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 The aggregation of tau is observed across several neurodegenerative diseases classified 

as tauopathies. While tau has been studied extensively for several decades, little is known about 

the molecular mechanisms driving tau aggregation. One possible mechanism is the formation of 

cytoplasmic speckles, assemblies of mislocalized nuclear speckle proteins that contain polyserine 

domains, which creates a preferred site of tau aggregation. However, the nature of the interaction 

between tau and these polyserine containing assemblies, and the impact on developing tau 

pathology, are unknown.  

 My goal was to characterize the nature and consequence of tau-polyserine interactions, 

leading to a mechanistic understanding of tau aggregation with polyserine. Specifically, I 

performed a series of in vitro experiments with recombinant proteins and cell culture models to 

characterize the tau-polyserine interaction. I found that polyserine is capable of self-assembly, 

and that these assemblies interact directly with tau. This interaction increases the rate of formation 

and growth of seeding competent tau fibers. In cells, I found that polyserine-rich domains can 

enrich in tau aggregates independent of exacerbating tau aggregation. I used a series of 

separation of function polyserine variants to show that polyserine assembly and polyserine 

targeting to tau aggregates are distinct functions. Using a polyserine fusion protein that blocks 

polyserine self-assembly in cells, I show that polyserine assembly is necessary for increasing tau 

aggregation. 

 I also briefly discuss how the SARS-CoV-2 pandemic may result in increased diagnoses 

of tauopathies. I summarize previous viral pandemics and how they lead to tauopathy sequelae 

and propose a mechanism in which viral infection triggers neuroinflammation and tau aggregation. 
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CHAPTER I 
 

In Vitro and Cellular Mechanisms of Tau Misfolding and Aggregation 

Contribution Statement: This chapter is adapted from a review titled Diverse influences on tau 

aggregation and implications for disease progression, authored by Meaghan Van Alstyne, 

James Pratt, and Roy Parker, published in Genes and Development. 

SUMMARY 

 As the population on average becomes older, more and more people will be diagnosed 

with neurodegenerative diseases. Several of these diseases share the hallmark aggregation of 

tau. In Alzheimer’s Disease, symptom severity correlates with increased tau pathology, providing 

further support that tau aggregation drives disease. While there have been several decades of 

research on how tau aggregates and contributes to neurodegeneration, the molecular 

mechanisms of aggregation, and the specific toxicities of tau are unknown. Herein, we review our 

developing understanding of tau folding and aggregation in vitro and in cells. First, we describe 

the biology of tau, from isoform expression and cellular functions. Second, we summarize 

prevalent neurodegenerative diseases in which tau aggregates, termed tauopathies. Third, we 

review how modulation of the biochemical state of tau due to ionic conditions, post-translational 

modifications, co-factors and other interacting molecules or assemblies can affect the formation 

and structure of tau fibrils. Finally, we continue our discussion of how cellular factors contribute to 

tau aggregation, possibly through formation of ribonuclear protein assemblies. 
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INTRODUCTION 

Several observations support that the misfolding of tau into fibrillar aggregates is causative 

in over 25 different neurodegenerative diseases termed tauopathies. This was foreshadowed by 

the discovery that tau is the key protein in neurofibrillary tangles (NFTs) – the second pathological 

hallmark of Alzheimer’s disease (AD) (Brion et al. 1985b). Critically, identification of mutations in 

the tau encoding gene (MAPT) in frontotemporal dementia (FTD) provided the first genetic link 

supporting a causal role for tau in disease (Hutton et al. 1998; Poorkaj et al. 1998; Spillantini et 

al. 1998). Since then, over 50 genetic mutations and variants in MAPT have been associated with 

familial forms of FTD including Pick’s disease (PiD), progressive supranuclear palsy (PSP), and 

corticobasal degeneration (CBD) (Forrest et al. 2018; Strang et al. 2019). Expression of human 

MAPT with pathogenic mutations in mice and rats also recapitulate aspects of human disease 

(Dujardin et al. 2015). Moreover, pathogenic variants of tau can be more prone to forming fibers 

in vitro, in cell lines, and in mouse models emphasizing the importance of tau fibrillization in 

disease (Yoshiyama et al. 2007; Chen et al. 2023; Holmes et al. 2014). 

 Tau aggregates identified in disease are composed of filaments of tau organized in β-

sheet fibrillar structures (Crowther 1991; Fitzpatrick et al. 2017). Tau fibers can develop within a 

given cell in a ‘prion-like’ manner where small “seeds” of a fiber can template the misfolding of 

additional tau monomers into the same structure. In support of this mechanism, tau fibers are able 

to induce folding of naïve tau monomers into fibrils in solution (Dinkel et al. 2015; Fichou et al. 

2018). Further, tau fibrils can also propagate between cells as injection of tau seeds into mouse 

brain can induce aggregation across connected brain regions reflecting the patterning observed 

in human pathologies (Guo and Lee 2011; Iba et al. 2013; Clavaguera et al. 2009). Another shared 

characteristic of prions and tau is that distinct strains defined by morphology can be stably 

propagated through multiple rounds of transmission between both cellular and mouse models 
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(Sanders et al. 2014; Kaufman et al. 2016). Thus, the ‘prion-like’ spread of tau pathology is an 

important aspect of disease.  

In this review, we focus on the biochemical and cellular mechanisms influencing the 

transition of tau from a normal state into a misfolded and aggregation-prone toxic form. We also 

review the formation of ribonuclear protein assemblies and how these assemblies influence tau 

aggregation. Given the breadth of the field, we apologize to those whose work we were not able 

to include due to space constraints.  

 

BIOLOGY OF TAU 

Tau isoforms, domain architecture and expression 

Tau is predominantly expressed in neurons with seven alternatively spliced isoforms 

(Figure 1.1). 
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Figure 1.1 MAPT gene and tau protein isoforms. Transcripts derived from the human MAPT 
gene (hMAPT) can undergo alternative splicing to generate various tau protein isoforms. Inclusion 
or exclusion of exons 2 and 3 determine 0, 1, or 2N isoforms while exon 10 determines 3 or 4R 
isoforms. Big tau is characterized by inclusion of exon 4a and 6. All protein isoforms are expressed 
in adult human brain while 0N3R is the predominant fetal isoform. 

 

These isoforms are defined by the inclusion of 0, 1, or 2 N terminal inserts (N), and either 3 or 4 

pseudo-repeats (3R or 4R) in the microtubule binding region (MTBR) (Goedert et al. 1989a, 

1989b). Alternative splicing controls the inclusion of exons 2, 3 (0, 1, or 2N) and 10 (3R vs 4R) 

(Andreadis et al. 1992). In embryonic and early developmental stages, tau is predominately 

expressed as a 3R isoform while in adult brains there is a 50:50 balance between 3R:4R tau 

(Goedert et al. 1989a). A larger tau isoform – referred to as big tau – includes additional exons 

(4A and 6) in the N terminal region and is expressed more highly in less vulnerable brain regions. 

(Oblinger et al. 1991; Chung et al. 2024).  



5 
 

Tau has four distinct domains, an N-terminal projection domain, a proline rich region 

(PRR), the microtubule binding region (MTBR), and a C-terminal region. The N-terminal projection 

domain has no affinity for microtubules and orients away from the microtubule surface (Hirokawa 

et al. 1988). The PRR upstream of the MTBR has been reported to drive phase separation of tau 

in vitro and in cells (Zhang et al. 2020b). The PRR is also highly post-translationally modified and 

contains a majority of phosphorylation sites on tau (Martin et al. 2013b). The MTBR of tau is 

composed of 3 (in 3R tau) or 4 (in 4R tau) imperfect repeats of 30-31 amino acids that differentially 

mediate roles in microtubule polymerization and stability (Panda et al. 2003).  

Tau is highly expressed in the brain, most predominantly in neurons where it localizes to 

axons (Binder et al. 1985). The cellular spatial organization of tau is regulated by selective 

transport as well as localized translation and degradation (Aronov et al. 2002; Nakata and 

Hirokawa 2003). A change in the cellular localization of tau is part of the pathogenic process as 

the mislocalization and aggregation of tau in the somatodendritic space of neurons is observed in 

disease (Braak et al. 1994). In addition to neurons, tau can also be expressed to a lesser degree 

in other central nervous system (CNS) cell types such as oligodendrocytes and astrocytes 

(Ezerskiy et al. 2022; Torii et al. 2023). 

 

Cellular roles of tau 

Tau was first described as a microtubule-associated protein (MAP) that promoted 

microtubule polymerization in vitro (Weingarten et al. 1975; Cleveland et al. 1977; Panda et al. 

1995). In cells tau also increases microtubule polymerization and stabilizes microtubules (Drubin 

and Kirschner 1986). Moreover, in primary neurons tau regulates microtubule dynamics, 

organization, and growth cone ordering and growth (Biswas and Kalil 2018). However, the 

stabilization of neuronal microtubules by tau in mice appears redundant since tau knockout mice 
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do not show strong microtubule impairments (Harada et al. 1994; Dawson et al. 2001; Takei et al. 

2000), but double-knockout mice lacking both tau and MAP1b have greater defects in neuronal 

axons (Takei et al. 2000). Thus, tau binds and stabilizes microtubules and is at least partially 

functionally redundant with other MAPs. 

 The interaction of tau with microtubules suggests it may influence axon transport. Neurons 

are unique as they can have long axons and require transport of proteins and organelles over 

long distances. Several observations suggest this process, termed fast axonal transport (FAT), is 

modulated by tau (Combs et al. 2019). For example, tau can associate in dense regions along a 

microtubule that hinder kinesin processivity (Siahaan et al. 2019), leading to enhanced dynein 

activity (Chaudhary et al. 2018). Such roles for tau may also be particularly important for the 

transport of components that are required for proper function and maintenance of synapses 

(Guedes-Dias and Holzbaur 2019). 

 Tau has also been proposed to have roles in protecting DNA and RNA from damage. One 

observation is that TUNEL staining in Tau knockout mice show increased susceptibility to DNA 

and RNA damage during heat stress (Violet et al. 2014). Similarly, knockdown of tau in primary 

neurons increases double stranded breaks induced by etoposide (Asada-Utsugi et al. 2022). This 

role may be direct as tau has been observed in the nucleolus of cultured cells (Maina et al. 2018; 

Bou Samra et al. 2017), and in mice 1N isoforms of tau are enriched in soluble nuclear fractions 

(Liu and Götz 2013). Such a role might be relevant since tau has nanomolar affinity for DNA (Wei 

et al. 2008) and RNA (McMillan et al. 2023). Thus, a less explored role for tau is in the regulation 

of nucleic acids. 

 

TAUOPATHIES 

Primary Tauopathies 
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 Primary tauopathies are diseases caused by mutations in the gene MAPT and are 

classified based on the primary pathological feature of tau deposition. These mutations can be 

coding or non-coding, and alter tau dynamics, localization, and structure. 

 

Disease Associated Mutations in Tau 

There are over 50 missense-coding mutations in MAPT, several of which are causative of 

severe FTD (Strang et al. 2019). These missense-coding mutations can contribute to disease 

through several mechanisms which generally lead to increases in tau aggregation. For example, 

mutation of P301S/L increases the ability for tau to aggregate as proline residues inhibit β-sheet 

formation (Strang et al. 2019). Further, several disease-linked tau missense mutations lead to 

impaired microtubule binding and reduced effects on microtubule polymerization in vitro which 

may increase the concentration of free tau available for aggregation (Strang et al. 2019). 

Interestingly, the S320F mutation, which promotes spontaneous tau aggregation, may work by 

both decreasing tau-microtubule interactions, and by increasing exposure of necessary regions 

for incorporation into a fiber (Rosso et al. 2002; Chen et al. 2023) – a mechanism shared by 

P301L/S mutations (Chen et al. 2019).  

Tau mutations can also alter the ratios of tau isoforms which can affect aggregation and 

disease development. The missense mutation S285R increases inclusion of exon 10, resulting in 

higher expression of 4R tau (Ogaki et al. 2013). Additionally another class of mutations in MAPT 

are silent or noncoding variants causing increased inclusion of exon 10, resulting in higher 

expression of 4R tau (Skoglund et al. 2008; Stanford et al. 2000; Spillantini et al. 2000; D’Souza 

et al. 1999). Many of these non-coding mutants are in intron 10 and cause destabilization of a 

stem loop near the exon 10 splice site, which leads to increased inclusion and disruption in the 
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balance of 3 and 4R tau isoforms contributing to pathology (Qian and Liu 2014; Buchholz and 

Zempel 2024). 

 

Pathology 

Primary tauopathies differ in where pathology starts and spreads, general presentation of 

symptoms, and aggregation of 3R or 4R tau.  

FTD exists on a spectrum with primarily tau aggregation driven disease on one side, and 

primarily TDP-43 aggregation driven diseases (ALS) on the other (Ling et al. 2013; Götz et al. 

2019). Other primary tauopathies, such as progressive supranuclear palsy (PSP), corticobasal 

degeneration (CBD), and Pick’s Disease (PiD) (discussed below), exist on the tau side of the 

FTD-spectrum (Götz et al. 2019). FTD-tau can be both sporadic and familial, with mutations such 

as P301L/S and S320F being causative (Rosso et al. 2002; Bugiani et al. 1999; Sperfeld et al. 

1999). Aggregation of tau in FTD occurs in the cortex, basal ganglia, and brainstem (Van Swieten 

and Spillantini 2007). Different tau mutations present with specific symptoms. For example, 

G272V and P301L typically present with early dementia and personality changes (Bird et al. 

1999). Mutations like N279K, and intronic mutations that increase inclusion of exon 10, present 

with more parkinsonism symptoms, including gait impairment, tremor, and rigidity (Wszolek et al. 

1992; Pickering-Brown et al. 2002; Miyamoto et al. 2001).  

PSP is a 4R primary tauopathy with early characteristic atrophies allowing for diagnosis in 

patients (Shi et al. 2021; Pandey 2012). PSP presents as progressive paralysis, loss of control of 

eye motion, and eventually loss of control over breathing (Dickson et al. 2007). 

Neuropathologically, PSP presents as atrophy of the pons, creating a characteristic hummingbird 

shape (Pandey 2012). This occurs alongside tufted astrocytes and globular tau aggregation in 
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neurons (Dickson et al. 2007). Tau pathology spreads from initial atrophy in the pons into cortical 

areas through the fronto-parietal to temporal, to occipital lobes (Kovacs et al. 2020). 

CBD is a rare 4R primary tauopathy (Zhang et al. 2020a). Symptomatically, CBD presents 

with motor, behavioral, sensory, and cognitive defects and is usually diagnosed during autopsy 

(Kouri et al. 2011). Cortical and substantia nigra atrophy and ballooning of neurons burdened with 

tau aggregation is observed in patient autopsy. Additionally, aggregation of tau is observed in 

neurons, and in astrocytes as plaques (Chung et al. 2021).  

PiD is the only known primary 3R tauopathy (Falcon et al. 2018). This disease presents 

with more severe personality deterioration and cognitive impairment with less severe motor 

function deficit compared to other tauopathies (Dickson 1998). Atrophy of the hippocampus, 

entorhinal cortex and amygdala is common. Tau aggregation in this disease is distinct in that only 

3R aggregates are observed, and these aggregates spread from the hippocampus and amygdala 

through the subcortical regions into the primary motor cortex and finally in the visual cortex (Irwin 

et al. 2016). Additionally, AT8 staining of patient tissue shows Pick’s Bodies, or round, bulbous 

inclusions of aggregated tau in early phases of the disease (Irwin et al. 2016). 

 

Secondary Tauopathies 

 Secondary tauopathies also feature tau aggregation, however this occurs subsequent to 

additional insults or pathological features. Secondary tauopathies include AD and CTE, subacute-

sclerosing pan encephalopathy (SSPE), and in rare cases, HTT and SCA8.  

