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Abstract

Stress granules (SGs) form during cellular stress and are implicated in neurodegenerative diseases
such as amyotrophic lateral sclerosis and frontotemporal dementia (ALS/FTD). To yield insights
into the role of SGs in pathophysiology, we performed a high-content screen to identify small
molecules which alter SG properties in proliferative cells and human iPSC-derived motor neurons
(iPS-MNs). One major class of active molecules contained extended planar aromatic moieties,
suggesting a potential to intercalate in nucleic acids. Accordingly, we show that several hit
compounds can prevent the RNA-dependent recruitment of the ALS-associated RNA-binding
proteins (RBPs) TDP-43, FUS and HNRNPA2B.1 into SGs. We further demonstrate that transient
SG formation contributes to persistent accumulation of TDP-43 into cytoplasmic puncta and that
our hit compounds can reduce this accumulation in iPS-MNs from ALS patients. We propose that
compounds with planar moieties represent a promising starting point to develop small molecule
therapeutics for treating ALS/FTD.

Graphical Abstract
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Using high-content screening we identified a class of planar small molecules that can 1) modulate
the dynamics of neurodegeneration-linked stress granules (SGs), 2) reduce SG association of
ALS-linked RNA-binding proteins, and 3) prevent accumulation of TDP-43 within persistent
cytoplasmic puncta.

INTRODUCTION

Stress granules (SGs) assemble transiently in response to cellular stress as an adaptive
survival mechanism (Kedersha and Anderson, 2007; Kedersha et al., 2013). SGs contain
proteins and mRNAs, which are translationally stalled via phosphorylation of serine 51 of
the translation initiation factor elF2a (Kedersha and Anderson, 2007; Khong et al., 2017).
By modulating translation and recruiting signaling proteins, SGs are believed to triage
intracellular activity toward an integrated stress response (Arimoto et al., 2008; Harding et
al., 2000; Sidrauski et al., 2015; Wippich et al., 2013). SGs are highly dynamic, exhibiting
liquid-like behaviors and disassembling within minutes of removal of stress (Wheeler et al.,
2016). These liquid-like properties are thought to be mediated by the intrinsically disordered
regions (IDRs) common to many SG proteins (Alberti et al., 2009; Jain et al., 2016;
Markmiller et al., 2018). Neurodegeneration-linked mutations in proteins such as FUS,
HNRNPA2B1 and TDP-43 frequently cluster in the IDRs, potentially altering the liquid-like
phase separation properties of these proteins (Chen-Plotkin et al., 2010; Ryan et al., 2018;
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Shang and Huang, 2016). These mutations are implicated in hereditary forms of
frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS), fatal, incurable
diseases characterized by progressive degeneration of cortical and motor neurons (MNS)
(Kim et al., 2013; Sreedharan et al., 2008; Vance et al., 2009). /n vitro studies of phase
separated recombinant IDRs carrying ALS-associated mutations report that the mutations
accelerate transition from a liquid-like state to a solid-like state (Kato et al., 2012; Kim et al.,
2013; Patel et al., 2015; Ryan et al., 2018). To illustrate, recombinant mutant IDR from
HNRNPA2B1 undergoes liquid-liquid phase separation followed by spontaneous maturation
into insoluble fibers (Kim et al., 2013; Ryan et al., 2018). Therefore, these IDR mutations
likely predispose assembly of inclusion bodies and are speculated to cause toxic loss/gain-
of-function. Indeed, a hallmark feature of nearly all ALS patients is the presence of
cytoplasmic TDP-43-containing inclusion bodies within MNs that contain SG-associated
proteins (Bentmann et al., 2012; Blokhuis et al., 2013; Farg et al., 2013; Keller et al., 2012;
Kim et al., 2013; Liu-Yesucevitz et al., 2010).

Recent studies of the composition of SGs have revealed that a large fraction of SG proteins
extensively interact prior to stress (Markmiller et al., 2018). Also, a super-resolution
microscopy study has reported the existence of substructures called SG cores, around which
additional proteins/RNAs assemble into the SG shell (Jain et al., 2016). It is very likely that
cores and shells contain different protein components, with differences that may relate to
disease pathogenesis (Jain et al., 2016; Khong et al., 2017). Excitingly, modulation of some
SG proteins appears to alleviate degenerative phenotypes in animal models of ALS (Becker
etal., 2017; Kim et al., 2014; Markmiller et al., 2018). Despite these advances, there still
exists an urgent need to understand how ALS-associated proteins such as TDP-43 relate to
SGs and for new tools which can readily perturb these relationships.

Thus, to accelerate our understanding of SGs and their connections to neurodegenerative
disease, we conducted a high-content screen (HCS) for small molecules that robustly
modulate aspects of SG biology. We identified several classes of SG-modulating
compounds, including small molecules that act at cell surface targets such as ion channels,
receptors or lipid membranes, and compounds that modulate inflammatory signaling
pathways. Interestingly, one large group of structurally related molecules to emerge from the
screen was characterized by the presence of planar aromatic sidechains. Such planar
moieties are characteristic of nucleic acid intercalating molecules, supporting the hypothesis
that SG formation requires nucleic acid interactions. We discovered that SGs accumulate
ALS-associated proteins in an RNA-dependent manner and that planar molecules disrupt
this accumulation. We show that transient SG induction through puromycin treatment can
induce persistent localization of TDP-43 into cytoplasmic puncta in human induced
pluripotent stem cell-derived MNs (iPS-MNSs) carrying ALS-associated mutations in
TARDBP or FUS. Excitingly, molecules with planar moieties prevented SG localization of
TDP-43 and reduced accumulation of TDP-43 into persistent cytoplasmic puncta in mutant
iPS-MNSs. These results expand our understanding of SG biology, offer a molecular toolbox
to study the mechanistic relationship between SGs and disease pathophysiology and pave the
way to developing a new class of therapeutics for ALS/FTD.
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RESULTS

G3BP1-GFP Transgenic Cell Lines Enable Robust Image-based SG Screening

G3BP1 is a key protein required for SG formation (Kedersha and Anderson, 2007; Kedersha
etal., 2016). As G3BP1 is found in both the SG core and, to a lesser extent, the SG shell, we
reasoned that identifying compounds which modulate G3BP1-positive puncta will unveil
molecular principles of SG formation and mechanistic links between SGs and disease (Jain
et al., 2016). We used CRISPR/Cas9 genome editing in HEK293xT cells and the human
induced pluripotent stem cell (hiPSC) line CV-B to fuse GFP to the C-terminus of G3BP1 at
the endogenous locus (Figures 1A and S1A) (Gore et al., 2011). CV-B hiPSCs were
subsequently differentiated into neural precursor cells (NPCs) or motor neurons (iPS-MNs;
Figures 1B and S1A-B) (Reinhardt et al., 2013). Upon exposure to sodium arsenite
(NaAsO,) oxidative stress, these G3BP1-GFP cell lines robustly and reproducibly formed
bright GFP-positive puncta which co-localized with SG proteins UBAP2L, CAPRIN1,
DDX3 and PABPC1, consistent with formation of G3BP1-containing SGs (Figures 1C and
S1C). These G3BP1-GFP-positive SGs did not co-localize with negative control staining for
cytochrome ¢ (CYC), although as expected CYC staining detects filamentous structures
resembling mitochondria (Figure S1C). These G3BP1-GFP-positive SGs were abrogated by
pre-treatment with cycloheximide, as previously reported (Figure 1C) (Kedersha and
Anderson, 2007). Our results indicate that these G3BP1-GFP reporter lines faithfully
recapitulate SG dynamics.

We conducted the primary SG screen in the HEK293xT and NPC lines, as they can be
expanded to large quantities. The screening strategy entailed first pre-treating cells with
compounds before stressing with NaAsO (Figure 1D). This order of operations is most
likely to capture both compounds that prevent SG assembly as well as compounds that
promote disassembly of SGs after they have begun to form. We next determined the Z’
statistic, which describes the robustness of the signal-to-noise ratio of a screen assay: a Z’
value of 0.5 indicates a statistical difference of 12 standard deviations between the positive
and negative control samples, and Z’ values close to or above 0.5 are desirable for a robust
HCS assay (Zhang et al., 1999). We calculated Z’ values of 0.51 and 0.42 for HEK293xT
cells and NPCs, respectively, and concluded that the signal-to-noise ratio of the screen assay
is sufficient for HCS (Figure 1E).

High-content Screening Identifies Diverse Classes of SG-modulating Compounds

We screened 3,350 and 5,910 compounds in biological duplicate in HEK293xT cells and
NPCs, respectively (Figure 2A). The compounds were deliberately sourced from five
complex small molecule libraries spanning a wide range of chemical structures and
biological activities. Cells were pre-treated with compounds, stressed, fixed and imaged.
Screen images were segmented to identify DAPI-stained nuclei and G3BP1-GFP-positive
SGs. The amount of SG formation per cell was quantified as the total image area enclosed in
SGs divided by the total image area enclosed in nuclei. Total nuclei area was a surrogate for
number of nuclei due to limitations in automated segmentation of nuclei located close
together. We also reasoned that screen compounds may alter the average SG size and/or the
number of SGs per cell, for example by inhibiting assembly of SG shell proteins onto SG
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cores or by impairing SG fusion, leading to smaller but more numerous SGs. We therefore
computed two further metrics: the number of SGs per cell quantified as the number of SG
puncta divided by the total image area enclosed in nuclei; and the average SG size quantified
as the total image area enclosed in SGs divided by the number of SG puncta.

In the first pass analysis of the screen, we prioritized avoiding false negatives over
accumulating false positives, and eliminated the latter through manual examination of the
screen raw images for imaging artifacts and confounding effects such as autofluorescence
and cytotoxicity. We identified 40 and 27 compounds that reduced the amount of SG
formation per cell in HEK293xT cells and NPCs, respectively (Figures 2B-D and S2A).
Additionally, we identified ~50 compounds which modulated SGs in other ways, such as
increasing or decreasing the average SG size or number of SGs per cell (Figures 2C-D and
S2A-B). Hit compounds were annotated by their reported cellular targets using the National
Center for Biotechnology Information PubChem database (Figures 2E, S2A and Table S1).
Supporting the validity of our screening approach, we confirmed that ribosomal inhibitors
strongly reduced the amount of SG formation per cell, as previously reported (Figures 2C,
2E, S2A and Tables S2-4) (Kedersha and Anderson, 2007). These include anisomycin and
neomycin, which bind to the ribosomal A-site or induce errors in tRNA selection,
respectively (Garreau de Loubresse et al., 2014; Prokhorova et al., 2017). Both positive
controls, cycloheximide and emetine, bind to the ribosomal E-site and halt translocation
(Schneider-Poetsch et al., 2010; Wong et al., 2014). We also confirmed that cytoskeleton
targeting compounds, such as vincristine and vinblastine which inhibit tubulin
polymerization, the microtubule stabilizing drug paclitaxel and the actin filament stabilizer
prieurianin, altered average size and/or number of SGs per cell (Figures 2C, 2E, S2A and
Tables S2-4). This is consistent with previous reports that the cytoskeleton and associated
molecular motors play key roles in SG migration, fusion and maturation (lvanov et al.,
2003).

