
IBRO Neuroscience Reports 12 (2022) 203–209

Available online 9 March 2022
2667-2421/© 2022 The Authors. Published by Elsevier Ltd on behalf of International Brain Research Organization. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Mini Review 

SUMO-modifying Huntington’s disease 

Ericks S. Soares a, Rui D. Prediger a,b, Patricia S. Brocardo b, Helena I. Cimarosti a,b,* 

a Post-graduate Program in Pharmacology, Federal University of Santa Catarina (UFSC), Florianópolis, Santa Catarina, Brazil 
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A B S T R A C T   

Small ubiquitin-like modifiers, SUMOs, are proteins that are conjugated to target substrates and regulate their 
functions in a post-translational modification called SUMOylation. In addition to its physiological roles, 
SUMOylation has been implicated in several neurodegenerative diseases, such as Alzheimer’s, Parkinson’s, and 
Huntington’s diseases (HD). HD is a neurodegenerative monogenetic autosomal dominant disorder caused by a 
mutation in the CAG repeat of the huntingtin (htt) gene, which expresses a mutant Htt protein more susceptible to 
aggregation and toxicity. Besides Htt, other SUMO ligases, enzymes, mitochondrial and autophagic components 
are also important for the progression of the disease. Here we review the main aspects of Htt SUMOylation and its 
role in cellular processes involved in the pathogenesis of HD.   

1. Introduction 

To allow for their numerous biological effects, proteins can be 
modified in many ways by processing events known as post-translational 
modifications (PTMs) (Ramazi et al., 2020). PTMs can add from simple 
chemicals (e.g. phosphate) to complex groups (e.g. carbohydrates) into 
proteins, altering their functions, destinations, structures and, thus, 
increasing the diversity of the proteome (Conibear, 2020). SUMOylation 
is among the top 10 studied PTMs, together with the best-characterized 
phosphorylation and ubiquitylation (Ramazi and Zahiri, 2021). In 
addition to its involvement in cardiovascular diseases (Shetty et al., 
2020) and cancer (Kroonen and Vertegaal, 2020), SUMOylation has 
been implicated in neurodegenerative diseases (Princz and Tavernar-
akis, 2020). To date, several studies have focused on the role and 
functional consequences of SUMOylation in the two most prevalent 
neurodegenerative diseases, Alzheimer’s and Parkinson’s diseases 
(Guerra De Souza et al., 2016; Marcelli et al., 2018; Martins et al., 2016). 
It is important to point out that currently there is no cure for any 
neurodegenerative disease and that millions of people worldwide are 
affected, making the discovery of new treatments the focus of intense 
scientific research. A better understanding of the mechanisms underly-
ing SUMOylation and how to manipulate them can provide novel ther-
apeutic targets for neurodegeneration and have a clinical impact. Thus, 
the present review attempts to examine findings from in vitro and in vivo 
studies to provide a comprehensive picture of the involvement of 

SUMOylation in Huntington’s disease (HD). 

2. SUMOylation 

SUMOylation is the reversible attachment of SUMO (small ubiquitin- 
like modifier) proteins to lysine residues in a three-step enzymatic 
pathway (Chang and Yeh, 2020). Modification by SUMO may alter 
protein localization, stability, and activity, as well as gene expression, 
DNA repair, and RNA processing (Chen et al., 2021; Varejão et al., 
2020). 

Briefly, the first step in the SUMOylation pathway is the maturation 
of SUMO by the family of SUMO-specific proteases, SENPs. Before its 
ligation to target substrates, SUMO is activated by the SUMO-activating 
enzyme 1 and 2 complexes, SAE1/SAE2, and then conjugated by the 
SUMO-conjugating enzyme, Ubc9. Once attached, with or without the 
participation of E3 protein ligases (e.g. Rhes, PIAS, RanBP2, MAPL, 
Topors, ZATT), SUMO modifies the target protein and, after that, it is 
deconjugated, or deSUMOylated, by the same SENPs (Chang and Yeh, 
2020). 

