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Abstract. This review is dedicated to Inge Grundke-Igbal who laid the foundations of the tau field, by isolating tau from the
Alzheimer’s disease (AD) brain, discovering that tau is hyperphosphorylated, and proving a critical role of protein phosphatase
2A (PP2A) and its endogenous inhibitor I,’7?A in this process. This memorial starts with a few personal notes, and then covers
how subcellular fractionation helped in isolating tau. We review in detail the role of PP2A and its endogenous inhibitor in tau
phosphorylation. We discuss the role that methylation and phosphorylation have in regulating PP2A activity. We add what we
have contributed to understanding the role of tau and PP2A in AD using PP2A transgenic and knockout models, and conclude
by addressing two underexplored areas in tau research: tau’s non-canonical functions and the role distinct tau isoforms have in
a physiological context.
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INTRODUCTION

My first visit to New York dates back more than
twenty years. At the time, I was a postdoctoral fellow
at the University of California, San Francisco and had
come to Cold Spring Harbor on Long Island to attend
a conference on mouse genetics and transgenesis. New
York was close and thus a reasonable place to visit. In
these days I did not know that I would once work on tau
and use tau transgenic mice as my favorite workhorse.
On my second visit to New York in February 2013,
I came from Australia via Vancouver, where I had
attended a Keystone conference on vaccination strate-
gies. I very much looked forward to meeting Khalid and

*Correspondence to: Jirgen Gotz, Centre for Ageing Dementia
Research (CADR), Queensland Brain Institute (QBI), The Univer-
sity of Queensland, Brisbane, QLD 4072, Australia. Tel.: +61 7 3346
6329; Fax: +61 7 3346 6301; E-mail: j.goetz@uq.edu.au.

Inge Igbal at their institute on Staten Island, an hour’s
drive from Manhattan. Sadly, shortly after scheduling
the day on which I would visit, Inge passed away quite
unexpectedly. I had gotten to know her and Khalid as
a lovely, affectionate couple whom at conferences one
would mostly see together. I was wondering whether
my visit would still be appropriate but reflecting on it
now, I am glad that I did not cancel, as I had a chance
to enquire about the beginnings of the tau field.
When I arrived on the morning of February 6, 2013,
and met Khalid in his office at the New York State Insti-
tute for Basic Research (Fig. 1), he looked tired. It was
obvious that he missed Inge dearly, although to some
degree he was comforted by the fact that her wish had
been fulfilled—being able to work in the laboratory
until her final days. Together, the two had established
the tau field, making countless seminal discoveries
since its inception. Sitting in Khalid’s office, framed
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Fig. 1. Institute for Basic Research in Staten Island (NY).

by several photos taken at Christmas parties they had
enjoyed together with their team, we talked about their
early papers, the methodology available at the time,
and what made these discoveries possible. Inge was
an immunologist by training; in fact, she obtained her
postdoctoral training at the Max-Planck-Institute in
Freiburg (Germany), a place where I conducted my
PhD studies many years later.

SUBCELLULAR FRACTIONATION HELPS
IN ISOLATING TAU

As we skimmed through Inge’s and Khalid’s reprints
kept in alphabetical order in several big lever arch files,
we took out their first joint paper dating back to 1974.
This paper was on Huntington’s disease (HD) [1]; how-
ever, their second joint paper was on tau [2]. Published
in 1975, it presented the isolation of neurofibrillary
tangles (NFTs) from Alzheimer’s disease (AD) tissue.
Khalid told me how they had generated single cell sus-
pensions from frozen autopsy tissue simply by utilizing
endogenous proteases, and then visualized what is now
known as tau, revealed as a pattern of bands on a slab
gel by staining with the dye Coomassie Blue. At the
time, the western blot technique was not yet available.
By fractionation, Khalid and Inge determined that ‘tau’
was not in the nucleus. In reading the 1975 article, 1
have been stuck by the term ‘subcellular fractionation’
in assigning tau to the microtubular/cytoskeletal frac-
tion. In the current article, we will come back to the
term ‘subcellular’ in the context of our discovery that
tau has an important physiological function not only
in the axonal compartment but also in dendrites [3].
We will furthermore discuss the role of protein phos-
phatase 2A (PP2A), an enzyme that counteracts a set
of kinases in dephosphorylating tau, and how Inge and
Khalid’s work inspired us to work on the role of PP2A

in neurodegeneration [4, 5]. It is an impossible task to
provide an authoritative overview of the contributions
and impact Inge’s work had in the field; this has been
best done by Khalid and Inge Igbal themselves [6].

