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Abstract

Stress granules (SGs) are non-membrane bound organelles that form in response to multiple 

different stress stimuli, including exposure to sodium arsenite. SGs are postulated to support cells 

during periods of stress and provide a protective effect, allowing survival. Gle1 is a highly 

conserved, essential modulator of RNA-dependent DEAD-box proteins that exists as at least two 

distinct isoforms in human cells. Gle1A is required for proper SG formation, whereas Gle1B 

functions in mRNA export at the nuclear pore complex. Since Gle1A is required for SG function, 

we hypothesized that SG-dependent survival responses would also be Gle1-dependent. We 

describe here an experimental system for quantifying and testing the SG-associated survival 

response to sodium arsenite stress in HeLa cells. Gle1A was required for the sodium arsenite 

survival response, and overexpression of Gle1A supported the survival response. Overexpression 

of the SG-component G3BP also enabled the response. Next, we analyzed whether cells 

undergoing multiple rounds of stress yield a subpopulation with a higher propensity for SG 

formation and an increased resistance to undergoing apoptosis. After ten doses of sodium arsenite 

treatment, cells became resistant to sodium arsenite and to diclofenac sodium (another SG-

inducing drug). The sodium arsenite-resistant cells exhibited changes in SG biology and had an 

increased survival response that was conferred in a paracrine manner. Changes in secreted factors 

occurred including a significantly lower level of MCP-1, a known regulator of stress granules and 

stress-induced apoptosis. This study supports models wherein SGs play a role in cell evasion of 

apoptosis and further reveal Gle1A and SG functions as targets for clinical approaches directed at 

chemoresistant/refractory cells.
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Introduction

Stress granules (SGs) are non-membrane bound cytosolic structures that form transiently in 

response to a variety of extracellular challenges, including oxidative, osmotic, ultraviolet 

light, heat, and chemotoxic stress (Fournier et al., 2010; Mahboubi and Stochaj, 2017; 

Szaflarski et al., 2016). During such cellular stresses, SGs are important contributors to the 

reprogramming of gene expression through the sequestering of mRNA-protein complexes 

(mRNPs) and associated preinitation complexes when translation is repressed and 

polysomes disassemble. Initial SG assembly occurs through a bi-phasic process, wherein 

translation-stalled mRNPs oligomerize into a dense and stable core surrounded by a phase-

separated shell of proteins and mRNPs in flux with the cytosol (Amandine et al., 2015; Jain 

et al., 2016; Wheeler et al., 2016). These initial SGs then fuse into larger mature assemblies 

through a microtubule-dependent process, incorporating multiple cores around a combined 

shell (Fujimura et al., 2009; Kolobova et al., 2009; Wheeler et al., 2016). In addition to 

translation factors, mRNA, and RNA-binding proteins, numerous signaling factors and 

scaffolding proteins localize to SGs. In this way, SGs are thought to serve as powerful, 

highly dynamic, signaling hubs that mediate rapid and temporal changes for redirecting 

cellular function and promoting cell survival (Kedersha et al., 2013; Mahboubi and Stochaj, 

2017). Following the release of stress, SGs disassemble as translation is resumed, 

presumably triggered by the recruitment of SG components back to polysomes (Panas et al., 

2016).

The dynamics of SG assembly and disassembly require RNA-dependent ATPase proteins of 

the DEAD-box family (DDXs) (Hilliker, 2012; Jain et al., 2016). DDX proteins perform 

critical roles throughout the gene expression pathway by unwinding RNA duplexes and/or 

remodeling the complement of RNA-binding proteins bound to mRNPs (Jarmoskaite and 

Russell, 2014; Singh et al., 2015). Several reports show that DDX3 and DDX6 localize 

directly to SGs and play critical roles in translational repression (Wilczynska et al., 2005; 

Shih et al., 2012), and ten DDXs are in the SG interactome (Jain et al., 2016). Moreover, the 

highly conserved and essential regulator of DEAD-box proteins, Gle1, is required for SG 

dynamics (Aditi et al., 2015). While both of the two major human Gle1 isoforms are 

recruited to SGs, only the predominantly cytoplasmic Gle1A isoform modulates DDX3, 

alters translation activity and drives proper SG assembly and disassembly. Furthermore, 

overexpression of Gle1A increases the size of SGs assembled in response to heat shock 

(Aditi et al., 2015). In contrast, the Gle1B isoform plays a critical role at the nuclear pore 

complex, in coordination with inositol hexakisphosphate (IP6), by regulating DDX19B 

functions during mRNA export (Alcázar-Román et al., 2006; Folkmann et al., 2013; Aditi et 

al., 2015; Adams et al., 2017). Overall, the function of DDX proteins and the regulator Gle1 

are critical for SG biology.

Rigorous control of SG dynamics is critical for a cell to survive stress and disease. However, 

in some disease states, the cellular stress response can be hijacked such that SGs amass 

aggregation-prone proteins or bring together signaling molecules that further the disease 

state. Indeed, recent proteomic studies find that SG composition is variable and both stress-

dependent and disease-specific (Aulas et al., 2017; Markmiller et al., 2018). Misregulation 

of SGs and the cellular stress response pathways may lead to inappropriate mRNA 
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metabolism and induce untimely cell death and/or result in propagation of disease (Li et al., 

2013). For example, SG dysfunction is implicated in diseases such as ALS (Aditi et al., 

2015), Fragile X syndrome (Kim et al., 2006) and cancer (Panas et al., 2016; Anderson et 

al., 2015). SG perturbations are also connected with lingering mRNP aggregations that 

contribute to premature motor neuron death (Li et al., 2013).

