REVIEW ARTICLES

CAENORHABDITIS ELEGANS AS A MODEL ORGANISM
FOR ER-RELATED DISEASES

SIMONA GHENEA"

Institute of Biochemistry of the Romanian Academy,
Splaiul Independentei 296, 060031 Bucharest 17, Romania

(Received 11 May, 2011)

Endoplasmic reticulum (ER) is the site where nascent polypeptides fold and assemble into
proteins that are secreted, targeted for expression at the plasma membrane or directed to intracellular
organelles. Mutations in the ER machineries that perform the quality control, assemble the protein
complexes, export or send misfolded proteins for degradation could trigger ER-related diseases. In
this review, I will summarize the recent contributions of the model organism Caenorhabditis elegans
towards identification and characterization of factors involved in ER-related disease pathogenesis.
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INTRODUCTION

Nearly a third of the human genome products including secreted hormones,
transmembrane proteins and catabolic and metabolic enzymes are processed
through the ER (1), therefore defects in the folding and assembly of these proteins
trigger ER stress response. Malfunction of the ER stress response could further be
the cause of various diseases, including diabetes mellitus, inflammation and the
neurodegenerative disorders known as “conformational diseases”. The pathogenesis
of neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s disease,
and prion disease, are causally linked to aggregation-prone proteins. These proteins
do not share amino acids homology but lack a well defined 3D structure and are
able to adopt a variety of conformations, some of which are prone to self-
aggregation (2). Despite major advances in the past years, there is still a significant
gap in understanding the risk factors and disease etiology that could lead to
identification of efficient targets for treatments. In this review I will summarize the
role of the nematode C. elegans in understanding the pathogenesis of ER-related
diseases. Most of the studies in C. elegans have been focused on identification and
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characterization of gene products associated with Alzheimer’s and Parkinson’s
diseases pathology. Using C. elegans as a model for human diseases has a couple
of advantages. First, C. elegans is a genetically tractable organism that shares many
similarities at the molecular level to pathological processes found in humans; in
addition, many mammalian genes are able to compensate for mutations in the
worm homologous genes. Another advantage is the rapid construction of transgenic
models and quick assessment of experimental interventions. In particular,
C. elegans has an accessible and well characterized nervous system which confers
advantage for investigation of neurodegenerative diseases.

ALZHEIMER’S DISEASE

Alzheimer’s disease (AD) is the most common cause of progressive
neurodegeneration. Pathologically, AD patients are characterized by accumulation
of extracellular senile plaques and intracellular neurofibrillary tangles (NFT) in the
brain. Whereas the major plaque component is the f-amyloid peptide (Af), which
is the cleavage product of amyloid precursor protein (APP) (3), the NFTs are
formed by aggregation of microtubule-associated protein tau (4). The AP peptides
are 39-43 amino acids long, and among these forms, the AP 42 form is the
primarily component of amyloid fibrils. However, the cellular and molecular
mechanisms involved in AD pathogenesis are still not clear, recent studies
suggesting that although AP has a central role, the small A oligomers actually
trigger toxicity in AD model organisms and humans (5).

B-AMYLOID PRECURSOR PROTEIN PROCESSING

The human APP belongs to a conserved family that includes APP-like protein
1 and 2 (APLP1, APLP2) and all three proteins have redundant and overlapping
functions (6). C. elegans has only one APP protein, the amyloid precursor-like
protein, APL—~1 (7). All APP family members are type 1 integral membrane proteins
with a single membrane-spaning domain, a large ectoplasmic N-terminal region
and a short cytoplasmic C-terminal region. The extracellular domain contains a
heparin-binding/growth-factor-like domain (HFBD/GFLD), a copper-binding
domain (Cu) and a zinc-binding domain (Zn), followed by an acidic region. In the
cytoplasmic region, a protein interaction motif is conserved in all APP proteins.
The APP family proteins are posttranslationally modified by N-glycosylation, the
N*’_glycosylation site being conserved in all APP homologues. In addition,
processing of both APP and APLP2 is affected by O-linked glycosylation,
sialylation, sumoylation, and phosphorylation (8—11). Inhibition of N-glycosylation
by tunicamycin generates additional APLP1 fragments, whereas the processing of
APLP2 and APP is not affected (12). The biological function of APP is not clear
although there is evidence that it is implicated in cell adhesion, synaptogenesis, cell



3 ER-related diseases and C. elegans 53

migration, signaling, apoptosis and axonal transport (13). The C. elegans APL-1
plays an essential role in early larval development, including molting and
morphogenesis (14) and has a role in synaptic transmission (15). As in mammals,
the N-terminus of APL-1 has an important function since expression of a
C-terminus truncated transgene is sufficient to rescue the molting and lethality
phenotypes.

