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Abstract. There is increasing evidence for the presence of pathological forms of tau in tissues of both Huntington’s disease
(HD) patients and animal models of this condition. While cumulative studies of the past decade have led to the proposition
that this disorder could also be considered a tauopathy, the implications of tau in cellular toxicity and consequent behavioral
impairments are largely unknown. In fact, recent animal work has challenged the contributory role of tau in HD patho-
genesis/pathophysiology. This review presents the supporting and opposing arguments for the involvement of tau in HD,
highlighting the discrepancies that have emerged. Reflecting on what is known in other tauopathies, the putative mechanisms
through which tau could initiate and/or contribute to pathology are discussed, shedding light on the future research directions
that could be considered to confirm, or rule out, the clinical relevance of tau in HD.
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HISTORY

The classic views of Huntington’s disease (HD)
pathology revolve around the role of the abnormal
huntingtin (HTT) protein because the root cause of
this neurodegenerative disorder is a genetic muta-
tion within the huntingtin (HTT) gene which leads
to an abnormal expansion of CAG repeats [1] char-
acteristic of the mutant form of the protein, mutant
HTT (mHTT). While this mutation is ubiquitously
expressed in all cells of the body, neuronal popula-
tions, particularly those of the striatum and cortex,
are more vulnerable to mHTT accumulation and sub-
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sequent dysfunction/death. The remarkable cell loss
and brain atrophy that insures leads to a triad of
motor, cognitive, and psychiatric symptoms that are
increasingly debilitating to the patient and to this
day, untreatable. While failure of recent clinical tri-
als targeting mHTT suggest that reevaluation of this
approach, both in terms of biology and methodol-
ogy is needed, it may also suggest that other factors
could be at play, warranting further investigation of
alternative targets.

In the last decade, several groups have investigated
the presence of a concomitant tau-related pathology
in this disorder. Collectively, the data suggests that
HD answers to several criteria of a secondary tauopa-
thy [2, 3]. While the presence of abnormal tau has
been repeatedly shown in brain tissues, the extent of
its true contribution to the pathogenesis and patho-
physiology of HD, however, remains unclear. The
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objective of this review is to untangle the role of tau in
HD, by discussing the evidence accumulated over the
last decades and by highlighting more recent findings,
including unpublished data generated by our group.
On one hand, we will describe the potential mech-
anisms by which tau may actively take part in HD
pathology and evaluate the therapeutic relevance of
tau targets. On the other hand, we will expose the pos-
sibility that tau abnormalities are only consequential
events, weighing in on the findings that contradict or
challenge the role of tau in HD. We hope that this
review will clarify the reasons for the discrepancies
reported in this field and bring forward arguments for
pursuing tau research in HD.

TAU

Tau is a microtubule-associated protein which
exists in six different isoforms in the healthy adult
human brain. These isoforms are the result of alter-
native splicing of the tau gene MAPT (Microtubule
Associated Protein Tau) located on chromosome 17.
Differential splicing of exons 2, 3, and 10 gives rise
to isoforms which vary by the number of inserts in
the N-terminal region (0N, 1N, 2N) and the number
of repeats in the microtubule-binding repeat domain
(3R, 4R). In the healthy adult human brain, the ratio
of 3R to 4R tau isoforms is 1:1. Under physiologi-
cal conditions, tau exerts various functions notably in
microtubule stabilization, axonal transport, synaptic
plasticity and modulation of gene transcription [4–6].
While normal tau phosphorylation is essential to neu-
ronal homeostasis, abnormally hyperphosphorylated
tau may accumulate in the form of neurofibrillary tan-
gles (NFTs) and/or neuropil threads [7], two entities
that interfere with these fundamental functions. This
has been traditionally associated with Alzheimer’s
disease (AD); however, a number of human brain
disorders have also been characterized by tau pathol-
ogy. These include primary age-related tauopathy,
progressive supranuclear palsy, corticobasal degen-
eration, frontotemporal dementia, Pick’s disease, and
Parkinson’s disease, to name a few. Moreover, the
longest human isoform of the tau protein possesses
a total of 85 possible phosphorylation sites at var-
ious serine, threonine, and tyrosine residues [8].
Forty-five of these sites are associated with AD
[9], while hyperphosphorylation of tau has been,
thus far, detected at 5 distinct epitopes (Ser199,
Ser202, Thr205, Ser396, and Ser404 residues) in HD
[10–12].

SUPPORTING ARGUMENTS

Tau contributes to neuropathological and
behavioral impairments in HD

The theory of a potential relationship between tau
and HD emerged a few decades ago with the pub-
lication of a handful of clinical cases which also
presented with AD-related neuropathological fea-
tures [13, 14]. Postmortem histological examination
indeed revealed the presence of both mHTT inclu-
sions and NFTs in the brains of HD patients who
suffered from severe dementia [11, 13–16]. These
anecdotal observations were subsequently confirmed
in a larger cohort of patients (n = 15) where the major-
ity of HD patients (>80%) with advanced dementia
additionally presented with AD-related neuropatho-
logical characteristics [17]. The co-occurrence of
AD and HD is likely more common than previously
thought and the presence of AD-related pathology
may well be linked to cognitive deficits observed in
HD [17].

