector (Invitrogen). Primary 

antibodies included rabbit anti-human SBP2 polyclonal antisera (generous gift of Drs. 

Laura Papp and Kum Kum Khanna), mouse monoclonal anti-V5 (Invitrogen), mouse 

monoclonal anti-nucleolin (Zymed), mouse monoclonal anti-l3-actin (Sigma), and mouse 

IgG isotype control (Pharmingen). 

Cell Culture and Transfections. MSTO-211H human mesothelioma cells were cultured 

in RPMI-I640 (GIBCO-Invitrogen), supplemented with 10% FBS, and incubated with 

5% C02 at 37" C. Cells were transfected using Lipofectamine 2000 (Invitrogen) 

according to manufacturers instructions. Stable shRNA transfectants derived from single 

cells were selected and maintained in puromycin-supplemented media (2 ILg/mI). 

Trausient siRNA transfectants were harvested 96h post·transfection. HEK-293 cells 

were cultured and transfected and 7SSe labeling carried out as described (93). 

Immunoprecipitations. MST0-211H cells were harvested in lysis solution (0.5% Triton 

x-100, 25 mM Tris-HCI, 300 mM NaCI, 1 roM CaCh) and freeze/thawed to enhance 

rupture. MSTO-211H cells overexpressing recombinant V5-tagged SBP2 were lysed 48h 

post-transfection. Lysate was pre-cleared and incubated with 5ILg anti-V 5 antibody, anti-
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nucleolin antibody, or mouse IgO isotype control antibody for 4h followed by incubation 

with Protein-O sepharose (Zymed) overnight. The resin was washed three times (25 roM 

Tris-HCI, 140 roM NaCI, 1 roM eaCh) followed by RNA isolation with TRIZOL 

Reagent (Invitrogen) according to the manufacturers instructions. RNA was resuspended 

in water for subsequent cDNA synthesis. 

MSTO-211H cells were transiently transfected (Lipofectamine 2000, Invitrogen) with 

the human SelP-lambda box B constructs containing either the first or second SECIS 

element, along with a construct consisting of the minimal functional domain ofSBP2 

(amino acids 408-783) bearing a V5 tag. Cells were lysed 48h post-transfection and 

incubated with bacterially expressed lambda N peptide-GST protein fusion for 1h at 4'C, 

followed by pull-down with glutathione-agarose beads, SDS-PAGE, and western blotting 

with anti-V5 antibody (Invitrogen) or anti-nucleolin antibody (Zymed-Invitrogen). 

Proteins were detected by enhanced chemilluminescence (ECL-Plus, GE). Densitometric 

quantitation of bands was carried out using a Kodak Gel Logic 200 imager analyzed with 

Kodak Molecular Imaging Software. RNA recovery was quantitated by real time RT­

PCR and was 0.010 and 0.009 pg/150 III eluate from immunoprecipitates for SECIS 1 

and SECIS 2 mRNAs respectively. RNA recovery for control minus box B was 3 orders 

of magnitude lower. 

Western blotting. Protein was harvested from MSTO-211H cells transfected with 

SBP2-targeted siRNA or non-silencing siRNA 96 hours post-transfection using CellLytic 

MT buffer (Sigma) containing 1mM DTI, 5 mM EDTA, and IX protease inhibitor 

cocktail. The cell suspension was sonicated (Fisher Scientific Sonic Dismembrator) and 
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then centrifuged at 13.000 g (Beckman Coulter micro centrifuge) for 10 min. A Bradford 

assay was performed on the supernatant using Bradford Reagent (Bio-Rad, Hercules, 

CA). SelP-Iambda BoxB associated protein was eluted in 10 mM reduced glutathione 

solution. Protein was mixed with reduced Laemli buffer, boiled at 95°C for 10 min, and 

loaded into a 10-14.5% polyacrylamide gel (Bio-Rad). Protein aliquots of 20, 10, 5, and 

2.5 !1g were loaded to analyze knockdown ofSBP2 by siRNA. Protein was transferred 

onto PVDF membranes, blocked for 1 h with 5% milk solution, and probed for 1 h using 

primary antibodies. Membranes were incubated with the appropriate HRP-conjugated 

secondary antibody for 45 min and detected using ECL Plus (GE Healthcare). Goat anti­

mouse secondary antibodies (Jackson Immunolabs West Grove, PA) were used for V5 

and actin blots. Goat anti-rabbit HRP-conjugated antibodies (Jackson Immunolabs West 

Grove, PA) were used for the SBP2 blots. Deusitometric analysis of film was carried out 

using a Gel Logic 200 imager and Kodak MI software (Kodak Scientific Imaging 

Systems, Rochester, NY). 

RNA Isolation, eDNA Synthesis, and Real-Time qPCR Analysis. RNA was isolated 

from the SBP2 knockdown cells using RNeasy spin colunms and treated with RNase-free 

DNase I (Qiagen). Concentration and purity of the extracted RNA was determined using 

A1.6dA12.o measured on an NDI000 Spectrophotometer (NanoDrop Technologies, 

Wi1mington, DE). One microgram of the RNA was used for cDNA synthesis. All cDNA 

was synthesized using the Applied Biosystems high capacity cDNA synthesis kit. Real­

time PCR was performed using Platinum1M SYBR1M Green qPCR SuperMix (Invitrogen) 

in a Light Cycler 2.0 (Roche). Cycling conditions were used as suggested in the SYBR 
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Green kit instructions and results analyzed using Relative Quantification Software 

(Roche). Oligonucleotides used for qPCR, predicted product sizes, and amplification 

efficiencies are listed in Table S 1. Hprt was used as an internal standard, as we have 

found that the levels of this mRNA do not vary significantly in response to most changes 

in conditious. Student's paired T test was used to determine statistical significance for 

changes in mRNA levels following RNAi. 

RESULTS 

Expression levels of selenoprotein synthesis factors in cell lines. In a recent analysis 

of the expression of24 selenoprotein genes, 3 non-selenoprotein factors involved in their 

biosynthesis (SBP2, SECp43 and Spsl), and 4 housekeeping genes in eight murine 

tissues, SBP2 mRNA levels ranked amongst the lowest of any of the mRNAs measured 

in brain, heart, lung and liver, and in the low to middle range in kidney, intestine and 

spleen. Only testes exhibited high levels ofSBP2 mRNA, relative to the majority of 

other mRNAs examined (53), in agreement with published fmdings (19). To identify 

appropriate cell lines for knockdown or overexpression of SBP2 and nucleolin, we 

carried out real-time RT-PCR analysis of the mRNAs for these two factors and for 

SECp43, Spsl and 2, SLAlLp and EFsec in four mammalian cell lines, HEK-293, 

HepG2, MSTO-211H, and WISH cells. The levels ofmRNAs for the factors varied over 

a wide range, with nucleolin being the most abundant, followed by Spsl and 2, SBP2, 

and SECp43 (data not shown). EFsec and SLAILp mRNAs were of the lowest 

abundance in all four cell lines. SBP2 mRNA levels varied over a 20-fold range, being 
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highest in MSTO-2IIH cells and lowest in HEK-293 cells. This is consistent with our 

recent report that SBP2 protein is detectable by antibody staining in MSTO-2IlH cells, 

but not in HEK-293 cells (23). Based on these findings, we chose to utilize HEK-293 

cells for SBP2 overexpression studies, and MSTO-2IIH cells for RNA interference 

studies. Transient transfection of SBP2 into HEK-293 cells stimulates selenocysteine 

incorporation, as assessed by 75Se labeling of two selenoproteins, Diol and SelP (Fig. I, 

lane 3 vs 1 and 6 vs 4). These fmdings are consistent with our previous report that 

transfection ofSBP2 overcomes competition among SECIS elements in an in vivo 

competition assay (20). In contrast, EFsec was not limiting in HEK-293 cells despite its 

mRNA being of low abundance, as transfection of an EFsec expression plasmid had no 

apparent effect on selenoprotein synthesis (Fig. 1, lane 2 vs 1 and 5 vs 4). SBP2 protein 

has been reported to be translated inefficiently both in vitro and in vivo (19). This is 

supported by the fact that, although EFsec mRNA levels are lower than SBP2 mRNA 

levels, SBP2 is clearly limiting for selenoprotein synthesis in HEK-293 cells. Real time 

RT-PCR quantitation of the effects ofSBP2 overexpression on endogenous selenoprotein 

mRNA levels in HEK-293 cells revealed varying but generally modest effects in response 

to SBP2 transfection, with the largest increases in the range of -50% (Fig. 2). 

