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Abstract: 

Many neurodegenerative diseases are characterised by impairment of protein quality control 

mechanisms in neuronal cells. Ineffective clearance of misfolded proteins by the proteasome, autophagy 

pathways and exocytosis leads to accumulation of toxic protein oligomers and aggregates in neurons. 

Toxic protein species affect various cellular functions resulting in the development of a spectrum of 

different neurodegenerative proteinopathies, including Huntington’s disease (HD). Playing an integral 

role in proteostasis, dysfunction of the ubiquitylation system in HD is progressive and multi-faceted with 

numerous biochemical pathways affected, in particular the ubiquitin proteasome system and autophagy 

routes for protein aggregate degradation. Unravelling the molecular mechanisms involved in HD 

pathogenesis of proteostasis provides insight in disease progression in HD as well as possible 

therapeutic avenues. Recent developments of potential therapeutics are discussed in this review.  

Keywords: 

Huntington’s Disease; Neurodegenerative Diseases; Autophagy; Proteostasis; Proteasomal Degradation 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 January 2018                   doi:10.20944/preprints201801.0179.v1

©  2018 by the author(s). Distributed under a Creative Commons CC BY license.

http://dx.doi.org/10.20944/preprints201801.0179.v1
http://creativecommons.org/licenses/by/4.0/


Huntington’s Disease: 

Huntington’s disease (HD) is a devastating inherited neurodegenerative disorder resulting in a 

diverse range of behavioural, cognitive and physical symptoms, including the renowned motor disorder, 

chorea. These symptoms are the result of selective neurodegeneration that occurs preferentially in the 

striatum1. The incidence of HD in different populations around the world is varied with epidemiological 

reports finding between 0.42 to 17.2 cases per 100,0002. Clinical diagnosis of motor onset typically 

occurs in the prime of adult life and symptoms progress inexorably, leading to chronic deterioration of 

patient health. The median timeframe from the manifestation of motor function symptoms to patient 

death is approximately 18 years3. No cures are currently available.  

HD is an autosomal dominant disease caused by a CAG trinucleotide repeat expansion in exon 1 of 

the huntingtin gene (HTT)4. In healthy individuals, HTT has a CAG tract length of approximately 18 

repeats5. Repeat lengths above a critical threshold of 35 CAG triplets in HTT are defined as disease-

causing alleles6. At above 40 repeats, the disease is considered highly penetrant and an increased CAG 

repeat length is correlated with the decreased age of symptom onset as well as the increased rate of 

pathogenesis7.  

The CAG expansion in HTT, translates to an expansion of the polyglutamine (polyQ) tract at the N-

terminus of huntingtin (HTT). The polyQ expansion mutation is often ascribed as giving a toxic gain-of-

function phenotype in HD. PolyQ expanded HTT is attributed to cytotoxicity and biochemical dysfunction 

observed in HD models and patients. Significant impairment of the proteostasis network8, dysregulated 

transcription9, mitochondrial toxicity1011, cellular energy imbalance12, synaptic dysfunction13 and axonal 

transport impairment11 are thought to result from aberrant forms of the HTT protein. These cellular 

phenotypes may be observed in premanifest and prodromal patients, and is exemplified by brain 

atrophy of patients, sometimes prior to clinical diagnosis14. 
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Mutant Huntingtin Protein: 

HTT is a 348 kDa protein predicted to be composed almost exclusively of alpha-helices, organised 

into namesake HEAT (Huntingtin, elongation factor 3 (EF3), protein phosphatase 2A (PP2A), and the 

yeast kinase TOR1) repeats15. HEAT repeats are interspersed with unstructured regions, often containing 

cleavage sites for proteolytic fragmentation as well as post-translational modifications (PTMs)1617. PTMs, 

in particular phosphorylation motifs at the N-terminus, are thought to be responsible for large-scale 

conformational changes of the protein as well as alterations in protein-protein interaction networks18.  

Cells19, model organisms20 and patients21 expressing CAG expanded versions of HTT can generate 

large protein clusters, fibrils and inclusions, some of which are large enough to be visualised by light 

microscopy and are composed of 100,000s of HTT molecules21,22. Aggregation has consistently been 

shown to be dependent on the polyQ expansion of HTT in a range of different experimental systems and 

environments23–25. However, low resolution (> 30 Å) negative stain electron microscopy (EM) data of 

recombinant full-length HTT protein reveals a globular spherical structure26 with no significant 

differences between Q23 (general population) and Q46 or Q78 (disease population) HTT EM envelopes 

resolved at this resolution suggesting aggregation of polyQ expanded HTT is a complex process requiring 

specific cellular conditions. Unpublished but higher resolution negative stain and cryo-EM data, both 

around 15 Å resolution, reveals a curved architecture with a central cavity which varies in size 

dependent on sample preparation methods, in particular the concentration of cross-linking reagent used 

in the gradient fixation ultracentrifugation step, but not due to polyQ length27. Beyond this, limited data 

is available in the published literature with respect to the structure of the HTT protein, thus it remains 

unclear precisely how the polyQ expansion might affect the HTT protein structure and, in turn, its 

propensity to form higher order oligomers.  
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Aggregate species are present in many flavours in various HD models and post-mortem tissue 

samples although which species of aggregates are damaging or protective to cells remains controversial 

in the field198. The function of HTT, in either the wild type or the disease state, is still poorly understood. 

