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Tellurite Promotes Stress Granules and Nuclear SG-Like Assembly in Response to Oxidative Stress and DNA Damage
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Tellurium oxyanion, tellurite (TeO3–2), is a highly toxic compound for many organisms. Its presence in the environment has increased over the past years due to industrial manufacturing processes and has been associated with adverse effects on human health. Although tellurite induces the phosphorylation of eIF2α, DNA damage and oxidative stress, the molecular mechanisms related to the cellular responses to tellurite-induced stress are poorly understood. In this work, we evaluated the ability of tellurite to induce phosphorylation of eIF2α, stress granules (SGs) assembly and their relationship with DNA damage in U2OS cells. We demonstrate that tellurite promotes the assembly of bona fide cytoplasmic SGs. Unexpectedly, tellurite also induces the assembly of nuclear SGs. Interestingly, we observed that the presence of tellurite-induced nuclear SGs correlates with γH2AX foci. However, although H2O2 also induce DNA damage, no nuclear SGs were observed. Our data show that tellurite promotes the assembly of cytoplasmic and nuclear SGs in response to oxidative stress and DNA damage, revealing a new aspect of cellular stress response mediated by the assembly of nuclear stress granules.
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INTRODUCTION

Tellurium is a rare trace element found in nature and some of its derivatives, such as tellurite (TeO3–2) and tellurate (TeO4–2), induce both acute and chronic toxicity in a variety of human cells, rats and bacteria (Chasteen et al., 2009). Sustained use of this toxic agent in rubber, metallurgic and electronic industries has led to increased tellurium contamination on the environment posing a potential threat to public health (Sandoval et al., 2012). To date, most studies on tellurite toxicity have been performed on prokaryotes. A significant number of genetic tellurium resistance determinants have been identified in different species of bacteria isolated from environmental and patient samples, including bacterial species pathogenic to humans (Chasteen et al., 2009). It has been suggested that such tellurium resistance confers them a selective advantage in its natural environment (Walter and Taylor, 1992). In animals, the salts of tellurium (specially tellurite) have been found to produce severe toxic reactions, such as reversible limb paralysis due to demyelination of nerves and spinal roots (Lampert et al., 1970) as well as neurotoxic damage including learning impairment and spatial memory (Widy-Tyszkiewicz et al., 2002). Studies in human cell lines (cervical adenocarcinoma and HeLa) or murine cell lines (hepatocellular carcinoma Transplantable Liver Tumor, TLT) demonstrated that tellurite toxicity on mammalian cells is dependent on concentration and time of exposure (Ding et al., 2002; Sandoval et al., 2010). Also, it has been shown that non-transformed freshly isolated blood leukocytes are more sensitive to tellurite than human chronic myeloid leukemia cells (K562), likely due to different basal glutathione levels between both cell types (Sandoval et al., 2012). Tellurite exposure results in depletion of cellular ATP and phosphorylation of both H2AX histone and the initiation factor eIF2α, suggesting that tellurite induces DNA damage and translational arrest (Sandoval et al., 2010).

Different environmental stresses such as oxidative stress, viral infections, hypoxia, aminoacid deprivation, misfolded proteins or UV exposure activate a family of serine/threonine kinases that phosphorylate eIF2α (Kedersha et al., 2013). eIF2α phosphorylation interferes with eIF2α-GDP recycling, leading to reduced availability of eIF2/GTP/tRNAiMet ternary complex, which suppresses translation initiation and promotes the assembly of stress granules (SGs) (Kedersha and Anderson, 2002). SGs are cytoplasmic translationally silent ribonucleoproteins described as triage centers of non-translating mRNAs. They typically contain poly(A)+ mRNAs, 40S ribosomal subunits, eIF4E, eIF4G, eIF4A, eIF4B, poly(A)-binding protein (PABP1), eIF3, eIF2, p54/Rck/DDX6, and RNA binding proteins that control mRNA stability (TIA-1, TIAR, HuR) and mRNA metabolism (G3BP-1, G3BP-2, DDX6, SMN, Staufen1, DHX36, Caprin1, ZBP1, HDAC6, ADAR). SGs have been described as signaling centers, where signaling proteins (mTOR, RACK1) and interferon-stimulated gene (ISG) products (PKR, ADAR1, RIG-I, RNase L, and OAS) accumulate (Reviewed in Gaete-Argel et al., 2019). The local concentration of signaling proteins inside SGs allows a crosstalk between multiple stress cascades, which is thought to support cell survival and determine cell fate under non-optimal conditions (reviewed in Mahboubi and Stochaj, 2017). Although SGs assembly is transient, dysregulations in their assembly/disassembly or clearance have been associated with autoimmune diseases, cancer and neurodegeneration, among others (reviewed in Mahboubi and Stochaj, 2017).