The connections between SG function and cancer cell survival are especially intriguing. 

During cancer treatments, chemotherapeutics are extensively used to disrupt mitosis and 

induce apoptosis of rapidly dividing cancer cells. However, these effects on cellular 

metabolism also induce a chemotoxic stress response that frequently triggers SG assembly 

(Fournier et al., 2010; Gareau et al., 2011; Kaehler et al., 2014; Adjibade et al., 2015; 

Szaflarski et al., 2016). In numerous tumor types, increased presence of SGs is associated 

with poor patient outcomes (Somasekharan et al., 2015; Grabocka and Bar-Sagi, 2016; 

Gupta et al., 2017). Several studies suggest that SG formation allows cells to evade apoptosis 

by sequestration of signaling molecules that are potent inducers of apoptosis, such as tumor 

necrosis factor (TNF) receptor-associated factor 2 (TRAF2) (Kim et al., 2005) and 

ribosomal protein RACK1 (Arimoto et al., 2008). Alternatively, SGs can recruit factors such 

as the tyrosine kinase Syk, which was shown to increase autophagy and thus enhance the 

survival of cancer cells in the presence of metabolic and therapeutic stress (Krisenko et al., 

2015). Lastly, it has been suggested that SG assembly enhances cancer cell survival by 

activating the antioxidant activity of ubiquitin-specific protease 10 (USP10), which results in 

reduced ROS-dependent apoptosis (Takahashi et al., 2013).

Several other observations suggest that SG assembly factors themselves might promote 

increased tumor survival. High levels of the SG nucleator G3BP2 are associated with poor 

clinical outcomes of breast cancer patients, whereas G3BP2 depletion from breast cancer 

cell lines reduces the tumor initiating population and expression of oncogenes SART3, Oct4 

and Nanog (Gupta et al., 2017). Further, G3BP1 downregulation in sarcoma xenografts 

correlates with blocked SG formation and reduced tumour invasion and metastases, whereas 

higher G3BP1 expression is strongly linked with poorer overall survival in Ewing sarcoma 

patients (Somasekharan et al., 2015). Numerous medulloblastoma-linked mutations are 

found in the sequence encoding the helicase domain of DDX3 (Epling et al., 2015; Pugh et 

al., 2012), a Gle1A-regulated DEAD-box ATPase required for proper translation initiation 

and SG assembly (Aditi et al., 2015; Bolger and Wente, 2011). Disruption of DDX3 

catalytic activity results in hyper-assembly of SGs and translation impairment, contributing 

to the overall survival advantage to tumor cells (Valentin-Vega et al., 2016).

Further insights into potential controls on tumor cell growth through SGs might also come 

from Gle1’s dependence on proper inositol phosphate signaling (York et al., 1999; Alcázar-

Román et al., 2010). In addition to Gle1 requiring IP6 for regulation of DEAD-box proteins 

during mRNA export (Alcázar-Román et al., 2006; Weirich et al., 2006; Montpetit et al., 

2011; Adams et al., 2017) and translation (Bolger et al., 2008; Alcázar-Román et al., 2010), 

inositol phosphates (IPs) are also implicated in the regulation of a multitude of biological 

processes, including metabolism regulation, transcriptional control and environmental stress 

response (Lee et al., 2012; Hatch al., 2017; Michell, 2008). Indeed, both prokaryotic and 

eukaryotic organisms utilize inositol derivatives to provide highly effective cytoprotection 
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under multiple types of cellular stress (Perera et al., 2004; Yancey et al., 2005; Michell, 

2008). Importantly, IPs are also critical in Ca2+ signaling and can be exploited in cancer 

cells to alter the apoptosis response and contribute to an overall survival advantage of these 

cells (Ando et al., 2018). For example, oncogenes such as K-Ras and Akt function in 

coordination with IP3 to reduce Ca2+ release and consequently induce apoptotic resistance 

(Marchi et al., 2008; Szado et al., 2008). Additionally, tumor suppressors, such as PTEN, 

also utilize IP3-receptor signaling to sensitize mitochondria for Ca2+ release and to induce 

apoptosis (Szado et al., 2008). Disruption of the IP-regulation pathway is proposed as a 

novel therapeutic strategy against cancer (Ando et al., 2018), and such altering of the IP 

pathway might impact Gle1, DDX, and SG functions.

With SG misregulation and disease pathogenesis linked, it is important to define the precise 

mechanisms underlying SG function. More so, it is not fully understood how SGs contribute 

to increased chemotherapeutic resistance and cancer cell survival through apoptotic evasion 

or whether SG assembly is necessary and sufficient for tumor cell survival. Given the role 

for Gle1A in SG dynamics and regulating DDX3, we sought to determine whether 

chemotoxic SG assembly and tumor cell survival are Gle1-dependent processes. Here, we 

directly demonstrate that SG formation confers a survival advantage to cells undergoing 

chemotoxic stress, and that Gle1A is necessary for this survival response.

