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Stress granules (SG) form during cellular stress and have been linked to 

neurodegenerative diseases such as amyotrophic lateral sclerosis and frontotemporal 

dementia (ALS/FTD). Strategies to modulate SGs have the potential to yield insights into 

their role in pathophysiology. We performed a high-content screen to identify small molecules 

that alter SG properties in proliferative cells and iPSC-derived motor neurons (iPS-MNs). 

One major class of hit compounds are nucleic acid intercalating molecules that disrupt 

recruitment of ALS-associated RNA-binding proteins (RBPs), such as TDP-43 and FUS/TLS, 

into SGs and reduce accumulation of cytoplasmic TDP-43 in iPS-MNs from ALS patients.



 xxiii 

These findings corroborate our biochemical results indicating that SGs accumulate ALS-

associated RBPs in their shells in an RNA-dependent manner. Thus, SGs contribute to 

persistent accumulation of TDP-43, and nucleic acid intercalating compounds represent a 

promising new therapeutic approach for treating ALS/FTD. 
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INTRODUCTION 

 

Stress granules (SGs) assemble transiently in response to cellular stresses such as 

oxidative damage, heat shock and environmental toxins, as an adaptive survival mechanism 

for cells (1, 2). SGs contain both proteins as well as cellular messenger RNAs, which are 

locked in a translationally stalled state induced by phosphorylation of serine 51 of the 

translation initiation factor eIF2a (3, 4). By modulating mRNA translation and recruiting 

intracellular signaling proteins, SGs are believed to triage intracellular activity toward an 

integrated stress response (5-8). SGs are highly dynamic, exhibiting liquid-like behaviors and 

begin to disassemble within minutes of removal of stress (9). These liquid-like properties are 

thought to be mediated by the intrinsically disordered regions (IDRs) common to many 

proteins found in SGs (10-15). Neurodegeneration-linked mutations in genes such as FUS, 

HNRNPA2B1 and TARDBP (encoding TDP-43), frequently cluster in areas corresponding to 

IDRs in the encoded proteins, potentially altering their liquid-like phase-separation properties 

(16-18). These mutations are implicated in hereditary forms of frontotemporal dementia 

(FTD) and amyotrophic lateral sclerosis (ALS) (19-23), a fatal, incurable disease 

characterized by progressive degeneration of motor neurons (MNs) (24). In vitro studies of 

recombinant IDRs carrying ALS-associated mutations report that phase-separated droplets 

of mutant IDRs can transition from a liquid-like state to a solid-like state resembling prion 

inclusion bodies and characterized by cross-beta sheet fibrils (18, 19, 25-27). To illustrate, 

recombinant mutant IDR from HNRNPA2B1 undergoes liquid-liquid phase separation (LLPS) 

followed by spontaneous maturation into insoluble fibers (18, 19). Therefore, these IDR 

mutations likely predispose assembly of inclusion bodies, and is speculated to cause toxic 

loss-of-function and contributing to disease pathophysiology. Indeed, a hallmark feature of 

nearly all ALS patients is the presence of cytoplasmic TDP-43-containing inclusion bodies 



 2 

within MNs that contain SG-associated proteins such as PABPC1, TIA1, eIF3, ATXN2, 

HNRNPA2B1, and FUS (19, 28-32). 

Recent studies that characterize the composition of SGs have revealed that a large 

fraction of protein components found in SG appear to be pre-assembled prior to stress (11, 

12). Also, a super-resolution microscopy study reported the existence of substructures called 

SG cores, around which a halo of additional proteins forms, called the SG shell (10). It is very 

likely that cores and shells contain different protein components, with differences that may 

relate to pathogenesis of disease (3, 10). Excitingly, the modulation of some SG protein 

components appears to alleviate degenerative phenotypes in animal models of ALS (11, 33-

35). 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 that can readily perturb 

these relationships. 

Thus, to accelerate our understanding of SGs and their connections to molecular 

pathophysiology in neurodegenerative disease, we conducted a high-content screen for 

small molecules that robustly modulate various aspects of SG biology. We identified several 

classes of 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, we also identified a large group of molecules with planar 

moieties such as nucleic acid intercalators, supporting the hypothesis that SG formation 

requires nucleic acid interactions. In parallel, we discovered that SGs accumulate ALS-

associated proteins in an RNA-dependent manner, and that molecules with planar moieties 

disrupt this accumulation. We show SGs can induce persistent cytoplasmic localization of 

TDP-43 in an induced pluripotent stem cell-derived MN (iPS-MN) model of disease, and that 

iPS-MNs carrying ALS-associated mutations in TARDBP or FUS exhibit exacerbated 

cytoplasmic localization of TDP-43. Excitingly, nucleic acid intercalators with planar moieties 
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prevent co-localization of TDP-43 with SGs and reduce cytoplasmic localization of TDP-43 in 

mutant iPS-MNs. We believe our results expand our understanding of SG biology, establish 

a mechanistic relationship from SGs to disease pathophysiology, and pave the way to 

development of a new classes of therapeutics for ALS/FTD. 
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CHAPTER 1: High-content Screening Reveals Molecules with Planar Moieties as Small 

Molecule Modulators of Stress Granules 

 

1.1: Generation of Robust SG Assays 

G3BP1 is a key protein required for SG formation (1, 36). As G3BP1 is found in both 

the SG core and, to a lesser extent, the SG shell (10), we reasoned that identifying 

compounds that modulate G3BP1-positive puncta formation will unveil molecular principles 

of SG formation and point toward mechanistic links between SGs and disease 

pathophysiology. We used CRISPR/Cas9 genome editing in HEK293xT cells and the human 

induced pluripotent stem cell iPSC line CV-B to insert the coding sequence of green 

fluorescent protein (GFP) immediately upstream of the stop codon of the endogenous 

G3BP1 locus. iPSCs were subsequently differentiated into neural precursor cells using a 

small molecule protocol (NPCs) or motor neurons (iPS-MNs; Figures 1.1.1-1.1.2 and 1.1.6). 

The G3BP1-GFP expressing HEK293xT cells, NPCs, and iPS-MNs robustly and reproducibly 

formed bright GFP-positive puncta upon exposure to sodium arsenite (NaAsO2), which co-

localized with immunofluorescence probing of SG-associated proteins UBAP2L, CAPRIN1, 

DDX3, and PABPC1 but not the negative control CYC, consistent with formation of G3BP1-

containing SGs (Figures 1.1.3 and 1.1.7). These NaAsO2-induced puncta were abrogated by 

pre-treatment with cycloheximide, which inhibits SG formation by stabilizing polysomes, as 

expected (Figures 1.1.3-1.1.4) (1). Our results indicate that these G3BP1-GFP expressing 

lines are robust SG reporter lines.  

We conducted our primary SG screen in the HEK293xT and NPC reporter lines, as 

they can be expanded to large quantities and seeded in a monodisperse layer facilitating 

high-content image segmentation. The screening strategy entailed first pre-incubating cells 

with compounds before stressing the cells with NaAsO2 (Figure 1.1.4). We performed the 
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screen with a compound-first, stress-second paradigm because this order of operations is 

most likely to capture both compounds that prevent SGs from forming as well as compounds 

that cause disassembly of SGs while they have already begun to assemble. Using 

cycloheximide as a positive control and DMSO vehicle as the negative control, we calculated 

Z’ of 0.51 and 0.42 for the assay in HEK293xT cells and NPCs, respectively (Figure 1.1.5). 

We concluded from these Z’ that the signal-to-noise ratio of the SG assay was sufficient for 

high-content screening (HCS) (37). 

 

1.2: Identification of Diverse Classes of SG-modulating Compounds 

We developed an experimental and computational pipeline to screen 3,350 and 5,910 

compounds in biological duplicate in HEK293xT cells and NPCs, respectively (Figure 1.2.1). 

The screened compounds were sourced from five complex small molecule libraries spanning 

a diverse range of chemical structures and biological activities. Cells were pre-treated with 

screen compounds at 10µM, then stressed with NaAsO2, fixed, stained with DAPI, and 

imaged. Screen images were segmented to identify DAPI-positive nuclei and G3BP1-GFP-

positive SGs. To measure SG formation, 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. 

In addition to modulating the amount of SG formation per cell, these compounds may also 

alter the average SG size and/or the number of SGs per cell. We opined that a compound 

that inhibits the condensation of SG shell proteins onto SG cores may impair SG fusion and 

lead to on average smaller but more numerous SGs. We therefore computed two other 

metrics. The number of SGs formed per cell was quantified as the number of SG puncta 

divided by the total image area enclosed in nuclei, and the average size of SGs was 

quantified as the total image area enclosed in SGs divided by the number of SG puncta. 
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After normalizing the data, we performed a modified one sample Student’s t-test to identify 

hit compounds that substantially alter one or more of these SG formation metrics.  

We identified 40 and 27 compounds that reduced the amount of SG formation per cell 

in HEK293xT cells and NPCs, respectively (Figures 1.2.2-1.2.4 and 1.2.6). Additionally, we 

identified around 50 compounds which modulated SG formation in other ways, such as 

increasing or decreasing the average size of SGs or changing the number of SGs per cell 

(Figures 1.2.4 and 1.2.6-1.2.7). Hit compounds were then annotated with the compound 

name, skeletal formulae, and reported cellular targets using the National Center for 

Biotechnology Information PubChem database (Figures 1.2.5, 1.2.6, and Table 1.1.1). 

Supporting the validity of our screening approach, we confirmed that ribosomal inhibitors, 

such as anisomycin, the aminoglycoside neomycin, and the macrolide roxithromycin, strongly 

reduced the amount of SG formation per cell (Figures 1.2.3, 1.2.5-1.2.6, and Tables 1.1.2-

1.1.4). This is consistent with the fact that ribosomal inhibitors, including cycloheximide and 

emetine which we included in the screen as positive controls, have been previously 

described to affect SG formation (1). We also confirmed that cytoskeleton targeting 

compounds, such as the vinka alkaloids vincristine and vinblastine, the microtubule 

stabilizing drug paclitaxel, and the actin filament stabilizer prieurianin, altered average SG 

size and/or the number of SGs per cell, consistent with previous reports that the cytoskeleton 

and cytoskeleton-associated molecular motors play key roles in SG migration, fusion, and 

maturation (Figures 1.2.3, 1.2.5-1.2.6, and Tables 1.1.2-1.1.4) (38). 

Among our hit compounds which have not previously been reported to modulate SG 

formation, we identified many that act on targets at the surface of cells, such as ion channels, 

surface receptors, transporters, and lipid membranes (Figures 1.2.5-1.2.6 and Tables 1.1.2-

1.1.4). Modulation of these plasma membrane targets has not previously been reported to 

directly modulate SGs. We identified a large group of cardiac glycosides including digitoxin 
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and proscillaridin A which inhibit the Na+/K+-ATPase, as well as the GABA-A chloride channel 

agonist ivermectin, compounds that bind to voltage gated Na+ channels such as 

eslicarbazepine, and amphipathic molecules such as benzethonium which can disrupt lipid 

membranes (Figure 1.2.3 and Tables 1.1.2-1.1.4). Intriguingly, cardiac glycosides were 

previously shown to disperse nuclear TDP-43 foci in ALS patient-derived iPS-MNs, though it 

remains unclear how these compounds exert this effect and whether these nuclear TDP-43 

foci are related to SGs (39). We also identified the receptor tyrosine kinase inhibitor 

tyrphostin A9 as a SG-modulating compound, which was reported in a prior study as 

increasing the survival of MNs carrying SOD1 mutations; however it is uncertain whether this 

survival effect is related to the ability of tyrphostin A9 to reduce the amount of SG formation 

per cell (40). Interestingly, the D2 receptor antagonist penfluridol reduced the amount of SG 

formation per cell in NPCs under NaAsO2 stress but inversely modestly induced SG 

formation in the absence of stress (Figure 1.2.8). Overall, it is possible that several of these 

compounds which act on targets at the surface of cells modulate SGs by interfering with 

intracellular ion, solute, and/or osmolarity homeostasis. It has been reported that physical-

chemical properties such as ionic content, tonicity, and concentration of hydrotrope solutes 

such as ATP regulate liquid-liquid phase transitions, which may be important for SG 

formation (41, 42). The divalent cation Zn2+ has also been recently reported to regulate the 

phase transition of the SG-associated protein TIA1 (43). 

We also identified SG-modulating compounds that target a broad range of 

intracellular processes, including signaling pathways and transcription factors, metabolism, 

and inflammatory molecule biosynthesis pathways (Figures 1.2.5-1.2.6 and Tables 1.1.2-

1.1.4). Several compounds modulate intracellular signaling pathways, including two 

compounds which target DYRK and RACK1, proteins at the intersection of SGs/mTOR 

signaling and SGs/SAPK signaling, respectively (7, 8). Some compounds modulate 
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intracellular metabolic processes which are known to regulate SGs, including heat shock 

proteins, autophagosomes, and proteasomes (44-46). We identified seven hit compounds 

that have anti-inflammatory activities, including quinacrine, an inhibitor of phospholipase A2 

(PLA2), and oxyphenbutazone, a cyclooxygenase inhibitor (Figure 1.2.3 and Tables 1.1.2-

1.1.4).  

