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Abstract

Post-translational protein modifications by ubig-
uitin, SUMO and other ubiquitin-like modifiers
is common and essential for all eukaryotic organ-
isms. Ubiquitin, SUMO and other ubiquitin-like
modifiers are attached to target proteins by a set
of related but distinct enzymes including activat-
ing enzyme, conjugating enzyme, a ligase and
in some cases auxiliary proteins. Both ubiquitin
and SUMO proteins regulate most physiological
processes in cells and often interdependence of
the protein modifications can be observed. Dis-
coveries of ubiquitin and SUMO function have
been predominantly driven by studies in cell sys-
tems and by in vitro approaches. Investigations of
post-translational modifications in Caenorhabditis
elegans promises new avenues in ubiquitin and
SUMO research. It enables a whole organism
approach to study post-translational modifica-
tions in development, stress, ageing and in disease
models. The biochemical mechanisms of ubig-
uitin and SUMO modifications are essentially
conserved in C. elegans and have been described
elsewhere. Thus, this review focuses on emerg-
ing research areas where research in C. elegans is
advantageous and strongly advances the field of
post-translational modifications by ubiquitin and
SUMO.

caister.com/cimb 145

Introduction

The post-translational protein modification by
ubiquitin and SUMO is achieved by similar
mechanism utilizing a set of homologous but
distinct enzymes. (Kerscher et al., 2006; Flotho
and Melchior, 2013). Briefly, in the first step,
ubiquitin or SUMO proteins are cleaved by the
specific carboxyl-terminal hydrolase to produce a
carboxyl-terminal diglycine motif. Next, the mature
protein is, in an ATP-dependent manner, covalently
attached to a cysteine in the activating enzyme E1
via a high-energy thioester bond. The SUMO or
ubiquitin moiety is then transferred from El to
the conjugating enzyme E2, which then attaches
the ubiquitin or SUMO to a lysine in the target
protein. In case of SUMO, the lysine residue is typi-
cally found, but not always, within the consensus
sequence YKXE/D (¥ represents hydrophobic
amino acids). SUMO E3 proteins stimulate protein
SUMOylation by associating with both, SUMO
conjugating enzyme UBC9 and the substrates, to
increase the efficiency of the modification reaction.
Modification of proteins by ubiquitin is much less
specific and any lysine in the target protein can
be modified (Mattiroli and Sixma, 2014). Some
ubiquitin ligases form thioester intermediate with
ubiquitin (HECT) and some serve as a scaffold
to bring the E2 close to the modified lysine for
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the conjugation enzyme. The variety of cellular
processes regulated by SUMO post-translational
modification is as high as by phosphorylation and
ubiquitination. Despite this complexity, only few
enzymes involved in SUMOylation are known. In
comparison, in the ubiquitin conjugation system
there are almost thousand proteins involved. Thus,
it is expected that the number of proteins involved
in the regulation of SUMO modification is much
greater. Alternatively, the principle of SUMOylation
regulation and specificity is completely different
than that of ubiquitination and phosphorylation.
Every dynamic protein modification depends
on the developmental stage, cell type and cell cycle
stage. Analysis on the level of the entire organism
enables a search throughout the entire spectrum
of processes and targets involved. Caenorhabditis
elegans is an excellent model to decipher the uni-
verse of the proteins and processes regulated by
SUMO and ubiquitin. C. elegans is a free living soil
nematode that in the last 30 years became one of
the most important model organisms in develop-
mental biology, neurobiology, genetics and ageing
research (Brenner, 2009). It is a higher eukaryote,
a metazoan, and all signalling pathways and 60%
of disease related genes present in humans can be
found in the worm (Kaletta and Hengartner, 2006).
Despite its simplicity and only 959 somatic cells, C.
elegans forms several different tissues and organs
including muscle, intestine, skin, nervous and
reproductive systems. C. elegans has a very short
life cycle (3.5 days). C. elegans is transparent what
enables microscopic analysis. The embryonic devel-
opment and morphology are mapped with single
cell resolution. The nervous system and its con-
nectivity is mapped with single synapse resolution.
The genome of C. elegans was the first multicellular
organism to be sequenced. Several methodologies
tor C. elegans including mutagenesis and obtaining
transgenic animals are well established. RNA inter-
ference (RNAI) in C. elegans enables knock-down
of protein levels in the entire organism. C. elegans is
also the most cost effective metazoan in cultivation
allowing whole genome genetic screens and high
throughput chemical compound screens. Despite
the fact that only very limited number of research
groups utilizes C. elegans to study protein modifica-
tion by ubiquitin and SUMO, research in this model
organism brought significant input to the field.
Ubiquitin proteasome system is down-regulated
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during ageing and in pathological states, for example
neurodegenerative diseases. Role of SUMOylation
in senescence is less studied but preliminary data
point towards mixed effects, both promoting and
preventing senescence (Princz and Tavernarakis,
2017). C. elegans is a key model organism in ageing
research and advanced knowledge on the basic
principles in development of neurodegeneration.
Thus, it has the potential to be key model in deci-
phering and manipulating ubiquitin and SUMO
role in ageing.