It is thought that HTT acts as a scaffolding protein2829, involved in many protein-protein interactions and 

in the formation of multi-protein complexes. Dysregulation of this interaction network by the polyQ 

expansion and subsequent aggregation is thought to be responsible for the resultant phenotype3031, 

sometimes described as a gain-of-function. Most published work to date on HTT oligomers and their 

associated neuropathology has focussed on exon1 proteins2833. HTT is cleaved by a variety of caspases, 

calpains and endopeptidases to yield a variety of N-terminal fragments including a short sequence 

encoding exon 1 of the protein, corresponding to approximately the first 90 amino acids depending on 

the polyQ expansion length contained in this fragment2833. Exon 1 is comprised of the N-terminal 17 

amino acids (N17), the polyQ tract and then a 51-residue proline-rich domain (PRD). The structure of 

N17 is alpha-helical and the exon 1 protein adopts condensed disordered state at high concentrations34. 

The exon 1 structure is altered by polyQ expansion although there is no consensus on which morphology 

of exon 1 represents the toxic aggregate species. Whilst exon1 HTT protein fragments have been shown 

to be a degradation product in many HD models and their aggregation underlies disease pathology3536, 

larger fragments and full-length HTT are almost certainly involved in this oligomerisation process in 

human patients37 with post-translational modification, particularly phosphorylation, of HTT playing a 

crucial role in aggregation and toxicity38. To date, the precise pathogenic mechanism which renders the 

HTT protein functional with a polyQ tract less than 35 glutamines, but devastatingly damaging above a 

threshold of 40 glutamines, and which HTT species give rise to this breach in polyQ threshold, remains a 

fundamental yet unanswered question in the HD field.  

Cellular proteostasis  
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Disruption of protein homeostasis, or proteostasis, is a hallmark of many neurodegenerative 

diseases, such as Alzheimer’s disease and Parkinson’s disease as well as HD. Proteostasis is the precise 

balance of protein expression in cells at the correct concentrations, in the correct localisation and with 

the appropriate conformation39. Central to proteostasis is the post-translational modification of 

proteins, by covalent attachment of ubiquitin i.e. ubiquitylation (Figure 1)40. Ubiquitylation is the tagging 

of the substrate lysine by a three-enzyme cascade comprised of a ubiquitin activating enzyme (E1), a 

conjugating enzyme (E2) and a ubiquitin ligase (E3). E3 ligases are believed to be key in substrate 

recognition. Several E3 ligases have been reported to be involved in HTT ubiquitylation, including 

WWP141, UBE3A42, HACE143, CHIP44,45, Hrd146 and Parkin47 in mammals and Ltn14846 in yeast. Tagged 

ubiquitin can be further modified at one of its seven lysine residues in the ubiquitin molecule (K6, K11, 

K27, K29, K33, K48 and K63) as well as the N-terminal methionine (M1) to form polyubiquitin chains of 

different linkages49. The various lysine residues of the tagged ubiquitin can be further modified to form a 

polyubiquitin chain. The covalently attached ubiquitin or ubiquitin chain can be removed by a family of 

enzymes called deubiquitinases (DUBs). Surprisingly, few DUBs have been reported to deubiquitinate 

HTT. ATXN3, a DUB that itself contains a polyQ tract, is the only DUB known to target HTT50,51 besides 

UPS. Monoubiquitination or ubiquitin conjugation of proteins by differernt linkages of chainsare 

recognised by a range of proteins containing ubiquitin binding domains (UBDs) or ubiquitin-interacting 

motifs (UIMs) and are essential in numerous cell signalling pathways. Ubiquitylated proteins can be 

targeted for degradation via the ubiquitin proteasome system (UPS) or lysosome/autophagy pathway.  

Ubiquitin-like modification, such as sumoylation52, is also known to play critical role of HTT degradation.  

A complete understanding of these pathways and how they may be altered in HD patients and 

disease models can illuminate possible strategies for increasing degradation of mutant HTT (mHTT) 

through therapeutic intervention to alleviate symptoms. This review aims to describe recent findings in 
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this area, with a focus on ubiquitination, as well as a discussion of the tractability to develop successful 

therapeutics for HD modulating these pathways.  

Ubiquitin Proteasome System function in HD 

The ubiquitin proteasome system (UPS) preferably degrades substrate proteins tagged with K48-

linkage polyubiquitin chain although monoubiquitination was recently also found to target UPS53 besides 

its function in protein localization and signaling. Pathogenic forms of HTT can be labelled with ubiquitin 

cross-reacting antibodies21,22 implying that they may be substrates for proteasomal degradation. 

Inclusion bodies (IBs) containing mHTT can also be labelled with antibodies against proteasome 

components suggesting direct recruitment of the UPS to some HTT aggregates54. As UPS function is 

widely reported to be diminished in a variety of HD models 55,56, it has been suggested that proteasome 

sequestration by HTT aggregates is responsible for changes in UPS activity. Disassembly of the 

proteasome into its substituent components which are then sequestered by HTT aggregates, is also 

postulated as a mechanism to affect UPS activity57. However, studies investigating UPS activity with 

different proteasome assemblies in the presence of HTT IBs failed to detect significant changes in UPS 

activity58. The sequestration of proteasomes to ubiquitin conjugated IBs is likely dynamic and 

reversible59 and a number of studies show that proteasomes are still able access substrates in the 

presence of polyQ expanded HTT species. Recombinantly expressed polyQ expanded HTT aggregates 

were found to not inhibit UPS function in vitro60 whilst extracted aggregate filaments do58, suggesting 

that perhaps the ubiquitylation of the aggregates in vivo plays a crucial role. It was postulated polyQ 

stretches may clog the proteasome given that glutamine does not strictly fit into any of these categories. 

