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Chapter V General Discussion 
 

Most age-related, neurodegenerative protein-misfolding diseases, including Alz-

heimer’s and Parkinson’s disease, and several polyQ diseases are incurable, pro-

gressive and fatal. Although clinicians have studied the symptoms and pathology of 

some of these diseases for over 100 years, not much is known about the fundamen-

tal mechanism underlying age-related neurodegeneration or how this is connected 

to protein misfolding and aggregation. 

In the work described in this thesis, we take advantage of a thorough un-

derstanding of C. elegans biology and aging and of the possibility of performing 

genome-wide genetic screens in this multicellular animal. C. elegans is an ~1 mm 

nematode worm, about 50% of whose genes are thought to have human counter-

parts, including many disease-related genes (tables 1 and 2). Moreover, C. elegans 

is transparent at all ages, which allowed us to combine a range of fluorescence-

based assays to visually study protein misfolding and aggregation related to neuro-

degenerative disease in living, aging, multicellular animals, and to identify genes 

relevant to this aggregation process. We further provide a review of genetic modifi-

er screens performed in small model organisms, such as yeast, nematode worms, 

and fruit flies, that revealed underlying common and selective pathways, and we 

suggest opportunities for a more comprehensive bioinformatics analysis. 

 

1 The conserved small EDRK rich factor moag-4 is a modifier of protein 

aggregation and lifespan 

To identify new modifiers of poly glutamine (polyQ) aggregation, we performed a 

forward mutagenic screen for reduced aggregation in a C. elegans model for polyQ 

diseases, in which we identified a loss-of-function allele of moag-4 (modifier of 

aggregation-4) (Chapter II). Loss of function of moag-4, encoding a strongly evo-

lutionary conserved small EDRK-rich factor (SERF) of unknown function, causes a 

decrease in the number of polyQ aggregates in a cell-autonomous fashion. Factors 

known to modulate polyQ aggregation, such as chaperones and UPS components, 

in general prevent aggregation, yielding an increase in aggregation when genetical-

ly ablated. In contrast, moag-4 has an opposite effect, similar to loss-of-function of 

age-1. It may act on increasing aggregation by a direct interaction, e.g. by recogniz-

ing misfolded protein and taking these to aggregates, or through a more indirect 

pathway, e.g. by suppressing the heat shock response. If moag-4 has a direct role, it 

may co-localize with the aggregates or aggregate intermediates; if the role is more 

indirect it is more likely to localize to other parts of the cell. Future experiments 

will be directed at unraveling the cellular components in which moag-4 functions.
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It is unknown whether there are proteins in animals directly involved in the 

formation of amyloid fibrils, or if the process of amyloid fibril formation depends 

entirely on intrinsic features of the aggregating protein. Only one factor has been 

described, the yeast HSP104, which plays an active role in the formation of amylo-

id-like fibrils, but in the opposite direction by disassembling fibrils. Currently we 

do not know whether amyloid-like fibrils are formed in moag-4 -/- animals trans-

genic for polyQ. Nor do we know if spherical intermediates, shown to form from 

polyQ protein, are present in polyQ transgenic nematodes, and whether these 

structures are altered in moag-4 mutants. Extracting such intermediate species 

from the native agarose gels by dissecting the fragments of the gel or by size exclu-

sion chromatography (SEC), followed by transmission electron microscopy (TEM), 

is currently ongoing. 

With regard to the specificity of this HSP104 factor, which can disassemble 

various types of fibrils, if moag-4 acts directly on misfolded polyQ protein, it may 

also act on other misfolded proteins. Future studies will address the effect of moag-

4 on other misfolding disease-related proteins as well, such as in our C. elegans α-

synuclein-YFP overexpression model. 

Epistasis experiments indicate that moag-4 acts downstream of the 

IIS/insulin pathway, possibly downstream of hsf-1. Interestingly, animals lacking 

moag-4 live just as long as long-lived age-1 mutant animals, whereas moag-4 point 

mutant animals have a normal lifespan. Because both the moag-4 point mutant as 

well as its genetic deletion exhibit decreased protein aggregation, this may indicate 

moag-4 acts on lifespan and promoting protein aggregation by separate, distinct 

functions. It would be remarkable, however, if this rather small, 82 amino acid 

protein has an additional completely distinct function besides promoting protein 

aggregation or inhibiting the prevention of aggregation. It is more likely that the 

effect on lifespan and aggregation are caused by a similar pathway. Thus, these two 

seemingly separate functions may very well be connected and represent two faces 

of one function. One question that arises is whether lifespan extension and sup-

pression of aggregation by moag-4 deletion is related to known aging pathways 

depending on dietary restriction or other mechanisms. To tackle this, epistasis 

experiments can be done by testing the effect of known long-lived aging mutants, 

some of which are genetically calorically restricted such as eat-mutants, in moag-4 

-/- animals. If there is no further extension of lifespan, moag-4 acts in the same 

pathway. If there is further lifespan extension, moag-4 is in a separate pathway. 

The same principle applies to the effect of moag-4 deletion on aggregation. 