TAU PHOSPHORYLATION, PROTEIN
PHOSPHATASE 2A (PP2A), AND I,PP2A

The protein tau was first identified in brain using
repeated cycles of polymerization [7]. Tau belongs to
a large family of microtubule-associated proteins [8],
with different models being put forward to explain
how it binds to microtubules [9, 10]. A decade after
its identification, it was discovered by Grundke-Igbal
and others that tau is a major antigenic component of
NFTs [11-17]. Electron microscopy revealed a dis-
tinctive type of filament, termed the paired helical
filament (PHF) [18]. Tau was found to be phospho-
rylated at multiple sites [19, 20], and it was realized
early that abnormal phosphorylation has a crucial role
in the tau pathology of AD [21, 22]. ‘Hyperphospho-
rylation’ in fact precedes the formation of NFTs [23].
Phosphorylation in general is regulated by the balanced
interplay of phosphatases and kinases (Fig. 2A). Ini-
tially, calcineurin (also known as protein phosphatase
2B, PP2B) was identified as a tau phosphatase [24],
and subsequently protein phosphatases 1 and 2A (PP1,
PP2A) [25]. Already in those years, several kinases
were shown to phosphorylate tau, including protein
kinase C, calcium/calmodulin-dependent kinase, and
the mitogen-activated protein kinase, ERK2 [26-28].
It soon became evident that tau undergoes a series of
posttranslational modifications, with abnormal phos-
phorylation preceding ubiquitination [29].

When Grundke-Igbal and colleagues measured
phosphatase activities in human brain extracts, they
found that of the phosphatases analyzed, the activities
of PP1 and phosphotyrosyl phosphatase were signifi-
cantly lower in gray matter in AD brains compared to
controls, and those of PP2A in both gray and white mat-
ter, suggesting that the hyperphosphorylation of tau in
AD brain could result from a protein dephosphorylation
defect in vivo [30]. The team subsequently published
on the role of phosphatases other than PP2A, but came
back to PP2A by finding that the enzyme was able to
dephosphorylate abnormally phosphorylated tau at
residues Ser46, Ser199, Ser202, Ser396, and Ser404,
but not Ser235 (amino acid numbering according to the
largest isoform of human tau (hTau40)) [31]. Selective
inhibition of PP2A by okadaic acid, using rat brain slice
cultures, induced an AD-like hyperphosphorylation
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Fig. 2. The multiple layers of PP2A regulation. A) Phosphorylation of tau is a net result of the activities of kinases such as GSK (glycogen
synthase kinase), CDK (cycline-dependent kinase), or ERK (extracellular signal-regulated kinase), and phosphatases such as protein phosphatase
2A (PP2A). B) PP2A is a heterotrimeric enzyme. The core enzyme is composed of a structural subunit A (that exists as two isoforms, o and 3)
and a catalytic subunit C (that also exists as two isoforms, o and ). The core enzyme recruits regulatory subunits that compete with each other
in binding. Their binding is regulated by methylation of the C subunit at is carboxy-terminal leucine (L.309). C) The last eight amino acids of the
highly conserved C subunit are shown. Leu(L)309 is regulated by methylation employing the cytoplasmic enzyme LCMT1 (leucine carboxyl
methyltransferase 1). The demethylating enzyme, PME-1 (protein phosphatase methylesterase-1), is nuclear. The C subunit is phosphorylated
by GSK3B at Tyr(Y)307. In addition, there are two endogenous inhibitors, [1PP24 and 12PP?A (also known as SET or TAF1). In general, PP2A
activity is increased by methylation, and decreased by phosphorylation or via the endogenous inhibitors. D) In healthy neurons, PP2A is inactive
in the nucleus and active in the cytoplasm as indicated, preventing phosphorylation of cytoplasmic tau. Under apoptotic or neurodegenerative
conditions and as a consequence of ageing, nuclear pores start to leak and 12P°P?A relocalizes to the cytoplasm. Not only is I2PP2A cleaved into two
smaller fragments that can now freely diffuse between the nucleus and cytoplasm, also, phosphorylation of 12PP?A at Ser(S)9 by CKII (casein
kinase II) causes its retention in the cytoplasm. Together with an increased activity of GSK3p in the cytoplasm, the net effect is an increased
tau phosphorylation as indicated.
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of tau and its accumulation [32]. Manipulating PP2A
had important consequences for kinase activities and
tau phosphorylation, revealing both direct and indirect
effects [33-35]. This dual role was supported by
our studies in transgenic mice expressing dominant
negative mutant forms of PP2A (see below) [36]. In
determining the relative contributions of PP1, PP2A,
PP2B, and PP5 (protein phosphatase 5) in the regu-
lation of tau phosphorylation, all four phosphatases
were found to dephosphorylate tau at Ser199, Ser202,
Thr205, Thr212, Ser214, Ser235, Ser262, Ser396,
Ser404, and Ser409, but with different efficiencies
toward different sites [37]. PP2A, PP1, PP5, and PP2B
account for approximately 71%, 11%, 10%, and 7%,
respectively, of the total tau phosphatase activity in
human brain [37].

