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ABSTRACT 

Selenium is an essential trace element co-translationnaly incorporated into selenoproteins with 

important biological functions. Health benefits have long been associated with selenium 

supplementation. However, cytotoxicity is observed upon excessive selenium intake. The aim 

of this study is to investigate the metabolic pathways underlying the response to the selenium-

containing amino acids selenomethionine and selenocysteine in a normal human breast 

epithelial cell model. We show that both selenomethionine and selenocystine inhibit the 

proliferation of non-cancerous MCF-10A cells in the same concentration range as cancerous 

MCF-7 and Hela cells, which results in apoptotic cell death. Selenocystine exposure in MCF-

10A cells caused a severe depletion of free low molecular weight thiols, which might explain 

the observed up-regulation of the expression of the oxidative stress pathway transcription factor 

NRF2. Both selenomethionine and selenocystine induced the expression of target genes of the 

unfolded protein response (GRP78, ATF4, CHOP). Using a redox-sensitive fluorescent probe 

targeted to the endoplasmic reticulum (ER), we show that both selenoamino acids shifted the 

ER redox balance towards an even more oxidizing environment. These results suggest that 

alteration of the redox state of the ER may disrupt protein folding and cause ER stress-induced 

apoptosis in MCF-10A cells exposed to selenoamino acids. 

Keywords: selenomethionine, selenocystine, ER Stress, oxidative stress, MCF-10A, redox
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INTRODUCTION

Selenium (Se) is an essential micronutrient for many living species, including humans. 

It is translationally incorporated as selenocysteine (SeCys) into a few proteins, some of which 

are antioxidant enzymes, protecting cells from harmful oxidative damage [1, 2]. Se deficiency 

has been associated with cardiomyopathy, increased risk of mortality, poor immune function 

and cognitive decline [3, 4]. In addition, several human studies have reported that selenium 

supplementation may attenuate the risk of developing cancer and other pathologies [5]. Thus, 

Se has become a widely used dietary supplement for humans and livestock [6, 7]. However, a 

recent systematic review of the literature indicate that  no epidemiological evidence support a 

cancer-preventing effect of Se intake [8]. Despite its potential benefits, high levels of blood Se 

have been associated with an increased risk of developing certain types of cancer, hypertension, 

chronic diseases such as diabetes, and neurodegenerative diseases [9, 10] and the window 

between intakes that result in protection or toxicity is relatively narrow [11].

Toxicity is generally attributed to the ability of Se compounds to induce oxidative stress [12-

14]. Pro-oxidant properties of Se originate from the in vivo conversion of Se-containing 

compounds into H2Se or into selenols (RSeH) such as SeCys, methylselenol (MeSeH) or 

selenoglutathione (GSeH), which are readily oxidized by oxygen with concomitant generation 

of reactive oxygen species (ROS) [15, 16]. Redox cycling of selenols with glutathione (GSH) 

and oxygen or the thioredoxin/glutaredoxin (Trx/Grx) systems generates massive oxidative 

stress, which can damage nucleic acids, proteins and lipids and eventually lead to cell death due 

to apoptosis, necrosis or necroptosis [17, 18]. Additionally, redox-active Se compounds can 

alter the intracellular redox balance by oxidation of intracellular thiols or reaction with protein-

thiol to form selenylsulfide or disulfide bridges between low molecular-weight thiols and 

proteins or between proteins, potentially leading to protein inactivation or aggregation [19-22]. 
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Selenomethionine (SeMet), a non-redox active Se-containing amino acid, is the predominant 

form of Se in food products or supplements, accounting for more than 50% of human dietary 

selenium [23]. Although at higher concentrations than those observed for most redox-active Se 

compounds, SeMet displayed antiproliferative activity and cytotoxicity towards yeast as well 

as human cancer cells [24]. In human cancer cell lines, SeMet was shown to induce apoptosis, 

including activation of caspases and altered expression of pro-apoptosis proteins [25-28]. 

Misincorporation of SeMet in proteins might in principle generate toxicity. However, it has 

been shown in yeast and human cells that SeMet can support cell growth in the absence of 

methionine without significant toxicity [29, 30]. Therefore, SeMet toxic effects must be 

mediated by one or several of its metabolic products rather than by itself, although the precise 

mechanism remains to be deciphered.

Previous studies in our laboratory, using Saccharomyces cerevisiae as a model system, 

demonstrated that metabolization into redox-active selenohomocysteine and SeCys accounted 

for SeMet toxicity [31] in yeast. In particular, we showed that SeMet induced a proteotoxic 

stress caused by an accumulation of toxic protein aggregates that is dependent on 

metabolization of SeMet in SeCys. Misincorporation of SeCys, in the place of cysteine, in 

nascent polypeptide resulted in protein misfolding and aggregation, and upregulation of 

chaperones genes under the control of Heat Shock Factor 1 [32]. At present, the mechanisms 

and signaling pathways underlying SeMet mode of action as an antiproliferative agent in 

mammalian cancer cells are little understood. The mechanism evidenced in yeast may 

contribute to SeMet and SeCys toxicity in higher eukaryotes but remains to be addressed. To 

this end, we wished to perform a comparative analysis of SeMet and SeCys toxicity 

mechanisms in human cells. SeCys, being readily oxidized by oxygen, cannot be used directly. 

