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Abstract—Huntington’s disease (HD) is a severe autosomal dominant neurodegenerative disorder characterized by a combination of motor, cognitive, and psychiatric symptoms, atrophy of the basal ganglia and the cerebral cortex, and inevitably
progressive course resulting in death 5-20 years after manifestation of its symptoms. HD is caused by expansion of CAG
repeats in the HTT gene, which leads to pathological elongation of the polyglutamine tract within the respective protein –
huntingtin. In this review, we present a modern view on molecular biology of HD as a representative of the group of polyglutamine diseases, with an emphasis on conformational changes of mutant huntingtin, disturbances in its cellular processing, and proteolytic stress in degenerating neurons. Main pathogenetic mechanisms of neurodegeneration in HD are discussed in detail, such as systemic failure of transcription, mitochondrial dysfunction and suppression of energy metabolism,
abnormalities of cytoskeleton and axonal transport, microglial inflammation, decrease in synthesis of brain-derived neurotrophic factor, etc.
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Huntington’s disease (HD) is a severe autosomal
dominant neurodegenerative disorder with the mean age
of onset around 30 years. The mean prevalence of HD in
the world is 5.5 cases per 100,000 people [1]. Clinically, it
is characterized by a combination of inevitably progressing motor (chorea, dystonia, bradykinesia, myoclonus),
cognitive, and psychiatric symptoms due to atrophy of the
basal ganglia (primarily, striatum) and the cerebral cortex
[2, 3]. There is no cure for HD so far, and the death usually occurs 5-20 years after the first clinical signs and
symptoms emerge [2].
HD is caused by a pathological increase in the number of copies (expansion) of the glutamine encoding CAG
repeats in the exon 1 of the HTT gene (4p16.3) [4]. This
mutation leads to elongation of the polyglutamine tract
within the gene product called “huntingtin”, therefore
HD is considered as one of the so-called polyglutamine
Abbreviations: BDNF, brain-derived neurotrophic factor; CNS,
central nervous system; HD, Huntington’s disease; PGC-1α,
peroxisome proliferator-activated receptor γ coactivator 1α.
* To whom correspondence should be addressed.

diseases [5]. The pathologically elongated CAG tract is
characterized by genetic instability both in gametogenesis
(especially in spermatogenesis) and in somatic tissues; the
size of the expanded HTT allele to high extent determines
polymorphism of the HD clinical features [6, 7]. Number
of CAG repeats in the mutant allele inversely correlates
with the age of disease onset [8-10] and with the age at the
time of death [11]. We were the first to show [12] that the
number of CAG repeats directly correlates with a rate of
HD progression, which was confirmed later by other
authors [13, 14]. However, the mutation determines
around 66% of variability in the course of HD, which
underlines the role of different modifying factors in this
disorder [8, 15].
The replication “slippage” is likely to be a possible
mechanism of arising of trinucleotide repeat expansion
[16]. In meiosis, DNA polymerase, which replicates
DNA molecule and moves along the chain of the template, loses orientation of the nucleotide with formation
of a “loop” on the complementary chain and continues
the synthesis from incorrect position. The probability of
such “slippage” greatly increases in replication of DNA
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regions containing repeated nucleotide sequences [17].
An aberrant activity of enzymes (MSH2, OGG1) responsible for repair of single-stranded DNA breaks can have a
similar result. For example, in transgenic HD mice, inactivation of these enzymes is associated with a significant
decrease in the instability of CAG repeats [7].
Homologs of the HTT gene were found in many evolutionary distant organisms, beginning from ameba [18],
which indicates a highly conservative role of huntingtin in
a cell. Huntingtin is supposed to be a molecular “hub”
connecting different proteins into complexes or, on the
contrary, promoting their dissociation for the fine coordination of cellular processes [19]. Huntingtin is associated
with cell membranes and can participate in dynamics of
the vesicular transport [7, 20], in synaptic transmission
[21], and in regulation of autophagy [22]. It is hypothesized that huntingtin plays a role in the embryogenesis
and formation of the nervous system, in control of the
neuron survival, signal transduction, and cell adhesion [3,
19]. The final conclusion regarding specific biological
role of huntingtin has yet to be formed.

