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Abstract

Frontotemporal dementias (FTDs) encompass several disorders commonly characterized by
progressive frontotemporal lobar degeneration and dementia. Pathologically, TDP-43, FUS,
dipeptide repeats, and tau constitute the protein aggregates in FTD, which in turn coincide with
heterogeneity in clinical variants. The underlying molecular etiology explaining the formation of
each type of protein aggregate remains unclear; however, dysregulated RNA metabolism rises as a
common pathogenic factor. Alongside with TDP-43 and FUS, which bind to and regulate RNA
dynamics, emerging data suggest that tau may also regulate RNA metabolism and translation. The
complex mechanisms that drive translational selectivity in turn regulate the broad clinical
presentation of FTDs. Here, we focus on the enigmatic relationship between tau and RNA and
review the mechanisms of tau-mediated dysregulation of RNA in tauopathies such as FTD.
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Introduction

Frontotemporal dementia (FTD) is an umbrella term for several neurological syndromes that
present progressive executive, behavioral, or language dysfunction. Degeneration of the
frontotemporal lobe underlies the disease presentation. This cluster of degenerative diseases,
collectively and pathologically termed frontal temporal lobar degeneration (FTLD), is
predominantly characterized by the deposition of pathological protein inclusions of TDP-43,
FUS, dipeptide repeats (which will not be reviewed in this article), and tau (Cairns et al.,
2007; Irwin et al., 2015; Mackenzie and Neumann, 2016). Since TDP-43 and FUS pathology
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are present in a majority of patients with FTD (approximately 50% and 5%, respectively)
and in nearly every patient with amyotrophic lateral sclerosis (ALS), a large body of work
has focused on understanding how these canonical RNA-binding proteins contribute to RNA
metabolism and converge as pathogenic mechanisms in disease [reviewed in(Mackenzie et
al., 2010)). However, the role of tau in the FTD etiology is largely suspected to center on tau
splicing since many FTD-associated mutations on MAPT, the tau-coding gene, surround
exon 10, which is spliced out in 50% of all tau species expressed in the normal adult human
brain. The emerging concept of tau serving as a regulator of RNA metabolism now highlight
a potentially common pathogenic mechanism in which tau may promote ribonucleopathy.

Historically, tau is classified as an axonal microtubule-associated protein (MAP) that
primarily functions to stabilize microtubule dynamics (Brandt and Lee, 1993; Kadavath et
al., 2015). In disease conditions, tau undergoes abundant and unbalanced post-translational
modifications such as hyper-phosphorylation, which prevent tau binding to microtubules
thereby enabling toxic interactions (Sotiropoulos et al., 2017). Tau was discovered to
associate with microtubules the same year it was found to associate with RNA, in 1975, and
yet the research trajectory of these two interactions have been considerably different (Bryan
etal., 1975; Weingarten et al., 1975). Here, we review the growing evidence over the past
four decades that tau regulates RNA metabolism, and when dysregulated, this function
contributes to disease pathogenesis in FTD and other tauopathies. We suggest that RNA
dysfunction links the major proteinopathy variants of FTD, acting as a common mechanism
of disease and an important therapeutic target.

Tau associates with RNA: from in vitro solution to stress granules

Tau is a multi-domain protein with considerable chemical complexity, allowing it to
associate with many biological species. While overall hydrophilic and basic, tau is
asymmetrically charged. While the N terminus is acidic, the central microtubule binding and
proline rich regions are basic, and the extreme C-terminus is neutral. Initial work by Bryan,
Nagle, and Doegnes in 1975 revealed polyanions such as RNA compete for tau binding with
tubulin, inhibiting microtubule assembly (Bryan et al., 1975). This competition with tubulin
was not sequence specific and occurred with purified RNA from cell extract and synthetic
RNA polynucleotides. This suggests that tau indiscriminately interacts with RNA,
potentially due to electrostatic interaction between the negatively charged RNA phosphate
backbone and the basic region of tau. Nearly a decade later in 1984, Schroder et. al.
discovered that tau isolated from aged bovine brain bound to RNA at nearly half the rate of
tau isolated from young brain; moreover, tau’s RNA-binding capacity was altered by its
phosphorylation by cAMP-dependent kinase (also known as PKA) (Schroder et al., 1984).
PKA phosphorylates tau at multiple sites, many of which are in regions that appear hyper-
phosphorylated in disease (Oliveira et al., 2017). This early evidence that tau
phosphorylation modifies the tau-RNA interaction dates even before the discovery that tau
regulates microtubule assembly in a phosphorylation-dependent manner in the early 1990s
(Drechsel et al., 1992).