Selenocystine (SeCyt), which is efficiently reduced by intracellular GSH and disulfide 

reductases, was used as a precursor of SeCys.
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In this study, we examined the signaling pathways activated by SeMet and SeCyt exposure on 

the non-cancerous breast epithelial MCF-10A cell line. We show that, in contrast to yeast, 

oxidative and ER stresses but not proteotoxic stress are involved in selenoamino acids 

cytotoxicity. 
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MATERIALS AND METHODS

Reagents, antibodies and plasmids

L-Selenomethionine (SeMet), L-methionine, D,L-selenocystine (SeCyt), L-cystine, DTT and 

Diamide were from Sigma.

The antibodies used were the anti-NRF2 [HL1021] (GTX635826), anti-HSP27 (GTX101145), 

anti-GRP78 (GTX127934), anti-ATF4 (GTX101943) rabbit antibodies from GenTex. The anti-

CHOP mouse monoclonal antibody (66741-1-Ig)  and anti-GAPDH mouse antibody (60004-1-

Ig) were from Proteintech. Horseradish peroxidase-conjugated anti-mouse (GENA931) or anti-

rabbit antibodies (A6154) were from Sigma.

The plasmid pIRES-puro3-ERroGFP-S4 was kindly provided by J.Hoseki (Kyoto University 

of Advanced Science, Kyoto, Japan) and is described in [33].

Cell culture

Hela and MCF-7 cells were grown at 37 °C in 5% CO2 in RPMI 1640 + Glutamax medium 

(Gibco) with 10% FBS and 100 U/mL penicillin/streptomycin. The immortalized epithelial cell 

line from human breast MCF-10A was obtained from the Institut Curie collection of breast cell 

lines, organized and maintained by Thierry Dubois in Paris. MCF-10A cells were grown at 

37 °C in 5% CO2 in DMEM/F12 medium (Gibco) supplemented with 5% horse serum, 

20 ng/mL epidermal growth factor, 10 µg/mL insulin, 100 ng/mL cholera toxin, 500 ng/mL 

hydrocortisone, and 100 U/mL penicillin/streptomycin. MCF-10A cells stably expressing 

roGFP-S4 were grown in the same medium supplemented with 1μg/ml of puromycin.

The RPMI 1640 and DMEM/F12 media contain 0.101 mM L-methionine and 0.208 mM L-

cystine or 0.116 mM methionine and 0.1 mM L-cystine + 0.1 mM L-cysteine, respectively.

Cell viability assay
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The cells were seeded in triplicate in 96-well plates at a density of 2 × 103 cells/well in 100 μL 

medium. Various concentrations of SeMet or SeCyt were added and plates were incubated at 

37 °C for 24, 48, 72 or 96 h. Cell viability was assessed using the CellTiter 96® AQueous One 

Solution Cell Proliferation kit (Promega) as specified by the manufacturer on a Multiscan 

Spectrum spectrophotometer (Thermo LifeSciences), with absorbance read at 490 nm.

The L-methionine and L-cystine concentration in the media was varied by using a modified 

RPMI 1640 without glutamine, methionine and cystine (Sigma) supplemented with 2 mM L-

glutamine, and either 0.1 mM methionine and varying concentrations of cystine, or 0.2 mM 

cystine and varying concentrations of methionine.

Apoptosis assay

The Annexin V-FITC (Fluorescein isothiocyanate)/Propidium Iodide (PI) staining/detection kit 

(Abcam) was used to measure apoptosis. MCF-10A cells were seeded in 6-well plates at a 

density of 5 × 105 cells/well and incubated at 37 °C with the specified concentrations of SeMet 

or SeCyt for 48 or 72 h. Cells were collected by trypsinization and culture supernatants were 

combined with trypsinized cells. After washing with PBS 1× , cells were resuspended in 200 

µL annexin-binding buffer ( 10 mM Hepes pH 7.4, 140 mM NaCl, 2.5 mM CaCl2) at a density 

of 5× 105 cells/ml and stained with 2 µL each of Annexin V-FITC and PI for 15 min in dark 

tubes at room temperature. Flow cytometry analyses were performed immediately using a 

Guava easyCyte system (Millipore).