An important finding was that hyperphosphorylated
tau (AD-like phosphorylation status) sequesters nor-
mal tau into filaments and disassembles microtubules
in vitro. Specifically it was shown that dephosphory-
lation with alkaline phosphatase abolished the ability
of hyperphosphorylated tau to aggregate with nor-
mal tau and prevented NFT formation. Furthermore,
hyperphosphorylated tau disassembled microtubules
that were assembled from normal tau and tubulin
[38]. This demonstrated on the one hand that fib-
rillar tau is toxic and secondly it underscored the
importance of phosphorylation of tau in exerting this
toxic effect. Hyperphosphorylated tau is glycosylated,
and interestingly, although abnormal phosphorylation
might promote aggregation of tau and inhibition of the
assembly of microtubules, glycosylation appeared to
be responsible for the maintenance of the PHF structure
[39]. Of the tau sites required for microtubule bind-
ing, Ser262 and the AT180 epitope Thr231 seemed to
be critical [40]. In causing neurodegeneration, a com-
bined phosphorylation of tau at Thr212, Thr231, and
Ser262 has been shown to cause neurodegeneration.
We identified a role for several additional epitopes
[41, 42], whereas work in Drosophila suggests that the
extent of phosphorylation rather than phosphorylation
of distinct sites is critical for tau to become toxic [43].

PP2A acts as a trimer composed of a catalytic sub-
unit (PP2A Ca or CB) and a scaffolding or structural
subunit (PP2A A, PR65a, or PR653) that together
form the core enzyme, and one of several regulatory
subunits (PP2A B, e.g., B55a) [44] (Fig. 2B). Most reg-
ulatory subunits are present in brain where they reveal
a distinct pattern of expression [45, 46]. More recently,
Inge and colleagues became interested in endogenous
inhibitors of PP2A, called 11(PP2A) and I2(PP2A)
(I,PP2A) (Fig. 2D). By in situ hybridization analysis,

they found a significant increase in neocortical lev-
els of 11(PP2A) and 12(PP2A) in AD compared to
control cases. Immunohistochemistry revealed that in
AD tissue, I2(PP2A) was translocated from neuronal
nuclei to the cytoplasm (Fig. 2D). Moreover, the 39
kD full-length 12(PP2A) was found to be selectively
cleaved into a 20 kD fragment in AD brain cytosol [47].
When the C-terminal fragment of 12(PP2A) (termed
I(2CTF)) was virally expressed in rat brains, this
resulted in decreased PP2A activity, hyperphospho-
rylation of tau, and neurodegeneration. Furthermore,
there was an increase in the level of activated glycogen
synthase kinase-3(3, enhanced expression of intraneu-
ronal AP, and memory impairment in the injected
animals [48]. Subsequent work by the team showed
that both the amino- and the carboxy-terminal frag-
ment of 12(PP2A) inhibited PP2A by binding to its
catalytic subunit PP2A C, causing hyperphosphory-
lation of tau (Fig. 2D). They identified two critical
residues, the carboxy-terminal acidic region and Val92
in the N-terminal fragment as being essential for their
association with PP2A C and the inhibition of the phos-
phatase activity [49].

