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Abstract

Post-translational modifications (PTMs) play
important roles in altering the structure and
function of proteins. In this article, we focuson
ubiquitination and SUMOylation of amyloidogenic
proteins. We discuss the functional contributions
of PTMs on proteins involved in amyloid-related
diseases as well as the aberrant PTM signatures of
the disease agents. In addition, we extend our dis-
cussion to the nascent field of functional amyloids,
a subclass of amyloids that perform physiological
functions. Here, we present examples from mam-
mals and yeast to gain insight into physiological
regulation of amyloid-like proteins.

Introduction

Post-translational modifications

Post-translational modifications (PTMs) involve
the covalent conjugation of a chemical moiety to
a target protein. Depending on the moiety, these
modifications can be stable or highly dynamic.
PTMs represent a global regulatory mechanism
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that is involved in virtually all aspects of cell biology
(Mann and Jensen, 2003), including subcellular
localization and trafficking, molecular interactions,
state of activity, and molecular stability and deg-
radation. There are many types of PTMs, such as
phosphorylation, acetylation, glycosylation, and
methylation. This article focuses specifically on
ubiquitination and SUMOylation.

Ubiquitination

Since the initial discovery of ubiquitin-mediated
targeting of proteins for degradation (Hershko and
Ciechanover, 1998), tens of thousands of ubiqui-
tination sites have been identified on thousands
of substrate proteins using proteomic techniques
(Peng et al., 2003; Kim et al., 2011; Wagner et al.,
2011). The ubiquitination process is complex, with
over 1000 proteins regulating ubiquitination in
human cells (Clague et al., 2015). The process is
further complicated by a three-step enzymatic cas-
cade (Fig. 25.1), which is necessary to covalently
conjugate ubiquitin to its target protein. First, an E1
ubiquitin activating enzyme supplies the energy for
the reaction (Shulman and Harper, 2009), followed
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Figure 25.1 The ubiquitination cycle. Schematic of the ubiquitination enzymatic cascade. Ubiquitin (Ub) is
activated in an energy-dependent manner by E1. Ubiquitin is then passed from E1 to E2. E3 interacts with the
substrate (orange protein) to be ubiquitinated. Ultimately, it is E3 which conjugates ubiquitin to the substrate.

by an E2 conjugating enzyme (Ye and Rape, 2009),
and then an E3 ubiquitin ligating enzyme (Deshaies
et al., 2009; Rotin and Kumar, 2009; Smit and
Sixma, 2014). Often, ubiquitin is conjugated via the
C-terminal glycine to a lysine residue on the target
protein (Pickart, 2001). Ubiquitination can also
occur through conjugation to the N-terminus of the
target protein, although this covalent attachment
is less common (Pickart, 2001). Deubiquitinases
(DUBSs) specialize in the removal of ubiquitin from
substrate proteins (Komander ef al.,, 2009; Clague
etal.,2013).

Ubiquitinis a 76 amino acid protein and contains
various sites for post-translational modification.
Importantly, ubiquitin contains seven lysine resides
which can be modified and eleven potential phos-
phorylation sites (Swatek and Komander, 2016).
This allows for the formation of polyubiquitin
chains and greatly increases complexity. On these
identified residues, ubiquitin can be modified by
ubiquitin and ubiquitin-like groups, acetyl-groups,
and phospho-groups. These ubiquitin-like groups
include SUMO (small ubiquitin-like modifier),
NEDDS (neural precursor cell expressed, develop-
mentally down-regulated 8) (Kamitani et al., 1997),
ISG 15 (interferon inducible gene 15) (Kessler et
al., 1988), and ATG 8 (autophagic ubiquitin-like
protein) (Ichimura et al., 2000).

The residue ubiquitinated and extent of
ubiquitination, i.e. polyubiquitination versus mon-
oubiquitination and the formation of ubiquitin
branches, are critical for the destiny of the substrate
protein. The majority of ubiquitination occurs via
lysine 48 ubiquitin chain linkage and this targets
the substrate to degradation, via the ubiquitin
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proteasome system (UPS) (Hershko and Ciech-
anover, 1998). Another prominent degradation
signal is triggered by lysine 11 polyubiquitination
(Finley, 2009). The second most prevalent ubig-
uitin modification occurs via lysine 63 linkage and
is involved in various non-degradative roles (Chen
and Sun, 2009).

Although more than 50% of ubiquitinated
proteins are destined for proteasomal degrada-
tion, substrates can undergo other fates involved in
protein activity and cellular localization (Seet et al.,
2006) by inhibiting protein—protein interactions
through steric hinderance. Specifically, polyubiq-
uitin chains have functional roles in signalling,
endocytosis, DNA repair, and macroautophagy
(Kraft et al., 2010). Various other combinations
create complex cellular signalling. For example,
Met1-linked linear ubiquitin chains have been iden-
tified as being key positive regulators of NF-xB
signalling (Swatek and Komander, 2016). Another
example is Lys33 linked ubiquitin chains, which are
involved in trafficking of the protein after exiting the
Golgi (Yuan et al.,, 2014). Monoubiquitination can
also influence various fates, depending on the resi-
due modified. For example, monoubiquitination
can play a role in sorting proteins into extracellular
vesicles (Kunadt et al., 2005).

SUMOylation

As mentioned in the previous section, there exist
various ubiquitin-like modifications, one of which
is SUMO (small ubiquitin-like modifier). Although
both ubiquitin and SUMO are similar in structure
and require a three-enzyme cascade for substrate
conjugation, ubiquitination and SUMOylation
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proteins have very distinct functions. Overall, ubig-
uitination is often generalized as a ‘degradation’
modification while SUMO is often generalized as
either a ‘solubility’ or ‘trafficking’ modification.
These generalization are, of course, an over-sim-
plification of complex cellular signalling, but do
indicate vastly distinct functions. A more in-depth
discussion of SUMOylated protein function will
follow. Another distinction between ubiquitination
and SUMOylation of a substrate is in the E2 and
E3 involved in their respective three-step enzymatic
cascades, as discussed below.

Discovery of the yeast SUMO orthologue
SMT?3 paved the way for detailed functional stud-
ies of this highly soluble, globular protein and its
role as a protein modifier (Meluh and Koshland,
1995). In mammals, SUMO1-5 exist as revers-
ible protein modifiers which form isopeptide
bonds with lysine residues of the target proteins
(Mahajan et al.,, 1997) and SUMO family proteins
are expressed ubiquitously across eukaryotic cell
types (Melchior, 2000; Bohren et al., 2004; Guo
et al., 2004). SUMOylation can lead to three non-
mutually exclusive events: inhibition of interaction
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via steric hinderance, increase in interaction via
recruitment, and change in conformation of the
substrate (Wilkinson and Henley, 2010). This post-
translational modification is an essential cellular
process and produces an embryonic lethal pheno-
type when knocked out in mice or mammalian cells
(Hayashi et al., 2002; Nacerddine et al., 2005).
Similar to ubiquitination, SUMOylation occurs
through a three-step enzymatic pathway. Specifi-
cally, for SUMOylation, an El-activating enzyme
(SAE1/SAE2) (Gong et al, 1999), an E2-con-
jugase (Ubc9), and an E3-ligase (Hay, 2005) are
required (Fig. 25.2). SUMO is first activated by the
heterodimer SAE1/SAE2 and then passed to the
catalytic pocket of the E2 conjugase Ubc9. Ubc9
is the sole conjugating enzyme for all SUMOs and
will not conjugate other proteins (Desterro et al.,
1997). Through Ubc9-driven conjugation, SUMO
forms an isopeptide bond with lysine. Lysines in
the target protein are capable of being SUMOylated
when part of a W-K-X-[D/E] consensus motif, in
which W represents any large hydrophobic residue
and X is any residue (Rodriguez et al., 2001, Samp-
son et al., 2001; Geiss-Friedlander, 2007). There
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Figure 25.2 The SUMOylation cycle. Schematic of the SUMOylation pathway. SUMO protein is cleaved by
SENP, followed by energy-dependent E1 binding. SUMO is then passed to E2. E3 conjugates the mature SUMO
to the substrate (orange protein). The target protein can then be further polySUMOylated, or deSUMOylated

via SENP.
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are three distinct families of E3 ligases involved in
SUMOylation: SP-RING-finger-like, Ran binding
protein 2 (RanBP2), and Polycomb protein 2 (Pc2)
(Melchior et al., 2003). Sentrin-specific proteases
(SENPs) and De-SUMOylating isopeptidase 1
and 2 (DeSI-1 and 2) are responsible for reversing
SUMO conjugation (Potts and Yu, 2005).

Of the five SUMO proteins, SUMO1, SUMO2,
and SUMO3 are the most extensively studied.
SUMOL1 is a 101 amino acid protein, sharing
only 47% homology with SUMO2 and SUMO3.
SUMO?2 and SUMOS3 are nearly identical and
only vary in three amino acid residues. These three
SUMOs are ubiquitously expressed. An important
difference between SUMO1 and SUMO2/3 is the
formation of polymeric chains. SUMOL1 attaches
as a single molecule only, whereas SUMO2/3 is
capable of forming a chain due to a consensus
SUMO motif in the N-terminus (Cheng et al,
2006). SUMO4 and SUMOS expression is still
under debate. Currently, SUMO4 mRNA expres-
sion has been found in lymph, kidney, and spleen
(Guo et al, 2004) and does not appear to par-
ticipate in conjugate formation, suggesting that it
may be a pseudogene (Owerbach et al., 2005).
SUMOS has recently been discovered in primates,
although expression is not detectable in the brain
and remains a largely unexplored protein (Liang
et al.,, 2016).

Amyloidogenic proteins

Amyloids

Amyloidogenic proteins, or amyloids, are char-
acterized by (1) a propensity to fibrillize with a
cross B structure (Fig. 25.3A) and (2) an ability
to bind the dye Congo Red, which produces green
birefringence on illumination with polarized light
(Serpell, 2000; Dobson, 2003). Many proteins
display amyloid characteristics but lack a defined
cross B structure; for these proteins, we will refer
to them as amyloid-like. Monomeric amyloids are
soluble and often contain unstructured domains
in aqueous solution (Baumketner et al., 2006),
whereas fibrillization increases the insolubility of
the protein and is accompanied by an increase in
[-sheet formation, followed by various stages of
self-assembly. The end product is an insoluble amy-
loid fibril that is proteinase K resistant (Dobson,
2003). These fibrils can further associate to form
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Figure 25.3 Amyloid fibrillization. (A) Cartoon
examples of parallel B-sheets and (B) antiparallel
B-sheets. (C) Amyloid fibrillization plot showing the
aggregation of a native protein into an amyloid fibril
over time.

proteinaceous bodies, which are commonly found
in neurodegenerative diseases. To initiate assembly
from monomeric species, the fibrillization process
requires a nucleation event. This event creates
intermediate species, including oligomers, and then
elongates before mature fibrils are fully formed (Fig.
25.3B). Side chains play an important role in associ-
ating several p-sheets between fibrillar components
(Serpell, 2014). Other components influencing
association include 7 stacking between side chains,
high net charge, exposure of aromatic side chains,
exposed surface area, and dipole moments (Chiti
and Dobson, 2006).

Prions (proteinaceous infectious

particles)

Stanley Prusiner’s seminal research on prion pro-
teins and prion diseases led to the concept that an
infectious disease could be caused by a proteina-
ceous agent, an idea that was initially met with great
scepticism by the scientific community (Prusiner,
1982; Safar et al., 2005). However, several stud-
ies confirmed that prions were indeed infectious
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Figure 25.4 Prion conversion. Schematic of prion conversion pathway from functional (purple circle) to
pathological (pink hexagon), including the critical steps of prion conversion, elongation, seeding, and

fragmentation.