Strikingly, we identified a large group of SG modulatory compounds that contain 

extended planar molecular moieties, many of which act as nucleic acid intercalating 

molecules, including mitoxantrone, doxorubicin, and daunorubicin (Figures 1.2.5-1.2.6 and 

Tables 1.1.2-1.1.4). Molecules with planar moieties and nucleic acid intercalating compounds 

have not previously been reported to modulate SGs, but these compounds strongly reduced 

the amount of SG formation per cell, altered the average SG size, and/or changed the 

number of SGs per cell (Figure 1.2.3 and Tables 1.1.2-1.1.4). Interestingly, doxorubicin has 

recently been reported to modulate the phase transition diagram of RNA-only condensates 

containing CAG or CUG repeats in vitro and in vivo (3, 47). Furthermore, quinacrine, another 

molecule with planar moieties, has previously been reported to directly bind to the prion-like 

domain of the prion protein PrP and inhibit aggregation in vitro (48). It is possible these 

molecules with planar moieties modulate SGs by interacting with RNAs or protein IDRs 

contained therein. 

 

1.3: Screen Hit Compounds Robustly Inhibit SG Formation Across Different Stress Contexts 

We decided to evaluate the two most highly represented groups of hit compounds – 

molecules with planar moieties and cardiac glycosides. As it is unclear how these 

compounds modulate SGs, investigations with these compounds are likely to reveal 

molecular rules underlying SG biology. First, we tested 16 and 18 compounds (Tables 1.2.5-

1.2.6) in their capacities to reduce the amount of SG formation per cell in HEK293xT cells 
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and NPCs, respectively, in a dose-dependent manner over a concentration range covering 

three orders of magnitude and spanning the initial screening concentration of 10 µM (Figure 

1.3.1). We found that 11 and 12 compounds show concentration dependent inhibition of SG 

formation in HEK293xT cells and NPCs, respectively (Figures 1.3.2 and 1.3.9). After fitting 

logistic functions to the dose response data, we estimated the compounds’ 50% inhibitory 

concentrations (IC50s; Figure 1.3.2). Most compounds’ IC50s were in the single digit 

micromolar range, which suggests that their mechanisms of actions are unlikely a direct 

inhibition of one specific protein or target, but rather the sum of activities against several 

targets. 

NaAsO2 generates intracellular oxidative damage that leads to activation of the heme-

regulated inhibitor (HRI) kinase, which phosphorylates eIF2a leading to SG assembly. On 

the other hand, heat shock and thapsigargin-induced endoplasmic reticulum stress stimulate 

the unfolded protein response, resulting in activation of protein kinase RNA-like endoplasmic 

reticulum kinase (PERK), which phosphorylates eIF2a (2). Thapsigargin also inhibits the 

autophagosome, hindering SG clearance through autophagy (44). We therefore tested 

whether the hit compounds inhibit SG formation induced by heat shock or the 

autophagosome and endoplasmic reticulum (ER) poison thapsigargin. We found that at least 

10 compounds significantly reduced the amount of SG formation per cell under heat shock or 

thapsigargin poisoning in both HEK293xT cells and NPCs (Figures 1.3.3-1.3.4). These 

alternate stressors induce SG formation via signaling through orthogonal cellular stress 

pathways compared to NaAsO2 (2). Because the hit compounds inhibited SG formation under 

these orthogonal stressors, the mechanisms of action for these compounds are broader than 

just antioxidants scavenging reactive radicals generated by NaAsO2 or inhibitors of HRI 

kinase. 
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Lastly, we tested whether these hit compounds can disassemble pre-existing SGs, by 

pre-stressing cells with NaAsO2 and then adding compounds after SGs have already 

developed. We identified 10 and 5 compounds which significantly disassembled pre-formed 

SGs in HEK293xT cells and NPCs, respectively (Figure 1.3.5). This confirms that our 

screening paradigm of adding compounds first and stressing second successfully identified 

compounds which prevent SG formation, but also compounds which induced disassembly of 

SGs after they have already begun to form. In summary, the compounds tested in the 

counterscreens, most of which are molecules with planar moieties or cardiac glycosides, 

robustly inhibited SGs across diverse stress conditions (Figures 1.3.6-1.3.7). 

 

1.4: Hit Compounds Inhibit SG formation in a Manner Independent of eIF2a Phosphorylation 

Next, we evaluated if our compounds that inhibit SG formation affected eIF2a 

phosphorylation or levels. Unexpectedly, most of the hit compounds did not alter NaAsO2-

induced phosphorylation of eIF2a at serine 51 or total levels of eIF2a, whereas our control 

GSK2606414, a selective PERK inhibitor, significantly reduced eIF2a phosphorylation as 

previously reported (Figures 1.3.8 and 1.3.11) (34). Oddly, in the absence of stress, the 

EBP1 kinase modulating compound WS3, the cardiac glycoside digitoxin, the ribosomal 

inhibitor anisomycin, and the planar heterocyclic molecule 8-hydroxyquinoline significantly 

increased phosphorylation of eIF2a above baseline without changing total levels of eIF2a, as 

did the PERK inhibitor GSK2606414, all without inducing SG formation (Figures 1.2.8, 

1.3.10, and 1.3.12). These results indicate that these hit compounds likely act on SGs 

themselves rather than on upstream kinases or signaling pathways that lead to 

phosphorylation of eIF2a.  

 

1.5: Screen Compounds Inhibit SG Formation in iPS-MNs  
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As our primary and counterscreens were performed in proliferative cells, we wanted 

to evaluate if the hit compounds can also inhibit SG formation in iPS-MNs terminally 

differentiated from iPSC lines. We utilized 4 iPSC lines from patients carrying ALS-linked 

mutations in the C-terminal IDR of TDP-43 (N352S and G298S), 2 iPSC lines from patients 

harboring mutations in the C-terminal NLS of FUS (R521G), and 4 control iPSC lines from 

healthy controls who are genetically related to the individuals carrying ALS-associated 

mutations (Figure 1.4.4). We selected 10 hit compounds that were validated as SG inhibiting 

compounds in the HEK293xT cell and NPC counterscreens and were also representative 

molecules spanning most of the hit compound classes identified in the screen, including 

several molecules with planar moieties (Table 1.3.7). We also included the positive control 

cycloheximide and the negative control DMSO (Table 1.3.7).  

Puromycin which has previously been shown to robustly induce SG formation in MNs 

(1, 11, 23, 45) was utilized in our post-mitotic iPS-MNs. We observed that our compounds 

were effective at inhibiting SG formation across all lines, regardless of mutation status 

(Figures 1.4.1-1.4.3). Six (of 10) compounds – WS3, quinacrine, anisomycin, mitoxantrone, 

digitoxin, and pyrvinium – strongly reduced SG formation in all three stress contexts (Figures 

1.4.1-1.4.3). Three of these compounds – quinacrine, mitoxantrone, and pyrvinium – are 

molecules with planar moieties. The remaining four compounds – 8-hydroxyquinoline, 

daunorubicin, penfluridol, and benzethonium – strongly reduced SG formation in two of three 

stress contexts (Figures 1.4.1-1.4.3). We concluded that our hit compounds are able to 

recapitulate their inhibition of SGs in patient-derived iPS-MNs. 

 

1.6: Methods for HCS and Validation of Small Molecule Modulators of SGs 

1.6.1: Generating Induced Pluripotent Stem Cells from Fibroblasts of Individuals Carrying 

ALS-associated Mutations in TARDBP or FUS 
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Human iPSC 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 (49). Lines carrying TARDBP 

(G298S) mutations were obtained courtesy of Kevin Eggan, as described (50). 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 (51). 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. 

 

1.6.2: Generation of Human Induced Pluripotent Stem Cell-derived Small Molecule Neural 

Precursor Cells 

Generation of small molecule neural precursor cells (NPC) from human iPSCs was 

adapted from a previously reported protocol (52). Briefly, iPSCs were dissociated into single 

cells with Accutase and 3×106 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% CO2 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 µM), CHIR99021 (3 µM), 

purmorphamine (0.5 µM), Y-27632 (5 µM), as well as two small molecule SMAD inhibitors: 

SB431542 (10 µM) and dorsomorphin (1 µM). 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 
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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 v/v 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 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 1:5 to 1:15 ratio. 

 

1.6.3: Generation of Human iPS-MNs  

Generation of iPS-MNs was adapted from a previous reported protocol (23). Briefly, 

iPSCs were dissociated into single cells with Accutase and 1×106 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 iPSCs 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 µM), CHIR99021 (3 µM), as well 

as two small molecule SMAD inhibitors: SB431542 (10 µM) and dorsomorphin (1 µM). ROCK 

inhibitor (Y-27632) may also be added to the media to a final concentration of 5 µM 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 µM) 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 
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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 1×107 cells seeded onto each 10 cm Matrigel-

coated plate; the media should also be supplemented with 10 µM 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 µM) 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 µM) was added to aid maturation to iPS-MNs. 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. 

 

1.6.4: Plasmid Construction and G3BP1-GFP Reporter Line Generation 

To generate G3BP1-GFP SG reporter lines, the HR120PA-1 targeting vector (System 

Biosciences) was modified to include a 1.5 kilobase 5’ arm of homology span 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 and the modified G3BP1 targeting vector was assembled via Gibson 

assembly. HEK293xT cells were transfected with this targeting vector and the Cas9 

expression vector PX458 using lipofectamine 2000. Human induced pluripotent stem cells 

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 µg/ml for 

four days. After two weeks, G3BP1-GFP colonies were picked using a steromicroscope. 
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1.6.5: Cell Culture Conditions 

Human induced pluripotent stem cells (iPSC) were maintained in mTeSR1 with 

supplement. iPSCs 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 (NPC) 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 

µM), CHIR99021 (3 µM), and purmorphamine (0.5 µM). 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 µM), 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% CO2. 

 

1.6.6: Coating Plates for Cell Culture Maintenance 

For HEK293xT cells, 10 cm tissue culture plates were coated with 4 ml aqueous 

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 (NPC), 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 aqueous 
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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 

µg/ml in NPC media without CHIR99021 and purmorphamine) and incubated overnight. 

Finally, the laminin was aspirated and the plates were seeded with cells. 

 

1.6.7: Coating Plates for Screening and Secondary Assays 

For HEK293xT cells, 384-well plates were coated by adding 10 µL of 0.001% w/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 (NPC), 384-well plates were coated by adding 10 µL 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 µL of mouse laminin (20 µg/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. For iPS-MNs, 384-well plates were coated 

by adding 10 µl 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 µl of mouse laminin (20 µg/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. 

 

1.6.8: Screen Assay for Identifying SG-modulating Compounds 

Using a Hamilton Microlab STAR liquid handler, HEK293xT cells were plated at 7500 

cells per well of 384-well plates in 20 µl of HEK293xT media, while the CV-B small molecule 
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neural precursor cells (NPC) were plated at 12000 cells per well of 384-well plates in 20 µl 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: 

Using a Labcyte ECHO 555 Liquid Handler, compounds were spotted into the wells in 

biological duplicate at a final concentration of 10 µM, and cells were incubated with 

compounds for 60 min. After compound pre-treatment, cells were stressed by using the 

Hamilton fluid handler to add NaAsO2 diluted in 20 µl of DMEM to each well, to a final 

concentration of 500 µM or 250 µM of NaAsO2 for HEK293xT cells or NPCs, respectively. 

Cells were incubated with NaAsO2 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 µl 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 µl of 

50% v/v glycerol in PBS was added to each well. Cells were imaged in this glycerol solution. 

 

1.6.9: Robotic Imaging of 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 10× 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. 

 

1.6.10: Automated Image Segmentation and Feature Quantification 

SG screen and secondary assay images were segmented and image features 

quantified using a custom CellProfiler pipeline (53). Briefly, nuclei were segmented and 
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identified in the DAPI fluorescence channel images using a diameter cutoff of 9-80 pixels for 

HEK293xT cells, small molecule neural precursor cells (NPC), and iPS-MNs. Cell bodies 

were then 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 SG or TDP-43 foci. 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. 

