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Abstract 

Deciphering how N-terminal phosphorylation alters 
fused in sarcoma (FUS) function:  

Implications for FTD/ALS pathogenesis 
 
 

By Michelle Johnson  

Fused in sarcoma (FUS) is an RNA/DNA binding protein that shuttles between the 
nucleus and cytoplasm to accomplish its various cellular functions. Genetic and 
nongenetic factors can trigger FUS to accumulate into toxic cytoplasmic aggregates. 
These aggregates occur in ~1% of amyotrophic lateral sclerosis (ALS) cases and ~10% of 
frontotemporal dementia (FTD) cases. While over 70 mutations in FUS are cause either 
FTD or ALS pathology, most cases with FUS pathology are not caused by genetic 
mutation. Identifying triggers of FUS aggregation independent of FUS genetic 
mutations is imperative to understanding FUS pathology. Certain post-translational 
modifications (PTMs) can shift a proteins cellular localization. Phosphorylation is the 
most common PTM used to regulate protein function in the cell. FUS can be 
phosphorylated at multiple N- and C-terminal residues. Specifically, our lab discovered 
that double strand DNA breaks (DSBs) induces DNA-PK to phosphorylate FUS at 12 N-
terminal residues. Phosphorylated FUS then accumulates into cytoplasmic punctate. 
Nonetheless, it remains unclear 1) what mechanism mediates phosphorylated FUS to 
accumulate in the cytoplasm and 2) whether accumulation of phosphorylated FUS 
affects cellular function. Therefore, the goal of this dissertation was to investigate the 
role of N-terminal phosphorylation in shaping FUS function. In this dissertation, we 
established that mouse-derived cells do not phosphorylate or re-localize FUS following 
calicheamicin γ1 (CLM) induced DSBs. This finding suggests that mouse cells may not 
be a good model of DSB induced FUS pathology. Next, we performed proximity labeling 
via ascorbate peroxidase 2 (APEX2) paired with mass spectrometry to investigate 
whether phosphorylation shifts the FUS interactome and protein function. We found 
that expression of a mimetic of N-terminal phosphorylation, phosphomimetic FUS, 
shifted the FUS proteome towards regulating mRNA translation and metabolism.  
Overall, these studies indicate that phosphorylation of FUS is a primate specific 
response that may be an important regulator of FUS function and pathology.  
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Chapter 1: Introduction 
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1.1 Overview     

Frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) are two 

neurodegenerative diseases that share many genetic and neuropathological markers. 

One such marker is the abnormal aggregation of the protein fused in sarcoma (FUS) 

into cytoplasmic inclusions in neurons and glia. FUS is a multifunctional RNA/DNA 

binding protein that shuttles between the nucleus and cytoplasm. The toxic 

accumulation of FUS in the cytoplasm is thought to occur when shuttling is impaired 

through genetic mutation or other mechanisms.  

Over 70 genetic mutations have been linked to FUS pathology. Even so, most 

cases of FTD/ALS are not caused by genetic mutation. Therefore, investigating 

nongenetic causes of cytoplasmic FUS accumulation is imperative to building an 

understanding of FUS mediated pathology. Outside of genetic mutations, environmental 

stressors that cause DNA damage can trigger FUS pathology. Our lab was the first to 

discover that double strand DNA breaks (DSBs) trigger phosphorylation of FUS at N-

terminal residues. Following this event, phosphorylated FUS accumulates in the 

cytoplasm. Nonetheless, it remains unclear what role this mechanism could play in FUS 

pathology. Therefore, the overarching question of this dissertation was to 

investigate what role N-terminal phosphorylation plays in shaping FUS 

function.   

In this chapter, I provide an overview of the clinical and neuropathological 

characteristics of FTD and ALS followed by evidence that FTD and ALS exist on a 

disease spectrum. I then discuss the homeostatic functions of FUS and how disruption 

can result in FTD/ALS pathology. Finally, I conclude the chapter with a list of goals for 

the dissertation.   
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1.2 Frontotemporal Dementia (FTD) 

1.2.1 A brief history of FTD    

In 1892 Arnold Pick described a patient who exhibited aphasia, left temporal lobe 

atrophy, and presenile dementia (Pick, 1892). Following Pick’s observation, silver 

staining of the patient’s brain tissue revealed abnormally ballooned neuronal cells filled 

with cytoplasmic aggregates termed inclusions (Alzheimer, 1911). It was A. Gans in 1923 

who first used the term “Pick’s Atrophy” to describe these unique cases of dementia with 

atrophy of the frontal and temporal lobes (Gans, 1923). An understanding of disease 

pathogenesis would begin when K. Onari and H. Spatz showed that the characteristic 

neuronal inclusions were connected to the cortical atrophy. This led them to redesignate 

these cases “Pick’s Disease” (Olney et al., 2017; Thibodeau and Miller, 2013). Finally, in 

1994 Pick’s Disease was re-classified under the umbrella term frontotemporal dementia 

(FTD) (1994). Though pathological inclusions had been connected to FTD since 1911, 

dysfunction of the integral RNA/DNA binding protein FUS would not be linked to FTD 

until 2009 (Neumann et al., 2009a).  

1.2.2 Epidemiology of FTD    

FTD is now classified as a heterogenous group of clinical disorders characterized 

by progressive deficits in language, executive function, and/or behavior (Bang et al., 

2015; Mann and Snowden, 2017). Although FTD was originally thought to be a rare 

form of dementia, it is now appreciated to be a common and devasting 

neurodegenerative disease. The prevalence of FTD ranges widely depending on 

measurement used and the origin of the analyzed population. Specifically, FTD cases 

can vary between 0.01 to 4.61 cases per 1000 people in the general population (Hogan et 

al., 2016; Thibodeau and Miller, 2013). It is currently unclear what factors account for 
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this large range, but it likely includes non-genetic factors (this topic will be further 

elaborated in section 1.5.5). When the analysis is restricted to people age 65 or 

younger, the prevalence range narrows to 0.07 to 0.3 FTD cases per 1000 people 

(Hogan et al., 2016). This narrowing of the range likely reflects the consistently higher 

occurrence of FTD in this age group. Incidence, or the rate of occurrence of new cases of 

disease, is estimated to be between 0 and 0.33 cases per 1000 for the general population 

and between 0 and 0.06 cases per 1000 for persons 65 years and younger (Hogan et al., 

2016). By the field’s current understanding, FTD is the second most common form of 

early onset dementia and carries a lifetime risk of 1 in 742 (Coyle-Gilchrist et al., 2016; 

Erkkinen et al., 2018). A recent metanalysis found that individuals with FTD generally 

have a disease duration ranging from 2.5-8.2 years after symptom onset (Kansal et al., 

2016). As such, FTD remains a relatively common and devasting disease for those it 

affects.  

While early studies reported that men are more affected than women by FTD, 

subsequent studies have found no sex difference (Hodges et al., 2003; Hogan et al., 

2016; Mercy et al., 2008; Ratnavalli et al., 2002). It should be noted that most past 

epidemiology studies of FTD have been heavily bias toward Caucasian subjects. 

Consequently, sex differences may exist in populations not currently studied (Onyike 

and Diehl-Schmid, 2013). Medical professionals and researchers should take this into 

account when working with non-Caucasian populations.  

1.2.3 Clinical subtypes of FTD   

FTD is subdivided into two clinical subtypes based on symptom presentation: 

behavioral variant frontotemporal dementia (bvFTD) and primary progressive aphasia 

(PPA) (Bang et al., 2015; Mackenzie et al., 2009; Olney et al., 2017). As the disease 
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progresses, the symptoms of the two subtypes can converge as patients develop global 

cognitive impairments and motor deficits (Bang et al., 2015). 

bvFTD accounts for ~80% of FTD cases and is most common subtype of FTD 

(Hogan et al., 2016). It is primarily characterized by behavioral symptoms including 

personality changes, behavioral disinhibition, impulsivity, apathy, inertia, loss of 

empathy or sympathy, and compulsive or ritualistic behavior (Bang et al., 2015; Young 

et al., 2018). Even though bvFTD has a wide breath of potential symptoms, most 

patients exhibit some degree of apathy (O'Connor et al., 2017).      

The primary symptom of PPA is language impairment with progressive 

worsening of language production, object naming, syntax and word comprehension 

(Bang et al., 2015; Gorno-Tempini et al., 2004). PPA can be further subdivided into 

semantic variant (svPPA), non-fluent variant (nvPPA), and logopenic variant (lvPPA) 

depending on the core features of the patient’s dysfunction (Gorno-Tempini et al., 

2004). Interestingly, while patients with PPA tend to progress more slowly toward 

severe disease stages than bvFTD, mean survival is shorter for PPA than bvFTD (Kansal 

et al., 2016; Mioshi et al., 2010). The reason for this discrepancy is currently unknown.  

It should be noted that a large minority (estimated to be 33%) of PPA patients 

have pathology more consistent with Alzheimer’s disease than FTD (Knibb et al., 2006). 

While FTD and AD are closely linked neurodegenerative diseases, the scope of this 

dissertation will focus on pathology related to frontotemporal lobar degeneration (as 

discussed in the section 1.2.4). Furthermore, in addition to the two subtypes of FTD 

discussed above, there are three additional clinical disorders that exist within the FTD 

spectrum that I will enclose under the broad category of FTD. These disorders result in 

either a motor neuron disease or parkinsonism. These are corticobasal degeneration, 
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progressive supranuclear palsy, and FTD with motor neuron disease (Woollacott and 

Rohrer, 2016). 

1.2.4 Neuropathology of frontotemporal lobar degeneration (FTLD)  

Frontotemporal lobar degeneration (FTLD) is the term used to describe the 

pathology that commonly underlies FTD (Mackenzie et al., 2009; Younes and Miller, 

2020). FTLD arises from progressive neuronal loss, gliosis and microvascular changes 

in both frontal and temporal lobes (Bang et al., 2015; Kril and Halliday, 2011). The 

hallmark of FTLD is atrophy of frontal and temporal regions coupled with a general 

sparing of posterior cortical areas (Rohrer, 2012). Interestingly, the clinical subtypes 

discussed above show unique patterns of atrophy that can be detected by neuroimaging. 

For example, patients with bvFTD have more gray matter atrophy in frontal lobes, the 

anterior cingulate and the insula, areas typically associated with personality. In contrast, 

patients with PPA have predominately left side atrophy in areas typically associated with 

language production and comprehension. In svPPA, atrophy in anterioinferior temporal 

lobe and temporal gyrus is prominent. In nvPPA, the inferior-frontal regions and the 

insular cortex are major sites of atrophy (Bruun et al., 2019).   

FTLD can be subdivided into proteinopathies based on the neuropathology of the 

cytoplasmic inclusions found in degenerating neurons (and to a lesser extent, glia) (Van 

Mossevelde et al., 2018). These subtypes are named after the major immunoreactive 

protein component of the cytoplasmic inclusions. These proteins are the RNA/DNA 

binding protein TAR DNA-binding protein 43 (TDP-43), the microtubule associated 

protein tau, and the FET family of proteins (FTLD-TDP, FTLD-Tau, and FTLD-FET, 

respectively) (Arai et al., 2006; Buée and Delacourte, 1999; Neumann et al., 2007; 

Neumann et al., 2009a; Neumann et al., 2006; Urwin et al., 2010). Lastly, an estimated 
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30%-60% of inclusions will also stain positive for ubiquitin, a major protein marker of 

degradation (Josephs et al., 2004; Shi et al., 2005).   

The three proteinopathies can be distinguished further based on the structure of 

the associated neuropathological inclusions. ~50% of FTLD-Tau cases exhibit inclusions 

consistent with the classical rounded neuronal intracytoplasmic inclusions (NCI) 

termed Pick bodies first described by Alzheimer (Shi et al., 2005). In contrast, FTLD-

TDP cases will exhibit some combination of NCI and dystrophic neurites (Mann and 

Snowden, 2017). Lastly, FTLD-FET cases exhibit NCIs that are immunoreactive for all 

three members of the FET family of proteins, TATA-box binding protein associated 

factor 15 (TAF15), Ewing’s sarcoma (EWS), and FUS (Andersson et al., 2008; Neumann 

et al., 2011; Urwin et al., 2010).  

FTLD-FET cases can further be broken down into three subtypes: Neuronal 

Intermediated Filament Inclusion Body Disease (NIFID), Basophilic Inclusion Body 

Disease (BIBD), and atypical FTLD-U (Mackenzie et al., 2008; Mann and Snowden, 

2017; Munoz et al., 2009). Although these subtypes are currently grouped together as 

FTLD-FET, there are neuropathological differences that suggest they may be caused by 

distinct disease processes.  

In brief, NIFID is characterized by positive FUS immunoreactivity in small round 

or oval compact NCIs in a variety of brain regions (cortex, hippocamps, striatum, etc.) 

(Cairns et al., 2004; Neumann et al., 2009b). BIBD is characterized by strong positive 

FUS immunoreactivity in round compact NCIs that are found in fewer brain regions 

than NIFID and consistent positive staining for ubiquitin (Mackenzie et al., 2011; 

Munoz et al., 2009). Lastly, atypical FTLD-U has the most restrictive positive FUS 

immunoreactive staining (mostly in the frontal cortex) and is characterized by neuronal 
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intranuclear inclusions (NII), uniform/round/oval shape NCI and glial cytoplasmic 

inclusions (Mackenzie et al., 2011; Neumann et al., 2009b).     

1.2.4 Current treatments for FTD  

Currently, there are no disease modifying treatments approved by the Food and 

Drug Administration (FDA) for FTD patients. Some symptoms can be managed with 

physical, occupational, and speech therapy. Clinicians often prescribe off-label use of 

certain medications to treat symptoms such as depression or anxiety (i.e. selective 

serotonin reuptake inhibitors, antipsychotics, cholinesterase inhibitors, N-methyl-D-

aspartic acid (NMDA) receptor antagonists) (Tsai and Boxer, 2014; Younes and Miller, 

2020). However, none of these interventions address the pathogenic mechanisms that 

cause neurodegeneration in FTD. Therefore, continued research is necessary to dissect 

why neuropathology arises in FTD subtypes in order to understand how it may be 

prevented. 

1.3 Amyotrophic Lateral Sclerosis (ALS) 

1.3.1 A brief history of ALS   

ALS is a motor neuron disease that was first described in 1862 by Lockhart Clarke 

and Charles Bland Radcliffe who wrote of “a case of paralysis and muscular atrophy with 

disease of the nervous centres” coupled with “degeneration of the lateral columns in the 

spinal cord and atrophy of the anterior roots of the spinal cord and bulbar motor 

nerves” (Magnussen and Glass, 2017; Radcliffe and Clarke, 1862). Twelve years later, 

Jean-Martin Charcot coined the term “la sclérose amyotrophique”, or amyotrophic 

lateral sclerosis (ALS). ALS was the first description of a disease that involved both 

upper and lower motor neurons. This was a seminal finding as many researchers 
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believed pathology in both neuronal groups was impossible (Charcot, 1874; Turner et 

al., 2010). It should be noted that another researcher F. Aran described a similar 

muscular disease he termed progressive muscular atrophy that affected only lower 

motor neurons and some contemporary researchers have suggested that these patients 

may have had ALS (Al-Chalabi and Hardiman, 2013; Aran, 1850).  

ALS was formally recognized under the umbrella term of motor neuron disease 

(MND) in 1962 along with progressive muscular atrophy and progressive bulbar palsy as 

diseases of upper neurons, lower neurons and mixed populations (Brain, 1956; Brain, 

1962; Turner et al., 2010). While the first instance of heritable ALS was recognized in 

1880 by Sir William Osler, the first mutation would not be mapped until 1993 (Rosen et 

al., 1993; Siddique and Ajroud-Driss, 2011). From there, it would take another decade 

for a mutation in FUS to be linked to ALS (Kwiatkowski et al., 2009; Vance et al., 

2009b).   

1.3.2 Epidemiology of ALS    

A recent metanalysis estimated the worldwide incidence of ALS to be 1.68 per 

100,000 individuals with evident heterogeneity between different countries (1.89 per 

100,000 people in North Europe, 0.83 per 100,000 people in East Asia) (Marin et al., 

2017). Furthermore, prevalence is estimated to be between 4.1 and 8.4 per 100,000 

people (Longinetti et al., 2019). These rates may be increasing. One study estimated a 

36% rise in incidence over a 25-year period and another estimated global prevalence to 

increase by 69% between 2015 and 2040 (Arthur et al., 2016; Leighton et al., 2019). It 

remains unclear whether ALS is becoming more common as these increases may be due 

to better diagnostic techniques coupled with an aging population (Marin et al., 2017).   
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Unlike FTD, sex differences of ALS have been consistently reported. On average, 

men are diagnosed 1.7x more often than women (McCombe and Henderson, 2010). 

Overall, the median age of onset is between 51 and 66 years of age, with men exhibiting 

an earlier age of onset than women (Longinetti et al., 2019; McCombe and Henderson, 

2010). European countries tend to exhibit a later age of onset than Asian countries 

suggesting that some interplay of genetic and environmental factors may affect disease 

onset (Longinetti et al., 2019). Unlike the heterogeneity in disease onset, the median 

survival for most patients is between 20 and 48 months (Chiò et al., 2009a). 

Interestingly, ~5-10% of patients survive for greater than 10 years after symptom onset 

but the root cause of this enhanced survival is unknown. It has been suggested that men 

with symptom onset before 40 years of age tend to exhibit longer survival times but, 

overall, gender does not play a role in patient outcomes (Chiò et al., 2009a).  

As with FTD, it should be noted that epidemiological studies of ALS usually 

contain data from populations of either European or Asian descent (Marin et al., 2017). 

Therefore, incidence and prevalence rates may be different for populations of non-

Caucasian/Asian descent.    

1.3.3 Clinical presentation of ALS   

ALS is the most common clinical presentation of MND (Foster and Salajegheh, 

2019). Approximately 70% of ALS patients will present with unilateral and focal limb 

weakness (~40% in lower limbs and ~30% in upper limbs) (Chiò et al., 2002). Owing to 

the heterogenous nature of ALS, the clinical presentation often varies from patient to 

patient but tends to fall into two general categories: limb-onset with a combination of 

upper and lower motor dysfunction (~75% of patients) or bulbar-onset with speech and 

swallowing dysfunction followed by limb dysfunction later in disease (~25-35% of 
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patients) (Kiernan et al., 2011; Traynor et al., 2000). Upper motor neuron involvement 

tends to present as limb spasticity, weakness, and brisk deep tendon reflexes. Lower 

motor neuron involvement tends to present with fasciculations, wasting and weakness 

(Kiernan et al., 2011). Furthermore, while it does not matter where disease symptoms 

originate (either upper or lower motor neurons), the disease must be progressive for 

patients to qualify for an ALS diagnosis (Brooks et al., 2000). 

1.3.5 Neuropathology of ALS  

No gross structural changes are observed in the gray matter of post-mortem 

brains from ALS patients. More sophisticated imaging methods such as voxel-based 

magnetic resonance imaging (MRI) morphometry have revealed that ALS patients 

display some level of global brain atrophy compared to aged-matched controls. 

Furthermore, they will generally have decreased volume in motor regions such as the 

right-hemisphere primary motor cortex. In contrast, white matter in the corticospinal 

tract may be increased, possibly due to alterations in oligodendrocyte myelin production 

although this may be age-dependent (Kassubek et al., 2005). Another study with slightly 

older participants showed slightly more brain atrophy. Patients exhibited bilateral 

decreased gray matter in premotor areas followed by frontal, temporal, and parietal 

lobes volume loss and reduced white matter volume in the right interior frontal gyrus 

(Senda et al., 2011). Lastly, ALS patients who have exhibited dementia show atrophy of 

the frontal and temporal lobes in line with the anatomical changes typically seen in FTD 

patients.  

Gross morphological changes in the spinal cord tend to be more pronounced than 

in the brain. A recent longitudinal study of 158 patients was able to quantify the amount 

of cervical spinal cord atrophy and found a reduction from 63.8mm2 to 60.8mm2 with 
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the amount of atrophy worsening overtime. Furthermore, the study found that atrophy 

was worse for patients who exhibited a limb-onset rather than bulbar-onset (Wimmer et 

al., 2020). Post-mortem examination of the spinal cord typically reveals significant 

neuronal and myelinated axon loss in the lateral and anterior columns along with an 

overall decrease in the size of the anterior horn of the spinal cord. Lastly, there is a 

decrease in number and size in all motor neurons of the anterior horn. Other common 

features observed in the spinal cord include vacuolization, spongiosis, and massive 

astrogliosis due to the widespread neuronal loss (Boillée et al., 2006; Saberi et al., 

2015). A recent study reported that long-term ALS patients (+10 after symptom onset) 

tend to exhibit less motor neuron degeneration and a lower density of microglia in the 

corticospinal tract and the anterior horn of the spinal cord (Spencer et al., 2020). These 

findings may suggest that a patient’s prognosis is dependent on the rate of neuronal 

degeneration and glial activity.  

Like FTD, ALS can be subdivided into three main neuropathological designations 

based on the proteins found in the cytoplasmic inclusions. Inclusions containing the 

protein superoxide dismutase 1 (SOD1) became the first identified neuropathological 

subtype outside of general ubiquitin aggregation (Kato et al., 2000; Saberi et al., 2015). 

It is now recognized that SOD1 positive inclusions account for ~2% of ALS cases (ALS-

SOD1) (Ling et al., 2013). Next, in 2006 TDP-43 was identified as a major protein 

component of the ubiquitin positive inclusions, making it a new subtype (ALS-TDP) 

(Arai et al., 2006; Neumann et al., 2006). Over 90% of ALS cases are positive for both 

TDP-43 and ubiquitin, making it the most common neuropathology in ALS (Ling et al., 

2013). The last protein to be identified as a major component of pathogenic inclusions 

in ALS was FUS (Kwiatkowski et al., 2009; Vance et al., 2009a). FUS is found in TDP-43 
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negative, ubiquitin positive inclusions in ~1% of ALS cases (Ling et al., 2013). It was 

these similarities in protein pathology between ALS and FTD that provided strong 

evidence that ALS and FTD may be linked (Abramzon et al., 2020; Mackenzie and 

Neumann, 2017). 

1.3.4 Current treatments for ALS  

The FDA has approved two different pharmacological medications for the 

treatment of ALS. The first to be approved was Riluzole (2-amino-6-

(trifluoromethoxy)benzothiazole, RP 54274) in 1995. Riluzole is thought to slow the 

progression of disease in younger patients by inhibiting the release of the excitatory 

neurotransmitter glutamate (Bensimon et al., 1994; Martin et al., 1993; Miller et al., 

2012). Following this, an easier to administer liquid form of Riuzole, Tiglutik, was 

approved in 2018. The second drug to be approved was Edaravone (3-methyl-1-phenyl-

2-pyrazolin-5-one), which acts as an antioxidant, a free radical scavenger, and generally 

reduces oxidative stress (Cruz, 2018). The exact mechanisms of action for both Riluzole 

and Endaravone are currently unknown. Even so, there is evidence that both drugs 

provide a modest benefit: Riluzole slows disease progression by an estimated 3 months 

and Endaravone increases patient functioning on the standardized ALS-functional 

rating scale (Chen, 2020; Cruz, 2018).  

Clinicians may prescribe other medications to treat some of the associated 

symptoms of ALS: depression, muscle cramps, constipation, uncontrolled laughing or 

crying. Additional therapies such as physical therapy, speech therapy, diet changes, and 

breathing support can all help better the quality of life for patients (Chen, 2020). 

Nonetheless, just like FTD, no treatments currently exist that directly target the protein 

neuropathology associated with ALS.  
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1.4 Evidence of FTD/ALS spectrum   

1.4.1 The overlapping clinical profiles of FTD and ALS 

For the past 20 years, pathological and genetic similarities between FTD and ALS 

have led researchers to suggest that FTD and ALS may exist on the same disease 

spectrum with the “pure” cases of FTD and ALS representing two extremes (Abramzon 

et al., 2020; Burrell et al., 2011; Chiò et al., 2019; Mackenzie and Neumann, 2017). It is 

now estimated that up to 30% of ALS patients develop cognitive impairments similar to 

FTD, and, conversely, 30% of FTD patients develop some level of motor dysfunction 

during the course of their disease (Burrell et al., 2011; Lomen-Hoerth et al., 2003). A 

further 50% of ALS patients will develop some level of cognitive impairment even if it 

does not reach diagnostic criteria for FTD (Lomen-Hoerth et al., 2003; Neary et al., 

2000; Ringholz et al., 2005).  

The level of cognitive impairment between patients with bulbar-onset ALS vs 

limb-onset ALS does not seem to differ but patients with bulbar-onset ALS are more 

likely to develop behavioral symptoms. Overall ALS patients have been reported to 

exhibit apathy, disinhibition and executive dysfunction, all symptoms consistent with 

bvFTD (Grossman et al., 2007; Lillo et al., 2010; Ringholz et al., 2005). While there is 

evidence that ALS patients can exhibit deficits in verbal fluency, these deficits are 

thought to originate from higher-order processing dysfunction and not impairment in 

primary linguistic abilities as observed in PPA (Abrahams et al., 2000). Taken together, 

ALS patients tend to develop symptoms more in line with bvFTD than PPA. 

Of the large subset of ALS and FTD patients that exhibit some degree of symptom 

overlap, 12.5% of patients with FTD reach full diagnostic criteria for motor neuron 

disease (termed FTD-MND) (Burrell et al., 2016). FTD-MND patients provide a good 
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opportunity to study how FTD and ALS may overlap. Patients with FTD-MND can 

present with either cognitive or motor symptoms (Ahmed et al., 2020). These patients 

usually exhibit a faster disease progression and worse prognosis than “pure” FTD 

patients, suggesting FTD-MND causes more severe pathology (Hodges et al., 2003). A 

large percentage of FTD-MND patients will clinically exhibit behavioral changes and 

language dysfunction (>80% and >90%, respectively). However, it should be noted that 

the severity of behavioral changes and language dysfunction in FTD-MND patients is 

less extreme than “pure” cases of bvFTD and PPA (Long et al., 2021).  

1.4.2 The overlapping neuropathology of FTLD and ALS   

 We can use the neuropathology of FTD-MND cases to examine the overlap of 

FTD and ALS. Even though most FTD-MND patients will have TDP-43 pathology, FTD-

MND patients with FUS pathology will typically experience an earlier onset of 

symptoms. They often have little to no family history and exhibit primary symptoms 

consistent with bvFTD such as repetitive behaviors and social withdrawal (Bradfield et 

al., 2017; Burrell et al., 2016; Gowell et al., 2021; Lee et al., 2012; Snowden et al., 2011). 

Like FTD, all FTD-MND patients exhibit signs of frontal and anterior temporal atrophy, 

with the more severe cases showing more bilateral atrophy than controls. Moderate to 

severe FTD-MND cases will also show degeneration of various tracts including the 

bilateral corticospinal tract, a feature common in ALS (Long et al., 2021). This 

pathological evidence lends critical support to the theory that FTD and ALS exist on a 

disease spectrum (Figure 1.1).   
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Figure 1.1 The FTD/ALS Spectrum 

A graphical representative of the FTD/ALS disease spectrum. The FTD/ALS spectrum 

is defined by two factors: (1) Various genetic mutations can result in FTD or ALS. Of 

these commonly mutated genes, a subset will only result in FTD (green circle), a subset 

will only in ALS (purple circle) and a subset can cause either FTD or ALS (overlap). (2) 

FTLD/ALS are defined by the pathological inclusions found in post-mortem tissue. This 

pathology spectrum is shown on the bottom. The protein pathology associated with 

FTD (Tau, TDP-43, and FUS) is represented by green circles. The protein pathology 

associated with ALS (TDP-43, SOD1, and FUS) is represented by purple circles. Size of 

the circle corresponds to percentage of cases that are immunoreactive for the listed 

protein. Created with BioRender.com 
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1.4.3 The genetic interplay of FTD and ALS   

FTD is a highly heritable disorder, with up to 40% of cases showing some level of 

family history (Moore et al., 2020; Rohrer et al., 2009a). This clear heritability of FTD 

suggests a strong role for genetics in disease onset and these cases are termed familial 

FTD (fFTD). Heritability differs across clinical FTD subtypes with bvFTD showing the 

strongest genetic association (Rohrer et al., 2009a). The majority of heritable FTD cases 

are caused by autosomal dominant mutations in three genes: progranulin (GRN), 

microtubule-associated protein tau (MAPT) and chromosome 9 open reading frame 72 

(C9orf72). Repeat expansions in C9orf72 were first discovered in 2011 and are the most 

common genetic cause of FTLD worldwide, accounting for ~25%-40% of fFTD cases 

(DeJesus-Hernandez et al., 2011; Moore et al., 2020; Renton et al., 2011; Tang et al., 

2020b). Mutations in GRN and MAPT account for ~30% and 20% of fFTD cases, 

respectively (Moore et al., 2020; Olszewska et al., 2016). Autosomal dominant 

mutations in VCP, CHMP2B, TARDBP, FUS, SQSTM1, TBK1, and other genes account 

for the remaining ~10% of fFTD cases and <5% of all FTD cases (Greaves and Rohrer, 

2019; Olszewska et al., 2016).    

In contrast to FTD, familial ALS (fALS) accounts for only ~5-10% of total ALS 

cases. This suggests that ALS pathogenesis is less dependent on genetics than FTD 

(Abramzon et al., 2020; Ling et al., 2013). Mutations in SOD1 were the first to be 

identified to cause ALS (Rosen et al., 1993). Since 1993, almost 200 SOD1 mutations 

have been discovered to cause ALS. These variants account for ~2% of ALS cases (Kim et 

al., 2020). Outside of SOD1, mutations in over 50 genes account for an estimated 40-

55% of fALS cases (Mejzini et al., 2019). The most commonly occurring genetic 

variations are in the following genes (in order of frequency): C9orf72, SOD1, TARDBP 
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and FUS. Like FTD, repeat expansions in C9orf72 account for ~34% of familial cases 

(DeJesus-Hernandez et al., 2011; Renton et al., 2011). Additionally, mutations in 

TARDBP, which codes for TDP-43, account for 4% of fALS (Kim et al., 2020; Neumann 

et al., 2006).  