(Bolton et al., 1982; McKinley et al, 1983) and
amyloid-like (Prusiner et al., 1983).

Prion diseases are characterized by the conver-
sion of cellular prion protein (PrP) to a pathogenic
form (PrPsc) (Fig. 25.4). Whereas PrP exists
as a soluble, cell-surface glycosyl phosphatidyl
inositol-link glycoprotein, PrPsc is amyloidogenic
and pathogenic. The pathogenicity of PrPsc is
transmissible between organisms. Prion diseases
in humans include kuru, Creutzfeldt-Jakob disease
(CJD) (Gibbs et al., 1968), Gerstmann—Straussler—
Scheinker (GSS) disease, and fatal familial insomnia
in humans. There are additional prion diseases
found in non-human mammals including scrapie,
transmissible mink encephalopathy, chronic wast-
ing disease, and bovine spongiform encephalopathy
(Aguzzi et al., 2007).

The protein characterization of ‘prion’ is very
specific. For a protein to be considered an amyloid,
it must convert to a cross-p structure, and bind
Congo Red with a green birefringence under polar-
ized light (Serpell, 2000). These amyloid qualities
are shared with prions. However, not all amyloids
are prions. For an amyloid to also be a prion, it must
have the additional characteristic of transmissibility
(Prusiner, 2013). The definition of prion transmis-
sibility remains a contested topic within the field.
Are proteins prions only when transmissible across
organisms, such as in PrPsc diseases? Are proteins
prions when transmissible across cells? Organism
transmissibility is certainly a prion trait; however,
cellular transmissibility is a contended topic. For
the purposes of this article, we will distinguish cel-
lularly transmissible amyloidogenic proteins that
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lack clear evidence of organism transmissibility as
‘prionoids’ (Scheckel and Aguzzi, 2018).

Prionoids exist in many common neuro-
logical diseases, such as Alzheimer’s disease and
Parkinson’s disease. Common prionoids include
B-amyloid (Meyer-Luehmann et al., 2006; Eisele
et al, 2010), tau (Clavaguera et al, 2009; Guo
and Lee, 2011; Kfoury et al., 2012), a-synuclein
(Braak et al., 1996, 2003), SOD1 (Miinch et al,,
2011), and Huntingtin (Ren et al., 2009). These
prionoids are, of course, all amyloids. Many physi-
ological proteins also have a propensity to adopt
an amyloid-like structure and display transmissible
heritability when expressed in yeast (Liebman and
Chernoff, 2012). To distinguish proteins with the
aforementioned characteristics, we will use the
term prion-like (Frost and Diamond, 2012).

Amyloids fibrillize to form defined, specific
structures. Often, amyloids and prions/prionoids/
prion-like proteins will be characterized as having
‘aggregation’ properties. Within the amyloid
field, aggregation suggests a disordered assembly
of proteins. Aggregation lacks control and does
not specify self-association properties or specific
structure of the proteins within the ‘aggregates’
In this article, we use the terms ‘aggregate’ and
‘fibrils’ as the amyloid field uses them; i.e. fibrils are
composed of self-assembled amyloids with cross
structure, and aggregates are a disordered assembly
and non-specific interaction of proteins.

Inclusion bodies

Deposits of aggregation-prone proteins are often
termed inclusion bodies. A hallmark of many
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neurodegenerative diseases is the formation of
amyloid inclusion bodies, although the contribu-
tion of amyloid inclusion bodies to neuronal death
is still highly debated. Various hypotheses have been
proposed to explain the role of inclusion bodies in
neurodegenerative disease. For example, inclusion
bodies may serve as a receptacle for misfolded and
aggregating proteins. While some consider this a
beneficial process whereby the cell captures toxic
proteins, others consider the formation of inclusion
bodies to provide a means of physical entrapment
of functional proteins. Much of the data suggest
that inclusion bodies indeed capture misfolded
proteins that would otherwise prove cytotoxic
(Wojcik et al., 1996; Johnston et al., 1998; Garcia-
Mata et al., 1999). Indeed, research suggests that
ubiquitin-dependent proteasomal targeting of
substrate proteins to inclusion bodies exists physi-
ologically (Kawaguchi et al., 2003; Hao et al., 2013;
Schipper-Krom et al,, 2014), while restoration of
the UPS in neurodegenerative disease correlates
with increased inclusion body formation (Mitra et
al., 2009; Ortega et al., 2010). Perhaps, inclusion
bodies provide a mechanism that can contain toxic
proteins that are so aggregated that the proteasome
fails to efficiently degrade them (Ma and Lindquist,
2002).

Several of these inclusion bodies have been
found to be SUMOylated in disease (Li et al,
2003; Steffan et al., 2004; Riley et al., 2005; Fei et
al., 2006; Krumova et al., 2011). There are mul-
tiple hypotheses on why aggregating amyloids
and amyloid-like proteins may be SUMOylated.
One hypothesis posits that SUMOylation is a
general solubility enhancer that allows the cells to
counteract aggregation. Another possibility is that
SUMOylation provides steric hindrance to fibril
formation and thus abrogates the extent of amyloid
fibrillization. Finally, SUMO conjugation has been
hypothesized to work as a chaperone and enhance
the folding of the target protein. Indeed, SUMOyla-
tion also occurs on chaperone proteins, affecting
their activity in protein quality control (Panse et
al., 2004; Wohlschlegel et al., 2004; Denison et al.,
2005). All hypotheses allow for the cellular regu-
lation of toxic proteins with post-translational
modifications.

Many inclusion bodies in neurodegenerative
disease are also ubiquitinated (Dantuma and
Bott, 2014). The UPS is an important component
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of neurodegenerative disease, considering its
critical role as a protein homeostasis regulator.
Importantly, it is the role of the UPS to degrade mis-
folded and aggregation-prone proteins in healthy
systems. When an increase in aggregated protein
overwhelms the system, a downstream decrease
in normal homeostatic functioning of the UPS
machinery occurs (Dantuma and Bott, 2014). This
creates a dangerous hampering of the degradation
machinery, as pathological amyloid formation con-
tinues to build and causes a feedback loop in which
more amyloid will cause greater UPS impairment.

Toxic amyloids

Synucleinopathies
Synucleinopathies are a group of neurodegen-
erative diseases characterized by the aggregation
of filamentous a-synuclein into cytosolic inclu-
sion bodies called Lewy bodies (Goedert, 2001).
a-synuclein is an intrinsically disordered protein,
meaning that it has no defined secondary struc-
ture when unbound (Schweers et al., 1994), and
it functions at the synapse in vesicle trafficking,
plasticity, and inhibition of kinase signalling (Iwata
et al., 2001; Chandra et al., 2004; Liu et al., 2004;
Chandra et al., 200S; Liu et al., 2007). However,
under disease conditions, a-synuclein undergoes
a conformational change to a cross p-pleated sheet
structure and continues along the path of amyloid
fibrillization until ultimately depositing as a Lewy
body (Fig. 25.5; Spillantini et al., 1997; Conway et
al., 2000; Serpell et al., 2000; Ulmer et al., 2005;
Guerrero-Ferriera et al., 2018; Rose et al., 2018).
a-synuclein can be mono- and poly-ubiqui-
tinated, where monoubiquitination promotes
aggregation (Nonaka et al., 2005; Lee et al., 2008)
and polyubiquitination at lysine 48 targets the pro-
tein to the proteasome (Lee ef al., 2009). Indeed,
increasing the pool of free ubiquitin decreases
a-synuclein-driven  neurodegeneration in a
Drosophila disease model (Lee et al., 2009). An
increased amount of free ubiquitin is thought to
induce the polyubiquitination of a-synuclein. This
balance of the free ubiquitin pool, monoubiquit-
ination of a-synuclein, and the polyubiquitination
of a-synuclein is further complicated by toxic
a-synuclein-mediated inhibition of UPS function
(Stefanis et al., 2001; Snyder et al, 2003; Chen
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Figure 25.5 a-synuclein structure. (A) Monomeric and (B) fibrillar a-synuclein. Images created using the Protein
Data Bank NGL Viewer from 1XQ8 and 6FLT. (C) A schematic of a-synuclein domains.

et al., 2006), which globally disrupts ubiquitin-
dependent proteasomal targeting.

a-synuclein can be mono-SUMOylated and
lacks detectable poly- or multi-SUMOylation
(Dorval and Fraser, 2006; Oh et al., 2011). Mono-
SUMOylation occurs at one of two putative SUMO
consensus motifs, lysine 96 or lysine 102 (Dorval
and Fraser, 2006; Oh et al., 2011; Krumova et al.,
2011), and does not compete for ubiquitination
at these residues (Krumova et al, 2011). Thus
far, we know that a-synuclein is SUMOylated by
E3 hPc2 (Oh et al, 2011) and that Lewy Body-
derived a-synuclein is conjugated to SUMO?2 in
transgenic mouse models (Pounteny et al., 200S;
Krumova et al., 2011; Oh et al,, 2011). Interestingly,
SUMOylation of recombinant and overexpressed
a-synuclein was found to increase solubility (Kru-
mova et al., 2011; Shahpasandzadeh et al., 2014).
Indeed, in vitro SUMO1-conjugation of even 50%
of a-synuclein was sufficient to block fibrillization
with percentages as low as 10% substantially delay-
ing fibrillization (Krumova et al, 2011). When
SUMOylation of a-synuclein is hindered in yeast,
cell, and animals models, neurotoxicity is promoted
by increased fibrillar/aggregate formation (Kru-
mova et al., 2011; Shahpasandzadeh et al., 2014).

Generally, monoubiquitination of a-synuclein
promotes aggregation (Nonaka et al., 200S; Lee
et al., 2008) while monoSUMOylation promotes
solubility (Krumova et al., 2011) and polyubiquit-
ination drives protein degradation via the UPS (Lee
et al., 2009). Ubiquitination and SUMOylation of
a-synuclein are likely independent processes, and
occur on different lysine residues (Kim et al., 2011).
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Parkinson’s disease

Autosomal-dominant Parkinson’s disease arises
due to missense mutations and increased expres-
sion of a-synuclein (Polymeropoulos et al., 1997;
Kriiger et al., 1998; Zarranz et al., 2004), which
results in the selective degeneration of dopaminer-
gic neurons of the substantia nigra pars compacta
to the striatum. Aggregates of a-synuclein cause
Lewy body formation in late stages of the disease.
These a-synuclein-rich Lewy bodies are the major
histopathological hallmark of Parkinson’s disease
(Spillantini and Goedert, 2000).

A K96R/K102R a-synuclein rodent model of
Parkinson’s disease exhibits exacerbated neuronal
toxicity and neurodegeneration (Krumova et al,
2011). By mutating the lysine residues at 96 and
102, a-synuclein can no longer be SUMOylated.
Recall that lysine 96 and 102 are part of SUMO
consensus motifs, and that monoSUMOylation of
a-synuclein drives solubility (Dorval and Fraser,
2006; Kim et al, 2011; Krumova et al, 2011).
Thus, it is possible that an inhibition of a-synuclein
monoSUMOylation is driving Parkinson-like
neurodegenerative effects in this rodent model of
Parkinson’s disease.

Another element of Parkinson’s disease that
links ubiquitination to pathology is the E3 ubiqui-
tin ligase parkin. The PARK2 gene produces parkin
and the PARK2 genetic mutation is one of the most
commonly known genetic causes of early-onset Par-
kinson’s disease, suggesting that ubiquitination may
play a critically important role in the disease. How-
ever, early onset Parkinson’s disease pathology does
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not include a-synuclein-rich Lewy body deposits.
Instead, disruption in parkin function is linked to
inhibited mitochondrial function (Keeney et al.,
2006) and increased tumorigenesis (Veeriah et al.,
2010).