All APP family members undergo regulated proteolysis. First, they are cleaved
by either the o~ or B-secretase to generate a common secreted N-terminal ectodomain
sAPPB, and the cytoplasmic region. While the C83 cytoplasmic fragment generated
by a-secretase does not lead to toxic AP species, the cytoplasmic C99 fragment
resulted by the action of B-secretase BACE (beta amyloid cleaving enzyme)
generates aggregation-prone peptides. The y-Secretase cut subsequently the C99
fragment at multiple sites and produces A} peptides of different length. y-Secretase
is actually a protein complex that consists of anterior pharynx defective 1 (APH-1),
APH-2/nicastrin, presenilin proteins, PS1 and PS2, and presenilin enhancer—2
(PEN=-2). PS1 constitute the active site of the enzyme (reviewed in (16)). As APLP1
and APLP2, the C. elegans APL—1 does not contain the A sequence.

Genetic studies showed that mutations causing familial early onset form of AD
occur either in APP or in presenilin—1 or presenilin—2 (PS1 and PS2), most of these
mutations being identified in the PS genes (17). C. elegans has two presenilin
homologous genes, se/-12 and hop—I, but it lacks an apparent BACE homolog.
Presenilin is also required for intramembranous cleavage of LIN-12/GLP-1/Notch
family of receptors (18), and the C. elegans sel—12/Presenilin has been identified in a
screen for suppressors of a gain-of-function mutation in C. elegans lin—12 (Notch)
gene (19). Human PS1 rescue the /in—12 mutant phenotype, confirming that se/—12 is
a PS. Because of dual function of y-secretase in processing both Notch and APP,
aph—1 and pen—2 were actually identified in a genetic screen for Notch pathway
components. aph—I and pen—2 are presenilin enhancer genes with phylogenetically
conserved functions required for Notch pathway signaling, y-secretase cleavage of
APP and presenilin-dependant accumulation of y-secretase complex (20). PS proteins
are localized within the ER and early Golgi, compartments (20) and only a small
fraction was found to the plasma membrane and endocytic compartments (21). APH—
1 and PEN-2 were also found in ER/Golgi compartments, whereas APH-2 was
primarily found at the plasma membrane (22). In aph—I or hop—I; sel-12 mutants,
the APH-2 localize to ER/Golgi compartments, suggesting that APH—1 and PEN-2
might interact directly with presenilin or presenilin/nicastrin complex to promote
maturation and accumulation of the complex (20).

Interestingly, one of the earliest pathological changes observed in AD brain
are endosomal abnormalities similar to Rab5-overexpressing defects, indicating
that altered APP endocytosis might contribute to AD pathology (23). In C. elegans,
knock-down of the small GTPase rab—5 also leads to a dramatic decrease in the
amount of ap/—/ expression in neurons.
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TRANSGENIC C. ELEGANS AS A MODEL ORGANISM FOR AD

A more direct approach to understand molecular processes underlying AD
and the cell responses to toxic A accumulation used transgenic C. elegans with
tissue-specific or inducible expression of human AB. Generation of C elegans AD
models has been based on the “amyloid cascade hypothesis” which postulates that
production and accumulation of AP 1-42 affect various cellular mechanisms
(Fig. 1) and is critical for AD development. Thus, to investigate AP toxicity, Link
laboratory engineered a couple of constructs that express the human A3 42 peptide
in either body wall muscle or neurons (24, 25). The relevance of muscle expression
of the AP was highlighted by the fact that accumulation of intracellular AP was
also observed in the muscle of patients with inclusion body myositis (IBM), human
brain neurons, and LaFerla 3 transgenic AD mouse model (26-28).

For muscle expression, a chimeric human A3 42 minigene designed to route
AP into the secretory pathway was expressed under a strong muscle-specific
promoter of unc—54 or myo—3 genes. The transgenic worms showed progressive
paralysis due to extensive accumulation of amyloid deposits (24). Although the
construct had a removable signal peptide to drive extracellular accumulation of Af3 as
in the mouse model for AD, the AP was detected in the muscle cytoplasm.
Interestingly, the AP co-immunoprecipitated with the ER chaperone HSP-3, the
homologue of mammalian GRP78/BiP, which led to the hypothesis that the AB
peptide is recognized by the ER quality control machinery as an abnormal protein
and is retrotranslocated into the cytoplasm for proteosomal degradation (29). aip—1,
which encodes for arsenite-inducible protein was found among the upregulated genes
in a microarray analysis designed to identify the AB-induced genes in a C. elegans
AD model (30). As its mammalian homologue AIRAPL, the AIP-1 associate and
regulate the function of 26S proteasome. Overexpression of aip—I reduces AP
accumulation and attenuates AB-induced paralysis, while AIP—1 depletion by RNAi
exacerbates AP toxicity. AIRAPL can substitute for AIL-1 and protect against AP
toxicity in this C. elegans AD model, suggesting that AIP—1 is a positive regulator of
proteasomal function in response to toxic protein aggregation (30).