Given that tellurite induces eIF2α phosphorylation, we evaluated whether tellurite induces SGs assembly. We show the assembly of bona fide cytoplasmic SGs and nuclear SG-like structures in U2OS cells in response to tellurite-induced oxidative stress and DNA damage. Our observation reveals a novel aspect of tellurite cytotoxicity that is relevant in understanding its neuropathological effects previously reported.



MATERIALS AND METHODS


Reagents and Antibodies

To induce cellular stress, sodium arsenite (arsenite, NaAsO2; Sigma-Aldrich) and potassium tellurite (tellurite, K2TeO3 kindly gifted by Dr. José Manuel Pérez-Donoso, UNAB, Chile) were used. Cycloheximide and Puromycin were obtained from Sigma Aldrich. The antibodies used in this work included the following: anti-phospho-eIF2α (rabbit polyclonal) and anti-GAPDH (mouse monoclonal) from Abcam; anti-eIF2α (mouse monoclonal), anti-phospho-S6K1 (rabbit monoclonal), anti-phospho-S6 (rabbit monoclonal), anti-phospho-4EBP1 (rabbit monoclonal) from Cell Signaling Technology; anti-puromycin (mouse monoclonal) from Millipore; anti-DCP1a (mouse monoclonal), anti-eIF3b (mouse monoclonal), anti-TIAR (goat polyclonal), anti-DDX3 (rabbit polyclonal), anti-phospho-mTOR (mouse monoclonal), anti-mTOR (mouse monoclonal), anti-S6K1 (mouse monoclonal), anti-S6 (mouse monoclonal), anti-4EBP1 (mouse monoclonal) from Santa Cruz Biotechnology and anti-SC35 (mouse monoclonal) kindly provided by Dr. Verónica Noches, PUC, Chile. Secondary antibodies used for immunofluorescence included the following: Alexa Fluor 594 donkey anti-mouse, Alexa Fluor 594 donkey anti-rabbit and Alexa Fluor 647 donkey anti-mouse or anti-goat from Life Technologies; and secondary antibodies for western blot (horseradish peroxidase-conjugated) anti-mouse and anti-rabbit were purchased from Jackson Immunoresearch.



Cell Culture and Drugs Treatments

Human osteosarcoma GFP-G3BP-1 U2OS cells (Kedersha et al., 2008) were cultured and maintained in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum and 1% antibiotics at 37°C in a 5% CO2 incubator. To evaluate stress granules assembly, cells were treated with 0.3 mM of arsenite for 1 h or with 0.6 mM of tellurite for 3 h unless otherwise indicated. Cycloheximide treatment was performed with 10 μg/mL for 1 h as described previously (Aulas et al., 2017). For de novo protein synthesis measurement, 10 μg/mL puromycin was incubated for 10 min before lysis following the protocol reported (Cinti et al., 2017).



Immunofluorescence

After treatment, cells were washed twice in PBS 1X (phosphate buffered saline) solution, pH 7.4 (GibcoTM by Life Technologies) and fixed with 4% paraformaldehyde for 20 min at room temperature. Then, cells were washed with PBS 1X, incubated with 0.1 M glycine for 10 min, washed again with PBS 1X and permeabilized with 0.2% Triton X-100 for 5 min. Finally, cells were washed 3 times with PBS 1X and stored at 4°C. For SGs markers staining, cells were blocked in 1X blocking solution (Roche) for 30 min at room temperature and subsequently, primary antibodies were applied for 1 h at 37°C. Then, cells were washed in PBS 1X followed by secondary antibodies incubation for 1 h at 37°C. After 2 washes in PBS 1X, cells were incubated with DAPI 1X for 1 min at room temperature and then washed and mounted on glass slides using FluoromountTM Aqueous Mounting Medium (Sigma-Aldrich). Confocal microscopy was performed with a Carl Zeiss LSM 700 microscope and image acquisition was carried out with a 40X objective. All imaging experiments were performed at least 2 times. Imaging analyses were performed using FiJi software (NIH).



Live Cell Confocal Microscopy

Cells were plated on 25 mm coverslips at 70% confluency. Prior to imaging, cells were washed with PBS 1X and media was replaced with red phenol-free Tyrode medium (124 mM NaCl, 5 mM KCl, 2 mM CaCl2-2H2O, 1 mM MgCl2, 30 mM Glucose, 25 mM HEPES, pH7.4) supplemented with 10% fetal bovine serum and 1% antibiotics. Slides were incubated in a humidified chamber at 37°C and 5% CO2. Treatment with tellurite was performed at 1 mM final concentration. Images were captured every 2 min for 2 h with a 63X objective using a Carl Zeiss LSM 800 microscope and analyses were performed using Fiji Software (NIH).