The role of FUS mutations in disease pathogenesis differs in FTD and ALS. 

Causative mutations in FUS that lead to pure FTD are very rare, with FTD symptoms 

usually developing after a primary diagnosis of MND (Blair et al., 2010; Broustal et al., 

2010; Ticozzi et al., 2009). Only four mutations (M254V, P106L, P125P, and Q179H) in 

FUS have been linked to FTD without MND to date (Huey et al., 2012; Van Langenhove 

et al., 2010). Unlike FTD, over 50 causative FUS mutations have been identified to cause 

ALS (Kim et al., 2020). These mutations account for ~4% of fALS and cause an 

accumulation of FUS into cytoplasmic inclusions in neurons and glia (Kwiatkowski et 

al., 2009; Vance et al., 2009a). Causative FUS mutations tend to associate with an early 

onset of disease suggesting FUS dysfunction causes severe cellular toxicity. Due to the 

presence of FUS mutations in familial and sporadic FTD/ALS, understanding how FUS 

dysfunction occurs could allow for treatments that slow down disease progression 

(Gromicho et al., 2017; Hübers et al., 2015; Zou et al.). Refer to Table 1.1 for a full list 

of identified genetic mutations in FUS.   

1.4.4 FUS on the spectrum of FTD and ALS   

A question has continuously plagued the FTLD-FET field: why do FUS mutations 

account for so few FTD cases but FUS pathology is seen in 10% of post-mortem FTD 

brains (Figure 1.1)? Past studies have used ALS-linked FUS mutations as proxies for 

FTLD-FET linked pathology. The problem with this paradigm is that by using a genetic 

model of FUS mislocalization, studies have been unable to study what factors may 
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trigger FUS mislocalization and accumulation independent of genetic factors. 

Furthermore, while FTLD-FET and ALS-FUS pathology overlaps, FUS inclusions in ALS 

are not immunoreactive for proteins commonly seen in FTLD-FET inclusions including 

the FET proteins (EWS and TAF-15), various heterogenous nuclear ribonucleoproteins 

(hnRNPs), and transportin-1 (TNPO1) (Gami-Patel et al., 2016; Neumann et al., 2011; 

Neumann et al., 2012)  Nongenetic triggers of pathology, which are discussed in more 

detail in section 1.5.5, may hold the key to understanding how FUS dysfunction first 

arises and whether early triggers of dysfunction can be targeted to prevent neuronal 

death.  

1.5 FUS-mediated pathology 

1.5.1 Identification of FUS as a ubiquitously expressed, multifunctional 

protein 

FUS, also known as translocated in liposarcoma (TLS), was originally identified 

in 1993 as a novel protein that replaced its RNA binding domain with the DNA-binding 

and leucine zipper dimerization domain of the transcriptional repressor, C/EBP 

Homologous Protein (CHOP;GADD153), creating a fusion protein that promoted the 

development of human myxoid liposarcoma (Aman et al., 1992; Crozat et al., 1993; 

Rabbitts et al., 1993). Following this, the same low-complexity domain of FUS was also 

found fused to the transcriptional activator, erythroblast transformation-specific related 

gene (ERG), in a human myeloid leukemia tumor (Prasad et al., 1994). As a novel 

protein at the time, the homeostatic functions of FUS were unknown. Early reports 

speculated that FUS was an RNA-binding protein due to the dual presence of a glycine-

rich region and the RNA binding RGG domains that had been similarly mapped in other 

RNA binding proteins (Crozat et al., 1993). FUS binding to RNA was confirmed in vitro 
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when it was shown that FUS complexes with pre-mRNAs and other RNA binding 

proteins in conditions that promote splicing (Calvio et al., 1995). The full cDNA and 

amino acid sequence for FUS was eventually mapped, which revealed a structure where 

the N-terminal region contains a low-complexity SYGQ-domain paired with multiple 

RNA binding domains (RGG domains) in the C-terminus (Aman et al., 1996). 

Subsequent mapping of the gene through improved sequencing has led to current 

consensus on the protein domains in FUS shown in Figure 1.2.    

While many were investigating the role of FUS fusion proteins in tumor 

formation, the normal functions of the full length FUS protein remained unknown. 

Zinszner et al. was the first to show in vivo that FUS rapidly shuttles between the 

nucleus and cytoplasm of the cell and can interact with RNA in both cellular 

compartments (Zinszner et al., 1997). FUS functions continued to add up as FUS was 

also linked to 1)  modulating the granulocyte-colony stimulating factor receptor 

expression, 2) acting as a transcriptional modulator for various steroid receptors, 3) 

modulating the binding of a transcription factor, Spi-1/PU.1, to DNA, and 4) acting as a 

splicing factor (Hallier et al., 1998; Perrotti et al., 1998; Powers et al., 1998). In addition 

to its RNA and protein binding, FUS was further confirmed as a DNA binding protein 

that promotes the formation of D-loops, an essential process in DSB DNA repair, 

leading FUS to be re-classified as a RNA/DNA binding protein (Baechtold et al., 1999).   
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Figure 1.2 The genomic location and protein structure of FUS  

The FUS gene is located on chromosome 16. The major transcript contains 15 exons 

that translate to a 75kDa protein. The FUS protein contains multiple domains and can 

be broken down into two major parts: an N-terminal low complexity region and a C-

terminal RNA binding region. Specifically, it is comprised of a low complexity (LC) 

QSYG-rich domain and an RGG-rich domain. These two domains together compose the 

prion-like domain (PLD). Next, FUS contains a predicted nuclear export sequence 

(NES). The functionality of the NES has not been confirmed. Following this are the 

RNA binding domains, RNA recognition motif (RRM) and an RGG-Zinc Finger-RGG 

(RGG-ZnF-RGG) domain. Lastly, the protein contains a modified PY-nuclear 

localization sequence (PY-NLS). Created with BioRender.com 
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Knockout (KO) studies in mice were the gold standard for exploring in vivo 

homeostatic protein function for decades. Two different groups attempted to KO FUS in 

various mouse lines. Hicks et al. created an insertion mutation in exon 12 of FUS, 

leading to complete loss of wildtype protein production in inbred C57 BL/6 mice (Hicks 

et al., 2000). Mice homozygous for the insertion (Hicks-FUS-/-) failed to suckle and died 

within 16 hours of birth. While histology revealed no gross anatomical anomalies, Hicks-

FUS-/- mice had reduced white blood count, decreased B cell activation, and various 

chromosomal abnormalities including chromosome breakage, centromeric fusion, and 

extrachromosomal elements suggesting general genomic instability (Hicks et al., 2000). 

Around the same time, Kuroda et al. created an insertion mutation in exon 8 leading to 

loss of intact FUS protein in both the outbred CD1 mouse line and the inbred 129svev 

mouse line (Kuroda-FUS-/-) (Kuroda et al., 2000). Unlike Hicks-FUS-/- mice, Kuroda-

FUS-/- mice survived into adulthood, albeit slightly smaller in size than their wildtype 

littermates. Survival of these mice allowed further study of mouse development in the 

absence of FUS protein. Outbred Kuroda-FUS-/- mice were developmentally normal. In 

contrast, when FUS was KO’d in the inbred 129svev mouse line, survival was greatly 

impaired unless the animals were housed in a pathogen-free facility, suggesting immune 

dysfunctions similar to what was observed in the Hicks-FUS-/- mice. Furthermore, male 

inbred Kuroda-FUS-/- mice had reduced fertility and increased sensitivity to ionizing 

irradiation, a marker for dysfunctional DNA repair processes. Altogether, these reports 

provided the first evidence that FUS is an essential protein for immune system 

development and DNA repair.  

The next eight years of FUS research focused on the role of FUS in spliceosome 

assembly and transcription (Meissner et al., 2003; Uranishi et al., 2001). First, various 
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groups determined preferential RNA and DNA sequences for FUS (Lerga et al., 2001; 

Takahama et al., 2009; Takahama et al., 2008). It was also during this time that Husai 

et al. first linked FUS to a neuronal function by identifying it as a binding partner to an 

excitatory NMDA neuronal receptor (Husi et al., 2000). Fujii et al. further expanded 

upon this finding by showing in vivo that FUS localized to the post-synaptic density of 

hippocampal dendrites in a mGluR5-dependent manner. It was also reported that loss 

of FUS led to decreased spine number and maturity, possibly due to changes in FUS-

mediated shuttling of transcripts essential to dendrite structure (e.g. the transcript for 

the actin-stabilizing protein, Nd1-L) (Fujii et al., 2005; Fujii and Takumi, 2005). Along 

with this, FUS was also linked to two other proteins that are important for neuronal 

function: FMRP and HTT. Specifically, isoform 4 mRNA of FUS was found to be a target 

of the RNA binding protein, fragile X mental retardation protein (FMRP), whose loss 

leads to the development of fragile X syndrome (Chen et al., 2003). FUS was also 

identified as a co-aggregating protein with huntingtin (HTT), the protein responsible for 

Huntington’s disease pathology, both in vitro and in vivo (Doi et al., 2008).    

 Finally, in 2009 and 2011 FUS was identified as a major component protein of 

the cytoplasmic protein inclusions in ALS and FTD, respectively (Kwiatkowski et al., 

2009; Neumann et al., 2009a; Neumann et al., 2009b; Vance et al., 2009a). These 

discoveries fueled a new resurgence of FUS research, expanding the knowledge of FUS 

exponentially and proving that FUS is essential for both nuclear and cytoplasmic 

functions.  

1.5.2 Current understanding of the FUS gene and protein structure    

The FUS gene is ~11,467 bp long, located on chromosome 16, and contains 15 

exons that translate to 13 transcripts that can be alternatively spliced into three protein 
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isoforms (https://www.ncbi.nlm.nih.gov/gene/2521) (Brunet et al., 2021). While a 

recent report shows some compelling data suggesting that FUS codes for two 

independent proteins, with both forms meditating toxicity, this finding has yet to be 

recapitulated (Brunet et al., 2021). Therefore, I will focus my summary on the 

traditional single FUS protein. Of the three isoforms, the most abundant is isoform 1 

which codes for a 526-amino acid/75 kDa multi-domain protein (Figure 1.2). 

Expression of the FUS protein is a tightly regulated process. Overexpression of 

exogenous human FUS can trigger a decrease in endogenous FUS (Mitchell et al., 2012; 

Zhou et al., 2013). This compensatory mechanism is most likely the result of FUS 

autoregulation, where it has been shown that the FUS protein binds to the 7th exon of its 

own pre-mRNAs leading to a splice variant of FUS that is quickly targeted for nonsense 

mediated decay (NMD) (Zhou et al., 2013).  

FUS is a member of the ubiquitously expressed FET family of proteins (composed 

of FUS, EWS and TAF15) (Andersson et al., 2008). Like all members of the FET family, 

FUS contains a low-complexity (LC) N-terminal domain and multiple C-terminal RNA 

binding domains (Svetoni et al., 2016). Although historically the N-terminus was viewed 

as a transcriptional activation domain, involved in binding DNA, while the C-terminus 

was viewed as the RNA binding domain, containing multiple RNA binding motifs (RNA-

recognition motif (RRM) and a RGG-Zn-RGG domain) recent studies have mapped 

novel functions to the N-terminus (Crozat et al., 1993; Matsumoto et al., 2018; Patel et 

al., 2015; Prasad et al., 1994; Yang et al., 2014). It is now understood that the N-

terminus is primarily composed of a prion-like domain (PLD) (the QSYG-rich domain 

and a portion of the RGG-rich region). Considered a subset of the broader category of 

LC domains, a PLD is a common feature of RNA binding proteins (RBP), as these 

https://www.ncbi.nlm.nih.gov/gene/2521
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domains mediate the liquid-phase separation of RBPs that allows the sequestration of 

various proteins and RNAs into a transient membrane-less compartment in the cell 

(Hennig et al., 2015). The most important feature of this domain is that it allows for the 

reversible aggregation of proteins and RNA (Patel et al., 2015). From this, FUS can 

assemble and dissemble into multiple ribonucleoprotein (RNP) granules, including 

cytoplasmic stress granules and nuclear paraspeckles (Bosco et al., 2010; Hennig et al., 

2015; Kato et al., 2012; Molliex et al., 2015; Sama et al., 2013).  

Because PLD domains are disordered, the three-dimensional structure of these 

regions have been difficult to map. In 2017, Murray et al. was the first to characterize the 

structure of the PLD showing that it forms a 57-amino acid long “structured” fibril core. 

While this core resembles the characteristic (and pathogenic) amyloid fibrils seen in 

Alzheimer’s disease (described in more detail in section 4.4), the amyloid core in FUS 

lacks the necessary hydrophobic sidechains. The absence of these sidechains is thought 

to give the PLD its propensity to disassemble and allows FUS to mediate reversible 

phase separation (Luo et al., 2018; Murray et al., 2017). Following this original report, 

Luo et al. further divided the 57-amino acid fibril core into two separate segments that 

form amyloid fibrils that have a structure directly mediated by temperature and 

phosphorylation state of the protein, again suggesting that there is a reversible nature to 

the structure of the domain (Luo et al., 2018).   

There is some evidence that regions of the FUS amyloid core are more prone to 

aggregate when they exist as peptides outside of the full-length FUS protein but future 

studies will need to study this in the context of the full length protein before we can 

begin to understand how these different amyloid regions contribute to aggregation 

(Ding et al., 2020). It should now be noted that phase separation of FUS is a complex 
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process and is mediated by multiple factors including protein-protein interactions, 

interaction of the arginine rich C-terminal domain with the tyrosine rich N-terminal 

domain through pi-pi cation interactions, and RNA binding. Disruption of any of these 

interactions can trigger formation of stable FUS RNP granules that are toxic to the cell 

(Bogaert et al., 2018; Hofweber et al., 2018a; Maharana et al., 2018; Qamar et al., 2018). 

To prevent toxicity, the cell must tightly regulate these interactions to ensure dynamic 

phase separation of FUS RNP granules. Besides mediating phase separation, there is 

evidence that the RGG domain in the PLD may robustly bind RNA, albeit to a lower 

extent compared to the C-terminus (Ozdilek et al., 2017; Schwartz et al., 2013). Whether 

this property of the PLD domain effects protein function remains to be determined.    

Outside of the N-terminal RGG domain, the C-terminus is littered with multiple 

domains capable of binding multiple types of RNA sequences (Schwartz et al., 2013; 

Wang et al., 2015). These domains are the RNA recognition motif (RRM) and RGG-ZnF-

RGG domain (Figure 1.2). Even though earlier reports debated the RNA binding 

abilities of the RRM, it is now recognized that both the RRM and the RGG-ZnF-RGG 

domains bind RNA and DNA (Liu et al., 2013; Schwartz et al., 2013). In line with this, 

the mechanism that the C-terminus of FUS uses to bind RNA has been recently 

elucidated. Specifically, the ZnF domain binds to GGU regions of RNA and the RRM 

domain binds to the classical RNA stem loop. From here the RGG domains act as a 

magnet, increasing the affinity of FUS binding to RNA (Loughlin et al., 2019). Through 

these features, FUS is able to bind RNA and DNA within multiple cellular 

compartments.   

Finally, FUS contains a non-classical proline-tyrosine nuclear localization 

sequence (PY-NLS) (located at the C-terminus) and a predicted nuclear export sequence 
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(NES) that mediate its movement between the nuclear and cytoplasmic compartments. 

The mechanism of FUS nuclear import is well documented. It is through the PY-NLS 

that transportin-1/2 (TNPO), a nuclear import receptor, binds FUS and traffics the 

protein from the cytoplasm into the nucleus in a GTP-dependent manner (Dormann et 

al., 2010; Güttinger et al., 2004; Niu et al., 2012). Interestingly, the PY-NLS may also 

play an indirect role in FUS phase separation as loss of TNPO1 binding to FUS leads to 

enhanced aggregation (Hofweber et al., 2018b; Yoshizawa et al., 2018). Unlike nuclear 

import, it remains unknown whether FUS participates in active nuclear export mediated 

through the NES. There is evidence that the NES is nonfunctional and that a majority of 

FUS export is mediated through passive diffusion through the nuclear pore (Ederle et 

al., 2018). This could be possible as large proteins up to 230 kDa have been shown to 

cross the nuclear pore within minutes to hours (Timney et al., 2016). Even so, it has 

been suggested that a post-translational modification (PTM) in FUS could “activate” the 

NES, allowing exportin proteins to shuttle FUS into the cytoplasm, but more work will 

need to be done to examine this possibility (Kırlı et al., 2015). For now, the functionality 

of the NES is disputed.   

1.5.3 Homeostatic FUS functions 

FUS is an abundant, widely-expressed protein found in most cells that was 

traditionally thought to localizes primarily to the nucleus (Svetoni et al., 2017). Even so, 

FUS is still relatively abundant in the cytoplasm with a subpopulation specifically 

localizing to the dendritic spines of neurons (Deng et al., 2014b; Fujii et al., 2005). 

Owing to its relative abundance in both the nucleus and the cytoplasm, FUS function 

can be broken down by cellular compartment. It should be noted that there is interplay 

between its functions in both compartments. As such, these functions should not be 
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considered separate entities as they do influence each other even though this discussion 

will categorize each function based on compartment.  

1.5.3.1 Nuclear functions 

FUS performs and regulates multiple processes in the nucleus of the cell. First, 

FUS associates with transcriptionally active chromatin through its PLD in an RNA-

dependent manner. From here, FUS specifically accumulates at transcriptional start 

sites. This association impedes the necessary phosphorylation of the C-terminal domain 

of RNA Polymerase II, the major polymerase responsible for synthesizing pre-mRNA 

transcripts, mediating the transcription for ~20% of cellular genes. Interestingly, many 

of these transcripts are related to mitochondrial function, mRNA splicing, mRNA 

processing and mRNA metabolism suggesting a role for FUS in mediating these 

functions (Kwon et al., 2013; Schwartz et al., 2012; Tan et al., 2012; Zhou et al., 2014). 

Second, FUS mediates the alternative splicing of ~300 pre-mRNAs in vivo, possibly 

through repressing exon recognition (Lagier-Tourenne et al., 2012). Third, FUS is 

involved in the formation of paraspeckles, nuclear bodies involved in sequestering 

transcripts during cellular stress events, by complexing with the major constituents, 

NEAT1 and NONO, through its PLD (Shelkovnikova et al., 2014). Lastly, as introduced 

in section 1.5.1, FUS expression is integral to DNA repair. However, to understand the 

impact FUS has on DNA repair mechanisms, we must first understand DNA damage.    
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Figure 1.3 FUS in DSB repair 

FUS recruitment to sites of DNA damage is integral to supporting homologous 

recombination (HR) and non-homologous end joining (NHEJ). On the left is HR: (1) 

PARP1 acts as a DNA damage sensor and is recruited early to the DSB site. PARP1 

begins polyADP-ribosylation (PARylation) modification of target proteins. (2) 

PARylation recruits FUS to DSB. FUS triggers phase separation, creating a 

compartment of damaged DNA and DNA repair proteins. (3) Downstream DNA repair 

proteins such as HDAC1 and 53BP1 are recruited to the DSB. 53BP1 may assist in 

phase separation. (4) ATM is recruited, possibly by HDAC1, and phosphorylates FUS. 

(5) FUS dissociates and DNA is repaired in a BRAC1-dependent process.  On the right 

is classical NHEJ: (1) Ku70/80 acts as a DNA damage sensor and is recruited to the 

DSB site. (2) Ku70/80 recruits DNA-PK catalytic subunit (cs) (3) FUS is recruited to 

DSB site. (4) DNA-PKcs phosphorylates FUS. FUS dissociates from the DNA. 

Downstream process allows DNA repair. Created with BioRender.com 
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1.5.3.1.2 DNA damage and repair 

DNA can be damaged by endogenous (e.g. replication errors and reactive oxygen 

species mediated damage) and exogenous sources (i.e. UV exposure, ionizing radiation, 

and carcinogenic chemicals) (Chatterjee and Walker, 2017). These events result in 

different classes of DNA damage: DNA lesions, single base damage, bulky lesions, base 

mismatch, intrastrand crosslinks, translesion synthesis, single strand DNA breaks 

(SSBs), and double strand breaks (DSBs) (Chatterjee and Walker, 2017). FUS has a 

weak affinity for double strand DNA in general. However, it is specifically recruited to 

sites of SSBs and DSBs to participate in one of three mechanisms: base excision repair 

(BER) for SSBs and homologous recombination (HR) and non-homologous end-joining 

(NHEJ) for DSBs (Figure 1.3 for HR and classical NHEJ, Figure 4.1 for 

modified atypical NHEJ) (Mastrocola et al., 2013; Rulten et al., 2013; Sama et al., 

2014; Singatulina et al., 2019; Sukhanova et al., 2020; Wang et al., 2015). Many of the 

methods used to study FUS mediated DNA repair produce a mixture of base lesions, 

SSBs and DSBs. Therefore, this discussion will highlight the method that was used to 

induce DNA damage as a proxy for the type of damage.   

HR and NHEJ are complex repair processes dependent on sequential 

recruitment of various proteins to the site of DNA damage. Two enzymes in the 

phosphoinositide 3-kinase related kinase (PIKK) family, ataxia-telangiectasia mutated 

(ATM) and DNA-dependent protein kinase catalytic subunit (DNA-PKcs), are 

responsible for recruiting additional proteins to sites of DSB for HR and NHEJ, 

respectively. FUS is a known target of both kinases (Figure 1.3) (Deng et al., 2014b; 

Gardiner et al., 2008). FUS expression is required for efficient DNA repair. Inhibiting 

FUS recruitment to sites of DNA damage following UVA micro-irradiation results in 
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diminished HR and NHEJ (Mastrocola et al., 2013; Muster et al., 2017; Wang et al., 

2013). Furthermore, FUS regulates the mRNA for 60% of the genes involved in both 

pathways (Zhou et al., 2014). Taken together, these data support early observations that 

FUS KO leads to chromosomal instability and dysfunctional DNA repair (section 

1.5.1).  

What role does FUS recruitment play in DNA repair? FUS recruitment is 

facilitated by the essential upstream enzyme poly(ADP-Ribose) polymerase (PARP1). 

UVA micro-irradiation causes PARP1 to induce PARylation or the synthesis of PAR 

chains which attach to various proteins surrounding the site of DNA damage. These PAR 

chains recruit FUS to the sites of DNA damage in a poly(ADP-ribose) glycohydrolase 

(PARG)-dependent manner (Muster et al., 2017; Rulten et al., 2013; Sukhanova et al., 

2020). Following recruitment, integral downstream proteins including HDAC1, γH2AX, 

53BP1, and p-ChK2 depend on FUS to facilitate their own recruitment (Gong et al., 

2017; Wang et al., 2013). Taken together, FUS recruitment is an early and essential 

component of HR and NHEJ.  

What role could FUS be having in DNA repair outside of recruitment? Recently, a 

report provided evidence that FUS induces the formation of a compartment of FUS, the 

PAR polymers, other RNA binding proteins with low-complexity domains and the 

damaged DNA through phase separation. This compartmentalization may be important 

for DNA repair initiation as it allows for more contact with damaged DNA and repair 

proteins, potentially leading to more efficient DNA repair (Levone et al., 2021; 

Singatulina et al., 2019). Even so, many aspects of FUS-mediated DNA repair remain 

unclear: Does FUS play an active role in recruiting the downstream enzymes? Is FUS 

required for the actual repair of DNA or does it only serve to recruit proteins to the 
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repair site? Is FUS preferentially used in HR or NHEJ? And specifically, what role does 

PIKK mediated phosphorylation of FUS play in DNA repair? Future studies should focus 

on how FUS phase separation mediates downstream protein recruitment to understand 

the role FUS is directly playing in DNA repair.    

1.5.3.2 Cytoplasmic functions 

In the cytoplasm, FUS mediates various functions related to mRNA trafficking, 

metabolism, translation, and suppression. Overall, FUS is estimated to have ~5,500 

mRNA targets of which >700 transcripts are targeted specifically in the cytoplasm 

(Colombrita et al., 2012; Lagier-Tourenne et al., 2012). These targets tend to be involved 

in processes related to FUS function including regulation of transcription, RNA 

processing, and cellular response to stress (Colombrita et al., 2012). Once bound to 

these transcripts, FUS can traffic a subset of mRNA transcripts to distal cellular 

locations such as the dendrite to mediate local translation (Shiihashi et al., 2017). FUS 

expression can also act as a negative regulator of translation by ensuring efficient 

ribosomal stalling in a mTOR-dependent manner (Kamelgarn et al., 2018; Sévigny et al., 

2020). Lastly, FUS expression mediates mRNA metabolism through associating with 

transcript that are targets of nonsense mediated decay (Ho et al., 2021).  

One of the most important functions of FUS in the cell occurs during a stress 

event. During times of cellular stress, cytoplasmic FUS enters stress granules (SG), 

which are membrane-less organelles that reduce stress-related damage by sequestering 

proteins and mRNA to silence translation, thereby minimizing energy use during a 

stress event (Baron et al., 2013; Lenzi et al., 2015; Mahboubi et al., 2013; Shelkovnikova 

et al., 2013). Various stressful events can promote the formation of SG including heat 
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stock, osmotic stress, and oxidative stress (Lenzi et al., 2015; Sama et al., 2013). FUS 

directly associates with multiple major stress granule components, including G3BP1 and 

TIA1 (Baron et al., 2013; Markmiller et al., 2018). Known SG markers such as PABP1 

and eIF4G, have also been shown to co-localize with insoluble inclusions in FTLD-FUS 

patients (Dormann et al., 2010). This, along with other lines of evidence, has led to a 

general model of FUS pathology where cells that have undergone multiple stress events 

begin to create stable granules that are less dynamic and, eventually, fail to dissemble. 

As these SGs become less dynamic, FUS and other proteins begin to aggregate leading to 

the characteristic insoluble inclusions seen in ALS and FTLD (Dormann and Haass, 

2011; Patel et al., 2015). The propensity of FUS to form these aggregates is dependent on 

both genetic and nongenetic factors.  

1.5.4 Role of genetic mutations in FUS-mediated ALS/FTD pathology    

Causative FUS mutations have been linked to disrupting almost every aspect of 

homeostatic FUS function. Most FUS mutations will impair the binding of FUS to its 

nuclear export protein, TNPO1. This results in a buildup of cytoplasmic FUS that 

eventually accumulates into insoluble inclusions (Dormann et al., 2010; Matsumoto et 

al., 2018; Niu et al., 2012). Outside of the creation of inclusions, evidence suggests that 

ALS-linked mutations also cause FUS to develop toxic gain-of-functions (López-

Erauskin et al., 2018; Scekic-Zahirovic et al., 2016; Shiihashi et al., 2016). In the 

nucleus, ALS-linked mutations (R521G and R495X) disrupt FUS binding to active 

chromatin, suggesting mutant cells express altered RNA Pol II activation patterns and, 

subsequently, altered transcription patterns (De Santis et al., 2017; Yang et al., 2014). 

Splicing is also affected by ALS-linked mutations, trapping essential minor spliceosome 

proteins U11 and U12 into cytoplasmic aggregates and altering the splicing of U11/12-
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target minor introns (Reber et al., 2016). In line with this, ALS-linked FUS mutations 

shift the global transcriptome, enriching for mRNAs related to cell adhesion and 

nervous system development (De Santis et al., 2017). Furthermore, ALS-linked 

mutations disrupt FUS recruitment to sites of DNA damage (Naumann et al., 2018). 

Lastly, ALS-linked mutations disrupt FUS autoregulation leading to increased FUS 

protein levels (Humphrey et al., 2020; Zhou et al., 2013). All these changes to cellular 

function eventually cause the cell to accumulate DNA damage in the nucleus.   

In the cytoplasm, ALS-linked mutations generally shift the cellular proteome, 

upregulating proteins related to catabolic processes and downregulating proteins 

related to neuron development (Baron et al., 2019; Boehringer et al., 2017; Garone et al., 

2020; Kamelgarn et al., 2016). Expression of ALS-linked mutant FUS also alters 

translation and mRNA catabolism (Kamelgarn et al., 2018). Most importantly, 

expression of ALS-linked mutant FUS is linked to increased recruitment of FUS into 

stress granules, altered stress granule homeostasis, and, eventually, a diminished 

capacity for stress granule disassembly (Baron et al., 2013; Lenzi et al., 2015; Lo Bello et 

al., 2017; Patel et al., 2015; Shelkovnikova et al., 2013).  

FUS dysfunction can also affect neuronal function. Genetic deletion of the FUS 

PY-NLS causes widespread dysfunction, decreasing neuronal firing, dendrite spine 

number, and disrupts mRNA transport in neurons (Shiihashi et al., 2017). Furthermore, 

neurons expressing ALS-linked mutant FUS have decreased mobility of key organelles 

needed at distal cellular sites including the mitochondria and lysosomes, suggesting 

FUS mutations can instigate general trafficking and autophagy dysfunction (Naumann 

et al., 2018). But, as stated above, most FUS pathology is not caused by genetic 

mutation. Therefore, we must explore alternative modulators of FUS function.   
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1.5.5 Role of nongenetic factors in FUS mediated ALS/FTS pathology    

Protein function is mediated not only by its amino acid sequence but also by the 

enzymatic modifications that can occur on various amino acids after translation. 

Termed post-translational modifications (PTMs), these nongenetic mediators of FUS 

dysfunction may hold the key to understanding what triggers disease pathogenesis. Past 

reports have linked various PTMs to FUS dysfunction including changes in methylation 

and phosphorylation status (Bowden and Dormann, 2016; Darovic et al., 2015; 

Dormann et al., 2012; Higelin et al., 2016; Sama et al., 2013; Scaramuzzino et al., 2013; 

Singatulina et al., 2019; Verbeeck et al., 2012).  