Results

Sodium arsenite chemotoxicity induces a survival response and SG formation in HeLa 
cells

To investigate the mechanisms underlying connections between SG formation and increased 

tumor cell fitness under chemotoxic conditions, we established a defined cell culture system 

that recapitulates a chemotoxic stress-induced survival response. To do this, we tested a 

panel of known SG-inducing chemotoxic agents across a range of doses for their effect on 

the viability of HeLa cervical cancer cells (data not shown). Based on this analysis and prior 

studies (Takahashi et al., 2013; Chang and Huang, 2014), we focused on use of sodium 

arsenite (NaAsO2). HeLa cells were treated for 72 hours with a range of soluble sodium 

arsenite doses from 6 nM to 25 mM. Cell viability was assessed using the luminescence-

based Cell Titer Glo® assay to measure cellular ATP levels. Between 0.001 μM and 10 μM 

sodium arsenite, a canonical inverse sigmoidal dose-response curve was observed, indicating 

loss of cell viability with increasing concentrations of sodium arsenite (Fig. 1A). However, 

higher doses of sodium arsenite produced a biphasic effect on cell viability, with increasing 

survival from 100 μM to 3 mM followed by decreasing viability from 4 mM to 25 mM 

sodium arsenite. The viability at the concentration range from 100 μM to 25 mM was termed 

the survival response, peaking at 3 mM with around 50% of cells surviving at this dose. 

Overall, treatment with sodium arsenite resulted in highly reproducible dose-response curves 

wherein very high doses induced a distinct survival response. This phenomenon was also 

detected when cell metabolic activity was measured via the colorimetric cell metabolism 

MTT assay (data not shown). A similar biphasic effect of sodium arsenite treatment on cell 

viability was found with DLD-1 colorectal adenocarcinoma cells, although the proportion of 
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viable DLD-1 cells during the survival response at high dosage was limited to approximately 

10% (data not shown).

To determine if the survival response observed in sodium arsenite-treated HeLa cells was 

coincident with SG assembly, we performed indirect immunofluorescence microscopy for 

localization of the SG nucleator protein G3BP. Large anti-G3BP-positive cytoplasmic foci, 

indicative of mature SGs, were present in HeLa cells treated with 500 μM sodium arsenite. 

In contrast, lower sodium arsenite concentrations only stimulated the formation of numerous 

small cytoplasmic foci typical of immature SGs (Fig. 1B).

We also tested the effect on the survival response when the number of cells in the starting 

culture changed (seeding density; cells/mL) (Fig. 1C). Across a twenty fold range of seeding 

densities, the respective survival responses were then quantified as the area under the curve 

(AUC) for each dose response curve from 100 μM to 25 mM. The survival response (AUC) 

versus seeding density was analyzed for three independent experiments (Fig. 1D). Increasing 

seeding density correlated with an apparent increase in the survival response of the given 

cell population (Fig. 1C, D). This data suggested that cell density is critically important in 

the survival response, possibly mediated through cell-cell contacts or paracrine signaling 

between neighboring cells. Taken together, this analysis established sodium arsenite-induced 

HeLa cell viability as a reproducible model of SG-associated chemotoxic survival and AUC 

as a robust and quantifiable measure of the survival response.

Gle1 is required for sodium arsenite-mediated survival response and SG dynamics

In our prior studies, we discovered a role for Gle1A in regulating the heat-shock induced SG 

response of HeLa cells (Aditi et al., 2015). Thus, we speculated that Gle1A is also required 

for the SG-associated survival response found under high sodium arsenite dose conditions. 

Using our cell culture model, the effect of Gle1 depletion was directly assayed. HeLa cells 

were subjected to either non-targeting (CTRL) or GLE1 siRNA treatment for 72 hours prior 

to sodium arsenite exposure. Given the essential roles for Gle1 in mRNA export and 

translation (Folkmann et al., 2013), reduced cell viability following GLE1 siRNA treatment 

was anticipated and, indeed, an overall 40–50% loss of viability was observed in GLE1 
siRNA treated samples. Each experimental condition was normalized to duplicate untreated 

wells, allowing comparison of the survival response as a proportion of the overall cell 

viability in each condition. Comparison of the resulting dose response curves revealed that 

the sodium arsenite stress-induced survival response was abrogated in Gle1-depleted cells 

(Fig. 2A). This effect was quantified by AUC analysis of the normalized viability curves for 

four independent experiments. We observed a statistically significant reduction in survival 

response following Gle1 depletion (Fig. 2B).

To analyze the impact of Gle1 depletion on sodium arsenite-induced SGs, we performed 

anti-G3BP indirect immunofluorescence microscopy. We previously reported that the heat 

shock-induced SG dynamics in HeLa cells are Gle1-dependent (Aditi et al., 2015), with 

perturbations of both SG assembly and disassembly. Here, in sodium arsenite treated cells, 

Gle1 depletion also reduced the average size of sodium arsenite-induced SGs (Fig. 2C & D) 

and increased the absolute number of SGs (Fig. 2E), indicative of incomplete SG assembly. 

Furthermore, SG disassembly following removal of sodium arsenite was completely 
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resolved after 90 minutes of recovery in Gle1-depleted cells, whereas negligible SG 

disassembly was observed in CTRL-treated HeLa cells (Fig. 2F).

Overexpression of Gle1A or G3BP increase the survival response to chemotoxic stress

We next coupled our established GLE1 knockdown:addback approach (Aditi et al., 2016, 

2015; Folkmann et al., 2013) with sodium arsenite treatment to determine which isoforms of 

Gle1 are capable of supporting the survival response. From assessments across the range of 

sodium arsenite doses (Fig. A), quantitation of viability was compared at 1500 μM in the 

high-dose survival response range (Fig. 2G). Exogenous expression of either GFP-Gle1A or 

GFP-Gle1B in GLE1 siRNA treated cells rescued the survival response during sodium 

arsenite stress, although Gle1A was more robust (Fig. 2G). However, only exogenous GFP-

Gle1A overexpression increased the sodium arsenite stress-induced survival response in 

CTRL siRNA-treated cells. GFP-Gle1B overexpression had no effect on the sodium arsenite 

stress-induced survival response compared to GFP alone (Fig. 2G). These data were 

consistent with our prior demonstration that Gle1A specifically mediates SG dynamics and 

supported our hypothesis that SG assembly is necessary for chemotoxic survival.