Aggregated, hyperphosphorylated, and insoluble tau was discovered as the principal
constituent of neurofibrillary tangles in Alzheimer’s disease (AD) in the mid-1980s (Brion
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and Flament-Durand, 1995; Grundke-Igbal et al., 1986). In the mid-1990s, multiple groups
reported the aggregation of tau into paired helical filaments /in vitro after incubation with
physiological or sub-physiological concentrations of total and tRNA (Hasegawa et al., 1997;
Kampers et al., 1996). Importantly, a truncated tau protein containing just three microtubule-
binding regions (MTBR) was sufficient to aggregate when co-incubated with tRNA.
Decreasing the number of repeats slowed aggregation, and full-length tau with all MTBRs
removed did not form filaments with tRNA co-incubation (Kampers et al., 1996). This
represents the first attempt to delineate the putative tau-RNA binding region. Soon
thereafter, the Trojanowski group identified sequestered RNA in stained neurofibrillary
tangles of AD brains (Ginsberg et al., 1997) and other tauopathies (Ginsberg et al., 1997;
Ginsberg et al., 1998), detailing /7 vivo evidence that aggregated tau may associate with
RNA. Co-incubation of tau with RNA /n vitro was later found to increase tau
phosphorylation by GSK3-f and other known tau kinases (Hasegawa et al., 1997), adding to
the emerging theory that tau hyper-phosphorylation and other disease conditions are either
induced by or causative for aberrant tau-RNA interactions.

Despite studies using truncated and full-length tau to investigate RNA association, the
specific site(s) of interaction were not known. In 2006, Wang et al. systematically assessed
how various truncated forms of tau interacted with RNA based on gel shift assays (Wang et
al., 2006). They found truncated tau constructs containing the proline-rich region or the
MTBR associate with RNA and that removal of these domains diminished this interaction,
thus supporting the original claim by Schréder et al. that tau has two sites capable of RNA
binding (Schroder et al., 1984). Additionally, they reported tau association with rRNA and
purified mRNA, which could explain potential nuclear and ribosomal interactions of tau
(discussed later) (Wang et al., 2006). Over the next decade, the interaction of tau with
dozens of canonical RNA-binding proteins (RBPs) and ribosomal proteins had been reported
(Wolozin, 2012), suggesting that tau participates in RNA granule metabolism (discussed
later), though the selectivity of which sequences of RNA associate with tau remained
undiscerned.

In 2017, Zhang et al., reported the first high-throughput screening of tau-RNA binding
utilizing PAR-CLIP, a method of UV cross-linking tau to RNA with subsequent
immunoprecipitation for downstream next-generation sequencing (Wolozin, 2012). Zhang
and others found that in both human embryonic kidney cells (HEKS) and human-induced
pluripotent stem cell (hIPSC)-derived neurons, wild-type and FTD-associated P301L mutant
tau bound primarily to tRNA. Interestingly, tau did not equally bind to all tRNAs, enriching
the most with tRNAA™S, The finding that tau predominantly, though not exclusively, binds
tRNA in cells contrasts with the various studies reporting /7 vitro binding of tau and other
forms of RNA. Further studies utilizing CLIP sequencing techniques from /in vivo or human
tauopathy brain tissue are needed to confirm the selectivity of tau-RNA interactions and
their alteration in disease. However, if true, this selectivity for a subset of tRNAs with
maximal binding in the anti-codon region over all other RNA species suggests biological
specificity beyond simple electrostatic interactions outlined above. Despite continued
investigations into the types of RNA that induce tau aggregation (Banerjee et al., 2020),
these results by Zhang et al. suggest /n vitro experiments conducted using tau and RNA in
solution may reveal associations not reflect functional or biological relevance.
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Tau also associates with many RNA-binding proteins which regulate RNA metabolism
(reviewed in (Cruz et al., 2019)). Spliceosomal RNA-binding proteins such as U1 small
nuclear ribonucleoproteins (SnRNPs) are dysregulated and undergo aggregation in
tauopathies (Bai et al., 2013; Hales et al., 2016; Hales et al., 2014a; Hales et al., 2014b;
Johnson et al., 2018). Several groups have shown that these proteins associate with tau or
neurofibrillary tangles (Hales et al., 2014b). Recent studies show that tau mediates aberrant
splicing defects and neurodegeneration /n vivo using models of FTD tauopathy, explained at
least in part by tau associating to U1 snRNP or other splicing regulating proteins (Apicco et
al., 2019; Hsieh et al., 2019). Whether tau basally alters splicing in humans remains
unknown, but these studies suggest a toxic gain of function of tau whereby bona fide
splicing regulators become affected due to aberrant tau interactions.