 The cause of tau aggregation in secondary tauopathies is disease specific. For example, 

CTE is caused by repetitive head trauma, AD through some unknown amyloid-β-tau axis, SSPE 

arises as a sequelae to measles, and HD and SCA8 through completely unknown mechanisms 

(Chung et al. 2021; Bloom 2014; Chen 2018; Bancher et al. 1996; Jiang et al. 2023; Gratuze et 
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al. 2016). A convergent hypothesis is that these preceding insults trigger neuroinflammation 

altering the neuronal microenvironment to enhance tau aggregation. CTE and AD are specifically 

interesting in that disease symptoms and pathology correlate with tau burden (Tommasi et al. 

2021; Alosco et al. 2021). This implies that while tau is not the primary cause of the disease, the 

misregulation of tau is the main driver of disease. 

 The way in which tau becomes pathogenic in CTE is unknown. One way in which this may 

happen is through TDP-43 loss of function. In several cases of CTE, TDP-43 accumulation is also 

observed (McKee et al. 2016). This accumulation occurs in the same brain regions as tau 

pathology (McKee et al. 2013). TDP-43 has been proposed to regulate tau mRNA stability and 

splicing of exon 10 (Gu et al. 2017b, 2017a). Thus, aggregation and loss of function of TDP-43 in 

CTE may contribute to the development of tau pathology via increased inclusion of exon 10, and 

increased expression of tau (Chen 2018). How tau aggregation occurs in cases of CTE without 

TDP-43 pathology is unknown.  

 AD is a secondary 3R/4R tauopathy that impacts millions of people globally (2024). Tau 

aggregation in AD correlates with disease symptoms and tau may be required for disease 

progression (Leroy et al. 2012; Tommasi et al. 2021). Classically, amyloid-β aggregation is thought 

to be the cause of AD, as a SNP in APP was the first identified risk factor for AD (Goate et al. 

1991). However, PET imaging of non-demented aged brains have shown aggregation of amyloid-

β with no tau pathology (Weigand et al. 2019). Further support that tau is the driver of AD comes 

from characterization of the protective ApoE Christchurch mutation (Wardell et al. 1987). Patients 

with the Christchurch variant of ApoE, R136S, show amyloid-β plaque accumulation with no tau 

pathology or severe symptoms of AD (Wardell et al. 1987; Sepulveda-Falla et al. 2022). It is widely 

accepted that amyloid-β aggregation is upstream of tau aggregation and induces the conversion 

of healthy tau to a hyperphosphorylated, oligomeric state, and the exact mechanism, and how 

this axis is mediated by ApoE, is unknown. Regardless, experiments in tauopathy mouse models 
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have shown that injection of amyloid-β fibers into the brain induces fivefold increase in NFT 

accumulation (Götz et al. 2001). Additionally, in vitro models have shown that treatment of cultured 

neurons with synthetic or patient derived amyloid-β fibers results in increased 

hyperphosphorylated tau and dystrophy of the neuron (Jin et al. 2011). The actual mechanism of 

how amyloid-β aggregation induces tau aggregation is unknown. 

 SSPE is a secondary 3R/4R tauopathy that is a sequela to measles virus (Okuno et al. 

1989; Wisniewski et al. 1991). Here, long-term infection with measles results in increased 

neuroinflammation that in turn exacerbates tau pathology (Miyahara et al. 2022). SSPE is 

characterized by severe nerve loss and demyelination, and hyperphosphorylated tau in NFTs 

found in the cerebral cortex, oculomoter nuclei, and locus coreuleus (Corsellis 1951; Miyahara et 

al. 2022). The development of secondary tauopathy after viral infection may be more prevalent. 

For example, previous pandemics, such as the 1918 flu, and more recently, SARS-CoV-2, result 

in increased diagnoses of tau aggregation and dementia (Buée-Scherrer et al. 1997; Qi et al. 

2024). These viral induced secondary tauopathies may be driven through neuroinflammation, 

independent of direct viral infection of the central nervous system.  

 

Tau Fiber Structures in Disease 

 Cryogenic electron microscopy (cryo-EM) structures from post-mortem samples have 

shown that different tauopathies have specific tau fiber structures observed in multiple patients 

with a given disease (Shi et al. 2021; Fitzpatrick et al. 2017; Falcon et al. 2019, 2018; Zhang et 

al. 2020a) (Figure 1.2; Table 1.1). 
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Figure 1.2 Tau Fiber structures in disease. Representations of a subset of tau structures solved 
from several tauopathies involving inclusions of 3R, 4R or 3 and 4R tau. Notably, solved structures 
are conserved across multiple patients with a given disease and multiple structures have been 
solved for some tauopathies including AD which represent paired helical filaments (PHF) or 
straight filaments (SF) or are classified as distinct fiber types for CTE and GGT. While tau fibers 
across diseases share involvement of the microtubule repeat domain region of tau, the precise 
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amino acids involved in the core fiber differ and their distinct structures highlight the diversity of 
tau fibril forms. Further, several disease relevant tau fiber structures contain non-proteinaceous 
cofactors which are integral to the fiber core (see Table 1.1). 

 

Disease Amino Acids in 
Structure (3R/4R) 

Unknown Integral 
Cofactor 

Citation 

Alzheimer’s Disease 
(AD) 

306-378 (3R/4R) N/A Fitzpatrick et al 2017 

Chronic Traumatic 
Encephalopathy 

(CTE) 

305-379 (3R/4R) Hydrophobic Falcon et al 2019 

Cortical Basal 
Degeneration (CBD) 

274-380 (4R) Possible Polyanion Zhang et al 2020a 

Progressive 
Supranuclear Palsy 

(PSP) 

272-381 (4R) Internal Cofactors 
between N279 and 

G323 likely 
hydrophobic; K294 

and D314 likely 
solvent; K317, K321, 
K340 likely polyanion 

30Ǻ3. 
 

Shi et al 2021 

Globular Glial 
Tauopathy (GGT) 

272-379 (4R) Internal Cofactors 
between N279 and 

G323 likely 
hydrophobic; K317, 
K321, K340 likely 
polyanion, 50Ǻ3. 

Shi et al 2021 

Pick’s Disease (PiD) 254-378 (3R) N/A Falcon et al 2018 
 

Table 1.1 Tau structures from tauopathies. Tau structures which have been solved by cryo-EM 
from various tauopathies highlighting the amino acids involved in the fibril structures and 
observation of integral cofactor. 

In each case, the stable fiber core is composed of portions of the microtubule binding domain 

and, in some diseases the C-terminus of tau, arranged in distinct geometries. Outside of the fiber 

core, tau remains structurally undefined and is described as a “fuzzy coat” observed in 2D-class 

averages (Fitzpatrick et al. 2017). Interestingly, the tau fiber structures for CTE and CBD contain 

extra electron density that is not covalently bound to the tau fiber (Falcon et al. 2019; Zhang et al. 

2020a). In CTE, the extra density is described as hydrophobic and extends through the tau fiber 

from end to end (Falcon et al. 2019). In CBD, the extra density is found surrounded by positively 
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charged amino acids suggesting a negatively charged cofactor (Zhang et al. 2020a). Despite RNA 

being associated with NFTs (see below), this density appears too small to be RNA. In some 

diseases more than one tau fiber structure is resolved in cryo-EM. For example, in CTE, there are 

two related folds, and globular glial tauopathy (GGT) and PSP have three known fiber structures 

(Shi et al. 2021). These findings raise the possibility that distinct neuronal cell types or regions of 

the brain might preferentially form different tau structures. This is also suggested by spectral 

analyses that tau fibers from a single PiD patient have different properties in neurons, 

oligodendrocytes, and astrocytes (Yang et al. 2023). 

 The diversity of tau fibers suggests the specific structure that predominates in a given 

disease is dictated by the biochemical conditions and cell type where disease initiated, and that 

many tau fiber structures are sufficient to cause neurotoxicity. In support of this, different buffer 

conditions and cofactor presence can lead to several distinct tau fiber structures from the same 

tau isoform in vitro (Lövestam et al. 2022).  Interestingly, mutations in tau do not solely dictate the 

resulting fiber fold, as P301S tau from two mouse models have distinct folds (Schweighauser et 

al. 2023). Thus, a summation of the biochemical conditions, expression, splice isoform, and 

intracellular conditions likely drive tau folding in disease. 

 

BIOCHEMISTRY OF TAU AGGREGATION 

Biochemical steps of tau fibrillization 

 In principle, the formation of tau aggregates proceeds through a series of stages, which 

can be overlapping. The process initiates with the formation of a "seed", more specifically, a state 

of tau that shifts the equilibrium away from monomeric tau, towards aggregated tau. 

Subsequently, the seed develops into a tau “oligomer”, which can be broadly defined as soluble 

tau multimers that interact with "oligomer-specific" antibodies raised against soluble, seeding 
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competent tau (Kopeikina et al. 2012; Lasagna-Reeves et al. 2012).  Importantly, while the term 

oligomer is utilized to refer to an intermediate tau aggregate species there is a need to more 

rigorously define the biochemical and structural properties in a consensus manner. Nonetheless, 

tau oligomers and resulting fibers can serve as nucleators for additional fibers. Tau fibers can also 

accumulate together into larger paired helical filaments (PHF) or straight filaments (SF), that 

bundle into NFTs (Crowther 1991). The formation of larger aggregates of multiple tau fibers can 

be understood to occur by the increased avidity of long fibers to aggregate, even when individual 

interactions are weak. Finally, a fiber can produce secondary seeds, presumably through a 

process of fiber fragmentation. Each of these processes can be affected by the folding and 

concentration of free tau monomers.  

 

Dynamics of tau folding  

 Disordered proteins – such as tau – have no highly stable well-folded structure and instead 

can rapidly exchange between different monomer states with relatively low energy barriers 

(Trivedi and Nagarajaram 2022). This suggests tau will be distributed between multiple states, 

which has key implications for tau fibrillization (Figure 1.3).  
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Figure 1.3. Tau folding landscape. Tau can exist in a diversity of unfolded or folded states. For 
example, a free tau monomer can be in a form resistant to integration into a fiber by adopting a 
‘paperclip-like’ fold or adopt an extended conformation where the PHF6 and PHF6* sequences 
are exposed (denoted with asterisk) which promotes incorporation into a fibrillar structure. 
Critically, pathogenic fibrillar forms of tau represent particularly energetically stable states (see 
top panel). These states of tau exist in equilibrium and additional influences from pro-pathogenic 
post-translational modifications, disease-linked mutations, or cofactors which facilitate 
aggregation can affect the balance of tau states shifting the equilibrium toward fibrillar forms (see 
bottom panel). 
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First, some folded states are resistant to initiating fiber formation. For example, tau can adopt a 

‘paperclip-like’ fold wherein the N and C termini fold over and block the aggregation prone 

306VQIVYK311 sequence (referred to as PHF6) in the MTBR, which is the minimal sequence 

required to nucleate fibrilization in vitro (Andronesi et al. 2008; Mukrasch et al. 2009; Li and Lee 

2006). Additionally, the different folded states of tau monomers can influence the structure of the 

resulting fibril. For example, the ability to form the CTE (or AD) fiber structure in vitro is dependent 

on different salt concentrations that stabilize specific monomer folds (Lövestam et al. 2022). 

Finally, as tau can exist in several folds, biochemical conditions that bias the folding of tau into 

the same fibrilization prone state should increase the rate of tau aggregation.  

 The distribution of tau monomers into different folded states can be influenced by several 

factors acting in cis (Figure 1.3). First, modification or mutation of the tau protein monomer itself 

can alter fibrillization propensity. This can occur in the form of pathogenic mutations such as 

S320F which alters interactions within tau reducing the ‘paperclip-like’ fold leading to an extended 

conformation with increased exposure of the PHF6 region (Chen et al. 2023). This can also be 

regulated through post-translational modifications biasing folding and thereby either promoting or 

inhibiting fibrillization (Boyko and Surewicz 2023; Xia et al. 2020; Haj-Yahya et al. 2020).  

 

Initiation of fiber formation:  

 A key step of fibril formation is the initial formation of a seed that can then incorporate 

additional monomers. In the simplest model, tau proteins fold into the same conformation, bind 

together, and initiate a β-sheet rich amyloid fiber, which can then grow by the addition of more tau 

monomers. The hexapeptide motifs 306VQIVYK311 and 275VQIINK280 (PHF6 and PHF6*, 

respectively) in the tau MTBR are both necessary and sufficient to form tau fibers in vitro. (Li and 

Lee 2006). Thus, a fold in which these regions are exposed in multiple tau proteins would promote 
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formation of a β-sheet rich tau fiber in this manner (Li and Lee 2006). In fact, the exposure of 

these sequences can be the first observed physical change in tau that leads to tau fiber formation 

(Pavlova et al. 2016). 

  A variant model for the formation of seeds is that an individual tau monomer undergoes a 

chemical transition to a relatively stable conformation that is sufficient to serve as a seed for tau 

fibrillization. This is based on identification of a stable fraction of monomeric tau from AD brains 

that can serve as a seed (Mirbaha et al. 2018). A potential explanation for this observation is that 

this seeding-competent monomer is produced by a non-enzymatic chemical change to tau such 

as isomerization of proline, serine, or aspartate amino acids without breaking the backbone chain 

thus altering aggregation propensity. For example, L- to D- isomerization of serine and aspartate 

residues in the MTBR of tau altered structural properties and/or fibril formation while cis- trans 

proline isomerization was shown to promote spontaneous tau aggregation potentially via 

destabilizing shielding of the PHF6 motif (Chen et al. 2019; Tochio et al. 2019). 

 Studies using time resolved cryo-EM demonstrated that in vitro tau fibers can initiate with 

a shared filamentous intermediate that than adopts different related structures over time, with the 

final predominant fiber type in a population being the most thermodynamically stable under the 

reaction conditions (Lövestam et al. 2024). We note these in vitro fibrillization reactions are done 

at high tau concentrations with no competing protein interactions. This creates conditions where 

even weak interactions between tau monomers and fibers can contribute to additional fiber 

formation. In contrast, in cells the tau concentration is lower and there is competition with the large 

excess of other components that can disrupt weak homotypic interactions (Protter et al. 2018).  

Thus, whether this process can occur in cells remains to be established. 

 

Cofactors can mediate tau fiber formation 
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Cofactors are often used to increase the rate of tau fiber initiation and fibrilization in vitro 

and are expected to alter tau fibrilization in neurons as well (Figure 1.3). Cofactors used in vitro 

are typically polyanions such as heparin, RNA, and some fatty acids (Lövestam et al. 2022; 

Montgomery et al. 2023; Dinkel et al. 2015; Fichou et al. 2018). Generally, polyanions are thought 

to increase tau fiber formation through neutralization of positive charges in the MTBR (Sibille et 

al. 2006; Fichou et al. 2019). 

 In principle, cofactors could act in three manners to increase the rates of initiation and 

fibrilization of tau fibers (Figure 1.4). 
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Figure 1.4. Models of tau aggregation cofactor mechanisms. Cofactors may facilitate tau 
aggregation through various mechanisms. First, a cofactor may serve to promote a fiber 
competent fold of a tau monomer and leave once tau undergoes incorporation into a fiber. Second 
a cofactor may promote a fiber competent fold and become integral to the fiber structure. Third, 
a cofactor promotes tau fibrillization by increasing local concentrations of tau through the 
formation of assemblies through processes such as liquid-liquid phase separation. 

  

First, cofactors could act essentially as chaperones and stabilize tau folds prone to forming fibers. 

For example, the ClearTau fibrilization system has shown that immobilized heparin produces tau 

fibers without heparin being incorporated into the fiber (Limorenko et al. 2023). Similarly, even 

though heparin can induce the formation of a seeding competent tau monomer, no stable 

biochemical interaction is observed between tau and heparin in some experiments (Mirbaha et 
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al. 2018). Second, cofactors may be integral to the final fiber as a structural component as fibers 

prepared with heparin, or RNA, have been reported to depolymerize when treated with heparinase 

or RNAase, respectively (Fichou et al. 2018). Moreover, seeding-competent tau forms from AD 

patient brain are reduced by treatment with RNase suggesting RNA may be relevant to the 

transmission of seeds in patients (Zwierzchowski-Zarate et al. 2022). Third, cofactors could act 

to create high local concentrations of tau monomers. For example, tau and cofactors can undergo 

liquid-liquid phase separation (LLPS) creating high local concentrations of tau and increasing 

fibrilization rates (Zhang et al. 2017; Kanaan et al. 2020). The LLPS of tau and cofactors is likely 

formed and maintained through several weak interactions between individual tau proteins and tau 

with cofactors, allowing for more protein refolding events. The chaperone and concentration 

effects of cofactors can be coupled such that the interaction of tau with polyanions both 

concentrates and stabilizes a fold that promotes fibrillization, thus enhancing the rate of initial 

seed formation.  

