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Therapeutic Strategies for Restoring
Tau Homeostasis

Zapporah T. Young, Sue Ann Mok, and Jason E. Gestwicki

Institute for Neurodegenerative Disease, Department of Pharmaceutical Chemistry, Weill Institute for
Neurosciences, University of California, San Francisco, San Francisco, California 94158

Correspondence: jason.gestwicki@ucsf.edu

Normal tau homeostasis is achieved when the synthesis, processing, and degradation of
the protein is balanced. Together, the pathways that regulate tau homeostasis ensure that
the protein is at the proper levels and that its posttranslational modifications and subcel-
lular localization are appropriately controlled. These pathways include the enzymes re-
sponsible for posttranslational modifications, those systems that regulate mRNA splicing,
and the molecular chaperones that control tau turnover and its binding to microtubules. In
tauopathies, this delicate balance is disturbed. Tau becomes abnormally modified by
posttranslational modification, it loses affinity for microtubules, and it accumulates in
proteotoxic aggregates. How and why does this imbalance occur? In this review, we
discuss how molecular chaperones and other components of the protein homeostasis
(e.g., proteostasis) network normally govern tau quality control. We also discuss how
aging might reduce the capacity of these systems and how tau mutations might further
affect this balance. Finally, we discuss how small-molecule inhibitors are being used to
probe and perturb the tau quality-control systems, playing a particularly prominent role in
revealing the logic of tau homeostasis. As such, there is now interest in developing these
chemical probes into therapeutics, with the goal of restoring normal tau homeostasis to
treat disease.

THE ROLE OF TAU IN NEURODEGENERATIVE
DISEASES

Tau is a microtubule-associated protein that is
normally soluble but has a propensity to

aggregate into oligomers, paired helical fila-
ments, and neurofibrillary tangles (NFTs). Neu-
rodegenerative diseases that are characterized by
the appearance of NFTs are classified as tauopa-
thies, including some forms of Alzheimer’s dis-
ease (AD), frontotemporal dementia with par-

kinsonism linked to chromosome 17 (FTDP-
17), and progressive supranuclear palsy (PSP).
A subset of FTDP-17 cases is caused by muta-
tions in tau, providing a direct link between tau
and disease (Ghetti et al. 2011). Moreover, the
levels of NFT pathology closely correlate with
AD progression (Braak and Braak 1991), indi-
cating that normal, wild-type (WT) tau is read-
ily corrupted by the cellular conditions that
promote disease. There is also evidence from
an AD mouse model indicating that tau is re-
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quired for some aspects of the observed pathol-
ogies (Roberson et al. 2007). Recent reviews
further detail the links between tau and neuro-
degeneration (Spillantini and Goedert 2013;
Frost et al. 2014) and outline the features of
the animal models (see Noble et al. 2010; Clav-
aguera et al. 2016; Rauch et al. 2016). Here, we
will focus on how tau protein levels are main-
tained, how disease-associated changes in tau
disrupt this balance, and how this knowledge
can be used to design new therapeutic strategies.

TAU STRUCTURE AND FUNCTION

Tau is a member of a family of microtubule-
associated proteins that directly bind tubulin
and are implicated in microtubule dynamics.
Tau was originally identified as an important
factor for microtubule assembly or stability
(Weingarten et al. 1975); however, more recent
studies argue that this particular function is not
essential or is redundant with other microtu-
bule-associated proteins (Qiang et al. 2006; Fa-
nara et al. 2010). Tau expression is primarily
restricted to the nervous system, where it is
abundant in neurons and is present at much
lower levels in glial cells, such as oligodendro-
cytes and astrocytes (Trojanowski et al. 1989;
Shin et al. 1991; LoPresti et al. 1995). In neu-
rons, tau is primarily localized to the axons
where it co-localizes with microtubules (Binder
et al. 1985). The tau protein is encoded by the
MAPT gene, and alternative splicing of exons 2,
3, and 10 generates the six main isoforms that
are expressed in the adult brain (Goedert et al.
1989). Nuclear magnetic resonance (NMR)
studies have shown that tau proteins are disor-
dered in solution, only transiently sampling
secondary structures (Mukrasch et al. 2009).
Nevertheless, tau sequence characteristics can
be used to define major regions within the pro-
tein, including an N-terminal domain, a poly-
proline region, a microtubule-binding repeat
(MTBR) domain, and a C-terminal segment
(Fig. 1). The MTBR region is composed of im-
perfect repeat sequences (31 or 32 residues
each) that, along with the polyproline region,
mediate interactions with microtubules (Muk-
rasch et al. 2005; Sillen et al. 2007; Fauquant

et al. 2011). Differential splicing of exon 10
generates either four or three microtubule-
binding repeats (termed 4R or 3R); 4R forms
have tighter affinity for microtubules (Goode
et al. 2000) and nucleate microtubule assembly
better than the 3R isoforms (Goedert and Jakes
1990).

