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Abstract 

Rapid progress has been made in identifying genetic underpinnings associated with 

neurodegenerative diseases, such as amyotrophic lateral sclerosis (ALS). In the past few years, 

there has been significant agreement of the idea of heterogeneous nuclear ribonucleoproteins 

(hnRNPs) and the proteins which make them up, are central drivers in the pathobiology of ALS 

(Purice & Taylor, 2018). ALS has no known etiology and is a rapid, fatal neurodegenerative 

disease characterized by pathological inclusions within motor and cortical neurons, predominantly 

consisting of TAR DNA-binding protein 43 kDa (TDP-43) (Khalfallah et al., 2018). This protein 

mediates liquid-liquid phase separation (LLPS) in formation and decomposition of stress granules 

(SGs), which act as a first line defense mechanism in response to cellular stress (Aulas et al., 2017). 

SGs are membraneless, highly interactive with cytoplasmic material, and function to sequester 

expression of unwanted mRNAs during times of cellular stress, allowing the cell to recover (Purice 

& Taylor, 2018). It is believed that TDP-43 may serve as the interface between environmental 

stress and genetic susceptibility, by causing SGs to turn pathological, acting as the “seed” of 

neuronal inclusions (Aulas & Vande Velde, 2015; Mateju et al., 2017). Cells have protein quality 

control (PQC) machinery and chaperones to maintain healthy SGs, but age, mutations, and chronic 

stress exposure may overwhelm these processes (Purice & Taylor, 2018). This review aims to add 

clarity to how SGs turn pathological, but future research is necessary to gain a better understanding 

of the mechanisms involved.  
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Introduction 

Amyotrophic lateral sclerosis (ALS) is a progressive and fatal neurodegenerative disease 

characterized by the destruction of motor neurons within the brain and spinal cord. Interestingly, 

there has been consensus on the idea that ALS pathogenesis shows clinical overlap with other 

adult-onset degenerative disorders like frontotemporal dementia (FTD) (Dewey et al., 2012; Purice 

& Taylor, 2018; Sugai et al., 2018; Scotter, Chen, & Shaw, 2015). Neurodegenerative diseases 

like ALS and FTD are often characterized by noticeable deposition of ubiquitin-positive, 

cytoplasmic inclusions containing the RNA-binding protein TDP-43 (TAR DNA-binding protein 

43 kDa) (Khalfallah et al., 2018; Purice & Taylor, 2018; Scotter, Chen, & Shaw, 2015). 

Ubiquitination is the physiological process of attaching a small molecule to a protein marking the 

protein for death. These inclusions contain amyloid fibrils which increase cell toxicity upon 

accumulation and potential cell death.  Current evidence suggests that the majority of sporadic and 

familial cases of ALS results from a rapid nuclear efflux of TDP-43 into the cytoplasm, which may 

result in formation of disease-associated heterogeneous nuclear ribonucleoproteins (hnRNPs) in 

stress granules (SGs) (Khalfallah et al. 2018; Purice & Taylor, 2018). Heterogeneous nuclear 

RNPs (hnRNPs) are considered to be an important subclass of ribonucleoproteins (RNPs), which 

are RNA-binding proteins (RBPs) that have associated with their client RNAs (Coyne, Zaephel, 

& Zarnescu, 2017). RNPs function to mediate all stages of mRNA metabolism, from transcription 

to decay, and are one of the most abundant class of proteins in the cell. Many are ubiquitously 

expressed and found in both the nucleus and cytoplasm (Coyne, Zaephel, & Zarnescu, 2017; 

Khalfallah et al., 2018; Purice & Taylor, 2018). Similar to RNPs, hnRNPs function to coat 

emerging pre-mRNAs to form messenger RNPs (mRNPs), which control various biological 
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processes – mRNA splicing, polyadenylation, nuclear export, localization, and translation (Coyne, 

Zaephel, & Zarnescu, 2017; Purice & Taylor, 2018).  

 As mentioned before, the protein TDP-43 is a central player in the pathogenesis of 

ALS/FTD and is involved in a wide array of cellular processes (Aulas & Vande-Velde, 2015; 

Dewey et al., 2012; Purice & Taylor, 2018; Sugai et al., 2018). TDP-43 is classified within the 

hnRNP family because it contains many structural features in common with the 24 hnRNPs that 

were originally identified in the past (Figure 1). The C-terminal glycine-rich domain of TDP-43 

has motifs that interact with multiple partners (nucleic acid/proteins) which is essential for liquid-

liquid phase separation (LLPS). This phase separation promotes the formation of membranelles 

organelles (SGs) in times of cellular stress, acting to inhibit the expression of unwanted mRNA 

and directs the cell to transcribe the more important proteins necessary to compensate for stress 

(Aulas & Vande-Velde, 2015; Coyne, Zaephel, & Zarnescu, 2017; Meyerowitz et al., 2011; Purice 