  It is unclear which specific cofactors in a cell can influence tau fibrilization.  The structure 

of CBD, PSP, GGT, and CTE fibrils contain relatively small non-proteinaceous unidentified 

densities indicating the presence of potential lipid or negatively charged co-factors that are 

integral to the fiber (Zhang et al. 2020a; Falcon et al. 2019). Other commonly utilized in vitro 

cofactors, such as RNA and heparin, may similarly influence tau fiber formation in a cellular 

context. In support of this, NFTs stain with RNA dyes, and tau aggregates purified from mice and 

cell models contain RNA with an enrichment of snRNAs and snoRNAs (Lester et al. 2021; 

Ginsberg et al. 1997).  Additionally, endogenous heparan sulfate proteoglycans (HSPG) have also 

been identified in tau tangles in AD (Su et al. 1992; Spillantini et al. 1999). There are also 

numerous other polyanions in cells that can stimulate tau fibrilization in vitro, but whether these 

can affect tau fibrilization in cells is unknown (Montgomery et al. 2023). 
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Tau Liquid Liquid Phase Separation 

 Liquid liquid phase separation (LLPS) is a phenomenon in which upon reaching a critical 

concentration, proteins and other large molecules will condense into a liquid like droplet separate 

from the bulk liquid phase. Several non-membranous organelles in cells have been proposed to 

form through LLPS, such as stress granules, nuclear speckles, cajal bodies, and P-bodies 

(Hyman et al. 2014), but do not necessarily retain liquid-like properties upon formation. These 

phase separated condensates may contribute to disease (Alberti and Dormann 2019). For 

example, Tar-DNA Binding Protein 43kDa (TDP-43) mislocalizes from the nucleus and interacts 

with cytoplasmic stress granules leading to its aggregation and loss of function (Bentmann et al. 

2012). TDP-43 can also aggregate within myo-granules in muscle, contributing to muscular 

dystrophy (Vogler et al. 2018). Recently, other amyloidogenic proteins, such as tau and amyloid-

β have been observed to undergo phase separation, however whether this contributes to 

development of pathology is unclear (Zhang et al. 2025). 

Tau has been shown to undergo liquid liquid phase separation in vitro and in cells (Fichou 

et al. 2019; Lin et al. 2019; Zhang et al. 2017, 2020b). This has been described as both on 

pathway towards pathogenic tau aggregates (Fichou et al. 2019), and off pathway in complex-

coacervates (Lin et al. 2019). Additionally, incubation of tau with RNA or heparin results in tau 

fibrilization or phase separation, dependent on relative concentrations and buffer conditions (Lin 

et al. 2019). Interestingly, tau fused to a Cry2 oligomerization domain and exposed to blue light in 

cells phase separates, and the liquid like nature of the assembly is mediated by phosphorylation 

of the proline rich region which may contribute to microtubule assembly and stability (Zhang et al. 

2020b). However, phase separation of wild type tau in cells has not been observed (Zhang et al. 

2020b). 
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INTRACELLULAR INFLUENCES ON TAU AGGREGATION 

Post-translational modification and processing 

Within a cell, tau is subject to extensive post-translational modifications (PTMs). Tau PTMs 

are of significant interest as certain modifications are enriched in tau aggregates and accumulate 

with the progression of pathology in tauopathies such as AD (Wesseling et al. 2020) (Figure 1.5). 

 

Figure 1.5. Intracellular influences on tau aggregation. In cells, tau can be highly post-
translationally modified, and/or interact with several RNA binding proteins or RNP assemblies. 
Tau aggregates are hyperphosphorylated, however it is unclear whether this phosphorylation 
drives aggregation in disease. In vitro, the effect of phosphorylation on tau fibrilization is site and 
context specific. In addition to phosphorylation, tau can be acetylated, changing binding affinity 
with microtubules and competing with sites of ubiquitination. Tau is also highly poly-ubiquitinated 
in aggregates, likely as a signal for protein degradation as tau aggregates. Finally, tau can interact 
with several RNA binding proteins and RNP-assemblies with different effects on tau aggregation 
in cells. 
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For modifications associated with pathogenic tau, it is important to consider whether they accrue 

during disease and are thus a feature but do not directly affect the pathogenic cascade, or whether 

they alter the biochemical properties of tau in a manner which actively modulates tau aggregation. 

In this section, we will discuss a few notable examples of tau PTMs, a topic that has previously 

been extensively reviewed (Alquezar et al. 2021). 

 

Phosphorylation 

The phosphorylation of tau is the most extensively studied post-translational modification 

spurred on by the finding that fibrillar forms of tau present in AD are ‘hyperphosphorylated’ 

(Grundke-Iqbal et al. 1986). Furthermore, phosphorylation of tau at certain epitopes is often 

utilized as a marker of pathology (Götz et al. 2010). Several kinases and phosphatases which act 

on tau have been identified and investigated for contributions to pathology and therapeutic 

potential as reviewed previously in more detail (Martin et al. 2013a, 2013b). A key example which 

is supportive of phosphorylation playing a role in pathology, includes the knockdown or activation 

of cyclin dependent kinase 5 (CDK5) – a major tau kinase – which reduced or increased 

aggregation of tau in mouse models, respectively (Piedrahita et al. 2010; Castro-Alvarez et al. 

2014; Noble et al. 2003). Similarly, inhibition of a related tau kinase glycogen synthase kinase 3 

(GSK-3) reduces tangle formation in transgenic mice (Hurtado et al. 2012). However, such 

kinases often phosphorylate tau at multiple sites and have many other cellular targets warranting 

more direct biochemical investigation of the effects of tau phosphorylation specifically. 

Despite the observation that tau aggregates are hyperphosphorylated, the effect of tau 

phosphorylation on fibrilization and aggregation is more nuanced. For example, while 

phosphorylation in the MTBR leads to a reduction in microtubule affinity, it also inhibits 

aggregation kinetics in in vitro assays and reduces seeding in cells (Haj-Yahya et al. 2020; Powell 
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et al. 2024; Kellogg et al. 2018). While such a phosphorylation modification may not directly 

increase fibrillization rates, phosphorylation could modulate the concentration of cellular tau 

unbound to microtubules available for aggregation. In contrast, phosphorylation of residues in the 

PRR have been directly linked to increased aggregation in vitro and in cells (Xia et al. 2020; 

Despres et al. 2017). Ultimately, the effects of tau phosphorylation are site specific and the 

mechanisms through which it can influence aggregation may be dependent upon the modified 

region of tau.   

Interestingly, increases in specific phosphorylated residues of tau have been developed 

as biomarkers measurable in CSF or plasma from AD patients, but are not observed in primary 

tauopathies emphasizing they may more likely reflect Aβ pathology (Therriault et al. 2023; 

Zetterberg 2022). Further, while increased phosphorylation of tau is observed in insoluble forms 

in AD, these modifications can also occur in healthy brains (Wegmann et al. 2021). Thus, while 

phosphorylation of tau is a feature of pathology, this does not indicate phosphorylated tau is strictly 

toxic, and attention must be paid to the precise modifications and the mechanistic manners in 

which they may influence aggregation.  

 

Acetylation 

Abnormal acetylation of tau at specific residues has been reported in AD and related 

tauopathies associated with aggregation (Cohen et al. 2011; Tracy et al. 2016; Min et al. 2010; 

Irwin et al. 2012; Wesseling et al. 2020). In vitro assays indicate tau acetylation can promote 

fibrillization (Cohen et al. 2011). Additionally, animal models with acetyl-mimetic mutants of tau 

show acetylation can inhibit protein turnover, increasing tau levels, (Min et al. 2010) and play a 

role in impaired synaptic plasticity (Tracy et al. 2016). The deacetylase silent information 

regulation 2 homolog 1 (SIRT1) is linked to tau pathology progression in animal models with 
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conditions of reduced acetylation having less tau aggregation (Min et al. 2018, 2010). 

Alternatively, acetylation at KXGS motifs in the MTBR of tau is inversely related to phosphorylation 

and reduces propensity for aggregation – highlighting both the interplay of multiple PTMs as well 

as the differing effects of acetylation of specific residues (Cook et al. 2014; Carlomagno et al. 

2017). Acetylation also competes with ubiquitination modification of lysine residues and thus can 

be a key determinant of tau stability. 

 

Ubiquitination 

Ubiquitination is a critical cellular mechanism for regulating protein turnover through 

degradative pathways such as the ubiquitin-proteasome machinery or autophagy. In the AD brain, 

tau polyubiquitination is increased consistent with impairments in protein homeostasis (Abreha et 

al. 2018). Immunostaining of AD brain shows that NFTs of tau are ubiquitin positive, but this 

modification follows amino-terminal processing suggesting it is consequence of tau aggregation 

rather than causal (Mori et al. 1987; Iwatsubo et al. 1992; Morishima-Kawashima et al. 1993). 

Ubiquitination can also alter tau biochemical properties as this modification can inhibit tau 

fibrilization and phase separation in vitro. (Trivellato et al. 2023). 

 

Other post-translational modifications 

 Tau is also subject to many additional post-translational modifications such as methylation, 

SUMOylation, glycosylation and others, though effects on disease processes are not as widely 

studied (Alquezar et al. 2021). Collectively, with regards to PTMs and effects on tau aggregation 

and pathology, they must be validated in a residue-specific manner in model systems. Further, 
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the complex integration of the vast number of potential PTMs of tau occurring in a cell will inform 

whether a given tau protein is favored to initiate or incorporate into a tau aggregate. 

 

RNA and RNA binding proteins 

 Tau expression is regulated at the post-transcriptional level by RNAs and RNA binding 

proteins (RBPs). For example, exon 10 inclusion in MAPT is regulated by the serine and arginine 

rich splicing factor 2 (SRSF2), and loss of function of SRSF2 results in increased expression of 

4R tau (Chen et al. 2014; Qian et al. 2011). miRNAs also regulate tau expression and 

posttranslational modifications, although whether these are through direct effects on tau, or 

through alteration of cellular pathways that regulate tau is unknown (Boscher et al. 2020).   

 Tau protein has also been observed to interact with RNAs and RBPs. RNA can be a 

cofactor for tau fibrillization in vitro, and tau aggregates in cell and mouse models contain RNA, 

most notably snRNAs and snoRNAs (Lester et al. 2021; Kampers et al. 1996). Characterization 

of tau and RNA interactions in cells has also showed particular association with tRNAs (Zhang et 

al. 2017). Moreover, multiple studies have reported the enrichment of RBPs in NFTs from 

tauopathy patient tissue and localization of RBPs in tau aggregates in model systems (Kavanagh 

et al. 2022).  For example, U1 small nuclear ribonucleoprotein (snRNP) components were 

identified in tau inclusions in AD (Bai et al. 2013).   

 In some cases, RBPs have been proposed to affect development of tau pathology and/or 

toxicity. Suppressors of tau toxicity in C. elegans models identified several poly(A) RBPs and 

deadenylases including suppressor of tauopathy 2 (sut-2), polyadenylate-binding protein 2 (pabp-

2) and poly(A)-specific ribonuclease (parn-2) that modulate pathological tau (Guthrie et al. 2009; 

Kow et al. 2021; Wheeler et al. 2019). Deletion of the mammalian homolog of sut-2 (MSUT2) in 

the mouse brain rescues tau aggregation and neuronal loss while overexpression exacerbates 
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pathology (Wheeler et al. 2019). PABP-2/PABPN1 and MSUT2 are co-depleted in AD brain 

sections which stratifies with earlier onset supporting a role for these RBPs in human disease 

(Wheeler et al. 2019). Relatedly, the loss of poly(A) deadenylase parn-2/TOE1 leads to increased 

tau pathology in C. elegans and correlates with MSUT2 expression and increased tau pathology 

in AD patient brain (Kow et al. 2021). These results suggest the regulation of RNAs by poly(A)-

related factors is important for tau pathology, though further investigation is necessary to establish 

the precise molecular mechanisms. 

 The spliceosome component serine/arginine repetitive matrix 2 (SRRM2) colocalizes with 

tau inclusions in tauopathy disease tissues (McMillan et al. 2021; Lester et al. 2021). Interestingly, 

SRRM2 and associated nuclear speckle protein pinin (PNN) not only mislocalize to cytoplasmic 

tau inclusions, but also define cytoplasmic assemblies rich in polyserine motifs that are sites of 

tau aggregation in cellular models, discussed below (Lester et al. 2023). In support of a role in 

pathobiology, increased levels of polyserine exacerbates tau pathology in both cell lines and 

mouse models (Lester et al. 2023; Van Alstyne et al. 2024).  

 The stress granule RBP T-cell intracellular antigen 1 (TIA1) has also been shown to 

colocalize with pathogenic tau in disease (Vanderweyde et al. 2012). Stress granules are 

cytoplasmic assemblies of untranslating messenger ribonucleoproteins (mRNPs) that form when 

translation initiation is reduced (Protter and Parker 2016). TIA1-containing stress granules are 

proposed to facilitate tau aggregation and the reduction of TIA1 levels reduces tau pathology in a 

mouse model (Apicco et al. 2018). Two possible mechanisms for this effect have been proposed. 

First, TIA1 is proposed to directly interact with tau and increase the formation of oligomeric, and 

toxic, tau (Ash et al. 2021; Apicco et al. 2018; Jiang et al. 2019). Additionally, TIA1 in microglia is 

proposed to regulate the inflammatory response in a manner that reduces tau toxicity (Webber et 

al. 2024). 
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 Stress granule RBPs have also been linked to tau aggregation through additional 

mechanisms. Ras GTPase-activating protein-binding protein 2 (G3BP2)  - an integral component 

of stress granules – was shown to chaperone tau via an RNA-independent mechanism by binding 

to soluble forms and preventing oligomerization (Wang et al. 2023). Conversely, heterogenous 

nuclear ribonucleoproteinA2/B1 (hnRNPA2B1) has been proposed to promote tau pathology 

through mediating association with methyl-6-Adenosine (m6A) RNA species (Jiang et al. 2021). 

However, there are conflicting reports on whether hnRNPA2B1 colocalizes with tau aggregates in 

postmortem tissues (Kavanagh et al. 2024; Jiang et al. 2021). Nevertheless, a possible role for 

m6A RNA modifications is supported by genes promoting m6A modification being required for 

increased T22-antibody positive oligomeric tau in a CRISPRi based screen of iPSC-derived 

neurons (Samelson et al. 2023). 

 

RIBONUCLEAR PROTEIN ASSEMBLY FORMATION AND TAU AGGREGATION 

 As discussed above, ribonuclear protein (RNP) assemblies, can interact with tau to 

influence aggregation in cells. Several RNP assemblies, such as stress granules (SGs), mitotic 

interchromatin granules (MIGs), and cytoplasmic speckles (CSs), have been reported to impact 

tau aggregation (Lester et al. 2023; Vanderweyde et al. 2012) (Figure 1.5). The exact molecular 

mechanisms and consequences of the interaction between tau and different RNP assemblies are 

not well understood. 

Stress Granules 

Formation 

 SGs are RNP assemblies which form after translation inhibition and phosphorylation of 

elongation initiation factor 2α (eIF2α) (Aulas et al. 2017; Protter and Parker 2016). The integrated 

stress response, in which different cellular stressors such as amino acid starvation, cytoplasmic 
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double-stranded RNA, unfolded protein, and/or heme deficiency, activates the eIF2α kinases 

GCN2, PKR, PERK, or HRI respectively (Pakos-Zebrucka et al. 2016). Additionally, translation 

inhibition through treatment with elongation inhibitors such as Patemine A (PatA) or hippuristanol 

also induces SG formation (Low et al. 2005; Mazroui et al. 2006).  