Contradictory studies show polyQ fragments blocking the proteasome61,62 whilst other show complete 

degradation of HTT exon163,64. As such, it is difficult to draw definitive conclusions on UPS activity 

modulation or a mechanism by which this might occur in HD models, particularly one which is an 

accurate representation of UPS function in HD patients.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 January 2018                   doi:10.20944/preprints201801.0179.v1

http://dx.doi.org/10.20944/preprints201801.0179.v1


Many of these studies take a simplified view of UPS activity without assessing the complex E1, E2 

and E3 ubiquitin-ligating processes which precede UPS degradation of HTT, nor the complex series of 

cell signalling pathways which may alter UPS function and processivity. Although there are only 8 

subtypes of E1 and ~40 E2 encoded in the human genome, there are more than 600 E3 ligases reflecting 

the highly-specialised functions of this group of enzymes. In the case of HTT, UBE3A has been shown to 

specifically target HTT fragments for ubiquitination and degradation4265. Overexpression of UBE3A, a 

K48-specific E3 ligase, is able to promote UPS degradation of polyQ expanded HTT and reduce K63-

mediated ubiquitination. Clearance of HTT by UBE3A-mediated ubiquitination in these studies was 

shown to be age-dependent in HD knock-in mouse models, postulating a mechanism for the age-

dependency of HD symptoms and their progression. Yet, the recent finding that both WWP141, another 

E3 ligase capable of forming K11-, K48- and K63-polyubiquitin chains, and ATXN3, a DUB that prefers 

K63-chain substrate, in HTT ubiquitylation, suggests there may be formation of heterotypic polyubiquitin 

chains66 that will complicates the degradation of HTT by UPS.  

HD modulation of the chaperone and autophagy machinery 

HD has been shown to modulate autophagy function to have both toxic and protective effects on 

cells. Recognition of cargo by autophagosomes67 as well as subsequent axonal transport and substrate 

degradation68 are all diminished in HD. Rhes GTPase is required for autophagy as it interacts with Beclin-

1 to reduce the inhibitory binding of Beclin-1 and Bcl-2 but is sequestered and inactivated by binding to 

polyQ expanded HTT69. This reduces autophagy function in the striatum where Rhes is expressed, a key 

tissue affected by HD. Conversely, mHTT also sequesters negative regulator of autophagy mTOR 

(mammalian target of rapamycin) inducing a higher rate of flux of autophagy and protecting against 

polyQ expanded HTT cytotoxicity70. mTOR phosphorylates mammalian autophagy-initiating kinase ULK1 

at Ser 757, preventing its interaction and subsequent phosphorylation by AMPK at Ser 317 and Ser 777, 

which activate ULK171ll . This coordinated regulation by phosphorylation is linked to the nutrient status 
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of the cell with mTOR signalling prevailing under conditions of nutrient sufficiency and AMPK signalling 

in conditions of glucose starvation. Autophagy induction has been shown to relieve cellular toxicity 

posed by mHTT in the absence of UPS activity72,73. This study achieved increased autophagic flux through 

the overexpression of HDAC6, a cytosolic deacetylase which intersects both the autophagy and the UPS 

pathways and promotes aggresomal clearance through tubulin deacetylation.  

Approximately 90 chaperones and ~250 co-chaperones comprise the human chaperome, a class of 

proteins categorised into families by their dependency on ATP for function as well as their molecular 

weight e.g. HSP40, HSP70 and HSP90 representing proteins of 40 kDa, 70 kDa and 90 kDa respectively.  

Chaperones function to promote proper folding and localisation of proteins and function in response to 

stresses which might disrupt protein structure or compartmentalisation in cells. Chaperones prevent 

aberrant protein interactions to hinder protein aggregation and the formation of inclusion bodies or 

other aggregate species but can also promote degradation of damaged or misfolded proteins. Co-

chaperones such as parkin, CHIP (also an E3 ligase) and BAG3 have varied roles in assisting the 

proteostatic functions of chaperones.  

HSP70 and HSP90 play central roles in protein quality control with HSP90 stabilising client proteins 

and inhibiting their ubiquitination whilst conversely HSP70 promotes CHIP-dependent ubiquitination 

and proteasomal degradation74. HSP90 has been shown to co-immunoprecipitate (IP) with both wildtype 

and polyQ expanded HTT, with chaperone p23 also present in both of these pull-downs75. Whilst full-

length HTT has been shown to be a client of HSP90, direct binding of HSP90 to exon1 has not been 

demonstrated so the site of recruitment is unknown. HSP70 cross-reacting antibodies do bind HTT 

IBs76,77 and HSP70 over-expression can suppress aggregation and toxicity in some HD models77–79. 

Deletion of HSP70 alleles in a R6/2 HD mouse model background increases IB size as well as having 

deleterious effects on the physical, behaviourial and neuropathological measures80. CHIP and Parkin are 
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implicated as E3 ligases of mHTT degradation. Both Co-IP with mHTT and CHIP has also been shown to 

increase mutant exon1 ubiquitination and degradation45. HSP70 enhances Parkin binding and 

ubiquitination in vitro81. Overall, it is likely mHTT is a HSP90 client protein and that it is regulated by 

HSP70/90-based chaperone machinery.  

Bcl-2-associated athanogene 3 (BAG3) is a HSP70 co-chaperone which functions in concert with 

HSP70, HSPB8 and p62/SQSTM1 to target aggregation-prone proteins for autophagic degradation82. 

BAG3 is crucial for HSPB8 activity in preventing polyQ expanded HTT aggregation and together, BAG3-

HSPB8 promote and facilitate the clearance of polyQ expanded HTT83. Whilst neither the BAG nor WW 

domains are essential for mHTT clearance indicating HSP70 is not critical for degradation via this route84, 

the PxxP region binding to dynein is required for autophagic degradation of HTT aggregates. BAG3 over-

expression has both anti-apoptotic effects and promotes the disposal of aggregate prone proteins, both 

of which would have positive effects in the case of HD.  