HD AND PROTEOLYTIC STRESS
A universal pathobiochemical mechanism of HD
and other polyglutamine diseases has a conformationdependent character. It has been shown that exceeding the
number of glutamine residues in a protein above a certain
threshold (normally, about 35 copies) leads to a gradual
transformation of the protein α-helix into β-folded
chains. Those chains get cross-linked into high-molecular-weight antiparallel strands by the mechanism of polar
“zippers” and represent a structural basis of amyloid
complexes formed in cells [19, 23]. The polyglutamine
aggregation in neurons is triggered by the post-translational N-terminal proteolysis of huntingtin by caspases,
calpains and other endoproteases; in the truncated N-terminal fragments, the mutant polyglutamine tract is
exposed to surrounding substrates and, therefore, is maximally “aggressive” [24, 25]. In experiments, the truncated molecules of huntingtin form the highest number of
polyglutamine-containing aggregates in neurons in vitro
and lead to the earliest and most severe behavioral disorders in transgenic mice in vivo [26]. It should be added
that the N-terminal fragment of huntingtin may emerge
in cells not only as a product of proteolysis of the full-size
molecule but also as a result of the aberrant splicing,
because the CAG-expansion promotes (i) disturbance of
the HTT primary transcript processing and (ii) synthesis
of a certain amount of mRNA encoding only the HTT
exon 1 [3].
The neurodegenerative cascade in HD is initiated
after translocation of the N-terminal fragment into the
nucleus of the neuron [27]. Cleavage of polyglutamine
proteins facilitates their penetration into the nucleus,
BIOCHEMISTRY (Moscow) Vol. 83 No. 9 2018
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because only peptides with molecular mass <46 kDa can
be easily transported across the nuclear membrane. The
impact of the nuclear localization of the mutant molecules on neuronal death in various polyglutamine diseases
was confirmed in experiments: expression of recombinant
mutant proteins with the inactivated nuclear signaling
epitope (resulting in protein retention in the cytoplasm)
or with an inserted additional exporting sequence (stimulating the protein exit from the nucleus into the cytoplasm) significantly decreased protein toxicity [28, 29].
Selective proteolysis and nuclear translocation of the
expanded polyglutamine fragment of huntingtin are now
considered the earliest link in the molecular pathogenesis
of HD.
Spherical amyloid-like inclusions containing elongated polyglutamine chains and ubiquitin have been
detected in nuclei of degenerating neurons, which confirms the role of conformational changes of the mutant
huntingtin and/or its fragments in the HD development
[30, 31]. Formation of such inclusions is a universal
pathological process because it occurs not only in HD
patients but also in neurons of transgenic mammals [32]
and of drosophila [33], and in cultures of specialized neurons [34] expressing elongated CAG-tracts of HTT.
Studies on transgenic animals have shown that the formation of intranuclear inclusions precedes the development
of the neurological dysfunction [31, 32].
The presence of ubiquitin in the inclusions indicates
the role of the extralysosomal selective ubiquitin-proteasomal pathway in mutant huntingtin degradation. It has
been shown that huntingtin directly interacts with the
ubiquitin-conjugating enzyme E2 [35] and that the proteasomal complex components – the proteolytic 20S
nucleus and the regulatory subunit 19S – are associated
with the intranuclear inclusions [26]. We [34] and other
authors [36] have shown on models of HD and similar
disorders that administration of proteasome inhibitors
enhances aggregation of mutant molecules in the neurons. However, the efficiency of degradation of polyglutamine aggregates through the ubiquitin-proteasomal
mechanism remains low, because the expanded polyglutamines form an energetically stable structure that prevents entry of the molecule into the proteolytic chamber
of the 20S subunit [37]. Therefore, binding of the proteasomal components by the intranuclear inclusions is “idle”
and results only in exhaustion of proteasomes in the cell
leading to further increase of the levels of abnormal huntingtin conformers.