In patients, the genetic variation in the tau gene
MAPT has been associated with the manifestation
of HD clinical phenotypes. As a matter of fact,
HD patients with the H2 MAPT haplotype present
a more rapid cognitive decline as compared to the H1
carriers [18], suggesting a link between tau and cog-
nitive symptoms. While some studies have reported
increases in total tau mRNA in humans [12] and in
protein levels in mice and men [19], knock-out of
the tau protein in the R6/1 transgenic mouse model
of the disease improves motor functions as measured
by the rotarod and open field tests [19]. In parallel,
increases in 4R/3R tau mRNA as well as protein ratios
have been observed in the striatum and cortex of R6/1
and HD94 mouse models of HD [19] and a similar
increase in 4R mRNA and protein levels has been
reported in both of these structures in postmortem
HD patient samples [12, 18, 19]. Aberrant splicing of
tau exon 2 was also identified in the putamen of HD
patients, with an increase in 0N4R tau and a reduction
in 1N3R tau isoform [12]. Splicing defects at exons 2,
3, and 10 of tau have additionally been noted in HD
patients [12]. While splicing modifications of exon
10, such as an increase in 4R tau in cortex and stria-
tum of HD patients, was described in more advanced
stages (Grade 3 and beyond), splicing of other exons
are detectable earlier in the disease course. A recent
study illustrated that splicing alterations of exon 2
were restricted to the putamen, detected earlier in dis-
ease (Grade 2) and correlated with tau pathology and
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mHTT aggregation [20]. This suggests that regulation
of exon 2 splicing could represent an initial phe-
nomenon underlying region-specific neuropathology
in HD.

Additional studies on postmortem HD brain sam-
ples have documented increases in phosphorylated
tau (p-tau) protein levels at a number of epitopes
(Ser199, Thr205, Ser396/Ser404) in the striatum of
patients of late stage disease (Grades 3-4) [12, 20].
Hyperphosphorylated p-tau inclusions [18–20] as
well as oligomeric forms of the protein [18] were
also detected by immunohistochemistry in the stria-
tum and cortex of HD brains. Similar observations
collected in young-onset HD subjects suggest a cor-
relation of tau pathology with disease progression
rather than a phenomenon that was prompted by age
[18]. To explore the implications of such findings,
several research groups have also investigated and
confirmed the presence of pathological tau in mouse
models of HD, focusing on the phosphorylation state
of the protein since murine tau has not been shown to
aggregate. These studies demonstrated increased pro-
tein concentrations of p-tau (Ser202, Ser202/Thr205,
Ser396/Ser404) in the cortex and striatum of R6/2 and
KI140 mice [21, 22]. Hyperphosphorylated tau was
also shown to be more prominent in the hippocam-
pus, striatum and cortex as behavioral deficits became
more apparent, and elevated p-tau was detected in the
hippocampus of R6/2 mice prior to any measurable
phenotypic changes [21]. Phosphoproteomic studies
[23] also suggest that the dysregulation of tau phos-
phorylation is an early event in HD. Assessment of
cortical samples of the R6/1 transgenic mouse model
of HD revealed dysregulation of phosphorylation of
more than 600 peptides in the beginning of the dis-
ease, prior to the appearance of motor impairments.
Of these candidates, upregulation tau phosphoryla-
tion at epitopes Thr181, Thr217, Ser356, and Ser396
was observed before motor onset in R6/1 mice.
Hyperphosphorylation of tau at Ser396 was also mea-
surable in the striatum and hippocampus of R6/1
mice before they exhibited behavioral signs of dis-
ease. Upregulations in phosphorylation, which occur
prior to the onset of motor deficits/early stage of HD
pathology, could cause imbalances of microtubule
dynamics leading to axonal and cellular dysfunctions
[23].

In line with these findings, administration of an
anti-tau pS202 CP13 antibody to zQ175 mice, a
knock-in model of HD, resulted in a decrease in
hippocampal p-tau protein concentrations (Ser202),
which was associated with behavioral improvements,

notably cognitive and motor performances. Indeed,
working and long-term memory of treated mice were
ameliorated as measured by the spontaneous alter-
nation in the Y-maze and by the habituation to
the open field test. Motor impairments were also
attenuated by antibody treatment as quantified by
the increased distance travelled in the open field.
Reduction of pSer202 tau further led to neuropatho-
logical changes specifically on proteinopathy with
a decrease in HTT oligomer levels measured by
dot blot assays and electrophoresis. These observa-
tions validate the link between tau phosphorylation
and HTT conformation/toxicity, with notable conse-
quences on behavioral outcomes [24]. Furthermore,
intracerebral injections of human recombinant tau
fibrils in the zQ175 progressive mouse model of
HD seemingly precipitates the appearance of cog-
nitive deficits and exacerbates anxiety-like behavior
in treated mice. At the neuropathological level, treat-
ment with tau fibrils significantly increases mHTT
aggregate expression (measured by filter retardation
assay) and number/size (evaluated by quantitative
stereology analyses) in the HD-targeted brain regions
(unpublished observations). These recent findings
imply a strong impact of tau on the state of mHTT
aggregation as well as HD-like features of a mouse
model of the disease.