Western blot assay

MCF-10A cells were treated for 48 h with various concentrations of SeMet or SeCyt, collected 

by trypsinization and washed twice with PBS 1× . Cells were lysed at 4 °C for 15 min in RIPA 

buffer (50 mM Tris‐HCl pH 7.5, 100 mM NaCl, 0.5% deoxycholate, 0.1% SDS, 1 % NP40) 
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containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and protease inhibitors (0.5 g/ml 

aprotinin, 0.5 g/ml antipain, 0.5 g/ml chymostatin, 0.5 g/ml leupeptin, 0.5 g/ml pepstatin 

A, 100 g/ml benzamidine, 1 g/ml o-phenantroline and 6 g/ml ovomucoid). After 

centrifugation at 10000 g for 10 min, the supernatant was recovered and protein concentration 

in the cytoplasmic extracts was determined by the Bradford assay, using the Bio-Rad Protein 

Assay kit. 15 to 20 µg of proteins were loaded on 10 or 12 % polyacrylamide gels. Proteins 

were electrophoretically transferred onto nitrocellulose membranes (Whatman, BA85, 0.45 

μm). After blocking in TBS buffer (10 mM Tris-HCl pH 8.0, 150 mM NaCl) containing 5% 

(w/v) skimmed milk, the nitrocellulose membranes were incubated overnight at 4 °C with 

primary antibodies in the same buffer, washed in TBS buffer containing 0.1% triton X-100, 

followed by incubation with secondary antibodies (horseradish peroxidase-conjugated anti-

mouse or anti-rabbit antibodies) for 1 h at room temperature in TBS buffer containing 0.1% 

triton X-100. Signals were detected using the Lumi-Light Plus western Blotting Substrate 

(Roche) and quantified using Fiji.

Determination of free thiol content

MCF-10A cells were seeded in 6-well plates at a density of 1 × 106 cells/well and incubated at 

37 °C with the specified concentrations of SeMet or SeCyt for 24h, collected by trypsinization 

and washed twice with PBS 1× . Cells were lysed at 4 °C for 15 min in 100 µL RIPA buffer, 

followed by centrifugation at 10000 g for 10 min. The supernatant was recovered and protein 

concentration in the cytoplasmic extracts was determined by the Bradford assay. 10% 

trichloracetic acid was added and the cell lysate was centrifuged at 10000 g for 10 min to 

precipitate the proteins. The supernatant was recovered and 20 µL was added to 580 µL solution 

containing 0.4 mM 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB) in 100 mM Tris‐HCl pH 7.5. 
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Absorbance at 412 nm was recorded and thiol concentration (nmol/µg protein in the lysate) was 

determined by using a molar absorbance coefficient of 14,150 for 2-nitro-5-thiobenzoate.

Determination of the ER redox state

For preparation of stable cells expressing ER-targeted roGFP-S4, MCF-10A cells were 

transfected with pIRES-puro3-ERroGFP-S4 using JetPrime transfection reagent (Polyplus) and 

selected with 1μg/ml of puromycin. For imaging, MCF-10A cells stably expressing roGFP-S4 

were seeded in 35 mm fibronectin-coated ibidi µ-dishes at 25 × 103 cells/dish and grown in 

medium without Phenol Red and puromycin with the indicated amount of selenoamino acids 

for 48 h or with 1 mM DTT or 1 mM Diamide for 15 min. Fluorescence images were acquired 

at 37°C using a confocal laser scanning microscope (TCS SP8, Leica) equipped with a high NA 

oil immersion objective (HC PL APO 63×/ 1.40, Leica), and a white light laser (WLL, Leica). 

The cells were excited using 405 nm and 442 nm lasers and their fluorescence was detected 

using a 500-587 nm filter. Confocal images were analyzed using a custom macro in the Fiji 

software. To analyze ER intensity in both channels, a mask of the ER was created using Triangle 

thresholding of the 405 nm excitation image. After background removal, the intensities were 

determined. The fluorescence ratios from excitation at 405 versus 442 nm were calculated in 

Fiji. 

Statistical analysis

Results as presented as the mean values ± S. D. For t-tests, populations were first tested for 

Gaussian distribution using a Shapiro-Wilk Test with a α-value of 0.05. Because the 

compared populations were not all Gaussian, the difference between means was tested using a 

Mann–Whitney U test. 
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RESULTS

 Selenoamino acid-mediated cytotoxicity

We evaluated L-SeMet and D,L-SeCyt toxicity in two cancer (Hela, MCF-7) and one non-

cancerous breast epithelial (MCF-10A) cell lines, using an MTS (3-(4,5-dimethylthiazol-2-yl)-

5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) cell proliferation assay. 

Growth in the presence of varying concentrations of selenoamino acids was assayed at different 

time points and the viability of treated versus untreated cells is reported in Fig. 1A. From these 

data, we obtained the IC50 values at 48, 72 and 96 h of exposure to SeMet and SeCyt (Table 1). 

Addition of low concentrations of SeMet or SeCyt slightly stimulated the growth of MCF-7 

and MCF-10A cells, suggesting that the culture mediums are deficient in Se. At higher 

concentrations, both SeMet and SeCyt inhibited the proliferation of cells in a dose and time-

dependent manner. The Hela cell line was the most sensitive to SeMet with an IC50 value at 72 

h of 75 µM, compared to 140 µM and 200 µM, respectively for  MCF-10A and MCF-7 cells. 

