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“The knowledge of all things is possible.”
     - Leonardo da Vinci

...for my parents.

The ornithopter (1485),
Leonardo da Vinci
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Summary

 Alterations of general or specific mRNA levels are a universal manifestation of the age-
ing process (Cookson, 2011). During their existence, mRNAs are constantly decorated by dy-
namically changing factors, which form messenger ribonucleoprotein (mRNP) complexes and 
determine the fate of an mRNA. Mechanisms that control mRNA turnover in the cytoplasm have 
been described in great detail but whether they might be involved in the regulation of ageing 
is unknown (Anderson and Kedersha, 2009; Decker and Parker, 2012). Bulk mRNA decay in 
eukaryotes is initiated by irreversible shortening of the poly(A)-tail, subsequent decapping and 
final 5’ to 3’ degradation (Houseley and Tollervey, 2009). We present compelling evidence that 
EDC-3, a highly conserved modulator of decapping, is a novel determinant of ageing in C. el-
egans. Decapping has been shown to regulate protein synthesis by competing with the mech-
anism of translation initiation. Congruently, we find that EDC-3 regulates protein synthesis and 
lifespan in interaction with the previously described translation initiation factor IFE-2, an isoform 
of the human eIF4E, which has a conserved role in the control of ageing. We demonstrate that 
EDC-3 and IFE-2 mediated regulation of C. elegans lifespan happens specifically in neuronal 
tissue and governs neural integrity. Further, we show that loss of EDC-3 protects from oxidative 
and heat induced stress and that lifespan extension depends on the activity of Nrf-like xenobi-
otic-response factor SKN-1 and heat shock response factor HSF-1. Also, longevity upon loss of 
EDC-3 triggers a ROS induced hormesis response that depends on SKN-1 activity.
 Most mRNPs accumulate in distinct cellular foci termed processing bodies (P-bodies) 
or stress granules, which store mRNAs stalled in modes of degradation or translation initiation 
(Sheth and Parker, 2003, reviewed in Decker and Parker, 2012; Franks and Lykke-Andersen, 
2008). Decapping factors, including EDC-3, are part of P-bodies, while IFE-2 localizes to stress 
granules in C. elegans. We establish an increased formation of P-bodies and stress granules 
and their co-localization upon specific stress insults and during age in the nematode, thereby 
defining them as biomarkers of ageing. It is unknown, whether mRNP granule formation is 
cause or consequence of mRNA decay and stress response (Eulalio et al., 2007). We demon-
strate, that loss of SKN-1 contributes to an increased formation of P-bodies upon oxidative 
stress. Curiously, down-regulation of HSF-1 prevents P-body assembly specifically upon heat 
stress and causes age-related granulation of IFE-2. These results implicate that mRNP aggre-
gation is a transcriptionally controlled process that contributes to maintenance of cellular stress 
response and ageing.
 Unexpectedly, we find that HSF-1 suppresses transcription, stability and nuclear gran-
ulation of IFE-2 during ageing. These granules co-localize with components of P-bodies at the 
nuclear envelope, which also have been shown to be involved in transcription regulation in the 
nucleus (summarized in Reines, 2012). Excitingly, we observe decreased localization of IFE-
2 in the nucleus, upon depletion of EDC-3. Our findings suggest that HSF-1 modulates IFE-2 
function and localization during ageing, and that IFE-2 also serves as nuclear mRNP export 
factor in C. elegans. Thus, IFE-2 likely mediates the effects of the heat stress response on both 
mRNA translation and degradation to influence ageing.
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General facts about the model 
organism C. elegans
Simple model organisms are becoming in-
creasingly important for investigating princi-
pal biochemical and molecular mechanisms 
during development. Caenorhabditis elegans 
(C. elegans) has been instrumental in deci-
phering the molecular underpinnings of se-
nescent decline during ageing (Olsen, 2006). 
C. elegans possesses relatively simple anat-
omy. The total number of cells of the animal 
is 959, including 302 neurons that form a 
simple nervous system. The cell lineage in 
development of the nematode is fully deci-
phered and a complete lineage tree is avail-
able (see http://www.wormatlas.org/, Sulston 
et al., 1983). During development 131 cells 
undergo programmed cell death (Ellis, 1986). 
This makes C. elegans a powerful tool for 
investigating developmental biology (Barg-
mann and Avery, 1995). 
 C. elegans goes through a short life 
cycle and likewise, has a short mean life 
span. The nematode develops from the fertil-
ized egg to a self-fertilizing adult hermaphro-
dite within 3.5 days by undergoing four larval 
stages (L1 to L4). Due to food starvation or 
harsh environmental conditions the develop-
ing larva can enter a so-called, dauer stage 
before completing the L1 stage, which in-
creases the mean life span for more than 5 
months. Favorable food conditions allow the 
animal to reenter the normal life cycle as an 
L4 larva. After entering the adult stage an 
approximately three day reproductive period 
follows, during which the animal lays about 
300 eggs. C. elegans lives around 20 days, 
of which the last two weeks are characterized 
by a decline in locomotion, food pumping and 
recognizable tissue degeneration, revealing 
typical symptoms of ageing (Collins et al., 
2008). 
 Another important advantage of the 

nematode is its transparency, which makes 
microscopy far easier, permitting every 
cell division throughout development to be 
tracked. The simple nervous system is well 
documented, all neurons are mapped and 
an almost complete wiring diagram has been 
created (see http://www.wormatlas.org/, Hall 
and Russell, 1991). Specific behaviors, such 
as locomotion, chemo- or thermotaxis, as well 
as learning and memory, can be experimen-
tally associated with the relevant neuron(s) 
(Mori, 1999). The detailed characterization of 
its nervous system renders C. elegans partic-
ularly suited for the study of neurodegenera-
tion and ageing (Murakami, 2007). A low per-
centage of male nematodes (about 0.1 % of 
the progeny) is generated by hermaphrodites 
during self fertilization. These males enable 
genetic crosses that allow easy construction 
of double or multiple mutants (Riddle et al., 
1997). 
 Particularly advantageous is the easy 
maintenance in the laboratory. C. elegans 
feeds on bacteria (usually Escherichia coli 
strain OP50), which are grown either on solid 
agar plates or in liquid culture medium, and 
grows best at a temperature of 20°C (Bren-
ner, 1974). The culturing temperature affects 
development timing: C. elegans grows about 
30% slower at 16°C compared to 20°C, mak-
ing it convenient to time experimental pro-
cedures. The nematode can be cultured on 
large scale. 
 The C. elegans genome has been ful-
ly sequenced and annotated (Waterston and 
Sulston, 1995). Physical maps of the genome 
based on the use of cosmids and yeast ar-
tificial chromosomes (YACs) have been cre-
ated (Coulson et al., 1991). The C. elegans 
genome is organized in 5 autosomes plus 
the sex chromosome X (sequence database: 
http://www.wormbase.org/). Approximately 
20.000 open reading frames (ORFs) for the 

The ageing model Caenorhabditis elegans
Introduction

http://www.wormatlas.org/
http://www.wormatlas.org/
http://www.wormbase.org/
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nematode have been predicted (Blumenthal 
et al., 2002). Additionally, detailed protein 
interaction networks have been modeled 
(Walhout et al., 2000). The availability of ful-
ly charted genomes allows the implementa-
tion of large-scale, genome-wide genetic and 
molecular methodologies such as double 
stranded RNA mediated interference (dsR-
NAi) (Mello and Conte, 2004). In C. elegans 
high-throughput RNAi screens against all 
20.000 ORFs have been published (Simmer 
et al., 2003). High-throughput screens have 
been proven advantageous to identify large 
numbers of genes implicated in the control of 
ageing (Hertweck et al., 2003).  The use of 
dsRNAi in the nervous system of the nema-
tode has been less successful so far, but can 
be offset by the use of special hypersensitive 
mutants or the introduction of double-strand-
ed hairpin RNAs (dshRNAs) through microin-
jection (Schmitz et al., 2007; Tavernarakis et 
al., 2000). 
 C. elegans is genetically malleable. 
The most straightforward method of creating 
mutants is random mutagenesis through the 
use of the chemical Ethyl methanesulfonate 
(EMS). Mutants for almost every gene are 
available or can be ordered. Animals carry-
ing multiple mutations can be constructed 
and efficient genetic mapping is possible, 
by utilizing precise single nucleotide poly-
morphism (SNP) maps (Jakubowski and 
Kornfeld, 1999). In C. elegans, transgenic 
animals can be obtained by microinjection 
of engineered DNA samples into the gonad, 
where they generate inherited extrachromo-
somal arrays. This extrachromosomal array 
can further be integrated and stabilized in the 
genome through mutagenesis-induced inte-
gration, which we and others have described 
in detail (Rieckher et al., 2009). In conclusion 
C. elegans is an exceptionally powerful and 
convenient model organism for investigating 
diverse biological phenomena including de-
velopment and ageing.

Ageing studies in C. elegans
 C. elegans is a well-applied model 
to study the phenotypical changes during 

ageing, such as tissue-decline, rapid devel-
opment of neurodegenerative diseases, de-
crease in learning and memory or reduction 
in stress-resistance, and the underlying ge-
netic mechanisms (Collins et al., 2008). Age-
ing-associated pathways in C. elegans can 
be identified through measuring the lifespan 
of genetically modified animals, application of 
chemical compounds or alterations of envi-
ronmental conditions (Olsen, 2006). Various 
molecular pathways were discovered to influ-
ence ageing, including the insulin-like/IGF-1 
pathway, TOR signaling in dietary restriction, 
the AMP kinase driven catabolic pathways, 
sirtuins, the inhibition of respiration, glob-
al protein turnover and telomere shortening 
(Antebi, 2007; Kenyon, 2010; Tavernarakis, 
2008). 
 The various ageing-related mecha-
nisms studied so far intermingle and involve 
the activation of transcription factors, which 
in turn activate or suppress diverse genes 
that orchestrate in regulating stress response 
and ageing. The most common transcription 
factors, which are well conserved across 
species, are the FOXO transcription factor 
DAF-16, the Nrf-like xenobiotic-response fac-
tor SKN-1, which mainly regulates oxidative 
stress response, the heat shock response 
factor HSF-1 and the hypoxia-inducible fac-
tor HIF-1 (An and Blackwell, 2003; Hsu et 
al., 2003; Lin, 1997; Zhang et al., 2009). The 
genetic pathways controlled by those mech-
anisms coordinate and interact in an intricate 
network and converge on the regulation of 
stress response and ageing (Narasimhan 
et al., 2009). Interestingly, exposure to mild 
stress leads to a somewhat reduced activation 
of the stress response network, which pre-
pares organisms to deal with stronger stress 
insults and age-related stress accumulation, 
which results in longevity. This phenomenon 
is called hormesis and can be triggered upon 
mild heat or oxidative insults (Gems and Par-
tridge, 2008; Ristow and Schmeisser, 2011).

Neuronal ageing in C. elegans
 Although a lot of knowledge has been 
gained about the role of neurodegenerative 

http://www.tavernarakislab.gr/publications/MMB.pdf
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diseases in ageing, also through studies in 
C. elegans, relatively little is known about the 
genetic and cellular mechanisms that main-
tain neuronal integrity during normal ageing 
(Dimitriadi and Hart, 2010; Peng et al., 2011). 
Although neuronal loss in all metazoans is 
minimal during ageing, there are altered func-
tional activations and various cellular chang-
es, which in humans for example manifest in 
cognitive decline and dementia (Bishop and 
Yankner, 2010). 
 Especially because the neuronal sys-
tem of the nematode is a simple one, pheno-
typical changes can be monitored in longitu-
dinal studies in single cells and regarding the 
whole network (Peng et al., 2011). Morpho-
logical studies on mechanosensory neurons 
in aged animals reveal subtle phenotypes, 
including bubble-like lesions, blebbing and 
occasional branching. Progression of nor-
mal neuronal ageing seems to be regulated 
by DAF-16 signaling (Pan et al., 2011). The 
spontaneous age-related neurite branching 
is also correlated with the activity of Jun ki-
nase signaling, which also regulates C. ele-
gans lifespan (Tank et al., 2011). Both, HSF-1 
and DAF-16 seem to regulate neurite sprout-
ing and synapse deterioration in the ageing 
neuronal network. Locomotory healthspan 
seems to correlate with synaptic integrity 
(Toth et al., 2012). 
 Several C. elegans neurons have been 
implicated in the control of lifespan (Jeong et 
al., 2012). Animals with defective sensory cil-
ia have impaired sensory perception but are 
long lived, and extended studies implicate 
the gustatory and olfactory system in the 
control of ageing (Alcedo and Kenyon, 2004; 
Kenyon and Apfeld, 1999). A pair of senso-
ry neurons in the head, the ASIs, senses the 
nutritional environment. Dietary restriction 
activates SKN-1 and downstream-activated 
genes are transcribed to signal other tissues 
in the animal to increase metabolic activity, 
involving hormonal signals in the regulation 
of dietary restriction mediated ageing (Bish-
op and Guarente, 2007). The AFD thermo-
sensory neurons regulate nematode lifespan 
through sterol endocrine signaling at high 

temperatures, which depends on the activa-
tion of HSF-1 (Lee and Kenyon, 2009).
Altogether, there seem to be exciting paral-
lels between the complex mammalian brain 
and the simple neuronal network of C. ele-
gans in response to ageing, which increases 
the impact of findings on neuron-specific reg-
ulation of ageing.

Protein synthesis and the con-
trol of ageing
 A well-studied field in ageing con-
cerns the decline of protein synthesis and 
protein degradation during ageing. Intrigu-
ingly, normal ageing is accompanied by irre-
versible modifications on proteins, such as 
oxidation through oxygen free radicals and 
increased glycation, which also decreases 
protein functionality (Hipkiss, 2008). Deami-
dation, racemization, isomerization and vari-
ous others cause other protein modifications. 
These age-related defaults go along with an 
increased decline in protein turnover, prop-
er folding and cellular maintenance mecha-
nisms (Rattan, 2010). General protein syn-
thesis rates decline during ageing, although 
the integrity of the translational machinery 
seems unaffected (Tavernarakis and Driscoll, 
2002).
 Various studies show a possible caus-
ative relationship between mRNA translation 
and ageing in C. elegans. The ribosomal-pro-
tein S6 kinase (S6K), which is controlled by 
the kinase target of rapamycin (TOR) controls 
phosphorylation of the translation-initiation 
factor 4 binding proteins (eIF4E BPs). Those 
are inhibitors of translation, since they bind 
eIF4E and impair recruitment of the 40S ri-
bosomal subunit to the 5’-cap structure (Tav-
ernarakis, 2008). TOR-deficiency reduces 
the rate of translation and induces longevity 
in the nematode (Vellai et al., 2003). Glob-
al protein synthesis in animals depleted for 
translation initiation factors is also reduced. 
Further, several studies show that inhibition 
of S6K (RSKS-1) and depletion of either 
translation initiation factors eIF2β (IFTB-1), 
eIF4E (C. elegans isoform IFE-2) and eIF4G 
(IFG-1) significantly increases lifespan of C. 
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elegans. (Hansen et al., 2007; Pan et al., 
2007; Syntichaki et al., 2007). Also, inhibiting 
40S or 60S ribosomal subunits and interfer-
ence with mitochondrial specific translation 
delays the ageing process (Chen et al., 2007; 
Hansen et al., 2007). Similar studies in yeast 
and Drosophila show that this effect might 
be conserved across species (Steffen et al., 
2008; Zid et al., 2009). The lifespan regula-
tion mediated by TOR and translation initia-
tion pathways appear to be independent, but 
interface with insulin/IGF-1 signaling at differ-
ent levels (Hansen et al., 2007; Tavernarakis, 
2008).
 A striking feature of animals lacking 
translation initiation factors is their robustly 
enhanced resistance to extrinsic and intrinsic 
stress, which concerns heat stress, chem-
icals or genetic manipulations that increase 
oxidative stress, starvation and UV light. In-
creased stress resistance points to enhanced 
activity of cellular maintenance and repair 
mechanisms, as seen in animals with low-
ered protein synthesis rates (Ma and Blenis, 
2009). Together, these results push forward 
the hypothesis that lowering protein synthe-
sis rates by translation inhibition might lower 

general cellular energy consumption, which 
results in higher energy availability for cellu-
lar maintenance and subsequently longevity 
(Hansen et al., 2007; Pan et al., 2007; Synti-
chaki and Tavernarakis, 2007; Tavernarakis, 
2008).
  Recently, a genome-wide RNAi 
screen in C. elegans revealed that depletion 
of translation initiation factors upregulates 
various genes involved in oxidative stress 
defense that are activate by the transcription 
factor SKN-1, but not DAF-16. Conversely, 
the lifespan extending effects depend on in-
terplay of DAF-16 and SKN-1 (Wang et al., 
2010). SKN-1 and its targets acting in detoxi-
fication might be activated because generally 
reduced levels of protein synthesis also low-
ers otherwise naturally acting antioxidants. 
The activation of DAF-16 possibly relates 
to its function in regulating metabolic rates: 
When C. elegans is deprived of nutrients, 
young larvae enter a diapause stage termed 
dauer, which are extremely longlived and 
have reduced metabolism that is tightly reg-
ulated by the insulin-signaling pathway and 
DAF-16. Interestingly, dauer larvae show re-
duced levels of eIF4G (Pan et al., 2007). 



11

The strong correlation of protein synthe-
sis and ageing trigger the thought that 
pathway, which interface with transla-

tional control might regulate the ageing pro-
cess. Based on this rationale, mechanisms 
that control transport, stability and degrada-
tion of mRNAs are possible targets of inves-
tigation. As many cellular molecules, mRNAs 
are subject to age-related changes and even-
tually cleared from the cell (Cookson, 2011). 
The overall levels of mRNA of an aged tissue 
differ compared to its young equivalent. This 
has been detected via RNA sequencing in 
examples including the mouse cerebral cor-
tex and the human brain (Dillman et al., 2013; 
Kumar et al., 2013). Whether such changes 
in mRNA levels have a causative relationship 
of the ageing process has not been deter-
mined. 
 When studying mRNA related mecha-
nisms, one has to be aware that mRNAs are 
never bare. From birth to final degradation, 
mRNAs are constantly coated with proteins. 
Nascent mRNAs are co-transcriptionally dec-
orated with an array of RNA binding proteins 
(RNPs), which together form functional and 
dynamically changing messenger riboncu-
leoprotein (mRNP) complexes. The specific 
mRNP arrangement determines the pres-
ent mechanistic step of the mRNA, which 
includes nuclear mRNA processing, export/
transport, translation, editing, storage and 
final turnover. Depending on the status of 
the mRNP, its components are entirely ex-
changed. 
 A vast amount of literature describes 
research on the mRNP life cycle and a number 
of excellent reviews summarize the underly-
ing intricate molecular mechanisms (Decker 
and Parker, 2012; Franks and Lykke-Ander-
sen, 2008; Müller-McNicoll and Neugebau-
er, 2013). The best-portrayed mRNP gran-
ules are processing bodies (P-bodies) and 
stress granules, which form primarily in the 
cytoplasm. They have been studied most-

ly in yeast and mammalian cell culture, and 
their structure, components and functions 
are highly conserved across eukaryotes (Er-
ickson and Lykke-Andersen, 2011). A deeper 
knowledge of P-bodies and SGs is relevant 
for the understanding of other, functional-
ly related aggregates, such as the neuronal 
transport granules and the germline specific 
P granules (Updike and Strome, 2010; Zeitel-
hofer et al., 2008b). This introduction will fo-
cus on some main aspects and functions of 
mRNP granules, which in recent years have 
been described to be sites for mRNP stor-
age, transport and turnover, processes that 
tightly interface with the regulation of protein 
synthesis, and that could very well play a role 
in the regulation of ageing.

P-bodies are nodes of mRNA 
decay mechanisms
 P-bodies were first discovered as a 
novel cytoplasmic domain stained by the 
human autoantibody for the mRNA process-
ing factor GW182 (Eystathioy et al., 2002). 
Since then some 400 peer-reviewed articles 
were published trying to decipher the function 
of this novel cytoplasmic structure. It soon 
turned out that P-bodies contain enzymes 
that act in various mRNP degradation path-
ways and could be sites mediating these pro-
cesses (Ingelfinger et al., 2002; Lykke-Ander-
sen, 2002; Sheth and Parker, 2003). When 
studying P-bodies it is therefore essential to 
familiarize with the various mechanisms that 
facilitate mRNA decay. 
 A number of mechanisms for mRNA 
degradation have been described, which in-
cludes deadenylation-dependent and -inde-
pendent pathways, the endonuclease-medi-
ated decay, mechanisms that are based on 
errors or specific signals within in the mRNA 
sequence, such as nonsense mediated de-
cay (NMD), non-stop decay (NSD) and no-
go decay (NGD), or AU-rich elements (ARE) 
mRNAs, and finally pathways that employ 

The multiple Biological Functions of 
mRNP Granules
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small regulatory RNAs including micro RNA 
(miRNA), silencing RNA (siRNA), piwi-inter-
acting RNAs (piRNAs) and repeat associated 
siRNAs (rasiRNAs). Most of those pathways 
intermingle by sharing components, especial-
ly the factors that mediate final exonucleolytic 
degradation of the mRNA. Further, compo-
nents of all of the mentioned mRNA decay 
mechanisms have been addressed to act in 
or through P-bodies (Garneau et al., 2007). I 
will briefly summarize the deadenylation-de-
pendent pathway, which is employed for bulk 
mRNA turnover, and its major path of decap-
ping followed by mRNA degradation.
 A newly synthesized mRNA includes 
two stability factors, which firstly have to be 
removed before degradation can occur: The 
5’ 7-methylguanosine cap and the 3’ polyad-
enosine (polyA) tail. Those structures interact 
with the factors eIF4E and PABP, respective-
ly, which protects mRNA from degradation 
and triggers translation initiation (Bernstein 
et al., 1989; Schwartz and Parker, 1999). 
Bulk mRNA degradation begins with the re-
versible procedure of poly-A tail shortening, 
a process known as deadenylation. Initially, 
the PABP-dependent ploy(A) nuclease Pan2/
Pan3 trims the poly-A tail to a length of 60-80 
nucleotides, which is observed both in yeast 
and mammals (Brown et al., 1996). Further 
deadenylation is taken over by a major dead-
enylase component that consist of the fac-
tors Ccr4/Pop2(Caf1)/Not, which is a nine 
subunit complex with two core deadenylases 
CCR4 and POP2 (or CAF1) (Yamashita et 
al., 2005). The poly(A)-specific ribonculease 
(PARN) has 5’ cap-dependent deadenylase 
activity and is found in mammals, Xenopus 
laevis oocytes, plants and insects (Copeland 
and Wormington, 2001; Opyrchal et al., 2005; 
Wiederhold and Passmore, 2010). 
 The shortening of the poly-A tail irre-
versibly leads to degradation by either direct 
3’ to 5’ degradation though the exosome or, 
more commonly, decapping and subsequent 
5’ to 3’ degradation. In brief, the eukaryotic 
exosome is a remarkable complex that in its 
core is homologous to Escherichia coli RNPs 
polynucleotide phopshorylase (PNPase) and 

the RNAse II. The intricate structure of the 
exosome differentially associates with other 
factors that employ its mRNA degradation 
function for mRNA surveillance in the nucleus, 
or for the cytoplasmic NMD, NSD, ARE-medi-
ated and bulk mRNA decay. For the latter, the 
exosome utilizes Ski2/Ski3/Ski8 complex and 
Ski7 proteins as cofactors (Houseley et al., 
2006). 
 More commonly, following deadenyla-
tion, the decapping enzyme Dcp2 removes 
the 5’-cap of mRNAs in interaction with its 
coenzyme Dcp1. Dcp2 contains a functional 
pyrophophatase-related MutT domain, which 
is necessary and sufficient for decapping 
(Dunckley, 1999). Removal of the cap struc-
ture is followed by activation of the 5’-3’ ex-
oribonuclease Xrn1 and mRNA degradation 
(Beelman and Parker, 1995; Kenna et al., 
1993; Larimer et al., 1992). 
 It appears that a large set of co-factors 
and modulators is required to facilitate de-
capping. This core set of decapping compo-
nents forms a sophisticated network of direct 
interactions as experimentally shown by pro-
tein binding experiments and supported by 
co-immunoprecipitation and two hybrid anal-
yses (Decker and Parker, 2012; Decker et al., 
2007; Nissan et al., 2010). Two complexes 
emerge that assemble on mRNAs targeted 
for decapping: One consists of the Pat1 pro-
tein, the heptameric Sm-like complex Lsm1-
7, and Xrn1 and assembles on the 3’ end of 
deadenylated mRNAs (Tharun, 2009). The 
other component assembles in parallel or 
sequentially at the 5’-cap, and consists of in-
teracting proteins Dcp1, Dcp2, Edc3 or Scd6, 
and Dhh1. At the 3’-end Pat1, and at the 5’-
cap Edc3 appear to be important for complex 
assembly, as they modulate and interact with 
many components of the decapping machin-
ery (Fromm et al., 2011; Pilkington and Park-
er, 2008; compare Figure 1). Once the two 
complexes assemble on the mRNA, mRNPs 
aggregate via the prion-like domain con-
tained in of Lsm4, the Yjef-N domain, which 
is at the C-terminus of Edc3, or the amino-ter-
minal domain of Pat1 to form microscopically 
visible cytoplasmic granules (Buchan et al., 
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2008; Decker et al., 2007; Ling et al., 2008, 
Figure 1).