Changes in arginine methylation of FUS has the strongest evidence for its 

involvement in FUS pathology (Figure 1.3). Specifically, arginine methylation in the 

RGG3 domain by PRMT1 is thought to disrupt TNPO1 binding to FUS leading to 

increased cytoplasmic localization. In parallel, unmethylated and monomethylated 

forms of FUS show increased binding affinity for TPNO1 suggesting that modifying 

methylation state may reduce FUS pathology (Dormann et al., 2012; Scaramuzzino et 

al., 2013; Suárez-Calvet et al., 2016; Tradewell et al., 2012). No causative mutations for 

FTLD have been found in the methyltransferase proteins (PRMT1, PRMT3, and 

PRMT8) responsible for regulating FUS methylation state suggesting these disease 

processes exist outside of genetic mutation (Ravenscroft et al., 2013). However, while 

there is evidence that post-mortem tissue from ALS patients contain a dimethylated (or 

hypermethylated) form of FUS, post-mortem tissue from FTLD patient inclusions 

contains a monomethylated (or hypomethylated) form of FUS, suggesting divergent 

disease processes may be responsible for FUS aggregation in ALS and FTLD (Dormann 

et al., 2012; Suárez-Calvet et al., 2016). In line with this, there is now strong evidence 
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that hypomethylation of FUS at these C-terminal arginine residues promotes the 

formation of stable β sheets that result in solid and undynamic RNP granules that 

resemble toxic inclusions (Hofweber et al., 2018a; Qamar et al., 2018). As such, the 

methylation model of FUS pathology currently suggested by Hofweber et al. postulates 

that ALS-FUS patients express a hypermethylated form of FUS that has a low binding 

affinity for its nuclear import protein/chaperone, TNPO1. Without contact from its 

chaperone, FUS begins to accumulate into less dynamic RNP granules and form 

insoluble inclusions leading to pathology. In contrast, FTLD-FUS patient cells lose 

TNPO1 activity through some undetermined mechanism and FUS begins to aggregate in 

the cytoplasm. Overtime, the loss of the TNPO1/FUS interaction triggers some unknown 

compensatory mechanism that promotes hypomethylation of FUS to try to increase 

TNPO1/FUS affinity. Unfortunately, un/monomethylated FUS has a higher propensity 

to form stable RNP granules leading to the formation of the characteristic FUS 

inclusions. This may explain why FTLD-FUS and not ALS-FUS inclusions are 

immunoreactive for TNPO1 as the un/monomethylated form of FUS can still bind the 

activity-depleted TNPO1 and sequester it into the cytoplasmic inclusions (Hofweber et 

al., 2018a; Troakes et al., 2013). However, this model does not address how TNPO1 

activity loss initially occurs. Could another modification be responsible for dysregulating 

FUS/TNPO1? 
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Figure 1.4 Methylation and phosphorylation sites of FUS 

Graphical representation of the methylation and phosphorylation sites with FUS 

domain structure. Methylation sites are represented by green circle, phosphorylation 

sites are represented by blue circle (Rhoads et al., 2018b). Methylation sites tend to 

group near C-terminus, phosphorylation sites tend to group near N-terminus. Amino 

acid sequence for the prion-like domain (PRL) is highlighted. S/T_Q sites 

phosphorylated by DNA dependent protein kinase catalytic subunit (DNA-PKcs) are 

highlighted in red. Created with BioRender.com   
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PTM’s can have synergistic effects on proteins. It may be possible that some 

environmental factor triggers novel/different PTM’s on FUS that initiates dysfunction. 

One potential PTM is phosphorylation, which has also been linked to increased 

cytoplasmic localization of FUS. Phosphorylation is the covalent addition of a phosphate 

group to a serine, threonine, or a tyrosine residue. It is the most common reversible 

PTM, thought to work as a biological switch that allows the cell to turn various cellular 

processes (signaling pathways, metabolism, receptor activity) on and off (Virág et al., 

2020). Like other proteins of a similar size, FUS can be phosphorylated at multiple N- 

and C-terminal residues by multiple kinases (Owen et al., 2020; Rhoads et al., 2018b). 

The first biologically relevant phosphorylation site to be described in FUS was S256 

when it was shown that phosphorylation at this site mediates its proteasome-dependent 

degradation (Perrotti et al., 2000). Following this report, FUS was also shown to be 

phosphorylated at S42 by the PIKK enzyme, ATM (Gardiner et al., 2008). Still, it was 

not until the next decade when two reports showed that phosphorylation could shift 

FUS cellular localization. The first, Darovic et al., showed that phosphorylation at Y526 

located in the PY-NLS leads to decreased affinity between FUS and TNPO1 (Darovic et 

al., 2015).  However, our lab was the first to show that a biologically relevant trigger, 

DSB, triggers DNA-PKcs to phosphorylate FUS at N-terminal residues in the PLD (Deng 

et al., 2014b). Our original report predicted that DNA-PKcs phosphorylated FUS at 12 

S/T_Q residues. These sites were all confirmed in subsequent publications by other 

groups (Deng et al., 2014b; Monahan et al., 2017; Murray et al., 2017) (Figure 1.3). 

Subsequently, our lab then showed that this new species of phosphorylated FUS then 

accumulates in the cytoplasm along with the FET protein, TAF-15, and TNPO1 (Deng et 

al., 2014b). While there was some early disagreement in the literature about FUS 
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localization following DSB, the observation that phosphorylated FUS accumulates in the 

cytoplasm following DSB has now been recapitulated by other groups (Bennetzen et al., 

2018; Monahan et al., 2017; Naumann et al., 2018; Rhoads et al., 2018a; Singatulina et 

al., 2019).  

So, how might DNA damage play a role in FUS mediated pathology? There are 

multiple reports that FTLD-FUS and ALS-FUS patients have increased p-H2AX, a 

marker of DNA damage that can be activated by DNA-PKcs and ATM  (Deng et al., 

2014b; Naumann et al., 2018; Wang et al., 2013). There is also evidence that DSB 

directly trigger the formation of cytoplasmic FUS inclusions signifying that DNA 

damage may be an upstream process of FUS inclusion formation (Deng et al., 2014b; 

Naumann et al., 2018). Lastly, inhibition of PARP1, the protein responsible for 

recruiting FUS to sites of DSB, can indirectly trigger cytoplasmic FUS aggregation 

(section 1.5.3.1.2) (Naumann et al., 2018). Thus, DSB induced N-terminal FUS 

phosphorylation may represent a new mechanism through which FUS dysfunction is 

triggered.  

1.6 Summary and goals of dissertation   

 The evidence overwhelmingly indicates that FTLD/ALS-mediated FUS pathology 

is triggered by FUS cytoplasmic accumulation. Understanding the primary triggers of 

FUS accumulation in the cytoplasm will be integral to determining what aspects of FUS 

biology may be possible targets to prevent pathology. DNA damage is a common marker 

of FTLD/ALS pathology. As such, the discovery that DSB mediates N-terminal 

phosphorylation FUS provides the first mechanism for how a biologically relevant 

environmental stress may cause FUS pathology. Unfortunately, phosphorylated FUS 

accumulates in the cytoplasm, it still remains unclear whether N-terminal 
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phosphorylation affects cellular function. As discussed above, FUS is involved in 

multiple cellular functions and phosphorylation is a known mediator of protein 

function. Therefore, N-terminal phosphorylation may change multiple cellular functions 

at once. Thus, the overall goal of this dissertation is to determine whether N-

terminal phosphorylation shifts FUS function. 

 In line with this goal, I explored the effect of N-terminal phosphorylation at 12 

key residues in FUS. In Chapter 2, I report that mouse cells do not phosphorylate FUS 

following DSB possibly due to impaired DNA-PK activation. In Chapter 3, I focused 

my studies on a human-derived model of FUS function to investigate whether DSB-

mediated phosphorylation of FUS alters function by shifting the FUS protein-protein 

interaction network. I provide compelling evidence that N-terminal phosphorylation 

leads to meaningful shifts in the FUS proteome towards a translational active state. 

Finally, in Chapter 4, I summarize the significance of these findings and provide a 

description of possible future studies.  
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Clinical pres.  DNA change (cDNA) Protein change Reference(s) 

ALS c.6C > T p.Ala2Ala* (Belzil et al., 2011) 

ALS c.52C>T p.Pro18Ser (Belzil et al., 2011) 

ALS c.147C>A p.Gly49Gly* (Zou et al., 2012) 

ALS c.(170_172del), 
c.170_172del 

p.Ser57del (Belzil et al., 2009) 

ALS c.198T>C p.Tyr66Tyr* (Lai et al., 2011) 

ALS c.269C > T p.Tyr91Tyr* (Belzil et al., 2011) 

ALS c.287_291delinsAT p.Ser96del (Yan et al., 2010) 

ALS c.291C>T p.Tyr97Tyr* (Zou et al., 2012) 

ALS c.344G>A p.Ser115Asn (van Blitterswijk et 
al., 2012) 

ALS c.430_447del p.Gly144_Tyr149de
l 

(Belzil et al., 2011; 
Brown et al., 2012) 

ALS c.453C>T p.Pro151Pro* (Zou et al., 2012) 

ALS c.467G>A p.Gly156Glu* (Ticozzi et al., 
2009) 

ALS c.515delGAGGTGGAGG
TG 

p.Gly 171_174del (Corrado et al., 
2010) 

ALS c.521_523+3del p.Gly174_Gly175del (Kwiatkowski et al., 
2009; Yan et al., 

2010) 
ALS c.521_523+3delGAGGT

G 
p.Gly174del (Brown et al., 2012; 

Hewitt et al., 2010) 

ALS c.insGAGGTG523 p.insGG (Kwiatkowski et al., 
2009) 

ALS c.delGAGGTG523 p.delGG (Kwiatkowski et al., 
2009) 

ALS c.559G>A p.Gly187Ser (Rademakers et al., 
2010) 

ALS c.571G>A p.Gly191Ser (Corrado et al., 
2010) 

ALS c.616G>A p.Gly206Ser (Yan et al., 2010) 

ALS c.646C>T p.Arg216Cys (Corrado et al., 
2010) 

ALS c.648C>T p.Arg216Arg* (Zou et al., 2012) 

ALS c.661_663delAGT p.Ser211del (Lattante et al., 
2012) 

ALS c.666_667insGGC p.G222_G223insG (Belzil et al., 2011) 
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Clinical pres.  DNA change (cDNA) Protein change Reference(s) 

ALS c.667-
678delGGCGGCGGCG

GC 

G223-G226del  (Yan et al., 2010) 

ALS c.674G>T p.Gly225Val (Corrado et al., 
2010) 

ALS c.676_684del p.228_230delGGG (Kwon et al., 2012) 

ALS c.679_681delGGC p.Gly 223del (Corrado et al., 
2010) 

ALS c.679_684delGGCGGC p.Gly 
223_Gly224del 

(Corrado et al., 
2010) 

ALS c.680_691delGGCGGC
GGTGGT 

p.Gly 
227_Gly230del 

(Corrado et al., 
2010) 

ALS c.681_684delGGC p.230delG (Kwon et al., 2012) 

ALS c.682_687delGGCGGT p.Gly 
228_Gly229del 

(Corrado et al., 
2010) 

ALS c.684C > T p.G228G (Belzil et al., 2011) 

ALS c.688G>T p.Gly230Cys (Corrado et al., 
2010) 

ALS c.700C>T p.Arg234Cys (Corrado et al., 
2010) 

ALS c.701G>T p.Arg234Leu (Ticozzi et al., 
2009) 

ALS c.730C>T p.Arg244Cys (Kwiatkowski et al., 
2009) 

ALS c.1173C > A p.Pro391Pro* (Belzil et al., 2011) 

ALS c.1196G>T p.Gly399Val (Kwon et al., 2012) 

ALS  
c.1204_1232delinsGGA

GGTGGAGG 

p.Ser402_Pro411de
linsGlyGlyGlyGly 

(DeJesus-
Hernandez et al., 

2010) 

ALS c.1317T>C p.Ser439Ser* (Brown et al., 2012) 

ALS c.1385C>T p.Ser462Phe (Groen et al., 2010) 

ALS c.1392G>T p.Met464Ile (Nagayama et al., 
2012) 

ALS c.1395_1541+1del p.Gly466ValfsX14 (DeJesus-
Hernandez et al., 

2010) 
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Clinical pres.  DNA change (cDNA) Protein change Reference(s) 

ALS c.1449-
1488delCTACCGGGGC
CGCGGCGGGGACCGT
GGAGGCTTCCGAGGG 

p.Tyr485AfsX514 (Yan et al., 2010) 

ALS c.1459C>T p.Arg487Cys (van Blitterswijk et 
al., 2012) 

ALS c.1464C > T p.Gly488Gly* (Belzil et al., 2011; 
Zou et al., 2012) 

ALS c.1483C>T p.Arg495X (Kim et al., 2015; 
Kwon et al., 2012; 
van Blitterswijk et 

al., 2012; Yan et al., 
2010) 

ALS c.1483delC p.Arg495GlufsX527 (Yan et al., 2010) 

ALS c.1485delA p.Gly497AlafsX527 (Yan et al., 2010) 

ALS c.1506dupA p.Arg502fsX15 (Belzil et al., 2011) 

ALS c.1507_1508delAG p.Gly503TrpfsX12 (Kwon et al., 2012) 

ALS c.1509_1510del p.Gly504TrpfsX12 (Kim et al., 2015; 
Kwon et al., 2012; 
Zou et al., 2012) 

ALS c.1156C > A p.Arg386Arg* (Belzil et al., 2011) 

ALS c.1520G>A p.Gly507Asp (Corrado et al., 
2010; Hewitt et al., 

2010; Lai et al., 
2011) 

ALS c.1527insTGGC p.Lys510TrpfsX517 (Yan et al., 2010) 

ALS c.1528A>G p.Lys510Glu (Suzuki et al., 2010; 
Syriani et al., 2011) 

ALS c.1537T>C p.Ser513Pro (Suzuki et al., 2010) 

ALS c.1540A>G p.Arg514Gly (Vance et al., 
2009a) 

ALS c.1542G>T p.Arg514Ser (Kwiatkowski et al., 
2009; Robertson et 
al., 2011; Suzuki et 

al., 2010) 
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Clinical pres.  DNA change (cDNA) Protein change Reference(s) 

ALS c.1542G>C p.Arg514Ser (Chiò et al., 2009b; 
Kwiatkowski et al., 
2009; Millecamps 

et al., 2010; 
Robertson et al., 

2011) 

ALS c.1543G>T p.Gly515Cys (Kwiatkowski et al., 
2009) 

ALS c.1547A>T p.Glu516Val (Robertson et al., 
2011) 

ALS c.1549C>G p.His517Asp (Tsai et al., 2011) 

ALS c.1550A>C p.His517Pro (Suzuki et al., 2010) 

ALS c.1551C>G p.His517Gln (Kwiatkowski et al., 
2009) 

ALS c.1552A>G p.Arg518Gly (Lai et al., 2011) 

ALS c.1553G>A p.Arg518Lys (Kwiatkowski et al., 
2009) 

ALS c.1554_1557del p.Gln519IlefsX9 (Bäumer et al., 
2010) 

ALS c.1555C>T p.Gln519X (Belzil et al., 2011) 

ALS c.1561C>T p.Arg521Cys (Belzil et al., 2009; 
Blair et al., 2010; 
Chiò et al., 2011; 

Corrado et al., 
2010; Groen et al., 
2010; Kwiatkowski 
et al., 2009; Lai et 

al., 2011; 
Millecamps et al., 

2010; Rademakers 
et al., 2010; Suzuki 
et al., 2010; Ticozzi 
et al., 2009; Vance 

et al., 2009a; Yan et 
al., 2010) 
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Clinical pres.  DNA change (cDNA) Protein change Reference(s) 

ALS c.1561C>G p.Arg521Gly (Brown et al., 2012; 
Kwiatkowski et al., 
2009; Sproviero et 
al., 2012; Ticozzi et 

al., 2009) 

ALS c.1561C>A p.Arg521Ser (Millecamps et al., 
2010) 

ALS c.1562G>A p.Arg521His (Belzil et al., 2009; 
Blair et al., 2010; 

Broustal et al., 
2010; Groen et al., 
2010; Kwiatkowski 
et al., 2009; Lai et 

al., 2011; 
Millecamps et al., 

2010; van 
Blitterswijk et al., 

2012; Van 
Langenhove et al., 
2010; Vance et al., 
2009a; Yan et al., 
2010; Zou et al., 

2012) 
ALS c.1562G>T p.Arg521Leu (Lattante et al., 

2012; Millecamps 
et al., 2010; Yan et 

al., 2010; Zou et al., 
2012) 

ALS c.1564A>G p.Arg522Gly (Kwiatkowski et al., 
2009) 

ALS c.1566G>A p.Arg522Arg* (Ticozzi et al., 
2009) 

ALS c.1570A>T p.Arg524Trp (Hewitt et al., 
2010) 

ALS c.1571G>C p.Arg524Thr (Kwiatkowski et al., 
2009) 

ALS c.1572G>C p.Arg524Ser (Kwiatkowski et al., 
2009; Yan et al., 

2010) 
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Clinical pres.  DNA change (cDNA) Protein change Reference(s) 

ALS c.1574C>T p.Pro525Leu (Bäumer et al., 
2010; Brown et al., 
2012; Chiò et al., 

2009b; 
Kwiatkowski et al., 
2009; Mochizuki et 
al., 2012; Yan et al., 

2010) 
ALS c.1575G>T p.Pro525Pro* (Lai et al., 2011) 

ALS c.1581del p.X527TyrextX1 (Kwon et al., 2012) 

FTD and/or 
ALS 

c.4180–4185 
delGAGGTG 

Gly174-Gly175 del 
GG 

(Huey et al., 2012) 

FTD and/or 
ALS 

c.1566G > A p.Arg522Arg* (Broustal et al., 
2010) 

FTD c.22508384>T p.Pro106Leu (Huey et al., 2012) 

FTD ??? p.Pro125Pro*  (Huey et al., 2012) 

FTD ??? p.Gln179His (Huey et al., 2012) 

FTD c.760A>G p.Met254Val (Van Langenhove et 
al., 2010) 

(*) synonymous mutation; Clinical pres. (Clinical presentation) 

Table 1.1 Genetic Variations in FUS linked to ALS and FTD 
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Chapter 2: Divergent FUS phosphorylation in primate and mouse cells 

following double-strand DNA damage 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Adapted from: Johnson MA, Deng Q, Taylor G, McEachin ZT, Chan AWS, Root J, 

Bassell GJ, Kukar T. Divergent FUS phosphorylation in primate and mouse cells 

following double-strand DNA damage. Neurobiol Dis. 2020 Sep 17:105085. doi: 

10.1016/j.nbd.2020.105085. 
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2.1 Abstract   

Fused in sarcoma (FUS) is an RNA/DNA protein involved in multiple nuclear 

and cytoplasmic functions including transcription, splicing, mRNA trafficking, and 

stress granule formation. To accomplish these many functions, FUS must shuttle 

between cellular compartments in a highly regulated manner. When shuttling is 

disrupted, FUS abnormally accumulates into cytoplasmic inclusions that can be toxic. 

Disrupted shuttling of FUS into the nucleus is a hallmark of ~10% of frontotemporal 

lobar degeneration (FTLD) cases, the neuropathology that underlies frontotemporal 

dementia (FTD). Multiple pathways are known to disrupt nuclear/cytoplasmic shuttling 

of FUS. In earlier work, we discovered that double-strand DNA breaks (DSBs) trigger 

DNA-dependent protein kinase (DNA-PK) to phosphorylate FUS (p-FUS) at N-terminal 

residues leading to the cytoplasmic accumulation of FUS. Therefore, DNA damage may 

contribute to the development of FTLD pathology with FUS inclusions. In the present 

study, we examined how DSBs effect FUS phosphorylation in various primate and 

mouse cellular models. All cell lines derived from human and non-human primates 

exhibit N-terminal FUS phosphorylation following calicheamicin γ1 (CLM) induced 

DSBs. In contrast, we were unable to detect FUS phosphorylation in mouse-derived 

primary neurons or immortalized cell lines regardless of CLM treatment, duration, or 

concentration. Despite DNA damage induced by CLM treatment, we find that mouse 

cells do not phosphorylate FUS, likely due to reduced levels and activity of DNA-PK 

compared to human cells. Taken together, our work reveals that mouse-derived cellular 

models regulate FUS in an anomalous manner compared to primate cells. This raises 

the possibility that mouse models may not fully recapitulate the pathogenic cascades 

that lead to FTLD with FUS pathology.  
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2.2 Introduction   

Frontotemporal dementia (FTD) is the most common form of dementia in people 

under the age of 60 and the third most common form of dementia in the United States 

overall (Boxer et al., 2020; Hodges et al., 2003; Knopman and Roberts, 2011; Vieira et 

al., 2013) Although a heterogeneous disorder, FTD symptoms typically include 

progressive deficits in behavior, executive function, and/or language (Bang et al., 2015). 

The neuropathology underlying FTD is called frontotemporal lobar degeneration 

(FTLD). FTLD is defined by neurodegeneration, gliosis and microvascular changes 

within the frontal and/or anterior temporal brain cortices (Bahia et al., 2013; Mackenzie 

et al., 2009, 2010). FTLD is further subdivided into groups based on the major protein 

found in neuronal and glial inclusions. The four subgroups of FTLD are defined by the 

abnormal accumulation of the following proteins: 1) tau, 2) TAR DNA-binding protein 

43 (TDP-43), 3) the FET (FUS, EWS, TAF-15) proteins, or 4) ubiquitin/proteasome 

system proteins (FTLD-tau, FTLD-TDP, FTLD-FET, and FTLD-UPS, respectively) 

(Neumann and Mackenzie, 2019). While the majority of FTLD cases have tau or TDP-43 

pathology (36–50% and ~50%, respectively), a significant proportion of FTLD cases 

have inclusions containing the FET proteins (~10%) (Neumann et al., 2009). 

The FET family of proteins includes fused in sarcoma (FUS), Ewing’s sarcoma 

(EWS), and TATA binding protein-associated factor 15 (TAF-15) (Andersson et al., 

2008). FUS, EWS, and TAF-15 are ubiquitously expressed, multi-functional RNA/DNA 

binding proteins (Deng et al., 2014a). FUS was the first FET protein linked to FTD 

(Kwiatkowski et al., 2009; Neumann et al., 2009a; Vance et al., 2009a). Like the other 

FET proteins, FUS contains three characteristic domains: a low complexity SYGQ 

domain, a 3-glycine/arginine rich RGG domains, and a zinc finger domain (Andersson 
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et al., 2008; Svetoni et al., 2016). FUS utilizes these domains to facilitate multiple 

cellular functions in both the cytoplasm and nucleus including DNA transcription, RNA 

translation, mRNA splicing, stress granule formation, and DNA repair (De Santis et al., 

2017; Fujii et al., 2005; Kamelgarn et al., 2016; Sama et al., 2014; Schwartz et al., 2012; 

Shelkovnikova et al., 2013; Tan et al., 2012; Yang et al., 2014; Zinszner et al., 1997). 

Given this diverse set of functions, FUS must shuttle rapidly between the nucleus and 

cytoplasm of the cell. However, in FTLD-FET, disrupted nuclear/cytoplasmic shuttling 

causes FUS to accumulate into insoluble cytoplasmic inclusions. Multiple studies have 

shown that FUS-positive cytoplasmic inclusions can trigger a toxic gain-of-function that 

leads to cell death in a concentration dependent manner (Deng et al., 2014b; Mitchell et 

al., 2012; Scekic-Zahirovic et al., 2016). In other words, the more FUS that accumulates 

in the cytoplasm, the greater the toxicity. 

Pathogenic FUS mutations almost invariably cause ALS (Renton et al., 2014). 

FTD caused by a FUS mutation is extremely rare or leads to a combined FTD-ALS 

presentation (Broustal et al., 2010; Rohrer et al., 2009a; Snowden et al., 2011). For that 

reason, FTLD-FET pathogenesis is thought to primarily occur independent of genetic 

factors, and may instead be the result of broader impairments in the transport or 

function of these RNA-binding proteins (Darovic et al., 2015; Deng et al., 2014a; 

Dormann et al., 2012; Gami-Patel et al., 2016; Niu et al., 2012; Ravenscroft et al., 2013). 

In line with this idea, various non-genetic models of FUS transport deficits have been 

described including changes in methylation status, loss of transportin-1/FUS 

interaction, cellular stress events, and phosphorylation (Bowden and Dormann, 2016; 

Darovic et al., 2015; Dormann et al., 2012; Higelin et al., 2016; Sama et al., 2013; 

Scaramuzzino et al., 2013; Singatulina et al., 2019; Verbeeck et al., 2012). Previous 
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studies from our lab and others have shown that double-stranded DNA damage induces 

phosphorylation of N-terminal residues in FUS (Deng et al., 2014b; Monahan et al., 

2017; Rhoads et al., 2018a). Following this event, we have shown that p-FUS begins to 

accumulate in the cytoplasm of the cell (Deng et al., 2014b). Evidence suggests that DNA 

damage is a common hallmark of FUS protein pathology (Deng et al., 2014b; Higelin et 

al., 2016; Naumann et al., 2018). Therefore, DNA damage induced N-terminal 

phosphorylation may be a critical pathological event leading to FUS cytoplasmic 

accumulation and toxicity. 

Here, we aimed to study FUS phosphorylation in mouse primary cellular models 

because they are a tractable and scalable model that have been used to study 

neurodegeneration in other contexts. Surprisingly, we were unable to detect FUS 

phosphorylation following calicheamicin-γ1 (CLM) induced double-strand DNA damage 

in primary mouse neurons. Further, we found that mouse-derived immortalized cell 

lines show no detectable phosphorylation of FUS or cytoplasmic accumulation in 

response to CLM treatment. Our data suggests that decreased expression and activity of 

the DNA-dependent protein kinase (DNA-PK) in mouse cells compared to human cells 

may underlie the species-specific difference we observed. These data indicate that there 

are fundamental differences in DNA damage and repair pathways between rodents and 

primates. 

2.3 Materials and Methods 

2.3.1 Cell culture 

2.3.1.1 Primary Mouse Neurons. All animal experiments were reviewed and 

approved by the Institutional Animal Care and Use Committees at Emory in accordance 

with the National Institutes of Health Guide for the Care and Use of Laboratory 



 53 

Animals. Mouse primary cortical neurons were isolated and cultured according to a 

previously described procedure (Sala et al., 2000). In brief, mouse primary cortical 

neurons were isolated from E18 C57BL/6 mouse brain cortices, plated on 12-well plates 

and cultured in neurobasal medium (Giboco) containing 2% B27 (GIBCO). Neurons 

were used 7-14 days after plating. The cultures were maintained at 37°C in a 5% CO2 

incubator. The culture medium was changed with the same solution 24 hours after 

plating and then half-changed once every week.  

2.3.1.2 Nonhuman primate induced pluripotent stem cells (iPSCs), neural 

progenitor cells, and differentiated cells. Wild type non-human primate iPSCs, 

neural progenitor cells (NPC), differentiated neurons were generated and cultured as 

published (Carter et al., 2014; Cho et al., 2019a; Cho et al., 2019b). In brief, iPSCs were 

dissociated from MEF feeder layers and were cultured in MEF-conditioned ES cell 

medium without bFGF (R&D). After 7 days, ES cell medium was replaced with 

derivation medium. After another 7 days, neurospheres were plated on P/L-coated cell 

culture dishes and expanded in neural proliferation medium. After 7-10 days, neural 

rosettes were manually picked and seeded onto fresh cell culture dishes in 

differentiation medium. Cells were finally differentiated with the supplement of SHH 

and FGF and ascorbic acid.   

2.3.1.3 Human-derived iPSC Maintenance and motor neuron 

differentiation. A control iPS cell line was maintained on Matrigel coated dishes and 

fed every day with mTesR1 medium (Stem Cell Technologies). Cells were passaged every 

5-7 days using ReLesR passaging reagent.  For differentiation to motor neurons, iPSC 

colonies were treated with 10 μM ROCK inhibitor, Y-27632 (Stem Cell Technologies), 

for ~1 hour before being dissociated to single cells using Accutase (Stem Cell 
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Technologies) for ~8 minutes. Cells were resuspended in motor neuron differentiation 

medium (1:1 Advanced DMEM-F12/Neurobasal, 1× N2, 1× B27, 0.2 % 

penicillin/streptomycin (Pen/Strep), 1× Glutamax, 110 μM β-mercaptoethanol) and 

seeded in 10 cm Ultra-Low Attachment dishes (Corning) in order to form embryoid 

bodies. Cells were maintained as embryoid bodies throughout the differentiation 

procedure and were fed every 2 days. The differentiation medium contained 3 μM 

CHIR99021 (Stem Cell Technologies), 10 μM SB431542 (Stem Cell Technologies), 10 

μM DMH1, and 10 μM Y-27632. On Day 2, 1 μM Retinoic Acid (Sigma) and 500 nM 

Smoothened Agonist (Millipore) were added to the differentiation medium. CHIR99021 

was removed from the medium on Day 6 and SB and DMH1 were removed from the 

medium on Day 10. Subsequently, on Day 14, 10 ng/mL BDNF (Peprotech) and 10 

ng/mL GDNF (Peprotech), and 10 μM DAPT (Tocris) were added. On day 20, embryoid 

bodies were disassociated to single cells using papain/DNase (Worthington Bio) and 

plated on polyornithine/laminin coated cell culture plates.  

2.3.1.4 Human neurons. Human neurons were purchased from ScienCell and 

cultured according to manufacturer recommendations (ScienCell, #1520).  

2.3.1.5 Immortalized Cell Lines. Human neuroglioma cells (H4; ATCC) were 

cultured in Opti-MEM medium plus 5% fetal bovine serum (FBS) and 1% Pen/Strep. 

Human embryonic kidney cells (HEK293T; ATCC) and mouse embryonic fibroblasts 

(MEF; kindly provided by Dr. Bob Farese) were cultured in DMEM medium plus 10% 

FBS and 1% Pen/Strep (Gibco). Human SH-SY5Y cells (SH-SY5Y; ATCC) and mouse 

Neuro2A (N2A; ATCC) cells were cultured in MEM medium plus 1% Pen/Strep and 

either 15% FBS and 10% FBS, respectively. All cultures were maintained at 37˚C with 

5% CO2.   
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2.3.2 Drug Treatments  

Calicheamicin 𝛾1 (CLM) was obtained from Pfizer. Staurosporine was purchased from 

Cell Signaling Technologies (CST; #9953). Calyculin A (Cal A) was purchased from Cell 

Signaling Technology (CST; #9902). All drugs were resuspended in DMSO and 

aliquoted and stored at either -20˚C or -80˚C until use. Cells were plated into 60mm 

dishes and dosed 72 hours later at between 70-85% confluency.  