The data in Table 1 show that non-cancerous MCF-10A breast cells were more sensitive to 

SeMet than MCF-7 cancer cells. SeCyt was more toxic than SeMet in all the cell lines, with 

IC50 at 72 h in the 5 to 15 µM range compared to 100-200 µM for SeMet. MCF-10A cells were 

the most sensitive to SeCyt, with an IC50 value at 72 h of 4.5 µM.  The MCF-7 cell line was the 

least sensitive to SeCyt with an IC50 value at 72 h of 15 µM.

Altogether, these results indicate that both selenoamino acids are as toxic in the normal  MCF-

10A cell line as in cancer Hela and MCF-7  cells, in contradiction with the assumption that Se 

compounds are selective for cancer cells [34]. 
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Table 1 : IC50 values (µM) obtained from the viability data following exposure of Hela, MCF-

7 or MCF-10A cells to L-Selenomethionine or D,L-Selenocystine in for 48, 72 or 96 h

Se Compound

L-Selenomethionine (µM) D,L-Selenocystine (µM)

Cell line IC50  48 h IC50 72 h IC50 96 h IC50 48 h IC50 72 h IC50 96 h

Hela 120 ± 30 75 ± 8 60 ± 8 12 ± 3 6 ± 2 4 ± 1

MCF-7 >500 200 ± 25 120 ± 20 22 ± 4 15 ± 3 9 ± 2

MCF-10A >500 140 ± 20 80 ± 12 8.5 ± 1 4.5 ± 0.5 3.5 ± 0.5
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Figure 1. Cytotoxic effects of L-selenomethionine (SeMet) (left pannel) and D,L-selenocystine (SeCyt) (right 

pannel) on the growth of Hela, MCF-7 and MCF-10A cells

(A) Cell viability was measured using MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium) following treatment with the indicated concentrations of SeMet or SeCyt for 48 (), 

72 () or 96 h (). Relative values are expressed as percentage of viability of untreated cells. Viability was 

assessed in triplicate wells. Standard deviations, indicated by error bars, were determined from at least three 

independent experiments. (B) IC50 for SeMet () and SeCyt () were obtained from the viability data from Hela 

cells grown 72 h in RPMI medium without methionine or cysteine and supplemented with increasing amounts of 
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the corresponding amino acid. Viability was assessed in triplicate wells. Standard deviations, indicated by error 

bars, were determined from three independent experiments.

It was previously demonstrated that SeMet toxicity depended on the methionine concentration 

in the growth medium, suggesting a competition between SeMet and methionine for uptake and 

along the downstream metabolic pathways inside the cell [30, 31]. Toxicity of SeCyt might 

similarly be affected by cystine levels in the medium. To evaluate the effect of varying the 

concentration of sulfur amino acids on the toxicity of SeMet and SeCyt, HeLa cells were grown 

in RPMI medium without methionine or cysteine and supplemented with increasing amounts 

of the corresponding amino acids (Fig. 1B). The toxicity of SeMet strictly depended on the 

SeMet/Met ratio, with IC50 at 72 h varying from 18 to 140 µM SeMet when the methionine 

concentration increased from 25 to 200 µM. The concentration of cystine in the medium (50 to 

400 µM) had no effect on SeMet toxicity (result not shown). In contrast, the IC50 at 72 h for 

SeCyt remained at around 4-6 µM for cystine concentrations ranging from 50 to 400 µM. These  

results indicate that SeCyt is toxic per se and not because it enters in competition with cysteine 

for metabolic pathways such as protein synthesis.

Induction of apoptosis by SeMet and SeCyt in MCF-10A cells

Both SeMet and SeCyt were shown to induce apoptosis in several cancer cell lines [24, 35]. 

However, little is known on the cytotoxicity mechanisms of these Se compounds in a normal 

cell model. To investigate whether they induce apoptosis in MCF-10A, we used an annexin 

V/Propidium Iodide binding assay and quantified viable (Annexin V-/ PI-), early apoptotic 

(Annexin V+/ PI-) and late apoptotic/necrotic (Annexin V+/PI+) cells by flow cytometry (Fig 

2A). As shown in Fig. 2B, upon exposure to SeMet or SeCyt for 48 or 72 hours, the proportion 

of early apoptotic cells increased in a dose and time-dependent manner. In the presence of 100 

to 400 µM SeMet, the amount of late apoptotic/necrotic cells remained fairly constant, at around 

13            



                                          ACCEPTED MANUSCRIPT                                      

20 % during the experiment, whereas these cells became more abundant as SeCyt concentration 

and time increased.

Figure 2. Evaluation of apoptosis in MCF-10A cells using Annexin V-PI double staining. 