 

1.6.11: 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), was built following standard statistical practices for high-throughput screening (54, 
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55). The pipeline begins by interpolating sporadic missing values via K-nearest neighbors 

missing data imputation, using K = 10 nearest neighbors and Euclidean distances (56). To 

reduce batch effects, the pipeline then performs a two-way median polish, alternating across 

rows and columns over 10 iterations (54, 57). 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 (58). To increase the power of hypothesis tests performed 

on the b-scores and therefore improve calling of screen hits, the screen was performed in 

biological duplicate, sample variances across the duplicate b-scores were computed, and an 

inverse gamma distribution was fitted to the distribution of sample variances (59). Fitting an 

inverse gamma distribution enables performing a modified one sample Student’s t-test which 

has increased statistical power for each screen compound (54). This modified t-test involves 

computing for each compound a modified t-statistic 𝑡̃ = 	 %̅	–	()
*̃+,	/	.

, where 𝑥̅ is the sample mean 

for the compound across 𝐾 biological replicate b-scores, 𝜇2 is the mean under the null 

hypothesis, and 𝑠̃4 is the modified sample variance for the compound across 𝐾 biological 

replicate b-scores. In the present SG screen, 𝜇2 = 0, 𝐾 = 2, and 𝑠̃4 = (.	8	,)*:	;	4<(<=)>?

(.	8	,)	;	4<
, 

where 𝑠4 is the unmodified sample variance across 𝐾 biological replicate b-scores and 𝑎 and 

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; calling hits 

using a family-wise error rate proved too stringent and resulted in too many false negatives. 

Quality control (QC) for called hits was performed by examining the raw screen 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. 
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1.6.12: Computation of the Screen Assay Z’ 

To estimate whether the screen assay has adequate sensitivity and specificity for 

detecting hits in a high-throughput screening paradigm, the Z’ was computed for the screen 

assay in each cell type: 𝑍′ = 1 −	F
GHIJ	;	HIKL
M(IJ	–	(IKM

, where 𝜎OP and 𝜎OQ are the sample standard 

deviations for the positive and negative controls, respectively, and 𝜇̂P and 𝜇̂Q 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 (37). 

 

1.6.13: Counterscreen Assays 

384-well plates were coated and cells were seeded as described above for 384-well 

screening plates. For dose response assays, hit compounds diluted in 20 µl DMEM were 

added to cells to final concentrations of 30, 10, 3.3, 1.1, 0.37, or 0.12 µM, and cells were 

incubated with compounds for 60 min. Cells were then stressed by adding NaAsO2 diluted in 

40 µl of DMEM to each well, to a final concentration of 500 µM or 250 µM for HEK293xT cells 

or CV-B small molecule neural precursor cells (NPC), respectively. Cells were incubated with 

NaAsO2 for 60 min at 37°C, 5% CO2, after which cells were fixed, DAPI stained, and imaged. 

For heat shock stress assays, hit compounds diluted in 20 µl DMEM were added to cells to 

final concentrations of 10 µM, and cells were incubated with compounds for 60 min. Cells 

were then heat shocked by incubating for 60 min at 43°C, 5% CO2, after which cells were 

fixed, DAPI stained, and imaged. For thapsigargin stress assays, hit compounds diluted in 20 

µL DMEM were added to cells to final concentrations of 10 µM, and cells were incubated with 

compounds for 60 min. Cells were then stressed by adding thapsigargin diluted in 40 µL 
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DMEM to a final concentration of 50 µM or 1 µM for HEK293xT cells or NPCs, respectively. 

Cells were then incubated with thapsigargin for 60 min at 37°C, 5% CO2, after which cells 

were fixed, DAPI stained, and imaged. For the NaAsO2 pre-stress assays, cells were first 

stressed by adding NaAsO2 diluted in 20 µl DMEM to a final concentration of 500 µM or 250 

µM for HEK293xT cells or NPCs, respectively. Cells were incubated with NaAsO2 for 60 min. 

Then, hit compounds diluted in 40 µl DMEM were added to cells to a final concentration of 10 

µM, and cells were incubated with compounds for 60 min at 37°C, 5% CO2, after which cells 

were fixed, DAPI stained, and imaged. 

 

1.6.14: Estimating IC50s of SG Inhibiting Compounds 

IC50s were estimated from logistic functions fitted to the dose response data of SG 

inhibiting compounds. Least squares regression was used to fit logistic functions of the type: 

𝑓(𝑥) = T
,	;	U>V(W	>	W))

, where 𝐿 is the maximum value of the curve, 𝑘 is the steepness of the 

curve and 𝑥2 is the midpoint of the curve. From these fitted logistic functions, the IC50 

estimates are therefore the fitted x0 parameters, representing the midpoints of the dose-

response transfer curves. 

 

1.6.15: Western Blotting and Quantification of eIF2a Serine 51 Phosphorylation 

12-well plates were coated as described above for 384-well primary screening plates 

but scaled to 12-well plates. 2*105 HEK293xT cells or CV-B small molecule neural precursor 

cells (NPC) were seeded into each well and incubated overnight. Screen hit compounds 

diluted in DMEM were added to cells to final concentrations of 10 µM and incubated with 

cells for 60 min. Cells were then stressed by adding NaAsO2 diluted in DMEM to final 

concentrations of 500 µM or 250 µM for HEK293xT cells or NPCs, respectively, and 
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incubated for 40 min. 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 µL 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 µg 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 

phosphorylate eIF2a 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 eIF2a was 

probed using rabbit anti-EIF2S1 primary antibody. Western blot band sizes were quantified 

by densitometry in ImageJ: Equally sized boxes were drawn around bands and pixel 

intensities were integrated over the box areas to give the band sizes (60). 

 

1.6.16: Hit Compound Inhibition of NaAsO2, Thapsigargin, or Puromycin-induced SGs in iPS-

MNs 

iPS-MNs were differentiated and seeded into pre-coated 384-well plates as described 

above. iPS-MNs were allowed to adhere by incubating for 48 hours at 37°C, 5% CO2; iPS-

MNs were fed 24 hours after seeding by adding 20 µL of iPS-MN media to each well to a 

final volume of 40 µL per well. For NaAsO2 stress assays, hit compounds diluted in 20 µL 

media were added to iPS-MNs to a final concentration of 10 µM, and cells were incubated 

with compounds for 80 min. iPS-MNs were then stressed by adding NaAsO2 diluted in 20 µL 

iPS-MN media to a final concentration of 100 µM and incubated for 120 min at 37°C, 5% 
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CO2, after which cells were fixed. For thapsigargin stress assays, hit compounds diluted in 20 

µl iPS-MN media were added to iPS-MNs to final concentrations of 10 µM, and cells were 

incubated with compounds for 80 min. iPS-MNs were then stressed by adding thapsigargin 

diluted in 20 µl iPS-MN media to a final concentration of 250 nM and incubated for 120 min at 

37°C, 5% CO2, after which cells were fixed. For puromycin stress assays, hit compounds and 

puromycin were diluted in 40 µl iPS-MN media and added to iPS-MNs to final compound 

concentrations of 5 µM and final puromycin concentration of 5 µg/ml. iPS-MNs were 

incubated with compounds and puromycin for 12 hours at 37°C, 5% CO2, after which cells 

were fixed. G3BP1 and TDP-43 were probed by immunofluorescence according to the 

procedure described above for immunofluorescence probing of SG-enriched fractions and 

nuclei were stained with DAPI. iPS-MNs were imaged as described above for imaging 384-

well primary screening plates. 

 

Chapter 1, in full, is adapted from material which has been submitted for publication 

as it may appear in Science Translational Medicine, 2019, M. Y. Fang, S. Markmiller, W. E. 

Dowdle, A. Q. Vu, P. J. Bushway, S. Ding, M. M. Mercola, J. W. Lewcock, G. W. Yeo. The 

dissertation author was the primary investigator and author of this paper. 
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CHAPTER 2: SGs are Composed of mRNP Cores Surrounded by a Proteinaceous Shell; 

Assembly of the Shell Depends on RNA-RBP Interactions and may be Disrupted by 

Molecules with Planar Moieties 

 

2.1: ALS-associated RNA-binding Proteins are Recruited as SG Shells 

Contemporaneous with our small molecule screen, we utilized our G3BP1-GFP 

reporter lines to evaluate if ALS-associated RBPs such as TDP-43, FUS, HNRNPA2B1 and 

TIA1 were present in SGs and if so, in which subcompartment i.e. SG core or shell. Using a 

previously reported protocol (10), we isolated SG-enriched fractions from our G3BP1-GFP 

expressing HEK293xT cells and NPCs. As expected, we found that fractions isolated from 

NaAsO2-stressed cells contained distinct GFP-positive spherical bodies, whereas those from 

unstressed cells showed diffuse GFP signal (Figure 2.5.9). Additionally, gel electrophoresis 

and subsequent silver staining of these fractions from stressed and unstressed cells revealed 

changes in band intensity for numerous proteins upon NaAsO2 stress, likely representing 

increased levels of SG shell proteins and proportionally decreased levels of SG core proteins 

as SG composition becomes more complex (Figure 2.5.10).  

Next, we performed Western blot analysis of fractions from stressed and unstressed 

cells to determine the relative abundances of well-known SG-associated proteins, including 

G3BP1, ATAXIN2, CAPRIN1, UBAP2L, PABPC1, DDX3, and USP10, as well as ALS-

associated RBPs, including TDP-43, FUS, HNRNPA2B1, and TIA1. Surprisingly, we found 

that the relative abundances of SG-associated proteins in these fractions decreased upon 

NaAsO2 stress, whereas the relative abundances of the four ALS-associated proteins TDP-

43, FUS, HNRNPA2B1, and TIA1 increased upon NaAsO2 stress (Figures 2.5.1-2.5.2). 

CAPRIN1, UBAP2L, and USP10 are SG proteins that have been shown to directly interact 

with G3BP1 and can affect SG formation (11, 12, 36). ATAXIN2 binds mRNAs and altered 
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levels of this protein can disrupt SG formation, while PABPC1 and DDX3 are ubiquitous 

RBPs that are bound to the 3’UTR and 5’UTR of most mRNAs, respectively (46, 61). 

Supporting and further extending recent proximity-labeling proteomic studies of SGs (11, 12), 

our Western blot results indicate that SG-associated proteins already pre-exist in a core-like 

complex with G3BP1 even in the absence of stress but other proteins such as ALS-

associated RBPs are further recruited to SGs (and are present in the shell) during stress. 

Immunofluorescence probing of SG-enriched fractions from NaAsO2 -stressed 

HEK293xT cells and NPCs also confirm that ALS-associated RBPs join G3BP1 

subcomplexes under stress. We found significant co-localization between G3BP1-GFP-

positive SGs and ALS-associated proteins TDP-43, FUS, HNRNPA2B1, and TIA1 (Figures 

2.5.3-2.5.4). As positive controls, we found significant co-localization for several SG-

associated proteins including UBAP2L, PABPC1, CAPRIN1, and USP10 (Figures 2.5.3-2.5.4 

and 2.5.11). The negative control CYCS did not co-localize with SGs in these fractions 

(Figures 2.5.3-2.5.4). These results confirm that ALS-associated RBPs such as TDP-43, 

FUS, HNRNPA2B1, and TIA1 assemble onto G3BP1-positive SG cores. 

 

2.2: Assembly of ALS-associated RBPs onto SGs is RNA-dependent 

Since SGs contain RNA and the ALS-associated proteins TDP-43, FUS, and 

HNRNPA2B1 are RBPs, we hypothesized that assembly of these proteins is RNA-

dependent. Indeed, we showed by Western blotting that RNase I digestion of fractionated 

SG-enriched fractions from NaAsO2 -stressed HEK293xT cells and NPCs led to reduction of 

HNRNPA2B1 from SGs in a dose-dependent manner in both cell types. We also found that 

RNase I digestion reduced TDP-43 and FUS from SGs in fractions from NPCs and 

HEK293xT cells, respectively (Figures 2.5.5-2.5.6). This is in contrast to the SG-associated 
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RBPs UBAP2L and CAPRIN1, which were resistant to RNase I digestion (Figures 2.5.5-

2.5.6). 

Immunofluorescence staining of SG-enriched fractions in the absence or the 

presence of RNase I digestion indicated that co-localization of TDP-43, FUS, and 

HNRNPA2B1 with G3BP1-GFP-positive SGs decreased following RNase I digestion in 

HEK293xT cells, but not co-localization of G3BP1 or UBAP2L (Figures 2.5.7-2.5.8). This 

decrease in co-localization of TDP-43, FUS, and HNRNPA2B1 with G3BP1-GFP-positive 

SGs followed a dose-dependent relationship with increasing amounts of RNase I, while on 

the other hand there was a compensatory increase in co-localization of G3BP1 and UBAP2L 

with increasing amounts of RNase I digestion (Figure 2.5.12). Furthermore, by first 

incubating SG-enriched fractions with 1,6-hexanediol to disrupt hydrophobic interactions 

followed by RNase I digestion, we demonstrate decreased co-localization of FUS and 

HNRNPA2B1 with G3BP1-GFP-positive SGs in NPCs (Figure 2.5.13). These Western blot 

and immunofluorescence microscopy results suggest that the assembly of HNRNPA2B1, 

and to a lesser extent TDP-43 and FUS, onto SGs is RNA-dependent. 