Our knockdown:addback analysis suggested that Gle1A mediates the SG response to drive 

cell survival following sodium arsenite chemotoxicity. However, Gle1 depletion targets both 

Gle1A and Gle1B isoforms and thereby also inhibits mRNA export (Gle1B is specifically 

required for mRNA export (Folkmann et al., 2013); Fig. 2C). Therefore, as a control, we 

tested whether the loss of the survival response upon Gle1 depletion was a function of 

impaired mRNA export. The mRNA export factor Nxf1 (TAP) functions as an mRNA export 

receptor, binding to mature mRNA and transporting it across the central channel of the 

nuclear pore complex for subsequent translation in the cytoplasm (Grüter et al., 1998). In 

NXF1 siRNA treated cells, Nxf1 depletion was validated by anti-Nxf1 indirect 

immunofluorescence microscopy and in situ poly(A)+ hybridization (Fig. 3A). Decreased 

anti-Nxf1 signal and accumulation of nuclear poly(A)+ RNA in NXF1 siRNA-treated cells 

confirmed a block to mRNA export. The NXF1 siRNA treatment also reduced overall cell 

viability by approximately 60–70%; however, it did not significantly alter the sodium 

arsenite dose response curve for cell viability or the chemotoxic survival response at high 

sodium arsenite doses (Fig. 3B & C). Therefore, we concluded that Gle1A enhances the 

sodium arsenite stress-induced survival response through its role in SG dynamics.

Overexpression of the SG nucleator G3BP induces the formation of SGs in the absence of 

stress conditions (Matsuki et al., 2013; Tourrière et al., 2003). We independently tested the 

influence of SG formation on our chemotoxic survival response model by overexpressing 

G3BP, an SG nucleator. G3BP overexpression, increased viability across the sodium arsenite 

dose response curve and reproducibly enhanced the survival response (Fig. 3D & E). We 

attempted to determine the impact of G3BP depletion by siRNA on the sodium arsenite 

stress-induced survival response; however, G3BP depletion resulted in greater than 90% 

reduced cell viability. The impact of G3BP overexpression on sodium arsenite stress-

induced survival indicated that SG assembly is a driver of the cell’s capacity to survive 

chemotoxic stress.
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Repeated sodium arsenite stress results in a population of cells with decreased sensitivity 
to sodium arsenite and altered SG dynamics

Next we established a model for a resistant sub-population of cells that exhibited a higher 

propensity of SG formation and a stronger survival response during sodium arsenite 

treatment. HeLa cells were exposed to either 500 μM sodium arsenite or vehicle for 10 

rounds of treatment in order to generate a resistant population of cells (Fig. 4A). The 

resulting sodium arsenite-resistant cell population exhibited a distinct change in morphology 

(Fig. 4B), altered viability in different seeding densities (despite a comparable growth rate) 

(Fig. 4C; Fig. B), increased survival response to sodium arsenite-stress (Fig. 4D), and an 

increased IC50 to sodium arsenite treatment (Fig. 4E). When these sodium arsenite-resistant 

cells were allowed to recover over 10 further passages, the resistance phenotype was lost 

(data not shown). Anti-G3BP staining revealed that the SGs in the resistant cells were also 

altered. Resistant cells subjected to high doses to sodium arsenite (>500 μM) exhibited a 

significant decrease in the number of SGs per cell and an increase in SG size (Fig. 4F & G). 

Together, these metrics revealed an overall increase in the SG response for resistant cells. 

These results suggested that HeLa cells increase their propensity for SG formation following 

multiple exposures to sodium arsenite.

To confirm that the enhanced SG assembly observed in the resistant cell model was 

reflective of a general increase in SG responsiveness, we tested whether the sodium arsenite 

resistant cell population also exhibited resistance to other chemotoxic agents. Measurement 

of the IC50s for non-resistant and resistant cells was conducted with other known SG-

inducing agents (Fig. 5). The sodium arsenite resistant cells displayed decreased sensitivity 

to diclofenac sodium, increased sensitivity to paclitaxel (PCX) and no change in sensitivity 

to bortezomib (BTZ) or emetine (Fig. 5). Thus, increasing the propensity to form SGs in 

response to one chemotoxic agent did not universally increase resistance to all other SG-

inducing agents.

Sodium arsenite-resistant cells secrete altered levels of MCP-1 and Serpin E1

Studies by others link secreted factors to pro-tumorigenic behavior, and there is an emerging 

body of evidence demonstrating that autocrine and paracrine signaling can promote SG 

formation and increase tumor cell survival (Fonseca et al., 2016; Quail and Joyce, 2013; Tan 

et al., 2018). The prostaglandin 15-d-PGJ2 increases SGs in mutant KRAS tumour cells, 

conferring protection (Grabocka and Bar-Sagi, 2016). Based on this, and our observation of 

a seeding density effect (Fig. 1C & D), we speculated that the sodium arsenite-induced 

survival response and the sodium arsenite-resistant cell line were dependent on secreted 

factor(s). To test this, conditioned media (CM) was collected from cultures of the non-

resistant (NR) and the sodium arsenite-treated resistant (R) HeLa cell populations and 

analyzed for their capacities to induce a change in respective survival responses. We found 

that when non-resistant cells were incubated with CM from resistant cells, the non-resistant 

cells exhibited an increased survival response at high doses of sodium arsenite (Fig. 6A & 

