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Abnormal accumulation of misfolded tau aggregates is a pathological hallmark of various
tauopathies including Alzheimer’s disease (AD). Although tau is a cytosolic microtubule-
associated protein enriched in neurons, it is also found in extracellular milieu, such
as interstitial fluid, cerebrospinal fluid, and blood. Accumulating evidence showed that
pathological tau spreads along anatomically connected areas in the brain through
intercellular transmission and templated misfolding, thereby inducing neurodegeneration
and cognitive dysfunction. In line with this, the spatiotemporal spreading of tau
pathology is closely correlated with cognitive decline in AD patients. Although the
secretion and uptake of tau involve multiple different pathways depending on tau species
and cell types, a growing body of evidence suggested that tau is largely secreted in a
vesicle-free forms. In this regard, the interaction of vesicle-free tau with membrane is
gaining growing attention due to its importance for both of tau secretion and uptake as
well as aggregation. Here, we review the recent literature on the mechanisms of the tau-
membrane interaction and highlights the roles of lipids and proteins at the membrane in
the tau-membrane interaction as well as tau aggregation.

Keywords: tau, tauopathy, membrane, transmission, aggregation

Abbreviations: Af, amyloid beta; AD, Alzheimer’s disease; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid; APOE, apolipoprotein E; APP, Amyloid-beta precursor protein; APPswe, APP with Swedish mutation; CD,
circular dichroism; DHA, docosahexaenoic acid; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DMPG,
1,2-dimyristoyl-sn-glycero-3-phospho(1’-rac-glycerol); DMPS, 2,3-Dimercapto-1-propanesulfonic acid; DPPC, di-
palmitoylphosphatidylcholine; FCS, fluorescence correlation spectroscopy; GSK3p, glycogen Synthase Kinase-3f; HS,
heparan sulfate; HSPG, heparan sulfate proteoglycan; iPSC, induced pluripotent stem cell; LDLR, low-density lipoprotein
receptor; LRP1, lipoprotein receptor related protein 1; LUV, large unilamellar vesicle; NMDA, N-methyl-D-aspartic acid;
MAPT, microtubule-associated protein tau gene; MERC, mitochondria-ER contracts; MT, microtubule; MTBD, microtubule-
binding domain; NAO, 10-N-nonyl acridine orange; NKA, Na*/K"-ATPase; NMR, nuclear magnetic resonance; NPC,
Niemann-Pick disease type C; Nup98, nucleoporin 98; PC, phosphatidylcholine; PHE paired helical filament; PI(4,5)P,,
phosphatidyl inositol 4,5 phosphate; PM, plasma membrane; POPC, 1-palmitoyl-2-oleoylphosphatidylcholine; POPS:
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-I-serine; PrP¢, Cellular prion protein; PTM, post-translational modification;
RER, rough endoplasmic reticulum; SH3, SRC homology 3; SLM, supported lipid membrane; SORLI, Sortilin-related
receptor; SPR, surface plasmon resonance; SUV, small unilamellar vesicles; TauRD AK, Tau with the AK280 mutant; TEM,
transmission electron microscopy.
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INTRODUCTION

Tau is a microtubule (MT)-associated protein that plays
important roles in regulating MT dynamics and cellular
trafficking as well as signaling pathways (Morris et al., 2011;
Barbier et al., 2019). Abnormal accumulation of tau aggregates is
a common pathological hallmark of many tauopathies including
Alzheimer’s disease (AD) (Kosik et al., 1986). Although tau is a
natively highly soluble unstructured protein (Jeganathan et al.,
2008; Mukrasch et al., 2009), it undergoes a variety of post-
translational modifications (PTMs) and conformational changes,
leading to accumulation of pathological tau species, such as toxic
tau oligomers and fibrils, under pathological conditions (Wang
and Mandelkow, 2016). Tau pathology in AD patients shows
a unique spatiotemporal propagation from entorhinal cortex to
hippocampus and neocortex, which is closely correlated with
cognitive decline in AD (Braak and Braak, 1991; Vogels et al.,
2020). Therefore, understanding the mechanisms underlying
aggregation and spreading of tau may provide new opportunities
to develop novel therapeutic interventions for tauopathies.

Pathological tau aggregates as well as physiological tau
monomer can be released from the donor cells and taken up by
recipient cells (De La-Rocque et al., 2020). Tau secretion involves
multiple different pathways, such as vesicle-mediated pathways
through exosome (Lee et al.,, 2012), ectosome (Dujardin et al.,
2014), and vesicle-free direct translocation across the plasma
membrane (PM) (Katsinelos et al., 2018; Merezhko et al., 2018).
Similarly, tau uptake also involves many different pathways, such
as endocytosis (Frost et al., 2009), macropinocytosis (Holmes
et al., 2013), and phagocytosis (Brelstaff et al., 2018). The
pathways of tau secretion and uptake are reviewed in detail in
recent publications (Pernegre et al., 2019; Brunello et al., 20205
De La-Rocque et al., 2020).

Several studies showed that tau is found at the PM. Tau
filaments are found at the PM of AD brain (Gray et al., 1987)
and phosphorylated tau is accumulated in lipid rafts in the
aged brain of AD mouse model (Kawarabayashi et al., 2004).
Moreover, membrane lipids, such as phosphatidylcholine (PC),
cholesterol, and sphingolipid, were reported to be associated
with paired helical filament (PHF) purified from the brains
of AD patients (Gellermann et al., 2006), further supporting
the idea that tau can bind to membrane. The tau-membrane
interaction is gaining growing attention since accumulating
evidence has suggested that a majority of tau is secreted in
a vesicle-free forms in both physiological and pathological
conditions via unconventional translocation across the PM
(reviewed in Brunello et al., 2020). Ectosomal secretion of tau
is only found under physiological condition (Dujardin et al.,
2014). In accordance with these findings, several studies showed
that most of extracellular tau exists in vesicle-free forms, while
only small fraction of tau is found in the vesicles (Karch
et al., 2012; Plouffe et al., 2012; Simon et al., 2012; Pooler
et al,, 2013; Dujardin et al., 2014; Wegmann et al,, 2016; Yan
et al,, 2016; Wang et al, 2017; Guix et al, 2018; Katsinelos
et al., 2018; Merezhko et al., 2018). However, it is not clear to
what extent each form of extracellular tau contributes to the
propagation of tau pathology and neurodegeneration in vivo.