Future experiments will likely reveal whether the functions of this intri-

guing gene, and the pathways it represents, are conserved in mammalian systems. 

Regarding the latter aspect, there are two homologs of moag-4 in humans, SERF1A 

and SERF2. Interestingly, SERF1A is differentially expressed in Huntington’s dis-
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ease patients, suggesting moag-4 homologs in humans may also be related to pro-

tein aggregation disease (1, 2). 

Altogether, our finding that moag-4 drives formation of amyloid inclusions 

is unprecedented and may imply there are still more factors to be found in this 

novel pathway. Taken together with the idea that fibrils may present a structured, 

compacted way to dispose of misfolded, potentially toxic protein species, MOAG-4 

may represent part of a cellular prison guard system to dispose of harmful proteins 

species in a structured and compact way. Alternatively, when moag-4 has a more 

indirect effect on aggregation, it may be a novel repressor of pathways that decrease 

aggregation, such as the heat shock response. The pathway represented by moag-4 

is likely important, although dispensable, to the animal because it functions at the 

cost of a limited lifespan. 

 

2 A YFP-based model of α-synuclein aggregation 

 

2.1 In vitro validation of a YFP-fusion model of α-synuclein amyloid 

aggregation 

The protein α-synuclein is tightly connected to the development of Parkin-

son’s disease through its major hallmark: the presence of protein inclusions in the 

brain known as Lewy bodies containing the protein α-synuclein. By detailed bio-

physical characterization, we demonstrated the ability of human α-synuclein fused 

to YFP to form amyloid fibrils by standard aggregation assays and transmission 

electron microscopy on in vitro aggregated protein (Chapter III). In addition, 

heteronuclear NMR spectroscopy of isotopically enriched α-synuclein-YFP suggests 

that the fusion of the YFP does not significantly perturb α-synuclein structure. 

 Our fluorescence anisotropy studies indicated that the reduction in fluores-

cence anisotropy measured is due to the attachment of YFP, and therefore the de-

cay of fluorescence anisotropy may be attributed to the occurrence of fluorescence 

(Förster) resonance energy transfer (FRET) between the same chromophores, YFP 

and neighboring YFP molecules, a phenomenon known as homoFRET. Interesting-

ly, the occurrence of homoFRET has previously been used to assess erythrocyte 

band 3 protein oligomerization states in living cells, indicating such fluorescence 

anisotropy measurements could be performed to assess aggregation status in live 

cells as well (3). Thus, we have revealed the potential of fluorescence-based imag-

ing of aggregation in living animals, by measuring direct properties of fluorescence 

during aggregation. 

 In sum, our biophysical characterization validates the use of YFP conjuga-

tion to model for studying α-synuclein misfolding and aggregation in vitro and in 

vivo, thereby strengthening the use of our own and other models using similar 

chimaeric proteins. Our fluorescence anisotropy results may also offer new oppor-
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tunities for the investigation of amyloid aggregation in vivo. In addition to in vivo 

imaging of aggregation, the use of fusions with GFP derivatives makes it possible to 

directly image aggregation intermediates separated by native gel electrophoresis by 

laser-mediated excitation of the fluorophore (Chapter II). This allows the detec-

tion of different intermediate or modified conformational species directly in animal 

lysates. This may also allow the studying of specific interactors of amyloid or in-

termediate species that may actively participate in the formation of amyloid-like 

fibrils. Future work will likely show an increased understanding of dynamics of 

especially the early steps of the fibril formation process by using fluorescence imag-

ing based methods. 

 

2.2 A C. elegans model for α-synuclein-related misfolding disease 

 Our C. elegans α-synuclein-YFP overexpression model allows the visual 

tracking of α-synuclein expression and aggregation in a multicellular animal during 

aging (Chapter IV). The model we created shows the formation of many fluores-

cent inclusions during aging. We observed by fluorescence recovery after photo 

bleaching (FRAP) that part of the α-synuclein inclusions formed consist of mobile 

and part of immobilized protein, the latter resembling a pathological feature in 

Parkinson’s disease patients. As YFP alone remains diffusely localized throughout 

aging, this indicates that relocation of α-synuclein-YFP into foci is caused by intrin-

sic properties of the α-synuclein protein. Notably, there was an increase in the 

number of “immobile” inclusions relative to “mobile” inclusions during aging, 

which appeared unrelated to the expression level of α-synuclein-YFP. Interestingly, 

immobile inclusions were not observed before late adulthood, which is consistent 

with age-related aggregation in Parkinson's disease patients. We noted that the 

motility of the mobile material contained in inclusions was similar at all ages, sug-

gesting that aggregation was not a gradual process but caused by a sharp transition 

from mobile to immobile material. 