Multiple systems atrophy

Multiple systems atrophy (MSA) is a non-heritable
neurodegenerative disease, characterized by Par-
kinsonism, ataxia, and hypotension (Graham and
Oppenheimer, 1969). In MSA, neurodegeneration
is observed in the substantia nigra, pons, infe-
rior olive, and cerebellum (Matsuo et al., 1998).
A neuropathological hallmark of the disease is
a-synuclein-rich aggregates in oligodendrocytes,
called coiled bodies (Papp et al, 1989). MSA
aggregates label positively for SUMO1 (Pountney
et al., 2005) and ubiquitin, including various amy-
loidogenic proteins (Lantos, 1989; Sakamoto et al.,
2005). High molecular weight a-synuclein oligom-
ers also label robustly with ubiquitin (Dickson et
al., 1999) in the disease.

Thus far, the influence of ubiquitination and
SUMOylation on MSA a-synuclein species is
undetermined. However, similar themes across
synucleinopathies arise. We previously discussed
the role of monoubiquitination in a-synuclein
aggregation. Perhaps coiled bodies of MSA are
the downstream product of monoubiquitinated
a-synuclein. Another plausible theory is that
a-synuclein is monoSUMOylated and polyubig-
uitinated as a method of deterring toxic peptide
aggregation, by regulating solubility and targeting
a-synuclein to the proteasome. As mentioned
previously, the UPS can target substrate proteins to
inclusion bodies (Kawaguchi et al., 2003; Hao et al.,
2013; Schipper-Krom et al., 2014) and may provide
a mechanism of containing toxic protein that is too
aggregated to be efficiently degraded by the protea-
some (Ma and Lindquist, 2002).

Dementia with Lewy bodies

a-synuclein inclusion bodies, called Lewy bodies,
are the major histopathological hallmark of
Dementia with Lewy Bodies (DLB) (Spillatini
and Goedert, 2000), a form of dementia that is
characterized by delirium, hallucinations, and Par-
kinsonism (Neef and Walling, 2006). DLB patients
show SUMO1 immunolabelling of Lewy bodies
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(Pountney et al., 2005), as well as ubiquitin label-
ling (Tofarist et al., 2003).

Similar to MSA, the PTMs of DLB a-synuclein
species are not well understood. However, the
SUMOL1- and ubiquitin-labelling of Lewy bodies
bolsters our hypothesis that monoSUMOylation
and polyubiquitination of a-synuclein is a cellular
method of regulating toxic peptides.

Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a
degenerative motor neuron disease which leads
to paralysis and ultimately death of the individual.
While most cases are sporadic, there exists a
familial autosomal dominant version of the disease
which disrupts the gene encoding copper-zinc
superoxide dismutase (SOD1) (154,155) (Fig.
25.6; Elam et al., 2003; Branci et al., 2009; Rose
et al, 2018). As many as 119 SOD1 mutations
have been linked to familial ALS (Rosen et al.,
1993; Anderson, 2006), which is characterized by
misfolding and aggregation of SOD1 to produce
a cytotoxic gain-of-function conformation and
proteinaceous intracellular inclusions (Bruijn ef al.,
1998; Watanabe et al., 2001; Son et al., 2003 ). Toxic
SOD1 is amyloidogenic, as identified by Thioflavin
T binding, transmission electron microscopy, and
nuclear magnetic resonance (Khan et al., 2017).

Also within the proteinaceous intracellular
inclusions of ALS is the RNA- and DNA-binding
protein TAR DNA-binding protein 43 (TDP-43).
Specifically, a missense mutation in TARDBP
causes a truncated TDP-43 lacking the C-terminal
domain (TDP-S6), leading to TDP-43 aggregation
in ALS and other RNA-binding protein-based
disorders (Sreedharan et al., 2008; Van Deerlin et
al., 2008; Kabashi ef al., 2008). TDP-43 aggregates
are amyloidogenic, as identified by Thioflavin
T binding, amyloid-immunolabeling, and x-ray
scattering (Vogler et al., 2018).

Finally, Fused in Sarcoma (FUS) has been
implicated in inclusion formation in a small
percentage of ALS cases (Kwiatkowski ef al., 2009;
Vance et al., 2009). FUS mutations are autosomal
dominant and are found in familial ALS and a
subset of Frontotemporal Dementia (FTD) and
Frontotemporal Lobar Degeneration (FTLD)
patients (Sharma et al, 2016). Like SOD1 and
TDP-43, FUS is an amyloidogenic protein, as
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Figure 25.6 SOD1 structure. (A) Wild-type dimer SOD1 and (B) the ALS-mutant S134N dimer SOD1. Images
created from the Protein Data Bank NGL Viewer from 3ECU and 10ZU. (C) A schematic of monomeric SOD1.

indicated by Thioflavin T binding, Congo Red
birefringence, transmission electron microscopy,
and nuclear magnetic resonance (Murray et al.,
2017).

SOD1

SOD1 inclusion bodies are prominent in many
ALS cases. Inclusion body-bound SOD1 can be
SUMOylated, and ubiquitin protein is a common
component of these aggregates (Watanabe et al.,
2001; Howland et al., 2002; Lin et al., 2005; Fei et
al., 2006; Niikura ef al., 2014). Although found in
close proximity within inclusion bodies, the extent
of SOD1 ubiquitination is unknown. However,
mutant SOD1 is believed to disrupt the UPS in
ALS (Cheroni et al., 2009).

SOD1SUMOylation is much better understood.
Specifically, SOD1 undergoes SUMO1-conjuga-
tion (Fei et al., 2006) most prominently at lysine
75, followed by lysine 9 (Fei et al., 2006; Niikura et
al., 2014). SUMO-conjugation of SOD1 stabilizes
the protein and leads to protein aggregation, and
overexpression of SUMOL in a cell system leads
to increased SUMOylation and SOD1 aggregate
deposition (Fei et al., 2006).

When SUMO?2 and SUMO3 are overexpressed
in cells, there is no observable change in SOD1
aggregation (Fei et al., 2006). However, the most
common SOD1 mutations found in familial ALS,
those at G93 and G835, undergo SUMO2 and
SUMO3 SUMOylation (Niikura et al, 2014).
Thus, studies on SUMO2- and SUMO3- conjuga-
tion of SODI are limited to mutated versions of
the protein. The lysine 735 site, like with SUMO]1,
appears most important for SUMO2- and
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SUMO3-conjugation (Niikura et al., 2014). When
ALS-linked mutant SOD1 is expressed alongside
overexpression of SUMO3, increased aggrega-
tion is observed (Niikura et al., 2014). If lysine 75
is mutated, there is a significant reduction to the
extent of SUMO3-induced aggregation (Niikura et
al, 2014).

SODL1 is observed in ALS inclusion bodies.
Physiological SOD1 can be SUMO1-conjugated,
and this increases the propensity for SODI1
aggregation (Fei et al,, 2006; Niikura et al., 2014).
Mutant SOD1 can be SUMO1-, SUMO2-, and
SUMO3- conjugated; these modifications increase
protein aggregation as well (Fei et al., 2006; Niikura
et al., 2014). Although capable of SUMO-driven
aggregation  physiologically, mutated SODI1
has a correlative increase in chances of being
SUMOylated and increase in aggregation. It is
possible that the increased propensity of SOD1
aggregation in ALS is directly linked to the opening
of SUMO consensus motifs in mutated SOD1.

TDP-43

TDP-43 is a DNA- and RNA-binding protein
encoded by the TARDBP gene and is often associ-
ated with intracellular inclusions found in ALS.
TDP-43 aggregation is also associated with Fron-
totemporal lobar degeneration (FTLD) (Arai et al.,
2006; Neumann et al., 2006). Functionally, TDP-43
is found in the nucleus and is involved in RNA
transcription, alternative RNA splicing, microRNA
processing, and regulation of mRNA stability
(Buratti ef al., 2001; Wang et al., 2004; Mercado et
al., 200S; Strong et al., 2007). In the diseased state,
TDP-43 aggregates are involved in degeneration
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and neuronal death, although the detailed mecha-
nisms remain unclear (Cairns et al., 2007; Forman
et al., 2007). From studies using yeast and human
cells to model the disease, the current hypothesis
states that diseased TDP-43 is linked to toxic gain-
of-function mechanisms (Johnson et al., 2008;
Zhang et al., 2009). In the pathological system,
TDP-43 leaves the nucleus for the cytoplasm and
aggregates into toxic oligomers, likely at membrane-
less organelle hubs such as stress granules (Taylor
et al., 2002; Ross and Poirier, 2004; Dewey et al.,
2012). Various isoforms of TDP-43 exist and the
form most linked to ALS, TDP-S6, is much more
likely to move out of the nucleus and aggregate than
the full-length protein (Seyfried et al., 2010).

TDP-43 is the dominant aggregated species
of ALS inclusion bodies and is often polyubiq-
uitinated and hyperphosphorylated in either the
full-length or truncated form (Rutherford et al,
2008; Kim et al., 2010). Quantitative proteom-
ics has identified increased ubiquitination and
SUMO?2/3-conjugation of the insoluble species,
with lysine 48 and lysine 63 appearing to be the
target sites (Olsen et al., 2006). It is hypothesized
that K48 and K63 are sites of ubiquitin and SUMO
competition; however, further data are needed to
investigate this speculation.

Interestingly, =~ SUMOylation  may
mutant TDP-43 localization and competition of
moiety-conjugation could play a role in patho-
genesis. TDP-S6 nuclear inclusions immunolabel
for SUMO2/3, but cytosolic inclusions do not
(Seyfried et al., 2010). Both nuclear and cytosolic
inclusions immunolabel for ubiquitin (Seyfried
et al., 2010). Perhaps ubiquitination is a general
method for targeting toxic TDP-43 to the protea-
some, but deSUMOylation is necessary for the
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shuttling of the protein.

FUS

FUS is a DNA- and RNA binding protein which
functions to promote annealing of complementary
DNA strands and plays important roles in tran-
scription and splicing (Dormann and Haass, 2011).
A small group of Frontotemporal Lobar Dementia
(FTLD) and ALS cases have FUS in neuronal and
glial inclusions (Neumann ef al., 2009; Mackenzie
et al., 2011). Interestingly, pathogenic FUS is often
localized to the cytoplasm and largely avoids the
nucleus (Dormann and Haass, 2011). Although
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functional FUS does shuttle between the nucleus
and cytoplasm, it plays primary roles in the nucleus
and cytoplasmic localization is often associated
with disease.

FUS and FUS-rich inclusions are ubiquitinated
in disease (Neumann et al, 2009; Deng et al,
2010; Seelaar et al., 2010; Dormann and Haas,
2011; Farrawell et al, 2015). Other important
post-translational modifications to FUS, such as
phosphorylation and methylation, also play impor-
tant roles in FUS toxicity and conformation, but
this is beyond the scope of this review (Rhoads et
al., 2018). In silico analysis and mass spectrometry
identifies the C-terminus, specifically the RNA
Recognition Motif (RRM), as being the domain of
ubiquitination (Farrawell et al., 2015). We do not
yet understand the extent of FUS SUMOylation.