Several mechanisms of the interaction between vesicle-free tau
and the PM have been suggested, such as interactions through
heparan sulfate proteoglycans (HSPGs) (Holmes et al., 2013;
Rauch et al., 2018; Stopschinski et al., 2018; Hudak et al,
2019; Puangmalai et al., 2020), membrane bound muscarinic
receptor (Morozova et al, 2019), LRP1 (Rauch et al.,, 2020),
and direct binding to membrane lipids. In this review, we will
review current understanding of the tau-membrane interaction
focusing on the role of tau-binding molecules at the membrane
and the consequences of the tau-membrane interaction on tau
aggregation and neurotoxicity.

MEMBRANE BINDING DOMAINS OF TAU

Human tau is encoded by the microtubule-associated protein
tau gene (MAPT) which has 16 exons. Tau is mainly found
as 6 isoforms in neurons of the adult human brain, which are
generated by alternative splicing of exon 2, exon 3, and exon 10
(Figure 1A; Wang and Mandelkow, 2016). Tau isoforms contain
0, 1, or 2 of N-terminal inserts (ON, 1N, or 2N) and 3 or 4 of
C-terminal MT-binding-repeats (3R or 4R). The longest 2N4R
tau (commonly referred to as tau40) consists of three functional
domains including N-terminal acidic projection domain, proline-
rich domain, and C-terminal MT-binding domain (MTBD)
(Figure 1A; Barre and Eliezer, 2006; Simic et al., 2016). Among
them, the MTBD of tau plays critical roles in MT binding
and aggregation (reviewed in Brunello et al., 2020), while the
N-terminal acidic projection domain regulates MT binding
affinity (Matsumoto et al., 2015) and the proline-rich domain
mediates the interaction of tau with other proteins with SRC
homology 3 (SH3) domains including Fyn kinase (Lee et al.,
1998). The MTBD of tau has two hexapeptide motifs, PHF6 motif
(VQIVYK) in all tau isoforms and PHF6* motif (VQIINK) only
in 4R tau isoforms, which are fundamental for tau aggregation
(von Bergen et al., 2000, 2001; Seidler et al., 2018). K18 and K19
tau fragments are the MTBD fragments from 4R and 3R tau,
respectively. Given the importance of the MTBD in tau functions,
K18 and K19 tau fragments have been used in many experiments
instead of full-length tau.

Besides the aggregation and interaction with MT, the MTBD
of tau is also involved in the tau-membrane interaction. Full-
length 2N4R tau, K18, and K19 are all able to bind to lipid
vesicles in vitro with an 2N4R tau > K18 > K19 rank potency
order, suggesting that in addition to MTBD domain, additional
regions may participate in the tau-membrane interaction and
within MTBD domain, 2R region is important for the tau-
membrane affinity (Barre and Eliezer, 2006; Kunze et al,
2012; Georgieva et al., 2014; Ait-Bouziad et al., 2017). In
particular, two hexapeptide motifs were demonstrated to play
an important role in the formation of the tau-phospholipid
complexes, which are easily converted to elongated fibrils in
acidic pH and toxic to primary hippocampal neurons (Ait-
Bouziad et al., 2017; Fanni et al., 2019). Another study showed
that the N-terminal projection domain of tau is also involved
in the interaction of tau with the cytoplasmic face of the
axonal membrane (Brandt et al., 1995; Arrasate et al., 2000).
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FIGURE 1 | Structure and membrane interaction of tau. (A) The isoforms of human tau. Tau is encoded by MAPT gene. Tau is mainly found as 6 isoforms in the adult
human brain. Tau isoforms contain 0, 1 or 2 of N-terminal inserts (ON, 1N, or 2N) and 3 or 4 of C-terminal microtubule (MT)-binding-repeats (3R or 4R). The longest
2N4R tau (commonly referred to as tau40) consists of three functional domains including N-terminal acidic projection domain, proline-rich domain, and C-terminal
MT-binding domain (MTBD). 2R- and 3R-region contain PHF6*- and PHF6-motif, respectively. K18 and K19 tau fragments are the MTBD fragments from 4R and 3R
tau, respectively. (B) Schematic diagram of the tau-membrane interaction. Tau is a natively unstructured MT-associated protein that plays important roles in regulating
microtubule dynamics, cellular trafficking, and signaling pathways. Tau undergoes a variety of post-translational modifications and conformational changes, leading
to accumulation of tau aggregates, such as toxic oligomers and fibrils, under pathological conditions. Membrane lipids, such as sphingolipids and cholesterol, play
critical roles in the tau-membrane interaction. The tau-membrane interaction may facilitate tau fibrillization through providing a platform favorable for tau nucleation.

In PCI2 cells stably expressing rat tau, both full-length and
N-terminal fragment of tau are detected in the PM demonstrated
by immunoelectron microscopy and subcellular fractionation
(Brandt et al.,, 1995). It was further confirmed that tau is
detected in the membrane fraction and N-terminal fragment of
tau containing proline-rich domain is important for the tau-
membrane association in COS-1 cells (Arrasate et al., 2000).
Finally, Mari et al. (2018) suggested that the MTBD of tau is
involved in the binding of tau to lipid membranes made from
total brain lipid extracts and N-terminal region of tau promotes
tau aggregation once tau binds to membrane. Taken together,
both N-terminal projection and MTBD contribute to the tau-
membrane interaction.

THE INTERACTION OF TAU WITH
MEMBRANE PROTEINS

Accumulating evidence demonstrated that tau interacts
with the membrane through binding to several different
membrane proteins and thereby induce cellular dysfunctions
and propagation of tauopathies. Extracellular tau is known to
induce cytotoxicity by increasing intracellular calcium levels
through muscarinic cholinergic receptor (Gomez-Ramos et al.,
2006, 2008; Kanekiyo and Bu, 2014; Zollo et al, 2017). The
administration of recombinant tau protein into the culture
media induces intracellular calcium release in SH-SY5Y cells,
COS-7 cells transiently expressing muscarinic receptor, and

primary neurons (Gomez-Ramos et al., 2008). Muscarinic
receptor subtype M1 and M3 mainly mediate tau-induced
calcium disturbance in COS-7 cells and C-terminal region of tau
is involved in the interaction with muscarinic receptor (Gomez-
Ramos et al., 2008). Morozova et al. (2019) also demonstrated
that phosphomimetic recombinant tau and tau purified from
AD brains induce neurotoxicity through muscarinic receptor
subtype M1 and M3-dependent uptake in primary neurons and
mouse hippocampus.