The assembly of SGs is widely studied, and recent work from the Parker Lab has provided 

mechanistic insight into the interactions that drive and maintain SG assembly. SGs are formed 

through several weak RNA-RNA, RNA-protein, and protein-protein interactions (Ripin and Parker 

2023). The Ras GTPase-activating protein-binding protein 1 (G3BP1) is a key scaffold protein for 

stress granule formation, as knockout of G3BP1 and G3BP2 across several cell lines ablates SG 

formation (Kedersha et al. 2016). G3BP1 scaffolds SGs through binding to RNA and increasing 

the local concentration of RNAs, facilitating RNA-RNA interactions (Parker et al. 2025). 

Interestingly, these RNA-RNA interactions persist with the removal of G3BP1 in vitro and in cellulo 

(Parker et al. 2025). Additional protein-protein interactions, such as weak interactions between 

intrinsically disordered regions in trans may also contribute to stress granule stability (Protter and 

Parker 2016). 

Influences on Tau Aggregation 

 While tau aggregation does not occur within SGs (Lester et al. 2023), the formation of SGs 

has been linked to increased tau pathology (Vanderweyde et al. 2012). SG components, including 

TIA1 and various hnRNPs colocalize with tau aggregates in vivo and in vitro, and altering 

expression of these proteins also changes tau aggregation (Vanderweyde et al. 2012, 2016; Jiang 

et al. 2021). However, soluble and aggregated tau is excluded from G3BP1 positive SGs, yet is 

enriched with TIA1 positive assemblies (Piatnitskaia et al. 2019; Lester et al. 2023). One 

possibility is that tau aggregation alters stress granule formation. For example, the internalization 

of phosphomimetic tau sensitizes HEK293T cells to stress and increases TIA positive SG 
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formation and clearance time (Brunello et al. 2016). The impact on clearance time may be driven 

by changes in protein or RNA components of these stress granules. A parsimonious model is that 

the triggering of the integrated stress response results in an increase in hyperphosphorylated tau 

leading to aggregation with stress granule components prior to stress granule formation, 

impacting the proteome of tau aggregates and SGs (Wolozin and Ivanov 2019).  

Mitotic Interchromatin Granules 

Formation 

 MIGs were first observed in 1989, and little is known about how these assemblies form 

and disassemble, or their composition (Leser et al. 1989). Most research into MIG formation has 

been in the context of nuclear speckle assembly dynamics through the cell cycle. Several 

snRNPs, including U1, U2, and U4/6 become diffuse as a cell enters mitosis, however, with 

progression through anaphase and telophase, these snRNPs assemble into distinct granules 

(Ferreira et al. 1994). Upon completion of mitosis, cytoplasmic MIGs differentially release nuclear 

speckle components into daughter nuclei (Prasanth et al. 2003). We have observed that SRRM2 

and PNN form cytoplasmic assemblies during mitosis, which we believe are MIGs (Lester et al. 

2023). 

Influences on Tau Aggregation 

 Mitotic interchromatin granules likely are not contributing to tau aggregation in neurons, 

as these cells are post mitotic, yet SRRM2 is observed in tau aggregates in disease (Lester et al. 

2021; McMillan et al. 2021). Regardless, recent work in the Parker lab has shown that SRRM2 or 

PNN positive MIGs are preferred sites of tau aggregation in cycling cells (Lester et al. 2023). 

Neuronal cell cycle re-entry has been observed in disease and animal models (Koseoglu et al. 

2019) which may contribute to neurodegeneration. In the R1.40 AD mouse model, which express 
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human APP with the K670 and M671Δ pathogenic mutations, neurons may re-enter the cell cycle 

in response to soluble oligomeric amyloid-β (Varvel et al. 2008). However, in vitro experiments in 

primary cortical neurons show that amyloid-β mediated cell cycle reentry requires tau expression 

(Seward et al. 2013). Whether neuronal cell-cycle reentry proceeds through mitosis, allowing for 

MIG formation, is unknown. 

Cytoplasmic Speckles 

Formation 

 Little is known about the assembly and composition of CSs. We have observed 

endogenously tagged PNN-Halo or SRRM2-Halo form cytoplasmic assemblies in the absence of 

stress in HEK293T cells (Lester et al. 2023). SRRM2 positive CSs have been also observed in 

iPSC neurons after treatment with prostaglandins or sorbitol stress (Lester et al. 2023). Increased 

cytoplasmic SRRM2, and possibly cytoplasmic speckle formation, has also been observed in AD 

mouse models and in genetic screens (Berchtold et al. 2018; Tanaka et al. 2018). For example, 

gene knockdown screens identified NUP153 as a regulator of SRRM2 localization, with 20% of 

cells exhibiting nuclear depletion and cytoplasmic assembly of SRRM2 (Berchtold et al. 2018). 

Others observe that loss of BANF1, ANKLE2, or PPP2CA through CRISPRi knockdown results in 

increased tau aggregation and cytoplasmic SRRM2 positive assemblies (Prissette et al. 2022).  

Additionally, SRRM2 mislocalization to the cytoplasm is observed pre-symptomatically and before 

amyloid plaque formation in 5xFAD mice and is mediated through ERK activity and SRRM2 

phosphorylation (Tanaka et al. 2018). Thus, SRRM2 mislocalization, and possibly cytoplasmic 

assembly, contribute to tau aggregation and may occur in disease. 

Influences on Tau Aggregation 
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 The mislocalization of SRRM2 has been linked to increased tau pathology in vitro 

(Prissette et al. 2022; Lester et al. 2023) however the formation of cytoplasmic speckles 

specifically has not shown increased tau aggregation. Knockdown of PNN, a cytoplasmic speckle 

resident protein, results in decreased tau aggregation in HEK293T cells, however knockdown of 

SRRM2 has no effect. (Lester et al. 2023). In AD, neurons may encounter inflammatory cytokines 

secreted from disease associated microglia, which, similar to prostaglandin treatment, may result 

in cytoplasmic localization of SRRM2 into CSs (Odfalk et al. 2022). Further work is required to 

understand if SRRM2 and/or PNN mislocalization is sufficient to drive tau aggregation, or if 

cytoplasmic assembly of these proteins is necessary.   
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CHAPTER II 
 

Polyserine-Tau Interaction Modulates Tau Fibrilization 
Contribution Statement: This chapter is adapted from Polyserine-Tau interaction modulates 

tau fibrilization, authored by James Pratt, Kathleen McCann, Jeff Kuo, and Roy Parker, in 

submission at Cell Reports. JK designed and cloned polyserine variants, KM performed negative 

stain electron-microscopy and thioflavin-t kinetics, JP and KM performed polyserine self-assembly 

assays, and JP performed all other experiments. All authors edited the manuscript. 

 

SUMMARY 
Tau aggregates are the defining feature of multiple neurodegenerative diseases and 

contribute to the pathology of disease. However, the molecules affecting tau aggregation in cells 

are unclear. We previously determined that polyserine-rich domains enrich in tau aggregates, 

assemble into cytoplasmic puncta that can serve as sites of tau aggregation, and exacerbate tau 

aggregation in cells and mice. Herein, we show that polyserine domains are sufficient to define 

subcellular assemblies as sites of tau aggregation through localization of tau seeds. Purified 

polyserine spontaneously self-assembles and directly interacts with monomeric and fibrillar tau. 

Moreover, polyserine-tau assemblies recruit RNA, leading to faster rates of tau fibrillization in 

vitro. Using polyserine variants, we found that enrichment in tau aggregates and stimulation of 

tau aggregation are separable functions of polyserine, and assembly stimulates tau aggregation. 

Together, our results show that polyserine self-assembles and directly interacts with tau to form 

preferred sites of tau aggregation. 
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INTRODUCTION 
 The aggregation of tau is a hallmark of several neurodegenerative diseases, including 

Alzheimer’s Disease (AD) (Brion et al. 1985a). Supporting a causal role for tau in disease, 

symptom severity in AD correlates with increased tau pathology (Hanseeuw et al. 2019). 

Importantly, both genetic and environmental inputs can promote tau aggregation. For example, 

genetic mutations in MAPT can result in coding variants with an increased propensity for 

aggregation, as in frontotemporal dementia (FTD) (Goedert and Spillantini 2000). In contrast, 

secondary triggering events such as repetitive head trauma or amyloid-β plaques, can increase 

tau aggregation in chronic traumatic encephalopathy (CTE) (McKee et al. 2015), or Alzheimer’s 

Disease (AD) (Chung et al. 2021), respectively. While tau plays an important role in disease 

contexts, the intracellular mechanisms of tau aggregation, and the impact of additional proteins 

or other cofactors on tau aggregation, are generally unknown. 

 We and others have observed that tau aggregates contain other molecules, including RNA 

and specific RNA binding proteins (Lester et al. 2021, 2023; Ash et al. 2021; McMillan et al. 2021; 

Wheeler et al. 2019), which may affect tau aggregation in cells. Previously, we observed that tau 

aggregates enrich small structured RNAs, such as snRNAs and snoRNAs (Lester et al. 2021). 

Additionally, the splicing speckle proteins Serine-Argine Repetitive Matrix 2 (SRRM2) and Pinin 

(PNN) mislocalize to cytoplasmic tau aggregates in cell culture models, PS19 tau transgenic mice, 

and in human disease (Lester et al. 2021; McMillan et al. 2021), and are present in nuclear 

speckles that colocalize with nuclear tau aggregates in cell line and mouse models (Lester et al. 

2021). SRRM2 and PNN can mislocalize into cytoplasmic tau aggregates through formation of 

cytoplasmic speckles (CSs), or mitotic interchromatin granules (MIGs) which act as preferred sites 

of tau aggregation (Lester et al. 2023). 

The ability of SRRM2 and PNN to interact with, and enhance the formation of tau 

aggregates is based on their unique polyserine domains (Lester et al. 2023). SRRM2 contains 
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two C-terminal polyserine domains of 25 or 42 residues, while PNN contains a C-terminal serine 

rich domain with 50 of 66 residues being serine (Lester et al. 2023). These polyserine domains 

are both necessary and sufficient to target exogenous proteins to tau aggregates (Lester et al. 

2023). In addition, three observations demonstrate these domains can affect the efficiency of tau 

aggregation. First, knockdown of PNN results in decreased tau aggregation in cells (Lester et al. 

2023). Second,  overexpression of the SRRM2 or PNN C-terminal domains, or the 42 amino acid 

long polyserine domain (polyserine42), is sufficient to increase tau aggregation in HEK293T tau 

biosensor cells (Lester et al. 2023). Finally, polyserine42 expression in PS19 mice exacerbates 

tau pathology based on increased phosphorylated tau and increased seeding capacity of brain 

homogenate (Van Alstyne et al. 2024). It remains unclear how polyserine domains concentrate in 

assemblies, if there is a direct interaction between tau and polyserine, or if polyserine is sufficient 

to convert other subcellular assemblies into preferred sites of tau aggregation.  

 To examine the physical interaction between polyserine and tau, and how those 

interactions affect the process of tau aggregation, we performed a series of in cellulo and in vitro 

experiments. We demonstrate that stress granules, a cytoplasmic assembly of RNA and proteins 

(Protter and Parker 2016), can be converted to a preferred site of tau aggregation through 

expression of a G3BP1-polyserine42 fusion protein. We next used in vitro microscopy and kinetic 

experiments to characterize the tau-polyserine domain interaction. First, we demonstrate purified 

polyserine42 forms self-assemblies. Second, we demonstrate polyserine42 assemblies directly 

interact with tau monomers and seeds and can increase the rate of tau fiber formation and growth. 

The surface of the resulting tau fibers is decorated with polyserine assemblies. Finally, we show 

that the assembly of polyserine42 is separable from enrichment in tau aggregates, and assembly 

correlates with effects on tau aggregation. Taken together, these observations demonstrate 

polyserine forms self-assemblies that can directly interact with tau to promote aggregation.  
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RESULTS 

Polyserine42 Converts Stress Granules into Sites of Tau Aggregation 

We and others have previously observed that G3BP1 positive stress granules are not sites 

of tau aggregation (Lester et al. 2023; Wolozin 2012). In contrast, assemblies of overexpressed 

polyserine42 and CS, which contain polyserine rich proteins, serve as preferred sites of 

aggregation in tau biosensor cells (Lester et al. 2023). The difference in tau aggregation between 

stress granules and polyserine containing assemblies could be because polyserine domains are 

necessary and sufficient to define a preferred site of tau aggregation, or because stress granules 

contain inhibitors of tau aggregation. This latter possibility is suggested by the observations that 

the stress granule component G3BP2 can limit tau aggregation in vitro and in neurons (Wang et 

al. 2023). To distinguish these possibilities, we examined if polyserine42 could convert stress 

granules into sites of tau aggregation.  

To do so, we constructed tau biosensor cell lines stably expressing either mRuby, mRuby-

G3BP110, or mRuby-G3BP1-polyserine42 (Figure 2.1A).  
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Figure 2.1: Polyserine42 Containing Assemblies Are Sites of Tau Aggregation Through 
Enrichment of Tau Seeds (A) Schematic of mRuby fusion proteins stably expressed in HEK293T 
tau biosensor cells. (B) Microscopy of HEK293T tau biosensor cells stably expressing mRuby, 
mRuby-G3BP1, or mRuby-G3BP1-Polyserine42 (magenta) were transfected with brain 
homogenate from aged Tg2541 mice to seed tau aggregates (green) and fixed twenty-four hours 
after transfection, nuclei stained with DAPI (blue). (C) Quantification of mRuby enrichment in 
cytoplasmic tau aggregates. N = at least 164 cells from 3 biological replicates. Statistics 
performed with Kruskal-Wallis test with Dunn’s multiple comparisons test. (****) P < 0.0001 (D) 
Stills from live cell imaging of HEK293T tau biosensor cells with endogenously tagged PNN-Halo 
(magenta) MIGs, transfected with fluorescent tau seeds (grey), to induce endogenous tau 
aggregation (green), nuclei stained with DAPI (blue). Time in hours:minutes post transfection and 
start of imaging. Channel breakouts from each time point in greyscale below with PNN assemblies 
outlined in red and superimposed to each channel. (E) Live cell imaging as performed in (D) of 
PNN positive CS. 
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The proper expression of these G3BP1 fusion proteins was verified by western blot (Figure 2.2A).  

 

Figure 2.2: Characterization and Validation of mRuby-G3BP1-Polyserine42 Tau Biosensor 
Lines  (A) Western Blot stained with anti-G3BP1 conjugated to HRP from lysates prepared from 
HEK293T tau biosensor cells transduced with lentivirus expressing mRuby, mRuby-G3BP1, or 
mRuby-G3BP1-Polyserine42. (B) Representative images of HEK293T tau biosensor cells stably 
expressing mRuby, mRuby-G3BP1, or mRuby-G3BP1-Polyserine42 (magenta) fixed and nuclei 
stained with DAPI (blue). (C) Representative immunofluorescence images of HEK293T tau 
biosensor cells expressing mRuby-G3BP1-Polyserine42 (magenta) treated with DMSO control 
(top) or PatA (bottom) for 12 hours. Cells were fixed and stained with anti-PABP (green), nuclei 
stained with DAPI (blue). (D) Quantification of percentage of cells with mRuby assemblies treated 
with DMSO as in (B). N = 15 images across 3 biological replicates. Statistics performed with 
Kruskal-Wallis test. All comparisons with DMSO are non-significant (**) P < 0.005. (E) 
Quantification of integrated FRET density (product of FRET+ cell percentage and median FRET 
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intensity) normalized to DMSO/PatAm Ruby control. N = 3 biological replicates. Statistics 
performed with Kruskal-Wallis. All comparisons are non-significant. 

 

After seeding with brain extracts from Tg2541 mice, cells were treated with the 

translational inhibitor pateamine A (PatA) to induce irreversible stress granule formation (Low et 

al. 2005). This experiment provided several notable observations.  

We observed mRuby-G3BP1 and mRuby-G3BP1-polyserine42 assemblies form in the 

cytoplasm of ~10% of cells in the absence of PatA treatment and tau seeding (Figure 2.2B-D). 