Alzheimer’s disease and tauopathies
Alzheimer’s disease (AD) is the most prevalent
neurodegenerative disorder among the ageing
population and is characterized by a progressive
cognitive decline leading to dementia, and deficits
in language and fine movements (Blennow et al,
2006; Goedert and Spillantini, 2006). The cogni-
tive decline is due to severe synaptic dysfunction,
starting in the entorhinal cortex and progressing
through the hippocampus and into the cerebral
cortex (Van Hoesen et al,, 1991). In late stages of
the disease, synaptic dysfunction progresses to
widespread neuronal death. The hallmarks of the
disease are two-fold: senile plaques, composed of
p-amyloid, and neurofibrillary tangles, composed
of hyperphosphorylated tau (Tiraboschi et al,
2004; LaFerla et al., 2007).

Before focusing specifically on the amyloids
involved in Alzheimer’s disease, i.e. f-amyloid and
tau, it is worth noting the strong evidence to sup-
port general dysregulation of SUMOylation in the
disease. We also note that there exist discrepancies
across models used, between labs, and that some
alterations in SUMOylation may be due to ageing
and not Alzheimer’s disease. The most compelling
data to suggest age influences SUMOylation comes
from Stankova and colleagues (2018). They created
a novel animal model of Alzheimer’s disease with a
SUMO1 knock-in. Data from these animals suggest
that SUMOL increase is related more to the normal
ageing process than to the increase of amyloid
burden (Stankova et al., 2018). Indeed, genetic
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studies in sporadic late-onset Alzheimer’s disease
and mild cognitive impairment patients found an
association between a single nucleotide polymor-
phism in Ubc9 and SAE2 (Grupe et al., 2007; Ahn
et al.,, 2009; Corneveaux et al., 2010), which would
lead to dysregulation of the SUMOylation pathway.
Along these lines, it is hypothesized that SUMO2-
conjugation could be beneficial against age-related
memory loss and that this benefit may extend to
Alzheimer’s disease (Feligioni et al., 2015).

High molecular weight SUMO2 (>75kDa)
levels are decreased in the hippocampus of Alz-
heimer’s disease patients (Lee et al., 2014), and a
significant down-regulation in the deSUMOylation
enzyme SENP3 has been detected in the parietal
lobe of Alzheimer’s disease patient brains (Lee et
al.,, 2013). The importance of SUMOylation and
ubiquitination of APP is also suggested from the
genetics of familial Alzheimer’s disease. First, the
autosomal dominant Swedish early-onset familial
form of the disease contains a well characterized
mutation on APP atlysine 595 (Mullan et al., 1992).
Second, the Korean familial form contains a single
nucleotide polymorphism in the E2 enzyme Ubc9
(Ahn et al,, 2009). Various genome-wide associa-
tion studies have attempted to find genetic links to
sporadic cases of Alzheimer’s disease. Two separate
studies found a single nucleotide polymorphism
on a gene that maps to SUMO-activating enzyme
subunit 2 (SAE2) (Grupe et al., 2007; Corneveaux
et al., 2010). Finally, single nucleotide polymor-
phisms were found in the gene which encodes for
Ubc9 in late-onset, sporadic Alzheimer’s disease
(Lee et al., 2013) and in the gene which encodes
for ubiquilin, a ubiquitin-binding shuttle factor
involved in shuttling polyubiquitinated proteins to
the proteasome (Bertram et al., 2005).

Transgenic animal models have also offered a
critical tool to understanding SUMOylation in
Alzheimer’s disease. In the Tg2576 mouse model,
global changes in SUMOI1 and SUMO2/3 con-
jugation levels were observed (McMillan et al,
2011; Nistico et al., 2014). In the hippocampus,
levels of ubiquitinated proteins were elevated
(McMillan ef al., 2011). On further investigation,
SUMOylation levels appeared to fluctuate as the
disease progressed in Tg2576 animals. At 3 months,
considered an early stage of pathology, Tg2576
mice exhibited increased SUMO1 conjugation
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compared to age-matched wild-type littermates
(Nistico et al., 2014). This increase in SUMO1
conjugation levels remained consistent through
6 months of age. However, by 17 months of age,
by which widespread amyloid plaque deposition
is apparent, SUMO1 conjugation levels were no
longer increased; instead, Ubc9 and SENP1 levels
were increased and SUMO2 conjugation levels
were decreased in Tg2576 animals (Nistico et al.,
2014; Lee et al,, 2014). Indeed, SUMO2/3 high
molecular weight conjugates (>75kDa) were
found to be reduced by 7 months, just before the
age of amyloid plaque onset (Lee et al., 2014).
Interestingly, f-amyloid appears to impair activity-
dependent SUMOylation in the brain. When Ubc9
is up-regulated, allowing for increased SUMOyla-
tion in the system, P-amyloid-induced deficits
to long-term potentiation are rescued (Lee et al.,
2014).

A wealth of data from human, animal, and cell
studies all indicate that a decrease in high molecular
weight SUMO2/3 is Alzheimer’s disease-specific.
This decrease is likely to be detrimental, consider-
ing that increasing SUMOylation rescues diseased
long-term potentiation (Lee et al, 2014). It is
interesting to speculate what the role of decreased
high molecular weight SUMO2/3 proteins could
mean in the diseased system. Likely, this is an
indication of decreased polySUMOylation. Recall
that Ubc9, the only E2 enzyme available in the
mammalian SUMOylation pathway, is inhibited in
some familial and sporadic cases of Alzheimer’s
disease (Ahn et al., 2009; Lee et al., 2013). This
certainly would reduce SUMOylation of all forms,
including polySUMOylation. However, in some
models of disease Ubc9 is increased, but high
molecular weight SUMO2/3 is still decreased
(Lee et al, 2014). There must be more occur-
ring in Alzheimer’s disease than just inhibition
of polySUMO-chain formation. Indeed, various
labs have found that polySUMOylation pro-
motes subsequent ubiquitination and degradation
(Lallemand-Breitenbach et al., 2008; Mullen and
Brill, 2008; Tatham et al., 2008). Therefore, it is
plausible that long polySUMO-chains are created
in early stages of disease, as a means of targeting
potentially toxic proteins to the proteasome, and
thus early stage polySUMOylated proteins have
been degraded by late stages of disease.
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Figure 25.7 B-amyloid structure and APP processing. (A) Monomeric structure of B-amyloid 1-42, (B)
pentameric structure of B-amyloid 1-42, and (C) 12-mer structure of B-amyloid 1-42. Structures 11YT, 2BEG,
and 2MXU were created using the Protein Data Bank NGL Viewer. (D) Toxic -amyloid is produced via APP
cleavage. Amyloidogenic processing involves -secretase cleavage, followed by y—secretase cleavage. Non-
amyloidogenic processing involves a-secretase cleavage followed by y-secretase cleavage.

B-amyloid

One of the amyloids present in Alzheimer’s
disease is P-amyloid, which is the primary
component of senile plaques (Fig. 25.7A,B,C;
Crescenzi et al,, 2003; Lihrs et al., 2005; Xiao
et al,, 201S; Rose et al., 2018). While B-amyloid
is the toxic amyloid and Amyloid Precursor
Protein (APP) is the functional protein from
which its cleaved, data suggests that APP is dif-
terentially SUMOylated in Alzheimer’s disease.
The different post-translational modifications of
APP lead to a change in cleavage pattern of the
protein, affecting the downstream production of
B-amyloid (Zhang and Sarge, 2008).

APP is a type 1 transmembrane glycopro-
tein. Although the function of APP is currently
unknown, it is believed to play a role in forma-
tion of the neuromuscular junction, and synaptic
transmission, ion channel function (O’Brien et al.,
2011). APP is predominantly cleaved through the
non-amyloidogenic pathway in healthy brains; the
protein is first cleaved by a-secretase (also called
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ADAM) (Lammich et al., 1999) and then cleaved
by y-secretases (including the proteins presenilin,
PEN2, APHI, niscatrin) (Xia et al, 2000). This
process results in products which are thought to be
neuroprotective and neurotrophic, and to prevent
p-amyloid formation (Pearson and Peers, 2006).
However, APP can also be processed naturally
through the amyloidogenic pathway and it is the
up-regulation of this processing that increases
B-amyloid in AD. B-secretase first cleaves APP
(Greenfield et al., 1999; Xia et al., 2000; Xu et al.,
2009) followed by y-secretase (Xia et al., 2000).
-amyloid 1-40 and B-amyloid 1-42 are the domi-
nant products produced via amyloidogenic APP
processing, but it is thought that other fragments
may be produced through proteolytic degrading
enzymes (Kaminsky et al, 2010) (Fig. 25.7D;
adapted from Linchtenthaler, 2012).

APP is SUMOylated in vitro by SUMOL1 and
SUMO?2 at lysines 587 and 595, which are near
the site of B-secretase cleavage (Nistico et al,
2014). Hippocampal neurons from Alzheimer’s
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disease patients also immunolabelled robustly
with SUMO3 (Li et al., 2003). Indeed, mutating
lysine at 587 or 595 to arginine produced an APP
that could not be SUMOylated (Zhang and Sarge,
2008). These KS87R and KS9SR APP mutants
exhibited increased levels of (B-amyloid aggre-
gates, while overexpression of SUMO E2 enzyme
decreased levels of B-amyloid (Zhang and Sarge,
2008). This finding lead researchers to speculate
that SUMOylation of APP could act as a protective
mechanisms against amyloidogenic processing of
APP. Further studies involving the up-regulation of
Ubc9 supported this hypothesis, with the resulting
decrease in f-amyloid aggregate levels (Zhang and
Sarge, 2008).

APP SUMOylation is convoluted. For example,
knockdown of SUMO?2 decreased aggregate spe-
cies but did not appear to have any effect on APP
processing (Li et al., 2003), suggesting that per-
haps there is an indirect role for SUMO?2 in APP
processing and -amyloid production. The authors
suggest that this may be through driving a secretase,
as opposed to B secretase, cleavage of APP (Li et al.,
2003).Indeed, the a secretase cleavage products had
increased SUMO2-modifications (Li et al., 2003).
Surprisingly, knockdown of SUMO1 or SUMO2/3
did not affect the levels of APP or P-amyloid
(Dorval et al., 2007). Dorval and colleagues may
have identified the critical link; overexpression of
SUMO3 protein up-regulated p-secretase protein
levels, likely providing the mechanism for increased
p-amyloid production previously observed in the
link between SUMO and f-amyloid (Dorval et
al., 2007). This hypothesis is strengthened by the
findings of Zhang and Sarge (2008), who found
that overexpression of APP and SUMO3 lead to an
increase in B-amyloid production (Zhang and Sarge,
2008). Yun and colleagues found similar results
with SUMO1, detecting a direct link between
SUMOL1 depletion and decreased B-amyloid 1-40
levels (Yun et al., 2013).

Although the extent of APP SUMOylation is
unknown, polySUMOylation has been postulated.
Tatham et al. (2001) immunoprecipitated APP
from mouse brain and discovered that the protein
was SUMOylated by both SUMO1 and SUMO2/3
(Gocke et al., 2005). While the extent of endog-
enous SUMOylation of APP is undetermined,
research has provided insight into the importance
of poly- versus monoSUMOylation of APP with
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regards to B-amyloid production. HEK293T cells
were transfected with APP and a SUMO3 vari-
ant which could not produce SUMO chains, but
could still mono-SUMOylate (Dorval et al., 2007).
MonoSUMOylation of APP resulted in an increase
in B-amyloid generation, leaving the researchers to
speculate that polySUMOylation may negatively
regulate B-amyloid production (Dorval et al,
2007).

