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Abstract

Cellular stress can induce cytoplasmic ribonucleoprotein complexes called stress granules that
allow the cells to survive. Stress granules are also central to cellular responses to infections,

where they can act as platforms for viral replication and modulate innate immune signaling
through pattern recognition receptors (PRRs). However, the effect of innate immune signaling

on stress granules is poorly understood. Here, we report that prior induction of innate immune
signaling through Toll-like receptors (TLRs) inhibited stress granule assembly in a TLR ligand
dose-dependent manner in murine bone marrow-derived macrophages (BMDMs). Time course
analysis suggests that TLR stimulation can reverse stress granule assembly even after it has begun.
Additionally, both MYD88- and TRIF-mediated TLR signaling inhibited stress granule assembly
in response to endoplasmic reticulum stress in BMDMSs and the chemotherapeutic drug oxaliplatin
in murine B16 melanoma cells. This inhibition was not due to a decrease in expression of the
critical stress granule proteins G3BP1 and DDX3X and was independent of IRAK1/4, INK, ERK
and P38 kinase activity but dependent on IKK complex kinase activity. Overall, we have identified
the TLR-IKK complex signaling axis as a regulator of stress granule assembly-disassembly
dynamics, highlighting crosstalk between processes that are critical in health and disease.

Keywords

DDX3X; G3BP1; TLR2; TLR3; TLR4; TLR7/8; stress granules; MYD88; TRIF; MAP Kinase
signaling; ERK1/2; elF2a; INK; P38; IKK complex

INTRODUCTION

Stress granules are cytoplasmic membraneless compartments formed in response to some
stressors (1-3). They are thought to store translation initiation machinery to allow cells
to survive until the stressor is removed. Additionally, stress granules can modulate the
innate immune response. They can prevent excess inflammation by inhibiting NLRP3
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inflammasome-driven pyroptosis in bone marrow-derived macrophages (BMDMs) (4), and
they can increase the innate immune response to viral infections (5-11). While the impact
of stress granules on the innate immune system is becoming increasingly clear, the inverse
relationship, or the effect of innate immune signaling on stress granules, has not been
investigated.

Our current understanding of the molecular pathways activated in response to stressors
suggests a potential for crosstalk between stress granule assembly and innate immune
signaling. For instance, the stress responsive MAP kinases (SAPK’s) P38 and JNK are
activated in response to stressors that induce stress granules (12). SAPK’s are also activated
by Toll-like receptor (TLR) signaling (13). TLRs are pattern recognition receptors (PRRS)
that sense pathogen- and damage-associated molecular patterns (PAMPs and DAMPS)

to help mount innate immune response to pathogenic challenges. Although SAPK’s are
induced by both stress granule-inducing stressors and TLR stimulation in isolation, it
remains unclear how the activation of the innate immune response influences stress granule
dynamics and the molecular mechanisms involved in this crosstalk. In this study, we
discovered that the inhibitor of nuclear factor-xB (IxB) kinase (IKK) complex inhibits stress
granule assembly downstream of TLR signaling.

METHODS

Mice

Myad88'~ Trif '~ mice have been described previously (14). All mice were bred at St.
Jude Children’s Research Hospital, and animal studies were conducted in accordance with
protocols approved by the St. Jude Animal Care and Use Committee.

Cell culture and stimulations

Primary BMDMs were grown for 6 days in IMDM (Thermo Fisher Scientific, 11995-073)
supplemented with 10% FBS (Biowest, S1620), 30% L929-conditioned medium and 1%
penicillin and streptomycin (Sigma Aldrich). BMDMs were seeded in 12-well plates at a
density of 1 x 10° cells per well and incubated overnight before stimulation. To induce stress
granule formation, BMDMs were washed with PBS, incubated with DMEM supplemented
with 10% FBS for 1 hour followed by treatment as indicated in figure legends. Pam3CSK4
(Invivogen, tlrl-pms) at a concentration of 1 pg/mL was used to stimulate TLR2. Low
molecular weight poly(l:C) (Invivogen, tlrl-picw-250) at a concentration of 50 pg/mL

was used to stimulate TLR3. Ultrapure LPS (E. coli 0111:B4, Invivogen, tirl-3pelps) at