I2(PP2A) is an interesting molecule. It is also
known under the name of SET (an oncogene) or as a
truncated version of the chromatin remodeling factor
Template Activating Factor (TAF1B) [50]. SET/TAFI1B
is a coregulatory protein that binds to the estro-
gen receptor ERa in vitro when the receptor is not
complexed with an estrogen response element [51].
SET/TAF1[3 associates with an endogenous estrogen
receptor-regulated gene, EB1, in the hypoacetylated
transcriptionally inactive state but not with the hyper-
acetylated transcriptionally active form. SET/TAF1(3
specifically binds to unacetylated, hypoacetylated, and
repressively marked histones but not to hyperacety-
lated histones. This suggested a role for SET/TAF1
as transducer of chromatin signaling by integrating
chromatin hypoacetylation and transcriptional repres-
sion [52]. The linker histone H1 is a fundamental
chromosomal protein involved in the maintenance of
higher-ordered chromatin organization. SET/TAF13
is involved in the regulation of histone H1 dynam-
ics in the nucleus, suggesting a role for the protein in
histone-mediated chromatin assembly and disassembly
[53]. The molecule is a positive regulator of apoptosis
induced by a pro-apoptotic domain of the ABPP cyto-
plasmic tail, Jcasp [54]. SET/TAF1 has been involved
in amodel of granzyme A-dependent cell death where it
plays a protective role. In the latter model, SET/TAF13
is present mainly within acomplex in the ER/Golgi, and
this localization seems to be important for its protective
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effect [55]. This is in contrast to the observation that,
in neurons, SET/TAF13 is primarily a nuclear protein
[54,56],in agreement with most of its known functions,
and that apoptosis correlates with an increase in levels
of cytoplasmic SET/TAF1(.

Opverall, several abnormalities of PP2A have been
reported in AD, including decreased mRNA and pro-
tein levels of PP2A C; decreased protein levels of
the PP2A subunits A and B (B55«); reduced PP2A
C methylation at Leu309 due to impaired function of
methyltransferase type IV; increased PP2A C phospho-
rylation at Tyr307; upregulation of the PP2A inhibitors
I1 and I2 (SET/TAF1); and loss of enzymatic activity
(Fig. 2C). A picture is emerging that in healthy neu-
rons, PP2A is inactive in the nucleus and active in the
cytoplasm as indicated, preventing tau phosphoryla-
tion. Under apoptotic or neurodegenerative conditions
and as a consequence of ageing, nuclear pores start to
leak and I2PP2A relocalizes to the cytoplasm. Not only
is 12PP2A cleaved into two smaller fragments that can
now freely diffuse between the nucleus and cytoplasm,
also, phosphorylation of 12PP?A at Ser(S)9 by CKII
(casein kinase II) causes its retention in the cytoplasm
[57]. Together with an increased activity of GSK33
in the cytoplasm, the net effect is an increased tau
phosphorylation as shown in the schematic (Fig. 2D).

These observations indicate that PP2A and its many
modes of regulation are suitable targets of therapeutic
intervention in AD [58].

PP2A TRANSGENIC AND KNOCKOUT
MODELS

After we had generated the first tau transgenic mouse
model that presented with tau hyperphosphorylation
and a somatodendritic localization of tau [59], we
aimed to manipulate PP2A in mice, with the inten-
tion to learn more about the role of this enzyme in tau
phosphorylation and NFT formation in vivo [5]. We
first generated a complete knockout of the Ca sub-
unit of PP2A, which leads to early embryonic lethality
because one of the three germ layers, mesoderm, did
not form [60]. Interestingly, despite a 97% homology
between the Ca and the C( subunit, the latter could
not compensate for the absence of the former, due to
a different subcellular localization in the developing
embryo, with Ca being predominantly localized to the
plasma membrane, and Cp mainly to the cytoplasm
and nucleus [61].

To address the role of tau phosphorylation in vivo,
embryonic lethality had to be circumvented. Our first

approach was to generate transgenic mouse strains that
express dominant negative mutant forms of Ca under
the control of a neuron-specific promoter (mThy1.2).
In this we were guided by the identification of muta-
tions in the catalytic subunit in yeast that were shown to
fall into two principal categories [62]: (i) When they are
introduced into the carboxy-terminus, a region known
to modulate the binding of regulatory B subunits, the
catalytic activity is unaffected, but either no or only
a subset of heterotrimers are assembled (Fig. 2B); (ii)
Mutations in the catalytic site of Ca either reduce or
abolish the catalytic activity without affecting holoen-
zyme assembly. The expression of mutant Ca occurs at
the expense of the endogenous Ca as the catalytic sub-
unit is subject to a potent autoregulatory mechanism
that keeps total levels of Ca constant [S]. We thus gen-
erated two transgenic mouse lines, Dom1 and Dom5,
that represent these two categories [63, 64].