The unc—54::Ab 42 model was used for identification of proteins that directly
interact with AP in vivo. Thus, co-immunoprecipitation studies coupled with mass
spectrometry identified two HSP70 proteins (the cytoplasmic HSP70 and the ER
GRP78/BiP homologues), 3 HSP-16 proteins homologous to B-crystallin, and a
putative negative regulator of HSP70 as interacting partners (29). The HSP-16.2 is
not involved per se in degradation of AP, because overexpression of HSP—16.2
does not reduce the amount of AP. However, the overexpression of HSP-16.2
suppressed the A toxicity and significantly reduced paralysis of unc—54:: AP 42
animals (31). These findings suggest that interaction of chaperons with A is part
of a protective cellular response to alleviate A toxicity. The protective response
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could be achieved by promoting AP sequestration, degradation, multimerization or
refolding.
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Fig. 1. — The AP accumulation in C. elegans re-program cellular responses.

Using myo—3:: AP42 model, Link group showed that AP expression in
muscle cells induce autophagosome accumulation. Decreased insulin/insulin-like
growth factor (IGF) signaling (IIS) due to a mutation in daf~2 gene which encodes
for insulin receptor, reduced both paralysis and autophagosome accumulation and
also impairs the process of lysosome formation induced by AB. Complementarily,
RNAi mediated knock down of lysosomal genes enhanced A toxicity and
autophagosome accumulation (32). This protection conferred by decreased insulin
receptor signaling is dependent upon two transcription factors, heat shock factor 1
(HSF-1), which regulates AP disaggregation, and DAF-16/FOXO, which
facilitates the formation of larger, less toxic AP aggregates (33). Subsequent
observations in Alzheimer’s model mouse that the decreased IIS signaling protects
against Alzheimer’s like disease symptoms validated the observations from
C. elegans model. The protection was correlated with the hyperaggregation of A3
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and promotes the hypothesis that reduced IGF signaling in mouse model promotes
sequestration of soluble Af} oligomers into dense aggregates of lower toxicity (33).
This was an important result because ageing is a major risk factor for
neurodegenerative diseases. Decreased IIS extends lifespan in various species
including C. elegans. Recently, it was shown that the C. elegans IRE—1 and XBP-1
extend lifespan and increase resistance to ER stress of the daf~2 mutant (34). IRE—
1 senses accumulation of misfolded proteins in ER and has a key role in restoring
ER homeostasis by activating unfolding protein response through XBP-1 splicing.
In daf~2 mutants, XBP—1 collaborates with DAF-16 to enhance ER stress
resistance and to activate new genes that promote longevity (34). In addition,
DAF-16 is essential for maximal Asp—16 expression and for lifespan extension
conferred by HSP—16 (35). All these results suggest that decreased insulin/IGF-1
signaling reprogram stress response regulators to promote longevity and resistance
to various forms of stress.

PARKINSON’S DISEASE

Parkinson’s disease (PD) is a disorder with the clinical hallmark
represented by motor symptoms of tremor, bradykinesia, rigidity and postural
imbalance due to progressive neurodegeneration, including loss of dopamine
(DA) neurons from the substantia nigra (36). The neurohistological signature of
PD is intracytoplasmic inclusions termed Lewy Bodies (LB) which contains the
presynaptic protein a-synuclein (a-syn) in an aggregated, oligomeric or fibrillar
form (37). Biochemically, PD is characterized by inhibition of complex I of the
mitochondrial electron transport chain, production of reactive oxygen species,
lipid droplet accumulation, and vesicle trafficking defects (38, 39). Ageing is a
major risk factor for developing PD and recent studies showed that
environmental toxins as diverse as pesticides, herbicides, manganese exposure or
even a metabolite produced by a common soil bacterium, S. venezuelae may
induce DA neurodegeneration (40, 41). Genetic causes may account for up to
10% of diagnosed PD patients, mutations in leucine-rich repeat kinase 2
(LRRK2) gene being the most frequent genetic cause. Dominant or recessive
mutations in other genes, such as SNCA (a-syn), PARK2 (Parkin), PARK6
(PINK1), or ATP13A2 (PARKD9) have also been associated with PD.