Other studies investigating the link between tau and RNA binding proteins have focused on
the liquid-liquid phase separation (LLPS) capacity of tau, whether assisted by polyanionic
species such as RNA (Ambadipudi et al., 2017; Lin et al., 2019; Ukmar-Godec et al., 2019;
Zhang et al., 2017) or independently (Boyko et al., 2019; Wegmann et al., 2018). The amino
acid content of proteins largely drives LLPS, wherein low-complexity domains (such as the
proline-rich region of tau, (Ambadipudi et al., 2017) or prion-like domains (such as the
MTBR domain of tau, (Ambadipudi et al., 2017; Zhang et al., 2017) facilitate electrostatic
assembly that coalesce into phase separated granules [reviewed in (Ukmar-Godec et al.,
2020)]. Importantly, both the proline-rich region and the MTBR domain of tau have been
reported to bind to RNA (Wang et al., 2006), implying that tau facilitates RNA involvement
in granule assembly. Phase separation and protein condensation have been found to be
involved in many cellular processes, such as synaptic vesicular release and plasticity
(Milovanovic and De Camilli, 2017; Milovanovic et al., 2018; Zeng et al., 2016), nucleolar
function (Berry et al., 2015), and even cytoskeletal assembly (Jiang et al., 2015). These
findings suggest that tau could (dys)regulate these processes via LLPS interactions, though
this has yet to be fully evaluated.

Similar to TDP-43 (Chen et al., 2019; Huang et al., 2013; Zacco et al., 2019) and FUS
(Bentmann et al., 2012; Patel et al., 2015), tau interacts with many RNA-binding proteins
involved in the formation of ribonucleoprotein granules, such as stress granules (SGs)
(Hsieh et al., 2019; Maziuk et al., 2018). These are cytoplasmic complexes of RNA and
proteins that assemble as part of the translational stress response, which occurs as a
consequence of endoplasmic reticulum (ER) stress and activation of the unfolded protein
response (discussed later). During stress granule formation, the actively translating ribosome
is stalled and sequestered by RNA-binding proteins until the stress subsides; however, in
neurodegenerative disorders, SGs become stable and largely irreversible (reviewed in
(Wolozin and lvanov, 2019)).

Consistent with the findings that translation is dysregulated in tauopathy (discussed later),
SGs appear in many tauopathies (reviewed in (Cruz et al., 2019)). Work by the Wolozin
group established that interactions between T-cell restricted intracellular antigen-1 (T1AL), a
crucial SG protein, and tau are an early and pathogenic contributor in tauopathies (Apicco et
al., 2018; Jiang et al., 2019; Maziuk et al., 2018; Vanderweyde et al., 2016; VVanderweyde et
al., 2012). The levels and propagation of toxic tau oligomers are mitigated when TIAL
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expression is reduced, supporting the findings that phase separated condensates facilitate
toxic tau oligomerization (Wegmann et al.). Other studies have similarly found that positive
modulators of TIA1/tau stress granule assembly facilitate progression of tau pathology
(Piatnitskaia et al., 2019). However, the role of other RNA-binding proteins in promoting
tauopathy remains unclear. Recent work by the Kraemer group discovered that a poly(A)-
RNA binding protein, mammalian suppressor of tauopathy 2 (MSUT2), enhances hyper-
phosphorylated tau accumulation and aggregation through an unknown mechanism (Wheeler
et al., 2019). Interestingly, MSUT2 binds and functions in opposition to another nuclear
poly(A)-RNA binding protein, PABPN1, which reduces tau pathology. However, the authors
found the interplay between these two proteins and tau pathology was unrelated to physico-
chemical characteristics of the poly(A)-RNA bound in complex. MSUT2/PABPN1 may
instead regulate tau pathology by promoting/negating SG formation or microtubule
assembly. Together, these studies highlight the role of RNA-binding proteins and SGs as key
pathogenic mediators of tauopathy and as potential targets for therapeutic intervention.