a concentration of 100 ng/mL was used to stimulate TLR4. In the LPS dose response
experiment, the concentrations used were 1 ng/mL, 10 ng/mL, 100 ng/mL, and 1000

ng/mL. R848 (Resiquimod) (Invivogen, tlrl-r848-5) at a concentration of 1 pg/mL was used
to stimulate TLR7/8. SB203580 (Selleckchem, S1076) and U0126 (Cayman Chemicals,
70970) were used at the concentration of 10 pM to inhibit P38 and ERK1/2, respectively.
SP600125 (Selleckchem, S1460) was used at the concentration of 25 uM to inhibit INK.
BMS345541 (Selleckchem, S8044) at the concentration of 20 uM was used to inhibit IKK
complex. Thapsigargin (Cayman Chemicals, 10522) was used at a concentration of 2 ug/mL.
IRAK1/4 inhibitor (MedChemExpress, HY-13329) was used at a concentration of 5 pM to
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inhibit IRAK1 and IRAK4 kinases. B16 melanoma cells were stimulated with 100 ng/mL
LPS, 50 pg/mL poly(l:C), or 2 ug/mL R848 for 4 hours followed by 4 hours of 100 uM
oxaliplatin treatment (Cayman Chemicals, 13106).

Immunoblotting analysis

Following stimulations, cells were lysed in RIPA buffer followed by boiling them after
adding sample loading buffer containing SDS and 2-mercaptoethanol. Protein samples
were separated on 8%, 10%, or 12% polyacrylamide gels and then transferred onto

PVDF membranes (Millipore). Membranes were blocked in 5% skim milk and incubated
with the desired primary antibodies overnight and subsequently with near infra-red dye
(IR-dye) or HRP conjugated secondary antibodies. Primary antibodies used in this study
were anti-DDX3X (Bethyl Laboratories, A300-474A, 1:1000), anti-G3BP1 (Proteintech,
27299-1-AP, 1:1000), anti—-phospho-elF2a (CST, 3398, 1:1000), anti-elF2a (CST, 9722,
1:1000) anti-phospho-ERK1/2 (#9101, CST, 1:1000), anti-ERK1/2 (#9102, CST, 1:1000),
anti-phospho-P38 (#9211, CST, 1:1000), anti-P38 (#9212, CST, 1:1000), anti—phospho-
JNK (#9251, CST, 1:1000), anti-JNK (#9252, CST, 1:1000), anti—-phospho-IxBa (#2859,
CST, 1:1000), anti-IxBa (#9242, CST, 1:1000), anti-phospho-RPS6 (#, CST, 1:1000), anti—
phospho-AKT (#4691, CST, 1:1000), anti-phospho-IKK (#2697, CST, 1:1000), anti-IKKf
(#2370, CST, 1:1000), rhodamine conjugated anti-actin (BioRad Laboratories, 1:10000). IR
dye conjugated secondary antibodies Amersham CyDye 700 goat-anti-mouse, (#29360785,
GE Life Sciences, 1:5000) or Amersham CyDye 800 goat-anti-rabbit (#29360791, GE Life
Sciences, 1:5000), or appropriate HRP-conjugated secondary antibody (Jackson Immuno
Research Laboratories anti-rabbit (111-035-047) and anti-mouse (315-035-047)) with
Luminata Forte Western HRP Substrate (Millipore, WBLUF0500) were used. The proteins
were detected on a BioRad Gel Imager (BioRad Laboratories) or Amersham Imager 600
(GE Life Sciences).

Confocal microscopy imaging

Following stimulations of BMDMs, cells were fixed in 4% paraformaldehyde (ChemCruz)
at room temperature for 15 min and washed with PBS. Blocking was done in 10%

normal goat serum (Sigma) in PBS. To stain stress granules, BMDMSs were stained with
the following antibodies at room temperature for 2 h or overnight at 4°C: anti-G3BP1
(27299-1-AP, Proteintech, 1:250) and anti-DDX3X (A300-474A, Bethyl Laboratories,
1:250). BMDMs were incubated with the following secondary antibodies: Alexa Fluor
488-conjugated anti-mouse IgG (R37120, Life Technologies, 1:250), Alexa Fluor 568-
conjugated anti-rabbit 1gG (A-11011, Life Technologies, 1:250) and DAPI (2 pg/mL).
Confocal images were acquired on either a Leica SP8 (Leica Microsystems) or Marianas
(Intelligent Imaging Innovations, Inc) confocal microscope.