While there is accumulating and compelling evi-
dence for the presence of tau pathology in HD, the
protein has also been reported to behave, like sev-
eral others, in a prion-like manner. Along these lines,
NFTs and neuropil threads of p-tau (Ser202/Thr205,
Thr231) were detected by immunohistochemistry in
healthy grafted tissue delivered to the striatum of
HD patients, where mHTT aggregates were also
present. This finding suggests a possible propaga-
tion of tau pathology to the transplanted tissue,
but also implies that tau may play an active role
in the pathophysiology of HD [10]. Abnormalities
associated to tau take different shapes in the HD
brains. Whether it is an increase in p-tau, the accu-
mulation of aggregated deposits or splicing defects
leading to an imbalance of tau isoforms, pathologi-
cal forms of the protein are, without a doubt, found
in HD patients. Combined, these studies suggest that
impairments in tau splicing and hyperphosphoryla-
tion occur early in the disease process, impacting
both mHTT aggregation and behavioral phenotypes.
The mechanisms by which tau and mHTT could
directly or indirectly influence each other have
only been superficially explored (see Fig. 1) but
shedding light on this relationship will be critical
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Fig. 1. From tau neuropathology to tau therapeutics. The upper panel illustrates the mechanisms of action potentially shared between tau
and mHTT at the cellular level. The bottom panel represents the potential implications of tau on the neuropathology and symptomatology
of HD and implying its clinic relevance as a biomarker and/or therapeutic target. Abbreviations: MAPT, microtubule associated protein tau;
mHTT, mutant huntintin; NFTs, neurofibrillary tangles; p-tau, phosphorylated tau; SRSF6, serine/arginine-rich splicing factor-6; 3R, 3R
isoform of tau; 4R, 4R isoform of tau; �tau314, truncated tau314 protein.

to understand the true contribution of tau to HD
pathology.

Tau and mHTT-induced pathology share common
mechanisms of action

Tau phosphorylation is guided by dysregulations
of kinases and phosphatases

Kinase dysregulations have been reported to play
a role in HD pathology, notably GSK-3�, a kinase
that phosphorylates both HTT and tau. Evidence
supports the idea that hyperphosphorylated levels of
tau could be mediated through compromised GSK-
3� activity (see Fig. 1). In the hippocampus of
postmortem HD samples, an increase in GSK-3�
mRNA and protein levels was quantified by PCR
and western blot in Grade 2 HD brains and coin-
cided with elevated p-tau protein levels [25]. In mouse
models of the disease, protein levels of phospho-
rylated GSK-3� at different epitopes was assessed
as an indirect indicator of kinase activity. Increase
in phosphorylated GSK-3� at Tyrosine 216 residue
(p-GSK-3�-Tyr216) is believed to be associated with
activated GSK-3� [26]. An augmentation in p-GSK-
3�-Tyr216 levels was detected in the hippocampus
of R6/2 mice before (3 weeks) and after (8 weeks)

onset of disease [25]. Similar results were obtained
in the hippocampus and cortex of the R6/1 mouse
model [27] but no elevation of p-GSK-3�-Tyr216

was detected in the striatum [27]. The amount of
the active form of GSK-3� was also increased in
a hippocampal primary neuronal culture harvested
from R6/2 brains [25]. Others have focused on
the concentration of phosphorylated GSK-3� at the
inhibitory Serine 9 residue (p-GSK-3�-Ser9), for
which higher levels correlate with decreased GSK-
3� activity [28, 29]. A reduction in p-GSK-3�-Ser9

protein concentration in the cortex and striatum
of the N171-82Q and YAC128 mouse models was
reported [30] implying, therefore, greater GSK-3�
activity.

To further elucidate the role of this enzyme in HD,
a few studies have investigated the effect of altering
GSK-3� expression in cell and mouse models of the
disease by genetic depletion or pharmacological inhi-
bition. Knockdown of GSK-3� with a siRNA against
GSK-3� (siRNAGSK−3β) in primary hippocampal
neurons from R6/2 mice resulted in a decrease in
tau phosphorylation protein levels (Ser202/Thr205)
and increased cell viability [25]. Daily intranasal
treatment of R6/2 mice at 4 weeks of age with the
L807mts GSK-3� inhibitor significantly diminished
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the number of striatal mHTT aggregates quanti-
fied by immunostaining, by enhancing autophagic
clearance, and significantly ameliorating motor and
coordination abilities in treated mice (clasping, ledge
and Cat-Walk tests) [31]. These results indicate that
increased levels of GSK-3� are primarily restricted
to the hippocampus in HD human brains and that
inhibition of this kinase in mouse models leads to ben-
eficial outcomes both at the level of neuropathology
and behavior. These studies combined suggest that
the beneficial effect of GSK-3� inhibition on mHTT
toxicity and behavioral phenotypes could be medi-
ated by a decrease in tau phosphorylation and that,
consequently, elevated p-tau through GSK-3� activ-
ity could contribute to both neuropathological and
clinical features of HD.

A decrease in calcineurin mRNA expression
using microarray analyses has also been outlined in
the cerebral cortex and caudate nucleus of Grades
0–2 human HD brains [32], and protein levels
decreased in the putamen, although only 3 cases
(one juvenile onset and two Grade 4) were analyzed
[33]. An in vitro study further demonstrated that
pharmacological inhibition of this phosphatase
with the Cyclosporine A or the CN585 inhibitors
in the SHSY5Y neuronal human cell line led to a
significant increase in tau phosphorylation at various
residues (Ser 202, Ser202/Thr205, Ser396/Ser404)
[21]. This suggests that calcineurin is responsible
for the dephosphorylation of tau and that its inhi-
bition induces tau hyperphosphorylation in vitro.
Moreover, in the StHdhQ111/Q111 HD cell model,
calcineurin protein concentrations were decreased
when compared to the control StHdhQ7/Q7 cells
[21]. A decrease in calcineurin mRNA [34] and
protein [21, 22, 33] was also detected in the striatum,
cortex and hippocampus of several mouse models
of HD (R6/1, R6/2, KI140CAG, zQ175). One study
reported that the marked increase in p-tau levels (Ser
202, Ser202/Thr205, Ser396/Ser404) in the R6/2
mice was accompanied by a significant reduction
of calcineurin levels in the hippocampus, cortex
and striatum of animals of either pre-phenotypic or
full-blown phenotypes [21]. One other study showed
that the decrease in calcineurin levels coincided with
a decrease in activity in the striatum of R6/1 mice
[33]. Taken together, these findings suggest that
mHTT can induce calcineurin reduction, thereby
promoting tau hyperphosphorylation early in the
disease process, i.e., before the onset of behavioral
impairments (see Fig. 1).