Five SUMO isoforms are found in mammalians. SUMO-1 shares ~ 
50% of its amino acid sequence with both SUMO-2 and SUMO-3 that 
differ by only three N-terminal amino acids. As the available antibodies 
are unable to distinguish between these two isoforms, they are often 
denoted as SUMO-2/3 (Jansen and Vertegaal, 2021). SUMO-1 and 
SUMO-2/3 are highly expressed in the brain and are primarily involved 
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in physiological and pathological processes, respectively (Anderson 
et al., 2017; Guo et al., 2013; Luo et al., 2017). SUMOs 4 and 5 are the 
most recently described paralogs that have their expression limited to 
some tissues. SUMO-4 is found mainly in the lymph nodes, placenta, 
spleen, and kidneys and contributes to diabetes and stress responses. 
SUMO-5 is found in peripheral blood leukocytes and testes, where its 
main function is related to the regulation of promyelocytic leukemia 
(PML) nuclear bodies (Liang et al., 2016; Wilson, 2017). 

3. Huntington’s disease 

HD is a neurodegenerative monogenetic autosomal dominant disease 
that affects mainly the spiny projection neurons from the striatum, 
resulting in significant motor deficits (Barron et al., 2021; Schaffert and 
Carter, 2020). These motor deficits are marked by involuntary move-
ment appearance and voluntary movement dysfunction (Lakke, 1981) 
that are accompanied by neuropsychiatric symptoms, such as depression 
(Paoli et al., 2017), and cognitive impairment (Papp et al., 2011). In 
addition, HD causes muscular and testicular atrophy, body weight loss, 
metabolic and endocrine disorders (van der Burg et al., 2009, 2017), as 
well as changes in the peripheral immune system (Valadão et al., 2020) 
and in the gut microbiota (Du et al., 2021). As a result, patients have a 
life expectancy of 10–20 years post-diagnosis (Hawton et al., 2019). 

HD is caused by a mutation in the CAG repeat of the huntingtin (htt) 
gene that encodes the Htt protein, which is a 348 kDa protein and is 
expressed in both the cytoplasm and the nucleus of neurons (Princz and 
Tavernarakis, 2020). Htt is crucial for neural and embryonic develop-
ment, and it also participates in RNA trafficking, vesicular transport, and 
transcription (Fields et al., 2021). 

When an expansion in the CAG trinucleotides repeats (polyglutamine 
-polyQ- stretch) occurs in the htt gene, a mutant form of the Htt protein 
(mHtt) is encoded. This mHtt becomes more susceptible to aggregation 

in both cytoplasm and nucleus (Testa and Jankovic, 2019), and disturbs 
mitochondrial and synaptic function, axonal transport, transcription and 
translation processes, culminating in neuronal death (McColgan and 
Tabrizi, 2018; Rangel-Barajas and Rebec, 2018). However, it is impor-
tant to note such inclusions do not always cause cellular damage. 
Actually, some studies suggest that mHtt inclusions are formed as a way 
to protect neurons from toxic mHtt oligomers (Arrasate et al., 2004; 
Pastore and Temussi, 2012; Tabrizi et al., 2020). 

The main positive and negative effects of SUMOylation on HD are 
listed below and summarized in Fig. 1. These effects are triggered by the 
SUMO machinery and SUMO-target proteins, which are shown in Ta-
bles 1 and 2, respectively. 

4. Beneficial effects of SUMOylation on HD 

PTMs are quite important in HD, especially because they modulate 
the clearance and toxicity of polyQ-expanded Htt, as well as the physi-
ological functions of wild-type Htt (Wang et al., 2010). For instance, 
phosphorylation, acetylation, ubiquitylation, and SUMOylation in the 
first 17 amino acids of exon1 of Htt (Httex1), the smallest Htt fragment, 
have pivotal roles in modulating cellular processes and functions. 
SUMO-mHttex1 enhances Htt expression, increases the solubility of 
aggregates, and facilitates their handling and purification, as recently 
described by Chiki et al. (2021) that developed highly purified wild-type 
and mHttex1 proteins, which were site-specifically phosphorylated. Reif 
et al. (2018) also showed that these SUMO-Httex1 fusion proteins enable 
Htt manipulation and modification, contributing to a better under-
standing of how to prevent Htt aggregation. 