 

2.3: Molecules with Planar Moieties Reduce ALS-associated RBPs from SGs 

As our small molecule screen demonstrated that molecules with planar moieties, such 

as mitoxantrone, doxorubicin, and daunorubicin, decreased the average size of SGs while 

increasing the number of SGs per cell (Figure 1.2.6),  we reasoned that these molecules 

likely modulate SG fusion by interfering with proper formation of SG shells (9). As these 

planar moiety-containing molecules had been reported to be nucleic acid intercalating 

molecules that directly bind to RNA (62-67), we further reasoned that these compounds may 

reduce the RNA-dependent assembly of ALS-associated RBPs into SGs . 
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Indeed, immunofluorescence probing of SG-enriched fractions incubated in the 

absence or the presence of mitoxantrone demonstrated a significant decrease of co-

localization of TDP-43, FUS, and HNRNPA2B1 with G3BP1-GFP-positive SGs. Co-

localization of G3BP1 or UBAP2L was not affected (Figures 2.6.1-2.6.2). Similarly, we 

observed a reduction of co-localization of FUS and HNRNPA2B1 with G3BP1-GFP-positive 

SGs following incubation of SG-enriched fractions with quinacrine, doxorubicin, or 

daunorubicin, all molecules with planar moieties (Figure 2.6.6). In contrast, incubation of SG-

enriched fractions with cycloheximide, digitoxin, WS3, or ISRIB, all compounds which do not 

have planar moieties, did not result in decreased co-localization of TDP-43, FUS, and 

HNRNPA2B1 with G3BP1-GFP-positive SGs (Figure 2.6.7). 

Western blotting analysis of SG-enriched fractions incubated with mitoxantrone and 

daunorubicin also indicated reduction of TDP-43 from SGs (Figure 2.6.9). Two other 

compounds with planar moieties, pyrvinium and pararosaniline, additionally reduced FUS 

and HNRNPA2B1 from SGs in fractions from HEK293xT cells, and reduced TDP-43 from 

SGs in fractions from NPCs (Figure 2.6.8). By contrast, SG proteins G3BP1 and CAPRIN1 

were not reduced from SGs during overnight incubation with any of these SG-modulating 

compounds with planar moieties (Figure 2.6.8). Incidentally, many of these compounds 

appear brightly colored under visible light due to the presence of aromatic rings with 

extended conjugated pi-bond systems, and we were readily able to observe their association 

with pelleted SGs with the naked eye (Figure 2.6.9). In summary, these results indicate that 

molecules with planar moieties, such as the nucleic acid intercalators mitoxantrone, 

daunorubicin, pyrvinium, and pararosaniline, reduce ALS-associated RBPs from SGs in vitro. 

 

2.4: Planar Moiety-containing Compounds Inhibit TDP-43 Accumulation in SGs in TDP-

43DNLS cells 
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Since compounds with planar moieties reduce TDP-43 from SGs in vitro, we next 

evaluated these compounds in disease-relevant cellular models that harbor mislocalized 

TDP-43 protein. In H4 neuroglioma cells that express G3BP1-mCherry and GFP-TDP-

43DNLS (86-414), NaAsO2 or thapsigargin treatment strongly induced formation of G3BP1-

mCherry SGs as well as GFP-TDP-43DNLS foci that essentially co-localized completely with 

the G3BP1-mCherry SGs (Figures 2.6.3-2.6.4 and 2.6.10; for consistency, G3BP1-mCherry 

false colored green and GFP-TDP-43DNLS false colored red).  

As expected from our results above, pre-treatment with each of four SG inhibiting 

compounds anisomycin, mitoxantrone, doxorubicin, or GSK2606414 significantly reduced the 

amount of SG formation per cell (Figures 2.6.3-2.6.4). Excitingly, pre-treatment with 

mitoxantrone, which has planar moieties, strongly inhibited co-localization of GFP-TDP-

43DNLS with residual SGs (Figures 2.6.3 and 2.6.5). In contrast, pre-treatment with PERK 

inhibitor GSK2606414 inhibited SG formation but had no effect on cytoplasmic GFP-TDP-

43DNLS foci, which were not co-localized with G3BP1-mCherry (Figures 2.6.3-2.6.4 and 

2.6.10). These results demonstrate that planar nucleic acid intercalators such as 

mitoxantrone can inhibit accumulation of TDP-43 in SGs in live cells.  

 

2.5: Methods for In Vitro and In Vivo Characterization of SG Core/Shell Structures 

2.5.1: Isolation of SG-enriched Fractions 

SG-enriched fractions were isolated as described previously (10). Briefly, cells were 

grown in 10 cm plates to 75-90% confluency and stressed with NaAsO2 as described above. 

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 (10). Lysed cells were scraped and 

collected in 15 ml centrifuge tubes in 3 ml aliquots. Lysates were sonicated using a 
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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. 

 

2.5.2: Western Blotting and Quantification of RBPs in SG-enriched Fractions 

A Pierce BCA Protein Assay Kit was used to quantify protein concentrations in SG-

enriched fractions and 1 µg of total protein from each sample was loaded for gel 

electrophoresis and Western blotting. For input controls, 1 µg 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. SG-enriched fraction band sizes were 

normalized by dividing by the band sizes of the corresponding input controls. 

 

2.5.3: Immunofluorescence Probing and Microscopy of SG-enriched Fractions 

In each well of a 96-well plate, 2 µg of total protein from SG-enriched fractions was 

added to 40 µl 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 
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blocked by adding 80 µL 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% w/v bovine serum albumin (BSA). 40 µl 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 buffer containing 1% w/v BSA. 40 µl of 

secondary antibody solution was added per well and plates were incubated overnight at 4°C. 

Plates were washed 10 times with wash buffer and preserved by adding 80 µl of 50% v/v 

glycerol in PBS per well. Plates were then imaged at 20× magnification on a ZEISS Axio 

Vert.A1 inverted microscope. 

 

2.5.4: Quantifying Co-localization of SGs and Immunofluorescence-probed RBPs in SG-

enriched Fractions 

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 (68, 69). In this 

way, co-localization is defined as the fraction of G3BP1-GFP-positive pixels that coincide 

with Alexa-555-positive pixels. 

 

2.5.5: Disrupting SG-RBP Association in SG-enriched Fractions 
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For digestion of SG-enriched fractions with RNase I, 10 µg 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. For 

incubation with 1,6-hexanediol, 10 µg of total protein from SG-enriched fractions was 

incubated with 1,6-hexanediol to a final concentration of 5% and nutated overnight at 4°C 

using a Fisherbrand Mini-Tube Rotator. After overnight incubations, the SG-enriched 

fractions were centrifuged at 18000 × 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 immunofluorescence probing as described above. For incubation with 

compounds, 10 µg of total protein from SG-enriched fractions was incubated with a screen 

hit compound to a final concentration of 100 µM and nutated overnight at 4°C using a 

Fisherbrand Mini-Tube Rotator. After overnight incubations, the samples were plated, fixed, 

and analyzed by immunofluorescence probing as described above, or centrifuged at 18000 × 

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. 

 

2.5.6: Disrupting TDP-43DNLS (86-414) Association with SGs in H4 Cells 

H4 cells were stably transduced with lentivirus encoding G3BP1-mCherry and 

doxycycline-inducible GFP-TDP-43DNLS (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. H4 cells were dissociated 

and passaged using TrypLE Express Enzyme dissociation buffer. 2*105 cells in 50 µL media 

were seeded into each well of a 96-well plate (Perkin-Elmer). Following overnight incubation 
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in a humidified incubator at 37°C, 5% CO2, the cells were induced with doxycycline (1 ng/mL) 

for 24 hours. After doxycycline induction, hit compounds diluted in 50 µl media were added to 

final concentrations of 5 µM, and cells were incubated with compounds for 30 min. Cells 

were then stressed by adding NaAsO2 or thapsigargin diluted in 100 µl media to a final 

concentration of 500 µM or 5 µM, respectively, and incubated for 60 min. Cells were then 

fixed, stained with DAPI, and imaged at 40× magnification on an Opera Phenix high content 

imaging system (Perkin Elmer). 

 

Chapter 2, in full, is adapted from material which has been submitted for publication 

as it may appear in Science Translational Medicine, 2019, M. Y. Fang, S. Markmiller, W. E. 

Dowdle, A. Q. Vu, P. J. Bushway, S. Ding, M. M. Mercola, J. W. Lewcock, G. W. Yeo. The 

dissertation author was the primary investigator and author of this paper. 
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CHAPTER 3: Following SG Formation, ALS Patient-derived iPS-MNs Exhibit Persistent 

Cytoplasmic Accumulation of TDP-43, a Disease-associated Phenotype which is Reduced by 

Molecules with Planar Moieties 

 

3.1: Puromycin Stress Induces Persistent Cytoplasmic TDP-43 in ALS Patient-derived iPS-

MNs 

Next, we evaluated if molecules with planar moieties mitigate ALS-associated 

phenotypes using iPS-MNs.  First, we determined whether SG formation leads to persistent 

cytoplasmic accumulation of TDP-43 in motor neurons, as has been reported for HeLa cells 

(70-74). We treated TARDBP mutant and control iPS-MNs with puromycin and then washed 

out the puromycin to allow the cells to recover from stress. We found that during stress, 

significantly more TDP-43 accumulated in SGs in the TARDBP mutant iPS-MNs than in the 

controls (Figures 3.7.1-3.7.2). During recovery from stress following washout of puromycin, 

significantly more TDP-43 remained localized in the cytoplasm of the TARDBP mutants than 

in the controls (Figures 3.7.1-3.7.2). This cytoplasmic TDP-43 persisted for at least 24 hours 

after washout of the stressor. Furthermore, biochemically isolated SG-enriched fractions from 

mutant iPS-MNs contained significantly more TDP-43, FUS, and G3BP1 than fractions from 

control iPS-MNs during recovery after stress (Figures 3.7.3 and 3.7.10-3.7.13). Similarly, 

significantly more TDP-43 accumulated in SGs in iPS-MNs harboring ALS-associated FUS 

mutations than in the control iPS-MNs (Figures 3.7.4-3.7.5). During recovery from stress, we 

observed a dramatic increase in cytoplasmic TDP-43 in the FUS mutant iPS-MNs compared 

to controls (Figures 3.7.4-3.7.5). This increase in cytoplasmic TDP-43 in the FUS mutant 

iPS-MNs manifested in roughly 10-20% of cells as large cytoplasmic puncta that did not co-

localize with G3BP1 (Figure 3.7.4). 
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3.2: Planar Moiety-containing Compounds Reduce Puromycin-induced Persistent 

Cytoplasmic TDP-43  

Encouraged that iPS-MNs carrying ALS-associated mutations exhibit a clear ALS-

associated molecular phenotype, we next incubated iPS-MNs from controls, TARDBP and 

FUS mutants with DMSO control, cycloheximide, or planar compound mitoxantrone in the 

presence of puromycin stress. As mentioned above, cycloheximide and mitoxantrone 

strongly inhibited SG formation compared to the DMSO treatment (Figure 1.4.3). Importantly, 

mitoxantrone also significantly abrogated cytoplasmic localization of TDP-43 in both control 

and TARDBP mutant iPS-MNs, whereas DMSO and cycloheximide largely did not (Figures 

3.7.6-3.7.7 and 3.7.14-3.7.15). Furthermore, mitoxantrone and pyrvinium, another planar 

moiety-containing molecule, reduced accumulation of cytoplasmic TDP-43 during six hours 

of puromycin stress, which lasted at least seven hours into stress recovery after washout of 

puromycin (Figures 3.7.8-3.7.9 and 3.7.16-3.7.17). On the other hand digitoxin, a SG-

inhibiting compound which does not contain extended planar moieties, did not produce this 

lasting effect of reducing accumulation of cytoplasmic TDP-43 during six hours of puromycin 

stress and recovery after washout (Figure 3.7.18). These results indicate that molecules with 

planar moieties can prevent the ALS-associated phenotype of persistent cytoplasmic TDP-43 

induced by cellular stress. 

 

3.3: Methods for Inducing SG-associated Persistent Cytoplasmic Accumulation of TDP-43 in 

ALS-derived iPS-MNs 

3.3.1: iPS-MN Puromycin Stress and Recovery Assays 

iPS-MNs were generated from human induced pluripotent stem cells as described 

above. 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 
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gently triturated 10-15 times with a P1000 pipette, and then incubated for a further 15 min at 

37°C, 5% CO2 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 200× g. The cell pellet was then resuspended in 1 ml iPS-MN 

media supplemented with 10 µM 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 µm 

filter. 104 iPS-MNs were seeded into each well of a laminin-coated 384-well plate; plate 

coating was as described above. Cells were allowed to adhere by incubating overnight at 

37°C, 5% CO2 and then stressed by adding puromycin diluted in 20 µl of iPS-MN media to a 

final concentration of 5 µg/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% CO2, 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 foci assembly/disassembly dynamics during puromycin stress and stress recovery. 