Edc3 is a central module of 
P-bodies
 Edc3 (EDC-3 in C. elegans) is a cen-
tral activator of 5’ assembling decapping com-
plex and was firstly identified in yeast as stim-
ulator of mRNA degradation (Kshirsagar and 
Parker, 2004). Its importance in decapping, 
intriguing structural composition and contri-
bution to P-body formation triggered a great 
deal of interest. Structural identification and 
extensive interaction studies revealed that 
Edc3 belongs to the Lsm16 family of proteins 
and consists of at least three functional do-
mains that are highly conserved across spe-
cies including yeast, Drosophila, C. elegans 
and humans (Ling et al., 2008; Tritschler et 
al., 2010). The N-terminal Lsm domain and a 
directly connected linker region bind Dcp1:D-
cp2 in Drosophila and yeast (Tritschler et al., 
2007). More specifically, a small N-terminal 
domain in Dcp2, located closely to the cat-
alytic Nudix domain, is responsible for Edc3 
binding and degradation of specific mRNA 
targets in yeast (Harigaya et al., 2010). 
 The interacting region of Dcp2 in hu-
mans was assigned to be a short helical 
leucine-rich motif (HLM). Edc3 competes 
with the structurally related Scd6 to promote 
Dcp1:Dcp2 mediated decapping, presumably 
by preventing the complex to change confor-
mation. Further, the HLMs in Edc3 and Scd6 
are important for Dcp1:Dcp2 recruitment to 
P-bodies (Fromm et al., 2011). Two-hybrid 
assays revealed that an interaction between 
Dcp1 and Edc3 is promoted by the additional 

presence of Ge-1 in human cells, homologue 
of yeast Edc4, which is structurally related to 
Edc3 and mainly becomes active in ARE-me-
diated decay (Bloch et al., 2011; Fenger-
Grøn et al., 2005). A central FDF domain in 
Edc3 binds RNA helicases such as Dhh1/
DDX6 in yeast and humans, while the C-ter-
minal YjeF-N domain is required for self-as-
sociation and promotes P-body assembly in 
yeast (Decker et al., 2007; Ling et al., 2008; 
Tritschler et al., 2010; compare Edc3 in Fig-
ure1).
 Edc3 might be a target of the insu-
lin-signaling pathway in humans. The phos-
phatidylinositol 3-kinase/AKT pathway phos-
phorylates Edc3 at Ser-161 and subsequently 
recruits 14-3-3-binding protein in muscle cells. 
This causes changes in Edc3 interaction with 
PABP, decrease in P-body number and im-
pairs the miRNA mechanism (Larance et al., 
2010). Edc3 specifically mediates degradation 
of mRNAs RPS28B and the intron-containing 
YRA1 pre-mRNA in yeast. The latter encodes 
for the export factor Yra1p and autoregulates 
its own expression. Sequences within YRA1 
inhibit pre-mRNA splicing and promote export 
into the cytoplasm, where degradation occurs 
in an Edc3 dependent manner (Dong et al., 
2007). Other sequence modules within YRA1 
pre-mRNA suppress its translation by recruit-
ing NMD and the Dcp1:Dcp2 decapping com-
plex (Dong et al., 2010). The well-defined and 
conserved structural complexity, the various 
intriguing functional implications including its 
central role in assembly of the mRNA decap-
ping complex and P-bodies make Edc3 and 
its interactors Dcp1 and Dcp2 promising tar-
get of our study.

Figure 1: The mRNP cycle from birth of an mRNA, over translation to degradation. When mRNAs are pro-
duced they co-transcriptionally associate with hnRNPs to undergo transcription, splicing and polyadenylation. In 
the process they are being redecorated with factors assigning them for export into the cytoplasm. Here, mRNPs 
can associate with factors handing them over to mRNP degradation, translation or storage into P-bodies or stress 
granules. Packaging of mRNPs into granules requires run-off of polysomes of the mRNA. In both cases, nucleation 
is achieved via protein-protein interaction mediated by specific sequences, including prion-like domains. Finally, 
mRNPs are packed into P-bodies or stress granules, and various packed proteins can be modified within those 
structures. Both granules can dock and interact by exchanging factors, re-assigning them for storage or degrada-
tion. Some P-body or stress granule factors have been shown to re-locate to the nucleus, where they are possibly 
involved in processes of splicing or mRNP export. The representative model has been modified from various lit-
erature resources (Anderson and Kedersha, 2008; Decker and Parker, 2012; Franks and Lykke-Andersen, 2008; 
Kedersha and Anderson, 2002; Müller-McNicoll and Neugebauer, 2013).



15

P-body assembly and their 
possible biological functions
 P-bodies mainly consist of transla-
tionally silent mRNPs, which dynamically 
assemble and disassemble. This conclusion 
derives from several examples: (I) Trapping 
mRNAs in polysomes, through RNAse A or 
cycloheximide treatment, leads to a decrease 
in P-body formation (Eulalio et al., 2007; Teix-
eira et al., 2005). When treated with puromy-
cin, which promotes release of mRNA from 
polysomes, P-body size increases (Eulalio et 
al., 2007). (II) The decapping machinery is in 
competition with the translation initiation com-
plex for the mRNA cap (Schwartz and Park-
er, 1999; 2000). More specifically, binding of 
decapping activators Dhh1, Pat1 and Scd6 
to mRNAs assigned for translation inhibits 
the 48S complex and subsequently arrests 
translation (Nissan et al., 2010; Swisher and 
Parker, 2010). Binding of those factors might 
stall translation and gives time for full recruit-
ment of the decapping complex. Alternative-
ly, this process might follow a program that 
requires ordered assembly of the decapping 
machinery (Decker and Parker, 2012). Con-
sequently, no translation factors are found in 
P-bodies, with the exception of eIF4E and its 
transporter eIF4E-T (ANDREI et al., 2005). 
 (III) Depletion of factors that promote 
mRNA decay, such as Dcp1, Dcp2 and Xrn1, 
increase accumulation of mRNPs in P-bod-
ies (Cougot et al., 2004; Sheth and Parker, 
2003). (IV) Stress induction through, e.g. ul-
traviolet (UV) light, osmostic stress, glucose 
deprivation or arsenite treatment can signifi-
cantly induce P-body formation (Kedersha 
et al., 2005; Teixeira et al., 2005). Further, 
P-bodies are known to form upon viral infec-
tion and depending on the case might pro-
mote viral life cycle and might be involved in 
host defense (Beckham and Parker, 2008a). 
(V) Genome wide RNAi screens determined 
that P-bodies contain a possibly large num-
ber of factors unrelated to mRNA decay, 
which covers translational, protein metabo-
lism and stability, signaling and transcription 
(Decker and Parker, 2012; Ohn et al., 2008; 
Sun et al., 2011). These and other observa-

tions have led to the construction of a well-ac-
cepted model of P-body assembly, which is 
presented in Figure 1, based on several ex-
cellent reviews and perspectives (Balagopal 
and Parker, 2009; Buchan and Parker, 2009; 
Decker and Parker, 2012; Franks and Lyk-
ke-Andersen, 2008).
 Finally, it is important to note, that 
several findings indicate that microscopically 
visible P-bodies might be the consequence 
rather then the cause of mRNP degradation. 
Their depletion in yeast or mammalian cells 
does not inhibit mRNA decay, translational 
repression, miRNA mediated mRNA decay or 
mRNA stability during stress insults (Buchan 
et al., 2008; Decker et al., 2007; Eulalio et 
al., 2007). These results indicate redundan-
cy of mRNP degradation mechanisms, and 
also that P-bodies might not be the center of 
mRNA decay. P-bodies could rather serve 
as local area of concentration for factors that 
are required for mRNA decay or, in the case 
of stress granules, for translation initiation 
(Decker and Parker, 2012). Most important-
ly, next to their possible role in mRNA degra-
dation, P-bodies are sites of mRNP storage. 
They require mRNAs for assembly and their 
size increases upon stress insult, which leads 
to accumulation of stalled mRNPs (Teixeira 
et al., 2005).
 Intriguingly, recent research in yeast 
suggests that the cAMP dependent protein 
kinase (PKA) specifically regulates P-body 
assembly and size by directly phosphorylat-
ing Pat1, which like Edc3, is a scaffolding 
center for forming the mRNP degradation 
complex. Further, P-bodies are required for 
long-term survival of yeast in quiescent state 
(Ramachandran et al., 2011; Shah et al., 
2012; Tudisca et al., 2010). These results in-
dicate a direct regulation of P-body formation 
and underline a potential biological function 
of those structures, which goes beyond their 
proposed roles in mRNP degradation and 
storage.
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Composition and formation of 
stress granules
 Stress granules show several paral-
lels to P-bodies in composition, induction and 
possible function. Both have been observed 
to appear and co-localize in various species, 
including yeast, humans, nematodes and the 
fruitfly (Anderson and Kedersha, 2008; Farny 
et al., 2009; Jud et al., 2008). Both structures 
contain translationally stalled mRNAs derived 
from diassembled polysomes and they share 
few components, including Xrn1, eIF4E, and 
the miRNA regulating Ago2 (Kedersha et al., 
2005; Leung et al., 2006). Further, stress 
granules and P-bodies can be simultaneous-
ly induced through various stressors (Keder-
sha et al., 2005; Wilczynska et al., 2005). 
However, they are strikingly different in many 
aspects. 
 Stress granule formation was known 
before discovery of P-bodies, and shown 
through accumulation of PABP, TIA-1, TIAR 
and the upon arsenite-induced stress phos-
phorylation of eIF2α (Kedersha et al., 2000; 
1999). While P-bodies form in unstressed 
condition and predominantly contain compo-
nents of mRNA decay, it became apparent 
that stress granules consist of mRNAs with 
full length poly(A) tail and of translation initia-
tion factors, which include the 40S ribosomal 
subunits, eIF4E, eIF4G, eIF4A, eIF4B, PABP, 
eIF3, eIF2α, and translational inhibitors TIA-
1 and TIA-1 related protein (TIAR) (Ander-
son and Kedersha, 2008, compare Figure 
1). This composition can vary significantly 
depending on species and type of stress in-
sult responsible for formation. In yeast, heat 
shock recruits eIF3 to stress granules, while 
glucose-deprivation does not (Buchan et al., 
2008; Grousl et al., 2009). Also, in C. elegans, 
stress granules form differentially, depending 
on the stress insult (Jud et al., 2008). 
 Generally, stress granules form when 
translation initiation is impaired, not only 
upon stress insult, but also due to addition 
of drugs that block translation initiation, such 
as the marine sponge product pateamine A 
(PatA), upon poliovirus infection or puromy-
cin-induced dissociation of mRNA from ribo-

somes (Dang et al., 2006; Kedersha et al., 
2000; Mazroui et al., 2006). Overexpression 
of suppressors of translation initiation can 
also induce stress granules, while drug-me-
diated trapping of mRNA at polysomes via 
cycloheximide results in their loss (Buchan et 
al., 2008; Kedersha et al., 2005; Wilczynska 
et al., 2005). As determined through various 
genome wide screens and depending on ex-
perimental conditions, stress granules can be 
influenced by and harbor a large array of pro-
tein components including RNA helicases, 
translation and stability regulators, and fac-
tors involved in cell signaling (Anderson and 
Kedersha, 2008; Ohn et al., 2008; Sun et al., 
2011).
 Several factors have been shown 
to influence stress granule aggregation: (I) 
posttranslational modifications of mRNPs, (II) 
protein-protein interactions of RNPs, (III) pos-
sibly the microtubule network and (IV) viral 
induction (Buchan and Parker, 2009; White 
and Lloyd, 2012). First, phosphorylation of 
eiF2α was the first evidence for an involve-
ment of posttranslational modifications. Loss 
of the phosphorylation site in eIF2α resulted 
in decreased stress granule formation upon 
arsenite treatment (Anderson and Kedersha, 
2006; Kedersha et al., 1999). The deacetyl-
ase HDAC6 and its ubiquitin binding domain 
is important for stress granule assembly, 
which seem generally strongly positive for 
ubiquitin. HDAC6 also interacts with tubulin 
and HSP90 and might coordinate ubiquitina-
tion and transport of stress granule compo-
nents (Kwon et al., 2007). Also, O-Glc-NAc 
and arginine methylation significantly contrib-
ute to stress granule assembly (Goulet et al., 
2008; Ohn et al., 2008). Second, protein-pro-
tein interactions in stress granules are mostly 
determined by Q/N-rich structures, leading 
to prion-like aggregation of TIA-1, which in-
triguingly is inhibited by molecular chaperone 
HSP70 (Gilks et al., 2004). Third, drugs that 
depolarize microtubules, such as nocodazole, 
or genetic interruption of dynein and kinesin 
prevent stress granule and also P-body for-
mation (Fujimura et al., 2009; Loschi et al., 
2009). Fourth, similar to their interaction with 
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P-bodies, viral infection can employ stress 
granules for reproduction, in this case by tak-
ing over protein production and arresting the 
host translational machinery (Montero et al., 
2008). It is still under debate whether stress 
granules might act protective against viral 
attacks (Beckham and Parker, 2008b; White 
and Lloyd, 2012).
 Formation of stress granules depends 
on the type of stress insult and has been cat-
egorized into several reversible stages (An-
derson and Kedersha, 2002; 2008, compare 
Figure 1). In brief, stress granule formation 
begins with stalled translation initiation as 
transcripts are converted into 48S mRNPs 
and their ribosomes dissociate (Kedersha et 
al., 1999). The next stage is a primary ag-
gregation, which can be initiated by numer-
ous proteins, including the prion-like proteins 
TIA-1 and TIAR, and they always nucleate 
around non-polysomal 48S mRNPs (Dang 
et al., 2006). Other important stress granule 
nucleators are TTP and BRF1, which bind 
AU-rich sequence in the 3’UTR of mRNAs, 
therefore promoting ARE-mediated decay 
(Sanduja et al., 2010). Nucleation then trig-
gers recruitment of eIF3, eIF4F, PABP-1 and 
small ribosomal subunits, which is followed 
by protein-protein interaction-driven aggre-
gation into microscopically visible stress 
granules (Anderson and Kedersha, 2008). In 
the next step, specific stress induced factors 
might co-localize to stress granules, which 
lack mRNA binding ability, but modify the ac-
tivity of translational suppressors. This has 
been shown for various examples, including 
the steroid receptor coactivator-3 (SRC-3), 
which inhibits cytokine translation during im-
mune response, by recruiting TIA-1 and TIAR 
to stress granules (Yu et al., 2007). Also, the 
mRNA endonuclease PMR1 associates with 
and might modify TIA-1 to regulate mRNA 
localization to stress granules (Yang et al., 
2006). 
 The final step involves an intricate 
sorting system for mRNPs, which can rap-
idly shuttle in and out of stress granules, as 
shown for the examples of FRAP assays on 
GFP tagged TIA-1 or PABP (Kedersha et 

al., 2000). Transcripts can be reinitiated and 
associated with polysomes for translation, 
stored or redirected to P-bodies for storage 
or final degradation (Anderson and Keder-
sha, 2006; Kedersha and Anderson, 2002; 
Kedersha et al., 2005, compare Figure 1). 
Curiously, TTP and BRF1 can be actively 
sorted into stress granules by phosphoryla-
tion through MAKAP kinase-2 (MK-2) and 
their overexpression stabilizes interaction be-
tween P-bodies and stress granules (Keder-
sha et al., 2005; Stoecklin et al., 2004). These 
and other results promote the view that some 
mRNPs might transit through stress granules 
before being localized to P-bodies and that 
those two structures are interlinked in cellular 
stress response management (Anderson and 
Kedersha, 2008; Kedersha et al., 2005).

Stress granules might directly 
regulate various stress 
responses
 The function of stress granules is not 
clearly resolved. There seems no doubt that 
they promote translational repression, since 
their appearance correlates with decreased 
global protein synthesis. On the other hand, 
they are not required to suppress translation, 
as shown in numerous studies. In yeast, mu-
tant strains lacking stress granules, transla-
tion is fully suppressed upon glucose depri-
vation, and in HeLa cells, suppression of 
translation initiation factors, such as eIF4E 
and eIF4G does not induce stress granule 
formation (Anderson and Kedersha, 2009; 
Buchan et al., 2008; Mokas et al., 2009). 
Also, they are not necessary to maintain sta-
bility of mRNAs upon stress insult (Buchan 
et al., 2008). Similar as it was suggested 
for P-bodies, stress granules might be sites 
that concentrate translation initiation factors 
and mRNAs locally, to trigger translation of 
specific proteins that form during stress re-
sponse. Although direct evidence for this hy-
pothesis is missing, some evidence exists 
that the appearance and disappearance of 
various cytoplasmic protein foci in yeast is 
directly controlled by the availability of specif-
ic metabolites (Narayanaswamy et al., 2009; 
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O'Connell et al., 2012).
 An intriguing hypothesis that stress 
granules might repress translation during 
stress, is supported by findings related to 
heat shock response: while most mRNAs 
during heat stress target to stress granules, 
mRNAs for HSP70 and HSP90 are excluded 
and are kept in translational cycles (Ander-
son and Kedersha, 2002; Stöhr et al., 2006). 
Moreover, in mouse embryonic fibroblasts, 
the prion-like domain of TIA-1 sequesters 
HSP27, HSP40 and induces HSP70, which 
acts as a feedback regulator of prion-like 
structures (Gilks et al., 2004). HSP72, the 
majorly induced factor upon heat shock re-
sponse in human cell lines, disassembles 
stress granules that form upon prolonged 
inhibition of the ubiquitin-dependent protea-
some system (UPS) and promotes re-initial-
ization of translation (Mazroui et al., 2007). 
The factors eIF4E and its transporter local-
ize to P-bodies and form heat-induced stress 
granules in HeLa cells, which mainly assem-
ble at the nuclear envelope (ANDREI et al., 
2005; Suzuki et al., 2009). Treatment with 
HSP90 inhibitors geldanamycin and radici-
col prevents P-body formation and lowers in-
duction of those stress granules during heat 
stress (Matsumoto et al., 2011). Together, 
these results point to a co-function of stress 
granules and HSPs in maintaining translation 
processes during heat stress. 
 The fact that the translation initiation 
factor eIF4E (IFE-2 in C. elegans) localizes 
to both P-bodies and stress granules and that 
both structures interact and form upon stress 
accumulation make them intriguing targets 
of investigation for a possible involvement 
in regulation of stress response and ageing 
processes.

Neuronal Granules: Regulating 
local protein synthesis
 The neuronal system is shaped and 
altered by sensory input, may it be the mam-
malian brain, in which trillions of synapses in-
terconnect billions of nerve cells, or in the sim-
ple neuronal network of C. elegans, in which 
302 neurons connect and communicate. It is 

the experience-dependent plasticity, which 
occurs at the level of dendrites and synapses 
that underlies the networks ability to adapt to 
environmental changes and store information 
(Hobert, 2003; Schratt, 2009). The molecular 
mechanisms underlying these changes are 
intricate gene expression programs that al-
ter synapse structure and function, and one 
major contributor is the local control of mRNA 
translation in dendritic spines (Fortin et al., 
2012).
 RNA compartmentalization and local 
protein synthesis has been extensively stud-
ied in the past, and defects in mRNP local-
ization have been linked to neurological dis-
orders, such as the fragile X syndrome, or 
muscle atrophy (Dahm et al., 2007; Zalfa et 
al., 2006). 
 Nevertheless, media for mRNP trans-
port in neurons are not well understood. As 
presented in the previous chapters, P-bodies 
and stress granules are localized areas of 
translational regulation, that employ various 
systems of mRNP degradation and stabiliza-
tion and could therefore account for possible 
sites for control of local protein synthesis in 
neurons (Zeitelhofer et al., 2008b). A crucial 
control mechanism for post-transcriptional 
regulation of gene expression is the miRNA 
machinery, which has been shown to localize 
to P-bodies (Erickson and Lykke-Andersen, 
2011). Various studies found numerous miR-
NAs to regulate synaptic plasticity in neurons 
(Edbauer et al., 2010; Impey et al., 2010; 
Kauppinen et al., 2009; Schratt, 2009; Schratt 
et al., 2006). For example, miRNA132 locally 
stimulates actin assembly, by inhibiting acti-
vator p250GAP and induces dendritic spine 
expansion, while miRNA138 inhibits a RhoA 
suppressor, which subsequently promotes 
actin depolymerization and spine collapse 
(Fortin et al., 2012). The miRNA134 co-lo-
calizes to granules with its target LimK1 to 
regulate actin filament dynamics and dendrit-
ic spine structure (Schratt et al., 2006). How 
could the miRNA machinery, and possibly 
other systems for translational repression 
reach their targets in neurons?
 Several studies show that mRNP 
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transport along axons is mediated by gran-
ules (Hirokawa, 2006; Kiebler and Bassell, 
2006): The first in vivo example is the hu-
man homologue of the Drosophila protein 
Staufen, a double-stranded RNA binding pro-
tein that shows dynamic movement when ec-
topically in hippocampal neurons (Köhrmann 
et al., 1999). Such transport granules lack 
translation initiation factors such as eIF4E 
and eIF4G and might suppress local protein 
synthesis in neurons (Krichevsky and Kosik, 
2001).  Injected tagged mRNA is transported 
in granules via the cytoskeleton in neurites 
of hippocampal neurons (Shan et al., 2003). 
Granule mediated transport of survival motor 
neuron protein 1 (SMN1), which is involved 
in spinal muscular atrophy, follows a similar 
mRNP transport system (Zhang et al., 2003). 
The zipcode-binding protein 1 (ZBP1) trans-
ports β-actin mRNA into developing neurites 
and suppresses its translation during trans-
port, by employing mRNP transport particles 
(Dahm et al., 2007; Hüttelmaier et al., 2005). 
 More concrete evidence for the rela-
tionship between those neuronal transport 
granules and P-bodies comes from studies 
of cultured Drosophila neurons: Staufen-con-
taining mRNP granules show co-localization 
with factors for the miRNA machinery (Xrn1), 
NMD (Upf1) and general mRNA turnover 
(Dcp1, Dcp2, Dhh1, Xrn1, Scd6 and Tra1). 
Those granules seem to interact with Dro-
sophila FMRP, homologue of FMT1 in hu-
mans, which is involved in fragile X syndrome 
and negatively regulates dendritic growth. 
Therewith, P-bodies and neuronal granules 
might interact in transport of mRNPs and 
co-regulate dendritic development (Barbee 
et al., 2006). Similar findings come from 
studies in rat hippocampal neurons, in which 
P-body factors Xrn1, GW182, Dcp1 and 
specific mRNAs co-localize with ZBP1 and 
FMRP and move along axons (Cougot et 
al., 2008). Indeed, more detailed analysis of 
these processes in Drosophila neurons show 
that neuronal transport granules and P-bod-
ies do not co-localize, but interact by dock-
ing, similar to processes observed between 
P-bodies and stress granules. When synaps-

es are stimulated, P-bodies at dendrites dis-
assemble, indicating that upon synapse acti-
vation, P-body aggregated mRNAs might be 
translated (Kedersha et al., 2005; Zeitelhofer 
et al., 2008a; 2008b). The neurotransmitter 
zinc seems to be involved in local protein 
synthesis in synapses: upon stimulation, zinc 
is released from neurotransmitters, causes 
disruption of polysomes and aggregation 
of Dcp1 protein in RNA-dependent manner 
(Blumenthal et al., 2009).
 The docking events between neuronal 
transport granules and P-bodies observed in 
neurons and their disappearance upon neu-
ronal stimulation raise the speculation of an 
active role of mRNP granules in the regula-
tion of local protein synthesis at synapses. 
Little more is known about P-body functions 
in neurons and the effects of their abrogation 
on neuronal cells or networks are unknown.

P granules: Control of oogene-
sis and embryogenesis
 The model organism C. elegans has 
been extensively employed to study germ-
line-specific granules, termed Germ gran-
ules or P granules, which are non–mem-
brane-bound, ribonucleoprotein (RNP) 
organelles. P granules are of largely un-
known function and found in oocytes and 
early embryos in a wide variety of organisms. 
The term germ granule is synonymous with 
perinuclear structures in mouse and human 
germ cells. The general presence of germ 
granules across species and the fact that 
depletion of P granule specific factors is as-
sociated with germ line defects suggests 
that germ granules are key determinants of 
the identity and special properties of germ 
cells. P granules consist of a heterogeneous 
mixture of mRNAs and proteins. Most of the 
known germ granule proteins, and present-
ly all of the known P granule components in 
C. elegans, are associated with mRNA me-
tabolism, which involves germ granules in 
posttranscriptional regulation. Their possible 
functions have been extensively studied and 
reviewed, although many related processes 
remain mysterious (Rajyaguru and Parker, 
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2009; Updike and Strome, 2010; Voronina et 
al., 2011).  
 The localization of P granules during 
C. elegans oocyte development has been 
characterized in great detail (Figure 2): Oo-
genesis proceeds in a syncytium (cells that 
contain multiple nuclei in a shared cyto-
plasm), with a mitotic zone near the distal tip 
producing nuclei. In the early stages of mei-
osis those produce mRNA, which associate 
with P granules functioning as principal sites 
of export and sorting of mRNAs to suitable 
regulatory molecules. When oocytes form 
around nuclei, P granules that contain mater-
nal mRNA dissociate from the nucleus and 
are seen uniformly throughout the cytoplasm 
of the forming oocyte (Sheth et al., 2010; 
Strome and Wood, 1982). Upon fertilization 
by stored sperm produced early in develop-
ment, P granules relocate to the posterior 
pole of the embryo, and are segregated at 
the first cell division into the posterior daugh-
ter cell, called P1. This process repeats 
during the next three cell divisions, resulting 
in the asymmetric localization of P granules 

sequentially into the embryonic blastomeres 
called P2, P3 and P4. In following embryon-
ic and postembryonic development, the de-
scendants of the P4 blastomere divide sym-
metrically with all cells inheriting P granules; 
these descendants produce only germ cells 
(Rajyaguru and Parker, 2009; Strome and 
Wood, 1982). P granule segregation does not 
require spindle or cytoplasmic microtubules 
but depends on cytoskeletal functions and 
microfilaments (Strome and Wood, 1983). 
 Various factors are known to comprise 
P granules and structure, size and composi-
tion is changing during oocyte development 
and early embryogenesis. P granules contain 
a large number of mRNA in low level (Schisa 
et al., 2001). Some of those mRNAs encode 
for central determinants relevant in primor-
dial germ cell development and embryonic 
patterning, including the Drosophila nanos 
homologous structures nos-1 and nos-2 (Sub-
ramaniam and Seydoux, 1999).  P granules 
are composed of proteins essential to estab-
lish cellular asymmetries and embryonic po-
larity, such as the PAR proteins (Boyd et al., 

Figure 2: C. elegans oogenesis and early embryogenesis along with mRNP granules and their major com-
ponents. Oogenesis in C. elegans occurs in a syncytium and gametes develop into mature oocytes as they pass 
through the different displayed stages. Oocytes are fertilized by sperm produced at earlier stage in development. 
Various mRNP granules are formed during oogenesis and early embryogenesis. This figure has been modified 
from Rajyaguru and Parker, 2009.
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1996). They contain various repressors for 
mRNA transcription including the CCCH-fin-
ger protein PIE-1, which is produced mater-
nally during oogenesis and acts in a concen-
tration-dependent manner in each germline 
blastomere (Tenenhaus et al., 1998). PIE-1 
suppresses transcription, possibly by inhibit-
ing RNA polymerase II via presently uniden-
tified factors (Ghosh and Seydoux, 2008). 
The function of PIE-1 is controlled by the P 
granule factor MEX-1 (two “finger” domain, 
similar to PIE-1), which restricts PIE-1 ex-
pression and activity to germline blastomeres 
during early embryogenesis (Guedes and 
Priess, 1997). MEX-1 also controls proper 
localization and activity of the maternally pro-
vided transcription factor SKN-1 and subse-
quently determines early cell fate (Schnabel 
et al., 1996). The P Granule factor MEX-3 (a 
presumptive RNA binding protein) apparently 
acts independently of the MEX-1 and SKN-
1/PIE-1 regulated blastomere specification 
(Draper et al., 1996).
 Germline proliferation and fertility is 
further dependent on the P granule compo-
nent PGL-1 (P-granule abnormality-1), which 
is a RNA-binding protein and might be im-
portant for transport of maternal mRNAs from 
the nucleus into P granules (Kawasaki et al., 
1998; Schisa et al., 2001). PGL-1 is required 
for RNAi functionality in the C. elegans germ-
line (Robert, 2005). The Vasa family proteins 
GLH-1 and -4 (multiple zinc finger containing 
structures) mediate PGL-1 recruitment to P 
granules, but loss of this function does not 
interrupt RNAi deficiency. This indicates that 
proper P granule integrity is not required, but 
rather that specific P body factors differential-
ly regulate germline-specific RNAi function-
ality (Spike et al., 2008b). Also, the PGL-1 
assembly into P granules requires DEPS-1 
(defective P granules and sterile-1). This fac-
tor is germ cell specific and promotes expres-
sion of RDE-4 (RNAi defective-4), essential 
for RNAi functionality (Spike et al., 2008a). 
Together these results underline an essential 
role for RNAi in the regulation of mRNAs lo-
calized to P granules and in the proper func-
tion of the germline.