& Taylor, 2018). Stress exposures may include osmotic, oxidative, mitochondrial, or endoplasmic 

reticulum (ER) stress, viral infection, protease inhibition, and other anti-cancer or anti-fungal drugs 

(Aulas & Vande-Velde, 2015; Coyne, Zaephel, & Zarnescu, 2017; Meyerowitz et al., 2011; Purice 

& Taylor, 2018) 

 SGs occur naturally and protect the cell by forming cytoplasmic foci containing stalled 

mRNA transcripts bound to their corresponding hnRNPs. SG dynamics (i.e. formation and 

deposition) are beginning to be studied more often as the dysregulation of SG dynamics is thought 

to play a key role in neurodegenerative diseases by allowing a normal physiological response to 

progress towards a pathological state (Purice & Taylor, 2018). TDP-43 and other hnRNPs are 

involved in mediating the phase separation of SGs followed by stress exposure (Coyne, Zaephel, 

& Zarnescu, 2017). Fortunately, the cell has mechanisms to clear toxic SGs via autophagy/ 
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granulophagy; however, disease-causing mutations can trigger assembly of aberrant phase gels (or 

persistent SGs) in which high concentrations and close interaction of multiple low complexity 

domains (LCDs) over time of chronic stress exposure promotes the transition of TDP-43 (and other 

aggregation-prone proteins) to pathogenic amyloid fibrils (Coyne, Zaephel, & Zarnescu, 2017; 

Meyerowitz et al., 2011; Purice & Taylor, 2018; Wheeler, Matheny, Jain, Abrisch, & Parker, 

2016).  

 Since TDP-43-positive inclusions contain SG markers, this has led to the hypothesis that 

pathological inclusions may originate from SGs which fail to disassemble correctly. Additionally, 

given that TDP-43 and other hnRNPs contain low complexity domains (LCDs) and are recruited 

to SGs, it remains a question whether these proteins may serve as the interface between genetic 

susceptibility and environmental stress response in ALS pathogenesis (Coyne, Zaephel, & 

Zarnescu, 2017; Purice & Taylor, 2018). This paper aims to add clarity to the idea of stress granules 

acting as the link between mutations and chronic cellular stress. I will highlight pathological TDP-

43 mutations that increase its propensity to aggregate as well as how mutant TDP-43 may act in 

disease when being recruited for its role in SG dynamics. This information can be taken further to 

potentially develop new therapies which aims to control SG dynamics when cytoplasmic 

concentration of TDP-43 is too high.
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Figure 1. Topology diagram of TDP-43 and related hnRNP domain organization. TDP-43, FUS, hnRNP A1, and 

hnRNP A2B1 contain at least one RNA-recognition motif (RRM) and low complexity domain (LCD). All proteins 

shown are known to mediate protein-protein interaction via their LCDs. Modeled after Purice and Taylor’s first 

figure (2018). 
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Chapter 1: Mutations in TDP-43 Which Increase Aggregation Propensity 

 

Danger of Pathological Fibrils 

 As stated earlier, diseases like ALS and FTD share a clinical overlap in pathology 

characterized by cytoplasmic inclusions consisting of TDP-43 fibrils within motor neurons (Purice 

& Taylor, 2018; Sugai et al., 2018; Scotter, Chen, & Shaw, 2015). The function of the hnRNP 

family has become closely linked to neurodegenerative diseases over the last ten years, especially 

in ALS, FTD, and related diseases like inclusion body myopathy (IBM) and Paget’s disease of 

bone (PDB) (Purice & Taylor, 2018). It has been hypothesized that disease causing mutations in 

hnRNPs lead to the presence of persistent stress granules which are unable to disassemble properly 

leading to cytoplasmic inclusions found in neurodegenerative diseases (Coyne, Zaephel, & 

Zarnescu, 2017).  

 Some existing models suggest that chronic cellular stress induces a situation in which 

hnRNPs within SGs evolve into pathological fibrils leading to increased cellular toxicity and 

eventual cell death. This alters the physiological liquid-liquid phase separation (LLPS) in addition 

to mRNA metabolism, thus contributing to ALS pathogenesis (Aulas et al., 2017; Coyne, Zaephel, 

& Zarnescu, 2017; Meyerowitz et al., 2011; Purice & Taylor, 2018; Shodai et al., 2013; Scotter, 

Chen, & Shaw, 2015; Wheeler, Matheny, Jain, Abrisch, & Parker, 2016). The danger of 

pathological fibrils is that it has the potential to spread from neuron to neuron but the mechanisms 

by which are poorly understood (Lashuel, Overk, Oueslati, & Masliah, 2013).  