B). Further, sodium arsenite resistant cells incubated with CM from non-resistant cells also 

retained a high survival response (Fig. 6A & B). This indicated that sodium arsenite-resistant 

cells alter the pool of secreted factor(s).
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Since the secreted prostaglandin 15-d-PGJ2 is known to mediate SG signaling (Grabocka 

and Bar-Sagi, 2016), we tested whether addition of this factor to naïve HeLa cells would 

increase their sodium arsenite stress-induced survival response. Following 1 hour pre-

treatment at 50 μM 15-d-PGJ2, cells were subjected to sodium arsenite exposure as 

described. Surprisingly, the survival response was decreased compared with untreated cells 

(Fig. 6C & D). There were no differences in overall viability between cells treated with 15-

d-PGJ2 and those treated with vehicle. Thus, this specific prostaglandin alone did not induce 

SG-formation and increase the survival response in all contexts.

Because the results from the conditioned media swap experiments (Fig. 6A and B) indicated 

that the sodium arsenite-induced survival response was being conferred by a secreted 

factor(s), we tested conditioned media from non-resistant and sodium arsenite-resistant cells 

for the presence of 104 human cytokines using a commercially available membrane-based 

antibody array. Four independent collections of CM from sodium arsenite-resistant and non-

resistant cells were incubated with membranes spotted with capture antibodies for each 

cytokine. Signal was detected using streptavidin-HRP and chemiluminescent reagents. 

Densitometry of duplicate spots was normalized to an internal reference control. Mean 

signal from each cytokine is summarized in Fig. C. A two-way ANOVA statistical test of the 

resulting signal for each analyte revealed that MCP-1 levels were dramatically reduced in 

CM from sodium arsenite-resistant cells compared to non-resistant cells (Fig. 6E). 

Additionally, Serpin E1 concentration was increased in the CM from the sodium arsenite-

resistant cells (Fig. 6F). Thus, we concluded that these factors are candidates for mediating 

the survival response to sodium arsenite.

Discussion

The major clinical obstacle in the treatment of cancer patients is the emergence of resistant 

or refractory disease (Zheng, 2017). Cancer cells can acquire resistance to therapeutic agents 

through a variety of mechanisms including mutations, compensatory pathways, or by 

hijacking stress response pathways (Anderson et al., 2015). There are several studies that 

implicate a role for SGs in increasing the fitness of tumor cells; however, the precise 

mechanisms remain unclear. For this study, we established experimental systems to test the 

role of SGs in acute chemotoxic cell survival and to analyze determinants of the survival 

response for a sodium arsenite-resistant cell culture model. By altering Gle1 levels and 

testing the Gle1A and Gle1B isoforms for functionality, we find that SG formation is 

essential for the sodium arsenite stress-induced survival response. Using this cell model, we 

further propose that the survival response of sodium arsenite resistant cells is conferred via a 

secreted factor.

Our work here supports models wherein SGs play a protective role during periods of stress 

that allow tumor cells to evade apoptosis. When HeLa cells properly form large SGs, they 

are more likely to survive treatment with sodium arsenite (Fig. 2A). We directly tested this 

premise through depletion of the key SG modulator, Gle1. Survival is significantly reduced 

in Gle1-depleted cells that are unable to form mature SGs, indicating that proper SG 

assembly is necessary for the survival response (Fig. 2A & B). Further, sodium arsenite 

stress-induced survival is dependent upon the presence of Gle1A and most enhanced by 
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Gle1A overexpression (Fig. 2G) the isoform specifically required to drive SG maturation 

(Aditi et al., 2015). While a slight increase in sodium arsenite stress-induced survival is also 

seen with Gle1B expression, we attribute this effect to its rescue of DDX19B stimulation, 

which potentially plays roles in both mRNA export and translation (Fig. 2G). Additionally, 

overexpression of G3BP, which stimulates nucleation of new SGs (Tourrière et al., 2003; 

Matsuki et al., 2013), increases the survival response in our experimental system. Overall, 

these data provide direct evidence that SG assembly is sufficient to drive the survival 

response.

The effect of Gle1 depletion on the formation of sodium arsenite-induced SGs mirrors the 

phenotype reported for heat-shock induced SGs, where smaller and more numerous SGs are 

observed in the absence of Gle1 (Aditi et al., 2015). Interestingly, the effect on SG 

disassembly during sodium arsenite stress is distinct from what we previously reported for 

heat-shock induced SGs. Here, sodium arsenite-induced SGs disassemble more rapidly in 

Gle1-depleted cells, whereas in heat-shocked cells, the SGs are more stable without Gle1 

(Aditi et al., 2015). The different phenotypes are likely due to the stress-specific 

mechanisms used to induce SG formation. A recent study of SG biology suggests that 

different forms of stress result in considerable differences in the structure and composition 

of SGs (Aulas et al., 2017) and in the mechanisms of SG clearance. For example, ZFAND1, 

which recruits the 26S proteasome to SGs, is specifically required in the clearance of sodium 

arsenite-induced SGs, but not for SGs induced by heat-shock, osmotic or oxidative stress 

(Turakhiya et al., 2018). The contrasting stabilities of Gle1-depleted sodium arsenite-

induced versus heat shock-induced SGs provide a further example of stress-specific SG 

responses.