 The P granule factors OMA-1 and 
OMA-2 (2 CCCH fingers) are involved in the 
final step of meiotic cell cycle control in oocyte 
maturation (Shimada and Kawahara, 2002). 
The DEAD box RNA helicase VBH-1 (Vasa 
and Belle like helicase-1) and, like the close-
ly related Drosophila Vasa and Belle, regu-
lates embryogenesis, gamete function and 
prevents an early sperm/oocyte switch in the 
hermaphrodite gonad (Salinas et al., 2007). 
The abundance of mRNAs in the Ras-MAPK 
pathway that controls multiple steps during 
oogenesis is regulated by the RNA binding 
factor LARP-1 (La related protein-1), which 
localizes to P-granules, a step possibly criti-
cal for degradation of specific mRNAs during 
oocyte development (Nykamp et al., 2009). 
The central decapping enzyme DCAP-2 is 
also found in P granules during development, 
indicating that mRNA turnover happens in this 
type of mRNP aggregates (Lall et al., 2005). 
Another P granule associated function is the 
control of 21U-RNAs, which share structural 
similarities with piRNAs. Those small RNAs 
are involved in epigenetic control and highly 
regulated by the well-conserved Argonaute/
Piwi family of proteins, which are known to 
play important roles in spermatogenesis and 
the germ line. The Piwi-like protein PRG-1 
(Piwi related gene-1) and 21U-RNAs co-reg-
ulate proper expression of spermatogenesis 
specific transcripts in C. elegans (Wang and 
Reinke, 2008).
 A possibly distinct type of germ-
line specific particles is defined by CGH-1 
(conserved germline helicase-1), ortholog 
of  yeast Dhh1, which might relate those 
structures closer to P bodies (Navarro and 
Blackwell, 2005). CGH-1 appears to have 
differential roles, but is consistently present 
during oogenesis and early embryogenesis 
(compare Figure 2). In early germ cells some 
mRNAs are flowing from the nuclei through 
P granules into the commonly shared cyto-
plasm. Some mRNAs are protected though 
accumulation into CGH-1 specific ”storage 
bodies”. The CGH-1 granules contain CAR-
1 (cytokinesis apoptosis RNA associated-1) 
and DCAP-2 (“grP body”) to form RNP com-
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plexes that are critical for oogenesis by 
controlling germ cell apoptosis (Boag et al., 
2005). The factor CAR-1 (Rap55 in humans, 
Trailerhitch in Drosophila) supposedly differ-
entially regulates the diverse translation pat-
terns in the C. elegans gonad. CAR-1 also 
controls GLP-1, the Notch receptor in C. ele-
gans, and possibly other mRNAs. During oo-
cyte formation CGH-1 granules undergo fur-
ther changes, discriminating their functions 
in mRNA suppression, which includes more 
distinct recruitment of DCAP-2 (“dcP body”) 
(Noble et al., 2008; Squirrell et al., 2005). 
 CGH-1 associates with GLD-1 (germ 
line deficient-1) which suppresses mRNAs 
between early and late oogenesis (Jones et 
al., 1996). Together they repress mRNAs in 
the oocyte to embryo transition and thereby 
act protective against precocious translation 
(Scheckel et al., 2012). After oocytes become 
cellularized and fertilized by the spermathe-
ca, transcription ceases during diakenesis 
and maternal mRNAs are translated. At four 
cell stage embryonic transcription becomes 
activated and CGH-1 associates with PATR-
1/PAB-1 (PABP) and other P-body and stress 
granule specific factors (“germline P body”), 
responsible for mRNA degradation (Boag et 
al., 2008). The two factors MEG-1 and MEG-
2 (maternal effect germ-cell defective) are 
specific for localization to P granules only in 
the germline blastomeres of early embryos. 
Through interaction with P granule factors 
MES-1 (maternal effect sterile-1), PGL-1 and 
GLH-1 they establish proper germ cell fate 
in larval and adult nematodes (Leacock and 
Reinke, 2008). 
 Intriguingly, in aged C. elegans her-
maphrodites sperm cells are depleted, hence 
ovulation arrests and oocytes accumulate 
in the gonad. Arrested oocytes form RNP 
granules that contain classical markers for 
P granules, including MEX-3 but intensely 
co-localize with DCAP-2, CGH-1 and DCAP-
2, and remarkably with stress granule report-
ers PAB-1 and TIA-1 upon various environ-
mental stress cues (Jud et al., 2008). The 
same is observed in animals in which sperm 
cells are genetically depleted, as achieved 

in feminized mutants (Schedl, 1988). Once 
those oocytes are being fertilized in delay, 
those stress-induced “enlarged” storage bod-
ies disassociate, which depends on the major 
sperm protein (MSP) and embryos may de-
velop normally. These results indicate that P 
granules can recruit P-body and stress gran-
ule factors for mRNP protection during devel-
opmental stress (Jud et al., 2008).
 Nevertheless, P-bodies and germ 
granules seem to become entirely distinct 
structures during early embryogenesis since 
their core components and dynamics start 
to differ. While P granules in the progenitor 
germline retain CGH-1, DCAP-2 and PAB-1, 
activators of decapping and deadenylation 
become recruited in somatic cells, which in-
cludes DCAP-1, LSM-1, LSM-3 and CCF-1 
(Gallo and Riddle, 2010; Lall et al., 2005). 
Apparently, CAR-1 and DCAP-1 containing 
P bodies co-regulate the late stage of early 
cell divisions in development by degrading 
mRNAs critical for exit points of cytokinesis 
(Squirrell et al., 2005).

Post-embryonic roles of mRNP 
granules in C. elegans 
 Some work on P-body specific path-
ways has contributed to the understanding of 
miRNAs pathways in C. elegans. This evo-
lutionarily conserved class of approximately 
21 nucleotide RNAs regulates gene expres-
sion at the posttranscriptional level. After be-
ing transcribed and processed, mature miR-
NAs are incorporated into the RNA-induced 
silencing complex (RISC) to target mRNAs 
based on sequence complementation in the 
3’ untranslated regions (UTRs). This process 
regulates numerous cellular processes and 
has been studied and reviewed extensively 
(Krol et al., 2010). 
 The developmental timing regulator 
AIN-1 (ALG-1 interacting protein-1) has been 
shown to regulate the miRNA pathway in 
nematodes and recruits the argonaute pro-
tein ALG-1 and ALG-2 (argonaute-like gene) 
to P bodies, to which most components of 
the miRNA silencing complex (miRISC) local-
ize. AIN-1 and its equivalent and redundant 



23

interacting partner AIN-2 are considered the 
human GW182 counterpart in C. elegans 
(Ding et al., 2005; Zhang et al., 2007). To-
gether they employ some 100 miRNAs to 
regulate up to 3500 potential targets in the 
nematode, many of them involved in cell fate 
specification during post-embryonic develop-
ment (Zhang et al., 2007). C. elegans AIN-
1 employs the poly(A)-binding factor PAB-1 
(human PABPC1), similarly to human miRNA 
mediated degradation pathways, despite very 
low conserved sequence similarity between 
AIN-1 and human GW182 (Kuzuoglu-Öztürk 
et al., 2012). The cofactor of miRISC in the 
worm NHL-2 forms a complex with CGH-1 
and modulates efficacy of miRNA target in-
teraction (Hammell et al., 2009). Degradation 
of miRNA targeted mRNA is mediated by the 
exonuclease XRN-1 and XRN-2 (Chatterjee 
and Grosshans, 2009). Recent discoveries 
revealed that DCS-1 (also known as DcpS in 
C. elegans), a decapping scavenger, recruits 
XRN-1 for miRNA mediated mRNA turnover 
(Bossé et al., 2013). 
 Little else is known about possible 
P-body specific functions in post-embryon-
ic development of C. elegans. A systematic 
RNAi screen for P-body and stress granule 
formation in adult animals has been per-
formed and 224 genes were identified to in-
crease P-body formation. 83 of those genes 
are related to nonsense mediated mRNA de-
cay (NMD), RNAi and miRNA pathways, but 
a large number of genes is involved in trans-
lational mechanisms, or mechanisms seem-
ingly unrelated to mRNA decay (Sun et al., 
2011).

Nuclear communication with 
cytoplasmic granules via eIF4E
 Nuclear pre-mRNAs are packaged 
into heterogeneous nuclear ribonucleopro-
tein particles (hnRNPs), and they accompany 
the mRNA from transcription through splicing 
events, polyadenylation and final association 
with nuclear export mRNPs (Müller-McNi-
coll and Neugebauer, 2013; Oeffinger and 
Zenklusen, 2012). Export of long transcripts 
is mediated by the nuclear export factor 1 

(NFX1), while short transcripts associate with 
the choromosomal region maintenance pro-
tein 1 (CRM1), which is also the major export 
receptor for nuclear proteins (Natalizio and 
Wente, 2013). After passing the nuclear pore 
complex, some nascent mRNPs are evident-
ly directly sorted into cytoplasmic granules 
for further processing or storage (compare 
Figure 1).
 Many stress granule components are 
predominantly nuclear shuttling proteins. 
Export mediated by TIA-1 and TIAR locates 
mRNPs into stress granules (Kedersha et 
al., 1999). This process seems to be inde-
pendent of the bulk protein export machinery 
mediated by CRM1, but depends on one of 
the three contained RNA recognition motifs 
(RRMs) (Zhang et al., 2005). TIA-1 and TIAR 
localize to speckles in the nucleus and func-
tion in alternative mRNA splicing (Anderson 
and Kedersha, 2002). Through the RRMs, 
both factors can bind to ssDNA, drawing a 
possible connection between transcriptional 
control, shuttling and translational repres-
sion of mRNAs (Suswam et al., 2005). The 
RNA binding proteins HuA to HuD act in com-
petition to TIA-1 and TIAR in their neuronal 
function in alternative splicing, and are also 
known to aggregate mRNAs in stress gran-
ules (Gallouzi et al., 2000; Zhu et al., 2006). 
The steroid receptor coactivator 3 (SRC3) is 
an oncogene and primary transcriptional co-
activator for the estrogen receptor. While its 
phosphorylated form acts in the nucleus, its 
cytoplasmic localization co-aggregates with 
TIA-1 and TIAR in stress granules to regulate 
cytokine mRNA translation (Li et al., 2007; Yu 
et al., 2007). 
 Another prominent and for our study 
intriguing factor that shuttles between nucle-
us and P bodies/stress granules is eIF4E, 
which acts as mRNA transport protein and 
oncogene that localizes to stress granules 
and P-bodies (Buchan and Parker, 2009; 
Culjkovic et al., 2007). Much focus has been 
given on its role in global protein synthesis 
and its down-regulation confers longevity, a 
mechanism conserved across species (Syn-
tichaki et al., 2007; Tavernarakis, 2008). An-
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other field of study for the function of eIF4E is 
the role in mRNA transport. The import to the 
nucleus of eIF4E is mediated by importin and 
4E-T (eIF4E-Transporter) and retained in the 
nucleus by activity of 4E-BP1 (eIF4E-bind-
ing protein 1) (Dostie et al., 1999; Rong et 
al., 2008). eIF4E binds a specific set of mR-
NAs in the nucleus, by recognizing a defined 
USER code located in the mRNA 3’UTR. 
This 50-nucleotide sequence has been de-
fined as 4E-SE and contains a special and 
conserved folding. Exported transcripts in-
clude such important targets as Cyclin D1 
and proteins involved in export are CRM-1, 
TAP and LRPPRC (Culjkovic et al., 2006; To-
pisirovic et al., 2009). The function of eIF4E 
in export of mRNA and translation initiation 
is independent of each other; hence it can 
be blocked by different chemicals at differ-
ent levels, including Ribavirin, Leptomycin B 
and Rapamycin (Assouline et al., 2009; Bor-
den, 2011; Culjkovic et al., 2006).  The factor 
eIF4E is an oncogene and strongly elevated 
in acute myeloid leukemia (AML) and other 
cancer types and well investigated as such 
(Culjkovic et al., 2007; Hariri et al., 2013). It 
has been shown to interact with the nuclear 
core complex to shuttle mRNAs and its levels 
are strongly elevated and retained mainly nu-
clear in AML (Culjkovic-Kraljacic et al., 2012).
 Little is known about the role of eIF4E 
in transport of mRNAs to storage and decay 
sites as P-bodies and stress granules (Bu-
chan and Parker, 2009). Several targets of 
translation initiation are known to cycle in and 
out of P-bodies and an exchange of mRNPs 
including eIF4E happens between P-bodies 
and stress granules (Brengues and Parker, 
2007; Hoyle et al., 2007). It has been shown 
that specific mRNAs are directly transported 
via eIF4E and 4E-T to P-bodies (Andrei et 
al., 2005). 4E-T also controls mRNA stability, 
since its depletion leads to increased mRNA 
stability and interaction with eIF4E represses 

translation, a process that seems to be medi-
ated through P-bodies (Ferraiuolo, 2005). 
 As mentioned earlier, perinuclear P 
granules are principal sites of mRNP export 
and accumulation in adult C. elegans germ 
cells, since they associate with clusters of 
nuclear pore complexes and (Sheth et al., 
2010). Most intriguingly, recent findings also 
involve the eIF4E-T homologue IFET-1, in 
germ cell sex determination and normal P 
granule formation. Although details of its pro-
posed activity there are still unknown, IFET-1 
might repress cap-dependent translation ini-
tiation (Sengupta et al., 2013).
 Some examples exist for targeted lo-
calization of cytoplasmic granule components 
to the nucleus. The Fas-activated serine/
threonine phosphoprotein (FAST) is a factor 
tethered to the outer mitochochondrial mem-
brane, which moves to stress granules upon 
stress insult. FAST also co-localizes with TIA-
1 in nuclear speckles and promotes splicing 
of various factors, a function seemingly inde-
pendent of TIA-1 and its metabolic function 
in the cytoplasm (Li et al., 2004; Simarro et 
al., 2007). In breast cells, the stress granule 
factor p90 ribosomal S6 kinase (RSK2) di-
rectly interacts with TIA-1 in stress granules 
and is essential for stress resistance upon 
serum-starvation. Curiously, upon mitogen 
treatment, RSK2 shuttles to the nucleus and 
co-regulates cyclin D1 mRNA transcription, 
again with TIA-1 (Eisinger-Mathason et al., 
2008). Also, upon deletion of P-body proteins 
Edc3 and Lsm4 in yeast, Dcp2 localizes to 
the nucleus, and upon heat shock, various 
stress granule factors enrich in the nuclear 
region. 
 Together these studies indicate a pos-
sible role for stress granules and P-bodies in 
remodeling, storage, and decay of exported 
mRNAs, and further point to a coupling of cy-
toplasmic and nuclear gene expression con-
trol mechanisms.
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Strains and transgenic lines
We followed standard procedures for main-
tenance of C. elegans strains and trans-
genic lines (Brenner, 1974). Animals were 
grown at 20°C unless noted otherwise. The 
following strains were used for this study: 
N2: Wild type Bristol isolate, RB1311: edc-
3(ok1427)I, RB1641: dcap-2(ok2023)IV, 
KX15: ife-2(ok306)X, CB1370: daf-2(e1370)
III, CB4876: clk-1(e2519)III, DA465: eat-
2(ad465)II, CW152: gas-1(fc21)X, TK22: 
mev-1(kn1)III. For OPT and SPIM imaging 
we used: Is[pmec-4GFP], expressing GFP in 
the six mechanosensory neurons; N2;E[myo-

2GFP], expressing GFP in the pharynx.
 To image DAF-16 transcription fac-
tor target activation we used: CF1553: 
muIs84[pAD7(psod-3GFP)] and CF1580: 
daf-2(e1370)III;muIs84. To image SKN-
1 target activation we applied: CL2166: 
dvIs19[pAF15(gst-4::GFP::NLS)] and 
ife-2(ok306);dvIs19. To image in vivo H2O2 
enrichment we used JRIS1: [prpl-17HyPer; 
UNC-119(+)]. To study the possible inter-
actions of ageing pathways we created the 
cross edc-3(ok1427)III;ife-2(ok306)X.
 Overexpression lines for this study 
were created as extrachromosomal arrays 
through microinjection. To study P body or 
stress granule localization and co-local-
ization we established: N2;Ex[pedc-3EDC-
3::dsRED;pRF4], N2;Ex[pife-2IFE-2::GF-
P;pRF4] (Syntichaki and Tavernarakis, 
2007), N2;Ex[pdcap-1DCAP-1::dsRED;pRF4], 
N 2 ; E x [ p l s m - 3L S M - 3 : : d s R E D ; p R F 4 ] , 
N 2 ; E x [ p e d c - 3E D C - 3 : : d s R E D ; p i f e - 2I F E -
2::GFP;pRF4],  edc-3(ok1427);Ex[pd-

cap-1DCAP-1::dsRED;pife-2IFE-2::GFP;pRF4], 
which was outcrossed with N2 to create 
N2;Ex[pdcap-1DCAP-1::dsRED;pife-2IFE-2::G-
FP;pRF4]. To monitor neuron specific fluo-
rescence and co-localization with P bodies 
we created: N2;Ex[pedc-3EDC-3::dsRED;punc-

119GFP;pRF4], edc-3(ok1427);Ex[punc-119GF-
P;pRF4], which was outcrossed with N2 to 

create N2;Ex[punc-119GFP;pRF4]. To study 
the effects of EDC-3 overexpression in 
ageing we created edc-3(ok1427);Ex-
[pedc-3EDC-3+3’UTR;pRF4] and N2;Ex[pedc-

3EDC-3+3’UTR;pRF4]. To examine the 
neuron-specific role of EDC-3 in ageing we 
established edc-3(ok1427);Ex[punc-119EDC-
3+3’UTR;pRF4] and N2;Ex[punc-119EDC-
3+3’UTR;pRF4].

Molecular cloning
To investigate localization of P body specif-
ic genes we firstly constructed a DsRED re-
porter. We excised GFP from the construct 
pPD95.77 by using the restriction sites AgeI/
EcoRI and inserted the same cut DsRED from 
pcol-12DsRED (Wong et al., 2007), there-
by creating pPD95.77(dsRED). The P body 
specific gene lsm-3 is located in C. elegans 
operon CEOP4548. To construct plsm-3LSM-
3::dsRED we designed two primer pairs to 
individually amplify the gene and endoge-
nous promoter from genomic DNA: 5’-GAT-
TCTAGAGTGCACCAAGCTCTCAAC-3’ 
and 5’-GATACCGGTCTTTCTTCTCAATCT-
GCTTG-3’ for the promoter region covering 
880bp upstream of the first gene mdt-9 in 
the operon and 5’-GATACCGGTATGGC-
CACCGAAAAGAAAG-3’ and 5’-GATACCG-
GTAGGGATGCACGAATCGGTG-3’ for the 
566bp full sequence of lsm-3. Both resulting 
fragments were subcloned into pCRII-TOPO 
vector (Invitrogen). The lsm-3 promoter was 
excised as AgeI/XbaI fragment and inserted 
into pPD95.77(dsRED) after which the gene 
was cloned by excision with AgeI between 
promoter and dsRED sequence. The result-
ing construct was injected into gonads of wild 
type animals together with transformation 
marker pRF4 (contains rol-6(su1006)). The 
P body reporter pdcap-1DCAP-1::dsRED was 
created from a pBluescript II KS+ contain-
ing the whole dcap-1 gene and promoter by 
amplification with 5’-GTAATACGACTCAC-
TATAGGGC-3’ and 5’-GGACCGGTCCATC-

Materials and Methods
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GATATTTAGACGCCGATTG-3’. The result-
ing 2300bp fragment was digested AgeI/XbaI 
and inserted into pPD95.77(dsRED). The fi-
nal construct was co-injected with pRF4 into 
gonads of wild type animals. 
 To generate the construct pedc-

3EDC-3::DsRED we used the AgeI-flanked 
primer pair 5’-ATGGATGACAAACT-
CATTGGAAGC-3’ and 5’-ACCGGTC-
CATTGGA-TTGTGAAAGTCTGACAAG-3’ 
to amplify the sequence of the gene edc-3, 
which is located in operon CAOP1484 of the 
C. elegans genome, and subcloned it into 
TOPO-pCRII. In parallel we amplified the pu-
tative promoter region upstream of the first 
gene in the operon ran-4, using the primers 
5’- TTCTTCTAAGGCCGATTTCACAAC-3’ 
and 5’-CGACAAATTGGGAAAAA-TA-
ATTG-3’ and creating a 1429 bp fragment, 
which we placed into TOPO-pCRII. From 
here we excised the fragment with BamHI/
XbaI and placed it into pPD95.77(dsRED). 
To add the edc-3 gene sequence we opened 
TOPO-pCRII with ApaI, created a blunt end 
(Klenow, NEB) and cut with AgeI. The re-
sulting 2550bp fragment was inserted into 
pPD95.77(dsRED) between putative pro-
moter and dsRED. The construct was inject-
ed along with pRF4 into gonads of wild-type 
animals. To study the neuronspecific role of 
EDC-3 in ageing and expression we created 
the panneuronal localization construct punc-

119GFP. We used the primer pair 5’-CTCT-
CAAAATTCAGTTTTTTAAACCAC-3’ and 
5’-ATATGCTGTTGTAGCTGAAAATTTTG-3’ 
to amplify 1990bp upstream of unc-119 gene 
and subcloned the resulting fragment into 
TOPO-pCRII. From there we excised the 
unc-119 promoter through AgeI/XbaI restric-
tion and inserted it into pPD95.75. The result-
ing construct was injected together with pRF4 
into gonads of edc-3(ok1427) mutant worms 
and outcrossed with wild type to study gener-
al expression levels upon loss of decapping. 
We further co-injected the construct with pedc-

3EDC-3::dsRED and pRF4 into gonads of wild 
type animals to study co-localization of EDC-
3 with the neuronal system. For stress gran-
ule and P-body co-localization studies we 

used the contruct pife-2IFE-2::GFP and co-in-
jected it with either pdcap-1DCAP-1::dsRED or 
pedc-3EDC-3::dsRED and the transformation 
marker pRF4 into edc-3(ok1427) mutant 
worms or wild type, respectively. To study 
EDC-3 global and neuronal overexpression 
in ageing we constructed pedc-3EDC-3+3’UTR 
and punc-119EDC-3+3’UTR. For expression un-
der its endogenous promoter we used TO-
PO-pCRII containing edc-3 promoter and 
EDC-3::dsRED and excised EDC-3::dsRED 
through flanking NotI restriction sites. The 
edc-3 gene including its 3’UTR were ampli-
fied from genomic DNA with the primer pair 
5’-AGAGCGGCCGCCGGTGCTAAAAG-
TAGACGTGGTTG-3’ and 5’-AGAGCGGC-
CGCATGGATGACAAACTCATTGGAAGC-3’ 
containing NotI restriction sites. The result-
ing fragment was NotI digested and inserted 
downstream of either edc-3 promoter or unc-
119 promoter in TOPO-pCRII. The final plas-
mids were injected into gonads of wild type 
and edc-3(ok1427) mutant worms. 
 We generated several RNAi constructs 
for P body specific genes including edc-3, 
ccr-4, dcap-1, dcap-2, lsm-1, ain-1 and ife-2 
using genomic DNA as base of amplification 
in each case. The goal vector was pL4440 
and all constructs were transformed into the 
RNAse E deficient E. coli strain HT115(DE3). 
For edc-3 RNAi we amplified 1440bp with 
the primer pair 5’-CAGGAGAATGATGAC-
CAGTACTATG-3’ and 5’-GGAAAGTTGTA-
GAGAATGCGGTAG-3’, subcloned into TO-
PO-pCRII and excised with EcoRI to put the 
fragment into pL4440. For ccr-4 RNAi we 
used the primer pair 5’-GATTCTAGAGTG-
GGATTGAACACAGTAAAGC-3’ and 5’-GA-
TACCGGTCACCTCAGGAATGGTTGG-3’ 
and the resulting 2375bp fragment was di-
gested AgeI/XbaI to be cloned into the goal 
vector. For lsm-1 RNAi we generated 5’-CAT-
GGACTTGCCCGATCC-3’ and 5’-CAGAATA-
CAGATTCATGCATCGTG-3’ primers and 
placed the resulting 439bp fragment into 
pL4440 after AgeI/XbaI digest. For the dcap-
1 RNAi construct a 1000bp fragment was 
excised from pBluescript II Ks+ containing 
dcap-1 ORF with EcoRI/XhoI and cloned 
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it into pL4440. For dcap-2 RNAi the primer 
pair 5’-CACGAATTCCGAATACCCC-3’ and 
5’-CCGCTCGAGTAACGAGACCAAGTAC-
CG-3’ were used to generate a 800bp frag-
ment which was placed into pL4440 upon 
digest with XbaI/BamHI.  For ain-1 RNAi the 
construct pain-1AIN-1::GFP was digested Eco-
RI/XhoI and the resulting 866bp fragment 
was cloned into pL4440 (Ding et al., 2005). 
Preparation of the plasmid containing ife-2 
RNAi was described previously (Syntichaki 
and Tavernarakis, 2007). To study epistasis 
of hsf-1, skn-1 and daf-16 and longevity in de-
capping deficient mutants we created RNAi 
constructs for each of the transcription fac-
tors. For skn-1 RNAi we used the primer pair 
5’-TCAGTTCACCATCGTCCAACACCTC-3’ 
and 5’-TGTCGTGACGATCCGTGCGTC-3’, 
subcloned the resulting 4079bp fragment 
into TOPO-pCRII and excised it with EcoRI 
digestion to place it into pL4440. For daf-16 
RNAi a 1.2kb fragment resulted from amplifi-
cation with 5’-CACTGATCTTTCAAGCCG-3’ 
and 5’-CTTGTGCAAGAGTTAACCG-3’, 
which was subcloned into TOPO-pCRII and 
excised with HindIII/XhoI and placed into the 
goal vector.  The hsf-1 RNAi construct was 
generated by amplifying a 1000bp fragment 
through the primers 5’-ACACTGCAGATG-
CAGCCAACAGG-3’ and 5’-TGTCTCGAG-
GATCGTGGTCCTTC-3’, which was digested 
PstI/XhoI and cloned into pL4440. To study 
the involvement of mitochondrial stability in 
P-body formation we used a previously de-
scribed eat-3 RNAi construct (Artal-Sanz and 
Tavernarakis, 2009).