Components of ubiquitin

pathway in Caenorhabditis

elegans

C. elegans ubiquitin system has been described
elsewhere (Kipreos, 200S; Papaevgeniou and
Chondrogianni, 2014). In this review, I will briefly
summarize the components. C. elegans genome
encodes two loci of ubiquitin genes. Ubg-1 is a pol-
yubiquitin gene with 11 ubiquitin repeats. Repeats
are identical except repeat six where threonine at
position 9 is substituted by isoleucine. This substi-
tution is not found in other Caenorhabditis species
and its significance is unknown. Ubg-2 is a fusion
of N-terminal ubiquitin with C-terminal large ribo-
somal subunit protein L40. This fusion protein is
conserved through Eukaryotes (Finley et al., 1989).
In contrast to most genomes the RPL-27 ribosomal
protein is fused to a ubiquitin related protein ubl-1
(Jones and Candido, 1993). This fusion protein
can be also found in protists (Catic et al., 2007).
Function of ubl-1 has not been investigated. C.
elegans has one ubiquitin activating enzyme UBA1
(Jones et al., 2002; Kulkarni and Smith, 2008). The
worm genome encodes 22 proteins homologous of
ubiquitin conjugating enzymes and three ubiqui-
tin E2 variants that lack the catalytic site cysteine
(Kipreos, 2005). At least 15 of these proteins are
responsible for conjugating ubiquitin: UBC-1-3,
6-8 and 12-26 (Jones et al., 2002).

In HECT-domain ligases, ubiquitin moiety is
transferred from E2 to E3 conserved cysteine by
thioester bond. C. elegans genome encodes nine
HECT-domain ligases (hecd-1, hecw-1, oxi-1,
herc-1, wwp-1, eel-1 D2085.4, F36A2.13 and
Y92H12A.2). These ligases were not studied in
detail in worms and the phenotypes are only known
from high throughput studies using RNAi. U-box
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domain ubiquitin E3 or E4 ligases are encoded
by four genes in worms. CHN-1 is an orthologue
of the human CHIP (Khan and Nukina, 2004).
CYN-4 is orthologous to human hCyP-60, ufd-2
gene encodes for an E4 ubiquitin chain assembly
factor orthologous to human UBE4B (Hoppe et
al., 2004). C. elegans genome encodes for 15 mono-
meric RING finger proteins but it is not clear if all
serve as E3 ubiquitin ligases (Kipreos, 2005). There
are six cullin gens cull-6 (Kipreos, 2005).

None of the SUMO targeted ubiquitin ligases
(STUBI) (Prudden et al., 2007; Uzunova et al.,
2007) have been identified or studied in the worm
but due to the evolutionary conservation of poly
SUMO directed poly ubiquitination and further
degradation process, one would expect that such
ligases exist in C. elegans genome. SUMO chain
targeted ubiquitin ligases carry repeats of SUMO
interaction motifs (SIMs) (Song et al., 2004, 2005).
Repeats of at least three SIMs can be found in
over 20 ubiquitin ligases in worms (Drabikowski,
unpublished).

In C. elegans two components of the ubiquitin
proteasome system in the SCF (Skp1-Cullin-F-box)
E3 complex undergone strong gene multiplication.
Approximately 520 F-box containing proteins
compared to 69 in humans are known (Thomas,
2006; Skaar et al., 2013). SCF complex component
Skpl expanded to 21 members, compared to one
in humans. It is proposed that expansion and fast
evolution of these proteins enables assembly of a
great number of SCF E3 ligases and is a mean to
fight intracellular pathogens (Thomas, 2006) (see
below).

In C. elegans 45 genes encode de-ubiquitinating
enzymes (DUBs), in comparison, in the human
genome there is approximately 100 DUBs
(Papaevgeniou and Chondrogianni, 2014).

The C. elegans genome encodes 14 conserved
subunits of the 20S core, as well as 18 conserved
19S components of the proteasome (Davy et al.,
2001). Interference with different proteasomal sub-
units result in developmental abnormalities (Fraser
et al., 2000; Rual et al, 2004; Sonnichsen et al.,
2005). Of particular interest is the RPN10 protein,
the only proteasome subunit, knock-out of which
is not lethal in C. elegans (Shimada et al., 2006) but
leads to feminization of the gonad and accumula-
tion of polyubiquitinated proteins (Keith et al.,
2016). Decrease in proteasome activity results in
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activating compensatory mechanisms, which result
in net increase of protein quality. In rpn-10 mutant
C. elegans, the NEDD8 homologue, ned-8, is up-reg-
ulated. Depletion of skn-1 in rpn-10 mutants results
in developmental arrest due to failure to induce pro-
teasomal subunits expression (Keith et al., 2016).
Skn-1 is activated on ubiquitin proteasome system
UPS down-regulation and promotes expression of
proteasomal subunits and aip-1, orthologue of the
human arsenite-inducible RNA-associated protein
(AIRAP). Proteasome Assembling Chaperones
PAC1-4 (Yashiroda et al, 2008) have not been
identified in worms. YS7E12AL.6 is an orthologue
of human Pomp (proteasome maturation protein,
or UMP1). F35G12.12 is an orthologue of human
PSMDS (proteasome 26S subunit, non-ATPase
5) F40G9.17 is an orthologue of human PSMD10
(proteasome 26S subunit, non-ATPase 10) regula-
tory subunit psdm-9 was up-regulated in worms
overexpressing human alpha-synuclein (Vartiainen
et al, 2006) suggesting that cellular inclusions
induce proteasome assembly and presumably activ-

ity.

