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Article history: Huntington disease (HD) is a devastating monogenic autosomal dominant disorder. HD is caused by a CAG expansion
Received 20 August 2019 in exon 1 of the gene coding for huntingtin, placed in the short arm of chromosome 4. Despite its well-defined genetic
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origin, the molecular and cellular mechanisms underlying the disease are unclear and complex. Here, we review some
of the currently known functions of the wild-type huntingtin protein and discuss the deleterious effects that arise from
the expansion of the CAG repeats, which are translated into an abnormally long polyglutamine tract.

Also, we present a modern view on the molecular biology of HD as a representative of the group of polyglutamine dis-

Keywords: . . . Lo L .

Huntington disease eases, with an emphasis on conformational changes of mutant huntingtin, disturbances in its cellular processing, and
Mechanisms proteolytic stress in degenerating neurons. The main pathogenetic mechanisms of neurodegeneration in HD are
Pathophysiology discussed in detail, such as autophagy, impaired mitochondrial biogenesis, lysosomal dysfunction, organelle and pro-

tein transport, inflammation, oxidative stress, and transcription factor modulation. However, other unraveling mech-
anisms are still unknown. This practical and brief review summarizes some of the currently known functions of the

wild-type huntingtin protein and the recent findings related to the mechanisms involved in HD pathogenesis.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction to Huntington's disease: genetics, pathology and clin-
ical stages

HD is a devastating autosomal dominant disease, clinically character-
ized by motor, behavioral, cognitive and neuropsychiatric symptoms. The
mean age at onset (AO) is 35 to 44 years [1,2].

HD is characterized by a general shrinkage of the brain and degenera-
tion of the striatum (caudate nucleus and putamen), with specific loss of ef-
ferent medium spiny neurons (MSNs). Although the striatum appears to be
the most affected region of the brain, a regionally-specific thinning of the
cortical ribbon has been found in patients with HD. This regionally-
selective cortical degeneration may explain the heterogeneity of clinical ex-
pression in HD.

In recent years, a large amount of evidence has supported a premotor
onset many years before motor manifestations. Lately, HD has been men-
tioned as a neurodevelopmental disorder, with a wide range of AO, and a
wide phenotypic variability. In this sense, a new definition of AO in HD is
required [3,4].

Juvenile HD is defined by an AO under 20 years; however, new evi-
dence suggests two additional sub-categories: early infantile onset (AO
< 10 years old) and juvenile onset (AO < 20 years old) [5].

HD is a monogenic disease caused by a CAG expansion in the gene cod-
ing for htt, located at the short arm of chromosome 4. This expansion in-
duces a polyglutamine stretch (polyQ) at the N-terminus.

A CAG repeat length = 40 represents an expanded allele, inducing com-
plete penetrance with full clinical expression. Those individuals with a
range between 36 and 39 CAG repeats are associated with reduced pene-
trance, older age at onset, and a variable or absent clinical expression.

Intermediate alleles comprise those individuals with 27-35 CAG re-
peats; controversial data report a mild cognitive impairment and behavioral
involvement [6,7]. The major concern in this population is the expansion
during meiosis increasing the nCAG repeats in the offspring [8] (Table 1).

New pathogenic mutation and homozygous expansions are rare [9]. Ho-
mozygous is classically defined as individuals with >36 CAG repeats in both
alleles. More recently, the term biallelic HD (B-HD) has been introduced to
describe those individuals with 1 mutated allele (=40 CAG repeats) and
another non-identical CAG expanded allele (=27).

The fact remains under discussion whether biallelic and homozygous
HD patients constitute a more severe phenotype, since there may be a
gain of function in both mutated alleles [1,2,7,10,11,12] (Fig. 1).

The age at onset (AO) of HD is inversely correlated to CAG repeat
length; this correlation has been found to account for between 42% and
79% of the variation in AO. It is important to identify additional factors
modifying AO of HD in order to understand the mechanisms of disease
onset, probably revealing possible targets for treatment that could delay
onset of symptoms.

