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Highlights
- SUMOylation, a post-translation protein modification similar to ubiquitination is

discussed in relation to ageing and neurodegeneration
- Modulation of the SUMO pathway is suggested as a therapeutic target against
neurodegenerative diseases characterized by protein aggregation

Abstract:

Protein homeostasis is essential for the wellbeing of several cellular systems. Post-
translational modifications (PTM) coordinate various pathways in response to abnormal
aggregation of proteins in neurodegenerative disease states. In the presence of accumulating
misfolded proteins and toxic aggregates, the small ubiquitin-like modifier (SUMO) is
associated with various substrates, including chaperones and other recruited factors, for
refolding and for clearance via proteolytic systems, such as the ubiquitin-proteasome
pathway (UPS), chaperone-mediated autophagy (CMA) and macroautophagy. However,
these pathological aggregates are also known to inhibit both the UPS and CMA, further
creating a toxic burden on cells. This review suggests that re-routing cytotoxic aggregates
towards selective macroautophagy by modulating the SUMO pathway could provide new

mechanisms towards neuroprotection.
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Post-translational modifications in aging and neurodegeneration. In most organisms,
ageing is a shift from the fully functional to the deterioration of various physiological
processes leading to impaired function and increased vulnerability to death. Ageing is
reported to be the major risk factor for the onset and progression of several diseases such as
cancer, neurodegeneration and cardiovascular disease (LOpez-Otin et al., 2013; Sen et al.,
2016; Soltow et al., 2010). Neurodegenerative diseases diversely comprise of chronic
progressive disease states that are characterized by gradual dysfunction and loss of neurons
due to the abnormal deposition of misfolded and aggregated proteins in various brain regions
(Kovacs et al., 2017; Pratt et al., 2015). Cells lose their ability to cope with the accumulation
of oligomeric protein complexes that deteriorate the protein quality control system leading to
neurotoxicity and ultimately widespread neurodegeneration (Takalo et al., 2013). These
adverse effects that occur within cells are prevented by the process referred to as protein
homeostasis or proteostasis. This is orchestrated by several post-translational mechanisms
through the aid of protein chaperones, co-chaperones and mediators that fold and/or refold
misfolded proteins, maintaining the correct conformation and/or attempting to sequester or
degrade toxic soluble misfolded species via aggresomes and autophagy. It has been suggested
that cells actively sequester misfolded proteins in chaperone-rich quinary (Q-body)
compartments (Alavez, 2017; Escusa-Toret et al., 2013; Roth and Balch, 2013). These
misfolded species are then directed to the ubiquitin proteasome system (UPS) and/or the
autophagy lysosome pathway (ALP) for degradation so as to prevent neurotoxicity
(Manecka et al., 2017). However, the toxic accumulation of protein aggregates has been
reported to cause secondary inhibition of the proteasome as well as lysosome system causing
a vicious cycle encouraging further aggregation and cell death (Cuervo and Wong, 2014;
Schapira et al.). There has been a rising interest in post-translational modification by the

small ubiquitin-like modifier (SUMO), known as SUMOylation, as it has been identified as



one of the key regulators in various cellular mechanisms in age-related diseases (Flotho and
Melchior, 2013; Xiao et al., 2015). Neuropathological inclusion bodies found in various
neurological conditions have been reported to contain SUMO and/or SUMO target proteins,
such as a-synuclein, which has been classified as a SUMO substrate. SUMO-1 has also been
found to be associated with lysosomes conjugated to Hsp90 in the a-synucleopathy, MSA,
and in a unilateral PD mouse model suggesting a possible link to chaperone-mediated
autophagy (Weetman et al., 2013; Wong et al., 2013). Anderson and co-workers have
reviewed the affiliation of SUMO and various SUMO substrates to a range of neurological
deficits and cellular stressors such as Parkinson’s disease (PD), Alzheimer’s disease (AD),
polyglutamine (Poly-Q) diseases, oxidative stress, osmotic stress and hypoxic stress
(Anderson et al., 2017; Ficulle et al., 2018; Peters et al., 2017; Princz and Tavernarakis,
2017). In this review, we focus on the various cellular responses SUMOQylation is linked to in
neurodegenerative protein aggregation diseases and the potential of modulating the SUMO

pathway to promote neuronal health.