Western Blotting

Cells were collected after treatment, washed twice with PBS 1X and lysed in ice-cold lysis buffer (10 mM Tris-HCl pH 7.5, 100 mM NaCl, 0.5% NP-40, 1 mM EDTA, 0.5 mM NaVO, 10 mM NaF and protease inhibitors (Roche) adapted from Cinti et al. (2017). Protein concentration was quantified by Bradford assay (Bio-Rad) and 30 μg of lysates were denatured at 95°C in Laemmli Buffer for 10 min. Samples were resolved by SDS-PAGE and transferred to a nitrocellulose membrane, which was blocked with a 5% Blotting-Grade Blocker (Bio-Rad) and then incubated with previously mentioned primary antibodies overnight (see section “Reagents and Antibodies”). After washes with TBS-T, membranes were incubated with HRP-conjugated secondary antibodies for 1 h at room temperature and finally chemiluminescent signal was detected using PierceTM ECL Substrate. Densitometry analyses were performed using Fiji Software.



Cell Viability Assay

For cell viability assay, cells were seeded on a 96 well plate (6 × 103 cells/well) and cultured overnight. Cells were then treated with 0.6, 0.8, 1, 2 or 5 mM of tellurite for either 3, 6, or 12 h and cell viability was measured following CellTiter 96® Non-Radioactive Cell Proliferation Assay (MTT) manufacturer’s instructions (Promega).



Measurement of ROS-Induced Stress and DNA Damage

Oxidative stress detection was assessed by using CellROXTM Deep Red Reagent (Thermofisher). Briefly, cells were treated with 0.6 mM tellurite for 3 h or with 50 nM H2O2 for 30 min as a positive control (Valiente-Echeverría et al., 2014). CellROXTM Reagent was added at a final concentration of 1.25 μM and incubated for 30 min at 37°C. Then, medium was removed and cells were washed three times with PBS 1X, fixed with 4% paraformaldehyde for 20 min and finally mounted on glass slides using FluoromountTM Aqueous Mounting Medium (Sigma-Aldrich).

To evaluate DNA damage cells were treated with 0.6 mM tellurite for 3 h or with 50 nM H2O2 for 30 min following the experimental design described above. Then, cells were washed, fixed and subjected to indirect immunofluorescence using an anti-γH2AX antibody (Millipore). Confocal microscopy was performed with a Carl Zeiss LSM 700 microscope and image acquisition was done with a 40X objective. Imaging analyses were performed by using Fiji Software (NIH).




RESULTS


Tellurite Reduces U2OS Cell Viability, Promotes eIF2α Phosphorylation and Translational Arrest

Previous reports demonstrated that tellurite (TeO3−2) is highly toxic for most bacteria at concentrations as low as 1 mg/mL (Taylor, 1999). Compared with other metals and metalloids such as selenium, mercury, copper, cadmium, chromium and iron, tellurite toxicity occurs at 100-fold lower concentrations, demonstrating its strong effect on microorganisms (Nies, 1999). To study the toxicity of tellurite on mammalian cells, U2OS cells that stably express the stress granule (SG)-marker G3BP-1 fused to GFP (Kedersha et al., 2008) were incubated with different tellurite concentrations for up to 12 h. In previous studies where tellurite-induced toxicity was evaluated, a wide range of concentrations (1 μM–1 mM) and exposure times were used (2–24 h), showing that 1 mM tellurite induces approximately 100% death in K562 and HeLa cells at 24 h of incubation (Ding et al., 2002; Sandoval et al., 2012). Additionally, these studies revealed that tolerance to tellurite is cell-type dependent. While K562 cells retained more than 80% viability at 4 h of treatment with 0.5 mM tellurite, HeLa cells survival was less than 60% after 2 h (Ding et al., 2002l Sandoval et al., 2012). Considering this, we treated the cells with 0.6–5 mM tellurite for 3, 6, and 12 h, and cell viability was assessed. As shown in Figure 1A, cell viability significantly decreases in almost all tellurite concentrations and incubation times tested. With the exception of 0.6 mM for 3 h, all other assayed conditions reduced cell viability to less than 50% of the untreated condition, consistent with previous reports on mammalian cells (Ding et al., 2002; Sandoval et al., 2010, 2012).
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FIGURE 1. Effect of tellurite on U2OS GFP-G3BP-1 cell viability. (A) Cells were treated with 0.6, 0.8, 1, 2, or 5 mM tellurite (K2TeO3) for 3, 6, or 12 h. Subsequently, cell viability was evaluated using the MTT assay. Cell viability is represented as a percentage of the untreated condition. Mean ± SD from 3 independent experiments is shown. (B) Tellurite induces eIF2α phosphorylation and global translational arrest. U2OS GFP-G3BP-1 cells were treated with 0.6 mM tellurite (K2TeO3) for 3 h or with 0.3 mM arsenite (NaAsO2) for 1 h as a positive control for eIF2α phosphorylation and translational arrest. De novo protein synthesis was evaluated by puromycin incorporation and GAPDH was used as a loading control (upper panel). Puromycin pixel intensity was quantified by densitometry analyzes and normalized against GAPDH pixel intensity (bottom panel). Mean ± SD from 3 different is shown (****p < 0.0001, **p < 0.005 by unpaired t-test relative to untreated cells). (C) Global translational arrest is mTORC1-independent. U2OS GFP-G3BP-1 cells were treated with 0.6 mM tellurite (K2TeO3) for 3 h or with 0.3 mM arsenite (NaAsO2) for 1 h. The mTORC1 signaling was assesed by the phosphorylation status of its downstream targets S6K1, S6 and 4EBP1. GAPDH was evaluated as a loading control (upper panel). (Right panel) Ratio of pS6K1 (T389)/total S6K1 (upper panel), pS62 (35/236)/S6 total (middle panel) and p4EBP1 (S65)/GAPDH (bottom panel) were quantified by densitometry analyzes of figure (C) (bottom panel). Mean ± SD from 3 different is shown. nsp > 0.05 by unpaired t-test relative to untreated cells.