Lifespan assays
Lifespan analysis was performed at 20°C un-
less noted otherwise. Synchronous animal 
populations were generated by egg-laying 
experiments with 10 to 15 gravid adults per 
plate, which were removed after 5 hours. 
For RNAi lifespan experiments worms were 
placed on NGM plates containing 1mM IPTG 
and seeded with HT115(DE3) bacteria trans-
formed with either the pL4440 vector or the 
test RNAi construct. For assays evaluating 
the effect of hormesis in ageing, N-acetyl-cys-

teine (NAC, Invitrogen) was added into NGM 
media from a high concentration stock solu-
tion (500 mM). Progeny were grown through 
the L4 larval stage and then transferred to 
fresh plates in groups of 15-17 worms per 
plate for a total of 150–170 individuals per 
experiment. The day after egg laying and ini-
tiation of RNAi was used as t=0 (days from 
hatching). Animals were transferred to fresh 
plates every 2–3 days and examined every 
second day until death for movement, touch 
response and pharyngeal pumping. Worms 
that died due to internally hatched eggs, an 
extruded gonad or desiccation due to crawl-
ing on the edge of the plates, were incorpo-
rated into the data set as censored. Each sur-
vival assay was repeated at least twice and 
figures represent typical assays. We used 
the Prism software package (GraphPad Soft-
ware) to carry out statistical analysis of lifes-
pan assays, which includes the product-limit 
method of Kaplan and Meier and the log-rank 
(Mantel–Cox) test to evaluate differences be-
tween survivals and p values.

FRAP assays
To determine the role of mRNA degradation 
in protein synthesis rates we developed a 
novel FRAP assay that combines immobi-
lization of animals on agar pads for photo-
bleaching without anesthetics and monitoring 
of fluorescent recovery OP50 seeded plates. 
Transgenic animals carrying the appropriate 
fluorescent reporters were grown into the de-
sired age. For each bleaching procedure 4-5 
worms were transferred into a drop of M9 on 
freshly prepared 2% agarose pads. Immobili-
zation of animals occurred within 1-2min due 
to absorbance of M9 into the agar. Once im-
mobilization was complete, final positioning 
of worms was corrected by the use of a hair-
pin. The pad was placed under a 40x lens of 
a Zeiss epifluorescence microscope Axio Im-
ager Z2 without coverslide. After focusing and 
recording of a reference image, photobleach-
ing of the area of interest was performed for 
90 seconds at 30% luminescent power of 
the fluorescent illumination source (Fl illumi-
nation System X-Cite 120 XL FL PC, 120W 

http://www.graphpad.com/
http://www.graphpad.com/
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metal halogenide lamp) and fully opened iris. 
A reference image after photobleaching was 
recorded and worms were allowed to recover 
for 5min in a drop of M9 buffer. Worms were 
then transferred to individual NGM plates 
seeded with a drop of OP50 in the center and 
an image was taken under a 10x lens of the 
epifluorescent microscope, which counted as 
t=0 for the recovery after photobleaching. Im-
ages on plate were recorded every hour to 3 
hours thereafter for at least 6 hours. To assure 
that only healthy animals were scored for the 
assay, individual animals were carefully ob-
served for indications of damage such as lo-
comotion or egg-laying defects, and survival 
over the next 2-3 days. The recorded images 
were then processed by the imaging software 
package ImageJ and mean pixel intensity of 
the area of interest was determined for each 
time point and the reference images. Evalu-
ation of the data was performed in the Prism 
software package (GraphPad Software).

Time lapse recording
To monitor EDC-3 during time we mounted 
day 2 adult N2;Ex[pedc-3EDC-3::dsRED;punc-

119GFP;pRF4] transgenics on freshly made 
2% agarose pads and sealed them with a 
cover slip. Live imaging was performed with 
a Zeiss epifluorescence microscope Axio Im-
ager Z2 under a 25x lens. We focused on 
the neurons of interest and programmed a 
multi-fluorescent time-lapse. Movies consist-
ed of 25-30 images over a time span of about 
2min and were processed through the Zeiss 
software package (ZEN2011).

P-body and stress granule 
monitoring and quantification
Transgenic lines designed to measure 
P-body or stress granule formation in C. ele-
gans were grown on OP50 or RNAi of inter-
est into the desired age following the method 
of a lifespan assay. Individual animals were 
transferred into a drop of M9 buffer contain-
ing 10mM levamisol on a microscope slide 
and sealed with a cover slide. Imaging oc-
curred either at a Zeiss epifluorescence mi-
croscope Axio Imager Z2 under a 10x lens 

(EC Plan-Neofluar, numerical aperture 0.3) 
with focus on the anteroposterior center of 
each animal, recording at least 25 whole 
worms. Alternatively, animals were imaged 
under a 25x lens (LCI Plan-Neofluar, numer-
ical aperture 0.8, Immersion Corrected DIC) 
of a LSM710 Zeiss confocal microscope, Ax-
io-observer Z1 controlled by ZEN2011. Here, 
we focused on the head region and 10-15 sin-
gle plane images in 5μm steps of 10 worms 
were recorded and quantified individually or 
as the resulting maximum intensity projection 
image. To quantify P-body formation we used 
the software package ImageJ and measured 
either P-body intensity (mean pixel intensi-
ty) or P-body number (particle analysis with 
appropriate threshold assignment). We eval-
uated the data through the use of Prism soft-
ware package (GraphPad Software). To qual-
itatively monitor P-body and stress granules 
formation and co-localization we imaged in 4 
to 5 sections under the 25x lens at the Zeiss 
confocal microscope covering the full body 
length, recording 10-15 single planes in 3μm 
steps. Single planes or maximum intensity 
projections were thereafter assembled into a 
whole worm image using the software pack-
age Adobe Photoshop (CS5). For quantifica-
tion of co-localization we used ZEN2011.

Stress assays
We applied several stress assays to evaluate 
stress response of P-body and stress granule 
formation in transgenic lines. To evaluate the 
influence of heat stress we placed day 2 adult 
animals on prewarmed OP50 seeded plates 
and incubated them for 3 and 6 hours at 35°C 
followed by immediate monitoring. To exam-
ine the involvement of starvation we grew an-
imals under optimal conditions to day 2 adult 
stage, transferred them to empty NGM plates 
followed by monitoring 24 hours thereafter. 
To examine effects of hypoxia condition on 
P-body and stress granule formation we used 
a hypoxic chamber and applied low oxygen 
concentration following previously described 
methodology (Troulinaki and Tavernarakis, 
2011). Day 2 adults were exposed to low 
oxygen conditions (<0.5%) at 25°C for 6h. 

http://www.graphpad.com/
http://microscopy.zeiss.com/microscopy/en_de/downloads/zen.html
http://rsbweb.nih.gov/ij/
http://www.graphpad.com/
http://www.adobe.com
http://microscopy.zeiss.com/microscopy/en_de/downloads/zen.html
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Animals were immediately imaged thereaf-
ter. Immediate response to strong oxidative 
insults was tested by incubation of worms for 
30min in 20mM sodium azide (NaN3, Sigma) 
or 100mM paraquat (PQ, Sigma) set up in M9 
solution, followed by monitoring. To monitor 
slow response effects of oxidative stress we 
grew worms into day 2 or day 7 adults. We 
then transferred worms to plates with freshly 
applied drugs NaN3 (150μM) or PQ (5mM). 
These concentrations assured a several day 
lasting response before death would occur 
and animals were imaged at day 2 after ex-
posure. Following the same protocol for oxi-
dative stress, we compared wild type worms 
grown on control or edc-3 RNAi and edc-3 
mutants.

Statistical analysis and Text/
Figure editing
Statistical analyses were carried out us-
ing the Prism software package (GraphPad 
Prism 6). Mean values were compared us-
ing unpaired t-tests. To asssemble text and 
figures for this thesis the Microsoft Software 
Package Office:Mac2011, Adobe Photoshop 
CS5 and Adobe InDesign CS6 were used. To 
sort the Bibliography Papers2 was applied.

Sample preparation for OPT 
imaging
Glass capillaries (5 µl) were modified using a 
capillary puller (PN-30, Narishige, Tokyo, Ja-
pan). The tip was tapered to reduce the inner 
diameter for enhanced sample stability and 
positioning. Young adult worms can be immo-

bilized in a 5-10 mM levamisole (Sigma-Al-
drich, St. Louis, USA), or in a 10 mM NaN3) 
solution for 15 min at 20°C and then trans-
ferred in a drop of halocarbon oil (refractive 
index n=1.42). While levamisole temporarily 
suppresses muscular activity, NaN3 inhibits 
both cytochrome c oxidase and adenosine 
triphosphate (ATP) synthase. Residual an-
aesthetic was removed by moving the worm 
in the oil with a hairpin. Animals were sucked 
into the tip of the capillary by a pipette. The 
capillary was carefully cleaned with 70% eth-
anol and then sealed at both ends by slightly 
dipping into liquid glue (Glue-All, Multi-Pur-
pose Glue, Elmer’s Products, OH, USA).

The Tomographic setup
The light source comprises superbright LEDs 
(Luxeon V Star 5 W, Philips Lumileds Light-
ing, San Jose, CA, USA) in numerous col-
ors, allowing excitation of most commercially 
available fluorescent dyes. White LEDs are 
used for transmission (absorption) imaging. 
Although, for this study blue LEDs were em-
ployed for excitation due to the use of GFP, 
the system is not restricted, allowing any 
chromophore or fluorescent protein can be 
visualized by using appropriate light sourc-
es. The sample holder is based on a rotation 
system, containing a high resolution rotation 
stage (8MR180, Standa, Vilnius, Lithuania) 
with 36000 steps per revolution. Attached is 
a custom made capillary holder, holding stan-
dard single use micro-capillaries (Blaubrand® 
- intraMARK, BRAND GmbH, Wertheim, Ger-
many). Capillaries are immersed in a cus-

Figure 3: Scheme of the combined OPT and SPIM 
setup. Compartments of the firstly developed and 
published OPT setup are shown in blue, parts of the 
added SPIM system are represented in red. All com-
partments displayed are: LED1: blue light source, 
LED2: white light source, LAS: Laser, CCD: CCD 
camera, TL: tube lens, I: Iris, F: fluorescence filter, 
OL: optical lens, FL: focal lens, RS: rotating speci-
men, FM: flexible mirror, SHU: Shutter. 

http://www.graphpad.com/
http://www.graphpad.com/
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http://www.adobe.com/products/indesign.html
http://www.papersapp.com/papers/


30

tom-made refractive index matching vessel, 
assembled of 50x24x0.15 mm borosilicate 
cover slips (nw = 1.474), containing 87% 
glycerol solution (Sigma-Aldrich, St. Louis, 
MO, USA) as a refractive index matching flu-
id (nf = 1.474) to minimize internal reflections 
and refraction of the excitation and emission 
light. The imaging unit consists of a lens tube 
system (InfiniTube™, Infinity, Boulder CO, 
USA) attached to a custom-made filter slide, 
which can hold up to three 25 mm diameter 
fluorescence filters (in this particular study, 
we used a 525 ± 17.5nm band-pass filter for 
GFP, 593 ± 20nm for DsRed, both Semrock®, 
Rochester NY., USA). In this study, we used 
a 10x infinity corrected microscope objective 
lens (Mitutoyo, Kawasaki, Japan). The objec-
tive lens has a numerical aperture NA of 0.28, 
which is reduced to typically around 0.22 by 
the iris diaphragm. The NA for trans-illumina-
tion is < 0.035, for fluorescence illumination 
it is ca. 0.1. Except for the collimation lens 
L, all lenses are corrected for chromatic ab-
errations. The detection filter F2 and the iris 

are placed next to the back focal plane of the 
objective.  Depending on the specimen size, 
infinity corrected lenses with a range of other 
magnifications are available and can also be 
used. The objective lens is attached to a ther-
moelectrically cooled, electron multiplying 
CCD with 1002 x 1004 pixels (Ixon DV885, 
ANDOR™ Technology, Belfast, Northern 
Ireland). To increase the focal depth of the 
system, a variable iris is placed behind the 
objective, as described previously (Ripoll and 
Ntziachristos, 2004). The tilt of the sample 
is corrected mechanically prior to the exper-
iment, while drifts and sample movements 
are corrected by applying algorithms during 
post-processing. A scheme of the system is 
shown in Figure 3 and a representative draw-
ing in Figure 4a.

Data acquisition and 
3D reconstruction
 Data was acquired using custom soft-
ware based on LabView™ to control speci-
men positioning, the camera and the rotation 

Figure 4: Overview of the experimental optical projection tomography system for in vivo imaging. (a) 
All basic compartments to operate the OPT system are displayed. A detailed close-up of the rotation stage and 
capillary is shown in the inset. The tilt screws on the rotation stage allow fine adjustment of the orientation and 
focusing of the sample. In this study, a white (LED2) or a blue (LED1) light source is used for sample illumina-
tion. Depending on the fluorophores used, appropriate light sources (and filters) can be easily interchanged. 
The detection system has a numerical aperture of NA=0.22.  A detailed description of the system is provided in 
the text of Materials and Methods and in the scheme in Figure 4. (b) Delineation of image processing steps. A 
sinogram is obtained for each line of CCD pixels and all 3600 measurements. After processing this sinogram to 
correct for movements of the specimen or drifts introduced by the experimental setup, the final adjusted image 
of a specimen slice is generated. The volumetric representation of the sample is obtained by stacking sequential 
slices. White arrows indicate the position of the inner wall of the capillary. 
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stage. The software made use of specific 
functions developed in C++ for speed im-
provement. The experiment graphical user 
interface (GUI) is capable of changing all ex-
perimental parameters (camera, stage move-
ment, and filters). 500 images of the rotating 
specimen were taken from equidistant angles 
(in 0.72° steps) and stored as one collected 
file with a size of approximately one giga-
byte. The software is developed in MATLAB 
(http://www.mathworks.com/) and includes a 
user-friendly interface and a detailed how-
to-do-manual. The full software package is 
available under the GNU General Public Li-
cense (GPL; http://www.gnu.org/licenses/
gpl.html) and can be downloaded at the fol-
lowing address: http://elegans.imbb.forth.gr/
opt/. Bright light image data was obtained 
by back-illumination with a white light LED. 
A separate set of fluorescence data was re-
corded under epi-illumination with a blue light 
LED, which was selected in accordance to 
the fluorophore used in this study (GFP). An 
in-house developed toolbox of custom Mat-
Lab evaluation scripts was used to analyze 
the 3D data stacks containing the projection 
views on a PC (2.8GHz, 4GB RAM). To ac-
count for movement and motility of the live 
specimen and also for minor non-circular 
motion of the rotation stage, we developed 
software which considers changes in the pre-
dicted trajectories of the sinograms (images 
consisting of data from a single line of CCD 
pixels for all angular measurements) and 
corrects for these prior to data reconstruction 
(Birk et al., 2010, Zhu et al., 2012, for princi-
pal see Figure 5b). Correction along the rota-
tion axis for the data shown here took only a 
couple of seconds, while the iterative correc-
tion took about 1h.  Resolution is significantly 
degraded if this approach is not used, indi-
cating its importance when imaging in vivo 
biological material with OPT. Once raw data 
were processed to correct for movement and 
drifts, in both fluorescence and white light 
mode, 3D reconstructions were calculated by 
sequentially stacking 2D slices reconstructed 
using a filtered back-projection algorithm with 
a Hann-Filter implemented together with an 

inverse Radon-transform (Kak and Slaney, 
1988).
 For reconstructions of data received 
by SPIM imaging in chips we used the Free-
ware Fiji with the add-on Volume Viewer.

The updated SPIM-OPT setup
 Various attachments to the already de-
signed OPT setup made SPIM imaging possi-
ble: Lasers with wavelengths 532nm, 488nm 
(Roitner Lasertechnik, Germany), 405, 594 
and 635 (Thorlabs GmbH, Germany) were 
supplemented. A complex custom-made mir-
ror system commonly directed the beams 
through a shutter (VCM-D1,Uniblitz Electon-
ics, NY), a prism (Zeiss) and finally a focal 
lens (Zeiss, PLAN APO, 10x optical lens, 
0.28, WD=33.5) to create a thin laser-light 
sheet, which is focused on the sample. A 
flexible mirror in the laser-light path could be 
applied to redirect the beam around the prism 
though a focal lens (Thorlabs) to the sample 
for laser-source based OPT-imaging (see 
scheme in Figure 3). We updated the cus-
tom-made operating software described for 
the OPT setup to accommodate the needs for 
X, Y or Z-sectioning of the sample for SPIM 
imaging capacity. 

Preparation and loading of the 
microfluidcs device
 The microfluidic chip applicable for 
OPT and SPIM recording was created in col-
laboration with M. Ghanad-Rezaie and N. 
Chronis, following procedures described pre-
viously (Chronis et al., 2007). Briefly, chips 
including a front and a backside were de-
signed in the software AutoCAD (Figure 6a) 
and silicon masks were produced by the Mi-
crofabrication facility at the University of Cal-
ifornia, Berkeley. We cast a polydimethylsi-
loxane (PDMS) prepolymer mixture (Sylgard 
184, Dow Corning) over the molds and cured 
over night in a 65°C oven. PDMS prints were 
peeled off from the mold and treated with 
air plasma to activate the surface for bind-
ing. Front and backside of the PDMS were 
aligned, glued to each other and cut along 
the edges to exactly fit a 2ml plastic tube (Ep-

http://www.mathworks.com/
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pendorf). We created fluidic inlets and outlets 
in the PDMS using fine bending die (0.5mm 
diameter; Harris Uni-Core). We attached hol-
low steel pins (0.3mm inner diameter, 0.5mm 
outer diameter; Kahnetics) to the inlet and 
outlet of the chips and connected them to fine 
polyethylene tubing (0.4mm inner diameter, 
0.6mm inch outer diameter; BD Intramedic) 
to facilitate chip-to-tube interface. Finally, a 
glass capillary was attached as sample hold-
er for the final chip. Chip, attached tubing and 
sample holder were placed into the plastic 
tube, which was then filled with PDMS pre-
polymer mixture and again cured, this time 
for 2 hours in a 90°C oven. After curing, the 

ready cylindrical shaped microfluidic chip 
was removed from the plastic tube. Worms 
were anaesthetized in 5mM levamisol or 
NaN3 in M9 buffer and first loaded into 3ml 
plastic syringes with attached tubing. Final-
ly, worms were pumped into the chip open-
ing “load” by applying pressure to the syringe 
and suction through another syringe attached 
to the outlet (Figure 5b and 5c).  Unloading 
occurs through applying pressure via the inlet 
and outlet and suction via the load valve.The 
tubing was disconnected; loaded chips were 
placed into the sample holder of the OPT-
SPIM setup and subsequently imaged.

Figure 5: The OPT and SPIM compatible microflu-
idics device. (a) Schematic drawing of front and back-
side of the chip as designed in AutoCAD and printed 
on the silicon mask. (b) Photograph of a ready-to-use 
chip with connected tubings for loading, inlet and out-
let and sample holder. The chip has a cylindrical de-
sign, which permits imaging of the loaded specimen 
from equidistant angels, as required for OPT. Also, 
SPIM imaging is possible from any angle of the chip 
position. (c) Microscopic image of the chambers and 
channels within the chip. Worms enter the chip via the 
load valve and can be placed into the conic cham-
bers through pressure and suction application via inlet 
and outlet, which can be reversed for unloading. Up 
to 9 worms can be accomodated in the chip for rap-
id high-throughput imaging. A to E are optional chan-
nels that could be connected for chemical treatment of 
worms within the chip.
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Results
The Role of mRNP Turnover in Ageing 

Formation of P-bodies 
increases during ageing and 
upon stress insult in C. elegans

Our goal was to determine phenotypi-
cal changes of mRNPs during ageing. 
We chose to investigate key enzymes 

acting in decapping, the major step in control 
of cytoplasmic bulk mRNA degradation and 
a mechanism well conserved across spe-
cies (Decker and Parker, 2012). We created 
DsRed tagged DCAP-1, which has previously 
been shown to co-localize with other P-body 
components and perform conserved roles 
in C. elegans (Ding et al., 2005; Sun et al., 
2011). Additionally, we created transgenics 
carrying DsRed tagged decapping enzymes 
LSM-3 and EDC-3. In yeast, Lsm3 was iden-
tified as part of a deadenylation complex 
(Lsm1-7) that interacts with the decapping 
machinery and promotes mRNA decay (Tha-
run et al., 2000). The enzyme Edc3 plays a 
central role in modulation of decapping and 
P-body integrity, as shown previously in var-
ious studies in yeast and human cells (Ling 
et al., 2008). We monitored the expression 
pattern of all three reporters at different time 
points during ageing in C. elegans and, as ex-
pected, all factors accumulated in P-bodies. 
Signals of all three reporters significantly in-
creased in during ageing as measured in the 
pharyngeal region (Figure 6A to 6C). While 
LSM-3 localizes into granules but also shows 
ubiquitous expression throughout cells (Fig-
ure 6, A2 to A7), EDC-3 and DCAP-1 aggre-
gate into clearly distinct foci (Figure 6, B2 to 
B4, and C2 to C4), which increase in size and 
number, as animals are getting older. 
 Ageing is accompanied by decreased 
ability of cells to cope with intrinsic or extrin-
sic stress. We wanted to see whether mRNP 
accumulation changes upon various stress 

insults. We treated day 2 animals carrying 
the DCAP-1 reporter for P-bodies with stress-
ors such as heat shock for several hours at 
35°C, 24 hour starvation, 6 hours exposure 
to hypoxia and incubation for 30 min in 20 
mM of oxidative stressor NaN3. Except treat-
ment with NaN3, all stress factors resulted in 
increased P-body formation (Figure 6D). We 
also observed significant increase of EDC-3 
specific P-body formation in day 2 animals 
upon exposure to heat (Figure 8G). 
 A central factor for cellular stress regu-
lation are mitochondria, which control forma-
tion of free radicals (Lenaz, 2001). We aimed 
to investigate the involvement of disrupted 
mitochondrial integrity on P-body formation. 
To achieve this, we down-regulated EAT-
3, a homologue of human Opa1, which has 
been shown to maintain the inner membrane 
of mitochondria and regulate susceptibility 
to oxidative stress in C. elegans (Kanazawa 
et al., 2008). Down-regulation of eat-3 gene 
dramatically increased DCAP-1 P-body for-
mation in whole animals during ageing (Fig-
ure 8E). Together these results show that 
during ageing and stress response P-bodies 
increase in size and number.

IFE-2 might regulate P-body 
and stress granule 
accumulation in aged 
animals and upon stress insult
 We were interested to see whether 
genetic factors of ageing influence P-body 
formation. The C. elegans daf-2 pathway 
controls longevity and is orthologous to the 
mammalian insulin-like signaling cascade 
(Kenyon, 2010). We down-regulated the daf-2 
gene by RNA intereference (RNAi) in animals 
carrying the DCAP-1 reporter. Throughout 
lifespan P-body formation was significantly 
lower compared to control animals (Figure 
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Figure 7: P-bodies and stress granules are biomarkers of ageing and stress response in C. elegans. (A) 
Mean pixel intensities of animals expressing plsm-3LSM-3::dsRED specific signal is measured during ageing (error 
bars show SEM, n=10, experiment was performed three times).  (A1) shows a representative DIC image of a day 
3 old animals for the pharyngeal region, in which (A2-A4) are representative maximum intensity projection confo-
cal microscopy recordings of LSM-3 specific fluorescent expression. (A2) depicts expression levels at day 1, (A3) 
at day 8 and (A4) at day 14. Size bars correspond to 50μm. (A5-7) Representative single plane confocal images 
for LSM-3 specific P-bodies. White arrows depict areas of substantial size increase of P-bodies at different time 
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6F). We further focused our attention on ife-
2, which has been shown to regulate ageing 
via control of global protein synthesis in C. 
elegans (Syntichaki et al., 2007). Its homo-
log eIF4E is also known to localize to both 
P-bodies and stress granules upon arrest 
of mRNA translation (Buchan et al., 2008). 
Further, loss of translation initiation leads to 
increased P-body formation in yeast (Nissan 
et al., 2010). Down-regulation of ife-2 signifi-
cantly enhances P-body formation in aged 
animals (Figure 6F).

 We tempted to show whether eIF4E 
localizes to mRNP aggregates in C. elegans 
and used animals expressing IFE-2 specif-
ic translational reporter to visualize granule 
formation. Generally, IFE-2 is ubiquitously 
expressed across all cells and tissues in C. 
elegans (Figure 7 and 8). We observed ap-
pearance of granulation in specific tissues 
during ageing and upon various stress in-
sults. The number of animals aggregating 
IFE-2 in granules significantly increased be-
tween days 3 and 8 across tissues including 

points: (A5) day 2, (A6) day 10, and (A7) day 14. (B) Mean pixel intensities are quantified for pedc-3EDC-3::dsRED 
fluorescent expression during three time points in age (error bars show SEM, n=10, experiment was repeated 
three times). (B1) shows a representative DIC image of the head region while white arrows indicate the areas of 
interest for measurement as the intestine and the nerve ring located close to the anterior bulb of the pharynx. (B2-
B4) show representative maximum intensity projection confocal images for EDC-3 specific fluorescent expression 
in the head region, while (B2) depicts day 2, (B3) day 10 and (B4) day 15 animal. Size bars correspond to 50μm. 
(C) P-body number counted for pdcap-1DCAP-1::dsRED expression in the pharyngeal region in day 3, day 10 and 
day 17 old animals (error bars show SEM, n=10). (C1) depicts a representative DIC image for the region of interest 
and (C2-C4) are representative maximum intensity projections of confocal images for which (C2) shows DCAP-1 
expression at day 3, (C3) at day 10 and (C4) at day 17. Size bars correspond to 50μm. (D) Alterations in P-Body 
intensities upon various stress insults are normalized to average expression levels in pdcap-1DCAP-1::dsRED specif-
ic expression of day 2 adults. Stress response of P-bodies were measured in worms after 6h treatment in hypoxia 
chamber, 3h or 6h exposure to 35°C heat, 24h deprivation of food and 30 min incubation in 20μM sodium azide 
(error bars show SEM, n=40, three independent experiments each). (E) P-body intensity alterations are plotted 
against age stages day 5 and day 20 of control compared to eat-3 RNAi treated animals (error bars show SEM, 
n=40, three independent experiments). (F) Mean pixel intensities of pdcap-1DCAP-1::dsRED measured during age-
ing in the pharyngeal region upon treatment with RNAi for ife-2  and daf-2 genes compared to control in day 3, 
day 10 and day 17 old animals (error bars show SEM, n=10, p**<0.001, p***<0.0001 experiment was repeated 
three times). (G) Percentage of animals forming stress granules upon the stress insults heat, hypoxia, starvation or 
sodium azide. Stress granules are counted in neurons, muscles, canal cells, pharynx, intestine and other tissues 
(misc), (error bars indicate SEM, n=50). (H) Percent animals forming stress granules during ageing in various tis-
sues observed at the time points day 3, day 8 and day 15 (error bars indicate SEM, n=50). (I) Single plane confocal 
images showing co-expression of pdcap-1DCAP-1::dsRED or pedc-3EDC-3::dsRED with pife-2IFE-2::GFP upon heat 
stress insult. (I1 to I3) Representative images show DCAP-1 and IFE-2 co-localization in the head region. (I4 to I6) 
EDC-3 and IFE-2 are shown to co-localize in neurons (asterisk), intestine (int) and muscle cells (mus).