Among our hit compounds which have not previously been reported to modulate SGs, we
identified >30 that act on cell surface targets, such as ion channels, receptors, transporters
and lipid membranes, which have not been previously implicated in modulating SGs
(Figures 2E, S2A and Table S1). We identified a large group of cardiac glycosides including
digitoxin and proscillaridin A which inhibit the Na*/K*-ATPase (Figure 2C and Tables
S2-4). Intriguingly, cardiac glycosides were previously shown to disperse nuclear TDP-43
foci in ALS patient-derived iPS-MNSs, though it remains unclear how these compounds exert
this effect and whether these nuclear TDP-43 foci are related to SGs (Burkhardt et al., 2013).
We also identified the receptor tyrosine kinase inhibitor tyrphostin A9, reported to increase
the survival of MNs carrying SOD1 mutations (Tables S2-4) (Yang et al., 2013). However, it
is uncertain whether this survival effect is connected to SG modulation. Overall, one
possibility is that these compounds modulate SGs by interfering with intracellular ion, solute
and/or osmolarity homeostasis. Physical-chemical properties such as tonicity, concentration
of the divalent cation Zn?* and concentration of the hydrotrope ATP regulate phase
transitions of proteins such as FUS and TIA1, which may be important for SG formation
(Banani et al., 2017; Patel et al., 2017; Rayman et al., 2018).

Neuron. Author manuscript; available in PMC 2020 September 04.
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We also identified >40 compounds that target a broad range of intracellular processes,
including inflammatory molecule biosynthesis pathways (Figures 2E, S2A and Table S1).
We identified seven compounds that have anti-inflammatory activities, including quinacrine,
an inhibitor of phospholipase A2 (PLA2), and oxyphenbutazone, a cyclooxygenase inhibitor
(Figure 2C and Tables S2-4). Two hit compounds target DYRK and RACKL, proteins at the
intersection of SGs/mTOR signaling and SGs/SAPK signaling, respectively (Tables S2-4)
(Arimoto et al., 2008; Wippich et al., 2013). The screen also revealed compounds that
modulate metabolic processes regulating SGs, including autophagosomes, proteasomes and
heat shock proteins (Tables S2-4) (Buchan et al., 2013; Turakhiya et al., 2018).

Strikingly, we identified a large group of ~20 SG-modulatory compounds that contain
extended planar moieties, many of which act as nucleic acid intercalating molecules,
including mitoxantrone, quinacrine, doxorubicin and daunorubicin (Figures 2C, 2E, S2A
and Tables S2-4). Planar molecules have not previously been reported to modulate SGs, but
these compounds strongly altered the amount, the average size and the number of SGs per
cell (Figure S2A and Tables S2-4). Notably, doxorubicin has recently been shown to change
the phase transition diagram of RNA-only condensates containing CAG or CUG repeats /in
vitroand in vivo (Jain and Vale, 2017; Khong et al., 2017). Furthermore, quinacrine, another
planar molecule, has been reported to directly bind to the prion-like domain of prion protein
PrP and inhibit aggregation /in vitro (Korth et al., 2001).

To verify that these planar molecules are not false positives intercalating into nuclear DNA
and altering nuclei area rather than SG area, we examined the nuclei area of cells treated
with planar compounds, as well as representative compounds from the other hit compound
classes. The hit compounds did not alter nuclei area compared to DMSO (Figure S2C).
Instead, we hypothesized that these planar compounds modulate SGs by interacting with
RNAs or protein IDRs contained therein.

Hit Compounds Robustly Inhibit SG Formation Across Different Stress Contexts

We selected 17 compounds for further study in counterscreens, focusing on the two most
highly represented groups of hit compounds: planar molecules and cardiac glycosides (Table
S5). First, we found that in HEK293xTs and NPCs, 11 and 12 compounds, respectively,
inhibited SG formation in a dose-dependent manner over a concentration range spanning
three orders of magnitude and covering the initial screen concentration of 10 uM (Figures
3A and S3A). The remaining 6 and 5 compounds neither decreased nor increased SG
formation with increasing compound concentration. We estimated the compounds’ 50%
inhibitory concentrations (1C50s) from fitted logistic functions (Figure 3B). All but one of
the 1C50s were in the single digit micromolar range, a common starting potency for further
optimization (Teague et al., 1999). In particular, we hypothesized that the planar compounds
bind to RNA and/or SG protein IDRs, which are relatively unstructured and often lack small
molecule binding pockets, leading to IC50s in the micromolar range (Guan and Disney,
2012; Stelzer et al., 2011; Warner et al., 2018).

We next showed that in both HEK293xT cells and NPCs, =10 compounds significantly
inhibited SG formation under heat shock unfolded-protein stress or thapsigargin poisoning
of the autophagosome, which hinders SG clearance by autophagy (Figures 3C-D) (Buchan et
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al., 2013). These findings suggest that the hit compounds do not act in ways specific to any
particular stressor (e.g. scavenging NaAsO,-induced free radicals), but rather via
mechanisms downstream of where orthogonal stress pathways converge to induce SG
formation.

We found 10 and 5 compounds in HEK293xT cells and NPCs, respectively, which
significantly disassembled pre-formed SGs when added after SGs had already formed in
response to NaAsO, stress (Figure 3E). This confirms that our compound-first, stress-second
screening paradigm successfully identified not only compounds which prevent SG
formation, but also compounds which induce disassembly of SGs after they have begun to
form. In summary, the compounds tested in the counterscreens, most of which are planar
molecules or cardiac glycosides, robustly inhibited SGs across diverse stress contexts
(Figures 3F-G). Lastly, we showed that seven of 13 compounds tested, five of which are
planar, also reduced assembly of Rasputinpositive puncta in NaAsO,-stressed S2 cells.
Rasputin is the Drosophila melanogaster ortholog of G3BP1 (Figure S4A). These data
indicate that the mechanism of action of planar compounds on SGs is conserved across
species.

Hit Compounds Inhibit SG formation Independently of elF2a. Phosphorylation and
Translational Arrest

Seeking to further characterize mechanisms of action, we were surprised to find that seven
of eight hit compounds tested (five are planar compounds) did not alter NaAsO,-induced
phosphorylation of elF2a at serine 51 or total elF2a levels (Figures 3H and S4B). As
previously reported, the selective PERK inhibitor GSK2606414 significantly reduced elF2a
phosphorylation (Figures 3H and S4B) (Kim et al., 2014). Interestingly, in the absence of
stress the EBP1 kinase targeting compound WS3, as well as digitoxin, anisomycin, the
antimicrobial 8-hydroxyquinoline and GSK2606414 significantly increased elF2a.
phosphorylation above baseline without inducing SG formation (Figures S4C-E).

Further, 10 of 10 hit compounds tested (seven are planar compounds) could modulate SG
formation without reversing stress-induced translational arrest in HEK293xT cells, as
determined by puromycin incorporation into nascent polypeptides (SUnSET assay, Figure
S4F) (Schmidt et al., 2009). Unexpectedly, GSK2606414 did not reverse stress-induced
translational arrest despite decreasing elF2a phosphorylation (Figures 3H and S4F).
Although we found the elF2B agonist ISRIB did not reverse gross translational arrest, the
compound has been reported to modulate translation of specific stress-response proteins
during cellular stress (Figure S4F) (Sidrauski et al., 2015; Zyryanova et al., 2018). Overall,
these results indicate that our hit compounds (excepting WS3) can decouple elF2a
phosphorylation and translational arrest from SG formation. Instead, these compounds likely
act on SGs themselves rather than on upstream elF2a kinases or translation.

Hit Compounds Inhibit SG Formation in iPS-MNs

As the primary and counterscreens were performed in proliferative cells, we next evaluated
whether the hit compounds inhibit SG formation in post-mitotic iPS-MNs. We concurrently
generated iPS-MNs from four hiPSC lines derived from four individuals carrying ALS-
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linked mutations in the C-terminal IDR of TDP-43 (N352S and G298S), two hiPSC lines
from two individuals harboring mutations in the C-terminal NLS of FUS (R521G) and four
control hiPSC lines from three healthy individuals who are genetically related to the
individuals carrying ALS-associated mutations (Figure S5A and Table S6). We selected 10
hit compounds that are representative of the hit compound classes and were validated in
counterscreens, including five planar molecules (Table S7).

We induced SGs in iPS-MNs using NaAsO», thapsigargin and puromycin, the last of which
leads to robust SGs in post-mitotic neurons (Kedersha and Anderson, 2007; Markmiller et
al., 2018; Martinez et al., 2016; Turakhiya et al., 2018). We observed that the compounds
inhibited SG formation across all lines, regardless of mutation status (Figures 4A-C). Six of
10 compounds, including the three planar molecules quinacrine, mitoxantrone and
pyrvinium, strongly reduced SG formation in all three stress contexts (Figures 4A-C). The
remaining four compounds, inlcuding the two planar molecules 8-hydroxyquinoline and
daunorubicin, reduced SG formation in two of three stress contexts (Figures 4A-C). We
concluded that our hit compounds are able to recapitulate SG inhibition in patient-derived
iPS-MNs.

ALS-associated RNA-binding Proteins are Recruited to SGs

Contemporaneous with the SG screen, we utilized the G3BP1-GFP reporter lines to
characterize molecular mechanisms by which ALS-associated RNA-binding proteins (RBPS)
such as TDP-43, FUS, HNRNPA2B1 and TIA1 are recruited to SGs. To determine whether
these proteins are preferentially recruited to one of the recently reported SG
subcompartments (i.e. core versus shell), we used a previously described protocol to isolate
SG-enriched fractions from G3BP1-GFP expressing cells (Jain et al., 2016). As expected,
we found that fractions isolated from NaAsO,-stressed cells contained compact GFP-
positive bodies, whereas those from unstressed cells showed diffuse GFP signal (Figure 5A).
Gel electrophoresis and subsequent silver staining of fractions from stressed versus
unstressed cells revealed changes in band intensities for numerous proteins upon NaAsO,
stress, likely representing increased levels of SG shell proteins and proportionally decreased
levels of SG core proteins as SG composition becomes more complex (Figure 5B).

Surprisingly, when we performed Western blot analysis of fractions from stressed versus
unstressed cells, we found that the relative abundances of well-known SG proteins decreased
upon NaAsOs stress, whereas the relative abundances of four ALS-associated proteins
increased (Figures 5C-D). Supporting and extending recent proximity-labeling proteomic
studies of SGs, our Western blot results indicate that well-known SG proteins already pre-
exist in a core-like complex with G3BP1 even in the absence of stress, while other proteins
assemble onto SGs specifically during stress, potentially forming the SG shell (Markmiller
etal., 2018).

Recruitment of ALS-associated RBPs into SGs is RNA-dependent

SGs are highly enriched in RBPs and it is well known that RNA binding can mediate a
significant fraction of interactions among RBPs, including TDP-43 (Bentmann et al., 2012;
Brannan et al., 2016). However, it has not been determined to what degree RBP-RNA
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interactions are essential for SG recruitment of most SG and ALS-associated proteins. We
found by Western blotting that RNase | digestion of SG-enriched fractions from NaAsO,-
stressed cells reduced the association of HNRNPA2B1 with SGs in a dose-dependent
manner (Figures S6A-B). We found similar results for TDP-43 and FUS, while the SG
association of UBAP2L and CAPRIN1 were resistant to RNase | digestion (Figures S6A-B).

We confirmed these results with IF staining of SG-enriched fractions. For fractions from
HEK?293xT cells, co-localization of FUS and HNRNPA2B1, but not UBAP2L, with G3BP1-
GFP-positive SGs decreased in a dose-dependent manner following RNase | digestion
(Figures S6C-E). For fractions from NPCs, co-localization of HNRNPA2B1 with G3BP1-
GFP-positive SGs decreased following RNase | digestion (Figures S6C-E). We additionally
found that RNase | digestion only modestly decreased the average SG size or total amount
of SGs in SG-enriched fractions (Figure S6F-H). This is consistent with previous reports that
SGs are largely resistant to RNase | digestion and indicates that the reduction of TDP-43,
FUS and HNRNPA2BL1 in SGs following RNase | digestion is not simply due to extensive
breakdown of SGs (Jain et al., 2016). Rather, the Western blot and IF results suggest that SG
recruitment of HNRNPA2B1, and to a lesser extent TDP-43 and FUS, is RNA-dependent.
This corroborates recent reports that HNRNPA2B1 interacts with a large host of RBPs and
RNPs through RNA-dependent interactions, and that the RNA recognition motif (RRM)
domain is required for TDP-43 recruitment to SGs (Bentmann et al., 2012; Brannan et al.,
2016).