It has been shown that tellurite induces eIF2α phosphorylation on the murine cancer cell line TLT (Sandoval et al., 2010). To test this, U2OS GFP-G3BP-1 cells were treated with 0.6 mM tellurite for 3 h and eIF2α status was analyzed by western blot. As a control, cells were treated with sodium arsenite, a compound known to induce the phosphorylation of eIF2α (Wheeler et al., 2016). As expected, tellurite induces phosphorylation of eIF2α (Figure 1B, upper panel), although to a lesser extent than the observed with 0.3 mM of sodium arsenite for 1 h. Since phosphorylation of eIF2α is associated to a strong decrease of protein synthesis (Gaete-Argel et al., 2019), we evaluated if tellurite influences global translation by assessing the rate of de novo protein synthesis through the SUnSET assay (Figure 1B, bottom panel). Notably, tellurite exposure reduces global translation as observed in the reduction of puromycin incorporation compared to untreated cells. However, its inhibitory effect is milder when compared to arsenite, which completely blocks global translation. This moderate result correlates with the lower levels of eIF2α phosphorylation obtained with tellurite compared to arsenite, suggesting that translation inhibition is related to the level of eIF2α phosphorylation.

The mammalian target of rapamycin complex 1 (mTORC1) is a key cellular regulator involved in cell growth and metabolism. Upon activation by different growth factors, nutrients or oxidative stress, it promotes protein synthesis by phosphorylation of the eIF4E-binding protein (4E-BP) and the S6 kinase 1 (S6K1), allowing translation initiation and ribosome biogenesis, respectively. Thus, to study if tellurite inhibits protein synthesis through the mTORC1 pathway, we assayed total and phosphorylated expression of S6, S6K1, and 4E-BP on cells treated with 0.6 mM tellurite for 3 h or with 0.3 mM of arsenite for 1 h. As we reported previously, arsenite-induced oxidative stress mediates the activation of mTORC1 (Cinti et al., 2017; Figure 1C). When compared to untreated cells, tellurite-treated cells exhibited enhanced phosphorylated 4EBP1 (S65) and S6K1 (pT389), indicating that tellurite enhances mTOR activity. Together, these results reveal that tellurite induces eIF2α phosphorylation and subsequently decreases global translation initiation in a mTORC1-independent manner.