 

Disease Related Mutations in TDP-43 

 Research in ALS and related diseases have largely shifted toward understanding the 

mechanistic details behind TDP-43 aggregation and the formation of persistent SGs.  Pathogenesis 

in ~97% of ALS and ~45% of FTD cases involve TDP-43 aggregates (Coyne, Zaephel, & 

Zarnescu, 2017; Purice & Taylor, 2018). In a review article from 2016, Coyne et al. proposes that 
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point mutations, most often occurring within the LCD of TDP-43, promote development of ALS. 

In that review, it is suggested that ALS-linked mutations in TDP-43 disrupt axonal trafficking, as 

they are no longer able to transport mRNAs to their proper location (distal neurites) (Coyne, 

Zaephel, & Zarnescu, 2017).  

 Testing the suggestions, a primary paper by Gopal et al. (2017) compared motor ability of 

wild-type TDP-43 against a couple of known point mutations – G298S and M337V (Coyne, 

Zaephel, & Zarnescu, 2017). To begin their experiment, Gopal et al. (2017) first tested TDP-43 

granule motility in primary cortical neurons of rats to determine if the granules are more motile in 

the proximal axon (close to cell body) or the mid axon (farther from the cell body). They 

categorized movements of TDP-granules (based on net displacement and velocities) in three 

categories – Motile (few pauses), Oscillatory (short runs with frequent pauses), and Stationary 

(low displacement). The researchers found that a majority of motile TDP-43 granules were 

observed in the mid axon whereas the proximal axon contained twice as many stationary granules, 

leading to the conclusion that separate populations of granules exist within cortical neurons. These 

data suggest a higher concentration of stationary, more dense, TDP-43 granules closer to the cell 

body, where motile granules are mostly found interacting with each other in the mid axon (Gopal 

et al., 2017). This is an important finding because Gopal et al. (2017) also observed that more 

stationary granules display sharp projections and irregular shape while mid axonal granules are 

spherical and more uniform (Figure 2). Taken together, it is reasonable to assume more dense, 

larger granules in the proximal axon display a state of higher density, which may be a factor 

contributing to TDP-43 fibrilization. With these observations in mind, Gopal et al. (2017) 

hypothesized TDP-43 ALS-linked mutations (M337V and G298S) in the LCD would alter LLPS 

abilities and disrupt the physiology of SGs.  
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 To test this, Gopal et al. (2017) used STED microscopy, allowing for super-resolution 

images, to compare motility differences in wild-type and ALS-linked mutants of TDP-43. 

Consistent with other studies, they observed that M337V and G298S granules have less efficient 

transport caused by an increased viscosity (~20 fold more than WT-TDP-43). These observations 

were made with FRAP and calculated using the Stokes-Einstein equation (Figure 3A-B) (Gopal 

et al., 2017). The increase in viscosity prolongs interaction of SGs during coalescence and when 

interacting with a stationary (mature) granule in the proximal axon, no disassembly was observed.  

They concluded that these two mutations in the LCD of TDP-43 promote a more stabilized internal 

structure within SGs and propose that pathological transformation of SGs may occur by toxic gain-

of-function (Gopal et al., 2017).  

 To test whether SGs with mutant TDP-43 are more stable, Gopal et al. (2017) compared 

disassembly of wild-type TDP-43 granules against mutant TDP-43 granules by exposing them to 

chemicals that disrupt the hydrophobic interactions of LCDs (Figure 3C). Weak hydrophobic 

interactions of LCDs had previously been shown to underlie the biophysical liquid properties of 

hnRNPs, and disruption of these interactions induces SG disassembly in vitro (Kroschwald et al., 

Figure 2. Proximal TDP-43 granules display irregular shape and distributed at a higher density than mid TDP-43 

granules (scale bar:  2.2 m). These observations (B) were made using superresolution STED microscopy. Granule 

density (A) was calculated for all imaged axon segments (n = 18 proximal, n=13 mid), and significance was measured 

using Student’s t test (p < 0.001).  

A B 
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2015). Gopal et al. used digitonin and 1,6-hexanediol to induce SG disassembly in their experiment 

to observe the effect of increased granule viscosity in the ALS-associated point mutations. The 

aliphatic alcohol, 1,6-hexanediol is known to dissolve stress granules (Kroschwald et al., 2015) 

and was used to see if SG disassembly is inhibited by G298S and M337V point mutations. In 

support of a more stabilized internal structure, Gopal et al. (2017) observed that the ALS-

associated mutations did in fact inhibit SG clearance (Figure 3C). Other studies have shown that 

ALS-associated mutations in the LCD of TDP-43 may transform liquid droplets into persistent 

SGs by decreasing ability to properly disassemble (Conicella, Zerze, Mittal, & Fawzi, 2016). The 

findings by Gopal et al. (2017) support the idea that ALS pathology arises through toxic gain-of-

function of hnRNP granules caused by mutations in the LCD of TDP-43. 