2.3.3 Cell Transfection   

Mouse and human GFP-FUS plasmids were obtained from Dr. Keith W. Caldecott. 

HEK293T and N2A cells were plated into 6-well plate and allowed to grow overnight. 

The next day, cells were transfected with 2.5 ug of mouse GFP-FUS or human GFP-FUS 

DNA using the TransIT®-LT1 Transfection Reagent (Mirus; MIR2300) Cells were 

allowed to express plasmids for 24 hours before treatment. 

2.3.4 Western blotting   

Cell lysis and western blotting was performed as previously described with minor 

modifications (Holler et al., 2017). In brief, cells were lysed on ice in either RIPA Buffer 

(50mM tris pH=8.0, 150mM NaCl, 0.1% SDS, 1% trition-x-100, 0.5% sodium 

deoxycholate) or cytoplasmic lysis buffer (50mM tris pH=8.0, 150mM NaCl, 0.5% 

trition-x-100) with 1% protein/phosphatase inhibitor (ThermoFisher; 78442). The RIPA 

lysate was sonicated and centrifuged for 15 min at 14,000 rpm at 4°C. The cytoplasmic 

lysate was vortexed and centrifuged for 15 minutes at 14,000 rpm at 4˚C. The 

supernatant was saved as the detergent soluble protein fraction. Protein concentration 

were measured in the detergent soluble protein fraction by BCA assay (Pierce). Next, cell 

lysates were analyzed for relative protein expression using SDS/PAGE followed by two-

channel infrared quantitative western blots as described previously (Deng et al., 2014b). 
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The samples were denatured in 1× Lammeli loading buffer with 5% tris(2-

carboxyethyl)phosphine (TCEP) at 70°C for 15 min. Equal amounts of protein were 

loaded into either 4-20% or 12% PROTEAN TGX Precast Gels (Bio-Rad). After 

transferring to 0.2 μm nitrocellulose membranes, blots were stained with Revert 700 

(LI-COR; 926-11010) to measure total protein for normalization, captured at 700nm on 

an Odyssey Fc Imaging System (LI-COR), then destained following the manufacture’s 

protocol. Protein blots were then blocked in Odyssey or Intercept blocking buffer in TBS 

(LI-COR; 927-500000 or 927-60001, respectively) for 1 h at room temperature and 

incubated with primary antibodies (diluted in 1:1 blocking buffer and TBS plus 0.2% 

Tween 20) overnight at 4°C. Membranes were washed three times for five minutes in 

TBST and then incubated with the appropriate secondary antibody (10% blocking buffer 

diluted in TBS plus 0.1% Tween 20 (TBST)) for 60 minutes at room temperature. 

Membranes were then washed three times with TBST for five minutes and visualized 

using the Odyssey Fc Imaging System (LI-COR). The following primary antibodies were 

used: FUS (1:1000; Santa Cruz; sc47711), FUS (1:2000; Bethyl Laboratories; A300-

302A), phospho-ATR/ATM Substrate Motif [(pS/pT) QG] (1:1000; Cell Signaling 

Technologies; 6966), H2AX (1:1000; Millipore; AB10022), p-H2AX (1:1000; Millipore; 

05-636), GAPDH (1:10,000; Cell Signaling Technologies; 2118), Mouse Specific cleaved 

PARP (1:1000; Cell Signaling Technologies; 9544), tubulin (1:20,000; Epitomics), total 

DNA-PK (1:500; ThermoFisher; PA5-86134), and p-DNA-PK (S2056) (1:1000; Abcam; 

ab18192). p-FUS (Ser30) antibody was kindly provided by Dr. Frank Shewmaker 

(Rhoads et al., 2018a).The following secondary antibodies were used: Donkey anti-

mouse IgG Alexa Fluor Plus 680 (1:10,000; ThermoFisher; A32788) and Donkey anti-

rabbit IgG Alexa Fluor Plus 800 (1:10,000; ThermoFisher; A32808).  
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2.3.5 Immunofluorescence 

Following CLM treatment, cells were washed three times at room temperature with 

DPBS and fixed in 4% paraformaldehyde for 15 min. After washing, cells were 

permeabilized in -20˚C 100% methanol for 5 minutes. Cells were then washed three 

times in DPBS and blocked in 3% BSA for 1 hour at room temperature. After blocking, 

cells were incubated overnight at 4˚C in primary antibody diluted in blocking buffer. 

The next day cells were washed three times with DPBS and incubated in goat anti-rabbit 

488 secondary antibody (1:400; ThermoFisher; A-21206). Following incubation, cells 

were washed three times in DPBS and mounted onto glass slides using Prolong Gold 

with DAPI (ThermoFisher; P36935). The following primary antibodies were used: total 

DNA-PK (1:200; ThermoFisher; PA5-86134), and p-DNA-PK (S2056) (1:200; Abcam; 

ab18192).   

2.3.6 Image Analysis   

Following the above staining protocol, images were collected on a Leica DMi8 

THUNDER Inverted Fluorescence Microscope with a DFC7000 T camera (Leica). 

Quantified images were collected at 20x (HC PL FLUOTAR L 20x/0.4 Dry); 

representative images were collected at 63x (HC PL APO 63x/1.400.60 Oil). For 

quantified images, images were collected at four  randomized points/condition for all 

three replicates. Microscope settings including gain, exposure time, and LED intensity 

were identical between cell lines. All images for both cell lines were collected during the 

same day. Images were processed in the open source software, Fiji (Schindelin et al., 

2012; Schneider et al., 2012). In brief, all images were background subtracted using the 

rolling ball macro, followed by application of a gaussian blur of 2 sigma, and automatic 

thresholding using the Otsu dark method. Average signal intensity of goat anti-rabbit 
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488 secondary antibody (termed “Total DNA-PK”) was determined by applying a 

threshold mask to determine the boundaries of the GFP signal in each object (i.e. cell). 

The mean 488 signal of each object was then calculated. The average signal within the 

nucleus (termed “Nuclear DNA-PK”) was determined by creating a threshold mask 

based on the boundaries of the DAPI signal. This mask was then applied to the 

companion 488 image and the mean 488 signal within this was then calculated. The 

mean signal intensity of each replicate was then averaged together to determine average 

signal intensity. The mean signal intensity from an average of 527 cells were used per 

condition per replicate.    

2.3.7 Statistical Analysis    

All statistical analysis was performed using GraphPad Prism 8 (San Diego, CA). Effect of 

treatment and cell line was determined using a two-way ANOVA with Tukey’s post-hoc 

test (Figures 2.3, 2.4 and 2.6E-H). Effect of cell line was determined using an 

unpaired two-tailed t-test (Figures 2.6I-L). Significance was reached at p<0.05. 

Significance is designated as p<0.05 (*), p≤0.0021 (**), p≤0.0002 (***), p≤0.0001 

(****). All quantified blots were normalized to total protein (Appendix A 

Supplementary Figure 4). 

2.4 Results  

FUS can be phosphorylated in cell culture following different drug treatments 

(Deng et al., 2014b; Monahan et al., 2017; Rhoads et al., 2018a). In particular, our lab 

discovered that the DNA-dependent protein kinase (DNA-PK) phosphorylates FUS in 

human-derived neurons and immortalized cell lines following double-strand DNA 

breaks (DSBs) induced by CLM (Deng et al., 2014b). However, the role of FUS 

phosphorylation in disease pathogenesis is unclear. Given this, we aimed to use primary 
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mouse neurons as an in vitro model to investigate the function and disease mechanisms 

associated with FUS phosphorylation. Towards this aim, we first cultured primary 

cortical neurons from E18 C57BL/6 mice for 14 days then treated cultured neurons with 

increasing doses of CLM (1 to 1000 nM). Intriguingly, regardless of CLM concentration 

or length of treatment, we did not observe an increase in the molecular weight of FUS, 

an indication of FUS phosphorylation, in primary mouse neurons treated with CLM 

(Figure 2.1A). Although we did not observe the appearance of p-FUS, we did detect 

phosphorylation of H2AX (p-H2AX), a marker of DNA damage, confirming CLM 

treatment caused DNA damage in mouse neurons (Podhorecka et al., 2010). In contrast, 

treatment of a human H4 neuroglioma cell line with CLM resulted in robust 

phosphorylation of FUS and H2AX (Figure 2.1A). CLM treatment in mouse cells did 

lead to the production of multiple smaller fragments of FUS, which may indicate 

proteolytic cleavage, at the highest concentrations (100 and 1000 nM) and longest 

treatment times in primary mouse neurons (Figure 2.1A, indicated by *). Interestingly, 

no smaller fragments of FUS were detected in multiple immortalized cell lines 

(HEK293T, SH-SY5Y or N2A) following CLM treatment, suggesting this cleavage may 

be unique to primary neuronal cells and should be examined in future studies 

(Appendix A Supplemental Figure 1). These data demonstrate that while CLM 

treatment causes DNA damage in mouse immortalized cells, it does not lead to 

phosphorylation of mouse FUS.  

Because our previously published work exclusively utilized human-derived 

immortalized cell lines and primary neurons, we wondered whether CLM induced 

phosphorylation of FUS only occurred in human cells or if other primate cells exhibited 

the response. To investigate this, we asked if FUS phosphorylation occurred after CLM 
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treatment in other primary cell lines derived from primates. First, we treated neural 

progenitor cells (NPCs) derived from the rhesus macaque monkey with CLM. We 

observed a robust increase in p-FUS at 10 and 20 nM CLM in monkey NPCs (Figure 

2.1B). Neurons derived from monkey NPCs also phosphorylated FUS in response to 

CLM treatment (Figure 2.1C). Lastly, we treated human iPSC-derived motor neurons 

(Figure 2.1D) and primary human neurons (Figure 2.1E) with increasing doses of 

CLM and saw a similar dose-dependent increase in p-FUS and p-H2AX signal. These 

data suggest that FUS phosphorylation following DSBs is a conserved phenomenon for 

multiple stages of primate neural development and does not occur in mouse-derived 

cells.  
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Figure 2.1 Calicheamicin ɣ-1 (CLM) treatment induces FUS phosphorylation 

in human and non-human primate neurons, but not primary mouse 

neurons 

(A) Primary mouse neurons were treated either with increasing doses of CLM (nM) for 

2 h (left) or with 10 nM CLM for increasing times (0 to 4.5 h) (right). In comparison, 

human H4 neuroglioma cells were treated with either DMSO (vehicle) or 10 nM CLM 

for 3 h. RIPA extracted whole cell lysates were analyzed by immunoblotting using 

indicated cellular markers. A positive p-H2AX signal indicates the occurrence of 

double strand DNA damage in mouse and human cells. (*) indicates potential FUS 

cleavage products following CLM treatment. In contrast, all human and non-human 
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primate (monkey) derived neuronal models display the characteristic dose dependent 

phosphorylation of FUS following CLM treatment. (B) Nonhuman primate neural 

progenitor cells (NPCs) and (C) non-human primate primary neurons were treated 

with DMSO (vehicle) or CLM at indicated CLM concentrations (nM) for 2 h. (D) Wild-

type iPSC-derived motor neuron and (E) primary human neurons were treated with 

DMSO or CLM at indicated concentrations (nM) for 2 h. Wild-type iPSC-derived motor 

neurons show clear p-H2AX activation following CLM treatment. RIPA extracted 

whole cell lysates (B-E) were analyzed by immunoblotting using indicated antibodies: 

FUS, p-H2AX, GAPDH, tubulin. Refer to methods section for catalog numbers of the 

specific antibodies used. GAPDH and Tubulin are used as loading controls to verify 

equal protein loading. Position of molecular weight markers (kDa) labeled on left side 

of each immunoblot. 
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Previously we demonstrated that multiple human-derived immortalized cell lines 

can robustly phosphorylate FUS following CLM treatment (Deng et al., 2014b). Upon 

observing that primary murine cells did not phosphorylate FUS after CLM treatment, 

we asked if mouse-derived immortalized cell lines were able to phosphorylate FUS in 

response to CLM treatment. Unlike primary cells, immortalized cell lines are clonal, 

uniform, and can be grown indefinitely. As such, they offer a useful model for 

understanding cell-specific gene and protein dynamics (Kovalevich and Langford, 2013; 

Lendahl and McKay, 1990; Lin et al., 2014b). We compared FUS phosphorylation 

following CLM treatment in HEK293T cells, a widely utilized human embryonic kidney 

cell line, to an immortalized mouse embryonic fibroblast (MEF) cell line. HEK293T cells 

showed a robust dose-dependent increase in FUS phosphorylation following CLM 

treatment indicated by a shift in molecular weight and co-immunoreactivity with a 

phospho-ATR/ATM Substrate Motif antibody, which detects the (pS/pT)QG motif that 

is phosphorylated by DNA-PK, ATR, and ATM (three closely related phosphoinositide 3-

kinases) following DNA damage, as previously described (Blackford and Jackson, 2017; 

Deng et al., 2014b) (Figure 2.2A). Alongside the appearance of the characteristic p-

FUS top band, we observed a dose-dependent increase in p-H2AX signal, confirming 

that CLM treatment caused DNA damage (Figure 2.2A). In contrast, MEF cells 

exhibited no detectable FUS phosphorylation at any dose of CLM, despite having a 

robust p-H2AX signal (Figure 2.2B). To determine if increased time may be necessary, 

we treated HEK293T and MEF cells in parallel with 10 nM CLM for 0.5 to 4 h and again 

found no detectable FUS phosphorylation signal in MEF cells (Figure 2.2B). These 

data strongly suggest that MEF cells do not phosphorylate FUS following CLM induced 

double-strand DNA damage.  
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Given that FTD is a neurodegenerative disease, we examined the effect of CLM 

treatment on neuroblastoma cell lines, which have been used extensively as neuronal 

cell models of neurodegeneration (Xicoy et al., 2017). We observed a similar divergent 

response to CLM treatment in human SH-SY5Y neuroblastoma cells compared to mouse 

Neuro2A (N2A) neuroblastoma cells. SH-SY5Y cells showed a dose (Figure 2.2C) and 

time (Figure 2.2D) dependent phosphorylation of FUS following CLM treatment, 

similar to what we observed in other human-derived cell lines. In contrast, we did not 

detect any appreciable phosphorylation of FUS in the mouse-derived N2A cells in any 

condition tested (Figure 2.2C, D). Regardless of species, both human and mouse cell 

lines showed clear activation of p-H2AX response (Figure 2.2C, D). Importantly, only 

human-derived HEK293T and SH-SY5Y cells had robust (pS/pT) QG immunoreactive 

bands following CLM treatment, suggesting there are differences in DNA damage 

response pathways in human versus mouse cells.  
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Figure 2.2 FUS is phosphorylated following CLM treatment in immortalized 

cell lines or human origin but not mouse 

In human embryonic kidney (HEK293T) cells there is a (A) dose and (B) time 

dependent increase in phosphorylated FUS in response to CLM treatment. In contrast, 

phosphorylated FUS is undetectable in MEF cells at all tested doses and times. 

HEK293T and mouse embryonic fibroblasts (MEF) were treated with increasing 
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concentrations (nM) of CLM for 2 h (A) or 10 nM CLM for 0 to 4 h (B). Similar to 

HEK293T cells, SH-SY5Y, a human neuroblastoma cell lines, displays a (C) dose and 

(D) time dependent increase in phosphorylated FUS following CLM treatment. In 

contrast, the appearance of phosphorylated FUS after CLM treatment is undetectable 

in Neuro2A (N2A) cells, a mouse neuroblastoma cell line. SH-SY5Y and N2A cells were 

treated with increasing concentrations of CLM for 2 h (C) or 20 nM CLM for 0–4 h 

(D). All control cells (0) were treated with the vehicle, DMSO, for either 2 (A, C) or 4 

(B, D) hours. RIPA extracted whole cell lysates were analyzed with indicated 

antibodies: FUS, (pS/pT) QG residues, H2AX, p-H2AX, and GAPDH. p-H2AX 

activation, a marker of double strand DNA damage, occurs in all cells treated with 

CLM regardless of species. GAPDH is used as a loading control. 
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Next, we quantified the difference in phosphorylation response following CLM 

treatment between the human-derived SH-SY5Y cells and mouse-derived N2A cells 

(Figure 2.3A). Given that the (pS/pT) QG residue antibody is not specific to only DNA-

PK based phosphorylation, we also utilized a p-FUS antibody that specifically detects 

FUS phosphorylated at serine 30, one of the residues on FUS phosphorylated by DNA-

PK following CLM treatment (Monahan et al., 2017; Murray et al., 2017; Rhoads et al., 

2018a) (Figure 2.3C, G). Additionally, we measured the amount of FUS present in the 

higher molecular weight band as in Deng et al. (Deng et al., 2014b) (Figure 2.3B, F). 

Using these two methods, we found that SH-SY5Y cells show a reproducible, dose-

dependent and significant increase in both the total amount of p-FUS signal (Figure 

2.3B) and amount of p-FUS (Ser30) signal present (Figure 2.3C). In agreement with 

our original results (Figure 2.2), N2A cells showed no detectable p-FUS signal (Figure 

2.3B, C). Previously, we reported that p-FUS accumulates in the cytoplasm of cells 

following CLM induced DSB (Deng et al., 2014b). Therefore, we tested if cytoplasmic 

FUS increased in N2A cells following CLM treatment (Figure 2.3D). SH-SY5Y cells 

showed a significant increase in the total amount of FUS (Figure 2.3E) and p-FUS 

(Figure 2.3F–G) localized to the cytoplasmic fraction. In contrast, there was not a 

significant increase in FUS (Figure 2.3E) or p-FUS (Figure 2.3F–G) in the cytoplasm 

of mouse N2A cells following CLM treatment. Our data suggests that FUS is not 

phosphorylated, nor increased in the cytoplasm of mouse cells, following CLM induced 

DSB. In light of these findings, we aimed to determine why mouse cells did not 

phosphorylate FUS following CLM treatment. 
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Figure 2.3 FUS is not phosphorylated or re-localized to the cytoplasm in 

mouse cells following CLM treatment 

Human derived SH-SY5Y cells and mouse derived N2A cells were directly compared by 

western blot. (A) SH-SY5Y and N2A cells were treated with increasing doses of CLM 
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for 2 h. Following treatment, RIPA extracted whole cell lysate was analyzed using the 

following antibodies: FUS, p-FUS (Ser30), and p-H2AX. (B) Quantification of (A) for 

phosphorylation of FUS (top band) at different concentrations of CLM were 

normalized to total protein. (C) Quantification of (A) for phosphorylation of FUS at 

residue Ser30 at different concentrations of CLM were normalized to total protein. 

Error bars indicate mean ± SEM (n = 3). (D) SH-SY5Y and N2A cells were treated with 

increasing doses of CLM for 2 h. Cytoplasmic and nuclear fractions were collected and 

analyzed by western blot using the following antibodies: FUS, p-FUS (Ser30), GAPDH 

and H3. GAPDH and H3 were used as markers for cytoplasmic and nuclear fractions, 

respectively. (E) Quantification of (D) for the percentage of FUS found within the 

cytoplasmic fraction was normalized to total protein. (F) Quantification of (D) 

showing phosphorylation of FUS (top band) at different concentrations of CLM was 

normalized to total protein. (G) Quantification of (D) for phosphorylation of FUS at 

residue Ser30 at different concentrations of CLM was normalized to total protein. 

Error bars indicate mean ± SEM (n = 5). All control cells (0) received DMSO for 2 h. 
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First, we asked if mouse cells were capable of phosphorylating FUS under 

conditions that broadly increase protein phosphorylation. To do this, we treated cells 

with Calyculin A (Cal A), an inhibitor of the serine/threonine phosphatases PP1 and 

PP2A, which increases the appearance of the phosphorylated species of FUS (Deng et 

al., 2014b; Ishihara et al., 1989). Given the wide breath of targets for PP1 and PP2A and 

the ~50 residues spread throughout the primary amino acid sequence of FUS that can 

be phosphorylated, the phosphorylated species of FUS triggered by Cal A may not be 

same as the phosphorylated FUS caused by DNA damage mechanisms (Rhoads et al., 

2018a). Therefore, we aimed to confirm whether mouse FUS could be phosphorylated 

independently of DNA damage response pathways. Increasing doses of Cal A in mouse 

N2A cells caused the appearance of a slightly higher molecular weight FUS band, which 

could be due to phosphorylation (Figure 2.4A). However, there was little to no overlap 

between the p-FUS band and signal from the (pS/pT)QG antibody suggesting Cal A 

treatment may lead to FUS phosphorylation at non-DNA-PK target residues. Therefore, 

we tested whether phosphorylation of the DNA-PK target residue Ser30 could be 

detected following Cal A treatment (Figure 2.4B). SH-SY5Y showed a significant 

increase in p-FUS signal following Cal A treatment (p = 0.0491; Figure 2.4C). 

Although we were able to detect a faint p-FUS (Ser30) band in both SH-SY5Y and N2A 

cells following Cal A treatment, the N2A treated cells did not have a significantly 

different p-FUS signal compared to controls (p = 0.3439; Figure 2.4C). These data 

suggests that although FUS can be phosphorylated in mouse cells, this response is not 

robust following Cal A treatment and the overall extent of phosphorylation appears 

much lower than in primate-derived cell lines (Appendix A Supplemental Figure 

2C). Next, we asked if staurosporine, a broad kinase inhibitor, inducer of apoptosis, and 
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an activator of DNA-PK, could induce p-FUS in mouse cells (Chakravarthy et al., 1999; 

Karaman et al., 2008). We focused on staurosporine because it was the original 

chemical we first used to discover FUS phosphorylation and a known inducer p-H2AX 

(Deng et al., 2014b; Solier and Pommier, 2009). Treatment of mouse N2A cells with 1 

μM staurosporine for up to four hours did not cause phosphorylation of FUS (Figure 

2.4D). However, staurosporine did induce apoptosis and DNA damage at this dose as 

confirmed by the appearance of cleaved Poly (ADP-ribose) polymerase (PARP) and an 

increase in p-H2AX signal (Figure 2.4D). In contrast, treatment of SH-SY5Y cells with 

1 or 2 μM staurosporine induced reliable FUS phosphorylation detected by a band shift 

(Appendix A Supplemental Figure 2A) and p-FUS (Ser30) signal (Figure 2.4E). 

This difference was quantified showing that p-FUS (Ser30) was significantly higher in 

SH-SY5Y following staurosporine treatment compared to controls (p = 0.0145) or N2A 

cells (Figure 2.4G).  
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Figure 2.4 Neither calyculin A or staruosporine induces robust 

phosphorylation of mouse FUS 

Calyculin A, an inhibitor of protein phosphatases PP1 and PP2A, causes a minor dose 

dependent increase in phosphorylated FUS (p-FUS) in mouse-derived cells. (A) 

Neuro2A (N2A) cells were treated with either the vehicle, DMSO (0), or increasing 

doses of Calyculin A for 1 h. RIPA extracted whole cells lysates were analyzed with 

indicated antibodies: FUS, p-Ser/Thr, and GAPDH. (A) N2A and SH-SY5Y cells were 

treated with 20 nM Cal A for 15 min. (C) Samples shown in (B) were quantified and 

normalized to total protein. Error bars indicate mean ± SEM (n = 3). All control cells 

(0) received DMSO for 15 min. (D) N2A cells were treated with staurosporine, a 

nonselective inhibitor of protein kinases that causes double strand DNA damage and 

cell apoptosis, showed no indication of FUS phosphorylation response. PARP-1 

cleavage is an indicator apoptosis and a known consequence of staurosporine 
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treatment acts as a positive control for staurosporine treatment. RIPA extracted whole 

cell lysates were analyzed with indicated antibodies: FUS, p-Ser/Thr, mouse specific-

PARP (cleaved) p-H2AX, and GAPDH. (E) N2A and SH-SY5Y cells were treated with 

1 μM Staurosporine for 1.5 h. Cellular fractionation was performed to extract 

cytoplasmic proteins and detect p-FUS by western blotting. (F) Samples shown in (D) 

were quantified. Error bars indicate mean ± SEM (n = 3). All control cells (0) received 

DMSO for 1.5 h. 
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Taken together, these data suggest that while mouse cells are capable of 

phosphorylating FUS, DSBs may not cause robust phosphorylation of FUS. Therefore, 

we conclude that the DNA damage response triggered by double-strand breaks does not 

initiate FUS phosphorylation in mouse-derived cells. 

Since mouse cells did not phosphorylate FUS following either CLM or 

staurosporine induced DNA-damage, we reasoned that either 1) mouse cells lack the 

required signaling cascade to activate DNA-PK or 2) mouse FUS does not contain the 

correct amino acid residues to be phosphorylated after DNA damage. While FUS can be 

phosphorylated at many sites, double-strand DNA damage induces phosphorylation at 

12 specific serine or threonine residues spread throughout the N-terminus of the protein 

(Gardiner et al., 2008; Monahan et al., 2017). This N-terminal region, deemed the low-

complexity domain, contains a SYGQ-rich and a glycine-rich domain. Human and 

mouse FUS are very similar and share ~95% amino acid identity over the entire protein 

(Figure 2.5A). However, there are 26 amino acid differences and 25 of those exist in 

the low complexity domain of the N-terminus of the protein (Figure 2.5A). Therefore, 

we asked if the inability of mouse cells to phosphorylate FUS following CLM treatment 

could be due to these sequence differences. We tested this by expressing GFP-tagged 

mouse FUS (GFP-mFUS) in human HEK293T cells and GFP-tagged human FUS (GFP-

hFUS) in mouse N2A cells. Then, we treated cells with CLM to induce FUS 

phosphorylation. In HEK293T cells, both endogenous human FUS and exogenously 

expressed GFP-mFUS were phosphorylated (Figure 2.5B). FUS phosphorylation was 

confirmed by an increase in molecular weight and the appearance of a p-FUS signal 

using the antibody specific to FUS phosphorylated at Ser30, a residue that is present in 

both human and mouse FUS.  
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Figure 2.5 Mouse FUS can be phosphorylated in human cells following 

CLM treatment 

We tested if mouse FUS can be phosphorylated in human cells following CLM 

treatment. Human and mouse FUS share ~95% sequence identity. (A) Graphical 

representation of amino acid sequence alignment for human (FUS_H) and mouse 

(FUS_M) FUS. Different colors indicate amino acid physical properties. Graphical 

representation was generated using Cluster Omega (Sievers et al., 2011). (B) GFP-

tagged mouse FUS was transfected into HEK293T cells while GFP-tagged human FUS 

was transfected into N2A cells. GFP-tagged mouse FUS is phosphorylated when 

expressed in human cells treated with calicheamicin ɣ-1 (CLM). 24 h post transfection 

https://www.sciencedirect.com/science/article/pii/S0969996120303600#bb0410
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cells were treated with varying concentrations of CLM for 2 h and the whole cell lysate 

was harvested and analyzed with indicated antibodies: FUS, p-FUS (Ser 30), and p-

H2AX. All control (0) cells received DMSO for 2 h. 
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In contrast, we did not detect phosphorylation of endogenous mouse FUS or exogenous 

GFP-hFUS in N2A cells (Figure 5B). These data reveal that while mouse FUS can be 

robustly phosphorylated in human cells, mouse cells do not phosphorylate human FUS, 

suggesting the pathways necessary to phosphorylate FUS following DNA damage in 

mouse cells are not present, or as active, compared to primate cells.  

Given that mouse FUS can be modestly phosphorylated, we next asked whether 

some aspect of the pathway leading to FUS phosphorylation is different between human 

and mouse cells. We focused on DNA-PK because DNA-PK phosphorylates FUS 

following CLM induced double-strand DNA damage (Deng et al., 2014b). Moreover, 

previous reports suggest that the concentration of DNA-PK is lower in mouse cells 

compared to human cells (Finnie et al., 1995; Lees-Miller et al., 1992). Therefore, we 

first aimed to determine if N2A cells have a lower concentration of total DNA-PK 

compared to SH-SY5Y cells. We used a DNA-PK antibody that can detect both human 

and mouse DNA-PK species (Appendix A Supplemental Figure 3). 

Immunoblotting of cell lysates revealed that while SH-SY5Y and N2A cells express 

similar levels of FUS protein, SH-SY5Y cells express much higher levels of total DNA-PK 

compared to N2A cells (Figure 2.6A). Treatment of either cell line with CLM did not 

change the total levels of DNA-PK (Figure 2.6A). We next asked if mouse DNA-PK was 

properly activated following CLM treatment. DNA-PK’s catalytic activity is dependent 

on phosphorylation of residue S2056 in humans, S2053 in mice, making 

phosphorylation of S2056/3 a widely used marker of DNA-PK activity (Chan et al., 

2002; Chen et al., 2005; Jiang et al., 2019; Merkle et al., 2002). It should be noted that 

the antibody used to detect phosphorylated DNA-PK has been validated to cross-react 

with the mouse S2053 site by immunofluorescence allowing us to use the same antibody 
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in our comparison (Roch et al., 2019). Treatment of SH-SY5Y cells with CLM at 10 and 

40 nM caused activation of DNA-PK, as detected by the appearance of phosphorylated 

DNA-PK (p-DNA-PK at S2056/3). In contrast, we did not detect phosphorylation of 

DNA-PK or FUS in N2A cells via immunoblot at any dose of CLM tested (Figure 2.6B). 

Next, we used immunofluorescence to examine the subcellular localization of 

DNA-PK in SH-SY5Y and N2A cells using a total DNA-PK antibody that recognizes both 

mouse and human DNA-PK. The overall fluorescent intensity for DNA-PK was 

significantly higher in SH-SY5Y compared to N2A cells, confirming our western blot 

results (Figure 2.6C, E). Intriguingly, the DNA-PK signal appeared more diffuse 

throughout the cytoplasm and the nucleus of N2A cells, while DNA-PK 

immunoreactivity in SH-SY5Y cells was more predominant in the nucleus (Figure 

2.6C). Quantification of immunofluorescence confirmed the presence of significantly 

more DNA-PK in the nucleus of SH-SY5Y compared to N2A regardless of treatment 

(Figure 2.6F). Furthermore, CLM treatment for either SH-SY5Y or N2A cells did not 

change the cellular localization of DNA-PK (Figure 2.6F). In line with this, the 

proportion of DNA-PK signal remained unchanged (around ~1) between control and 

treatment for both SH-SY5Y and N2A cells when examining the whole cell (Figure 

2.6I) and nucleus (Figure 2.6J). 