Tellurite Induces the Assembly of Cytoplasmic SGs and Nuclear SG-Like Structures

To determine whether tellurite induces stress granules assembly, U2OS GFP-G3BP-1 cells were incubated with 0.6 mM of tellurite for 3 h, followed by immunostaining of different SGs markers. We found that cytoplasmic granules do assemble in cells exposed to tellurite (Figure 2A). The observed aggregates contain the canonical SG markers G3BP-1 and TIAR (Figure 2A, upper panel). Additionally, other well-described SG components such as DDX3 and eIF3b were also recruited to tellurite-induced aggregations (Figure 2A, bottom panel), demonstrating that these aggregations are bona fide stress granules. SGs being widely considered as strictly cytoplasmic ribonucleoproteins, we were surprised to find that tellurite-treated cells appeared to have several nuclear granules containing the hallmarks of SGs. These nuclear SG-like granules were not present in arsenite-treated cells (Figure 2B) and contained eIF3b, a cytoplasmic protein (Figure 2A).
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FIGURE 2. Tellurite treatment induces stress granules (SGs) assembly. (A) U2OS GFP-G3BP-1 cells were treated with 0.6 mM tellurite (K2TeO3) for 3 h and assessed for SG markers by indirect immunofluorescence. Tellurite-induced SGs contain GFP-G3BP-1 (green) and TIAR (yellow) as shown in the upper panel and DDX3 (red) and eIF3b (yellow) in the bottom panel. Nuclei were stained with DAPI (blue). Images are representative from 2 different experiments. (B) Tellurite-induced SGs are disassembled by cycloheximide (CHX). U2OS GFP-G3BP-1 cells were exposed to 0.3 mM arsenite (NaAsO2) or 0.6 mM tellurite (K2TeO3) for 1 and 3 h, respectively. Then, cells were co-incubated for an additional 1 h with CHX and immunostained for eIF3b (red). Nuclei were stained with DAPI (blue). Mean ± SD of SGs (+) cells in each condition is shown. Images are representative from 2 independent experiments. (C) Tellurite promotes cytoplasmic and nuclear SGs-like formation. U2OS GFP-G3BP-1 were treated with 0.6 mM tellurite (K2TeO3) for 3, 6, or 12 h, fixed and immunostained for eIF3b (yellow). Nuclei were stained with DAPI (blue). Images are representative from 2 different experiments. (D) Quantification of the fraction of SG-positive cells in the presence of 0.6 mM of tellurite (K2TeO3). Data represented as means ± SD (∗∗∗p = 0.0004, ****p < 0.0001 relative to untreated cells by unpaired t-test). (E) Cells were treated with 0.6 mM tellurite (K2TeO3) for 3, 6, or 12 h and quantification of subcellular location of tellurite-induced SGs was performed and plotted as fraction of cells with only cytoplasmic SGs (black), both cytoplasmic and nuclear SGs-like (white) and only nuclear SGs-like (gray). Data represent 45 cells analyzed per condition.


Typically, stress granules are sensitive to cycloheximide (CHX) treatment, a drug known to block polysome disassembly (Wheeler et al., 2016). To determine if tellurite-induced SGs are affected by CHX, cells treated with 0.6 mM tellurite for 3 h were then incubated with 10 μg/mL CHX for 1 h in the presence of tellurite. As shown in Figure 2B, tellurite-induced SGs are disassembled upon CHX addition, similar to what is observed with arsenite. The disassembly of pre-existing SGs occurs in both the cytoplasm and the nucleus compartments, demonstrating that tellurite-induced stress granules are dynamic entities and thus their assembly is reversible.

Considering that the effect of tellurite is time and concentration dependent (Figure 1A), we evaluated the dynamics of SGs assembly over time with different tellurite concentrations. We found that approximately 50% of the cells exhibited SGs after 3 or 6 h of 0.6 mM tellurite exposure reaching near 80% after 12 h (Figures 2C,D). Surprisingly, we observed that the localization of the tellurite-induced granules was also time-dependent. At shorter times of exposure, G3BP-1 and eIF3b-positive SGs were predominantly located in the cytoplasm (Figures 2C,E). In comparison, at longer times, 77% of the cells presented SG-like assemblies in the nucleus (Figures 2C,E). When cells are exposed to a higher tellurite concentration (0.8 mM), approximately 70% of the cells exhibit cytoplasmic SGs and nuclear SG-like aggregations at 3 h (Supplementary Figures 1A,B). Interestingly, the number of cells exhibiting SGs remains constant even after 6 or 12 h of tellurite incubation, indicating that 20–30% of cells are somehow resistant to the tellurite effect at both concentrations. In addition, a higher concentration of tellurite correlates with a higher fraction of cells in which aggregations are predominantly found in the nucleus (Supplementary Figure 1C), suggesting that the nuclear SG-like structures are maintained for a longer time compared to cytoplasmic SGs. Together, our results demonstrate a new effect derived from tellurite toxicity, that is, the induction of cytoplasmic bona fide SGs and novel nuclear SGs-like aggregations, to which canonical SGs markers are recruited.