Therapeutic Strategies for HD targeting ubiquitin pathways: 

A major focus area for disease-modifying therapeutic development in HD is to lower the levels of 

mHTT in the cell to alleviate neuropathology85. The monogenic inheritance of HD does favour 

therapeutic approaches which reduce expression of the mHTT allele by targeting DNA and RNA with 

gene silencing technologies86,87. Alternative efforts have focussed on lowering mHTT by increasing the 

degradation of mHTT through increased flux of UPS and autophagic pathways.  

Therapeutic approaches in HD targeting UPS 

Bortezimib is a well-characterised UPS inhibitor, which binds directly to the proteasome core 

particle to inhibit protein degradation, and is used in the clinic for treatment of various cancers88,89. 

Prolonged treatment of patients has been observed to result in peripheral neuropathy indicating the 

connection between UPS dysfunction and neurotoxicity88. A diverse category of compounds are 
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reported to activate UPS function. Most of these molecules act indirectly to increase UPS flux by 

modulating upstream effector cellular pathways linked to correcting redox and mitochondrial 

dysregulation in HD which inhibits UPS. For example, sulforaphane increases both proteasome and 

autophagy activity levels in vivo by activating the Keap1-Nrf2-ARE pathways and inhibiting MAPK and 

NF-kB pathways, as shown in a number of different HD mouse models90,91. Sulforaphane was also shown 

to reduce quinolinic acid mitochondrial dysfunction in rat striatum, conferring a neuroprotective 

effect92. Rolipram inhibits phosphodiesterase 4 thus activating protein kinase A to enhance proteasome 

activity and in a HD mouse model was shown to alleviate symptoms of neuronal dysfunction93. Recently, 

a series of compounds which enhance proteasome activity were identified using a UPS activity probe94,95 

with p38 MAPK inhibitor PD169316 proving the most potent. Activation of the UPS with these small 

molecules showed increased proteasome activity and aggregate clearance in a Parkinson’s disease 

model. PD169316 is untested in an HD model but p38 inhibition has been shown to be neuroprotective 

in HD96. Amiloride and its derivative benzamil are also able to rescue acid-sensing ion channel (ASIC)-

dependent acidotoxicity which inhibits UPS function in HD models. Benzamil treatment facilitates 

proteasomal degradation of polyQ expanded HTT in both cellular and mouse models of HD97. USP14 is a 

negative regulator of UPS through the deubiquitination of UPS substrates. USP14 inhibition by IU1 also 

enhances proteasomal degradation98 but details of the effect of IU1 on HD models have yet to be 

described in the published literature despite positive reports for upregulation of UPS activity in models 

of Alzheimers disease99,100. 

Therapeutic approaches in HD targeting Autophagy 

mTOR inhibitors with autophagy induction properties can be classified as ATP-competitive e.g. 

Torin1 or non-ATP-competitive e.g. rapamycin. ATP-competitive inhibitors face issues with toxicity due 

to their inhibition of mTORC1, mTORC2 and sometimes PI3K so are usually confined to animal studies 

only. Rapamycin and its derivatives have been shown to improve HD phenotypes; in particular CCI-779 
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was shown to reduce mHTT aggregate load in HD mouse models70,101. Trehalose acts to activate AMPK 

by inhibiting glucose transporters leading to glucose starvation conditions102,103 which induce autophagy 

to mitigate toxicity exhibited by polyQ expanded HTT in cell and mouse models104,105. Trehalose was also 

shown to reverse neurodegenerative phenotypes induced by UPS inhibition, in both normal and HD 

patient fibroblasts106. Rilmenidine is an mTOR-independent macroautophagy inducer and improves 

motor function and the clearance of mHTT in HD mouse models107. Lithium induces mTOR-independent 

autophagy through inhibition of inositol monophophatase therefore reducing inositol and IP3 levels 

which would inhibit autophagy108. This has been shown to help clear mHTT in drosophila HD models109. 

Berberine has also been reported to show efficacy in HD models, and is postulated to induce autophagy 

via AMPK activation110,111. Many other molecules including clonidine112, modulate cyclic AMP or inositol 

triphosphate to induce autophagy and ameliorate phenotypes in HD animal models. Calpain has been 

described as a rational target for increasing autophagic flux of mHTT. RNAi experiments in rodents in 

which calpain was knocked down showed reduced HTT aggregate burden113 and were similar results 

were observed in transgenic mice which overexpressed calpastatin (CAST), the endogenous inhibitor of 

calpain. Metformin is another AMPK activating inducer of autophagy which has been shown to alleviate 

mHTT associated cytotoxicity114,115. HD patients who are monitored in the Enroll-HD programme (a 

world-wide observational and longitudinal study of HD patients) who were already taking metformin to 

treat type II diabetes, were found to have improved cognitive status compared to control patients not 

on a metformin-regimen116. A great number more small molecules targeting these pathways have been 

described in the literature but have yet to show efficacy in vivo117. Combination therapies which 

simultaneously upregulate autophagy through both the mTOR and mTOR-independent dependent 

pathways have been shown to have synergistic effects on alleviating mHTT associated toxicity. 

Cooperation has been demonstrated with trehalose-rapamycin104 as well as lithium-rapamycin101 
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combination treatments in HD models although deleterious side-effects are postulated to worsen in the 

long-term for these treatment regimens. 