Ubiquitination of p-amyloid has been studied
using a transgenic mouse model of Alzheimer’s
disease. In this study, the APPswe/PS1 mouse
model was crossed to a UBB+1 mouse. The UBB+1
mutant inhibits the ubiquitin-proteasome system,
and so this bigenic model allows for the study of the
ubiquitin-proteasome system on p-amyloid. Look-
ing at various ages, researchers found a significant
decrease in B-amyloid deposition and in soluble
B-amyloid (1-42) (van Tijn et al, 2012). The
reduction in amyloid deposition was transient, only
lasting until 9 months of age (van Tijn et al., 2012).
Intriguingly, the animals still expressed astrogliosis
and were as functionally impaired as APPswe/PS1
age-matched controls (van Tijn et al., 2012).

Although complex, it appears that p-amyloid
production is influenced by APP SUMOylation.
Reduction of SUMO1, SUMQO2, or SUMO3 leads
to decreased aggregated B-amyloid (Li et al., 2003;
Dorval et al., 2007; Yun et al., 2013). Furthermore,
polySUMOylation may play a role in negatively
regulating p-amyloid production (Dorval et al,
2007). However, it is unclear if simply an increase
in available SUMO lead to the increase in peptide
as opposed to the disruption of polySUMOyla-
tion. Ubiquitination of APP is less understood
than SUMOylation. When the UPS is inhibited,
Alzheimer’s disease-models display less soluble
and insoluble B-amyloid (van Tijn et al., 2014).
However, the possibilities of off-target effects are
great, and the question still exists of direct APP
ubiquitination.

Tau

The second amyloid present in Alzheimer’s disease
is tau, the primary component of neurofibrillary
tangles and the neuropathological hallmark of
tauopathies. Functionally, tau helps to stabilize
microtubules and plays an important role in axon
development (Mietelska-Porowska et al., 2014).
In Alzheimer’s disease and other tauopathies, tau
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becomes hyperphosphorylated. The hyperphos-
phorylated tau is prone to amyloid fibrillization,
leading to neurofibrillary tangle formation, and to
disruption of its native function in microtubule
stabilization (Mietelska-Porowska et al, 2014)
(Fig. 25.8; Fitzpatrick et al, 2017; Rose et al,
2018).

While phosphorylation remains the best-char-
acterized post-translational modification of tau, tau
also undergoes SUMOylation and ubiquitination
(Dorval and Fraser, 2006; Morris et al., 2015). Tau
ubiquitination was identified by mass spectrometry
of paired helical filaments isolated from Alzheimer’s
disease brain (Morishima-Kawashima et al., 1993;
Cripps et al,, 2006) and from mouse brain tissue
(Morris et al., 2015). This ubiquitination leads to
downstream proteasome degradation of tau (David
et al., 2002), although, tau can also be degraded
through the ubiquitin-independent proteasome
system (Shimura et al., 2004).

Tau can also be SUMOylated. Specifically, tau
is SUMOylated at lysine 340, which is within the
fourth microtubule binding repeat domain (Luo
et al., 2014) (Fig. 25.8B; adapted from Fitzpatrick
et al., 2017). Therefore, it is hypothesized that on
tau release from microtubules, the K340 residue
is accessible to SUMOylation enzymes (Luo et
al, 2014). Indeed, this hypothesis was tested by
applying colchicine to induce microtubule depo-
lymerization and increase the available tau pool.
The available tau exhibited a significant increase
in SUMOylation (Luo et al., 2014). When SUMO
and human tau are overexpressed in cells, high
molecular weight bands of SUMOylated tau species
increase (Dorval et al., 2007; Luo et al., 2014). This
increase is robust for SUMO1 and was observed for
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SUMO?2 and SUMO3 as well (Dorval et al., 2007;
Luo et al., 2014).

Furthermore, in wvitro studies indicate that
SUMOylation of tau elevates levels of tau phos-
phorylation (Neddens et al., 2018), leading to an
increase in cytotoxicity. When overexpression of
both tau and SUMO1 occur in HEK293T cells, tau
undergoes a significant increase in phosphorylation
at Thr205, Ser214, Thr231, Ser262, Ser396, and
Ser404 (Yu et al., 2009). To confirm linkage of tau
SUMOylation and phosphorylation, researchers
inhibited protein SUMOylation using ginkgolic
acid and observed reduced phosphorylation of tau
(Yu et al., 2009). Another group’s findings further
strengthen the link between tau SUMOylation and
phosphorylation; when a SUMO-conjugation defi-
cient tau mutant (K340R) is overexpressed, both
SUMOylation and phosphorylation are markedly
decreased on tau (Luo et al., 2014).

One report suggests that there is a direct link
between the SUMOylation/ubiquitination of
tau and its state of solubility. When tau is overex-
pressed in HEK293T cells, SUMOylation of tau is
increased while ubiquitination of tau is decreased.
This coincided with an increase in tau aggregation
and a decrease in tau degradation (Luo et al., 2014).
Studies also indicate an important linkage between
tau acetylation and ubiquitination, the importance
of which is only just starting to be understood.
Ubiquitination sites are often in competition for
acetylation, as identified by mass spectrometry
(Morris et al., 2015). Tau methylation also appears
to compete for two lysine residues, increasing the
complexity of modification crosstalk (Morris et al.,
2015). When lysine 311 and 281 are mutated so as
not to be ubiquitinated, acetylated, or methylated,
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Figure 25.8 Tau structure. (A) Fibrillar tau of microtubule binding regions 3 and 4 and (B) schematic of primary
structure of tau. Structure created from the Protein Data Bank NGL Viewer from 503T.

caister.com/cimb

208

Curr. Issues Mol. Biol. Vol. 35



microtubule binding and protein aggregation
decreases, suggesting an important conformational
regulatory mechanism at these sites (Morris et al.,
2015).

As previously mentioned, neurofibrillary tan-
gles label robustly for ubiquitin (Drummond et al.,
2018). Indeed, tau is known to be degraded by the
proteasome through both ubiquitin-independent
and ubiquitin-dependent processes (David et al.,
2002; Cardozo et al, 2002). Data suggest that
both neurofibrillary tangles and soluble tau spe-
cies can be ubiquitin-labelled (David et al., 2002;
Cardozo et al., 2002; Drummond et al., 2018). A
particularly interesting study found a direct link
between cytosolic Ubiquitin-C-terminal Hydrolase
L1 (UCHL-1) and a naturally-occurring truncated
variant of tau, which is cleaved at aspartic acid 421
by caspases (Corsetti et al., 2015). UCHL-1, which
functions as a modulator of ubiquitin homeostasis
and controls remodelling of synapses, was found to
interact non-physiologically with the truncated tau
fragment, contributing to the early synaptotoxicity
observed in Alzheimer’s disease (Corsetti et al.,
2015).

In the case of tau, ubiquitination and SUMOyla-
tion appear to work in contrast. This hypothesis
comes from the findings that neurofibrillary tangles
probe highly positively for ubiquitin, but not for
SUMOI1 (David et al., 2002; Cardozo et al., 2002;
Drummond et al, 2018), and cell studies that
observed a link between increased tau aggrega-
tion with increased SUMOylation and decreased
tau degradation with increased ubiquitination
(David et al., 2002; Cardozo et al., 2002). As stated
previously for general inclusion body formation,
ubiquitination of the substrate drives the toxic
protein to degradation. However, if toxic proteins
overwhelm the system, ubiquitinated proteins
may be left in inclusion bodies as a final attempt
to regulate pathogenicity. This may be the case for
tau and neurofibrillary tangle formation (David et
al., 2002; Cardozo et al., 2002; Drummond et al.,
2018). However, recent crosstalk and mutagen-
esis studies indicate that there may be much more
complex signalling pathways at work (Morris et al.,
2015).

An equally confounding question is the
role of SUMOylation in tau pathogenicity.
Unbound tau is more likely to be SUMOylated,
and this SUMOylated tau leads to an increase in
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hyperphosphorylation of the protein and protein
aggregation (Kopke et al., 1993; Mandelkow et al.,
1994). Perhaps SUMOylation of tau is the first step
on the road to fibrillization. Indeed, SUMO-con-
jugation could provide the critical conformational
change needed to create the cross-p structure in
tau. However, this hypothesis has yet to be tested.
Another plausible consideration is that SUMO-
conjugation allows for exposure of numerous
phosphorylation sites that would have otherwise
been masked or helps to recruit kinases to tau for
increased phosphorylation.

Polyglutamine disorders

Polyglutamine disorders involve the expansion of
a toxic CAG stretch in disease-specific genes. CAG
expansion in polyglutamine disorders is familial,
with variable CAG stretches depending on genetic
inheritance. On translation, the CAG stretch ulti-
mately becomes a polyglutamine, or polyQ, stretch
in the effected protein and undergoes a toxic gain-
of-function (Watase et al., 2002; Yoo et al., 2003).
PolyQ rich proteins are prone to aggregation and
can result in neuronal inclusions, as hallmarked in
polyglutamine disorders (Zoghbi and Orr, 2000;
Gatchel and Zoghbi, 2005). These polyglutamine
pathologies cause neuronal death in specific brain
regions, including the basal ganglia, cerebellum,
brainstem, and spinal motor nuclei (Ross et al.,
2002).

Aggregation of polyQ proteins is thought to
overwhelm the UPS and to compromise essential
cellular functions of the machinery (Mayer et al.,
1989). Ubiquitination reduces polyQ toxicity,
likely by promoting degradation of toxic polyQ
proteins. Indeed, when UPS functioning is accel-
erated, polyQ_ toxicity lessens (Verhoeft et al,
2002; Michalik and Van Broeckhoven, 2004 ). This
hypothesis is further strengthened by the finding
that ubiquitin ligase mutations enhance polyQ
toxicity (Saudou et al, 1998; Cummings and
Zoghbi, 2000; Fernandez-Funez et al., 2000) and
overexpression of the E3 ubiquitin ligase, Parkin,
reduces polyQ aggregation and suppresses toxicity
(Tsaietal., 2003). However, there is a debate within
the field whether polyQ proteins are degraded by
the UPS (Venkatraman et al., 2004; Pratt and Rech-
steiner, 2008; Juenemann et al., 2013).

Some studies suggest that polyQ proteins can be
degraded if in a soluble state (Verhoef et al., 2002;
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Kaytor et al., 2004; Michalik and Van Broeckhoven,
2004; Juenemann et al., 2013; Tsvetkovet al., 2013).
Othersindicate that the proteasome cannot degrade
polyQ proteins (Dyer and McMurray, 2001; Jana et
al.,2001; Holmberg et al., 2004; Venkatraman et al.,
2004). Indeed, in various mouse models of polyQ_
diseases, there is a lack of UPS impairment with an
increase of polyQ proteins (Bence et al., 2001; Jana
et al., 2001; Bennett et al., 2005). Instead, work in
animal models suggests that polyubiquitin chains
on polyQ proteins causes a blockage of the UPS
during degradation (Maynard et al., 2009). It is
worth noting, however, that a simple blockage of
the UPS may not be the only disruption to the UPS
in polyQ disease; instead, proteasomal degradation
and polyQ protein interaction is likely much more
complicated.

Beyond the general effect on the UPS, all major
polyglutamine disorders have high immunostain-
ing of neuronal inclusions with SUMO (Ueda et al.,
2002; Dorval and Fraser, 2007). Thus, SUMOyla-
tion and ubiquitination likely play an important
role in polyglutamine diseases.