To determine if cytoplasmic-SGs migrate to the nucleus over time or if these SG-like structures assemble in the nucleus, we followed granule assembly using live-cell fluorescent imaging (Figure 3A and Supplementary Video 1). Given that the assembly of nuclear SG-like structures is predominant when tellurite concentration is higher (Supplementary Figures 1A,B), we treated the cells with 1 mM tellurite to observe GFP-G3BP-1 aggregations dynamics at shorter times of exposure. Microscopically visible granules can be detected approximately at 20 min after tellurite treatment in both cytoplasm (white arrowhead) and inside the nucleus (yellow arrowhead) (Figure 3B). Our observations suggest that nuclear SG-like assembly is independent of cytoplasmic SGs and can be explained as a result of G3BP-1 aggregation in both nucleus and cytoplasm (Figure 3). Additionally, we observed typical liquid-liquid phase separation (LLPS)-like properties, such as the spontaneous fusion of different aggregations and dynamical assembly/disassembly of both cytoplasmic and nuclear granules (Figure 3C, white arrowhead). Furthermore, we observed the accumulation of G3BP-1 at the perinuclear zone during tellurite exposure (Figure 3C, red arrowheads), suggesting that the aggregation of G3BP-1 inside the nucleus is a highly active process that also may requires the nuclear translocation of G3BP-1. Based on our results, we propose that tellurite induces the assembly of canonical cytoplasmic SGs as well as SG-like assemblies in the nucleus, and that over time, the cytoplasmic SGs get disaggregated by cellular machinery that is not present in the nucleus, allowing these to remain assembled in the nucleus for more extended periods.
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FIGURE 3. (A) U2OS GFP-G3BP-1 were observed by a confocal microscope under 1 mM tellurite treatment for 2 h. 12 z-stacks of 1 μm were acquired every 2 min (see Supplementary Video 1). Representative images for a 3D reconstruction of two different observed phenotypes (B,C) of GFP-G3BP-1 accumulation dynamics are shown (up to 70 min). White arrowheads indicate the presence of cytoplasmic GFP-G3BP-1 aggregations while yellow arrowheads indicate the assembly of GFP-G3BP-1 in the nucleus. The accumulation of GFP-G3BP-1 in a perinuclear zone is indicated by red arrowheads (bottom panel).




Tellurite Does Not Influence Other Cytoplasmic and Nuclear Membraneless Organelles

Stress granules are closely related to processing-bodies (PBs), a type of membraneless organelles (MLOs) that are constitutively assembled in the cytoplasm (Kedersha et al., 2005). PBs are sites where untranslated mRNA and the mRNA decay machinery accumulates, and their size and number is known to be modulated by different cell stressors (Luo et al., 2018). To test if tellurite exposure modulates the PBs dynamics, we treated GFP-G3BP-1 U2OS cells with 0.6 mM tellurite for 3 h and counted the number of PBs by immunostaining of DCP1, a canonical component of PBs (Gaete-Argel et al., 2019). We observed that exposure to tellurite did not modify the number of PBs per cell as did the treatment with sodium arsenite (Figures 4A,B). Additionally, the localization of DCP1 was not affected by tellurite treatment, suggesting that tellurite induces nuclear translocation of specific SGs components without affecting processing-bodies components.
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FIGURE 4. Tellurite does not affect PBs nor nuclear speckles. (A) U2OS GFP-G3BP-1 cells were treated with 0.3 Mm of arsenite (NaAsO2) for 1 h or with 0.6 mM tellurite (NaAsO2) for 3 h and subsequently immunostained for DCP1 (red). Nuclei were stained with DAPI (blue). (B) Quantification of the average PBs per cell in untreated cells or in the presence of 0.6 mM tellurite (K2TeO3) or 0.3 mM arsenite (NaAsO2). Data represented as means ± SD (**p < 0.01 relative to untreated cells by unpaired t-test). (C) U2OS GFP-G3BP-1 cells were treated with 0.3 Mm of arsenite (NaAsO2) for 1 h or with 0.6 mM tellurite (K2TeO3) for 3 h. Cells were fixed and immunostained for SC35 (red). Nuclei were stained with DAPI (blue). (D) Quantification of the average SC35 foci per cell in untreated cells or in the presence of 0.6 mM tellurite (K2TeO3) or 0.3 mM arsenite (NaAsO2). Data represented as means ± SD (**p < 0.01 relative to untreated cells by unpaired t-test). (E) Histogram of fluorescence intensity from A to B (indicated in C) in the nucleus.


Nuclear speckles (NS) correspond to nuclear MLOs enriched in pre-mRNA splicing factors and are thought to be involved in different gene expression steps such as splicing, mRNA modification, mRNA export, among others (Galganski et al., 2017). Due to the extraordinary induction of novel SGs-like aggregations in the nucleus (Figures 2, 3), we evaluated if tellurite modulates nuclear speckles (NS) assembly. GFP-G3BP-1 U2OS cells were incubated with 0.6 mM tellurite for 3 h followed by immunostaining of SC35, a marker of nuclear speckles (Figures 4C,D). We found that tellurite exposure does not alter neither the number nor the localization of NS (Figures 4C,D). Similarly, arsenite addition has no influence on NS assembly. Besides, we observed that NS and tellurite-induced SGs-like assemblies do not colocalize (Figure 4E), revealing that tellurite induces the formation of different nuclear granules.