Shrivastava et al. (2019) identified 29 intrinsic neuronal
membrane proteins which interact with preformed 1N3R tau
fibrils by proteomic screening using nanoLC-MS/MS after
immunoprecipitating biotinylated tau fibrils in primary neurons.
Among identified interaction partners, a3 subunit of Na™/K*-
ATPase (NKA) and GluA2 subunit of a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptor strongly
interact with 1N3R tau fibrils, whereas GluN1 and GluN2B
subunits of N-methyl-D-aspartic acid (NMDA) receptor only
weakly interact with tau fibrils. Clustering of tau fibrils at
excitatory synapses redistributes and reduces a3-NKA and
increases GluA2-AMPA receptors at the synapse, leading to
higher vulnerability to 4-aminopridine induced neuronal activity
(Shrivastava et al., 2019).

Recently, low-density lipoprotein receptor related protein
1 (LRP1), a member of the low-density lipoprotein receptor
(LDLR) family (Herz et al., 1988), was identified as a receptor for
extracellular tau by genetic screening using CRISPR interference
technology (Rauch et al., 2020). Silencing of LRP1 completely
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inhibits the uptake of all 6 full-length tau isoforms with ON,
IN, or 2N and 3R or 4R as well as K18 and K19 fragments,
suggesting that MTBD is the potential interaction site in H4
cells (Rauch et al., 2020). Lysine residues in MTBD and
N-terminus of tau are demonstrated to be involved in the
interaction with LRP1. Furthermore, knockdown of LRP1 in
neurons dramatically suppresses tau spread across the brain in
the mouse unilaterally injected with AAV expressing human
tau with P301L mutant in hippocampus (Rauch et al., 2020),
suggesting that LRP1 may represent a novel therapeutic target
for tauopathies. Internalization of tau by LRP1 was further
demonstrated using '2°I-labeled recombinant 2N4R tau in LRP1-
deficient CHO cells (Cooper et al., 2020). The direct binding of
2N4R tau monomer with LRP1 was confirmed utilizing surface
plasmon resonance (SPR) analysis. In the SPR analysis, 2N4R
tau isoform showed higher affinity for LRP1 than 2N3R tau
isoform, suggesting that the R2 domain of tau is important for
their binding (Cooper et al., 2020). In the same study, Cooper and
colleagues showed that phosphorylation of tau reduces its affinity
for LRP1 by comparing binding affinity of 2N4R tau isoform and
its phosphomimetic form. They also identified Sortilin-related
receptor (SORL1) as a tau receptor which is structurally similar
to LDLR and physically interacts with LRP1 (Spoelgen et al.,
2009; Dieckmann et al., 2010). The genetic mutation of SORL1
is known to be associated with late-onset AD (Kanekiyo and
Bu, 2014; Zollo et al., 2017). As for LRP1, SORLI increases
tau seeding effect in HEK293 cells stably expressing the K18
(P301S) fluorescence resonance energy transfer (FRET) biosensor
(Cooper et al., 2020).

In another studies, Annexin A2 and A6, calcium-dependent
phospholipid-binding proteins, were identified as tau-binding
partners using co-immunoprecipitation analysis (Gauthier-
Kemper et al., 2011, 2018). The extreme N-terminal tau (1-44)
encoded in the first exon of MAPT is sufficient for binding to
annexin A2, whereas tau containing only the C-terminal (256-
441) is not (Gauthier-Kemper et al., 2018). Tau and annexin A2
are colocalized at the tip of processes in PC12 cells and primary
cortical neurons. Their interaction regulates the fluctuations
in axon growth by trapping tau at the end of the process
(Gauthier-Kemper et al., 2011).

Cellular prion protein (PrP) is also demonstrated to interact
with 2N4R or ON3R tau. N-terminal residues (1-91) and repeat
domain (186-283) of tau participate in its interaction with
PrP¢ (Han et al, 2006; Wang et al., 2008). Recently, it is
reported that K18 tau fibrils also bind to PrP¢ which mediates
internalization of K18 tau fibrils in N2a cells (De Cecco et al.,
2020). PrP€ is also known as a receptor for amyloid p (AB) and
dysregulated in the brains of AD patients (Zhang et al., 2019).
However, the clinical and therapeutical implications of PrP¢ in
tauopathies remain elusive.

Amyloid-beta precursor protein (APP) plays central roles
in the pathogenesis of AD since it is precursor of Af and
its mutations are associated with familial AD. Interestingly,
several studies demonstrated that recombinant tau fibrils or
tau from brain extract directly interact with C-terminal of
APP (Smith et al., 1995; Giaccone et al., 1996; Islam and
Levy, 1997). Furthermore, Takahashi et al. (2015) demonstrated

that IN4R and IN3R tau fibrils, but not monomers, binds to
APP through its N-terminal extracellular region and induces
intracellular templated misfolding in SH-SY5Y cells, suggesting
that R2 domain does not critically mediate the interaction of tau
fibrils with APP. In this study, seed-based templated misfolding
was intensively characterized by AT-8 immunostaining, western
blot and immunoelectron microscopy in Sarkosyl-insoluble
fractions. They did not find any effect of AD-associated
mutations of APP on the seeding capacity of tau fibrils,
suggesting that pathogenic mutations of APP do induce Af
production but not promote tau propagation. In another study,
Puzzo et al. (2017) demonstrated that 2N4R tau oligomer also
binds to APP with Swedish mutation (APPgy.) in HEK293
cells demonstrated by membrane fractionation followed by
immunoprecipitation. Binding of tau with APP was barely
observed in hippocampal neurons from APP KO mice compared
to those from WT mice. They further demonstrated that
impairments in LTP and memory caused by tau oligomers
are dependent on the presence of APP in mice. APP is also
reported to mediate the internalization of tau oligomer and
thereby tau oligomer-induced disruption of Ca™ signaling and
Ca?T-dependent gliotransmitter release in primary astrocytes
(Piacentini et al, 2017), suggesting that APP may be a
critical player that regulates tau-induced toxicity and cellular
dysfunctions in tauopathies.

CX3CL1/CX3CRI axis contributes to phagocytosis of tau in
microglia (Bolos et al., 2017). CX3CL1 (Fractalkine) is a ligand
for chemokine receptor CX3CR1. Multiple lines of evidence
suggest that CX3CL1/CX3CR1 axis plays important roles in
the neuropathology of various brain disorders such as cerebral
ischemia, epilepsy, and AD (Reviewed in Pawelec et al., 2020).
Bolos et al. (2017) reported that CX3CR1 deficiency decreases the
internalization of 2N4R tau monomer in microglia both in vitro
and in vivo. They proved that phosphorylation of tau at S396,
which is strongly implicated in AD-associated tau pathology,
reduces its affinity for CX3CR1 using affinity chromatography
technology. Both phosphorylated tau at S396 levels and CX3CL1
expression are increased in advanced Braak stages of AD,
raising a possibility that CX3CL1 may inhibits tau clearance by
microglia through competing with tau for binding to CX3CR1
(Bolos et al., 2016).