We next asked if DNA-PK was activated following CLM treatment in mouse and 

human cells. We treated SH-SY5Y and N2A cells with CLM (20 nM) and measured the 

amount of phosphorylated DNA-PK S2056 (p-DNA-PK) signal. In untreated control 

cells, p-DNA-PK staining in both N2A and SH-SY5Y cells was weak and diffuse 

throughout the nucleus and cytoplasm (Figure 2.6D). As expected, SH-SY5Y cells had 

robust DNA-PK activation following CLM treatment, as measured by phosphorylation of 
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the S2056 (S2053 for N2A cells) residue on DNA-PK (Figure 2.6D, G). Unexpectedly, 

N2A cells exhibited an increase in p-DNA-PK whole cell signal (Figure 2.6G) and 

nuclear signal (Figure 2.6H) following CLM treatment. However, the proportion of p-

DNA-PK signal was significantly higher in SH-SY5Y compared to N2A for both the 

whole cell (p = 0.0442; Figure 2.6K) and the nucleus (p = 0.0389; Figure 2.6L). 

Overall, this data suggests that while mouse cells are capable of activating DNA-PK in 

response to CLM, the amount of p-DNA-PK available is significantly lower in mouse 

cells compared to human cells. Taken together, these data support the idea that CLM 

treatment of mouse cells does not lead to FUS phosphorylation due to differences in the 

DNA-PK mediated DNA damage and repair response in mice versus human cells. 
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Figure 2.6 Compared to human cells, mouse cells have deceased levels of 

DNA-PJ and activation following double strand DNA breaks induced by 

CLM treatment  

SH-SY5Y cells show a distinct increase in activated DNA-PK whereas N2A cells lack a 

significant DNA-PK response following CLM treatment by western blot. SH-SY5Y and 

N2A cells were treated with increasing concentrations of CLM for 2 h. Following 

treatment, RIPA extracted whole cell lysates were analyzed for (A) total and (B) 

activated DNA-PK signal using the following antibodies: DNA-PK, p-DNA-PK, FUS, p-

FUS (Ser30), and GAPDH. (C/D) N2A cells have lower total and activated DNA-PK 

following CLM as compared to SH-SY5Y cells by immunofluorescence. SH-SY5Y and 

N2A cells were treated with DMSO (control) or CLM (20 nM CLM) for 2 h and stained 

for (C) total and (D) activated DNA-PK. Nuclei were counter-stained with DAPI. Four 

images with an average of 527 cells each were used for quantification per replicate 

(n = 3). Total and activated DNA-PK signal was quantified for both the (E/G) whole 

cell and (F/H) nucleus. SH-SY5Y cells show robust (E/F) total and (G/H) activated 

DNA-PK (p-DNA-PK, S2056) signal following CLM while N2A cell signal remains 

modest in presence of CLM. (I/J/K/L)The ratio of the signal from treated (20 nM 

CLM) to the signal from untreated (control) cells was calculated for each graph. Error 

bars on graphs indicate mean ± SEM. 
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2.5 Discussion    

Our previous work found that both primary and immortalized human cells 

robustly phosphorylate FUS in response to DSBs and that this response is mediated by 

DNA-PK activation. Furthermore, we found that CLM treatment in particular is a potent 

and useful chemical trigger of FUS phosphorylation (Deng et al., 2014b). Previously, we 

and others have shown that CLM-induced FUS phosphorylation can be detected 

through 1) a band shift, or more precisely, an increase in the apparent molecular weight 

of FUS migrating on a SDS/PAGE gel due to phosphorylation and 2) overlap of the 

higher-molecular weight FUS with a phospho ATM/ATR substrate motif antibody that 

specifically detects (pS/pT) QG phosphorylation, the preferred phosphorylation site of 

DNA-PK (Deng et al., 2014b; Kim et al., 1999; Rhoads et al., 2018a). In this current 

work, we utilized both detection methods and found that neither primary nor 

immortalized mouse-derived cells phosphorylate FUS following CLM treatment. 

Although we were unable to detect a band shift, or overlap in FUS signal with the p-S/p-

T antibody in mouse derived cells, we did see the appearance of p-H2AX, a crucial 

regulator of the DSB response and a known target of DNA-PK, verifying that CLM 

treatment was adequate to induce DNA damage and repair processes (An et al., 2010).  

CLM is not the only known chemical that induces FUS phosphorylation. Our 

previous work showed that treatment of human cells with Cal A and staurosporine 

caused FUS phosphorylation. Cal A is an potent inhibitor of the PP1 and PP2A protein 

phosphatases and Cal A treatment is known to cause an increase in global protein 

phosphorylation by blocking de-phosphorylation (Chartier et al., 1991). Surprisingly 

though, Cal A only induced a modest amount of FUS phosphorylation in mouse cells 

suggesting mouse cells achieve less FUS phosphorylation than human cells. At the 
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protein sequence level, mice and human FUS are nearly identical and contain almost all 

the same phosphorylation target residues. Therefore, future studies should explore 

whether this difference in basal phosphorylation is due to 1) differences in mouse PP1 

and PP2A protein phosphatase activity and 2) whether other the post-translational 

modifications such as acetylation or ubiquitination are also different between mouse 

and human FUS.  

Staurosporine is a cell permeable broad protein kinase inhibitor previously 

shown to activate DNA-PK (Chakravarthy et al., 1999). Treatment with staurosporine 

did not cause FUS phosphorylation or the appearance of p-H2AX in mouse cells. 

Interestingly, human cells treated with staurosporine show robust p-H2AX activation 

(Appendix A Figure. 2B). Histone H2AX is a substrate of the phosphoinositide 3-

kinase-related protein kinases, DNA-PK, ATM, and ATR, which phosphorylate H2AX at 

residue Ser139 in response to DSBs (An et al., 2010; Podhorecka et al., 2010). p-H2AX is 

thought to act as a docking site that recruits repair factors to the site of repair 

(Podhorecka et al., 2010). In line with this, evidence suggests that reduced 

phosphorylation of H2AX leads to improper DSB repair and genomic instability (Celeste 

et al., 2003; Revet et al., 2011). As such, the lack of p-H2AX and p-FUS activation 

suggests that mouse cells have a divergent response to staurosporine induced DNA-PK 

activation. Taken together, our data demonstrate that mouse cells exhibit divergent FUS 

phosphorylation when compared to human cells.  

Next, we investigated why mouse cells exhibit this divergent response to DSB. As 

stated, CLM is a potent inducer of DSBs (Dedon et al., 1993; Elmroth et al., 2003). DSBs 

are repaired in mammalian cells through either homologous recombination or non-

homologous end-joining (NHEJ) (Bohgaki et al., 2010). DNA-PK is thought to be both a 
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sensor and a transducer of DNA-damage and autophosphorylation of DNA-PK at S2056 

(S2053 for mice) after DNA-damage is required for efficient NHEJ (Chan et al., 2002; 

Chen et al., 2005; Jiang et al., 2019; Merkle et al., 2002). Furthermore, activation of 

DNA-PK leads to the recruitment and phosphorylation of other DNA-repair proteins 

(Burma and Chen, 2004). Therefore, improper activation of DNA-PK would inhibit the 

DNA damage response. We showed that mouse cells do not phosphorylated FUS in 

response to two DNA-PK activators, CLM and staurosporine. Furthermore, our data 

show that mouse FUS can be phosphorylated when expressed in human cells, suggesting 

the issue lies in the response of mouse cells to DNA damage and not mouse FUS itself. 

Together, these data suggests that the divergent response is due to mouse DNA-PK not 

being properly activated. 

Previously, it has been reported that DNA-PK activity is much lower in mouse 

than in human tissue (Finnie et al., 1995; Lees-Miller et al., 1992). We recapitulated this 

finding and found that DNA-PK expression is much lower in mouse cells compared to 

human cells. Further, CLM treatment causes decreased activation of DNA-PK in mouse 

cells compared to human cells. Adequate DNA-PK activity and expression is necessary 

for proper DSB repair (Okayasu et al., 2000). As such, decreased DNA-PK expression in 

mice would affect DSB repair. DNA-PK expression and activation are not the only 

differences between mice and human DNA repair. Specifically, it is known that longer-

lived species such as humans have higher expression of DNA repair genes and pathways 

(Chinwalla et al., 2002; MacRae et al., 2015). Additionally, multiple aspects of the DNA 

damage response and DNA repair pathways are significantly different between human 

and mouse neurons (Martin and Chang, 2018). As such, extensive prior data 
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demonstrate that mouse cells do not recapitulate all aspects of DNA damage response 

and repair pathways that occur in human derived cell models. 

Given these reported differences in DNA repair, we show that DNA-PK 

expression and activation is lower in mouse-derived cells, but the cause is unclear. DNA-

PK activation is a complex process where multiple proteins and responses can lead to 

autophosphorylation and activation of DNA-PK (Burma and Chen, 2004). Our work and 

others show that mouse DNA-PK is sufficiently activated enough by CLM induced DSBs 

to cause phosphorylation of H2AX (p-H2AX) (Audebert et al., 2004; Deng et al., 2014b; 

Podhorecka et al., 2010). In addition, we find a CLM dependent increase in the 

immunostaining of p-DNA-PK in mouse cells. Both of these lines of evidence suggest 

DNA-PK is activated to some extent, yet this still does not lead to phosphorylation of 

FUS. It is possible that activation, or inhibition, of another protein is required to enable 

DNA-PK mediated phosphorylation of FUS. One possibility is PARP1, a known binding 

partner of FUS (Mastrocola et al., 2013). Recent work shows that PARP1 directs FUS to 

sites of DNA damage (Rulten et al., 2013; Singatulina et al., 2019). Therefore, ineffective 

PARP1 activation or recruitment to sites of DSBs might cause improper trafficking of 

FUS to these sites preventing the interaction of FUS and DNA-PK. In support of this 

idea, PARP1 inhibition has been shown to cause increased p-H2AX, a characteristic 

difference we noticed between mouse and human cells following CLM treatment 

(Audebert et al., 2004). This suggests PARP1 may not be activated in mouse cells 

following CLM treatment. Future studies should examine the PARP1-FUS-DNA-PK 

interaction complex further. 

The species-specific difference in FUS phosphorylation we uncovered is also 

relevant for attempts to model FUS and FET pathology in mice. Broadly speaking, 
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mouse models have yielded valuable insights into the pathogenesis of FTD and ALS 

(Ahmed et al., 2017; Van Damme et al., 2017). However, these models also have 

limitations, and often do not fully recapitulate all aspects of FTD or ALS (Dawson et al., 

2018; Perrin, 2014). Most relevant to this work is the lack of a mouse model that 

recapitulates FTLD with FET pathology. One roadblock to this goal is that the specific 

genetic or environmental cause of FTLD-FET is still unclear. For example, although FUS 

is hypomethylated in FTLD-FET inclusions, mutations in protein N-arginine 

methyltransferase genes are not found in FTLD, leaving the cause unknown (Dormann 

et al., 2012; Ravenscroft et al., 2013). Recently, additional heterogeneous nuclear 

ribonucleoproteins (hnRNP P and Q) were found to co-aggregate with FUS, suggesting 

that wide-spread dysfunction of RNA metabolism contributes to the development of 

FTLD-FET (Gami-Patel et al., 2016; Gittings et al., 2019; Lagier-Tourenne et al., 2010; 

Ravenscroft et al., 2013). More research is needed to understand the similarities, 

differences, and cause(s) of the various FTLD sub-types. As such, our study suggests 

that the fundamental differences in DNA damage response between mice and humans 

should be considered in efforts to model FTD pathology, as well as understand 

pathogenesis. 

In summary, we have uncovered a distinct inability of mouse cells to 

phosphorylate FUS following DNA damage. Even in the presence of DSBs and p-H2AX, 

mouse cells do not phosphorylate FUS. Our data suggest that decreased levels and 

activity of DNA-PK are an important factor for why FUS is not phosphorylated in mouse 

cells following CLM treatment. We cannot rule out that impairments in other 

components involved in the DNA damage response pathway also contribute to the lack 

of FUS phosphorylation we observe in multiple mouse cell lines. Future studies should 
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examine in more detail the differential response of mouse cells to CLM compared to 

human cells. 
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3.1 Abstract  

Fused in sarcoma (FUS) is an RNA/DNA binding protein that participates in both 

nuclear and cytoplasmic functions. However, accumulation of FUS in the cytoplasm can 

lead to the formation of pathologic inclusions related to two neurodegenerative 

disorders, frontotemporal lobar degeneration (FTLD) and amyotrophic lateral sclerosis 

(ALS). While most ALS-FUS cases are caused by pathogenic mutations in FUS, most 

FTLD-FUS cases are not caused by FUS mutations. Therefore, identification of non-

genetic mediators of FUS accumulation is crucial to understanding FTLD and ALS 

pathogenesis. To this end, DNA damage can trigger the DNA dependent protein kinase 

(DNA-PK) to phosphorylate FUS at N-terminal residues leading to FUS accumulation in 

the cytoplasm. However, the functional consequences of FUS phosphorylation are 

unknown. Proximity labeling approaches paired with mass spectrometry (MS) allow 

identification of a target protein’s interactome by labeling its potential interacting 

partners. In this study, we performed proximity-dependent biotin labeling via ascorbate 

peroxidase 2 (APEX2) paired with MS to investigate whether phosphorylation shifts the 

FUS interactome and protein function. We mapped the interactome of wild-type FUS, 

phosphomimetic FUS (a proxy for phosphorylated FUS), and FUS P525L (a pathogenic 

mutation that causes ALS). We demonstrate that expression of phosphomimetic FUS 

shifts the FUS interactome toward more cytoplasmic functions including mediation of 

mRNA metabolism and translation. Our findings reveal that phosphorylation of FUS 

may disrupt homeostatic translation and steady state levels of certain mRNA 

transcripts. These results highlight the importance of phosphorylation as a modulator of 

FUS interactions and functions with a potential link to disease pathogenesis. Data are 

available via ProteomeXchange with identifier PXD026578. 
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3.2 Introduction     

Frontotemporal lobar degeneration (FTLD) is a neurodegenerative disease 

characterized by atrophy of the frontal and temporal lobes. The clinical manifestation of 

FTLD is frontotemporal dementia (FTD) (Bang et al., 2015). FTD is a heterogenous 

group of clinical disorders that either results in alterations to behavior and personality 

or impairments in language comprehension and communication (Bang et al., 2015; 

Mann and Snowden, 2017). Pathological and genetic similarities between FTD and 

another neurodegenerative disease, amyotrophic lateral sclerosis (ALS), suggest that 

FTD and ALS exist on a disease spectrum (Abramzon et al., 2020; Burrell et al., 2011; 

Chiò et al., 2019; Mackenzie and Neumann, 2017). ALS is a progressive motor neuron 

disease characterized by degeneration of upper and lower motor neurons (Abramzon et 

al., 2020; Brown and Al-Chalabi, 2017). While ALS typically targets a different neuronal 

population compared to FTLD, neurodegeneration in a subset of both diseases has been 

linked to the abnormal aggregation of the fused in sarcoma (FUS) protein (Ferrari et al., 

2011; Ling et al., 2013; Neumann and Mackenzie, 2019; Svetoni et al., 2016).  

FUS is a pleiotropic RNA/DNA binding protein involved in gene transcription, 

DNA-repair pathways, mRNA splicing, mRNA transport, and stress granule assembly 

(De Santis et al., 2017; Fujii et al., 2005; Kamelgarn et al., 2016; Sama et al., 2013; 

Schwartz et al., 2012; Shelkovnikova et al., 2013; Svetoni et al., 2016; Tan et al., 2012; 

Yang et al., 2014; Zinszner et al., 1997). In FTD and ALS, FUS typically aggregates in the 

cytoplasm of neurons and glia forming toxic inclusions. Cellular dysfunction related to 

FUS aggregation is thought to be driven by novel gain-of-functions that trigger cellular 

death (López-Erauskin et al., 2018; Mitchell et al., 2012; Qiu et al., 2014; Scekic-

Zahirovic et al., 2016; Sharma et al., 2016; Shiihashi et al., 2016). Understanding how 
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these gain-of-functions contribute to toxicity will inform our understanding of disease 

pathogenesis and develop targeted therapies. 

Neuronal cytoplasmic inclusions that contain FUS occur in ~10% of FTD cases 

and ~5% of ALS cases (Bang et al., 2015; Neumann et al., 2011; Nolan et al., 2016). 

Genetic mutations in FUS typically cause ALS and are rarely associated with FTLD 

(Broustal et al., 2010; Kwiatkowski et al., 2009; Snowden et al., 2011; Vance et al., 

2009a). This leaves the proximal cause of FUS pathology in FTLD unknown. One 

possibility is that FUS pathology is caused by exposure to an environmental toxin or 

dysregulated post-translational modifications (PTMs), such as phosphorylation or 

methylation (Bowden and Dormann, 2016; Darovic et al., 2015; Dormann et al., 2012; 

Higelin et al., 2016; Sama et al., 2013; Scaramuzzino et al., 2013; Singatulina et al., 

2019; Verbeeck et al., 2012).  

Phosphorylation is the most common reversible PTM that regulates protein 

function in the cell (Ubersax and Ferrell, 2007). Abnormal or dysregulated protein 

phosphorylation is a common feature of many neurodegenerative disorders, including 

FTLD and ALS (de Boer et al., 2020; Tenreiro et al., 2014). FUS can be phosphorylated 

at multiple N- and C-terminal residues, but the functional consequence of these 

modifications remain largely unexplored (Darovic et al., 2015; Deng et al., 2014b; 

Droppelmann et al., 2014; Monahan et al., 2017; Murray et al., 2017). Our lab 

discovered that phosphorylation of 12 specific N-terminal residues in FUS by the DNA-

dependent protein kinase (DNA-PK) causes the cytoplasmic accumulation of 

phosphorylated FUS (Deng et al., 2014b; Johnson et al., 2020; Singatulina et al., 2019). 

This cascade is triggered by double strand DNA breaks (DSB). Various studies have 

found that FTLD and ALS exhibit markers of DNA damage. Given this, the cytoplasmic 
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re-localization of FUS induced by N-terminal phosphorylation may contribute to 

pathology in a subset of FTLD and ALS cases (Deng et al., 2014b; Higelin et al., 2016; 

Rhoads et al., 2018a; Wang et al., 2013). However, it remains unclear how N-terminal 

phosphorylation alters FUS function. Past studies have utilized both targeted 

immunoprecipitations and whole cell analysis to map how the toxic ALS-linked FUS 

mutations (i.e. P525L, R495X) shifts FUS function by examining the whole cellular 

proteome (Baron et al., 2019; Garone et al., 2020; Kamelgarn et al., 2018). Another 

study has also mapped the protein-protein interactions of wild-type (WT) and ALS-

linked R521G FUS (Kamelgarn et al., 2016). Furthermore, a recent study looked directly 

at the interactome level changes in purified WT and P525L FUS droplets (Reber et al., 

2021). Even so, no study has directly mapped how a PTM FUS variants may shift the 

protein-protein interactions FUS. Therefore, in the current study we aimed to elucidate 

how the FUS protein interactome changed in response to phosphorylation at these 12 

key N-terminal residues.     

We performed proximity-mediated biotin labeling coupled with label-free mass 

spectrometry to determine whether N-terminal phosphorylation alters the protein 

binding partners of FUS (Lam et al., 2015). Chemically induced DSBs lead to robust 

phosphorylation of FUS but are toxic to cells making proteomic analysis challenging 

(Deng et al., 2014b). To overcome this hurdle, we focused our analysis on a 

phosphomimetic variant of FUS (FUS PM) that mimics the cytoplasmic localization 

caused by DSBs (Deng et al., 2014b). We engineered synthetic genes that fused APEX2 

to human wild-type FUS (FUS WT), FUS PM, or the ALS-linked mutant P525L (FUS 

P525L) to enable proximity-dependent biotinylation of  potential protein binding 

partners (Lam et al., 2015). Label-free proteomic analysis revealed that a majority of 
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FUS PM binding partners bind either FUS WT and/or FUS P525L. Differential 

expression analysis revealed that the FUS PM interactome was enriched for cytoplasmic 

proteins involved in “mRNA catabolic process”, “translation initiation”, and “stress 

granule assembly” over FUS WT. In contrast, the FUS PM interactome was enriched for 

nuclear proteins involved in functions such as “spliceosome”, “ribonucleoprotein 

complex biogenesis”, and “covalent chromatin modification” compared to FUS P525L. 

We found that cells expressing FUS PM exhibited functional alterations in mRNA 

catabolic processing and translation. Taken together, these data suggest that 

phosphorylation results in a novel FUS interactome that exists between the pathogenic 

FUS P525L ALS-linked mutation, and the homeostatic functions of FUS WT. Our 

analysis is the first comprehensive study of how a disease-relevant post-translational 

modification in FUS may shift its protein interactome towards a disease state. Findings 

from these studies will inform how phosphorylation of FUS and an ALS-linked FUS 

mutation contribute to neurodegeneration.  

3.3 Materials and Methods 

3.3.1 Plasmid creation 

The DNA sequences for the APEX2-FUS variants were designed in silico then codon 

optimized and custom synthesized by GenScript. The amino acid sequence for the 

engineered APEX2 was taken from Addgene plasmid #212574. The wild-type FUS 

sequence was taken from NCBI reference sequence RNA-binding protein FUS isoform 1 

[Homo sapiens] (NP_004951.1). A Twin-Strep-tag® was added to the N-terminus of the 

APEX2 sequence. A linker region (GGGS)3 was inserted at the end of APEX2 followed by 

the FUS sequence. Synthetic APEX2-FUS gene constructs were designed to add a 5’ 
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BamHI restriction digestion site (GGATCC) followed by a Kozak sequence (GCCACC) 

before the ATG start codon of APEX2, a 3’ stop codon (TAG) and an ending with a XhoI 

restriction digestion site (CTCGAG). Following synthesis, the APEX2-FUS WT fusion 

protein was inserted into the pcDNA3.1/Hygro(+) vector using a BamHI/XhoI cloning 

strategy. The APEX2-FUS P525L and APEX2-FUS PM constructs was generated from 

the donor APEX2-FUS WT construct by express mutagenesis through GenScript.  

The GFP tagged FUS variants were designed by adding EGFP to the N-terminus 

of the previously described FUS variants in Deng et al. (Deng et al., 2014b). In brief, the 

FUS variants (WT, Ala sub, PM, and delta 15) were synthesized and ligated into 

pcDNA3.1(+) Hygro by GeneArt (ThermoFisher Scientific). These constructs were then 

digested at NheI/HindIII sites upstream of the FUS sequence. EGFP was PCR amplified 

to introduce an NheI restriction site at the 5’ end and a HindIII site at the 3’ end. The 

EGFP was then digested and ligated into each construct. The primers used to generate 

EGFP were: GFP.Nhe.Sense 

(CACTATAGGGAGACCCAAGCTGGCTAGCgccaccATGGTGAGCAAGGGCGAGGAGCTG) 

and GFP.Hind.Antisense: 

(GGGACCAGGCGCTCATGGTGGCAAGCTTCTTGTACAGCTCGTCCATGCCGAG).   

The GFP tagged FUS P525L variant was created by site directed mutagenesis on 

the GFP tagged FUS WT construct using the QuikChange II XL Site-Directed 

Mutagenesis Kit (Agilent; 200521). The primers used to generate the construct were:  

P525L_Sense (gacagaagagagaggctctactgactcgagtct)  

P525L_Antisense (agactcgagtcagtagagcctctctcttctgtc) 
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All constructs were verified using DNA sequencing, restriction digests, and/or 

PCR amplification. The full DNA sequence for each synthesized sequence can be found 

in Supplemental Table 1 

3.3.2 Cell culture   

Human embryonic kidney cells (HEK293T, ATCC) were cultured in DMEM medium 

supplemented with 10% fetal bovine serum (FBS, Atlanta Biological) and 1% Pen/Strep 

(Gibco). Cells were maintained at 37˚C with 5% CO2. 

3.3.3 Cell transfection and APEX2-mediated biotinylation  

HEK293T cells were seeded onto a poly-L-lysine coated 10-cm cell culture grade dish 

and cultured for 2 days prior to transfection. Cells were transfected at ~60% confluency 

with 2.5 µg of the appropriate DNA construct using the TransIT-LT1 Transfection 

Reagent (Mirus; MIR2300) and cultured for an additional 2 days. At ~48 hours post 

transfection, 500 µM biotinyl tyramide (biotin phenol) (Tocris; #6241) supplemented in 

DMEM media with 10% FBS/1% Pen/Strep was added to all experimental plates except 

for the non-transfected control plates. Labeling was initiated after 30 minutes by adding 

hydrogen peroxide (1 mM final concentration) for 1 minute. The labeling reaction was 

the quenched aspirating the media from the plate and immediately rinsing three times 

with the quenching solution: 5 mM trolox ((+/-)-6-Hydroxy-2,5,7,8-

tetramethylchromane-2-carboxylic acid, Sigma; 238813), 10 mM sodium L-ascorbate 

(Sigma; A4034) and 10 mM sodium azide in PBS supplemented with 1x 

phenylmethylsulfonyl fluoride (PMSF), a serine protease inhibitor. Cells were then 

incubated on ice in fresh quenching solution four times for 5 minutes each. Following 

last wash, the quenching solution was aspirated off and 600 µl cold lysis buffer (50 mM 

Tris, 150 mM NaCl, 0.4% SDS, 0.5% sodium deoxycholate, 1% Triton X-100, 10 mM 



 96 

sodium azide, 10 mM sodium ascorbate, and 5 mM Trolox) supplemented with 1x Halt 

protease/phosphatase inhibitor (ThermoFisher; 78446) was added to each plate. 

Samples were collected with cell scrapers into Protein lo-bind tubes (Eppendorf) and 

sonicated 2x on ice (25 amplitude: 10 seconds total on ice, 2 seconds on/2 seconds off). 

Samples were cleared by centrifugation at 16,500xg for 10 minutes at 4˚C and 

supernatant was collected into fresh protein lo-bind tubes. 540 µl of pre-chilled 50 mM 

Tris pH=7.4 was added to wash each pellet and samples were spun at 16,500xg for 10 

minutes at 4˚C. Supernatant was collected and combined to previous samples and 

samples were stored at -80˚C. Protein concentration was assayed using RC DC protein 

assay (Bio-Rad; 5000121).   

3.3.4 Streptavidin-based purification of biotinylated targets   

For affinity purification, 240 µl of NanoLINK Streptavidin Magnetic Beads (TriLink 

Biotechnologies; M-1002) were washed 3x in 1x tris buffered saline (TBS) containing 

0.1% tween-20. 1.8 mg of total protein was then added onto washed beads and allowed 

to incubate overnight at 4˚C with mixing. Beads were then collected against a magnetic 

stand and the supernatant was set aside for future analysis (termed flow-through). 

Beads were then washed in wash buffer 1 (50 mM Tris, 150 mM NaCl, 0.4% SDS, 0.5% 

sodium deoxycholate, and 1% Triton X-100) and gently mixed with rotation for 5 

minutes at room temperature. Supernatant was discarded. Beads were then washed in 

wash buffer 2 (2% SDS in 50 mM Tris HCl, pH 7.4) and gently mixed with rotation for 5 

minutes at room temperature. Supernatant was discarded. Beads were then washed 2x 

in wash buffer 1 with rotation for 5 minutes at room temperature. 10% of bead slurry 

from each sample was set aside for future analysis (termed elution). Remaining beads 

were then washed 4x in 1x phosphate buffered saline (PBS) and stored at -20˚C.    



 97 

3.3.5 On-bead digestion and label-free mass spectrometry    

8 M urea was added to the beads and the mixture was then treated with 1 mM 

dithiothreitol (DTT) at room temperature for 30 minutes, followed by 5 mM 

iodoacetimide (IAA) at room temperature for 30 minutes in the dark. Typically, proteins 

were digested with 0.5 µg of lysyl endopeptidase (Wako) at room temperature for 4 

hours and were further digested overnight with 1 µg trypsin (Promega) at room 

temperature. Resulting peptides were desalted with HLB column (Waters) and were 

dried under vacuum.  

3.3.6 Mass Spectrometry   

The data acquisition by LC-MS/MS was adapted from a published procedure (Seyfried 

et al., 2017). Derived peptides were resuspended in the loading buffer (0.1% 

trifluoroacetic acid, TFA). Peptide mixtures were separated on a self-packed C18 (1.9 

µm, Dr. Maisch, Germany) fused silica column (50 cm x 75 µm internal diameter (ID); 

New Objective) attached to an EASY-nLC™ 1200 system and were monitored on a Q-

Exactive Plus Hybrid Quadrupole-Orbitrap Mass Spectrometer (ThermoFisher 

Scientific). Elution was performed over a 106 min gradient at a rate of 300 nL/min 

(buffer A: 0.1% formic acid in water, buffer B: 0.1 % formic acid in acetonitrile): The 

gradient started with 1% buffer B and went to 7% in 1 minute, then increased from 7% to 

40% in 105 minutes, then to 99% within 5 minutes and finally staying at 99% for 9 

minutes. The mass spectrometer cycle was programmed to collect one full MS scan 

followed by 20 data dependent MS/MS scans. The MS scans (350-1500 m/z range, 3 x 

106 AGC target, 100 ms maximum ion time) were collected at a resolution of 70,000 at 

m/z 200 in profile mode. The HCD MS/MS spectra (2 m/z isolation width, 28% 

collision energy, 1 x 105 AGC target, 50 ms maximum ion time) were acquired at a 
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resolution of 17,500 at m/z 200. Dynamic exclusion was set to exclude previously 

sequenced precursor ions for 30 seconds within a 10 ppm window. Precursor ions with 

+1, and +8 or higher charge states were excluded from sequencing.  