Components of SUMO pathway

in Caenorhabditis elegans

C. elegans genome encodes one gene, smo-1 that is
essential but due to maternal contribution knock-
out animals develop into sterile adults (Broday et
al., 2004). SMO1 protein is expressed in all cells
at all times although the level of expression varies
to some extent with the lowest expression in the
germline and developing germ cells and the high-
est in the developing embryo (Drabikowski et al.,
2018). Both yeast and worm genomes encode one
SUMO gene and the human genome four. Accu-
mulating data suggest that in vertebrates, SUMO1
and SUMO?2/3 have different functions. SUMO1
most often forms mono-modification and SUMO
2/3 forms chains and branched chains. Steady state
level of SUMO1 modification is high with a little
free SUMOL1 pool and steady state of SUMO2/3
modification is very low and is attached to targets
in stress conditions (Saitoh and Hinchey, 2000).
C. elegans SUMO has slightly higher sequence
identity with vertebrate SUMO1 than with SUMO
2/3, 58.8% and 46.2%, respectively. Evolution-
ary analysis of SUMOI1 protein does not clearly
show which homologue it is but the electrostatic
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surface resembles more SUMO2/3 (Surana et
al., 2017). Steady state levels of protein modifica-
tions by SMO1, both endogenous protein and the
SMO1-GFP fusion rescue protein, are very low
(Drabikowski et al., 2018). Analysis of SUMO con-
jugation in worms suggest that SMOL1 is involved
both in mono- SUMOylation and SUMO chain
SUMOylation (Drabikowski et al., 2018). C. elegans
SUMO is modifying target proteins in response
to stress (see below), which is also characteristic
for SUMO2/3 but not SUMOL1. C. elegans poly-
SUMO chains were also observed in vitro (Surana
et al., 2017). Thus, it is reasonable to assume that
C. elegans SUMO performs functions reserved both
for SUMO1 and SUMO2/3 in vertebrate systems.
Orders of magnitude higher global SUMOylation
levels in stress conditions suggest that the stress
response is one of the most important functions of
SUMO in worms.

The C. elegans SUMO activating enzyme E1
dimer AOS1/UBA2 is encode by aos-1 and uba-2
genes, respectively. As in other organisms, they are
essential genes and depletion by RNAi leads to PO
spindle rotation failures and embryonic lethality
(Piano et al., 2002; Sonnichsen et al., 2005). In the
surviving animals larval arrest was observed (Piano
etal.,, 2002) as well as several germline development
defects (Rual et al., 2004). The sole E2 enzyme
UBCS9 is encoded by the ubc-9 gene (Jones et al.,
2002). In C. elegans few SUMO E3 proteins were
identified. The PIAS E3 ligase orthologue, Gei-17,
was predominantly studied in its involvement in
mitosis and cell cycle progression (Pelisch et al.,
2014), meiosis (Pelisch et al.,, 2017; Davis-Roca
et al, 2018) and axonal guidance (Chen et al,
2018b). Npp-9is the orthologue of RanBP2 but has
not been studied in C. elegans. ZK1248.11.1 is an
orthologue of human NSMCE2 (NSE2/MMS21,
SMCS5-SMC6 complex SUMO ligase), Pc2, SIxS-
SIx8 dimer and TOPOROS SUMO ligases have
no clear homologue in worms. In C. elegans, four
de-SUMOylating enzymes have been identified:
ULP-1, ULP-2, ULP-4 and ULP-S. F36D4.5 is an
orthologue of human DESI2 (desumoylating iso-
peptidase 2).

Twenty years of SUMO research revealed
only a handful of enzymes involved in SUMO
modification, especially the number of SUMO
ligases and ligase adaptor proteins is orders of
magnitude smaller than those for ubiquitin. On
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the other hand, SUMO can be conjugated in vitro
without E3 involvement. This raises the possibil-
ity that in vivo, presence of E3 is also not required.
Psakhey and Jentsch (2012) showed that in case of
SUMOylation of DNA repair proteins, all proteins
in the vicinity are SUMOylated suggesting that
regulation of modification is spatiotemporal and
not relaying on a big group of proteins providing
substrate specificity (Psakhye and Jentsch, 2012).
Several lines of evidence show that SUMOylation
is dramatically increased in stress conditions (see
below) raising the possibility that also in stress,
specificity of SUMOylation comes from a specific
trigger in a specific local environment and not from
distinct set of proteins as in case of ubiquitination
and phosphorylation.

The universe of proteins

modified by ubiquitin and SUMO
Proteomics analysis of the entire organism in all
its developmental stages enables deciphering the
set of proteins involved in an analysed process. In
C. elegans most SUMOylation takes place in the
nucleus but the number cytoplasmic proteins mod-
ified exceeds the number of nuclear ones. Cytosolic
SUMO targets include many metabolic enzymes,
cytoskeleton components and big protein com-
plexes of ribosome and proteasome. A big group
of SUMO targets are mitochondrial and secreted
proteins and Drabikowski et al. (2018) suggests
that these targets could undergo SUMO directed
polyubiquitination and degradation. Independent
analyses by Hendriks ef al. (2014) and Drabikowski
et al. (2018) showed very high evolutionary con-
servation of SUMOylation targets among species.
Thus, Drabikowski et al. (2018) suggested a novel
approach to predict potential SUMOylation of a
protein based on experimental proof of SUMOyla-
tion of this protein in other species. This prediction
estimated the number of SUMOylated proteins to
be at least 15-20% of the proteome. The dbPMT
database currently lists approximately 100,000
unique ubiquitination sites in human in 10,000
proteins (Huang et al, 2016). This represents
approximately 15% of the proteome, comparable
number to the number of SUMOylated proteins
estimated by Drabikowski et al. (2018). Ubiquitin
targets in C. elegans have not been analysed on a
global scale and such an analysis would greatly
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contribute to deciphering the universe of ubiquitin
targets in other organisms.