Furthermore, FRAP experiments on mobile α-synuclein-YFP inclusions 

show that when the fluorescence of a segment of an inclusion is bleached, fluores-

cence decreases in the rest of that particular inclusion as well, until no fluorescence 

remains (van Ham, unpublished data). The fluorescence is not subsequently recov-

ered however, although much diffuse fluorescence is still present in the rest of the 

cell, indicating the fluorescent protein is contained within a structure. Previous 

work in mammalian cells has showed that α-synuclein-GFP localized to inclusions 

of lysosomal nature, leading to lysosomal dysfunction, whereas in yeast inclusions 

are thought to be ER-Golgi related, causing a trafficking defect (4, 5). The nature of 

the inclusions we observe may be related to lysosomal or ER-Golgi as well, but re-

mains to be determined. 



General Discussion 

101 

 

 A direct comparison of animal models with patient parameters such as 

cellular morphology and ultrastructure, expression of genetic and protein markers, 

but also genetic inheritance, can be very illustrative to identify disease-relevant 

features and pathways, or validate phenotypes for genetic screens. 

A good example of this is a study by Soper et al., who directly compared the 

ultrastructure of yeast cells overexpressing α-synuclein to dementia with Lewy 

bodies (DLB) patient post mortem brain material by transmission electron micro-

scopy (6). Interestingly, they show that inclusions containing vesicle accumulations 

are present in yeast that are similar to some of the pathological inclusions in DLB 

patient brain material (6, 7). The vesicle accumulations may thus represent an early 

step in pathogenesis or a protective mechanism. Deletion of the NAC domain (ami-

no acids 71-82), thought to be critical to aggregation, resulted in a strong reduction 

in the amount of inclusions (6). Therefore, such vesicle accumulations requiring 

the NAC domain might precede aggregate formation and suggest this is upstream 

of Lewy body formation. 

Findings from our preliminary ultrastructural studies seem to show such 

lipid/membrane accumulations as well in α-synuclein-YFP transgenic C. elegans 

model (8) (Chapter IV; Sjollema and van Ham, unpublished findings), indicating 

conserved biological interactions of the overexpressed protein. This may imply that 

the process of α-synuclein inclusion formation in our model, which we can track 

during the aging process, mimics aspects of pathology. These data may provide an 

explanation for our finding of two types of inclusions, those containing mobile ma-

terial may be lipid or membrane-bound material, and inclusions containing immo-

bile aggregated material may represent Lewy body-like pathological inclusions (9). 

Although we show the fibril-forming capabilities of recombinant α-

synuclein-YFP, to date we have not been able to consistently show the formation of 

such α-synuclein fibrils in vivo. We do show the presence of polyQ-YFP fibrils, 

indicating that fibrils can form from YFP chimaeric protein in transgenic C. ele-

gans. Aggregation of polyQ into aggregated, immobile inclusions occurs in polyQ 

disease patients, and in numerous cellular and animal models (10-13). For α-

synuclein, aggregation is much more variable, and in several models it is not clear 

whether the inclusions formed contain aggregated material (7, 14-18). Indeed, the 

number of immobile inclusions we observe in our α-synuclein-YFP model is only a 

small fraction of the mobile inclusions, and only occurs at > 10 days of age, whereas 

immobile polyQ inclusions develop already at larval stages. Therefore, it is to be 

expected that if α-synuclein fibrils form in C. elegans, it may be less than in polyQ 

animals, providing an explanation for our inability to observe them. 

Regardless of the presence or absence of fibrils, it has been shown in yeast 

that trafficking defects caused by α-synuclein are the earliest evident defect, with-
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out the apparent presence of aggregated α-synuclein (4, 19). Therefore, the mobile 

inclusions may represent an early stage of pathological expression of α-synuclein. 

 It is worth mentioning the recent finding by Kaganovic et al. – that mutant 

Huntingtin proteins in yeast cells can be sent to two different types of inclusions. 

Depending on ubiquitination and the aggregation state of the cells, misfolded, ag-

gregated protein may first be send to juxtanuclear inclusions for degradation. 

When degradation fails, specifically in the case of amyloidogenic proteins, the pro-

tein material may be transported to other locations within the cell for terminal 

sequestration (20). A similar mechanism may be involved in animals in different 

forms of misfolded proteins. 

 It has been proposed by others that conjugation of fluorescent proteins to 

α-synuclein interferes with the formation of inclusions in mammalian cultured 

cells, because not many inclusions formed in some cases when α-synuclein-GFP 

was overexpressed in cells (21). We were not able to observe any difference between 

recombinant α-synuclein and α-synuclein-YFP, when we performed a thorough 

biophysical characterization. Moreover, the behavior of α-synuclein-YFP observed 

in C. elegans reflects properties intrinsic to α-synuclein, such as its accumulation 

into immobile inclusions. Because we find inclusions containing aggregated α-

synuclein only in old age in C. elegans, and because the degeneration of neurons in 

Parkinson’s disease  is likely to be slow, one explanation for a lack of inclusions in 

cell culture is that the cells may not live long enough for aggregates to develop. 

Alternatively, cells may be able to degrade most of the α-synuclein-GFP. 

In all, whereas structural features of α-synuclein-YFP aggregates in C. ele-

gans remain to be established, pathological properties are captured in our model, 

suggesting its validity. 