Figure 7: DCAP-1 P-bodies and IFE-2 stress 
granules co-localize upon heat stress 
throughout all tissues in C. elegans. All size 
bars correspond to 50μm. (A and B) Merged 
maximum intensity projections of confocal im-
ages of day 3 adult animals co-expressing pd-

cap-1DCAP-1::dsRED and pife-2IFE-2::GFP. (A) 
Animal prior to heat shock. (B) Animal after 1.5 
hours heat shock. (C-E) Single plane confocal 
images showing IFE-2, DCAP-1 and merged 
expression patterns. (C) Close up on pharynge-
al region. (D) Muscle cells around the midsec-
tion of the animal. (E) Tail region of the animal.
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neurons, muscles, pharynx, canal cell and 
intestine (Figure 1G). We tested the stress 
insults hypoxia (6h in hypoxia chamber), 
heat (1.5h at 35°C), NaN3 (30min incubation 
in 20mM), starvation (24h food deprivation) 
and prolonged incubation in liquid medium 
(1h in saline solution) and noted that stress 
granule formation was total upon heat stress 
in all tissues and animals. Hypoxic condition 
induced stress granules in some tissues to a 
lower extend, while NaN3 and starvation did 
not show such effects (Figure 6H). 
 We were interested to see whether 
IFE-2 specific stress granules co-aggregate 
with P-bodies, as it has been shown in yeast 
and mammalian cells (Balagopal and Parker, 
2009). We created co-expressing transgen-
ics and observed that upon heat stress IFE-2 
granules co-localize with DCAP-1 and EDC-3 
P-bodies throughout tissues (Figure 6I, Fig-
ure 7 and Figure 8). We also observed local-
ization of P-bodies and IFE-2 stress granules 
in bordering proximity, which has previously 
been described as docking of granules (Bala-
gopal and Parker, 2009). These results show 

that the eIF4E homologue IFE-2 localizes to 
stress-induced granules that co-localize with 
P-bodies in C. elegans.

The decapping activator EDC-3 
modulates lifespan in 
C. elegans
 Since decapping specific reporters in-
crease in intensity during ageing, we asked 
whether interference with specific compo-
nents of the pathway could result in lifes-
pan alterations. To answer this question, we 
down-regulated key target genes of the gen-
eral mRNA degradation pathway by RNAi, 
including the well conserved lsm-1, ccr-4, 
dcap-1, dcap-2 and edc-3 in wild type nema-
todes. While knockdown of edc-3 resulted in 
a significant elongation of lifespan, the oth-
er genes did not show any effect on ageing 
(data not shown). To extend our study on 
the role of EDC-3 in ageing we performed 
life span experiments with animals carrying 
the edc-3(ok1427) allele, which showed an 
even more robust longevity effect compared 
to edc-3 RNAi (Figure 9A). Conversely, over-

Figure 8: EDC-3 P-bodies and IFE-2 
stress granules co-localize upon heat 
stress throughout all tissues in C. ele-
gans. (A and B) Merged maximum inten-
sity projections of confocal images of day 
3 adult animals co-expressing pedc-3EDC-
3::dsRED and pife-2IFE-2::GFP. Size bars 
correspond to 50μm. (A) Animal prior to 

heat shock. (B) Animal after 1.5 hours heat shock. (C to F) Single plane confocal images showing IFE-2::GFP, 
EDC-3::DsRED and merged channels of selected regions. (C) Head region around posterior bulb. Size bar corre-
sponds to 20μm. (D) Muscle cells and part of axon of the ventral nerve cord (VNC) around the midsection of the 
animal. Size bar corresponds to 10μm. (E) Tail region of the animal. Size bar corresponds to 5μm. (F) Co-localiza-
tion of EDC-3 and IFE-2 reporters along the axon of the VNC of the zoom in on the inlay of D. Size bar corresponds 
to 5μm. (G) Mean pixel intensity of pedc-3EDC-3::dsRED for whole animals measured before and after 1.5 hours 
exposure to heat in day 1 adults (error bars indicate SEM, n=40, p***<0.0001). (H) Measurements of pdcap-1DCAP-
1::dsRED after 1.5 hours heat shock in wild type or edc-3 mutant animals at day 1 of adulthood (error bars indicate 
SEM, n=40, p***<0.0001).
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Figure 9: EDC-3 stabilizes IFE-2 and regulates ageing in a neuron-specific manner. All lifespan assays were 
performed at 20°C and percentage of survival is plotted against age. (A) Animals carrying extrachromosomal array 
for overexpression of EDC-3 under its endogenous promoter are short-lived compared to wild type. Down-regula-
tion of edc-3 gene by RNAi results in longevity, which is more substantial in animals harboring the edc-3(ok1427) 
allele. (B) Animals carrying the mutant allele ife-2(ok306) or edc-3(ok1427) show extended lifespan compared 
to wild type, while RNAi for ife-2 causes more substantial longevity than RNAi for edc-3 gene. Upon down-regu-
lation of edc-3, ife-2 mutant lifespan is not further enhanced. Knockdown of ife-2 gene in edc-3 mutants causes 
substantial lifespan increase. (C) Lifespan comparison of animals upon down-regulation of edc-3 and ife-2 genes 
individually or double RNAi treatment. (D) Animals harboring either the mutant allele ife-2(ok306) or edc-3(ok1427) 
are long-lived compared to wild type, while the double-mutant does not show any further increase in lifespan. (E) 
Animals carrying extrachromosomal arrays for overexpression of EDC-3 under its endogenous promoter grown on 
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expression of EDC-3 under the control of its 
endogenous promoter showed a significant 
reduction in lifespan (Figure 9A). These re-
sults indicate that EDC-3 modulates ageing 
in C. elegans.
 We investigated whether loss of EDC-
3 changes animal morphology or causes oth-
er obvious changes in behavior that might 
contribute to the longevity phenotype. Neither 
edc-3 mutant nor edc-3 RNAi treated animals 
showed significant differences in pharyngeal 
pumping of bacterial food, sinusoidal locomo-
tion, dauer formation, developmental timing 
and tissue morphology. We observed a slight 
but significant reduction in egg laying and 
body size in edc-3 mutant worms compared 
to wild type (Figure 10C)0

 We investigated whether the effects 
of loss of edc-3 converse with previously 
described mechanisms that influence age-
ing in nematodes. Long-lived clk-1 mutants 
show reduced respiration promoted by an 
age-dependent decrease in mitochondri-
al function (Felkai, 1999). Additional loss of 
edc-3 increases lifespan extension observed 
in clk-1 deficient animals (Figure 10A). Loss 
of the C. elegans insulin/IGF receptor homo-
logue DAF-2 leads to a dramatic increase in 
lifespan (Kenyon et al., 2002). Down-regu-
lation of edc-3 further enhances longevity of 
animals carrying daf-2(e1370) allele (Figure 
10B). We also studied a possible crosstalk of 
edc-3 mediated effects on ageing with dietary 
restriction. Loss of eat-2 causes a decrease 

control or ife-2 RNAi. (F) Down-regulation of dcap-1, dcap-2 and edc-3 in animals carrying the IFE-2 translational 
reporter (Error bars show SEM, n=40, p<***0.0001, three independent experiments). (G) The three genes dcap-1, 
dcap-2 and edc-3 are downregulated in animals carrying the transcriptional reporter for IFE-2 (Error bars show 
SEM, n=40, p>0.05, three independent experiments). (H) Lifespan comparison between wild type and animals 
carrying edc-3(ok1427) allele overexpressing EDC-3 under the control of its endogenous or the panneuronal pro-
moter of the gene unc-119. (I) Wild type or animals harboring edc-3(ok1427) allele and overexpressing EDC-3 in 
neurons are treated with control or ife-2 RNAi.

Figure 10: Extended lifespan and phenotypical analysis upon depletion of EDC-3. All life span assays 
were carried out at 20°C, percent of animals alive is plotted against age. (A) Comparison of lifespan assays was 
carried out for wild type or animals carrying clk-1(e2519) allele upon down-regulation of edc-3 gene. (B) Lifespan 
assays upon down-regulation in animals harboring daf-2(e1370) or eat-2(ad465) allele. (C) Percent changes in 
phenotypes in relation to wild type levels measured for pharyngeal pumps (per minute), percent dauer formation 
upon starvation, variance in locomotion of sinusoidal wave, body length (in mm) in gravid adults, rate of egg 
laying within 4 hours at day one of adulthood (all measurements were repeated twice, p**<0.001).
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in pharyngeal pumping, which in turn lowers 
food intake and therefore triggers dietary re-
striction dependent longevity in C. elegans 
(Lakowski and Hekimi, 1998). Knockdown 
of edc-3 further increases lifespan of dietary 
restricted eat-2 mutants (Figure 10B). These 
results indicate that lifespan extension upon 
loss of edc-3 is independent of clk-1, eat-2 
and daf-2 pathways.

EDC-3 and IFE-2 interact 
in neurons to control lifespan
 We down-regulated edc-3 in animals 
carrying ife-2(ok306) allele, which are report-
ed to be long-lived (Syntichaki et al., 2007). 
Contrary to the results from other long-lived 
mutants, we did not observe any further in-
crease in lifespan (Figure 9B). Conversely, 
ife-2 knockdown in edc-3 mutant worms led 
to a substantial increase in lifespan, which 

Figure 11: EDC-3 PBs localize to the intestine and the neuronal system during ageing. Animals co-ex-
pressing pedc-3EDC-3::dsRED and punc-119GFP pan-neuronal promoter driven fluorescence. (A-F and L) Maximum 
intensity projections of confocal images for different developmental and ageing stages of C. elegans: (A) early 
embryos, (B) L1, (C) L2, (D) L3, (E) L4 larval stage, (F) day 3 adults and (L) day 8 adults. Scale bars correspond 
to 50μm. (G-K) Representative images show single plane confocal recordings for closer analysis of co-local-
ization in day 3 adult animal. Size bars correspond to 25μm. (G) Expression of EDC-3 P-bodies in the neuronal 
system (white arrows point to expression in VNC) and the intestine is shown in an area close to the nerve ring. 
Further, ubiquitous expression of EDC-3 is observed all along axons. (H) Area close to the mid-body shows 
EDC-3 P-body expression in synapses of the VNC, some commissural neuron (white arrows), in surrounding 
cells of the intestine and ubiquitously along axons. (I) Digital zoom on the area indicated in (H) enhancing neuro-
nal (white arrows) and intestinal expression of EDC-3. (J) Ubiquitous and P-body specific expression of EDC-3 in 
tail neurons with (K) close up on strong expression of EDC-3 P-bodies at hillocks of cell bodies.
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was twofold compared to wild type animals  
(Figure 9B). This result prompted us to ask 
whether EDC-3 and IFE-2 control ageing in 
parallel or in a co-dependent fashion. Simul-
taneous down-regulation by RNAi of edc-3 
and ife-2 did not produce any additive effect 
on ageing compared to single knockdown 
(Figure 9C). Also, lifespan assays performed 
with a genetic cross of strains carrying edc-
3(ok1427);ife-2(ok306) alleles compared to 
their controls did not show any significant 
further extension of lifespan (Figure 9D). Ani-
mals overexpressing EDC-3 under its endog-
enous promoter treated with RNAi for ife-2 
gene were short-lived compared to their re-
spective control (Figure 9E). Further, we ob-
served that upon down-regulation of edc-3 or 
its interacting partners in the decapping pro-
cess, dcap-1 and dcap-2, the IFE-2 reporter 
signal increased significantly, while intensity 
levels of the transcriptional reporter for the 
ife-2 gene were not affected (Figure 9F and 
9G).
 The decapping enzyme Dcp2 is di-
rectly bound and activated by Edc3 as it has 
been shown in yeast and mammalian cells 
(Harigaya et al., 2010). Down-regulation of 
DCAP-2 homologue in C. elegans by RNAi 
did not result in longevity and animals car-
rying dcap-2(ok2023) allele did not show an 
increase in lifespan. Double knockdown for 
edc-3 and dcap-2 genes resulted in a slight 
but significant reduction of lifespan (-10%), 
indicating an interdependent role in the regu-
lation of ageing in C. elegans. Down-regula-
tion of dcap-2 causes significant reduction of 
the longevity phenotype observed in animals 
carrying ife-2(ok306) allele, while down-regu-
lation of ife-2 increases dcap-2 mutant lifes-
pan (data not shown). Together, these results 
suggest that the process of mRNA decapping 
might interact with the mechanism of trans-
lation initiation towards positively controlling 
the process of ageing.
 The fact that ife-2 down-regulation in 
animals harboring edc-3(ok1427) allele led 
to a robust lifespan extension, while edc-3 
knockdown did not result in increased lon-
gevity in ife-2 mutants (Figure 9B), pushed 

forward the hypothesis that the observed in-
teraction in ageing might be neuron-specific. 
Feeding RNAi is robust in virtually all cells in 
C. elegans except in neurons (Kamath et al., 
2003). To verify this experimentally, we creat-
ed transgenic lines expressing EDC-3 specif-
ically in neurons under the control of panneu-
ronal promoter for the unc-119 gene in wild 
type and edc-3 mutant animals. In both cases 
overexpression resulted in reduction of lifes-
pan down to control levels (Figure 9H). Fur-
ther, we down-regulated ife-2 in animals har-
boring edc-3(ok1427) allele that overexpress 
EDC-3 in neurons. The result was a reduc-
tion of lifespan to levels observed in animals 
treated with ife-2 RNAi . Down-regulation of 
ife-2 in transgenics expressing neuron-spe-
cific EDC-3 resulted in the same lifespan ex-
tension, as seen upon ife-2 depletion in wild 
type (Figure 9I). These results further indi-
cate a neuron-specific role for EDC-3, pos-
sibly DCAP-2, and IFE-2 mediated control of 
lifespan.

Analysis of neuron-specific 
functions of EDC-3
 We decided to verify the neuronal 
localization of EDC-3::DsRED reporter by 
co-localization studies with panneuronal pro-
moter unc-119 driven GFP. EDC-3 P-bodies 
are ubiquitously expressed in all tissues the 
four larval stages (L1 to L4); the signal reduc-
es in adults in most tissues except intestine 
and neuronal network where fluorescence 
increases. EDC-3 specific P-bodies concen-
trate in cell bodies of neurons at the hillocks, 
but the protein is also ubiquitously expressed 
and forms smaller granules within axons (Fig-
ure 11 and 12A). Time lapse recording of the 
EDC-3 specific signal revealed that the big-
ger aggregates are static but smaller gran-
ules seem to dynamically flow through cells 
and axons (data not shown). We set out to 
understand the specific mechanisms EDC-3 
could promote in neurons.
 We expressed panneuronal GFP 
in wild type and animals harboring edc-
3(ok1427) allele and studied the morphology 
of the neuronal system during ageing. Firstly, 
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Figure 12: Studies on neuron-specific functions of EDC-3.  (A) Animals co-expressing pedc-3EDC-3::dsRED 
and pan-neuronal punc-119GFP. Maximum intensity projections of confocal images are depicted for L4, day 3, day 
7 and day 14 adults. Size bars correspond to 100μm. (B) GFP levels in animals expressing the panneuronal re-
porter punc-119GFP compared between wild type and edc-3 mutant animals at day 8 (error bars show SEM, n=40, 
three independent experiments). (C) Representative maximum intensity confocal images of day 8 and day 20 old 
animals expressing panneuronal GFP in wild type or edc-3 mutants. Size bars correspond to 100μm. (D) Worms 
expressing the panneuronal punc-119GFP reporter are scored for defects and disturbance in morphology of the VNC. 
Wild type worms show a significantly higher irregularity in VNC appearance then edc-3 mutants (error bars show 
SEM, n=25, experiment repeated three times). (E) Representative images of the VNC in animals at day 3 and day 
20. Disturbances in neuronal morphology, such as breakage, dissolving or deformation are compared between 
wild type and edc-3 mutant. Size bars correspond to 10μm. (F and G) FRAP in the neuronal system of animals 
carrying edc-3(ok1427) allele compared to wild type. Percentage of fluorescent recovery during time is observed 
in the area of the nerve ring of (F) day 2 or (G) day 7 adult animals (Error bars show SEM, n=24). (H) Merged max-
imum intensity projections of representative confocal images for animals co-expressing pedc-3EDC-3::dsRED and 
pife-2IFE-2::GFP at (H1) day 2 and (H2) day 10 adults. (H3) Single plane confocal images show merged expression 
patterns of the tail area indicated in H2. Co-localization along axons and in neuronal cell bodies is depicted with 
white arrows. Scale bar corresponds to 50μm. (I) P-body count in animals expressing DCAP-1::DsRED reporter 
in wild type or edc-3 mutant during ageing (error bars show SEM, n=25, p***<0.0001, three independent experi-
ments). (J) Mean pixel intensity of IFE-2::GFP reporter in wild type or animals carrying edc-3(ok1427) allele during 
ageing (error bars show SEM, n=25, p***<0.0001, three independent experiments). (K) FRAP analysis of DCAP-
1::DsRED and IFE-2::GFP reporters in wild type compared to edc-3 mutants (Error bars show SEM, n=24).
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we noted that GFP intensity in edc-3 mutants 
was significantly increased compared to wild 
type in aged animals (Figure 12B). A general 
view on the whole neuronal system in edc-3 
mutants revealed a more stringent integrity 
of axonal complexity in aged animals (Fig-
ure 12C). For detailed analysis, we focused 
on abnormalities of the ventral nerve cord 
(VNC). The VNC consists of two parallel axon 
bundles that stretch the whole body length of 
the adult animal, a large bundle of approxi-
mately 40 axons that is separated by an epi-
thelial layer from a second smaller bundle of 
3 to 5 axons (White et al., 1976). We focused 
on quantifying obvious phenotypes in VNC 
bundles previously described in C. elegans 
for touch neurons, including apparent breaks, 
waving and acute bends of axons (Toth et al., 
2012). The analysis revealed an age depen-
dent decrease of VNC integrity in day 20 old 
animals, which was significantly lower in edc-
3 mutants (Figure 12D and 12E).
 The indications collected for a possi-
ble interaction of EDC-3 and IFE-2 pathways 
during ageing in the neuronal system prompt-
ed us to measure fluorescent recovery after 
photobleaching (FRAP). Down-regulation 
of ife-2 gene results in decreased de novo 
protein synthesis (Syntichaki et al., 2007). 
We developed a novel protocol, which does 
not require any anesthetic treatment, allows 
photobleaching of specific areas, such as 
the nerve ring, and recovery measurements 
on plate (see Materials and Methods). We 
showed that the neuron-specific fluorescent 
signal expressed in day 2 or day 7 adult wild 
type worms recovers in a significantly higher 
rate than in animals carrying edc-3(ok1427) 
allele. Interestingly, general recovery rates 
were higher in day 7 compared to day 2 adults 
(Figures 12D and 12E). We went on to study 
co-localization of IFE-2 and EDC-3 enzymes 
during age. We noted that levels of IFE-2::G-
FP substantially decrease during age, but ap-
pear to be stabile in specific tissues including 
canal cells, neurons and in the pharyngeal 
and tail region, while simultaneously levels of 
EDC-3::DsRED increased in intestinal cells 
and neurons (Figure 12H1 to 12H3). 

 We further counted DCAP-1 P-body 
number in animals harboring edc-3(ok1427) 
allele and observed significantly increased 
levels in aged worms compared to wild type 
(Figure 12I). Mutations in edc-3(ok1427) al-
lele also significantly increased IFE-2::G-
FP levels in aged animals in comparison to 
wild type (Figure 12J). We performed FRAP 
analysis in animals co-expressing DCAP-
1::DsRED and IFE-2::GFP. De novo synthe-
sis of IFE-2 protein did not exceed 3% of the 
initial fluorescent level even after about 9 
hours of recovery. In parallel, we noted that 
DCAP-1 signal recovered in a higher rate in 
wild type compared to edc-3 mutants (Figure 
12K).

Loss of EDC-3 induces stress 
resistance pathways and ROS 
formation
 In order to further define the mecha-
nism of EDC-3 in the regulation of ageing, we 
performed a series of experiments to deter-
mine a possible role in stress resistance. To 
that purpose, we studied the effect of edc-3 
down-regulation in mutants that are hyper-
sensitive to oxidative stress. C. elegans car-
rying mutation in the mitochondrial integral 
membrane protein cytochrome b MEV-1, 
which is part of the respiratory chain complex 
II (ubiquinol-cytochrome c reductase) are 
short-lived and sensitive to stress (Ishii et al., 
2011). Similarly, the subunit of mitochondri-
al complex I GAS-1 is required for oxidative 
phosphorylation, stress response and ageing 
(Kayser et al., 2001). Knockdown of edc-3 
gene rescued the short-lived phenotype of 
mev-1 and gas-1 mutants, respectively (Fig-
ure 13A and 13B). Further, we applied the 
chemicals paraquat (PQ) and sodium azide 
(NaN3) to trigger oxidative stress response. 
Day 7 old animals carrying edc-3(ok1427) 
allele or treated with edc-3 RNAi showed in-
creased resistance to either drug (Figure 13C 
and 13D).
 To further validate an involvement of 
EDC-3 gene in stress management, we stud-
ied the activation of a transcriptional reporter 
for the iron/manganese superoxide dismutase 
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Figure 13: Loss of decapping enzymes induces oxidative stress resistance. (A and B) Lifespan assays were 
carried out at 20°C and animal survival is plotted against age. (A and B) Down-regulation of edc-3 gene in wild 
type nematodes compared to short-lived (A) mev-1 or (B) gas-1 mutants. (C) Percentage survival of day 7 old 
population under oxidative stress induced by treatment with NaN3 (three independent experiments, n=80, error 
bars are SEM). (D) Survival of day 7 old nematodes upon oxidative stress induced by the herbicide paraquat (three 
independent experiments, n=80, error bars denote SEM). (E) Fluorescent expression level of pgst-4GFP reporter is 
significantly increased upon down-regulation of dcap-1, dcap-2 and edc-3 genes (three independent experiments, 
n=40, error bars denote SEM, p***<0.0001). (F) Fluorescent expression level of psod-3GFP is significantly increased 
upon down-regulation of dcap-1, dcap-2 and edc-3 genes (three independent experiments, n=40, error bars are 
SEM, p***<0.0001). (G) Mean pixel intensity of HyPer::GFP strain sensing cellular H2O2 level are shown upon 
down-regulation of edc-3 and dcap-2 (three independent experiments, n=80, error bars are SEM, p***<0.0001). 
(H) Lifespan assay at 25°C of animals upon loss of edc-3. Survival is plotted against age. (I) Percent of survival 
after 12 hours of continuous heat shock at 37°C (three independent experiments, n=100, error bars are SEM). 
(J) Animals were exposed to 4 hours heat shock at 37°C at day 2 of adulthood and thereafter scored for survival. 
Survival of animals upon down-regulation of edc-3 and edc-3 mutants is plotted against age.
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SOD-3, which is involved in oxidative stress 
response and directly transcribed by DAF-
16 (Honda and Honda, 1999). Down-regu-
lation of either decapping activator edc-3 or 
its interacting partners dcap-1 or dcap-2 led 
to a significant increase in the reporter sig-
nal psod-3GFP (Figure 13E). In animals carry-
ing daf-2 mutation, DAF-16 is fully activated 
and sod-3::GFP levels are strongly enhanced 
(Libina et al., 2003). Loss of decapping en-
zymes edc-3, dcap-1 and dcap-2 further in-
creases the signal (data not shown). We also 
investigated involvement of the SKN-1 tran-
scription factor target gst-4m which encodes 
a putative glutathione-requiring prostaglandin 
D synthase (Kahn et al., 2008). Knockdown 
of edc-3, and also dcap-1 or dcap-2 in worms 
carrying the transcriptional reporter for pgst-
4GFP significantly increased the fluorescent 
signal (Figure 13F). To visualize possible al-

terations in ROS levels in EDC-3 depleted C. 
elegans we utilized a strain expressing the 
tagged H2O2 sensing protein HyPer (Back 
et al., 2012). Upon treatment with edc-3 or 
dcap-2 RNAi the fluorescent signal of HyPer 
was activated (Figure 13G).
 We further decided to study the in-
volvement of EDC-3 in resistance to in-
creased temperature and heat shock. We per-
formed ageing studies at 25°C and observed 
that lifespan extension upon down-regulation 
of edc-3 was lost, while edc-3 mutants still 
showed robust longevity compared to control 
animals (Figure 13H). A constant exposure to 
37°C at day 2 of adulthood, performed over 
a time span of 12 hours did not result in any 
difference compared to wild type (Figure 13I). 
Conversely, when day 2 adults were heat 
shocked at 37°C for four hours and thereafter 
scored until death, lifespan of edc-3 mutants 

Figure 14: SKN-1 controls lifespan extension and P-body formation in edc-3 mutants via hormesis.  All 
lifespan assays were carried out at 20°C and animal survival is plotted against age. All P-body quantification were 
performed at day 8 of adulthood expressing pdcap-1DCAP-1::dsRED in wild type or edc-3 mutant animals (A) Lifes-
pan measurements of wild type or animals harboring edc-3(ok1427) upon knockdown of skn-1. (B) Lifespan as-
says comparing wild type and edc-3 mutant worms upon continuous treatment with NAC. (C) Lifespan comparison 
of animals lagging skn-1 alone or additional loss of edc-3, with or without treatment with NAC. (D) P-body quanti-
fication upon down-regulation skn-1 gene with or without NAC treatment (error bars show SEM, n=25, experiment 
was performed three times, *p<0.01, ***p<0.0001).
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was increased compared to control, while edc-
3 RNAi did not result in longevity (Figure 13J). 
These results collectively imply a role for EDC-
3 in stress regulation.