Transient and stable knockdown ofSBP2 expr~sion. To assess the effects of 

competition for limiting SBP2, we carried out RNAi-mediated knockdown of SBP2 

expression in MSTO-211H cells, followed by real time RT-PCR to assess SBP2 and 

selenoprotein mRNA levels. Transient knockdown using small interfering RNAs 

resulted in a decrease in SBP2 mRNA levels to approximately 25% of control levels. 
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The effects ofSBP2 knockdown on selenoprotein mRNAs ranged from 50010 decreases in 

SelH and Gpxl mRNAs, and 40% and 30% decreases in Trxrl and SelT mRNAs to 

modest or minimal decreases in the majority of selenoprotein mRNAs (Fig. 3A). This 

finding is in accord with our previous report that SECIS elements from different 

selenoproteins exhibited differing abilities to direct selenocysteine incorporation and to 

compete for available SBP2 (20). The mRNA for SeIW, Dio2, and SelV increased 

slightly in the SBP2 knockdown cells, compared to control cells, but these changes were 

not statistica1ly significant. The effects on the mRNAs for the selenoprotein synthesis 

factors, EFsec, SECp43, SLAJLp, and Spsl, and the NMD factors Upfl, Upf2, Upf3 and 

Upf3X were also examined. None of these was significantly affected by transient SBP2 

knockdown (Fig. 3B). 

Stable knockdown ofSBP2 was also carried out in MSTO-211H cells using a short 

hairpin RNA targeting the N-termina1 region. SBP2 mRNA levels were knocked down to 

approximately 30% of control levels. Western analysis confirmed that SBP2 protein was 

undetectable following knockdown (Fig. 4A). Assessment of selenoprotein mRNA levels 

revealed similar patterns in response to both the transient and stable knockdowns for 

some selenoproteins, while others differed in their responses (Fig. 4B). The greatest 

decreases, in the range of60 to 75%, were seen with Trxr2, Trxr3, Gpx4, and SelN, all of 

which were minimally or unaffected in the transient knockdowns. SelV and SelW 

mRNA levels increased in the stable knockdowns, the latter by nearly 3-fold SelK, 

SelR, and SelT mRNA levels increased by 40 to 70% in the stable line, versus no effect 

on SelK or SelR mRNAs and a 30010 decrease in SelT mRNA in the transient 

knockdowns. SelH and Trxrl mRNAs showed modest decreases in both the transient and 



stable knockdowns. The mRNAs for the selenoprotein synthesis factors, EFsec, SECp43, 

and SLAILp decreased -30, 40 and 50%, respectively, while Spsl mRNA increased by 

-30% (Fig. 4C). The most dramatic effect on any mRNA examined in the stable 

knockdowns was the 5-fold increase in Upf2 mRNA levels. This is particularly striking 

given the lack of effect on the other NMD factors, Upfl, Upf3 and Upf3X. 

The differential effects of stable versus transient knockdown may be due to chronic 

versus acute effects of suppressing selenoprotein synthesis, including long-term effects 

on antioxidant and cellular redox status. We thus examined the mRNA levels for three 

factors involved in antioxidant defense, Sodl, Sod2 and catalase. In the transient 

knockdowns, none of these mRNAs were affected, whereas in the stable knockdowns, the 

mRNA for Sod2 decreased to -25% of control levels. SOD2 expression is regulated by 

the redox-responsive transcription factors NFKB, Spl, and EGR. Intrigningly, the four 

selenoprotein mRNAs that exhibited the greatest decreases in the stable knockdown cells, 

and minimal responses in the transient knockdowns. Trxr2. Trxr3, Gpx4 and SeIN, all 

contain stress-responsive promoter elements. These include multiple NFKB (3 to 8), Sp 1 

(9 to 27), Egr (10 to 24), and Ets sites (8 to 17), and Egr/Ets modules. Further analysis 

will be required to determine to what extent the decreases in the levels of these mRNAs 

are mediated by effects on transcription as a result of chronic oxidative stress, versus 

effects on mRNA stability. 

Predicted susceptibility of selenoprotein mRNAs to NMD. NMD has been implicated 

in the changes in Gpxl mRNA levels in response to selenium deficiency (78, 99). In 

marnmals. recognition of a nonsense codon as premature typically occurs when the codon 
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is located at least 50-55 nucleotides upstream of an intron in the pre-mRNA (81). 

Deposition of an exon junction complex downstream of a termination codon results in 

recruitment of the Upffactors and other factors eliciting mRNA degradation. We 

examined the genome structure of the 25 human selenoproteins to determine which 

mRNAs would be predicted to be sensitive to NMD, due to the presence of introns 

greater than 50-55 nucleotides downstream of the UGA codons. Fourteen of the 

selenoprotein mRNAs are predicted to be sensitive to NMD and 11 are predicted to be 

resistant (Table 1). Most of the mRNAs predicted to be resistant, including Di02, Sell, 

Se1K, SeIO, SelR. SeIS, and Sps2, were either minimally affected or increased upon 

SBP2 knockdown. Likewise, several of the mRNAs that are predicted to be sensitive to 

NMD decreased in abundance in response to either transient (GpxI. SelH, SelT), or 

stable (Gpx4, SelN, Trxr2) SBP2 knockdown. However, the mRNAs for SelV, SelW and 

others (e.g. SelT in the stable knockdown) increased in abundance, despite predicted 

sensitivity to NMD. Conversely, two mRNAs predicted to be resistant nonetheless 

decreased in abundance, TrxrI in the transient knockdown and Trxr3 in the stable 

knockdown. Some mRNAs, including DioI, Di03. Gpx2, Gpx3, Gpx6, SelM, and SelP 

were of too low abundance to be reliably quantitated. To elucidate possible mechanistic 

explanations for these effects, we investigated the in vivo seienoprotein mRNA binding 

specificity of SBP2, as well as that of an additional factor implicated in SEcrs binding, 

nucleoiin. 

SBP2 exhibits widely differing binding to different selenoprotein mRNAs. The range 

of responses of seienoprotein mRNAs to SBP2 knockdown suggests that SBP2 may 
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exhibit differential binding to the SECIS elements of these mRNAs. To investigate the in 

vivo binding of SBP2 to these mRNAs, we carried out transient expression of an epitope­

tagged SBP2 minimal functional domain, followed by immunoprecipitation and real time 

RT-PCR ofmRNAs in the immunoprecipitates. An isotype control antibody was used 

for non-specific inununoprecipitations, and mRNA levels in the SBP2 and isotype control 

pulldowns were compared. PCR crossing points were calculated for products amplified 

from the isotype control and SBP2 inununoprecipitations, and plotted as mean crossing 

point from three inununoprecipitations (Fig. SA). The most abundant mRNAs were 

Gpxl, Gpx4, Trxrl, and SelH (Fig. SA). The lowest abundance mRNAs that were 

detectable were Diol and Di02. Changes in crossing point for SBP2 versus control 

inununoprecipitations were also plotted for each selenoprotein mRNA (Fig. 5B, black 

bars), as an indication of the enrichment ofindividuai mRNAs in the SBP2 

inununoprecipitation. SelW mRNA consistently displayed the largest increase in 

crossing point, -8.5 (Fig. 5B). Intriguingly, SelW mRNA levels increased in the 

transient and stable SBP2 knockdowns, the latter by nearly 3-fold. SellS, Gpx4, and 

SelH, all exhibited crossing point increases greater than 6 in the SBP2 

immunoprecipitations. These selenoprotein mRNAs are all predicted to be sensitive to 

NMD. Intriguingly, the mRNAs exhibiting the largest increases in the SBP2 

inununoprecipitations from MSTO-211H cells generally were also the mRNAs exhibiting 

the largest increases in levels in response to SBP2 transfection in HEK-293 cells (Fig. 2). 