 

3 Modifier screens 

 

3.1 Modifiers of α-synuclein inclusion formation during aging in C. ele-

gans 

We have identified genes involved in the formation of α-synuclein inclu-

sions to aid understanding of the mechanism of and genetic susceptibility to age-

related sporadic Parkinson’s disease. We used genome-wide RNA interference to 

identify processes involved in inclusion formation, and identified 80 genes that, 

when knocked down, resulted in a premature increase in the number of inclusions. 

Our modifier screen for α-synuclein inclusion formation represents the first ge-

nome-wide RNAi screen related to α-synuclein misfolding (Chapter IV). 
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3.1.1. Vesicle trafficking 

When comparing our results to the other screens related to α-synuclein toxicity 

performed in yeast and C. elegans, it was striking to see that the functional class of 

vesicle trafficking was found to modify α-synuclein toxicity in all α-synuclein 

screens in yeast as well as in C. elegans (table 1). Moreover, vesicle trafficking was 

also found as a major class of genes in a yeast deletion screen for synthetic toxicity 

of α-synuclein with hydrogen peroxide (22, 23). The yeast study for α-synuclein 

toxicity by Cooper et al., reported on a specific ER-Golgi trafficking impairment as 

a first strike of α-synuclein toxicity (4). Because yeast cells lack synaptic transmis-

sion, the only effect of α-synuclein observed may be on the ER-Golgi trafficking 

system. Recent advances in yeast models show that trafficking defects are apparent 

in endosomes as well as ER-Golgi, which together with our data suggests that there 

may be a more general trafficking defect caused by α-synuclein, thereby conferring 

toxicity to neuronal cells. Thus, these screens for α-synuclein toxicity and our 

screen for inclusion formation consistently show vesicle trafficking to be involved 

in toxicity and inclusion formation, indicating that the cellular compartments in-

volved in trafficking are sensitive or critical to the α-synuclein misfolding process 

(4, 23, 24).  

We used C. elegans muscle cells to study cellular processes related to dis-

eases exclusive to neurons. One may question this approach, given that processes 

relevant to neurons are likely very different to muscle cells, however, various stu-

dies suggest this may not be the case, at least for many of the pathways involved. 

For example, in the α-synuclein toxicity screen in yeast performed by Cooper et al., 

one modifier was validated by overexpressing homologs of the gene, ER-Golgi 

transport regulator Rab1, and showing rescue of different toxicity phenotypes re-

lated to α-synuclein in three different animal models (mammalian cells, C. elegans 

and a Drosophila model), indicating these processes are evolutionary conserved, 

and not exclusive to neurons. Second, although the C. elegans muscle cells we used 

as a model are not neuronal, they do express several postsynaptic receptors, includ-

ing GABA and acetylcholine receptors, enabling them to receive synaptic signals by 

a direct link to neurons (25). Last, in the RNAi screen performed for polyQ aggre-

gation in C. elegans, we picked up many processes that proved to be bona fide 

modifiers of polyQ aggregation. 

Although we screened for formation of α-synuclein inclusions (as yet no 

toxicity is observed as measured by a motility assay), similar processes are picked 

up by RNAi screening in C. elegans, and by genetic screening in yeast, suggesting 

that cellular toxicity and inclusion formation are related to the same molecular 

pathways. Our findings and several other studies indicate that trafficking and the 

endomembrane system, and trafficking in general, are involved in α-synuclein tox-

icity and aggregation. Of note, these mechanisms seem to be very specifically re-
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lated to α-synuclein since these pathways are hardly found as modifiers of polyQ 

toxicity and aggregation in yeast, C. elegans or Drosophila (table 2). 

 

3.2 Modifiers of αααα-synuclein and polyQ inclusion formation and aging 

Aging is a strong susceptibility factor for the neurodegenerative protein-misfolding 

diseases. Even those disease that are purely genetic, such as Huntington’s disease, 

are primarily adult-onset (Chapter I, table 1). This does not necessarily mean that 

the pathogenic process takes a long time, but could mean that neurons become 

more susceptible to the pathogenic event occurring as they age. Because several of 

the genes found in our genetic screens, including moag-4, sir-2.1/SIRT1 and lagr-

1/LASS2, are genes involved in regulating lifespan, it will be interesting to elucidate 

if the mechanism they use to modify aggregation is also related to known aging 

mechanisms. There are three phenomena in the physiological aging of brain cells 

that may contribute to protein misfolding: cell shrinkage, reduced protein quality 

control, and altered lipid homeostasis. 

 

3.2.1 Cell shrinkage  

The first aging phenomenon is the shrinkage of neuronal cells during aging, leading 

to a relatively increased concentration of proteins, known as molecular crowding, 

that may render protein folding and folding homeostasis more difficult, resulting in 

a decreased folding capacity (26). This means any protein that is prone to aggregate 

may aggregate more readily and this could thus play a common role in different 

protein-misfolding diseases. 

The genetic modifiers found to increase α-synuclein inclusion formation 

when silenced are very different genes from the polyQ modifiers identified in a 

previous genome-wide RNAi screen (27). Genome-wide RNAi has identified 186 

genes out of ~17,000 C. elegans genes that cause premature aggregation of Q35-

expressing nematodes (27). The one overlapping gene vha-15 is a subunit of a va-

cuolar ATPase. In the polyQ screen two other subunits were picked up in addition 

to vha-15: vha-13 and vha-8. 