Evidence for translational impairment in tauopathy

The earliest studies investigating defects in protein synthesis in tauopathy, namely AD,
largely considered the phenomenon of diminished RNA translation as a product of nucleolar
and RNA alterations. In the 1970s and 1980s, several groups reported decreased nucleolar
volume and RNA content in AD (Dayan and Ball; Doebler et al., 1987; Guillemette et al.,
1986; Mann et al., 1981a; Mann et al., 1981b; Mann and Sinclair, 1978; Mann et al., 1977,
Neary et al., 1986; Sajdel-Sulkowska and Marotta, 1984) reviewed in (Marotta et al., 1986).
As protein synthesis depends on proper nucleolar activity as the site of ribosome biogenesis
and rRNA processing, this implied altered ribosomal function. Some of the earliest and
critical evidence of RNA translation defects in AD was reported by the Sajdel-Sulkowska &
Marotta group in the early 1980s using the incorporation of radiolabeled methionine in
rabbit reticulocyte lysate /n vitro as a proxy for translation (Marotta et al., 1981). They
reported that polyadenylated mMRNA isolated from AD brain was translated less and
qualitatively produced fewer proteins relative to non-demented control brain (Sajdel-
Sulkowska and Marotta, 1984), reviewed in (Marotta, 1989). Bustany et al. in 1983 reported
the first /n vivo evidence of altered translation in tauopathy by measuring the uptake of
radiolabeled methionine by patients using positron emission tomography, revealing a >50%
decrease in uptake in patients with AD. These early results strongly suggested translational
impairments in tauopathy, though no direct evidence of ribosomal dysfunction had yet been
evaluated.

In 1989, Langstrom et al. isolated polysomes from non-demented control and AD brains and
assessed polysomal translational capacity using the /n vitro translation assay developed by
the Marotta group (Langstrom et al., 1989). Strikingly, not only were less polysomes found
in AD brain compared to control, but polysomes taken from the frontal cortex of AD brains
had 50% less translational capacity relative to control brain polysomes. This translational
difference was not found in isolated polysomes from the cerebellum, suggesting that this
apparent ribosomal dysfunction occurs during disease progression and specifically in areas
affected by pathology. Several consequent studies expanded on Langstrom et al.’s findings
and identified considerable dysregulation of pathways responsible for governing translation
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in tauopathies (An et al., 2003; Ferrer, 2002; Hoozemans et al., 2005; Langstrom et al.,
1989; Li et al., 2004), reviewed in (Ohno, 2014). Though the underlying etiology behind
these changes is unclear, the results suggest tauopathies involve complex molecular cascades
that converge on the ribosome rather than just a direct effect of a single-factor regulatory
system.

Consistent with this theory, increased levels of oxidized rRNA was linked to tauopathy
(Nunomura et al., 1999). by directly impairing ribosomal activity, which in turn impaired
protein synthesis (Willi et al., 2018). Several reports show that RNA oxidation increases
while translational output decreases in the early, mild-cognitive stages of AD (Ding et al.;
Ding et al.; Ding et al.; Honda et al., 2005). Interestingly, decreased levels of rRNA and
tRNA in regions vulnerable to AD pathology, but not in the cerebellum have been reported,
matching the results by Langstrom, et al. and other studies (Pietrzak et al., 2011). Further
investigation into alterations of rRNA and ribosomal machinery in AD revealed disease-
stage and region-specific decreases of transcripts coding for nucleolar function, rRNA
processing, and ribosomal machinery (Hernandez-Ortega et al., 2016). The levels of some of
these transcripts increase in AD, possibly suggesting potential compensatory mechanisms
for decreased translation (discussed in the next section) or the massive complexity of
ribosomal alterations in disease. Importantly, tau regulates nucleolar function (Loomis et
al.), reviewed in (Bukar Maina et al., 2016), by remodeling heterochromatin, decreasing
rRNA transcription (Maina et al., 2018b), and dysregulating nucleocytosolic transport
(Eftekharzadeh et al., 2018), which can also significantly affect the translational landscape.