Tau splicing factors are altered in disease

Altered splicing in the HTT gene, regulated
by SRSF6 (serine/arginine-rich splicing factor-6)
through its binding to the CAG repeat in mHTT
mRNA, has been linked to HD pathology via the
production of a toxic N-terminal mHTT fragment
[35, 36]. SRSF6 regulates the splicing of MAPT
exon 10 [37, 38], also associated to HD pathology
[19]. In human HD striatal sections, immunofluo-
rescence revealed that SRSF6 accumulates within
mHTT inclusions. Moreover, an increase in phos-
phorylated SRSF6 concentrations is measurable in
homogenates from striatum of HD brains. Similar
SRSF6 alterations (presence of SRSF6 in mHTT
inclusion bodies and increase of SRSF6 phosphory-
lation levels) were observed in the R6/1 HD mouse
model [19]. Together, these findings demonstrate that
SRSF6 is sequestered in mHTT aggregates and is
abnormally phosphorylated suggesting a deficiency
of activity [39, 40]. This could explain for the tau
exon 10 mis-splicing and, consequently, the 4R/3R
isoform imbalance noted in HD (see Fig. 1).

Tau and mHTT influence microtubule health

Alterations in axonal transport, due to micro-
tubule disruption, constitute another key feature of
HD pathology. mHTT has been shown to affect
axonal transport through alteration of microtubule
functions [41]. The destabilization of the micro-
tubule network is one of the primary toxic events
taking place within neuronal cells in the pathol-
ogy [42]. It has indeed been previously shown, by
immunopurification assays, that mHTT can interact
with �-tubulin and bind to microtubules provoking
impairments in axonal transport [43]. It has also been
demonstrated that tau recruits mHTT to this cellu-
lar compartment, further compromising stabilization
[22]. In the phosphoproteomic analysis described
above, prominent upregulation tau phosphorylation
has been shown to occur in the cortex of the R6/1
mouse model of HD, prior to the onset of motor
deficits. These findings indicate that both tau and
mHTT, which bind microtubules, alter the dynamic
properties of the cytoskeleton. These dysfunctions
could occur through coordinated effects of the two
proteins and provoke the hyperphosphorylation of
tau. Microtubule disruption, in concert with tau
hyperphosphorylation, could be an early event lead-
ing to exacerbation of cellular toxicity in HD [23].
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Taken together, mHTT has been shown to 1) play
a role in calcineurin dysregulation which triggers
hyperphosphorylation of tau, 2) sequester the SFRF6
splicing factor resulting in an imbalance of tau iso-
forms and 3) to be recruited by tau where it binds
to the microtubule network causing destabilization
(refer to Fig. 1).

Tau toxic species are mediated by caspases

Several caspases, including caspases 2, 3, and 6
play a role in HD, notably by cleaving mHTT and
promoting aggregation to exacerbate toxicity [44,
45]. In the caudate nucleus and prefrontal cortex
of postmortem HD brains, an increase in caspase
2 protein concentrations has been associated with
elevated levels of the truncated �tau314 tau pro-
tein (detected by immunoprecipitation and western
blot) [46]. Of note, in cellular and animal models
of tauopathies, higher �tau314 levels are coupled
with impairments in synaptic functions and reported
to accentuate memory problems [47], respectively. It
has therefore been suggested that the severe cognitive
deficits observed in HD patients could originate from
an increase in caspase 2-mediated �tau314 levels
(see Fig. 1) within the prefrontal cortex [46].

Tau interacts with mHTT

The idea that mHTT and tau directly and closely
interact is highly debated (see summary Table 1).
Histological analyses of the cortex and striatum
of HD postmortem samples have revealed that,
although sparce, a co-localization of mHTT and p-
tau (Ser202/Thr205) aggregates does exist [18, 48].
In another study also performed in HD brain sam-
ples, abnormal deposits of these two proteins were
most frequently found in the same subset of corti-
cal neurons [19], although no interaction between
mHTT and tau per se was reported. The most convinc-
ing evidence of a direct interaction between the two
proteins originates from an in vitro study demonstrat-
ing that mHTT and tau can physically interact and
co-aggregate to form “ring-like” inclusions within
the cytoskeleton (Biomolecular fluorescence comple-
mentation assay BiFC) [22].

OPPOSING ARGUMENTS

Does tau truly contribute to neuropathological
and behavioral impairments in HD?