In response to formation of ubiquitinylated aggregates, a system of auxiliary chaperone proteins is activated in the neurons. Thus, expression of the chaperone
Hsp70 is increased in (Glu)n-transfected cell lines, and it
specifically binds to the polyglutamine aggregates and
intranuclear inclusions [5]. However, the level of chaperone proteins in the cell decreases with progression of the
disease [38], and impairment of the ability of neurons to
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rapidly react to cellular stresses by mobilization of chaperones completes formation of a “vicious circle” and
exacerbates the neurodegenerative changes.
The insufficiency of the ubiquitin-proteasomal/
chaperone degradation of the mutant huntingtin in HD
leads to activation in the cells of the alternative and more
conservative proteolytic pathway – the lysosomal
autophagy [39]. Activation of autophagy has been shown
to be the most important compensatory pathway for preventing the huntingtin toxicity in transgenic models of
HD in mice, drosophila, and cell cultures [40, 41].
However, in chronic mutant huntingtin expression in
neurons, this pathway becomes compromised with the
time. This happens due to impairment of mechanisms for
recognition of the mutant huntingtin in cells, dysfunction
of endoplasmic reticulum in its interaction with the
expanded polyglutamines, as well as due to suggested disturbance in the role of the mutant huntingtin in the
immediate regulation of autophagy [22, 39].
Thus, pathological features of the expanded polyglutamine chains in HD and other similar diseases lead to
systemic failure of proteostasis in neurons [42]. This systemic failure with a final collapse manifests itself on different levels of maintenance of the protein metabolism
stability and clearance (the ubiquitin proteasomal pathway, lysosomal autophagy, functioning of the endoplasmic reticulum, the system of molecular chaperones, etc.)
[3, 42].
When analyzing neurotoxicity and developing
approaches for molecular therapy in HD, it is necessary
to clearly differentiate the “early” (the most pathogenic)
polyglutamine-containing peptide fragments and their
final product – the polyglutamine inclusions formed in
cells. Despite the numerous evidences that formation of
the intranuclear inclusions is a natural phenomenon in
the development of polyglutamine diseases, the interpretation of the cause−effect relationships between the
appearance of inclusions and the degeneration of neurons
still remains unobvious. Thus, there is no strict correlation between the neurons most prone to degenerative
changes and the neurons containing the greatest number
of intranuclear inclusions in HD and other polyglutamine
diseases [5, 25]. A certain dissociation between the number of inclusions and intensity of neurodegeneration has
been observed also in transgenic mice with expression of
the mutant huntingtin [32] and in the cell models of HD
[28, 43]. All these findings enable an assumption that the
formation of intracellular polyglutamine-containing
inclusions is only an epiphenomenon, i.e. a by-product of
a parallel pathologic process [25]. Moreover, the inclusions can be a kind of a protective reaction of cells to conformational changes of the mutant protein – it is supposed that the polyglutamine aggregates can facilitate
binding and thus neutralization of neurotoxic N-terminal
fragments under conditions of exhaustion of functional
abilities of the proteostatic system of a cell [5, 25]. In

experiments, inhibition of ubiquitinylation affected the
mechanism of detoxification of polyglutamine conformers and suppressed the formation of inclusions concurrently with promoting the neuron death [44].
Regardless of whether polyglutamine-containing
inclusions are simple markers or active participants of the
pathological process, their appearance is characteristic
for the advanced stage of neurodegeneration. However,
current knowledge about the course of polyglutamine diseases in humans and transgenic animals suggests a twostage model of pathogenesis, with the prolonged period of
neuronal dysfunction followed by the relatively short
period of neuronal loss [3]. Therefore, the major task that
determines the development of approaches for treatment
of HD and other similar diseases is to discover mechanisms of neurotoxicity of polyglutamine-containing protein molecules during the early stage of their expression in
the cell and especially in the cell nucleus. For today, several key mechanisms can be distinguished – transcription
dysregulation, disorders in the mitochondria functions
and in the energy metabolism, defects of the cytoskeleton
and axonal transport, induction of neuroimmune inflammatory reactions, oxidative stress, and loss of own physiological functions of huntingtin.