Therapeutic approaches in HD targeting Chaperone proteins 

HSP90 inhibition is an attractive strategy to treat proteinopathies given its ability to stabilise client 

proteins, of which mHTT is one75. It was shown that the co-IP of HSP90 and mHTT is abrogated in the 

presence of HSP90 inhibitors and that mHTT is ubiquitinated and then degraded in a dose-dependent 

manner with HSP90 inhibitor. HSP90 inhibitors also reduce mutant exon1 aggregation and toxicity in a 

variety of HD models77,78,118 due to transcription factor heat-shock factor 1 (HSF1) mediated increases in 

chaperone expression119,120. HSP90 inhibitor geldanamycin competes with ATP for binding HSP90 and 

therefore inhibits the binding and stabilising of mHTT78. 17-DMAG and 17-AAG, less toxic geldanamycin 

derivatives with more favourable pharmacokinetic properties, were also shown to induce expression of 

molecular chaperones and inhibit polyQ expanded HTT aggregation in cells and Drosophila models of HD 

respectively118,120 as well as to cross the blood-brain barrier in Alzheimers models121. HSP90 isoform-

specific inhibitors were shown to have improved tolerability compared to pan-HSP90 inhibitors and 

were also shown to be orally available, cross the blood-brain barrier and reduce HTT levels in rat 

brains122. Celastrol, a natural product anti-inflammatory agent, binds the C-terminal domain of HSP90 

and induces HSP70 expression and protects neurons from polyQ expanded HTT mediated toxicity123. 

HSF-1 activating compounds were shown to suppress polyQ expanded HTT associated 

neurodegeneration in drosophila HD models through induction of molecular chaperones120. 

Proteolysis targeting chimera (PROTAC) 

Proteolysis targeting chimera (PROTAC)-based approaches utilise heterobifunctional molecules to 

simultaneously bind both the protein of interest and a ubiquitin E3 ligase to promote the ubiquitination 

and degradation of the target molecule124,125. By bringing the target protein of interest and E3 ligase into 
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close proximity, PROTACs promote the ubiquitination of their target. Following polyubiquitination, the 

target will be degraded by the proteasome. Recently, a PROTAC-based series of molecules has been 

described for selective ubiquitination and then degradation of mHTT via the UPS126. Hybrid molecules 

that link a ligand for cIAP1 (cellular inhibitor of apoptosis protein 1) E3 ligase to ligands for mHTT, were 

shown to selectively reduce levels of mHTT through E3 ligase recruitment and proteasome degradation 

pathways in HD patient-derived fibroblasts. Two HD patient-derived fibroblast cell lines were used in 

this study expressing Q47 and Q68 mHTT, both obtained from biorepository Coriell127, showing that 

PROTAC-induced degradation could be achieved for adult-onset HD genotypes.  

A benefit of the PROTAC approach is that tissue specificity can be exerted by developing molecules 

which are highly selective in their recruitment of E3 ligases that are only expressed in a certain tissue. 

The current design of the described HTT-PROTAC molecules used a bestatin moiety to target cIAP1 E3 

ligase which is expressed in many different tissues throughout the body although not quite as broadly as 

UBE3A, the HTT specific E3 ligase65. Modifying these PROTAC molecules to bind a brain-specific E3 ligase, 

such as TRIM9128 or RNF182129 for example, may reduce systemic effect. It should also be noted that 

targeting cIAP1 targetting by using bestatin in PROTAC design has been highlighted as problematic due 

to bestatin causing the degradation of cIAP1 which can in turn trigger apoptosis. Switching the linker of 

bestatin in the PROTAC design from an ester to an amide, reduces cIAP1 degradation in some systems 

evaluated although this mechanism is currently not understood and the molecules showed similar 

affinity for cIAP1130. Numerous PROTAC examples illustrate the importance of exploring different linker 

designs to connect the two functional groups whilst maintaining the desired target protein degradation 

and further exploration is warranted for HTT-degrading PROTACs too131,132.  

It should also be noted that whilst the described molecules bind and effectively clear mHTT in HD 

patient fibroblasts, their binding specificity to different HTT aggregate species or aggregates composed 
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of different proteins requires further investigation. The aggregate binding portion of the molecules are 

composed of previously described ligands phenyldiazenyl benzothiazole (PDB) and benzothiazole-aniline 

(BTA) which are known to also target amyloid proteins in Alzheimer’s disease models133,134. Given the 

heterogeneous and dynamic nature of HTT aggregate species at different stages of the disease 

progression, developing small molecules that are able to bind and target the disease relevant aggregate 

species for clearance will be challenging. Perhaps finding binders of the expanded polyQ stretch of HTT 

will instead confer necessary specificity. However, PDB and BTA have both been shown to cross the 

blood brain barrier in Alzheimer’s studies although the pharmacokinetic properties will need to be 

evaluated as any change to the E3 ligase ligand or linker region of the molecules are made. Overall this 

study shows the first proof-of-principle HTT degradation by a PROTAC-based approach in HD patient 

tissues.  