So far, several different membrane proteins have been
identified to interact with tau. As discussed earlier, both
N-terminal projection and MTBD are in general critical for the
interaction of tau with membrane proteins. However, C-terminal
region of tau also contributes to its interaction with membrane
depending on binding partners. Depending on tau species and
cell types, interaction of tau with these membrane proteins
leads to various consequences, such as cytotoxicity, disturbance
of cellular signaling, defect of intrinsic functions of membrane
proteins, dysfunction in neuronal activity and gliotransmitter
release, and propagation of tau pathology. However, it needs
to be further elucidated whether and how these membrane
proteins interplay each other for the interaction with tau
and pathological events. Moreover, it is also unanswered what
the pathological and therapeutical implications of those in
tauopathies are.
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THE INTERACTION OF TAU WITH
PROTEOGLYCANS

Growing evidence suggests that HSPGs are involved in the
tau-membrane interaction. HSPGs are ubiquitously expressed
at the extracellular matrix and the PM, which consist of the
core proteoglycan with one or more heparan sulfate (HS)
chains (Iozzo, 1998; Sarrazin et al., 2011). Holmes et al. (2013)
first demonstrated that HSPGs interact with extracellular tau
fibrils, such as K18 and 2N4R tau fibrils, and thereby mediate
their uptake via macropinocytosis in C17.2 cells as well as
primary hippocampal neurons using immunofluorescence and
electron microscopy analyses. Pharmacological- and enzymatic
inhibition of HSPG using chlorate, heparin, and heparinase
inhibit tau fibril uptake and templated misfolding in HEK293T
tau FRET biosensor cell line in a dose-dependent manner.
They further proved that HSPGs mediate the internalization
of 2N4R tau fibrils in neurons of mouse brains. Later, same
group reported that tau trimer is the minimal seed unit to
induce templated misfolding in a HSPG-dependent manner
using a split-luciferase assay with tau RD (P301S) (Mirbaha
et al., 2015). Interestingly, HSPG-mediated uptake pathway
regulates internalization of brain-derived tau oligomers from
AD and dementia with Lewy bodies, whereas alternative
pathways are involved in the internalization of tau oligomers
from progressive supranuclear palsy (Puangmalai et al., 2020).
Moreover, it was shown that the syndecan, a transmembrane
type of HSPG, also contributes to uptake of tau fibrils via lipid-
raft-dependent endocytosis. Especially, overexpression of CDC3,
a neuron predominant syndecan, increased 2N4R tau fibril
uptake. Inhibition of several genes involved in HSPG synthesis
strongly inhibits the internalization of tau monomer, oligomer,
and fibril in cell cultures (Rauch et al., 2018; Stopschinski et al.,
2018). Besides tau uptake, HSPGs mediate tau secretion. Two
different groups demonstrated that inhibition of HSPGs using
chlorate and heparinase suppresses tau secretion in different
cells, such as N2a, SH-SY5Y, and primary neurons (Katsinelos
et al, 2018; Merezhko et al, 2018). HS is composed of
disaccharide repeats and glucosamine with sulfate moieties (Xu
and Esko, 2014). The extended study identified that N-sulfation
and 6-O-sulfation of HS are important for 2N4R tau fibril
binding using a small heparin mimetic library (Stopschinski
et al, 2018). It is further demonstrated that 6-O-sulfation
mediates 2N4R tau monomer uptake in H4, induced pluripotent
stem cell (iPSC)-derived neurons, and mouse hippocampal slice
culture, while 2-O-sulfation does not (Rauch et al., 2018).
In addition, the presence of 3-O-sulfation enhances binding
of 2N4R tau to HS in SPR assay, and reduction of 3-O-
sulfate decreases both cell surface binding and internalization
of tau in HS 3-O-sulfotransferase-1-dificient cells (Zhao et al.,
2020). Proline-rich domain 2 and R2 domain of 2N4R tau
are identified as specific interaction sites for 3-O-sulfation by
nuclear magnetic resonance (NMR) titrations mapping (Zhao
etal., 2020). There is also conflicting finding. The internalization
of monomeric tau is reported to be independent of HSPGs in
primary astrocytes (Perea et al, 2019), implying that different
tau species may interact with different partners at the PM

and/or tau interacts with different partners in cells with different
origins. Overall, HSPGs play a critical role in tau aggregation
and intercellular transmission, suggesting that suppressing the
interaction between tau and HSPGs could represent therapeutic
target for tauopathies.

THE ROLE OF PHOSPHORYLATION IN
THE INTERACTION OF TAU WITH
MEMBRANE

Tau undergoes a variety of PTMs, such as phosphorylation,
glycosylation, acetylation, and truncation (Martin et al., 2011).
Although the precise roles of PTMs in tau pathology remain
elusive, hyperphosphorylation of tau is highly correlated with
the formation of neurofibrillary tangles in AD (Martin et al,
2011). Phosphorylation of tau impairs the interaction of tau with
MT, resulting in an increase of free tau eligible for aggregation
(Martin et al., 2011).

The role of phosphorylation of tau in the tau-membrane
interaction is debatable. Membrane-associated tau is reduced
upon treatment of okadaic acid, a phosphatase inhibitor, in both
COS-1 and PC12 cells expressing tau (Arrasate et al., 2000; Maas
etal., 2000). Pooler et al. (2012) showed that tau in the membrane
fraction from rat cortical neurons is primarily dephosphorylated,
which is negative against PHF-1 (specific for phosphorylated
Ser’%6/Ser®%*) and AT$ (specific phosphorylated Ser?°2/Thr?0%)
antibodies. Their findings were further demonstrated in human
neuronal SH-SY5Y (Ekinci and Shea, 2000) and rat neuronal
PCI12 cells (Maas et al., 2000). They also showed that inhibition
of Casein kinase 1 and Glycogen Synthase Kinase-38 (GSK3p),
well-established tau kinases, increases the association of tau with
the neuronal PM, whereas inhibition of Protein phosphatase 2A
decreases the membrane association of tau (Pooler et al., 2012).
In addition, phosphorylation-mimicking ON3R tau, in which
several serine residues in the proline-rich and C-terminal regions
are substituted with glutamate, is barely detected at the PM
(Eidenmuller et al., 2001). Similarly, mimicking phosphorylation
in the N-terminal half of tau including N-terminal projection
domain and proline-rich domain significantly decreases the
association of tau with membrane in CHO cells (Pooler et al.,
2012). In mouse brain slice culture, the ratio of dephosphorylated
tau to total tau is increased in the membrane fraction of 3xTg-
AD slice, which is increased in WT slice by neuronal activity but
not in 3xTg-AD slice (Croft et al., 2017).