POLYGLUTAMINES AND SYSTEMIC DISORDERS
IN TRANSCRIPTION
To possess its neurotoxicity, the mutant huntingtin
has to be localized within the nucleus, and, therefore, it is
reasonable to suppose that the molecular pathogenesis of
HD is directly related to the processes within the nucleus.
Since the glutamine tracts are often found in transcription factors and are responsible for protein–protein interactions at the activation of transcriptional complexes, a
hypothesis of transcriptional dysregulation has been proposed for polyglutamine diseases. According to this
hypothesis, the mutant polyglutamine-containing peptide molecules, being accumulated in the nucleus of neurons, aberrantly interact with different transcription factors and violate their functions [45].
Binding and inactivation of some polyglutaminecontaining transcription factors by the mutant huntingtin
or by its fragments was directly confirmed in experiments
as the neurotoxicity basis. The most studied mechanism
of that kind is a pathological interaction of huntingtin
with the CREB-binding protein (CBP), which is involved
as a transcription co-activator in the activity regulation of
multiple genes through acetylation of histones and
remodeling of chromatin structure [46]. The strength of
this interaction is proportional to the length of the polyglutamine tract [47]. A number of other transcription factors (SP1, NF-κB, NeuroD, p53), transcription activators/repressors (TAFII130, CA150, NCOR, REST/
NRSF) and nuclear receptors (LXRα, PPARγ, TRα1)
BIOCHEMISTRY (Moscow) Vol. 83 No. 9 2018
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were also identified as targets for binding to the N-terminal domains of huntingtin [19, 48, 49]. Through these
interactions, huntingtin can influence an extremely wide
spectrum of cell functions on the level of transcriptional
networks. For instance, huntingtin can affect the mechanisms of cell cycle control, apoptosis, DNA repair, etc. by
interfering the transcription of such a key cellular regulator as p53 [19].
A direct link between transcriptional dysregulation
mediated by the mutant huntingtin and the mechanisms,
which maintain structural and functional integrity of the
brain, is exemplified by the brain-derived neurotrophic
factor (BDNF). The normal full-size huntingtin has been
shown to facilitate the BDNF expression in the cortical
neurons through the binding and inactivation in the
cytosol of the repressor peptide REST, which is a negative
regulator of transcription. On the contrary, the expanded
polyglutamine fragments actively transport REST into
the nucleus, where they provide formation of the repressor complex on the BDNF gene promoter and thus suppress the expression of this neurotrophic factor in the
cerebral cortex [50].
Huntingtin may influence transcription of the peroxisome proliferator-activated receptor γ coactivator 1α
(PGC-1α), a regulatory protein, which plays an important role in the modulation of the number and functional
properties of mitochondria [51]. It is also supposed that
dysfunction of the own transcriptional activity of huntingtin, caused by expression of the pathologically elongated polyglutamine tract, can contribute to the development of HD [19].
The results of numerous studies have shown that the
transcriptional dysregulation in HD is systemic in nature
and can affect dozens of genes. This has been demonstrated in the post-mortem brains from HD patients and
in various tissue specimens from transgenic HD mice
[45]. Therefore, from the functional viewpoint, HD and
other polyglutamine disorders are sometimes considered
as transcription pathologies [46].

MITOCHONDRIAL DYSFUNCTION
AND DISORDERS OF ENERGY METABOLISM
In 1993, Beal et al. showed that a long-term treatment with 3-nitropropionic acid (a mitochondrial toxin)
caused in laboratory animals a selective death of mediumsized spiny neurons of the striatum, i.e. the typical
pathology observed in HD [52]. Based on these data, it
was proposed for the first time that mitochondrial dysfunction could underlie the pathogenesis of HD, or, at
any rate, explain the predilection of the neurodegenerative process to the striatum cells. The subsequent works
demonstrated a decrease in the enzymatic activity of the
complexes II, III and IV of the mitochondrial chain of
oxidative phosphorylation and activity defects of the
BIOCHEMISTRY (Moscow) Vol. 83 No. 9 2018
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Ca2+-dependent mitochondrial enzyme aconitase in the
striatum neurons solely but not in the cerebellum or
fibroblasts of HD patients [53, 54].