Staining for PolyA Binding Protein (PABP), another stress granule marker, did not localize to these 

assemblies and showed diffuse signal in the absence of stress (Figure 2.2C). Treatment with PatA 

induced mRuby positive assemblies which enriched PABP in greater than 30% of cells in either 

G3BP1 or G3BP1-polyserine42 expressing cell lines (Figure 2.2C and D). Therefore, the addition 

of polyserine42 to G3BP1 does not block the formation of canonical stress granules. We did not 

observe significant differences in the amount of tau aggregation after seeding with and without 

treatment with PatA across the three cell lines (Figure 2.2E). Therefore, the formation of stress 

granules by translation inhibition does not change tau aggregation in cells.  

A key result was that stress granules containing G3BP1-polyserine42 colocalized strongly 

with cytoplasmic tau aggregates in PatA treated and seeded cells (Figure 2.1B and C). In contrast, 

we observed that tau aggregates and G3BP1 positive stress granules without polyserine42 did not 

colocalize (Figure 2.1B and C), as previously reported (Lester et al. 2023; Wolozin 2012). This 

demonstrates that targeting polyserine domains to stress granules allows those organelles to 

interact with tau aggregates.  

To understand if G3BP1-polyserine42 stress granules act as sites of tau aggregation, or 

merge with tau aggregates after their formation, we performed live cell imaging. We found that 
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G3BP1 or G3BP1-polyserine42 positive stress granules formed before tau aggregation began 

(Movie S1 and S2, Figure 2.3A). 
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Figure 2.3: Live Cell Imaging of Tau Aggregation in mRuby-G3BP1 or mRuby-G3BP1-
Polyserine42 Expressing Tau Biosensor Cells (A) Stills from live cell imaging of HEK293T tau 
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biosensor cells expressing mRuby-G3BP1 (top panels, magenta) or mRuby-G3BP1-Polyserine42 
(bottom panels, magenta) transfected with tau brain homogenate from aged Tg2541 mice to 
induce endogenous tau aggregation (green), nuclei stained with Hoechst (blue). Time in 
hours:minutes post treatment with PatA and start of imaging. Channel breakouts of mRuby 
fluorescence and tau aggregates in gray scale with mRuby assembly perimeter in red 
superimposed to all channels. (B) Stills from live cell imaging of HEK293T tau biosensor cells 
expressing mRuby-G3BP1-polyserine42 (magenta) transfected with fluorescent tau fibers 
maleimide labeled with JF594 (grey) to induce endogenous tau aggregation (green), nuclei 
labeled with Hoechst (blue). Time in hours:minutes post treatment with PatA and start of imaging. 
Channel breakouts from each time point in grayscale with mRuby assembly perimeter in red 
superimposed to other channels. (C) Stills from live cell imaging of HEK293T tau biosensor cells 
expressing mRuby-G3BP1 (magenta) transfected with fluorescent tau fibers maleimide labeled 
with JF49 (grey) to induce endogenous tau aggregation (green), nuclei labeled with Hoechst 
(blue). Time in hours:minutes post treatment with PatA and start of imaging. Channel breakouts 
from each time point in grayscale with mRuby assembly perimeter in red superimposed to other 
channels. 

 

In cells with G3BP1 positive stress granules, tau aggregation initiated separately from 

stress granules (Figure 2.3A, top panels). In cells expressing G3BP1-polyserine42, tau 

aggregation initiated within the stress granule and remained colocalized with G3BP1-polyserine42 

throughout imaging (Figure 2.3A, bottom panels). Thus, stress granules that contain polyserine42 

can serve as sites of tau aggregation initiation. 

Taken together, this indicates that the presence of polyserine42 is sufficient for converting 

stress granules into a preferred site of tau aggregation. This also demonstrates that stress 

granules do not contain endogenous inhibitors of tau aggregation.  

 

Polyserine containing assemblies concentrate tau seeds 

One possible mechanism by which assemblies containing polyserine domains could act as 

sites of tau aggregation would be to recruit nascent tau seeds as they enter the cell and then 

serve as a site for those seeds to grow. To examine if tau seeds interacted with polyserine domain 

containing assemblies, we transfected tau seeds prepared in vitro from fluorescently labeled tau 
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and followed the fate of those seeds in tau biosensor cell lines expressing SRRM2-Halo or PNN-

Halo (Lester et al. 2023).  

Strikingly, we observed that transfected tau seeds localized within SRRM2 positive MIGs and 

CSs (Movies S3 and S4, Fig 2.4A and B), and PNN positive MIGs and CSs which then led to 

nucleation of tau aggregate growth (Movies S5 and S6, Fig 2.1D and E). 

 

Figure 2.4: Live Cell Imaging of Tau Aggregation with Fluorescent Tau Seeds and PNN 
Cytoplasmic Assemblies (A) Stills from live cell imaging of HEK293T tau biosensor cells with 
endogenously tagged full length SRRM2-Halo labeled with JF549 (magenta) MIGs transfected 
with fluorescent tau seeds maleimide labeled with JF646 (grey) to induce endogenous tau 
aggregation (green), nuclei labeled with Hoechst (blue). Time in hours:minutes after transfection 
of tau seeds and start of imaging. Channel breakouts in grayscale below each time point with 
SRRM2 assembly perimeter in red superimposed to other channels. (B) Stills from live cell 
imaging of cells as in (A) of SRRM2-Halo positive CSs. 
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 Similarly, we observed fluorescent tau seeds localized in stress granules with G3BP1-

polyserine42 (Movie S7, Figure 2.3B) but not in wild-type stress granules (Movie S8, Figure 2.3C). 

These observations support that polyserine containing assemblies serve as sites of tau 

aggregation, at least in part, by localizing tau seeds.  

  

Polyserine42 Self-Assembles In Vitro 

Our previous observations that polyserine42 overexpression forms cytoplasmic assemblies 

(Lester et al. 2023) demonstrated that polyserine domains can promote the assembly of non-

membrane bound organelles in cells. To determine if this was driven by possible self-assembly 

properties of polyserine, we purified and examined the properties of a 42 amino acid long 

polyserine domain, as found in the C-terminus of SRRM2 (Lester et al. 2023). We purified 

polyserine42 with a TEV-cleavable, N-terminal SUMO tag for solubility, and a C-terminal Halo tag 

to facilitate visualization. As a control, we purified Halo with a TEV-cleavable, N-terminal SUMO 

tag (Figure 2.5A).  
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Figure 2.5: Polyserine42 Self-Assembles in vitro (A) Schematic of recombinant SUMO(TEV)-
Halo and SUMO(TEV)Polyserine42-Halo constructs. (B) Representative images of Halo or 
Polyserine42-Halo labeled with Janelia-Fluor 646 Halo Ligand purified without detergent or TEV 
protease treatment (left), with 0.1% NP40 (middle), and with both 0.1% NP40 and TEV protease 
treatment (right). (C) Quantification of assembly size. N= at least 35 assemblies across 3 
biological replicates, Statistics were performed with Kruskal-Wallis with Dunn’s Multiple 
Comparisons test. (***) P = 0.006 (****) P < 0.0001. (D) Representative dot blot of Halo or 
Polyserine42-Halo stained with Anti-Halo from ultracentrifugation pelleting experiments performed 
in 0.1% NP40 with and without TEV protease treatment. (E) Quantification of dot intensity from N 
= 3 biological replicates of dot blot as in (D) without TEV treatment. Statistics performed with 
Mann-Whitney U test across Halo (Black) or Polyserine42-Halo (Blue) from Total, Supernatant, or 
Pellet fractions (*) P < 0.005 (F) Quantification of dot intensity from N = 3 biological replicates of 
dot blot as in (D) with TEV treatment. Statistics performed with Mann-Whitney U test across Halo 
(Black) or Polyserine42-Halo (Blue) from Total, Supernatant, or Pellet fractions (*) P < 0.005.  
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To monitor assembly by confocal microscopy we labeled polyserine42-Halo and Halo with a Janelia 

Fluor 646-Halo ligand.  

Following purification, we observed polyserine42 rapidly and spontaneously self-

assembles in vitro. Polyserine42 forms large, non-spherical assemblies, while the halo control only 

formed rare, much smaller, assemblies (Figure 2.5B and C). When purified in the presence of 

0.1% NP-40, polyserine42 still formed assemblies, suggesting they are partially resistant to 

solubilization with detergent (Figure 2.5B and C). A fraction of purified polyserine42 pellets when 

subjected to ultracentrifugation, providing further evidence for polyserine42 assembly (Figure 

2.5D-F). Removal of the SUMO solubility tag through TEV cleavage increases the size of 

polyserine42 assemblies purified in detergent, and the amount of pelleted polyserine42 (Figure 

2.5B-F). Thus, self-assembly is an intrinsic feature of polyserine domains.  

 

Polyserine42 assemblies directly interact with monomeric and seed competent tau  

 Polyserine42 assemblies in cells are sites of tau aggregation (Lester et al. 2023). Moreover, 

we observed that tau seeds could be localized to polyserine assemblies such as MIGs, CSs, and 

stress granules tagged with polyserine42. This suggests several possible manners by which 

polyserine42 might interact with tau and affect aggregation. First, polyserine42 might form a 

structure and/or organization that specifically binds tau as a monomer or fiber. Second, 

polyserine42 assemblies could bind proteins promiscuously, through a network of hydrogen bond 

donors and acceptors. To understand if polyserine42 assemblies are directly interacting with tau 

or tau seeds, we asked if tau monomers or tau seeds could associate with self-assembled 

polyserine42.  

We purified full length 2N4R P301S tau with a single cysteine to allow for direct 

observation of tau via maleimide labeling with fluorescent dyes (Figure 2.6A).  
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Figure 2.6: Polyserine42 Interacts Directly with Tau Monomers and Seeds (A) Schematic of 
recombinant tau construct used. (B) Representative images of tau monomers (mTau) maleimide 
labeled with JF-646, tau seeds prepared from mTau maleimide labeled with JF-646 incubated 
with shaking with polyU RNA (green) mixed with Polyserine42-Halo labeled with JF-549. Channel 
breakouts shown below each image in grayscale with polyserine assembly perimeter in red 
superimposed to other channels. (C) Quantification of protein enrichment in Polyserine42-Halo 
assemblies as in (B). Statistics performed with one-way Kruskal-Wallis test with Dunn’s multiple 
comparisons test. (***) P < 0.005 (****) P < 0.0001. (D) Representative images of Polyserine42-
Halo assemblies (magenta) incubated with fluorescent polyU RNA (cyan) with and without tau 
monomers (green). Channel breakouts in grayscale. (E) Quantification of RNA enrichment in 
Polyserine42-Halo assemblies with and without tau monomers as in (D). Statistics performed with 
Mann-Whitney U test. (****) P < 0.0001 
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We mixed monomeric tau with polyserine42-Halo assemblies or Halo alone and performed 

confocal microscopy to monitor potential tau and polyserine42 interactions. Tau does not alter the 

polyserine42 self-assembly in vitro (Figure 2.7A) and is not required for polyserine42 assembly in 

WT HEK293 cells (Figure 2.7B).  

 

Figure 2.7: Polyserine Protein Interaction Specificity (A) Quantification of assembly area of 
Polyserine42-Halo with and without incubation with full length tau monomers. N = at least 807 
assemblies across 3 biological replicates. Statistics performed with Kruskal-Wallis test with 
Dunn’s multiple comparisons test. Comparison is nonsignificant. (B) Representative images of 
wildtype HEK293T cells transfected with a plasmid expressing Polyserine42-Halo or Halo labeled 
with JF646 (magenta) for 48 hours. Cells were fixed and nuclei stained with DAPI (blue). (C) 
Schematic of recombinant polyserine42-Cys. (D) Representative images of SUMO-Polyserine42-
Halo labeled with JF549 mixed with tau monomers maleimide labeled with JF646, GFP, GFP+30, 
or GFP-30 (green) Channel breakouts in grayscale below each image with polyserine assembly 
perimeter in red superimposed across channels. (E) Quantification of protein enrichment in 
Polyserine42 assemblies. N = at least 10 images across 3 biological replicates. Statistics 
performed with Kruskal-Wallis test compared to tau monomers. (***) P < 0.001 (****) P < 0.0001 
(E) Representative images of Polyserine42-cys maleimide labeled with JF646 (magenta) mixed 
with GFP+30 or GFP-30 (green). Channel breakouts in gray scale below each image. (F) 
Quantification of enrichment of tau monomers, tau seeds, GFP, α-synuclein (reproduced from 
figure 3) GFP+30 and GFP-30 in Polyserine42 assemblies. N = at least 10 images across 3 
biological replicates. Statistics performed with Kruskal-Wallis test compared to tau monomers. 
(***) P < 0.001 (****) P < 0.0001 
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 Importantly, we observe that polyserine42-Halo assemblies directly interact with tau 

monomers (Figure 2.6B and C). To rule out effects from the SUMO or Halo tags, we also purified 

polyserine42 with a C-terminal cysteine to allow for maleimide labeling, and a TEV-cleavable N-

terminal SUMO tag for solubility (Figure 2.7C) We observe polyserine42-Cys assemblies also 

interact with tau monomers directly (Fig 2.7D and E). Interestingly, polyserine42-cys assemblies 

did not interact with GFP or α-synuclein (Figure 2.7D and E). Therefore, polyserine42 directly 

interacts with tau monomers with some degree of specificity.  

 Since we observed tau seeds interacting with polyserine domain containing assemblies in 

cells (Figure 2.1C), we also examined if tau seeds prepared by sonication of fluorescently labeled 

tau fibers enriched in polyserine42 assemblies in vitro. We observed tau seeds could associate 

with polyserine42-Halo and polyserine42-Cys assemblies, although to a lesser degree than tau 

monomers (Figure 2.6B and C, 2.7D and E). This suggests that the recruitment of tau seeds into 

polyserine42 assemblies in cells could occur through direct interaction.   

 We also examined if polyserine42 assemblies enrich RNA, a co-factor sufficient for 

inducing tau fiber formation (Kampers et al. 1996). We mixed polyserine42-Halo assemblies with 

fluorescently labeled polyU RNA. We observed polyserine42-Halo assemblies do not enrich polyU 

RNA (Figure 2.6D and E). However, in the presence of tau we observed that tau, RNA, and 

polyserine42-Halo co-assemble (Figure 2.6D and E). Therefore, polyserine42 assemblies enrich 

RNA in a tau dependent manner.  

 

Polyserine42 Increases the Rate of Tau Fiber Formation and Growth  

Since polyserine42 can interact with tau, and thereby potentially either alter the folding of 

tau and/or create a high local concentration of both tau and RNA, it may directly increase rates of 

tau aggregation. To measure the rate of tau fiber formation and growth we used an in vitro 
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thioflavin-t (ThT) kinetics assay. We mixed monomeric 2N4R P301S tau with polyU RNA, which 

is sufficient to induce tau fibrillization (Figure 2.8A yellow curve), with polyserine42 (Figure 2.8A 

black curve) or the halo control (Figure 2.8A blue curve) and measured the increase in bound ThT 

fluorescence over time.  
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Figure 2.8: Polyserine42 Increases the Rate of Tau Fiber Formation and Alters Tau Fiber 
Ultrastructure (A) Monomeric tau was incubated with PolyU RNA, with and without Halo or 
Polyserine42-Halo and thioflavin-t (ThT). ThT fluorescence was measured every 5 minutes for 24 
hours, X-axis truncated to show first 800 minutes. Fluorescence normalized to first time point 
across each condition. N = 9 technical replicates across 3 biological replicates. (B) Quantification 
of the rate of fibrilization of tau derived from the slope of the linear region of the curves in (A). N 
= 9 technical replicates across 3 biological replicates. Statistics performed with Kruskal-Wallis 
test. (*) P < 0.05 (***) P < 0.001 (C) Quantification of the lag time derived from the x-intercept of 
an extrapolation of the linear region of curves in (A). Statistics performed with Kruskal-Wallis test. 
(*) P < 0.05 (**) P< 0.005, (***) P < 0.001 (D) Representative images of HEK293T tau biosensor 
cells transfected with tau fibers prepared with monomeric tau, polyU RNA, and Halo (top) or with 
Polyserine42-Halo (bottom) to seed tau aggregates (green). (E) Quantification of integrated FRET 
density (product of FRET+ percentage and median fluorescence intensity) of HEK293T tau 
biosensor cells transfected with tau fibers prepared with polyU RNA with and without Halo or 
Polyserine42-Halo normalized to cells transfected with tau fibers prepared without Halo or 
Polyserine42-Halo). N = 3 biological replicates. Statistics performed with Kruskal-Wallis test. (*) P 
< 0.05. (F) Representative images of tau fibers prepared with tau monomers (green), FITC-
fluorescent polyU RNA (cyan), and Polyserine42-Halo or Halo labeled with JF646. Channel 
breakouts and zooms shown in gray scale. (G) Representative negative stain electron microscopy 
images of tau fibers prepared as in F. Yellow arrows show additional densities present in 
Polyserine42-Halo containing tau fiber preps. (H) Representative image of immunogold negative 
stain electron microscopy of tau fibers prepared as in F stained with anti-halo and secondary 
antibody conjugated with gold nanoparticles, zoom and inset shows a Polyserine42-Halo assembly 
on the surface of a tau fiber. 