On the contrary, there is also conflicting evidence to support
positive effects of phosphorylation on the tau-membrane
interaction. Phosphorylated high molecular weight tau is
increased in the PM fraction during apoptosis in the PCI12
cells (Shelton and Johnson, 2001). In AD mouse model,
AB accumulation in lipid rafts leads to the recruitment of
apolipoprotein E (APOE) and phosphorylated tau to the
membrane in an age-dependent manner (Kawarabayashi
et al, 2004). Another study demonstrated that tyrosine
phosphorylation of tau by Fyn kinase increases the association
of 2N4R tau with Fyn and thereby tau localization in detergent-
resistant microdomain of membrane in primary neurons
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(Usardi et al., 2011). In mouse neuronal N2a cells expressing
human ON4R tau isoform, phosphorylated oligomeric tau is
predominantly localized in the PM (Merezhko et al., 2018) and
secreted across the PM through a vesicle-free pathway (Katsinelos
et al., 2018). Moreover, tau phosphorylation by GSK38 does not
affect 1IN4R tau monomer-membrane binding but enhances tau
oligomer-membrane binding in small unilamellar lipid vesicles
which consist of 1-palmitoyl-2-oleoylphosphatidylcholine
(POPC) or di-palmitoylphosphatidylcholine (DPPC)
(Nuebling et al., 2020).

These contradictory data may be because each study used
different tau species and cell lines and addressed different
phosphorylation sites. Although the results across the studies
apparently seem to be conflicting, it is speculative that
phosphorylation of physiological tau may inhibit the tau-
membrane interaction, whereas phosphorylation of pathological
tau oligomers and fibrils may promote the tau-membrane
interaction (Figure 1B).

THE ROLE OF LIPIDS IN THE
MEMBRANE INTERACTION AND
FIBRILLIZATION OF TAU

As aforementioned, tau is a natively highly soluble unstructured
protein under physiological conditions (Jeganathan et al., 2008;
Mukrasch et al., 2009). Under pathological conditions, tau
undergoes a variety of PTMs and conformational changes,
leading to pathological tau aggregation (Wang and Mandelkow,
2016). Although the precise mechanisms of structural transition
and aggregation of tau are not fully understood yet, numerous
factors, such as mutations, phosphorylation, acetylation,
proteolysis, oxidative stress, and membrane lipids, have been
suggested to be able to facilitate tau fibrillization (Martin et al.,
2011). Here, we summarize the most recent understanding of the
tau-membrane interaction and its role in tau aggregation.

It is well known that polyanionic cofactors, such as heparin
(Friedhoff et al., 1998), polyglutamate (Friedhoft et al., 1998),
RNA (Kampers et al,, 1996), arachidonic acid (King et al,
2000), and congo red (Bandyopadhyay et al., 2007), facilitate
fibrillization of tau. The PM anchored chimeric tau proteins
capture the 2N4R tau and trigger the assembly of tau into
B-sheet fibrils in cell culture detected by thiazine red (Campos-
Pena et al., 2009; Lira-De Ledén et al., 2009). Given that
the PM contains anionic lipids, it is not surprising that the
PM can trigger tau fibrillization. In line with these results,
numerous studies have shown that various membrane lipids
interact with tau and regulate its fibrillization in the experimental
settings with PM-mimicking lipid vesicles (Table 1). When
2N4R monomeric tau is incubated with anionic PS liposome,
at least 15 % of all filaments are associated with vesicles, which
appear to be expanded on the vesicle surface observed by
transmission electron microscopy (TEM) (Chirita et al., 2003).
The large unilamellar vesicles (LUV), consisting of PS/PC, induce
aggregation of K18 monomeric tau likely by providing a platform
for charge neutralization and thereby facilitating protein-
protein interaction demonstrated by fluorescence correlation

spectroscopy (FCS) and thioflavin T assay (Elbaum-Garfinkle
et al,, 2010). In LUV with POPC and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-L-serine (POPS) mixtures, K19 monomeric
tau binds to membrane by electrostatic forces between the
positive charge in tau and the negative charge in phospholipid
headgroups, which is predominantly structured to B-sheet-like
intermediates evidenced by circular dichroism (CD) spectra
and solid-state NMR analysis (Kunze et al,, 2012). In small
unilamellar vesicles (SUV) only with negatively charged POPS,
K19 monomeric tau is converted to a a-helix structure,
suggesting that the structural change of K19 fibril depends
on the extent of membrane charge (Kunze et al., 2012).
Another study showed that the interaction of K19 monomeric
tau with membrane is mediated by short amphipathic helices
formed in the membrane-bound state (Georgieva et al., 2014).
Recombinant 2N4R monomeric tau preferentially interacts with
anionic 1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]
(DMPG) monolayer compared to zwitterionic 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC), further supporting that
anionic charge facilitates the tau-membrane interaction (Jones
et al, 2012). Insertion of 2N4R monomeric tau into the
DMPG mono- and bilayer results in compaction of tau
structure, disruption of lipid packing, and compromising
membrane structural integrity demonstrated by X-ray reflectivity
(Jones et al., 2012). K18 monomer and hyperphosphorylation-
mimicking 2N4R monomeric tau are more potent in membrane-
templated misfolding and assembly into B-sheet-rich aggregates
than native 2N4R monomeric tau (Majewski et al., 2020). In
the MTBD, two hydrophobic hexapeptides motifs, PHF6*- and
PHF6-motif, are reported to be a core of K18/phospholipid
complex and PHF6 motif has a higher propensity to form
B-strand-like structure than PHF6* motif (Barre and Eliezer,
2013; Ait-Bouziad et al, 2017). In addition, a study using
CD spectra and X-ray reflection revealed that acetylation of
PHF6 motif facilitates membrane-templated fibrillization and
membrane destabilization at the DMPG monolayer and LUV of
POPC/POPG (Fanni et al., 2019). So far, it is not clear what factors
regulate the tau-membrane interaction and fibrillization on the
membrane. Although tau can initiate self-assembly without
additional factors on the lipid membrane, it is recently reported
that sodium triggers the membrane interaction and fibrillization
of 2N4R tau at the supported lipid membrane (SLM) with total
lipid extract from porcine brain, whereas potassium inhibits these
processes (Mari et al., 2018). N-terminal region of tau promotes
self-assembly and growth of tau fibrils on the SLM (Mari et al.,
2018). Further studies are warranted to identify the regulators of
the tau-membrane interaction and fibrillization in live cells.