Several selenoprotein mRNAs, Dio2, SeIK, SeIS, Sps2, and Trxr3 exhibited crossing 

point changes ranging from -2 to 4. The smallest changes were seen with Diol, Gpxl, 

SelN, SeIO, SeIP, SelR, SelT and SeIV. Of these, Diol, Gpxl, SelN, SeJP, and SelV all 
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contain form I SECIS elements (see Table I). It should be noted that the mRNA levels 

for Dio I and Di02 were at the limits of detection in the control immunoprecipitations, 

but increased enough to be reliably quantitated in the SBP2 immunoprecipitations. 

A mutation in the RNA binding domain of SBP2, R540Q, identified in patients with 

defects in thyroid hormone metabolism (31), was generated and tested for its ability to 

inununoprecipitate selenoprotein mRNAs. The R540Q mutant exhibited significant 

differences in RNA binding, relative to wild type SBP2 (Fig. 5B, grey versus black bars). 

Sell5 and Gpx4 showed the highest crossing point changes, in the range of -4, whereas 

the changes for most selenoprotein mRNAs were lower, in the range of 0 to 2. Of note, 

SeIO, a selenoprotein with a non-canonical SECIS element exhibited a greater increase in 

crossing point with the R540Q mutant than in the wild type SBP2 immunoprecipitation. 

Thus, this mutation may alter the binding specificity of SBP2 such that a non-canonical 

SECIS is better recognized than canonical SECIS elements. The only other selenoprotein 

mRNA with a non-canonical SECIS, SeIM, was below the limits of detection. 

Nucleolin binds most selenoprotein mRNAs efficiently. Inununoprecipitation of 

endogenous nucleolin was carried out with a nucleolin-specific antibody, followed by 

real time RT-PCR as above. Changes in crossing points were considerably higher for 

most selenoprotein mRNAs than with the SBP2 inununoprecipitations, but the variation 

between selenoprotein mRNAs was less marked, with a few exceptions (Fig. 6). This 

may in part be due to the abundance of nucleolin relative to SBP2. SeIO, with its non­

canonical SECIS element, exhibited the highest increase in crossing point, consistent 

with a report that nucleolin binding requires the conserved AUGA motif but does not 

31 



require the AA motif in the apica1loop (102). Dio I and Di03 exhibited the lowest 

increases in crossing points, followed by SeIV, then SelP. High variability was seen with 

some mRNAs, such as Dio 1, presumably due to low mRNA abundance. 

SBP2 preferentially binds to the first versus the second SelP SECIS element. We 

have recently reported functional differences between the two SECIS elements of SelP, 

the only selenoprotein mRNA containing more than one SECIS element (93). We 

showed that the first SECIS element is essential for producing full-length protein, and 

likely functions in decodip.g all but the first UGA codon, which appears to be decoded by 

the second SECIS element To investigate the reasons for this functional difference, we 

used an in vivo affmity approach, termed glutathione RNA (GRNA) affinity 

chromatography (22, 32) to examine protein binding to the two SECIS elements of SelP. 

The 19 nucleotide RNA binding site of lambda bacteriophage antiterminator protein N, 

termed lambda boxB, was inserted in three copies in tandem into the 3'lITR of SelP 

expression constructs comprised of the coding region and 3'UTR, but with either the fust 

or second SECIS element deleted. As these deletions are the only difference between the 

constructs, differential binding patterns can be attributed to the SECIS elements. The 

constructs were cotransfected into HEK-293 cells with the epitope-tagged wild type or 

mutant SBP2 constructs. Celllysates were incubated with the RNA-binding domain of 

the lambda N peptide fused to glutathione S-transferase, followed by pull-down with 

glutathione-agarose beads, SDS-PAGE, and western blotting. Detection ofSBP2 using 

anti-V5 antibody revealed ~2.4-fold higher binding ofSBP2 to SECIS 1 than SECIS 2 

(Fig. 7 A, lanes 1-3 and Fig. 7B) after subtracting background binding to empty vector. 

32 



Analysis of binding with the R540Q mutant revealed minor differences in binding to the 

two SEeIS elements, and less total binding (Fig. 7 A, lanes 4-6, and Fig. 7B). Nucleolin 

appeared to bind both SelP constructs comparably (Fig. 7C), and at levels not 

significantly above binding to empty vector. 

DISCUSSION 

Differential responses of selenoprotein mRNAs to selenium limitation have long been 

known, but the reasons for these differences have remained elusive. Numerous studies 

have focused on the relative large decreases in Gpxl mRNA versus the minimal changes 

in Gpx4 mRNA (50). A few studies have also reported varying effects on Dio I, SeIP, 

SelW and Trxrl mRNAs (7, 44,50,65). The present study was aimed at investigating 

the reasons for these differences, and provides evidence for a mechanism whereby some 

selenoprotein mRNAs, including Gpx4, SelH and SelW would be preferentially 

translated., thereby eluding NMD, at the expense of others such as Gpx I and Dio 1. In 

addition, our fmdings suggest a mechanistic basis for the differential functions of the two 

SEeIS elements of SeIP. Our finding that SBP2 immunoprecipitation pulls down widely 

varying levels of different selenoprotein mRNAs suggests that SBP2 is a major 

determinant in establishing the hierarchy of selenoprotein synthesis and selenoprotein 

mRNA turnover. This is supported by the varying effects of SBP2 overexpression and 

transient and stable SBP2 knockdowns on different selenoprotein mRNAs. A prior study 

assessing in vitro binding of purified recombinant SBP2 to in vitro transcribed SEeIS 

elements reported dissociation constants over only a 2-fold range for Diol, Gpxl, Gpx4, 
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SelN, SelP and Sep15 (35). The differences observed in vitro versus in vivo may be due 

to intracellular factors that influence binding, including other proteins, small molecules, 

and the microenvironment around the complexes, e.g. ions, salts and pH. 

In contrast to SBP2, nucleolin appears to be much less discriminatory in its RNA 

binding, with a few exceptions such as the Diol and Di03 mRNAs. Among the reported 

functions for nucleolin are interactions with ribosomal RNA and proteins, and roles in 

rRNA maturation and ribosome assembly (40). In addition, a small fraction of nucleolin 

has been shown in heterokaryon assays to shuttle between the nucleus and the cytoplasm. 

Thus, it is reasonable to speculate that nucleolin may be involved in promoting 

interactions between the SECIS elements in the 3 'UTR and ribosomal proteins in the 

nucleolus, or perhaps even the ribosome at the decoding site. 

I! is notable that SelP mRNA is low in the hierarchy for SBP2 binding, suggesting 

that synthesis of the corresponding protein would be at risk when selenium is in short 

supply. However, SelP mRNA is highly abundant in liver, being present at levels ~7-fold 

higher than the second most abundant liver selenoprotein mRNA, Gpx4, and ~ 10 fold 

higher than the next two mRNAs, encoding Gpxl and SelR (7, 44, 50, 65). 