One explanation why other subunits were not picked up in both of the 

screens is that RNAi in C. elegans yields very different levels of knockdown, and the 

genes encoding the other subunits may not be knocked down far enough to result in 

a phenotype. Interestingly, vha-15 was also found in a C. elegans RNAi screen for 

enhancers of osmotic stress caused by high NaCl concentration (28). In this study, 

increased aggregation of polyQ was shown likely to be due to cell shrinkage in re-

sponse to osmotic stress, which provides an interesting explanation for the com-

mon effect on both polyQ and α-synuclein. 

Importantly, this study reports two additional components of this ATPase, 

vha-3 and vha-4, not present in the Ahringer RNAi library we used, providing an 
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explanation why we did not pick up these genes in our screens. Although many of 

the polyQ modifiers overlap with the osmotic stress modifiers, some selectively 

overlap with α-synuclein modifiers such as hgrs-1. Testing the RNAi clones target-

ing the additional vacuolar ATPase subunits, as well as the other clones not present 

in our library, may reveal if they influence protein aggregation and would support 

the idea that cell shrinkage plays a role. 

 

3.2.2 Protein quality control 

Second, protein quality control is known to decline during aging, which increases 

the likelihood of misfolding and aggregation (29-31). The genetic mechanisms in-

volved in toxicity and aggregation related to polyQ and α-synuclein are superficially 

very different when looking at the data from genetic screens (table 2). Some func-

tional classes of genes are found exclusively for α-synuclein, e.g. trafficking, whe-

reas other seem to be involved more specifically in polyQ aggregation and toxicity, 

e.g. RNA metabolism. It is interesting to see that although many of the polyQ mod-

ifiers, especially protein quality control components such as chaperones and UPS 

components, were not found in the α-synuclein screens, many of them are known 

to modify toxicity. For example, Hsp70 alters α-synuclein toxicity in a fly α-

synuclein overexpression model (32). As suggested previously, it is possible that 

the α-synuclein toxicity and aggregation phenotypes screened for represent an ear-

ly stage, different from polyQ aggregation, before protein quality control is affected. 

Another finding from our C. elegans genome-wide RNAi screen for polyQ 

aggregation was that 6 out of 8 subunits of cytosolic chaperonin 1, TCP-1 chapero-

nin in mammals (also known as CCT or TRiC), were picked up. Many studies have 

now confirmed the role of this chaperonin in aggregation of Htt in mammalian 

cells, proving the validity of such a screen to find bona fide candidates for disease 

modifiers (33). 

The HDJ1/DNAJ1 chaperone modifier was found in three Drosophila 

screens for modifiers of polyQ toxicity and was also found to modify Tau toxicity, 

indicating this may also be a modifier common to other misfolding disease proteins 

(34). Although relatively little protein folding and turnover/degradation were 

found in the α-synuclein screens, several studies have shown that such components 

can modify α-synuclein aggregation and toxicity under certain circumstances (32). 

The defects observed in trafficking upon α-synuclein over expression may precede 

aggregation, and could thereby explain why genes involved in this process are 

found, instead of many chaperones and UPS components. 

Although there is much overlap in the modifiers found in the different po-

lyglutamine models, a recent study comparing modifiers in two different Drosophi-

la models showed some modifiers are specific, while some are common to SCA1 

and Huntingtin toxicity respectively. Branco et al. tested modifiers found in the 
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mutant SCA1 (82Q) flies in a Htt-128Q fly model, and found some common and 

specific factors for toxicity of both proteins (35). The modifiers fall into three 

classes: modifiers affecting toxicity in both models, in only one, or in both but in 

opposite direction. The first group of modifiers include chaperones (DNJA1), sev-

eral UPS components, including CHIP, and genes involved in signal transduction, 

RNA metabolism and apoptosis. The second group contains two chaperones and 

two transcription factors. The last group of genes includes one gene involved in 

RNA metabolism and genes involved in signal transduction, including Akt which is 

known to phosphorylate ataxin-1. Interestingly, Branco et al. (2008) found no clear 

correlation between the effect of enhancers and suppressors on inclusions. 

 

3.2.3 Lipid homeostasis 

A third aging factor is altered lipid homeostasis. Efficient synaptic transmission 

relies largely on the synthesis, maintenance, docking and fusion of synaptic ve-

sicles, which again depends on subtle changes in the stability, fluidity and curva-

ture of the vesicle membranes, which in turn depend on the lipid composition of 

these membranes. Lipid homeostasis is altered during aging affecting membrane-

dependent and lipid signaling processes. For example cholesterol, which increases 

the rigidity of membranes, is known to increase in level during aging in mammals 

(36, 37). In general, rigidity of synaptic membranes is also thought to increase (i.e. 

decreased fluidity) during mammalian aging. Due to the function and properties of 

α-synuclein, its involvement in vesicle homeostasis and its interactions with lipid 

membranes, altered lipid homeostasis due to old age may be particularly important 

for the development of diseases related to α-synuclein misfolding (38). 