Quantitatve reverse transcription polymerase chain reaction

gRT-PCR analysis was performed as previously described (15) with fhe following primers:
/116-For GACCTTCCAGGATGAGGACA, //16-Rev AGCTCATATGGGTCCGACAG, /fnb-
For CAGCTCCAAGAAAGGACGAAC, /fnb-Rev GGCAGTGTAACTCTTCTGCAT.
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Statistical analysis

Statistical significance of the data was determined by the unpaired two-tailed #test or
one-way and two-way ANOVA methods as indicated in the figure legends. Mean and error
bars represent standard error of mean (s.e.m.). GraphPad Prism v8 software was used for
statistical analysis.

RESULTS

TLR4 stimulation inhibits stress granule assembly

To test the effect of innate immune signaling mediated by PRRs on stress granules, we
stimulated a well characterized PRR, TLR4, with its ligand lipopolysaccharide (LPS) to
activate downstream signaling pathways in bone marrow-derived macrophages (BMDMs).
We then used the endoplasmic reticulum stress-inducing agent thapsigargin to induce

stress granules (16). No cells formed stress granules in the media alone or LPS-treated
populations, suggesting LPS treatment on its own does not induce stress granule assembly
(Fig. 1A). Thapsigargin treatment robustly induced stress granules in unprimed BMDMs.
However, the percentage of cells with stress granules was significantly reduced in LPS-
primed BMDMs (Fig. 1B), suggesting that prior activation of TLR4 signaling is sufficient
to inhibit stress granule assembly induced by ER stress. To determine whether the dose of
LPS impacted the ability for TLR signaling to inhibit stress granule assembly, we tested

a range of concentrations from 1 ng/mL to 1000 ng/mL. Stress granule inhibition was dose-
dependent, and fewer stress granules were formed as the concentration of LPS increased,
with the two highest concentrations (100 ng/mL and 1000 ng/mL) causing similar stress
granule inhibition (Supplemental Fig. 1A, 1B). Therefore, we chose to use 100 ng/mL of
LPS for subsequent experiments. Overall, TLR4 stimulation robustly inhibited stress granule
assembly induced by thapsigargin treatment.

Signaling downstream of both MYD88 and TRIF can inhibit stress granule assembly

TLR4 can engage both MYD88 and TRIF adaptors to activate downstream signaling, and
TLR4 can be found on both the plasma membrane and endosomes (17, 18). Other TLRs
are more selective in their adaptor engagement and localization. TLR7/8 engages MY D88
and is localized to endosomes. TLR2 also engages MYD88 but is localized to plasma
membranes. TLR3 engages TRIF and is localized to endosomes. Therefore, testing the
effects of signaling through these TLRs on stress granule formation can resolve the roles
of MYD88- and TRIF-mediated signal transduction as well as subcellular localization in
regulating stress granule assembly. To determine which adaptors are involved in stress
granule inhibition, we stimulated TLR2, TLR3, and TLR7/8 with their ligands Pam3CSK4,
poly(I:C), and R848, respectively, in BMDMs prior to thapsigargin treatment. Stimulation
of any of these TLRs inhibited stress granule assembly, similar to TLR4 stimulation (Fig.
2A, 2B) suggesting that signaling downstream of either MyD88 or TRIF was sufficient

to inhibit stress granule assembly. Stress granule inhibition was also independent of the
subcellular localization of the TLR being stimulated. We further confirmed the importance
of MyD88 and TRIF in mediating the TLR signaling to inhibit stress granule formation by
testing the effect of TLR stimulation in Myd88™'~ Trif '~ BMDM:s. Stress granule inhibition
was abrogated in the absence of MyD88 and TRIF (Fig. 2), providing additional evidence
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that TLR signaling was responsible for stress granule assembly inhibition. To extend our
findings and determine whether stress granules can be similarly inhibited in non-immune
cells, we tested the effect of LPS, poly(l:C), and R848 stimulation on chemotherapy drug
oxaliplatin mediated stress granule assembly in B16 melanoma cells. Stimulation with LPS,
poly(l:C), and R848 inhibited oxaliplatin induced stress granule assembly, suggesting that
innate signaling mediated inhibition occurs across cell types (Fig. 3). Taken together our
results suggest that stress granule assembly can be inhibited by signaling downstream of
MYD88 and TRIF in both immune and non-immune cells.