Targeted disruption of the SelP gene has shed some light on the mechanism of the 

tissue-specific differences in selenium supply via this selenium transport protein, 

revealing that brain and testes were particularly dependent on SelP for their selenium 

supply (51, 87). To further investigate this function in other tissues, as well as the effects 

on additional selenoproteins, we recently examined the tissue-specific effects of SelP 

knockout on the levels of all 24 murine selenoprotein mRNAs in four tissues (53). While 

most selenoprotein mRNA levels either decreased or were unaffected in response to SelP 
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knockout, the levels off our selenoprotein mRNAs, Gpx4, SelH, SelW and Sell 5 were 

increased in heart and lung in the knockout animals relative to wild type. Comparing that 

study to the present one, we fmd that these four selenoprotein mRNAs showed the 

greatest increases in crossing point in the SBP2 immunoprecipitation. This supports our 

interpretation of the present study, that SBP2 may playa major role in determining 

selenoprotein mRNA hierarchy. 

The fact that SBP2 mRNA levels are typically lower than the other selenoprotein 

synthesis factors and most selenoprotein mRNAs, along with the reported inefficient 

translation of SBP2, suggests that the protein may be limiting in complexes catalyzing 

selenocysteine incorporation, at least under certain circumstances. Conditions that might 

decrease the ratio ofSBP2 to selenoprotein mRNAs include genetic polymorphisms, 

disease states, cellular or environmental stresses (redox status, cytokines, toxins) or 

developmental, metabolic or hormonal changes (e.g. thyroid hormone levels), that alter 

transcription of selenoprotein genes, turnover of selenoprotein mRNAs, or expression, 

localization or activity of factors necessary for selenocysteine incorporation (82). 

The finding that stable knockdown of SBP2 resulted in a 5-fold increase in the level 

of Upt2 mRNA is intriguing, although the reasons for this are unknown. Quantitation of 

Upfproteins in HeLa cells indicated that the ratios ofUpfl:Upt2:Upf3 are approximately 

40:2: 1 (72). However, real time RT -PCR analysis of the mRNA levels for these factors 

in MSTO-211H cells revealed that the Upf2 amplification curves were -5 crossing points 

higher than those ofUpfs 1, 3 and 3X, corresponding to on the order of _25 -fold less 

mRNA. Thus it is feasible that Upt2 may be limiting in these cells. In accord with this, 

our recent attempts to knockdown Upt2 expression in MSTO-211 H cells have been 
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challenging, resulting in either small decreases in expression or loss of viability. 

Transient Upfl knockdown in HeLa cells resulted in 7 and 2-fold increases in Trxr2 and 

SelW mRNA levels, respectively (76). No changes in selenoprotein mRNAs were 

reported following stable Upf2 knockdown in HeLa cells, although the authors indicate 

that Trxr2 mRNA levels were below detection (101). No other selenoprotein mRNAs 

were discussed in either of these studies. Further investigation will be required to 

determine the mechanism ofUpf2 upregulation in the present study, whether increases in 

the levels ofNMD substrates might affect the levels ofNMD-specific factors, and if so, 

how this might occur. 
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Table 1. Predicted NMD sensitivity and SECIS forms 

Position of intron SECIS 
Selenoprotein Number of Exons Subject to NMD 

relative to UGA formes) 

Diol 4 105 downstream yes I 

Di02 2 174 upstream no 2 

Di03 I NoEJe no 2 

Gpxl 2 105 downstream yes I 

Gpx2 2 105 downstream yes I 

Gpx3 5 141 downstream yes 2 

Gpx4 7 10 downstream yes 2 

Gpx6 5 141 downstream yes 2 

SeIH 4 135 downstream yes 2 

Sell 10 66 upstream no 2 

SelK 5 6 downstream no 2 

SelM 7 138 downstream yes 2 

SeIN 13 162 downstream yes I 

SelD 10 330 upstream no 2 

SeIP 5 240 downstream yes 1,2 

SelR 4 36 downstream no 2 

SelS 7 6 downstream no 2 

SeIT 6 141 downstream yes 2 

SeIV 6 72 downstream yes I 

SeIW 6 72 downstream yes 2 
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Sell 5 5 78 downstream yes 2 

Sps2 1 NoEJC no 2 

Trxr1 15 63 upstream no 2 

Trxr2 18 65 downstream yes 2 

Trxr3 16 69 upstream no 2 
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Fig. 1 

SBP2 cotransfection stimulates selenium labeling of Diol and SeW, but EFscc does 

not. SBP2 or EFsec expression constructs were cotransfected in HEK-293 ce ll s with 

Dio I or SelP expression plasmids. Cell s were labeled with 75Se and labeled proteins in 

the cell lysate (Dio I) or media (SeIP) were analyzed by SDS-PAGE and autoradiography. 
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Fig . 2 

SBP2 overexpression differentially affects the levels of sclenoprotein mRNAs. HEK-

293 cells were transientl y transfected with SBP2 or empty vector, and selenoprotein 

m RNAs quantitated by real-time pe R and normalized to Hprt (n=3). 
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Effects of transient knock down of SBP2 in MSTO·211 H cells on selenoprotein 

m RNA levels. MSTO·2Il H cells were transfected with SBP2 small interfering RNAs or 

non·targeting siRNAs. RNA was harvested ITom the cell s 96h posHransfection and used 

for cDNA synthesis. The levels of mRNAs for se lenoproteins (A), NMD factors, 

antioxidant enzymes, and selenoprotein synthesis factors (B) relative to Hprt were 

analyzed by real·time peR (11=3). Asterisks indicate significance of P .:s 0.05 in student's 

paired T test. 

42 



SBP2 RNAi + + 

Fig. 4A 

43 

+ + 

- 120 

80 

40 

30 



* 

3 -

-"0 

.2 
2 -« 

-
* * z 

ex:: * * E 
c: * 
<1l 1 Cl 
c: 

- - - - - -* * * * > 
ctI .r= u 

0 

* 
* ,-Lit 

Fig. 48 

44 



• 

5 

'S 4 g 
..: z 3 a: 
E 
.S 

'" C> 
2 

c 

'" -5 1 

Fig . 4C 

Effects of stable knock down of SBP2 in MSTO-211 H cells on selenoprotcin mRN A 

levels. MSTO-211 H ce ll s were stably transfected wi th SBP2-targeting shRNA or non-

targeting control shRNA. Aliquots or20, 10, 5, and 2.5 f-lg (left to right) of total cell 

Iysates fTom control and stable knockdown cell s were analyzed by SDS-PAGE and 

western blotting with anti-SBP2 antibody, fo llowed by stri pp ing and reprobing for ~-

actin (A). The levels of selenoprotein mRNAs (B), and mRNAs for NMD factors, 

antioxidant enzymes, and se lenoprotein synthesis factors (C) relative to Hprt were 

analyzed by real-time peR (n=3). Asterisks indicate significance of P :s: 0.05 in student 's 

paired T test. 
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Fig. 58 

Co-immunoprecipitation of selenoprotein mRNAs with SBP2 wild type protein and 

R540Q mutant. SBP2 was immunoprecipitated from MSTO-2 11 H cell s overexpressing 

wild-type or mutant V5-tagged SBP2 using anti-V5 antibody. Mo use isotype control 

antibody was used for control immunoprecipitations of the wild- type and R540Q SBP2 

overexpressing cells. RNA was ex tracted from the immunoprecipitates and analyzed by 

real-time PCR analysis to determine relati ve quantiti es of selenoprotein mRNAs. (A) 

Crossing points of mRNAs in SBP2 and isotype contro l pull downs. (B) Changes in 

crossing point are given for SBP2 versus isotype contro l and R540Q mutant versus 

isotype contro l pull downs. The type of SECIS element is indicated in superscript after 

each selenoprotein name. The asteri sk indicates the non-canonical form 2 element of 

SeIO. Amplification effi c iencies per cycle are given under each selenoproteinname. 
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Co-immunoprecipitation ofsclcnoprotcin mRNAs with nucleolin . ucleolin was 

immunoprecipitated from MSTO-2 111-l cell lysates using anti-nucleolin antibody. Mo use 

isotype control antibody was used for contro l inmlUnoprecipitations. RNA was ex tracted 

from the immunoprecipitate and analyzed by real-time PCR analysis to determine relative 

quantiti es of selenoprotein mRNAs. 
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Fig. 7. SclP SECtS 1 and SECtS 2 exhibit differential binding to SBP2 in vivo. (A) 

Wild-type SBP2 or mutant R540Q SBP2 was co-transfecled in HEK-293 ce ll s with SeIP-

lambda boxB constructs containing either the SECIS I (S I) or SECIS 2 (S2) sequence. 