Molecules with Planar Moieties Reduce ALS-associated RBPs from SGs

As described above, planar compounds decreased the average SG size while in some cases

increasing the number of SGs per cell (Figure S2A). Planar SG-inhibiting compounds such
as mitoxantrone, daunorubicin, quinacrine and pyrvinium have been reported to be nucleic

acid intercalating molecules that can directly bind to RNA (Ren and Chaires, 1999; Shen et
al., 2013; Wang et al., 2013; Wilson et al., 1993; Zheng et al., 2009). We therefore reasoned
that they might modulate SG growth and/or fusion by interfering with the RNA-dependent

assembly of a set of RBPs onto SGs (Wheeler et al., 2016).

Indeed, Western blot analysis of SG-enriched fractions incubated with mitoxantrone and
daunorubicin indicated reduction of TDP-43 from SGs (Figure S7A). Three planar
compounds, daunorubicin, pyrvinium and pararosaniline, additionally reduced FUS and
HNRNPA2B1 from SGs in fractions from HEK293xT cells and reduced TDP-43 and
HNRNPA2B1 from SGs in fractions from NPCs (Figure S7A). By contrast, these planar
compounds did not reduce G3BP1 or CAPRIN1 from SGs (Figure S7A).

On examination with microscopy, we found that incubating SG-enriched fractions with
mitoxantrone, quinacrine and daunorubicin decreased the average size and total amount of
G3BP1-GFP-positive SGs in the fractions, while the non-planar SG inhibiting compounds
cycloheximide and ISRIB did not (Figures 6A-B and S7B). ISRIB even appeared to stabilize
SGs compared to DMSO (Figures 6A-B). This planar molecule-induced breakdown of SGs
in vitro, possibly into SG core-like subcomplexes smaller than the resolution limit of
fluorescence microscopy, is consistent with our hypothesis that these planar compounds
exert their SG inhibitory effects directly on SGs themselves (Jain et al., 2016).
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Crucially, IF analysis of SG-enriched fractions incubated with planar compounds
corroborated the Western blot data. SG-enriched fractions incubated with mitoxantrone
demonstrated a significant decrease in co-localization of TDP-43, FUS and HNRNPA2B1,
but not UBAP2L, with G3BP1-GFP-positive SGs (Figures 6C-D). Similar findings were
observed with quinacrine (Figure S7C). In contrast, the non-planar SG inhibiting compound
ISRIB did not reduce co-localization of TDP-43, FUS and HNRNPA2B1 with G3BP1-GFP-
positive SGs (Figure S7D). The decrease in amount of G3BP1-GFP-positive SGs following
incubation with mitoxantrone or quinacrine, observed in (Figure 6A), is not as readily
apparent in the images in (Figure 6C). This is because the SG-enriched fractions were
diluted 10-fold to facilitate co-localization analysis, and because we selected image areas
focused on residual SGs. As a control, when we stained SG-enriched fractions with DAPI,
we found no co-localization between DAPI-stained DNA and IF stained G3BP1, UBAP2L,
TDP-43, FUS and HNRNPA2B1 (Figure S7E). This suggests that intercalation of planar
molecules into DNA likely does not account for the decreased co-localization of TDP-43,
FUS and HNRNPA2B1 with SGs.

The Western blot and IF results showing that association of G3BP1, UBAP2L and
CAPRINL1 in SGs is highly resistant to incubation with planar compounds is consistent with
previous reports that well-known SG proteins robustly associate in a pre-existing core-like
complex (Markmiller et al., 2018). On the other hand, the reduction of ALS-associated
RBPs from SGs and decrease in the total amount of visible SGs support our hypothesis that
planar compounds interfere with assembly of a set of RBPs onto SGs, which may be
important for SG growth and/or fusion (Wheeler et al., 2016).

Mitoxantrone Inhibits TDP-43 Accumulation in SGs in Cells Expressing TDP-43ANLS

Since compounds with planar moieties reduce TDP-43 from SGs /n vitro, we next evaluated
these compounds in disease-relevant cell models that harbor mislocalized TDP-43 protein.
In H4 neuroglioma cells expressing G3BP1-mCherry and GFP-TDP-43ANLS (86-414),
NaAsO, or thapsigargin stress strongly induced formation of co-localized G3BP1-mCherry
SGs and GFP-TDP-43ANLS puncta (Figures 6E-F and S7F).

As expected, the SG inhibiting compounds anisomycin, mitoxantrone or the PERK inhibitor
GSK2656157 significantly reduced the amount of G3BP1-mCherry SG formation per cell
(Figures 6E-F). Excitingly, the planar compound mitoxantrone also strongly inhibited co-
localization of GFP-TDP-43ANLS and residual SGs, with retention of a strong fluorescent
TDP-43 signal in the nucleus (Figures 6E, 6G and S7G). By contrast, the non-planar
compound GSK2656157 inhibited SG formation but left cytoplasmic GFP-TDP-43ANLS
puncta which did not co-localize with G3BP1-mCherry (Figures 6E-F and S7F).
Interestingly, in this model system doxorubicin, which also contains planar moieties,
reduced the amount of SG formation per cell but did not significantly reduce co-localization
of GFP-TDP-43ANLS with residual SGs (Figures 6E-G). This is distinct from its action in
HEK?293xT cells and NPCs, in which doxorubicin did not reduce the amount of SG
formation per cell, but rather decreased the average SG size and increased the number of
SGs per cell (Tables S2-4). Doxorubicin thus appears to have differing effects on SGs
depending on the cell type and exogenous expression of GFP-TDP-43ANLS (86-414).
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In summary, these results suggest that some planar compounds (e.g. mitoxantrone) can
inhibit accumulation of TDP-43 in SGs in live cells, while others (e.g. doxorubicin) cannot,
possibly due to specific structural and chemical differences that prevent doxorubicin from
binding to GFP-TDP-43ANLS (86-414) in the same way as mitoxantrone in this model
system.

Planar Compounds Reduce Persistent Cytoplasmic TDP-43 Puncta in Puromycin-stressed

iPS-MNs

Next, we evaluated whether compounds with planar moieties can mitigate ALS-associated
molecular phenotypes. First, we determined if SG formation leads to persistent accumulation
of TDP-43 into cytoplasmic puncta in motor neurons, as has been reported for HeLa cells
(Parker et al., 2012; Zhang et al., 2018). As before, we concurrently differentiated four
control iPS-MN lines, four 7ARDBP mutant iPS-MN lines and two FUS mutant iPS-MN
lines. We stressed TARDBP mutant and control iPS-MNs with puromycin for 24h, followed
by washout and recovery from stress for 24h. We found that during stress TDP-43
accumulated in SGs, and during recovery following washout of puromycin, significantly
more TDP-43 remained localized as cytoplasmic puncta (often with co-localized G3BP1) in
the TARDBP mutants than in the controls (Figures 7A-B). Furthermore, SG-enriched
fractions from 7ARDBP mutant iPS-MNs contained significantly more TDP-43, FUS and
G3BP1 (and to a lesser extent HNRNPA2B1 and CAPRIN1) than fractions from control
iPS-MNs during recovery following stress (Figures 7C-E and S8A-B). These results were
despite similar SG assembly and dissolution dynamics (Figure S8C). To control for potential
confounding effects due to the sex of these iPS-MN lines, given that ALS is more common
in males, we compared the amounts of cytoplasmic TDP-43 puncta between female and
male iPS-MNs and found no significant differences (Figure S8D) (McCombe and
Henderson, 2010). Strikingly, iPS-MNs harboring ALS-associated FUS mutations also
showed a dramatic increase in cytoplasmic TDP-43 puncta compared to controls (Figures
7F-G). This manifested in roughly 10-20% of cells as large cytoplasmic TDP-43 puncta that
did not co-localize with G3BP1 (Figure 7F).

Encouraged that iPS-MNs carrying ALS-associated mutations exhibit a clear molecular
phenotype, we next incubated control, 7TARDBP mutant and FUS mutant iPS-MNs with
DMSO, cycloheximide or mitoxantrone during puromycin stress. Both cycloheximide and
mitoxantrone strongly inhibited SG formation (Figure 4C). However, as expected only
mitoxantrone significantly abrogated cytoplasmic TDP-43 puncta in both control and
TARDBP mutant iPS-MNs (Figures 8A-B). Furthermore, both mitoxantrone and pyrvinium,
another planar compound, produced lasting reductions of cytoplasmic TDP-43 puncta in
TARDBP mutant iPS-MNs and to a lesser extent in FUS mutant and control iPS-MNs:
These reductions extended at least seven hours into stress recovery after puromycin washout
(Figures 8C-D and S8E-H). By contrast, digitoxin, a non-planar SG-inhibiting compound,
did not reduce cytoplasmic TDP-43 puncta (Figures 8C-D and S8E-H). These results
indicate that planar molecules can prevent the ALS-associated phenotype of persistent
cytoplasmic TDP-43 puncta. Crucially, these compounds decreased the amount of
cytoplasmic TDP-43 puncta in puromycin-stressed TARDBP mutant iPS-MNSs to levels
observed in unstressed control iPS-MNs (Figures 8C and S8E).
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Finally, we tested planar compounds in mouse primary neurons expressing
TDP-43(M337V)-EGFP, which exhibit TDP-43 mislocalized into cytoplasmic foci and
higher cumulative death rates than control neurons expressing EGFP (Barmada et al., 2010).
Excitingly, two planar compounds, mitoxantrone and doxorubicin, significantly reduced the
cumulative death rate to levels comparable to the control neurons (Figure S8I). These data
indicate that planar compound reduction of persistent cytoplasmic TDP-43 foci in iPS-MNs
correlates with improved survival of neurons expressing mutant TDP-43 protein.

DISCUSSION

Previous studies of SGs in disease models have relied on a handful of SG modulators:
cycloheximide, PERK inhibitors or ISRIB. Here, we performed a screen identifying ~100
compounds representing eight compound classes which modulate SG formation. This
diversity of SG-modulating compounds greatly expands the toolbox of molecules with
which to probe the relationship between SGs and disease.

This study is also the first high-content screen for compounds which modulate not only the
overall amount of SG formation, but also SG size and numbers of SGs per cell. One class of
compounds — the planar molecules — emerged as modulators of SG size and number. These
compounds may help reveal the molecular rules underlying SG shell formation, SG fusion
and maturation. Interestingly, we found that seven compounds (five planar molecules)
modulated SG formation without altering phosphorylation of elF2a. We also determined
that 10 compounds (seven planar molecules) modulated SG formation without reversing
stress-induced translational arrest. This study therefore also offers SG-inhibiting compounds
that act through orthogonal mechanisms, which will be useful in dissecting the molecular
details of SG formation.

To evaluate how compounds affect specific subcompartments of SGs such as cores versus
shells, we leveraged a recently published biochemical approach to isolate SG-enriched
fractions (Jain et al., 2016). In these fractions we found that the relative representation of
certain SG proteins, which may exist as pre-formed core-like complexes, is reduced upon
stress due to assembly of a complex array of additional proteins onto SGs (Markmiller et al.,
2018). These additional proteins, which may contribute toward formation of SG shells,
include ALS-associated proteins, whose assembly onto SGs is sensitive to RNase .
Moreover, we found that planar compounds which have been reported to interact with RNA
also dislodged ALS-associated proteins from SGs in SG-enriched fractions. Indeed, the
planar compound mitoxantrone decreased association of TDP-43ANLS (86-414) with SGs
in H4 cells. These results perhaps reveal for the first time how putative SG shell proteins
may be recruited to SG cores via RNA-dependent mechanisms, which can be disrupted by
planar compounds. This observation of pre-existing structures versus proteins which
assemble onto SGs later during stress motivates future systematic enumeration of core
versus shell proteins, as well as functional screens to assess the differential contributions of
core and shell proteins to SG formation.