 Increased SG viscosity has two potentially unfavorable consequences. First as shown by 

Gopal et al. above, it impairs the dynamics of SGs, affecting the ability to unpack RNA cargo and 

interact with the surrounding cytoplasm. Consistent with these observations, it has previously been 

shown that disease related mutations in hnRNPs increase adhesive forces driving higher order 

structures, alter the properties and dynamics of SGs, and produce malfunctioning SGs (Purice & 

Taylor, 2018). Second, as poorly dynamic SGs begin to accumulate it is likely to promote more 

stable fibrilization-prone assemblies of proteins, such as TDP-43. With this view in mind, it is 

reasonable to assume that persistent, more viscous SGs may evolve overtime into pathological 

inclusions that hallmark neurodegenerative diseases like ALS and FTD (Gopal et al., 2017; Purice 

& Taylor, 2018). 
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Figure 3. Mutations in LCD of TDP-43 show declined motility, increased viscosity, and inhibited granule 

clearance. (A) The mean squared displacement (MSD) of WT-TDP-43 (n = 8 neurons), M337V (n = 7 neurons), 

and G298S (n = 8 neurons) granules. Three independent experiments were performed for each type of granule. 

The thick lines represent the mean MSD and shaded areas are indicative of standard error of the mean (SEM). (B) 

Mid axonal TDP-43 WT granule (n = 7) viscosity measured against M337V (n = 6) and G298S (n = 6) mutant 

granules (**P = 0.006, Kruskal-Wallis test with Dunn’s correction). Three independent experiments were 

performed. (C) WT-TDP-43 granule number in the mid axon after 1,6-hexanediol + Digitonin treatment compared 

to G298S and M337V point mutations. Digitonin treatment were the control conditions and error bars indicate 

SEM. Taken from Gopal et al., 2017. 
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Chapter 2: Environmental Impacts on Stress Granule Dynamics 

Stress Granule Formation 

 Stress granules (SGs), composed of various hnRNPs bound to specific mRNAs, are dense 

complexes in the cytosol that appear when the cell is under stress. As mentioned in the 

introduction, cellular stressors include osmotic, oxidative, mitochondrial, or endoplasmic 

reticulum stress, viral infections, UV radiation, cadmium chloride, and various anti-cancer or anti-

fungal medications (Khalfallah et al., 2018). 

 Usually, the formation of SGs is a dynamic and reversible process but pathological 

mutations in hnRNPs (like TDP-43) likely contribute to ALS and FTD development (Coyne, 

Zaephel, & Zarnescu, 2017; Khalfallah et al., 2018; Wheeler, Matheny, Jain, Abrisch, & Parker, 

2016). Discussed in chapter 1, these mutations lead to increased SG formation, inhibited clearance 

(Gopal et al., 2017), and/or abnormal accumulation of stress granule-like aggregates (Khalfallah 

et al., 2018; Wheeler, Matheny, Jain, Abrisch, & Parker, 2016). The exact mechanism and 

molecular interactions which regulate the dynamics of SGs and how these may be altered in disease 

are poorly understood. A paper by Wheeler et al. (2016) proposed a method in which stress 

granules assemble and disassemble (Figure 4). This hypothesis of SG dynamics was supported by 

Gopal et al. (2017), who observed shell formation, coalescence, and fusion events in vitro. 

 

Effect of Different Stressors on SG Dynamics  

 Previously, researchers questioned if SG components were uniform with all types of 

stressors, or if components of SG were dependent on specific environmental stressors. The list of 

stimuli which promote SG formation is continuing to grow, and most studies assume SGs are 

uniform in composition despite differences in stressor or cell type.  
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 A paper by Aulas et al. (2017) investigated this question by assessing the composition of 

SGs in response to a variety of stress inducing stimuli. The researchers of this experiment used 

HAP1 cells which are fibroblast-like, near-haploid, having almost one copy of every human 

chromosome and derived from male chronic myelogenous leukemia (CML) cell line KBM-7 

(Aulas et al., 2017; Essletzbichler et al., 2014). These cells are easy to manipulate, culture, and 

provide a nice baseline for observing potential differences in SG components. These cells were 

treated with a variety of stressors – sodium arsenate (SA, 200 M, 1h – oxidative stress), NaCl 

Figure 4. Model for potential steps in the assembly and disassembly of stress granules. Untranslating mRNPs form 

an early stable core complex which grows to form a biphasic shell through an ATP-dependent process. Biphasic 

SGs mature into a higher order through fusion, a microtubule-dependent process. Disassembly is thought to occur 

first by shell dissipation of weakly bound mRNPs to be recovered for translation. Remodeling complexes with 

assistance of ATP are required for more stable core complexes to disassemble, or they may be cleared via 

autophagy. Light-grey dashed lined between mRNPs indicate weak interactions while darker grey regions represent 

strong interactions between LCDs which form the core complexes. Taken from Wheeler et al. 2016.  
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(0.2 M, 1h – hyperosmotic stress), thapsigargin (Thaps, 4 M, 2h – ER stress), MG132 (100 M, 

1h – proteasome inhibition), pateamine A (PatA, 0.5 M, 1h – inhibition of eIF4A), UV radiation 

(200 J/m2 with a stratolinker, 1h), and heat shock (44ºC, 1h) (Aulas et al., 2017). All of these 

stressors are known to induce G3BP stress granule assembly factor 1 (G3BP1)-positive foci, an 

identifying stress granule marker (Reineke & Lloyd, 2015). Aulas et al. (2017) used fluorescence 

in situ hybridization (FISH), western blotting, and genotyping to observe the effects of different 

SG-inducing treatments.  