New genetic technologies have identified a number of genes that mod-
ulate the expression of the HTT gene. These genes have been identified as

Table 1
Classification of disease status in HD.

Fully penetrant mutantallele 240

40 Reduced penetrance mutant allele 36-39

36 Highernormal allele 27-35

Normal allele £26

Exon: 1 2 67

Chromosome 4
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Fig. 1. Special HD populations.

HD genetic modifiers. Recently, at least three loci in chromosomes 8 and
15 have been involved in motor onset age [13,14].

Some possible modulator genes include nearby genes MTMR10, FAN1,
and pseudogene HERC2P10 at the chr15 locus, and RRM2B and UBR5
genes at the chr8 locus. All these genes appear associated with DNA repair
pathways, modulating the pathogenicity of the CAG repeats in HD [13,14].

Recently, the overexpression of the FAN1 gene (a coding gene for a DNA
repair enzyme) has been associated with delayed AO and slower progres-
sion of HD. R. Goold et al. [15] described a protective effect of FAN1 medi-
ated by restriction of CAG repeat expansion in HD medium spiny neurons
(MSNs) at the dividing and post-mitotic stages, opening a new therapeutic
pathway [15].

TRACK-HD and Predict-HD longitudinal studies have provided interest-
ing clinical and biomarker information, which support HD as a neurodegen-
erative and neurodevelopmental disorder [16,17]. Biological and
pathological changes take place a long time before symptom onset. In this
sense, reliable biomarkers confer a unique window of opportunity to iden-
tify underlying biological processes before clinical manifestations.

HD stages comprise (Fig. 2)

1. Prenatal stage: defined by molecular findings.

2. Presymptomatic stage: defined by a biological process including
neurodevelopmental and neurodegenerative commitment.

3. Prodromal stage: characterized by lack of insight, Stroop Word Reading,
Symbol digit modality test (SDMT), verbal fluency, grasping, tapping
and total motor score impairment.

4. Early and moderate manifest stage: motor, cognitive, neurobehavioral
and neuropsychiatric classical manifestations

Descriptionof = CAGrepeat Risk of HD Risk of HD in next
gene range generation

Normal <26 No HD No

Higher normal 27-35 No HD Possible

Heduced 36-39 Possible HD Yes

penetrance

Gl 240 Definite HD Yes

penetrance
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Fig. 2. HD stages.

The early stage (previously mentioned as prenatal and presymptomatic
stages) is characterized by a successful adaptation to reduce the damage of
accumulating mutant huntingtin (mhtt); but when this balance is broken,
the next two stages, intermediate and last stage, occur. The last one is char-
acterized by the end of the largely silent phase with the beginning of the
overt decompensation and neurodegenerative stage. As in other neurode-
generative disorders, an extensive preclinical stage is present in HD [18].

In this sense, Stephan von Horsten et al. have reported the presence of
behavioral abnormalities before mhtt aggregation in a transgenic rat
model [19]. Recently, the same authors have confirmed an htt developmen-
tal role supported by behavioral, cellular and molecular postnatal changes
that could be reversed by a histone deacetylase inhibitor [18].

Other experimental studies that support the neurodevelopmental
hypothesis:

1. Wild htt expression in preimplantation stages of the embryo and htt is
necessary for brain development; htt expression loss is lethal to the em-
bryo. Cell adhesion mediated by htt may play a key role during embry-
onic neurogenesis.

Unstructured cleavage regions

Poly Q
-terminal 17

Exon 1

N

Fig. 3. Huntingtin protein schema: HEAT regions and cleavage regions, polyQ expansion at N-terminal -17.

HEAT: Huntingtin Elongation Factor

2. mhtt-induced changes affect striatal development, ergo, striatonigral
and corticostriatal projections [20].

3. 4-week-old transgenic HD (tgHD) rats and R6/2 mice developed behav-
ioral, cellular, and metabolic abnormalities, while 14-day-old Hdh-
Q250 mice showed changes in myelination [21].