The conception of the energy metabolism disruption
in HD patients was confirmed by in vivo functional neuroimaging studies. For example, study with a positronemission tomography (PET) found decreased glucose
metabolism in some regions of the cerebral cortex and
throughout the whole striatum in HD patients, whereas
proton MR-spectroscopy study showed an increased level
of lactate in the striatum [46, 55]. Clinical observations (a
progressive weight loss in HD patients despite a highly
caloric nutrition) and morphological data (pathology of
the mitochondrial ultrastructure in the cortical neurons,
decrease in the number and size of mitochondria in the
post-mortem brains) also confirm a bioenergetic insufficiency and mitochondrial dysfunction in HD [54]. In
central nervous system (CNS) neurons of both HD
patients and transgenic animals expressing constructs
based on the mutant huntingtin, various signs of disorders
in the mitochondrial dynamics were found, i.e. changes
in the mitochondrial gene expression, decrease in the
immune reactivity of proteins of the cytochrome system,
increase in the level of markers of oxidative damage of
DNA [56].
Those defects of the mitochondrial homeostasis in
HD can be explained by a direct unfavorable influence of
the expanded N-terminal fragments of huntingtin on
mitochondria [57]. For example, mutant polyglutamine
chains can directly bind to the proteins of mitochondrial
division/fusion and to the proteins of axonal transport
and change their enzymatic activity [54]. Disorders of the
mitochondrial dynamics lead to failure of mitophagy that
is a kind of lysosomal macroautophagy associated with
degradation of abnormal mitochondria in cells [58]. All of
this is accompanied by accumulation of the impaired
mitochondria in the cytoplasm and oxidative damage of
cell membranes [59].
Another specific mechanism of negative impact of
huntingtin on mitochondria, which has already been
described above, is associated with modulation of transcription of a mitochondrial protein PGC-1α, which is
being extensively studied by cell biologists [51]. A
decrease in the level of PGC-1α mRNA was shown in cell
lines of striatum neurons expressing the mutant huntingtin, as well as in the cells of transgenic HD animals
and in autopsy brain specimens derived from HD patients
[54]. PGC-1α is a unique regulator of the complicated
network of transcriptional programs involved in biogenesis and thermoregulation of mitochondria and also in
their reaction to caloric load. These functions are realized
due to modulation of expression of genes activated by one
of peroxisome receptors subtypes – peroxisome proliferator-activated receptor γ (PPARγ) [60].
PGC-1α is highly expressed in the brain where its
involvement in biogenesis of mitochondria and in modu-
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lation of energy metabolism can be critical for survival
and normal functioning of the neurons [46]. This has
been confirmed by a severe cerebral pathology observed
in mice deprived of PGC-1α (PGC-1α–/–). Those animals have an impaired thermoregulation, pronounced
motor hyperactivity, myoclonus, dystonia and other signs
and symptoms with a severe cachectic state which
reminds the HD phenotype, as well as degeneration of the
cortex, thalamus and basal ganglia (mostly striatum)
which is also similar to HD features [61, 62]. Expression
of mitochondrial genes in these animals is markedly
decreased. Similarly to HD patients, transgenic mice
expressing the mutant N-terminal fragment of human
huntingtin have a significantly decreased expression of
the PGC-1α-targeted genes in peripheral tissues and
striatum; those genes are involved into regulation of the
mitochondrial oxidative metabolism [46]. A number of
other transgenic HD models on different biological
species confirm the role of pathological interaction of the
mutant polyglutamine chains and PGC-1α in the development of neurodegeneration [54].
The polyglutamine-mediated pathology of PGC-1α
and its targets illustrates connection between the two key
elements of the molecular pathogenesis in HD – the
transcriptional dysregulation and mitochondrial dysfunction.

