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Abstract

Huntington’s disease (HD) is caused by a CAG-repeat encoding a polyglutamine (polyQ)
tract in the huntingtin protein. There is plenty of evidence of polyQ-driven toxicity.
However, CAG repeat RNA-driven alteration of splicing has recently been proposed in
analogy to CUG-repeat diseases. Here we review the reported alteration of the CAG-repeat
associated splicing factor SRSF6 in brains of HD patients and mouse models and how this
correlates with altered splicing of, at least, two microtubule-associated proteins in HD,
namely MAPT (tau) and MAP2. Regarding tau, altered splicing of exon 10 has been
reported, along with increased levels and 4R/3R-tau ratio and detection of tau in a new
nuclear rod-shaped histopathological hallmark termed tau nuclear rod (TNR) or tau nuclear
indentation (TNI). These findings, together with an attenuation of HD phenotype in R6/1
mice with tau deficiency and subsequent studies showing increased phosphorylation in
mouse models and increased levels in CSF of patients, has led to proposing HD as a
tauopathy. Regarding MAP2, an increase in its juvenile form and a decrease in total MAP2
together with redistribution from dendrites to soma is observed in HD patients, which may
contribute to the dendritic atrophy in HD. Furthermore, MAP2 positive structures filling
nuclear indentations have occasionally been found and co-localized with tau. Therefore,
altered MAP function with imbalance in tau/MAP2 content could contribute to HD striatal
atrophy and dysfunction. Besides, TNIs might be indicative of such MAP abnormalities.
TNIs are also found in early pathology Alzheimer’s disease and in tauopathy mice over-
expressing mutant 4R-tau. This indicates that tau alteration is sufficient for TNI detection,
which becomes a marker of increased total tau and/or altered 4R/3R-tau ratio and reporter of
pathology-associated nuclear indentations. Altogether, these recent studies suggest that
correcting the SRSF6-driven missplicing and/or microtubule-associated imbalance might be
of therapeutic value in HD.

INTRODUCTION

Huntington’s disease (HD) is a strictly inherited autosomal-
dominant neurodegenerative disorder that affects 5–10 in 100 000
individuals (53). It is characterized by a marked degeneration of the
striatum and a widespread cortical atrophy leading to involuntary
movements such as chorea and tremor that typically appear in mid-
life. The disease then progresses to dementia and leads to death of
the patient 15–20 years after onset (28). Currently, there is no cura-
tive treatment for HD.

The mutation causing HD is a CAG repeat expansion in exon 1
of the huntingtin gene (HTT) (29). HD thus belongs to the group of
developmental and degenerative diseases that are caused by expan-
sion of unstable repeats (21). More precisely, it is the paradigm of
the subgroup of neurodegenerative diseases caused by a gain of

function of translated CAG repeats encoding polyglutamine
(polyQ) tracts in the corresponding proteins. This subgroup also
includes dentatorubralpallidoluysian atrophy (DRPLA), spinal and
bulbar muscular atrophy (SBMA) and spinocerebellar ataxia 1, 2,
3, 6, 7 and 17 (SCA1/2/3/6/7/17).

There is plenty of evidence supporting toxicity of the expanded
polyQ-containing proteins as they interfere with multiple essential
functions of the cell such as transcription—by sequestering multi-
ple transcription factors with PolyQ domains (39), mitochondrial
function—by interacting with various protein complexes in the
external mitochondrial membrane (59) or the proteostasis mecha-
nisms such as the ubiquitin proteasome system (43) and autophagy
(33), among others. Here we will pay particular attention to those
pathogenic mechanisms of mutant huntingtin related to alteration
of the neuronal cytoskeleton.
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Thanks to their specialized cytoskeleton, neurons maintain their
complex morphology with two types of cytoplasmic extensions,
axons and dendrites. Neural transmission occurs through these
processes and changes in neuronal morphology may affect neuronal
function and induce pathology. The cytoskeleton is composed of
three main components: the microtubules, the microfilaments and
the intermediate filaments. Microtubules are very dynamic tubulin
polymers that in neurons become stabilized in specific directions to
maintain the axonal and dendritic cytoplasmic extensions (40). The
proteins that serve to stabilize microtubules are the microtubule-
associated proteins (or MAPs) MAP1A, MAP1B, MAP2 and tau
(38). In support of the role of these proteins in maintaining the
integrity of the axonal and dendritic cytoplasmic extensions, an
asymmetric distribution of MAPs (38) is seen in mature neurons
(10) with tau being preferentially localized in axons (3). Antero-
grade and retrograde transport of cargoes along neuronal projec-
tions takes place along microtubules by the action of the kinesins
and the dynein–dynactin motor proteins (24). A classic pathogenic
mechanism of expanded PolyQ-Htt is the interference with trans-
port machinery along microtubule cytoskeleton, by interaction of
mutant huntingtin with motor proteins that transport cargoes along
microtubules such as dynein–dynactin (22, 36).