SG formation has been reported to alter nucleocytoplasmic shuttling and localization of
ALS-associated RBPs in a Drosophila melanogaster model of neurodegeneration (Zhang et
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al., 2018). Given this, we developed a model system of ALS/FTD and demonstrated
accumulation of TDP-43 into cytoplasmic puncta during puromycin stress, which persisted
into the stress recovery period in TARDBP and FUS mutant but not control iPS-MNSs. This
represents the first iPS-MN disease model that ties together SGs with a persistent molecular
TDP-43 phenotype resembling the cytoplasmic mislocalization of TDP-43 in patient tissues.
Excitingly, planar compounds produced a lasting reduction of TDP-43 accumulation into
cytoplasmic puncta. This reduction is further supported by statistically significant improved
survival of mouse primary neurons expressing mutant TDP-43(M337V) protein when
treated with planar compounds. However, it remains to be seen whether this planar
compound-mediated survival benefit corresponds with reduced mislocalization of TDP-43
into cytoplasmic foci in these neurons. These results pave the way for future testing in
survival assays that integrate other genetic mutations and stressors.

Our findings that blocking SG-association of TDP-43 during transient stress prevents the
subsequent formation of aggregates is seemingly in contrast to recent reports suggesting that
SG localization and RNA binding can protect TDP-43 from phosphorylation and toxic phase
transition (Mann et al., 2019; McGurk et al., 2018). It is very likely that the exact
relationship between SG-association and insoluble aggregation of TDP-43 depends on many
factors, including cell type, the specific mutations in TDP-43 and the nature and duration of
the stress. In our puromycin stress paradigm in iPS-MNs, SGs form over a period of 12-24
hours, which is considerably longer than the arsenite treatments used in other studies. It has
been shown for TDP-43 and other ALS-associated RBPs that the initial reversible phase
separation into a liquid-like state can progress towards an irreversible transition into fibrous
aggregates (Patel et al., 2015). This transition is time-dependent, and we therefore
hypothesize that our extended SG induction is a substantially stronger driver towards
permanent aggregation than those used in other studies.

Overall, our results point us towards a two-step model for SG formation (Figure 8E): In the
first step (1), pre-existing G3BP1-containing subcomplexes mediate formation of a SG
“core”-like assembly. In the second step (2), RBPs condense onto SGs through RNA-
dependent interactions and recruit additional RNAs and IDR-containing proteins to extend
the SG shell. We posit that this second step is most relevant to disease pathophysiology:
Mutant SG proteins accumulate in local high concentrations in SGs, which over a lifetime of
stress could predispose nucleation of pathological aggregations of mutant protein, such as
those seen in spinal cord MNs of ALS patients (Blokhuis et al., 2013). In this context,
compounds with planar moieties could directly interact with RNAs and/or RBPs, disrupt
recruitment of mutant proteins into SGs and reduce progression to pathological protein
aggregates. Thus, small molecule disruption of RNA-RBP interactions in SGs is a potential
therapeutic strategy for ALS/FTD.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Gene W. Yeo (gene.yeo@ucsd.edu).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Generating control and mutant hiPSCs—CV-B human induced pluripotent stem cells
were obtained courtesy of Lawrence S.B. Goldstein, as described (Gore et al., 2011). Human
induced pluripotent stem cell (hiPSC) lines carrying ALS-associated mutations in TARDBP
(N352S) and control individuals were previously reprogrammed from primary fibroblasts
obtained by Dr. John Ravits (University of California, San Diego), as described (Krach et al.,
2018). Lines carrying TARDBP (G298S) mutations were obtained courtesy of Kevin Eggan,
as described (Alami et al., 2014). Lines carrying ALS-associated FUS (R521G) mutations
were previously reprogrammed from primary fibroblasts obtained by Franca Cambi, Edward
Kasarskis and Haining Zhu (University of Kentucky), as described (Kapeli et al., 2016).
Reprogramming of all fibroblasts was performed with the CytoTune-iPS Sendai
Reprogramming Kit. In total, hiPSC lines were generated from three control individuals,
four individuals with mutations in TARDBP and two individuals with mutations in FUS.
Four hiPSC lines from the three control individuals, four hiPSC lines from the four
individuals with mutations in TARDBP and two hiPSC lines from the two individuals with
mutations in FUS were concurrently differentiated into four control, four TARDBP mutant
and two FUS mutant iPS-MN lines, respectively. The sex of these hiPSC lines differentiated
into iPS-MNss are as follows. Four control hiPSC lines: Kin1lALS6.2 (female), KinlALS6.3
(female), Kin2ALS6.4 (male), KinlALS17.3 (female). Four TARDBP mutant hiPSC lines:
Kin3ALS6.4 (female), Kin2ALS17.5 (male), ALS17.5 (male), 47d (male). Two FUS mutant
hiPSC lines: GY6.2 (male), GY7.3 (male). For completeness, the sex of HEK293xT cells is
female, CV-B hiPSC is male and H4 cells is male (Gore et al., 2011). Informed consent was
obtained from all individuals prior to biopsy and the use of human fibroblasts for this project
was approved by the University of California, San Diego Institutional Review Board.

Generating hiPSC-derived NPCs—Generation of small molecule neural precursor cells
(NPCs) from hiPSCs was adapted from a previously reported protocol (Reinhardt et al.,
2013). Briefly, hiPSCs were dissociated into single cells with Accutase and 3x10° cells were
seeded into one well of an uncoated 6-well plate. The plate was incubated on an orbital
shaker at 90 rpm at 37°C, 5% CO, and the cells were grown in DMEM/F12, GlutaMAX
supplement media containing N-2 Supplement (1:100 v/v), CTS B27 Supplement, XenoFree
(1:50 v/v), L-ascorbic acid (150 uM), CHIR99021 (3 uM), purmorphamine (0.5 uM),
Y-27632 (5 uM), as well as two small molecule SMAD inhibitors: SB431542 (10 uM) and
dorsomorphin (1 puM). After 2 days, embryoid bodies (EB) formed, at which point 1/3 of the
EBs were transferred to three wells of an uncoated 6-well plate to prevent overgrowth;
Y-27632 was also withdrawn from the media. Following this passaging, half media changes
were performed every 24 hours. At 6 days, formation of neuroepithelium was evident in the
EBs and a full media change was performed to media that omits SB431542 and
dorsomorphin (NPC media, also described below). At 8 days, individual EBs were picked
and triturated into small fragments. These EB fragments were seeded onto 10 cm plates
coated with Matrigel. These plates were prepared by adding 6 mL of Matrigel (diluted 1:60
viv in DMEM/F12, GlutaMAX supplement) to each 10 cm plate and incubating for 60 min.
EB fragments were maintained on these Matrigel plates as adherent cultures. After 4 days,
these adherent EB fragments were dissociated into single cells with Accutase and passaged
at a ratio of 1:6 to 1:8 onto new Matrigel plates. Every 3-6 days thereafter these cultures
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were passaged at a 1:10 to 1:15 ratio. After 5-6 passages, most non-NPCs disappear and
homogeneous colonies of NPCs remained. These NPCs may be passaged at least 20 times at
a 1:5to 1:15 ratio.

Generating human iPS-MNs—Generation of iPS-MNs was adapted from a previous
reported protocol (Martinez et al., 2016). All hiPSC lines were concurrently differentiated
into iPS-MNss. Briefly, hiPSCs were dissociated into single cells with Accutase and 1x108
cells were seeded into one well of a Matrigel-coated 6-well plate. These Matrigel-coated
plates were prepared by adding 1 mL of Matrigel (diluted 1:60 v/v in DMEM/F12,
GlutaMAX supplement) to each well of a 6-well plate and incubating the plate for 60 min.
The dissociated hiPSCs were grown for 6 days in DMEM/F12, GlutaMAX supplement
media containing N-2 Supplement (1:100 v/v), CTS B27 Supplement, XenoFree (1:50 v/v),
L-ascorbic acid (150 uM), CHIR99021 (3 uM), as well as two small molecule SMAD
inhibitors: SB431542 (10 uM) and dorsomorphin (1 uM). ROCK inhibitor (Y-27632) may
also be added to the media to a final concentration of 5 uM to reduce cell death. Full media
changes were performed every 24 hours. At 7 days, a full media change was performed in
which CHIR99021 was withdrawn from the media and retinoic acid (1.5 uM) and
Smoothened Agonist (200 nM) was added to the media. The cells were cultured for a further
8 days in this media with daily full media changes. At 15 days, the cells were dissociated:
Cells were washed once with PBS and 3 mL of Accutase was added per well of a 6-well
plate. Cells were incubated with Accutase for 30 min. Next, each well of cells was triturated
gently 4-5 times, transferred to 15 mL centrifuge tubes containing 6 mL of DMEM/F12,
GlutaMAX supplement and the cells pelleted by centrifuging for 5 min at 1000 g. The cell
pellets should be resuspended and 1x107 cells seeded onto each 10 cm Matrigel-coated
plate; the media should also be supplemented with 10 uM Y-27632 to reduce cell death. Full
media changes were performed every 24 hours. At 20 days, the media was modified to
reduce Y-27632 (2 uM) and to include three growth factors: recombinant human BDNF (2
ng/ml), recombinant human CNTF (2 ng/mL) and recombinant human GDNF (2 ng/ml). At
22 days, retinoic acid and Smoothened Agonist were withdrawn from the media and DAPT
(2 pM) was added to aid maturation to iPS-MNSs. At this point, full media changes were
performed every 2 days. At 26 days, DAPT was withdrawn from the media. At 28 days, iPS-
MN cultures were obtained that stained positive for known MN markers Hb9, Islet-1/2 and
SMI-31.

G3BP1-GFP reporter and plasmid construction—To generate G3BP1-GFP
HEK?293xT and CV-B hiPSC SG reporter lines, the HR120PA-1 targeting vector (System
Biosciences) was modified to include a 1.5 kilobase 5 arm of homology spanning part of
intron 11 and exon 12 of the endogenous human G3BP1 locus and a 1.5 kilobase 3’ arm of
homology from the 3’ untranslated region of G3BP1. These arms of homology were
amplified from genomic DNA using the primers G3BP_5A0H_v15_Ndel_F and

V5 loxP_1-15 R for the 5’ arm of homology and G3BP_3AoH_SP_Sall_F and
G3BP_3A0H_v12 HR_Sphl_R for the 3° arm of homology. The modified G3BP1 targeting
vector was assembled via Gibson assembly. To generate Cas9 expression vectors targeting
the endogenous G3BPI locus, the oligo pairs G3BP1_gRNA4 F, G3BP1_gRNA4 RCas9
and G3BP1_gRNA5_F, G3BP1_gRNAS5_R were inserted into the Cas9 expression vector
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pSpCas9(BB)-2A-GFP (PX458) (Ran et al., 2013). HEK293xT cells were transfected with
the targeting vector and the two Cas9 expression vectors using lipofectamine 2000. CV-B
hiPSCs were electroporated using an Amaxa Nucleofector with Stem Cell Kit 1 and pulse
setting B-016. Cells were selected beginning two days after transfection with puromycin at 1
mg/ml for four days. After two weeks, G3BP1-GFP colonies were picked using a
steromicroscope. Correct insertion was validated with the sequencing primer
G3BP_intmap_F1. G3BP1-GFP CV-B hiPSCs were subsequently differentiated to NPCs
and iPS-MN's as described above.