DISORDERS OF CYTOSKELETON
AND AXONAL TRANSPORT
Specialized morphology of neurons suggests that the
structural and functional integrity should be maintained
throughout their unique “cellular geometry” – from the
cell body, where gene transcription and protein synthesis
occur, to the distal part of axons whose length in humans
can be up to 1 m. Therefore, during the evolution the
most complicated transport system has been created in
neurons. This system is responsible for a permanent flow
of proteins and other metabolic substrates, as well as of
“building material” (components of ion channels and
membrane receptors, precursors of synaptic vesicles,
mitochondria, signaling molecules, neurotrophic factors,
neurotransmitters) from the cell body to synaptic terminals and backwards. This process depends on the condition of the cytoskeleton microtubules and is directed by
proteins from the families of kinesins and dyneins [56].
The anterograde transport towards the synaptic terminals
is provided by kinesins, whereas dyneins are responsible
for the retrograde delivery of substrates into the body of
neurons. Disorders in the axonal transport lead to accumulation of protein complexes and fragments of cellular
organelles in neurons that causes their dysfunction and a
gradual development of degenerative changes.
There are two main mechanisms which lead to dysfunction of the neuronal transport apparatus in HD [63].

The first mechanism suggests that huntingtin may play an
important role in the antero- and retrograde transport of
different organelles in axons and dendrites. This can be
achieved either directly – through a physical interaction
of huntingtin with dynein, or indirectly – through the
huntingtin-associated protein 1 (HAP1); this protein is
associated with the p150Glued-subunit of dynactin and
with a protein KIF5C from the family of kinesins [19,
63]. It is also supposed that huntingtin can act as a
molecular carcass for glyceraldehyde phosphate dehydrogenase (GAPDH) and other enzymes involved in
energy metabolism, thus optimizing local energy expenditures for the rapid axonal transport and accelerating
movement of vesicles along microtubules [64]. It has
been shown that expansion of polyglutamine chains or
suppression of the normal huntingtin expression through
RNA-interference lead to disintegration of the
HAP1/p150Glued complex with the microtubules, which is
accompanied by suppression of the rapid axonal transport and of subsequent synaptic release of the neuropeptide BDNF [65].
Another mechanism of the polyglutamine-mediated
disruption of the axonal transport in HD is thought to be
associated with a steric inhibition of the microtubular
flow as a result of increasing aggregation of the mutant
huntingtin molecules and its fragments in cytosol [66]. It
has been shown that accumulation of the mutant huntingtin in neurons is associated with the mitochondria
transport inhibition in axons [56]. Impairment of the
transporting function of axon in HD may result in accumulation of “intermediate” non-lysed autophagosomes
whose maturation is inhibited as the pathology of the
lysosomal autophagy gradually progresses [39].

NEUROINFLAMMATION, MICROGLIA,
AND OXIDATIVE STRESS
The term “neuroinflammation” is traditionally
referred to changes in the CNS associated with infiltration of the brain with peripheral immune cells as the
blood-brain barrier (BBB) breaks due to infections, scullbrain injury, stroke, etc. However, at present, neuroinflammation is considered in the broader context as an
important component of pathogenesis in a number of
neurodegenerative diseases, when in the presence of
intact BBB, inflammation in the brain is determined by
expression of cytokines and activation of microglia [67].
Microglia is represented by residential immune cells of
the CNS similar to peripheral macrophages, which supervise the brain for detecting damages or heterogenous antigens [68].
The microglial activation is accompanied by an
increase in the density of benzodiazepine-binding sites on
the external mitochondrial membrane, and, therefore,
this process can be visualized in both experimental and
BIOCHEMISTRY (Moscow) Vol. 83 No. 9 2018
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clinical conditions by PET using the 11C-labeled ligand of
benzodiazepine receptors PK-11195 [69]. The neuroimaging studies showed that the microglial activation
was an early sign of the HD pathology, in particular, during the premanifest stage [70, 71]. In premanifest HD
mutation carriers, the level of glial activation closely correlated with the predicted age of HD onset, calculated
based of the number of CAG repeats. The microglial activation in premanifest HD mutation carriers can be
detected even 15 years before the predicted onset of HD
symptoms, which approximately coincides with appearance in their blood of interleukin 6 [67]. The autopsy
study confirmed the activation of microglia, mainly in the
most affected regions of the brain (striatum and cerebral
cortex), with a high correlation of the glial activation and
severity of the cerebral pathology [70].