In this review we will elaborate on impaired alternative splicing
as a recently identified pathogenic mechanism in HD (35) that in
turn affects microtubule-associated proteins such as tau and MAP2,
thus impinging on their loss function and, in the case of tau, a toxic
gain of function as well that has led to considering HD as a
tauopathy.

THE SPLICING FACTOR SRSF6 IS
ALTERED IN HD

Probably because of the mentioned strong evidence supporting
the toxicity of expanded PolyQ, the potential toxicity of the
expanded CAG mRNA has often been partially overlooked (see
Chapter by E. Mart�ı in this mini-symposium for extensive review
on RNA bases of HD pathology). However, other trinucleotide
repeat expansion disorders, some of them with equivalent neuro-
pathology and symptoms, are caused by expansions in non-
coding regions of their transcripts (9). These include the CAG
repeat disorder (SCA12) and several CUG repeat disorders such
as Huntington’s disease-like-2 (HDL-2) and myotonic dystrophy
1 (DM1) (9, 42). Although toxicity could still arise from transla-
tion of polyaminoacids—in some cases PolyQ itself—because of
the repeat-associated non-ATG mediated initiation of translation
(7), for these diseases with non-exonic expansions there is clear
evidence of expanded repeat containing mRNAs being toxic.
This is best characterized in the case of DM1 for which a key
element in the pathogenesis is the binding of splicing factors by
the mutant CUG transcript, thus leading to alternative splicing
aberrations in multiple genes (44).

Alternative precursor-mRNA splicing is a key mechanism for
regulating gene expression in mammals. Alternative splicing pat-
terns are regulated by specialized RNA-binding proteins that alter
spliceosome assembly at specific splice sites. These include splic-
ing regulators such as CUGBP1 or MBNL1/2 proteins, the
SR-proteins and the hnRNPs (19). As mentioned, CUG repeats
sequester specific splicing factors and, intriguingly, CAG repeats

have recently been shown to mimic CUG repeats in the misregula-
tion of alternative splicing (41), while the splicing factor SRSF6
(also known as SRp55) was recently bioinformatically predicted by
Bates et al (48) to bind CAG repeats according to the 6-mer
YRCRKM (T/C,A/G,C,A/G,G/T,A/C). This consensus has been
refined and extended to a 9-mer sequence out of which the last
eight nucleotides show a perfect match with CAGCAGCA
sequence (32).

In this regard, it has recently been reported that the splicing fac-
tor SRSF6 is altered in brain of HD patients and mouse models
(15). SRSF6 protein levels are increased in striatum of HD patients
with the appearance of a higher molecular weight band that could
reflect a rise in its phosphorylation status. In fact, a phospho-SR
antibody showed increased levels at 55 kDa, the predicted molecu-
lar weight for phospho-SRSF6, both in HD patient striatum (15)
and cortex (6) and in the R6/1 mouse model of the disease (15).
When looking at its cellular localization, it has been found that
SRSF6 accumulates into nuclear inclusion bodies in R6/1 mice,
where SRSF6 and Htt co-localize. In the case of human HD stria-
tum, SRSF6 also accumulates in Htt-inclusion bodies and, in addi-
tion, other nuclear and cytoplasmic accumulations with a variety of
shapes have been found, showing inclusion-, foci-, thread- and rod-
like aggregates (Figure 1).

In line with this, two SRSF6-mediated splicing alterations have
been described that may be important for the pathogenesis of HD,
one in the HTT gene itself, giving rise to a highly toxic N-terminal
form of mutant HTT (48). More recently, we and others have
reported the neurodegeneration causing-missplicing of exon 10 of
the tau (MAPT) gene in HD patients (15, 54), which led us to pro-
pose HD as a secondary tauopathy.