In the cellular contexts, tau interacts with the cytoplasmic
face of the axonal membrane (Brandt et al, 1995; Arrasate
et al., 2000). Tau R406W mutation reduces the interaction of
ON3R tau with a calcium-regulated PM-binding protein annexin
A2, thereby inhibiting the binding of tau to the PM which
results in increased fluctuations in axonal growth (Gauthier-
Kemper et al., 2011). In oligodendrocytes, tau is localized at the
ends of the cellular processes along with myelin basic protein
(LoPresti et al., 1995). Moreover, tau mediates the regulation
of process outgrowth by Fyn kinase through bridging the
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TABLE 1 | Summary of evidence supporting conformational change of Tau at the membrane.

Tau Membrane Detection References
Source Isoform Mutant Species Component Type
Human 2N4R monomer PS Liposome TEM Chirita et al., 2003
C14Eg/CooH41SO4Na Micelle Ultracentrifuge
Human 2N4R TF COS-7 cells PM Thiazine red Campos-Pena et al., 2009;
Lira-De Ledn et al., 2009
Human 2N4R(A392-441) TF
Human PHF TF
Human K18 monomer PS/PC LUV FCS Elbaum-Garfinkle et al.,
2010

Human K18-Alexa 488 monomer Thioflavin T
Human 2N4R monomer DMPG Monolayer X-ray Jones et al., 2012

DMPG Bilayer
Human K19 monomer DMPS SUv CD spectra Kunze et al., 2012

DMPC/DMPS SUV, LUV Thioflavin T
POPC/POPS LUV (Thioflavin T negative)
SDS Micelle solid-state NMR
Human K18 monomer SDS Micelles NMR Barre and Eliezer, 2013
Human ON3R monomer POPC/POPS SUV CW-ESR Georgieva et al., 2014
Human K19 monomer LPPG Micelle
SDS Micelle
Human K18 monomer Porcine brain PS Vesicle NMR Ait-Bouziad et al., 2017
Human 2N4R Total lipid extract SLM AFM topography Mari et al., 2018
of porcine brain

Human K18
Human N-Terminal Tau (a.a. 1-257)
Human Ac-PHF6 fibrils DMPG Monolayer CD spectra Fanni et al., 2019
Human NH3 T -PHF6 fibrils POPC/POPG LUV X-ray
Human K18 monomer DMPG Monolayer synchrotron GIXD Majewski et al., 2020
Human 2N4R/3Epi HMM monomer
Human 2N4R monomer
Human ON4R P301S fibrils DiPhPC Bilayer Thioflavin T Esteras et al., 2020

AFM, atomic force microscopy; CD, circular dichroism; CW-ESR, continuous-wave electron spin resonance, DiPhPC, 1,2-diphytanoyl 3-phosphocholine,
FCS, Fluorescence correlation spectroscopy, LPPG, lyso-1-palmitoyl-phosphatidylglycerol; LUV, Large unilamellar vesicle; DMPC, 1,2-dimyristoyl-sn-glycero-3-
phosphocholine; DMPG, 1,2-dimyristoyl-sn-glycero-3-phospho(1’-rac-glycerol); DMPS, 2,3-Dimercapto-1-propanesulfonic acid; HMM, hyperphosphorylation-mimicking
mutant; NMR, nuclear magnetic resonance; PC, phosphatidylcholine; PM, Plasma Membrane; POPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; POPS, 1-palmitoyl-
2-oleoyl-sn-glycero-3-phospho-I-serine; PS, phosphatidylserine; SDS, sodium dodecy! sulfate; SLM, Supported lipid membrane; SUV, Small unilamellar vesicle; TEM,

Transmission electron microscopy; TF, Transfection.

interaction between Fyn kinase and MT in oligodendrocytes
(Klein et al., 2002). Recently, it is demonstrated that the binding
of tau to membrane induces neurotoxicity (Ait-Bouziad et al.,
2017; Esteras et al., 2020). The tau-phospholipid complexes are
recognized by MC-1 and further converted into long tubular
and filament-like aggregates under slightly acidic pH, suggesting
that they have pathological properties (Ait-Bouziad et al., 2017).
The tau-phospholipid complexes can be taken up by primary
hippocampal neurons via endocytosis and induce cytotoxicity
(Ait-Bouziad et al., 2017). Moreover, heparin-induced insoluble
aggregates of ON4R fibrillar tau interact with DiPhPC bilayer
and alter the membrane conductance (Esteras et al., 2020).
These changes in membrane conductance increase Ca>™ influx
through opening voltage-gated calcium channel and sequentially
reactive oxygen species levels via activating NADPH oxidase,
eventually leading to cell death in both primary cortical neurons
and astrocytes (Esteras et al., 2020). Hyperphosphorylated tau