The catalytic subunit of PP2A is composed of 309
amino acids (Fig. 2C). Dom1 mice express the L199P
mutation that is in the catalytic core of PP2A Ca in
neurons. This caused a 34% chronically reduced activ-
ity of PP2A and a distinct pattern of phosphorylation
(Ser202/Thr205 and Ser422), aggregation, and ubiqui-
tination of endogenous tau protein, with endogenous
tau accumulating in both the axonal and somato-
dendritic domain [63]. We subsequently found that
chronic inhibition of PP2A in the Dom1 mice caused
the activation of both ERK and JNK suggesting that
the hyperphosphorylation of tau is mediated not only
directly by reduced PP2A activity toward tau, but also
indirectly by the activation of the ERK and JNK path-
ways [36].

The highly conserved DYFL motif in the carboxy-
terminus undergoes regulatory methylation at Leu309
and phosphorylation at Tyr307, with methylation caus-
ing an increase in activity and phosphorylation a
decrease [44, 65] (Fig. 2C). The second strain estab-
lished by us, Dom5, expresses L309A mutant PP2A C
in neurons [64, 66]. As in the Dom1 mice, endogenous
murine tau is hyperphosphorylated and translocated
from the axon to the somatodendritic domain. In Dom5
mice, levels of the B subunits PR55a and PR61¢ are
reduced by more than 50%, while those of PR61+vy and
PR59 are significantly increased, indicating a major
role for Leu309 of Ca in PP2A holoenzyme compo-
sition in vivo (Fig. 2B,C). As endogenous mouse tau
was hyperphosphorylated in these mice, the data fur-
ther indicate that a reduction of PP2A holoenzymes
containing B subunits such as PR55a and PR61e is
sufficient to cause tau phosphorylation [64]. Because
PP2A Ca L309A was also expressed in the Harderian
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(lacrimal) gland, postnatal development of the gland
was affected causing hypoplasia and a slit-eye pheno-
type (enophthalmos) [66].

A second approach in circumventing embryonic
lethality is gene targeting of regulatory B subunits.
Altogether, there are not many knockout mouse
strains available. Mice lacking PP2A subunit PR61/B’§
(Ppp2r5d) are viable without an obvious phenotype.
The mice do, however, develop a spatially restricted
tauopathy by deregulation of CDKS5 and GSK3p,
demonstrating a complex network of interactions
between PP2A and kinases [67]. In flies, knocking
out the B’ subunit caused elevated S6 kinase (S6K)
phosphorylation, with the flies exhibiting phenotypes
typical of elevated insulin signaling such as reduced
total body triglycerides and reduced longevity [68]. A
knock-out of the structural subunit A in mice confirmed
that PP2A acts as a tumor suppressor [69].

To address the role of PP2A in mice with a pre-
existing tau pathology, we crossed the Dom5 strain
with a second strain, pRS, that expresses P301L mutant
tau, develops NFTs and displays an amygdala- and
hippocampus-dependent behavioral impairment [70].
This exacerbated the tau pathology of pR5 mice sig-
nificantly. The double-transgenic mice showed 7-fold
increased numbers of hippocampal neurons that specif-
ically phosphorylated the pathological Ser422 epitope
of tau [71]. The mice showed 8-fold increased numbers
of NFTs compared to pRS mice, in agreement with our
previous finding that NFT formation is correlated with
and preceded by phosphorylation of tau at the Ser422
epitope [72]. We further used the DomS5 mice to show
that a small compound, sodium selenate, improved
tau-dependent impairment and neurodegeneration in
a PP2A-dependent manner [73].

REFINEMENT: NON-CANONICAL
FUNCTIONS OF TAU

Most studies refer to tau as if it were one protein,
confined to neurons and, in these, to axons where it
binds to and stabilizes microtubules. Tau, however,
exists in multiple isoforms and phosphorylation gen-
erates a plethora of species, both under physiological
and pathological conditions, as reviewed by Grundke-
Igbal and colleagues [74]. Tau is enriched in neurons,
but it is not restricted to this cell-type and while it is in
axons, it has been early on localized to other cellular
compartments such as the nucleus [75, 76]. A role for
tau in this organelle has also been demonstrated for
non-neuronal cells [77].