Tellurite Induces Oxidative Stress and DNA Damage

Many studies on tellurite cytotoxicity in eukaryotic cells suggest that tellurite exposure leads to reactive oxygen species (ROS) accumulation and DNA damage (Sandoval et al., 2010, 2012). To assess whether tellurite induces oxidative stress in U2OS, cells were treated for 3 h with 0.6 mM tellurite or for 30 min with 50 nM H2O2 as positive control. After treatment, cells were incubated with a fluorogenic probe that becomes fluorescent in the presence of ROS. As shown in Figure 5A, tellurite exposure significantly induces ROS accumulation after 3 h of treatment compared to the untreated control. This result is consistent with a previous report in which different methods of ROS measurement were used (Sandoval et al., 2010). Remarkably, SGs were not observed in cells treated with 50 nM of H2O2, which is a concentration lower than the minimal 0.1 mM that is required to effectively induce SG assembly (Emara et al., 2012).
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FIGURE 5. Tellurite induces oxidative stress and DNA damage. U2OS GFP-G3BP-1 cells were treated with 50 nM H2O2 for 30 min as a positive control or with 0.6 mM tellurite (K2TeO3) for 3 h followed by incubation with a fluorogenic probe (red) to detect ROS presence (A) or immunostained with the anti-γH2AX antibody (yellow) (B). Nuclei were stained with DAPI (blue). Images are representative from 2 independent experiments.


It has been demonstrated that tellurite exposure results in the presence of γ-H2AX, an early marker of double strand DNA breaks (Kuo and Yang, 2008; Sandoval et al., 2010). To study whether oxidative stress by tellurite results in DNA damage, the presence of γ-H2AX foci were visualized in U2OS GFP-G3BP-1 cells treated with 0.6 mM tellurite for 3 h. Figure 5B shows that tellurite exposure induces γ-H2AX accumulation, and thus DNA damage, that strongly correlates with the presence of nuclear SGs-like aggregates. However, although almost all cells treated with tellurite were positively stained for γ-H2AX, not all of them present nuclear SGs-like aggregations, probably due to insufficient G3BP-1 protein levels in the nucleus to form visible SG-like granules on those cells.




DISCUSSION

In this report, we demonstrated that tellurite promotes assembly of stress granules and nuclear SG-like structures in U2OS cells in response to oxidative stress and DNA damage. We showed that tellurite moderately reduces cell viability at 0.6 mM and that inhibits protein synthesis. These phenotypes correlate with increased levels of eIF2α phosphorylation while the mTORC1 pathway is active. These results are similar to the ones obtained with arsenite treatment, although we observed that arsenite induces a stronger effect. The difference between arsenite and tellurite effect could be explained by the signaling pathway occurring upstream eIF2α phosphorylation. While it has been described that arsenite activates the GNC2 and HRI kinases, a recent study suggest that BSA-tellurium nanocomposites induce eIF2α phosphorylation in a PKR-dependent manner (Zhou et al., 2018). Interestingly, the lower levels of eIF2α phosphorylation induced by tellurite could in part explain its toxic effect, as previous reports have shown that oxidative stress leads to cell death in cells expressing a mutant eIF2α (S51A) that reduces its phosphorylation (Rajesh et al., 2015).

Remarkably, we observed that tellurite induces assembly of canonical SGs as well as nuclear SG-like structures. These stress granules contain the canonical components of type-1 SGs G3BP-1, DDX3, eIF3b and TIAR (Fujimura et al., 2012). In addition, we showed that the effect of tellurite on cell viability and SGs assembly is concentration and time dependent. At more extended treatment periods, the fraction of cells presenting nuclear SGs becomes predominant, whereas cytoplasmic-SG cells become scarce. SGs are highly dynamic granules that assemble and disassemble to respond to changes in the cell environment (Buchan and Parker, 2009; Panas et al., 2016). Their clearance occurs typically after removal of the stress source, hence restoring translational activity by recruitment of SG-retained mRNAs and translation factors toward protein synthesis. However, under sustained stress, the cells often opt for removing SGs by targeting their components toward degradation as means of molecular turnover. SG removal can be aided by chaperones such as the HSP70 family and executed through autophagy, referred to as “granulophagy” (Gilks et al., 2004). In the latter, SGs are incorporated within autophagosomes and degraded in the cytoplasm (Buchan et al., 2013). Since the nucleus lacks the main components for the autophagic pathway, we propose that SGs are more easily cleared when formed in the cytoplasm than in the nucleus, resulting in the observed more permanent nuclear granules. Our results also indicate that both cytoplasmic SGs and nuclear SG-like granules are sensitive to CHX treatment, suggesting that although these nuclear mRNPs seem to be more resilient in time, they remain a dynamic entity that is disassembled in response to changes in free mRNA availability (Bounedjah et al., 2014).