As mentioned previously, membrane and lipid homeostasis seem to be 

closely related to toxicity and aggregation of α-synuclein. Many studies have been 

performed on the levels of various lipids in the brains of elderly persons, in particu-

lar Parkinson’s disease  patients, and on the effects on dietary lipid intake, as de-

scribed above. α-synuclein can interact with lipids and membranes, in vitro as well 

as in cells, and several lipids alter its aggregation in a test tube as well as in cells 

(38). 

Therefore, modifying lipid levels, by dietary intake or genetically, may alter 

aggregation and toxicity. Indeed, recent data in an α-synuclein overexpression cel-

lular model showed that lowering cholesterol – by inhibiting cholesterol synthesis 

by the action of statins – reduced aggregation of α-synuclein (39). In a mouse 

study, toxicity of α-synuclein to spinal cord neurons causing paralysis was reduced 

by genetic ablation of the cholesterol transporter ApoE, which may also be due to a 

reduced intracellular cholesterol concentration (40). Thus, modifying lipid levels 

can alter toxicity of α-synuclein, likely by affecting its aggregation and/or its bind-

ing to membranes. It is possible that the formation of pore-like structures or other 
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aggregated intermediates that have been proposed as being able to permeabilize  

membranes, depends on a specific membrane composition (41). Alternatively, such 

pore-like structures may only be able to disrupt membranes of a specific composi-

tion. α-synuclein can localize to lipid rafts, and its binding to these rafts and aggre-

gation are reduced upon decreased cholesterol, which would indicate membrane 

binding is necessary for aggregation and toxicity (42). To dissect the potential ef-

fects on aggregation and/or membrane binding and disruption, mutants lacking 

part of the N-terminus that is crucial to membrane and lipid binding could be stu-

died. 

 

3.2.4 Other modifiers 

It seems that a large proportion of the modifiers found can be related to different 

aging pathways and phenomena, whereas for some of these modifiers, there is at 

present no explanation. An example is our finding of many RNA-processing com-

ponents as modifiers of polyQ toxicity and aggregation – this was not to be ex-

pected a priori – and the altered aggregation upon genetic lesion or knockdown of 

RNA-processing genes may have been related to transgene expression differences 

caused by altered mRNA levels. Remarkably, this class of genes was found in mul-

tiple screens for toxicity and aggregation of polyQ in Drosophila and C. elegans 

(27) and recent findings show the role of miRNAs in polyQ toxicity (43). In addi-

tion, mutation of a gene involved in miRNA maturation, R3D1, was also shown to 

enhance toxicity of SCA3 in a Drosophila model (34). Thus, RNA processing as a 

polyQ-disease-modifying pathway may refer to non-coding RNA as well, some of 

which may remain to be discovered. 

Misfolding of and toxicity exerted by α-synuclein may be more sensitive to 

alterations in processes other than protein quality control, such as lipid homeosta-

sis and processes related to the endomembrane system, in the first place. This does 

not exclude the importance of protein quality control in processes related to α-

synuclein toxicity and accumulation, but indicates that processes other than the 

ones classically associated with protein misfolding and aggregation, may be more 

important as a first strike of toxicity. 

In general, the modifier genes identified in our RNAi screen function in a 

variety of biological processes, some of which have previously been suggested to be 

involved in Parkinson's disease, such as vesicular transport and lipid metabolism. 

Quality control and vesicle-trafficking genes expressed in the endomembrane sys-

tem (ER/Golgi complex and vesicular compartments) were overrepresented, indi-

cating a specific role for these processes in α-synuclein inclusion formation. Thus 

an endomembrane-related mechanism is probably involved in the inclusion forma-

tion of α-synuclein in our model. In all, our data suggest a link between α-synuclein 
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inclusion formation and cellular aging, likely through an endomembrane-related 

mechanism.  

 

Table 1 Genetic modifier screens of polyQ and αααα-synuclein toxicity and inclusion forma-

tion in small model organisms.  

Organism Reference Transgene Tissue Tox/inclusions Screen 

poly-glutamine         

Yeast (24) Htt103Q n.a. Toxicity/No correlation 4850 LOF deletion  

 (44) Htt103Q n.a. Toxicity/No correlation 4850 LOF deletion  

C. elegans (27) Q35-YFP B.W.M. Inclusion/Correlation genome-wide RNAi 

Drosophila (45) 127Q Retina/CNS Toxicity/N.d. 7,000 P insertions 

  (46) Sca1 82Q Retina/CNS yes, nuclear Transposon insertion  

 (34) Sca3trQ78 Retina/CNS yes, nuclear Transposon insertion  

  (47) Exon1-128Q Retina Non-determined Htt interactors  

α-synuclein         

Yeast (24) α-syn n.a. Toxicity/No correlation 4850 LOF deletion  

  (4) α-syn  n.a. Toxicity/No correlation 

XS; 3,000 strain 

library 

  (23) α-syn  n.a. Toxicity 

XS; 5,500 strain 

library 

C. elegans (48) α-syn-YFP B.W.M. Yes Genome-wide RNAi 

  (19) α-syn  Neurons No  1673 RNAi candidates  

  (15) α-syn-GFP B.W.M./neurons Yes/yes 868 RNAi candidates  

B.W.M. body wall muscle; n.a. not applicable; n.d. not determined; 4850 LOF deletion, genetic 

library containing 4850 loss-of-function deletions.  