Newly emerging therapeutic targets: ubiquitin pathways implicated in HD GWAS 

HD patient populations with the same CAG repeat length may experience symptom onset in a broad 

age-range implicating other disease modifying factors. Many recent genome-wide association studies 

(GWAS) have identified genetic modifiers for the age-of-onset of HD, beyond CAG repeat expansion 

length, as well as the rate of pathogenic progression. GWAS (GeM-HD consortium, 2015) identified, 

amongst other modifiers, UBR5 as genetic modifier for HD135. UBR5 is an E3 ubiquitin ligase with key 

roles in the regulation of the UPS. As discussed, mHTT is degraded by the UPS via E3 ligase UBE3A, an 

activity which is down-regulated by UBR5136. This finding in the GWAS implies that pharmacological 

down-regulation of UBR5 function, perhaps mediated via small molecule targeting, would promote UPS 

degradation of mHTT. UBR5 is an attractive target in HD as it also regulates PEPCK1 acetylation which 

plays a role in gluconeogenesis dysfunction in prodromal HD137. Additionally, ubiquitination of ATMIN by 

UBR5 releases ATM kinase allowing activated ATM to recruit the MRN complex138; part of the DNA 

damage response pathway which is upregulated in HD. Increased p53 levels in HD promotes mHTT 
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aggregation and UBR5 can upregulate p53 ubiquitin-independently by inhibiting ATM-mediated 

phosphorylation139. As UBR5 plays such a central multi-faceted role in HD phenotype, targeting its 

activity for inhibition with small molecules seems an obvious therapeutic avenue to be explored (Figure 

3).  

Considerations and Limitations of studying and targeting these pathways in current 

studies 

Elevating protein degradation rates by targeting autophagy and UPS activation has significant 

therapeutic potential in a range of neurodegenerative proteinopathies, including HD. However, it should 

be noted that clinical trials in HD have extremely low rates of success140 with many promising therapies 

failing to translate from the laboratory to the clinic. This is largely attributed to poor understanding of 

the basic biology of HD, for example, the function of HTT either wildtype or polyQ expanded and the 

central focus disease research, is still largely unknown. Additionally, concerns about the disease models 

used to identify therapeutic targets and evaluate drug efficacy in preclinical research often have critical 

flaws or caveats in their representation of HD patient neurophysiology and disease progression. Thus, 

when considering potential avenues for future therapeutic development, it is important to carefully 

evaluate the published findings.  

A key issue with many of the therapeutic reagents described within this review is that these are 

molecules which have undefined in vitro and in vivo potency and selectivity for their target proteins nor 

precisely defined mechanisms of action. Whilst promising phenotypes may be observed in disease 

models following a particular treatment, target engagement is often not validated, meaning that 

phenotypic changes observed may be due to polypharmacology; a combination of on- and off- target 

effects resulting from modulation of both target and peripheral pathways141. Molecules such as 

rapamycin, which is reported to be both potent and selective, has been observed to have IC50 values for 
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mTORC1 which may range over many orders of magnitude dependent on the cell line or model being 

used and long term low dose rapamycin treatment has also been observed to additionally antagonise 

mTORC2142,143. Therefore, therapeutic dose concentration and regimen should be carefully considered 

and evaluated to ensure that phenotypes observed from treatments are due to validated selective 

target engagement. Ideally, high quality chemical probes for each of the protein targets in question 

should be used to ensure treatment responses are due to on target effects, are dose-dependent and 

have a defined mechanism of action144–146. The range of commercially available high quality chemical 

probes is expanding and information regarding potency and selectively can easily be retrieved through 

resources such as the chemical probes portal http://www.chemicalprobes.org. 

It is increasingly realized that target identification and validation are critical for the success of target-

based drug discovery of oncology147 and neurological disorders148. In the case that high quality chemical 

tools are not available, we and our collaborative labs have developed highly specific and potent 

proteinaceous biological binder, ubiquitin variants, to interfere with the ubiquitin regulatory 

enzymes149,150 for target validation purpose. Use of such tool molecules will help identify and validate 

therapeutic targets in the HTT proteostatis pathway. 

Given the progressive and age-dependent nature of HD symptoms, the time-point of targeting HTT 

with lowering therapies, either via UPS or autophagy upregulation, will likely be critical for the efficacy 

of any developed treatment. The preference for degradation of smaller, more soluble misfolded 

ubiquitinated proteins or aggregates by the UPS will mean that later time-points of disease progression 

will likely show minimal improvement with treatments targeting this pathway151. This is exemplified in 

the ability of rapamycin to ameliorate cognitive deficits in mouse models of Alzheimer’s but only when 

treatment was given prior to the formation of plaques and tangles of the amyloid-beta protein125. To 

determine whether autophagy or UPS should be targeted for HTT clearance, it will be critical to analyse 
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the pathway preference for different HTT aggregate species, ideally from studies using tissue relevant 

patient derived cells, throughout the progression of HD neurodegeneration. Additionally, in 

considerations of treatment regimen, it is probable that continuously switching on the protein 

degradation pathways is likely to yield deleterious effects in the cell due to the degradation of off target 

substrates. It has been suggested that a pulsatile treatment regimen, likened to periodically removing 

the rubbish117, would be an effective strategy to allow maximal drug efficacy with reduced toxicity.   

The HD models used in each of the studies detailed in this review, report data on HTT clearance 

from models which can be quite disparate. Some studies are limited to data collected in vitro, using 

cultured cells, whereas others see effects in vivo, which, in general, use mouse models. Which form of 

mHTT is overexpressed in these different models also varies. For example, the commonly used R6/2 HD 

mice express human HTT exon1 with approximately 150 CAG repeats153, which, whilst sufficient to cause 

progressive neurodegenerative phenotypes in the mice in question, does not represent the same 

genetic insult characterised in patients and therefore is unlikely to lead to the same trajectory in disease 

progression in HD patients. Clearance of HTT aggregates formed solely of HTT exon1 Q150 is not 

representative of the situation in HD patients which have a smaller polyQ expansion and a 

heterogeneous mix of aggregate species. Whilst modulation of HTT clearance in the R6/2 mouse model 

may give indications of possible therapeutic strategies, observations should be made cautiously and 

ideally verified in alternative disease models and systems. Although other mouse models, such as 