Cell culture conditions—Human induced pluripotent stem cells (hiPSCs) were
maintained in mTeSR1 with supplement. hiPSCs were clump dissociated and passaged using
enzyme-free Cell Dissociation Buffer. HEK293xT cells were maintained in DMEM, high
glucose supplemented with 10% fetal bovine serum, heat inactivated. HEK293xT cells were
dissociated and passaged using TrypLE Express Enzyme dissociation buffer. Small molecule
neural precursor cells (NPCs) were maintained in DMEM/F12, GlutaMAX supplement,
containing N-2 Supplement (1:100 v/v), CTS B27 Supplement, XenoFree (1:50 v/v), L-
ascorbic acid (150 uM), CHIR99021 (3 uM) and purmorphamine (0.5 uM). NPCs were
dissociated and passaged using Accutase solution. iPS-MNs were maintained in DMEM/
F12, GlutaMAX supplement, containing N-2 Supplement (1:100 v/v), CTS B27
Supplement, XenoFree (1:50 v/v), L-ascorbic acid (150 uM), recombinant human BDNF (2
ng/mL), recombinant human CNTF (2 ng/mL) and recombinant human GDNF (2 ng/mL).
iPS-MNs were dissociated and passaged using Accumax solution. All cell types were
cultured in humidified incubators at 37°C, 5% CO,.

Coating plates for cell culture maintenance—For HEK293xT cells, 10 cm tissue
culture plates were coated with 4 ml agueous solution of 0.001% w/v poly-D-lysine (PDL)
hydrobromide and incubated for 5 min. The PDL was then aspirated and the plates washed
once with sterile water. For human induced pluripotent stem cells and small molecule neural
precursor cells (NPCs), 10 cm tissue culture plates were coated with 6 mL of Matrigel
(diluted 1:60 v/v in DMEM/F12, GlutaMAX supplement) and incubated for 60 min. The
Matrigel was then aspirated and the plates seeded with cells. For iPS-MNs, 10 cm tissue
culture plates were coated with 4 ml agueous solution containing 0.001% w/v PDL
hydrobromide and 0.001% w/v poly-L-ornithine (PLO) hydrobromide and incubated
overnight. The PDL/PLO was then aspirated and the plates washed once with sterile water.
Next the plates were coated with 6 ml of mouse laminin (20 pg/ml in NPC media without
CHIR99021 and purmorphamine) and incubated overnight. Finally, the laminin was
aspirated and the plates were seeded with cells.

Coating plates for primary & counterscreens—For HEK293xT cells, 384-well plates
were coated by adding 10 pL of 0.001% wi/v poly-D-lysine (PDL) hydrobromide to each
well and incubating overnight. The PDL was then aspirated and the wells washed once with
sterile water. For small molecule neural precursor cells (NPCs), 384-well plates were coated
by adding 10 uL of 0.001% w/v PDL to each well and incubating overnight. The PDL was
then aspirated and the wells washed once with sterile water. Next, 15 pL of mouse laminin
(20 pg/ml in NPC media without CHIR99021 and purmorphamine) was added to each well
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and incubated overnight. Finally, the laminin was aspirated and the plates were seeded with
cells. For iPS-MNs, 384-well plates were coated by adding 10 ul of 0.001% w/v PDL

+ 0.001% w/v poly-L-ornithine (PLO) hydrobromide to each well and incubating overnight.
The PDL/PLO was then aspirated and the wells washed once with sterile water. Next, 15 l
of mouse laminin (20 ug/ml in NPC media without CHIR99021 and purmorphamine) was
added to each well and incubated overnight. Finally, the laminin was aspirated and the plates
were seeded with cells. Liquid handling was performed with a Hamilton Microlab STAR
fluid handler.

METHOD DETAILS

Primary screen assay—Using a Hamilton Microlab STAR liquid handler, HEK293xT
cells were plated at 7500 cells per well of 384-well plates in 20 pl of HEK293xT media,
while the CV-B small molecule neural precursor cells (NPCs) were plated at 12000 cells per
well of 384-well plates in 20 pl of NPC media without CHIR99021 or purmorphamine. Both
cell types were then incubated overnight. After overnight incubation, cells were then pre-
treated with screen compounds from the following compound libraries: The UCSF
Neuroprotective Library and Genentech Neuroprotective Library were gifts of Sheng Ding.
The US Drug Collection, International Drug Collection, Spectrum Collection, LOPAC1280
and Prestwick Chemical Library were sourced from the Conrad Prebys Center for Chemical
Genomics at the Sanford Burnham Prebys Medical Discovery Institute, La Jolla Campus.
Using a Labcyte ECHO 555 Liquid Handler, compounds from these libraries were spotted
into the wells of two to four biological duplicates at a final concentration of 10 UM and cells
were incubated with compounds for 60 min. After compound pre-treatment, cells were
stressed by using the Hamilton fluid handler to add NaAsO, diluted in 20 ul of DMEM to
each well, to a final concentration of 500 UM or 250 pM of NaAsO, for HEK293xT cells or
NPCs, respectively. Cells were incubated with NaAsO, for 60 min. Finally, cells were fixed
by adding 24% paraformaldehyde in PBS to each well to a final concentration of 4% and
incubated for 45 min at room temperature. After fixing, the plates were washed three times
with PBS. Nuclei were stained with 30 ml DAPI (1:5000 v/v in PBS) per well and incubated
overnight at 4°C, after which the plates were washed once with PBS. Finally, to preserve the
plates 30 pl of 50% v/v glycerol in PBS was added to each well. Cells were imaged in this
glycerol solution.

Robotic imaging of primary screen plates—Screen plates were imaged using a
Thermo Scientific CRS Catalyst-5 Express robotic plate loader coupled with a GE
Healthcare IN Cell Analyzer 1000 plate imager. Four fields at the center of each well were
imaged with a 10x objective through 460 nm and 535 nm emission filters for DAPI and
G3BP1-GFP, respectively. Images at 460 nm and 535 nm were taken with 250 ms and 750
ms exposures, respectively.

Automated image segmentation & quantification—SG screen and secondary assay
images were segmented and image features quantified using a custom CellProfiler pipeline
(Carpenter et al., 2006). Briefly, nuclei were segmented and identified in the DAPI
fluorescence channel images using a diameter cutoff of 9-80 pixels for HEK293xT cells,
small molecule neural precursor cells (NPCs) and iPS-MNs. Cell bodies were then
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extrapolated by overlaying the GFP fluorescence channel images and tracing radially
outward from the nuclei to the limits of the cytoplasmic G3BP1-GFP signal. The cell bodies
were used as masks to eliminate imaging artifacts outside of cell boundaries, such as
background fluorescence or dead cells. After masking, punctate structures were enhanced by
image processing for speckle-like features that were 10 pixels in diameter for HEK293xT
cells or 7 pixels in diameter for NPCs and iPS-MNs and these punctate structures were then
annotated as features such as G3BP1-GFP SGs or TDP-43 puncta. Finally, the total image
area which was enclosed in each of the identified features (nuclei, punctate structures or
intersections of features) was calculated and output to spreadsheets.

Counterscreen assays—384-well plates were coated as described above for 384-well
primary and counterscreen plates and HEK293xT cells or NPCs were seeded as described
above for the primary screen assay. For dose response assays, hit compounds diluted in 20 pl
DMEM were added to cells to final concentrations of 30, 10, 3.3, 1.1, 0.37 or 0.12 uM and
cells were incubated with compounds for 60 min. Cells were then stressed by adding
NaAsO, diluted in 40 ul of DMEM to each well, to a final concentration of 500 uM or 250
UM for HEK293xT cells or CV-B small molecule neural precursor cells (NPCs),
respectively. Cells were incubated with NaAsO, for 60 min at 37°C, 5% CO», after which
cells were fixed, DAPI stained and imaged. For heat shock stress assays, hit compounds
diluted in 20 ul DMEM were added to cells to final concentrations of 10 uM and cells were
incubated with compounds for 60 min. Cells were then heat shocked by incubating for 60
min at 43°C, 5% CO,, after which cells were fixed, DAPI stained and imaged. For
thapsigargin stress assays, hit compounds diluted in 20 uL DMEM were added to cells to
final concentrations of 10 uM and cells were incubated with compounds for 60 min. Cells
were then stressed by adding thapsigargin diluted in 40 pL DMEM to a final concentration
of 50 uM or 1 uM for HEK293xT cells or NPCs, respectively. Cells were then incubated
with thapsigargin for 60 min at 37°C, 5% CO», after which cells were fixed, DAPI stained
and imaged. For the NaAsO» pre-stress assays, cells were first stressed by adding NaAsO,
diluted in 20 ul DMEM to a final concentration of 250 uM or 100 uM for HEK293xT cells
or NPCs, respectively. Cells were incubated with NaAsO, for 60 min. Then, hit compounds
diluted in 40 pl DMEM were added to cells to a final concentration of 10 uM and cells were
incubated with compounds for 60 min at 37°C, 5% CO», after which cells were fixed, DAPI
stained and imaged. For the assays in which unstressed cells were incubated with hit
compounds, compounds diluted in 20 ul DMEM were added to cells to final concentrations
of 10 uM and cells were incubated with compounds for 60 min at 37°C, 5% CO». 40 uL
DMEM without NaAsO, was added to each well and cells were further incubated for 60 min
at 37°C, 5% CO,, after which cells were fixed, DAPI stained and imaged. For the assays in
S2 cells, compounds were added to cells to final concentrations of 30 uM for 60 min.
NaAsO, was added to cells to a final concentration of 500 uM for a further 60 min, after
which cells were fixed, stained for Rasputin, DAPI stained and imaged.

Hit compound stock solutions—The following hit compounds were solubilized in
DMSO to 10 mM stock solutions for counterscreens and secondary assays: 8-
hydroxyquinoline, anacardic acid, anisomycin, benzethonium, cycloheximide, daunorubicin,
digitoxin, digoxin, doxorubicin, gitoxigenin, GSK2606414 (PERK inhibitor), GSK2656157
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(PERK inhibitor II), ISRIB, kenpaullone, mitoxantrone, ouabain, paclitaxel, pararosanline
pamoate, PD98059 (ERK inhibitor), penfluridol, proscillaridin A, pyrvinium pamoate,
quinacrine, ST1, tyrphostin A9 and WS3.

IF and WB antibody dilutions: Antibodies were used at the following dilutions: rabbit
polyclonal anti-ATAXINZ2 (IF: 1:100, WB: 1:500), rabbit polyclonal anti-CAPRIN1 (IF:
1:100, WB: 1:1000), mouse monoclonal anti-CYC (clone 7H8) (IF: 1:500), rabbit
polyclonal anti-DDX3 (IF: 1:1000, WB: 1:1000), rabbit polyclonal anti-DDX6 (IF: 1:1000),
mouse monoclonal anti-EIF2S1 (clone D-3) (WB: 1:1000), rabbit monoclonal anti-EIF2S1
Phospho-Ser51 (clone E90) (WB: 1:1000), rabbit polyclonal anti-EIF4AG1 (IF: 1:500), rabbit
polyclonal anti-FUS/TLS (IF: 1:1000, WB: 1:1000), rabbit polyclonal anti-G3BP1 (IF:
1:500, WB: 1:2000), mouse monoclonal anti-GFAP (IF: 1:500), mouse monoclonal anti-
HB9 (clone F-5) (IF: 1:100), mouse monoclonal anti-HNRNPA1 (clone 4B10) (IF: 1:200),
rabbit polyclonal anti-HNRNPA2B1 (IF: 1:500, WB: 1:1000), mouse monoclonal anti-1SL1
(clone 1B1) (IF: 1:1000), rabbit polyclonal anti-NANOG (IF: 1:500), mouse monoclonal
anti-O4 (clone 81) (IF: 1:100), rabbit polyclonal anti-OLIG2 (IF: 1:500), rabbit polyclonal
anti-PABPC1 (IF: 1:500, WB: 1:1000), mouse monoclonal anti-puromycin (WB: 1:1000),
mouse monoclonal anti-SMI-31 (IF: 1:1000), mouse monoclonal anti-TARDBP (clone 2e2-
d3) (IF: 1:100, WB: 1:1000), goat monoclonal anti-TIA1 (clone C-20) (IF: 1:250, WB:
1:500), chicken polyclonal anti-TUBB3 (IF: 1:1000), rabbit polyclonal anti-UBAP2L (IF:
1:500, WB: 1:1000) and rabbit monoclonal anti-USP10 (clone EPR4261) (IF: 1:500, WB:
1:1000).