HD AS A MISSPLICING TAUOPATHY

Tauopathies are a group of neurodegenerative diseases character-
ized by altered metabolism and deposition of the neuronal
microtubule-associated protein tau, including Alzheimer’s disease,
progressive supranuclear palsy (PSP), Pick’s disease and forms
of frontotemporal lobar degeneration (FTLD) among others (2,
34). Tau modifications in tauopathies include phosphorylation
and truncation that may decrease or increase their affinity to bind
with and stabilize microtubules, thus causing loss or excess of
function. A toxic gain of function has also been attributed to tau
deposits either in the form of the small micro-aggregates and the
bigger filamentous tangles or spheroid Pick bodies. The discov-
ery of mutations in MAPT as causative of familial FTLD-tau evi-
denced that tau alteration is sufficient to cause neurodegenerative
disease (30). Apart from point mutations, FTLD-tau can also be
caused by silent and intronic mutations that affect the alternative
splicing of MAPT exon 10 (Figure 2A), which generates tau iso-
forms with either three or four tubulin-binding repeats (3R- and
4R-tau), thus demonstrating that an imbalance in the 4R/3R-tau
ratio is pathological per se.

SRSF6 is one of the splicing factors that clearly affect alternative
splicing of MAPT exon 10 (20, 55, 60). When the ratio of 4R- and
3R-tau mRNA was analyzed in the brain of HD patients, an altera-
tion in the splicing of tau exon 10 was observed, producing an
imbalance in tau mRNA isoforms with an increase in the tau-4R
mRNA isoforms and a decrease in the tau-3R isoforms in the cortex
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and striatum of HD patients (15). With 3R-tau and 4R-tau specific
antibodies, an equivalent increase in the 4R/3R ratio was observed
at the protein level and, furthermore, it was found that the total
amount of tau is increased in cortex of HD patients (15). Imbalance
in favor of 4R-tau at the RNA and protein levels and increased total
tau protein content were observed also in brain of two HD mouse
models, namely R6/1 and HD94 mice.

This, together with the detection of tau accumulation in the
forms of rods that seemed to span the neuronal nuclei and which
were initially termed Tau Nuclear Rods (TNRs), as well as the

attenuation of HD phenotype of R6/1 mice in tau deficient genetic
background (15) led to the proposal that HD should be considered
as a tauopathy. Four independent studies conducted in human HD
brains and in mouse models appeared shortly thereafter and corro-
borated the 4R/3R imbalance and the presence of TNRs in human
HD brains (54) and reported further alteration of tau in HD such as
increased phosphorylation in mouse models (4, 26) and increased
levels in CSF of HD patients (56). An excellent, comprehensive
review of all these recent studies pointing to HD as a tauopathy has
recently been published (25). This review also summarizes the pre-
vious clinical studies exploring tau pathology comorbidity in HD
brains based on analysis of tau neurofibrillary pathology with anti-
bodies that mainly detect hyperphosphorylated tau (31, 51) as well
as the increased detection of tau in CSF of HD patients (8), with
levels that correlate with those of mutant huntingtin in CSF (56). In
addition and more recently, CSF total tau concentration has been
reported to predict clinical phenotype in HD (45). The review by
Gratuze et al (25) also summarizes the studies reporting increased
tau phosphorylation in various mouse models of HD such as R6/1,
R6/2, Q175 and KI140 mice in relation to the level and activity of
tau-kinases (GSK3, CDK5, ERK1, ERK2, MAPK1, CamKII) and
tau-phosphatases (PP1, PP2 and PP2B), suggesting a crucial role of
the previously known decrease of PP2B (also known as calci-
neurin) in HD (58) in the observed increased tau phosphorylation.
This also fits well with the reported decreased levels and activity of
GSK3, one of the main tau kinases, in striatum and cortex of HD
brains (16, 37). The level and haplotype of tau has also been related
to the dementia in HD (26, 54).

In summary, altered tau exon 10 splicing, increased total tau lev-
els and 4R/3R-tau protein ratio in brains and increased tau correlat-
ing with mutant huntingtin levels in CSF have been found in HD
patients. Furthermore, HD phenotype attenuation under tau defi-
ciency, increased total tau levels, increased tau phosphorylation
and altered tau-kinases and tau-phosphatases have been found in

Figure 2. Schematic view of the alternative splicing of tau exon 10

(A) and MAP2 central domain (B). Regarding tau, alternative splicing

of exon 10 will define the isoforms with 3 or 4 microtubule binding

domains (3R and 4R tau). In the case of MAP2, alternative splicing of

(HMW) or low (LMW) molecular weight, being the HMW MAP2

characteristic of adult neurons and the LMW MAP2 a juvenile form.