Interestingly, tau increases the melting temperature
of DNA [78]. In vitro studies further revealed that puri-
fied tau binds to AT-rich sequences in the minor groove
of DNA. By using an electrophoretic mobility shifting
assay, it was shown that both the proline-rich domain
and the microtubule-binding domain contributed to the
interaction with DNA. Finally, DNA was protected
from damage by free radicals when tau was present
[79].

In taking this a step further, work in primary neu-
ronal cultures suggested that tau has a role in the
nucleus in protecting DNA from damage such as heat
shock or oxidative stress [80]. This protective func-
tion was correlated with an increased binding of tau to
DNA via the AT-rich minor groove. Interestingly, after
inhibiting this interaction with the antibiotic netropsin,
the unbound tau did not stay in the nuclear fraction.
Whether shuttling tau into the nucleus requires spe-
cific cargo proteins remains to be determined. In being
nuclearly localized, tau was found to be dephosphory-
lated whereas work by others implies that thermal and
other forms of stress cause the opposite, i.e., hyper-
phosphorylation of tau [81].

By transcriptomic profiling, we identified the
nuclear splicing factor SFPQ as being deregulated
in tau mutant pR5 mice. We next found that in AD
tissue, SFPQ was depleted from the nucleus and
accumulated in the cytoplasm, and this was corre-
lated with the Braak stage [82]. Notably, there is a
growing list of transcription factors with an altered
nucleo-cytoplasmic distribution in neurodegenerative
disorders. Prominent examples are nuclear factor-
kappa B (NF-kB), activating transcription factor 2
(ATF2), TAR DNA binding protein 43 (TDP-43), p53,
sma/mothers against decapentaplegic (Smad), E2 pro-
moter binding factor 1 (E2F1), NRF2, and cyclic AMP
response element-binding protein (CREB) [83]. Anal-
ysis of postmortem AD brain tissue showed increased
cytoplasmic levels of ATF2 [84] and a reduced nuclear
localization of NRF2 [85], cytoplasmic aggregates of
pCREB and lack of nuclear pCREB in Parkinson’s dis-
ease [86], and increased cytoplasmic:nuclear ratios of
TDP-43 in frontotemporal dementia (FTD) and amy-
otrophic lateral sclerosis [87]. Together, these studies
of a nucleo-cytoplasmic redistribution of nuclear pro-
teins point at a putative role for transcription factors
in a wide range of conditions with neurodegeneration
[82]. In order to determine what the role of tau exactly
is in non-axonal compartments such as the nucleus,
however, more work needs to be done. Importantly,
tau knockouts need to be consistently included as a
control in these types of studies.
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In assessing the susceptibility of A3 plaque-forming
mice to excitotoxic seizures, we identified a further
role for tau in the dendrite [3]. Specifically, we found
that phosphorylated tau has a role in targeting the tyro-
sine kinase Fyn to the dendrite where it phosphorylates
the NMDA receptor which then recruits the scaffold-
ing protein PSD-95 to form an excitotoxic complex.
Crossing A3 plaque-forming mice onto a tau knock-
out background significantly reduced the susceptibility
to excitotoxic seizures to a degree similar to what one
achieves with the NMDA receptor antagonist MK801
[3]. When Grundke-Igbal and colleagues induced exci-
totoxicity by intraperitoneal injection of wild-type
mice with kainic acid, they found that this led to a
transient dephosphorylation of tau within 6 hours post-
injection, followed by sustained hyperphosphorylation
of tau at multiple sites that are hyperphosphorylated in
the AD brain. They speculated that the initial dephos-
phorylation of tau may result from an activation of
PP2A, and that the sustained hyperphosphorylation
may be mainly due to an activation of cdk5 and
down-regulation of PP2A during the later phase [88].
Together this identifies a role for phosphorylated tau
in various cellular processes, with functions other than
the classical one of assembling and stabilizing micro-
tubules [89].