Age indubitably participates to the accumula-
tion of cerebral tau deposits and almost all human

brains are scattered with such abnormal protein ele-
ments after the age of 70 [49, 50]. Because signs
of tau pathology have been primarily observed in
late-stage disease, some have argued that protein
phosphorylation and aggregation may be a conse-
quence of HD-pathology and not a triggering event
and/or stand-alone phenomenon. In favor of this
position, augmentations in p-tau at various epitopes
(Ser199, Thr205, Ser396/Ser404) have been quanti-
fied in human HD putamen samples of Grades 3 and
4 patients, but not Grade 2 [12]. While one report
has demonstrated the presence of oligomeric tau [18]
in postmortem striatal samples of all Grades, none
have performed correlations with disease progres-
sion. While tau oligomers have been proposed to
induce cellular toxicity and synaptic dysfunctions in
mice [51], the pathological effects of tau aggregated
NFTs remain unclear. Consequently, complementary
studies focusing on the levels of misfolded solu-
ble and oligomeric p-tau in both HD mouse models
and human brains would be of critical importance to
establish the true contribution of tau to the pathol-
ogy. Aside from brain pathology, measurements of
tau plasma levels in different mouse models of HD
(zQ175, R6/2:Q200, R6/2:Q90) has unveiled sig-
nificant increases but exclusively at more advanced
stages of disease (12 months in zQ175, 12 weeks in
R6/1:Q200 and 24 weeks in R6/2:Q90), whereas an
increase in plasma neurofilament levels was quan-
tifiable at early timepoints (beginning at 6 months
in zQ175, 8 weeks in R6/2:Q200 and 4 weeks in
R6/2:Q90) [52]. Based on these findings, it is clear
that additional studies focusing on early-stage disease
in both mouse models and human brains is critically
needed to establish the involvement of tau in disease
onset/progression.

The causal impact of tau on behavioral phenotypes
also needs to be clarified (see Table 1). Although
one study conducted in mice suggested that tau may
be involved in motor aspects of the disease [19],
correlation analysis failed to uncover a relationship
between MAPT haplotype and motor function in HD
patients [18]. Along these lines, reduction of tau
expression in the R6/1 mouse model did not improve
motor (rotarod and clasping tests), cognitive (Y-maze
test) nor depression-like (Porsolt swim test) behav-
iors [53] in contrast to previous reports [19]. In
R6/1 mice expressing the human tau P301L trans-
gene, behavioral phenotypes characteristic of HD are
unchanged suggesting that tau may not participate
to the manifestation of HD-like symptoms [53]. The
discrepancies between these studies [19, 53] could
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Table 1
Supporting and opposing arguments for the role of tau in HD

Discrepancies between studies concerning 1) kinase and phosphatase dysregulations; 2) tau and mHTT interactions; 3) the contribution of
tau to HD-like symptomatology and 4) the presence of tau in biofluids. Abbreviations: BDNF, Brain-Derived Neurotrophic Factor; CSF,
Cerebrospinal Fluid; GSK3�, Glycogen Synthase Kinase 3 Beta; HD, Huntington’s Disease; mHTT, mutant huntintin; p-tau, phosphorylated
tau; t-tau, total tau; ↑, increase; ↓ decrease; ✓, presence; ✗, absence.
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be partially explained by the different strains/genetic
backgrounds of the selected mouse models, a fac-
tor which has been shown to influence behavioral
outcomes in rodents [54] or by the difference in
the paradigms used (rotarod and clasping). In this
particular publication, authors themselves propose a
few limitations to their work that we feel are impor-
tant to reiterate. The transgenic R6/1 mouse model
of HD progresses rapidly to a full-blown pheno-
type and presents with severe behavioral impairments
which begin to manifest at approximately 3 months
of age. In contrast, the P301L transgenic mouse
model develops behavioral deficits at 5-6 months of
age. The different disease course of the two mice
may be one reason why the overall behavioral traits
of the crossed R6/1 and P301L is not exacerbated.
Additionally, animals were sacrificed at 5 months
of age which is likely too early to measure the
impact of tau on HD pathology. We would encour-
age to conduct a similar study on a milder and
more progressive mouse model of HD, such as the
knock-in zQ175 in which motor deficits appear at
a similar timepoint, i.e., 5-6 months of age. This
would be more appropriate to evaluate the precipi-
tation and/or aggravation of behavioral impairments
as a consequence of tau expression. Importantly, the
neuropathological impact of tau depletion or over-
expression on mHTT aggregation, mHTT and NFT
interactions, p-tau and NFTs aggregates, for example,
was not assessed by the authors. While interesting, the
R6/1/P301L and MAPT–/– mouse studies may suffer
from the use of suboptimal/approach. For instance,
the CBA/Bl6/129Sv background may not be char-
acterized by increases in total tau or imbalances in
tau isoforms and this is where postmortem analyses,
absent from this study, would have been key to draw
more definitive conclusions on the role of tau.

Do tau and mHTT-induced pathology truly share
common mechanisms of action?

At a cellular level, the mechanisms by which tau
may contribute to pathology also remain elusive and
are therefore a subject of debate (refer to Table 1).
Upregulation of kinases, such as GSK-3�, is one
of the favored pathways by which tau undergoes
hyperphosphorylation, but this idea, too, has been
challenged in both humans and animals. While one
study reported an increase in GSK-3� mRNA and
protein levels in the hippocampus of postmortem
HD brains [25], the opposite has been observed in