NORMAL PROTEIN–PROTEIN
INTERACTIONS WITH TAU

Like many intrinsically disordered proteins, tau
interacts with multiple protein partners (Fig. 1)
(for an overview, see Mandelkow and Mandel-
kow 2012). In addition to tubulin, tau also binds
actin (Moraga et al. 1993), kinesin (Jancsik et al.
1996; Seitz et al. 2002), and dynactin (Magnani
et al. 2007; Patterson et al. 2011). These interac-
tions strongly link tau to trafficking and axonal
transport. Indeed, overexpression of tau impairs
both vesicle and mitochondrial transport (Eb-
neth et al. 1998; Stamer et al. 2002; Ittner et al.
2008). Tau also binds to a number of kinases,
phosphatases, proteases, and acetylases that are
involved in posttranslational modifications.
For example, Fyn kinase binds proline-rich
(PxxP) motifs in the polyproline region of tau
(Reynolds et al. 2008) and phosphorylates its
N terminus at Tyr18 (Sharma et al. 2007). Fi-
nally, as discussed in greater detail within this
review, molecular chaperones are also promi-
nent partners of tau. For example, heat-shock
protein 70 (Hsp70) and heat-shock protein 90
(Hsp90) both bind tau within the MTBRs
(Jinwal et al. 2013a; Karagoz et al. 2014) and
regulate its turnover (Miyata et al. 2011). To-
gether, these protein–protein interactions be-
tween tau and its many protein partners help
regulate its trafficking, its posttranslational
modification, and its turnover. Thus, to under-
stand tau homeostasis, we must understand its
interactions with itself (i.e., aggregation) and
with its protein partners.

ABERRANT INTERACTIONS OF TAU

One of the hallmarks of tauopathies is that the
protein–protein interactions of tau are altered
(Mandelkow and Mandelkow 2012), meaning
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that some of the interactions are favored and
others are reduced. The most dramatic example
of this change is the increase in tau–tau inter-
actions, which lead to its aggregation. Two ag-
gregation motifs within the MTBRs are required
for this process, and several mutations in this
region prevent self-assembly (von Bergen et al.
2000, 2001). However, this region is also re-
quired for binding to microtubules. When tau
is not in contact with microtubules, these
regions acquire an abnormal, b-sheet-rich
structure that favors amyloid formation (von
Bergen et al. 2001; Goux et al. 2004; Mukrasch
et al. 2005). Furthermore, cysteines within the
MTBRs can cross-link tau monomers, which
also promotes aggregation (Barghorn and Man-
delkow 2002). The importance of the MTBRs
suggests that the loss of tau–microtubule inter-
actions and the buildup of unbound cytosolic
tau may be a step toward aggregation. However,
tau is surprisingly soluble in vitro. Accelerants,
particularly polyanionic molecules, such as
heparin or fatty acid micelles, are required to
initiate aggregation in vitro (Chirita et al.
2003). It is thought that a similar aggregation
trigger, such as RNA or polyglutamates (Kam-
pers et al. 1996; Friedhoff et al. 1998), might be
similarly required in vivo.

Tau aggregation leads to the formation of an
ensemble of aggregate structures, including
oligomers and fibrils, that are found in tissue
samples from AD and PSP (Maeda et al. 2007;
Gerson et al. 2014). Although it is not yet clear
which tau structures are most toxic, it is likely
that oligomers are especially detrimental to
cells, because they decrease cell viability more
potently than tau fibrils (Flach et al. 2012), and
antibodies against oligomers of tau are pro-
tective when administered to animal models
of tauopathy (Castillo-Carranza et al. 2014,
2015). Furthermore, tau oligomers seem to
spread in the brain and in cell culture, exhibit-
ing prion-like characteristics (de Calignon et al.
2012; Lasagna-Reeves et al. 2012; Liu et al. 2012;
Clavaguera et al. 2013). A cell-to-cell transmis-
sion of tau aggregates fits with the characteristic
spreading of pathology from an epicenter to
connected brain regions observed in disease
(Clavaguera et al. 2016; Rauch et al. 2016).

TAU MUTATIONS AND DISEASE-
ASSOCIATED POSTTRANSLATIONAL
MODIFICATIONS

Thus far, 53 pathogenic mutations within the
MAPT gene encoding tau have been reported
(Fig. 1) (Ghetti et al. 2015). There are also re-
ports of risk factors linked to MAPT, including
the A152T variant within the protein coding
region (Coppola et al. 2012) and the MAPT
variation associated with the H1 haplotype (Ba-
ker et al. 1999). The pathogenic mutations can
be broadly characterized as missense/deletion
mutations or intronic mutations. The vast ma-
jority of the mutations cluster to the MTBRs,
perhaps underscoring the role played by dy-
namic microtubule binding and self-assembly.