SUMO and ubiquitin in stress

response and ROS signalling

SUMO and ubiquitin activating and conjugating
enzymes as well as some E3 ligases rely on the
catalytic cysteine that forms a thioester bond with
the C-terminus of SUMO and ubiquitin proteins.
Ubiquitin- and SUMO-specific proteases have also
catalytic cysteine. Cysteines are prone to oxidation
and thus allowing reactive oxygen species to, at low
physiological conditions, regulate conjugation and
de-conjugation processes. Indeed, Bossis and Mel-
chior (2006) showed that ROS reversibly blocks
SUMO conjugation by forming a disulfide bond
between E1 and E2. Stankovic-Valentin et al. (2016)
showed that SUMO E1-E2 oxidation is an essential
redox switch in oxidative stress. The SUMO E2
UBC9 with D100A mutation near the catalytic site
remains catalytically active but is unable to form a
disulfide bond with E1. Cells with UBC9 replaced
with the mutant have compromised survival under
oxidative stress (Stankovic-Valentin et al., 2016).
A disulfide bond between the ubiquitin E2 Cdc34
and Aosl has also been described (Doris et al.,
2012). These results suggest that redox regulation
of protein-protein modifications by ubiquitin
and ubiquitin like molecules is a crucial factor in
regulating these modifications and in turn, they are
essential components of ROS signalling.

C. elegans as a free-living soil nematode had
to adapt to various external and internal stress
stimuli. One of the pillars of cellular homeostasis is
maintaining protein homeostasis, the proteostasis.
Proteostasis depends on the regulation and bal-
ance between proteins synthesis and degradation
achieved by the ubiquitin proteasome system and
autophagy.

Mounting evidence suggests that SUMOyla-
tion is greatly increased in stress conditions.
Golebiowski et al. (2009) showed global changes
in SUMOylation on heat stress in yeast. In plants
heat shock also induces SUMOylation (Miller et
al., 2013) along with drought (Catala et al., 2007)
and osmotic stress (Castro et al., 2016).

In C. elegans the increase in SUMOylated spe-
cies on heat shock is one of the highest in stress
conditions. (Drabikowski et al., 2018). Heat shock
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induces massive deactivation of de-SUMOylating
enzymes (Pinto et al., 2012). This phenomenon
cannot explain increased SUMOylation level on
stress. All other stressors, even those activating
heat shock response, are not expected to deacti-
vate the de-SUMOylating enzymes and thus the
mechanism of increased SUMOylation on heat
shock does not primarily depend on deactivation of
de-SUMOylating enzymes. Troponin like calcium
binding protein PAT-10 is essential for thermotol-
erance of worms. Transcription of pat-10 is directly
orchestrated by heat shock factor HSF-1 and
PAT-10 provides stability to the cytoskeleton in
heat shock. Depletion of PAT-10 results in collapse
of actin cytoskeleton (Baird et al., 2014). PAT-10 is
SUMOylated in worms (Drabikowski et al., 2018)
and one can speculate that the role of SUMOyla-
tion is in actin filaments assembly/disassembly (see
below).

Reactive oxygen species emerge as key
modulator of the ubiquitin and SUMO modifica-
tion pathways. Reactive oxygen species induce
reversible 26S proteasome disassembly leading
to attenuation of ubiquitin mediated proteolysis
(Livnat-Levanon et al., 2014). Proteasomal disfunc-
tion activates antioxidative stress response enzymes
GST-4 and SOD expression. Reactive oxygen spe-
cies response is orchestrated by the transcription
factor SKN-1, which regulates the transcription of
phase II detoxification enzymes. SKN-1 interacts
with MDT-1$ to facilitate oxidative metabolism
and promote lifespan. MDT-1S is a component of
the Mediator complex, a coactivator involved in
regulated gene transcription of nearly all RNA pol-
ymerase II-dependent genes. In parallel to SKN-1,
MDT-1S interacts with NHR-49 to promote ROS
response and expression of gst-4. Both NHR-49
and MDT-15 are SUMOylated in C. elegans (Drab-
ikowski et al., 2018). SKN-1 has not been found to
be SUMOylated but it contains a canonical SUMO
interacting motif (SIM) ILVISS at position $7. One
can predict that SUMOylation of NHR-49 and
MDT-15 brings together SKN-1 with these pro-
teins. Direct interaction of SKN-1 and NHR-49 has
not been observed (Hu et al., 2018) but interaction
through SUMO modified NHR-49 and MDT-15
would explain the interaction and as well provide an
oxidation dependent regulation of this interaction.
Itis not known if ROS induces NHR-49 SUMOyla-
tion or block it and thus activating it. NHR-49 is
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also a key regulator of fatty acid metabolism in basal
and starvation states (Van Gilst et al., 2005; Ratnap-
pan et al,, 2014). NHR-49, in concert with EGL-4
is a regulator of lysosomal lipid storage during short
term fasting (Huang ef al., 2014). Thus, NHR-49
provides a link between SUMO and regulation of
metabolism and starvation stress response.