Studies on alternative mechanisms of translational repression in tauopathy reported an early
increase in the phosphorylation of eukaryotic initiation factor 2a (elF2a) and particularly in
regions and neurons with accumulating hyper-phosphorylated tau, indicating the selective
attenuation of global translation in these neurons (Hernandez-Ortega et al., 2016;
Hoozemans et al.; Lanzillotta et al.; Nijholt et al.; Stutzbach et al.), reviewed in (Bell et al;
Hoozemans and Scheper, 2012). Tau induces elF2a phosphorylation via stimulating ER
stress, activating the unfolded protein response (UPR) and thereby inducing PKR-like
endoplasmic reticulum kinase (PERK) to phosphorylate elF2a (Abisambra et al.;
Hoozemans and Scheper, 2012). Translational repression of elF2a. induces SG formation,
potentially stimulating tau pathology progression as discussed earlier. Small molecule
inhibition of PERK rescued protein synthesis and brain atrophy in various
neurodegeneration models (Halliday et al.; Radford et al.), suggesting this pathway is a
viable therapeutic target (Halliday et al., 2017). However, the activation of the UPR and the
resulting elF2a phosphorylation in mouse models of tauopathy is contested (Hashimoto and
Saido, 2018; Pitera et al., 2019), though consistent reports of UPR activity and elF2a
phosphorylation in human studies suggest these findings may be model artifacts and not
reflective of true disease.

In this section, we reviewed many correlational studies of translational dysregulation using
AD tissue. It is important to recognize confounding effects of mixed protein pathology
found in disease. Though considerably less is known about how amyloid may affect protein
synthesis, it is important to note that studies on amyloid-mediated translational changes have
reported similar effects as with tau (Maina et al., 2018a). This could be due to strong
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evidence supporting the amyloid cascade hypothesis, in which formation of amyloid
pathology elicits toxic tau events culminating in translational dysfunction. While many of
the studies reviewed here evaluate ribosomal function in relation to tauopathies at the disease
level (such as in primary tauopathy tissue or tau transgenic mice) or at the cellular level (by
correlating findings to same-cell tau pathology), considerable studies have investigated the
specific role of tau in regulating translation.

Tau-ribosome association: direct interactions

Shortly after the discovery that tau complexes with RNA, tau was found to associate with
ribosomes. Early reports of an /in vitro ribosome-tau complex identified that isolated
ribosomal fractions from Xenopus oocytes could sequester tau, inhibiting microtubule
assembly like RNA (Jessus et al., 1984). Ultrastructural studies by the Papasozomenos and
Binder labs in the 1980s and 1990s reported the first evidence of tau-polysome complexes
throughout the progression of tangles and AD stage in human brains (Nelson and Saper). In
1988, paired helical filaments were found associated with perinuclear polysomes (Metuzals
et al., 1988), suggesting that tau pathologically impacts nuclear function (although it remains
to be established whether this relationship is a consequence of the disease process)
(reviewed in (Bukar Maina et al.). The first report of tau’s association with polysomes in
FTLD was reported in 2002, suggesting tau-ribosome complexing might be a fundamental
pathogenic mechanism linking tauopathies (Piao et al., 2002). These ultrastructural studies
provided critical evidence that tau can regulate translation by association with ribosomes /n
vivo and not an artefact found in solution.

Importantly, Nelson, Saper and others published a series of ultrastructural studies in the
1990s that revealed the association between tau and polysomes in dendritic branching points
(Nelson et al.; Nelson and Saper). During this time, tau was identified as an axonal protein
that mislocalizes to the somatodendritic domain during the progression of tau hyper-
phosphorylation and aggregation in disease (Bancher et al., 1989; Binder et al., 1985; lhara,
1988; Papasozomenos and Binder; Peng et al., 1986). The discovery of tau-polysome
complexes in dendrites was originally thought to be a byproduct of local tau translation
(Nelson et al.), which seemed reasonable given that tau mRNA was also present in the
complexes (Kosik et al., 1989). However, Nelson and Saper later revised this hypothesis to
include the potential for tau in “subserving a role in dendritic reorganization” in disease
conditions (Nelson and Saper). Only recently, studies confirmed both hypotheses: not only is
tau locally translated in somatodendritic compartments (Kobayashi et al., 2017; Li and Gotz,
2017), but tau also regulates the translation of proteins necessary for dendritic maintenance
and synaptic plasticity (Evans et al., 2019a; Koren et al.).