TLR4 signaling can disassemble stress granules

Stress granules are dynamic membraneless compartments that can be disassembled when
the stress is removed. The stress granule assembly — disassembly equilibrium has been
reported to be controlled by post-translational modifications (12, 19). Similarly, the TLR
signaling cascade involves a series of sequential post-translational modifications (13). Some
of these post-translational modifications result in activation of transcription factors such as
NF-xB that activate their target genes (13). A transcriptional response involves multiple
steps — transcription, post-transcriptional processing of pre-mRNA, nuclear export, and
translation, and stress granules inhibit translation of new proteins. While a transcriptional
response takes time and would be impeded by stress granules, a signaling response based on
post-translational modifications, such as phosphorylation, would be more rapid. Therefore,
we used a time course analysis to monitor the kinetics of stress granule formation and to
differentiate between the two types of responses. We first treated BMDMs with thapsigargin
for 15, 30, 45, 60 and 90 minutes. Stress granules formed within 30 minutes of thapsigargin
treatment (Fig. 4A, 4B). The number of stress granule-positive cells peaked after 60 minutes
of thapsigargin treatment. Next, we tested the timing and duration of LPS stimulation
required for stress granule inhibition. We stimulated BMDMs with LPS for 15 minutes,1
hour, or 4 hours prior to addition of thapsigargin, followed by incubation for 90 minutes.
LPS stimulation for 15 minutes was sufficient to inhibit stress granule assembly (Fig. 5A).
Additionally, the 15 minute LPS stimulation inhibited stress granules better than 1 hour

and 4 hours of treatment. The rapid effect of LPS stimulation suggests that stress granule
inhibition is primarily driven by a post-translational modification-based mechanism.

To test whether LPS stimulation can disassemble stress granules that are already formed, we
performed a time course analysis in which we added LPS at different time points: together
with or after 15, 30, 45 or 60 minutes of thapsigargin treatment. There was a decrease in the
percentage of stress granule-positive cells at every time point of LPS addition, suggesting
that LPS stimulation can disassemble the stress granules that are already formed (Fig.

5B, 5C). Since stress granule assembly leads to general translation arrest, disassembly is
unlikely to be caused by TLR4-mediated transcriptional response which would require new
protein synthesis to have an effect. Taken together, time course analysis suggests that stress
granule inhibition is likely driven by post-translational modifications.

LPS-induced MAP kinase activity is dispensable for stress granule inhibition

We next sought to identify the signaling pathway responsible for stress granule inhibition/
disassembly downstream of TLRA4. Stress granule assembly could be affected by the
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abundance of critical stress granule proteins G3BP1 and DDX3X, but we did not observe
a decrease in the amounts of G3BP1 and DDX3X in response to LPS stimulation

during thapsigargin treatment (Fig. 6A). We also did not observe a difference in elF2a
phosphorylation (Fig. 6A). We used western blot analysis to screen signaling pathways
downstream of TLR4 for their role in stress granule inhibition/disassembly. LPS stimulation
of TLR4 activates ERK1/2 and NF-xB signaling (13). To test the status of these signaling
pathways during thapsigargin treatment, we performed western blot analysis of phospho-
and total-ERK1/2 and phospho- and total-IxBa.. We stimulated BMDMs for 1 hour

with LPS followed by thapsigargin treatment for different durations. Over time, there

was a decrease in basal ERK1/2 phosphorylation in BMDMs treated with thapsigargin
alone. ERK1/2 phosphorylation remained elevated at every time point in BMDMSs