The recombinant SelP was pull ed-down with lambda boxB N-protein linked glutathione 

sepharose. Co-e lution ofV 5-lagged SBP2 was analyzed by western blott ing. (B) SBP2 

and R540Q bands were scanned and quantitated from three independenl experiments. 

Mean densities and standard deviations are shown. (C) Blots were stripped and repro bed 

with anti -nucleolin antibody, and bands scanned and quanti tated. 
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CHAPTER III 

SPS I and SPS2 are essential for seienoprotein synthesis 

Jeffrey E. Squires and Marla J. Berry 
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Abstract 

Selenophosphate synthetase (SelD) generates monoselenophosphate, the active selenium 

donor for selenocysteine biosynthesis in bacteria. Two SelD homologues, 

selenophosphate synthetase 1 (SPS 1) and selenophosphate synthetase 2 (SPS2), are 

present in animals and have been implicated as essential components in selenoprotein 

biosynthesis. Interestingly, SPS2 is a selenoprotein and thereby may auto-regulate its 

own production along with the production of other selenoproteins. SPS2, but not SPS 1, 

has been shown to synthesize monoselenophosphate in vitro when selenide is supplied as 

substrate. SPS 1 complements selenoprotein synthesis when selenocysteine is supplied to 

cells which suggests that SPS2 functions in de novo monoselenophosphate synthesis from 

selenite while SPS 1 may playa role in Sec recycling and selenium salvage. Recent 

studies have suggested that SPS2, but not SPS 1, is essential for selenoprotein synthesis 

and that SPS llikely has a more specialized, non-essential function in their synthesis. In 

order to establish the selenoprotein synthesis functions of these two proteins, siRNAs 

were used to knockdown the expression of SPS 1 and SPS2, and plasmid DNA constructs 

were designed to overexpress the two proteins in HEK-293 and MSTO-211H cells. 

Knockdown of SPS 1 and SPS2 decreased the protein levels of several selenoproteins and 

the mRNA level of deiodinase 2 while the overexpression of SPS 1 and SPS2 increased 

the protein levels of GPXl and GPX4. These results reconfirm the role of SPS2 and 

establish SPS 1 as a factor that regulates selenoprotein biosynthesis. 
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Introduction 

Selenocysteine, the 21 st amino acid, is co-translationally incorporated into selenoproteins 

at UGA codons (52, 68). Selenocysteine synthesis is unlike other amino acids in that it is 

synthesized on its transfer RNA, tRNA[Ser]Sec (63, 66). tRNA[Ser]Sec is first aminoacylated 

with serine, then phophorylated by phosphoseryl_tRNA[Ser]Sec kinase to form 

phosphoseryl-tRNA[Ser]Sec (14, 104). The tRNA is then dephosphorylated by Sec 

synthase, a pyridoxal phosphate-dependent transferase, and transfers 

monoselenophosphate onto the tRNA to form selenocysteyl-tRNA[Ser]Sec(56, 104). 

Monoselenophosphate, the active form of selenium, is generated from selenide and ATP 

by selenophosphate synthetase, designated SelD in bacteria (41,104). The SelD 

homologues, selenophosphate synthetase I (SPSI) and selenophosphate synthetase 2 

(SPS2), were initially identified in mammals and implicated as essential components in 

selenoprotein synthesis (43, 57, 58, 60, 70). Interestingly, SPS2 is a selenoprotein and 

thereby may auto-regulate its own production along with the production of other 

selenoproteins (43). In vitro studies suggest that SPS2 synthesizes monoselenophosphate 

whereas SPSI doesn't (104). In vivo studies using a mutant SelD E. Coli strain revealed 

that SPS2 expression restores selenoprotein synthesis in cells supplemented with selenite. 

SPS I on the other hand was unable to complement selenoprotein synthesis with selenite, 

but instead restored selenoprotein levels with supplemental selenocysteine. These results 

suggest that SPS2 functions in the de novo synthesis of monoselenophosphate from 

selenite whereas SPSI may playa role in Sec recycling and selenium salvage (94). 

Subsequent in vivo knockdown studies of the two proteins in NIH3T3 cells revealed that 

SPS2 serves to generate the active selenium donor for selenocysteine synthesis while 
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SPSI does not (103). Furthermore, SPSI is found in the silkworm, Bombyx mori, and the 

red flour beetle, Tribolium castaneum, selenoproteinless animals lacking Sec biosynthesis 

and insertion genes. These fmdings suggest that SPS 1 functions in a pathway unrelated 

to Sec biosynthesis but perhaps an undefined pathway of selenium utilization (67). 

Although SPSI shares only 32% homology with SelD, it contains a highly similar 

A TP/GTP binding domain in its predicted active site. Mutagenesis studies revealed that 

this conserved region binds to ATP and regulates deiodinase I synthesis in vivo (70). 

These conflicting resn1ts led us to investigate the roles of SPS I and SPS2 in vivo. In this 

study, we knocked-down the expression of the two genes in HEK-293 and MST0-211H 

cells and examined the effects on selenoprotein synthesis. We also analyzed the effects 

of SPS I and SPS2 overexpression in the cells. Herein we report that both SPS I and 

SPS2 function in selenoprotein synthesis. 

Materials and Methods 

Constructs and Antibodies. SPSI, SPS2, and non-targeting control siRNAs were 

purchased from Dharmacon. Full-length human SPSI and SPS2 cDNAs were subcloned 

into the pDONR221 vector and recombined into pcDNA 3.lInV5-DEST, an N-termina1 

V5 tag vector for mammalian expression, using GatewayTM Technology (Invitrogen). 

Primary antibodies included mouse monoclonal anti-V5 (Invitrogen), mouse monoclonal 

anti-~actin (Sigma), mouse monoclonal anti-GPXI (Labfrontier), rabbit polyclonal anti­

GPX4, and rabbit polyclonal anti-a-tubulin (Novus). 7SSe was a gift from Dr. Dolph 

Hatfield (National Institutes of Health, Bethesda, MD). 
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Cell Culture and Transfections. MSTO-211 H human mesothelioma cells were cultured 

in RPMl-I640 (GIBCO-Invitrogen), supplemented with 10% FBS, and incubated with 

5% C02 at 31' C. HEK-293 cells were cultured in DMEM supplemented with 10% FBS, 

and incubated with 5% C02 at 31' C. Cells were transfected with siRNAs and plasmid 

DNAs using Lipofectamine 2000 (Invitrogen) according to manufacturers instructions. 

siRNA transfectants were harvested 96h post-transfection. Cells transfected with plasmid 

DNA constructs were harvested 72h post-transfection. 

Western blotting. Protein was harvested 96 hours post-transfection using CellLytic MT 

buffer (Sigma) containing ImM DTT, 5 mM EDTA, and IX protease inhlbitorcocktail. 