Depending on which SUMO paralog is conjugated to Htt, different 
outcomes can be expected. Both SUMO-1 and SUMO-2/3 regulate HD 
through Htt modification and can represent new therapeutic targets for 
the development of neuroprotective treatments (Chen et al., 2021). Htt 

Fig. 1. Effects of protein SUMOylation on Huntington’s disease (HD). The main beneficial (A), detrimental (B) and dual (C) effects of SUMOylation on SUMO 
machinery and HD-related proteins are highlighted. Proteins structure: SwissModel.expasy.org. 
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SUMOylation could facilitate cellular clearance when combined with 
ubiquitylation (Celen and Sahin, 2020). Nevertheless, SUMOylation and 
ubiquitylation pathways can be impaired in HD, disrupting cellular 

homeostasis. 
Regarding mHtt inclusions, it is still unclear whether they are really 

neurotoxic in HD, with some pieces of evidence suggesting that they 

Table 1 
Summary of findings on SUMOylation pathway proteins in HD and polyQ disorders.  

SUMOylation 
pathway protein 

Model Event Effect Ref. 

PIAS1 zQ175 KI mice and HD patient- 
derived iPSCs 

KD DNA damage repair responses and normalized 
transcriptional profiles 

Morozko et al. (2021) 

R6/2 mice KD and Overexpression Reduction of insoluble protein and phenotypic 
benefit 

Ochaba et al. (2016) 

Rhes Striatal neuronal cells (STHdhQ7/ 
Q7) or HD mutants (STHdhQ111/ 
Q111) 

Rhes-mediated mHtt transport Facilitation of cell–cell transport of mHtt Sharma and 
Subramaniam (2019) 

HEK293 cells Binding to mHtt mHtt increased disaggregation and cytotoxicity Subramaniam et al. 
(2009) 

Rhes KO mice Binding to E1 and Ubc9 Ubc9 binding to Htt and cross-SUMOylation of 
E1 and Ubc9 

Subramaniam et al. 
(2010) 

Rhes KO N171-82Q mice mTORC1 signaling dysregulating Early striatal motor deficit Swarnkar et al. 
(2015) 

STUbL Slx5 Yeast plasmids expressing 25Q and 
103Q Htt 

Expression and transcriptional 
properties of aggregation-prone Htt 
constructs 

Reduced toxicity and abnormal transcriptional 
activity 

Ohkuni et al. (2018) 

SUMO-1 NIID brain tissue and PC12 cells Localization into fibrils of tissues and 
nuclear inclusions 

Recruitment of SUMO-1 modified proteins into 
insoluble nuclear inclusions and proteasomal 
dysfunction 

Pountney et al. 
(2003) 

PC12 cells SUMO-1 and atrophin-1co- 
transfection 

Accelerated aggregate formation and cell death Terashima et al. 
(2002) 

Brain tissue (HD, DRPLA, SCA1 and 
MJD) and B05 transgenic mouse 

Increased SUMOylated proteins in 
cerebellar cortex 

SUMO-1 activation contributes to polyQ diseases Ueda et al. (2002) 

Brain tissue (MSA) Cytoplasmic accumulation of 
α-synuclein, tau or HttQ74-GFP 

SUMO-1 colocalization with lysosomes related 
to glial protein aggregates and protein 
aggregation 

Wong et al. (2013) 

SUMO-2 HeLa cells Htt SUMO-2 modification Decreased accumulation O’Rourke et al. 
(2013) 