Figure 1. Immunohistochemistry

with SRSF6 antibody in human

striatum from a control (upper left

panel) and a HD (upper right

panel) case. Magnified images

(lower panels) show the different

shapes that SRSF6 depositions

can adopt in HD.
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HD mouse models. Altogether, it seems reasonable to consider HD
as a secondary tauopathy.

MAP2 SPLICING IS ALTERED IN HD

An emerging concept in splicing factor physiology is the possibility
that these proteins regulate multiple functionally related genes as
entire gene expression programs (1, 23). The closest homolog to
tau is the microtubule-binding protein MAP2 (11). We recently
hypothesized that MAP2 might be target of SRSF6 and altered in
HD (6).

As mentioned, MAP2 is a neuronal cytoskeleton regulator and
the main microtubule-associated protein in dendrites is MAP2.
Interestingly, dendritic alteration of striatal medium spiny neurons
is one of the earliest morphological abnormalities in HD (18). Dif-
ferent MAP2 isoforms are generated by alternative splicing (Figure
2B). The low-molecular weight isoforms of MAP2 (LMW-MAP2)
are the juvenile forms resulting from exclusion of the sequence
encoded by exons E7-E9. LMW-MAP2 is down-regulated after the
early stages of neuronal development, when E7-E9 exon-including
high-molecular weight isoforms (HMW-MAP2) are favored. Alter-
native splicing of MAP2 is critical for its subcellular distribution.
HMW isoforms are restricted to dendrites and cell bodies (50),
whereas LMW isoforms are more widely distributed across the dif-
ferent neuronal compartments (14). This subcellular localization of
MAP2 in dendrites and cell bodies suggests a complementary func-
tion with tau that, as mentioned, is the main microtubule-associated
protein expressed specifically in axons (11, 47).

To explore whether SRSF6 indeed affects MAP2 alternative
splicing, SRSF6 knockdown experiments were performed in neuro-
blastoma cells (6). These experiments confirmed that splicing of
MAP2 E7-E9 exons is affected by SRSF6. Accordingly, an imbal-
ance in LMW and HMW MAP2 mRNA isoforms was detected in
striatum of HD patients in favor of the juvenile LMW forms,
together with a decrease in total MAP2 mRNA. This was accompa-
nied by a global decrease in total MAP2 protein. In good agree-
ment, the predominant dendritic MAP2 staining normally observed
in striatal neuropil of control subjects is absent in HD cases. In
these, MAP2-immunoreactivity is faint and restricted to neuronal
cell bodies, often showing a sharp boundary at the base of den-
drites. This study, therefore, highlights the importance of splicing
alteration for the cytoskeleton alterations in HD, and suggests that
MAP2 alteration contributes to dendritic atrophy.

Another observation from the analysis of the MAP2 staining in
control and HD subjects is occasional detection of filamentous
MAP2 structures that appear to extend along the nucleus of neurons
both in controls and HD subjects. As for tau-immunopositive
nuclear indentations (TNIs) in HD neurons, confocal sections show
that these MAP2 positive structures fill nuclear indentations and
they even co-localize. Since these MAP2 positive rod-like deposits
appear in control and HD patients in a similar number with total
levels of MAP2 being severely decreased in the striatum of HD, it
is difficult to infer whether they are enriched in the patients or not.

In any case, the question arises of whether alteration of microtu-
bule dynamics as a consequence of altered composition of two
MAPs, tau and MAP2, would result in the formation of these rods
spanning the nuclear space.

ARE NUCLEAR INDENTATIONS
RELATED TO CYTOSKELETON
ABNORMALITIES IN HD NEURONS?

When we first reported the nuclear rod-shaped tau immunostainings
in neurons of cortex and striatum of HD brains (15) and in hippocam-
pus of early Braak stage AD brains we coined the term tau nuclear
rods (TNRs) (15), as they appear to traverse the nuclear space (15,
54). However, immunoelectron microscopy and confocal analysis of
tau immunofluorescence with fluorescent nuclear counterstaining
revealed that TNRs in brains of HD patients in fact occupy narrow
cytoplasmic extensions that fill infoldings of the nuclear envelope
(15), so we will here refer to this histological hallmark as TNIs.