G3BP1 and TDP-43 were probed by immunofluorescence according to the procedure 

described above for immunofluorescence probing of SG-enriched fractions. iPS-MNs were 

imaged as described above for imaging 384-well primary screening plates. SG-enriched 

fractions were also isolated from iPS-MNs following the protocol described above. 

 

3.3.2: iPS-MN Puromycin Stress and Recovery Assays in the Presence of Mitoxantrone 

Mutant TARDBP, mutant FUS, and control iPS-MNs were generated from human 

induced pluripotent stem cells and seeded into 384-well plates as described above. Cells 

were pre-incubated with mitoxantrone, digitoxin, or pyrvninium diluted in 20 µl of iPS-MN 

media to a final concentration of 2 µM and incubated at 37°C, 5% CO2 for 60 min, after which 
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cells were stressed by adding puromycin diluted in 40 µl of iPS-MN media to a final 

concentration of 5 µg/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% CO2, after which cells were fixed and DAPI 

stained. G3BP1 and TDP-43 were probed by immunofluorescence according to the 

procedure described above for immunofluorescence probing of SG-enriched fractions. iPS-

MNs were imaged as described above for imaging 384-well primary screening plates. 

 

Chapter 3, in full, is adapted from material which has been submitted for publication 

as it may appear in Science Translational Medicine, 2019, M. Y. Fang, S. Markmiller, W. E. 

Dowdle, A. Q. Vu, P. J. Bushway, S. Ding, M. M. Mercola, J. W. Lewcock, G. W. Yeo. The 

dissertation author was the primary investigator and author of this paper. 
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DISCUSSION 

 

In this study, a high-content small molecule screen was performed in which we 

identified approximately 100 compounds consisting of eight compound classes that modulate 

SG formation, six of which have not previously been reported to affect SGs. These include 

50 compounds that act at cell surface targets such as ion channels, receptors, or lipid 

membranes; seven compounds that modulate inflammatory signaling pathways; and 20 

compounds that are molecules with planar moieties. This diversity of SG-modulating 

compounds greatly expands the toolbox of molecular compounds with which to probe the 

relationship between SGs and disease. Previous studies of SGs in disease models have 

relied on a handful of SG modulators: cycloheximide, the PERK inhibitor GSK2606414, or 

ISRIB, a small molecule SG inhibitor identified in a translation-based screen (5, 11, 34, 74, 

75). This study offers a host of alternative compounds that act through orthogonal 

mechanisms which may prove useful in dissecting the role of SGs in disease models. 

This study is also the first high-content screen in which compounds (two-thirds of the 

hits) were identified to not only modulate the overall amount of SG formation, but also SG 

size and the numbers of SGs per cell. Surprisingly, we observed that molecules with planar 

moieties such as nucleic acid intercalators not only inhibit SG formation, but also alter SG 

size and the numbers of SGs per cell in proliferative cells as well as patient-specific and 

control post-mitotic iPS-MNs. We reasoned that the nuanced effects of these compounds on 

SGs may reveal the molecular rules underlying SG formation. Specifically, molecules with 

planar moieties likely act by inhibiting SG shell formation which would lead to defects in SG 

fusion and maturation across a diverse range of stressors, thus manifesting as smaller and 

more numerous SGs (9). Interestingly, we demonstrate that eight compounds – five of which 

are molecules with planar moieties – reduce total SG formation without altering 
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phosphorylation of eIF2a. This is surprising since phosphorylation of eIF2a is a committing 

step towards SG formation.  This study therefore also offers SG-inhibiting compounds that 

act through orthogonal mechanisms, which will be useful in future dissection of the role of 

SGs in disease models. 

To evaluate a potential molecular mechanism for how particular compounds affect 

specific subcompartments of SGs such as SG shells, we leveraged a recently published 

biochemical approach (10). We fractionated stressed cells and used the SG-enriched 

fractions as an in vitro model system (10). Using a combination of silver staining and 

Western blot analysis, we found that fractions from stressed cells were depleted or enriched 

for particular proteins compared to fractions from unstressed cells. Among the depleted 

proteins were proteins reported to be SG-associated proteins such as CAPRIN1, UBAP2L, 

and USP10, whereas the enriched proteins included ALS-associated proteins such as TDP-

43, FUS/TLS, HNRNPA2B1 and TIA1.  We observed that the depleted proteins consist of 

components of cores in SG that is pre-existing in mRNP complexes prior to cellular stress 

(11). The relative representation of these SG core proteins is reduced upon stress due to 

assembly of a complex array of SG shell proteins onto the cores. These SG shell proteins 

are enriched for the ALS-associated proteins whose representation becomes higher relative 

to the SG core proteins. This represents the first look into differences in protein compositions 

between cores and shells, and paves the way for systematic enumeration of core versus 

shell proteins as well as functional high-content screens to assess the differential 

contributions of core and shell proteins to SG formation. 

By treating SG-enriched fractions with RNase I, we further demonstrated that the 

assembly of several of these SG shell proteins is RNA-dependent, revealing for the first time 

how SG shell proteins may be recruited to SGs. This is consistent with recent RNA-seq 

analyses of SG-enriched fractions where RNAs in these preparations were enriched for the 
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RNA binding motifs of putative SG shell proteins TDP-43 and TIA1 (3). Furthermore, a recent 

systematic survey of the protein interactome for HNRNPA2B1 revealed that this RBP 

associates with a large number of other RBPs indirectly via RNA-RBP interactions (13). 

Similarly, HNRNPA2B1 may indirectly associate with SG core proteins via RNA-RBP 

interactions. Finally, it has been recently reported that RNA can regulate the phase 

separation of RBPs, consistent with the hypothesis that SGs may be assembled in part 

through phase separation processes (76, 77).  

Finally, comparing incubation of SG-enriched fractions with mitoxantrone, 

doxorubicin, or WS3 to incubation with DMSO control, we found that mitoxantrone and 

doxorubicin, but not WS3 or DMSO, dislodged the putative SG shell proteins TDP-43, FUS, 

and HNRNPA2B1 from SGs. Given that mitoxantrone and doxorubicin are both nucleic acid 

intercalating molecules reported to directly interact with RNA, we reasoned that these two 

compounds interfere with RNA-RBP interactions to dislodge putative SG shell proteins (47, 

62-65). IDRs, including prion-like domains (PrLDs), are often enriched in amino acids with 

large aromatic side chains (78), and coacervation of charged aromatic side chains help 

regulate phase separation of IDR-containing proteins. Mitoxantrone, doxorubicin, and other 

molecules with planar moieties may interact with these aromatic side chains via p-p stacks 

(2, 79). For example, acridine derivatives such as quinacrine are largely planar molecules 

that directly interact with prion protein and amyloid beta inclusions (48, 80). Given that SG 

formation has been reported to cause altered nucleocytoplasmic shuttling and localization of 

ALS-associated RBPs (74), these compounds which can dislodge ALS-associated RBPs 

from SGs raises the possibility that these compounds represent a new therapeutic approach 

for disease. 

To investigate this hypothesis, we developed a model system of ALS/FTD, in which 

iPS-MNs are exposed to 24h of stress by puromycin treatment, followed by washout and 
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recovery in medium without puromycin. We demonstrated increased cytoplasmic 

accumulation of TDP-43 during puromycin stress, which persisted for at least 24 hours into 

the recovery period in TARDBP and FUS mutant, but not in control iPS-MNs. This represents 

the first disease model showing motor neurons exhibit a persistent molecular TDP-43 

phenotype resembling the cytoplasmic mislocalization of TDP-43 in patient tissues (70-73), 

and ties together SGs with disease pathophysiology. Excitingly, when we treated the cells 

with mitoxantrone, a molecule with planar moieties, we not only reduced SG formation, but 

also reduced cytoplasmic accumulation of TDP-43. This reduction in cytoplasmic 

accumulation of TDP-43 by mitoxantrone lasted for at least seven hours into stress recovery 

after washout of puromycin, and could be replicated with pyrvinium, another planar moiety-

containing molecule, but not digitoxin, a SG-inhibiting compound which does not have 

extended planar moieties. Further corroborating these results, we found that mitoxantrone 

also decreased association of TDP-43 with SGs in H4 cells engineered with a TDP-43DNLS 

(86-414) expression cassette. 

Overall, our results in this study point us towards a two-step model for SG formation 

(Figure 3.8.1): In the first step, cellular stress signaling leads to phosphorylation of eIF2a, 

freezing ribosomes in the 48S pre-initiation stage at the 5’ untranslated regions (UTRs) of 

mRNAs. Actively translating polysomes eventually run off the ends of mRNAs, while at the 

same time the SG scaffold protein G3BP1 can directly bind to the 40S ribosome subunit. 

G3BP1 can undergo homotypic interactions via IDRs near the C-terminus and catalyze the 

formation of a SG core. In the second step of SG formation, RBPs assemble onto SGs 

through RNA-dependent interactions. Many of these RBPs contain IDRs, which can also 

mediate assembly of additional proteins through heterotypic IDR contacts to form a SG shell 

in a phase-transition process. We posit that this second step of SG formation is most 

relevant to disease pathophysiology. Mutations in the IDRs of RBPs or other SG shell 
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proteins may accumulate in local high concentrations in the SG shell, and over a lifetime of 

stress, SG shells could nucleate the formation of pathological aggregations of mutant 

proteins, such as those seen in the spinal cord MNs of ALS patients (29). In this context 

molecules with planar moieties such as nucleic acid intercalating molecules directly interact 

with RNAs, disrupting recruitment of ALS-associated RBPs to the SG shell. Thus, disruption 

of RNA-RBP interactions in SG shells is a potential therapeutic strategy for ALS/FTD. 
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APPENDIX 

 

 
 
Figure 1.1.1: Schematic showing the GFP construct inserted in the C-terminus of the 
endogenous G3BP1 gene locus using CRISPR/Cas9-mediated homology directed repair. 
The puromycin selection cassette was removed by Cre-mediated recombination of flanking 
LoxP sequences. AoH: arm of homology, pA: polyadenylation sequence, puro: puromycin 
resistance cassette, UTR: untranslated region. 
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Figure 1.1.2: Timeline for the generation of small molecule neural precursor cells used in 
screening. iPSC: induced-pluripotent stem cells, EB: embryoid bodies, NPC: small molecule 
neural precursor cells, PMA: Purmorphamine, CH: CHIR99021, AA: L-Ascorbic acid, SB: 
SB431542, DM: Dorsomorphin. 
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Figure 1.1.3: Representative wide-field fluorescence microscopy of G3BP1-GFP SG reporter 
lines under unstressed, NaAsO2 -stressed, and stressed but with cycloheximide pretreatment 
conditions. Scale bar is 50 µm. MN: motor neurons. 
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Figure 1.1.4: Overview of the screening paradigm, in which cells are pretreated with 
compounds such as cycloheximide for one hour, after which NaAsO2 is added to stress cells 
for one hour. CHX: cycloheximide. 
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Figure 1.1.5: Histograms showing SG area/nuclei area at varying NaAsO2 concentrations in 
the absence and presence of cycloheximide pretreatment, a positive control SG inhibiting 
compound. The Z’ for the screen assay conditions are shown in the upper right and are used 
to estimate whether the screen assays have adequate sensitivity and specificity for high-
throughput screening: 𝑍′ = 1 −	F