is also detected at both pre-and post-synaptic compartments
in synaptosomes isolated from AD patients (Fein et al., 2008;
Henkins et al., 2012; Tai et al., 2012). Recent study showed that
pathological hyperphosphorylated tau but not physiological tau
binds to synaptic vesicle at presynaptic terminals via N-terminal
domain and interferes presynaptic functions, such as mobility
and release of synaptic vesicles (Zhou et al., 2017). Two recent
studies demonstrated that tau is secreted from the cells by direct
translocation across the PM (Katsinelos et al., 2018; Merezhko
et al.,, 2018). Katsinelos et al. (2018) demonstrated that ON4R tau
is recruited to the cytosolic leaflet of the PM by interacting with
phosphatidyl inositol 4,5 phosphate [PI(4,5)P,] evidenced by
interaction of tau with lipid strip and LUV containing PI(4,5)P,.
In another study, Merezhko et al. (2018) demonstrated that
tau is mainly located at the cytosolic leaflet of the PM and
nuclear membrane in N2a cells expressing human ON4R tau
isoform. They further demonstrated that depletion of membrane
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cholesterol using methyl-B-cyclodextrin and sphingomyelin
using sphingomyelinase or myriocin significantly inhibit tau
secretion (Merezhko et al., 2018). Moreover, tau secretion is
also suppressed by treating cells with docosahexaenoic acid
(DHA) (Merezhko et al., 2018). DHA is a polyunsaturated fatty
acid which is known to reduce membrane order and disrupt
lipid raft microdomain. Interestingly, paired helical filaments
purified from AD brains were shown to contain small amounts of
cholesterol, phosphatidylcholine, and sphingolipids (Gellermann
et al.,, 2006). Moreover, a pathogenic form of tau phosphorylated
at S422 is found to be localized at flotillin 1-positive lipid
raft regions of neuronal membrane in the brain of AD mouse
model expressing APPgye and PSEN2 together with tau P301L
(Collin et al., 2014). However, it is not addressed whether tau
directly binds to cholesterol, sphingolipids, or DHA in the
cellular contexts. A recent study suggested another possibility
of cholesterol engagement in the interaction of protein with
the membrane. Doktorova et al. (2017) demonstrated that the
presence of cholesterol in the membrane enhances the interaction
of retroviral structural protein Gag to the phosphatidylserine-
rich clusters of the membrane by increasing lipid packing
and membrane surface charge density. Taken together, these
findings suggest that cholesterol and sphingomyelin-dependent
membrane microdomains play a critical role in tau secretion
by mediating recruitment of tau to the cytosolic leaflet of the
PM. By immunoelectron and immunofluorescence microscopy,
Merezhko et al. (2018) demonstrated that tau located at the
cytosolic leaflet of the PM is mainly oligomeric forms positive
with AT8- and PHFI13-specific phosphorylations but negative
with thioflavin-S staining. They further demonstrated that
inhibition of tau oligomerization and aggregation suppresses
tau secretion. Katsinelos et al. (2018) demonstrated that
tau secretion depends on the levels of phosphorylation
rather than the site-specific phosphorylation, suggesting that
pathogenic hyperphosphorylation and conformational change
of tau are critical for membrane interaction and secretion
of tau. Furthermore, Katsinelos et al. (2018) demonstrated
that monomeric tau can disrupt the membrane integrity in
a PI(4,5)P;-dependent manner in liposome. Indeed, tau has
capable of disrupting the endosomal membrane, although
the underlying mechanisms have not been fully elucidated
(reviewed in Brunello et al., 2020). Taken together, all these data
strongly suggest that lipids and proteoglycans in the membrane
could play vital roles in the pathogenesis of tauopathies by
mediating multiple different processes in tau propagation, such
as aggregation, recruitment to the PM, secretion across the PM
from donor cells, uptake in recipient cells, and release from
intracellular vesicles to initiate templated misfolding.

A series of studies in vitro as well as in vivo showed that tau
interacts with the PM. Moreover, the tau-membrane interaction
facilitates pathological aggregation of tau in the experimental
settings with liposomes. Moreover, the tau-membrane interaction
causes neurotoxicity in primary cultures in vitro. However,
it is not clear whether oligomerization of tau is induced at
the surface of the PM after monomeric tau interacts with the
PM, or oligomeric or fibrillar tau species produced somewhere
else preferentially bind to the PM in the cellular contexts.

Furthermore, it needs to be elucidated whether there is a
difference in the propensity and/or preference of different lipid
species to the interaction with different species of tau, such
as monomeric, oligomeric, and fibrillar tau and how several
different lipids cooperate each other for the binding, aggregation,
and intercellular propagation of tau. Whether and how the tau-
membrane interaction contributes to the tau pathology and
neurodegeneration in the brain in vivo also remain elusive.

THE ASSOCIATION OF TAU WITH
INTRACELLULAR ORGANELLE
MEMBRANE

The MT-associated protein tau is a cytosolic protein that is
essential for MT assembly (Weingarten et al., 1975) and stability
(Drubin and Kirschner, 1986). The PTMs in tau protein regulate
the affinity of tau for MT (Lindwall and Cole, 1984). Once tau
is released from MT, chances for tau to interact with other
cellular partners, such as proteins and organelle membranes, rise
(Morris et al., 2011). Here, we will discuss the interaction of tau
with intracellular organelle membranes and its implication in the
regulation of organelle’s function.

Perreault et al. (2009) reported that the contacts between
rough endoplasmic reticulum (RER) membranes and
mitochondria are increased in the brains of AD patients
and spinal cord motor neurons of JNPL3 mice expressing P301L
tau, which is correlated with an increase of tau on the surface
of RER membranes. The mitochondria-ER contracts (MERCs)
are involved in many different cellular processes, such as lipid
metabolism, mitochondrial dynamics, autophagy, calcium/redox
signaling, and apoptosis (Csordas et al., 2018; Moltedo et al,
2019). However, it remains to be further elucidated whether
tau accumulation in RER affects the functions of MERCs and
thereby contributes to the diseases. Farah et al. (2006) showed
that tau is found at the Golgi membrane in the rat brain as
well as motor neurons of mouse spinal cord. As of tau found
in RER, tau in Golgi fraction is hyperphosphorylated which is
recognized by PHF-1 and ATS8 antibodies. However, whether
tau in Golgi membrane affects the function of Golgi was not
addressed. Wang et al. (2009) showed that when K18 tau with the
AK280 mutant (Taurp AK) is expressed in N2a cells, Taurp AK
interacts with LAMP-2A in lysosome and is thereby processed to
highly amyloidogenic fragments which nucleate aggregation of
tau. Growing evidence suggests that mitochondrial dysfunction
is closely related to the pathophysiology of tauopathies (Szabo
et al, 2020; Wang et al., 2020). Phosphorylated tau is also
found at the mitochondria membrane (Jancsik et al., 1989;
Rendon et al.,, 1990). Camilleri et al. (2013) demonstrated that
2N4R tau oligomers, but not monomers, induce membrane
permeabilization in mitochondria-mimicking liposomes and
trigger cytochrome c¢ release from mitochondria isolated
from SH-SY5Y cells. In a subsequent study, same group
demonstrated that cardiolipin, a phospholipid unique to
mitochondrial membrane, plays a critical role in mediating
the interaction of IN4R tau oligomers with mitochondria,
leading to mitochondrial damage (Camilleri et al., 2020).
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They further provided the evidence that 10-N-nonyl acridine
orange (NAO), a cardiolipin-specific dye, efficiently prevents
tau oligomer-induced mitochondrial damages, such as swelling
and cytochrome c release from mitochondria isolated from
SH-SY5Y cells, raising a possibility that modulating cardiolipin
may represent a novel therapeutic strategy for tauopathies
(Camilleri et al., 2020). Phosphorylated tau also interacts with
nuclear membrane through binding to nucleoporin 98 (Nup98)
in tau-overexpressing transgenic mice and human AD brain
tissue (Eftekharzadeh et al., 2018). Of note, abnormal binding
of phosphorylated tau to Nup98 in nuclear membrane triggers
mislocalization of Nup98 from the nuclear membrane to
cytoplasm, which accelerates the aggregation of phosphorylated
tau in cytoplasm (Eftekharzadeh et al., 2018). Despite a handful
of studies showed the interaction of tau with intracellular
organelles, whether and how the interaction of tau with organelle
membrane triggers organelle dysfunction and contributes to tau
fibrillization and pathology are largely unknown.