3.3.7 Proteomic Data Processing  

3.3.7.1 Raw Data Processing 

Raw files were processed by MaxQuant with default parameters for label-free 

quantification (Tyanova et al., 2016). MaxQuant employs the proprietary MaxLFQ 

algorithm for LFQ. Quantification was performed using razor and unique peptides, 

including those modified by acetylation (protein N-terminal), oxidation (Met) and 

deamidation (NQ). Spectra were searched against the Human Uniprot database (90,300 

target sequences). The resulting data with intensity scores were run through the 

Significance Analysis of INTeractome (SAINT) software (version 2.5) to identify and 

remove proteins that were unlikely to be true bait-prey interactions (Choi et al., 2012). 

This was performed comparing protein intensity values in the negative control condition 

to the corresponding intensity values in the samples. Proteins with less than 95% 

probability to be significantly different from the negative control in all samples were 

removed. The mean intensity values of control were subtracted from each sample 

intensity value for the remaining proteins. 

3.3.7.2 Statistical Analysis 

The resulting protein groups information was read in R and analyzed using Proteus to 

determine differentially expressed proteins between groups (Gierlinski et al., 2018). 

Label-free quantitation (LFQ) intensities of each sample were log2 transformed and 

compared using a linear model with standard errors smoothed by empirical Bayes 
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estimation, taken from the R package limma, to determine differentially enriched 

proteins. Nominal p-values were transformed using the Benjamini-Hochberg correction 

to account for multiple hypothesis testing (Ritchie et al., 2015). Proteins were 

considered significantly differentially enriched if they had q values less than 0.01 and an 

absolute value of log2 fold change greater than 1, or twice as enriched linearly.  

Data quality were assessed through distance matrices and through principal 

component analysis. Volcano plots were custom generated but drew heavily from 

thematic elements from the R package Enhanced Volcano (Blighe et al., 2020). Pathway 

overrepresentation analysis was performed using MetaScape with default settings (Zhou 

et al., 2019). Pathway overrepresentation p-values were adjusted using the Benjamini-

Hochberg correction and significant pathways were determined from those with q 

values less than 0.01. Biologically interesting pathways were selected manually, and the 

gene sets that constituted those pathways were submitted to ProHitz-viz Dotplot 

generator to view protein-level enrichment differences for the selected pathways (Knight 

et al., 2017). In the ProHitz dotplots, the rows were sorted by hierarchical clustering 

using Canberra distance and Ward’s minimum variance method for clustering. The 

columns were sorted manually. Venn diagrams for overlapping proteins across the 

conditions were generated using the R packages ggvenn or ggVennDiagram (Gao, 2021; 

Yan, 2021). 

3.3.8 Immunofluorescence   

24 hours post-transfection, cells were washed three times at room temperature with 

DPBS and fixed in 4% paraformaldehyde for 15 min. After washing, cells were 

permeabilized in 0.5% Trition-X-100 for 10 min. Cells were then washed three times in 

either 1x DPBS or 1x Tris-buffered saline (TBS) and blocked in 3% BSA for 1 h at room 
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temperature. After blocking, cells were incubated overnight at 4 °C in primary antibody 

diluted in blocking buffer. The next day cells were washed three times with DPBS or TBS 

and incubated in secondary antibody diluted 1:500 or 1:750 in blocking buffer (Cy5 

Donkey anti-rabbit, 711-175-152; Cy5 Donkey anti-mouse, 715-175-151; 488 Goat anti-

mouse, A-11029). Following incubation, cells were washed three times in DPBS or TBS 

and mounted onto glass slides using Prolong Gold with DAPI (ThermoFisher; P36935). 

The following primary antibodies were used: UPF1 (Cell Signaling Technologies; 

12040S; 1:2000), MOV10 (Proteintech; 10370-1-AP; 1:1000), VPS35 (Cell Signaling 

Technologies; 81453S; 1:500), eIF2α (Cell Signaling Technologies; 9722S; 1:500), 

G3BP1 (Proteintech; 13057-2-AP; 1:2500), PABP1 (Cell Signaling Technologies; 4992S; 

1:500), CLTA (Proteintech; 10852-1-AP; 1:500), Twin-Strep-tag® (IBA Lifesciences; 2-

1517-001; 1:1000); and Streptavidin 660 Conjugate (ThermoFisher Scientific; S21377; 

1:500). Images were collected on a Leica DMi8 THUNDER Inverted Fluorescence 

Microscope with a DFC7000 T camera (Leica).   

3.3.9 Immunoprecipitation   

24 hours post-transfection, cells were washed two times on ice with DPBS. Cells were 

lysed on ice in either a low salt HEPES buffer (10 mM HEPES, 50 mM NaCl, 5 mM 

EDTA) or Pierce IP lysis buffer (25 mM Tris/HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% 

NP-40, 5% glycerol) with 1% Halt protein/phosphatase inhibitor (ThermoFisher 

Scientific; 78446). Samples were spun at 17,100xg for 15 minutes at 4˚C. Protein 

concentration were measured in the detergent soluble protein fraction by BCA assay 

(Pierce). Cell lysate was immunoprecipitated with Magstrep Type3 beads (IBA 

Lifesciences; 2-4090-002) overnight with end/end rocking at 4˚C following the protocol 

provided by the manufacturer. Bound material was eluted from beads in Buffer BXT (0.1 
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M Tris/HCL pH 8.0, 0.15 M NaCl, 1 mM EDTA, 0.05M Biotin)+β-Mercaptoethanol 

(BME) at 95˚C for 5 minutes. 10% Input, eluted material, and flow-through was then 

subjected to SDS/PAGE and Western blotting as described below.  

3.3.10 Western Blot    

Cell lysis and western blotting was performed as previously described with minor 

modifications (Johnson et al., 2020). In brief, cells were lysed on ice in either RIPA 

Buffer (50 mM tris pH = 8.0, 150 mM NaCl, 0.1% SDS, 1% trition-x-100, 0.5% sodium 

deoxycholate) or cytoplasmic lysis buffer (50 mM tris pH = 8.0, 150 mM NaCl, 0.5% tri- 

tion-x-100) with 1% protein/phosphatase inhibitor (ThermoFisher; 78442). The RIPA 

lysate was sonicated and centrifuged for 15 min at 14,000 rpm at 4 °C. The cytoplasmic 

lysate was vortexed and centrifuged for 15 min at 14,000 rpm at 4 °C. The supernatant 

was saved as the detergent soluble protein fraction. Protein concentration were 

measured in the detergent soluble protein fraction by BCA assay (Pierce). Next, cell 

lysates were analyzed for relative protein expression using SDS/PAGE followed by two-

channel infrared quantitative western blots as described previously (Deng et al., 2014b). 

The samples were denatured in 1X Laemmli loading buffer with 5% tris(2-carboxyethyl) 

phosphine (TCEP) at 70°C for 15 min. Equal amounts of protein were loaded into a 4–

20% PROTEAN TGX Precast Gels (Bio-Rad). After transferring to 0.2 μm nitrocellulose 

membranes, some blots were stained with Revert 700 (LI-COR; 926–11,010) to measure 

total protein for normalization and signal was captured at 700 nm on an Odyssey Fc 

Imaging System (LI- COR), and then destained following the manufacture's protocol. 

Protein blots were then blocked in EveryBlot Blocking Buffer (Bio-Rad; 12010020) for 5 

minutes at room temperature and incubated with primary antibodies (diluted in 

blocking buffer) overnight at 4 °C. Membranes were washed three times for five minutes 
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in TBST and then incubated with the appropriate secondary antibody diluted in 

blocking buffer for 60 min at room temperature. Lastly, membranes were washed three 

times with TBST for five minutes and visualized using the Odyssey Fc Imaging System 

(LI-COR). The following primary antibodies were used: Twin-Strep-tag® (IBA 

Lifesciences; 2-1517-001; 1:4000), FUS (1:2000; Bethyl Laboratories; A300-302A), 

UPF1 (Cell Signaling Technologies; 12040S; 1:1000), MOV10 (Proteintech; 10370-1-AP; 

1:800), VPS35 (Cell Signaling Technologies; 81453S; 1:1000), eIF2α (Cell Signaling 

Technologies; 9722S; 1:500), G3BP1 (Proteintech; 13057-2-AP; 1:2000), PABP1 (Cell 

Signaling Technologies; 4992S; 1:1000), CLTA (Proteintech; 10852-1-AP; 1:1000), 

G3BP1 (Proteintech; 13057-2-AP; 1:2000), TAF-15 (Bethyl Laboratories; A300-308A); 

EWS (Epitomics; 3319-1; 1:1000), Anti-Puromycin (Sigma-Aldrich; MABE343; 1:5000), 

LC3A/B (Cell Signaling Technologies; 12741; 1:1000); SQSTM1/p62 (Cell Signaling 

Technologies; 5114; 1:1000), GAPDH (Cell Signaling Technologies; 2118; 1:10,000), and 

H3 (Millipore; 06-599; 1:5000).  

3.3.11 Quantitative PCR (qPCR)     

48 hours post transfection, cells were harvested for RNA using TRIzol™ Reagent 

(ThermoFisher Scientific; 15596026) following manufacturer guidelines. Equal amounts 

of RNA were used to create the cDNA library using the High-Capacity cDNA Reverse 

Transcription Kit with RNase Inhibitor (ThermoFisher Scientific; 4374966). qPCR was 

performed on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad) using the 

PowerUp™ SYBR™ Green Master Mix (ThermoFisher; A25741). Results were 

quantified using the ΔΔCT method. Primers are listed in Supplemental Table 2.  
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3.3.12 SUnSet Assay   

Puromycin was obtained from Gibco suspended in 20mM HEPES pH 6.7. Drug was 

aliquoted and stored at -20˚C (ThermoFisher Scientific; A1113803). 48 hours post 

transfection, cells were treated with 1 µM puromycin diluted in cell culture media for 30 

minutes at 37˚C/5% CO2. Control cells were treated with vehicle (20 mM HEPES pH 

6.7) diluted in cell culture media for 30 minutes at 37˚C/5%CO2. Following treatment, 

cells were lysed in RIPA lysis buffer+1% protein/phosphatase inhibitor and subjected to 

SDS/PAGE and Western blotting as described above.  

3.3.13 Autophagosome assay   

Bafilomycin A1 (Baf) was obtained from Tocris (#1334) and resuspended in DMSO 

dimethyl sulfoxide (DMSO) and aliquoted and stored at -20˚C. 48 hours post-

transfection, cells were treated with 0.1 µM Baf diluted in cell culture media for 4 hours 

at 37˚C/5% CO2. Control cells were treated with vehicle (DMSO) diluted in cell culture 

media for 4 hours at 37˚C/5%CO2. Following treatment, cells were lysed in RIPA lysis 

buffer+1% protein/phosphatase inhibitor and subjected to SDS/PAGE and Western 

blotting as described above.  

3.3.14 Statistical analysis 

All statistical analysis was performed using GraphPad Prism 8 (San Diego, CA). Effect of 

variant on FUS localization was determined using an ordinary one-way analysis of 

variance (ANOVA) with Tukey's post-hoc test (Figures 3.1C, D). Effect of variant on 

UPF1 mRNA fold change expression was determined using an ordinary one-way ANOVA 

with Tukey’s post-hoc test (Figure 3.5A). Effect of variant on mRNA fold change for 

other targets was determined using a two-way ANOVA with Tukey’s post-hoc test 

(Figure 3.5B). Effect of variant on autophagosome markers was determined using a 
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two-way ANOVA with Tukey’s post-hoc test (Figures 3.5F, G). Significance was 

reached at p < 0.05. Significance is designated as p < 0.05 (*), p ≤ 0.0021 (**), p ≤ 

0.0002 (***), p ≤ 0.0001 (****). All quantified blots either normalized to total protein 

(Figures 3.1E, 5D, F, G), GAPDH (Figures 3.1D, E), or H3 (Figures 3.1D, E).   

3.4 Results    

APEX2 tagged Phosphomimetic FUS (FUS PM) recapitulates p-FUS 

localization phenotype  

FUS dysfunction is involved in FTD and ALS disease pathogenesis. However, 

many basic aspects of FUS function and regulation are unknown. For example, it is 

unclear how phosphorylation of FUS, or the presence of ALS-associated mutations, 

alters the function of FUS and associated pathways. To gain insight into these questions, 

we set out to define the protein binding network, or interactome, of FUS by performing 

proximity labeling mediated by ascorbate peroxidase 2 (APEX2). We genetically fused 

APEX2 to the N-terminus of three FUS protein variants via a (GGGS)3 linker to generate 

three Twin-Strep-tagged® constructs: 1) wild-type human FUS (FUS WT), 2) 

phosphomimetic FUS (FUS PM), and 3) the ALS-linked P525L mutant FUS (FUS 

P525L) (Figure 3.1A). FUS PM was generated by substituting the 12 consensus S/T_Q 

residues, which are phosphorylated by DNA-PK following DSB, with the negatively 

charged amino acid aspartate (Deng et al., 2014b; Johnson et al., 2020). The FUS P525L 

mutation was first identified in 2012 and causes a severe form of juvenile ALS (Conte et 

al., 2012; Zhou et al., 2020). FUS P525L robustly increases cytoplasmic localization of 

FUS and alters the transcriptome, proteome, and the spliceosome in multiple model 

systems (De Santis et al., 2017; Garone et al., 2020; Humphrey et al., 2020). Therefore, 

the APEX2-FUS P525L mutant 1) served as a positive control for FUS cytoplasmic 
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localization, 2) provided insight into the pathogenic nature of ALS-linked mutations, 

and 3) was a useful comparison to determine if FUS PM resembles a pathogenic 

phenotype (Monahan et al., 2017; Rhoads et al., 2018a). 

We first asked if fusion of APEX2 maintained the expected sub-cellular 

localization of the FUS variants. We expressed the three APEX2 fusion constructs in 

HEK293T cells and biochemically fractionated cells into a soluble cytoplasmic and 

nuclear fraction (Figure 3.1B). Endogenous FUS protein was enriched in the nuclear 

fraction and the ratio of cytoplasmic/nuclear FUS was unchanged regardless of APEX2-

fusion protein expression (Figure 3.1C). Previously, we reported that the cytoplasmic 

localization of phosphorylated FUS induced by DSB can be mimicked by 

phosphomimetic substitution of the 12 consensus DNA-PK phosphorylation sites (serine 

or threonine followed by glutamine) with aspartate (D) (Deng et al., 2014b). As 

anticipated, a larger proportion of APEX2-FUS PM was found in the cytoplasm 

compared to the nucleus via western blot (Figure 3.1D). Western blot analysis also 

revealed a significant increase in APEX2-FUS WT and APEX2-FUS P525L localized to 

the soluble nuclear fraction (Figure 3.1E). FUS-ALS mutations such as P525L typically 

induce an accumulation of FUS into insoluble cytoplasmic inclusions (Neumann et al., 

2009a; Nolan et al., 2016). As such, we examined the insoluble protein fraction and 

found that APEX2-FUS WT and APEX2-P525L FUS were both significantly increased in 

the insoluble fraction compared to APEX2-FUS PM. This suggested that a significant 

fraction of APEX2-FUS WT and APEX2-FUS P252L is detergent insoluble (Figure 

3.1E). Insoluble APEX2-FUS WT/P525L protein could localize to either the nucleus or 

the cytoplasm.  
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Figure 3.1 Biotinylation pattern induced by APEX2 is dependent on FUS 

variant localization and solubilization 

(A) Graphical representation of the domain structures within the three APEX2-FUS 

fusion constructs. Each construct contains a twin-strep tag for identification in 

downstream applications, APEX2, a linker sequence and a variant of human full-

length FUS. The three FUS variants are: wildtype FUS (FUS WT), phosphomimetic 

FUS where either serine or threonine at the 12 DNA-PK consensus sites (S/T-Q) were 

mutated to aspartic acid (D), and pathogenic P525L mutant FUS. Created with 

BioRender.com. (B) HEK293T cells expressing the three APEX2-FUS fusion constructs 

were fractionated for cytoplasm and nuclear fractions. GAPDH and H3 were used as 

markers for cytoplasmic and nuclear fractions, respectively. (C) Quantification of (B) 

for the percentage of strep-tagged APEX2 fusion proteins found within the soluble 

cytoplasmic fraction and normalized to loading control. (D) Quantification of (B) for 

the percentage of endogenous FUS found within the soluble cytoplasmic fraction and 

normalized to loading control. (E) Quantification of the proportion of strep-tagged 

APEX2 fusion proteins within the detergent insoluble fraction and normalized to total 

protein (Immunoblot not shown). (F) Schematic representation of APEX2 proximity 

labeling and biotin enrichment in presence of H2O2 and biotin-phenol. Created with 

BioRender.com. (G) Enrichment of biotinylated proteins from HEK293T cells 

expressing various APEX2 constructs and treated with biotin-phenol and H2O2. Input 

is 1% of sample loaded onto magnetic beads coated with streptavidin; Elute is 10% of 

sample eluted off beads. Samples are wildtype FUS (FUS WT), P525L FUS (FUS 

P525L), Phosphomimetic FUS (FUS PM), and non-transfected control (CTL). Input and 

elution were analyzed for biotinylated proteins (streptavidin) and Twin-Strep-tag® 
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(strep tag).  (H) Immunostaining of HEK293T cells expressing the three APEX2-FUS 

fusion constructs that have been given biotin-phenol (BP) and H2O2 for twin-strep tag 

(fusion protein) and streptavidin (biotin). Scale bar represents 20µm.  
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Therefore, we next utilized immunofluorescent staining to determine the sub-

cellular localization of the APEX2 fusion proteins without relying on detergent-based 

fractionation. In line with western blot analysis, APEX2-FUS WT was found in the 

cytoplasm and nucleus. In contrast, both APEX2-FUS PM and APEX2-FUS P525L 

showed a more pronounced cytoplasmic localization (Figure 3.1H). Taken together, 

our data demonstrate that the APEX2 fusion FUS variants localize to expected cellular 

compartments.     

APEX2-FUS variants exhibit unique biotinylation patterns 

To further validate the proximity ligation system, we confirmed that the APEX2 

fusion proteins are active and can biotinylate endogenous proteins. APEX2 requires the 

addition of biotin-phenol and H2O2 to catalyze the biotinylation of proximal endogenous 

proteins (Figure 3.1F). When we treated cells expressing the APEX2-FUS variants with 

biotin-phenol and H2O2, we observed robust and variant specific, biotin labeling of 

endogenous proteins as detected by immunofluorescence with streptavidin (Figure 

3.1H). In contrast, we did not observe biotin labeling in cells that were not treated with 

biotin-phenol or H2O2 (Appendix B Supplementary Figure 1). While APEX2-FUS 

WT exhibited a mixed nuclear and cytoplasmic localization when immunostained for the 

Twin-Strep-tag® (Figure 3.1H), it induced a primarily nuclear biotinylation pattern as 

determined by colocalization with streptavidin (biotin) and DAPI immunofluorescence. 

APEX2-FUS PM exhibited a diffuse cytoplasmic localization pattern with biotinylated 

proteins primarily labeled in the nucleus with interspersed cytoplasmic punctate (white 

arrows). APEX2-FUS P525L was localized primarily to the cytoplasm and induced 

biotinylation in the cytoplasm. Negative control cells expressing GFP show no 
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biotinylation following biotin-phenol and H2O2 addition. These results demonstrate that 

APEX2-FUS variants exhibit unique and specific patterns of biotinylation.   

To identity the variant specific binding partners of APEX2-FUS proteins, we 

transfected HEK293T cells with three APEX2 constructs (APEX2-FUS WT, APEX2-FUS 

PM, or APEX2-FUS P525L) for 24 hours. Untransfected HEK293T cells were grown in 

parallel for 24 hours and served as a control group. All biological groups contained 

technical replicates done in quadruplicate. We incubated each experimental group of 

cells with biotin-phenol for 30 minutes followed by H2O2 for 1 minute to induce 

biotinylation of proximal endogenous proteins. The reaction was quenched, and lysates 

were collected (Figure 3.1G). While control cells did not receive biotin-phenol, they did 

receive H2O2 and underwent all downstream processing. Biotinylated proteins were 

enriched from the cell lysates using streptavidin affinity purification. Western blot 

analysis of ~10% of the volume of streptavidin beads confirm enrichment of biotinylated 

proteins and revealed that each APEX2 FUS variant showed a distinct biotinylation 

pattern (Figure 3.1G). The remaining affinity-purified biotinylated proteins were used 

for unbiased proteomic analysis.    
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Figure 3.2 The FUS WT, FUS PM, and FUS P525L variants have unique 

interactome signatures.  

(A) Venn diagram of overlap of proteins in the 10% of intensity for the three 

FUS variant groups. (B) Proteins identified uniquely in each group are highlighted in 

colored boxes for three FUS variants. (C) Hierarchical clustering of samples based on 

the intensity profiles of the 10% of protein hits. Missing values are colored gray. (D) 

Volcano plot showing statistically significant enriched proteins identified between FUS 

WT and FUS PM. (E) Volcano plot showing statistically significant enriched proteins 

identified between FUS PM and FUS P525L. (F) Volcano plot showing statistically 

significant enriched proteins identified between FUS P525L and FUS WT. 
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APEX2-induced biotinylation identities novel binding partners of FUS 

variants  

To identify novel FUS interacting proteins across WT and mutant FUS proteins, 

we performed mass spectrometry-based proteomics using label-free quantitation (LFQ). 

A total of 4,954 unique proteins were identified and quantified across all 16 samples (4 

replicates across 4 conditions). Significance Analysis of INTeractome (SAINT) analysis 

was performed to compute confidence scores to determine whether the putative 

interactions (prey) for each APEX2-FUS (bait) variant was real (Choi et al., 2012). Prey 

with spurious interactions across all APEX2-FUS baits (sensu SAINT analysis; 

probability < 0.95) were eliminated from further analysis. Finally, the mean intensity of 

control sample was subtracted from each sample intensity value for remaining prey 

proteins, leaving 3,349 proteins classified as putative interacting proteins in at least one 

sample.  

Of the 3,349 proteins that met our filtering criteria, 3,229 (96.4%) were shared 

between all three groups suggesting substantial redundancy in binding partners 

between our three FUS variants (Appendix B Supplementary Figure 2D). 

However, analysis from unsupervised hierarchical clustering analysis, heatmap analysis, 

and principal component analysis of each variant suggested that the proteins from the 

APEX2-FUS PM variant were more similar to the APEX2-FUS WT variant than to the 

pathogenic APEX2-FUS P525L variant (Figure 3.2C; Appendix B Supplementary 

Figure 2B/CE). Given this, we reasoned that although the three variants enriched for 

many of the same proteins, the top proteins (i.e. the proteins most enriched for each 

variant) may be unique. As such, we specifically compared the top 10% most abundant 

proteins for each group (Figure 3.2A). We identified a total of 458 proteins in the top 
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10% of biotinylated proteins across the three variants. Unlike the full dataset of proteins 

(Appendix B Supplementary 2D), only 197 proteins (43.0%) were shared between 

the three groups suggesting that each variant preferentially bound a different subset of 

proteins (Figure 3.2A). Furthermore, APEX2-FUS PM had no unique proteins in the 

subset of enriched binding partner sharing 305 of its proteins (92.7%) with APEX2-FUS 

WT (Figure 3.2A). In contrast, we identified 21 unique proteins in the top 10% most 

abundantly labeled proteins for APEX2-FUS WT and 105 unique proteins for APEX2-

FUS P525L (Figure 3.2B). Taken together, these data suggest that while FUS PM 

interacts with a majority of the FUS WT binding partners, among the top 10% of 

proteins that interact with FUS PM, a subset exclusively interacts with pathogenic FUS 

P525L and not FUS WT. These interactions may impart novel functional characteristics 

to FUS PM that differ from FUS WT. 

Next, we compared the relative abundance of the interacting proteins between 

the FUS WT and FUS PM variants (Figure 3.2D), the FUS P525L and FUS WT variants 

(Figure 3.2E), and the FUS PM and FUS P525L variants (Figure 3.2F). For each 

comparison, we utilized a stringent cutoff of p<0.01 to produce a dataset of significantly 

enriched proteins for each variant. Each differentially expressed gene set was then 

compared to the core ontologies (e.g. gene ontology (GO), KEGG processes, Reactome 

gene sets, canonical pathways and CORUM complexes) using Metascape to define the 

set’s involvement in biological processes, functional categories, or enzymatic pathways 

(Zhou et al., 2019) (Table 3.1). 53 proteins (1.6% of total identified proteins) differed 

between FUS WT and FUS PM, 181 proteins (5.4% of total identified proteins) differed 

between FUS PM and FUS P525L and 1590 proteins (47.5% of total identified proteins) 

differed between FUS WT and FUS P525L (Figure 3.2D/E/F). Of the 49 proteins 
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differentially expressed in APEX2-FUS PM over APEX2-FUS WT, the top ontology 

categories are “mRNA catabolic process”, “translational assembly”, “stress granule 

assembly”, and “clathrin-mediated endocytosis” (Table 3.1). These functional 

categories occur in the cytoplasm suggesting FUS PM participates in more cytoplasmic 

pathways compared to FUS WT. Outside of the functional designations, we also 

identified a subset of novel binding partners for FUS in our datasets. For the remaining 

4 proteins enriched in FUS WT over FUS PM we were unable to determine a categorical 

designation. These proteins were COBL, PHLDB2, MED13, and NEFM, all novel binding 

partners for FUS WT. Furthermore, the top 4 enriched proteins for FUS PM compared 

to FUS WT were IBTK, PIK3C2A, ZNF516, ANXA4 and are also novel binding partners 

for FUS.  
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Table 3.1 Comparison of gene ontology (GO) and reactome pathways 

enriched in the FUS WT, FUS PM, and FUS P525L interactomes  

Table of statistically enriched gene ontology (GO) and reactome pathways 

generated using Metascape, a web-based platform designed to provide users a 

comprehensive annotation of provided gene list.  
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181 proteins were differentially enriched between APEX2-FUS PM and APEX2-

FUS P525L (Figure 3.2E). Of these proteins, clustering analysis revealed FUS PM 

enriched for proteins associated with functions in the nucleus including “spliceosome”, 

“ribonucleoprotein complex biogenesis”, “covalent chromatin modification” and “DNA 

repair”. APEX2-FUS P525L variant enriched for pathways that occur in the cytoplasm 

including “membrane trafficking”, “Golgi vesicle transport”, “plasma membrane 

bounded cell projection” and “cytosolic transport” (Table 3.1). Lastly, we identified 

1590 proteins differentially enriched between APEX2-FUS WT and APEX2- FUS P525L 

(Figure 3.2F). Of these proteins, clustering analysis revealed FUS WT enriched for 

proteins associated with the nuclear functions of “spliceosome”, “ribonucleoprotein 

complex biogenesis”, “covalent chromatin modification” and “DNA repair” while FUS 

P525L enriched for proteins associated with the cytoplasmic functions of “membrane 

trafficking”, “translation”, “Golgi vesicle transport” and “actin filament-based process” 

(Table 3.1).  

Next, we constructed dot plots to clearly visualize the intensity and confidence of 

the protein interaction across each APEX2-FUS variant using the Prohits-viz software 

suite (Knight et al., 2017). We performed this comparative analysis for the binding 

partners identified in the top four significantly enriched ontology categories for FUS PM 

vs FUS WT (gene ontology or reactome) using Prohits-viz (Figure 3.3A/B/C/D). From 

these dot plots, we saw that the binding intensity of the target proteins to the FUS WT, 

FUS PM, and FUS P525L variants tended to fall as low, medium, and high, respectively. 

This observation compliments the original observation from the Venn diagram and the 

hierarchical cluster that FUS PM may exist in a middle state between FUS WT and FUS 
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P525L function. A full list of dot plots for each identified ontology can be found in 

Appendix B Supplementary Figure 3.  

Given that these GO terms were generated from gene sets of enriched proteins, 

we wanted to visualize the known interactions between FUS and the target genes of each 

gene set. We utilized the STRING database (version 11) to create an interaction network 

from each functional term (Szklarczyk et al., 2019) (Figure 3.3E/F/GH). STRING uses 

an algorithm built from a curated list of known protein interactions to estimate how 

likely the interaction is true given the available evidence (termed confidence). The 

confidence for each interaction is shown by the thickness of the line between each 

protein. In these networks, we observed with high confidence that FUS interacts with 

some of the proteins in each network. Even so, there are few reports from previous 

studies indicating that FUS directly interacts with most of the proteins in each gene set. 