Nuclear stress granule assembly has been described as a response to heat shock and, although its composition is known, their role remains enigmatic (Sandqvist and Sistonen, 2004). The previously described nuclear stress granules have been associated with sites where transcription and splicing machinery accumulates to promote a reprogramming of cell gene expression in response to heat shock (reviewed in Biamonti and Vourc’h, 2010). Here, we describe a novel type of nuclear stress granule-like structures that we hypothesize are related to the cell’s response against DNA damage induced by tellurite. Evidence regarding the role of G3BP-1 and other SG components in DNA repair support this hypothesis. G3BP-1 was identified as a poly(ADP-ribose) (pADPr)-binding protein and detected in complexes with other pADPr-binding proteins after alkylation-induced DNA damage and PARP activation mediated by Methyl-N9-nitro-N9-nitrosoguanidine (MNNG) (Isabelle et al., 2012). Additionally, it was reported that the overexpression of the poly(ADP-ribose) glycohydrolase (PARG) results in the nuclear accumulation of G3BP-1, suggesting that pADPr levels modulate the nucleocytoplasmic shuttling of G3BP-1 (Isabelle et al., 2012). Recently, the SG component FUS, but not G3BP-1 was shown to trigger the assembly of damaged DNA-enriched LLPS-like compartments in response to H2O2 (Singatulina et al., 2019). These specialized aggregations are thought to be responsible for rapid DNA repair since they concentrate DNA repair factors and reduce chromatin mobility (Wang et al., 2013; Singatulina et al., 2019). Interestingly, in none of these previously described studies, the presence of nuclear SG-like structures containing canonical components was reported. This is consistent with our observation that the exposure to H2O2 results in the accumulation of ROS and DNA damage but not in the assembly of nuclear SG-like structures. Other aspects of tellurite-induced cytotoxicity could be further explored to explain the different responses that the cell mounts against similar injuries.

As the largest eukaryotic translation initiation factor, eIF3 is a highly dynamic entity made of several subunits out of which eIF3b serves mostly as the core’s scaffold (Wagner et al., 2016). Little has been reported about the presence of eIF3 inside the nucleus, as translation is considered to occur almost exclusively in the cytoplasm (discussed in Yewdell and David, 2013). However, eIF3b does appear to have a small presence in the nucleus, along with eIF3c (Shi et al., 2009). Both eIF3f and eIF3g have been proved to shuttle to the nucleus in the context of cellular apoptosis (Shi et al., 2009; Kim et al., 2013), but no role has been established for this localization of eIF3b. In this work, we were able to observe the presence of eIF3b inside the nucleus, as part of these SG-like structures, though whether this RNA-binding protein was present in the nucleus beforehand or was imported from the cytoplasm remains unsure.

So far, stress granules assembly is a conserved pro-survival cell response to acute stress. However, the assembly of chronic SGs or defects on its clearance have been related to the progression of a wide variety of diseases, including neurodegenerative diseases (reviewed in Reineke and Neilson, 2019). Here we show that the presence and accumulation of tellurite-induced cytoplasmic, but more importantly, nuclear SG-like structures directly correlates with decreased cell metabolic activity. Also, nuclear SG-like aggregates are persistent in cells exposed to tellurite, which could be explained by the lack of autophagic machinery responsible for SG clearance in the cell nucleus. Considering these data, it would be interesting to study the possible interplay between the persistency of nuclear SG-like structures and the poorly understood neuropathological effects of tellurite.
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Supplementary Figure 1 | Tellurite treatment induces cytoplasmic stress granules (SGs) and nuclear SG-like assembly. (A) U2OS GFP-G3BP-1 cells were treated with 0.8 mM tellurite for 3, 6 or 12 h and immunostained for eIF3b (yellow). Images are representative from 2 different experiments. (B) Quantification of the fraction of SG-positive cells in the presence of 0.6 mM of tellurite (K2TeO3) at 3, 6, or 12 h. Data represented as means ± SD (****p < 0.0001 relative to untreated cells by unpaired t-test). (C) Quantification of subcellular location of tellurite-induced SGs was performed and plotted as fraction of cells with only cytoplasmic SGs (black), both cytoplasmic and nuclear SGs-like (white) and only nuclear SGs-like (gray). Data represent 45 cells analyzed per condition.

Supplementary Video 1 | Live cell microscopy of tellurite-induced SGs and SG-like dynamics. U2OS GFP-G3BP-1 cells were treated with 1 mM tellurite for 140 min and images were acquired every 2 min. Scale bar: 20 μM.
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