4. Moreover, htt is required for ciliogenesis and neurogenesis in experi-
mental models [22].

5. mhtt-associated developmental impairments in neurogenesis contribute
to regional cellular vulnerabilities to late-life stressors leading to dys-
function and culminating in cell death.

Several studies conducted in iPSC neuronal cells showed early transcrip-
tional proteomics and transcriptional changes in affected cells in order with
the developmental hypothesis [23].

In summary, developmental aberrations may play important roles in HD
pathogenesis and subsequent progression.

Selective exposure to the pathogenic protein during development reca-
pitulates characteristic features of HD. Early impairments could induce a
neuronal vulnerability that could rend these neurons (particularly medium
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spiny neurons) susceptible to late-life stressors leading to dysfunction and
apoptosis [24].

2. Wild-type huntingtin: structure and functions

Huntingtin (htt) is an alpha-helix, 380 Kilo-Dalton protein made up by a
sequence of several consensus areas called HEAT [Huntingtin, Elongation
factor 3 (EF3), protein phosphatase 2A (PP2A), yeast kinase TOR1] repeats.

The HEAT sequences are resistant to the proteolytic cleavage providing
a scaffold function to the protein. Exon 1 corresponds to 90 AA of HTT and
comprises a N-terminal 17 amino-acid (N17) segment with a-helical struc-
ture, the PolyQ tract and a 51-residue proline-rich domain (PRD) [25].

Proteolytic and post-translational changes occur at non-HEAT consen-
sus regions, leading to htt conformational and protein-protein modifica-
tions [26]. A number of caspases, calpains and endopeptidases contribute
to the cleavage, providing a variety of N-terminal fragments, including a
short sequence encoding exon 1 of the protein (Fig. 3).

Although the complete functions of htt are still under investigation, an
extensive number of functions have been characterized.

HTT is involved in:

1. brain development, with a crucial role in the formation of cortical and
striatal excitatory synapses and signaling

regulation of the transcriptional process, providing neurotrophic sup-
port and neurotrophin receptor balance

. balance of histone acetylation/deacetylation and glial activation
mitochondrial function surveillance and biogenesis

axonal transport of organelles by microtubules

regulation of signaling pathways

multimerization of mhtt

autophagy [26-29].
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3. Mechanisms of pathogenesis in HD

Several steps have been involved in the pathogenic mechanism of HD:
mhtt affects the regulation of transcription factors, impairs mitochondrial
energy pathways, alters protein homeostasis, increases the presence of ag-
gregates that repress many factors, affects vesicular, organelle and neuro-
transmitter axonal trafficking, induces synaptic plasticity failure and glial
activation) (Fig. 4).

3.1. Alterations in gene expression beyond transcription: epigenetics and non-
coding RNAs

We previously mentioned Mendelian genetic modifiers of HD. Epige-
netic factors designate a series of inherited and non-inherited conditions ca-
pable of modifying the clinical expression of HD. They include DNA
nucleotide modifications, histone protein involvement and other regulator
factors including non-coding RNAs [30].

1. Chromatin is a complex of DNA and protein macromolecules. Its basic
structural unit is the nucleosome, composed by a DNA segment and his-
tone protein. During cell division, it turns into a chromosome. Its func-
tions rely on packaging DNA into a smaller volume.

2. Euchromatin (open state, active) is the non-compact form of chromatin
that allows transcription and replication, while heterochromatin (con-
densed, inactive) is the less active, more condensed form, which inhibits
transcription and replication. The chromatin complex functions are di-
rectly or indirectly regulated by whtt or mhtt.

3. DNA methylation is the process that contributes to increase the methyl-
ated chromatin level, inducing a more compact DNA configuration lead-
ing to a decreased transcriptional state. In health conditions, there is a
balance between methylation and de-methylation [31,32].

4. Histone deacetylation and acetylation balance. Histone is an alkaline

Astrocyte
dysfunction

Axonal
transport

GLT-1

----0-__.
-——@---

~

—_—O\\ ~

/ Altered synaptic
/ plasticity

Fig. 4. Scheme of target areas affected by mHTT.
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protein, enriched in lysine and arginine amino acids. There are five
major histone families. Apart from compacting DNA strands, histones
are also associated with chromatin regulation. Histones are primary reg-
ulators of the chromatin structure, which is a dynamic process.