Our finding that the levels of secreted factors are altered in sodium arsenite-resistant cell 

conditioned media supports a hypothesis that paracrine signaling is responsible for SG-

mediated resistance and survival. The transfer of conditioned media from sodium arsenite-

resistant cells confers a survival response to the naive cells, demonstrating that cell non-

autonomous signaling can induce a “resistance” phenotype in cells that were previously 

“non-resistant”. This echoes findings by others wherein a secreted factor or factors increase 

tumor cell survival by increasing SG formation (Anderson et al., 2015; Grabocka and Bar-

Sagi, 2016). We also find that increased cell density during sodium arsenite treatment 

increases the survival response. This is consistent with the model that increased 

paracrine/non cell autonomous signaling contributes to a survival mechanism in the tumor 

microenvironment and leads to a higher proportion of cells evading apoptosis. Furthermore, 

following multiple rounds of sodium arsenite treatment, it appears that the sodium arsenite-

resistant population of cells require a higher seeding density for equivalent growth than that 

for the population treated with vehicle, despite having comparable proliferation rates (Fig. 

4C; Fig. B). Thus, the sodium arsenite-resistant cells might have an increased dependency 

on a secreted factor(s). This type of behavior might also be indicative of cancer cell 

quiescence, where cells are maintained in vivo at a reduced proliferative rate, and thus are 

resistant to anti-proliferating anti-cancer drugs (Chen et al., 2016).

Although the signaling lipid molecule (15-d-PGJ2) is implicated in enhanced SG formation 

and stress resistance (Grabocka and Bar-Sagi, 2016), it did not increase the survival response 
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in our experimental system. Through analysis of the conditioned media from sodium 

arsenite-resistant cells, we instead pinpoint monocyte chemotactic protein-1 (MCP-1; 

CCL2) as a candidate negative regulator of chemotoxic survival. MCP-1 stimulates 

monocyte chemotactic protein-induced protein 1 (MCPIP1), which is a multifunctional 

nuclear factor responsible for apoptosis of cardiomyocytes (Zhou et al., 2006), angiogenesis 

(Yang et al., 2013) and inflammatory reactions (Jura et al., 2012). Importantly, MCPIP1 

negatively regulates SG formation (Qi et al., 2011). In splenocytes from Mcpip1−/− mice, 

SGs form even in the absence of sodium arsenite stress and the cells display resistance to 

stress-induced apoptosis (Qi et al., 2011). Here, sodium arsenite-resistant cells that secrete 

reduced levels of MCP-1, the factor upstream of MCPIP1, assemble fewer and larger SGs 

and exhibit a marked increase in survival response (Fig. 6). Moreover, the reduced MCP-1 

levels in resistant cell conditioned media convey a paracrine signal to naïve HeLa cells that 

increases their sodium arsenite stress-induced survival response, whereas resistant cells 

maintain chemoresistance through continued regulation of autocrine MCP-1 signaling (Fig. 

6B). Therefore, we posit that MCP-1 and MCPIP1 act as negative regulators of the 

chemotoxic survival response, through inhibition of SG assembly (Fig. 7).

Our analysis also detects a modest increase in Serpin E1 levels in conditioned media from 

sodium arsenite resistant cells. (Fig. 6F). Serpin E1 is a component of SGs (Omer et al., 

2018), and Serpin E1 mRNA-binding protein 1 (SERBP1) is recruited to SGs during sodium 

arsenite treatment (Lee et al., 2014). Additionally, elevated plasma levels of Serpin E1 and 

genetic polymorphisms are a diagnostic indicator of poor prognosis for certain cancers 

(Divella et al., 2015; McMahon and Kwaan, 2015). In sum, these data point toward a role for 

Serpin1 in promoting sodium arsenite-induced survival through enhanced SG assembly. 

Further studies will be required to clarify the exact contributions of MCP-1 and Serpin E1 

secretion in SG formation and the regulation of chemotoxic survival.

Taken together, this study reveals that Gle1A-directed SG assembly offers a protective 

survival advantage to the cell and its neighbors during chemotoxic stress. If targeting the 

formation and function of SGs provides a clinical opportunity for increasing the 

susceptibility of cancer cells to undergo apoptosis, then our work suggests that Gle1A 

inhibitors are potential therapeutic candidates. As Gle1 function is impacted by IP6, altering 

the IP pathway might also impact SGs or shift the pools of Gle1A versus Gle1B that is 

available for function at SGs. In addition, modulating the levels of secreted factors like 

MCP-1 and Serpin E1 might impact in vivo chemoresistance. This work sets the stage for 

future investigations of Gle1A function, other SG assembly factors and components, 

secreted factors, and the IP pathway in combination with the effects of different chemotoxic 

stress inducers that will provide critical insights into the SG-associated survival response 

and the accompanying mechanisms of cell survival.

Materials and Methods

Cells culture and treatments

HeLa cells (ATCC) were cultured in DMEM (Thermo Fisher Scientific, Waltham, MA), 

supplemented with 10% Fetal Bovine Serum (FBS, Atlanta Biologicals, Flowery Branch, 

GA) at 37°C in 5% CO2. Sodium arsenite (NaAsO2, Sigma, St Louis, MO) was diluted in 
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media (25 mM to 6 nM) before addition to cells. Cells were treated with dilutions of 

bortezomib (BTZ; 1 μM to 0.2 pM), diclofenac sodium (40 mM to 9.5 nM), emetine (5 mM 

to 1 pM) or paclitaxel (PCX; 8 mM to 2 pM). 15-d-PGJ2 (Sigma) was added to media at 50 

μM (50 mM stock solution in dH2O).