Interestingly, rod-shaped indentations of the nuclear envelope
are also known to be common in neurons (27, 49) and their inci-
dence has been reported to change as a consequence of the synaptic
activity of the neurons (57). Most importantly for our subject,
increased incidence of nuclear indentations has been known for
decades in striatum of HD brain and more recently also in related
CAG triplet repeat disorder patients (5, 46, 52) as well as cell and
mouse models (12, 13, 61).

We reasoned that TNI formation in neurons of HD patients was
likely secondary to tau alterations as TNI detection in HD correlates
with an increase in total tau, particularly of the isoforms with four
tubulin-binding repeats (4R-tau). In order to test this hypothesis, tau
levels and localization in the P301S mouse model, which overex-
press 4R-tau with a FTLD point mutation, were assessed (17). As
expected, total tau levels were dramatically increased in these ani-
mals in all analyzed regions. When looking for TNIs with various
tau antibodies, they were found profusely, preferentially with non-
phosphorylated tau antibodies. Surprisingly, an increase in nuclear
indentation incidence was not found, suggesting that tau alteration
in P301S mice does not cause per se an increment in the amount of
nuclear indentation. On the other hand, tau alteration in P301S mice
is indeed enough to detect TNIs, which could become, in histopath-
ological analysis of human as well as mouse brain tissue, a suitable
indicator of neurons with pathology-associated nuclear indentations,
increased total tau and/or altered 4R/3R-tau ratio.

CONCLUSIONS

Alternative splicing alteration is a well-established pathogenic mech-
anism in CUG triplet repeat disorders because expanded CUG RNA
sequences form hairpins able to sequester specific splicing factors
such as MBNL. Expanded CAG sequences have been shown to
form similar hairpins and to bind splicing factors. SRSF6 is one such
factors, as its consensus binding motif fits well with the expanded
CAG sequence. SRSF6 has been found to be profoundly altered in
striatum and cortex of HD patient brains and mouse models and two
neurodegeneration-associated missplicing events have been reported
that can be explained by the alteration of SRSF6 in HD. One such
missplicing event affects the first intron in HTT gene and results in
the formation of highly toxic exon 1 encoded short forms of mutant
huntingtin. The other missplicing event affects exon 10 of the
MAPT gene and results in an imbalance of tau isoforms with three
or four microtubule binding motifs in favor of the latter; such imbal-
ance is sufficient to cause neurodegeneration as evidenced in FTLD-
affected families with intronic and silent mutations flanking exon 10
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splicing sites. This neurodegeneration causing 4R/3R-tau imbalance
correlates with an increase in total tau levels in brains of HD patients
and mouse models and a possible explanation might be increased
half-life of 4R-tau over 3R-tau, although this has not been explored.
Another microtubule-associated protein, MAP2, has recently been
reported to be a target of SRSF6 and to be misspliced in striatum of
HD patients. More precisely, the juvenile form of MAP2 lacking
exons 7–9 is favored in HD brains. This correlates with a redistribu-
tion of MAP2 from the dendrites to the neuronal soma and with a
decrease in total MAP2 levels that might be related to the early den-
dritic arborization abnormalities observed in striatal neurons of HD
patients. Therefore, toxic gain of function of MAPS such as the
increased 4R/3R-tau ratio, possible excess function because of the
increased total tau, decreased function such as reduced total MAP2
or an imbalance in tau/MAP2 content in the neuron are likely con-
tributors to HD striatal atrophy and dysfunction (Figure 3). A new
histopathological marker, the rod-like tau positive nuclear indenta-
tions (TNIs), is found to be dramatically increased in brain of HD
patients and may be a reporter of such MAP abnormalities in HD
brains. Interestingly, this histopathological hallmark is not restricted
to HD as it is also found in hippocampal neurons of early neuropath-
ological stages of AD cases and in tauopathy mice over-expressing
4R-tau with FTLD P301S mutation. This indicates that tau alteration
is sufficient for detection of TNIs that may be possible indicators of
increased total tau and/or increased 4R/3R-tau ratio in the affected
neurons, in addition to being an efficient way to monitor pathology-
associated nuclear indentations. Summing up, these recent studies
suggest that mending altered splicing events driven by SRSF6 could
be of therapeutic value for HD, as well as for correcting the
microtubule-associated imbalance.
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