SUMOylation, chaperones, co-chaperones and adaptor proteins. SUMO has been reported
to play an important role in DNA repair and telomere maintenance as well as intracellular
transport and signalling processes to maintain physiological functions and survival. Peters
and colleagues have summarised the various processes and proteins that SUMO regulates in
the central nervous system as well as in neurodegeneration (Peters et al., 2017). The SUMO
protein covalently modifies acceptor lysine residues of this diverse range of target proteins
altering their functional properties through the process called SUMOylation (Iribarren et al.,
2015; Krumova and Weishaupt, 2013). SUMO-mediated modulation can occur via the
inhibition of the binding site of a protein preventing its interaction with its substrate protein
as well as posing as a ‘hub’ for interaction by recruiting other binding partners. Furthermore,

the SUMO modified substrate protein may change in conformation which may lead to



alterations in its activity or reveal previously exposed binding sites (Vijayakumaran et al.,
2015; Wilkinson et al., 2010). SUMO paralogues 1, 2 and 3 are found abundantly in the
brains of vertebrates, although SUMO-2 and SUMO-3 are usually collectively referred to as
SUMO-2/3 as they are almost identical in sequence. The SUMO-1 isoform is unable to form
polySUMO-1 chains like SUMO2/3 isoforms and does not have a large unconjugated cellular
pool (Cho et al., 2015; Lee et al., 2014; Vijayakumaran et al., 2015; Yang et al., 2016). Like
ubiquitination, the SUMO pathway requires the co-ordinated actions of the SUMO activating
E1l enzyme, SUMO-specific conjugating E2 enzyme (Ubc9) and the SUMO ligase (PIAS3)
E3 enzyme and their detailed biochemistry is discussed in recent reviews (Eckermann, 2013;
Guo and Henley, 2014; Sarge and Park-Sarge, 2011). Regardless of this covalent SUMO
modification, the process is easily reversible due to the action of SUMO-specific
deSUMOylation enzymes (SENPs). In mammals, there are 6 different SENPs that are known
to be regulators of the SUMO pathway (Flotho, 2013; Wilkinson et al., 2010; Yang et al.,
2016). As a result, SUMO conjugation is able to act as a reversible switch to facilitate or
prevent protein-protein interactions with the substrate protein in response to SUMOylation
status. The stability of SENPs, particularly SENP3, is directed by the tumour suppressor
protein pl19 (arf) promoting the turnover of SENP3 in a UPS-dependent manner. Hsc70—
interacting protein (CHIP) facilitates the ubiquitination of SENP3 followed by its degradation
under normal conditions. SENPs show variable inducibility, cellular and subcellular
distribution, thereby fine-tuning SUMO status, with SENP5 showing largely synaptic
expression (Mendes et al., 2016; Akiyama et al., 2018). However, it has been reported that
under cell stress SENP3 levels are increased, due to its association with the molecular
chaperone, heat shock protein 90 (HSP90), which protects it from CHIP-mediated

ubiquitination (Guo and Henley, 2014; Yan et al., 2010).



Various chaperones and co-chaperones such as Hsc70, Hsp70, Hsp90 and Hsp40, that play
many crucial roles interact with the SUMO pathway (Wong et al., 2013). It has been
proposed that a chaperone-rich Q-body cytoplasmic compartment exists where a decision is
made about whether a misfolded protein should undergo degradation or refolding (Roth and
Balch, 2013). In addition, various adaptor proteins have been discovered to play essential
roles in the UPS and ALP in establishing the fate of misfolded and/or aggregated proteins.
Parkin mediates the K-63 poly-ubiquitination associated with aggresome formation
(Olzmann, 2008) whereas VCP (P97) disassembles SUMOylated proteins directing them to
the UPS (Yamanaka et al., 2012). A balance between VCP and HDACS6, which stimulates
aggresome formation, is crucial to determine the fate of ubiquitinated proteins. In VCP
mutant cells, aggresome formation was found to be impaired which was counteracted by the
expression of HDAC6 showing that they work in unity to ensure proper aggresome formation
(Richter-Landsberg and Leyk, 2013). Furthermore, BAG1/BAG3 ratio and CHIP adaptor
proteins work together to determine if polyubiquitinated proteins should be directed to the

UPS or ALP (Kumar et al., 2007; Shimamoto et al., 2013).