treated with thapsigargin and stimulated with LPS (Fig. 6A). We did not detect IxBa
phosphorylation in BMDMs treated with thapsigargin alone. As expected, we observed
increased phospho-IxBa in thapsigargin and LPS-treated BMDMs (Fig. 6A). Additionally,
SAPKs, including P38 and JNK, are involved in both TLR and stress signaling (12, 13,
19). In BMDMs stimulated with thapsigargin alone, P38 phosphorylation increased within
15 minutes and then decreased over time (Fig. 6B). LPS stimulation alone induced P38
phosphorylation that was higher than that observed with thapsigargin treatment at any
time point. In LPS and thapsigargin-stimulated BMDMSs, P38 phosphorylation did not
cycle and remained high regardless of the duration of thapsigargin treatment. In BMDMSs
stimulated with thapsigargin alone, JNK phosphorylation followed a similar trend as

P38 phosphorylation (Fig. 6B). In LPS and thapsigargin-stimulated BMDMs, there was
increased JNK phosphorylation at every time point compared to the corresponding time
point in thapsigargin alone treatment. Since our time course experiment had suggested that
stress granule inhibition and disassembly were driven by post-translational modifications
(Fig. 4 and Fig. 5), we hypothesized that one of the three MAP kinases whose activity was
modified by LPS stimulation would be required for the process. Therefore, we used small
molecule inhibitors against these kinases and tested their effect on stress granule assembly
in the presence or absence of LPS stimulation. To test the effect of P38 kinase activity
inhibition, we stimulated BMDMSs with 10 uM SB203580 with or without LPS treatment
for 1 hour before adding thapsigargin. We observed that inhibition of P38 did not affect
stress granule assembly in BMDMs (Supplemental Fig. 2A, 2B). To test the effect of INK
kinase activity inhibition, we stimulated BMDMs with 25 uM SP600125 with or without
LPS treatment for 1 hour before adding thapsigargin and found that JNK kinase activity
inhibition also did not affect stress granule assembly (Supplemental Fig. 3A, 3B). Finally,
to test the effect of ERK1/2 kinase activity inhibition, we stimulated BMDMs with 10 uM
U0126 with our without LPS for 1 hour. We found that ERK1/2 inhibition in the absence
of LPS stimulation inhibited stress granule assembly and did not rescue it in LPS-stimulated
BMDMs (Fig. 7A, 7B). Interpretation of the effect of LPS in this context is complicated
by the observation that stress granule assembly was inhibited by U0126 treatment in the
absence of LPS stimulation. Taken together our data suggest that LPS stimulation modifies
MAP kinase activity in response to stress signaling. However, LPS-mediated inhibition of
stress granule assembly is not dependent on P38, JNK, or ERK1/2 kinase activity.
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IKK inhibition rescues stress granule assembly in LPS stimulated BMDMs

To identify the signaling pathway responsible for stress granule inhibition or promotion of
stress granule disassembly, we focused on kinases, since phosphorylation can modulate
stress granule dynamics (12, 19). In addition to the MAP kinases, the IKK complex

is also activated in response to TLR stimulation, and we had observed increased IxBa
phosphorylation in LPS-treated BMDMs (Fig. 6A). Since the IKK complex has targets other
than IxBa,, we hypothesized that IKK activity might be responsible for the inhibition of
stress assembly (20, 21). We treated BMDMs with 20 uM BMS345541 with or without
LPS stimulation for 1 hour followed by thapsigargin treatment. BMS345541 treatment
rescued stress granule assembly in LPS-stimulated BMDMs (Fig. 8A, 8B). To understand
the mechanism of IKK mediated stress granule assembly inhibition, we performed western
blot analysis of stress granule components DDX3X and G3BP1, and checked the status

of signaling kinases upstream and downstream of the IKK complex. Since simultaneous
addition of LPS with thapsigargin was sufficient to inhibit stress granule assembly in

the time course analysis (Fig. 5B, 5C), we added LPS, thapsigargin, and/or BMS345541
simultaenously. IKK inhibition did not not increase the amounts of DDX3X and G3BP1,
suggesting that stress granule assembly resuce was not due to increased expression of