(A) Representative flow cytometry dot plots of apoptosis following treatment of MCF-10A cells with 0, 50, 100, 

200 or 400 µM L-selenomethionine  (SeMet) (upper panels) or 0, 2, 4, 6, or 8 µM D,L-selenocystine (SeCyt) 

(lower panels) for 48 and 72 h. Viable cells are seen in the left lower quadrant (FITC-/PI-), early apoptotic cells 

in the right lower quadrant (FITC+/PI-), and late apoptotic cells in the right upper quadrant (FITC+/PI+). The 
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percentage of cells in each quadrant is indicated. (B) Quantification of live (), early apoptotic () and late 

apoptotic () cells. Results are shown as mean ± SD from three experiments.

Cell signaling pathways involved in selenoamino acid-mediated cytotoxicity

To get more insights into the mechanisms of toxicity of selenoamino acids, we examined the 

importance of different stress response pathways for human cell survival. To that end, we 

analyzed the expression of specific targets of transcription factors controlling stress responses, 

in MCF-10A cells exposed for 48h to SeMet (0 to 300 µM) (Fig 3A) or SeCyt (0 to 5 µM) (Fig 

3B). This range of concentration was chosen to ensure high viability with less than 20-25 % 

late apoptotic/ necrotic cells even at the highest concentration of Se.

NRF2 (nuclear factor erythroid related factor 2) is one of the major regulators of cellular 

defense against oxidative stress [36]. The activation of this pathway induces the transcription 

of a wide array of genes, including genes responsible for glutathione and thioredoxin production 

and regeneration. As shown in Fig. 3C, exposure to SeCyt up-regulated the expression of NRF2 

in a dose-dependent manner. At 5 µM SeCyt, a concentration that resulted in 80% survival, as 

judged by the MTS assay, with around 30% of pre-apoptotic cells after 48h, the expression of 

NRF2 was induced circa 6 times. In contrast, SeMet up to 300 µM was unable to activate NRF2. 

To determine whether cytosolic protein homeostasis was affected, we analyzed the expression 

of HSP27 (Heat shock protein 27), a small chaperone protein that is overexpressed in a variety 

of stress states that cause protein denaturation [37]. One of its functions is to stabilize protein 

conformation and promote the refolding of misfolded proteins. Whereas SeCyt had no effects 

on the level of HSP27, SeMet exposure slightly up-regulated the expression of this protein, 

although not in a dose-dependent manner (Fig 3D). Because HSP27 has been shown to perform 

many different functions in normal as well as stress conditions, the response to SeMet might be 

explained by a non-toxic effect of this compound.

15            



                                          ACCEPTED MANUSCRIPT                                      

Figure 3. Western blot analysis of stress-related proteins in MCF-10A cells exposed to L-selenomethionine 

(SeMet) and D,L-selenocystine (SeCyt) 

The expression of NRF2, GRP78, HSP27, ATF4 and CHOP was analyzed by Western blotting in MCF-10A cells 

exposed to 0 to 300 µM SeMet (A) and 0 to 5 µM SeCyt (B) for 48 h. GAPDH was used as a loading control. One 

representative image is shown. Densitometry analysis of NRF2 (C), HSP27 (D), GRP78 (E), ATF4 (F) and CHOP 

(G) were performed using the Fiji software on two western blot replicates from three independent experiments. 

Results were normalized to GAPDH (Glyceraldehyde 3-phosphate deshydrogenase). Error bars represent the mean 

and range of the results.

Because ER stress activation by the unfolded protein response (UPR) was shown to be involved 

in the anti-cancer properties of several Se compounds, we next examined the effect of SeMet 

and SeCyt on the expression of 78-kDa glucose-regulated protein (GRP78 also known as BiP). 

GRP78 is a UPR-upregulated ER chaperone that binds to secretory and transmembrane 
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precursor proteins to prevent their misfolding. In addition to its chaperoning function, GRP78 

is also involved in regulating the UPR through its interaction with ER stress transducers IRE1 

(inositol-requiring enzyme 1), ATF6 (activating transcription factor 6) and PERK (protein 

kinase R-like ER kinase). As shown in Fig. 3E, both SeMet and SeCyt up-regulated the 

expression of GRP78 in a dose-dependent manner, suggesting that both selenoamino acids act 

by disturbing ER protein homeostasis. To determine whether exposure to SeMet and SeCyt 

induced apoptosis via the UPR, we investigated the regulation of the ER stress-inducible 

transcription factor ATF4 and one of its target genes, the pro-apoptotic factor 

CCAAT/enhancer-binding protein homologous protein (CHOP). Both SeMet and SeCyt up-

regulated the expression of ATF4 (Fig 3F) and CHOP (Fig 3G), suggesting that selenoamino 

acid-induced apoptosis may be triggered by ER stress.