The mechanisms of toxicity that occur ow-
ing to MAPT mutations remain poorly under-
stood. The intronic mutations, and even some
coding mutations, promote inclusion of exon
10 and lead to increased expression of 4R tau
(Niblock and Gallo 2012; Qian and Liu 2014).
In vitro, 4R tau binds to microtubules with a
higher affinity than the 3R isoforms (Goedert
and Jakes 1990; Panda et al. 2003), but 4R tau
also aggregates with faster kinetics than 3R tau
(Barghorn and Mandelkow 2002), and the 3R
isoform can inhibit 4R aggregation (Adams
et al. 2010). Thus, an imbalance in 3R versus
4R tau seems to contribute to disease. Other
coding mutations do not appear to alter splic-
ing. Rather, they reduce microtubule affinity
and/or increase aggregation compared with
WT (Fig. 1) (Hong et al. 1998; Barghorn et al.
2000; Chang et al. 2008a; Combs and Gamblin
2012; Beharry et al. 2014). It is tempting to
speculate that these biochemical features are
the major determinants of tauopathy. However,
this possibility is unlikely because the age of
onset, duration, clinical symptoms, and neuro-
pathology differ among individuals harboring
related mutants and sometimes for patients
with the same mutation (Ghetti et al. 2011).
These data suggest that other factors contribute
to tau pathology. One possibility is that envi-
ronmental or other genetic factors tune the re-
sponse to tau mutations (Bugiani et al. 1999;
Reed et al. 2001; Saito et al. 2002). Another

Z.T. Young et al.
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possibility is that specific mutations alter the
protein–protein interaction network of tau
(Fig. 1), perhaps releasing proteins that protect
against disease and/or favoring partners that
are detrimental.

Although mechanistically informative, the
vast majority of tauopathies are not associated
with tau variants. Rather, abnormal posttrans-
lational modifications appear to be the main
culprit. Tau is potentially subject to more
than 100 of these modifications, including
phosphorylation, acetylation, proteolytic cleav-
age, glycosylation, ubiquitination, sumoylation,
amination, nitration, oxidation, and methyla-
tion (Martin et al. 2011; Morris et al. 2015).
Increases in tau phosphorylation have been
most extensively linked to tau pathology. Tau
in the healthy brain is phosphorylated at an av-
erage of two to three residues per molecule,
whereas tau from the AD brain contains three-
to fourfold more phosphorylated residues
(Köpke et al. 1993). Indeed, antibodies recogniz-
ing phospho-epitopes, such as AT8, AT180, and
PHF1, are commonly used to mark neuropa-
thology in all tauopathies (Mercken et al. 1992;
Augustinack et al. 2002). However, a clear cause-
and-effect relationship between hyperphos-
phorylation and disease onset remains to be
demonstrated, and tau hyperphosphorylation
is associated with normal development (Kenes-
sey and Yen 1993) and animal hibernation
(Arendt et al. 2003). Despite this finding, there
is some evidence that hyperphosphorylated tau
has weakened activity in microtubule assembly
assays and that it assembles into oligomers more
readily (Tepper et al. 2014). Multiple kinases
have been reported to phosphorylate tau, but
the kinases and sites relevant to disease remain
poorly defined (Martin et al. 2011). The kinases
GSK3b, Fyn, and Cdk5 have all been implicated
in abnormal tau phosphorylation, and inhibi-
tors for these kinases are currently being devel-
oped as therapeutics (Höglinger et al. 2014; Ki-
mura et al. 2014; Nygaard et al. 2014). One
phosphatase, PP2A, has also been identified as
the major tau dephosphatase in vivo, and there
are small molecules that enhance the activity of
PP2A and reduce tau phosphorylation (Liu et al.
2005; Kickstein et al. 2010; van Eersel et al.

2010). Ubiquitination of tau may serve to
mark abnormal or free cytosolic tau for chaper-
one-mediated degradation (Sahara et al. 2005;
Dickey et al. 2006). Multiple ubiquitination sites
have been identified by mass spectroscopy anal-
ysis of PHF–tau preparations (Morishima-Ka-
washima et al. 1993; Cripps et al. 2006; Thomas
et al. 2012); however, the requirement of these
specific sites for the degradation of tau has not
been confirmed. At least three acetylation sites
on tau, at residues K174, K280, and K281, cor-
relate with other markers of tau neuropathology
(Irwin et al. 2012; Min et al. 2015). In vitro,
acetylated tau has a decreased propensity to
form fibrils (Grinberg et al. 2013; Cook et al.
2014a), perhaps suggesting that acetylation is
protective. However, a recent study suggests
that acetylation at K174 prevents tau clearance
and promotes pathology in mice, and prevent-
ing acetylation with acetyltransferase inhibitors
ameliorates these phenotypes (Min et al. 2015).
Cleaved fragments of tau are released by prote-
olysis, and these fragments have been observed
in NFTs isolated from AD patients (Horowitz
et al. 2004; Basurto-Islas et al. 2008). The most
well-characterized cleavage site (at D421) is gen-
erally attributed to proteolytic activityof caspase
3 (Fasulo et al. 2000), although multiple cas-
pases can cleave the same site in vitro (Gamblin
et al. 2003). Cellular assays provide evidence that
truncation at D421 leads to defects in microtu-
bule binding (Ding et al. 2006), preferential deg-
radation by autophagy (Dolan and Johnson
2010), mitochondrial dysfunction (Quintanilla
et al. 2009), and enhanced secretion from cells
(Plouffe et al. 2012). Interestingly, D421 trun-
cated tau has been detected in the cerebrospinal
fluid from AD patients, and its levels correlate
with cognitive decline (Ramcharitar et al. 2013).
Finally, methylation is the main modification of
tau lysines observed in the normal brain (Funk
et al. 2014), and levels of methylated tau are
decreased in AD samples (Thomas et al. 2012).