This may indicate that FUS WT interacts with more proteins in each interaction network 

than previously thought. Furthermore, if true, this would provide evidence that N-

terminal phosphorylation shifts the interaction landscape allowing FUS to interact with 

more proteins central to these functional categories. Leading us to ask, does FUS 

directly interact with the proteins identified in the gene sets, or are the interactions we 

observe in our APEX2 datasets indirect? To answer this, we selected a subset of proteins 

(both previously identified as direct interactions and novel interactions) from the gene 

sets to validate using traditional biochemical approaches (immunoprecipitation and 

immunofluorescence): G3BP1, UPF1, MOV10, eIF2α, VPS35, PABPC1 (PABP1), and 

CLTA.     
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Figure 3.3 Visualization of protein hits for top gene ontology (GO) and 

reactome pathways reveals previously known and novel interaction 

partners of FUS variants  

(A/B/C/D) Dot plot generated using ProHits-viz are a graphical representation of the 

relative binding intensity for the proteins mapped to (A) mRNA catabolic process, (B) 

translational assembly, (C) stress granule assembly, and (D) clathrin-mediated 

endocytosis GO term to the three FUS variants. (E/F/G/H) Protein interaction 

network for (E) mRNA catabolic process, (F) translational assembly, (G) stress 

granule assembly, and (H) clathrin-mediated endocytosis generated using String 

(version 11). Thickness of line between proteins indicates the strength of the empirical 

support for the interaction. FUS (in red) was added to network to demonstrate known 

binding partners.    
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Biochemical validation of FUS variant binding partners reveals novel 

interactions between FUS variants and APEX2 hits   

We evaluated whether the FUS variants co-immunoprecipitated with the 

following selected endogenous targets: G3BP1, UPF1, MOV10, eIF2α, VPS35, PABPC1 

(PABP1), and CLTA (Figure 3.4A). HEK293T cells were transfected with either Twin-

Strep-tagged® FUS WT, FUS PM, or FUS P525L. All constructs were also GFP tagged at 

the N-terminus to allow visualization following transfection. We enriched for the strep-

tagged FUS variants using Strep-Tactin®XT magnetic beads (IP) and western blotted 

for the potential endogenous binding partners (IB) (Figure 3.4A). As members of the 

FET family of proteins, EWS and TAF-15 are known binding partners of FUS and were 

used a positive control for interaction (Figure 3.4A, green bar) (dot plot for EWS and 

TAF15 in Appendix B Supplementary Figure 3) (Kovar, 2011). Next, we were able 

to replicate the direct binding reported in previous studies of UPF1, PABP1, G3BP1, and 

eIF2α to FUS WT and FUS P525L (Figure 3.4A, blue bar) (Di Salvio et al., 2015; 

Kamelgarn et al., 2018; Markmiller et al., 2018; Vance et al., 2013). In line with our 

APEX2 data, FUS PM also showed direct interaction with the above targets. We wanted 

to ensure that FUS PM bound proteins in a similar manner to biological relevant N-

terminally phosphorylated FUS. Thus, we also confirmed that endogenous UPF1 binds 

preferentially to FUS treated with calicheamicin γ1 (CLM), a known inducer of N-

terminal FUS phosphorylation (Deng et al., 2014b; Johnson et al., 2020; Rhoads et al., 

2018a) (Appendix B Supplementary Figure 4). Lastly, we confirmed the 

interaction of three novel binding partners, VPS35, MOV10 and CLTA, to our three FUS 

variants (Figure 3.4A, red bar). This is the first report that FUS PM interacts with any 

of these proteins.  
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Figure 3.4 Verification of the interaction between select targets and FUS 

variants   

(A) Immunoprecipitations (IP) for strep tag were performed on HEK293T cells 

expressing GFP-tagged FUS WT, FUS PM, and FUS P525L. Enriched lysate was 

western blotted (IB) for listed targets. (B) Immunofluorescence (IF) images show 

general localization patterns for a select number of targets. Co-localization of targets 

with FUS punctate is highlighted by white carrot. FUS variants are in green, targets 

are in red, DAPI is in blue. Scale bar represents 20µm. 
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Given that the three FUS variants are enriched in different cellular compartments 

(Figure 3.1H), we performed immunofluorescent staining for a subset of the top 

proteins to determine the spatial localization of the binding partners with the FUS 

variants (Figure 3.4B; PABP1, EWS and TAF15 not shown). We expressed the Twin-

Strep-tagged® FUS variants in HEK293T and then co-stained for the endogenous target 

proteins. As expected, FUS WT was enriched in the nuclear compartment while FUS PM 

and FUS P525L localized to cytoplasm. The endogenous target proteins localized to 

cytoplasm. Given this, we saw spatial overlap of the endogenous target proteins with 

FUS PM and FUS P525L. For G3BP1 and MOV10, this overlap, at times, occurred in 

large puncta (Figure 3.4B, white arrow). Thus, our APEX2 generated dataset shows 

robust agreement with our biochemical validation.   

The steady-state level of ATF3 mRNA is increased while global protein 

translation is enhanced in the presence of FUS PM 

 Based on the positive validation of our APEX2 protein targets, we set out to test 

whether the functional pathways suggested by our enrichment analysis were affected by 

the expression of a given FUS variant. We utilized four N-terminally GFP/Twin-Strep-

tagged® FUS constructs: 1) wild-type human FUS (WT), 2) human FUS where the 12 

serine/threonine’s phosphorylated by DNA-PK are substituted with Alanine (Ala sub), 

3) human FUS where the 12 serine/threonine’s phosphorylated by DNA-PK has been 

substituted with the negatively charged aspartic acid (PM), 4) human FUS truncated at 

exon 15 (delta 15). We utilized the delta 15 truncation mutant as a proxy for P525L 

mutation. We used the pcDNA3.1 empty vector (EV) as a control.   
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Figure 3.5 Biochemical validation of GO pathways show alternations in 

nonsense mediated decay and translation independent of clathrin-mediated 

endocytosis between the FUS variants   

(A) Level of UPF1 mRNA was quantified by qPCR using the ΔΔ cycle threshold (ΔΔCT) 

method and then the fold change was calculated against the empty vector control (EV).  

(B) Level of various targets of nonsense-mediated decay were quantified by qPCR 

using the ΔΔ cycle threshold (ΔΔCT) method and then the fold change was calculated 

against the empty vector control (EV). (C) Representative immunoblot of SUnSET 

assay measuring the incorporation of puromycin into growing polypeptide chains 

during translation. Control cells received HEPES buffer without puromycin for 30 

minutes. (D) Quantification of immunoblot in (C). Error bars indicates mean ± SEM 

(n=5). Statistical significance was calculated by one-way ANOVA. (E) Representative 
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immunoblot for markers of autophagosome flux, LC3I/II and SQSTM1/p62. (F) 

Quantification of immunoblot in (C). Error bars indicates mean ± SEM (n=3). 

Statistical significance was calculated by two-way ANOVA.  
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We specifically focused on the pathways enhanced by FUS PM expression. The 

highest enriched ontology category for FUS PM over FUS WT was “mRNA catabolic 

process”, defined as the reactions and pathways associated with the breakdown of 

mRNA (Table 3.1). As an RNA/DNA binding protein, FUS expression has been shown 

to regulate ~700 mRNA transcripts related to the regulation of transcription, RNA 

processing, and cellular stress response (Colombrita et al., 2012). Expression of ALS-

linked mutations in FUS can shift the global transcriptome (De Santis et al., 2017; van 

Blitterswijk et al., 2013). Specifically, a previous study reported that degradation of 

certain mRNA transcripts is increased following expression of the ALS-linked mutant 

FUS P525L (Kamelgarn et al., 2018). Given this and that we observed a positive 

interaction between the FUS variants and UPF1 and PABP1, both major mediators of 

mRNA decay, we asked whether expression of FUS PM altered the steady state levels 

certain mRNA transcripts (Lavysh and Neu-Yilik, 2020). We designed a quantitative 

PCR (qPCR) protocol that measured the total levels of the stress-related mRNA targets 

ATF3, ATF4, and TBL2 (Appendix B Supplementary Table 2). While total mRNA 

level for UPF1 and FUS were not significantly different between FUS variants, we saw a 

significant increase in ATF3 mRNA levels in HEK293T cells expressing PM compared to 

EV, WT, and delta 15 (p=0.0034, p=0.0357, and p=0.0008, respectively) (Figure 

3.5A/B). Further, we observed a trend for an increase in ATF4 mRNA in HEK293T 

cells expressing delta 15 but not PM (EV vs. delta 15, p=0.3721; WT vs. delta 15, 

p=0.3994). We saw no difference in TBL2 mRNA levels following expression of FUS 

variants. Taken together, this data suggests that the steady state expression of certain 

transcripts is enhanced by FUS PM expression.  
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Next, we set out to examine whether expression of FUS PM affected the closely 

linked functional process, mRNA translation. NMD is thought to be tightly coupled to 

translation because 1) translation requires multiple NMD factors, 2) phosphorylated 

UPF1 suppresses translational initiation, and 3) re-initiation of  translation downstream 

of the premature termination codon can prevent NMD (Brogna and Wen, 2009). A 

previous report showed evidence that FUS P525L decreased global protein translation 

(Kamelgarn et al., 2018). Taken together, with the fact that the next highest enriched 

functional pathway was “translational assembly”, we utilized the SUrface SEnsing of 

Translation (SUnSET) assay to measure the amount of global protein synthesis between 

the FUS variants (Goodman and Hornberger, 2013) (Figure 3.5C). We saw a 

significant increase in the amount of protein synthesis in HEK293T cells expressing FUS 

PM compared to FUS WT (p=0.0074) (Figure 3.5D). Furthermore, we saw a trend 

toward a decrease in protein synthesis between PM and delta 15 (p=0.0826) (Figure 

3.5D). As such, protein translation is unchanged by delta 15 expression and enhanced 

by FUS PM expression compared to FUS WT.   

Lastly, we examined the amount of autophagosome formation as a proxy for 

“clathrin-mediated endocytosis”. Clathrin-coated vesicles form the precursor 

phagophores and blocking clathrin-dependent endocytosis leads to a decrease in 

autophagosomes (Longatti et al., 2010). Further, two of our protein hits, CLTA and 

VPS35, are important for autophagosome formation (Tang et al., 2020a). 

Autophagosomes are double membrane vesicles that are integral to macroautophagy as 

they sequester cellular components and eventually fuse with acidic lysosomes to form 

autolysosomes and degrade engulfed material (Berg et al., 1998; Gordon and Seglen, 

1988). We utilized an autophagic assay where we treated cells with bafilomycin (Baf), an 
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inhibitor of the lysosomal V-ATPase in order to block the fusion of autophagosomes 

leading to a build-up autophagosomes (Orhon and Reggiori, 2017). There was no 

difference in the levels of the autophagosome markers, LC3II and SQSTM1/p62, 

following expression of FUS variants, before or after Baf treatment (Figure 3.5E/F/G).  

Overall, these data suggest that while FUS PM expression affects early mRNA 

translation and regulation, it does not affect the total amount of autophagosomes or 

autophagosome flux.   

3.5 Discussion   

Proteomic analysis is a powerful tool that has revealed how pathogenic ALS-

linked mutations (e.g. FUS P525L and R495X) may shift the proteome toward pathology 

(Baron et al., 2019; Garone et al., 2020; Kamelgarn et al., 2016). While these past 

studies have informed the role that a genetic mutation can have on protein-protein 

interactions, pathogenic FUS mutations only account for 4% of ALS cases and a handful 

of FTD cases (Broustal et al., 2010; Renton et al., 2014; Rohrer et al., 2009b; Snowden 

et al., 2011). Thus, these previous models do not address how non-genetic mediators of 

FUS pathology, such as post-translational modifications, may shift FUS function. 

Previous non-genetic models demonstrate that cytoplasmic accumulation of FUS can be 

triggered by other, non-genetic mechanisms including loss of transportin-1/FUS 

interaction, cellular stressors, and/or altered post-translational modifications (Bowden 

and Dormann, 2016; Darovic et al., 2015; Dormann et al., 2012; Higelin et al., 2016; 

Johnson et al., 2020; Sama et al., 2013; Scaramuzzino et al., 2013; Singatulina et al., 

2019). Although hypomethylated FUS accumulates in in FTLD-FUS inclusions, genetic 

mutations, or cellular stressors, have not been discovered that explain this phenomenon 

(Dormann et al., 2012; Ravenscroft et al., 2013). Unlike methylation, our lab has shown 
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that a biologically relevant stressor, double strand DNA breaks (DSBs), triggers the DNA 

dependent protein kinase (DNA-PK) to phosphorylate FUS at 12 key S/T_Q residues in 

the N-terminal SYGQ-low complexity domain (Deng et al., 2014b; Johnson et al., 2020; 

Monahan et al., 2017; Murray et al., 2017; Rhoads et al., 2018a). Phosphorylated FUS 

(p-FUS) then accumulates in the cytoplasm of the cell (Deng et al., 2014a; Johnson et 

al., 2020). While previous studies have examined how DNA-PK mediated N-terminal 

phosphorylation of FUS may shift the structure of the N-terminus of FUS towards a 

more disordered state, none have determined whether phosphorylation at these 

residues alters the function of FUS in cells  (Monahan et al., 2017; Murray et al., 2017). 

In this study, we investigated whether N-terminal phosphorylation at these 12 key 

residues shifts the FUS protein interactome and its cellular functions. We utilized the 

APEX2 system in combination with label-free proteomic analysis to investigate the role 

of N-terminal phosphorylation in the SYGQ-rich low complexity domain on FUS 

function. Overall, this study is the first to map changes in the FUS protein interactome 

associated with a PTM.   

The first question we aimed to address was whether the proximity-labeled 

protein hits of FUS PM overlap more with homeostatic FUS WT or pathogenic FUS 

P525L. From the 3,349 proteins we identified in our study, 96.4% were shared between 

all three FUS variants (Figure 3.2A/C). This suggests that the pathogenic FUS P525L 

and the DSB-associated FUS PM variants can interact with the majority of FUS WT 

targets (Figure 3.2A). This is surprising as pathogenic versions of another ALS/FTD 

linked protein, TDP-43, have been shown to interact with a large proportion of novel 

binding partners compared to wild-type TDP-43 (Chou et al., 2018; Feneberg et al., 

2020). As such functional changes seen in pathogenic FUS P525L and the DSB-
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associated FUS PM variants may not be due to the development of novel protein 

interactions but instead are related to changes in the strength of interaction partners. 

For instance, methylation of key C-terminal residues in the RGG3 domain greatly shifts 

the strength of the interaction between FUS and its major nuclear import protein, 

transportin-1 (TNPO1) (Dormann et al., 2012; Hofweber et al., 2018a). Our data 

supports the idea that FUS pathology is not due to a general loss of FUS function, 

because pathogenic FUS P525L was still able to interact with most FUS WT target 

proteins (Sama et al., 2017; Scekic-Zahirovic et al., 2016). The findings suggest that 

pathogenesis may be due to changes in the strength of FUS interactions with other 

proteins.  

To examine whether the strength of interactions between the FUS variants and 

protein hits differed, we focused on the top 10% most enriched protein hits for each 

variant and looked at the overlap of each group (Figure 3.2A). Each sample clearly 

separated into three distinct groups, with FUS WT and FUS PM overlapping more than 

FUS P525L (Figure 3.2A/C). This distribution suggests that while a majority of the 

protein interaction network is shared between the three groups, the datasets from FUS 

WT and FUS PM share more in common with each other than FUS P525L. If the protein 

binding partners of FUS PM mirror FUS WT more than FUS P525L, does this indicate 

that expression of FUS PM is not disruptive to cellular function? To answer this 

question, we utilized differential expression analysis to directly examine the relative 

differences in abundance between our three groups. We saw that the comparison of FUS 

WT and FUS P525L exhibited the highest number of differentially expressed proteins 

followed by the comparison of FUS PM and FUS P525L (Figures 3.2D/E/F). Likewise, 
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FUS PM also enriched for a subset of proteins over FUS WT, suggesting that FUS PM 

may participate in biology processes in a manner divergent from that of FUS WT. 

We took advantage of the list of differentially enriched genes between our groups 

to understand whether FUS function was affected by FUS PM expression. Past studies 

have demonstrated that expression of FUS P525L leads to functional changes in 

ontological pathways including altered translation, altered splicing, and dysregulated 

chromatin (Baron et al., 2019; Kamelgarn et al., 2018; Marrone et al., 2019; Reber et al., 

2016; Tibshirani et al., 2017). In line with these past studies, our APEX2-FUS P525L 

dataset was enriched for both cytoplasmic functional terms (“translation”) and 

structural terms (“actin filament-based process”), while depleted for nuclear terms 

related to mRNA (“spliceosome” and “regulation of mRNA processing”) and DNA 

processes (“covalent chromatin modification” and “DNA repair”). As such, APEX2-FUS 

P525L proximity biotinylated proteins tended to be localized to the cytoplasm, 

suggesting cytoplasmic functional pathways may be altered by FUS P525L expression 

(Figure 3.1H) (Sharma et al., 2016). Our FUS WT vs FUS P525L dataset agrees with 

previous functional studies demonstrating that nucleocytoplasmic shuttling is an 

important mediator of FUS function.  

The identified subgroup of enriched ontology terms for FUS PM over FUS WT 

were “mRNA catabolic process”, “translational assembly”, “stress granule assembly” and 

“clathrin-mediated endocytosis”. These terms covered primarily cytoplasmic functions 

consistent with the observation that FUS PM accumulates in the cytoplasm over FUS 

WT (Figure 3.1D). Even so, the role of N-terminal phosphorylation in pathology is a 

debated topic. Other studies report N-terminal phosphorylation reduces the propensity 

of FUS to aggregate in vitro, thereby supporting a model where phosphorylation may be 
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protective against cytoplasmic FUS-mediated toxicity (Monahan et al., 2017; Rhoads et 

al., 2018a). Interestingly, we provide evidence that N-terminal phosphorylation instead 

promotes the formation of FUS aggregates, albeit these aggregates were smaller in size 

than the aggregates in cells expressing FUS P525L (Appendix B Supplementary 

Figure 5). Aggregation of FUS, independent of a pathogenic genetic mutation, may 

itself be sufficient to induce neurodegeneration (Nolan et al., 2016). As such, this may 

suggest that aggregates of N-terminally phosphorylated FUS may induce cellular 

toxicity. Future studies will need to investigate the role these aggregates have in cellular 

heath.  

Next, we utilized Prohits-viz to directly compare the abundance of the binding 

hits identified for these four ontology terms between each FUS variants (Figure 3.3). 

From this, we were able to visualize a multitude of proteins that overlap between 

ontology categories. We used this data along with the STRING interaction database to 

identify a subset of proteins from each ontology term that were either 1) previously 

identified binding partners for FUS WT (G3BP1, UPF1, PABP1, eIF2α) or 2) novel 

binding partners (VPS35, MOV10, CLTA) (Di Salvio et al., 2015; Kamelgarn et al., 2016; 

Kamelgarn et al., 2018; Markmiller et al., 2018; Verbeeck et al., 2012). As anticipated by 

the APEX2 datasets, we were able to confirm the interaction between all three FUS 

variants and the above targets utilizing two different methods: immunoprecipitation 

and immunofluorescence (Figure 3.4A/B). FUS pathology is thought to occur when 

this highly regulated process is dysregulated, leading to an over-accumulation of FUS 

into cytoplasmic aggregates (Verbeeck et al., 2012). Overtime, cytoplasmic FUS 

aggregates are thought to induce a toxic gain of function in the cytoplasm leading to 

neuronal cell death (Mitchell et al., 2012; Scekic-Zahirovic et al., 2016). In line with this, 
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FUS PM and FUS P525L localized in the cytoplasm with target proteins (Figure 3.4B). 

Even though FUS WT did not form distinct puncta or aggregates with these target 

proteins, we did detect a positive interaction through immunoprecipitation. It should be 

noted that FUS is a nucleocytoplasmic protein that shuttles between these two cellular 

compartments (Zhang and Chook, 2012; Zinszner et al., 1997). Therefore, while FUS 

accumulation into in the nuclear compartment is easily visualized through 

immunofluorescent staining, a significant portion of the protein is cytoplasmic (Figure 

3.1C). Thus, our APEX2 dataset is validated using secondary confirmation by 

immunoprecipitation and immunofluorescent analysis.  

Using immunoprecipitation, we identified novel interactions between all three 

FUS variants and VPS35, MOV10, and CLTA. VPS35 is a key component of the retromer 

trafficking complex and is highly expressed in pyramidal neurons, a key cellular target 

in FTLD-mediated pathology (Tang et al., 2020a). MOV10 is a member of the SF-1 RNA 

helicase family related to UPF1 and a component of the RNA-induced silencing complex 

(RISC) (Goodier et al., 2012). Exogenous expression of MOV10 was shown to ameliorate 

cell death in a TDP-43 model of ALS pathology (Barmada et al., 2015). Decreased 

expression of the endocytic protein, CLTA, has been reported as a potential general 

marker of early endocytic dysfunction in neurodegeneration (Li et al., 2019). While all 

three of these proteins have been previously linked to FTD/ALS pathology, no study has 

directly linked FUS binding to these targets. The positive validation of these targets 

opens new avenues to explore the role of these FUS variants on protein-protein 

interactions.  

We set out to determine the extent that FUS PM expression affected functional 

pathways suggested by APEX2 analysis. Alterations in mRNA catabolic processing have 
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been strongly linked to both ALS and FTD. One such process is nonsense mediated 

decay (NMD). Nonsense mediated decay is a major cellular mechanism responsible for 

mRNA quality control by surveilling mRNA for premature termination codons (Brogna 

and Wen, 2009; Mendell et al., 2004). UPF1 and PABP1, two proteins differentially 

enriched in FUS PM over FUS WT, act as opposing forces mediating the 

degradation/stabilization of NMD-sensitive mRNAs (Silva et al., 2008). A recent report 

found that NMD was inhibited in a C9orf72-model of FTD pathology, indicating that 

NMD dysfunction could be a common finding across the ALS/FTD spectrum (Sun et al., 

2020). Overexpression of UPF1 in a model of FTD ameliorated toxicity in a model of 

ALS, suggesting enhancing NMD may be beneficial (Ortega et al., 2020). In contrast, 

another report found that an ALS-linked FUS mutant enhanced NMD decay of targeted 

transcripts (Kamelgarn et al., 2018). What might explain these discrepancies? One 

possibility is that past studies utilized model systems derived from different species.  

Studies that found diminished NMD were performed in human-derived models or using 

an in vivo mouse model of FUS pathology, while the study that shows enhanced NMD 

was done in an immortalized mouse cell line (Ho et al., 2021; Kamelgarn et al., 2018; 

Sun et al., 2020). Recently, we reported that mouse cells do not recapitulate DSB-

mediated N-terminal phosphorylation of FUS (Johnson et al., 2020), raising the 

possibility that FUS-mediated regulation of NMD is also not accurately recapitulated in 

mouse cells. To avoid these species-specific differences, we measured the steady-state 

levels of known targets of NMD using a qPCR assay in human HEK293T cells. We found 

that mRNA transcript levels of ATF3, but not ATF4, are significantly increased following 

expression of FUS PM and truncated FUS delta 15 (Figure 3.5B). These data suggest 
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that expression of FUS PM may shift the total levels of certain mRNA transcripts. Future 

studies will need to explore if NMD processes are responsible for this shift.   

What might be causing this divergence in steady state ATF3 transcript levels? 

Various cellular stressors such as the production of reactive oxygen species or ER stress 

leads to upregulation of ATF3 and ATF4 (Kurosaki et al., 2019). ATF3 is a stress-

induced transcriptional activator associated with binding genomic sites related to 

cellular stress (Zhao et al., 2016). In parallel, expression of ATF4 leads to ATP depletion, 

oxidative stress, and cell death (Feneberg et al., 2020). Interestingly, upregulation of 

ATF4 occurs first, before directly inducing the expression of ATF3 and other 

downstream transcriptional regulators. Given that we only assayed one time point, it is 

possible that while the 48-hour time point captures the change in total transcripts levels 

for ATF3, it may be too late to detect appreciable changes in ATF4 transcript levels 

(Jiang et al., 2004; Kurosaki et al., 2019). Furthermore, we did not detect altered 

transcript levels for two other targets of NMD (Figure 3.5A/B) (Huang et al., 2011; 

Kurosaki et al., 2019). Thus, expression of FUS PM expression may regulate specific 

mRNA transcripts. Consistent with this idea, previous studies have shown that not all 

perturbations to the NMD pathway equally affect transcript expression. For instance, 

depletion of NMD factor UPF2 enhanced ATF3 but not TBL2 mRNA transcript levels  

(Huang et al., 2011). Alternatively, induction of ATF3 mRNA following expression of 

FUS PM and delta 15 may reflect the role of ATF3 as a stress-responsive transcription 

factor (Rohini et al., 2018). Future studies should investigate the role FUS 

phosphorylation on stress response pathways and the specificity of mRNA catabolic 

suppression on other transcripts.    
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FUS function is closely linked to regulation of mRNA translation (Baron et al., 

2013; Baron et al., 2019; Kamelgarn et al., 2018; Sévigny et al., 2020; Yasuda et al., 

2013). In line with this, we saw that expression of FUS PM enhanced protein translation 

compared to FUS WT (Figure 3.5D). Interestingly, while we saw a trend, we did not 

find a significant change in protein synthesis following FUS delta 15 expression (Figure 

3.5D). Cytoplasmically localized ribonucleoprotein complexes (RNP) granules 

containing FUS, wild-type or an ALS mutant, have been reported to participate in active 

protein translation (Yasuda et al., 2013). Accordingly, FUS PM and FUS P525L in the 

cytoplasm may enhance protein translation through a similar mechanism. It should be 

noted that while the SUnSET is thought to reliably measure protein translation it does 

have some limitations: 1) it measures relative rates of synthesis and is unable to capture 

the absolute changes and 2) differences in the amount of free puromycin may alter 

puromycin uptake (Goodman and Hornberger, 2013). Therefore, future studies should 

compare multiple methods of quantifying protein synthesis.  

  Lastly, we examined how expression of FUS PM may impact autophagy through 

autophagosome formation. Lysosome-mediated autophagy is a multi-stage process 

involving multiple cellular components. In this process, autophagosomes are an integral 

part of the autophagy cascade where they begin as phagophores that expand into 

autophagosomes and fuse with endosomes and lysosomes to allow degradation of the 

compartment contents (Longatti et al., 2010). Dysfunctional autophagosome formation 

and other aspects of the autophagy-lysosome pathway has been widely reported in ALS 

and FTD (Root et al., 2021). In this study, we idented CLTA as a binding partner for 

FUS, which is involved autophagosome formation. However, we did not  detect any 

difference in the levels of two markers of autophagosomes following FUS WT and FUS 
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PM expression, suggesting autophagosome formation is not affected (Figures 3.5F/G) 

(Ravikumar et al., 2010). Nonetheless, it remains possible that phosphorylation of FUS, 

or expression of pathogenic FUS mutations, affects autophagy and related pathways  

(e.g. autophagic flux, lysosome health, fusion, endocytosis) (Klionsky et al., 2021; Root 

et al., 2021). Future studies should examine whether other parts of the clathrin-

mediated endocytic pathway are affected by expression of FUS PM leads to changes in 

function.  

 We report the first study examining whether a post-translational modification, N-

terminal phosphorylation, affects the FUS proteome. Using the APEX2 system, we 

identified a robust dataset of novel protein partners for FUS WT, FUS P525L, and a 

mimetic of N-terminal phosphorylation of FUS. We provide evidence that expression of 

phosphorylated FUS may impact cellular function by enhancing translation and 

suppressing mRNA degradation. These findings also shed light on fruitful avenues for 

future investigation. Future studies should examine how post-translational 

modifications of FUS regulate protein function within the cell and how non-genetic 

factors influence processes underlying disease. The discovery that phosphorylated FUS 

plays a unique role in the cytoplasm provides valuable insights into what functions may 

be dysregulated in the pathological cascades of ALS and FTD.  
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Chapter 4: Conclusions and future directions 
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4.1 Outline    

As discussed in Chapter 1, FUS is a ubiquitously expressed protein involved in 

multiple cellular functions. Many of these functions are facilitated through the N-

terminal PLD. However, multiple variables can affect the functionality of the PLD 

including FUS/TNPO1 interaction, RNA concentration, C-terminal methylation and 

phosphorylation. FUS can be phosphorylated at >50 serine/threonine/tyrosine residues 

spread between the N- and C-terminus (Figure 1.3) but it is unclear whether N-

terminal sites can mediate FUS function. At the start of this dissertation, my lab had 

recently discovered that DSBs induced by a chemical treatment, CLM, triggers DNA-PK 

to phosphorylate FUS at 12 N-terminal residues (Deng et al., 2014b). This new species of 

phosphorylated FUS then accumulates in the cytoplasm. However, the functional role of 

cytoplasmic, phosphorylated FUS was unknown. As such, the objective of this 

dissertation was to address whether N-terminal phosphorylation of FUS at 12 S/T_Q 

residues in the PLD was a novel regulator of FUS function. I begin this discussion with a 

summary of the findings presented in Chapters 2 and 3. I then integrate these findings 

into the existing literature and present my proposed model for the role N-terminal 

phosphorylation plays in cellular function. Finally, I identify the most relevant future 

directions that will build a more complete understanding of how N-terminal 

phosphorylation shifts FUS function.     

4.2 Summary of findings 

 Our original discovery in 2014 showed that FUS is phosphorylated by the PIKK 

family member DNA-PKcs following DSB (Deng et al., 2014b). We attempted to expand 

upon this finding by investigating what functional pathways are affected by the 

cytoplasmic accumulation of phosphorylated FUS in a neuronally relevant model. 
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Multiple models exist to study human neurons including immortalized cells, induced 

pluripotent stem cells (iPSC)-derived neurons, and neurons from donor tissue but each 

of these models have limitations including cost and time (Deng et al., 2014b; Dolmetsch 

and Geschwind, 2011; Valtcheva et al., 2016). Given that primary mouse neurons 

circumvent many of these issues, they are a widely used model of neuronal function. 

FUS and DNA-PKcs are also conserved across mice and humans (Boubnov and Weaver, 

1995; Hicks et al., 2000; Kuroda et al., 2000). Consequently, it was surprising to 

discover that primary mouse neurons do not phosphorylate FUS following CLM 

(Chapter 2). I showed that mouse cells treated with CLM do not activate DNA-PKcs to 

the same extent as human cells. This suggests that CLM is unable to induce FUS 

phosphorylation because DNA-PKcs is not adequately activated, making mouse-derived 

cells an inadequate model for CLM-mediated FUS phosphorylation.  

Following this finding, I switched to a human immortalized cell model, 

HEK293T, for the completion of my studies. I used a proximity labeling approach, 

APEX2 coupled with label free proteomics to identify the protein interaction partners of 

phosphorylated FUS (Chapter 3). I discovered that while phosphorylated FUS shares a 

majority of its binding partners with the general FUS proteome, phosphorylation 

enhances the interaction of FUS with a subset of proteins involved in mRNA translation 

and metabolism. As such, cells may promote the N-terminal phosphorylation of FUS as 

a novel method to regulate expression of specific mRNAs.  

4.3 Inbred mice may be an insufficient model for DNA damage induced FUS 

pathology 

Animal models allow biomedical researchers to explore complex scientific 

questions in manageable and scalable systems. Of these models, the inbred laboratory 
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mouse (Mus Musculus) has become the most commonly used experimental model to 

investigate human disease (Carbone, 2021). However, the frequent use of mouse models 

does not mean that mice accurately recapitulate all aspects of the diseases they are used 

to study. In this dissertation, I showed that mouse cells are incapable of phosphorylating 

FUS following chemical induction of DSBs (Chapter 2). What could cause this species-

specific divergence? We can outline differences between mice and humans at various 

levels starting at the genome. The mouse genome is 14% smaller and only aligns to 40% 

of the human genome at the nucleotide level. While humans and mice share a 

comparable amount of protein coding genes, ~1% of mouse proteins also have no 

human ortholog suggesting appreciable differences in protein function between humans 

and mice (Breschi et al., 2017; Chinwalla et al., 2002). Furthermore, transcriptional 

regulation is significantly different for ~89% genomic targets and recent estimates 

consistently report that humans express a more complex assortment of regulatory, 

noncoding RNAs than mice (Breschi et al., 2017; Odom et al., 2007; Yue et al., 2014). 