GHIJ	;	HIKL
M(IJ	–	(IKM

, where 𝜎OP and 𝜎OQ are the sample standard 
deviations for the positive and negative controls, respectively, and 𝜇̂P and 𝜇̂Q are the sample 
means for the positive and negative controls, respectively. Error bars are sample standard 
deviations from four biological replicates. 
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Figure 1.1.6: Representative wide-field fluorescence microscopy of CV-B iPS-MNs probed by 
immunofluorescence for MN markers HB9, ISLET-1, and SMI-31; neuronal marker TUBB3; 
and non-neuronal markers OLIG2 (oligodendrocytes), NANOG (induced-pluripotent stem 
cells), GFAP (astrocytes), and O4 (oligodendrocytes). Nuclei are stained with DAPI. Scale 
bar is 20 µm. 
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Figure 1.1.7: Representative wide-field fluorescence microscopy of G3BP1-GFP HEK293xT 
cells and NPCs stressed with NaAsO2 and immunofluorescence probing for SG-associated 
proteins G3BP1, UBAP2L, CAPRIN1, DDX3, and PABPC1 as well as the negative control 
CYC. Nuclei are stained with DAPI. Scale bar is 20 µm. NPC: small molecule neural 
precursor cells. 
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Figure 1.2.1: Schematic depicting the experimental and computational workflow of the small 
molecule screen for SG-modulating compounds. Scale bar is 50 µm. 
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Figure 1.2.2: Scatterplot showing the amount of SG formation for each compound screened, 
computed as a b-score: SG area/nuclei area is processed through a two-way row/column 
median polish and the residuals are divided by the median absolute deviation of all post-
polish residuals of the screen. For each compound, the mean of biological duplicate b-scores 
is represented. The red points on the left are negative controls in which no compounds were 
added. The green points on the right are positive controls in which either cycloheximide or 
emetine was added. The blue points are compounds identified as significantly reducing the 
amount of SG formation (p < 0.001) and the grey points are compounds that did not 
significantly reduce the amount of SG formation (p > 0.001). Significance levels are from one 
sample Student’s t-tests against a null hypothesis mean of zero. SG: stress granule, NPC: 
small molecule neural precursor cells, CHX: cycloheximide, EME: emetine. 
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Figure 1.2.3: Representative wide-field fluorescence microscopy of HEK293xT and CV-B 
small molecule neural precursor cell SG reporter lines treated with SG-modulating 
compounds. Included are the skeletal formulae of the compounds. Scale bar is 50 µm. 
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Figure 1.2.4: Summarizing the number of compounds which either decreased or increased 
the amount of SGs per cell defined as SG area/nuclei area, the number of SGs per cell 
defined as SG count/nuclei area, or the average size of SGs defined as SG area/SG count. 
Some compounds were included in more than one library screened; these were counted only 
once each. 
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Figure 1.2.5: Histogram classifying hit compounds from Figure 1.2.4 by the known cellular 
targets of the compounds. Classification was performed by manual annotation from the 
National Center for Biotechnology Information PubChem database. 
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Figure 1.2.6: Pie charts representing the known cellular targets of SG-modulating 
compounds, corresponding Figure 1.2.4. Classification, including for compounds with more 
than one annotated cellular target class, was performed by manual annotation from the NCBI 
PubChem database. SG: stress granule, NPC: small molecule neural precursor cells. 
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Figure 1.2.7: Venn diagrams representing the proportions of compounds that modulate SG 
area/nuclei area only, compounds that do not alter SG area/nuclei area but more subtly 
affect SG count/nuclei area and/or average SG size (defined as SG area/SG count), or 
compounds that modulate both SG area/nuclei area and SG count/nuclei area and/or 
average SG size. 
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Figure 1.2.8: Overview of the assay used to test whether compounds alone induce SG 
formation in the absence of stress. Representative wide-field fluorescence microscopy of 
HEK293xT cells and CV-B small molecule neural precursor cells treated with a nucleic acid 
intercalating molecule mitoxantrone or the dopaminergic receptor antagonist penfluridol 
versus DMSO control in the absence of stress. Histograms showing SG area/nuclei area in 
HEK293xT cells and CV-B small molecule neural precursor cells treated with hit compounds 
in the absence of stress. Significance levels are from two-tailed two sample Student’s t-tests 
to DMSO control: * p < 0.05, ** p < 0.01, *** p < 0.001. Error bars are sample standard 
deviations from four biological replicates. Scale bar is 50 µm. 
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Figure 1.3.1: Overview of the assay used to demonstrate dose-dependent inhibition of SG 
formation by SG screen hit compounds. Scatterplot and logistic regression showing dose-
dependent reduction of SG area/nuclei area by a nucleic acid intercalating molecule 
mitoxantrone but not by the vehicle control DMSO. Error bars are sample standard 
deviations from four biological replicates. SG: stress granule, NPC: small molecule neural 
precursor cells. 
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Figure 1.3.2: Summarizing the estimated IC50s of SG inhibiting compounds, determined 
from the midpoints of logistic regression functions fitted to dose response scatterplots. 
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Figure 1.3.3: Overview of the assay used to test the efficacy of compounds to inhibit SG 
formation under heat shock stress. Representative wide-field fluorescence microscopy of 
HEK293xT cells and CV-B small molecule neural precursor cells treated with a nucleic acid 
intercalating molecule mitoxantrone versus DMSO control under heat shock stress. 
Histograms showing the reduction in SG area/nuclei area in HEK293xT cells and CV-B small 
molecule neural precursor cells treated with hit compounds under heat shock stress. 
Significance levels are from two-tailed two sample Student’s t-tests to DMSO control: * p < 
0.05, ** p < 0.01, *** p < 0.001. Error bars are sample standard deviations from four 
biological replicates. Scale bar is 50 µm. 
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Figure 1.3.4: Overview of the assay used to test the efficacy of compounds to inhibit SG 
formation under thapsigargin stress. Representative wide-field fluorescence microscopy of 
HEK293xT cells and CV-B small molecule neural precursor cells treated with a nucleic acid 
intercalating molecule mitoxantrone versus DMSO control under thapsigargin stress. 
Histograms showing the reduction in SG area/nuclei area in HEK293xT cells and CV-B small 
molecule neural precursor cells treated with hit compounds under thapsigargin stress. 
Significance levels are from two-tailed two sample Student’s t-tests to DMSO control: * p < 
0.05, ** p < 0.01, *** p < 0.001. Error bars are sample standard deviations from four 
biological replicates. Scale bar is 50 µm. 
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Figure 1.3.5: Overview of the assay used to test the efficacy of compounds to reverse SG 
formation after cells have been pre-stressed by NaAsO2 for one hour. Representative wide-
field fluorescence microscopy of HEK293xT cells and CV-B small molecule neural precursor 
cells treated with a nucleic acid intercalating molecule mitoxantrone or Na+/K+-ATPase 
inhibitor digitoxin versus DMSO control after one hour of NaAsO2 pre-stress. Histograms 
showing the reduction in SG area/nuclei area in HEK293xT cells and CV-B small molecule 
neural precursor cells when hit compounds are added after NaAsO2 stress. Significance 
levels are from two-tailed two sample Student’s t-tests to DMSO control: * p < 0.05, ** p < 
0.01, *** p < 0.001. Error bars are sample standard deviations from four biological replicates. 
Scale bar is 50 µm. 
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Figure 1.3.6: Summarizing the number of compounds that reduced SG area/nuclei area in 
each of the counterscreen assays. 
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Figure 1.3.7: Venn diagrams representing the number of compounds that reduced SG 
area/nuclei area in more than one counterscreen assay. 
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Figure 1.3.8: Representative Western blots of eIF2a phosphorylated at serine 51 versus total 
eIF2a protein in cells treated with hit compounds and under NaAsO2 stress. Histograms 
quantifying the amount of eIF2a protein phosphorylated at serine 51 in HEK293xT cells and 
CV-B small molecule neural precursor cells treated with SG inhibiting compounds under 
NaAsO2 stress. Histogram values are normalized to samples treated with the vehicle control 
DMSO. Significance levels are from two-tailed one sample Student’s t-tests: * p < 0.05, ** p < 
0.01, *** p < 0.001. Error bars are sample standard deviations from at least four biological 
replicates. 
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Figure 1.3.9: Scatterplots and logistic regressions showing dose-dependent reduction of SG 
area/nuclei area by SG screen hit compounds but not by the vehicle control DMSO. Error 
bars are sample standard deviations from four biological replicates. SG: stress granule, NPC: 
small molecule neural precursor cells. 
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Figure 1.3.10: Representative Western blots of eIF2a phosphorylated at serine 51 versus 
total eIF2a protein in unstressed cells treated with hit compounds. Histograms quantifying 
the amount of eIF2a protein phosphorylated at serine 51 in unstressed HEK293xT cells and 
NPCs treated with SG inhibiting compounds. Histogram values are normalized to samples 
treated with the vehicle control DMSO. Significance levels are from two-tailed one sample 
Student’s t-tests: * p < 0.05, ** p < 0.01. Error bars are sample standard deviations from at 
least three experimental replicates. 
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Figure 1.3.11: Representative Western blots of total eIF2a in cells treated with hit 
compounds and under NaAsO2 stress, reproduced from Figure 1.3.8. Histograms quantifying 
the total eIF2a in HEK293xT cells and CV-B small molecule neural precursor cells treated 
with SG inhibiting compounds under NaAsO2 stress. Histogram values are normalized to 
samples treated with the vehicle control DMSO. Significance levels are from two-tailed one 
sample Student’s t-tests: * p < 0.05, ** p < 0.01. Error bars are sample standard deviations 
from at least three experimental replicates. 
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Figure 1.3.12 Representative Western blots of total eIF2a in unstressed cells treated with hit 
compounds, reproduced from Figure 1.3.10. Histograms quantifying the total eIF2a in 
unstressed HEK293xT cells and CV-B small molecule neural precursor cells treated with SG 
inhibiting compounds. Histogram values are normalized to samples treated with the vehicle 
control DMSO. Significance levels are from two-tailed one sample Student’s t-tests: * p < 
0.05, ** p < 0.01. Error bars are sample standard deviations from at least three experimental 
replicates. 
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Figure 1.4.1: Representative wide-field fluorescence microscopy of control iPS-MN line and 
iPS-MNs lines carrying ALS-associated mutations in TARDBP and FUS, respectively, treated 
with a nucleic acid intercalating molecule mitoxantrone versus DMSO control under NaAsO2 
stress. Histograms showing the reduction in SG area/nuclei area in four control lines, four 
TARDBP mutant lines, and two FUS mutant lines treated with hit compounds under NaAsO2 
stress. MN: motor neuron, SG: stress granule. Histogram values are normalized to cells 
treated with the vehicle control DMSO. Significance levels are from two-tailed two sample 
Student’s t-tests to DMSO control: * p < 0.05, ** p < 0.01, *** p < 0.001. Error bars are 
sample standard deviations from at least five biological replicates of four control lines, four 
TARDBP mutant lines, and two FUS mutant lines. Scale bars are 20 µm. 
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Figure 1.4.2: Representative wide-field fluorescence microscopy of control iPS-MN line and 
iPS-MNs lines carrying ALS-associated mutations in TARDBP and FUS, respectively, treated 
with a nucleic acid intercalating molecule mitoxantrone versus DMSO control under 
thapsigargin stress. Histograms showing the reduction in SG area/nuclei area in four control 
lines, four TARDBP mutant lines, and two FUS mutant lines treated with hit compounds 
under thapsigargin stress. Histogram values are normalized to cells treated with the vehicle 
control DMSO. Significance levels are from two-tailed two sample Student’s t-tests to DMSO 
control: * p < 0.05, ** p < 0.01, *** p < 0.001. Error bars are sample standard deviations from 
at least five biological replicates of four control lines, four TARDBP mutant lines, and two 
FUS mutant lines. Scale bars are 20 µm. 
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Figure 1.4.3: Representative wide-field fluorescence microscopy of control iPS-MN line and 
iPS-MNs lines carrying ALS-associated mutations in TARDBP and FUS, respectively, treated 
with a nucleic acid intercalating molecule mitoxantrone versus DMSO control under 
puromycin stress. Histograms showing the reduction in SG area/nuclei area in four control 
lines, four TARDBP mutant lines, and two FUS mutant lines treated with hit compounds 
under puromycin stress. Histogram values are normalized to cells treated with the vehicle 
control DMSO. Significance levels are from two-tailed two sample Student’s t-tests to DMSO 
control: * p < 0.05, ** p < 0.01, *** p < 0.001. Error bars are sample standard deviations from 
at least five biological replicates of four control lines, four TARDBP mutant lines, and two 
FUS mutant lines. Scale bars are 20 µm. 
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Figure 1.4.4: Representative wide-field fluorescence microscopy of iPS-MN lines: four control 
lines, four lines carrying ALS-associated mutations in TARDBP, and four lines carrying ALS-
associated mutations in FUS. The iPS-MNs are probed by immunofluorescence for MN 
markers HB9, ISLET-1, and SMI-31; neuronal marker TUBB3; and non-neuronal markers 
OLIG2 (oligodendrocytes), NANOG (induced-pluripotent stem cells), GFAP (astrocytes), and 
O4 (oligodendrocytes). Nuclei are stained with DAPI. Scale bar is 20 µm. MN: motor neuron. 
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Figure 2.5.1: Representative Western blots of ALS-associated RBPs and SG-associated 
proteins in SG-enriched fractions or whole-cell lysate input from unstressed versus NaAsO2 -
stressed cells. SG-enriched fractions were isolated from G3BP1-GFP HEK293xT cells and 
CV-B small molecule neural precursor cells. SG: stress granule, NPC: small molecule neural 
precursor cells. 
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Figure 2.5.2: Histograms quantifying the Western blotting in Figure 2.5.1 of ALS-associated 
RBPs and SG-associated proteins in SG-enriched fractions from unstressed versus NaAsO2 -
stressed cells. Histogram values are ratios of Western blot band intensities from stressed 
fractions divided by unstressed fractions, normalized to G3BP1, and log2-transformed. 
Significance levels are from two-tailed one sample Student’s t-tests: * p < 0.05, ** p < 0.01. 
Error bars are sample standard deviations from three experimental replicates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 76 