Similar to that discussed for disease-associ-
ated mutations, one can imagine how aberrant
posttranslational modifications might weaken
favorable protein–protein interactions and/or
strengthen self-association. These events might
even be synergistic, as shown by observations
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that the R406W tau mutation leads to higher
rates of tau phosphorylation in vitro (Alonso
Adel et al. 2004). The emerging theme is that
tau normally engages in a dynamic series of
protein–protein interactions and posttransla-
tional modifications. These events are impor-
tant for the function of tau in trafficking and
its normal turnover. However, disruption of this
delicate balance, either triggered by aging, mu-
tations, trauma, or another initiating event,
leads to a remodeling of these tau-associated
protein–protein interactions. The net effect of
this abnormal state is that tau becomes aggre-
gated and loses affinity for microtubules.

POINTS OF INTERVENTION FOR TREATING
TAUOPATHIES

The path toward the treatment of neurodegen-
erative tauopathies will likely involve rebalanc-
ing tau interactions (Fig. 2). Perhaps the most
straightforward approach is to directly inhibit
tau aggregation (Bulic et al. 2010). This strategy
is discussed in more detail in Rauch et al.
(2016). Other initiatives have focused on small
molecules that favor the normal protein–pro-
tein interactions of tau by stabilizing microtu-
bules (Brunden et al. 2011). The idea behind
this approach is that tau cannot aggregate if it

Block aggregation

Block PTMs

Microtubule stabilization

Interrupt splicing
or translation

Promote chaperone-
mediated clearance

Proteasome and CMA

Macroautophagy

Spreading and seeding

Microtubules

Aggregation
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Figure 2. Possible mechanisms for restoring tau homeostasis. Tau homeostasis is defined as a product of its
synthesis, normal cycling on microtubules, chaperone-mediated clearance, aggregation, and spreading from cell
to cell. Each of these stages during the life cycle of tau is a potential site of pharmacological intervention. The goal
is to normalize tau homeostasis and rebalance its levels. PTM, Posttranslational modification; CMA, chaperone-
mediated autophagy.
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is bound to microtubules, because the MTBRs
contain the essential aggregation motif. As
mentioned above, other approaches have target-
ed the enzymes involved in tau posttranslational
modifications, such as kinases or phosphatases.
The challenge with these approaches is that it is
not clear whether the small molecules can be
safely deployed in a way that normalizes tau
protein–protein interactions and posttransla-
tional modifications. However, ongoing pre-
clinical programs are likely to answer this crit-
ical question.

Another promising approach to treating
tauopathies is to accelerate the protein’s turn-
over. Tau2/ – knockout mice display only subtle
phenotypes (Roberson et al. 2007; Morris et al.
2013), arguing that tau may not be critical in
adult animals or that it can be compensated for
by other microtubule-associated proteins. One
way of clearing tau is to target it at the mRNA
level with antisense oligonucleotides (DeVos
et al. 2013). Another way is with therapeutic
antibodies (Sigurdsson 2008; Chai et al. 2011)
or molecules that block tau translation (Lee
et al. 2011). As discussed above, these approach-
es are being explored in preclinical programs. In
the following sections, we focus on another ap-
proach to normalizing tau homeostasis, by tar-
geting proteins that maintain its quality control.

MOLECULAR CHAPERONES REGULATE
TAU HOMEOSTASIS

The molecular chaperone network consists of
several chaperone systems, which intersect and
work cooperatively to maintain protein homeo-
stasis. Chaperones are particularly vital in
maintaining tau structure and function (Patury
et al. 2009; Gestwicki and Garza 2012; Pratt et al.
2015). For example, Hsp90 and Hsp70 assist in
proper tau assembly with the microtubule (Dou
et al. 2003). In addition, Hsp90 and Hsp70 can
facilitate the clearance of toxic forms of tau by
acting as scaffolding proteins for degradation
pathways, including both the ubiquitin-protea-
some system (UPS) and the autophagy-lyso-
some pathway (Petrucelli et al. 2004; Dickey
et al. 2008; Wong et al. 2008; Wang et al. 2009;
Krüger et al. 2012).