The cell suspension was sonicated (Fisher Scientific Sonic Dismembrator) and then 

centrifuged at 13,000 g (Beckman Coulter microcentrifuge) for 10 min. A Bradford 

assay was performed on the supernatant using Bradford Reagent (Bio-Rad, Hercules, 

CA). Forty micrograms of protein was mixed with reduced Laemli buffer, boiled at 95°C 

for 10 min, and loaded into an 10-20% polyacrylamide gel (Bio-Rad). Protein was 

transferred onto PVDF membranes, blocked for 1 h with 5% milk solution, and probed 

for 1 h using primary antibodies. Membranes were incubated with the appropriate HRP­

conjugated secondary antibody for 45 min and signal detected using ECL Plus (GE 

Healthcare). Goat anti-mouse secondary antibodies (Jackson Immunolabs West Grove, 

PA) were used for V5, GPXI, and actin blots. Goat anti-rabbit HRP-conjugated 

antibodies (Jackson Immunolabs West Grove, PA) were used for the GPX4 and a-tubulin 

blots. 
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RNA Isolation, eDNA Synthesis, and Real-Time qPCR Analysis. RNA was isolated 

from the knockdown cells using RNeasy spin columns and treated with RNase-free 

DNase I (Qiagen). Concentration and purity of the extracted RNA was determined using 

A260/A28o measured on an NDIOOO Spectrophotometer (NanoDrop Technologies, 

Wilmington, DE). One microgram of the RNA was used for cDNA synthesis. All cDNA 

was synthesized using the Applied Biosystems high capacity cDNA synthesis kit. Real­

time PCR was performed using Platinum TM SYBR TM Green qPCR SuperMix (Invitrogen) 

in a Light Cycler 2.0 (Roche). Cycling conditions were used as suggested in the SYBR 

Green kit instructions and results analyzed using Relative Quantification Software 

(Roche). Oligonucleotides used for qPCR, predicted product sizes, and amplification 

efficiencies are listed in Table S I. Hprt was used as an internal standard, as we have 

found that the levels of this mRNA do not vary significantly in response to most changes 

in conditions. 

Selenoprotein labelling 

75Se was introduced into the transfected HEK-293 and MSTO-211H culture media 

(2!1Cilml) 48h post-transfection. Cells were harvested 96h post-transfection, washed in 

PBS, and lysed with CellLytic Mf buffer (Sigma) containing ImM DTT, 5 mM EDT A, 

and IX protease inhibitor cocktail. Lysate was mixed with reduced Laemli buffer, boiled 

at 95°C for 10 min, and loaded into a 10-20% polyacrylamide gel (Bio-Rad). Protein was 

transferred onto PVDF membranes, and exposed to film for 7d. Gels were stained with 
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SimplyBlue Safestain (Invitrogen) to control for protein loading following transfer. 7SSe 

was a gift from Dr. Dolph Hatfield (National Institutes of Health, Bethesda, MD). 

Results 

SPSI and SPS2 siRNAs target their respective genes and down regulate DI2 mRNA 

Real-time PCR was used to measure the knockdown efficiency of siSPS 1 and siSPS2 on 

their respective target mRNAs in HEK-293 and MSTO-211H cells. SPS 1 siRNAs 

knocked-down SPSI to 30% and 20% of non-targeting control siRNA levels in HEK-

293s and MSTO-21IHs respectively (Figores lA and lB). SPSI siRNA caused a 40% 

increase in SPS2 mRNA levels in HEK-293s, and a 20% decrease in SPS2 mRNA in 

MSTO-21IHs. siSPS2 decreased SPS2 mRNA to 20% of the non-targeting control level 

in both cell lines. Combining SPSI and SPS2 siRNAs in HEK-293s knocked down the 

targets to approximately 55% of non-targeting control siRNAs. Cotransfection ofSPSl 

and SPS2 siRNAs in MST0-211H cells resulted in knockdown of their respective 

mRNAs to approximately 35% of the control. Transfection of SPS 1 siRNAs and SPS2 

siRNAs in MSTO-211H cells resulted in a decline in Dl2 mRNA levels to 30% and 45% 

of control levels respectively. SPS 1 siRNAs tended to increase the levels of the other 

selenoprotein mRNAs and selenoprotein synthesis factor mRNAs slightly in both HEK-

293 and MSTO-211 H cells. On the other hand, SPS2 siRNAs tended to slightly 

decrease the levels of the other selenoprotein and selenoprotein synthesis factor mRNAs 

to approximately 70%-85% of control levels in HEK-293 cells. In MSTO-211 H cells. 

SPS2 siRNAs increased some mRNAs 10%-20% (EFSec, SecP43, and SelN), and 

decreased the levels ofSLAlLP, SelH, SeIW, GPX1, GPX4, and TRI to 70%-80"10 of the 
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control levels. The combination ofSPSI and SPS2 siRNAs in MSTO-211H cells 

decreased DI2 and TRI mRNA to 30% and 75% of control levels respectively. The 

SPS 1/SPS2 double knockdown did not have a significant effect on the other 

selenoprotein and selenoprotein synthesis factor mRNAs (Figures lA and lB). 

The effect of SPSI and SPS2 knockdown and overexpression on selenoprotein levels 

siRNAs and plasmid DNA constructs were used to alter the levels of SPS 1 and SPS2 in 

HEK-293 and MSTO-211H cells supplemented with 1SSe. SPSI siRNA, SPS2 siRNA, 

and the combination of both siRNAs lowered the level ofTRI and TR2 in MSTO-211H 

cells (lanes 10-14). Changes in 1SSe labeling of selenoproteins were undectected in the 

HEK-293 knockdown cells. Overexpression of SPS 1 and SPS2 did not alter 7SSe 

labeling of selenoproteins in either cell line. SPS2 overexpression was only detected in 

the selenium labeled HEK-293 cells (lanes 8 and 9)(Figure 2). Western blot analysis was 

performed on the knockdown cells and the cells overexpressing SPS 1 and SPS2. 

Overexpression of the SPSI and SPS2 V5-tagged constructs was confirmed using anti­

V5 antibody (Figure 3 lanes 6-9,15-18). GPXl and GPX4leveis were downregulated by 

SPSI siRNA (lanes 2 vs. I, 11 vs. 18), SPS2 siRNA (lanes 3 vs. I, 12 vs. 10), and the 

combination ofSPSI and SPS2 siRNAs (lanes 4 vs. 5,13 vs. 14) in both HEK-293 and 

MSTO-211H cells. SPS2 overexpression upregulated GPXl in MSTO-211H cells (lane 

17 vs. IS), and both GPXI and GPX4 in HEK-293 cells. SPSI overexpression increased 

GPXI and GPX4leveis in HEK-293 cells (lane 8 vs. 6) but not in MSTO-211H cells 

(lane 15 vs. 16). a-tubulin was used as a protein loading control (Figure 3). 
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Discussion 

The roles of SPS 1 and SPS2 in selenoprotein synthesis have long been debated. A recent 

study investigating the functions ofSPSI and SPS2 in NIH3T3 cells reported that SPS2, 

but not SPS 1, is essential for selenoprotein biosynthesis and that SPS 1 likely has a more 

specialized, non-essential function for selenoproteins (103). We have conducted a 

similar study that has yielded disparate results. We demonstrate that both SPS 1 and 

SPS2 regulate selenoprotein expression in two different cell lines, HEK-293 and MSTO-

211H. Knockdown ofSPSI and SPS2 decreased TRI, TR2, GPX1, and GPX4 protein 

levels and DI2 mRNA levels in the cells whereas SPSI and SPS2 overexpression 

elevated GPXl and GPX4 levels. These data indicate that both SPS 1 and SPS2 are 

essential for selenoprotein biosynthesis presumably by providing the active selenium 

donor, monoselenophosphate, for Sec synthesis. Combined knockdown and 

overexpression of SPS 1 and SPS2 did not exacerbate the selenoprotein levels detected in 

the sole treatments suggesting that synergistic function between SPS 1 and SPS2 in 

selenoprotein metabolism is unlikely. It is important to note that manipulating SPS2 

expression may confound selenoprotein expression levels by altering the cellular 

selenium stores available for selenoprotein biosynthesis, therefore, SPS2's effect on 

selenoprotein synthesis may have been underestimated. 