Lifespan extension upon loss 
of EDC-3 is mediated by HSF-1, 
SKN-1 and hormesis
 We investigated transcriptional regu-
lation of EDC-3 mediated control of lifespan. 
The forkhead box, subgroup O (FOXO) tran-
scription factor DAF-16, which is suppressed 
by the activity of insulin/insulin-like growth 
factor (IGF) receptor DAF-2 (abnormal dauer 
formation-2), and the in parallel acting bZip 
transcription factor SKN-1 are well studied 
regulators of stress resistance and ageing in 
C. elegans (Kenyon, 2010; Tullet et al., 2008). 
Further, the heat shock transcription factor 
HSF-1 activates the expression of specific 
genes including small heat shock proteins, 
that promote longevity (Hsu et al., 2003). We 
observed equivalent rates of reduction in lifes-
pan upon down-regulation of daf-16 in wild 
type and edc-3 mutant animals (Figure 15A). 
We found that down-regulation of hsf-1 gene 
in animals carrying edc-3(ok1427) results in 
an epistasis effect and reduces lifespan ex-
tension to levels of wild type treated with hsf-1 

RNAi (Figure 15C). Strikingly, skn-1 down-reg-
ulation showed substantial lifespan reduction 
of edc-3 depleted animals to levels even be-
low skn-1 single knockdowns (Figure 14C). 
 Based on the epistasis study with SKN-
1 and the fact that loss of EDC-3 activates ox-
idative stress response and ROS production 
(Figure 13G), we hypothesized the involve-
ment of a hormesis-dependent response. 
Hormesis is defined as low-dose induction of 
stress, that conditions cells and organisms to 
higher stress resistance, which results in in-
creased lifespan (Cypser et al., 2001). It has 
previously been shown that lifespan of sev-
eral C. elegans long-lived mutants is reduced 
upon treatment with ROS scavengers such as 
N-acetyl-cysteine (NAC) or vitamin C (Yang 
and Hekimi, 2010). We decided to treat edc-3 
mutants with NAC and observed a significant 
reduction in lifespan (Figure 14B). We attempt-
ed to see whether the dramatic decrease in 
lifespan of edc-3 mutants upon loss of skn-
1 might be dependent on hormesis. Indeed, 
treatment with NAC resulted in rescue of the 
epistatic effect of skn-1 down-regulation in an-
imals carrying edc-3(ok1427) allele. Life span 
shortage of animals upon loss of skn-1 alone 
was not altered upon NAC treatment (Figure 
14C).

Figure 15: HSF-1 controls edc-3 mu-
tant lifespan and P body formation 
upon heat stress. All lifespan assays 
were carried out at 20°C and animal 
survival is plotted against age. All 
P-body quantification were performed 
at day 8 of adulthood expressing pdcap-

1DCAP-1::dsRED in wild type or edc-3 
mutant animals. (A) Lifespan compar-
ison of wild type and edc-3 mutant an-
imals upon down-regulation of daf-16. 
(B) Life span assay upon down-regu-
lation of hsf-1 in wild type and animals 
harboring edc-3(ok1427) allele. (C) 
P-body quantification upon down-reg-
ulation of daf-16, (D) P-body quantifi-
cation upon down-regulation of hsf-1, 
at 20°C (day 8) or 25°C (day 6).
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SKN-1 and EDC-3 co-regulate 
P-body formation
 Since we showed that decapping en-
zymes increasingly accumulate during ageing 
in C. elegans, we decided to study a possi-
ble involvement of transcriptional regulators of 
ageing and stress response in the formation 
of P-bodies. We down-regulated daf-16, skn-1 
or hsf-1 in animals carrying DCAP-1 P-body 
reporter. Loss of neither transcription factors 
during ageing and measured in day 4 (data not 
shown) and day 8 (Figure 14D and Figure 15B 
and D) wild type animals resulted in significant 
changes of P-body number. The fact that SKN-
1 and HSF-1 act epistatic on EDC-3 prompted 
us to investigate whether P-body levels are al-
tered in edc-3 mutants upon down-regulation 
of hsf-1, daf-16 or skn-1. Surprisingly, only 
upon knockdown of skn-1 DCAP-1 aggrega-
tion in day 8 adults was significantly enhanced 
compared to control, while loss of neither hsf-
1 or daf-16 produced such effects (Figure 
14D). Since we had shown the involvement 
of hormesis in the lifespan extending process, 
we decided to treat wild type and edc-3 mutant 

reporter lines with the ROS scavenger NAC. 
In wild type and upon skn-1 knockdown, we 
detected no alterations in P-body levels. NAC 
also did not affect P-bodies in edc-3 mutants, 
while it markedly reduced the elevated levels 
upon additional loss of skn-1 (Figure 14D). 

HSF-1 regulates IFE-2 and 
P-body formation during stress 
and ageing
 Upon down-regulation of hsf-1 we did 
not observe any changes in P body formation 
when animals were grown under favorable 
conditions at 20°C, neither in young nor in 
old stages (Figure 15D). However, when we 
maintained animals under stress conditions 
at increased temperature at 25°C, we recog-
nized that P-body formation was significant-
ly induced in day 8 old animals and that this 
phenotype was suppressed upon loss of hsf-
1. The same results we obtained in animals 
carrying edc-3(ok1427) allele (Figure 15D).
 We had shown that IFE-2 localizes to 
stress granules during ageing and we set out 
to investigate whether loss of transcriptional 

Figure 16: HSF-1 controls IFE-2 stability 
and stress granule formation. 
All measurements were performed three 
times, n=25, all error bars indicate SEM, 
p**<0.001, p***<0.0001. (A) Percent 
animals forming stress granules upon 
down-regulation of daf-16, skn-1 or hsf-
1 genes observed in various tissues at 
day 8 of adulthood. (B) Quantification of 
mean pixel intensities for pife-2IFE-2::GFP 
of whole animals during ageing. (C) Mean 
pixel intensities of transcriptional reporter 
pife-2GFP during ageing. (D) Measurements 
of pife-2IFE-2::GFP expression levels upon 
loss of daf-16, skn-1 or hsf-1 gene in wild 
type animals at day 8 of adulthood. (E) In-
tensity measurements of transcriptional re-
porter pife-2GFP upon loss of hsf-1 at day 
8 of adulthood. (F) Maximum intensity pro-
jections of confocal images of day 8 adult 
animals co-expressing pife-2IFE-2::GFP and 
pdcap-1DCAP-1::dsRED upon down-reg-
ulation of hsf-1 in wild type or edc-3 mu-
tants. Size bars indicate 50μm. Red arrows 
shows nuclei with visible or enhanced IFE-
2 expression, white arrows show areas of 
IFE-2 granulation. 
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regulators of stress and ageing might regu-
late this phenomenon. We monitored animals 
carrying IFE-2::GFP reporter upon down-reg-
ulation of daf-16, skn-1 or hsf-1 at day 4 and 
day 8 of adulthood. In aged animals, loss of 
skn-1 and daf-16 did not alter IFE-2 granula-
tion compared to control animals, while loss 
of hsf-1 resulted in a severe increase of IFE-2 
granules in several tissues including muscle, 

intestine and seam cells (Figure 16A and Fig-
ure 17A). We quantified general expression 
levels of IFE-2::GFP during ageing and ob-
served that the reporter signal gradually de-
creased as animals aged (Figure 16B). Also, 
the transcriptional reporter driven by the ife-2 
promoter decreased, although not as signifi-
cantly (Figure 16C). We measured IFE-2::G-
FP reporter signal in aged animals and ob-

Figure 17. Heat shock response and EDC-3 co-regulate compartmentalization of IFE-2.
(A) Representative confocal images of seam cells showing extensive nuclear localization and granulation of IFE-2 
and co-localization with DCAP-1 in close proximity to nuclei upon loss of hsf-1 gene (area highlighted in F). Size 
bar corresponds to 10μm. Arrows indicate P-body and IFE-2 granule co-localization at nuclear periphery. (A1) Ex-
pression of pife-2IFE-2::GFP, (A2) expression of pdcap-1DCAP-1::dsRED and (A3) merged fluorescent signals. Size 
bar corresponds to 10 μm. (B) Single plane confocal images show IFE-2 aggregation within the nucleus highlight-
ed in G3 and co-localization with DCAP-1 reporter along the periphery. Dashed line indicates nuclear envelope. 
(B1) Expression of pife-2IFE-2::GFP, (B2) expression of pdcap-1DCAP-1::dsRED and (B3) merge of signals. (D) Quan-
tification of percentage of animals displaying enhanced nuclearization phenotype as observed and represented in 
panels G to I. (E) Ratios of mean pixel intensities measured in the nuclear area and compared to standardized size 
in the cytoplasm compared between wild type and edc-3 mutant animals.
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served that upon loss of skn-1 and daf-16 
levels were comparable to wild type, while 
suppression of hsf-1 resulted in a substan-
tial increase (Figure 16D). Stress granule for-
mation and a general increase of IFE-2::GFP 
levels were also obtained in edc-3 mutant an-
imals (data not shown). Measurements at the 
same age of animals carrying the ife-2 tran-
scriptional reporter also showed significantly 
increased fluorescence (Figure 16E). 
 

HSF-1 and EDC-3 co-regulate 
compartmentalization of IFE-2 
between cytoplasm and nucle-
us
 Additional to the increase and granula-
tion of IFE-2 signal we detected a third drastic 
phenotypic change upon down-regulation of 
hsf-1 in aged animals: IFE-2 signal was dra-
matically enriched in nuclei of various tissues 
including muscle, intestine, as well as epider-
mal and seam cells (Figure 17A and Figure 
18A). The IFE-2 homologue eIF4E has been 
reported to be involved in transport of specif-

Figure 18: Extended analysis of nuclearization of IFE-2 upon loss of hsf-1 gene in wild type and edc-3 
mutant animals. (A) Epifluorescent images of ventral part of day 8 old animals expressing pife-2IFE-2::GFP co-
stained with DAPI, and DIC reference image. (A1 to A4) Otherwise wild type animals show co-localization of ho-
mogeneously expressed IFE-2 with DAPI throughout all tissues and cell types. (A5 to BA) Upon down-regulation 
of hsf-1, IFE-2 signal co-nuclearizes with DAPI across tissues including intestinal, muscle and seam cells. (A9 to 
A12) Animals carrying edc-3(ok1427) allele appear similar in co-localization pattern compared to wild type. (A13 
to A16) Knockdown of hsf-1 in edc-3 mutant animals causes less significant nuclearization of IFE-2 signal com-
pared to wild type treated with hsf-1 RNAi. Size bars in all merged images indicate 50μm. (B) Confocal images 
of wild type animals co-expressing pife-2IFE-2::GFP and pdcap-1DCAP-1::dsRED with focus on areas of the animals 
showing nuclearization of IFE-2 in what we identify as hypodermal and muscle cells: (B1) Anterior region and (B2) 
posterior region of the animal. Size bars indicate 50μm. (B3 to B5) Close view on nuclei of areas indicated in B1 
and B2. Size bars correspond to 5 μm. (C) Confocal imaging based 3D analysis of nuclear IFE-2 granulation and 
co-localization with DCAP-1. (C1) Single plane confocal image of pharyngeal region of a day 8 adult animal co-ex-
pressing pife-2IFE-2::GFP and pdcap-1DCAP-1::dsRED upon down-regulation of hsf-1 in wild type. The DIC image 
inlay indicates the recorded region close to the second bulb of the pharynx. Size bar corresponds to 10μm. (C2) 3D 
reconstructed nucleus based on multiple confocal planes displaying co-localization of DCAP-1 and IFE-2 granules 
in the nuclear envelope. Size bar corresponds to 1μm.
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ic mRNAs from the nucleus to the cytoplasm 
(Culjkovic et al., 2006; 2007). Curiously, we ob-
served that IFE-2 was present in nuclei of wild 
type animals and the intensity compared to the 
cytoplasm was somewhat higher in some cell 
types, including intestinal and hypodermal tis-
sues (Figure 18B). Also, we recognized that 
DCAP-1 P-bodies localized in close to direct 
proximity to nuclei (Figure 17B and C, Figure 
18C). 
 To verify nuclearization, we performed 
DAPI staining in wild type and edc-3 mutants 
with or without hsf-1 RNAi treatment at day 
8 of adulthood. We confirmed that IFE-2 is 
expressed within the cytoplasm and nuclei 
of wild type and edc-3 mutant (Figure 18A). 
Down-regulation of hsf-1 strongly enriched the 
IFE-2 signal in nuclei (Figure 18A  and 18C). 
We recorded IFE-2 nuclearization in seam 
cells of animals treated with hsf-1 RNAi by 
confocal microscopy scans and confirmed in-
creased nuclear signal and granulation. Fur-
ther, we detected that IFE-2 granules also 
form within the cell core and co-localized with 
DCAP-1 P-bodies in the cytoplasm and at the 
periphery of nuclei (Figure 17B and C, Figure 

18C). We did not observe any similar pheno-
types upon down-regulation of skn-1 or daf-16 
(data not shown). 
 Since we had observed an epistasis ef-
fect of HSF-1 on EDC-3, we were interested 
to investigate IFE-2 related phenotypes upon 
hsf-1 down-regulation in animals carrying edc-
3(ok1427) allele. We detected three notable 
phenotypes compared to control treated with 
hsf-1 RNAi: (I) IFE-2 signal was also signifi-
cantly upregulated in edc-3 mutants, (II) gran-
ulation of IFE-2 was similar to control but (III) 
nuclearization of IFE-2::GFP was significant-
ly lower compared to control. We set out to 
quantify the difference in nuclear enrichment 
of IFE-2 and noted that just about 50% of edc-
3 mutants upon hsf-1 down-regulation resem-
bled this phenotype (Figure 17D). Further, we 
measured the intensity ratio of IFE-2 specif-
ic signal in the nucleus compared to the cy-
toplasm. Nuclei with enriched IFE-2 signal in 
animals carrying edc-3 mutation were showing 
relatively reduced levels compared to the con-
trol (Figure 17E). Together these results point 
to a significant role of HSF-1 and EDC-3 in the 
co-regulation of IFE-2.
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The involvement of mRNP turnover in 
regulation of various cellular mecha-
nisms has been studied in detail (see 

Introduction). Whether this process might be 
involved in the regulation of ageing remains 
unknown. The work presented here provides 
an array of evidence for a possible mecha-
nism underlying the control of ageing in C. 
elegans by the highly conserved modulator 
of decapping EDC-3. We collected com-
pelling proof that EDC-3 controls lifespan 
through various modes: (I) EDC-3 interfaces 
with protein synthesis, possibly through in-
teraction with IFE-2 specifically in neurons, 
and thereby also regulates neuronal integrity. 
We also find that EDC-3 mediated control of 
ageing possibly acts cell-non-autonomous-
ly;  (II) EDC-3 is involved in the induction of 
mitohormesis and the subsequent activation 
of stress response factor SKN-1; (III) EDC-
3 might stimulate eIF4E mediated export of 
mRNPs from the nucleus to the cytoplasm 
and thereby promote translation in various 
tissues in C. elegans.
Further, we identify that P-bodies and stress 
granules function as biomarkers of ageing. 
The assembly of those cellular aggregates 
might be controlled by the transcriptional ac-
tivity of the well-known regulators of stress re-
sponse and ageing HSF-1 and SKN-1. These 
findings indicate that P-bodies and stress 
granules might have a causative correlation 
with stress and ageing processes (compare 
Figure 20, 21 and 22).

Neuronal specific regulation of 
ageing by EDC-3 
 Our results provide phenotypical sup-
port for the idea that EDC-3 influences age-
ing largely through its neuron-specific activ-
ity. First, we observed a significantly milder 
effect of edc-3 RNAi (15%) versus the edc-3 
specific mutation on health and longevity of 

C. elegans (30%; compare Figure 10A). This 
difference could be explained by the fact that 
functionality of RNAi is impaired in neuronal 
tissue of nematodes (Kamath et al., 2003). 
Also, neuron-specific expression of EDC-3 
driven by a well-studied pan-neuronal pro-
moter for the gene unc-119 is sufficient to 
rescue EDC-3 mediated lifespan regulation 
(Figure 9H and 9I; Maduro, 1995). Further, 
expression analysis of EDC-3 revealed its in-
creased accumulation during ageing in two 
cell types: the intestine and neurons (Figure 
11 and 12A). Both tissues are known to sig-
nificantly contribute to control of ageing: The 
intestine is a major site for lipid storage that 
responds to daf-2/daf-16 pathway, while spe-
cific sensory systems such as the ASI neu-
rons, have been shown to regulate ageing in 
C. elegans (Ashrafi et al., 2003; Bishop and 
Guarente, 2007).
 Additionally, we performed time lapse 
recording of EDC-3 in neurons and record-
ed that EDC-3 P-bodies localized to specific 
sites within neurons, including hillocks, along 
axons and in cell bodies (compare Figure 
11). Those P-bodies were static but we de-
tected smaller fractions of EDC-3 aggregates 
dynamically drifting within neurons (data not 
shown). This indicates that EDC-3 could be 
part of neuronal transport granules, as pre-
viously suggested for other P-body compo-
nents (Zeitelhofer, 2008; Barbee et al., 2008). 
More evidence for neuronal specific func-
tions of EDC-3 comes from experiments with 
animals carrying edc-3(ok1427) allele, which 
display various neuron-specific phenotypes, 
including increased cellular maintenance 
during ageing, increased levels of GFP, but 
lowered de novo protein synthesis (Figure 
12D, 12E and 12F). Which neural specific 
mechanisms does EDC-3 employ to control 
ageing?

Discussion
The role of mRNA turnover in ageing
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Direct suppression of IFE-2 
mediated protein synthesis by 
EDC-3
 Together, our study contains multiple 
evidence that EDC-3 and IFE-2 might inter-
act in neurons to control ageing. One central 
observation was that suppression of edc-3 
activity by RNAi in ife-2 mutants did not al-
ter lifespan, while RNAi mediated down-reg-
ulation of ife-2 in edc-3 mutant animals led 
to a dramatic longevity effect (Figure 9B). It 
was shown in the past that IFE-2, one iso-
form of its homolog eIF4E, promotes longev-
ity by regulation of global protein synthesis 
in C. elegans. This study also showed that 
ife-2 RNAi and animals carrying ife-2(ok306) 
allele show similar lifespan extensions, from 
which the authors originally concluded that 
the effect of loss of protein synthesis in neu-
rons on ageing are negligible (Syntichaki et 
al., 2007). Our repetitions of these experi-

ments revealed that in fact ife-2 RNAi shows 
a significantly increased longevity compared 
to ife-2 mutants (Figure 9B). Further, simul-
taneous down-regulation of edc-3 and ife-2 
by double RNAi or double-knockouts did not 
result in any additional lifespan extension 
(Figure 9C and 9D). These results show that 
a simultaneous IFE-2 presence and EDC-3 
absence specifically in neurons is required 
for the dramatic lifespan increase observed 
in Figure 10B, hence particularly beneficial 
for longevity (see Figure 19).
 We found indications that absence of 
EDC-3 might directly influence IFE-2 protein 
during ageing in neurons: Down-regulation 
of edc-3, and its interacting partners in the 
decapping process dcap-1 and dcap-2, re-
sulted in stabilization of IFE-2 protein, but 
did not alter transcriptional regulation (Figure 
9E and 9F). Intriguingly, IFE-2 signal strong-
ly decreased during ageing, with the excep-
tion of few tissues, which we identified as the 
canal cells, some axons and cell bodies of 
the ventral nerve cord, and the areas of the 
pharynx and tail that include muscles and a 
highly condensed network of neurons (Figure 
12H; pharyngeal neurons; tail neurons). Fur-
ther, the IFE-2 translational reporter shows 
an increased signal in aged edc-3 mutants 
compared to control animals (Figure 12J). 
Indeed, several studies in yeast show that 
formation of the mRNP degradation complex 
competes for the mRNA cap with translation 
initiation mediated by eIF4E (Schwartz and 
Parker, 1999; 2000). The enzymes Scd6, 
Pat1 and Dhh1 involved in initiation of deg-
radation directly suppress translation factors 
(Nissan et al., 2010). The same study states 
that in yeast Edc3 promotes assembly of the 
degradation complex downstream of trans-
lational repression. Our results do not con-
tradict these findings but indicate that C. el-
egans decapping enzymes are more directly 
involved in suppression of translation. This is 
further supported by the effect that general 
neuronal GFP levels driven by unc-119 pro-
moter are upregulated in aged edc-3 mutants 
(Figure 12B). This result indicates that sta-
bility of GFP in neurons could be enhanced 

Figure 19: EDC-3 and IFE-2 pathways interact in 
the regulation neuronal ageing in C. elegans. The 
left column represents theoretical localization expres-
sion of EDC-3 and IFE-2, the middle column shows 
the corresponding genotype, the right column shows 
semi-quantitative changes in lifespan (compare also 
Figure 10). The strongest lifespan extension occurs 
when EDC-3 is depleted in all tissues and IFE-2 is 
down-regulated in non-neuronal tissues, as achieved 
through RNAi (compare Figure 10B).

http://www.wormatlas.org/images/HeadNeurons.jpg
http://www.wormatlas.org/images/TailNeurons.jpg
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upon loss of EDC-3, which might be due to 
impaired mRNP degradation.
 Paradoxically, we showed through 
FRAP assays that loss of EDC-3 robust-
ly suppresses de novo protein synthesis in 
neurons (Figure 12F and 12G). The expla-
nation of this contradictory result might de-
rive when considering the nature of mRNP 
granules: P-bodies are known to be storage 
site for mRNPs. Such arrested mRNPs can 
exit P-bodies or stress granules, and reenter 
translational cycles (Brengues et al., 2008; 
Teixeira et al., 2005). Blocking mRNA degra-
dation, especially at the stage of decapping, 
which is mediated by Edc3, results in an in-
crease of P-body formation (Sheth and Park-
er, 2003). We observed a strongly increased 
P-body signal in aged edc-3 mutants as com-
pared to their control (Figure 12I). We hypoth-
esize that loss of EDC-3 stabilizes mRNPs 
by storing them into P-bodies and detaining 
them from translation. Transcripts that are 
crucial for cell maintenance and stress resis-
tance might be staying available for a longer 

time and might reenter translation cycles in 
a slower rate during ageing (see Figure 20). 
The increased stability of IFE-2 specifically in 
neurons of animals of the genotype ife-2(R-
NAi);edc-3(ok1427) (compare figure 12H and 
12J, and Figure 19) might mediate a more 
robust translation in stress resistance and 
cell maintenance in the long term, and there-
fore explains the dramatic lifespan increase 
in those animals. Generally, lowered protein 
synthesis rates are hypothesized to result in 
higher availability of energy for cellular main-
tenance mechanisms and stress response 
pathways (Tavernarakis, 2008). The direct 
observation of increased neuronal network 
stability in ageing upon loss of EDC-3 sup-
ports this postulation (Figure 12C to 12E). To-
gether, these results indicate that a carefully 
adjusted balance between mRNP storage, 
protein synthesis and cellular maintenance 
are essential for the regulation of normal neu-
ronal ageing.

Figure 20: mRNP turnover and translation initiation interface in the regulation of translation and control of 
ageing in C. elegans. We hypothesize that Edc3 activity contributes to competition between translation and deg-
radation initiation, possibly by binding mRNA degradation factors and recruiting the decapping complex. Presence 
of Edc3 dynamically promotes mRNP degradation and storage in P-bodies upon various stress insults and during 
ageing. Increased mRNP storage decreases mRNA availability for translation and a tightly regulated balance of 
mRNP storage, protein synthesis and cell maintenance controls ageing.
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EDC-3 lifespan regulation and 
oxidative stress response
 It is becoming increasingly apparent 
that cellular stress response mechanisms 
interact with factors that influence ageing, 
suggesting that longevity is closely related 
to the ability of organisms to respond to both 
intrinsic and extrinsic stress (Kourtis and Tav-
ernarakis, 2011). We showed through vari-
ous experiments that loss of EDC-3 prolongs 
lifespan (Figure 9A; Figure 10A and 10B) and 
increases resistance to various stress insults: 
Mutations in the genes gas-1 or mev-1 lead 
to increased oxidative stress by perturbing 
the electron transport chain in mitochondria, 
which results in an increased rate of age-
ing (Ishii et al., 1998; Kayser et al., 1999). 
Down-regulation of edc-3 rescued decreased 
lifespan of both mitochondrial mutants (Fig-
ure 13A and 13B). We also measured an 
increased resistance to oxidative stressors 
paraquat and sodium azide (Figure 13C and 
13D). A leading hypothesis for ageing of cells 
and organisms is the accumulation of reactive 
oxygen species (ROS), such as superoxide 
(O2•-) and hydrogen peroxide (H2O2), which 
in turn causes protein, lipid and DNA dam-
age and results in age-related decline of cells 
and tissues (Harman, 1992). Cells respond 
with the activation of genetic mechanisms to 
counteract stress insult. Consequently, upon 
loss of EDC-3, we measured activation of two 
genes involved in oxidative stress response, 
gst-4 and sod-3. Those genes were also ac-
tivated upon down-regulation of DCAP-1 and 
DCAP-2 (Figure 13E and 13F).
 Various transcription factors are 
known to control ageing and stress response, 
including the factors DAF-16, SKN-1 and 
HSF-1 (Kenyon, 2010). Upon down-regula-
tion of hsf-1 and skn-1, but not daf-16 genes, 
we measured a complete rescue of longev-
ity in animals carrying edc-3(ok1427) allele 
(Figures 14A, 15A and 15C). Curiously, in the 
case of epistasis of SKN-1, lifespan was even 
reduced below that of the control population 
(Figure 14C). SKN-1 is the major regulator 
of hundreds of genes involved in oxidative 
stress response and ageing in C. elegans 

(Park et al., 2009). Also, we measured signifi-
cantly induced formation of ROS upon edc-
3 or dcap-2 down-regulation (Figure 13G). 
Accumulating evidence from studies in C. 
elegans point to a regulation of ageing by in-
duction of mitohormesis, which can be coun-
teracted by ROS scavenging (Ristow and 
Schmeisser, 2011; Yang and Hekimi, 2010). 
We observed a robustly decreased longevi-
ty phenotype of edc-3 mutants and animals 
treated with edc-3 RNAi upon NAC treatment 
(Figure 14B and data not shown). Further, 
the epistasis effect of SKN-1 on EDC-3 was 
largely rescued when animals were treated 
with NAC (Figure 14C). The experimental se-
ries leads us to conclude, that loss of EDC-
3, and maybe DCAP-1 and DCAP-2, triggers 
mitohormesis in C. elegans, which perturbs 
ROS balance and employs SKN-1 activation 
to increase longevity (Figure 21).
 The exact processes that trigger mito-
chondrial ROS production upon loss of edc-
3 are unknown. However, it is accepted that 
P-bodies, including all components for RNAi, 
actively and dynamically associate with mi-
tochondria and that loss of mitochondrial 
function suppresses effectiveness of miRNA 
and siRNA mediated RNAi in mammalian 
systems (Huang et al., 2011). Also, an array 
of miRNAs is enriched within mitochondria, 
some of which might be regulating mitochon-
drial translation (Bandiera et al., 2011; Bian 
et al., 2010). We found that upon loss of the 
mitochondrial protein EAT-3, homologue of 
OPA1 in humans, DCAP-1 P-body intensity is 
generally increased (Figure 6E). EDC-3 mod-
ulates decapping, interacts with the Ago2 
mediated miRNA silencing complex (Franks 
and Lykke-Andersen, 2008). We speculate 
that EDC-3 through its central role in P-bod-
ies might be involved in the regulation of mi-
tochondrial functions including mitochondrial 
translation and integrity and could therefore 
induce ROS production in a more direct man-
ner (Figure 21).
 Another, explanation might correlate 
with findings that show a general SKN-1 acti-
vation upon loss of translation initiation. The 
factors that activate SKN-1 in that case are 
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unknown (Wang et al., 2010). Our findings 
show that loss of EDC-3 suppresses de novo 
protein synthesis, possibly by accumulating 
mRNPs in P-bodies, and subsequently ac-
tivate SKN-1. Curiously, we tested whether 
ROS scavenging might also affect lifespan 
extension in animals with impaired transla-
tion initiation. We found that upon down-reg-
ulation of ife-2 gene, NAC treatment did not 
result in decreased lifespan (data not shown), 
which indicates that SKN-1 activation upon 
loss of EDC-3 via ROS or suppression of 
translation act in parallel (Figure 21).