DRPLA: dentatorubral-pallidoluysian atrophy; E1: SUMO activating enzyme E1; GFP: green fluorescent protein; HD: Huntington’s disease; HEK: human embryonic 
kidney cells; Htt: huntingtin; iPSCs: induced pluripotent stem cells; KD: knockdown; KI: knock-in; KO: knockout; mHtt: mutant huntingtin; MJD: Machado-Joseph 
disease; MSA: multiple system atrophy; mTORC1: mechanistic target of rapamycin complex 1; NIID: neuronal intranuclear inclusion disease; PolyQ: polyglut-
amine; PIAS1: Protein Inhibitor of Activated STAT 1; Q: glutamine; Rhes: Ras homolog enriched in the striatum; SCA1: spinocerebellar ataxia type 1; STUbL: SUMO- 
targeted ubiquitin ligase; Ubc9: SUMO conjugating enzyme 9. 

Table 2 
Summary of findings on SUMO target proteins in HD and polyQ disorders.  

SUMO 
target 

Model Event Effect Ref. 

CBS Yeast two-hybrid vector pGBDU-C2 SUMO-1 modification Beneficial nuclear scaffold Kabil et al. 
(2006) 

CTE R6/2 mice SUMO-1 conjugation Prevented degradation Gibb et al. 
(2007) 

Hap1 HD-KI and Hap1-KO mice Blocking of Rhes’ binding, SUMOylating 
mHtt and Hap1 depletion 

Neurodegeneration promoted by Rhes, Hap1 and 
cellular stress 

Liu et al. 
(2020) 

Httex1 pTWIN1 vector (human Httex1 fused to His6- 
SUMO) 

Site-specifically phosphorylated highly 
pure WT or mHttex1 proteins 
production 

Improved expression and increased solubility Chiki et al. 
(2021) 

Neuroblastoma (Neuro2a) cells enriched with 
mHtt or WT Htt 

Reduction of SUMOylation Sequestration of Httex1 Moily et al. 
(2017) 

Purification of Httex1 Httex1 and SUMO (Smt3) fusion Tag-free Httex1 Reif et al. 
(2018) 

GST-Htt-exon1 (46Q) fusion proteins and Htt- 
exon1 (46Q) 

Htt aggregation promoted by 
SUMOylation 

Htt fibrillization and localization onto lipid 
membranes prevented by SUMOylation 

Sedighi et al. 
(2020) 

Httex1p Drosophila heterozygotes Neurodegeneration promoted by 
SUMOylation 

SUMOylation worsens HD Steffan et al. 
(2004) 

HeLa cells Fusion of SUMO-1 to Httex1p SUMOylation stabilizes Httex1p, reduces its ability to 
form aggregates, and promotes its capacity to repress 
transcription 

Steffan et al. 
(2004) 

IKK Hela, St12.7, ST14A, N548mu, WT STHdhQ7/ 
HdhQ7 and homozygous mutant STHdhQ111/ 
HdhQ111 cell lines 

mHtt clearance Increased SUMOylation: 
Late-stage HD: harmful; Presymptomatic stages: 
protective 

Thompson 
et al. (2009) 

CBS: Cystathionine β-synthase; CTE: COOH terminus of excitatory amino acid transporter 2; GST: glutathione S-transferase; Hap1: huntingtin-associated protein 1; HD: 
Huntington’s disease; Htt: huntingtin; Httex1: exon 1 of the huntingtin protein; Httex1p: pathogenic fragment of exon 1 of the huntingtin protein; IKK: IκB kinase; KI: 
knock-in; KO: knockout; mHTT: mutant huntingtin; mHtt: mutant huntingtin; mHttex1p: pathogenic fragment of exon 1 of the mutant huntingtin protein; Q: 
glutamine; Rhes: Ras homolog enriched in the striatum; WT: wild type. 
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could be part of an endogenous neuroprotective event (Arrasate et al., 
2004). Thus, SUMO proteins could participate in the formation of such 
inclusions in order to shield neurons from damage (Liebelt and Verte-
gaal, 2016). In fact, Sedighi et al. (2020), using GST-Htt-exon1 fusion 
proteins and Httex1, observed that SUMOylated Httex1 inhibited fibril 
formation and promoted aggregate species. These findings demonstrate 
that Htt aggregation by SUMO modifiers is distinct from other types of 
aggregates, since SUMOylation prevented Htt aggregation, binding, and 
accumulation. Another study using neuroblastoma (Neuro2a) cells 
enriched with mutant or wild-type Htt into different aggregation states 
suggested that a reduction in SUMOylation could be an adaptive 
response to help the sequestration of soluble Httex1, a therapeutic 
strategy to prevent Htt aggregation (Moily et al., 2017). In summary, Htt 
SUMOylation may represent a molecular mechanism essential for the 
maintenance of cellular function. 