 After quantifying the data, they concluded SG formation is stress-dependent and inconstant 

per stressor, having a range of over 90% of cells for oxidative and hyperosmotic stress to as little 

as 20% of cells for ER stress, UV radiation, and proteasome inhibition (Figure 5A-B) (Aulas et 

al., 2017). The majority of the tested stresses cause poly(A) mRNA-positive SG foci; however, 

RocA and UV radiation foci contain little or no poly(A) mRNA and fail to recruit core SG 

components (Aulas et al., 2017). Therefore, it is suggested that these foci are noncanonical SGs, 

indicating that components of SGs are stressor-dependent. This data stresses the importance to 

understand differences in SG subtypes and indicates that some stressors produce noncanonical 

SGs, which are likely not involved in disease development (Aulas et al., 2017). They also found 

that hyperosmotic-induced SGs are more stable than oxidative-induced SGs due to their resilience 

upon CHX, a chemical used to forcibly disassemble SGs (Aulas et al., 2017). These results stress 

the importance to consider the differences in SG composition with stress type when conducting 

experiments which explore SG dynamics relative to neurodegenerative diseases.  
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Figure 5. Composition of SGs or SG-like foci exposed to various stress stimuli. (A) Quantification of G3BP1- or 

oligo(dT)-positive foci in HAP1 cells exposed to 200 M sodium arsenate (1 hr), heat shock (44ºC for 1 h), 100 M 

MG123 (1 h), 4 M Thaps (2 h), 2 M RocA (2 h), 0.5 M PatA (1 h), and 0.2 M NaCl (1 h) and no stress (control). 

FISH using oligo(dT) probe and immunofluorescence with G3BP1-specific antibody used to obtain results, which 

include means  standard error of mean (n=3). (B) HAP1 cells stained with G3BP1 (green) and oligo(dT) (red) after 

exposure to the indicated stresses. Boxed region is enlarged, and line scans were used to determine colocalization of 

markers (separate colors shown on graphics). Taken from Aulas et al., 2017.  
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Chapter 3: Relation of ∆-TDP-43, Chronic Stress, and Age in ALS  

Looking into Disease Relevant Cell Types 

 In previous research, it had been assumed that SG composition was uniform, and the type 

of cell had no effect on the dynamics of SGs. Discussed in chapter 2, Aulas et al. (2017) found a 

large difference in SG composition upon varying stress exposure. This proposed the question as to 

whether SG dynamics could change per cell type (Aulas et al., 2017; Khalfallah et al., 2018). A 

paper by Khalfallah et al. (2018) looked at the dynamics of SGs in disease-relevant cell types to 

investigate this question.  Cell types relevant to ALS are cortical and motor neurons (associated 

with TDP-43 proteinopathies), as well as astrocytes (glia cells involved with ALS progression) 

(Khalfallah et al., 2018). Many studies involving neurodegeneration neglect to consider the effects 

of SG dynamics upon varying cell type and Khalfallah et al. (2018) confirmed that cell type plays 

a large role in the formation and decomposition of SGs, which is important for future research to 

consider as we move forward to investigate the mechanistic details behind SG dynamics. 

 The first question they set out to determine was to whether SG morphology appeared to 

change dependent on cell type. To do this, Khalfallah et al. (2018) observed primary cultures of 

mouse cortical and motor neurons, astrocytes, and mouse embryonic fibroblasts (as a control) 

exposed to sodium arsenate (0.5 mM) to induce SG formation by oxidative stress. Several small 

SGs would assemble within minutes, then coalesce into a fewer number of larger puncta over a 

longer period of time. Cells were observed using FISH and immunofluorescence – labeled mRNA 

with oligo(dT) probe (red), SGs with HuR (green), and intermediate filaments with SMI123 or 

GFAP (blue). Following a 1-hour period of SA exposure, both motor and cortical neurons 

displayed larger puncta with perinuclear distribution when compared to mouse embryonic 

fibroblasts (MEFs), which had smaller and even distribution of SG puncta (Figure 6) (Khalfallah 

et al., 2018). Astrocytes had SGs distributed to the cell periphery. It is important to note that MEFs 
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and astrocytes only had 30 minutes of SA exposure as 1 hr compromised cell viability (Khalfallah 

et al., 2018), which supports the idea that cell types respond differently to stress exposure. These 

findings prompted Khalfallah et al. (2018) to perform a more detailed study of SA exposure 

overtime, analyzing the differences in SG kinetics. 