Arsenite increases the amount of polyubiquit-
inated species in vertebrate cells (Kirkpatrick et al.,
2003) and in C. elegans (Stanhill et al., 2006). The
mechanisms of arsenite toxicity are very complex
and not fully understood. It can replace phosphate
in several reactions, it can react with thiols in pro-
teins and inhibit their activity and it can generate
ROS. Accumulation of polyubiquitinated species
appears to happen within hours of exposure and
polysumoylation within minutes (Drabikowski ef
al., 2018). Arsenite is also the fastest and one of
the strongest SUMOylation inducers in C. elegans
(Drabikowski et al., 2018). Thus, one can specu-
late that SUMOylation precedes ubiquitination
in response to arsenite toxicity. Paraquat induces
SUMOylation to a much smaller extent than
sodium arsenite suggesting that oxidative damage
induced by sodium arsenite is only a small compo-
nent of the toxicity of this compound. Both sodium
arsenite and paraquat induce expression of phase II
detoxification enzymes (Oliveira et al., 2009).

Arsenite inducible protein (AIP) associated with
19S regulatory particle (Stanhill et al., 2006), AIP-1
and it’s human homologue AIRAP regulates the
proteasome to counteract proteotoxicity induced
by arsenite. AIRAP containing proteasomes are
moreactive. In C. elegans, aip-1 ameliorates amyloid-
beta peptide toxicity (Hassan et al., 2009). Aip-1
expression is under control of skn-1 (Ferguson et
al., 2010).

Prolonged, high ER stress (30 uM tunicamycin,
5 hours) reduces the level of SUMOylation (Lim
et al., 2014). In contrast, in the recovery phase of
shorter and weaker ER stress (SuM tunicamycin,
0.5 hours) SUMOylation is increased, too much
smaller extent than heat shock or arsenite treat-
ment, though (Drabikowski et al, 2018). In C.
elegans, as in other organisms, calreticulin (ctr-1)
is up-regulated on ER stress. Lim et al. (2014)
proposed a model were SUMO modifies the stress
inducible transcription factor, XBP-1, and thus
repressing its activity. On ER stress, SUMOylation
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of XBP-1 is reduced and the transcription factor is
activated.

Drabikowski et al. (2018) showed that all tested
stressors including heat shock, UV, arsenite, ROS,
ER stress and osmotic stress, induce SUMOylation
to various extent (Drabikowski et al., 2018) In yeast,
the dramatic increase in levels of SUMOylation on
heat stress is dependent on the SUMO ligase Sizl
(Lewicki et al,, 2015). The C. elegans orthologue
of Sizl, GEI-17 is involved in SUMO dependent
complex assembly during mitosis, meiosisand DNA
repair but it’s role in SUMO stress response has not
been addressed. All stress response pathways are
involved in maintaining protein homeostasis and
ageing.

Protein homeostasis and ageing
Ageing is associated with, and at least partially
caused by decreased capability of an organism to
maintain protein homeostasis. C. elegans is one of
the key model organisms in ageing research. Sev-
eral ageing related signalling pathway have been
deciphered in worms. In worms ageing causes
decreased response to multiple stresses and fail to
activate stress responses (Dues et al., 2016).
Dietary restriction increase lifespan in vari-
ous organisms tested. In C. elegans, the WWP-1
HECT-domain ubiquitin ligase is necessary for life
extension of dietary restricted worms (Carrano et
al., 2009). Reduction of WWP-1 abolishes dietary
restriction extension of lifespan and overexpres-
sion of WWP-1 leads to elongation of lifespan in
non-restricted animals. This extension depends on
E3 ubiquitin ligase activity and interaction with
UBC-18, an E2 ubiquitin conjugating enzyme.
UBC-18 is SUMOylated in worms (Drabikowski
et al., 2018) and WWP-1 caries two sumo interact-
ing motifs (Drabikowski, unpublished) raising the
possibility that the interaction of WWP-1 with
UBC-9is SUMO regulated. The downstream target
for WWP-1 is KPL-1, a Kriippel like transcription
factor (Carrano et al., 2014). Another ubiquitin E3
ligase linking protein homeostasis and ageing is the
quality control E3, CHIP. Insulin receptor DAF-2
is a direct target of CHIP were monoubiquitination
of the insulin-like receptor results in its internaliza-
tion and lysosomal degradation. In aged animals,
CHIP is recruited to misfolded proteins resulting in
increased insulin signalling and accelerated ageing
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(Tawo et al., 2017). Downstream of insulin/IGF
signalling (IIS) pathway is the FOXO transcrip-
tion factor DAF-16 that regulates expression of
stress resistance genes and are essential mediators
of longevity. IIS down-regulates FOXO transcrip-
tion factors. MDT-1S also interacts with SKN-1
to facilitate oxidative metabolism and promote
lifespan in an nhr-49 independent manner (Goh et
al. 2014; Pang et al. 2014). NHR-49 and MDT-15
enhance expression of SKN-1. The C. elegans
de-ubiquitinating enzyme MATH-33 deubiquit-
inates DAF-16, the worm FOXO, counteracting
polyubiquitination by RLE-1 E3 ligase and its sub-
sequent proteasomal degradation. Stabilization
of DAF-16 enables expression of pro longevity
genes (Heimbucher et al.,, 2015). Similarly, RLE-1
mutations prolong lifespan (Li et al, 2007). In
adult worms starvation induces adult reproductive
diapause that results in delaying the reproductive
onset and extends the lifespan three fold. In turn,
NHR-49 expression is up-regulated by DAF-16
and TCER-1 in germline-ablated animals but also
regulates subcellular localization of KRI-1 that is
a regulator of expression of DAF-16 and TCER-1
(Ratnappan et al.,, 2014). Furthermore, SKN-1 and
ELT-2 are regulated by the BRAP2 ubiquitin ligase
in the expression of phase II detoxification enzymes
(Hu et al., 2018). BRAP2 also regulates F-box pro-
tein XREP-4. XREP-4 interacts with the ubiquitin
ligase component SKR-1 and the SKN-1 principal
repressor WDR-23. WDR-23 functions as part of
a CUL-4/DDB-1 ubiquitin ligase complex that
negatively regulates accumulation and hence, tran-
scriptional activation activity of the SKN-1. Loss
of xrep-4 inhibits the skn-I1-dependent expression
of detoxification genes in response to prooxidants
and decreases survival of oxidative stress (Wu et al.,
2017).