YAC128 and BACHD do express full-length human HTT, which is 91 % sequence identical to the mouse 

protein, and show progressive late-onset neurodegenerative symptoms, both use polyQ expansions in 

excess of 100 glutamines which is not representative of the HTT protein expressed in most HD 

patients154,155. Longer CAG expansions give more robust phenotypes in animal models and longer polyQ 

expansions permits easier detection of mHTT compared to wildtype so larger CAG expansions have 

historically been preferred for study. However, as polyQ stretches might clog the UPS machinery and are 
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regarded as the principal factor in HTT aggregate formation, expression of exaggerated polyQ-length 

HTT proteins may give rise to different phenotypes when observing the HTT clearance pathways and 

their modulation by therapeutics compared to the situation in HD patients. Whilst the monogenic 

nature of HD should simplify the generation of an accurate and disease representative mouse model, it 

is important to note that the discovery of therapeutics with efficacy in mouse models of HD has yet to 

translate to success in the clinic. Whilst this is a multi-factorial problem, it does suggest that there are 

critical differences in neurophysiology, neurodegeneration and ageing between rodents and humans 

which are deserving of further investigation140.  

In recent years, HD patient-derived cell lines are more routinely used for in vitro experiments and 

are available from data and cell repositories such as the National Institute of Neurological Disorders and 

Stroke (NINDS) which currently hosts 27 HD patient fibroblast cell lines and 23 HD patient induced 

pluripotent stem cell lines (iPSCs). This collection encompasses samples from both male and female 

subjects of ages 9-87 representing both control and HD patient samples. HTT gene CAG lengths 

represented include controls of Q17 to Q29 and HD patient samples spanning Q38 to Q180 although 

most are Q40 to Q50. The most commonly studied HD iPSC line to date has 60 CAG repeats putting it at 

the very high end of HD adult onset CAG expansions156. Despite cell lines with more representative 

repeats for adult onset HD being described, iPSCs with CAG repeats ranging from 43–60 CAGs, they are 

less extensively characterised. Perhaps similarly to animal models, this is due to the more robust 

phenotypes with larger CAG repeat expansions and the greater ease for detecting mHTT.  

A number of protocols can be used to differentiate iPSCs into cells exhibiting neuronal features, 

often referred to as neural precursor cells (NPCs). The variety of methods of differentiation as well as 

the genetic background of each NPC line gives rise to different disease-associated phenotypes157 so 

findings derived from study in one NPC line should be viewed cautiously and a field-wide consensus on a 
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restricted number of phenotypes would improve comparative studies. Ideal experiments would also 

ensure a selection of NPCs derived from different HD patients as well as controls are differentiated by 

the same methods and tested in parallel to verify findings although this approach would be resource and 

time expensive. To date, limited work has been published on mHTT clearance in iPSC derived cells. One 

study showed that microRNA-196a is able to decrease levels of HTT aggregate in neuronal cultures 

differentiated from HD iPSCs but the mechanism of action for this observed effect is unknown158. 

Replicating the findings of therapeutics detailed in this review in iPSCs would build confidence that such 

strategies are deserving of further development as HTT lowering therapies. One key caveat of HD iPSC 

derived cells for studying HD is that induced pluripotency is reported to reverse age-related phenotypes 

of the patient sample which could prove problematic given the progressive and age-dependent nature 

of HD.  None-the-less, a mHTT aggregation and clearance study in HD iPSCs with adult-onset polyQ 

expansions would be helpful to verify and characterise the pathways to target for therapeutic 

development which are relevant to HD patients.  

Whilst there are obvious commonalities between different neurodegenerative proteinopathies, 

transfer of knowledge between different diseases should be done cautiously. For example, in the case of 

rapamycin treatment, HD transgenic mice show improved motor behaviours159 and similarly 

encouraging results are seen in Alzheimer’s152 and Parkinson’s160 models of disease. However, rapamycin 

treatment in an ALS SOD1 transgenic mouse model161 actually worsens autophagic functions and 

exacerbates the neurodegenerative phenotype. As such, extrapolation of findings from different 

diseases, or even different models of the same disease, should be done so prudently.   

Whilst some therapeutics described in this review are still under active investigation as exemplified 

by frequent and continuing publication of new findings, some approaches show large gaps or halts in the 

published literature. This suggests that perhaps findings could not be replicated by other groups or in 
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other HD models studied with negative results not reaching traditional published literature outlets due 

to publication bias162. Therefore, the validity of certain therapeutics suggested in limited numbers of 

studies should be analysed and evaluated cautiously.  

Conclusions 

Alleviating symptoms of Huntington’s disease through HTT lowering therapies remains an attractive 

avenue for therapeutic development and a major focus area for many HD researchers. In the absence of 

a complete understanding for the biological function of wildtype HTT, nor consensus on the gain-of-

function phenotype described for expressed mHTT, eradicating mHTT from the affected tissues in HD 

patients remains a rational drug discovery strategy.  

The monogenic nature of HD makes it an attractive candidate for therapies which might target 

transcription or translation of the mutant allele87. Current strategies in development include including 

antisense oligonucleotides and RNA interference targeting of mRNA, zinc-finger transcriptional 

repressors of gene expression as well as more recently CRISPR-Cas9. Whilst these efforts are very 

promising, the resultant therapies from these approaches will likely be prohibitively expensive for many 

HD patients and currently suffer from issues of effective blood brain barrier penetration via oral or 

subcutaneous delivery. Although small molecule based approaches such as those detailed in this review, 

may also suffer from these attributes, the possibility to develop brain penetrant drugs which may be 

more easily scaled for production is probably more achievable, making these approaches attractive still. 

Recent advances permitting researchers greater access to HD patient derived cell lines should allow 

better scrutiny of therapeutics in disease relevant tissues prior to advancing in preclinical development. 