 

 

 

 

 To assess the kinetics of SGs, Khalfallah et al. (2018) quantified their observations using 

ImageJ’s “analyze particles” function with the parameters: all SGs ranging from 0.2 – 15 m in 

randomly selected cells for treatment. They counted a minimum of 70 cells every 30 minutes and 

cells were scored positive if they contained at least two SGs (Khalfallah et al., 2018). Along with 

analyzing the physiological kinetics of SGs, they wanted to see the effect of a lower concentration 

Figure 6. SG morphology and distribution in disease-relevant cell types. Primary cultures of mouse motor and cortical 

neurons, astrocytes and mouse embryonic fibroblasts (MEFs) were exposed to sodium arsenate (SA) or not. 

Polyadenylated mRNA was labeled with oligo(dT) probe (red) and a known SG marker, HuR, was also labeled 

(green). SA exposure was 1 hour for cortical and motor neurons and 30 minutes for astrocytes and MEFs. Scale bar 

is 10 m. Taken from Khalfallah et al., 2018.  
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of TDP-43. To do this, they used siRNA to target depletion of TDP-43 transcripts, causing TDP-

43 to be knockdown (siTDP-43) from physiological levels (Khalfallah et al., 2018). 

 In all cell types, researchers observed differences in kinetics of SG assembly and 

disassembly (Khalfallah et al., 2018). In MEFs, a cell type not implicated in neurodegenerative 

diseases, a rapid clearance of SGs only took 30 minutes after stress removal to decline from 60% 

to 20% (Figure 7B) (Khalfallah et al., 2018). This result is important because in cells relevant to 

neurodegeneration, astrocytes and cortical neurons, there is a distinguished period of SG 

maintenance before clearance was observed. In primary astrocytes the SG maintenance period 

lasted about 150 minutes, where the percent of cells containing SGs dropped from ~80% to ~20% 

over that period of time (Figure 7A) (Khalfallah et al., 2018). Additionally, cortical neurons had 

the longest maintenance period, taking 270 minutes to go from ~90% to ~20% of cells with SGs 

(Figure 7C) (Khalfallah et al., 2018). It is important to note that cortical neurons required 60 

minutes of SA treatment to induce significant amounts of SG formation, suggesting they are 

refractory to a degree upon stress exposure. However, once SGs have formed, they are maintained 

for 210 minutes, much longer than astrocytes or MEFs (Khalfallah et al., 2018). Previously, it has 

been proposed that SGs could be the underlying cause for inclusions containing TDP-43 of most 

ALS cases and roughly half of FTD cases (Coyne, Zaephel, & Zarnescu, 2017; Khalfallah et al., 

2018; Purice & Taylor, 2018; Wheeler, Matheny, Jain, Abrisch, & Parker, 2016).  In this context, 

these results indicate a clear difference in SG kinetics, supporting the idea that prolonged SG 
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assembly and disassembly may possibly contribute to the neuronal vulnerability of 

neurodegenerative diseases (Khalfallah et al., 2018).   

Relating Gene Mutations, Chronic Stress, and Age to Neurodegeneration  

 Neurodegenerative research has targeted SGs with the idea that they act as the “seed” for 

aggregation events, which could lead to neuronal inclusions found in motor and cortical neurons. 

It has been proposed that protein misfolding and aggregation alter liquid-liquid phase separation 

(LLPS) of SGs and may be an initial step in ALS pathology (Mateju et al., 2017; Siwach & 

Kaganovich, 2017). LLPS creates two distinct liquid phases from an initially homogeneous 

solution consisting of RNPs and mRNAs. These membraneless organelles (SGs) are essential for 

proper cellular processes to occur in time of stress, as the phase enriched with RNPs and mRNA 

continually interacts and exchanges material with cytoplasmic components (Mateju et al., 2017; 

Purice & Taylor, 2018; Siwach & Kaganovich, 2017).  

Figure 7. SGs display varied kinetics depending on cell type and are regulated by TDP-43. (A,B,C) Number of cells 

containing SGs (%) at different timepoints (30 min intervals) after SA exposure (0.5 mM). Primary astrocytes (n=3) 

and Mouse embryonic fibroblasts (MEFs) (n=3), had TDP-43 expression reduced (blue line) to 39% of control levels 

while cortical neurons (n=4) had expression reduced to only 60% of the control level (black line). Data is expressed 

as mean  standard error of mean (Student’s t-test*p < 0.05) using 3-4 independent experiments. Boxed region is 

indicative of SG maintenance period. Taken from Khalfallah et al., 2018.  
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 It is believed that healthy SGs could potentially transition into a solid phase with altered 

properties when exposed to chronic stress conditions (Meyerowitz et al., 2011). Fortunately, the 

cell places significant effort into repair or elimination of aberrant SGs utilizing a complex system 

of protein quality control (PQC). PQC machinery is made up of an extensive network of 

chaperones, co-chaperones, and protein degradation pathways (Mateju et al., 2017; Siwach & 