Mechanisms of the microglial activation in HD are
not completely clear, but such reaction is specific for
these cells, because expression of the mutant huntingtin is
not accompanied by induction of proinflammatory gene
networks both in peripheral macrophages of the transgenic animals or in monocytes of HD patients [72]. It
could be speculated, that the polyglutamine tract influences the transcriptional activity of some proinflammatory genes (PU.1, C/EBP, etc.) in the microglial cells [67].
A direct induction of aseptic inflammation in the extracellular space by the mutant polyglutamine-containing
fragments of huntingtin is another possible mechanism.
This was confirmed by findings in the transgenic mice
selectively expressing the mutant huntingtin in the
microglia cells – a stereotaxic injection of a lipopolysaccharide into the striatum, which induced a sterile inflammation, was sufficient for development of neurodegeneration and characteristic HD-like neurological syndrome
[67].
Neuroinflammation in the brain in HD is closely
related to the development of oxidative stress induced by
the mutant huntingtin [73]. Expression of the mutant
huntingtin is accompanied by hyperproduction of free
radicals in the neurons and other cells [74]. Reactive oxygen and nitrogen species may be considered as a “universal weapon” of the activated microglia aimed at destruction of the trigger that caused the inflammatory reaction
[75]. However, if the microglial response goes out of control and gets a chronic course, the developing oxidative
stress becomes an independent factor of neurodegeneration that affects DNA, lipids, and proteins. The same scenario applies to HD with pathological iron deposition in
the brains of HD patients, given that iron is an inducer of
reactive oxygen species; huntingtin is a Fe2+-regulated
protein, and the mutant polyglutamine-containing huntingtin inclusions act as Fe2+-depending centers of oxidative stress [76]. Concurrently, in patients with HD, a
hyperexpression of antioxidant genes is observed as an
adaptive response to the uncontrolled production of free
radicals [77].
BIOCHEMISTRY (Moscow) Vol. 83 No. 9 2018
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OTHER MECHANISMS OF MOLECULAR
PATHOGENESIS IN HD
The study on transgenic mice expressing the mutant
huntingtin showed that the activation of N-methyl-Daspartate (NMDA) receptors of glutamate was quite an
early neurophysiological disturbance in HD. That activation was accompanied by excitotoxicity and an increase in
the level of intracellular Ca2+ in the affected neurons [77].
On the one hand, the glutamate excitotoxicity is directly
associated with the progressive mitochondrial pathology
and with oxidative stress and is an unavoidable component of the corresponding molecular cascades [51]. On
the other hand, considering a specific influence of the
expanded polyglutamines on astrocytes and the decisive
role of the astrocytic glia in the glutamate turnover in the
brain, this excitotoxicity may have a self-dependent
“astrocytic” nature. It has been shown that astrocytes
obtained from transgenic HD mice or mice transfected
with viral vectors carrying the mutant huntingtin were
characterized by a significantly decreased level of the glutamate transporter GLT-1/Slc1a2, a decreased ability to
protect the co-cultivated neurons against the glutamate
stress, and a disturbance in the regulation of the glutamate–gamma-aminobutyric acid (GABA)–glutamine
cycle [46, 78]. Disorders in the regulation of the glutamate reuptake associated with the development of excitotoxicity were also observed in drosophila expressing elongated polyglutamine chains [79].