Mutant HTT induces an imbalance between histone deacetylation and
acetylation (mediated by acetyl-coA).

Acetylation is regulated by histone acetyltransferase (HAT) enzyme and
correlates with active gene transcription, producing an “open” chromatin.

Deacetylation is mediated by histone deacetylase (HDAC) enzyme and
its activation is linked with transcriptional repression.

In HD there is a balance promoting deacetylation and formation of con-
densed inactive heterochromatin that represses the transcription of differ-
ent genes [30,31,33,34].

There are many deacetylases; one of them is called Sirtuin (SIRT) that is
normally blocked by the wthtt. In HD, mhtt induces its overexpression, and
in turn a number of transcription factors are repressed or blocked.

There are 7 different SIRTs (SIRT1, 6, and 7 are primarily nuclear, while
SIRT3, 4, and 5 are mitochondrial) that correspond to class III histone
deacetylase. Among them, in HD SIRT1 modulates transcription factors re-
lated with brain-derived neurotrophic factor (BDNF), mitochondrial bio-
genesis, while SIRT 3 exerts its modulation on transcriptional factors
involved in mitochondrial biogenesis and detoxification of reactive oxygen
species (ROS) [35,36].

4. Transcription factors represent a great number of proteins involved in
the first step of DNA transcription.

Transcription factors involved in HD:

a. Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGC-1a). PGC-1a is the master regulator of genes involved in mito-
chondrial function, survival and biogenesis, along with energy metabo-
lism. This protein can interact and regulate other protein activities such
as transcription factor cAMP response element binding protein (CREB)
which binds to DNA elements that contain a cAMP response element
(CRE) sequence, such as in the PGC-1a gene promoter. In turn, mhtt in-
terferes with CREB and another transcription complex, TFIID, leading to
reduced activation of the PGC1-a gene, impacting on protein levels
[371.

b. Specificity Protein 1 (Sp1). Sp1 is a basal transcription factor highly reg-
ulated by post-translational modifications with a role in DNA damage
response and apoptosis.

On the other hand, Sp1 modulates the expression of a number of essen-
tial oncogenes and tumor suppressors, as well as genes involved in essential
cellular functions. It also plays a part in inflammation and genomic instabil-
ity, as well as epigenetic silencing [38]. mhtt represses transcription of Sp1-
dependent promoters.

c. Repressor element-1 silencing transcription factor (REST)/neuron-restrictive
silencer factor (NRSF). REST/NRSEF is a transcriptional repressor factor
which acts via epigenetic remodeling to silence targeted genes. The ev-
idence suggests that REST/NRSF is a master transcription factor, which
modulates neuron-specific genes not only at neurogenesis and neuronal
differentiation, but also at postnatal period brain development, moni-
toring genes involved in synaptic plasticity and normal aging. It also
plays a neuroprotective role by repressing genes that participate in oxi-
dative stress and amyloid beta toxicity [39].

mhtt fails to interact with REST/NRSF in the cytoplasm, leading to in-
creased REST/NRSF levels in the nucleus. Under these conditions, mhtt sup-
presses the transcription of BDNF and other RE1/NRSE regulated neuronal
genes.

d. SREBP Transcription factor. SREBP binds to SRE to regulate the transcrip-
tion of genes involved in the cholesterol biosynthesis pathway. mhtt
leads to a reduced expression of SREBP-dependent genes and decreases
the biological effects of cholesterol biosynthesis.

e. Brain-derived neurotrophic factor (BDNF). BDNF is probably one of the

Clinical Parkinsonism & Related Disorders 3 (2020) 100056

most relevant neurotrophic factors involved in HD, as it is involved in
glutamatergic transmission, corticostriatal signaling, trafficking, astro-
cyte activation, and dopaminergic modulation.

whtt stimulates gene transcription from exon II promoter by binding to
REST/NRSF, reducing the activity of the RE1/NRSE, allowing transcrip-
tion. Moreover, mhtt affects BDNF gene transcription, impairing HAP1
function, and thus reducing BDNF vesicle delivery via the microtubules.
As BDNF is released in an activity-dependent manner, reduced synaptic ac-
tivity could lead to the loss of a feed-forward loop for BDNF release as well
as its transcription [40].