 

We then determined the fibrilization growth rate and lag time by extracting the slope and 

extrapolated x-intercept, respectively, of the linear region of the resulting curves.  

 Importantly, we observed that polyserine42 significantly decreases the lag time and 

increases the growth rate compared to halo alone, which had a small effect compared to no 

addition of protein (Figure 2.8A-C black bars). Halo may exert this small effect on tau fibrilization 

rates through electrostatic interactions with tau, as the Halo tag is negatively charged, and tau is 

positively charged. Nevertheless, this suggests that polyserine42 can increase tau fibrillization, 

potentially by increasing the rate of formation of initial seeding competent tau species, and the 

rate of growth of those seeds. 
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 To examine if polyserine42 was increasing the conversion of tau into fibrillar species by an 

orthogonal assay, we asked if polyserine42 increases the amount of seeding competent tau 

following in vitro fibrillization. In this experiment, we transfected tau fibrilization reactions after 24 

hours of incubation with or without polyserine42, or Halo into HEK293T tau biosensor cells(Holmes 

et al. 2014). The HEK293T tau biosensor cells express cyan fluorescent protein (CFP) or yellow 

fluorescent protein (YFP) tagged forms of the microtubule binding domain of tau with a P301S 

pathogenic mutation that forms FRET (Förster Resonance Energy Transfer) positive tau 

aggregates after transfection of exogenous tau seeds(Holmes et al. 2014). In agreement with the 

increased rate of tau fiber formation and growth, we found that the presence of polyserine42 results 

in an increase in the amount of seeding competent tau as compared to Halo alone (Figure 2.8D 

and E). This provides additional evidence that polyserine42 increases the formation of fibrillar, 

seeding competent tau.  

 

Polyserine42 Incorporates into Growing Tau Aggregates and Changes Tau Fiber 

Ultrastructure 

 After observing that polyserine42 directly increases the rate of formation and growth of tau 

fibers, we asked if the resulting fiber structures and composition are altered. Confocal and 

negative stain electron microscopy were performed to determine the composition and 

ultrastructure, respectively, of tau fibers. We prepared tau fibers as described previously and 

imaged fibers after 24 hours of fibrilization.  

 With confocal microscopy we found that tau fibers prepared in the presence of polyserine42 

show colocalization of polyserine42, tau, and polyU RNA (Figure 2.8F). Tau fibers prepared in the 

presence of halo alone show diffuse halo signal, while tau and polyU RNA fluorescence is 

colocalized (Figure 2.8F).  
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 Negative stain electron microscopy of tau-RNA fibers showed polyserine42 can change tau 

fiber ultrastructure. Tau fibers made in the presence of polyserine42 contain additional densities 

decorating the fiber (Figure 2.8G, yellow arrows) which are not observed with tau fibers prepared 

with Halo, or no additional protein. To identify these unique densities, we performed immunogold 

labeling against the Halo tag. We observed the enrichment of gold-nanoparticle densities on the 

extra-densities observed with tau-polyserine42 fibers (Figure 2.8H). We did not observe staining 

throughout the tau fiber, indicating that polyserine42 may interact with the surface of fibers, as 

opposed to incorporating into growing tau fibers. Taken together, this suggests that polyserine42 

can interact with and possibly alter the form of growing tau fibers.  

 

Polyserine-tau interaction is separable from increasing tau aggregation.  

 The results above show polyserine42 self-assembles, localizes to tau aggregates, and 

increases tau fibrillization. In principle, these effects could all be due to one biochemical property 

of polyserine42 or might reflect different functions. To address the possible overlap of these 

functions, we created variants of polyserine42 and examined their ability to localize to tau 

aggregates, affect the degree of tau aggregation, and form intracellular assemblies in HEK293T 

tau biosensor (Holmes et al. 2014) cells. We created variants where a fraction of serine residues 

was substituted with negatively charged aspartic acid, positively charged lysine, or neutral 

threonine residues without altering peptide length (Figure 2.9A).  



57 
 

 

Figure 2.9: Analysis of Polyserine42 Variants (A) Schematic of Polyserine42-Halo variants used. 
(B) Representative images of HEK293T tau biosensor cells transfected with plasmids expressing 
Halo, Polyserine42-Halo, or polyserine42-Halo variants labeled with JF646 halo-ligand (magenta) 
for 24 hours, then transfected with tau brain homogenate from aged Tg2541 mice to induce 
endogenous tau aggregation (green), and fixed after 24 hours, nuclei stained with DAPI (blue). 
Channel breakouts show tau aggregate perimeter in red superimposed to Halo/ Polyserine42-Halo 
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/Polyserine42-Halo variant channels. (C) Quantification of Halo/ Polyserine42-Halo /Polyserine42-
Halo variants enrichment in cytoplasmic tau aggregates. N = at least 129 cells with tau aggregates 
and Halo/ Polyserine42-Halo/Polyserine42-Halo variant expression across 3 biological replicates. 
Statistics performed with Kruskal Wallis test with Dunn’s multiple comparisons test compared to 
Halo enrichment. (*) P < 0.05 (****) P < 0.0001. (D) Quantification of integrated FRET density 
(product of FRET+ percentage and median FRET intensity) of top 10% Halo expressing cells 
normalized to Halo. N = 6 biological replicates. Statistics performed with Kruskal-Wallis test 
compared to Halo. (*) P < 0.05. (E) Representative images of Halo/ Polyserine42-
Halo/Polyserine42-Halo variants (magenta) expressed in Wild Type HEK293T cells for 48 hours, 
and fixed, nuclei stained with DAPI (blue). (F) Quantification of percent cells expressing Halo/ 
Polyserine42-Halo/ Polyserine42-Halo variants with at least one Halo/ Polyserine42-
Halo/Polyserine42-Halo variant assembly. N = 15 images across 3 biological replicates. Statistics 
performed with Kruskal-Wallis test. (****) P < 0.0001. 

 We began by examining the ability of polyserine42 variants to localize to tau aggregates in 

cells following transfection. First, we observed the replacement of some serine residues with 

aspartic acids did not alter recruitment into tau aggregates, as constructs with 50% or 25% of the 

serine residues replaced by aspartic acids (S3D3)7, or (S3D)10SD, respectively, still enriched with 

tau aggregates (Figure 2.9B and C). In contrast, polyserine domains with 50% substitution with 

lysine (S3K3)7, or a threonine rich variant, (ST5)7, failed to colocalize with tau aggregates (Figure 

2.9B and C).  

 The observation that negatively charged amino acids could substitute serine raised the 

possibility serine phosphorylation may mediate polyserine interactions with tau aggregates in 

cells. However, three observations suggest this is not the case. First, the substitution of serine 

with threonine ((ST5)7), which are often substrates for shared serine/threonine kinases, led to a 

construct that abolished enrichment with tau aggregates (Figure 2.9B and C). Second, phos-tag 

analysis (Kinoshita et al. 2009) of overexpressed polyserine42 did not show a substantial shift in 

molecular weight, indicating no phosphorylation (Figure 2.10A).  
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Figure 2.10: Phos-Tag Analysis of Halo or Polyserine42-Halo From HEK293T Cells (A) 
Plasmids expressing Halo or Polyserine42-Halo were transfected into WT HEK293T cells. Cells 
were harvested after 48 hours, lysed with and without phosphatase inhibitor and treated with or 
without lambda-protein-phosphatase (LPP). Lysates were loaded onto a PhosTag SDS-PAGE gel, 
transferred to a nitrocellulose membrane which was probed with anti-Halo.  

 

Finally, we note that recombinant polyserine42, which is not phosphorylated, can interact with tau 

in vitro (Figure 2.6) demonstrating phosphorylation is not required for polyserine42-tau interaction.  

 Next, we asked how these variants altered tau aggregation in cells using flow cytometry 

(Lester et al. 2023; Holmes et al. 2014). We observed that one of these variants retained the 

ability to increase tau fibrillization. Specifically, we observed that, like polyserine42, (S3D)10SD 

increased tau aggregation (Figure 2.9D). In contrast, (ST5)7, and (S3K3)7, which do not enrich in 

tau aggregates, also do not increase tau aggregation (Fig 5B-E). Interestingly, (S3D3)7, which 

enriches with tau aggregates, does not increase tau aggregation (Figure 2.9B-D). This 

demonstrates that the interaction of polyserine domains with tau aggregates can be separated 

from their ability to promote tau aggregation.  

 Interestingly, we observed a correlation between the ability for a variant to form assemblies 

with its ability to increase tau aggregation. Specifically, we observed that polyserine42 and 

(S3D)10SD, both of which increase tau aggregation, formed intracellular assemblies (Figure 2.9E 
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and F). In contrast, (ST5)7, (S3K3)7, and (S3D3)7 all failed to form intracellular assemblies and to 

promote tau aggregation (Figure 2.9E and F). 

 

Polyserine42 Self-Assembly Stimulates Tau Aggregation 

 To more directly test the role of polyserine42 assembly driving the stimulation of tau 

aggregation, we overexpressed a maltose binding protein (MBP)-polyserine42-Halo construct in 

tau biosensor cells (Holmes et al. 2014) to reduce polyserine42 assembly, as MBP has been used 

to increase solubility of recombinant proteins for structural biology (Kapust and Waugh 1999). 

 First, we ensured that MBP fusion reduced polyserine42 assembly but retained enrichment 

in tau aggregates. We found that MBP-polyserine42-halo expression reduced the fraction of cells 

with assemblies to levels similar to MBP-Halo expression alone (Figure 2.11A and B).  
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Figure 2.11: MBP-Polyserine42 Fusion Protein Blocks Polyserine Assembly and Stimulation 
of Tau Aggregation (A) Representative images of HEK293T tau biosensor cells transfected with 
plasmids expressing Halo, Polyserine42-Halo, MBP-Halo, or MBP-Polyserine42-Halo labeled with 
JF646 (magenta) for 48 hours, tau-YFP (green), and nuclei stained with DAPI (blue). (B) 
Quantification of percentage of cells expressing Halo tagged constructs with Halo assemblies. N 
= 15 images across 3 biological replicates. Statistics performed with Kruskal-Wallis test compared 
to Halo. (****) P < 0.0001 (C) Representative images of HEK293T tau biosensor cells transfected 
with plasmids expressing Halo, Polyserine42-Halo, MBP-Halo, or MBP-Polyserine42-Halo labeled 
with JF646 (magenta) for 24 hours, transfected with tau brain homogenate from aged Tg2541 
mice to induce endogenous tau aggregation (green), cells were fixed 24 hours later and nuclei 
stained with DAPI (blue). Channel breakouts for Halo, Polyserine42-Halo, MBP-Halo, or MBP-
Polyserine42-Halo and tau shown below with tau aggregate perimeter in red superimposed across 
channels. (D) Quantification of enrichment of Halo, Polyserine42-Halo, MBP-Halo, or MBP-
Polyserine42-Halo in tau aggregates as in (C). N = at least 109 cells with Halo, Polyserine42-Halo, 
MBP-Halo, or MBP-Polyserine42-Halo expression and tau aggregates across 3 biological 
replicates. Statistics performed with Kruskal-Wallis test. (***) P = 0.0001 (****) P < 0.0001. 

 

Second, we confirmed that MBP-polyserine42 enriches with tau aggregates (Figure 2.11C and D).  

 We next tested if this separation of functions altered tau aggregation. We found that 

addition of MBP reduced polyserine42 effects on promoting tau aggregation (Figure 2.11D). 

Therefore, polyserine42 self-assembly positively correlates with increased tau aggregation, and 

that self-assembly and targeting to tau aggregates are separable functions. 

 

DISCUSSION 
 In this study we demonstrate that polyserine42 spontaneously self assembles. The key 

observation is that purified polyserine spontaneously forms microscopically visible assemblies 

large enough to pellet via ultracentrifugation (Figure 2.5). While the specific structure of these 

polyserine assemblies is unknown, it may form complex coiled-coil structures similar to serine 

repeats of shorter lengths (Lilliu et al. 2018). Additionally, the self-assembly of polyserine provides 

a molecular understanding of polyserine assemblies that form upon overexpression in cells and 

mice (Lester et al. 2023; Van Alstyne et al. 2024). Polyserine assemblies are also observed in 

spinocerebellar ataxia type 8 (SCA8) and Huntington’s Disease (HD), produced by RAN 
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translation, and may form through similar self-assembly mechanisms (Ayhan et al. 2018; Davies 

and Rubinsztein 2006). An interesting possibility is that polyserine domain self-assembly may 

promote the assembly of nuclear speckles, as SRRM2 is essential for nuclear speckle formation 

(Lester et al. 2023; Ilik et al. 2020). 

Our data supports a hypothesis that polyserine assembly is required to stimulate tau 

aggregation. Importantly, blocking polyserine assembly via expression of an MBP-polyserine 

fusion protein also reduces stimulation of tau aggregation (Figure 2.11). Taken together with our 

findings that polyserine variants which do not assemble also do not increase tau aggregation 

(Figure 2.9), we conclude that assembly drives the stimulation of tau aggregation. This may also 

explain the observation that polyserine puncta and tau aggregation are observed in some cases 

of SCA8 and HD (Gratuze et al. 2016; Yonenobu et al. 2023). Further study is required to 

understand if pathological polyserine assembly directly induces tau aggregation in these 

diseases. 

Polyserine assemblies increase tau aggregation which can occur through direct interaction 

with tau. We previously observed that overexpression of polyserine42 increases tau aggregation 

in HEK293T tau biosensor cells and pathology in PS19 mice (Lester et al. 2023; Van Alstyne et 

al. 2024). Here, we provide evidence that this increased aggregation can occur due to direct 

interaction between polyserine assemblies, tau monomers and other cofactors sufficient to induce 

tau aggregation (Figure 2.6). Additionally, polyserine containing assemblies can localize tau 

seeds, creating preferred sites for tau aggregation (Figure 2.1). Thus, polyserine expression and 

assembly may exacerbate tau pathology by creating a complex network with tau seeds which 

promotes subsequent aggregation.  
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 Polyserine assemblies may interact with tau and increase tau aggregation in multiple 

ways. In one manner, polyserine assemblies enrich tau monomers and cofactors, such as RNA, 

sufficient for fibrilization in a high local concentration (Figure 2.6). This higher concentration of tau 

and RNA may then lead to faster fiber formation and growth (Figure 2.8). Alternatively, polyserine 

may interact with tau monomers and bias the folding of tau into an aggregate prone form. Finally, 

polyserine assemblies may increase tau aggregation by enriching seeding competent oligomers 

or fibers with tau monomers, thus increasing the rate of fiber growth independent of additional 

cofactors. 

 In conclusion, we hypothesize that polyserine domains self-assemble, which increases 

the local concentration of tau monomers and fibers through direct interactions, resulting in 

increased rates of tau aggregate formation (Figure 2.12). 