Hsp70 CONTROLS TAU STABILITY

The 70-kDa molecular chaperone, Hsp70, has
two domains: a nucleotide-binding domain re-
sponsible for binding and hydrolyzing ATP and
a substrate-binding domain that interacts with
clients (Fig. 3A) such as tau. The nucleotide
state of the nucleotide-binding domain allo-
sterically regulates substrate binding in the sub-
strate-binding domain (Zhuravleva and Gier-
asch 2011). Specifically, ATP binding causes
the substrate-binding domain to dock with
the nucleotide-binding domain, allowing cli-
ents to bind. Then, hydrolysis of ATP releases
the interaction between the domains, which
causes a “lid” subdomain in the substrate-bind-
ing domain to close on top of its clients (Zhu-
ravleva et al. 2012). The cycling of Hsp70
through these conformations is regulated by
co-chaperones. J-proteins bind between the do-
mains to accelerate ATP hydrolysis (Ahmad
et al. 2011), whereas nucleotide exchange fac-
tors bind the nucleotide-binding domain and
help release ADP (Brehmer et al. 2001). Other
co-chaperones for Hsp70 include the C termi-
nus of Hsc70 interacting protein (CHIP), which
is an E3 ligase that adds ubiquitin chains to tau
(Dickey et al. 2006). Overexpression of CHIP
decreases tau levels (Sahara et al. 2005; Dickey
et al. 2006, 2008), showing the dramatic effect of
this system on tau homeostasis. Binding of tau
to the Hsp70–CHIP complex leads to ubiqui-
tin-mediated degradation of tau and subse-
quent prevention of tau aggregation (Petrucelli
et al. 2004; Shimura et al. 2004b; Saidia et al.
2015). Other co-chaperone interactions also
regulate tau levels. For example, Bag-1 is a nu-
cleotide exchange factor for Hsp70 that, when
overexpressed, increases total tau levels (Elliott
et al. 2007). Knockdown of Bag-1 decreases to-
tal tau, but counterintuitively, increases the lev-
els of hyperphosphorylated tau (Elliott et al.
2007). Bag-1 also links the Hsp70 chaperone
network to the UPS (Lüders et al. 2000; De-
mand et al. 2001) and may associate with
Hsp70 client proteins to target them for degra-
dation. Another Hsp70 nucleotide exchange
factor, Bag-2, promotes ubiquitin-independent
degradation of phosphorylated tau (Carrettiero
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et al. 2009). Thus, the fate of tau is partly deter-
mined by which nucleotide exchange factor
(i.e., Bag-1 vs. Bag-2) is associated with the
Hsp70–tau complex. The J-proteins are also
linked to controlling tau homeostasis. DnaJA1
is a co-chaperone that facilitates degradation of
tau through the UPS (Abisambra et al. 2012).
Likewise, overexpression of DnaJB1 and
DnaJB2 reduces tau levels in an Hsp70-depen-
dent manner (Abisambra et al. 2013). Finally,
Hsp70 isoforms can have distinct effects on tau
stability (Jinwal et al. 2013a). Hsc70 (HSPA8),
the cytosolic paralog, partitions tau onto mi-
crotubules (Jinwal et al. 2013a; Fontaine et al.

2015a). In contrast, Hsp72 (HSPA1A), the
closely related and stress-inducible paralog,
promotes tau dissociation from microtubules
and its trafficking to the proteasome (Jinwal
et al. 2013a). This result is surprising because
Hsc70 and Hsp72 are nearly identical, yet subtle
differences in their C-terminal domains appear
to dictate diametrically opposed activities, as
revealed by chimeric proteins (Jinwal et al.
2013a).

In many ways, Hsp70 acts as a scaffold,
which binds tau and uses co-chaperone pro-
tein–protein interactions to shuttle tau to ei-
ther the degradation or retention pathways. Ac-

A  Hsp70, its co-chaperones and some of its inhibitors

B  Hsp90, its co-chaperones and some of its inhibitors
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cordingly, a key interaction for tau homeostasis
is its direct binding to Hsp70s. There are mul-
tiple binding sites for Hsc70 and Hsp72 on tau.
Peptide microarray experiments and mutations
have shown that Hsp70s bind three sites in or
near the MTBRs and an additional site in the N
terminus (Sarkar et al. 2008; Thompson et al.
2012). The N-terminal tau binding site is
specific for Hsp72 and may contribute to the
selective prodegradation effects of this isoform
on tau (Thompson et al. 2012). NMR results
confirm that Hsp70 binds two short sequences
of 0N4R tau in the second and third repeat
regions, specifically the aggregation motifs
275VQIINK280 and 306VQIVYK311 (Jinwal et al.
2013a). Binding of Hsp70s to these hydropho-
bic repeat domains suggests that they may pre-
vent tau aggregation by sequestering free tau
that has been released from the microtubule.
In other words, tau aggregation may be sup-
pressed by being bound to either microtubules
or Hsp70s. Indeed, Hsp70 can block tau aggre-
gation in vitro (Voss et al. 2012).

MODULATORS OF Hsp70 AND THEIR
EFFECTS ON TAU STABILITY

In part, the central role of Hsp70 in tau homeo-
stasis has been clarified and revealed through
the use of small-molecule agonists and antago-
nists. This “chemical biology” approach is based
on the idea that perturbing the function of
Hsp70 and its protein–protein interactions
with co-chaperones might be a powerful way
to find drug targets within the Hsp70 subnet-
work. This concept is illustrated by recent stud-
ies using the rhodacyanine MKT-077 and its
analogs (Fig. 3A). These compounds bind the
nucleotide-binding domain of Hsp70 (Rousaki
et al. 2011) and allosterically decouple nucleo-
tide exchange factor interactions (Colvin et al.
2014; Li et al. 2015). Treatment with these mol-
ecules reduces the levels of phosphorylated tau
in multiple cellular models of tauopathy (Abi-
sambra et al. 2013; Miyata et al. 2013). Treat-
ment with one analog, YM-01, also reduces tau
levels in brain slices from rTg4510 tau transgen-
ic (Tg) mice and restores normal long-term po-
tentiation (Abisambra et al. 2013). The same