Western blot for elF2a ser51 phosphorylation—12-well plates were coated as
described above for 384-well primary and counterscreen plates but scaled to 12-well plates.
2*10° HEK293xT cells or CV-B small molecule neural precursor cells (NPCs) were seeded
into each well and incubated overnight. Hit compounds diluted in DMEM were added to
cells to final concentrations of 10 pM and incubated with cells for 60 min. HEK293xT cells
or NPCs were then stressed by adding NaAsO, diluted in DMEM to final concentrations of
500 uM or 250 uM and incubated for 40 min or 60 min, respectively. Next, the media was
aspirated and cells were washed once with PBS at room temperature. Cells were lysed for 10
min on ice with 100 uL per well of ice-cold RIPA Buffer Solution (Teknova) supplemented
with cOmplete, EDTA-free Protease Inhibitor Cocktail (1 tab/50 ml), PhosSTOP
phosphatase inhibitor cocktail (1 tab/10 mL) and Benzonase nuclease cocktail (1:1000). A
Pierce BCA Protein Assay Kit was used to quantify protein concentrations in lysates and 1
ug of total protein from each lysate was loaded for gel electrophoresis and Western blotting.
Western blot membranes were blocked with 1% bovine serum albumin (BSA) in TBST for
60 min at room temperature, probed for serine 51 phosphorylated elF2a using rabbit anti-
EIF2S1 (Phospho-Ser51) primary antibody diluted 1:1000 in 0.5% BSA in TBST overnight
at 4°C and probed with secondary antibody diluted 1:2000 in 0.5% BSA in TBST for 60 min
at room temperature. As control, total elF2a was probed using rabbit anti-EIF2S1 primary
antibody. Western blot band sizes were quantified by densitometry in ImagelJ: Equally sized
boxes were drawn around bands and pixel intensities were integrated over the box areas to
give the band sizes (Schneider et al., 2012).
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Western blot for puromycin incorporation—12-well plates were coated as described
above for 384-well primary and counterscreen plates but scaled to 12-well plates. 2*10°
HEK293xT cells (not CRISPR-tagged with the G3BP1-GFP vector described above) were
seeded into each well and incubated overnight. Hit compounds diluted in DMEM were
added to cells to final concentrations of 10 pM and incubated with cells for 60 min.
HEK?293xT cells were then stressed by adding NaAsO» diluted in DMEM to a final
concentration of 500 uM and incubated for 40 min. Next, the media was aspirated and cells
were washed once with PBS at room temperature. Using puromycin incorporation into
peptides as a measure of translation, cells were pulsed with 10 ug/mL puromycin diluted in
PBS for 10 min at 37°C, followed by aspiration and a 30 min chase at 37°C in HEK293xT
media (Schmidt et al., 2009). After this, the media was aspirated, cells washed once with
PBS at room temperature and lysed as above for WB of elF2a ser51 phosphorylation. A
Pierce BCA Protein Assay Kit was used to verify that similar total amounts of protein in
lysates were loaded for gel electrophoresis and Western blotting. Western blot membranes
were blocked with 5% milk in TBST for 60 min at room temperature, probed for puromycin
using mouse anti-puromycin primary antibody diluted 1:1000 in 0.5% milk in TBST
overnight at 4°C and probed with secondary antibody diluted 1:1000 in 0.5% milk in TBST
for 60 min at room temperature. For each lysate sample, the entire lane was quantified by
densitometry in ImageJ: Equally sized boxes were drawn around entire lanes for all lysate
samples and pixel intensities were integrated over the box areas to give the lane
quantifications (Schneider et al., 2012).

Hit compound inhibition of SGs in iPS-MNs—iPS-MNs were differentiated as
described above and seeded into pre-coated 384-well plates. In brief, day 28 iPS-MNs were
dissociated into single cells by adding 3 mL Accumax into each well of a 6-well plate of
iPS-MNs and incubating for 60 min. The iPS-MNs were then gently triturated 10-15 times
with a P1000 pipette and then incubated for a further 15 min at 37°C, 5% CO» to complete
the dissociation. The iPS-MNs were transferred to 15 ml centrifuge tubes containing 6 ml
DMEM/F12, GlutaMAX supplement and cells were pelleted by centrifuging for 4 min at
200x g. The cell pellet was then resuspended in 1 ml iPS-MN media supplemented with 10
UM Y-27632 (media formulation described above) by gently triturating 10-20 times with a
P1000 pipette and cell clumps were filtered out using a 40 um filter. 104 iPS-MNs were
seeded into each well of a laminin-coated 384-well plate in 20 pl of iPS-MN media; plate
coating was as described above for 384-well primary and counterscreen plates. Cells were
allowed to adhere by incubating for 48 hours at 37°C, 5% CO,; iPS-MNs were fed 24 hours
after seeding by adding 20 pL of iPS-MN media to each well to a final volume of 40 uL per
well. For NaAsO, stress assays, hit compounds diluted in 20 mL media were added to iPS-
MNss to a final concentration of 10 uM and cells were incubated with compounds for 80 min.
iPS-MNs were then stressed by adding NaAsO, diluted in 20 pL iPS-MN media to a final
concentration of 100 uM and incubated for 120 min at 37°C, 5% CO,, after which cells were
fixed. For thapsigargin stress assays, hit compounds diluted in 20 pl iPS-MN media were
added to iPS-MNs to final concentrations of 10 uM and cells were incubated with
compounds for 80 min. iPS-MNs were then stressed by adding thapsigargin diluted in 20 pl
iPS-MN media to a final concentration of 250 nM and incubated for 120 min at 37°C, 5%
COy, after which cells were fixed. For puromycin stress assays, hit compounds and
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puromycin were diluted in 40 pul iPS-MN media and added to iPS-MNs to final compound
concentrations of 5 UM and final puromycin concentration of 5 pg/ml. iPS-MNs were
incubated with compounds and puromycin for 12 hours at 37°C, 5% CO», after which cells
were fixed. G3BP1 and TDP-43 were stained by IF according to the procedure described
below for IF staining of SG-enriched fractions; nuclei were stained with DAPI. iPS-MNs
were imaged as described above for robotic imaging of primary screen plates.

Isolation of SG-enriched fraction—SG-enriched fractions were isolated as described
previously (Jain et al., 2016). Briefly, cells were grown in 10 cm plates to 75-90%
confluency and stressed with NaAsO» as described above for the primary screen assay. The
media was then aspirated, cells were washed once with PBS at room temperature and then
lysed for 10 minutes on ice with 6 mL ice-cold NP-40 lysis buffer per 10 cm plate;
formulation of this lysis buffer is as previously described (Jain et al., 2016). Lysed cells were
scraped and collected in 15 ml centrifuge tubes in 3 ml aliquots. Lysates were sonicated
using a Diagenode Bioruptor Plus for two cycles of 10 s on low power and one cycle of 10 s
on high power. After each sonication cycle, lysates were chilled on ice for 20 s. Following
sonication, the lysates were centrifuged at 1000 g for 5 min at 4°C to pellet nuclei. The
supernatants were then collected into 1.5 ml centrifuge tubes and centrifuged at 18000 g for
20 min at 4°C to pellet SGs. The pellets were resuspended by trituration in 1/10 of the
original volume of ice-cold NP-40 lysis buffer. The resuspended samples were finally
centrifuged at 850 g for 2 min at 4°C to pellet membrane-bound organelles and other large
debris. The remaining supernatants were collected as the SG-enriched fractions. The same
fractionation procedure was performed on unstressed cells as a control.

Western blot for RBPs in SG-enriched fraction—A Pierce BCA Protein Assay Kit
was used to quantify protein concentrations in SG-enriched fractions and 1 pg of total
protein from each sample was loaded for gel electrophoresis and Western blotting. For input
controls, 1 pg of total protein from whole cell lysates was also loaded. After transfer and
blotting, Western blot band sizes were quantified by densitometry in ImageJ as described
above for Western blotting of elF2a ser51 phosphorylation. SG-enriched fraction band sizes
were normalized by dividing by the band sizes of the corresponding input controls.

IF probing for RBPs in SG-enriched fraction—In each well of a 96-well plate, 2 ug
of total protein from SG-enriched fractions was added to 40 pl of ice-cold NP-40 lysis buffer
and SGs in these fractions were allowed to settle by incubating overnight at 4°C. To fix the
SGs, 8% paraformaldehyde (PFA) in PBS was added to each well to a final concentration of
4% PFA and plates were incubated for 10 min at room temperature. The PFA was aspirated
and the wells were washed three times with PBS at room temperature. Next the wells were
simultaneously permeabilized and blocked by adding 80 pL of 0.1% v/v Triton X-100 + 5%
v/v serum (of the same species as secondary antibody) in PBS to each well and incubating
the plates for 45 min at room temperature. The plates were then washed once with wash
buffer (0.01% v/v Triton X-100 in PBS) before probing with primary antibody. Primary
antibody was diluted in wash buffer containing 1% wi/v bovine serum albumin (BSA). 40 pl
of primary antibody solution was added per well and plates were overnight at 4°C. Plates
were then washed five times with wash buffer. Secondary antibody was diluted in wash
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buffer containing 1% wi/v BSA. 40 ul of secondary antibody solution was added per well and
plates were incubated overnight at 4°C. Plates were washed 10 times with wash buffer,
stained with DAPI overnight, washed once with wash buffer and preserved by adding 80 pl
of 50% v/v glycerol in PBS per well. Plates were then imaged at 20x magnification on a
ZEISS Axio Vert. Al inverted microscope or at 40x magnification on an Opera Phenix high
content imaging system (Perkin Elmer).

Silver staining of SG-enriched fraction—A Pierce Silver Stain Kit was used to
visualize relative protein abundances in total lysate inputs and SG-enriched fractions from
stressed and unstressed cells. 4 g of total protein from each sample was loaded for gel
electrophoresis. After gel electrophoresis, protein bands in the gel were stained following
manufacturer’s instructions.

Disrupt SG-RBP association in SG fraction—For digestion of SG-enriched fractions
with RNase |, 10 ug of total protein from SG-enriched fractions was incubated with 0, 2, 8
or 32 Units of RNase I in 1.5 mL centrifuge tubes and shaken at 1200 rpm for 5 min at 37°C
using an Eppendorf Thermomixer R. The SG-enriched fractions were immediately
centrifuged at 18000 x g for 20 min at 4°C to pellet remaining SG-like structures. The
pellets were resuspended in equal volume lysis buffer and analyzed by Western blotting and
IF staining as described above for SG-enriched fractions. For incubation with compounds,
10 ug of total protein from SG-enriched fractions was incubated with hit compound to a
final concentration of 100 uM and nutated overnight at 4°C using a Fisherbrand Mini-Tube
Rotator. After overnight incubations, the samples were plated, fixed and analyzed by IF
staining as described above for SG-enriched fractions, or centrifuged at 18000 x g for 20
min at 4°C to pellet remaining SG-like structures. The pellets were resuspended in equal
volume lysis buffer and analyzed by Western blotting as described above for SG-enriched
fractions.