other affected brain regions, notably the frontal cor-
tex [55] and striatum in HD patients [27]. Similarly,
levels of GSK-3� were measured in brain regions
of HD mouse models and data implied significantly
lower levels of GSK-3� protein concentrations in the
striatum and cortex of R6/1 mice at 3.5 months of
age [27]. Globally, the conflicting findings related
to GSK-3� levels in human and mouse brains is
most probably explained by the difference in the
structures analyzed, where levels of GSK-3� were
increased in the hippocampus but decreased in the
striatum and cortex. Of note, in the few studies
demonstrating an elevation of GSK-3� protein lev-
els in mouse and human HD brains, the enzymatic
potency was not investigated. Independent in vitro
enzymatic assays on homogenates of human and mice
brains revealed a significant decrease in GSK-3 activ-
ity in the striatum and cortex of human brains [27]. In
R6/1 mice, a significant reduction in GSK-3 activity
was only observed in the striatum of early-manifest
(3.5 months) and late-stage animals (7.5 months)
[27]. To further explore the role of GSK-3� func-
tion in HD, R6/1 mice were crossed with a transgenic
mouse line with conditional GSK-3� overexpression
[27]. R6/1 mice which had low levels of overexpres-
sion of GSK-3� also depicted attenuation of brain
atrophy (cortical and hippocampal), improvement of
motor performances (open field and rotarod tests)
and amelioration of cognitive functions (fear condi-
tioning test) when compared to the R6/1 mouse line
alone [27]. To evaluate the activation state of this
kinase, other groups have focused on the levels of
N-terminal phosphorylated GSK-3� at the inhibitory
serine-9 residue as an indirect indicator of GSK-3
activity. The combined in vitro and preclinical results
demonstrated an increase in GSK-3� phosphoryla-
tion in serine-9 which suggests a lowering of GSK-3�
activity (studies detailed in Table 1). Although it
is clear that GSK-3� is altered in HD, dysregula-
tions of this kinase seem to be region-specific. Based
on the findings presented, upregulation of GSK-3�
could be responsible for the hyperphosphorylation of
tau in the HD hippocampus. However, the concomi-
tant studies demonstrating a decrease in GSK-3�
expression and function in the striatum and cortex
indicate that other mechanisms could very well be at
play.

Work on the implications of calcineurin phos-
phatase in HD, i.e. that decreased modulation of this
enzyme is associated with increased p-tau, have also
been challenged (see Table 1). Indeed, few studies
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have focused on the consequences of increased cal-
cineurin activity in HD, and therefore the beneficial
implications of its inhibition on pathology [56, 57].
In the HdhQ111/Q111 mouse model of the disease,
while there was no change in calcineurin protein lev-
els in various brain regions (substantia nigra, cortex,
striatum) when compared to wild-type mice, a signif-
icant increase in the enzyme’s activity was observed
in the cortex [56]. In primary cortical neurons from
the HdhQ111/Q111 mouse model, genetic inhibition of
calcineurin by RNA interference resulted in increased
levels of phosphorylated HTT at serine 421 (p-HTT-
Ser421) - which is also a substrate of this enzyme -
and in the restoration of the microtubule-dependent
BDNF (Brain-Derived Neurotrophic Factor) trans-
port in vitro [56]. Pharmacological inhibition of this
phosphatase using the FK506 drug in neuronal cells
derived from a knock-in mouse model of HD led to a
significant increase in p-HTT-Ser421 levels and this
was accompanied by a decrease in neuronal death
[57]. Although few in numbers, these studies sug-
gest a neuroprotective effect of calcineurin inhibition
on cell viability in vitro through an increase in HTT
phosphorylation at the serine residue which has been
shown to result in neuroprotective effects of stri-
atal neurons [58]. However, the effects of calcineurin
inhibition on behavioral improvements in HD mice
has not been established and, to our knowledge, no
increase in calcineurin levels has been detected in
human HD postmortem brains. The relevance of cal-
cineurin inhibition in HD therefore deserves further
investigation.

The hypothesis of a physical interrelationship
between tau and mHTT also remains controver-
sial (some of the discrepancies found between
studies are summarized in Table 1). While inter-
action between abnormal deposits of these two
proteins has been observed in vitro, no co-
localization between mHTT aggregates and p-tau
(Ser202/Thr205, Ser396/Ser404) has been reported
in either the R6/2 and KI140 mouse models of
HD [21, 22] and similarly, co-immunoprecipitation
experiments have failed to reveal a direct associ-
ation between them, at least in mice [22]. In HD
brains, one study reported that tau and mHTT did
not co-precipitate and that each protein was found
exclusively within its respective aggregate-type [19].
Although the idea of a dynamic interplay between
these two proteins remains unclear, the effects of
mHTT on tau phosphorylation and/or of tau on
exacerbated mHTT aggregation are not necessarily

mediated by direct interactions and the toxicity of
one on the other could well take place via indirect
pathways and intermediate steps.

THE CLINICAL RELEVANCE OF TAU

Can tau be a relevant biomarker?

Despite the monogenic nature of HD, clinical phe-
notypes present with prominent heterogeneity, in
particular when it relates to age of onset and dis-
ease severity. The diagnosis is also preceded by a
lengthy prodromal stage during which some patients
may begin to experience subtle changes in cognition
and behavior including unusual irritability, anxiety,
or depression. Better understanding elements arising
during the prodromal phase, such as specific biomark-
ers, and how they correlate with disease onset has
become a major area of research as it offers the best
hope to develop new treatments that could delay or
even halt disease progression.