Kaganovich, 2017).  Chaperone proteins like Hsp70, Hsp27, and VCP prevent formation of 

aberrant SGs by mediating misfolding that occurs within SGs. When this process cannot be done, 

PQC machinery transports the aberrant SG to the aggresome where it is degraded via autophagy 

(Figure 8) (Mateju et al., 2017; Siwach & Kaganovich, 2017). Mateju et al. (2017) and others 

proposed the idea that failure to successfully eliminate pathological SGs may contribute to 

neuronal cell death observed in ALS and FTD (Coyne, Zaephel, & Zarnescu, 2017; Purice & 

Taylor, 2018). As mentioned in chapter 1, ALS-associated mutations in protein components of 

SGs (like TDP-43, FUS, and other hnRNPs) exacerbate maturation of SGs into a solidified state 

and alter SG dynamics (Coyne, Zaephel, & Zarnescu, 2017; Purice & Taylor, 2018; Gordon et al., 

2019).  

 

 

Figure 8. Chaperone proteins monitor stress granules and help prevent fibrilization. Aberrant stress granules (SGs) that 

do form are transported to the aggresome by protein quality control (PQC) machinery to be degraded. Stress exposure 

initiates liquid-liquid phase separation where mRNAs, heterogeneous nuclear Ribonucleoproteins (hnRNPs), and 

translational machinery form SGs. When misfolded proteins or other aggregates are abundant, health SGs turn aberrant 

and alter its physical properties, causing it to become more viscous or solid. The failure of PQC to maintain this process 

may underlie onset of neurodegenerative diseases like ALS. Additionally, mutations in machinery and or SG components 

could result in failure. Taken from Siwach and Kaganovich, 2017.  
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 Since ALS and most other neurodegenerative diseases are late onset, it is reasonable to 

assume that aging of cells is a contributing factor to these diseases. Stressed and aging cells 

produce larger amounts of misfolded proteins and could potentially overwhelm PQC machinery 

(Mateju et al., 2017). Additionally, Khalfallah et al. (2018) showed that aged cultures of neurons 

lost the ability of SG coalescence, as they observed no change in the number of SGs per cell or SG 

size over time (Figure 9). Given that age negatively impacts SG formation, produces larger 

amounts of misfolded proteins, and causes PQC machinery to become less efficient, one could 

speculate an increase in neuronal toxicity with age, likely being exacerbated with disease-related 

mutations and/or chronic stress exposure (Khalfallah et al., 2018; Mateju et al., 2017; Siwach & 

Kaganovich, 2017).  

Figure 9. Age has a negative impact on SG assembly in vitro. (A) Micrographs of 28 and 56 days of aged primary 

motor neuron culture which was then treated with SA (0.5 mM). Oligo(dT) was stained to observe SGs (red) while 

phosphorylated microfilaments were stained to observe neuronal processes (blue). Scale bar is 10 m. (B) 

Quantifies the effect of neuronal age (28 or 56 DIV), observing number of SGs per cell and individual SG size in 

motor neurons (n = 3).  The number and size of SGs were quantified using ImageJ’s protocol at two timepoints, 

60 or 120 minutes. Data is shown for three independent experiments with mean  standard error of mean 

(Student’s t-test*p < 0.05). Similar results were observed for cortical neurons (data not shown). Taken from 

Khalfallah et al., 2018.  
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 There have been >50 mutations identified in the gene (TARDBP) coding for TDP-43, 

majority located in the LCD region, affecting protein-protein and RNA-protein interactions 

(Gordon et al., 2019). ALS-related mutations and chronic stress exposure likely play a large role 

in the underlying cause of the neuronal inclusions found in ALS patients. It is thought that the 

interaction of multiple low complexity domains (LCDs) alters SG disassembly due to the extended 

close interactions of chronic stress, promoting the transition of TDP-43 to form pathogenic 

amyloid fibrils (Coyne, Zaephel, & Zarnescu, 2017; Meyerowitz et al., 2011; Purice & Taylor, 

2018; Wheeler, Matheny, Jain, Abrisch, & Parker, 2016). With mutations, age, and chronic stress 

exposure the physiological process of transporting aberrant SG to be degraded by autophagy may 

be diminished, and neurons grows in toxicity until eventual cell death (Figure 10) (Meyerowitz et 

al., 2011).  

 

Figure 10. Potential model for the physiological process of stress granule maintenance and how it could be inhibited. 