Selenium and selenoprotein synthesis factors regulate differential selenoprotein synthesis 

and selenoprotein mRNA sensitivity to degradation by nonsense mediated decay (NMD). 

When selenium or selenoprotein synthesis factors are limiting, expression of specific 

selenoprotein genes are maintained whereas others are downregu1ated. Studies from 
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several laboratories have shown that GPXI expression is highly sensitive to selenium 

deficiency while DII and SelP exhibit intermediate sensitivity, whereas GPX4 and TRI 

exhibit minimal changes. This differential sensitivity is termed the hierarchy of 

selenoprotein synthesis and is thought to be dictated by the binding affinity between 

selenoprotein synthesis factors and the selenoprotein mRNAs, as well as the mRNAs 

susceptibility to NMD (7,44, 50, 65, 92). SPS I associates with the supramolecular 

selenoprotein synthesis complex (91) and therefore has been implicated in the hierarchy 

of selenoprotein synthesis. SPS I knockdown did not alter selenoprotein mRNA levels, 

which indicates that SPSI is not involved in mRNA stability or its circumvention of 

NMD, and therefore the hierarchy of selenoprotein synthesis. SPS I and SPS2 

knockdown did however lower DI2 mRNA levels. Based on DI2's genetic structore, it is 

not susceptible NMD, therefore, SPS 1 and SPS2 are likely regulating the gene at the level 

of transcription. 
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Figure I. The effects of SPS I and SPS2 knockdown in HEK-293 (A) and MSTO-2 1 I H 

(8) ce lls. Cells were transfected with either SPS I siRNA, SPS2 siRNA, a combination 

of the two siRNAs, or non-target ing siRNA. RNA was harvested from the cells 96h post-

transfection and used for eDNA synthesis. The levels of mRNAs for selenoproteins and 

se lenoprotein synthesis factors relati ve to HPRT were analyzed by real-time pe R (n=3). 
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Figu re 2. The Effect of SI'S 1 and SPS2 knockdown and overexpression on 

selenoproteins in HEK-293 and MSTO-2 11 H cells. Cell s were transfected with SI'S 1 

siRNA, SI'S2 siRNA, and non-targeting control siRNA (lanes 1-5 ,10-14). SI'S I and 

SPS2 plasmid DNA constructs and vector control plasmid was transfected in cells for 

overexpression analysis (lanes 6-9, 15-18). Knockdown cells were harvested 96 h post-

transfection whereas overexpressing cel ls were harvested 72h post-transfection. Cells 

were supplemented with 75Se 48h prior to harvest. SimplyBlue staining of the gel is 

shown to demonstrate equal protein loading (lower panel). 
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Figure 3. Western blot analysis of SPS I and SPS2 knockdown and overexpression cell s. 

Cell s were transfected with SPS I siRNA, SPS2 siRNA, or non-targeting contro l siRN A 

(lanes 1-5, 10-14). SPS I and SPS2 overexpression was analyzed in cell s transfec ted with 

plasmid DNA constructs ( lanes 6-9, 15- 18). Knockdown cells were harvested 96h post-

transfection whereas the overexpression cells were harvested 72h post-lransfection. The 

western blots were performed as described in the Materia ls and Methods section. 

Analysis of a -tubulin was used to demonstrate equal protei n loadi ng. 
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CHAPTER IV 

CONCLUSION 

The goal of the first phase of this investigation was to gain insight into the factors and 

mechanism dictating the differential sensitivity of different selenoprotein mRNAs to 

degradation. Fourteen of the 25 human selenoprotein mRNAs are predicted to be 

sensitive to NMD and 11 are predicted to be resistant. We investigated the effects of 

SBP2 limitation, via transient and stable RNAi. on selenoprotein mRNA levels. We 

show that SBP2 knockdown exerts differential effects on different selenoprotein mRNAs. 

Most of the mRNAs predicted to be resistant, including DI2, SeiI, SeIO, SelR, SeIS, and 

SPS2, were either minimally affected or increased upon SBP2 knockdown. Likewise, 

several of the mRNAs predicted to be sensitive to NMD decreased in abundance in 

response to either transient (GPXl, SeiH, Sel1), or stable (GPX4, SeIN, TR2) SBP2 

knockdown. However, the mRNAs for SelR, SelK, and SelW increased in abundance in 

the stable knockdown, despite predicted sensitivity to NMD. To investigate whether 

affinity of specific factors implicated in selenoprotein translation might playa role in 

differential sensitivity of selenoprotein mRNAs, we assessed binding of SBP2 and 

nucleolin to selenoprotein mRNAs in vivo. To this end, we carried out 

immunoprecipitations of wild type and mutant SBP2 and of nucieolin, and assessed the 

levels of selenoprotein mRNAs bound by these factors. We report that SBP2 exhibits 

widely differing binding levels to different selenoprotein mRNAs, whereas nucleolin 

appears to bind to most selenoprotein mRNAs similarly. mRNAs that are relatively 

resistant to NMD, including SeIW, Se1l5, SelK, and GPX4, were among those pulled 
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down to the greatest extent by SBP2. In contrast, nuc1eolin exhibited relatively similar 

binding to most seleooprotein mRNAs. We examined the in vivo binding of these factors 

to the two SECIS elements ofSelP, as the two elements have shown to function 

differently in SelP translation. We discovered that SBP2 exhibits significantly greater 

binding to SECIS I versus SECIS 2, in agreement with their relative activities in 

directing selenocysteine incorporation. These findings suggest that SBP2, a limiting 

factor in selenoprotein synthesis, is a major determinant in establishing the hierarchy of 

selenoprotein synthesis and the sensitivity of selenoprotein mRNAs to nonsense mediated 

decay. 

The second phase of this study investigated the roles of SPS I and SPS2 in selenoprotein 

synthesis. We have demonstrated that both SPSI and SPS2 regulate selenoprotein 

expression in two different cell lines, HEK-293 and MSTO-2IIH. Knockdown ofSPSI 

and SPS2 using siRNAs designed to target their respective genes decreased TRI, TR2, 

GPXI, and GPX4 protein levels and DI2 mRNA levels in the cells whereas SPS I and 

SPS2 overexpression elevated GPXI and GPX4 levels. Combined knockdown and 

overexpression of SPS I and SPS2 did not exacerbate the selenoprotein levels detected in 

the sole treatments suggesting that synergistic function between SPS I and SPS2 in 

selenoprotein synthesis is unlikely. Furthermore, the knockdowns ofSPSI and SPS2 did 

not significantly alter selenoprotein mRNA levels, indicating that they do not function in 

selenoprotein mRNA stability or sensitivity to NMD. SPSI and SPS2 knockdown did 

however lower DI2 mRNA levels. Based on DI2's genetic structure, it is not susceptible 

NMD, therefore, SPS I and SPS2 are likely regulating the gene at the level of 
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transcription. These fmdings suggest that SPS 1 and SPS2 are essential for selenoprotein 

synthesis presumably by providing the active selenium donor, monoselenophosphate, for 

Sec synthesis. Also, SPS 1 and SPS2 function in transcriptional regulation of DI2 by an 

unknown mechanism. 

INDICATIONS FOR FUI1JRE RESEARCH 

The finding that the stable knockdown of SBP2 resulted in a fivefold increase in the level 

of Upf2 mRNA is intriguing, although the reasons for this are unknown. Quantitation of 

Upf proteins in HeLa cells indicate that the ratios ofUpfl :Upfl:Upf3 are approximately 

40:2:1 (72). However, real time RT -peR analysis of the mRNA levels for these factors 

in MSTO-211H cells revealed that Upf2 is approximately 25 -fold higher than those of 

Upfs 1, 3 and 3X Thus it is feasible that Upfl may be limiting in these cells. Indeed, 

our recent attempts to knockdown Upf2 expression in MST0-211H cells have been 

challenging, resulting in either small decreases in expression or loss of viability. 