Huntington’s disease
The neuropathological hallmark of Huntington’s
disease is Huntingtin (Htt) with various expan-
sions in the polyQ region of the N-terminal domain
(MacDonald et al.,, 1993). A minimal polyQ length,
around 34-4S5 repeats, must be exceeded for Hun-
tingtin (Htt) to undergo a conformational change
to a cross P sheet rich amyloid-like state (Poirier
et al., 2002; Steffan et al., 2004). Functionally, Htt
is neuroprotective and enhances production of
neurotrophic factors (Cattaneo et al., 2009). In the
disease state, Htt aggregates and causes neuronal
death. It is still unknown whether the pathogenesis
of Huntington’s disease is due to a gain- or loss-
of-function of Htt (Bence et al., 2001; Cattaneo
et al,, 2009). Both full-length and fragment Htt
(Httex1p97QP) have been found in Htt inclusions,
and both contain the polyQ N-terminal domain
(Kachman et al., 1996; Davies et al., 1997). These
inclusions correlate with increased survival in neu-
rons expressing polyQ Hitt (Arrasate et al., 2004),
providing strong evidence that proteinaceous
inclusions provide a ‘dumping ground’ for toxic,
misfolded polyQ proteins.

Both full-length and fragment Htt are regulated
by post-translational modifications, including
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ubiquitination (Kalchman et al., 1996; Davies et
al., 1997) and SUMOylation (Pennuto et al., 2009;
Ehrnhoefer et al, 2011; Zheng and Diamond,
2012). Indeed, when Huntington’s disease striatum
samples were measured for levels of SUMOylation,
the insoluble fraction of proteins had much higher
SUMO2- and SUMOl-conjugation than age-
matched controls (O’Rourke et al., 2013).

Huntingtin protein is SUMOylated on lysine
residues in the N-terminus (Steffan et al., 2004).
Increased SUMOylation at these residues correlates
with increased polyQ-derived toxicity (MacDonald
et al., 1993). If SUMOylation sites are disrupted
or E3 ligases are down-regulated, Htt aggregation
decreases (Steffan et al., 2004). SUMO2 seems to
play a particularly important role in modifying Hitt,
as a dose-dependent increase in Htt aggregation is
observed (Lee and Goldberg, 1998). Since both
full-length Htt and fragment Htt share these lysine
residues, it is unsurprising that the Htt fragment
can also be SUMOI1- and SUMO2-conjugated
(O’Rourke et al., 2013). SUMOylation of the Hitt
fragment appears to stabilize the peptide (Steffan
et al., 2004). Furthermore, SUMO1-conjugation to
the Htt fragment increases Htt accumulation and
toxicity, but decreases aggregation of the polyQ
protein (Andersen, 2006).

SUMOylation and ubiquitination appear to
compete for modification at lysines 6 and 9. While
SUMOylation promotes Htt aggregation, ubiq-
uitination at these same sites promotes solubility
(MacDonald et al., 1993). Furthermore, overex-
pression of ubiquilin, a ubiquitin-binding shuttle
factor involved in shuttling polyubiquitinated pro-
teins to the proteasome, has a neuroprotective
effect in a mouse model of Huntingtin’s disease (EI
Ayadi et al., 2012).

Generally, it appears that SUMOylation of Htt
leads to increased aggregation and ubiquitination
of Htt leads to increased solubility. As the lysine
residues are consistent across full-length and frag-
mented Htt, both toxic species have similar PTM
modifications. An important distinction seems to
arise in the SUMO protein being conjugated to Hitt.
Whereas SUMOL is found in Htt-rich inclusion
bodies and drives the fragment Htt to be neuro-
toxic, it likely does not influence Hitt aggregation
(Andersen, 2006; O’Rourke et al., 2013; Kunadt et
al., 2015). Instead, SUMO2 appears to be the key
driving force behind Htt aggregation (Kunadt et al.,
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2015). These findings question if monoSUMOyla-
tion and polySUMOylation of Htt drive different
functions. While both are neurotoxic, perhaps
polySUMOylation is an attempt at cellular protec-
tion. Indeed, there is a debate about whether polyQ_
proteins can be degraded by the proteosome. If
possible, research suggests that only soluble polyQ
proteins are able to be degraded through these
mechanisms (Verhoef et al., 2002; Kaytor et al,
2004; Michalik and Van Broeckhoven, 2004; Juene-
mann et al., 2013; Tsvetkov et al., 2013). Thus, the
cell would need to control toxic polyQ production
in some way. We discussed previously that polySU-
MOylation drives substrates to the UPS, and that
the UPS leave non-degradable proteins in inclusion
bodies. Thus, it is plausible that polySUMOylation
drives inclusion body formation.

This theory becomes even more interesting
when ubiquitination, monoSUMOylation, and
polySUMOylation are considered together. If the
hypothesis stands that polySUMOylation controls
non-degradable polyQ proteins by driving inclusion
body formation, then where does ubiquitination
fit? Likely, soluble polyQ proteins are able to be
ubiquitinated and degraded via the UPS. If this is
the case, then insoluble polyQ proteins are likely to
outcompete ubiquitin and instead be SUMOylated.
This then allows the available lysine residues to be
mono- or poly-SUMOylated.

Dentatorubral-pallidoluysian atrophy
Dentatorubral-pallidoluysian atrophy (DRPLA)
is a neuropathological disorder, characterized by
dementia, epilepsy, and disrupted movement.
DRPLA arises from a CAG expansion in the gene
which encodes atrophin-1 (Yazawa et al., 1995;
Schilling et al., 1999), the function of which is cur-
rently unknown. However, SUMO 1-conjugation of
polyQ atrophin-1 increases nuclear inclusion body
formation and cell death (Terashima et al., 2002).
Indeed, when a conjugation-null SUMO1 mutant
is overexpressed with polyQ atrophin-1, inclusion
formation is decreased (Terashima et al., 2002).

Currently, the data are too sparse to hypothesize
the role of SUMOylation and ubiquitination on
atrophin-1.

Spinal and bulbar muscular atrophy
Spinal and bulbar muscular atrophy (SBMA)
occurs when a CAG repeat occurs in the gene
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which encodes Androgen Receptor, a transcription
factor that is stimulated by the androgen hormone
(Katsuno et al, 2006). SBMA is an X-linked
neurodegenerative disorder which manifests as
progressive muscle weakness due to motor neuron
degeneration in the brain stem and spinal cord.
PolyQ Androgen Receptor can be SUMOylated
and ubiquitinated on the same lysine residue
(Poukka et al., 2000). Functionally, SUMOylation
of Androgen Receptor suppresses its transcriptional
activity (Takahashi-Fujigasaki ef al., 2001; Nishida
and Yasuda, 2002). When SBMA is modelled in
Drosophila, inhibition of SUMOylation and ubig-
uitination of Androgen Receptor increases nuclear
and cytosolic inclusion formation and degenera-
tion (Chan et al., 2002). Indeed, when SUMO3 is
overexpressed in cells, Androgen Receptors exhibit
decreased aggregation and increased solubility
(Mukherjee et al., 2009).

Unlike Htt, SUMOylation and ubiquitination of
androgen receptor appear to work in concert with
each other. Both SUMO- and ubiquitin-conjuga-
tion to androgen receptor keep the protein soluble
and monomeric (Mukherjee et al., 2009).

Spinocerebellar ataxia types |, lll, and VII
Spinocerebellar ataxia (SCA) is a neurodegen-
erative disorder characterized by degeneration of
Purkinje cells in the cerebellum. The disorder arises
from a CAG expansion in the genes which encode
the ataxin family of proteins. This family of proteins
bind DNA and are involved in various nuclear func-
tions. SCA-I occurs when a polyQ stretch forms in
the ataxin-1 protein. Ataxin-1 can be SUMOylated
on at least five different lysine residues and when
the polyQ region stretches in SCA-I, SUMOyla-
tion of ataxin-1 is decreased (Riley et al., 2005).
Silencing of SUMO2/3 using siRNA raises levels of
ataxin-1 (Guo et al., 2014), and overexpression of
SUMOL1 reduces SUMO 2/3 conjugation, ubiquit-
ination, and degradation of the protein (Guo et al.,
2014). Inhibiting the formation of SUMO chains
by overexpressing a chain-deficient SUMO2 KR
mutant decreases the SUMO 2/3 conjugated high
molecular weight ataxin-1 species, reduces ubiqui-
tination, and blunts degradation of ataxin-1 (Guo
etal,2014).

When SUMOL1 or E2 enzyme Ubc9 is overex-
pressed, polyQ ataxin-1 aggregation increases (Ryu
et al, 2010). Conversely, genetically inhibiting
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ubiquitination enhances polyQ-mediated neurode-
generation in a mouse model of SCA-1 (Cummings
et al, 1999) and mutating mouse Uspl4, which
encodes a deubiquitinating enzyme, leads to ataxia
(Chernova et al., 2003). Blocking SUMO 2/3 with
an siRNA reduces ubiquitination of ataxin-1, sug-
gesting that the SUMO- and ubiquitination systems
are working together (Guo et al., 2014).

Machado-Joseph Disease (MJD), or SCA-
III, arises from the aggregation of Ataxin-3.
Functionally, ataxin-3 deubiquitinates proteins by
disassembling lysine 48- and lysine 63-linked poly-
ubiquitin chains (Winborn et al., 2008). Ataxin-3
interacts directly with the ubiquitin-selective chap-
erone valosin-containing protein (VCP), which is
critical for appropriate proteasomal degradation
(Watts et al., 2004). CAG expansion in the gene
produces the most common form of autosomal
dominant SCA. Indeed, overexpression of polyQ
ataxin-3 compromises the ability of the ubiquitin
proteasome system to function appropriately (Bur-
nett et al., 2003), whereas expression of ubiquitin
ligase Parkin reduces polyQ ataxin-3 toxicity (Tsai
et al., 2003; Morishima et al., 2008). Overexpres-
sion of the ubiquitin ligase C terminus of Hsc-70
interacting protein (CHIP) also delays the age at
onset of the disease phenotype (Al-Ramahi et al.,
2006).

Like Ataxin-1, Ataxin-3 can be SUMOylated.
Ataxin-3 has two SUMOylationssites, lysine 166 and
lysine 356 (Zhou et al., 2013; Almeida et al., 2015).
SUMO1-conjugation to Ataxin-3 results in protein
stability, leading to increased toxicity and apoptosis
(Zhou et al., 2013). However, Hsp70 chaperone
function is able to rescue SUMO-induced polyQ-
MJD degeneration (Besnault-Mascard et al., 2005;
Shirakura et al., 2005; Hayashi et al., 2006).

SCA-VII arises from a polyQ stretch of ataxin-7.
Ataxin-7 can be SUMO1- or SUMO2-conjugated
at lysine 257 (Janer et al., 2010). Both SUMO1-
and SUMO2- conjugated ataxin-7 are found in
inclusion bodies; however, SUMO1-conjugation
decreases ataxin-7 aggregate formation (Janer et
al., 2010). Mutagenesis of K257 increases levels of
SDS-insoluble Ataxin-7 aggregates and increases
the amount of caspase-3 positive cells (Ryu et al.,
2010).

SCA-I and SCA-III are similar, in that SUMO1-
conjugation promotes protein insolubility and
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neurotoxicity. Thus far, we have considered
SUMO1-conjugation as representing monoSU-
MOylation or multiSUMOylation, as opposed to
chained polySUMOylation. If this is true, then
the role of SUMO2/3 in SCA-I disease reduction
is likely due to polySUMOylation of the protein.
Indeed, polySUMOylation and ubiquitination can
target substrates to the UPS. In SCA-], data sug-
gests SUMO2/3- or ubiquitin-conjugation inhibits
disease progression, possibly via UPS-driven deg-
radation. Contradictorily, SCA-VII forms aggregate
to alesser extent when conjugated with SUMOL1. It
is odd that proteins within the same family would
have such drastically different functions from the
same modification. Ultimately, we are unable to
hypothesize why this may be. SCA-VII is less stud-
ied than SCA-I and SCA-III, and so the data are
much more limited.