Exposure to stress initiates stress kinases to phosphorylate hnRNPs. This could interact with TDP-43, leading to 

formation of liquid like stress granules. Overtime of chronic stress exposure, misfolded proteins may accumulate, but 

are cleared by chaperones. Once this process is overwhelmed, fibrilization and ubiquitination may occur, and protein 

quality control machinery transport the aberrant stress granule to aggresome for degradation. Age has been shown to 

decrease the efficiency of these processes, and mutation may play a role by inhibiting this process as well. Accumulation 

of aberrant SGs in the cell eventually increase cell toxicity until eventual cell death. Modeled after Meyerowitz et al., 

2011 and Siwach and Kaganovich, 2017. 
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Chapter 4: Summary and Conclusions 

 The significance of chapter one highlighted two specific point mutations (G298S and 

M337V) in TDP-43. These mutations highly impact the liquid phase of SGs into a more viscous 

state, impacting both the ability to interact with the surrounding cytoplasm and proper disassembly 

(Gopal et al., 2017). This led to the idea that more persistent and poorly dynamic SGs likely evolve 

overtime into the pathological inclusions found in neurodegenerative diseases (Gopal et al., 2017, 

Purice & Taylor, 2018). Chapter two highlighted a potential physiological process for how SGs 

form, along with differences in composition of SGs when exposed to a variety of cellular stressors. 

It has been found that osmotic stress induces SGs that are more persistent in nature (Wheeler, 

Matheny, Jain, Abrisch, & Parker, 2016). Other stressors, like UV radiation and proteasome 

inhibition, produce noncanonical SGs as they fail to recruit poly-adenylated mRNA or core SG 

components like G3BP1 (Aulas et al., 2017). Together, these results indicate the importance of 

considering the type of stressor chosen when conducting experiments that explore the effects of 

SGs in neurodegenerative diseases. Both chapters thus far have implicated a method in which SGs 

may become more persistent and less dynamic. The third chapter looks into disease-relevant cell 

types, where it was observed that SGs undergo a maintenance period. SGs fail to disassemble 

quickly upon stress removal as compared to cells unrelated to disease (mouse embryonic 

fibroblasts) (Figure 7) (Khalfallah et al., 2018). Prolonged SG kinetics, specifically disassembly, 

among disease-related cell types suggests that neurons are more susceptible to the effects of 

mutations and more viscous SGs. Much research on SGs to date fail to perform experiments with 

disease-related cell types, not observing the potential pathological role SGs truly play in 

neurodegeneration. As stated in chapter 3, age negatively impacts the formation of SGs, produces 

larger amounts of misfolded proteins, and decreases the efficiency of protein quality control (PQC) 
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machinery (Khalfallah et al., 2018; Mateju et al., 2017; Siwach & Kaganovich, 2017). Taken 

together, it is reasonable to speculate that age increases neuronal toxicity, which may be 

exacerbated by mutations or chronic stress.  

 ALS is a progressive disease and death typically results 3-5 years after diagnosis due to 

respiratory failure. This disease is characterized by neuronal inclusions and SGs are thought to be 

the underlying mechanism in which high concentrations and close interaction of multiple low 

complexity domains (LCDs) over time of chronic stress exposure promotes the transition of TDP-

43 (and other aggregation-prone proteins) to pathogenic amyloid fibrils (Coyne, Zaephel, & 

Zarnescu, 2017; Meyerowitz et al., 2011; Purice & Taylor, 2018; Wheeler, Matheny, Jain, Abrisch, 

& Parker, 2016). This paper reviewed multiple ways in which normal SGs may become less 

dynamic and more persistent along with a potential model for how SG physiology may turn 

pathological (Figure 10). The type of stress exposure is an important factor to consider, in that 

some cause more persistent SGs than others. Although the cell has multiple ways to routinely 

maintain healthy SGs, mutations in chaperones, PQC machinery, and proteins involved in SG 

dynamics likely inhibit ability to clear aberrant SGs. Neurodegeneration is likely age-related due 

to the diminished maintenance and overwhelming of physiological processes that maintains the 

clearance of SGs, and the effect of chronic stress and mutations heavily contribute to the 

development of ALS.  

 With these data in mind, future studies should consider the choice of cell and type of 

cellular stressor when analyzing the role of SGs in neurodegeneration. The processing defects in 

RNA and SGs that arise from mutation(s) in TDP-43 play a central role in ALS pathogenesis, but 

the precise mechanisms on how these defects arise are largely unknown (Coyne, Zaephel, & 

Zarnescu, 2017). It is thought that SGs act as the “seed” to the neuronal inclusions of ALS, but no 
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research has demonstrated how SGs evolve into pathological aggregates. There is a need for a 

deeper understanding on the relationship between different subtypes of SGs, disease-relevant 

mutations, and aggregates. Understanding how each ALS related gene functions within SGs and 

how dysregulation occurs is necessary in order to develop an effective drug therapy for all or 

subsets of ALS patients (Purice & Taylor, 2018).  
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