PATHOLOGICAL IMPLICATIONS OF
LIPID DYSREGULATION IN
TAUOPATHIES

Dysregulation of lipid metabolism has been under intense
scrutiny in the pathogenesis of AD ever since the e4 allele
of APOE, a major lipoprotein in the brain, is identified as
the strongest risk factor for AD (Kim et al., 2009). Moreover,
epidemiological studies strongly suggested that conditions
linked to lipid dysregulation, such as hypercholesterolemia,
atherosclerosis, hypertension, and diabetes, increase the risk
for AD. Accumulating evidence consistently demonstrated
that several lipids, such as cholesterol, cholesterol ester, and
sphingolipids, are accumulated in the brains of AD patients
and AD mouse models (Cutler et al., 2004; Shobab et al.,
2005; Di Paolo and Kim, 2011; Chan et al, 2012; Lazar
et al, 2013; Tajima et al, 2013; Walter and van Echten-
Deckert, 2013). AD is characterized by pathological hallmarks,
such as abnormal accumulation of extracellular AP deposits
and intracellular tau aggregates. It has been hypothesized
that abnormal accumulation of AP initiates pathological
cascades leading to accumulation of hyperphosphorylated
tau, neuroinflammation, and neurodegeneration. Although the
role of lipid metabolism on tauopathy is relatively less
characterized compared to A pathology, a growing evidence
suggests that there are mutual regulations between lipid
metabolism and tauopathy. Several groups showed that tangle-
bearing neurons contain higher levels of unesterified cholesterol
than tangle-free neighboring neurons in the brains of AD
patients and transgenic mice expressing FTDP-17-associated
P301L tau mutant as well as Niemann-Pick disease type
C (NPC) (Giaccone et al, 1996; Distl et al, 2001, 2003;
Girardot et al., 2003; Glockner and Ohm, 2014). Cholesterol
accumulation due to the defective cholesterol trafficking is
closely associated with the pathogenesis of NPC which develops
tau pathology with neurofibrillary tangles. High cholesterol
diets increase tau phosphorylation and promotes tau pathology

in mouse and rabbit (Rahman et al,, 2005; Ghribi et al., 2006;
Glockner et al.,, 2011; Bhat and Thirumangalakudi, 2013). In
addition, pharmacological and genetic induction of CYP46A1,
an enzyme that catalyzes conversion of cholesterol to 24S-
hydroxycholesterol, attenuates tau-associated pathologies in
iPSC-derived AD neurons (van der Kant et al, 2019) and
Tau22 mice expressing 1N4R human tau with G272V and P301S
mutations (Burlot et al., 2015), respectively, whereas inhibition
of CYP46A1 increases tau phosphorylation and AB-associated
pathologies in APP23 mice expressing APPgy. mutant (Djelti
et al., 2015). Of note, an increase of membrane cholesterol in
primary neurons induces AD-like phenotypes, such as vesicular
trafficking defect and increases of A4, secretion, AB-mediated
toxicity, and AB-induced tau truncation by calpain in a NMDA
receptor-dependent manner (Nicholson and Ferreira, 2009;
Nicholson et al., 2011; Marquer et al., 2014). Besides lipids, the
proteoglycan levels and expression of enzymes participating in
generation of sulfated glycosaminoglycans have been reported
to be altered in AD brains (Wray and Noble, 2009; Ariga
et al, 2010; Wang and Ding, 2014; Sepulveda-Diaz et al,
2015). Taken together, dysregulation of lipid metabolism and
proteoglycans is unequivocally involved in the pathogenesis of
human neurological disorders with tauopathies. However, it
remains to be elucidated whether and how alteration of lipids
and proteoglycans regulates the pathogeneses of tauopathies in
in vivo experimental settings and human pathologies. Clinical
implications of modulating tau-interacting molecules also need
to be further elucidated.

CONCLUSION AND FUTURE
PERSPECTIVES

Elucidating the roles of the tau-membrane interaction are
critical for understanding of the mechanisms of tau fibrillization,
intercellular transmission, and dysfunction of biological
processes associated with tauopathies. In this review, we
have highlighted recent understanding of the tau-membrane
interaction and its roles in pathophysiology. However, there is a
significant gap in our knowledge of the mechanisms and roles
of the tau-membrane interaction. The findings from cell-free
systems and cell culture experiments have provided valuable
mechanistical hints how tau-interacting molecules, such as
lipids, proteoglycans, and proteins, regulate the tau-membrane
interaction, tau aggregation, tau-induced neurotoxicity, and
propagation of tau. It remains unanswered to what extent each
tau-interacting molecule is involved in tauopathies and how
they cooperate each other to mediate tau-associated pathological
events. Numerous epidemiological studies and animal studies
have shown a clear association between lipid dysregulation
and tauopathies. However, it remains elusive whether the
alteration of tau-interacting molecules could be causative factors
for tauopathies and whether modulation of tau-interacting
molecules could have therapeutic implications.

Different pathological tau species may interact with
membranes of different origins which may induce deficits
in many biological functions in a species-dependent manner. It
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should be kept in mind that tau also mediates several normal
biological processes through interacting with membranes under
physiological condition. Lipid compositions are critical for many
biological processes, such as endocytosis, phagocytosis, secretion
of various molecules, cellular signaling pathways, receptor-ligand
interaction, synaptic transmission, and neuronal activity. So far,
it has not been thoroughly examined whether and how the
interaction of tau with membrane could regulate those cellular
functions. Another interesting question is that if membrane
provides a platform of tau nucleation, why are pathological
tau aggregates not accumulated under physiological condition?
Indeed, hyperphosphorylated tau oligomers but not fibrils are
found at the cytosolic face of the PM in mouse neuronal cells
under physiological condition (Zhou et al., 2017; Merezhko et al.,
2018). This might be because (1) free tau exists at a subthreshold
level for fibrillization due to trapping by MT, (2) pathological
tau fibrils are quickly removed, (3) lipid compositions and
characteristics of membrane are not favorable for pathological
transitions of tau under physiological condition. It is also
conceivable that there are unidentified factors that promotes
tau fibrillization under pathological conditions or inhibits tau
fibrillization under physiological conditions. Data collected so far
raise another question. Where does tau initiate to oligomerize
and aggregate? Since tau can interact with membranes of several
different intracellular organelles as well as the PM, it would
be interesting to answer whether these organelles are somehow
involved in tau aggregation. Both monomeric- and aggregated
tau are detected in extracellular milieu. It seems that monomeric
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