Expansion of the polyglutamine residues in huntingtin leads to suppression of the BDNF synthesis
through mechanism of the translational dysregulation. In
addition, the (CAG)n-mutation in the HTT gene also
affects the postulated BDNF-transporting function of
huntingtin. As it is known, BDNF and other neurotrophic factors act as signaling molecules, whose effects are
mediated through membrane tyrosine kinase receptors
with a subsequent phosphorylation of regulatory proteins
and initiation of transcription of genes which control calcium homeostasis, synaptic functions, and survival of
neurons. Decreased BDNF levels have also been shown
in the brain (mainly in the striatum) and serum of HD
patients, as well as in experimental models of this condition in vivo and in vitro [46, 50]. In HD transgenic mice,
an additional inactivation of the BDNF gene resulted in
the earlier manifestation of the neurological syndrome
[80]. Interestingly, the pattern of gene expression in HD
mice with the N-terminal fragment of the mutant huntingtin inserted into the genome is very similar to disturbances in the expression observed in mice with a knockout of BDNF gene [81]. Since normally BDNF is delivered from the cortex into the projection zones of the striatum and plays an important role in the survival and functioning of the striatum neurons, it could be hypothesized
that the loss of this function as a result of expansion of the
polyglutamine-encoding CAG-repeats is directly associ-
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ated with the neuronal loss in striatum. Available experimental and clinical data indicate an important role of the
disruption of the neurotrophic support in the development of degeneration in HD.
Disorders in the interactions between expanded
polyglutamine chains and proteins responsible for regulation of apoptosis (e.g. caspases), which at some stage lead
to initiation of the programmed death of neurons, play a
significant role in pathogenesis of HD and other polyglutamine diseases [26]. The induction of apoptosis by
polyglutamine-containing protein aggregates due to
recruitment of caspases was detected in transgenic animals and in post-mortem specimens of the HD patients’
brains [82]. It is necessary to say, that normally huntingtin
is able to inhibit processing of procaspase-9, presumably
by preventing its interaction with the huntingtin-associated protein 1 (HAP1) [19]. Thus, in HD the mutant huntingtin not only loses its anti-apoptotic properties but
becomes an inducer of the apoptosis cascade.
At present, it is generally accepted that neurodegeneration in HD may to some extent be explained by the loss
by the mutant huntingtin of its own functions. Thus, the
conditional knockout of huntingtin during the post-natal
period in transgenic mice leads to degeneration of the
striatal neurons [83], whereas inactivation of own huntingtin in mice expressing the mutant fragment of this
human protein is accompanied by the more severe course
of the degeneration [84]. Examples of suppression of the
expanded huntingtin functions during the vesicular transport of BDNF or as part of the control of apoptosis have
been already presented above. Moreover, it is highly likely that normally huntingtin is involved in neurotransmission through its interaction with some post-synaptic proteins [85]. The loss of this function in HD leads to dysregulation of homeostasis of synaptic proteins, to abnormalities of dendrites, and to impairment of the synaptic
plasticity [21].
Since pathological aggregates and inclusions in neurons contain a variety of cellular proteins which form stable bonds with the expanded polyglutamine chains, disorders in the function of these proteins as a result of their
interaction with huntingtin contribute to the pathogenesis of HD. Thus, disorders in functions of the ubiquitinconjugating protein HIP2 detected within the inclusions
can lead to violation of the proteasomal degradation of
abnormal aggregates, whereas binding by the polyglutamine chains of acetyltransferase enzymes inhibits the
acetylation of chromosomal histone proteins and thus
disturbs regulation of the gene expression [19].
During the recent years, epigenetic mechanisms,
such as violation of histone acetylation, disorders of the
DNA methylation pattern in the regulatory regions of
various genes, etc., are thought to play a critical role in
the molecular pathogenesis of HD [86]. This is why it is
speculated that HD patients have a lower risk of oncological conditions [87, 88]. These epidemiological data, as

well as the role of epigenetics in HD, need to be further
analyzed.
Thus, disorders in the conformation and processing
of the mutant huntingtin represent the core in the molecular pathology of HD. To date, a number of molecular
pathways have been identified which either initiate or
speed up the progression of the neurodegenerative
process. This is important from the standpoint of development of fundamentally new approaches to the treatment of this condition [89].
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