Along with transgenic PD animal models there are several toxin-induced
models that use various neurotoxins such as 6-hydroxydopamine (6-OHDA),
rotenone, paraquat or 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which
selectively destroy DA neurons, producing a syndrome that phenocopy PD.

GENES ASSOCIATED WITH PD

o-syn is a small (14 kDa) protein that binds lipids. In its native form it is
unfolded and has the propensity to form toxic oligomeric species; in a folded form it
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associates with membranes (42). Point mutations, duplications or triplications of
a-syn gene are cause of familial forms of PD. A schematic representation of the
cellular processes affected by o-syn accumulation is represented in Fig. 2.
Overproduction of a-syn leads to a cytotoxic blockage in intracellular vesicular
trafficking. Unbiased genetic screen in yeasts identified a set of rab genes
functioning in vesicular trafficking between ER and Golgi which alleviated the a-syn
toxicity (43, 44). The Yptl/Rabl, was further tested in neuronal models of PD and
was able to prevent dopaminergic neuron loss (45). ER-Golgi transport blockage
measured by carboxypeptidase Y maturation assay was also suppressed by Ypk9
(PARKDY), although through a different mechanism than Yptl/Rabl (45). In
transgenic C. elegans and neuronal PD models, dopaminergic neuron loss caused by
human o-syn overexpression was rescued by co-expression with ATPI13A2
(PARKDY), a predicted lysosomal P-type transmembrane cation transporting ATPase,
indicating that mutations in ATP13A2 contribute to PD due to abnormalities in
lysosomal clearance of a-syn. The C. elegans TOR-2, a human torsin A-related
protein with molecular chaperone-like activity, protects DA neurons against
6-OHDA injuries, excess intracellular DA production, a-syn overexpression, but also
against polyglutamine repeat-induced protein aggregates, which suggest that TOR—2
is involved in regulation of protein folding and protein aggregation (45, 46). Torsin A
localizes to ER (47) and the C. elegans TOR-2 probably acts upstream of PARK-9,
because RNA interference (RNAi) inactivation of PARK-9 decreases the ability of
TOR-2 to attenuate misfolding of a-syn protein (45).
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Fig. 2. — The a-syn misfolding in C. elegans affects various cellular mechanisms.
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More recent studies straitened the connection between PD and ER by
highlighting several genes that encode protein associated with ER unfolding
protein response (UPR). For example, the ER stress reporter GRP78/BiP interacted
with o-syn (48), and a-syn aggregation induced expression of both GRP78/BiP
and UPR-related activating transcription factor ATF—4, suggesting that a-syn
might also accumulate in ER, which would explain the post mortem activation of
the UPR observed in nigral dopaminergic neurons of PD patients (48). In MPTP
mice model, the MPTP neurotoxin induces loss of dopaminergic neurons more
prominently in mice deficient in ATF6a than in wild-type mice, and oxidative
stress activates both ATF6o and p38MAPK, which in turn, enhance ATF6a
transcriptional activities (49). Furthermore, in a 6-OHDA mice model of PD, the
ER E3 ubiquitin ligase Hrdl was up-regulated in various encephalic neurons,
suggesting that Hrd1 up-regulation may represent a protective response against
neurodegeneration in PD (50). Yeast HRD1 was one of the genes identified in a
genetic screen for a-syn modifiers. Overexpression of HRD—1 was able to suppress
a-syn induced neurodegeneration in both C. elegans and neuronal models of PD
(45). In another study, endogenous LRRK?2 colocalized with ER markers in human
dopaminergic neurons although in brain sections of PD LRRK?2 co-localized with
a-syn in Lewy bodies, the percentage of colocalization being increased by a
LRRK?2 mutation (51). Inactivation of the C. elegans Ilrk—I(the homologue of
LRRK?2), pink—1, parkin/pdr—1, and dj—1I disrupts mitochondrial function (52, 53).
Thus, expression of human LRRK?2 in C. elegans protects against mitochondrial
toxicity induced by rotenone (54). C. elegans lrk—1 mutant animals displayed aber-
rant axon pathfinding, whereas mutation in the C. elegans homologue of PINK-I
reduced mitochondrial cristae length in muscle and neuronal cells and produced
defects in axonal outgrowth of canal-associated neurons. However, mutations in
both genes suppressed the axonal defects observed in single mutants, suggesting an
antagonistic effect between PINK—1 and LRK-1 (52). Furthermore, pink—I
mutation reduced the hypersensitivity of /rk—/ mutant animals to the ER stressor
tunicamycin (52).