 

Figure 2.12: Polyserine42 Assemblies are Preferred Sites of Tau Aggregation Through 
Enrichment of Tau Seeds Stimulating Tau Aggregation. (A) Model showing a possible 
mechanism in which polyserine containing assemblies enrich tau monomers, RNA, and tau seeds 
to create preferred sites of tau aggregation, which in turn stimulates tau aggregation. Tau seeds 
can enrich in cytoplasmic polyserine containing assemblies where they interact with endogenous 
tau, and possibly other cellular cofactors to grow a tau aggregate. 
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METHODS 

Cell culture and tau aggregate seeding of HEK293T cells 

 HEK293T tau biosensor cells (Holmes et al. 2014) stably expressing the 4R repeat domain 

of tau (K18) with the P301S mutation were purchased from ATCC (CRL-3275). Cells were plated 

at 1.25 X 105 cells/mL in 500 uL of DMEM supplemented with 10% FBS and 0.2% penicillin-

streptomycin on poly-D-lysine coated glass coverslips for immunofluorescence and microscopy, 

or directly in a 24-well cell culture treated plate (Corning 2536) for flow cytometry. Cells were 

allowed to grow overnight at 37 ºC and 5% CO2. The next day, plasmids were transfected using 

lipofectamine 3000 following manufacturers protocol. For cells expressing Halo tagged 

constructs, Janelia Fluor 646 (Promega) was added for downstream imaging, or TMRDirect 

Ligand (Promega) was added for downstream flow cytometry. The next day, cells were transfected 

with lipofectamine 3000 with 0.25 uL of 1 mg/mL clarified brain homogenate from Tg2541 mice 

per well. 24 hours later, cells were either fixed for immunofluorescence and imaging or were 

processed for flow cytometry (see below). 

 

Clarification of brain homogenate for tau aggregate seeding in HEK293T tau biosensor 

cells 

 As previously described(Lester et al. 2021), 10% brain homogenate from Tg2541 mice 

was centrifuged at 500 x g for 5 minutes. The supernatant was collected and centrifuged again at 

1000 x g for 5 minutes. The supernatant was collected, protein concentration determined with a 

bicinchoninic acid assay (BCA) and diluted with PBS to 1 mg/mL. Aliquots were stored at -80C 

for downstream transfection. 
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Generation of cell lines 

 For production of mRuby-G3BP1-polyserine42 expressing HEK293T tau biosensor lines, 

construct encoding mRuby-G3BP1-polyserine42 was cloned into a pLenti EF1 vector. Wildtype 

HEK293T cells were transfected using Lipofectamine 3000 with pLenti plasmids and lentiviral 

packaging plasmids (Gag-pol (Addgene #14887), VSV-G (Addgene #8454), rSV-REV (Addgene 

#12253). Lentivirus was collected 48 hours later and was added to HEK293T tau biosensor cells 

described previously(Holmes et al. 2014). Transduced cells were selected with blasticidin (2 

µg/mL). 

 

Immunofluorescence and Fixed Cell Imaging 

 As described above, cells plated and prepared on poly-D-lysine coated coverslips were 

fixed with 4% paraformaldehyde for 15 minutes. Cells were washed once with 1xPBS, 

permeabilized with 0.5% TritonX for 10 minutes, washed three times with 1x PBS, and blocked 

with 5% BSA in PBS for 1 hour at room temperature. Primary antibodies were added in blocking 

buffer for two hours at room temperature (Rabbit anti-PolyA Binding Protein (abcam 21060 1:500 

in TBS-T)). Cells were washed three times with 1x PBS. Secondary antibody (Anti-Rabbit-

AlexaFluor 549 (abcam150092 1:1000 in TBS-T)) solution in blocking buffer with 1x DAPI was 

added to cells for 1 hour. Cells were washed three times with 1x PBS and mounted using ProLong 

Glass Antifade Mountant. 

 For monitoring enrichment of stress granules with tau aggregates, cells were plated as 

described above. Twenty-four hours after plating, cells were transfected with tau brain 

homogenate (described above) and seven hours later treated with 50 nM PatA. Twelve hours 

later, cells were fixed and mounted as described above.  
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 For monitoring enrichment of polyserine and polyserine variants with tau aggregates, cells 

were plated as described above. Twenty-four hours after plating, cells were transfected with 

plasmids encoding Halo tagged constructs alongside JF646 Halo-ligand (Promega). Twenty-four 

hours after transfection, tau aggregates were induced as described above. Twenty-four hours 

after tau brain homogenate transfection, cells were fixed and mounted as described above.  

 

Live Cell Imaging 

 For analysis of tau aggregation in the context of stress granules with and without 

polyserine, cells were plated on 24 well poly-D-lysine glass bottom plates with #1.5 cover glass 

at 0.2 x 106 cells/mL. Cells were allowed to grow overnight at 37 ºC and 5% CO2. Tau aggregation 

was induced 24 hours later with brain homogenate from Tg2541 mice as described above, seven 

hours later, stress granules were induced with 50 nM PatA and nuclei were stained with Hoechst. 

Images were collected every 10 minutes for 16 hours. 

For live cell imaging of tau seeds, cells were plated as described above. For localization 

with SRRM2 or PNN, JF549 was added alongside initial plating. Cells were allowed to grow 

overnight at 37 ºC and 5% CO2. Fluorescent tau fibers were prepared (see below) pelleted and 

100K x g for 30 minutes, washed once in 1xPBS, pelleted again at 100K x g for 30 minutes and 

resuspended in 1xPBS. Tau fiber pellets were then sonicated just prior to transfection (performed 

identically to transfection of tau brain homogenate from Tg2541 mice). For localization to stress 

granules, cells were treated with 50 nM PatA 7 hours after tau fiber transfection alongside nuclei 

staining with Hoechst just prior to imaging. For localization to SRRM2 or PNN assemblies, tau 

fiber transfection occurred alongside nuclei staining with Hoechst just prior to imaging. Images 

were collected every 10 minutes for 16 hours. 
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Cloning of polyserine expression plasmids 

 To express polyserine variants in HEK293T tau biosensor cells(Holmes et al. 2014) 

custom gBlocks were ordered from Twist Bioscience and cloned into pCDNA3.1-Halo plasmids 

under a CMV promoter using In-Fusion cloning. Bacterial expression plasmids were produced 

using custom gBlocks ordered from Twist Bioscience or IDT which were cloned into pET28 vectors 

using In-Fusion cloning.  

 

Protein expression and purification 

 pET28 plasmids expressing SUMO-Polyserine42-Halo, SUMO-Halo, SUMO-Polyserine42-

Cys, SUMO-Cys, and pET29 2N4R P301S single cysteine (See Fig 3A) were transformed into 

Rosetta2(DE3)pLysS E. coli and grown in LB media supplemented with kanamycin and 

chloramphenicol. One liter LB cultures were inoculated with overnight cultures, incubated with 

shaking at 37 ºC until O.D600 >= 0.4, and protein expression was induced with 0.2 mM IPTG 

(polyserine constructs), or 0.5 mM IPTG (Halo and SUMO-Cys constructs), or 0.4 mM IPTG (tau 

constructs) for 4 hours at 37°C. Bacteria was pelleted and stored at -80 ºC. 

 All SUMO tagged constructs were purified using Ni-NTA columns. Cell pellets were 

resuspended in Lysis Buffer (50 mM MOPS pH 7.0, 300 mM NaCl, 30 mM imidazole, 1 mM DTT, 

supplemented with Ultra EDTA-free protease inhibitors and 0.1 mM AEBSF) and lysed with 

sonication. Cell lysate was clarified with centrifugation and filtered through a 0.2 µm pore filter. 

For downstream imaging with halo-ligands, JF594 or JF646 was added to clarified lysate and 

nutated at room temperature for 30 minutes. Labeled protein lysate was added to equilibrated Ni-

NTA, washed with 5 column volumes (CV) of lysis buffer, 10 CV of lysis buffer with 500 mM NaCl, 

and finally 10 CV of lysis buffer with 1M NaCl. Six CV of Elution buffer (50 mM MOPS pH 7.0, 200 
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mM NaCl, 300 mM imidazole, 1 mM DTT, supplemented with Ultra EDTA-free protease inhibitor 

(Sigma) and 0.1 mM AEBSF) was added and incubated with resin for 30 minutes. Elution buffer 

was collected and concentrated before overnight dialysis into storage buffer (50 mM MOPS pH 

7.0, 100 mM NaCl, 1 mM DTT). For maleimide labeling, proteins were purified as described 

above, but with 1 mM TCEP instead of DTT in all buffers. For maleimide labeling, concentrated, 

purified protein was incubated with 3 molar excess of maleimide dye for 2 hours at room 

temperature. Excess dye was removed with overnight dialysis into storage buffer as described 

above. 

 Full length tau constructs were purified over three columns, Ni-NTA, SP cation exchange, 

and S200 size exclusion. Clarified cell lysates were prepared as described above in Tau Lysis 

Buffer (50 mM Tris pH 7.4, 300 mM NaCl, 30 mM imidazole, 1 mM DTT, supplemented with Ultra 

EDTA-free protease inhibitor (Sigma)). Lysate was added to equilibrated Ni-NTA, washed with 5 

CV of Tau Lysis Buffer, 10 CV Tau wash buffer supplemented with 500 mM NaCl, 10 CV Tau wash 

buffer with 1 M NaCl, and eluted in Tau elution buffer (50 mM Tris pH 7.4, 100 mM NaCl, 300 mM 

imidazole, 1 mM DTT). Eluted protein was dialyzed overnight into Buffer A (50 mM MES pH 6.00, 

150 mM NaCl, 1 mM DTT). Protein was loaded into a superloop on an AKTA Pure 25 M and 

passed through a pre-equilibrated SP cation exchange column. Protein was eluted with a gradient 

of Buffer B (Buffer A with 1 M NaCl) and fractions collected. Protein containing fractions were 

pooled, concentrated to 1 mL and loaded onto an S200 size exclusion column. Protein was eluted 

in storage buffer (1x PBS pH 7.4, 1 mM TCEP (for maleimide labeling) or 1 mM DTT (for 

fibrilization reactions). Protein containing fractions were pooled and concentrated to 50 µM and 

stored at 4 ºC. 

 

Microscopy Colocalization 
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 Colocalization assays were performed in 1xPBS with 3 µM polyserine or halo proteins and 

5 µM of experimental proteins. Protein mixture was brought up to 50 µL in Bio-One CELLview 

slides (Greiner) and immediately imaged. Imaging was performed on a Nikon spinning disk 

confocal microscope at 60x magnification. 

 

In vitro polyserine assembly 

 To assess assembly formation, 20 µM purified SUMO-Halo and SUMO-polyserine42-Halo 

were incubated with TEV for 24 hours at room temperature in storage buffer. Reactions were 

either subjected to ultracentrifugation for dot blots, or microscopic examination. For 

ultracentrifugation analysis, reactions were pelleted at 100K x g for 1 hour, supernatant kept, and 

pellet washed with dialysis buffer, and pelleted again at 100K x g for 30 minutes. 1 µL of total, 

supernatant, and pellet fractions were spotted onto nitrocellulose and blotted with anti-HaloTag 

pAb (Promega). For microscopic examination, reactions were transferred to Bio-One CELLview 

slides (Greiner) and imaged at 60x magnification on a Nikon spinning disk confocal microscope.  

 

Preparation of Recombinant Tau Fibers 

 Tau fibers were prepared using JF646-maleimide labeled tau monomers purified and 

stored in TCEP as described above. For fibrilization, 5 µM tau monomers were incubated with 40 

ng polyU RNA in 1xPBS pH 7.4 and freshly prepared 1 mM DTT for 24 hours with shaking at 37 

ºC. Reactions were done in separate 50 µL reactions and pooled after incubation. Tau fibers were 

separated from soluble tau species via ultracentrifugation. Pooled tau fiber reactions were 

centrifuged at 100K xg for 30 minutes, the supernatant removed, and the pellet resuspended in 

equal volumes of 1x PBS pH 7.4. The resuspended pellet was centrifuged at 100K xg for 30 
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minutes, the supernatant removed, and the pellet resuspended in 1x PBS pH 7.4. The 

resuspended pellet was sonicated and immediately used in downstream experiments.  

 

Preparation of Fluorescent RNA 

 Fluorescent polyU RNA homopolymers were prepared using poly-uridylic acid (Millipore 

Sigma) and the Label IT® Nucleic Acid Fluorescein Labeling Kit (Mirus Bio) according to 

manufacturers protocol. Fluorescent RNA was labeled on the day of recombinant tau fiber 

reactions. 

 

Thioflavin-T kinetics assays 

 To assess fibrilization kinetics, 5 µM unlabeled 2N4R tau purified and stored in 1 mM DTT 

was mixed with 40 ng polyU RNA, 3 µM SUMO-polyserine42-Halo or SUMO-Halo, and 20 µM 

thioflavin T in 1x PBS pH 7.4 supplemented with freshly prepared 1 mM DTT. Reactions were 

prepared in 175 uL master mix and 50 µl was aliquoted into three wells of a 96 well #1.5 cover 

glass bottom plate (Greiner). Negative controls without tau, with and without RNA, and with and 

without additional proteins were also prepared in triplicate. Thioflavin T fluorescence was 

measured every 5 minutes for 24 hours on a BMG CLARIOstar plate reader using 446 nm 

excitation and 482 nm emission, incubating at 37°C and shaking at 300 RPM for 30 seconds prior 

to each measurement. The linear ranges of the produced curves were extracted, and a line was 

fitted to determine the slope (rate of fiber growth) and X-intercept (lag time).  
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Immunogold labeling and TEM 

For TEM, tau fibers were made by incubating 5 µM monomeric 2N4R P301S Tau, 40 ng 

PolyU RNA, 1 mM DTT, with and without 3 µM SUMO-polyserine42-Halo or SUMO-Halo, in 1x 

PBS pH 7.4 for 24 hours at 37°C while shaking at 300 RPM. Tau fibrilization samples were diluted 

1:5 and 5 µl of each were adsorbed on a carbon-coated copper grids (300 mesh, Electron 

Microscopy Sciences) for 1 min. Excess sample was wicked off and grids were incubated with 5 

µl 2% uranyl-acetate (UA) for 30 seconds. Excess UA was wicked off and grids were allowed to 

dry.  

For immunogold labeling, 10 µl of diluted tau fibrilization samples (See above) were 

adsorbed on carbon-coated nickel grids (300 mesh, Electron Microscopy Sciences) for 10 

minutes. Excess fibrils were removed by placing the grids on three successive drops of fresh 1x 

PBS without drying. Grids were blocked in 1% BSA in PBS for 60 min and subsequently incubated 

with primary anti-Halo antibody (anti-HaloTag pAb (Promega)) diluted 1:100 in 1% BSA in PBS) 

for 60 min. The grids were washed on five successive drops of fresh 1x PBS without drying and 

incubated with gold-labeled secondary antibody (10 nm-Gold goat anti-rabbit IGG (Ted Pella) 

diluted 1:50 in 1% BSA) for 60 min. Grids were washed again on five successive drops of fresh 

1x PBS and samples were negatively stained by incubating in 5 µl 2% UA for 30 seconds. TEM 

was performed with a FEI Tecnai T12 spirit equipped with an AMT CCD camera. 

  

SDS-PAGE and Western Blotting  

 For analysis of proper expression of mRuby-G3BP1 and mRuby-G3BP1-Polyserine42, 

cells were grown in 6 well plates to 80% confluence. Cells were harvested in 1x PBS and pelleted 

at 300 xg for 8 minutes. The cell pellet was resuspended in lysis buffer (10 mM Tris pH 7.4, 2.5 
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mM MgCl2, 100 mM NaCl supplemented with PhosStop (Sigma) and Ultra Complete Protease 

Inhibitor (Sigma)). Cells were lysed via pipetting through a 26g needle 10 times. Lysate was 

clarified via centrifugation at 10K xg for 15 minutes at 4 ºC. Supernatant was collected and stored 

at -80. 

 Cell lysate protein concentration was measured with Bradford assay and normalized to 

the lowest protein concentration. Lysate mixed with 4X SDS-Loading dye and boiled for 5 minutes 

prior to loading on a NuPAGE 4-12% Bis-Tris mini gel (Invitrogen). Protein was transferred to 

nitrocellulose membrane which was then blocked with 5% BSA in TBS-T. The blocked membrane 

was incubated with primary antibody solution diluted in 5% BSA in TBS-T overnight at room 

temperature, washed 3 times with TBS-T, and incubated with secondary antibody solution for one 

hour followed by 3 washes with TBS-T. Blot was developed with Clarity Western ECL Substrate 

(BioRad). 