The reduction of BDNF leads to an imbalance of two different signaling
pathways, called TrkB/p75NTR complex. TrkB is involved in neuron sur-
vival, dendritic spine morphology and long-term potential (LTP) [29].

mhtt represses the BDNF-TrkB pathway, impairs synaptogenesis and
neuronal survival; while mhtt action at BDNF-p75NRT interaction induces
neuroinflammation, apoptosis and neurodegeneration [41].

f. HSF1 Transcription factor. HSF1 has been reported as the major tran-
scriptional regulator factor impaired in HD. This factor acts in the regu-
lation of PGC-1a and p53 (antitumor transcription factor), as a major
transcriptional regulator of the heat shock response. It is also involved
in cell proliferation, inflammation, synapse formation, and energy me-
tabolism, regulating mitochondrial activity [42].

3.1.1. Non-coding RNA

Non-coding RNAs (ncRNAs) are small fragments of RNA molecules that
are transcribed from DNA but not translated to a protein. They represent
85%-90% of the genome. These ncRNAs play a significant role in:

. the differentiation of neuronal stem cells

. neuronal survival regulation and maturation

. neuronal homoeostasis along with neurite outgrowth

. neurotransmitter signaling and synaptic plasticity

. LTP and degradation of messenger RNA (mRNA) or translational silenc-
ing [30,31,43,44].

o AN T

Immature ncRNAs inside the nucleus are modified by a system called
Drosha that allows them to be exported to the cytoplasm. Once there, a
Dicer complex (Dicer/TRBP/AGO2) cuts these single-stranded ncRNAs
into small RNAs (<23 bases) or long RNAs (>200 bases).These non-
coding RNAs induce mRNA degradation or transcription inhibition.

ncRNA constitutes a new therapeutic path able to interfere with mRNA
leading cleavage and/or degradation, mediated by the synthetic production
of antisense oligonucleotides (ASOs), ribozymes and interfering RNA
(iRNA) to silence mhit.

3.2. Huntingtin acts as a protein scaffold

As mentioned above, htt is a scaffold protein. This property is related to
its capacity to bind to a HAP1 protein which then modulates other bindings
with a microtubule protein complex, dynactin or kinesin, respectively. The
dynactin complex promotes retrograde trafficking while kinesin promotes
anterograde trafficking towards the synaptic area [45].

Htt controls organelle transport, in anterograde and retrograde direc-
tions, and by phosphorylation it modulates the capacity to bind
microtubule-associated proteins in axons and dendrites within neurons.
During mitosis, HTT is important for spindle pole assembly and it also reg-
ulates the kinesin 1-dependent trafficking of dynein/dynactin/NUMA/LGN
to the cell cortex.

It mediates the dynein/dynactin/HAP1-dependent protein transport of
to the pericentriolar material, including PCM1 protein, required for
ciliogenesis.

Finally, N17 phosphorylation not only modulates the binding capacity
of mhtt but also modulates the mhtt at N-terminal fragments to aggregate
[46-48].
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Recent findings show that Htt is associated and co-localized in neurons
with the Anp32e phosphatase inhibitor.

Through co-precipitation experiments, Radrizzani et al. have been able
to confirm the presence of the Htt protein in the synapse bound to proteins
associated with fast vesicle transport in synaptic terminals: myosin-Va,
spectrin alpha-II and Myosin-10/1I-B. These results agree with a model in
which motor proteins act as carriers using Htt as a scaffold protein, whereas
vesicles move by means of microtubules or actin filaments in the cytoskel-
eton, as well as by post-synapse vesicle recycling involving Myosin-10.