The SUMO E3 ligase PIAS1 was shown to modulate neurons and to 
change HD-related phenotypes in some studies using in vivo approaches. 
For example, PIAS1-directed miRNA injected into the striatum of R6/2 
mice improved motor impairment, even in the presence of mHtt 
(Ochaba et al., 2016). When PIAS1 was reduced, mHtt did not accu-
mulate, SUMOylation was reduced, synaptophysin levels were 
increased, and inflammatory markers were normalized, whereas PIAS1 
overexpression led to Htt accumulation. These findings corroborate a 
previous study showing that PIAS1 regulates Htt accumulation and 
SUMOylation in cells (O’Rourke et al., 2013). The contribution of PIAS1 
was also investigated in HD mice and HD patient-derived induced 
pluripotent stem cells (iPSCs), linking this E3 ligase to DNA damage 
repair pathways (Morozko et al., 2021). PIAS1 knockdown normalized 
HD transcriptional deregulation and improved DNA repair mechanisms 
in mice, supporting the conclusion that SUMOylation underlies DNA 
damage repair responses and transcriptional modulation. 

Rhes (Ras homolog enriched in the striatum) is a small G protein 
that, besides being an unusual SUMO E3 ligase, since it has no structural 
similarity with other SUMO ligases (Liebelt and Vertegaal, 2016), plays 
different roles in the SUMOylation pathway. For instance, Rhes can 
enhance the capacity of Ubc9 to SUMOylate mHtt and the 
cross-SUMOylation between SAE1/2 and Ubc9 (Serra et al., 2021; 
Subramaniam et al., 2010). Also, Rhes regulates SUMOylation, which is 
significantly reduced in the striatum of Rhes-deleted mice (Sub-
ramaniam et al., 2010). 

A significant role for Rhes in the selective toxicity found in HD pa-
tients was demonstrated by the loss of balance and ataxia-like features, 
with ectopic expression of Rhes in the cerebellum of mice (Swarnkar 
et al., 2015). Rhes deletion in HD mice (N171/82Q), expressing a mHtt 
with 82 glutamines, protected against motor deficits, induced anxiolytic 
responses, and prevented lateral ventricle dilatation. Harrison and 
LaHoste (2013) postulated that SUMO modification could decrease Htt 
aggregates and promote cell death, so Rhes could act as a physiological 
tissue-specific regulator of SUMOylation (Napolitano et al., 2018). Since 
Rhes binds to Htt and reduces its physiological functioning, increasing 
SUMOylation could represent a potential target for HD treatment. 