Reproductive diapause results in apoptotic
death of most of the germline with the exception
of a small population of germ cells that can regrow
the germline after feeding resumes. Entry and exit
from the adult reproductive diapause require the
NHR-49 transcription factor (Angelo and Van
Gilst, 2009). Since NHR-49 is SUMOylated, it
raises the possibility of regulation of starvation
response by the SUMO pathway. Insulin/IGF sig-
nalling pathway has also negative impact on lifespan
independent of DAF-16 by promoting SUMOyla-
tion of the germline protein CAR-1 (Cytokinesis/
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Apoptosis/RNA-binding protein 1) and thereby
accelerating ageing (Moll et al., 2018).

Independent of IS extension of lifespan was
observed in mutants von Hippel-Lindau tumour
suppressor homologue. VHL-1 is a cullin E3 ubig-
uitin ligase that negatively regulates the hypoxic
response by promoting ubiquitination and degra-
dation of the hypoxic response transcription factor
HIF-1. Loss of VHL-1 significantly increased lifes-
pan and enhanced resistance to polyglutamine and
amyloid beta toxicity (Mehta et al., 2009). Deple-
tion of another ubiquitin ligase, MEL-26, leads
to extension of the lifespan (Chen et al, 2018a).
MEL-26 is an orthologue of KLHK22 ubiquitin
ligase and activates the mechanistic target of
rapamycin complex 1 (mTORC1). The parkin E3
ligase, PDR-1, is required for mitophagy dependent
increase in longevity (Palikaras et al., 2015).

In a large proteomics study addressing changes
in the proteome on ageing in C. elegans, the 19S
and 20S proteasome was elevated in older animals
along with many E3 ligases and other components
of ubiquitin-proteasome system (Walther et al,
201S). Activation of 20S proteasome leads to
extension of lifespan and resistance to stress. Pro-
teasome activation delays ageing in vitro and in vivo
(Chondrogianni et al., 2014). Vilchez et al. (2012)
analysed the proteasomal activity in glp-1 long
living mutants lacking germline and under dietary
restriction conditions. All types of protease activity
of the proteasome were higher in the glp-1 mutants.
The only proteasomal subunit which expression
was significantly higher was the RPN-6.1 regulatory
subunit of the 19S proteasome. RPN-6.1 stabilizes
the otherwise loose interaction between 20S and
19S proteasome cap. Transcription of RPN-6.1
is mediated by DAF-16. Knock down of RPN-6.1
in wild type worms decreased lifespan and over-
expression led to increased resistance to oxidative
stress or heat shock and to extension of the lifespan
(Vilchez et al., 2012). In C. elegans, RPN-6.1 is a
target of SUMO (Drabikowski et al., 2018) suggest-
ing that SUMO might have a direct role regulating
proteasomal activity by stabilizing or de-stabilizing
interactions between 20S and 19S proteasomal
subunits.

Much less in known about involvement of
SUMO in proteostasis and ageing in worms but
one would expect its role is as important and
widespread as that of ubiquitin. First, it is highly
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probable that SUMOylation regulates 26S protea-
somal assembly/disassembly as well as involved in
regulation of key transcription factors involved in
expression of ubiquitin proteasomal system genes
and stress response genes. Furthermore, at least
20% of SUMO targets in C. elegans identified by
Drabikowski et al. (2018) is localized to the cellular
compartments where there is no SUMOylation
and the explanation for such outcome is that these
substrates undergo SUMO directed poly ubiquit-
ination and subsequent proteasomal degradation
as a quality control mechanism. Accumulation of
SUMO substrates in human cells on proteasome
inhibition (Hendriks et al., 2014) favours this inter-
pretation. SUMO modification of the mevalonate
pathway enzyme HMGS-1 regulates metabolism
during C. elegans ageing (Sapir ef al., 2014). The
mevalonate pathway is one of the key cascades in
metabolism and HMGS-1 mediates the first step
in the mevalonate pathway. In worms, HMGS-1 is
SUMOylated in an age dependent manner. Early in
life, activity of the ULP-4 de-SUMOylating enzyme
keeps HMGS-1 in a un-SUMOylated state and
presumably active. Later, mitochondrial sequestra-
tion of ULP-4 leads to increased SUMOylation of
HMGS-1 and its inactivation (Sapir et al., 2014).
Furthermore, HMGS-1 levels are regulated by the
ubiquitin-proteasome system. Drabikowski et al.
(2018) identified 159 C. elegans SUMO targets
with the GO term ‘metabolism’ Thus, it is highly
probable that direct regulation of metabolism by
SUMO and not just by regulating transcription
factors involved in metabolic enzymes expression,
is much more common than previously anticipated.
For example, several ROS response proteins,
glutathione synthetase GSS-1, glutathione S-trans-
ferases GST-1,6,7 36 have been identified as direct
SUMO targets (Drabikowski et al., 2018).