Thiol oxidation mediated by selenoamino acid

Redox-active Se compounds can perform redox cycles involving low molecular weight thiols, 

resulting in massive oxidation of the cytosol and alteration of the intracellular redox balance 

[38]. SeCyt might induce an NRF2-mediated oxidative stress response by depleting 

intracellular thiols, as disruption of thiol homeostasis was shown to activate NRF2 [39]. To 

investigated this possibility, we quantified the concentration of free low molecular weight thiols 

in cells exposed to SeMet or SeCyt for 24 hours. We used highly toxic concentrations of 

selenoamino acids (up to 20 µM SeCyt and 1 mM SeMet) to maximize their potential effects. 

The amount of free thiols was measured in the supernatant of trichloracetic acid (TCA) 

precipitated cell extracts by reaction with DTNB. The results show that SeCyt, even at the 

lowest concentration used, induced a large depletion (> 50%) of low molecular weight thiols 

(Fig. 4A), whereas the amount of reduced thiols decreased only slightly (< 20%) in the presence 
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of SeMet (Fig. 4B). These results may explain why exposure to SeCyt triggers an oxidative 

stress response whereas exposure to SeMet does not.

Figure 4. Low molecular weight (LMW) thiol content of MCF-10A cells 

Cells were exposed to 0 to 20 µM D,L-selenocystine (SeCyt) (A) and 0 to 1 mM L-selenomethionine (SeMet) (B) 

for 24 h. The amount of LMW reduced thiols was measured by a DTNB assay in the supernatant of TCA 

precipitated cell extracts and expressed as percentage of thiols in untreated cells. A value of 0.100 ± 0.12 nmol 

thiol/µg protein was measured in untreated cells. The error bar represent the mean and range of three experiments.

The ER redox state is disturbed by SeMet and SeCyt

Oxidative protein folding requires an appropriate redox environment in the ER. We speculated 

that redox metabolites generated from SeMet and SeCyt may induce ER stress by altering the 

redox balance in the ER. 

0

20

40

60

80

100

120

0
25

0
50

0
10

00

Fr
ee

th
io

ls
(%

)

SeMet  (µM)

0

20

40

60

80

100

120

0 5 10 20

Fr
ee

th
io

ls
(%

)

SeCyt (µM)

A B

18            



                                          ACCEPTED MANUSCRIPT                                      

Figure 5. Fluorescence imaging of MCF-10A cells stably expressing ERroGFP-S4 

(A) Representative fluorescence images of cells excited at 405 nm and 442 nm  following treatments with nothing 

(control), 1 mM DTT or 1 mM Diamide for 15 min, or L-selenomethionine (SeMet) (200 and 400 µM) or D,L-

selenocystine (SeCyt) (5 and 8 µM) for 48 h. The relative ratios of fluorescence intensities (Ratio 405/442) were 

calculated in Fiji and are shown with an arbitrary color scale. Scale bar is 10 µM. (B) Quantification of the intensity 

ratios were performed on at least 20 cells for each conditions. The results presented in the figure are from one 

experiment out of three which gave similar results. **** p<0.0001

To monitor the ER redox state in live cells, we established a stable MCF-10A cell line 

expressing the fluorescence redox probe ERroGFP-S4 constructed by Hoseki et al, which 

indicates ER redox state in real time [33]. Fluorescence images in the stable cell lines excited 

at 405 nm and 442 nm were observed under confocal microscopy, following treatments with 
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SeMet and SeCyt for 48 h or 1 mM DTT and 1 mM Diamide for 15 min as controls. As shown 

in Fig. 5A, cells displayed an ER-localized fluorescence that was responsive to changes in both 

reduction and oxidation. The fluorescence intensity ratio (Ratio 405/442) was quantified in at 

least 20 cells per condition (Fig 5B). An average ratio value of 1.1 ± 0.15 was determined in 

untreated cells. This value decreased to 0.4 ± 0.06 when cells were treated with DTT and 

increased to 1.6 ± 0.15 in the presence of diamide. Treatment with 5 µM or 8 µM SeCyt 

increased the average fluorescence ratio to 1.5 ± 0.2 and 1.8 ± 0.4, respectively. Surprisingly, 

the fluorescence ratio increased to 1.7 ± 0.4 and 2.8 ± 0.5 after 48 h in the presence of 200 µM 

and 400 µM SeMet, respectively, indicating that exposure to SeMet resulted in a strongly 

oxidized ER. These results show that both selenoamino acids disturb the ER redox state.
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DISCUSSION

The purpose of this study was to get more insights into the molecular mechanisms underlying 

the response to selenoamino acid exposure in normal human cells and, in particular, to explore 

the hypothesis that, as reported previously in yeast, disruption of protein homeostasis due to 

SeCys misincorporation in proteins contributes to SeMet toxicity. 

A great variability of results were reported on the SeMet dose necessary to elicit toxicity in 

cultured cells, with IC50 values ranging from a few μM to tenths of mM, depending on the cell 

type, culture conditions and type of assay [24]. In this study, we show that the IC50 value for 

SeMet varies as a function of the concentration of methionine in the culture medium and the 

time of exposure, which may partly explain the observed disparity between different studies. 