As other neurodegenerative diseases, HD is also characterized by 
abnormal mitochondrial functioning (Han et al., 2011). The mHtt 
modifies the mitochondrial morphology machinery by increasing fission 
proteins, such as Drp1 (dynamin-related protein 1) and Fis1 (fission 1), 
and decreasing pro-fusion proteins, such as Mfn1/2 (mitofusins 1 and 2) 
and OPA1 (optic atrophy 1) (Han et al., 2011; Palmer et al., 2011). These 
GTPase family proteins are crucial for maintaining a fine mitochondrial 
fission and fusion balance (Reddy et al., 2011). The overexpression of 
Htt74Q, a mutant form of Htt, leads to mitochondrial fission and cell 
death, while the overexpression of Drp1 and Mfn2 can prevent these 
events (Wang and Dasso, 2009). Abnormal mitochondrial dynamics 
during HD progression was observed in patients, both through quanti-
fication of the levels of mitochondrial structural genes and localization 
of mitochondria-related proteins and mHtt (Shirendeb et al., 2012). 
SUMOylation, in turn, has an important role in the regulation of 

mitochondrial dynamics by modulating Drp1, SENP5, and SUMO-1 ac-
tivities (Han et al., 2011). Therefore, considering that Htt over-
expression can change the normal mitochondrial dynamics, SUMO 
proteins could restore the normal state of mitochondria during HD 
pathogenesis. 

SUMO proteins are colocalized with polyQ protein aggregates and 
have become a key factor for neuronal inclusions observed in several 
polyQ disorders, besides HD (Dorval and Fraser, 2007; Terashima et al., 
2002). Other well studied neurodegenerative polyQ diseases include 
spinal and bulbar muscular atrophy (SMBA), dentatorubro-pallidolysian 
atrophy (DRPLA), Machado-Joseph disease (MJD), spinocerebellar 
ataxias (SCAs) types 1, 2, 3, 6, 7 and 17, all characterized by polyQ 
expansions (Ehrnhoefer et al., 2011). All these diseases are hereditary, 
usually linked to some common enzymes, as the cystathionine β-syn-
thase (CBS), a highly regulated enzyme responsible for the formation of 
cystathionine, due to some structural changes on CBS and its interaction 
with Htt. Oxidation products from homocysteine are also implicated in 
HD. Moreover, CBS is also a target for SUMOylation, as showed in in vivo 
and in vitro models, mainly in the cellular nucleus, associated with nu-
clear scaffold proteins (Kabil et al., 2006). 

Both ubiquitin and SUMO proteins belong to the family of small 
ubiquitin-like modifiers (UBLs). SUMO-targeted ubiquitin ligases 
(STUbLs) include Slx5/Slx8 (heterodimer) found in yeast and its human 
ortholog RNF4 (homodimer). Besides being essential for SUMO conju-
gation, they also facilitate ubiquitylation. Ohkuni et al. (2018) analyzed 
how expanded glutamine residues affect cell viability by using WT, 
Slx5Δ and Slx8Δ yeast strains, i.e., cells with Slx5 and Slx8 deletion. 
They showed that an aggregation-prone Htt, with polyQ expansions, 
negatively affected Slx5Δ/Slx8Δ cells. However, when Slx5 was fused to 
the Gal4 DNA-binding domain, a positive regulator of gene expression, 
the activation of Htt constructs did not occur. In addition, RNF4 was also 
able to inhibit the transcriptional activity mediated by 
aggregation-prone Htt. Thus, STUbLs are able to prevent the toxicity 
caused by polyQ expanded Htt and might play a neuroprotective role in 
HD. It is also worth mentioning that some ubiquitin targets can become 
important SUMO targets to reduce HD pathology, like the neuronal 
chaperone HSJ1 that is capable of reducing Htt aggregation in R6/2 
mice through lysine 63 (K63) when ubiquitylated (Labbadia et al., 
2012). K63-linked polyubiquitin chains regulate 
proteasome-independent pathways and are also a SUMO substrate. 

5. Detrimental effects of SUMOylation on HD 

As already stated, inclusion body formation is not always a predictor 
of pathogenesis. However, SUMO-1 can increase Htt solubility and 
toxicity (Subramaniam et al., 2009) and SUMO-2 has been found to 
accumulate in the striatum, one of the most affected brain regions in HD, 
and it is related to the pathogenic accumulation of Htt (O’Rourke et al., 
2013). In addition, SUMOylation can also indirectly affect Htt, as 
observed with the inflammatory kinase IKK that activates mHtt clear-
ance and could be involved in its neurotoxicity (Steffan, 2010). 
Thompson et al. (2009) described that Htt is phosphorylated by IKK on 
serine 13, promoting Htt poly-SUMOylation, which modulates its 
clearance by both proteasome and lysosome pathways. Thus, as 
SUMOylation participates in IKK activation, its increase could be 
harmful to neurons. 