Rare disorders

Neuronal intranuclear inclusion disorder
Neuronal intranuclear inclusion disorder (NIID)
is a rare neurodegenerative disease that affects
both the central and peripheral nervous system.
Characterized by the presence of neuronal intranu-
clear inclusions, the symptoms include ataxia and
movement disorders which eventually develop into
dementia (Sung et al., 1980). While most cases of
NIID are sporadic, some familial cases do exist as
autosomal dominant disease (Kimber et al., 1998;
Zannolli et al., 2002).

The neuronal intranuclear inclusions which
hallmark this disease stain strongly for SUMO and
ubiquitin reactivity across all forms of the disease,
including familial, juvenile, and sporadic (Pountney
et al., 2003; McFadden et al., 2005; Takahashi-
Fujigasaki et al., 2006). On further investigation,
multiple SUMO substrates have been localized to
inclusions from diseased patient tissues. For exam-
ple, localization studies using sporadic and familial
NIID tissues suggest that the SUMO substrates his-
tone deacetylase 4 (HDAC4) and promyelocytic
leukaemia (PML) are components of the neuronal
intranuclear inclusions (Takahashi-Fujigasaki et al.,
2006). Indeed, the highly SUMOylated RanGAP1
has also been localized to neuronal intranuclear
inclusions in familial NIID tissue (Takahashi-
Fujigaskai et al., 2006).
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There appears to be an interesting overlap of
NIID nuclear inclusions with aggregation-prone
proteins of other neurodegenerative diseases. For
example, ataxin-3, ataxin-1, and multiple polyglu-
tamine disorder-related proteins are commonly
found within nuclear inclusions (Lieberman et al.,
1998, 1999; Zoghbi and Orr, 2000). Since there
is no defining toxic protein identified with NIID,
these inclusions likely arise from a general mis-
regulation of SUMO- and ubiquitination. Thus, it is
unsurprising that other aggregation-prone proteins
appear in NIID inclusions with various levels of
SUMO- and ubiquitination.

Prions

While many human prion diseases exist, this sec-
tion focuses on the priogenic protein PrP which
is found in kuru, Creutzfeldt-Jakob disease, fatal
familial insomnia, and Gerstmann-Straussler—
Scheinker syndrome. Genetic mutations have been
found in the PrP gene of the familial forms of these
diseases. The first genetic linkage to prion disease
was found in GSS, which contains a P102L muta-
tion in the PrP gene (Chernoff ef al.,, 1995). Since
this finding, 40 more mutations have been found
in the PrP gene across all human prion protein
diseases (Mead, 2006; van der Kamp et al., 2009).
These genetic mutations have been linked to the
priogenic conversion of PrP to pathogenic PrPsc,
causing loss of prion protein function, increased
toxicity, and increased transmissibility.

Like most other proteinaceous inclusions, PrP
aggregates are ubiquitinated (Piccardo et al.,, 2014)
and there exists a correlation between elevated
levels of ubiquitin-conjugated protein and reduced
proteasomal function (Kang et al., 2004; McKinnon
et al., 2016). Ubiquitination of prion aggregates is
believed to occur once PrP has converted to the pri-
ogenic PrPsc form (Kang et al., 2004 ). This is linked
to the ubiquitin-proteasome system, as identified
by expression of the dominant negative mutant of
USP14, a deubiquitinating enzyme that controls
trimming of polyubiquitin chains and regulates the
proteasomal process. When the dominant nega-
tive USP14 is expressed in a prion disease-model
system, pathogenic prion protein was reduced
(Homma ef al., 2015). Indeed, expression of wild
type USP14 increased pathogenic prion protein
(Homma et al., 2015).
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While the ubiquitin proteasome system appears
to be involved in providing a ‘dumping ground’
for most toxic amyloid and amyloid-like proteins,
prions appear to affect the function of the UPS.
Wild-type prion protein is degraded in a ubiquitin-
dependent manner (Yedidia et al., 2001). However,
mutant prion protein oligomers directly bind to and
inhibit the activity of the proteasome (Kristiansen
et al., 2007; Deriziotis et al., 2011).

The SUMO pathway is also involved in prion
diseases. Specifically, in Creutzfeldt-Jakob disease,
SUMO?2/3 protein levels are decreased in patients
(Karu et al., 2014). The toxic PrP protein is also
believed to be a SUMO target due to its involvement
in various SUMOylation-dependent pathways;
however, SUMOylation of PrPc has yet to be deter-
mined. Perhaps, as mentioned in previous sections,
polySUMOylation is negatively impacted in prion
diseases. This would also lead to a decrease in PrPsc
targeting to the proteasome, which is already nega-
tively impacted in prion diseases.

Functional amyloid-like proteins.
Mammalian

Cytoplasmic polyadenylation element
binding protein 3

Cytoplasmic polyadenylation element binding
protein 3 (CPEB3) is an RNA-binding protein that
undergoes stimulus-dependent conformational and
functional change. In its basal state, CPEB3 is solu-
ble and functions as a translation inhibitor (Fioriti
etal., 2015). On neuronal stimulation, CPEB3 con-
verts to an insoluble translation promoter (Fioriti
et al., 2015). The insoluble, translation promoter
form of CPEB3 is necessary for long-term memory
maintenance (Fioriti et al,, 201S5). From studies
conducted under denaturing conditions, CPEB3
appears to form amyloid-like fibrils (Stephan et al.,
2015) and when expressed in yeast, exhibits prion-
like transmissibility (Si et al., 2010).

Work from our lab has shed insight into cel-
lular regulation of CPEB3 structure and function.
CPEB3 is SUMOylated in the basal state and
deSUMOylated when functioning to promote
translation (Drisaldi et al., 2015). There is a cycli-
cal quality to CPEB3 deSUMOylation and SUMO
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protein production; SUMO2 mRNA appears to be
a CPEB3 target (Drisaldi et al., 2015). Interestingly,
recent work from our lab has further validated the
hypothesis that SUMOylation renders CPEB3
soluble and functionally inhibitory. SUMOylated
CPEB3 is retained in the membrane-less orga-
nelle P body, the function of which is to degrade
mRNAs (Ford et al.,, 2019). However, on chemi-
cal long-term potentiation (cLTP) stimulation,
CPEB3 exits the P Body and enters the polysome
for mRNA translation (Ford et al., 2019). In vitro,
SUMOylated and RNA-bound CPEB3 undergoes
phase separation and forms P body-like droplets
(Ford et al., 2019).

Beyond SUMOylation, ubiquitination also plays
an important role in CPEB3 structure and function
regulation. On synaptic activation, levels of the
E3 ubiquitin ligase Neuralized (Neurl) increase
(Pavlopoulos et al., 2011). This increase in Neurll
is necessary for healthy memory function, by facili-
tating synthesis of proteins involved in synaptic
plasticity and synaptic remodelling (Pavlopoulos et
al.,, 2011). The effect of Neurl1 on protein synthesis
is tied to ubiquitination of CPEB3; when ubiquit-
inated by Neurll, CPEB3 undergoes a functional
conversion to promote translation of target mRNAs
(Pavlopoulos et al., 2011).

Our lab is excited to continue the investigation
into ubiquitination and SUMOylation of CPEB3,
and currently believe that a SUMO-ubiquitin
switch may be involved in altering translation func-
tionality.

La
La is an RNA-binding protein which binds and
traffics various axon-bound mRNAs (Wolin and
Cedervall, 2002). The successful binding and traf-
ficking of mRNAs to La is critical for growth-cone
guidance, axonal regeneration, and synaptic plastic-
ity (Wolin and Cedervall, 2002). SUMOylation
of La directly influences its role in these neuronal
functions (van Niekerk et al., 2007) and disrupted
SUMOylation of La has been discovered in various
cancer cell lines. La depletion and mistrafficking
appears to impair cell proliferation in cancer; how-
ever, the exact mechanism is still unclear (Kota et
al., 2018).

Both SUMO-1 and SUMO-2/3 can modify La
in an overexpression system, although endogenous
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SUMOylation is still unknown (van Niekerk et al.,
2007). Non-SUMOylated La binds kinesin and
La SUMOylated at lysine 41 binds dynein; thus,
SUMOylation plays an important role in axonal
trafficking (van Niekerk et al., 2007). Specifically,
non-SUMOylated La moves anterograde, while
SUMOylated La moves both anterograde and ret-
rograde along the axon (van Niekerk et al., 2007).
Beyond trafficking, SUMOylation also enhances
mRNA binding to La (Kota et al., 2016). Indeed,
when mutated to lack SUMOylation sites, mutant
La is incapable of binding target mRNAs (Kota
et al., 2016).

Mitochondrial anti-viral signalling protein
and RIG-1
Mitochondrial anti-viral signalling protein (MAVS)
is a component of an anti-viral immune response.
In the signalling cascade, MAVS is downstream of
receptor RIG-1 and functions to activate kinases
that ultimately activate the transcription factors
NF-«B and IRF3 (McWhirter et al, 2005). On
activation by lysine 63-polyubiquitinated RIG-1,
MAVS undergoes a gain-of-function conforma-
tion change to a fibrillar state (Hou et al.,, 2011).
These MAVS fibrils consist of three-stranded
helixes (Xu ef al., 2014) as opposed to the classic
cross P sheet of true amyloids. The polyubiquit-
ination of RIG-1 plays the critical role of exposing
the CARD domain of the protein, allowing for
downstream interaction with MAVS, fibrillization
of MAVS, and further activation of the signalling
cascade (Hou et al, 2011). The same E3 that
ubiquitinates RIG-1, TRIM2S, also ubiquitinates
MAUVS at lysine 7 and 10 (Castanier et al., 2012).
The RING finger protein S (MARCHS) ubiquit-
inates filamentous MAVS, targeting the protein to
proteasomal degradation (Yoo et al., 2015).
MAVS is an interesting example of how E3
ubiquitination targets the same protein in differ-
ent conformations, driving various downstream
effects. For example, TRIM2S ubiquitination of
MAVS is likely the E3 involved in CARD domain
exposure and downstream fibril formation.
Whereas MARCHS specifically targets filamen-
tous MAVS for degradation. It is still unknown
if TRIM25 and MARCHS ubiquitinate different
residues and if there is a difference in monoubig-
uitination or polyubiquitination.
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Yeast

PSI+

PSI+ is the prionoid form of Sup3S5, a yeast protein
subunit of a translation termination factor (Stans-
field et al., 1996). PSI+ causes read through of stop
codons in translating mRNAs. Although generally
non-toxic to the cell, overproduction of the PSI+
conformation will lead to a decrease in health from
loss-of-function. Heat shock proteins (HSPs) are
chaperone proteins involved in the clearance of
misfolded proteins and play a pivotal role in regula-
tion of yeast prion-like proteins. Indeed, HSP104
can eliminate PSI+ when overproduced in yeast
(Allen et al., 2006). HSP104 functions with the
UPS, and when ubiquitin or critical elements of the
UPS are knocked out in yeast, Sup3S converts to
PSI+ at a higher frequency (Allen et al., 2006; Tank
and True, 2009). Similarly, inhibiting autophagy
promotes PSI+ production in yeast (Speldewinde
etal.,, 2015). This effect may not involve direct ubig-
uitination of Sup35/PSI+, as ubiquitin-conjugated
Sup3S was not found by multiple labs (Allen et al.,
2006; Tank and True, 2009). Instead, the actin-
associated protein Lsb2 is ubiquitinated and drives
PSI+ formation (Chernova et al., 2017).