molecule has no effect on WT tau from normal
mice, and in cell models, YM-01 has preferential
activity against hyperphosphorylated tau. How-
ever, if the microtubule network is chemically
disrupted, YM-01 is able to effectively reduce
even WT tau. Together, these results suggest
that Hsp70 only acts on tau that is dissociated
from microtubules, consistent with the known
binding site of the chaperone. This is an impor-
tant distinction because eventual clinical use of
an Hsp70 agonist may depend on the safe and
selective activity on only abnormal, and not
functional, tau.

Beyond these compounds, other modula-
tors of the Hsp70 multiprotein system have
been described (Chang et al. 2008b; Jinwal
et al. 2009). Of note, the flavonoid-based natural
product myricetin reduces tau levels through in-
hibition of Hsp70 interactions with J-proteins
(Jinwal et al. 2009; Chang et al. 2011). In con-
trast, the dihydropyrimidines SW-02 and 115-
7c activate Hsp70 ATPase turnover, which results
in an increase in total tau levels in vivo (Chang
et al. 2008b; Jinwal et al. 2009). Interestingly,
additional neurodegenerative markers such as
a-synuclein and TDP-43 were not sensitive to
treatment with Hsp70 modulators, indicating
that chemical manipulation of Hsp70 can selec-
tively target tau without necessarily interrupting
homeostasis of other proteins (Jinwal et al.
2009).

Hsp90 AND ITS CO-CHAPERONES
REGULATE TAU STABILITY

Hsp90 is another molecular chaperone that
tightly controls the fate of tau (Salminen et al.
2011). Hsp90 is a homodimer, with each proto-
mer consisting of three domains: an N-terminal
ATP-binding domain, a middle domain for
binding client proteins, and a C-terminal do-
main, which stabilizes Hsp90 dimer formation
(Fig. 3B). Like Hsp70, Hsp90 has an ATPase cy-
cle that is regulated by co-chaperones, which
direct conformational changes between open
and closed states of Hsp90 (Hessling et al.
2009). The co-chaperone Aha1 binds the middle
domain of Hsp90 and increases ATP hydrolysis
through stabilization of the closed ATP-bound
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state of Hsp90 (Hessling et al. 2009; Retzlaff et al.
2010). The co-chaperone p23, which binds to
the N-terminal ATP-binding domain, also sta-
bilizes the closed state of Hsp90 and traps sub-
strate clients while accelerating ATP hydrolysis
(McLaughlin et al. 2006). In the closed ATPstate,
Hsp90 has a high affinity for its substrates. These
trapped client proteins can then be modified
by Hsp90 co-chaperones to initiate refolding
or degradation, and upon ATP hydrolysis, sub-
strates are released from the middle domain. For
example, Hsp90 and CHIP coordinate to ubiq-
uitinate phosphorylated tau, like the Hsp70–
CHIP complex, leading to its degradation by
the UPS (Dickey et al. 2007). Another co-chap-
erone, Cdc37, inhibits Hsp90 ATPase activity
through binding to the N-terminal ATP-binding
domain and the middle domain, and delaying
the formation of the closed state of Hsp90, a
rate-limiting step of the ATPase cycle (Eckl
et al. 2013). Hsp90 and its co-chaperones have
been linked to tau proteostasis through promo-
tion of tau degradation, as well as tau re-binding
to microtubules. Knockdown of Aha1, p23, or
Cdc37 decreases both total and phospho-tau
levels (Dickey et al. 2007; Jinwal et al. 2013b).
Upregulation of Cdc37 preserves total tau and
phospho-tau but has no effect on a-synuclein
(Jinwal et al. 2011). This might occur because
Cdc37 could localize kinases to the Hsp90–tau
complex. Similarly, the Hsp90 co-chaperone,
FKBP51, stabilizes tau and promotes its aggre-
gation by preventing CHIP-mediated ubiquiti-
nation (Jinwal et al. 2010). FKBP52 is another
Hsp90 co-chaperone similar in structure and
function to FKBP51; however, this co-chaper-
one preferentially binds phospho-tau and pre-
vents its accumulation in vivo (Chambraud et al.
2010). The differential effects of co-chaperones
on Hsp90–tau complexes emphasize that the
outcome of client interactions is dependent on
which co-chaperones are bound (Röhl et al.
2013). This model further supports the idea
that targeting specific chaperone protein–pro-
tein interactions may be the safest approach to
removing distinct, abnormal pools of tau.