A detrimental effect for SUMOylation was also observed in a SUMO 
target called CTE (caspase-cleaved fragment of excitatory amino acid 
transporter 2 (EAAT2) fragment). Using a R6/2 mouse model of HD, 
Gibb et al. (2007) observed that, when modified by SUMO-1, there was 
accumulation of CTE in the spinal cord of mice, characterizing a 
pre-symptomatic stage of HD. In a recent study with another SUMO 
target called Hap1 (huntingtin-associated protein 1), Liu et al. (2020) 
observed that Hap1 depletion led Rhes to bind to mHtt in adult HD 
knockout mice. Hap1 binds mHtt strongly and, therefore, there is more 
SUMOylated Htt, which, in turn, affects cell viability and contributes to 
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HD development. 
Despite being quite similar proteins, SUMO and ubiquitin can have 

divergent effects on the same target. The conflicting data related to Htt, 
for example, may be due to the competition between SUMOylation and 
ubiquitylation for the same 6, 9, and 15 lysine residues of the N-terminal 
fragment (Celen and Sahin, 2020; Sarge and Park-Sarge, 2011). Both 
SUMOylation and ubiquitylation are components of the normal cellular 
metabolism and can occur simultaneously and interfere with each other 
(Deger et al., 2015). Previous studies have linked the reduction in mHtt 
toxicity to ubiquitylation, whereas protein stabilization, decreased ag-
gregation, and transcriptional imbalance have been linked to SUMOy-
lation (Ehrnhoefer et al., 2011). Intriguingly, in an in vitro model 
SUMOylation has been shown to stabilize Httex1p, a pathogenic frag-
ment of Htt, as well as decrease its aggregation and enhance transcrip-
tional repression, whereas in a Drosophila model SUMOylation 
aggravated neurodegeneration, while Httex1p ubiquitylation amelio-
rated neuronal viability (Steffan et al., 2004). Nonetheless, it was also 
found that HD pathology is reduced due to the lysine mutations of 
Httex1p that prevent both SUMOylation and ubiquitylation. These re-
sults indicate that proteasome activation, ubiquitylation enhancement 
and SUMOylation promotion could be important to slow down or even 
prevent neurodegeneration (Huang et al., 2018). Therefore, it is undis-
putable that more studies are necessary to clarify the specific molecular 
mechanisms by which both these PTMs interfere with Htt. 

We have discussed previously that Rhes has important beneficial 
effects in HD, because its ability to interfere with HD pathogenesis; 
however, it also has deleterious effects due to promoting SUMOylation. 
When attached to mHtt, SUMOylation increases and ubiquitylation de-
creases, which reduces the degradation of mHtt and increases its toxicity 
(Ross and Shoulson, 2009; Subramaniam et al., 2009). In an attempt to 
understand the link between Rhes/SUMO isoforms and mHtt through 
tunneling nanotubes (TNT)-like cellular protrusions, an important 
mechanism for intercellular communication, Sharma and Subramaniam 
(2019) described that SUMOylation-defective mHtt or 
CRISPR/Cas9-mediated depletion of the three main SUMO isoforms 
decreased Rhes-mediated mHtt transport. These data provide relevant 
evidence for the role of the SUMOylation machinery in the biogenesis of 
tunneling nanotubes (TNT)-like cellular protrusions and, even more 
remarkable, that Rhes contributes to the transport of mHtt from cell to 
cell. In addition, SUMOylation enhances cytotoxicity when it targets 
mHtt and leads to its disaggregation, but this could also happen due to 
the Rhes-mHtt interaction, causing striatal neurotoxicity. 