 
 
Figure 2.5.3: Representative wide-field fluorescence microscopy of NaAsO2 SG-enriched 
fractions probed by immunofluorescence for ALS-associated RBPs and SG-associated 
proteins. G3BP1 was probed as a positive control and CYCS was probed as a negative 
control. Scale bar is 10 µm. 
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Figure 2.5.4: Histograms quantifying the co-localization in Figure 2.5.3 of G3BP1-GFP SGs 
and immunofluorescence probing of ALS-associated RBPs and SG-associated proteins in 
NaAsO2 SG-enriched fractions. Significance levels are from two-tailed two sample Student’s 
t-tests to CYC: * p < 0.05, ** p < 0.01, *** p < 0.001. Error bars are sample standard 
deviations from three experimental replicates. 
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Figure 2.5.5: Representative Western blots of ALS-associated RBPs and SG-associated 
proteins in NaAsO2 SG-enriched fractions after digestion with increasing amounts of RNase I. 
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Figure 2.5.6: Histograms quantifying the Western blotting in Figure 2.5.5 of ALS-associated 
RBPs and SG-associated proteins in NaAsO2 SG-enriched fractions after digestion with 
increasing amounts of RNase I. Histogram values are normalized to samples treated with 0 
Units of RNase I. Significance levels are from two-tailed one sample Student’s t-tests: * p < 
0.05, ** p < 0.01. Error bars are sample standard deviations from three experimental 
replicates. 
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Figure 2.5.7: Representative wide-field fluorescence microscopy of NaAsO2 SG-enriched 
fractions probed by immunofluorescence for ALS-associated RBPs and SG-associated 
proteins, in the absence or presence of RNase I digestion. Scale bar is 10 µm (5 µm for 
inset). 
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Figure 2.5.8: Histograms quantifying the co-localization in Figure 2.5.7 of G3BP1-GFP SGs 
and immunofluorescence probing of ALS-associated RBPs and SG-associated proteins in 
NaAsO2 SG-enriched fractions, in the absence or presence of RNase I digestion. Histogram 
values are normalized to samples treated with 0 Units of RNase I. Significance levels are 
from two-tailed one sample Student’s t-tests: * p < 0.05, *** p < 0.001. Error bars are 
estimated standard error of the means of 18 biological replicates from two experimental 
replicates. 
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Figure 2.5.9: Representative wide-field fluorescence microscopy of SG-enriched fractions 
isolated from G3BP1-GFP HEK293xT cells and CV-B small molecule neural precursor cells, 
under unstressed or NaAsO2 -stressed conditions. Scale bar is 20 µm. NPC: small molecule 
neural precursor cells. 
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Figure 2.5.10: Representative silver staining of whole-cell lysate inputs or SG-enriched 
fractions isolated from HEK293xT cells and CV-B small molecule neural precursor cells 
under unstressed or NaAsO2 -stressed conditions. Arrows denote bands which appear 
stronger in SG-enriched fractions isolated from stressed cells. Arrowheads denote bands 
which appear fainter in SG-enriched fractions isolated from stressed cells. Stars next to 
arrows or arrowheads indicate divergences between samples from HEK293xT cells and 
NPCs. SG: stress granule. 
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Figure 2.5.11: Representative wide-field fluorescence microscopy of NaAsO2 SG-enriched 
fractions probed by immunofluorescence for CAPRIN1 or USP10. Scale bar is 10 µm. 
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Figure 2.5.12: Scatterplots quantifying the co-localization of G3BP1-GFP SGs and 
immunofluorescence probing of ALS-associated RBPs and SG-associated proteins in 
NaAsO2 SG-enriched fractions, in the presence of increasing amounts of RNase I digestion. 
Scatterplot values are normalized to samples treated with 0 Units of RNase I. Significance 
levels are from two-tailed one sample Student’s t-tests: * p < 0.05, ** p < 0.01, *** p < 0.001. 
Error bars are estimated standard error of the means of 18 biological replicates from two 
experimental replicates 
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Figure 2.5.13: Histograms quantifying the co-localization of G3BP1-GFP SGs and 
immunofluorescence probing of ALS-associated RBPs and SG-associated proteins in 
NaAsO2 SG-enriched fractions, in the absence or presence of overnight incubation with 5% 
1,6-hexanediol followed by RNase I digestion. Histogram values are normalized to samples 
treated with 0% 1,6-hexanediol and 0 Units of RNase I. Significance levels are from two-
tailed one sample Student’s t-tests: * p < 0.05, ** p < 0.01, *** p < 0.001. Error bars are 
estimated standard error of the means from 18 biological replicates from two experimental 
replicates. 
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Figure 2.6.1: Representative wide-field fluorescence microscopy of NaAsO2 SG-enriched 
fractions probed by immunofluorescence for TDP-43 in the absence or presence of overnight 
incubation with 100 µM mitoxantrone. Scale bar is 10 µm (5 µm for inset). NPC: small 
molecule neural precursor cells, RBP: RNA-binding protein. 
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Figure 2.6.2: Histograms quantifying the change in co-localization in Figure 2.6.1 of G3BP1-
GFP SGs and immunofluorescence probing of TDP-43 in NaAsO2 SG-enriched fractions, in 
the absence or presence of overnight incubation with 100 µM mitoxantrone. Histogram 
values are normalized to samples treated with the vehicle control DMSO. Significance levels 
are from two-tailed one sample Student’s t-tests: * p < 0.05, ** p < 0.01. Error bars are 
estimated standard error of the means from 18 biological replicates from two experimental 
replicates. SG: stress granule. 
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Figure 2.6.3: Representative wide-field fluorescence microscopy of H4 cells transiently 
expressing G3BP1-mCherry (false-colored green for consistency with other fluorescent 
imaging of G3BP1) and GFP-TDP-43DNLS (amino acid residues 86-414/no nuclear 
localization signal; false-colored red), stressed with NaAsO2 or thapsigargin, in the absence 
and presence of SG-modulating compounds. Arrows denote co-localized G3BP1-mCherry 
SG-like puncta and GFP-TDP-43DNLS foci. Arrowheads denote G3BP1-mCherry puncta that 
are largely devoid of co-localized GFP-TDP-43DNLS. Stars denote GFP-TDP-43DNLS foci 
that are largely devoid of co-localized G3BP1-mCherry. Scale bar is 50 µm (20 µm for 
insets). 
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Figure 2.6.4: Histograms quantifying the formation in Figure 2.6.3 of G3BP1-mCherry SG-like 
puncta in H4 cells transiently expressing G3BP1-mCherry and GFP-TDP-43DNLS and 
stressed with NaAsO2 or thapsigargin, in the absence or presence of SG-modulating 
compounds. Significance levels are from two-tailed two sample Student’s t-tests to vehicle 
control: * p < 0.05, *** p < 0.001. Error bars are estimated standard error of the means from n 
³ 35 cells. 
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Figure 2.6.5: Histograms quantifying in Figure 2.6.3 the fraction of G3BP1-mCherry SG-like 
puncta that have GFP-TDP-43DNLS co-localization in H4 cells transiently expressing 
G3BP1-mCherry and GFP-TDP-43DNLS and stressed with NaAsO2 or thapsigargin, in the 
absence or presence of SG-modulating compounds. Significance levels are from two-tailed 
two sample Student’s t-tests to vehicle control: ** p < 0.01, *** p < 0.001. Error bars are 
estimated standard error of the means from n ³ 14 cells. 
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Figure 2.6.6: Histograms quantifying the change in co-localization of G3BP1-GFP SGs and 
immunofluorescence probing of G3BP1, UBAP2L, TDP-43, FUS, and HNRNPA2B1 in 
NaAsO2 SG-enriched fractions, in the absence or presence of overnight incubation with 100 
µM quinacrine, doxorubicin, or daunorubicin. Histogram values are normalized to samples 
treated with the vehicle control DMSO. Significance levels are from two-tailed one sample 
Student’s t-tests: * p < 0.05, ** p < 0.01, *** p < 0.001. Error bars are estimated standard 
error of the means from 18 biological replicates from two experimental replicates. 
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Figure 2.6.7: Histograms quantifying the change in co-localization of G3BP1-GFP SGs and 
immunofluorescence probing of G3BP1, UBAP2L, TDP-43, FUS, and HNRNPA2B1 in 
NaAsO2 SG-enriched fractions, in the absence or presence of overnight incubation with 100 
µM cycloheximide, digitoxin, WS3, or ISRIB. Histogram values are normalized to samples 
treated with the vehicle control DMSO. Significance levels are from two-tailed one sample 
Student’s t-tests: * p < 0.05, ** p < 0.01, *** p < 0.001. Error bars are estimated standard 
error of the means from 18 biological replicates from two experimental replicates. 
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Figure 2.6.8: Representative Western blots and histograms quantifying the amounts of SG-
associated proteins G3BP1 and CAPRIN1 as well as ALS-associated RBPs TDP-43, FUS, 
and HNRNPA2B1 in NaAsO2 SG-enriched fractions after overnight incubation with 100 µM of 
one of five SG modifying compounds or vehicle control DMSO. Histogram values are 
normalized to samples treated with the vehicle control DMSO. Significance levels are from 
two-tailed one sample Student’s t-tests: * p < 0.05, ** p < 0.01, *** p < 0.001. Error bars are 
sample standard deviations from at least three experimental replicates. 
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Figure 2.6.9: SG-enriched fractions after overnight incubation with nucleic acid intercalating 
compounds and SG pelleting by centrifugation. 
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Figure 2.6.10: Histograms quantifying in Figure 2.6.5 the fraction of GFP-TDP-43DNLS foci 
(false colored red for consistency) that do not have G3BP1-mCherry (false colored green for 
consistency) co-localization in H4 cells transiently expressing G3BP1-mCherry and GFP-
TDP-43DNLS and stressed with NaAsO2 or thapsigargin, in the absence or presence of SG-
modulating compounds. Significance levels are from two-tailed two sample Student’s t-tests 
to vehicle control: * p < 0.05, *** p < 0.001. Error bars are estimated standard error of the 
means from n ³ 25 cells. 
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Figure 3.7.1: Representative wide-field fluorescence microscopy of iPS-MNs probed by 
immunofluorescence for G3BP1 and TDP-43 and stained with DAPI at several time points 
during puromycin stress and puromycin washout. Arrows denote co-localized G3BP1 SGs 
and TDP-43 puncta. Arrowheads denote G3BP1 SGs that are largely devoid of co-localized 
TDP-43. Scale bar is 20 µm (10 µm for insets). MN: motor neuron. 
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Figure 3.7.2: Scatterplot quantifying the formation in Figure 3.7.1 of cytoplasmic TDP-43 foci 
in iPS-MNs from individuals carrying ALS-associated mutations in TARDBP or control iPS-
MNs. Scatterplot values are normalized to samples at the 0 hour time point. Significance 
levels are from two-tailed two sample Student’s t-tests to control iPS-MNs: * p < 0.05, ** p < 
0.01, *** p < 0.001. Error bars are estimated standard error of the means from five biological 
replicates of four control lines and four TARDBP mutant lines. 
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Figure 3.7.3: Representative Western blots and histogram quantifying the amount of TDP-43 
in SG-enriched fractions isolated from TARDBP mutant or control iPS-MNs under no stress 
conditions, after 24 hours of puromycin stress, or after 24 hours of washout following 24 
hours of puromycin stress. Histogram values are normalized to the control line samples. 
Significance levels are from two-tailed two sample Student’s t-tests to control iPS-MNs: * p < 
0.05. Error bars are sample standard deviations of three biological replicates across four 
control lines and four TARDBP mutant lines. 
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Figure 3.7.4: Representative wide-field fluorescence microscopy of iPS-MNs probed by 
immunofluorescence for G3BP1 and TDP-43 and stained with DAPI at several time points 
during puromycin stress and puromycin washout. Arrows denote co-localized G3BP1 SGs 
and TDP-43 puncta. Brackets denote broad regions of cytoplasmic TDP-43. Stars denote 
cytoplasmic TDP-43 puncta that are largely devoid of co-localized G3BP1. Scale bar is 20 
µm (10 µm for insets). 
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Figure 3.7.5: Scatterplot quantifying the formation in Figure 3.7.4 of cytoplasmic TDP-43 foci 
in iPS-MNs from individuals carrying ALS-associated mutations in FUS or control iPS-MNs. 
Scatterplot values are normalized to samples at the 0 hour time point. Significance levels are 
from two-tailed two sample Student’s t-tests to control iPS-MNs: ** p < 0.01, *** p < 0.001. 
Error bars are estimated standard error of the means from five biological replicates of four 
control lines and two FUS mutant lines. 
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Figure 3.7.6: Representative wide-field fluorescence microscopy of iPS-MNs probed by 
immunofluorescence for G3BP1 and TDP-43 and stained with DAPI; iPS-MNs were 
incubated with SG-inhibiting compounds cycloheximide or mitoxantrone or DMSO control 
and stressed with puromycin. Arrows denote co-localized G3BP1 SGs and TDP-43 puncta. 
Arrowheads denote G3BP1 SGs that are largely devoid of co-localized TDP-43. Scale bar is 
20 µm (5 µm for insets). 
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Figure 3.7.7: Histograms quantifying the formation in Figure 3.7.6 of cytoplasmic TDP-43 foci 
in iPS-MNs from individuals carrying ALS-associated mutations in TARDBP, or control iPS-
MNs; cells were incubated with SG-inhibiting compounds cycloheximide or mitoxantrone or 
DMSO control and stressed with puromycin. Significance levels are from two-tailed two 
sample Student’s t-tests to DMSO control: * p < 0.05. Error bars are estimated standard error 
of the means from five biological replicates of four control lines and four TARDBP mutant 
lines. 
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Figure 3.7.8: Histograms quantifying the formation of cytoplasmic TDP-43 foci in iPS-MNs 
from individuals carrying ALS-associated mutations in TARDBP, or control iPS-MNs; cells 
were incubated with the planar moiety-containing compound mitoxantrone or DMSO control 
in the absence or presence of puromycin stress. Significance levels are from two-tailed two 
sample Student’s t-tests to unstressed, DMSO-treated control: * p < 0.05, ** p < 0.01. Error 
bars are estimated standard error of the means from 12 biological replicates of four control 
lines and four TARDBP mutant lines. 
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Figure 3.7.9: Histograms quantifying the formation of cytoplasmic TDP-43 foci in iPS-MNs 
from individuals carrying ALS-associated mutations in TARDBP, or control iPS-MNs; cells 
were incubated with the planar moiety-containing compound pyrvinium or DMSO control in 
the absence or presence of puromycin stress. Significance levels are from two-tailed two 
sample Student’s t-tests to unstressed, DMSO-treated control: ** p < 0.01. Error bars are 
estimated standard error of the means from 12 biological replicates of four control lines and 
four TARDBP mutant lines. Unstressed, DMSO-treated and puromycin stressed, DMSO-
treated controls are duplicated from Figure 3.7.8. 
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Figure 3.7.10: Representative Western blots and histogram quantifying the amount of G3BP1 
in SG-enriched fractions isolated from TARDBP mutant or control iPS-MNs under no stress 
conditions, after 24 hours of puromycin stress, or after 24 hours of washout following 24 
hours of puromycin stress. MN: motor neuron. Histogram values are normalized to the 
control line samples. Significance levels are from two-tailed two sample Student’s t-tests to 
control iPS-MNs: * p < 0.05, ** p < 0.01, *** p < 0.001. Error bars are sample standard 
deviations from three biological replicates of control lines and four TARDBP mutant lines. 
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Figure 3.7.11: Representative Western blots and histogram quantifying the amount of FUS in 
SG-enriched fractions isolated from TARDBP mutant or control iPS-MNs under no stress 
conditions, after 24 hours of puromycin stress, or after 24 hours of washout following 24 
hours of puromycin stress. Histogram values are normalized to the control line samples. 
Significance levels are from two-tailed two sample Student’s t-tests to control iPS-MNs: * p < 
0.05, ** p < 0.01, *** p < 0.001. Error bars are sample standard deviations from three 
biological replicates of control lines and four TARDBP mutant lines. 
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Figure 3.7.12: Representative Western blots and histogram quantifying the amount of 
HNRNPA2B1 in SG-enriched fractions isolated from TARDBP mutant or control iPS-MNs 
under no stress conditions, after 24 hours of puromycin stress, or after 24 hours of washout 
following 24 hours of puromycin stress. Histogram values are normalized to the control line 
samples. Significance levels are from two-tailed two sample Student’s t-tests to control iPS-
MNs: * p < 0.05, ** p < 0.01, *** p < 0.001. Error bars are sample standard deviations from 
three biological replicates of control lines and four TARDBP mutant lines. 
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Figure 3.7.13: Representative Western blots and histogram quantifying the amount of 
CAPRIN1 in SG-enriched fractions isolated from TARDBP mutant or control iPS-MNs under 
no stress conditions, after 24 hours of puromycin stress, or after 24 hours of washout 
following 24 hours of puromycin stress. Histogram values are normalized to the control line 
samples. Significance levels are from two-tailed two sample Student’s t-tests to control iPS-
MNs: * p < 0.05, ** p < 0.01, *** p < 0.001. Error bars are sample standard deviations from 
three biological replicates of control lines and four TARDBP mutant lines. 
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Figure 3.7.14: Representative wide-field fluorescence microscopy of iPS-MNs probed by 
immunofluorescence for G3BP1 and TDP-43 and stained with DAPI; iPS-MNs were 
incubated with SG inhibiting compounds cycloheximide or mitoxantrone or DMSO control 
and stressed with puromycin. Arrows denote co-localized G3BP1 SGs and TDP-43 puncta. 
Arrowheads denote G3BP1 SGs that are largely devoid of co-localized TDP-43. Scale bar is 
20 µm (5 µm for insets). 
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Figure 3.7.15: Histograms quantifying the formation in Figure 3.7.14 of cytoplasmic TDP-43 
foci in iPS-MNs from individuals carrying ALS-associated mutations in FUS or control iPS-
MNs; iPS-MNs were incubated with SG inhibiting compounds cycloheximide or mitoxantrone 
or DMSO control and stressed with puromycin. Significance levels are from two-tailed two 
sample Student’s t-tests to DMSO control. Error bars are estimated standard error of the 
means from five biological replicates of four control lines and two FUS mutant lines. 
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Figure 3.7.16: Histograms quantifying the formation of cytoplasmic TDP-43 foci in iPS-MNs 
from individuals carrying ALS-associated mutations in FUS, or control iPS-MNs; cells were 
incubated with the planar moiety-containing compound mitoxantrone or DMSO control in the 
absence or presence of puromycin stress. Significance levels are from two-tailed two sample 
Student’s t-tests to unstressed, DMSO-treated control: * p < 0.05. Error bars are estimated 
standard error of the means from 12 biological replicates of four control lines and two FUS 
mutant lines. 
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Figure 3.7.17: Histograms quantifying the formation of cytoplasmic TDP-43 foci in iPS-MNs 
from individuals carrying ALS-associated mutations in FUS, or control iPS-MNs; cells were 
incubated with the planar moiety-containing compound pyrvinium or DMSO control in the 
absence or presence of puromycin stress. Significance levels are from two-tailed two sample 
Student’s t-tests to unstressed, DMSO-treated control: * p < 0.05, ** p < 0.01. Error bars are 
estimated standard error of the means from 12 biological replicates of four control lines and 
two FUS mutant lines. Unstressed, DMSO-treated and puromycin stressed, DMSO-treated 
controls are duplicated from Figure 3.7.16. 
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Figure 3.7.18: Histograms quantifying the formation of cytoplasmic TDP-43 foci in iPS-MNs 
from individuals carrying ALS-associated mutations in TARDBP, FUS, or control iPS-MNs; 
cells were incubated with digitoxin, a molecule which does not have extended planar 
moieties, or DMSO control in the absence or presence of puromycin stress. Significance 
levels are from two-tailed two sample Student’s t-tests to unstressed, DMSO-treated control: 
* p < 0.05, ** p < 0.01. Error bars are estimated standard error of the means from 12 
biological replicates of four control lines, four TARDBP mutant lines, and two FUS mutant 
lines. Unstressed, DMSO-treated and puromycin stressed, DMSO-treated controls are 
duplicated from Figures 3.7.8 and 3.7.16. 
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Figure 3.8.1: Under unstressed conditions, the 48S pre-initiation ribosome complex 
assembles on the 5’ cap of actively translation mRNAs (1) and scans the 5’ untranslated 
region for the start codon, upon which the full 80S ribosome assembles and translates the 
coding sequence (2). Following cellular stress such as exposure to NaAsO2 or thapsigargin, 
stress-activated kinases phosphorylate eIF2a on serine 51 (3), freezing ribosomes at the 
48S pre-initiation complex stage at the 5’ cap (4). Elongating 80S ribosomes eventually fall 
off transcripts (5). Classical SG-associated RBPs such as G3BP1, TIA1, UBAP2L, USP10, 
CAPRIN1, and DDX3 can bind to the 40S ribosome subunit, the 5’ or 3’ untranslated regions, 
or G3BP1, and these proteins mediate assembly of several of these ribonucleoproteins into a 
core SG structure, possibly through a combination of protein-protein interactions via well-
ordered protein domains as well as liquid-liquid phase separation interactions of the 
intrinsically disordered regions of these proteins (6). This core structure contains mRNA 
whose coding sequences may act as landing sites for the assembly of RBPs , including ALS-
associated proteins such as TDP-43, FUS, and HNRNPA2B1 (7). The intrinsically disordered 
regions (IDR) of these RBPs may then further mediate assembly of other proteins with 
intrinsically disordered regions, which may or may not be RBPs, forming a shell SG structure 
(8). This shell structure may lead to a local high concentration of mutant protein in cells 
carrying mutations in the intrinsically disordered regions of ALS-associated proteins such as 
TDP-43, and may nucleate the formation of more insoluble and potentially cytotoxic 
aggregates. (9) SG screen hit compounds disrupt association of ALS-associated proteins 
with the SG shell, potentially reducing the nucleation and formation of insoluble protein 
aggregates. 
 