SUMO-1 in neurodegenerative diseases. The disruption of basal SUMOylation in neuronal
dysfunction has been implicated in neurodegenerative disorders such as PD, AD and
spinocerebellar ataxias (SCAs)(Cho et al., 2015; Matsuzaki et al., 2015). Reports have
identified SUMO-1 marking nuclear and cytoplasmic inclusion bodies in familial neuronal
intranuclear inclusion disease (NIID), SCA3, Huntington’s disease, dementia with Lewy
bodies, progressive supranuclear palsy and multiple system atrophy (MSA) (Pountney et al.,
2005; Pountney et al., 2003), with punctate SUMO-1 structures in cytoplasmic inclusions
assigned to trapped lysosomes. Weetman and co-workers demonstrated that in a rotenone-

lesion model of PD, increased baseline SUMO-1 expression was observed in aged brain



compared to young mice in unlesioned hemisphere, whereas, increased SUMOylation
occurred in both young and aged mice in the lesioned hemisphere. Moreover, it was also
revealed that the co-localisation of SUMO-1 to lysosomes is consistently observed in the
affected brain regions of human disease, rodent and cell culture models, providing a link to
autophagy in response to aggregation (Weetman et al., 2013). Krumova and coworkers
revealed that mutations of the two consensus of the SUMOylation sites led to aggravated o-
synuclein toxicity reducing the number of dopaminergic neurons in a PD rat model (Krumova
et al., 2011). In HD, the pathogenic fragment Huntingtin, was found to be modified by
SUMO-1 where it was suggested that the SUMOylated Htt reduced inclusion body formation.
However, this did not reduce toxicity but in fact contributed to the disease pathology showing
that the reduction of aggregated protein does not always mean a reduction in neurotoxicity
(Steffan et al., 2004). Moreover, although both a-synuclein and tau have been shown to be
SUMOylation targets in vitro, the presence of the SUMOylated species in pathological
aggregates is unclear (Wong et al, 2013; Luo et al 2016). Oxidative stress can either increase
or decrease SUMOylation. Recently, quercetin was found to increase total SUMOylation and
also increase the expression of the oxidative stress master regulator, NRF2, rendering cells
more tolerant to glucose/oxygen deprivation (Lee et al, 2016). Furthermore, the
overexpression of SUMO in conditions such as brain ischemia and hypoxia, could increase
cell survival whereas the knockdown of SUMO expression has proven to be toxic to cells
demonstrating evidence that SUMO may play a protective role in cellular responses
overcoming stressors such as glucose and oxygen deprivation (Silveirinha et al., 2013; Yang
et al., 2016). Indeed, many mitochondrial associated proteins are SUMOylated, such as Drpl
and MFF, thereby influencing mitochondrial fission, the clearance of dysfunctional

mitochondria and cell death (Paasch et al., 2018; Guo et al., 2017), and SENP2 knockout that



blocks Drpl deSUMOylation was found to induce a neurodegenerative phenotype (Fu et al.,

2014).

Modulating SUMOylation as a therapeutic target to combat neurodegeneration. It has been
proposed that SUMOylation of target proteins may have direct and/or indirect links to
neurodegenerative disease pathology (Vijayakumaran et al., 2015). Various cancer studies
have investigated SUMOylated CD44 in tumour cells and showed that inhibiting the SUMO
pathway reduced the CD44 expressions repressing invasiveness and tumour growth
(Bogachek et al., 2016; Castafio-Miquel et al., 2017; De Andrade et al., 2015). Also, Yun and
colleagues demonstrated for the first time that SUMO-1 regulates p-secretase (BACEL), a
protein that recruits f-amyloid (AB) production in AD diseased brain. Due to the depletion of
SUMO-1, BACEL1 proteins were reduced thereby decreasing AP levels (Yun et al., 2013).
Khodzhigorova and colleagues have reported that the sSiRNA-mediated knockdown of Ubc9
reduces the accumulation of phosphorylated Smad3 in experimental fibrosis through the
reduction of TGF-B signalling suggesting that inhibition of SUMOylation may be a novel
therapeutic target (Khodzhigorova et al., 2012). Ubc9 knockdown in neonatal ventricular
myocytes led to increase in the autophagy adapter, p62, but reduced L3-II and beclin (Gupta
et al., 2015), whereas, Vps34 SUMOylation promotes autophagosome formation (Yang et al,
2013). Various reports have modulated the SUMO pathway using chemical inhibitors. It was
first reported that a botanical drug, ginkgolic acid (GA), downregulates protein SUMOylation
by blocking the formation of the E1-SUMO intermediate (Fukuda et al., 2009). GA was used
in in vitro and in vivo experiments where the treatment of GA impaired the proliferation and
restrained tumour growth in pancreatic cancer, showing also that GA had little toxicity on
normal cells (Ma et al., 2010). Various studies have indicated that GA treatments have anti-

migratory and anti-metastatic activity in breast and colon cancer cells (Hamdoun and Efferth,