Disrupt SG-TDP-43ADNLS association in H4 cells—H4 cells were stably transduced
with lentivirus encoding G3BP1-mCherry and doxycycline-inducible GFP-TDP-43ANLS
(86-414) made from pLVX-CMV _IRES-Hygro (Clontech) and pLVX-TetOne_IRES-Puro
(Clontech), respectively. Cells were maintained in DMEM, high glucose supplemented with
10% fetal bovine serum, heat inactivated and grown on 10 cm PDL coated plates, prepared
as described above for HEK293xT cells. H4 cells were dissociated and passaged using
TrypLE Express Enzyme dissociation buffer. 2*10° cells in 50 pL media were seeded into
each well of a 96-well plate (Perkin-Elmer). Following overnight incubation in a humidified
incubator at 37°C, 5% CO», the cells were induced with doxycycline (1 ng/mL) for 24
hours. After doxycycline induction, hit compounds diluted in 50 pl media were added to
final concentrations of 5 UM and cells were incubated with compounds for 30 min. Cells
were then stressed by adding NaAsO, or thapsigargin diluted in 100 pl media to a final
concentration of 500 uM or 5 pM, respectively and incubated for 60 min. Cells were then
fixed, stained with DAPI and imaged at 40x magnification on an Opera Phenix high content
imaging system (Perkin Elmer).
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iPS-MN puromycin stress and recovery assays— TARDBP mutant, FUS mutant and
control iPS-MNs were generated from human induced pluripotent stem cells as described
above and seeded into pre-coated 384-well plates as described above for hit compound
inhibition of SGs in iPS-MNSs. Cells were stressed by adding puromycin diluted in 20 ul of
iPS-MN media to a final concentration of 5 pg/ml. After incubation with puromycin for 24
hours, three half-media changes with iPS-MN media were performed to wash out the
stressor. The iPS-MNs were then incubated for 24 hours at 37°C, 5% CO,, after which cells
were fixed and DAPI stained. iPS-MNs were also fixed at intermediate time points to
generate a time course for SG and TDP-43 puncta assembly/disassembly dynamics during
puromycin stress and stress recovery. G3BP1 and TDP-43 were stained by IF according to
the procedure described above for IF staining of SG-enriched fractions. iPS-MNs were
imaged as described above for robotic imaging of primary screen plates. SG-enriched
fractions were also isolated from iPS-MNs following the protocol described above.

iPS-MN stress and recovery with compounds— 7ARDBP mutant, FUS mutant and
control iPS-MNs were generated from human induced pluripotent stem cells as described
above and seeded into precoated 384-well plates as described above for hit compound
inhibition of SGs in iPS-MNs. Cells were pre-treated with mitoxantrone, digitoxin or
pyrvinium diluted in 20 pl of iPS-MN media to a final concentration of 2 uM and incubated
at 37°C, 5% CO, for 60 min, after which cells were stressed by adding puromycin diluted in
40 pl of iPS-MN media to a final concentration of 5 pg/ml. After incubation with puromycin
for 6 hours, three half-media changes with iPS-MN media were performed to wash out the
stressor and mitoxantrone. The cells were then incubated for 7 hours at 37°C, 5% CO, to
recover from stress. Cells were fixed at the unstressed (0h), stressed (7h) and recovery (14h)
time points and DAPI stained. G3BP1 and TDP-43 were stained by IF according to the
procedure described above for IF staining of SG-enriched fractions. iPS-MNs were imaged
as described above for robotic imaging of primary screen plates.

Neuronal survival assay with compounds—Primary cortical neurons were harvested
from E17 mouse embryos, cultured in Neurobasal medium with B27 and GlutaMAX, and
grown for 2 days /n vitroin 384-well plates. Neurons were co-transfected with pGW1-
mApple and pGW1-EGFP or pGW1-TDP-43(M337V)-EGFP using Lipofectamine 2000
(Thermo Fisher). Two hours after transfection, neurons were treated with digitoxin,
doxorubicin, ISRIB, mitoxantrone or quinacrine at various concentrations from 1 nM to 8
UM in 0.2% DMSO. Controls were treated with 0.2% DMSO only. 16 wells per condition
were used. Starting the next day, primary neurons were imaged daily for three days by using
a custom-built robotic microscope with a Nikon Eclipse Ti base and Andor Zyla 4.2 camera
(Arrasate et al., 2004; Barmada et al., 2010). Images were montaged and individual mApple
+ neurons were segmented using custom software. Neuronal survival was determined by a
neural network trained to classify individual neurons as alive or dead (manuscript in
preparation). Raw survival data was used to calculate a cumulative death rate, given by the
cumulative ratio of dead neurons to alive neurons, and then averaged across wells of the
same treatment. Cumulative death rate curves were fit to a linear mixed effects model with
each well as a random effect and an interaction between treatment and time as a fixed effect.
P-values were adjusted for multiple comparisons by the Holm-Bonferroni method.

Neuron. Author manuscript; available in PMC 2020 September 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fang et al.

Page 25

QUANTIFICATION AND STATISTICAL ANALYSIS

For each experiment, the arithmetic mean of replicates is represented in quantification
figures. The statistical tests, significance levels, exact number and type (biological versus
experimental) of replicates performed and dispersion measures represented (SD versus sem)
are denoted in the figure legends.

Statistical analysis of screen data—SG-modulating compounds were defined as hits
that significantly decrease or increase one or more of three metrics:

1. Amount of SG formation per cell, defined as the total image area enclosed in
SGs divided by the total image area enclosed in nuclei (SG area/nuclei area).

2. Number of SGs per cell, defined as the number of SG puncta divided by the total
image area enclosed in nuclei (SG count/nuclei area).

3. Average size of SGs, defined as the total image area enclosed in SGs divided by
the number of SG puncta (SG area/SG count).

To identify hit compounds for these three metrics, a custom computational pipeline,
Statistical Workflow for Identification of Molecular Modulators of ribonucleoprotEins by
Random variance modeling (SWIMMER; open source and available publicly on yeolab
github page: github.com/YeoLah), was built following standard statistical practices for high-
throughput screening (Birmingham et al., 2009; Malo et al., 2006). Data from each
compound library screened in each cell type was run separately through the pipeline. The
pipeline begins by interpolating sporadic missing values via K-nearest neighbors missing
data imputation, using K = 10 nearest neighbors and Euclidean distances (Aittokallio, 2010).
To reduce batch effects, the pipeline then performs a two-way median polish, alternating
across rows and columns over 10 iterations (Malo et al., 2006; Mosteller and Tukey, 1977).
Next, normalization is performed by computing b-scores, in which post-polish residuals are
divided by the median absolute deviation of all post-polish residuals of the screen (Brideau
et al., 2003). To increase the power of hypothesis tests performed on the b-scores and
therefore improve calling of screen hits, the screen was performed across two to four
biological duplicates, sample variances across the replicate b-scores were computed and an
inverse gamma distribution was fitted to the distribution of sample variances (Wright and
Simon, 2003). Fitting an inverse gamma distribution enables performing a modified one
sample Student’s t-test which has increased statistical power for each screen compound
(Birmingham et al., 2009; Malo et al., 2006). This modified t-test involves computing for

g o~ f‘”o .
each compound a modified t-statistic 7 = ST where x is the sample mean for the

compound across K biological replicate b-scores, 4 is the mean under the null hypothesis
and 57 is the modified sample variance for the compound across K biological replicate b-

(K = 152 + 2a(ab)” !
K- +2a

unmodified sample variance across K biological replicate b-scores and gaand b are the fitted
parameters of the inverse gamma distribution. Using these modified one sample Student’s t-
tests, hits were called using a significance cutoff of a = 0.001. Given that this was the first
pass analysis of the screen, we prioritized avoiding false negatives over accumulating false

scores. In the present SG screen, (=0, K=2and 52 = , where & is the
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positives, since we aimed to eliminate the latter through subsequent counterscreens and
secondary validations. Calling hits using the Bonferroni procedure to control for the family-
wise error rate or the Benjamini-Hochberg procedure to control for the false discovery rate
proved too stringent and resulted in too many false negatives, as determined by manual
examination of the screen raw images. Instead, we performed quality control (QC) for called
hits by manual examination of the screen raw images for imaging artifacts or confounding
effects such as autofluorescence or out-of-focus wells. Screen hits that passed QC were
manually annotated with the compound names, skeletal formulae and previously reported
cellular targets of the compounds using the National Center for Biotechnology Information
PubChem database.

Computing Z’ for the primary screen assay—To estimate whether the screen assay

has adequate sensitivity and specificity for detecting hits in a high-throughput screening

36, +5)

paradigm, the Z” was computed for the screen assay in each cell type: Z' = 1 — WA”T"l
p n

where 6 » and 5, are the SD for the positive and negative controls, respectively and » and zi,

are the sample means for the positive and negative controls, respectively. The Z’ is therefore
a measure of the signal-to-noise in the screen assay and an assay is suitable for high-
throughput screen if the Z’ is greater than 0.5 (Zhang et al., 1999).

Estimating IC50s of SG inhibiting compounds—IC50s were estimated from logistic

functions fitted to the dose response data of SG inhibiting compounds. Least squares

L
—k(x —xn)’
1+e 0

maximum value of the curve, kis the steepness of the curve and xg is the midpoint of the
curve. From these fitted logistic functions, the IC50 estimates are therefore the fitted xg
parameters, representing the midpoints of the dose-response transfer curves.

regression was used to fit logistic functions of the type: f(x) = where L is the

Manders’ co-localization measure —Images were first pre-processed in ImageJ, to
subtract background using the rolling ball method with a radius of 50 pixels (required for
subsequent Manders’ Correlation Coefficient calculations) and then to transform the
dynamic range of the brightness to 2-10 (arbitrary units). Co-localization of G3BP1-GFP
SGs with RBPs probed with Alexa-555 conjugated antibodies was then quantified using
Manders’ algorithm in the Fiji plugin Coloc2 to calculate the unthresholded Manders’
Correlation Coefficient between the GFP fluorescence channel image and the Alexa-555
fluorescence channel image (Manders, 1993; Schindelin et al., 2012). In this way, co-
localization is defined as the fraction of G3BP1-GFP-positive pixels that coincide with
Alexa-555-positive pixels.

DATA AND SOFTWARE AVAILABILITY

Screen hit identification pipeline—To identify hit compounds which modulate SGs, a
custom computational pipeline, Statistical Workflow for Identification of Molecular
Modulators of ribonucleoprotEins by Random variance modeling (SWIMMER), was built
following standard statistical practices for high-throughput screening (Birmingham et al.,
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2009; Malo et al., 2006). It is open source available publicly on yeolab github page:
github.com/YeoLab.

Screen raw data—The screen raw data may be accessed at: http://dx.doi.org/
10.17632/6jpt8b7g8t.1

Raw and analyzed data—Raw and analyzed data from this manuscript may be accessed
at: http://dx.doi.org/10.17632/6jpt8b7g8t.1

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

~100 small molecule compounds modulate SGs in HEK293xT cells, NPCs
and iPS-MNs.

ALS-associated RBPs accumulate in SGs during prolonged stress.

Molecules with planar moieties disrupt accumulation of ALS-associated
RBPs in SGs.

4, Compounds reduce TDP-43 accumulation in cytoplasmic puncta in ALS

mutant iPS-MNs.
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Figure 1. SG Reporter Lines Enable Robust Image-based Screening
(A) GFP construct inserted in endogenous G3BP1 locus. AoH: arm of homology.

(B) NPC differentiation from hiPSCs. EB: embryoid bodies, PMA: Purmorphamine, CH:
CHIR99021, AA: L-Ascorbic acid, SB: SB431542, DM: Darsomorphin.

(C) Representative images of G3BP1-GFP SG reporter lines under no stress, NaAsO, stress
(HEK293XT cells/NPCs/iPS-MNs: 500/250/100 uM, 60 min) and NaAsO, stress plus CHX
pre-treatment (10 uM, 60 min). n=4 biological replicates. Scale bar is 50 pm. NaAsO,:
sodium arsenite, CHX: cycloheximide.
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(D) Screening paradigm: cells were pre-treated with compounds (10 pM, 60 min) followed
by NaAsO, stress (293/NPC: 500/250 uM, 60 min).