 

3.3 Screening for aggregation or toxicity One question regarding these 

screens is what phenotype would be most illustrative in genetic screens to find 

modifiers to aid our understanding of pathogenesis: pathological aspects or toxici-

ty to neurons. Because degeneration of cells in neurodegenerative protein-

misfolding diseases likely occurs slowly, the processes before neurodegeneration 

may in fact be more illustrative of the underlying mechanism. In contrast, screen-

ing for dead cells will reveal aspects that can kill cells, whereas inclusion formation 

may in some cases be protective or a harmful side-effect. By screening for enhanc-

ers and suppressors, both possibilities are taken into account. 

 Irrespective of the differences between the diseases, understanding their 

common hallmark of fibrillar aggregation, regardless of its associated toxicity, is of 

great importance. Our data strongly indicates very similar modifiers are picked up 

by screening for inclusion formation when compared to screens testing for toxicity. 

Nevertheless, there are also  some differences. For example, we found several mod-

ifiers involved in (mitochondrial) energy metabolism, which are hardly found in the 

α-synuclein toxicity screens at all (table 2). Thus, screens for toxicity and for the 

formation of aggregates and inclusions may well be complementary.  
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3.4 Comparison of modifier screens: what have we learned from yeast, 

worms and flies? 

An important question is whether the cellular mechanisms involved in protein-

misfolding diseases are common to several or all diseases, and which aspects may 

be disease-specific. Comparative analysis of potential genetic disease modifiers in 

small model organisms is a powerful approach to identify common and specific 

mechanisms of mediating toxicity and pathology. 

When assessing the functional classes found, there appears to a large over-

lap between functional classes of genes found to modify α-synuclein inclusion for-

mation and toxicity between yeast and C. elegans models, or between yeast, C. ele-

gans and Drosophila screens for toxicity and aggregation by different expanded 

polyQ transgenes (table 2). Some classes found seem to be specifically enriched in 

α-synuclein screens, such as trafficking, whereas other are more enriched in polyQ 

screens, e.g. transcriptional regulation, indicating these may represent disease-

specific findings. 
 

Table 2 Functional classification of genes. Orange-brown represents classes that are specifically 

mentioned, light brown-orange indicates classes of genes mentioned, but found only 1 or 2 genes in that 

respective class. Grey means no genes were found in that specific class, or genes in that specific class 

were not mentioned. Screen numbers correspond to the following publications: 1Willingham et al., 

2003; 2Giorgini et al., 2005; 3Nollen et al., 2004; 5Fernandez-Funez et al., 2000; 6Bilen et al., 2007; 

7Kaltenbach et al., 2007; 8Willingham et al., 2003; 9Cooper et al., 2003 (only part public); 10 Yeger-Lotem 

et al., 2009; 11van Ham et al., 2008; 12Kuwahara et al., 2008; 13Hamamichi et al., 2007. Screens 1, 2, 8, 9 

and 10 were carried out in yeast; 3, 11, 12 and 13 in C. elegans and 4, 5, 6 and 7 in D. melanogaster. 

 

Biological process PolyQ α-synuclein 

RNA binding and processing                           

Synaptic transmission                           

Vesicle transport/ER-Golgi                           

Autophagy                           

Protein folding                           

Protein degradation/UPS                           

Transcriptional regulation                           

Apoptosis                           

Translation                           

Lipid metabolism                           

Mitochondrial energy metabolism                           

General signaling (kinases)                           

Oxidative stress                           

Signal transduction                           

Screen # 
1 2 3 4 5 6 7 8 9 10 11 12 13 
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Although adding up these conclusions from the literature reveals some 

common and distinct pathways, to fully assess the value of a comparison between 

these screens, they need to be analyzed according to the same standards, using the 

same genetic nomenclature and the same algorithms. Because many of the genes 

found are organism-specific, i.e. they have no human orthologs, and these screens 

aim to find molecular pathways involved in human disease, we will need to search 

for the human orthologs of all the genes found to derive the underlying human 

pathways. It would be worth performing an in-depth comparative analysis of the 

screens for toxicity and protein misfolding related to disease to discover what un-

derlying mechanisms can be extrapolated. In addition, a posteriori analyses of the 

many screens already performed will likely increase the focus of future studies, 

because they will give better clues as to the pathways involved and the relevant 

phenotypes. 

The set up of these screens, however, tends to be quite different: for exam-

ple they differ when screening for increased versus decreased toxicity, or increased 

versus reduced aggregation, and they use different ways to manipulate gene func-

tion (knockdown, deletion, and overexpression libraries). In addition, libraries of 

mutant strains or bacterial RNAi clones are used, some of which encompass al-

most all known genes whereas others only consist of biased, preselected, subsets. 