Cell Viability assays

Cells were seeded in 96-well plates (Fisher Scientific, Pittsburgh, PA) and grown for 24 hr 

prior to drug incubation. Cells were incubated with either sodium arsenite, BTZ, PCX, 

emetine or diclofenac sodium at the indicated concentrations for 72 hr. Cell Titer-Glo 

reagent (Promega, Madison, WI) was added directly to wells according to manufacturer’s 

instructions, and luminescence was measured using a Synergy 2 plate reader (BioTek, 

Winooski, VT). Dose-response curves were normalized to untreated wells, and survival 

response was assessed by calculating the area under the curve (AUC) from 100 μM-25 mM 

sodium arsenite for each curve using Prism 7 (GraphPad Prism 7, La Jolla, CA). 

Alternatively, MTT assays were carried out after drug treatments. Briefly, following 

aspiration of media, MTT (12 mM in PBS) was added to wells and incubated at 37°C for 4 

hr. The reaction was stopped with 0.04 N HCl then absorbance was assessed using a plate 

reader at wavelength 570 nm.

siRNAs and plasmids transfections

Transfections and our previously validated knockdown-add back approach were performed 

as previously described (Aditi et al., 2015; Folkmann et al., 2013) using AllStars Negative 

control siRNA (Qiagen, Valencia, CA), GLE1 siRNA (Qiagen), NXF1 siRNA (Dharmacon, 

Lafayette, CO) and G3BP Stealth RNAi siRNA (Thermo Fisher Scientific). Following 

manufacturer instructions, siRNAs were reverse transfected into cells using HiPerFect 

(Qiagen). Transfections of siRNA-resistant plasmids were performed using Fugene 6 

(Promega) according to the manufacturer recommended protocol.

Immunofluorescence

Cells treated as indicated were processed for indirect immunofluorescence as previously 

described (Aditi et al., 2015). The following primary antibodies were used: anti-G3BP 1:300 

(BD Transduction, San Jose, CA), anti-Gle1 1:300 (ASW48), and anti-NXF1 1:300 (Abcam, 

Cambridge, MA), incubated overnight at 4°C, and detected with Alexa Fluor-conjugated 

secondary antibodies (Thermo Fisher Scientific). Slides were mounted with ProLong Gold 

Antifade mountant (ThermoFisher Scientific), and cells were imaged using a 63X/1.4 NA 

oil-immersion objective on a Leica TCS SP5 confocal microscope (Leica Microsystems. 

Buffalo Grove, IL). For SG characterization, post-image processing to quantify the size of 

SGs per cell was performed for 10 fields of view per experimental condition using the plug-

in 3D object counter for ImageJ (National Institutes of Health, Bethesda, MD) with the 

measurement parameters set to “surface” and minimum size filter set to 3. GraphPad Prism 7 

was used to generate a box plot of data as median ± IQR, and to calculate the unpaired, two-

tailed Students t test of statistical significance.
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In situ hybridization

In situ hybridization of Cy3-conjugated oligo-dT was performed as previously described 

(Aditi et al., 2015). Cells were imaged using a 63X/1.4 NA oil-immersion objective on a 

Leica TCS SP5 confocal microscope (Leica Microsystems). After imaging, 

nuclear:cytoplasmic ratio was determined by mean intensity of the fluorescent signal in the 

respective compartments in ImageJ (National Institutes of Health, Bethesda, MD).

Generation of Conditioned Media

Conditioned Media (CM) was prepared as in Grabocka & Bar-Sagi (2016). Briefly, the 

indicated cell populations were seeded to 70% confluency, washed three times with serum-

free DMEM, and cultured in serum-free media for 20 hr. CM was collected, centrifuged to 

remove cell debris and diluted 1:1 with fresh serum-free media prior to use.

Cytokine array

The Proteome profiler array (ARY022B; R&D systems, Minneapolis MN) was performed to 

evaluate the CM cytokine composition, according to manufacturer’s instructions. The mean 

intensity of each spot was determined using Quick Spots image analysis software (Western 

Vision Software, Salt Lake City, UT), and normalized to internal reference control spots. 

Data was analyzed with GraphPad Prism 7 using two-way ANOVA with multiple 

comparisons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. High doses of sodium arsenite induce SG formation and a survival response in HeLa 
cells.
(A) HeLa cells (seeded at 1×105 cells/mL) were treated with sodium arsenite at 

concentrations ranging from 6 nM to 25 mM for 72 hours and viability was measured. A 

representative viability curve is shown, where each data point represents the average of 2 

technical replicates normalized to duplicate untreated wells. Error bars denote range. 

Survival response is defined as the biphasic effect on cell viability induced at sodium 

arsenite concentrations > 100 μM. (B) SG formation was assessed by anti-G3BP indirect 

immunofluorescence, with Nuc Red® stain marking nuclear material. Scale bar represents 
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15 μm. (C) Viability and survival response were assessed at different seeding densities 

(1×104, 5×104, 1×105 or 2×105 cells/mL) Representative viability curves are shown. (D) The 

impact of seeding density on survival response (C) was quantified as area under the curve 

(AUC) from 100 μM-25 mM sodium arsenite, and shown for three independent trials. Data 

shown in (C) is indicated in (D) as “Trial I”.
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Figure 2. Gle1 is required for survival response.
(A) Dose response curves of sodium arsenite on cell viability were assessed for nontargeting 

(CTRL) or GLE1 siRNA-treated HeLa cells exposed to 6 nM to 25 mM arsenite for 72 

hours. Representative viability curves are shown, where each data point represents the 

average of 2 technical replicates normalized to duplicate untreated wells. Error bars denote 

range. (B) The sodium arsenite survival response was quantified as described, and plotted 

for four independent trials. Data shown in (A) is indicated in (B) as “Trial I”. (C) SG 

formation and mRNA export were evaluated in CTRL or GLE1 siRNA-treated HeLa cells 
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exposed to 500 μM sodium arsenite for 1 hour. SGs were detected by anti-G3BP indirect 

immunofluorescence, and poly(A)+ localization was determined by in situ hybridization to 