REFINEMENT: ROLE FOR DISTINCT TAU
ISOFORMS

As mentioned above, in many studies, tau is
treated as one protein whereas in fact it is several
proteins. Human tau is encoded by a single gene,
MAPT, that is encoded on chromosome 17q21, spans
134kbs and contains 16 exons [90]. Aberrations in
tau splicing regulation directly cause several neu-
rodegenerative diseases [91]. There are two extended
haplotypes, designated H1 and H2, with the latter hav-
ing a genomic inversion [92]. The H1 haplotype is
associated with some tauopathies including tangle-
predominant dementia, and Parkinson’s disease [93].
Recent work suggests that while H1/H2 has been tradi-
tionally associated with differences in gene expression,
the haplotype is more likely to operate by changing
mRNA splicing in different brain regions [94].

Several low- and high-molecular-weight tau iso-
forms are generated by alternative splicing of 11 of
the 16 exons [95]. In the human central nervous sys-
tem, there are six low-molecular-weight tau isoforms
ranging from 352 to 441 amino acids in length that are
generated by alternative splicing of exons 2, 3, and 10

[96]. This results in isoforms that either have 0, 1, or 2
N-terminal inserts (ON, 1 N, and 2 N), and either three
(3R) or four (4R) microtubule binding domains [97].
Tau is developmentally regulated in humans, with the
fetal isoform corresponding to the shortest of the six
adult isoforms [98, 99]. In adult brain tissue, the ratio
of 3R to 4R isoforms is 1:1, which is also reflected
by the ratio in the insoluble filaments of AD NFTs
[100]. In contrast, in mice, there are only 4R isoforms
in the adult brain while in the fetal brain the major
isoform is 3RON [101]. By using transgenic mice that
express the entire human MAPT gene on an endoge-
nous murine tau knockout background, developmental
and species-specific variations in the expression of 3R
and 4R tau within the frontal cortex and hippocam-
pus were observed. There were also differences in
the subcellular distribution of these isoforms. Because
the transgene is overexpressed, not surprisingly, the
mice exhibited higher levels of neuronal cell body
expression of tau compared to wild-type. Interestingly,
however, expression of tau in the neuronal cell body
was limited to the 3R isoform, whereas expression of
4R tau was more ‘synaptic-like’, with granular stain-
ing of the neuropil rather than in neuronal cell bodies
[101].

The fact that there are different tau isoforms would
suggest that they do have distinct biological functions.
There are more studies available that investigate differ-
ences between 3R and 4R isoforms than the impact the
presence of either one (1N) or two (2N) amino-terminal
inserts has on tau function. In a pathological setting,
a distortion of the 3R:4R ratio causes FTD indicating
that 3R and 4R tau must have different functions that
likely also extend to normal conditions [102]. 4R iso-
forms interact with microtubules stronger than 3R and
are more efficient at promoting microtubule assembly
[103, 104]. Using video microscopy, it was discovered
that 4R tau suppressed the shortening rate, whereas
3R tau had little or no detectable effect. Similarly,
3R tau had no effect on the length shortened during a
shortening event, whereas 4R tau strongly reduced this
parameter [104]. What discriminates 3R (R1/R3/R4)
from 4R (R1/R2/R3/R4) tau is the second repeat (R2)
encoded by exon 10. When the inter-repeat region
between R1 and R2 is looked at in more detail one
finds that this represents a unique microtubule-binding
site, with more than twice the binding affinity of any
individual repeat [105]. Subsequent work showed that
3R tau possesses a core of microtubule binding activity
residing within the first two repeats and their inter-
vening inter-repeat. Within this core, specific sequence
elements and spacing are essential for proper function.
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Furthermore, the carboxy-terminal sequences flanking
the core microtubule binding unit in 3R tau were found
to strongly enhance the microtubule binding affinity of
the core unit [106]. For tau aggregation, by NMR, two
hexapeptides at the beginning of the second and third
repeats (2 VQIINK?® and 3%VQIVYK3'!) are cru-
cial; of these 27> VQIINK?® is located in the second
repeat that discriminates 3R from 4R tau [107]. When
the aggregation kinetics of the six human tau isoforms
was examined in vitro using electron microscopy assay
methods, it was found that segments encoded by exons
2 and 10 promoted aggregation, whereas the segment
encoded by exon 3 depressed it, with its efficacy depen-
dent on the presence or absence of a fourth microtubule
binding repeat [108].