HSF-1 co-regulates EDC-3 
lifespan and nuclear and 
cytoplasmic functions of IFE-2
Our data provide evidence that heat shock 
response interacts with mRNP turnover 
and translation. Intriguingly, we detected 
IFE-2::GFP protein in nuclei across several 
tissues in C. elegans (Figure 17A and 18B). 
Upon loss of HSF-1, we noticed three distinct 
phenotypes connected to IFE-2 protein: (I) 
we found extensive IFE-2::GFP granulation 

in tissues including seam cells, intestine and 
in the area of the pharynx (Figure 16A and 
17A); (II) we observed a substantial gener-
al increase in IFE-2::GFP protein levels and 
transcriptional upregulation (Figure 16B and 
16C); (III) we revealed dramatic nuclear ac-
cumulation and granulation of IFE-2 (Figure 
17A to 17C).
 Multiple functions have been de-
scribed for eIF4E, the human homologue of 
IFE-2: Next to its function as central transla-
tion initiation factor, it is a known oncogene, 
localizes to the nucleus and has been directly 
implicated in nuclear export of specific mR-
NAs (Culjkovic et al., 2006; Mamane et al., 
2004). Our findings indicate that eIF4E major 
functions could be conserved in C. elegans 
and might be directly suppressed by HSF-1 
activity. Loss of HSF-1 boosted transcrip-
tion of ife-2 gene and accumulation of IFE-2 
protein (Figure 16B and 16C), which we ob-
served in young and aged animals. Peculiar-
ly, nuclear and cytoplasmic aggregation upon 
loss of HSF-1 only occurred in older nema-
todes (day 8), indicating an age-dependent 

Figure 21: EDC-3 might control ageing via activation of SKN-1 through mitohormesis and translation ini-
tiation. By differentially regulating mRNP degradation and storage in P-bodies, EDC-3 controls translation initi-
ation, which is known to interface with control of SKN-1. Also, the function of degradation factors accumulated in 
P-bodies might control mitochondrial integrity and ROS levels, which regulates SKN-1 and stress response genes. 
ROS possibly directly regulates P-body size, mRNP storage and degradation activity to maintain stress response 
(compare Figure 15). 
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effect. IFE-2 stress granules co-aggregate 
with DCAP-1 in the cytoplasm (Figure 17B). 
Detailed dissection of IFE-2 nuclear localiza-
tion revealed granulation within the nucleus 
and the perinuclear space.
 Intriguingly, in edc-3 mutants, we de-
tected a decreased nuclearization phenotype 
of IFE-2 upon down-regulation of hsf-1 gene. 
Only half the amount of edc-3 mutants ex-
pressed enhanced nuclear localization and 
the ratio between nuclear and cytoplasmic 
IFE-2 was lower compared to wild type (Fig-
ure 17D and 17E). These results indicate that 
EDC-3 is involved in the regulation of IFE-2 
mediated nuclear function. We were not able 
to conclusively detect P-bodies within nuclei 
of C. elegans but our confocal images sug-
gest that DCAP-1 co-accumulates with IFE-
2 at the nuclear envelope (Figure 17C and 
18C). Suppression of eIF4E mediated mRNA 
export, specifically by knockdown of a known 
co-factor LRPPRC, accumulates eIF4E in 
P-bodies (Topisirovic et al., 2009). Co-local-
ization of eIF4E and P-bodies at the nuclear 
envelope is also observed upon heat stress 
induction in HeLa cells (Suzuki et al., 2009).
 We consider that IFE-2 in C. elegans 
next to its role in translation initiation, serves 
a conserved nuclear function as export factor 
for mRNPs. Upon stress insult, or as animals’ 
age, this function might decline and IFE-2, 
and its cargo, might co-accumulate in nucle-
ar granules, as well as in stress granules and 
P-bodies in the cytoplasm. We also assign a 
novel role for HSF-1 in controlling these pro-
cesses: heat shock response appears to con-
trol ife-2 transcription and stability, as well as 
IFE-2 aggregation. These findings also link 
HSF-1 function to the control of global protein 
synthesis, which is a critical determinant of 
ageing (compare proposed model in Figure 
22). 
 HSF1 is the major regulator of heat-
shock response in vertebrates by inducing 
expression of heat-shock proteins (HSPs) 
and other cytoprotective proteins. In un-
stressed cells, HSF1 in an inactive mono-
meric form and becomes activated upon heat 
and other stress stimuli, forms trimmers and 

expedites a site-specific DNA-binding activity 
(Kourtis and Tavernarakis, 2011). Only one 
study, which investigates its oncogenic roles, 
links HSF-1 to translational control: Loss of 
Hsf1 in mouse embryonic fibroblasts, which 
were grown under serum starvation showed 
reduced levels of S6K and three ribosomal 
subunits, as compared to control cells. How-
ever, the authors find that eIF4E protein lev-
els stay unaffected (Dai et al., 2013). There-
fore our findings appear to be a pioneer study 
in HSF-1 mediated control of translation.
Loss of EDC-3 results in a general increase of 
P-bodies and IFE-2 during high age, but sup-
presses the nuclear enrichment of IFE-2 (Fig-
ure 6I and 6J, Figure 17D and 17E). Import of 
eIF4E is regulated by the eIF4E-Transporter 
(4E-T), which also co-localizes to P-bodies 
(Dostie et al., 1999). The C. elegans homo-
logue of 4E-T, IFET-1, is important for P-Gran-
ule formation and co-localizes with P-bodies 
(Sengupta et al., 2013). We speculate that 
loss of EDC-3 might sequester IFE-2 and its 
nuclear transporter in P-bodies, thereby sup-
pressing nuclearization and consequently 
mRNP export. Recent studies indicate that 
mRNA decay factors such as Dcp1a, Edc3 
and the exonuclease Xrn2 function in nuclei 
and suppress expression of specific genes by  
(Reines, 2012). Although by imaging we did 
not detect DCAP-1 or EDC-3 in the nucleus, 
we cannot exclude that nuclear degradation 
processes are conserved in C. elegans and 
might contribute to IFE-2 nuclear transport 
functions through presently unknown mech-
anisms.
 We had also observed robust resis-
tance to heat stress of edc-3 mutants (Figure 
13H and 13J), which indicates activation of 
heat shock response pathways in those ani-
mals. Down-regulation of edc-3 by RNAi did 
not result in a similar phenotype, possibly be-
cause RNAi does not affect specific neurons 
involved in heat stress resistance, including 
the AFD neurons (Lee and Kenyon, 2009). 
We speculate that loss of EDC-3 in neurons 
activates HSF-1, which mediates increased 
heat stress resistance during ageing and lon-
gevity.
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 Since loss of HSF-1 also acts epistatic 
on lifespan extension observed upon loss of 
EDC-3 (Figure 15C) and controls expression 
of IFE-2, which is a well-known determinant 
of ageing, we speculate that the observed 
phenomena interface to regulate C. elegans 
lifespan. Additional experiments need to be 
performed to address this intriguing issue. 
However, our results raise the speculation 
that the multiple functions of IFE-2 in trans-
lation initiation, mRNP accumulation and 
transport between nucleus and cytoplasm 
are linked and might co-regulate the process 
of ageing in communication with mRNP deg-
radation and transcriptional regulation in heat 
stress response.

Decapping factor EDC-3 as de-
terminant of ageing
 Our results demonstrate that loss of 
EDC-3 results in longevity in a largely neu-
ron-dependent manner. We tested the impli-
cation of other mRNP degradation factors in 
ageing, including LSM-1, DCAP-1, DCAP-2 
and CCR-4 (compare Figure 1). Down-reg-
ulation of either factor by RNAi did not re-
sult in any significant lifespan alterations in 
wild type animals (data not shown). Animals 
carrying dcap-1 or dcap-2 mutant alleles 
showed increased obvious developmental 
defects including reduced egg laying, altered 

locomotion and embryos tend to hatch with-
in the mother (bagging), as well as altered 
morphology (data not shown). These pheno-
types point to the possibility that the decap-
ping proteins are essential for correct em-
bryonic development of C. elegans. Indeed, 
DCAP-1 and DCAP-2 are both shown to reg-
ulate mRNP stability in P granules during C. 
elegans oogenesis and embryogenesis (see 
Introduction). When performing lifespan ex-
periments, we exposed C. elegans to RNAi 
post-embryonically to avoid interference with 
development. Why does specifically loss of 
edc-3 gene, but none of its known interactors, 
especially dcap-1 or dcap-2, extend lifespan 
in the nematode?
 EDC-3 did not display developmen-
tal defects compared to wild type, egg lay-
ing was slightly, and body size significantly 
reduced (Figure 10C). Reduced body size 
points to a changed metabolic rate as ob-
served in various long-lived mitochondrial 
mutants in C. elegans. However, this feature 
cannot be directly correlated with ageing or 
specific changes in metabolism (Braeckman, 
2009). The fact that EDC-3 is not essential 
for embryonic development might be signif-
icant for the explanation of its role in control 
of lifespan. From studies in yeast it is known 
that Edc3 is dispensable for efficient decap-
ping and maintenance of steady state-lev-

Figure 22: Heat shock re-
sponse regulates IFE-2 com-
partmentalization and gran-
ule formation in C. elegans. 
HSF-1 regulates ife-2 gene 
transcription and protein sta-
bility. IFE-2 (eIF4E) appears 
to follow a conserved nuclear 
function as mRNP transport 
protein in the nematode. Heat 
and age-related stress activate 
HSPs, which differentially reg-
ulate accumulation of mRNPs 
in stress and nuclear granules, 
as well as P-bodies, possibly to 
maintain proper cellular stress 
response. EDC-3 plays a so 
far  unidentified role in nuclear 
granulation of IFE-2.



57

el of most transcripts, while its recruitment 
of Dcp1:Dcp2 is crucial mRNA degradation 
(Kshirsagar and Parker, 2004). 
 Edc3 also interacts with various oth-
er degradation enzymes, promotes decay 
of specific mRNAs and is considered a cen-
tral scaffolding factor for the mRNA decap-
ping complex and P-bodies (see Introduc-
tion). We observed that deletion of EDC-3 
abandons recovery of the DCAP-1 specific 
P-body signal in FRAP experiments (Figure 
12K), which could be due to the generally 
lowered protein synthesis rate in edc-3 mu-
tants and/or its predicted role in P-body as-
sembly. Further, loss of EDC-3 increases ac-
cumulation of P-bodies during ageing (Figure 
12I). This corresponds to results obtained in 
Edc3 depleted yeast, which show increased 
P-body formation (Sheth and Parker, 2003). 
We conclude that EDC-3 activity in C. ele-
gans might be redundant and non-essential 
for development, but significantly influenc-
es P-body assembly through its scaffolding 
role in forming the decapping complex, as it 
has been shown for other, structurally related 
enzymes, including Scd6 and Pat1 (Fromm 
et al., 2011; Nissan et al., 2010). This scaf-
folding role might be central to its function in 
ageing, since it suppresses degradation but 
does not abandon it. Further, its role in sup-
pressing specific mRNPs, as shown for some 
cases in yeast, could contribute to determine 
longevity (Dong et al., 2010). Direct mRNA 
targets of degradation by EDC-3 and its ex-
act roles in C. elegans decapping need to be 
determined in future experiments.

Cell-autonomous versus -non-
autonomous regulation of 
ageing by EDC-3
 The evidence for a largely neuron-spe-
cific function of EDC-3 is persuasive. Howev-
er, several experiments made us inquisitive 
about the possibility that pathways controlled 
by EDC-3 might be acting cell-nonauton-
omously in the regulation of ageing: (I) Full 
epistasis effects of the transcriptional regula-
tors SKN-1 and HSF-1 on EDC-3 is observed 
upon down-regulation of RNAi, which as stat-

ed before is not as effective in all neurons 
(Figure 14A and 15C). (II) P-body formation 
in edc-3 mutants was altered compared to 
control animals across tissues in age-depen-
dent fashion (Figure 12I). (III) Further, aged 
edc-3 mutants showed dramatic P-body ac-
cumulation across all tissues upon loss of 
skn-1, which was rescued in part by NAC 
treatment (Figure 15C). (IV) Loss of HSF-1 
resulted in an IFE-2 nuclearization pheno-
type, predominantly observed in muscle and 
hypodermal tissues, which was suppressed 
in edc-3 mutants in the same tissues in aged 
animals (Figure 17D to 17E).
 The more direct explanation for the 
full epistasis effect of SKN-1 and HSF-1 on 
EDC-3 during ageing is that RNAi might still 
affect down-regulation in a subset of neu-
rons critical to mediate regulation in ageing 
cell-autonomously, but it does not account for 
the age-dependent effect observed in other 
tissues in edc-3 mutants. Endocrine signal-
ing pathways control ageing in C. elegans 
through functions in different tissues (Klee-
mann and Murphy, 2009). For DAF-2/DAF-
16 insulin-like signaling tissue-specific func-
tions in ageing have been assigned largely 
to neurons and the intestine, while recent 
studies point to cell-nonautonomous regula-
tion in ageing (Libina et al., 2003; Zhang et 
al., 2013). Our study largely excludes em-
ployment of DAF-16 in control of EDC-3 me-
diated lifespan. However, SKN-1 appears to 
control the production of an unknown endo-
crine signal specifically in the ASI neurons to 
influence metabolism in the intestine upon 
dietary restriction (Bishop and Guarente, 
2007). Further, mitochondrial perturbation in 
neurons can be received and reacted upon in 
distant tissues, such as the intestine, which is 
mediated by so-called, still largely hypothet-
ical mocleucles named “mitokines” (Durieux 
et al., 2011). In our study, EDC-3 mediates 
longevity in neurons through discussed 
mechanisms, which includes induction of a 
hormesis effect, possibly mitohormesis. Mi-
tochondria might produce signals for distant 
communication, which are received and cop-
ied in target cells and down-regulation of skn-
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1 or hsf-1 produce the observed phenotypes 
across tissues. Biomarkers for this process 
in edc-3 mutants are P-bodies, which are 
expressed in differential levels but become 
ubiquitously induced upon loss of skn-1, or 
IFE-2 compartmentalization upon loss of hsf-
1.

Sites of mRNP turnover and 
their roles in ageing
 A central observation of our study 
describes the formation of mRNP aggre-
gates during ageing and stress response. 
Our experiments for the first time show that 
the P-body specific reporters for DCAP-1, 
EDC-3, LSM-3, as well as IFE-2 stress gran-
ules, increasingly accumulate during stress 
response and ageing within a whole organ-
ism (Figure 6A to 6E). It has been proposed 
that P body formation is a consequence, not 
a cause of the function of their components 
in mRNA silencing and decay (Eulalio et al., 
2007). It is therefore convenient to specu-
late that P bodies, and possibly also stress 
granules, form as a consequence of stress 
and ageing and do not play a causative role. 
However, our study contributes several in-
triguing observations that point to a more di-
rect involvement of mRNP aggregates in the 
control of ageing and stress management.
 Firstly, we observed that response to 
various stressors results in different levels of 
P body and IFE-2 stress granule formation 
and also varies across tissues (Figure 6D, 
6E and 6H). Hypoxia and heat stress induced 
both P-body and stress granule formation 
and cause co-accumulation of both (Figure 
6I, Figure 7, Figure 8). Starvation caused 
P-bodies to accumulate, but not stress gran-
ules. Under the conditions we use, sodium 
azide treatment does not significantly induce 
mRNP accumulation in C. elegans. These re-
sults might indicate that storage of mRNPs 
as a response to stress is selectively regu-
lated. In yeast, the cAMP-dependent protein 
kinase (PKA) specifically regulates P-body 
formation upon glucose-deprivation, while 
stress granules occur independently regulat-
ed (Shah et al., 2012; Ramachandran et al., 

2011). 
 Arrest of translation, as it occurs upon 
stress insult, or down regulation of translation 
initiation factors leads to increased P-body 
formation in yeast and is de facto required for 
the assembly of mRNPs into P-bodies (Col-
ler and Parker, 2004; Schwartz and Parker, 
1999). We observed that upon down-regu-
lation of ife-2 gene, P-body number dramat-
ically increased in aged animals (Figure 7F). 
It is well established, that protein synthesis 
decreases during senescent decline (Tav-
ernarakis, 2008). Intriguingly, we measured 
a substantial decrease of IFE-2 translation-
al and transcriptional reporter signals (Fig-
ure 16B and 16C), while P-body formation 
increases in an inverse manner during age-
ing (Figure 6A to 6C). Together, these results 
confirm previous findings, which state that 
mRNPs are stored into P-bodies upon de-
creased translation or during stress insult, 
which appears to be a steady state during 
high age. We also found, that down-regu-
lation of daf-2 results in significantly lower 
mRNP accumulation during ageing when 
measured at the same points in chronolog-
ical age compared to control and ife-2 de-
pleted animals (Figure 6F). Loss of daf-2 or 
ife-2 result in longevity by apparently distinct 
pathways, and it is not clear whether daf-2 
mutants display reduced translation initiation 
(Fuchs et al., 2010). Apparently, P-body as-
sembly in either genetic background is dif-
ferentially controlled, although both mutants 
exhibit robust resistance to various stress 
factors (Syntichaki et al., 2007, Honda and 
Honda, 1999). Curiously, in mammalian cells, 
the P-body factor EDC3 is phosphorylated in 
response to insulin signaling via the AKT ki-
nase. Depletion of insulin severely decreases 
EDC3 phosphorylation, efficiency of miRNA 
mechanism and P-body formation in this sys-
tem, thereby possibly controlling mRNP turn-
over, mRNA stability and translation (Larance 
et al., 2010).

 The findings about P-body and stress 
granule formation due to various stress in-
sults, translational inhibition and ageing led 
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us to test the possible causative involvement 
of transcriptional control. Grown under op-
timal conditions, down-regulation of stress 
and ageing regulators HSF-1, DAF-16 or 
SKN-1 did not result in any significant P-body 
or stress granule accumulation in day 4 old 
animals (data not shown). Down-regulation 
of HSF-1, but not SKN-1 or DAF-16, in aged 
(day 8 of adulthood) worms resulted in se-
verely increased cytoplasmic and nuclear 
IFE-2 stress granule accumulation across tis-
sues including intestine, seam cells, muscles 
and the head region (Figure 16A and 17A). 
These granules partly co-localize with DCAP-
1 P-bodies (Figure 17B and 17C, Figure 
18C). The age-related phenotypes observed 
upon loss of HSF-1 showed similarities to the 
appearance of stress granule formation upon 
heat stress (Figure 6I, Figure 7 and Figure 8). 
HSF-1 regulates ageing in C. elegans by acti-
vation of shps, which act as molecular chap-
erons to prevent aggregation-induced cyto-
toxicity during ageing (Hsu et al., 2003). In 
neurodegeneration, aggregates are thought 
to act protective for the cell by accumulat-
ing and storing damaged proteins (Ross and 
Poirier, 2005). Stress granules accumulate 
mRNPs that are stalled in translation but that 
can reenter translation initiation (Anderson 
and Kedersha, 2002). In mammalian sys-
tems, various examples show co-regulation 
of HSPs, such as HSP70 and HSP90, and 
stress granules maintains translation during 
heat stress (see Introduction). Therefore, 
HSF-1 and subsequently HSP activity might 
be required to prevent aggregation of pro-
teins essential for stress response in C. ele-
gans stress granules.
 In parallel studied mRNP aggrega-
tion upon heat stress in HSF-1 depleted ani-
mals. Aged wild type animals grown at 25°C 
showed some induction of stress granule 
formation but dramatically increased forma-
tion of P-bodies compared to aged animals 
grown at optimal temperature. Upon loss of 
HSF-1, P-bodies failed to form (Figure 15D). 
Loss of HSF-1 is known to strongly decrease 
lifespan and heat stress resistance (Figure 
15C; Chiang et al., 2012). We conclude that 

P-body formation upon heat stress is actively 
promoted by HSF-1 controlled factors, pos-
sibly HSPs. To our knowledge we show for 
the first time that a transcription factor active-
ly promotes granule formation. However, it is 
reported that HSF-1 activation/trimerization 
itself is promoted by mRNP complexes con-
taining translation elongation factor eEF1A 
and the mRNA HSR1, which points to a pos-
sibly direct interaction between HSF-1 and 
mRNP granules (Shamovsky et al., 2006). 
What mechanisms could drive P-body accu-
mulation upon heat stress? At least two tar-
gets that are transcribed upon heat stress, 
HSP70 and HSP90, are largely excluded 
from stress granules and are being trans-
lated (Anderson and Kedersha, 2008). In-
terestingly, Hsp90 directly regulates Ago2 
function under stress conditions and targets 
it to P-bodies and stress granules and possi-
bly accelerates or improves miRNA mediated 
gene silencing (Pare et al., 2009). Intriguingly, 
we recognized that in edc-3 mutants, P-body 
formation upon heat stress was significantly 
enhanced compared to control animals (Fig-
ure 8G). Accumulation of P-bodies upon heat 
stress might be generally promoted by HSPs 
to differentially increase storage of specific, 
possibly expendable, mRNPs and maybe in-
duce their degradation, while the formation 
of stress granules might be suppressed to 
maintain translation of essential heat stress 
resistance transcripts (see Figure 22).

 Finally, we observed that loss of SKN-
1 caused a robust increase of P-bodies in 
aged edc-3 mutants, compared to wild type 
animals (Figure 14D), which points to a spe-
cific requirement of mRNP storage in this ge-
netic background. Curiously, loss of EDC-3 
triggers a hormesis response, which by it-
self does not cause significant alterations in 
P-body formation, even if counteracted by 
the ROS scavenger NAC (Figure 14D). The 
increase of P-body levels upon additional 
loss of SKN-1 is counteracted by NAC, and 
results in longer and healthier lifespan com-
pared to control population (Figure 14C and 
14D). It appears that alterations in P-body 
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formation upon oxidative stress differ from 
heat stress response. SKN-1 mediated acti-
vation of antioxidants might actively suppress 
P-body formation in edc-3 mutant animals, 
but surely regulates ROS levels as previous-
ly suggested (Hunt et al., 2011). Alternatively, 
increased ROS could activate sensor kinas-
es to regulate specific P-body components in 
a fashion similar to the yeast PKA activation 
upon glucose deprivation, which phosphor-
ylates the P-body scaffolding factor Pat1, 
which prevents formation of larger aggre-
gates but increases total number of smaller 
foci (Ramachandran et al., 2011). This sce-
nario is congruent to our observations: Total 
P-body number in SKN-1/EDC-3 depleted 
animals is robustly increased and treatment 
with ROS scavenger NAC significantly de-
creases P-body levels but leaves their size 
unaffected (compare Figure 14D). Similar 
to glucose deprivation in yeast, regulated 
P-body size could be necessary during oxida-
tive stress response in C. elegans to maintain 
the balance between mRNP storage, decay 
and translation (Figure 21; Ramachandran et 
al., 2011; Shah et al., 2012). However, more 
experimental efforts are necessary to deci-
pher the potential mediator of this potential 
ROS/P-body signaling pathway that might in-
terface with SKN-1 activation. 
 Based on our results we propose 
that transcriptional regulation through SKN-

1 and HSF-1 differentially controls storage 
of mRNPs into P-bodies or stress granules 
upon different stress insult and during age-
ing. Loss of EDC-3 prolongs lifespan and 
increases accumulation of mRNPs in P-bod-
ies, which suppresses translation, and in 
parallel might trigger mitohormesis. SKN-1 
is activated via previously speculated path-
ways triggered by ROS and mediates oxi-
dative stress response mechanisms (Ristow 
and Schmeisser, 2011). ROS could directly 
or indirectly regulate P-body size and stor-
age in response to oxidative stress (Figure 
21). Lifespan extension upon loss of EDC-
3 also requires HSF-1 activity. Heat shock 
proteins suppress stress granule assembly 
during ageing, and actively store mRNPs in 
P-bodies upon heat stress insult. Additional-
ly, HSF-1 regulates transcription and stabili-
ty of eIF4E (IFE-2) and subsequently its role 
in mRNP transport, nuclear and cytoplasmic 
granulation and translation initiation (Figure 
22). Whether these functions regulate ageing 
remains to be determined, also how nucle-
ar granulation could be regulated by EDC-3. 
We determine that the observed processes 
act largely independent of DAF-16. Finally, 
we conclude that systematic accumulation of 
mRNPs in granules during ageing and stress 
contributes to a balance of general or specific 
transcript stability and turnover, which in turn 
influences protein synthesis (Figure 20).
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Abstract

 We present a custom-made setup that combines Selective Plane Illumination Micros-
copy (SPIM) and Optical Projection Tomography (OPT) for rapid three-dimensional imaging. 
OPT eliminates the need for serial optical sectioning of specimens, required with conventional 
confocal microscopy, and allows for robust, high resolution fluorescence, as well as absorption 
imaging of whole specimens (compare Sharpe et al., 2002). The SPIM system is designed for 
high penetration depth, low photobleaching and high acquisition speeds when using fluores-
cently labeled specimens, enabling extended time-lapse in vivo experiments (compare Huisken 
et al., 2004). The setup permits to easily switch between SPIM and OPT and can be used to 
image fixed mammalian tissue, Drosophila embryos and live C. elegans animals. 
 We successfully applied OPT to image fluorescently labeled tissues and single neuronal 
cells, including axons, in live C. elegans (Rieckher et al., 2011). Further, we applied novel re-
construction algorithms to improve the resolution of OPT derived 3D images (Birk et al., 2010; 
Zhu et al., 2012). We recently developed a microfluidcs device for C. elegans that is designed 
for high-throughput in vivo imaging specifically through OPT and/or SPIM technology (com-
pare Chronis et al., 2007). We implemented SPIM and obtained preliminary results for in-chip 
measurements. The system is now readily equipped to facilitate high-throughput imaging of C. 
elegans in longitudinal studies of gene expression during the process of ageing.