Cy3-oligo dT. Scale bar represents 10 μm. (D, E) Size and number of SGs were determined 

for CTRL and GLE1 siRNA-treated HeLa cells after 500 μM sodium arsenite treatment 15 

to 60 minutes. G3BP immunofluorescence was quantified using ImageJ 3D objects counter, 

where surface areas of 3D objects was reported. Data was collected at each time point for 

three independent experiments, and plotted onto a box and whiskers graph where whiskers 

denote 10th-90th percentile of data. (F) The percentage of cells exhibiting SGs was 

monitored over recovery time following 500 μM sodium arsenite treatment for 1 hour. SG-

positive cells were quantified at each time point for three independent experiments, and 

plotted onto a box and whiskers graph. (G) Survival response to 1500 μM sodium arsenite 

for 72 hours was assessed in CTRL or GLE1 siRNA-treated HeLa cells exogenously 

expressing GFP, GFP-Gle1A or GFP-Gle1B. *p<0.05; **p<0.01; ***p<0.001; statistical 

significance was determined by Student’s paired t-test.
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Figure 3. Sodium arsenite survival response is mediated by stimulation of SG assembly, not 
mRNA export inhibition
(A) Nxf1 localization and mRNA export were evaluated in control (CTRL) or NXF1 siRNA-

treated HeLa cells by anti-Nxf1 indirect immunofluorescence and in situ hybridization to 

Cy3-oligo d(T), respectively. Scale bar represents 10 μm. (B, C, D, E) Dose response curves 

of sodium arsenite on cell viability and the sodium arsenite survival response were assessed 

as described for (B, C) CTRL or NXF1 siRNA-treated HeLa cells, or (D, E) HeLa cells 

exogenously expressing mCherry or mCherry-G3BP. Data shown in (B) and (D) are 
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indicated in (C) and (D) as “Trial I”. *p<0.05; statistical significance was determined by 

Student’s paired t-test.
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Figure 4. Sodium arsenite-resistant cells exhibit altered cell morphology and SG biology.
(A) Schematic depicting the process taken to generate arsenite-resistant HeLa cells. (B) 

Following 10 rounds of sodium arsenite treatment, cell morphology was evaluated by bright 

field microscopy. Scale bar represents 20 μM. (C) Cell viability was measured for non-

resistant and arsenite-resistant HeLa cells seeded at increasing cell densities. (D, E) Dose 

response curves of sodium arsenite on cell viability were generated as described for non-

resistant and arsenite-resistant HeLa cells. Survival responses and IC50 values were 

calculated from 3 independent experiments. (F, G) Non-resistant and arsenite-resistant HeLa 

cells were subjected to 0, 250, 500 or 1000 μM sodium arsenite treatment for 60 minutes and 
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SG phenotypes were analyzed. Size (F) and number of SGs (G) were calculated as 

previously described. Data was collected for three independent experiments and plotted onto 

a box and whiskers. *p<0.05 using Student’s unpaired t-test.
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Figure 5. Sodium arsenite resistance confers differential sensitivity to SG-inducing chemotoxic 
agents.
IC50s of non-resistant and arsenite resistant cell viability were determined after exposure to 

the indicated chemotoxic agents for 72 hours. Cells were treated with (A) 0.2 pM to 1 μM 

bortezomib (BTZ); (B) 9.5 nM to 40 mM diclofenac sodium; (C) 1 pM to 5 mM emetine; or 

(D) 2 pM to 8 mM paclitaxel (PCX). IC50s were calculated from 3 independent 

experiments. *p<0.05 using Student’s unpaired t-test.
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Figure 6. Arsenite-resistance is mediated by MCP-1 and Serpin E1
(A) The conditioned media of non-resistant and arsenite-resistant HeLa cells was swapped 

and dose responses of sodium arsenite on cell viability were measured and plotted as 

described. (B) Cell viability was compared for each experimental group at 900 μM sodium 

arsenite, denoted by an arrow on the viability curves in (A). (C) Dose responses of sodium 

arsenite on cell viability were determined and plotted as described for untreated HeLa cells 

or HeLa cells pre-incubated with 50 μM 15-d-PGJ2 for 1 hour. (D) The arsenite survival 

response was quantified as described, and plotted for six independent trials. Data from (C) is 
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represented in (D) as “Trial I”. *p<0.05 using Student’s paired t-test. (E, F) Conditioned 

media samples from non-resistant and arsenite-resistant cells were probed for 105 human 

cytokines using a membrane-based sandwich immunoassay. Densitometry was performed 

for each cytokine and normalized to a loading control. Two-way ANOVA with multiple 

comparisons was performed to identify differentially secreted factors; *p=0.0255, 

****p<0.0001.
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Figure 7. Model for the role of MCP-1 in differential response of non-resistant vs arsenite-
resistant cell lines
In non-resistant cells (left), MCP-1 is secreted, which in turn induces MCPIP-1; a known 

suppressor of SG formation. When cells cannot form SGs, apoptosis is more likely to be 

induced. However, in arsenite-resistant cells (right), MCP-1 secretion is suppressed. This 

prevents stimulation of MCPIP-1 and therefore relieves the blockage of SG formation. This 

leaves the cells with an increased propensity to form SGs and allows the cell to survive the 

stress and recover.
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