In a very comprehensive study, 2,011 brain sam-
ples originating from 439 individuals were analyzed
to obtain information on the regional expression, splic-
ing, and regulation of MAPT [94]. It was firstly found
that there is a significant regional variation in mRNA
expression and splicing of MAPT within the human
brain. Furthermore, at the gene level, the regional dis-
tribution of mRNA expression and total tau protein
expression levels were largely in agreement, appear-
ing to be highly correlated. The frontal cortex was the
region with the highest MAPT expression. At the pro-
tein level, the frontal cortex had also the highest tau
levels followed by the occipital cortex, white matter,
putamen and eventually, cerebellum. When the inter-
action of tau and the Src kinase Fyn (more on this
below) was investigated in vitro by surface plasmon
resonance, the interaction of the SH3 domain of Fyn
with 3R tau was found to be 20-fold stronger than that
with 4R tau [109]. Whether this is also the case in vivo
remains to be determined.

What about the role of the amino-terminus and the
two alternatively spliced exons that in the adult mouse
brain differentiates the three 4R tau isoforms? Early
studies showed that the amino-terminal domain (also
known as projection domain) is able to mediate inter-
actions between tau and the plasma membrane in a
phosphorylation-dependent manner [110, 111]. When
we expressed the projection domain of tau (ATau) in
neurons of transgenic mice, ATau was localized to the
membrane as indicated by co-immunostaining with
cadherin and subcellular fractionation of membranes
[3]. Interestingly, ATau was localized to the soma and
excluded from dendrites. ATau also localized to axons,
although it lacked a microtubule binding domain. This
localization was not achieved by a hitchhiker mecha-
nism as ATau entered the axons even in the absence of
endogenous, full-length tau [3]. The amino-terminus

of tau interacts via its seventh PXXP motif with the
SH3 domain of Fyn and other Src kinases [3, 112]; tau
phosphorylated at Tyr18 interacts with the SH2 domain
of Fyn [113]. How phosphorylation of tau at sites other
than Tyr18 (i.e., how serine and threonine phosphory-
lation) affects this interaction, especially in an in vivo
setting, is only partly understood. An interaction of
Fyn and tau is also critical in oligodendrocytes where
tau has a key role in myelination [114].

In the context of the recent findings of tau release
into the interstitial space and what has been termed
spreading [115], it was found that tau isoforms
influence the rate of tau release, whereby the amino-
terminus (exons 2/3) and the length of the microtubule
binding repeat contribute to tau release from the cell
[116]. Cells expressing 2N3R tau exhibited the high-
estratio of secretion (ratio of extracellular/intracellular
tau), and 2N4R the lowest. Cells expressing tau iso-
forms that do not contain the N-terminal exons 2
and 3 (ON3R and ON4R) had a similar ratio of
extracellular/intracellular tau, which is significantly
lower than for 2N3R and significantly higher than
for 2N4R. These findings strongly indicate that the
amino terminal domain of tau has an important role
in neurodegenerative disorders. As mentioned above,
segments encoded by exons 2 (and 10) promote tau
aggregation, whereas the segment encoded by exon 3
depresses it [108]. Together this demonstrates a cru-
cial role of the amino-terminus in tau aggregation,
spreading, dendritic localization and signaling, how-
ever, information on the distribution of all tau isoforms
and a detailed insight into their function in a physio-
logical setting is still lacking.

OUTLOOK

It is now almost four decades ago since Inge
Grundke-Igbal published her first paper on tau. Since
then the field has developed enormously and tau is
now on par with AP, a peptide with which it per-
forms a toxic pas de deux in AD [117]. It is more
and more appreciated that tau is an important drug
target in its own right and an increasing number of
clinical trials targets tau, in addition to Af [118]. Vac-
cination trials have only been pursued targeting A3,
however, it is only a matter of time until tau vacci-
nations will enter clinical trials [119]. Work by Inge
and others would suggest that in addition to tau, its
major phosphatase, PP2A, is an equally attractive drug
target, and not surprisingly the PP2A agonist sodium
selenate, a compound shown to ameliorate the tau
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pathology in tau mutant mice in a PP2A-dependent
manner [73], has just entered a phase 2A clinical trial in
mild to moderate AD (https://www.anzctr.org.au/Trial/
Registration/TrialReview.aspx?ACTRN=1261100120
0976). Together, we feel that the best tribute would be
paid to Inge and her work by furthering tau research
by better understanding its diverse role in a physiologi-
cal context and by understanding how its dysregulation
causes neurodegeneration and dementia.
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