these proteins (Fig. 9A). IKK inhibition delayed IKKp phosphorylation, and the amount of
phosphorylated IKKp (p-1KKp) remained high in BMS345541-treated cells after 60 minutes
of LPS stimulation (Fig. 9A). Phosphorylation of IKK in this context is most likely due

to activity of IRAK1/4 kinases activated by myddosome assembly (17, 18). To determine
whether IRAK1/4 had a role in stress granule inhibition, we tested the effect of IRAK1/4
kinase activity inhibition on stress granule assembly. IRAK1/4 inhibition did not rescue
stress granule assembly, ruling out a role for these kinases in this process (Supplemental
Fig. 4A, 4B). IKK kinase activity also leads to activation of NF-xB signaling through
phosphorylation induced ubiquitination and proteosomal degradation of IxBa (17, 18). The
NF-xB signaling pathway undergoes cyclical activation and inhibition, and is mirrored

in 1xBa phosphorylation and degradation kinetics (17, 18). As expected, BMS345541
treatment inhibited these cyclical 1xBa. dynamics (Fig. 9A). To test the effect of NF-xB
inhibition on cytokine expression we performed gPCR analysis of //Zband /fnbin BMDMs
stimulated with LPS for 1 hour followed by thapsigargin stimulation for another hour.
Expression of //1bwas severely diminished in BMS345541 treated BMDMs (Fig. 9B).
Expression of /fnb, which does not strictly depend on NF-xB signaling (17), was not
reduced by BMS345541 treatment (Fig. 9C). Additionally, translation initiation regulator
elF2a phosphorylation can trigger stress granule assembly (3). However, BMS345541
treatment did not increase the amounts of phosphorylated elF2a. (p-elF2a) (Fig. 9A).
BMS345541 treatment also did not affect the amounts of phosphorylated RPS6 and AKT,
suggesting that stress granule inhibition was not mediated by increased mTOR activity (Fig.
9A) (17). Taken together, our data suggest that stress granule inhibition by TLR signaling
is mediated by IKK kinase activity and is independent of elF2a phosphorylation, mMTOR
activity, and abundances of DDX3X and G3BPL1.
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DISCUSSION

Stress granules are dynamic membraneless compartments that allow cells to survive a
stressed condition. Defects in stress granule dynamics or stress granule components have
been implicated in human diseases including cancers and neurodegenerative diseases (22—
26). The molecular mechanism controlling stress granule assembly and disassembly is not
well understood. We discovered that TLR stimulation can lead to a defect in stress granule
assembly induced by ER stress. The rapid effect of TLR4 signaling in time course kinetics
analysis suggested that this inhibition was likely driven by post-translational modifications.

We screened for kinases that might be involved in regulating stress granule dynamics using
chemical inhibitors of SAPK-mediated phosphorylation that have previously been reported
to modulate stress granule dynamics (12, 19). However, SAPK inhibition failed to rescue
stress granule assembly. Our data suggest that the IKK complex plays a central role in
inhibition of stress granule assembly and disassembly of stress granules formed prior to
PRR stimulation. The target of the IKK complex responsible for stress granule inhibition
and disassembly remains unclear. It is likely that IKK-mediated phosphorylation of a critical
stress granule component is changing its liquid-liquid phase separation (LLPS) behavior
(16, 25, 27, 28). The IKK complex can be activated downstream of endogenous DAMPs
and pro-inflammatory cytokines IL-1a and IL-1p (29). This suggests that persistent sterile
inflammation can interfere with stress granule-mediated inhibition of programmed cell
death. Since aberrant programmed death leads to the release of DAMPSs, along with IL-1a
and IL-1p, this can create a self-reinforcing feedback loop that worsens an inflammatory
condition (30-34).