The mammalian target of rapamycin (mTOR) protein kinase is an 
essential regulator of autophagy, a lysosomal degradation process that 
eliminates and recycles unwanted material from the cell, and it is well 
known that autophagy is deregulated in neurodegenerative diseases, 
such as HD (Croce and Yamamoto, 2019). Considering that 
Rhes-induced activation of mTOR alters protein synthesis (Sub-
ramaniam and Snyder, 2011) and that mTOR regulates autophagy, 
apoptosis and cell proliferation (Zou et al., 2020), mHtt-induced Rhes 
inhibition could decrease mTOR activation. Rhes could also enhance 
autophagy by interacting with beclin-1, an autophagy activator. Thus, 
Rhes inhibition may represent an effective way to attenuate mHtt 
deleterious effects (Carbo et al., 2019). 

As much as positive effects are seen, negative effects for SUMOyla-
tion in polyQ disorders are also evident, especially related to SUMO-1. 
Its conjugation is increased in the cerebellar cortex of mice expressing 
mutant ataxin-1, indicating a role for SUMO-1 in polyQ disorders (Ueda 
et al., 2002). In this same study, SUMO-1 was also found in the affected 
brain regions from patients with HD, DRPLA, MJD and SCA1. Addi-
tionally, SUMO-1 colocalization with intranuclear inclusions was 
observed in both DRPLA brain tissue and in an in vitro model, where the 
aggregates were strongly SUMOylated (Terashima et al., 2002). Nuclear 
aggregate formation and apoptotic cellular death were also found in 
PC12 cells co-transfected with SUMO-1 and atrophin-1. SUMO-1 was 
observed again in three cases of neuronal intranuclear inclusion disease 

(NIID) related to proteasomal dysfunction (Pountney et al., 2003). The 
same was found in brain tissue from patients with multiple system at-
rophy (MSA), characterized by α-synuclein glial cytoplasmic inclusions, 
and progressive supranuclear palsy (PSP), marked by glial tau inclusions 
(Wong et al., 2013), which are a subset of neurodegenerative diseases 
called oligodendroglial inclusion bodies. SUMO-1 sub-domains were 
inside and surrounding these inclusion bodies, as well as the lysosomal 
marker, cathepsin D. A role for SUMO-1 in lysosome function was found 
by transfecting 1321N1 cells with an aggregation-prone mHttex1, 
HttQ74-GFP, that resulted in an association between SUMO-1-positive 
lysosomes and cytoplasmic accumulation of α-synuclein, tau or 
HttQ74-GFP. 

6. Conclusions 

Protein SUMOylation has a pivotal role in HD and other polyQ dis-
orders. Here we reviewed several mechanisms by which SUMO proteins 
can modulate molecular aspects of HD-related proteins, pointing out its 
clinical relevance, especially considering that SUMOylation is highly 
associated with protein aggregation. As discussed above and summa-
rized in Fig. 1, the data published so far are still controversial. In general, 
SUMOylation appears to have a dual effect, improving the cellular 
clearance and causing cytotoxicity, pointing to the need for more studies 
to best clarify the mechanisms underlying SUMOylation in HD and 
associated disorders. Based on the results from in vivo and in vitro studies 
to increase the modification of Htt by SUMO-2 instead of SUMO-1 could 
provide a promising treatment. Moreover, RNF4 overexpression pro-
tected against Htt aggregates and improved the transcriptional changes 
observed in HD by acting directly on the chromatin-associated Htt 
(Ohkuni et al., 2018). This finding could help to guide the design of an 
effective treatment for HD and other polyQ diseases, since 
RNF4-dependent degradation of Htt would be SUMO isoform insensi-
tive. In addition to the previous effects mentioned, SUMO could still 
have a role in protein quality control, modulating misfolded protein, 
solubility, and stability (Gallagher et al., 2014), and could also prevent 
the formation of polyQ structures (Huang et al., 2018). 
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