These results reinforce the proposal suggested by the Holzbaur group
[57] that Htt is a scaffold protein that joins different motor proteins and
might suggest a role in the transport of vesicles to their final targets. Phos-
phoprotein Anp32e appears to participate in signaling pathways involved
in transport by means of the PP2A activity (M. Radrizzani et al., unpub-
lished results) (see Fig. 5)

3.3. Impairment of protein degradation systems: ubiquitin-proteasome system
and autophagy

The cells possess different pathways in order to degrade abnormal pro-
teins or organelles. Regarding proteins, the first step is played by

Anp32e-Htt Anp32e

CONTROL FRET

Co-localization
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chaperones, a number of proteins that contribute to fold the proteins in
the correct helices, followed by ubiquitination, a process where the product
to be degraded is bound for degradation inside the proteasome.

Whether or not proteasome is impaired in HD is still under discussion;
in any case, the excess of unfolded proteins induces aggregation. These ag-
gregates sequester a number of proteins, transcription factors, ncRNA, as
well as wthtt.

Finally, the last stage is autophagy. In this case, the abnormal protein is
included in a double membrane to conform an autophagosome that in turn
fuses with the lysosome to initiate degradation.

When this system fails due to a deficiency in autophagosome conforma-
tion, fusion to the lysosome is impaired, and a number of misfolded pro-
teins, ROS, and dysfunctional mitochondria remain in the cytosol,
promoting cellular apoptosis.

Chaperones. Several chaperones participate in mhtt degradation. Heat
shock proteins are a key regulator of proteostasis under both physiolog-
ical and stress conditions [49]. HSP40, HSP70 and HSP90 (chaperones
of 40, 70 and 90 kDa, respectively) promote proper protein folding and
localization. HSP90 contributes to stabilize client proteins (whtt and
mhtt) and inhibit their ubiquitylation, while HSP70 promotes proper

Huntingtin

Fig. 5. Colocalization between Huntingtin and Anp32e in SH-SY5Y cell cultures using fluorescence resonance energy transfer (FRET). The image shows PP2A in green co-
localized with Anp32e and Htt in the nucleus and cytoplasm of dopaminergic retinoic-acid differentiated SH-SY5Y cells after 10 days of exposure. The three proteins were
bound with aptamers whose 5" ends have FITC for PP2A, Cy3 for ANP32e, and Cy5 for Htt. The figure shows the images acquired with 543 nm excitation and reading
above 700 nm in a confocal laser microscope. In this experiment, FRET occurs between Anp32e excited at 543 nm, and Htt receives the emission from Anp32e and emits
fluorescence above 630 nm. Control cells were SH-SY5Y cells with Anp32e expression silenced with siRNA 72 h before the test. The third row shows the co-localization

of all three proteins. The bar represents 20 nm.
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folding and localization of proteins and function as well as a Chaperone-
Dependent Ubiquitin Ligase CHIP dependent ubiquitylation and
proteasomal degradation [50,51].

The Sigma 1 receptor (S1R) molecular chaperone is an evolutionarily
conserved ligand-operated molecular chaperone, involved in
neuromodulation and neuroplasticity. It is a transmembrane protein local-
ized in an endoplasmic reticulum (ER) subdomain, the mitochondria-
associated ER membrane (MAM). In specific conditions, as ER stress, SIR
is activated by calcium dependent modulation. This activation attenuates
the mitochondrial apoptotic pathway, with a suppressor effect on ROS
and oxidative damage. Moreover, activation of S1P receptors modulates
transport of BDNF, GDNF and increases proteosomal activity and mhtt deg-
radation, leading to a protective effect in HD [52-54].

2. Ubiquitin Proteasome System in HD. Co-chaperones, Parkin E3 ligase
(ubiquitin ligase), CHIP and nucleotide exchange factor BAG3, have
varied roles in assisting the proteostatic chaperone functions. In fact,
mhtt misfolding can lead to subsequent aggregation and ubiquitylation.
Smaller ubiquitylated aggregates may be cleared by the proteasome,
whereas larger aggregates forming aggresomes or inclusion bodies
will be degraded via autophagic routes [55].