Additionally, we had previously discovered that stress granules inhibit pyroptosis — a pro-
inflammatory form of programmed cell death (4). Stress granules have also been reported to
inhibit apoptosis (12). Innate immune signaling-mediated inhibition of stress granules could
be enabling programmed cell death activation and making it inflammatory by promoting
expression of pro-inflammatory cytokines for an optimal host response to pathogenic
challenges (35-38). Furthermore, prion-like phase transitions associated with NLRP3
inflammasome activation have been implicated in neurodegenerative diseases (39). This
suggests that inhibition of stress granule assembly or disassembly of existing stress granules
can promote prionoid phase transition over LLPS that might promote neurodegeneration.
Stress granules have also been reported to promote resistance to cancer chemotherapy

(26, 40). Our observation here that oxaliplatin induced stress granules are inhibited by
innate immune signaling suggests that addition of TLR agonists to treatment regimens with
stress granule inducing chemotherapeutics may improve efficacy. Taken together, we have
discovered a novel link between stress and innate immune response signaling pathways. The
crosstalk between innate immune signaling and stress granules can be an important target for
therapeutic interventions in human diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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KEY POINTS
1 Innate immune signaling through TLRs affects stress granule assembly.

2. TLR signaling promotes disassembly of stress granules that are already
formed.

3. Stress granule inhibition is dependent on the kinase activity of the IKK
complex.
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Figure 1: LPSinduced signaling inhibits thapsigargin mediated stress granule assembly.
(A) Confocal microscopy images of BMDMs stimulated with 100 ng/mL LPS for 4 hours,

2 ug/mL thapsigargin (Th) for 90 minutes, or 100 ng/mL LPS for 4 hours followed by

2 pg/mL thapsigargin treatment for 90 minutes (LPS + Th). Scale bar represents 10 pm.
(B) Quantification of percentage of stress granule positive cells. One-way ANOVA was
used for statistical analysis. **** represents p-value < 0.0001. Representative images and
quantification are shown that were generated from one of the replicates (h > 3).
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Figure 2: Signaling downstream of MY D88 and TRIF inhibitsthapsigargin mediated stress
granule assembly.
(A) Confocal microscopy images of WT and Myad88™'~ Trif '~ BMDM:s stimulated with 2

pg/mL thapsigargin (Th) for 90 minutes, 100 ng/mL LPS for 4 hours followed by 2 pg/mL
thapsigargin for 90 minutes (LPS + Th), 50 ug/mL poly(l:C) for 4 hours followed by 2
pg/mL thapsigargin for 90 minutes (poly(1:C) + Th), 1 ug/mL R848 for 4 hours followed

by 2 pg/mL thapsigargin for 90 minutes (R848 + Th), or 1 pg/mL Pam3CSK4 for 4 hours
followed by 2 pug/mL thapsigargin for 90 minutes (Pam3 + Th). Scale bar represents 10 um.
(B) Quantification of percentage of stress granule positive cells. Two-way ANOVA was used
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for statistical analysis. **** represents p-value < 0.0001, n.s. represents lack of statistical
significance at alpha level of 0.05. Representative images and quantification are shown that
were generated from one of the replicates (n = 3).
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Figure 3: : Innateimmune signaling inhibits oxaliplatin mediated stress granule assembly in B16
melanoma cells.

(A) Confocal microscopy images of B16 melanoma cell treated with 100 pM oxaliplatin
(Ox) for 4 hours with or without prior stimulation for 4 hours with 100 ng/mL LPS,

50 pg/mL poly(l:C), or 2 ug/mL R848. Scale bar represents 10 um. (B) Quantification
of percentage of stress granule positive cells. One-way ANOVA was used for statistical
analysis. **** represents p-value < 0.0001. Representative images and quantification are
shown that were generated from one of the replicates (n = 3).
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Figure 4: Stress granules begin to appear within 30 minutes of thapsigargin treatment.
(A) Confocal microscopy images of BMDMs treated with 2 ug/mL thapsigargin (Th) for O,

15, 30, 45, 60, or 90 minutes. Scale bar represents 10 pm. (B) Quantification of percentage
of stress granule positive cells. One-way ANOVA was used for statistical analysis. Reported
p-value is for the effect of duration of thapsigargin treatment. **** represents p-value <
0.0001. Representative images (n = 3). Graph was generated from pooled data from the three
replicates.
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Figure 5: LPS stimulation promotes disassembly of stress granules.
(A) Quantification of the effect of different durations of LPS stimulation on stress granule