Transient Upfl knockdown in HeLa cells resulted in 7 and 2-fold increases in TR2 and 

SelW mRNA levels, respectively (76). No changes in selenoprotein mRNAs were 

reported following stable Upf2 knockdown in HeLa cells, although the authors indicate 

that TR2 mRNA levels were below detection (101). Unfortunately, no other 

selenoprotein mRNAs were discussed in either of these studies. Further investigation is 

required to determine the mechanism ofUpfl upregulation during SBP2 knockdown, and 

whether increases in selenoprotein levels might affect the expression NMD factors. 
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The role of SPS I and SPS2 in selenoprotein synthesis remains enigmatic. Further studies 

are required to characterize the functions of each protein and their reaction product, 

monoselenophosphate, in selenoprotein translation and transcription. Once heralded as a 

non-essential factor in selenoprotein biosynthesis, SPS I evidently functions in 

selenoprotein expression. Knockdown of SPS I in organisms that lack SPS2 could prove 

invaluable to elucidate its function. Potentential candidate organisms for such study 

include Chlamydomonas reinhardtii, a single celled green alga, and Caenorhabditis 

elegans. 
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APPENDIX 

A 

B 

"I" 

c 
I I I I 

Figure SI Human SclP-lambda boxB constructs. Constructs contain the sell' coding 

region and both SECIS e lements CAl, o r just the first (B) or second (C), linked to three 

copies o f the lambda boxB sequence. Binding of SBP2 and nueleo lin (S 8P3) to bo th 

SECIS e lements is depicted (light grcy ovals), as is binding ora SECIS I specific 

protein (black shape). 
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TableS! 

Oligonucleotide primers used for real-time PCR 

Target GenBank Accession Product 

Sequence Number Sequence length 

fwd TGACACTGGCAAAACAATGCA 
Hprt NM_OOO194 94 

rev GGTCCTnTCACCAGCAAGCT 

fwd CACTGCCTGAGAGGCTCTACATA 
Dia1 ENSGOOOOO181150.5 75 

rev TGTAGTTCCAAGGGCCAGAT 

fwd CCTCCTCGATGCCTACAAAC 
Dia2 ENSGOOOOO198761.1 82 

rev TCCTTCTGTACTGGAGACATGC 

fwd AACTCCGAGGTGGTTCTGC 
Dio3 ENSGOOOOO197406.1 60 

rev TTGCGCGTAGTCGAGGAT 

fwd GCAACCAGTTTGGGCATCAG 
Gpx1 NM_OOO581 123 

rev CGTTCACCTCGCACTTCTCG 

fwd GTCCTTGGCTTCCCTTGC 
Gpx2 ENSGOOOOO176153.5 67 

rev TGTTCAGGATCTCCTCATTCTG 

fwd GGGGACAAGAGAAGTCGAAGA 
Gpx3 ENSGOOOOO157566.5 116 

rev GCCAGCATACTGCTTGAAGG 

fwd TGGGAAATGCCATCAAGTGG 
Gpx4 NM_001039848 108 

rev GGTCCTTCTCTATCACCAGGGG 
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fwd AATGGAGAAAAAGAACAGAAGGTC 
Gpx6 ENSGOOOO0198704.1 75 

rev TGAGCCCAAAAGATCAGAGG 

fwd GCTTCCAGTAAAGGTGAACCCG 
SelH ENSGOOOO0211450 190 

rev ACCCAAATCTCCCTACGACAGG 

fwd GGTCGTCATGGCTGGCTA 
Sell ENSGOOOO0138018.4 88 

rev TGGATTGGTATCCACAGCAC 

fwd ATCTGATTCCAGATATGATGATGG 
SelK ENSGOOOO0113811.2 72 

rev TGATTGATTCTACCCATTCTTCG 

fwd TCCCGATGAGCCTCCTGTTG 
SelM NM_080430 201 

rev ATGGAATGTCCTGCGTGACG 

fwd AAGGGCAAGGAGGTCATCATCC 
SelN NM_206926 195 

rev AGGGGAGAACCAAAAGGGGAAG 

fwd GAGGAGTTTGACGCCGAGTTC 
SelO NM_031454 165 

rev GCTCAGCAAGTAGAAGGTGTTTGTG 

fwd GGAGCTGCCAGAGTAAAGCA 
SelP NM 005410.2 72 

rev ACATTGCTGGGGTTGTCAC 

fwd GAGGTTTTCCAGAATCACTTTGA 
SelR ENSGOOOOO 198736.1 104 

rev GGCCATGGAGACGAGTGT 

fwd AAACGGAAATCGGACAGAAA 
SelS ENSGOOOO0131871.4 65 

rev CCTCCTTCACCAGACAACG 

fwd TCCAGATTTGTGTTTCCTGAGG 
SeIT ENSGOOOO0198843.1 75 

rev CTGGGTACCGCTGGCTAATA 
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fwd AAAAGGTAGCCGGCAAGG 
SelV ENSGOOOO0186838.3 62 

rev TTCAGCCCTTCTCATCATCC 

~d GCCGTCCGAGTCGTTTATTGTG 
SelW NM_003009 149 

rev GCTACCATCACTTCAAAGAACCCG 

fwd GTTGTTGGCGACTGTGCTT 
Sel15 ENSGOOOO0183291.5 64 

rev GCATGCCTCCGATGAAAA 

fwd CCACGGACTTCTTTTACCCCTTG 
Sps2 NM_012248 

rev GTTCCTCCTCACTCATACTCTGGC 156 

fwd CCTTATCATCATTGGAGGTGGCTC 
Trxr1 NM_003330 106 

rev AAGAGGGGTGGGAGTGACAAAGTC 

fwd CACATCTACGCCATTGGTGACG 
Trxr2 NM_006440 142 

rev AGACGGTCGTGGGAACATTGTC 

fwd AAGGAAATTTGGCTGGGAAT 
Trxr3 ENSGOOOO0197763.1 74 

rev GGTTCTGAATCGCTTTTGTCA 

~d GGTTGAGGACAAGTCTGAAGAGCC 
SBP2 NM_024077 176 

rev CTTTGAGTAGGTCGGTAACACAAGC 

fwd TGGAGATGATGCATTGGAAG 
SECp43 NM_017646 64 

rev GAACTCCTTGTTGGCCTCAG 

fwd CGATGCI II I I ACCAGACAGG 
SLAILP NM 153825.1 62 

rev AGTTTGCATGGACCCAAGAG 

fwd GAAGATGAGCAGTTTCTGGGAGC 
Sps1 NM_012247 168 

rev GACATTGGCACACGCTATCCTG 
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fwd ACTACGCCGACAGCTTCCT 
EFsec BC007933.2 95 

rev GATCACACTGTAGTCATCCATCG 

fwd AGATCACGGCACAGCAGAT 
Upf1 NM 002911.3 60 

rev TGGCAGAAGGGTTTTCCTT 

fwd GGAATGGCCTTTTCCCTCTC 
Upf2 NM 080599.1 84 

rev GGCATTATGTGACCCAGGAC 

fwd AAGAAGCGCTGAGCAAGGT 
Upf3 NM 080632.1 93 

rev CATGCTCAGGCATAGGTTGA 

fwd AAGAAGCGCTGAGCAAGGT 
Upf3X AG318576.1 93 

rev CATGCTCAGGCATAGGTTGA 

fwd ACTGGGATCTCGTTGGAAATAA 
catalase NM_001752 182 

rev CCCCCGATCACTGAACAAGAAAGA 

fwd GGTGGGCCAAAGGATGAAGAGA 
Sod 1 NM_000454 243 

rev GGCGATCCCAATTACACCACAAG 

fwd CCTCCCCGACCTGCCCTACGACT 
Sod2 NM_001024465 151 

rev ATCTCCCTTGGCCAACGCCTCCTG 
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