3. Autophagic process. Autophagy is an evolutionary process of great impor-

tance on proteins, aggregates and dysfunctional organelle clearance, be-
sides providing energy and macromolecular precursors [62].
Physiological autophagy begins by initiation, nucleation, elongation
and conformation of autophagosomes (double-membrane structures),
which sequester portions of cytoplasm along with proteins or damaged
cell organelles to be degraded.
In the next step, the autophagosome fuses with the lysosome
(autophagolysosome/acidic proteases). The mhtt/HAP1 motor protein
complex on autophagosomes disrupts the retrograde transport of
autophagosomes necessary for degradation [56-58].

Aggregates of mhtt (oligomers) sequester proteins, chaperones,
proteosome subunits, transcription factors and whtt [55,59].

The mammalian target of the rapamycin (mTOR) signaling pathway
plays a critical role in regulating cell growth, proliferation, autophagy,
and life span. Moreover, mTOR participates in the induction, process and
finalization of autophagy. Mhtt induces a higher rate of autophagic flux, al-
tering its protective role against mhtt cytotoxicity. mTOR phosphorylates
autophagy-initiating kinase ULK1. Autophagy induction has been shown
to relieve cellular toxicity caused by mhtt in the absence or failure of UPS
activity.

The overexpression of HDAC6 (a cytosolic deacetylase) increases au-
tophagy and promotes aggresomal clearance through tubulin deacetylation
[55,60,61].

3.4. Mitochondrial dysfunction in HD

We have mentioned the PGC-1 alpha transcription factor, which is rele-
vant for the mitochondrial biogenesis in HD, and which on the other hand is
suppressed by mhtt.

Additionally, mhtt induces abnormalities inside the mitochondria, fail-
ures in complex II and IV of the respiratory chain, favoring the opening of
transition pore with increased calcium concentration inside mitochondria,
promoting the release of cytochrome C, and ROS. Moreover, N-terminal
mhtt fragments inhibit the protein import machinery involved in the trans-
location of mitochondrial DNA or proteins from the cytosol to the mito-
chondria by blocking the TIM22-23 complex, and particularly at the
TIM23 translocase of the inner membrane [62-65].

Last but not least, mhtt inhibits mitophagy by sequestering mTOR, a
negative regulator of autophagy.

Mitochondrial dynamics in HD. Mitochondria undergo dynamic cycles of
fission and fusion. Both cycles are regulated by various GTPases. Fusion is
mediated by mitofusin-1 (MFN1), mitofusin-2 (MFN2), and optic atrophy-
1 (OPA1). On the other hand, fission is mediated by dynamin-related
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protein 1 (Drpl) [66,67]. Mhtt increases the expression of Drpl, inducing
an imbalance in mitochondrial dynamics [68-70].

3.4.1. Inflammation and HD

A key role of neuroinflammation has been suggested in neurodegenera-
tive disorders including HD. PET showing microglia activation with in-
creased binding of radioligand in the striatum of the premanifest HD gene
carriers contributes to support the inflammatory mechanism. The increased
binding correlates with decreased raclopride binding in the striatum and
enables to estimate the conversion by 5 years.

In HD, glia appear to be involved through different mechanisms:
a) oligodendroglial myelination defect and failure, b) astrocyte activation
that releases cytokines, activating the microglia and inducing proinflamma-
tory and proapoptotic interleukin release, including activation of
metalloproteins that induce blood brain barrier opening with migration of
inflammatory blood cells into CNS [71,72].

miRNA and histone modifications affect glial and immune cells in HD.
Microglia and peripheral cell mhtt content showed a decrease in migration
response to chemotactic signals [73-75].

3.4.2. Sphingosine 1-phosphate (S1P) receptor
S1P functions in HD are many:

1. Activation of Mitogen-Activated Protein Kinases (MAPK), a central sig-
naling pathway that regulates a variety of stimulated cellular processes,
including proliferation, differentiation, apoptosis and stress response
[76].