inhibition. BMDMs were stimulated with 100 ng/mL LPS for 15 minutes, 1 hour, or 4 hours
before treatment with 2 pg/mL thapsigargin for 90 minutes (Th). (B) Confocal microscopy
images of BMDMs treated with 2 pg/mL thapsigargin for 90 minutes. 100 ng/mL LPS was
added either together with thapsigargin (LPS @ 0 min) or at 15 (LPS @ 15 min), 30 (LPS
@ 30 min), 45 (LPS @ 45 min), or 60 (LPS @ 60 min) minutes after thapsigargin. Scale bar
represents 10 um. (C) Quantification of percentage of stress granule positive cells. One-way
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ANOVA was used for statistical analysis. **** represents p-value < 0.0001, n.s. represents
lack of statistical significance at alpha level of 0.05. Representative images (n = 2). Graph
was generated from pooled data from the two replicates.
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Figure 6: Thapsigargin treatment modifies ERK 1/2, P38 and JNK activation.
(A) Western blot analysis of G3BP1, DDX3X, phosphorylated ERK1/2 (p-ERK), total-

ERKZ1/2 (t-ERK), phosphorylated IxBa (p-1xBa), total IxBa. (t-1xBa), phosphorylated
elF2a (p- elF2a), total elF2a (t- elF2a.), and actin in BMDMs treated with thapsigargin
(Th) alone for the indicated durations or stimulated with LPS for 1 hour followed by
thapsigargin treatment for the indicated time. (B) Western blot analysis of phosphorylated
P38 (p-P38), total P38 (t-P38), phosphorylated JNK (p-JNK), total INK (t-JNK), and
actin in BMDMs treated with thapsigargin (Th) alone for the indicated durations or
stimulated with LPS for 1 hour followed by thapsigargin treatment for the indicated time.
Representative blots (n = 3).
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Figure 7: Inhibition of ERK 1/2 kinase activity represses stress granule assembly.
(A) Confocal microscopy images of BMDMs treated with 2 ug/mL thapsigargin (Th) for 90

minutes in the presence or absence of 10 uM ERK1/2 inhibitor U0126 with or without LPS
stimulation for 1 hour. U0126 was added at the same time with LPS. Scale bar represents 10
um. (B) Quantification of percentage of stress granule positive cells. One-way ANOVA was
used for statistical analysis. **** represents p-value < 0.0001. Representative images and
quantification are shown that were generated from one of the replicates (n = 3).
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Figure 8: Inhibition of IKK complex kinase activity rescues stress granule assembly.
(A) Confocal microscopy images of BMDMs treated with 2 ug/mL thapsigargin (Th) for

90 minutes in the presence or absence of 20 uM IKK complex inhibitor BMS345541 with
or without LPS stimulation for 1 hour. BMS345541 was added at the same time with LPS.
Scale bar represents 10 um. (B) Quantification of percentage of stress granule positive cells.
One-way ANOVA was used for statistical analysis. **** represents p-value < 0.0001, n.s.
represents lack of statistical significance at alpha level of 0.05. Representative images and
quantification are shown that were generated from one of the replicates (n = 3).
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Figure 9: IKK complex mediated inhibition of stress granule assembly isindependent of the

amounts of DDX3X and G3BP1, and mTOR signaling.

(A) Western blot analysis of DDX3X, G3BP1, phosphorylated and total IKKB (p-1IKKp

and t-IKKp), phosphorylated and total 1xBa (p-IxBa and t-IxBa), phosphorylated elF2a

(p-elF2a), phosphorylated RPS6 (p-RPS6), phosphorylated AKT (p-AKT), and actin in
BMDMs treated with 2 pg/mL thapsigargin (Th) with or without 100 ng/mL LPS in the
presence or absence of 20 UM BMS345541. LPS, BMS345541, and thapsigargin were added

simultaneously to the BMDMs. (B-C) Quantitative RT-PCR analysis of //16 (B) and /fnb (C)
expression in BMDMs treated with 2 pg/mL thapsigargin (Th) with or without 100 ng/mL

LPS in the presence or absence of 20 pM BMS345541. BMDMs were stimulated with LPS
and/or BMS345541 for 1 hour followed by thapsigargin treatment for 1 hour. One-way
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lack of statistical significance at alpha level of 0.05. Representative graphs are shown and
were generated from one of the replicates (n = 3).
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