PIN+

PIN+ is the prionoid form of Rnql, a yeast polyQ_
protein of unknown function. PIN1+, sometimes
referred to as RNQ+, facilitates de novo formation
of other yeast prionoids (Stein and True, 2011).
Unlike Sup35, Rnql can be ubiquitinated
endogenously (Allen et al., 2006). As with other
yeast prion-like proteins, HSP104 is involved in
eliminating misfolded PIN+ and ubiquitin ligases
protect the cell from prion-like proteins produced
by PIN1+ (Theodoraki et al, 2012; Yang et al,
2014). HSP104 functions alongside the UPS, and
when critical elements of the UPS are knocked
out in yeast, Rnql converts to PIN1+ and forms
amyloid-like fibrils (Allen et al., 2006; Yang et al.,
2014).

Conclusion

SUMOylation and ubiquitination are common
post-translational modifications which regulate
protein function, interaction, trafficking, and
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structure. Often, SUMO and ubiquitin conjugation
destines the substrate to the UPS for degradation.
However, as discussed throughout this review,

these moieties are multi-functional. The role of
SUMOylation and ubiquitination in protein regu-
lation is particularly interesting when amyloid and
amyloid-like proteins are considered. A significant
amount of energy is used in the conversion from
a soluble to an amyloid fibrillar state, making the
fibrillar state an unlikely resting state for the pro-
tein. Thus, it is intriguing as to how amyloids are
produced. Post-translational modifications, in part,
can trigger critical steps in the fibrillization process
of amyloidogenic proteins.

This review investigates the role of SUMOyla-
tion and ubiquitination of amyloids in disease and
health (Table 25.1). SUMOylation and ubiqui-
tination of a-synuclein, the amyloid involved in
Parkinson’s disease and other synucleinopathies,
are likely independent processes. Generally,
monoubiquitination of a-synuclein promotes
aggregation (Nonaka et al., 200S; Lee et al., 2008)
while monoSUMOylation promotes solubility
(Krumova et al, 2011) and polyubiquitination
drives protein degradation via the UPS (Lee et al.,
2009).

We then consider SOD1, TDP-43, and FUS
amyloids involved in ALS. First, SOD1 has an
interesting distinction between physiological and
pathological SUMOylation patterns. Physiological
SOD1 can be SUMO1-conjugated, whereas patho-
logical SOD1 can be SUMOylated by SUMO],
SUMO2, or SUMO3. All SUMOylation appears
to drive aggregation, but perhaps the increased
capacity for SUMOylation of pathological SOD1
increases its likelihood of aggregation in a correla-
tive manner. Second, TDP-43 pathogenicity is also
influenced by SUMOylation. It is hypothesized
that deSUMOylation may drive mutant TDP-43
to the cytosol where it is neurotoxic (Seyfried et
al., 2010). Finally, although less well studied than
SOD1 and TDP-43, toxic FUS is ubiquitinated in
ALS.

This review then considers Alzheimer’s disease
and the amyloid components B-amyloid and tau.
Overall, those suffering from Alzheimer’s disease
show a marked decrease in high molecular weight
(>75kDa) SUMO2/3. We speculate, throughout
this review, that changes in SUMO2/3 are likely
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Table 25.1 SUMOylation and ubiquitination of toxic amyloids. Summary of SUMOylation and ubiquitination of

all toxic amyloids listed in this article

SUMOlyation of

Effect of SUMO on

Ubiquitination of  Effect of ubiquitin on

Disease Substrate inclusion bodies  neurodegeneration inclusion bodies neurodegeneration
Parkinson’s a synuclein - SUMO1, SUMO2 Unknown Yes Decreased
disease Parkin SUMO1 Unknown Yes Unknown
DJ-1 SUMO1 Unknown Unknown Unknown
Multiple systems asynuclein  SUMO(1 Unknown Yes Unknown
atrophy
Dementia with asynuclein  SUMO1 Unknown Yes Unknown
Lewy bodies
Amyotrophic lateral SOD1 SUMO1, Unknown Unknown Unknown
sclerosis SUMO02/3
TDP-43 SUMO2/3 Unknown Yes Unknown
FUS Unknown Unknown Yes Unknown
Neuronal Various SUMO1 Unknown Yes Unknown
intranuclear
inclusion disorder
Ischaemia Various SUMO1, Decreased Unknown Unknown
SUMO2/3
Alzheimer’s Amyloid b/ SUMO3 Reduced Unknown Unknown
disease APP
tau SUMO3 Increased Yes Unknown
Huntington’s Huntingtin ~ SUMO1, SUMO2 Increased Yes Decreased
disease
Dentatorubral Atrophin 1 SUMO1 Increased Unknown Unknown
Pallidoluysian
atrophy
Spinal and bulbar ~ Androgen SUMO1, SUMO3 Unknown Yes Unknown
muscular atrophy  receptor
Spinocerebellar Ataxin SUMO1 Increased Yes Decreased
ataxia
Prion diseases PrP Unknown Unknown Yes Decreased

alterations in the extent of polySUMOylation of the
substrate. Therefore, we believe that polySUMOyla-
tion is decreased in Alzheimer’s disease. Although
speculative, the cause for decreased polySUMOyla-
tion is likely to come from its role in the UPS.
PolySUMOylation can act as a marker for protea-
somal degradation, functioning with downstream
ubiquitination. In the case of Alzheimer’s disease,
we believe that high molecular weight SUMO2/3
is decreased because of polySUMO-targeting to the
proteosome. Likely, polySUMOylation is an early
stage phenomena, and decreases in late stage dis-
ease due to decreased proteasome integrity. Indeed,
the decrease in high molecular weight SUMO2/3 is
observed in early stages of Alzheimer’s disease, and
later stages of disease are marked by UPS dysfunc-
tion.
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We further explore the role of SUMOylation and
ubiquitination in Alzheimer’s disease by consider-
ing the two amyloids involved, f-amyloid and tau.
It appears that f-amyloid production is influenced
by APP SUMOylation. In the case of tau, aggrega-
tion correlates with increased SUMOylation and
degradation correlates with increased ubiquitina-
tion (Luo ef al, 2014). As stated previously for
general inclusion body formation, ubiquitination
of the substrate drives the toxic protein to deg-
radation. However, if toxic proteins overwhelm
the system, ubiquitinated proteins may be left
in inclusion bodies as a final attempt to regulate
pathogenicity. We further hypothesize about the
role of SUMOylation on tau fibrillization. We offer
that SUMOylation of unbound tau may be the criti-
cal structural point that converts tau to an amyloid,
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allowing for downstream hyperphosphorylation
and fibrillization.

SUMOylation and ubiquitination of polyglu-
tamine diseases are then considered. First, we
investigate Huntingtons disease amyloid, Hitt.
Generally, SUMOylation of Htt leads to increased
aggregation and ubiquitination of Htt leads to
increased solubility. An important distinction arises
when the SUMO protein being conjugated to Hitt
differs. SUMO?2 appears to be the key driving force
behind Htt aggregation. Both monoSUMOylation
and polySUMOylation are neurotoxic, but we
hypothesize that polySUMOylation plays a protec-
tive role. Research suggests that only soluble polyQ
proteins are able to be degraded through proteaso-
mal mechanisms (Verhoef et al., 2002; Kaytor et al.,
2004; Michalik and Van Broeckhoven, 2004; Juene-
mann et al., 2013). However, the cell still needs to
control toxic polyQ production in some way. Likely,
polySUMOylation drives Htt into inclusion bodies.

Let’s assume that polySUMOylation controls
non-degradable polyQ proteins by driving inclusion
body formation. We hypothesize that soluble
polyQ proteins are ubiquitinated and degraded via
the UPS. Insoluble polyQ proteins are incapable of
being degraded via the UPS. Therefore, insoluble
polyQ proteins are instead SUMOylated. This then
allows the available lysine residues to be mono- or
poly-SUMOylated.

Not all polyQ proteins behave similarly to
Htt. Both SUMO- and ubiquitin-conjugation to
androgen receptor keep the protein soluble and
monomeric (Mukherjee ef al., 2009) in DRPLA.
Furthermore, in SCA, SUMOI-conjugation
promotes protein insolubility and neurotoxicity.
In SCA-I, data suggests SUMO2/3- or ubiquitin-
conjugation inhibits disease progression, possibly
via UPS-driven degradation. This again strength-
ens our hypothesis that polySUMOylation allows
some amyloidogenic proteins to work via the UPS
towards degradation or inclusion body formation.

Our penultimate investigation into toxic amy-
loids considers NIID. NIID lacks a specific protein
which drives pathology; instead, many of the polyQ_
proteins previously discussed are within the inclu-
sions which hallmark the disease. These inclusions
likely arise from a general misregulation of SUMO-
and ubiquitination.

Finally, we consider prion diseases and the
roles SUMOylation and ubiquitination play in
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regulating the amyloidogenic protein. We speculate
that polySUMOylation is negatively impacted in
prion diseases. This would also lead to a decrease in
PrPsc targeting to the proteasome, which is already
severely impaired.

After considering the wealth of knowledge on
toxic amyloids, we investigate the more recent
literature on functional amyloids in mammals
and yeast. RNA-binding protein CPEB3 is likely
regulated by a SUMO-ubiquitin switch, driving
translation functionality. The data indicates that
SUMOylation of CPEB3 produces an inhibitory
function, and ubiquitination of the protein pro-
motes translation activity. Another RNA-binding
protein, La, also switches functions based on if the
protein is SUMOylated or deSUMOylated. Finally,
MAVS is an excellent example of functional ubig-
uitination. Ubiquitination of MAVS allows for the
conformational change to a fibrillar structure, with
downstream functional effects.

Finally, we end our investigation with yeast
functional amyloids. Thus far, yeast have been the
most prevalent model organism used in functional
amyloid studies. From this work, numerous yeast
prion-like proteins have been discovered. Here,
we consider PSI+ and PIN1+. There is a wealth of
information suggesting that the UPS is disrupted
when either of these yeast prionoids are expressed.

Overall, we can draw numerous conclusions.
First, and most importantly, there is no generic
function for SUMOylation or ubiquitination
of amyloids. Each protein is distinct and will be
impacted by PTMs differently; this is true even
within protein families, as identified in the SCA sec-
tion. Second, the data suggests that inclusion bodies
actasa ‘dumping ground’ in disease. Often, the UPS
is unable to perform its function or is overwhelmed
with misfolded proteins in amyloid diseases. The
inclusion bodies offer a final attempt to compart-
mentalize toxic species. Third, we hypothesize that
polySUMOylation plays an important role in many
of the above mentioned diseases. Likely, polySU-
MOylation is a second method in which the cell
can target toxic species for degradation or inclusion
body formation. The functional amyloid section
provides important examples of the complexity of
PTMs, and the resulting downstream effects.

One outstanding difficulty in the field is deci-
phering which SUMOylation and ubiquitination
patterns are part of protein function, and which
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patterns are part of cellular stress resulting from
pathology. Furthermore, PTMs are highly dynamic,
altering as the cell requires. Complexity is increased
when crosstalk is considered. We briefly mentioned
the influence of tau SUMOylation on downstream
hyperphosphorylation. Many more examples of
PTM crosstalk are known for these proteins but
were not covered. In order to fully understand
the role SUMOylation, ubiquitination, and other
PTMs play on amyloids in health and disease, then
state of health, time of quantification, and extent of
crosstalk all must be understood.

Although a large task, quantitative proteomics
allows for a deeper understanding of the role of
PTMs on amyloid function. Soon, more methodo-
logical advancements will allow us to probe deeper
and ask more complex questions. We are excited to
see the field progress our understanding of cellular
regulation of amyloids in health and disease, and to
gain insight into the roles PTMs play in the cellular
regulation of amyloids in the brain.
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