2. Promotion of mhtt phosphorylation.

3. Increase in BDNF production and reduction in NMDA excitotoxicity.
4. Anti-apoptotic effect.

5. Reduction in mhtt aggregates in the striatum.

6. Down-regulation of TNFa and p75 NTR [77].

3.5. Cell-to-cell transmission of aggregates

The prion hypothesis has been proposed in neurodegenerative disorders
including HD. mhtt aggregates have shown a seeding capacity by tunneling,
exocytosis, endocytosis [78].

Fluorescence resonance energy transfer (FRET) is a new technology able
to quantify the cell-to-cell spreading capacity of mhtt aggregates. This ca-
pacity has been demonstrated in the cortex, the putamen and the caudate,
and showed a survival correlation.

3.5.1. Phosphodiesterase 10 A

Phosphodiesterase 10 A enzyme appears as one of the most promising
biomarkers in HD. This enzyme hydrolyzes cAMP and CGMP, acting as a
signal transducer. The enzyme is highly expressed in the GABAergic me-
dium spiny neurons and shows greatest affinity for cAMP [79-81].

PDE10A is involved in the direct and indirect nigrostriatal pathway af-
fecting cortex stimulation. The radioligand 18F MNI-659 demonstrated to
be a useful marker for disease progression with a marked annual binding
loss at the caudate and striatum, and an estimated conversion of 10 years
prior to symptom onset. A correlation between putaminal decrease, burden
disease activity and UHDRS motor score has also been demonstrated. This
binding reduction has been identified before volumetric changes and
raclopride D2r binding reduction in the striatum.

Another PDE10A radioligand supported an early binding decrease in
the striatum with a thalamic motor nucleus binding increase. These find-
ings were able to predict disease conversion by 25 years [82,83]. The
same radioligand was reported to be lower in insular and occipital areas.

To support the role of PDE10A, three different families with PDE10A
gene mutations have been reported with a choreic phenotype and striatal
abnormalities [84-86]. They have shown decreased binding not only at
the striatum but also at the caudate, the thalamus, and some cortical areas.
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In summary, PET striatal alterations in gene carriers have been identi-
fied. A recent meta-analysis supports early change in the putamen, caudate
and striatum in premanifest individuals [82,83].

In a timeline, we can summarize that PDE10A PET is the earliest
marker, on average 25 years before estimated symptom onset, followed
by raclopride D2r binding, and finally PET for microglia activation.

3.6. Interplay between Mutant huntingtin and other aggregate-prone proteins

3.6.1. Tau protein

The interaction of mhtt and tau splicing factor SRSF6 may cause an im-
balance between tau isoforms (4R 53R). mhtt decreases PP2B (calcineurin)
levels, promoting tau hyperphosphorylation (p-tau) [87,88].

3.6.2. A-synuclein

A number of early experimental and in vivo studies demonstrated a co-
localization of a-synuclein and htt aggregates. In experimental models, the
overexpression of a-synuclein increased mhtt aggregation, as well as inter-
fered with mhtt autophagy [89,90].

3.7. Cancer and HD. A provocative concept

Epidemiological studies conducted in patients with trinucleotide repeat
expansion showed a decreased incidence of cancer [91]. Two hypotheses
have been suggested: one proposes the fact that CAG expansion may in-
crease the production of ncRNA that promotes less cancer [92,93].

On the other hand, it increases the expression of the P53 tumor suppres-
sor factor inducing programmed cell death [92,93].

Finally, experimental therapies are ongoing to demonstrate the antitu-
mor capacity of some small inhibitor RNA produced by CAG expansions.

4. Conclusions

Many mechanisms are involved in the pathophysiology and develop-
ment of HD. Dysfunctional transcription, dysfunctional mitochondria, ab-
normal protein degradation, abnormal trafficking, and dysregulated
glutamatergic signaling are among the most important.

Disorders in the conformation and processing of mutant htt represent
the core in HD molecular pathology. To date, a number of molecular path-
ways have been identified which either initiate or speed up the progression
of the neurodegenerative process. This is important as regards developing
fundamentally new approaches to treat this condition.
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