Infections and innate immunity

It is well established in many biological systems
that bacterial and viral pathogens target ubiquitin,
SUMO and NEDDS8 pathway to evade response
and reprogram cell metabolism for own purpose
(Ribet and Cossart, 2018). Bacteria do not have
eukaryotic type ubiquitin and ubiquitin-like sys-
tems but evolved to interfere with the host systems.
Several bacterial toxins down-regulate ubiquitina-
tion by targeting E1, E2 and E3 enzymes. On
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the other hand, worms are an infection model
for several human bacterial pathogens and are
increasingly utilized in deciphering of bacterial
pathogenicity (Irazoqui et al., 2010a) and for anti-
microbial compound screens (Squiban and Kurz,
2011). Since nematodes are devoid of specialized
immune cells, they lost the NFKB pathway (Ira-
zoqui et al., 2010b). C. elegans enables the study
of innate immunity and dissecting ubiquitination
functions in host defence independent of NFKB
pathway.

Ubiquitin involvement in C. elegans innate
immunity was proposed by Thomas (2006) con-
cluding that great expansion of genes coding for
F-box proteins and SCX proteins could be a host
defence mechanism against pathogens. Indeed, in
transcriptomics analysis of worms infected with
bacterial pathogens colonizing the C. elegans
gut, S. marcescens, E. faecalis and P. luminescens,
several F-box proteins as well as other compo-
nents of the ubiquitin conjugating machinery
were up-regulated on infection (Engelmann et
al.,, 2011). Genes up-regulated in Orsay virus and
microsporidia Nematocida parisii are enriched by
the F-box proteins (Bakowski et al, 2014). In a
whole genome RNAI screen for genes involved
in innate immunity response to the infection by a
pathogenic fungus Drechmeria coniospora, several
genes from the ubiquitin proteasome pathway
were found, including let-70, hecd-1, prp-19, rbpl-1
ubiquitin ligases, dcaf-1, skr-1 ubiquitin ligase
complex components, proteasome components
pas-3, pas-S, pbs-2, and ubiquitin specific pro-
tease usp-39 (Zugasti et al., 2016). Intracellular
pathogens are expected to cause direct and severe
damage to proteostasis. Nematocidal parisii in a
species of microsporidia fungi that is an intracel-
lular pathogen specifically infecting Caenorhabditis
nematodes (Félix et al., 2011). N. parisii infection
induces expression of several ubiquitin ligase
components cul-6, skr-3, skr-4, and skr-S. In a
forward genetics screen Reddy et al. identified
pals-22 mutant. Pals-22 is a repressor of cul-6
gene. Increased stress resistance is dependent on
CUL6 and independent of heat shock response
pathway and insulin pathway (Reddy ef al., 2017).
Ubiquitin modifications provide defence against
the intracellular microsporidia pathogen Nema-
tocida parisii by the proteasome system and by
autophagy (Bakowski et al,, 2014). Some of N.
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parisii cells are decorated by ubiquitin and this is
dependent on SCF ubiquitin ligase components
cul-6, skr-3 and skr-S. Most parasites are not
decorated and in the infected worms treated with
a microsporidial drug, suggesting a mechanism
employed by the fungus to evade recognition
and ubiquitination. Bacterial strategies to evade
or overtake ubiquitin or SUMO systems have not
been studied in C. elegans but worms would be an
interesting model to study such interactions. For
example, Salmonella enterica and Shigella flexneri
dampens UBC9 activity and on the other hand
infect C. elegans (Haskins et al., 2008; George
et al, 2014). S. enterica infection results in sub-
stantial increase in reactive oxygen species in the
worm gut that can be reversed by application of
antioxidants (Sem and Rhen, 2012). It is tempt-
ing to speculate that the ubiquitin proteasome
pathway and SUMO pathway are the molecular
targets of Salmonella induced ROS. Pathogenic-
ity of Salmonella enterica results in germ line cells
apoptosis, unfolded protein response (UPR) and
blocking of UPR leads to fast killing of worms
by S. enterica. UPR results in ubiquitination of
misfolded proteins and subsequent degradation
by the proteasome.

Nematodes have also their own viral patho-
gens: the Orsay, Santeuil and Le Blanc viruses
(Félix et al,, 2011; Franz et al., 2014). C. elegans
has been also used as an infection model for the
vesicular stomatitis virus (VSV) and Flock house
virus (FHV). RNAi pathway provides one line of
defence against RNA viruses but not the only one.
Ubiquitin modifications provide defence against
Orsay virus infection (Bakowski et al, 2014).
Infection of Orsay virus results in up-regulation
of several ubiquitin ligase adaptor proteins as
well as SCF components cul-6, skr-4, skr-S (Chen
et al, 2017), RNAi knock down of SCF com-
ponents increase the virus load. On the other
hand, disrupting the entire ubiquitin proteasome
system by RNAi reduced virus load, suggesting
that the Orsay virus requires UPS for its replica-
tion. Viruses target the SUMOpylation pathway by
disrupting the PML nuclear bodies. In C. elegans
genome, the PML protein has not been identi-
fied but SUMO rich nuclear bodies have been
observed (Drabikowski et al., 2018). Effect of C.
elegans specific viruses on the SUMO pathway has
not been studied.
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SUMO in protein complex

assembly

Involvement of SUMO in protein complex forma-
tion was first shown for the PML bodies where the
PML protein is both SUMOylated and contains
SUMO interacting motifs (Shen et al., 2006).
Mounting data suggests that this role of SUMO is
much more common and important for cellular
physiology providing a molecular glue combining
proteins to form a complex or blocking interactions
of proteins that otherwise would form one. It was
first shown by Psakhye and Jentsch (2012) that, in
yeast, in response to double-stranded DNA break,
proteins in the repair pathway undergo a wave of
SUMOylation and the entire set of proteins forming
the repair complex is modified. These modifications
at multiple sites are required for double-stranded
break complex assembly.