 116 

Table 1.1.1: Enumerating the known cellular targets of SG-modulating compounds identified 
in the SG screen, corresponding to the table in Figure 1.2.4 and the pie charts of Figure 
1.2.6. Related cellular targets have been grouped together and cellular target superclasses 
have been color-coded. 
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Table 1.1.1: Enumerating the known cellular targets of SG-modulating compounds identified 
in the SG screen, corresponding to the table in Figure 1.2.4 and the pie charts of Figure 
1.2.6. Related cellular targets have been grouped together and cellular target superclasses 
have been color-coded. (Continued.) 
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Table 1.1.2: Enumerating SG-modulating compounds identified in HEK293xT cells, color-
coded by cellular target superclasses as in Table 1.1.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 120 

 



 121 

Table 1.1.2: Enumerating SG-modulating compounds identified in HEK293xT cells, color-
coded by cellular target superclasses as in Table 1.1.1. (Continued.) 
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Table 1.1.2: Enumerating SG-modulating compounds identified in HEK293xT cells, color-
coded by cellular target superclasses as in Table 1.1.1. (Continued.) 
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Table 1.1.3: Enumerating SG-modulating compounds identified in CV-B small molecule 
neural precursor cells, color-coded by cellular target superclasses as in Table 1.1.1. 
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Table 1.1.3: Enumerating SG-modulating compounds identified in CV-B small molecule 
neural precursor cells, color-coded by cellular target superclasses as in Table 1.1.1. 
(Continued.) 
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Table 1.1.3: Enumerating SG-modulating compounds identified in CV-B small molecule 
neural precursor cells, color-coded by cellular target superclasses as in Table 1.1.1. 
(Continued.) 
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Table 1.1.3: Enumerating SG-modulating compounds identified in CV-B small molecule 
neural precursor cells, color-coded by cellular target superclasses as in Table 1.1.1. 
(Continued.) 
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Table 1.1.4: Enumerating SG-modulating compounds identified in both HEK293xT cells and 
CV-B small molecule neural precursor cells, color-coded by cellular target superclasses as in 
Table 1.1.1. 
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Table 1.2.5: Enumerating SG screen hit compounds that were tested in HEK293xT cells in 
four counterscreen assays: dose response assay against NaAsO2 stress, heat shock stress 
assay, thapsigargin stress assay, and NaAsO2 pre-stress assay. Compounds color-coded by 
cellular target superclasses as in Table 1.1.1. 
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Table 1.2.6: Enumerating SG screen hit compounds that were tested in NPCs in four 
counterscreen assays: dose response assay against NaAsO2 , heat shock and thapsigargin 
stress assays as well as NaAsO2 pre-stress assay. Compounds color-coded by cellular target 
superclasses as in Table 1.1.1. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 131 

Table 1.3.7: Enumerating SG screen hit compounds that were tested in control, TARDBP 
mutant, or FUS mutant iPS-MNs against NaAsO2 stress, thapsigargin stress, or puromycin 
stress. Compounds color-coded by cellular target superclasses as in Table 1.1.1. 
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