The quest for robust biomarkers may be acceler-
ated by studying the data collected in the field of
AD where tau pathology has been recognized and
studied for decades. For example, we already know
that increases in cerebrospinal fluid (CSF) total tau
(t-tau) levels found in AD patients [59–61] are asso-
ciated with cognitive decline [62]. Tau is additionally
detectable in other biofluids and blood compartments
such as plasma [63, 64], platelets [65], lympho-
cytes [66], saliva [67], and oral mucosa epithelium
[68] which correlate with the degree of cognitive
impairments. Similarly to AD, increases of CSF t-
tau concentrations have recently been reported in
HD patients and levels correlated with disease pro-
gression, cognitive decline and motor abnormalities
[69]. Another study demonstrated that CSF t-tau is
elevated in HD patients suffering from psychiatric
symptoms when compared to patients without such
impairments [70]. Increases in CSF levels of t-tau
and p-tau in early manifest HD patients, when com-
pared to pre-symptomatic carriers, have also been
associated with apathy and cognitive disabilities and
further correlated with brain damage measured by a
reduction of cortical thickness and of the grey-matter
volume [71].

While data on the potential to predict disease
manifestation/severity is emerging, our group has
begun to quantify levels of t-tau and p-tau in dif-
ferent blood compartments of HD gene carriers. An
overall increase in t-tau is observed in manifest HD
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patients as compared to age- and sex-matched healthy
controls in plasma, peripheral blood mononuclear
cells (PBMCs) and platelets. Measures of t-tau in
both plasma and platelets significantly correlate with
disease stage with levels in platelets additionally cor-
relating with cognitive ability. In PBMCs, increased
t-tau levels are present at all stages of manifest
patients while increased levels of tau phosphorylated
at threonine 231 (p-tau231) is observed in the plasma
at later stages (Stages 3–5). Together, these obser-
vations suggest that accumulation of tau in blood
cells is an early event in HD and that t-tau levels
in platelets are associated with changes in cognition
(unpublished observations). These findings, although
preliminary, suggest that tau pathology is a feature
of HD which may contribute to disease presenta-
tion.

Biomarkers are not restricted to bodily fluids.
Hence, a number of PET tracers have recently
been developed and are currently being validated
in order to visualize tau deposits in vivo [72]. A
PET imaging study using the [18F]AV-1451 (T807)
ligand highlighted that tau pathology in brains of
Parkinson’s and Lewy body disease correlated with
cognitive decline [73]. Imaging with T807 PET
tracer, which binds to pathological tau aggregates,
also showed a distinct tau deposition pattern asso-
ciated with cognitive performances in AD patients
[74]. More recently, tau pathology has begun to be
investigated in HD brains using T807 which binds to
tau aggregates with high affinity and good selectivity.
This ligand allowed assessment of tau pathology in
brains of three manifest HD patients, and in vivo
imaging of tau pathology was restricted mainly to
the striatum, and to a lesser extent in the cortex
and cerebellum. The PET signal adopted different
patterns between the three patients depending on the
degree of cognitive and motor impairments as well
as their disease burden scores. The subcortical and
cortical signal was the weakest in the least cogni-
tively impaired subject, whereas tau tracer uptake
was the most prominent in the patient presenting
the worse motor and disease burden scores [75].
T807 is currently in phase I for mapping cerebral
tau in neurodegenerative disorders, including HD
(https://clinicaltrials.gov/ct2/show/NCT04926259).
The aim of this study is to compare the regional
distribution and tau burden to the clinical symptoma-
tology of patients with neurodegenerative disorders.
CSF levels of t-tau and p-tau will further be measured
and correlated with PET imaging results. Imaging
techniques and the development of specific tau

ligands will greatly help advance knowledge of the
role of tau in HD.

Can tau be a relevant therapeutic target?

Given the monogenic nature of HD, gene ther-
apies zooming in on the HTT gene with the aim
to reduce the amount of mHTT in the brain have
been at the forefront of recent clinical efforts. A
number of these methodologies have therefore been
developed to, selectively or non-selectively, dampen
DNA or mRNA expression of the HD gene [76,
77]. In preclinical studies, non-allele specific silenc-
ing of HTT via RNA interference in the striatum
of the N171-82Q mouse model of HD resulted in
the reduction of wild-type and mutant HTT mRNA
and protein levels, and improved motor performances
in the rotarod test as well as longevity [78]. While
encouraging in animal models, the application of
these methods to the clinical realm has been met with
significant challenges. In the last couple of years,
various trials aiming to target the HTT gene have
been terminated due to a lack of clinical improve-
ments and/or appearance of adverse effects in treated
patients [79]. Of these, the Generation-HD1 phase III
trial, which used an intrathecal administration of a
non-allele specific ASO targeting the HTT transcript,
reported a significant decrease in CSF mHTT levels,
but no improvement of clinical performances and,
importantly, the manifestation of adverse effects. The
Precision-HD1 and -HD2 phase Ib/IIa trials, which
are two distinctive allele-selective ASOs adminis-
tered intrathecally, have not met the primary outcome
of safety and also reported undesirable side-effects,
at least at the higher dose administered. Here, no sig-
nificant reduction of CSF mHTT was even detected.
Despite these setbacks, trials are being pursued to
improve the safety and efficiency of these molecules,
notably by rethinking the chemical structures of the
drugs tested, identifying the appropriate therapeutical
window in which to intervene as well as to estab-
lish patient population who will best respond to such
treatments. Another type of approach targeting the
intracellular mHTT protein makes use of therapeu-
tic anti-HTT intrabodies. This strategy, by which the
intrabody which recognizes the proline-rich domain
of HTT (Happ1) is administered through intra-striatal
adeno-associated virus delivery, has been tested in
several HD mouse models (N171-82Q, BACHD,
R6/2, YAC128). This resulted in the amelioration of
motor abilities in the rotarod and narrow beam tests of
all tested models [80] as well as cognitive functions

https://clinicaltrials.gov/ct2/show/NCT04926259
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in YAC128 mice (but not the BACHD) as observed
in the object location memory task reflecting spa-
tial learning [80]. This type of methodology has not
reached clinical stages, however.