The earliest studies of the tau interactome revealed consistent interactions between
ribosomes and tau. In 2012, the Gestwicki group published one of the first studies utilizing
tau immunoprecipitation-coupled mass spectrometry (IP-MS) in HeLa cells stably
expressing a tagged variant of tau (Thompson et al., 2012). They showed that tau associates
with over 50 ribosomal proteins and dozens of RNA-binding proteins, and small molecule
induction of tau degradation significantly increases association with proteins of these two
classes. Three years later, Gunawardana et al., expanded on the tau-associated proteome via

Neurobiol Dis. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Koren et al.

Page 8

IP-MS of SH-SY5Y human neuroblastoma cells stably expressing tagged wild-type tau
(Gunawardana et al., 2015). Tau was found to associate with over 50 ribosomal proteins, co-
enriching for ribosomal proteins and translational machinery more than any other protein
category relative to GFP-only IP-MS controls. Treatment of cell lysate with RNAse to
destabilize ribosomal structure decreased the tau-ribosome association. Interestingly, some
ribosomal proteins such as rpL10a associated more strongly with tau following RNAse
treatment. Considering the developing theory of on-site ribosomal remodeling using locally
synthesized rpL.10a and other proteins (Shi et al., 2017; Shigeoka et al., 2019), it will be
crucial to establish whether tau alters ribosome specialization and remodeling. Lastly,
ribosomal protein association was found to be dependent on the domains of tau present in
the cell: tau containing the N-terminal projection domain and the proline-rich domain
associated more strongly than tau containing the MTBR domain and the C-terminal. This
contrasts with earlier studies conducted in solution which found tau bound to RNA at the
proline-rich region and the MBTR domain, suggesting separate locations of RNA and
ribosome association with tau (Gunawardana et al., 2015).

Work by our lab in the mid-2010s assessed the tau-ribosome interaction network in human
tauopathy brains (Meier et al.; Meier et al.). Since tau was consistently found associated
with ribosomes on the endoplasmic reticulum (ER) membrane in ultrastructural studies
(Abisambra et al.), we sub-cellularly fractionated human AD and age-matched, non-
demented control brains to isolate ER microsomes containing ribosomes for tau IP-MS.
Semi-quantitative proteomic results showed that tau associates with more ribosomal proteins
in AD; importantly, some ribosomal proteins that associate with tau in control brains were
distinct when compared to AD samples (Meier et al.). A more recent quantitative study
using tau IP-MS from human brain supported these findings, revealing tau has significantly
increased association with nearly 50 translational machinery proteins in AD relative to
control (Hsieh et al., 2019). Interestingly, these changes in co-immunoprecipitation did not
always correspond to differences in protein level, suggesting tau undergoes selective
association with ribosomes in tauopathy (Meier et al.) /n vitrotranslation of a GFP reporter
plasmid co-incubated with tau oligomers and HEK cells stably expressing tau variants
showed tau directly impairs RNA translation, suggesting pathogenic tau can impair
ribosomal function (Meier et al.). We reported the unusual finding that PSD95 transcript
levels are increased, but protein levels decreased in primary neurons of an FTD tauopathy
mouse model, suggesting that tau might regulate the translation of synaptic proteins (Meier
et al.). However, it was yet unclear whether tau could directly affect the selectivity of
translational output of ribosomes or whether this was a more indirect effect.