 

Flow Cytometry 

 Flow cytometry was used to determine the fraction of cells with tau aggregates as 

described previously(Lester et al. 2023). Briefly, HEK293T tau biosensor cells(Holmes et al. 2014) 

were plated at 0.125 x 106 cells/mL in 500 µL in a 24 well plate. For halo expression, 24 hours 

after plating, plasmids expressing halo tagged constructs were transfected with lipofectamine 

3000 following manufacturers protocol. At the time of transfection, 200 nM of TMRDirect halo-

ligand was added. Twenty-four hours after transfection, tau aggregates were induced as 

described above using 0.5 ng/µL of tau brain homogenate. Twenty-four hours after transfection of 

tau brain homogenate, cells were trypsinized, washed with PBS and filtered with 50 µm nylon 

mesh filters prior to analysis. Sorting was performed on BD FACSCelesta™ Cell Analyzer with 

the following filter sets: 561-585 (Halo expression), 405-450 (CFP), and 405-525 (FRET). Analysis 
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was performed using FlowJo. Gating was performed sequentially, first gating for cells, single cells, 

then Halo expression for top 10% expressing cells, and finally, gated for FRET+ cells. The FRET+ 

gate was set using a mock transfected well with 1% as previously detailed(Holmes et al. 2014). 

The integrated FRET density was determined as a product of the median FRET intensity and the 

percentage of FRET+ cells. 

 For analysis of expression of G3BP1 and G3BP1-Polyserine42 with and without stress, 

cells were plated at the same density. Cells were transfected with tau brain homogenate 24 hours 

after plating as described above. Seven hours after transfection of tau brain homogenate, cells 

were treated with 50 nM PatA. Twelve hours after PatA treatment, cells were then processed and 

analyzed as described above.  

 

Quantification and statistical analysis 

 Information on statistical analysis and software used can be found in this section and in 

the Key resources table. Statistical details of expriments are included in the figure captions 

(including statistical tests used, value of n, what n represents). All error bars reported are SEM. 

All statistical analyses were performed using GraphPad-Prism 10. 

 

Image Analysis 

 All image analysis was performed with Cell Profiler version 4.2.8.  

To measure the fraction of cells with mRuby or Halo positive assemblies, as well as the 

enrichment of mRuby or Halo fluorescence in tau aggregates, the same pipeline was used. Briefly, 

cell nuclei and cytoplasm were segmented and filtered for Halo or mRuby expressing cells. This 
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population of cells was then further filtered for cells with and without tau aggregates, or with and 

without mRuby or Halo assemblies. For enrichment of Halo or mRuby, the mean intensity was 

determined inside tau aggregates, and from the remainder of the cytoplasm on a single cell basis. 

Enrichment was determined as the mean intensity of Halo or mRuby inside tau aggregates divided 

by the mean intensity of Halo or mRuby in the remainder of the cytoplasm. 

To determine the enrichment of proteins in polyserine assemblies, fields of view were 

segmented for polyserine assemblies, these assemblies were then merged as one object per field 

of view. The mean intensity of the additional proteins was then measured in and outside polyserine 

assemblies, and enrichment was determined with the same method described above. This 

pipeline was also used to measure the area of polyserine assemblies on a per assembly basis. 
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CHAPTER III 
 

Could SARS-CoV-2 Cause Tauopathy? 

This section is adapted from Could SARS-CoV-2 Cause Tauopathy? Authored by James Pratt, 

Evan Lester, and Roy Parker, published in The Lancet Neurology in 2021 (PMID: 34146504) (Pratt 

et al. 2021). 

 

SUMMARY 
 The ongoing COVID-19 pandemic has unexpected consequences. We consider the 

possibility that a fraction of COVID-19 infected individuals will develop a neurodegenerative 

disease and associated aggregation of tau protein, referred to as a tauopathy, as a consequence 

of SARS-CoV-2 infection. This hypothesis is based on the observations that some COVID-19 

infected individuals have neurological effects including neuroinflammation, that 

neuroinflammation can promote tauopathy, and that other infectious diseases can trigger 

tauopathies in a subset of infected individuals.   
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At the time of this publication, Sars-CoV-2 has infected 124 million people globally and 

continues to spread worldwide. Although SARS-CoV-2 is classified as a respiratory virus, some 

infected individuals show neurological symptoms.  Recently, a large cohort study on neurologic 

sequelae of COVID-19 found that 33.62% of COVID-19 patients received a psychiatric or 

neurological diagnosis within sixth months of COVID-19 infection (Zubair et al. 2020). Some of 

these diagnoses are indicative of acute and sub-acute changes to the central nervous system 

(CNS). While we do not yet know the long-term consequences of these changes, viral infection in 

a subset of patients may promote chronic neuroinflammation and, over a period of years, lead to 

tau aggregation and neurodegeneration.  

 Tauopathies are a large class of neurodegenerative disease (encompassing more than 20 

different diseases) and are characterized by their shared deposition of insoluble, aggregated tau 

in neurons and occasionally glial cells. Tauopathies are classified as either primary tauopathies, 

in which tau is thought to be the driver of disease, or secondary tauopathies, in which tau 

aggregation is downstream of another insult. Secondary tauopathies can have far ranging causes 

from extracellular accumulation of 𝛃𝛃-amyloid in Alzheimer’s disease to repetitive head trauma in 

chronic traumatic encephalopathy. While the exact mechanism for how these diverse insults lead 

to tau aggregation and neurodegeneration is still poorly understood, many of these secondary 

tauopathies share an association with neuroinflammation (Heneka et al. 2020). In particular, 

activation of the NLRP3 inflammasome can promote tau hyperphosphorylation and tau 

neurofibrillary tangle (NFT) formation (Heneka et al. 2020). NLRP3 activation in microglia induces 

tau mis-localization to the soma in neighboring neurons and is an early sign of Alzheimer’s 

Disease (Heneka et al. 2020). The association between neuroinflammation and tauopathies 

raises the possibility that neuroinflammation, and activation of the NLRP3 inflammasome, 

triggered during some COVID infections may promote downstream tau aggregation and 

neurodegeneration. 
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  Evidence suggests that SARS-CoV-2 can impact the central nervous system (CNS) in at 

least two manners (Fig. 1). First, SARS-CoV-2 viruses may be able to cross the blood brain barrier 

(BBB) and directly infect neurons and/or the surrounding vasculature. This CNS infection could 

be through infection of the vascular endothelium, invasion via olfactory nerve, or leukocyte 

migration across the BBB (Zubair et al. 2020). Additionally, SARS-CoV-2 has been identified in 

brain microvascular endothelial cells, which indicates possible disruption of the BBB and 

supporting vasculature (Zubair et al. 2020). Once inside cells, SARS-CoV-2 can directly activate 

the NLRP3 inflammasome (via ORF3a protein) (Heneka et al. 2020) and induce tau mis-

localization (Ramani et al. 2020). Additionally, increased tau concentration in the cerebrospinal 

fluid (CSF) has been observed following SARS-CoV-2 induced encephalopathy (Virhammar et al. 

2021). 

 A second possible way for SARS-CoV-2 to impact the CNS is through inducing a 

widespread systemic inflammatory response that can trigger neuroinflammation. For example, 

cytokines released in systemic inflammation activate neuroinflammatory glial cells through 

multiple mechanisms, including disruption of the BBB (Sisniega and Reynolds 2021).  The 

increase in cytokine levels during SARS-CoV-2 infection, including IL-18 and IL-1𝛃𝛃, can also lead 

to activation of the NLRP3 inflammasome (Heneka et al. 2020).  

While no specific virus directly causes tauopathy, it is likely that accumulated exposures 

to pathogens that contribute to neuroinflammation may increase risk of tauopathy development 

over time. For example, two tauopathies, subacute sclerosing panencephalitis (SSPE) and 

postencephalitic parkinsonism (PEP), have been suggested to be triggered by viral infections 

(Garg et al. 2019; Buée-Scherrer et al. 1997) (Figure 3.1).  
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Figure 3.1: Possible Mechanisms for SARS-CoV-2 Induced Tauopathy Previous viral 
pandemics have shown different mechanisms for viral induced tauopathy. Encephalitis 
Lethargica, following the 1918 influenza pandemic, or Subacute Sclerosing Panencephalitis, a 
sequelae to Measels, are both tauopathies. From these viruses, we can infer than severe infection 
with SARS-CoV-2 can lead to peripheral or central nervous system infection leading to increased 
secretion of pro-inflammatory cytokines. Alternatively, SARS-CoV-2 can infect neurons directly, 
both resulting in NLRP3 inflammasome activation and tau aggregation. This tau aggregation may 
then lead to neurodegeneration. 

SSPE and PEP share hallmarks of hyperphosphorylated tau, NFT formation, and 

neurodegeneration (Garg et al. 2019; Buée-Scherrer et al. 1997). In the case of SSPE, a slow 

acting mutant measles virus enters the CNS, and in some cases is observed in neurons and glial 

cells that contain tau NFTs (Garg et al. 2019). The virus that induced PEP has not been 

determined however PEP is thought to be a long-term sequela to the viral encephalitis lethargica 

(EL) pandemic between 1917-1928 (Buée-Scherrer et al. 1997). Both SSPE and PEP had 

delayed onsets compared to their respective associated viral infection. SSPE on average is 

diagnosed ~9.7 years post measles onset, while PEP onset was generally 1-5 years after acute 

phase EL (Hoffman and Vilensky 2017) If COVID-19 infection leads to tauopathy in a similar 

manner as PEP and SSPE, one anticipates onset from 1 to 10 years post COVID-19 infection.  

If COVID-19 can promote tauopathy, it would be expected to only be in a small fraction of 

the large number of individuals infected with SARS-CoV-2.  For comparison, only 0.01-0.1% of 

measles infections lead to SSPE (Garg et al. 2019). If a COVID-19 induced tauopathy develops 
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at a similar rate as SSPE, one anticipates ~10,000-100,000 cases of COVID-19 induced 

tauopathy for every 100 million SARS-CoV-2 infected individuals (a rough estimate of cumulative 

infections in the United States to date). Uncertainty is increased here as the fraction of SARS-

CoV-2 infected individuals with substantial neuroinflammation, and therefore potentially at higher 

risk for secondary tauopathy, is unknown. It is also important to note that no direct causal link 

between COVID-19 and later neurologic or psychiatric complications has been determined, and 

some complications, including anxiety disorders, may be due to the stress and trauma that are a 

result of social factors like isolation and current treatment options such as intubation (Zubair et al. 

2020).   

The potential of a COVID induced tauopathy suggests possible actions. First, it would be 

of interest to perform long term studies, or monitor centralized health records, for increases in 

early onset neurological dysfunction in COVID survivors, particularly those who showed acute or 

sub-acute neurological symptoms. Such studies should persist for at least decade given the 

average time for SSPE onset is ~9.7 years and focus on relatively young individuals (30-40 years 

old) to reduce the fraction of individuals that will develop typical age related tauopathies. Second, 

it would be of interest to examine COVID survivors for abnormal tau modifications, as can be 

assessed in blood or CSF tests, or tau aggregation, which can be examined experimentally using 

tau targeting PET tracers. While further research into the long-term effects of SARS-CoV-2 

infection is required, it is worth considering the possibility that, in some individuals, COVID-19 

may induce tauopathy in the next decade. 
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CHAPTER IV 
 

Discussion and Future Directions 

 Herein we reviewed tauopathies, tau misfolding and aggregation, how intracellular 

interaction with polyserine-containing assemblies exacerbates tau aggregation in cells, and finally, 

how the SARS-CoV-2 pandemic may result in increased diagnoses of tauopathies through 

neuroinflammation. This work presents two major themes. The first is the formation of cytoplasmic 

polyserine-containing assemblies exacerbate tau aggregation through direct interactions. The 

second, is that neuroinflammation, triggered through viral infection, may increase tau aggregation.  

Understanding the order of events in cytoplasmic speckle formation, neuroinflammation and tau 

aggregation, is imperative towards understanding the pathways for developing tau pathology. 

 The mechanism of SRRM2 mislocalization into cytoplasmic assemblies, which act as 

preferred sites of tau aggregation, is unknown. There are at least two possible mechanisms for 

SRRM2 mislocalization. The first is that intracellular stresses, including tau oligomerization, 

results in nuclear envelope disruption and subsequent nuclear speckle protein mislocalization. 

Alternatively, the neuronal microenvironment, or the complex mixture of glial cell types, protein 

aggregates such as amyloid-β plaques, and/or pro-inflammatory signals, such as prostaglandins 

or cytokines, converge on neurons to trigger SRRM2 mislocalization through intercellular 

signaling cascades.  

 Nuclear speckle protein mislocalization may be driven by nuclear envelope disruption. In 

the simplest experiment, knockdown of NUP153, BANF1, or ANKLE2, proteins involved in nuclear 

envelope integrity and assembly, results in SRRM2 positive cytoplasmic assemblies (Berchtold 

et al. 2018; Prissette et al. 2022). Additionally, tau oligomers have been observed to disrupt the 

nuclear envelope via direct binding to nuclear lamin (Jiang and Wolozin 2021), or disruption of 

nuclear pores (Sun et al. 2024).   
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SRRM2 mislocalization may be driven by extracellular or intercellular triggers. Several 

lines of evidence support this model. First, SRRM2 localizes to the cytoplasm in 5xFAD mice 

before amyloid-β plaque formation via signaling through ERK (Tanaka et al. 2018). Second, the 

pro-inflammatory chemokine CCL3, secreted from activated microglia, stimulates 

neurodegeneration through CCR5 mediated inhibition of autophagy, exacerbating tau pathology 

in vivo (Festa et al. 2023). Additionally, CCR5 activation with CCL3 results in increased ERK 

signaling in vitro (Kodama et al. 2020), which may cause increased cytoplasmic SRRM2. 

 With these two models in mind, it is important to understand the cause or consequence 

relationship between cytoplasmic SRRM2 assemblies and tau aggregation. First, we must 

understand if neuroinflammation triggers SRRM2 mislocalization independent of tau 

oligomerization and aggregation, as this may be a key step in de novo tau aggregation. Next, 

understanding if seeding competent tau species are sufficient to induce nuclear envelope 

disruption and mislocalization of SRRM2 or PNN into CSs will provide insight into specific 

toxicities of tau. 

 We posited early that SARS-CoV-2 infection may result in the development of a secondary 

tauopathy. As we have progressed through the pandemic, the development of Long COVID in a 

subset of patients has become a growing problem. New research in the last few years has 

provided insight into how SARS-CoV-2 contributes to the development of tau pathology and 

neurodegeneration, which may underpin Long COVID. Cognitive impairment in patients with 

severe COVID-19 correlated with increased activation of signaling cascades upregulated in AD 

(Reiken et al. 2022). Activation of these signaling cascades from SARS-CoV-2 infection results in 

increased hyperphosphorylated tau in vitro (Di Primio et al. 2023). Increased phosphorylated tau 

has been observed in patients that have recovered from acute SARS-CoV-2 infection, correlating 

with prolonged activation of microglia and neuroinflammation in the hippocampus in the absence 

of direct viral infection (Qi et al. 2024). Finally, patients that developed severe COVID-19 show 
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increased levels of phosphorylated tau in the blood, a biomarker of neurodegeneration (Jaiswal 

et al. 2025). While the exact impact of COVID-19 on tau aggregation is unknown, there is a clear 

link between severe infection and development of tau pathology. 

 As our population grows older on average, and we learn more about the impact of the 

SARS-CoV-2 pandemic, the diagnosis and development of tauopathies and other 

neurodegenerative diseases will continue to increase. Therefore, it is even more paramount that 

we understand the mechanisms of de novo tau aggregation, pathological spread, and gain of 

function toxicities of tau in disease. This work provides insight into a new mechanism of de novo 

tau aggregation, and further work understanding the cause and consequence of nuclear speckle 

protein mislocalization in disease may create a new target for treatment of tauopathies. 
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