While we struggle to understand why targeting the
main actor of HD pathology, mHTT, has not yielded
the desired and expected benefits, other potential
therapeutic targets must be considered. The wealth
of evidence for the presence of pathological tau in
HD, its contribution to neuropathological changes
and correlation with some clinical features, certainly
encourages to further research the validity of target-
ing tau as a therapy for HD. Several tau-oriented
therapies have already been investigated for treatment
of tauopathies, and particularly AD. These include
strategies that address tau hyperphosphorylation with
kinase inhibitors and phosphatase activators, the
inhibition of tau aggregation, tau immunotherapies,
stabilization of microtubules, and inhibition of the
tau gene MAPT expression [81]. While these con-
cepts are interesting from their own perspective, they
have been at the center of extensive discussion in a
review we have recently published [81]. Here, we will
therefore focus exclusively on approaches that have
been tested in the context of HD and that we judge
may act via a tau-related mechanism.

Lithium, a GSK-3� inhibitor that has shown
promising results in preclinical [82, 83] and clinical
[84] studies conducted in AD, has also been tested in
HD. Lithium reduces tau phosphorylation (Ser202,
Ser396/Ser404) and tau aggregation in mouse models
of AD [82, 83] and improves cognitive performances
of AD patients [84]. Lithium treatment had a ben-
eficial effect on motor performances of R6/2 mice
[84] and a pilot study conducted in three HD cases
suggested an amelioration of chorea and mood in
patients [85]. The specific mechanism of Lithium and
how this compound may impact p-tau levels in HD
remains unclear but certainly worth exploring. Simi-
larly, memantine is an approved treatment to alleviate
psychological disturbances in AD and was shown
to enhance the activity of the phosphatase PP2A. In
HD, memantine improved motor performances of
patients [87, 88] and accordingly, this molecule is
currently tested in a phase II trial (MITIGATE-HD)
(https://clinicaltrials.gov/ct2/show/NCT01458470).
However, similarly to Lithium, the correlations
between the beneficial outcomes of memantine
and a potential reduction of tau pathological
phosphorylated forms have not been investigated.

Therapeutic approaches targeting tau pathology
have been designed to treat AD [89] building on a

large body of evidence suggesting a strong connec-
tion between alterations of tau function and cognitive
decline [90]. Based on the data that we have reviewed
herein, HD pathology is also associated with patho-
logical forms of tau and cognitive impairments,
thus tau-targeting therapies may offer a com-
pletely new angle to treat HD-associated cognitive
dysfunction.

PERSPECTIVE

Like in any fields, not all evidence brought for-
ward for the role of tau in HD has been replicated or
agreed upon. Despite some discrepancies, the overall
landscape favorably supports the contribution of the
protein to this pathology and the contrastive studies
imply that supplementary studies are needed to vali-
date its relevance to disease. Among some points of
contingencies, a more careful selection of the experi-
mental models and the stages of disease when to study
this will be needed to confirm or refute the contri-
bution of tau to HD pathology. Additional work on
tau expression in the periphery, clinical correlations
and in vivo PET imaging would be particularly valu-
able to enhance our understanding on tau’s role in
HD. HD is a condition for which there are still no
treatment, and the recent/ongoing data and arguments
presented in this review enforce the importance of
further investigating tau-related mechanisms under-
lying HD pathology and, if relevant, proposing tau as
a potential therapeutical target.

ACKNOWLEDGMENTS

FC is a recipient of a Researcher Chair from the
Fonds de Recherche du Québec en Santé (FRQS,
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Pico M, Phillips JM, et al. D21 Analysis of blood and
CSF biomarkers in mouse models of Huntington’s dis-
ease. J Neurol Neurosurg Psychiatry. 2022;93:A27 LP-A27.
doi.org/10.1136/jnnp-2022-ehdn.77.

[53] Mees I, Li S, Beauchamp LC, Barnham KJ, Dutschmann
M, Hannan AJ, et al. Loss-of-function and gain-of-
function studies refute the hypothesis that tau protein
is causally involved in the pathogenesis of Hunting-
ton’s disease. Hum Mol Genet. 2022;31:1997-2009.
doi.org/10.1093/hmg/ddac001.

[54] Sultana R, Ogundele OM, Lee CC. Contrasting
characteristic behaviours among common labora-
tory mouse strains. R Soc Open Sci. 2019;6:190574.
doi.org/10.1098/rsos.190574.

[55] Lim NKH, Hung LW, Pang TY, Mclean CA, Liddell
JR, Hilton JB, et al. Localized changes to glycogen syn-
thase kinase-3 and collapsin response mediator protein-2 in
the Huntington’s disease affected brain. Hum Mol Genet.
2014;23:4051-63. doi.org/10.1093/hmg/ddu119.

[56] Pineda JR, Pardo R, Zala D, Yu H, Humbert S, Saudou
F. Genetic and pharmacological inhibition of calcineurin
corrects the BDNF transport defect in Huntington’s disease.
Mol Brain. 2009;2:33. doi.org/10.1186/1756-6606-2-33.

[57] Pardo R, Colin E, Régulier E, Aebischer P, Déglon
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