In 2019, the Abisambra lab and the G6tz group independently published similar findings of
tau-mediated translational dysregulation /n vivo. Both groups used different methods of
assessing translation and mouse models of FTD tauopathy (Evans et al.). The Abisambra
group used IP-MS of puromycin, an antibiotic and structural analog of tRNA that tags
nascent proteins, Evans et al. labeled nascent proteins with a non-canonical amino acid that
readily binds to biotin for affinity purification (reviewed in (Koren et al., 2019a)). Both
studies reported that tau accumulation inversely correlates with translational output /n vivo.
These surprising and independently corroborated findings underscore the importance and
consistent finding that tau interferes with translation under pathological conditions. While
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the translation of some proteins was upregulated (Koren et al.), it is unclear whether this
reflects a direct effect of tau on translation, changes in the transcriptome, or artifacts of
transgenic tau over-expression. Our earlier work described the association of pathological,
oligomeric tau in human AD brain with ribosomal protein S6 (rpS6) (Meier et al.), a protein
involved in regulating the translation of a class of RNA transcripts with a 5’ terminal
oligopyrimidine (5’ TOP) motif (Meyuhas, 2015; Nygard and Nilsson, 1990; Roux et al.,
2007). Since most translation machinery proteins have a 5’ TOP motif (Yamashita et al.,
2008), aberrant tau-rpS6 interactions could underpin our discovery that the translation of
ribosomal proteins is down-regulated even though their corresponding transcript levels are
unchanged (Koren et al.). Work in human AD brain revealed that tau accumulation coincides
with less rpS6 phosphorylation, which the active form; however, this may independently or
in combination be the result of altered rpS6 kinase activity (Mueed et al., 2018). We found
ribosomal protein levels were significantly decreased, while the corresponding mRNA
transcripts for those proteins were increased over five-fold. These data confirmed that down-
regulated translation is consistent with decreased rpS6 activity (Koren et al.). Furthermore,
rpS6 associated with tau to a greater extent in AD brain compared to age-matched, non-
demented controls despite having less total level. This finding was further corroborated by
another study using tau IP-MS from human AD brain (Hsieh et al., 2019). This suggests a
working model of tau-mediated translational dysregulation wherein tau selectively
sequesters rpS6, impairs the translation of ribosomal proteins, and thereby decreases overall
translation. However, other mechanisms beyond just rpS6-tau interaction could underlie the
translational dysregulation in tauopathy, and more studies are needed to investigate the exact
role of tau in these cellular processes.

Consistent with our working model, tau diminishes translation in drosophila
(Papanikolopoulou et al., 2019). Tau knock-out flies exhibited elevated translation globally
including that of ribosomal proteins including rpS6, and re-introducing tau expression
impaired protein-synthesis-dependent long-term memory (Papanikolopoulou et al., 2019). A
recent report by Ferrari et al. also showed how an aggregation-prone tau truncation that
contains only the MTBR increasingly bound to ribosomal proteins including rpS6 as it
aggregated (Ferrari et al., 2020). Interestingly, other ribosomal proteins underwent larger
shifts in association with tau during aggregation compared to rpS6, suggesting other
potential avenues of tau-mediated translational regulation. As translation is crucial for
proper cellular metabolism and synaptic plasticity, this provides a clear link between tau-
mediated RNA dysfunction and cognitive decline found across tauopathies.

Concluding remarks

As described in this review, there is considerable evidence for the role of tau in regulating
RNA metabolism and mediating RNA dysfunction in disease. This is unique to tau given
that it lacks a canonical nucleotide recognition motif, which is distinct from other well-
established RNA-binding proteins that adopt aberrant structures in disease. Studies over the
last 45 years have elucidated tau as having a functional role in the nucleus, regulating
ribosomal biogenesis, RNA transcript splicing, and nucleocytoplasmic transport. In the
cytoplasm, tau forms condensates with ribonucleoprotein granules and participate in RNA
transport and the translational stress response, potentially in active synaptic dendritic spines
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and within axons. Tau associates with ribosomes and tRNAs, selectively defining the
transcripts to be translated. Together, these studies provide insight into the early
pathogenesis of tauopathies beyond the canonical role of tau in regulating microtubule
assembly, often with exciting potential for therapeutic interventions for further study (Figure
1). As many of these pathways are similarly dysregulated by TDP-43 and FUS in FTD, tau
should be considered a as a mediator of RNA dysfunction in FTD and other tauopathies.
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Fig. 1.

Schematic representation of potential pathological contacts between tau and translation.
Evidence suggest that tau directly interacts with various forms of RNA, it can directly impair
ribosome function and localization, and it indirectly represses translation by activating the
integrated stress response. In doing so, RNA stability and protein synthesis are altered
throughout cellular organelles. Finally, sustained changes in translation directly impair
cognition. As such, these tau-translation contact points might represent new perspectives on
the mechanisms of tau toxicity in FTD-tau and other tauopathies
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