Appendix:
Novel tools for microscopic 3D imaging

http://www.tavernarakislab.gr/publications/OPT.pdf
http://www.tavernarakislab.gr/publications/Correction_for_specimen_movement.pdf
http://www.tavernarakislab.gr/publications/AutoOPT.pdf
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Classical 3D imaging systems 
for C. elegans and their 
limitations

A fundamental advantage of C. elegans 
as a model organism is its transparen-
cy which allows deep point focussing 

through standard 2 dimensional (2D) micros-
copy techniques such as low-magnification 
stereomicroscopy, and high-magnification 
compound and confocal microscopy (Hope, 
1999). However, there is need for 3D whole 
animal imaging in the nematode, which al-
lows digital sectioning of a sample. This rep-
resents a useful tool to reveal the anatomical 
structure and to visualize gene expression 
patterns of transgenic animals. Optical sec-
tioning techniques on C. elegans have been 
performed on the basis of serial-section re-
construction; laser scanning confocal mi-
croscopy (LSCM) and micro Magnetic Res-
onance Imaging (µMRI). Nevertheless, these 
techniques show limitations of applications in 
the nematode: 
 LSCM has the ability to produce in-fo-
cus 3D images of small specimens which is 
called optical sectioning. Images are acquired 
point-by-point and reconstructed, which also 
allows three-dimensional reconstructions of 
the sample. In LSCM, a laser beam passes 
through a light source aperture and objec-
tive lens focuses the light into a small area 
within the fluorescent specimen. The princi-
ple of the technique is that out-of-focus light 
is suppressed by passing through a pinhole, 
resulting in a sharp focused image. The use 
of a beam splitter allows only the laser light to 
pass to the photodetection device. Obtaining 
and digitally assembling images of various z 
axis planes (z stacks) through a specimen 
further permits the reconstruction of a 3D 
picture (Paddock, 1999). Confocal micros-
copy allows visualization and 3D reconstruc-
tions on subcellular level but is limited when 
it comes to whole-animal recording. In addi-
tion, confocal microscopy is solely based on 

fluorescence detection and not capable of 
imaging intrinsic or extrinsic absorption. In 
C. elegans, confocal miscroscopy, has found 
multiple use e.g. to visualize GFP and yellow 
fluorescent protein (YFP) labelled microtu-
bule in vivo to study cell division (Kozlowski 
et al., 2007).
 Another commonly used technique 
mainly for developmental studies in the 
nematode is 4D embryo imaging through a 
multifocal plane time-lapse video recording 
system (Hird, 1993). Multiple layers of the 
embryo are recorded through Differential In-
terference Contrast Microscopy (DICM, also 
called Nomarsky microscopy) in certain time 
intervals.  The received information about 
positioning of single cells is manually repre-
sented in 4D, which is supported by standard 
used software such as SIMI BiocellTM. This 
allows improved cell lineage representations 
and precise studies of embryonic strategies 
such as pattern formation through cell sort-
ing (Schnabel et al., 1997). These techniques 
have been further improved by fluorescently 
labelled nuclei which can be tracked more 
easily (Bao et al., 2006). Through the use 
of fluorescent labels the expression of cer-
tain genes can be followed up to the 350 
cell stage of development and high-through-
put methods have been applied (Bao et al., 
2006; Hunt-Newbury et al., 2007). Neverthe-
less, this technique neither produces real 3D 
images nor allows in silico sectioning of the 
nematode.
 The technique µMRI offers the possi-
bility to view whole specimen and even gene 
expression patterns in vivo. A strong mag-
netic field is used to align the nuclear mag-
netization of hydrogen atoms of the sample 
resulting in a 3D image. Nevertheless, res-
olution and recording of fluorescence of the 
technique are strongly limited (Pautler and 
Fraser, 2003). The method proves to be inef-
ficient to visualize C. elegans in satisfactory 
resolution.

Imaging C. elegans through novel 
3D microscopy techniques
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Selective Plane Illumination 
Microscopy (SPIM)
 A powerful, relatively novel tech-
nique that makes in vivo optically section-
ing throughout specimen up to several mm 
in size possible is SPIM: The technique of-
fers optical sectioning, reduced fluorophore 
bleaching, fast, highly efficient image record-
ing, and high depth penetration, especially 
when multiple imaging angles are combined. 
SPIM performs well in large samples such as 
fish or fly embryos, which can be observed in 
vivo for several days. The method is based 
on optical sectioning, similar to LSCM, in this 
case achieved through illuminating the sam-
ple along a separate optical path orthogonal 
to the detection axis (Huisken et al., 2004, 
compare Figure 23). The SPIM principles are 
universal and have been successfully applied 
using objective lenses with high magnifica-
tion, covering sample sizes from 20 μm to 

1 mm with isotropic resolutions from 5μm to 
300 nm. Major disadvantage of SPIM is, as in 
LSCM, that absorption/brightfield information 
cannot be derived.
 Since invention, SPIM has become 
applicable for various in vivo studies (Hu-
isken, 2012). One application is the study of 
morphogen gradient dynamics of fluorescent 
Dorsal in Drosophila and activation of its tar-
get genes during embryonic development 
(Reeves et al., 2012). Another well-char-
acterized target is cell lineage tracing in or-
ganogenesis and functional brain imaging of 
the zebra fish (Panier et al., 2013; Swoger 
et al., 2011). A recent application makes 
SPIM available for in vivo studies in C. ele-
gans: The authors present an inverted SPIM 
(iSPIM) system that allows for coupled cell 
identity lineaging and neurodevelopmental 
imaging. Embryonic twitching makes live im-
aging of neurite outgrowth during neurolation 

Figure 23: Representative scheme of combined SPIM and OPT setup and the principal of both techniques. 
(A) 3D imaging of in vivo cellular and molecular processes in the context of the whole organism is of high impor-
tance to study complex biological phenomena such as development and ageing. Both OPT and SPIM are recent 
techniques developed for rapid and high-resolution imaging. A camera-objective system is used to focus on the 
specimen immersed in a glass capillary. Light sources for SPIM are lasers of various wavelengths and the beam 
is focused to a light sheet through the specimen by a focal lens. OPT can potentially employ any laser or LED 
of the corresponding excitation light for the fluorophore or brightfield (see Materials and Methods for details). (B) 
OPT combines fluorescent, intrinsic and extrinsic absorption obtained from in-focus and out-of-focus imaging of 
the rotating specimen. SPIM is based on optical sectioning by illuminating the sample along a separate optical path 
orthogonal to the detection axis, optionally acquiring multi-angled image stacks by rotating the sample.
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a difficult task, which was circumvented by 
application of iSPIM, e.g. to visualize ALA 
neurons as they circumnavigate the develop-
ing nerve ring (Wu et al., 2011). My collabo-
rators and me have constructed a cost-effec-
tive SPIM setup, which is readily equipped to 
image multiple fluorophores and allows for in 
vivo imaging of C. elegans embryos and ful-
ly-grown adults (compare scheme of the set-
up in Figure 3, Materials an Methods).

Optical Projection Tomography 
(OPT)
 Recently, a new method called optical 
projection tomography (OPT) has proven ca-
pability to produce rapid high resolution 3D vi-
sualization of small specimen of 1 to 10 mm in 
size (Sharpe, 2002; 2003). This technique fills 
the gap between µMRI and confocal micros-
copy. OPT is the optical equivalent of X-ray 
computed tomography (CT) scanning, where 
images of the attenuation coefficient or the 
emission distribution are obtained by apply-
ing an inverse Radon transform to back-prop-
agate photons (Kalender, 2006). OPT uses 
projections from different angles perpendicu-
lar to the rotational axis of the specimen un-
dergoing one full revolution. The use of stan-
dard convolution filtered back projection of 
each projection yields a reconstruction of all 
slices. Thereby 3D volumetric representation 
of the specimen including fluorescence pat-
terns, intrinsic and extrinsic absorption or a 
combination of multiple channels is received 
(McGinty et al., 2008; Sharpe, 2004, compare 
Figure 23). OPT is already successfully im-
plemented for 3D imaging of fixed chick and 
mouse embryos (Sharpe, 2002), plants (Lee 
et al., 2006), zebra fish (Bryson-Richardson 
et al., 2007; McGinty et al., 2011), Drosophila 
melanogaster (McGurk et al., 2007), and the 
developing human brain (Sarma et al., 2005). 
 Initially, OPT was mostly used on 
fixed specimens after optical clearing in or-
der to reduce photon scattering. The advent 
of Mesoscopic Fluorescence Tomography 
(MFT) and fluorescence mediated tomogra-
phy (FMT) allows efficient 3D imaging of live 
specimens, at mesoscopic or macroscopic 

scales (Ntziachristos et al., 2002; Vinegoni et 
al., 2007). However, the absence of effective 
microscopic OPT implementations precludes 
the use of OPT in vivo, for imaging anatom-
ical features of sub-millimeter-sized model 
organisms with adequate resolution. My col-
leagues and me describe a tomographic set-
up which successfully meets the challenge 
of microscopic OPT and allows rapid and 
high-resolution imaging of whole specimens 
in vivo (Rieckher et al., 2011). 
 We present a simple and cost effec-
tive tomographic setup, which achieves fast 
3D imaging of live C. elegans animals at sin-
gle-cell resolution. The system is highly ver-
satile and configurable for both absorption/
brightfield and fluorescence imaging, with 
multiple chromophores and fluorophores. 
By post-acquisition filtering of residual sam-
ple movement and spurious drifts we have 
accomplished visualization of neuronal fea-
tures, such as single axons and dendrites in 
vivo (Birk et al., 2010; Rieckher et al., 2011). 
We have combined the published OPT sys-
tem with the novel SPIM setup, which allows 
for sequential recording of datasets of both 
techniques (compare scheme in Figure 3 and 
Figure 4 in Materials and Methods).

Microfluidic in 3D imaging
 Recent advances in microfabrica-
tion technology permit the construction of 
well-controllable microchips with applications 
ranging from cell analysis to tissue engineer-
ing. In previous studies, microfluidic delivery 
systems have been used to trap and stimu-
late single cells and embryos. Several studies 
have extended the applications of microfluid-
ics to in vivo C. elegans imaging. Microfluidic 
devices are available now for trapping and 
stimulating single worms while monitoring 
their behavior and neural function (Chronis, 
2010; Chronis et al., 2007). Microfabrication 
of the worm chips is achieved through soft 
lithography, in which an elastomeric stamp 
with patterned relief structures on its surface 
is used to generate patterns in μm range (Xia 
and Whitesides, 1998). Molding of the chip 
is achieved by polydimethylsiloxane (PDMS) 

http://www.tavernarakislab.gr/publications/OPT.pdf
http://www.tavernarakislab.gr/publications/Correction_for_specimen_movement.pdf
http://www.tavernarakislab.gr/publications/OPT.pdf
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application on fine structured silicone wafers, 
which is then attached to thin glass slides. 
Fluidic inlets and outlets allow loading and 
unloading of worms through attachable tub-
ing systems (Chronis, 2010).
 Microfluidics has found a wide range 
of use in imaging neuronal behavior such as 
response to mechanosensory, osmotic and 
calcium response, as well as microsurgery 
on single axons and regeneration processes, 
or development of single synapses (Allen et 
al., 2008; Chokshi et al., 2010; Chronis et al., 
2007; Samara et al., 2010). Further, worm 
chips have been successfully implemented 
for high-throughput studies and automated 
on-chip subcellular microscopy, phenotyp-
ing, whole-animal sorting and screening in 

C. elegans (Chung et al., 2008; Rohde et al., 
2007). Also, a low-resolution, lens-free opti-
cal tomographic system has been coupled to 
microfluidic devices, allowing for large-vol-
ume recording (Isikman et al., 2011). My col-
leagues and me have tackled the challenge 
to combine a novel microfluidics device with 
the previously developed OPT setup for 
high-throughput based on 3D imaging (Fig-
ure 5 in Materials and Methods). The same 
worm chips are also combined with our novel 
SPIM system and allow for efficient 3D visu-
alization of fluorescent structures in C. ele-
gans.
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Microscopic 3D imaging using 
OPT

We describe a tomographic setup 
which addresses the challenge of 
microscopic OPT and allows rapid 

and high-resolution imaging of whole speci-
mens in vivo (Rieckher et al., 2011). The in-
dividual components of the system and their 
arrangement are outlined in Figure 3 and 
Figure 4. Nematodes are first immobilized 
in either the anesthetics levamisole or sodi-
um azide, then transferred to halocarbon oil 
and finally mounted in a thin glass capillary, 
which is immersed in a chamber containing 
refractive index-matching fluid (see Materials 
and Methods). The capillary is attached to a 
rotation stage that allows precise positioning 
of the specimen for recording images from 
equidistant angles. To center the sample, 
the whole stage can be moved in all three di-
mensions through the stage controller, which 
in turn is controlled by customized software 
running on a computer (see Materials and 
Methods). Micrometric adjustment of the ori-

entation and focusing of the specimen is fa-
cilitated by tilt controls on the rotation stage. 
The mounting stage is designed for easy 
coupling to microfluidics platforms, which 
have been developed for efficient manipula-
tion and immobilization of nematodes (Chro-
nis et al., 2007; Chung et al., 2008). Thus, 
processing of large numbers of individuals 
with negligible specimen perturbation can 
be attained. These features are particularly 
important when monitoring stochastic phe-
nomena, where large animal populations are 
considered, as in the case of ageing studies, 
or when probabilistic and quantitative pheno-
typic traits are involved, as in spatio-temporal 
analysis of gene expression and comparative 
anatomy.
 Two separate light sources are used 
for illumination of specimens. A white light 
LED source provides trans-illumination for 
absorption imaging. For fluorescence imag-
ing, a range of different wave length-emitting 
LEDs can be utilized for epi-illumination, de-
pending on the fluorophores to be excited 

Novel tools for microscopic 3D imaging

Figure 24: Tomographic reconstruction of wild type and transgenic C. elegans allows detailed analysis of 
anatomical features and fluorescence expression patterns. (a-c) Maximum intensity projections of a trans-
genic animal expressing GFP in mechanosensory neurons (see also Video 1). The three viewpoints, sagittal (a), 
transversal (b) and coronal (c) reveal the circuit of the 6 labeled mechanosensory neurons (ALML/R, AVM, PLM-
L/R, PVM). (d) Assembled single slices of a 3D reconstruction of brightfield data, displaying the anatomy of C. 
elegans. Combined sagittal, transversal and coronal views allow visualization of structures such as intestine, phar-
ynx, gonad and eggs. (e) Merged, brightfield and fluorescence tomographic reconstruction of the anterior part of 
C. elegans. Pharyngeal muscles expressing GFP are shown in green (see also Video 2). Size bar indicates 50µm.

http://www.tavernarakislab.gr/publications/OPT.pdf
http://www.tavernarakislab.gr/publications/VideoS1.MOV
http://www.tavernarakislab.gr/publications/VideoS2.MOV
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in the specimen. Thus, the system can be 
readily adapted for imaging existing fluores-
cent marker proteins as well as endogenous 
fluorophores (autofluorescence) and fluores-
cent dyes used for staining various cellular 
components, both in vivo and after fixation of 
the specimens. Furthermore, several chro-
mophores can be specifically imaged simul-
taneously, in addition to the fluorescence and 
anatomy (white light) modalities by using ap-
propriate filter combinations in the trans-illu-
mination light path. The OPT setup allows im-
age registration at video rate, and is capable 
of measuring 500 projections in fewer than 
5 minutes, dependent on intensity of the flu-
orescent signal. The white light data can be 
acquired in 1.5 min, including 500 projection 
images over 360°.

3D reconstructions of OPT data
 A major challenge, which has hindered 
the use of OPT for microscopic imaging in 
vivo, is the residual random movement and 
drift of the sample during the course of ob-
servation, which becomes increasingly signif-
icant at higher magnifications required for mi-
croscopic OPT (Miao et al., 2009).  By using 

landmarks in the organism, which are visible 
in all projection images, we correct for lat-
eral movements of the sample. Additionally, 
we developed software, which compensates 
for slight non-circular motion of the rotation 
stage, by detecting changes in the predicted 
trajectories of the images consisting of data 
from a single line of CCD pixels for all an-
gular measurements (sinograms) (Birk et al., 
2010). Both correction algorithms are applied 
prior to data reconstruction (see Figure 4b, 
Materials and Methods). Filtered back projec-
tions of specimen images acquired at a num-
ber of equidistant angles are then used for 
3D reconstruction. This processing enables 
visualizations of individual cells and cellular 
structures at high 3D resolution of about 2 
μm, not previously possible with OPT.
 We recently developed another novel 
method for motion correction in OPT, which is 
based on the Helgason-Ludwig consistency 
condition (HLCC). The method estimates ob-
ject motion from projection data directly and 
does not require any other additional informa-
tion, which results in a straightforward imple-
mentation. We decompose object movement 
into translation and rotation. Since finding the 

Figure 25: 3D rendering of the anterior 
part of the C. elegans body. (a, b) 3D 
visualizations of anterior body anatomy 
(see Video 3). Three transversal and five 
coronal sections are shown in (a) and (b), 
respectively. The 3D view allows detailed 
visualization and analysis of anatomical 
features, down to single cell level (see 
also Video 1 and Video 4). The process 
for generating 3D renderings is described 
in the Materials and Methods. (c, d) 
Two-dimensional, single slices in trans-
versal and coronal planes, respectively, 
are shown (indicated by white arrows in 
(a) and (b) respectively). In all four pan-
els, brightfield and fluorescence images 
are merged. Pharyngeal muscle cells ex-
pressing GFP are shown in green (see 
Video 2). Size bar indicates 50µm.

http://www.tavernarakislab.gr/publications/Correction_for_specimen_movement.pdf
http://www.tavernarakislab.gr/publications/Correction_for_specimen_movement.pdf
http://www.tavernarakislab.gr/publications/VideoS3.MOV
http://www.tavernarakislab.gr/publications/VideoS1.MOV
http://www.tavernarakislab.gr/publications/VideoS4.MOV
http://www.tavernarakislab.gr/publications/VideoS2.MOV


68

center of rotation accurately is critical in OPT, 
we also point out that the system's geometri-
cal offset can be considered as object trans-
lation and therefore also calibrated through 
the translation estimation method (Shouping 
Zhu et al., 2012).

Imaging neurons and muscles 
through OPT
 For experimental verification of the ca-
pacity for in vivo, high-resolution imaging by 
microscopic OPT, we used the in-house built 
tomographic system shown in Figure 3 and 
Figure 4 to image live transgenic C. elegans 
animals, carrying a green fluorescent protein 
(GFP) reporter fusion expressed specifically 
in only the 6 mechanosensory neurons of the 
nematode. These neurons extend processes 
that, in two sets of three, span the length of 
the animal (Figure 18a to 18c, see also Video 
1 and Video 4). The three viewpoints shown 
in panels a-c (sagittal, transversal and coro-
nal respectively) are depicted in Figure 24, for 
the corresponding white light data. Notwith-
standing their diameter of approximately 2.7 
μm, mechanosensory neuron processes are 
clearly visible, demonstrating the capacity of 
the system for highly sensitive 3D reconstruc-
tion at the level of living single cells, within 
the context of the whole organism. Such fine 
cellular features and anatomical details are 
not visible without sample movement correc-
tion, implemented on sinograms before re-
construction. Visualization and monitoring of 
alterations in individual neuronal axons is es-
sential in the dissection of neuron degenera-
tion and regeneration, two processes, which 
are extensively studied in C. elegans (Hall et 
al., 1997).
 Reconstructed data derived from both 
absorption and fluorescence images can be 
combined to obtain anatomical information 
about gene expression patterns. This is illus-
trated in Figure 24e, which shows a merged 
brightfield and fluorescence reconstruction 
of pharyngeal muscle cells expressing GFP 
in the anterior part of the C. elegans body. 
In addition, as shown in Figure 25, accurate, 
in silico, 2D sectioning of the specimen as 

well as for volumetric 3D rendering of spe-
cific parts or of the entire animal is possible 
in this manner (compare Video 2 and Video 
3). Coronal, sagittal and transversal sections 
through the specimen allow retrieval of pre-
cise anatomical information down to single 
cell level. The potential for high-resolution 3D 
fluorescence imaging coupled with absorp-
tion/brightfield-derived anatomical informa-
tion is critical for analysis of gene expression 
using fluorescent reporter proteins, in addi-
tion to studies of biomolecule co-localization 
in the context of the whole organism, in vivo.  
 Moreover, the tomographic setup de-
scribed here permits fast acquisition of imag-
ing data, which in turn facilitates time-lapse 
OPT for spatio-temporal representation of 
changes in morphology, cell positioning, gene 
expression levels and molecular movement 
over extended periods of time, in vivo and 
through the entire animal (4D microscopy/im-
aging). This is becoming increasingly import-
ant for studies of development and ageing. 
Currently available conventional microscopy 
methodologies either do not allow, or are not 
optimized for such applications.

Recording worms with SPIM in 
a novel microfluidics device
 We recently improved the above pre-
sented 3D microscopy setup to facilitate 
SPIM imaging (see Figure 3, Materials and 
Methods). To allow for SPIM imaging, we 
added a variety of lasers of different wave-
lengths, which focus their beams through a 
prism to create a light sheet that is direct-
ed on the specimen (Huisken et al., 2004). 
Data of the excited plane of the specimen are 
recorded by the perpendicular placed cam-
era-lens system. The laser beams of the at-
tached lasers can be focused directly on the 
sample, bypassing the prism (see scheme in 
Figure 3, Materials and Methods). The soft-
ware that operates the setup has been up-
dated. In principal, both OPT and SPIM can 
be applied sequentially to image the same 
specimen. Also, due to updated operation 
software, the speed of recording has been 
increased tremendously. Specimen can be 

http://www.tavernarakislab.gr/publications/AutoOPT.pdf
http://www.tavernarakislab.gr/publications/AutoOPT.pdf
http://www.tavernarakislab.gr/publications/VideoS1.MOV
http://www.tavernarakislab.gr/publications/VideoS1.MOV
http://www.tavernarakislab.gr/publications/VideoS4.MOV
http://www.tavernarakislab.gr/publications/VideoS2.MOV
http://www.tavernarakislab.gr/publications/VideoS3.MOV
http://www.tavernarakislab.gr/publications/VideoS3.MOV
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scanned in a matter of seconds, depending 
on the desired resolution and excitation time. 
Therefore, the system now permits applica-
tion for both SPIM and OPT recording.
 The system is readily combined 
with a microfluidics device that permits 
high-throughput OPT and SPIM imaging 
of C. elegans (see Figure 5, Materials and 
Methods). We adopted previously published 
microfluidics techniques and designed a nov-
el chip that allows convenient loading and in 
vivo imaging of up to 9 adult worms in paral-
lel (Chronis et al., 2007). The final shape of 
the chip is cylindrical, which permits imaging 
from all angles, as beneficial for OPT, and 
is compatible with SPIM imaging. As for the 
procedure, animals are anaesthetized with 
levamisol, loaded into a tubing system that 
is attached to a syringe, which is then con-
nected to the chip. While pumping the worms 
into the device, another syringe attached to 
the outlet applies suction and the animals are 
placed into chambers that hold them in posi-
tion for rapid imaging. For unloading, suction/
pressure is reversed and animals are recov-
ered and can be grown under favorable con-
ditions until the next imaging time point. This 

attachment to the microscopy system makes 
longitudinal imaging studies possible, which 
is important e.g. when studying changes in 
fluorescent expression during ageing. 
 We obtained preliminary data from 
the novel system that combines microfluidics 
technology with SPIM imaging. As a prove of 
principal, we decided to image multiple worms 
carrying IFE-2::GFP, which is ubiquitously 
expressed throughout the animals (compare 
confocal images in Figure 7A). As shown 
in Figure 26, we loaded several worms into 
conic chambers of our novel chip and per-
formed rapid SPIM imaging. The ubiquitous 
fluorescent pattern was successfully detect-
ed and we applied simple, openly available 
reconstruction tools (Fiji, Volume Viewer, see 
Materials and Methods) to visualize the 3D 
signal distribution. We are currently applying 
and fine-tuning the system and experimental 
procedures. However, the preliminary results 
prove that the system is readily applicable for 
longitudinal high-throughput gene expression 
studies in C. elegans. We further note, that 
the present system is fully adaptable to im-
age various fluorescent signals in other small 
model organisms. 

Figure 26: Preliminary results for SPIM based imaging of C. elegans in a 
microfluidics device. (a) Brightfield image of three animals loaded into the chip. 
(b) Maximum intensity projection of IFE-2::GFP fluorescence of the same worms. 
(c) 3D rendering via Fiji Volume Viewer of the fluorescent information. Signal is 
detected all along the animals with higher concentration and distribution in the 
head region (anterior).

http://fiji.sc/Fiji
http//fiji.sc/Fiji
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 In summary, we present a simple and 
cost effective setup that combines two novel 
imageing techniques SPIM and OPT, which 
achieve fast 3D imaging of live C. elegans 
animals at single-cell resolution. The system 
is highly versatile and configurable for both 
absorption/brightfield and fluorescence imag-
ing via OPT, with multiple chromophores and 
fluorophores via SPIM and OPT. By post-ac-
quisition filtering of residual sample move-
ment and spurious drifts we have accom-
plished visualization of neuronal features, 
such as single axons and dendrites in vivo. 
This is not possible with other, previously de-
scribed OPT implementations. Thus, the sys-
tem is particularly suited for following neuron 
and axonal migration during development, 
as well as neurodegeneration, regeneration 
and other dynamic phenomena, at micro-

scopic scale. We also note that the system 
can be adapted for other small model organ-
isms such as Drosophila, other invertebrates, 
and small marine crustaceans, which have 
emerged as powerful models for evo-devo 
studies (Birk et al., 2010). 
 We have implemented a microfluidics 
device that allows high-throughput imaging of 
C. elegans via SPIM and OPT. This device, 
once fine adjusted for high-resolution imag-
ing, will allow longitudinal gene expression 
studies by using the same group of individ-
uals, rather than representative animals, for 
each time point in life. Combining SPIM and 
OPT data for reconstruction will be addressed 
in the future and will result in significantly im-
proved quality of 3D images. 

http://www.tavernarakislab.gr/publications/Correction_for_specimen_movement.pdf
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