Therefore, it is important to take into account the SeMet/Met ratio rather than the selenium 

concentration only, when comparing the toxic effects of SeMet in various conditions. We show 

that both SeMet and SeCyt inhibit the growth of non-cancerous breast epithelial MCF-10A cells 

in the same concentration range as cancerous breast epithelial MCF-7 and Hela cells, in 

contradiction with the widespread belief that Se-containing compounds exhibit high selectivity 

towards cancer over normal cells [18, 35]. It was, indeed, reported that SeMet and SeCyt display 

little toxicity in normal fibroblast cells [40, 41]. The high cytotoxicity of selenoamino acids 

observed in this study may be cell type-specific. Previous reports indicate that several Se-

containing compounds show low selectivity when comparing normal breast MCF-10A cells vs 

cancer breast MCF-7 cells [42, 43]. These results might be explained by the high proliferation 

rate (doubling time < 20 h in our conditions) of MCF-10A cells. A strong demand for amino 

acids and an enhanced metabolism to sustain high level of protein synthesis and DNA 

replication may underlie the cytotoxicity of selenoamino acids in fast growing cells in culture 

[44].
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When cells are stressed, they initiate a complex and precisely tuned response to prevent 

permanent damage. Cellular proteostasis is maintained by stress-responsive signaling pathways 

such as the heat shock response (HSR), the oxidative stress response (OSR), and the unfolded 

protein response (UPR), which is activated upon accumulation of misfolded proteins in the ER 

[45]. Activation of these pathways results in the transcriptional upregulation of select subsets 

of stress-responsive genes that aim to promote recovery following various types of acute insult. 

We have previously shown that SeMet exposure in S. cerevisiae  caused a proteotoxic stress 

and induced the expression of protein chaperones under the control of the heat-shock factor 

Hsf1p [32]. In MCF-10A cells, neither SeMet nor SeCyt toxicity was dependent on the 

concentration of cystine in the growth medium. This implies that competition between SeCys 

and cysteine for utilization in translation does not contribute significantly to SeCys (or SeMet) 

cytotoxicity. Moreover, exposure to SeCyt did not up-regulate the expression of HSP27, a 

chaperone involved in the refolding of misfolded protein, that is transcriptionally regulated by 

the heat shock transcription factor [46]. These results suggest that cytosolic accumulation of 

protein aggregates, caused by SeCys misincorporation in the place of cysteine, is not a major 

determinant of selenoamino acid cytotoxicity in human cells. Instead, exposure to SeCyt 

elicited a large depletion of intracellular free thiols as previously reported in HepG2 hepatoma 

cells [38], associated with the up-regulation of the expression of the oxidative stress pathway 

transcription factor NRF2. This result confirms a previous report showing nuclear translocation 

of NRF2 and induction of NRF2 target genes in human BEAS-2B lung cells exposed to SeCyt 

[47]. These effects are most likely due to the efficient GSH reduction of SeCyt to SeCys and 

subsequent redox cycling of the selenol/diselenide couple with oxygen and thiols, producing 

ROS and promoting redox imbalance [48]. These results are in agreement with the generally 

accepted hypothesis that the cytotoxic effects of selenium compounds derive from their ability 

or that of their metabolites to produce an accumulation of ROS. Previous reports have, indeed, 
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demonstrated SeCyt induction of apoptosis through ROS-mediated DNA damage in various 

human cells [41, 49-51].  

In addition, we show that both SeMet and SeCyt up-regulated the expression of the UPR major 

target GRP78,  ER stress-regulated transcription factor ATF4 and its downstream target CHOP, 

a transcription factor implicated in the control of translation and apoptosis [52], suggesting that 

ER stress also plays a role in selenoamino acid-induced apoptosis. Several reports have 

documented the role of ER stress in mediating the apoptotic effect of Se-containing compounds 

[26, 53-57]. In particular, SeCyt exposure was shown to alter the expression of ER stress-

regulated proteins in Hela cells [58]. Disulfide-bond formation is required for structural 

formation and functions of many proteins that are folded and maturated in the ER. This process 

is achieved through a series of thiol-disulfide exchange reactions between substrate 

polypeptides and the oxidized form of protein disulfide isomerase (PDI), which in turn is 

oxidized by the ER oxidase Ero1L [59]. Compared with the cytosol, the ER keeps an oxidative 

environment suitable for oxidative protein folding. This process is exquisitely sensitive to redox 

perturbations of the ER lumen environment as both hyperoxidizing and reductive challenges 

were shown to activate ER stress signaling [60]. In this study, using a redox-sensitive 

fluorescent probe targeted to the ER [33], we show that both selenoamino acids shifted the ER 

redox balance towards an even more oxidizing environment. Redox cycling of SeCys with GSH 

in the ER should result in a lower GSH/GSSG ratio leading to an oxidative shift, impaired 

disulfide bond formation and activation of the UPR. On the other hand, how SeMet, which is 

not redox active, can oxidize the ER remains to be established. Several reports indicate that 