To find new classes of genes and pathways from a comparative analysis of 

these screens, it is important to know the coverage of these screens (i.e. how many 

genes were screened for versus the total number of genes in the genome) and how 

the genes screened for were selected (table 1). Next, it is important to know the 

number of genes found (hits) versus the number of genes screened for, the number 

of genes found that share a common aspect (such as function or subcellular locali-

zation), and the total number of genes functioning in a specific class in that organ-

ism. Simply looking at the data and the way the screen was set up, for example, 

may already reveal why certain genes or classes were found (was it a biased screen 

for preselected genes?), or not found (genes were not screened for). 

For example, the screen for α-synuclein toxicity in C. elegans by Kuwahara 

et al., (2008) in which a set of 1,673 genes, mostly selected from 2,072 genes pre-

viously used in an RNAi screen for synaptic function, were knocked down by 

RNAi, which is approximately ~10% of the bacterial RNAi library (49). In the 

study by Hamamichi et al., 868 preselected genes were knocked down. The genes 

found were subsequently tested for their effect in dopaminergic neurons by RNAi. 

In addition to the low number of genes tested for in these studies, the genes were 

selected based on previous knowledge and will therefore be unlikely to reveal nov-

el pathways. Thus, this allows one to state a priori that many genes and genetic 

classes will likely not be found, just because they are not screened for. Although 



General Discussion 

111 

 

such a screen may yield important genes, less novel underlying genetic mechan-

isms could therefore potentially be found. 

The data obtained by genome-wide RNAi screens performed for α-

synuclein and Q35 inclusion formation in C. elegans, and some of the yeast 

screens for toxicity mentioned, represent unbiased data sets that allow for a com-

prehensive analysis of the genetic mechanism of these processes. 

In order to further address the question of whether the cellular mechan-

isms involved in protein-misfolding diseases are common to several or all such 

diseases, and which aspects may be disease-specific, we took the data from our α-

synuclein modifier screen and compared this to the genome-wide RNAi screen for 

polyQ modifiers. We analyzed the subcellular localizations of the α-synuclein mod-

ifier genes found and compared these to randomized sets of genes as a background 

reference. This revealed a clear overrepresentation of a specific subcellular class, 

the endomembrane system, when compared to random sets of genes, implicating 

the endomembrane system in the formation of α-synuclein inclusions. We did not 

observe overrepresentation of any specific functional class within the α-synuclein 

modifiers. When comparing this to polyQ modifiers identified previously, we found 

that more polyQ modifiers function in cytoplasmic and nuclear classes whereas 

synuclein modifiers function more in the endomembrane compartment. 

Thus, our analysis comparing different C. elegans screens and comparing 

these to a reference gene set is a useful approach to gain additional insights from 

the data. A similar approach may also be used to compare all the screens per-

formed in different model organisms. This may provide evidence for the results 

shown (table 2) or yield a very different picture. In addition, it may reveal underly-

ing pathways not recognized in the individual studies. 

An example of another comparative analysis is the study by Yeger-Lotem 

et al., who performed an overexpression study and a transcriptional profiling 

study in a yeast model for α-synuclein toxicity (23). They first analyzed profiling 

studies and genetic screens for many phenotypes in yeast to find an explanation 

for why there was no overlap in profiling studies and genetic screens, regardless of 

the phenotype analyzed. One of their findings was that most genetic hits are path-

way regulators, whereas the genes found to have altered expression are mostly 

parts of effector pathways regulated by the regulators (genetic hits). They then set 

up an algorithm to link these datasets and confirmed that there was indeed such a 

regulator-effector relationship between the datasets. 

They went on to test this approach in the yeast model for α-synuclein tox-

icity by screening a library of 5,500 overexpression strains for altered toxicity and 

performing an expression profiling study. They uncovered novel pathways and 

provided an explanation for their earlier results. In addition, they showed that 

such a program can generate hypotheses, several of which were shown to have a 
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relevant effect in vivo. For example, not many chaperones were picked up in their 

screen, but ResponseNet predicted the involvement of heat shock regulators 

Hsp90 and Hsf1, and the upstream factor Gip2. They showed that overexpression 

of Gip2 induces the heat shock response and suppresses the toxicity of α-

synuclein. To gain further novel insights, a set up similar to this but only for genet-

ic hits (genes which altered expression yielding a specific phenotype) may be ap-

plied to cross-species screens for protein misfolding and toxicity. 

 In summary, we have added a new model to the field and provided novel 

insight into α-synuclein biology by identifying genes involved in the formation of α-

synuclein inclusions during aging. We have also developed several tools that will 

facilitate studying protein misfolding and aggregation in model organisms by visua-

lizing several aspects of aggregation. Interdisciplinary approaches, combining for 

example genetics, biophysics, bioinformatics, cell biology, and pathology, will allow 

extrapolation of findings from in vitro and in vivo models and the creation of po-

werful models to improve the understanding of neurodegenerative misfolding dis-

eases.  
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