In C. elegans, RNAi enables to knock down genes
involved in germline development and thus the
study of meiosis. During C. elegans oocyte meiosis,
a multiple protein ring complex (RC) is assembled
between to homologous chromosomes. The ring
complex is required for chromosome cohesion
through the action of chromokinesin KLP-19.
KLP-19 is SUMOylated by the GEI-17/PIAS
SUMO E3 ligase and GEI-17 is required for KLP-19
recruitment to the ring complex. GEI-17 along
another component of RC, the kinase BUB-1 carry
SUMO interacting motifs. Auto- SUMOylated
GEI-17 and KLP-19 interact with SIMs from
BUB-1 and GEI-17 and form the complex (Pelisch
etal,2017).

The dosage compensation process ensures
that in C. elegans hermaphrodites, with two X
chromosomes, there is the same amount of pro-
teins expressed from genes encoded on the X
chromosomes as in males which have only one
X chromosome. This is achieved by the dosage
compensation complex DCC of 10 proteins which
is partially homologous to condensin. The DCC
binds to both X chromosomes in hermaphrodites,
reducing recruitment of RNA polymerase II and
thus reducing the transcription by half. Multiple
subunits of the dosage compensation complex are
SUMOylated and most, except two, have multiple
SUMO interacting motifs. The recruiting factor
SDC-2 does not require SUMOylation to bind to
the X chromosome but subsequent steps do and
depletion of SUMO results in diffused nuclear
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localization of these proteins and not to specific foci
(Pferdehirt and Meyer, 2013).

Besides providing protein glue facilitating pro-
tein—protein interactions, SUMO modification can
also prevent or weaken interactions. For example,
in intermediate filament assembly, SUMOylation
of IFB-1 maintains the soluble pool of the IFA-1/
IFB-1 heterodimer and de-SUMOylation results in
intermediate filament polymerization (Kaminsky
et al., 2009). In support, knock down of UBC-9
by RNAI results in short thick filaments (Lim et
al., 2014). In C. elegans, the adherens junctions are
dynamic membrane bound structures providing
both flexibility and rigidity of cell-cell contacts in
embryogenesis and adult tissue remodelling. The
main component of adherens junctions, the E-cad-
herin HMG-1, is SUMOylated in C. elegans (Tsur
et al., 2015). Thus, assembly and remodelling of
adherens junctions relies on a cycle of SUMOyla-
tion and desumoylation of E-cadherin.

In worms and in other organisms, modification
by SUMO were shown to switch ON/OFF
protein—protein interactions required for assembly
of several protein complexes. These discoveries
might still just be the tip of an iceberg. Thousands
of proteins have been shown to be SUMOylated
and Drabikowski et al. (2018) predicted that at least
15-20% of eukaryotic proteomes are modified by
SUMO. In C. elegans, the SUMO interaction motifs,
[VI] x [VI][VI] or [VI][VI] x [VI], can be found in
over 12,000 proteins (Drabikowski, unpublished)
which roughly represents half of the proteome.
This number is comparable to the number of SIMs
identified in the yeast proteome. Thus, the potential
number of ON/OFF switchable interaction
between SUMO modified proteins and proteins
carrying SUMO interacting motif is enormous and
largely unexplored.

Conclusions

Forty years of research in ubiquitin and 20 years in
SUMO proved their critical role in maintaining cel-
lular proteostasis and thereby regulating virtually
all aspects of physiology and pathology. Research
in Caenorhabditis elegans enables a whole organism
approach to study an entire universe of posttransla-
tional modifications by ubiquitin-like modifiers in
all developmental stages and in all tissues that oth-
erwise would be missed in cell culture experiments.
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Whole organism approach is particularly useful in
studying physiological processes in the germline
and embryonic development, behaviour as well as
organismal stress response and ageing. Research in
worms showed crucial role of ubiquitin and SUMO
modification systems in maintaining proteostasis in
healthspan and lifespan of an organism. SUMOyla-
tion and ubiquitination processes interact and
mutually regulate each other as well as interacting
with stress response and metabolic pathways. Dis-
coveries of ubiquitin and SUMO modifications as
well as their functions can be extrapolated to other
organisms showing relevance of studying them in
C. elegans. In future, C. elegans might be particularly
useful in high throughput compound screens for
molecules affecting ubiquitin-proteasome system
and SUMO system that will result in new drugs
for: proteasome inhibitors for cancer treatment,
compounds increasing proteostasis capacity for
extending healthspan and compounds boosting
innate immunity in bacterial and viral infections.
Emerging picture from C. elegans and other research
is that SUMO functions in two areas of cell physiol-
ogy: providing switchable molecular glue/repellent
for complex assembly and regulating proteostasis in
concert with ubiquitin.
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