PARKIN/PDR-1 is an E3 ubiquitin ligase involved in protein degradation,
which physically interacts with worm E2 enzymes, UBC-2, UBC-18, and UBC-
15, as well as the E4 enzyme, CHN-1 (55). parkin/pdr-1 deletion causes
hypersensitivity to ER stress and PDR-1 is regulated by the UPR (55). pdr—I
knockout enhanced vulnerability to mitochondrial complex I inhibitors (53).
Coexpression of a truncated form of C. elegans pdr—I1 and o-syn variants in human
cell cultures causes aggregation of a-syn, indicating a conserved role for
C. elegans PDR-1 in a-syn clearance. DJ-1 (PARK?7) also associates with PD but
it may act as a neuroprotective sensor of oxidative stress (56). C. elegans dj—I loss
of function mutation caused a decrease in oxygen consumption and survival after
exposure to rotenone, effects that were reverted by antioxidants (53).
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C. ELEGANS AS A MODEL ORGANISM FOR PD

C. elegans has a total of 302 neurons among which 8 are dopaminergic
neurons (45). Loss of DA neurons in C. elegans is not lethal and DA is best known
for mediating the slowing of movement when the animal encounters food.
Exogenous DA inhibits locomotion and egg laying behavior (57).

With the exception of a-syn, C. elegans presents all the other homologues of
the PD-related genes (58). However, worms expressing wild-type and mutant
forms of human o-syn displayed age and dose-dependent dopaminergic
neurodegeneration (45, 46, 59). Worms also exhibit apoptotic DA loss following
treatments with the neurotoxins MPTP, 6-OHDA, as well as pesticides, rotenone
and paraquat (46, 60). All these suggest that although C. elegans does not have the
gene for a-syn, it is able to phenocopy the human a-syn overexpression and it is a
suitable model organism for studying PD pathogenesis.

High-throughput RNAi-based screening for genetic modifiers identified
suppressor and enhancer of a-syn aggregation. First, Hamamichi et al. took a
hypothesis-driven approach and co-expressed o-syn and for—2 in muscle cells
under the control of unc—54 promoter. They chose muscle cells for expression
because neuronal cells are generally resistant to RNAi; in addition, easy visual
inspection of a-syn accumulation in muscle cells is possible since muscle cells are
among the largest cells in C. elegans. TOR-2 maintains the overexpressed a-syn at
a threshold and thus allows a fine tune of a-syn aggregates quantification.
Screening of almost 900 candidates identified 20 genes whose downregulation by
RNAI reproducibly enhanced a-syn aggregation. These genes included regulators
of autophagy, lysosomal function, cellular trafficking, G-protein signaling and
uncharacterized proteins (61). Using the same strategy based on a-syn expression
in muscle cells, Van Ham et al. conducted an unbiased genome-wide RNA1 screen
to identify genetic factors that influence a-syn inclusion formation. They found
that inactivation of 80 genes involved in a variety of processes such as
detoxification of ER, quality control and vesicle-mediated trafficking increased the
number of a-syn-containing inclusions, indicating a specific role for these genes in
a-syn inclusion formation. Interestingly, ageing-associated genes such as sir—2.1,
the homologue of human sirtuins 1 to 3, and /agr—I, the LASS2 sphingolipid
synthase, were found to suppress a-syn inclusions formation (62). Finally, the third
group used transgenic C. elegans that overexpressed human o-syn in neurons.
Gene inactivation in neurons was achieved by using an RNAi-enhanced mutant
eri—1 strain that sensitizes neurons for RNAi uptake. Ten genes caused severe
growth and motor abnormalities and, among them, four were related to endocytic
pathway raising a novel pathogenic link between endocytic pathway and a-syn -
induced neurotoxicity in synucleinopathy (63).
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CONCLUDING REMARKS

Accumulation of misfolded proteins or protein aggregates disrupts cellular
homeostasis and activates various stress responses as protective mechanisms for
cell survival. Recently, convergent results lead toward a model in which the UPR
has an important function in activating pathways that alleviate toxicity of various
aggregates, and, therefore, molecules that regulate the ER stress response could be
potential candidates for drug targets in various conformational diseases. Given
newly developed experimental approaches and well-defined genetic systems,
C. elegans models remain viable approaches for investigating the molecular
processes underlying ER-related diseases.
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