2017; Qiao et al., 2017). GA treatment of HEK293 cells led to reduced SUMOylation and
decreased phosphorylation, whereas, tau SUMOylation inhibited its degradation (Luo et al,
2014). Kerriamycin B has also been reported as another inhibitor of the E1 enzyme of the
SUMO pathway possessing both antimicrobial and antitumor activity (Kumar et al., 2013).
Recently, Spectomycin B1 was found to inhibit the E2 enzyme, Ubc9, of the SUMO-1
pathway (Hirohama et al., 2013). As macroautophagy is capable of degrading large structures
such as protein aggregates and is reciprocally regulated with CMA, which cannot degrade
aggregates, inhibiting SUMOylation of lysosomal Hsp90 and CMA may promote aggregate
clearance (Fig 1). Indeed, several inhibitors of Hsp90 have been investigated as therapeutic
targets in neurodegeneration. Recently, inhibition of the Hsp90 co-chaperone Ahal that is
activated by SUMOylation was found to block tau aggregation (Shelton et al, 2017).
Therefore, targeting the SUMO pathway by utilizing inhibitors such as GA which prevent the
formation of the E1-SUMO intermediate, may represent a novel potential therapy for various

neurodegenerative diseases.

SUMOylation is involved in several pathways such as protein misfolding and refolding, the
UPS and the ALP that modifies the toxic species of aggregated protein through various direct
and/or indirect mechanisms. It is important to recognize its associations between various
pathways where SUMOylation plays a role in response to accumulating toxic aggregates.
However, the demand for a greater understanding of SUMOylation in ageing and
neurodegeneration to therapeutically modulate SUMO is inevitable. The benefit of directing
toxic aggregates towards selective macroautophagy instead has been suggested, as
pathological aggregates have known to inhibit the UPS and CMA. Therefore, we propose that
SUMOylation could be specifically modulated to alter the function of various proteins

resulting in a protective outcome.
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Figure 1. Schematic diagram illustrating the potential mechanisms by which SUMOylation
may confront protein misfolding in neurodegenerative diseases, such as Parkinson’s disease.
A variety of SUMO-modified substrate proteins (Hsc70, Hsp90, Hsp70, HDACG6, VCP) are
recruited in response to abnormal protein aggregation in neurodegenerative diseases.
Inhibiting the SUMOylation pathway and chaperone-mediated autophagy, may positively

upregulate macroautophagy, clearing protein aggregates to alleviate increasing cytotoxicity in

neurodegeneration.



%’% ®

Direct SUMOylation °
— 00
Misfolded Aggregates.

SN s -y
éd*’

Native
Refolding i!l
misfolded

Proteins
proteins.

Q- X-0%U ¢

Phagophore:
Recruitment
of autophagy
Polyubiquitinated Retrograde Formation of
aggregate at K-63 transport of aggresome
aggregates

promoting
factors

Elongation of

Completion of
Pphagophore.

autophagosome




Accepted Manuscript

Title: SUMOylation, aging and autophagy in
neurodegeneration

Authors: Shamini Vijayakumaran, Dean L. Pountney

PII: S0161-813X(18)30056-1

DOI: https://doi.org/10.1016/j.neuro.2018.02.015
Reference: NEUTOX 2303

To appear in: NEUTOX

Received date: 27-10-2017

Revised date: 22-2-2018

Accepted date: 25-2-2018

Please cite this article as: Vijayakumaran S, Pountney DL, SUMOylation,
aging and autophagy in neurodegeneration, Neurotoxicology  (2010),
https://doi.org/10.1016/j.neuro.2018.02.015

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.


https://doi.org/10.1016/j.neuro.2018.02.015
https://doi.org/10.1016/j.neuro.2018.02.015