The Hsp90 network is linked to the Hsp70
network through the shared co-chaperone,
HOP. Hsp90 and Hsp70 form well-character-

ized complexes with HOP, which allow for the
exchange of substrate clients between these pro-
tein networks (Alvira et al. 2014; Röhl et al.
2015). In the case of tau, it is reported that the
protein can be transferred from Hsp70 to Hsp90
before its degradation (Thompson et al. 2012;
Fontaine et al. 2015b). The Hsp90 binding site
on 0N4R tau consists of the entire MTBR, which
overlaps with the two Hsp70 binding sites in the
3R and 4R repeat domains, suggesting that these
chaperones likely do not bind tau simultane-
ously (Thompson et al. 2012; Karagoz et al.
2014).

INHIBITORS OF Hsp90 CLEAR TAU

Inhibitors of Hsp90, such as PU24FCl, bind to
the N-terminal ATP-binding domain and com-
pete with nucleotide (Vilenchik et al. 2004).
Treatment with PU24FCl reduces hyperphos-
phorylated tau and insoluble tau in cellular
models (Dickey et al. 2007; Luo et al. 2007),
whereas no effect is seen on normal tau (Luo
et al. 2007), suggesting that Hsp90 and its co-
chaperones preferentially act on abnormal tau.
Another competitive inhibitor of Hsp90, 17-(al-
lylamino)-17-demethoxygeldanamycin (17AAG),
also reduces P301L tau levels (Luo et al. 2007);
therefore, this effect appears to occur indepen-
dently of chemotype (Fig. 3B). Hsp90 inhibi-
tors are being explored in numerous clinical
trials for cancer (Kummar et al. 2010; Do et al.
2015), so there is some possibility that the com-
pounds might be suitable for eventual explora-
tion in tauopathies. However, such an approach
would likely require a more chronic dosing
schedule, and the safety of long-term chaperone
manipulation is uncertain.

Another distinct class of Hsp90 inhibitors,
including novobiocin, binds to the C-terminal
domain instead of the N-terminal ATP-binding
domain (Marcu et al. 2000). Upon binding to
Hsp90, novobiocin prevents dimerization of C-
terminal domains and stalls the Hsp90 cycle by a
unique mechanism (Matts et al. 2011). Novobi-
ocin analogs and other C-terminal domain-
binding small molecules have been developed
(Moroni et al. 2014) and shown to reduce tau
levels in cellular models (Ansar et al. 2007; Kha-
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lid and Paul 2014). It is worth making the dis-
tinction between N- and C-terminal Hsp90 in-
hibitors, because the C-terminal inhibitors do
not seem to activate a stress response (Wang and
McAlpine 2015). It is not yet clear how a stress
response might contribute to the activity of
Hsp90 inhibitors, but the pharmacological tools
to answer this question are becoming available.

OTHER PATHWAYS FOR REDUCING
TAU LEVELS

Although Hsp70 and Hsp90 may be the best-
studied tau-binding partners, there are many
other possible targets in the proteostasis net-
work. In the following section, we introduce
some of the most likely, emerging targets, which
(in most cases) have more speculative links to
tau quality control.

Hsp27

Hsp27 is a small heat-shock protein that inter-
acts with client proteins, including tau, as part
of a multiprotein oligomer (Jakob et al. 1993).
Upon stress-induced phosphorylation, Hsp27
disassembles from larger oligomers into smaller
complexes, which seem to be potent chaperones
for intrinsically disordered proteins (Jovcevski
et al. 2015). Indeed, Hsp27 preferentially binds
phosphorylated tau in AD brain homogenates
and neuronal cell models and is correlated with
dephosphorylation and degradation of tau (Shi-
mura et al. 2004a). Overexpression of Hsp27
reduces tau fibril formation and restores long-
term potentiation in a Tg mouse model express-
ing mutant P301L tau (Abisambra et al. 2010,
2011). However, a gap in our understanding of
this system is how phosphorylation regulates
Hsp27 client binding. In addition, small-mole-
cule activators of this system have not been de-
scribed. Nevertheless, this goal is worthwhile
because Hsp27 levels are increased 20% in AD
brains (Björkdahl et al. 2008).

Peptidyl-Prolyl Isomerases

Peptidyl-prolyl isomerases are another class of
co-chaperones known to effect tau homeostasis

by catalyzing the isomerization of proline resi-
dues (Blair et al. 2015). One major protein in
this class, Pin1, is highly expressed in neurons
and is implicated in Ab pathology (Pastorino
et al. 2006) and tauopathies like FTDP-17 and
AD (Yotsumoto et al. 2009; Kimura et al. 2013).
Pin1 binds tau phosphorylated at several major
phosphorylation sites and localizes with NFTs
in AD brains (Lu et al. 1999; Kimura et al. 2013).
Upon binding to phospho-tau, specifically
pT231, Pin1 converts cis-prolines preceding
phosphorylated serine and threonine residues
into trans-prolines (Nakamura et al. 2012).
Cis-tau accumulates and aggregates in AD
brains and is unable to polymerize microtu-
bules (Nakamura et al. 2012). As a result, Pin1
conversion of cis-tau to trans-tau restores mi-
crotubule assembly (Lu et al. 1999; Liou et al.
2003). Pin1 expression is reduced in AD brains
(Lu et al. 1999); therefore, normalizing expres-
sion of Pin1 may be one therapeutic strategy to
prevent the accumulation of hyperphosphory-
lated tau.