Thus, these findings suggest that protein expression in humans and mice could vary 

considerably. 

These differences further extend to the system level. As FTD and ALS pathology 

primarily targets neurons, it becomes important to establish the general differences in 

the mouse and human nervous system. While the cellular architecture of the nervous 

system is relatively conserved between mice and humans, gene expression of 

neurotransmitter receptors, ion channels and cell-adhesion molecules all significantly 

vary. This may account for the reported differences in cellular distribution and 

morphology of neurons between the two species (Hodge et al., 2019). Furthermore, the 

brain contains the second highest percentage of gene expression differences between 
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mice and humans (Lin et al., 2014a). Specifically, up to 30% of the proteins in the 

extracellular and post-synaptic density matrix differ between humans and mice (Bayés 

et al., 2012; Pokhilko et al., 2021). These differences at the protein level support the idea 

that mouse and human neurons may respond to their environments through divergent 

mechanisms. For example, mice are a much shorter-lived species than humans and thus 

their neurons need to deal with less damage over a lifetime. It is known that longer-lived 

species such as humans have higher expression of DNA repair genes and pathways 

(MacRae et al., 2015; Waterston et al., 2002). Furthermore, previous data has shown 

that human and mouse neurons show divergent DNA repair complex activation for the 

PIKK family member ATR (Martin and Chang, 2018). When activated, PIKK family 

kinases phosphorylate a wide variety of overlapping targets through the same S/T_Q 

consensus sequence (Blackford and Jackson, 2017). As such, there was already a 

precedent that PIKK kinase activation is divergent between humans and mice. This 

aligns with my finding that mouse cells exhibit insufficient activation of the PIKK family 

kinase, DNA-PKcs (Chapter 2).    

Why might FUS-mediated DNA repair function differ between mouse and human 

cells? Mouse KO studies were the first to report that DNA repair is mediated by FUS 

expression (Chapter 1). Subsequent studies done in both humans and mice show that 

knockdown of FUS leads to diminished HR and NHEJ, suggesting FUS mediates 

efficient DNA repair in both species (Mastrocola et al., 2013; Wang et al., 2013). 

Interestingly, KO of FUS in outbred (CD1) but not inbred mouse lines (C57 BL/6) had 

no effect on mouse survival and tissue composition. This could be because outbred mice 

have increased genetic diversity than inbred mice. This suggests that genetic differences 

might mediate the impact the FUS loss in DNA repair (Hicks et al., 2000; Kuroda et al., 



 143 

2000). There is a precedent that different inbred mouse lines display varying 

predispositions towards neurodegeneration. For example, genetic KO of a tRNA, n-

Tr20, in C57 BL/6J but not C57 BL/6N mice leads to neurodegeneration (Ishimura et 

al., 2014). Recent studies comparing individuals from inbred mouse lines such as C57 

BL/6 have also shown that even within populations thought to be genetically 

homogenous, there is more genetic variability than previously anticipated (Tuttle et al., 

2018). Therefore, different mouse lines or even individual mice may utilize FUS in DNA 

repair to different extents. The variability of this response to DSBs could indicate that 

mice may not be the optimal model to investigate FUS function. As such, in my next 

study, I exclusively used a human-derived cell line, HEK293T cells.   

4.4 N-terminal phosphorylation in phase separation   

 How might phosphorylation of these 12 N-terminal residues trigger cytoplasmic 

accumulation in human cells? FUS self-assembles through the PLD to mediate its 

various functions (Yang et al., 2014). The initial hypothesis was that addition of these 12 

negatively charged amino acids would bring order to the traditionally disordered N-

terminal PLD (Monahan et al., 2017). Through this ordering, FUS would be prevented 

from associating with other FUS proteins as the negative charges would repel self-

assembly and inhibit the protein’s ability to phase separate. From here, unassembled 

FUS would be more available for nuclear export leading to the observed cytoplasmic 

accumulation. This hypothesis then speculates that FUS would diffusely localize to the 

cytoplasm. However, in Chapter 3 I provide compelling evidence that N-terminal 

phosphorylation can cause the accumulation of FUS into cytoplasmic aggregates. The 

cause of this discrepancy is currently unknown.    
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Figure 4.1 Effect of N-terminal phosphorylation on phase separation 

(A) Dimethylated, unphosphorylated FUS forms pi-cation bonds between its’ N-

terminal tyrosine and C-terminal methylated arginine. Pi-cation bonds are 

noncovalent interactions between a benzene ring and a positively charged ion. These 

weak pi-cation bonds allow dynamic phase separation. (B) Hypomethylated, 

unphosphorylated FUS forms strong pi-cation bonds may encourage beta-sheet 

formation. This leads to stacking of FUS protein into solid aggregates. (C) 

Dimethylated, phosphorylated FUS forms weak pi-cation bonds. The 12 S/T_Q 

residues that are phosphorylated adds additional negative charge that strengthens the 

pi-cation bonds. These interactions allow dynamic phase separation. (D) 

Hypomethylated, phosphorylated FUS forms strong pi-cation that cause FUS to form 

strong inter- and intramolecular interactions between the N- and C- terminus. This 

causes stacking of FUS protein into solid aggregates. Created in Biorender.com.  
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The ability of FUS to phase separate is largely mediated through the pi-cation 

interactions of the tyrosine rich N-terminal PLD domain and the C-terminal arginine 

rich RGG domains (Chapter 1). Before it was widely understood that the C-terminus is 

essential for proper phase separation of FUS, early work focused on studying the 

PLD/LC domain. Truncation mutants containing only the FUS PLD/LC domain were 

found to readily phase separate in vitro. Further, induction of N-terminal 

phosphorylation reduced phase separation of the PLD/LC domain (Ding et al., 2020; 

Luo et al., 2018; Monahan et al., 2017; Murray et al., 2017). However, when the authors 

induced phosphorylation of either some or all 12 S/T_Q sites in full length FUS, they 

observed comparable phase separation to the unphosphorylated variant (Monahan et 

al., 2017). Phosphorylated FUS even showed a decreased propensity to enter into the 

solid-phase aggregates associated with disease (Monahan et al., 2017; Owen et al., 

2020). Furthermore, a computational model of FUS phase separation supports the idea 

that phosphorylation can increase the protein’s propensity to phase separate (Vernon et 

al., 2018). There is even evidence that this effect is not specific to only the 12 S/T_Q 

sites as phosphorylation of FUS at three other non-DNA-PKcs sites can also disrupts the 

phase transition from dynamic to solid-phase aggregates. It should be noted though that 

there is one report that insertion of a negatively charged amino acid in the PLD at a site 

other than a serine or threonine does promote solid-phase aggregation. This suggests 

the negative charges must occur at the established phosphorylation sites for FUS to 

retain its dynamic characteristics (Owen et al., 2020; Patel et al., 2015).   

There is compelling evidence that N-terminal phosphorylation can strengthen 

phase separation of FUS particles but it remains unclear whether N-terminal 

phosphorylation mediates toxic aggregation. Certain proteins structures are more prone 
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to form toxic aggregates. One of the most studied structures that induce toxic 

aggregation are amyloid fibrils. Amyloid fibrils form when a soluble protein assembles 

into stable fibers. These stable fibers contain multiple β-sheets that stack through 

hydrogen bounding and wound around an amyloid core structure (Rambaran and 

Serpell, 2008). The classic example of amyloid formation is in Alzheimer’s disease 

pathology, where the aggregation of amyloid-β peptides is derived from the improper 

cleavage of soluble amyloid precursor protein (APP) (van der Kant et al., 2020). While 

amyloid deposition is a common feature of many protein misfolding disorders including 

FTLD-TDP and sporadic ALS, aggregates in FTLD with FUS pathology are not 

immunoreactive for pathogenic amyloid structures (Bigio et al., 2013; Knowles et al., 

2014). This could be due to the structure of the FUS amyloid-like core. As discussed in 

Chapter 1, there is strong evidence that FUS contains an amyloid core but that this 

core does not contain the necessary side chains to promote β-sheet packing (Luo et al., 

2018; Murray et al., 2017).  It is currently unknown how the FUS core could transition to 

promoting aggregation. Past studies have shown that FUS aggregates are 

hypomethylated at the C-terminus and that this promotes aggregations (Chapter 1). 

Could another set of PTMs at the N-terminus work in tandem with C-terminal 

hypomethylation to shift the core structure towards aggregation?  

It is unknown whether FTLD-FUS aggregates contain N-terminally 

phosphorylated FUS. Even so, past studies have shown that hypomethylated FUS is 

present in FTLD-FUS aggregates (Chapter 1). Thus, we might gain some hints from the 

structure of hypomethylated FUS aggregates. While hypomethylated FUS inclusions are 

not immunoreactive for amyloid using the traditional thioflavin T dye, Qamar et al. 

showed that they are immunoreactive for β-sheet aggregates commonly seen in tau 
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pathology using the fluorescent dye, formyl thiophene acetic acid (pFTAA) (Qamar et 

al., 2018). Furthermore, aggregates of hypomethylated FUS are heterogenous 

assemblies, containing regions of solid and diffuse FUS aggregation. These solid regions 

have increased antiparallel cross-β sheet content and intermolecular hydrogen bonding 

making the aggregates more stable and potentially toxic to a cell (Qamar et al., 2018). 

Could a subset of hypomethylated FUS also be phosphorylated at N-terminal residues? 

This would suggest that methylation and phosphorylation may be working together to 

mediate solid-phase separation. As such, I propose a model of FUS aggregation in 

Figure 4.1 that combines methylation and phosphorylation.    

Altogether, current evidence suggests that S/T_Q phosphorylation does not 

disrupt phase separation in cells. Instead, it may induce phase separation by increasing 

the strength of the tyrosine-arginine interactions through electrostatic forces. Pathology 

may arise when FUS shifts from a dimethylated to a hypomethylated state, increasing 

the strength of the intramolecular pi-cation interactions and causing the formation of 

stabilizing hydrogen bonding (Figure 4.1).  

4.5 Proposed role of N-terminal phosphorylation in cellular function 

 At the beginning of my studies in Chapter 3, I hypothesized that the interaction 

between FUS and its binding partners would be shifted by N-terminal phosphorylation, 

thereby modulating the role FUS has in various functional pathways. My data show that 

by mimicking FUS phosphorylation using a phosphomimetic (FUS PM), the FUS 

proteome shifts towards enhanced interaction with cytoplasmic proteins involved in 

translation, mRNA metabolism, SG formation, and clathrin-mediated endocytosis. My 

data further suggests that cells expressing FUS PM exhibit enhanced translation coupled 

with diminished NMD.  
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Figure 4.2 Effect of N-terminal phosphorylation on cellular function 

(1) FUS is recruited by PARP1 to the site of DNA damage undergoing alternative 

NHEJ. FUS triggers phase separation, creating a compartment of damaged DNA and 

DNA repair proteins. (2) This recruits Ku70/80 to DSB site. (3) Ku70/80 recruits the 

DNA-PK catalytic subunit (cs). DNA-PKcs phosphorylates FUS (4) Phosphorylated FUS 

dissociates from site of DSB and exports either through an interaction between its 

nuclear export sequence (NES) and an exportin protein or through passive diffusion. 

(5) phosphorylated FUS triggers phase separation, sequestering mRNA and proteins 

into a ribonucleoprotein (RNP) granule. This allows stress-sensitive mRNAs to be 

preferentially translated.  
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The next question is what transcripts are targets of this mechanism? It would 

make sense that the transcripts that are typically targeted by FUS enter into the 

aggregates created by N-terminally phosphorylated FUS where they are silenced. As 

summarized in Chapter 1, FUS can interact with hundreds of cytoplasmic mRNA 

transcripts. Of these mRNAs, FUS activity is most important for regulating the gene 

expression in cell types affected by FTD and ALS (cortical neurons, motor neurons and 

glial cells) (Fujioka et al., 2013). GO analysis reveals that these genes are involved in 

various integral cellular processes including RNA metabolism, phospholipid 

metabolism, neuron projection, protein transport, synaptic transmission, and regulation 

of apoptosis (Colombrita et al., 2015; Fujioka et al., 2013). If these transcripts are 

repressed inside the ribonucleoprotein (RNP) granules containing N-terminally 

phosphorylated, what transcripts are responsible for the increased global protein 

synthesis? Typically RNP granule formation suppresses mRNA transcripts involved in 

homeostatic functions, thereby allowing the cell to favor translation of stress responsive 

transcripts (Buchan and Parker, 2009). In line with this idea, I found that expression of 

FUS PM causes an accumulation of the stress responsive mRNA transcript ATF3. 

Therefore, my data suggests that a major functional outcome of N-terminal 

phosphorylation is the modulation of mRNA metabolism towards a stress responsive 

state. This may promote expression of proteins involved in stress response such as 

chaperones, stress activated transcriptome factors, and proteolysis proteins.  

 Taken together, I propose the model outlined in Figure 4.2 where DSBs are 

repaired through alterative NHEJ which triggers PARP1 recruitment to sites of DNA 

damage. PARP1 begins PARylation of proximal proteins, leading to FUS recruitment. 

FUS binds to the site of DNA damage through its PLD and initiates the formation phase 
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separation compartment containing the damaged DNA, PAR residues, and other RBPs 

capable of phase separating. This phase separation increases the local concentration 

DNA repair factors and allows the additional recruitment of other DNA repair factors 

such as Ku70/80. Ku70/80 then recruits the DNA-PKcs which begins to phosphorylate 

FUS as PARG1, the enzyme responsible for hydrolyzing PAR triggers FUS dissociation 

from DNA (Wang et al., 2013). It is during this time that DNA-PKcs then phosphorylates 

H2AX, allowing activation downstream repair processes (Stiff et al., 2004). This newly 

phosphorylated FUS then exports from the nucleus either through the NES or passive 

diffusion into the cytoplasm. In the cytoplasm, phosphorylated FUS then begins to 

phase separate, recruiting various mRNA species and proteins into aggregates. This 

would then allow the cell to shift its translational machinery towards prioritizing stress 

responsive proteins that can help with DNA repair. Therefore, N-terminal 

phosphorylation may be a stress response that, like methylation, can become 

dysregulated, leading to enhanced FUS aggregation and cellular toxicity. Therefore, in 

section 4.6, I propose future studies that can be carried out to test my proposed model.   

4.6 Future Directions    

Direction 1: Evaluating DNA repair pathways between mice and humans   

As discussed in section 4.3, one of the reasons mouse models of FTD/ALS-FUS 

may be unable to recapitulate FUS pathology may be due to differences in the DSBs 

DNA repair response. Proper DNA-PKcs activation is an integral for recruitment of 

downstream proteins to sites undergoing NHEJ but I demonstrate that mouse cells fail 

to properly activate DNA-PKcs (Chapter 2). While there are multiple reports that 

humans have higher expression of DNA repair genes than mice (section 4.3), no study 
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has done a comprehensive review of the differences in 1) expression levels, 2) activation 

status and 3) level of protein recruitment to sites of DNA damage.  

Past studies that have attempted to compare mouse and human tissues have 

encountered various technical issues including differences in the collection of the tissue 

and analysis of the tissue using different machines (Breschi et al., 2017). To circumvent 

these issues, I propose that iPSCs are generated from 1) control humans, 2) an inbred 

mouse line (e.g. C57 BL/6), and 3) an outbred mouse line (e.g. CD-1). iPSCs should then 

be differentiated into a long lived and FTLD-relevant cell type such as cortical neurons. 

Following this, transcriptomic and proteomic analysis can be undertaken following 

induction of varying types of DNA damage (e.g. UVA-microirradiation, chemical 

treatment). Lastly, imaging at different time points will reveal whether recruitment to 

sites of DNA damage is different between the mouse and human neurons. Completion of 

these studies will allow future studies to understand whether mice are a good model for 

the type of DNA damage they are studying.      

Direction 2: Evaluating the FUS proteome’s response to stress in mice and humans  

 Since mouse FUS is retained in the nucleus following CLM-induced DSB 

(Chapter 2), it continues to interact with nuclear proteins. In contrast, human FUS is 

phosphorylated and accumulates in the cytoplasm. As such, the population of proteins 

accessible to human FUS during DSB-mediated stress is different than the population 

for mouse FUS. A protein’s function is dependent its interaction partners as proteins do 

not function independently. Therefore, comparing the interaction partners of mouse 

and human FUS during different stress events could inform why mouse cells responds 

differently to DSBs. This study could be completed in the iPSC derived neurons from 

direction 1. I propose that a future study engineers an APEX2 fusion to mouse and 
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human FUS and express these fusion proteins in their respectively host species. iPSC-

derived neurons should then be treated with various triggers of DSBs to induce FUS-

mediated DNA repair. Unlike the label free APEX2-proteomic strategy utilized in 

Chapter 3, I propose this study should be completed using the tandem mass tag (TMT) 

strategy that allows direct quantification between the samples from the two species. 

Completion of these studies will provide a comparative list of proteins binding partners 

for mouse and human FUS. This will inform how mouse cells utilize FUS differentially 

to handle stress.  

Direction 3: Proteomic mapping of the PTM present in FUS inclusion   

As discussed in Chapter 1, FUS contains multiple PTM sites outside of the N-

terminal S/T_Q phosphorylation sites. Many of this sites impact the ability of FUS to 

undergo phase separation (Rhoads et al., 2018b). In Figure 4.2, I present a model 

whereby both N-terminal phosphorylation and C-terminal methylation may mediate the 

transition of FUS from phase separation to solid aggregate formation. One method to 

explore the validity of this model would be to map the PTMs associated with aggregating 

FUS in post-mortem patient brains. Previous studies have attempted to identify 

individual PTM sites using labor intensive biochemical techniques such as 

immunoprecipitation, antibody creation, and confirmation in cellular models (Dormann 

et al., 2012). Instead, there are techniques that allow the user to enrich for modified 

proteins and using liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

paired with computational data analysis to identify the modified sites (Zhao and Jensen, 

2009). I propose that the insoluble fraction is enriched in post-mortem brains from 

control, FTLD-FET, and ALS-FUS patients. Using LC-MS/MS, the PTM sites on FUS 

can be identified. Completion of these studies will determine whether the PTM signature 
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of FTLD-FET is influenced by N-terminal phosphorylation. Furthermore, by using an 

unbiased approach, researchers will be able to determine if other PTM’s (e.g. additional 

phosphorylation, ubiquitination, and SUMOylation sites) are overrepresented in patient 

inclusions compared to controls.     

Direction 4: In vitro characterization of the influence various PTMs have on phase 

separation  

As discussed in section 4.4, past studies have examined the roles methylation or 

N-terminal phosphorylation play in phase separation individually (Murray et al., 2017; 

Qamar et al., 2018). Currently, no study has examined the role concurrent PTM’s (such 

as N-terminal phosphorylation and C-terminal methylation) may have on phase 

separation. I propose that a future study can study this by using an in vitro phase 

separation assay where one can artificially induce the phase separation of purified FUS 

protein (Murakami et al., 2015). In this study, FUS would be genetically modified to 

mimic phosphorylation and methylation at the PTM sites identified in direction 3  

(Monahan et al., 2017; Murakami et al., 2015; Qamar et al., 2018). Through this study, 

the researchers can use these mimics to study if the PTMs affect phase separation to a 

greater extent individually or as a pair. Completion of this study will provide a more 

biologically relevant tool to study the role of PTMs in phase separation.  

Direction 5: Role of N-terminal phosphorylation of FUS in RNA regulation 

As discussed in the Chapter 1 and section 4.5, FUS regulates the expression of 

hundreds of mRNAs. In Chapter 3, I present data that suggest N-terminal 

phosphorylation of FUS causes differential interaction of FUS with proteins involved in 

RNA metabolism. I hypothesize that expression of N-terminally phosphorylated FUS 

shifts the transcriptome of the cell, possibly through shifting the binding affinity of FUS 
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to its target mRNA species. The APEX2 system can be used to enrich for proximal 

mRNA instead of proteins (Kaewsapsak et al., 2017). The iPSC neurons generated in 

direction 2 would express a APEX2-FUS protein that could be modified into a 

phosphomimetic variant of FUS (e.g. Chapter 3). I propose that proximity labeling is 

initiated in cells expressing either FUS WT or FUS PM. The RNA interacting with the 

FUS variants can then be pull downed and identified using RNA-Seq analysis. Through 

this, the RNA species that preferentially binds phosphomimetic FUS will be identified 

and a comparison can be done to determine if N-terminal phosphorylation shifts the 

population of RNAs interacting with FUS.  

Direction 6: Determining the structure of N-terminally phosphorylated FUS 

aggregates  

Qamar et al. observed that hypomethylated FUS aggregates are immunoreactive 

for pFTAA. Given the model I propose in Figure 4.2, I theorize that N-terminal 

phosphorylation and hypomethylation work in tandem to facilitate the formation of 

solid FUS aggregates. Given this, I hypothesize that N-terminally phosphorylated 

aggregates will be immunoreactive for pFTAA like hypomethylated FUS. I propose that 

a future study could induce aggregate formation of N-terminally phosphorylated FUS in 

both an in vitro liquid phase separation model (direction 5) and a cellular model 

(Chapter 3). Aggregates could then be stained using the amyloidophylic fluorescent 

dyes, thioflavin T and thioflavin S, and the tau aggregate fluorescence dye, pFTAA. 

Through using both in vitro and in vivo models, researchers will be able to determine 

whether the behavior of the aggregates is different in the test tube compared to the 

biological relevant cell. Following this, aggregate staining should be completed on 

FTLD-FUS, ALS-FUS and control brains to determine whether the aggregate formation 
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present in the above models (immunoreactive for either thioflavin positive or pFTAA 

positive) is similar to what is seen human disease.   

4.7 Final Conclusions 

Like all good explorations into human biology, this dissertation ends by asking 

more questions. I discovered that DSB-mediated FUS phosphorylation is a species-

specific stress response that may assist cells in managing a two-pronged defense against 

DNA damage: First, FUS mediates recruitment of DNA repair proteins to the site of 

damage. Second, phosphorylated FUS directs formation of RNP granules to promote 

stress responsive protein activation (summarized in Figure 4.2). As such, the studies 

presented in this dissertation illustrate the importance of studying the role of PTMs in 

FUS function.  
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Supplemental Figure 1 Lack of lower-molecular weight FUS species in 

immortalized cell lines treated with CLM. Human HEK293T cells, human SH-

SY5Y cells, and mouse N2A cells were treated with CLM (0 or 40 nM) for 2 hours. 

Following treatment, cells were lysed using RIPA buffer and analyzed by SDS/PAGE 

and western blot using an antibody for total-FUS.  No FUS immunoreactivity bands 

below 75 kDa were detected, suggesting CLM treatment does not generate smaller FUS 

fragments in HEK293T, SH-SY5Y cells, or N2A cells.    
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Supplemental Figure 2 Staurosporine and calyculin A treatment does not 

cause robust FUS phosphorylation in mouse N2A cells compared to human 

SH-SY5Y cells. (A) SH-SY5Y and N2A cells were treated with 0, 1 µM, or 2 µM 

staurosporine. RIPA extracted whole cell lysates were analyzed using antibodies 

against: FUS and GAPDH. GAPDH was used as a loading control. (B) SH-SY5Y and 

N2A cells were treated with increasing doses of staurosporine (µM) or DMSO (vehicle 

control) for 3 hours. SH-SY5Y cells have a distinct dose-dependent increase in p-H2AX 

signal whereas N2A cells lack any noticeable change in p-H2AX signal. Following 

treatment, RIPA extracted whole cell lysate was analyzed with indicated antibodies. 

GAPDH was used as a loading control. (C) SH-SY5Y and N2A cells were treated with 0 

(DMSO vehicle), 5 nM, 10 nM, or 20 nM Calyculin A. RIPA extracted whole cell lysate 

was analyzed using antibodies against: FUS and p-FUS (Ser30). Overlay reveals p-

FUS is detected in both cells lines only at the highest dose tested, 20nM, but the p-FUS 

signal is greater in SH-SY5Y cells.  
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Supplemental Figure 3 Validation of antibody that recognizes mouse and 

human total and phosphorylated DNA-PK. Targeted knockdown of mouse DNA-

PK verifies specificity of  antibody PA5-86134. (A) N2A cells were treated with ON-

TargetPlus siRNA pool against GAPDH ((+); D-001830-20), nontargeting siRNA ((-

);D-001810-0X) or Mouse PRKDC ((mDNA-PK); L-040958-00-0005) using 

DharmaFECT 1 transfection reagent. Cells were harvested after 72 hours and RIPA 

extracted whole cell lysate was probed for total DNA-PK using PA5-86134. Un-

transfected (UT) cells act as negative control. (B) Antibody ab18192 detects 

phosphorylated, activated DNA-PK. HEK293T cells were treated either with DMSO (0) 

or 40 nM CLM (40 nM) for 2 hours. M059J cells are DNA-PK KO cells (KO). GAPDH is 

used as a loading control.    

 
Figure 3A/B/C   
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Figure 3D/F/G - Replicates 1 and 2 

  
 
Figure 3D/F/G - Replicates 3 and 4 

  
Figure 3D/F/G - Replicate 5  

  
Figure 4B/C  
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Figure 4E/F  

  
 
 
 
Supplemental Figure 4: Compilation of western blots stained for total 

protein prior to quantification. In order to normalize protein levels for 

quantification, western blots were stained post-transfer (pre-block) for total protein 

using Revert 700 Total Protein Stain (LI-COR Biosciences). Total protein image (700 

nM) of quantified bots for figures shown below.  
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Supplemental Figure 1 Cells expressing APEX2-FUS fusion constructs must 

be given biotin-phenol (BP) and H2O2 to induce biotinylation 

(A) Western blot of cell lysate from HEK293T cells expressing different APEX2-FUS 

fusion constructs. Constructs either had APEX2 fused to the N-terminus of the FUS 

variant (Nterm) or the C-terminus of the FUS variant (Cterm) or did not have FUS 

fused to APEX2 (APEX2). Following transfection, cells were 1) given biotin-phenol 

(BP) and H2O2 (+BP + H2O2), given only H2O2 (-BP) or given only BP (-H2O2). 24 

hours post-transfection, biotinylation was induced, quenched and cells lysate was 

harvested and analyzed for biotinylated proteins (streptavidin).  

(B) Immunoprecipitation of biotinylated proteins using magnetic beads coat in 

streptavidin showing biotinylated proteins can only be pulled down when cells were 

given biotin-phenol (BP). Input is 10% of sample loaded onto magnetic beads coated 

with streptavidin; Elute is 100% of sample eluted off beads. Samples are from cells 

expressing the following APEX2-FUS fusion proteins: wildtype FUS (FUS WT), P525L 

FUS (FUS P525L), and APEX2 without FUS fusion (APEX2). Input and elution were 

analyzed for biotinylated proteins (streptavidin) and Twin-Strep-tag® (strep tag).  
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Supplemental Figure 2 Clustering of protein hits reveals specificity between 

FUS variant groups  

(A) Distance matrix of all samples, including controls, showing the Pearson 

correlation between samples within and between groups with red indicating values 

closer to 1.0 and blue indicating values closer to 0.5. (B) Distance matrix of all 

samples, following normalization to control samples, showing the Pearson correlation 

between samples within and between groups with red indicating values closer to 1.0 

and blue indicating values closer to 0.5. (C) Principal Component Analysis (PCA), 

excluding controls, showing reproducibility of data between biological replicates in 

three FUS variant groups. (D) Venn diagram of overlap of all protein hits for the three 

FUS variant groups. (E) Hierarchical clustering of samples based on the intensity 

profiles of all proteins identified. Missing values are colored gray.  
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Supplemental Figure 3 Relative intensity of proteins hits that are relevant 

for identified ontologies. Dot plots were generated using Prohits-viz are a 

graphical representation of the relative binding intensity of each protein against the 

three FUS variant groups.  
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Supplemental Figure 4 Representative immunoprecipitation of FUS 

variants.    

(A) Representative western blot (IB) showing clear enrichment of FUS variants 

following immunoprecipitation of Twin-Strep-tag® compared to input lysate. Input 

lysate is 10% of sample loaded Magstrep Type3 beads. (B) Immunoprecipitation for 

FUS in cells treated with either calicheamicin γ1 (CLM) (+) or vehicle (DMSO; (-)). 

HEK293T cells were treated with 40 nM of CLM for 3 hours at 37˚C/5% CO2. Cells 

were lysed either in HEPES (120 mM NaCl, 40 mM HEPES pH 7.4, 0.3% (w/v) 

CHAPS) or RIPA (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 

mM Tris/HCl pH 8.0) based lysis buffer + protein/phosphatase inhibitor. Following 

lysis, equal amounts of protein were loaded onto Protein G Dynabeads (Thermofisher 

Scientific, 10003D) coated in FUS antibody (Bethyl Laboratories; A300-302A) for 

overnight capture and bound material was eluted off following manufacturer 

instructions. Input and elution was western blotted for listed targets.    
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Supplemental Figure 5 FUS PM forms more cytoplasmic aggregates than 

FUS WT.    

Cells were transfected with a GFP-tagged FUS variant (FUS WT, FUS PM, and FUS 

P525L). These are the variants used in Figures 3.4 and 3.5. On average 165 cells were 

then classified into one of four categories based on the localization of FUS: Diffuse 

Nuclear (signal was spread diffusely throughout the nucleus), Diffuse Cytoplasmic 

(signal was spread diffusely throughout the cytoplasm), Both (signal was spread 

diffusely throughout the nucleus and cytoplasm) and Cytoplasmic Aggregates (signal 

was present in cytoplasmic punctate). The boundaries of nucleus was determined 

using the DAPI signal. (A) Representative images of the four classifications schemes 

for FUS localization. (B) The percentage of cells in each category was calculated for 

each group and a two-way ANOVA was performed to determined significance (n=4).  

Error bars indicate mean ± SEM.  
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