SeMet effects could be mediated by ROS originating from its metabolization to methylselenol 

(MeSeH), by methionine- -lyase activity [61, 62]. However, speciation studies in rat liver or 

in human leukemia cells exposed to SeMet failed to detect MeSeH suggesting that 

metabolization of SeMet to MeSeH is insignificant in animals [63, 64]. Moreover, in a previous 
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report, we showed that, in S. cerevisiae, exposure to MeSeH triggered a reductive shift in the 

ER rather than oxidation [65]. These observations do not support a role for MeSeH as a toxic 

metabolic intermediate of SeMet. Another possibility is that SeMet effects are mediated by 

selenohomocysteine, which is a natural metabolite of SeMet produced by the methionine cycle 

and, like selenocysteine, is capable of redox cycling with GSH. Additional studies, such as 

exploring the signaling pathways activated by direct exposure to selenohomocystine, are 

necessary to answer this question.
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LEGEND TO THE FIGURES

Figure 1. Cytotoxic effects of L-selenomethionine (SeMet) (left pannel) and D,L-

selenocystine (SeCyt) (right pannel) on the growth of Hela, MCF-7 and MCF-10A cells

(A) Cell viability was measured using MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) following treatment with the 

indicated concentrations of SeMet or SeCyt for 48 (), 72 () or 96 h (). Relative values 

are expressed as percentage of viability of untreated cells. Viability was assessed in triplicate 

wells. Standard deviations, indicated by error bars, were determined from at least three 

independent experiments. (B) IC50 for SeMet () and SeCyt () were obtained from the 

viability data from Hela cells grown 72 h in RPMI medium without methionine or cysteine and 

supplemented with increasing amounts of the corresponding amino acid. Viability was assessed 

in triplicate wells. Standard deviations, indicated by error bars, were determined from three 

independent experiments.

Figure 2. Evaluation of apoptosis in MCF-10A cells using Annexin V-PI double staining. 

(A) Representative flow cytometry dot plots of apoptosis following treatment of MCF-10A 

cells with 0, 50, 100, 200 or 400 µM L-selenomethionine  (SeMet) (upper panels) or 0, 2, 4, 

6, or 8 µM D,L-selenocystine (SeCyt) (lower panels) for 48 and 72 h. Viable cells are seen in 

the left lower quadrant (FITC-/PI-), early apoptotic cells in the right lower quadrant (FITC+/PI-

), and late apoptotic cells in the right upper quadrant (FITC+/PI+). The percentage of cells in 

each quadrant is indicated. (B) Quantification of live (), early apoptotic () and late 

apoptotic () cells. Results are shown as mean ± SD from three experiments.
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Figure 3. Western blot analysis of stress-related proteins in MCF-10A cells exposed to L-

selenomethionine (SeMet) and D,L-selenocystine (SeCyt) The expression of NRF2, GRP78, 

HSP27, ATF4 and CHOP was analyzed by Western blotting in MCF-10A cells exposed to 0 to 

300 µM SeMet (A) and 0 to 5 µM SeCyt (B) for 48 h. GAPDH was used as a loading control. 

One representative image is shown. Densitometry analysis of NRF2 (C), HSP27 (D), GRP78 

(E), ATF4 (F) and CHOP (G) were performed using the Fiji software on two western blot 

replicates from three independent experiments. Results were normalized to GAPDH 

(Glyceraldehyde 3-phosphate deshydrogenase). Error bars represent the mean and range of the 

results.

Figure 4. Low molecular weight thiol content of MCF-10A cells 

Cells were exposed to 0 to 20 µM D,L-selenocystine (SeCyt) (A) and 0 to 1 mM L-

selenomethionine (SeMet) (B) for 24 h. The amount of LMW reduced thiols was measured by 

a DTNB assay in the supernatant of TCA precipitated cell extracts and expressed as percentage 

of thiols in untreated cells. A value of 0.100 ± 0.12 nmol thiol/µg protein was measured in 

untreated cells. The error bar represent the mean and range of three experiments.

Figure 5. Fluorescence imaging of MCF-10A cells stably expressing ERroGFP-S4 

(A) Representative fluorescence images of cells excited at 405 nm and 442 nm  following 

treatments with nothing (control), 1 mM DTT or 1 mM Diamide for 15 min, or L-

selenomethionine (SeMet) (200 and 400 µM) or D,L-selenocystine (SeCyt) (5 and 8 µM) for 

48 h. The relative ratios of fluorescence intensities (Ratio 405/442) were calculated in Fiji and 

are shown with an arbitrary color scale. Scale bar is 10 µM. (B) Quantification of the intensity 

ratios were performed on at least 20 cells for each conditions. The results presented in the figure 

are from one experiment out of three which gave similar results. **** p<0.0001
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