Clusterin

Genome-wide association studies have impli-
cated the molecular chaperone clusterin in AD
(Harold et al. 2009; Lambert et al. 2009). This
chaperone, which is highly expressed in neu-
rons, especially in AD and PD patients, is re-
ported to promote amyloid-b pathology and is
correlated with the deposition of Ab fibrils (De-
sikan et al. 2014). Clusterin has also been linked
to tau pathology attributable to elevated levels
of intracellular clusterin in tau Tg mouse mod-
els (Zhou et al. 2014). Although there is clinical
evidence to suggest that clusterin plays a critical
role in AD, the molecular biology of this protein
and its effects on tau remain unknown. One
possible explanation for clusterin’s role in Ab
and tau pathology is that, in addition to mod-
ulating apoptosis and cell signaling pathways,
clusterin is also a member of the autophagy/
beclin-1 interactome (Salminen et al. 2013).
It will be interesting to see whether chemical
probes targeting clusterin can be developed to
aid in understanding how this protein regulates
tau pathology.
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HDAC6

Histone deacetylase 6 (HDAC6) is another key
partner for tau that directly impacts its homeo-
stasis, especially after inhibition of the protea-
some (Ding et al. 2008). HDAC6 plays an im-
portant role in autophagic clearance of tau, and
HDAC6 inhibitors lead to increased tau acety-
lation and aggregation (Noack et al. 2014; Leyk
et al. 2015). However, to illustrate the delicate
balance required for proper tau homeostasis,
inhibition of HDAC6 actually reduced phos-
pho-tau in some models (Cook et al. 2012,
2014a,b), perhaps because of competition be-
tween acetylation and phosphorylation (Cook
et al. 2014a).

Autophagy and UPS Targets

Chaperone-mediated autophagy and the UPS
are the major clearance pathways for removing
tau (Wong et al. 2008; Wang et al. 2009; Ozcelik
et al. 2013). Consistent with this idea, activation
of autophagy by rapamycin reduces tau phos-
phorylation and tau tangle formation in cellular
models of tauopathy and in P301S tau Tg mice
(Ozcelik et al. 2013; Jiang et al. 2014). Rapamy-
cin treatment also reduces phosphorylation of
tau by the kinase GSK3b (glycogen synthase
kinase 3b), highlighting the possibility that
combinations of autophagy activators with ki-
nase inhibitors may be effective at reducing the
levels of hyperphosphorylated tau (Jiang et al.
2014). To accelerate clearance through the UPS,
one enticing approach is to activate the protea-
some with inhibitors of USP14, a deubiquiti-
nating enzyme that dampens turnover of pro-
teasome substrates, including tau (Lee et al.
2010).

THE FUTURE OF TAU-REDUCTION
THERAPIES

Tauopathies result from the failure of neurons to
maintain proper tau homeostasis. Therefore,
one approach to therapy may be to modulate
targets that control the flux of tau (Fig. 2). As
mentioned above, this goal might be achieved by
blocking tau transcription or translation, pre-

venting its aggregation, or by accelerating its
clearance using antibodies. An alternative ap-
proach is to target the host factors that normally
regulate tau homeostasis to accelerate turnover
of abnormal tau. However, the path forward for
tau-based therapies remains at the preclinical
stage. In our view, antibodies that bind to tau,
especially phospho-tau and oligomeric tau,
seem to offer the most immediate pathway to
clinically testing the tau-reduction hypothe-
sis (Selenica et al. 2014; Funk et al. 2015;
Ittner et al. 2015). Nevertheless, to overcome
limitations associated with the cost and delivery
of antibodies to the central nervous system
(CNS), second-generation approaches might
be focused on small-molecule tau aggregation
inhibitors and activators of chaperone-mediat-
ed tau turnover (Calcul et al. 2012; Blair et al.
2013; Paranjape et al. 2015). The major concern
with these approaches will be safety because it is
unclear whether any of them will be able to se-
lectively reduce abnormal tau without disturb-
ing proteostasis.

Aging-associated collapse of proteostasis is
likely to contribute to tau accumulation. For
example, the total activity of the autophagy
and proteasome deteriorate during aging. By
activating factors important in tau turnover,
might we be able to reverse aging-associated
tau imbalance? There are many obstacles to
achieving this goal, but the concept is compel-
ling because these systems appear to be already
poised to selectively identify abnormal tau.
Thus, stimulating these pathways may present
an opportunity to take advantage of this intrin-
sic discriminating potential.

Finally, a hallmark of tauopathy is the seed-
ing and spreading of tau aggregation and pa-
thology through the uptake of extracellular
tau fibrils (Frost and Diamond 2009). The
mechanisms of cell-to-cell transmission remain
unclear, but cell and animal models are in de-
velopment (Frost et al. 2009; Kfoury et al. 2012;
Yanamandra et al. 2013; Holmes et al. 2014),
which will provide, for the first time, an oppor-
tunity to target proteins important in this pro-
cess. We predict that a better understanding of
these mechanisms will reveal unexpected new
drug targets.
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