(E) Quantification of SG area/nuclei area for varying concentrations of CHX pre-treatment

36 _+5)
(60 min) and NaAsO; stress (60 min). Z’ for the screen assay: Z' = 1 — lﬁpff’

D |

and ¢, are sample standard deviations (SD) and ﬁp and 7, are sample means for positive and

where 6
p

negative controls. Bars are mean + SD. n=4 biological replicates.
See also Figure S1.
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Figure 2. High-content Screening Identifies Diverse Classes of SG-modulating Compounds
(A) Experimental/computational pipeline for screen. Scale bars are 50 pm.

(B) Scatterplots of amount of SG formation (SG area/nuclei area) for screen. Means of two
to four biological duplicate b-scores are represented. Red points: negative controls (no
compound). Green points: positive controls (CHX or EME). Blue points: compounds which
significantly reduced amount of SG formation (p<0.001, modified one sample t-tests). EME:
emetine.
(C) Left: screen hit compounds, skeletal formulae and compound classifications by the
reported cellular targets in the National Center for Biotechnology Information (NCBI)
PubChem database. Right: Representative images from screen. n=2 biological replicates.
Scale bar is 50 pm.
(D) Numbers of SG-modulating compounds. Amount of SG formation = SG area/nuclei
area. Number of SG = SG count/nuclei area. Average SG size = SG area/SG count.

(E) Classification of hit compounds by their reported cellular targets in the NCBI PubChem
database.

See also Figure S2 and Tables S1-4.
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Figure 3. Hit Compounds Robustly Inhibit SGs Across Multiple Stress Contexts
(A) Left: assay for dose-dependent inhibition of NaAsO,-induced SG formation (293/NPC:

500/250 uM, 60 min). Right: scatterplots and logistic regressions of dose-dependent
reduction of SG area/nuclei area by pre-treatment with mitoxantrone (0.12-30 pM, 60 min)
or DMSO. Points are mean + SD. n=4 biological replicates.
(B) I1C50s for SG inhibiting compounds, estimated from midpoints of logistic curves fitted
by least squares regression.
(C-E) Left: assay for inhibiting SG formation under heat shock stress (C; 43°C, 60 min) or
thapsigargin stress (D; 293/NPC: 50/1 uM, 60 min), or reversing NaAsO,-induced SG
formation (E; 293/NPC: 250/100 pM, 60 min). Center: representative images of cells treated
with DMSO, mitoxantrone or digitoxin (10 uM, 60 min) followed by heat shock stress (C)
or thapsigargin stress (D), or after cells had been pre-stressed with NaAsO» (E). Scale bars
are 50 um. Right: quantification of SG area/nuclei area in cells treated with hit compounds
(10 uM, 60 min) followed by heat shock stress (C) or thapsigargin stress (D), or after cells
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had been pre-stressed with NaAsO, (E). *p < 0.05, **p < 0.01, ***p < 0.001, two sample t-
tests to DMSO. Bars are mean + SD. n=4 biological replicates.

(F) Numbers of compounds which reduced SG area/nuclei area in counterscreens.

(G) Venn diagrams showing numbers of compounds which reduced SG area/nuclei area in
one or more counterscreens.

(H) Top: Representative blots of phosphorylated versus total elF2a in cells pre-treated with
hit compounds (10 uM, 60 min) and stressed with NaAsO, (293/NPC: 500 uM, 40 min/250
UM, 60 min). Bottom: quantification of blots of phosphorylated elF2a., as in (H, top panel).
*p < 0.05, **p < 0.01, ***p < 0.001, one sample t-tests. Bars are mean + SD. n=3
experimental replicates.

See also Figures S3-4 and Table S5.
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Figure 4. Hit Compounds Inhibit SG Formation in iPS-MNs
(A-C) Left: Representative immunofluorescence (IF) images of iPS-MNs pre-treated with

mitoxantrone (10 uM, 80 min) or DMSO and stressed with NaAsO, (A; 100 uM, 120 min)
or thapsigargin (B; 250 nM, 120 min), or treated with mitoxantrone + puromycin (C; 5 pM
+ 5 pg/mL, 12h). Scale bars are 20 um. Right: quantification of SG area/nuclei area of iPS-
MNs pre-treated with screen compounds (10 uM, 80 min) and stressed with NaAsO, (A) or
thapsigargin (B), or treated with screen compounds + puromycin (C; 5 uM + 5 pg/mL, 12h).
*p < 0.05, **p < 0.01, ***p < 0.001, two sample t-tests to DMSO. Bars are mean + SD. n=5
biological replicates of each of four control, four TARDBP mutant and two FUS mutant
lines.

See also Figure S5 and Tables S6-7.

Neuron. Author manuscript; available in PMC 2020 September 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fang et al. Page 39

A -Arsenite +Arsenite
&
8
<
b
T
o
g
z
m--
>
o
B
HEK293xT 5 5 | CVBNPC
Input s B 2 | Input sG
Arsenite - & - + J kDa < - + - +
260
140
100
70
50
40
35
b 25
15
10
C

HEK293¢T CV-BNPC HEK293xT CV-BNPC HEK293xT CV-BNPC
Arsenite - & B

3 o I 5 sc e WS 5 sc W
g —k Birou

2 se
Sinput
°

g se
B Input

5 s

sc I
input [ [ Enput [N I

Cy-B NPC

o

Log2 fold change over G3BP1
Lobhoane

Figure 5. Recruitment of ALS-associated RBPs into SGs is RNA-dependent
(A-C) Representative images (A), silver stains (B) and Western blots (C) of SG-enriched

fractions from unstressed versus NaAsO, stressed (293/NPC: 500/250 uM, 60 min) cells.
Arrows: bands stronger in fractions from stressed cells. Arrowheads: bands fainter in
fractions from stressed cells. Stars: cell-type specific differences in band intensity changes.
n=3 experimental replicates. Scale bar is 20 pm.

(D) Quantification of blots as in (C). SG band intensities are divided by input band
intensities, normalized to G3BP1, and log,-transformed. *p < 0.05, **p < 0.01, one sample
t-tests. Bars are mean + SD. n=3 experimental replicates.
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Figure 6. Molecules with Planar Moieties Reduce ALS-associated RBPs from SGs
(A-B) Representative images (A) and quantification of total SG area (B) of NaAsO,-

induced, G3BP1-GFP-positive SG-enriched fractions incubated with SG inhibiting
compounds (100 pM, overnight) versus DMSO. **p < 0.01, ***p < 0.001, two sample t-
tests to DMSO. Bars are mean + sem. n=45 images from 3 experimental replicates. Scale bar
is 10 um.

(C-D) Representative IF images (C) and quantifying change in Manders’ correlation
coefficient of co-localization between G3BP1-GFP and IF stained RBPs (D) of NaAsO,-
induced (293/NPC: 500/250 uM, 60 min) SG-enriched fractions incubated with
mitoxantrone (100 pM, overnight) versus DMSO. Arrowheads: G3BP1-GFP-positive SGs
with reduced IF staining of RBPs. G3BPL1 staining serves as IF staining control. *p < 0.05,
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**p < 0.01, one sample t-tests. Bars are mean + standard error of the mean (sem). n=45
images from 3 experimental replicates. Scale bar is 10 um (5 um for inset). RBP: RNA
binding protein.

(E) Representative images of H4 cells expressing exogenous G3BP1-mCherry (false-colored
green for consistency) and doxycycline-inducible GFP-TDP-43ANLS (residues 86-414;
false-colored red). Cells were pre-treated with hit compounds (5 UM, 30 min) and stressed
with NaAsO, or thapsigargin (500 or 5 uM, 60 min). Arrows: co-localized G3BP1-mCherry
and GFP-TDP-43ANLS puncta. Arrowheads: G3BP1-mCherry-only puncta. Stars: GFP-
TDP-43ANLS-only puncta. n>14 cells. Scale bar is 50 um (20 pm for inset). NLS: nuclear
localization signal.

(F) Quantification of total G3BP1-mCherry puncta area, as in images in (E). *p < 0.05, ***p
< 0.001, two sample t-tests to DMSO. Bars are mean + sem. n=35 cells.

(G) Quantification of the fraction of G3BP1-mCherry puncta area that has co-localized GFP-
TDP-43ANLS, as in images in (E). **p < 0.01, ***p < 0.001, two sample t-tests to DMSO.
Bars are mean + sem. n>14 cells.

See also Figure S7.
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Figure 7. Puromycin-stressed Mutant iPS-MNs Exhibit Persistent Cytoplasmic TDP-43 Puncta
(A-B) Representative IF images (A) and quantification of cytoplasmic TDP-43 puncta area/

nuclei area (B) of iPS-MNs during puromycin stress (5 pg/mL, 24h) and recovery following
puromycin washout (24h). Arrows: cytoplasmic TDP-43 and G3BP1 puncta. Arrowheads:
G3BP1-only puncta. *p < 0.05, ***p < 0.001, two sample t-tests to control iPS-MNs. Points
are mean + sem. n=5 biological replicates of each of four control and four 7ARDBP mutant
lines. Scale bar is 20 pm (10 pm for inset).

(C-E) Left: Representative blots of TDP-43 (C), FUS (D) or HNRNPA2BL1 (E) in SG-
enriched fractions from iPS-MNs under no stress, puromycin stress (5 ug/mL, 24h) or
puromycin stress plus 24h recovery following puromycin washout. Right: quantification of
blots as in (C-E, left panel). ***p < 0.05, two sample t-tests to control iPS-MNs. Bars are
mean + SD. n=3 biological replicates of each of four control and four 7ARDBP mutant
lines.

(F-G) Representative IF images (F) and quantification of cytoplasmic TDP-43 puncta area/
nuclei area (G) of iPS-MNs during puromycin stress (5 pg/mL, 24h) and recovery following
puromycin washout (24h). Arrows: cytoplasmic TDP-43 and G3BP1 puncta. Brackets:
broad regions of cytoplasmic TDP-43. Stars: TDP-43-only puncta. ***p < 0.001, two
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sample t-tests to control iPS-MNs. Points are mean + sem. n=5 biological replicates of each
of four control and two FUS mutant lines. Scale bar is 20 um (10 pum for inset).
See also Figure S8.
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Figure 8. Planar Compounds Reduce Persistent Cytoplasmic TDP-43 Puncta in iPS-MNs
(A-B) Representative IF images (A) and quantification of cytoplasmic TDP-43 puncta area/

nuclei area (B) of iPS-MNs treated with SG inhibiting compounds (5 uM, 12h) and stressed
with puromycin (5 pg/mL, 12h). Arrows: cytoplasmic TDP-43 and G3BP1 puncta.
Arrowheads: G3BP1-only puncta. *p < 0.05, two sample t-tests to DMSO. Bars are mean +
sem. n=5 biological replicates of each of four control, four 7TARDBP mutant, and two FUS
mutant lines. Scale bar is 20 pm (5 um for inset).

(C-D) Representative IF images (C) and quantification of cytoplasmic TDP-43 puncta area/
nuclei area (D) of iPS-MNs pre-treated with SG inhibiting compounds (2 uM, 60 min),
stressed with puromycin (5 pg/mL, 6h), and allowed to recover following puromycin
washout (7h). Arrows: cytoplasmic TDP-43 puncta. **p < 0.01, two sample t-tests to
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puromycin-stressed, DMSO-treated cells. Bars are mean + sem. n=12 biological replicates
of each of four TARDBP mutant lines. Scale bar is 20 um (10 um for inset).

(E) Model of SG formation and progression to persistent cytoplasmic TDP-43 puncta. See
discussion for full description. RBP: RNA-binding protein, IDR: intrinsically disordered
region.

See also Figure S8.
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