GWAS of HD patients have given insight into possible new targets for drug discovery and the recently 

highlighted UBR5 is one such example of an attractive candidate for inhibition given its multi-faceted 

role in HD. Developments in PROTAC-based approaches for drug design are making headway in other 
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fields131,132 and represent a new avenue for researchers to explore for HTT lowering therapies. Despites 

its monogenic inheritance, intensive research into HD in the previous few decades has shown that HD is 

far from a simple pathology and it is probable that effective disease-modifying therapies are unlikely to 

be developed in the near future given the complexity of this neurodegenerative disease and our current 

limited understanding of the biology. However, with respect to HTT lowering therapies targeting the HTT 

protein itself, the recent advances described in this review should be cause for optimism in their ability 

to assist researchers in effective, productive and rational drug discovery. 
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Figure 1. Overview of the ubiquitin protein system 

Target proteins are ubiquitylated at accessible lysine residues by a three-enzyme cascade comprised 

of a ubiquitin activating enzyme (E1), a conjugating enzyme (E2) and a ubiquitin ligase (E3). Different 

lysine residues of the tagged ubiquitin can be further polyubiquitinated. The covalently attached 

ubiquitin modifications can be removed by deubiquitinases (DUBs). Specific covalent linkages of 

ubiquitin are recognised by a range of proteins containing ubiquitin binding domains (UBDs) or 

ubiquitin-interacting motifs (UIMs).  
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Figure 2 – Degradation pathways for mHTT  

MHTT misfolding can lead to subsequent aggregation and ubiquitination. Smaller ubiquitinated 

aggregates may be cleared by the proteasome, whereas larger aggregates which form aggresomes of 

inclusion bodies will be degraded via autophagic routes. 
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Figure 3 – UBR5 is a genetic modifier of HD and plays a multifaceted role in the disease pathways 

UBR5 is an E3 ubiquitin ligase with many roles in HD-related pathways. UBR5 can downregulated 

UBE3a mediated degradation of mHTT, regulate PEPCK1 acetylation modulating gluconeogenesis in 

prodromal HD, ubiquitinate ATMIN to recruit the MRN complex for DNA damage response and 

upregulate p53 through ATM-phosphorylation inhibition affecting HTT aggregate formation. As UBR5 

plays such a central multi-faceted role in HD phenotype, targeting its activity for inhibition with small 

molecules seems a tractable therapeutic avenue to be explored.
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Therapeutic  Model Evaluated  Pathway and Outcome References 
Sulforphane HeLa and HEK293 cells - express HTT exon 1 Q74 

GFPu transgenic UPS function model mouse163 – express mouse HTT 
HD51 Rat – N-terminal HTT fragment Q51 
3-nitroproprionic acid-induced HD mouse (C57BL/6) – express mouse HTT 

Activate Keap1-Nrf2-ARE pathways and 
inhibiting MAPK and NF-kB pathways to activate 
autophagy and UPS 

90–92 

Rolipram R6/2 mouse – HTT exon 1 Q150 inhibits phosphodiesterase 4 activating protein 
kinase A to activate UPS 

93 

IU1 Alzheimer’s disease models Inhibit USP14 to inhibit deubiquitination of UPS 
substrates 

100 

PD169316 Parkinson’s disease models Inhibit p38 MAPK to increase UPS flux 96 

Amiloride, 
Benzamil 

Neuro2a cells – express N-terminal HTT Q16-EGFP, Q60-EGFP or Q150-EGFP 
R6/2 mouse – HTT exon 1 Q150 

Rescue acid-sensing ion channel (ASIC)-
dependent acidotoxicity which inhibits UPS 

97 

Rapamycin,  
CCI-779 

COS7 and PC12 cells – HTT exon 1 Q23-EGFP or Q74-EGFP 
Drosophila – N-terminal HTT fragment Q120 
N171-82Q mouse - N-terminal HTT fragment Q82 

Inhibit mammalian target of rapamycin (mTOR) 
to activate autophagy 

70,109 

Trehalose R6/1 mice – N-terminal HTT fragment Q116 
R6/2 mouse – HTT exon 1 Q150 
HD patient fibroblasts – express full-length HTT unknown polyQ expansion 
Neuro2a cells – express N-terminal HTT Q16-EGFP, Q60-EGFP or Q150-EGFP 

Activate AMPK by inhibiting glucose 
transporters activating autophagy 

104–106 

Rilmenidine, 
clonidine 

PC12 cells – full-length EGFP-HTT Q74 Imidazoline-1 receptor agonist to reduce cAMP, 
mTOR-independent activation of autophagy 

107 

Lithium PC12 cells – full-length EGFP-HTT Q74 Inhibit IMPase and lower inositol and IP3 levels, 
mTOR-independent activation of autophagy 

109 

Metformin Striatal cell lines derived from HdhQ111 knock-in mice – full-length HTT Q109 AMPK activating inducer of autophagy 114,116 

Berberine N171-82Q mouse - N-terminal HTT fragment Q82 AMPK activating inducer of autophagy 110,164 

Geldanamycin, 
17-DMAG,  
17-AAG 

Drosophila – N-terminal HTT fragment Q128 
R6/2 mouse – HTT exon 1 Q150 
COS1 cells – express N-terminal HTT Q51 

HSP90 inhibition  118,120,122 

Celastrol Striatal cells – full-length HTT Q111 HSP90 inhibition 123 

PROTAC HD patient fibroblasts – express full-length HTT Q47 or Q68 cIAP1 mediated UPS degradation of substrate 126 

Table 1 – Summary of therapies detailed in this review and their evaluations in different HD models.  
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