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To, Appa 
 

  
-‐ Thirukural (couplet 396) 

 

In sandy soil, when deep you delve, you reach the springs 
below; The more you learn, the freer streams of wisdom flow. 

 

Ju djupare man gräver i sanden dess mer strömmar 
brunnens vatten. Så flödar ock kunskapens källor ju mer 
man studerar. 
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Abstract 

Background: Insulin is a hormone released by the pancreatic beta cells in 
response to elevated levels of nutrients in the blood. Insulin triggers the 
uptake of glucose, fatty acids and amino acids into the liver, adipose tissue 
and muscles. Genes regulating insulin signalling are of vital importance for 
metabolic homeostasis and for preventing the development of diabetes. This 
thesis aims to identify new modifiers of insulin signalling, while carrying out 
functional studies of a homolog to human arsenite translocating ATPase, 
ASNA1. ASNA1 activates the insulin signalling pathway and promotes insulin 
secretion in mammalian cell lines and in Caenorhabditis elegans. A 
secondary aim is to better understand how ASNA1 and its interactors 
regulate sensitivity to the chemotherapeutic drug, cisplatin. 

Results: Regulators of insulin/IGF signalling (IIS) in C. elegans were 
identified based on the Larval arrest seen as part of the asna-1 depletion 
phenotype. Sixty-five genes were selected by virtue of their predicted 
interaction with ASNA-1 and screened for asna-1-like larval arrest upon 
inactivation of the genes. mrps-2, mrps-10, mrpl-43 encoding mitochondrial 
ribosomal protein subunits, and enpl-1 encoding an ER chaperone, GRP94 
homolog were identified as the genes that when inactivated caused larval 
arrest without any associated feeding defects. IIS was weaker and insulin 
secretion was defective in these knockdown animals.  

ENPL-1 and ASNA-1 proteins interacted with one another both ex vivo and 
in vitro. ASNA-1 protein and mRNA levels were greatly reduced in enpl-1 
mutants and enpl-1(-);asna-1(-) double-mutant worms displayed synthetic 
lethality. Overexpression of the insulins INS-4 and DAF-28 partially rescued 
of the germline phenotype of enpl-1 mutants, indicating that the phenotype 
of enpl-1 mutants was due at least in part to insufficient insulin levels. 

Studies of enpl-1 mutants also helped to understand the role of asna-1 in 
cisplatin sensitivity. The unfolded protein response (UPR) was induced in 
asna-1 and enpl-1 knockdown animals. enpl-1 mutants displayed higher 
sensitivity to cisplatin, when compared to asna-1 mutants and this correlated 
to higher UPR in enpl-1 knockdown animals. Pharmacological induction of 
the UPR in intrinsically cisplatin resistant wild-type worms also resulted in 
increased cisplatin sensitivity. This suggests that manipulation of ENPL-1 
levels or of the UPR could enhance the anti-tumour effects of cisplatin based 
cancer therapy. 
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With a yeast two-hybrid screen 27 putative physical interactors of ASNA-1 
were identified. Amongst these candidates was smn-1, which encodes a 
survival of motor neuron protein homolog. RNAi knockdown of smn-1 
caused a larval arrest phenotype similar to asna-1 depleted animals and 
smn-1 positively regulated IIS in a manner similar to asna-1. Defects in IIS 
may be at the level of insulin release because neuropeptide secretion was 
impaired upon smn-1 knockdown. Further in vitro binding studies showed 
that SMN-1 and ASNA-1 interacted with each other and inactivation of smn-1 
in asna-1 mutants resulted in decreased viability. This implies that SMN-1 is 
another modifier of ASNA-1 and also a new component in IIS. 
 
 Conclusion: With a directed RNAi screen and a yeast two hybrid screen 
several interactors of ASNA-1 that are also IIS modifiers were identified. 
ENPL-1 and SMN-1 are both involved in insulin release. We also found that 
induction of the UPR in enpl-1 and asna-1 mutants is a possible mechanism 
for increased sensitivity to cisplatin. 
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Abbreviations 
 
ATP: Adenosine Triphosphate  

cDNA: Complementary DNA  

Da: Dalton 

DAF: Dauer formation abnormal 

DMSO: Dimethylsulphoxide.  

DNA : Deoxyribonucleic acid  

dsRNA: Double stranded RNA  

ER: Endoplasmic Reticulum  

GFP: Green Fluorescent Protein 

GRP: Glucose Regulated Protein 

GSH: Glutathione  

GST: Glutathione-S Transferase  

IIS: Insulin and Insulin like growth factor Signalling 

IGF: Insulin-like Growth Factor 

MBP: Maltose Binding Protein 

RNA: Ribonucleic Acid 

RNAi: RNA interference 

SMA: Spinal Muscular Atrophy 

SMN: Survival Motor Neuron 

TMRE: TetraMethylRhodamine, Ethyl ester 

UPR: Unfolded Protein Response  
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Introduction 

Cell signalling is an intricate communication network that orchestrates basic 
cellular activities and coordinates behaviour. The ability of cells to sense and 
suitably respond to their microenvironment is the basis of development, 
metabolism and immunity. Errors in the integration of cellular information 
are the sources of many diseases such as cancer, diabetes, autoimmune 
disorders etc. By understanding cell signalling, a more rational approach 
towards developing and improving therapies against various diseases can be 
achieved. 

Biological research has historically focussed on the analysis of the individual 
components of cell signalling pathways using a repertoire of model 
organisms to attempt to understand these processes in humans. The latest 
technological advances have paved the way for the systems biology 
approaches and this has helped to integrate various cell signalling networks 
and to understand the sensitivity of these cellular networks. 

This thesis deals with the functional studies of the ATPase, ASNA-1. Previous 
studies from our group showed that ASNA-1 promotes insulin signalling 
(Kao et al., 2007) and influences cisplatin sensitivity (Hemmingsson, 2010) 
in Caenorhabditis elegans. The first part of the functional study of ASNA-1 
involved searching for ASNA-1 modulators/interactors using C. elegans as a 
model system. In the second part I have attempted to characterize some of 
these modulators for their role in insulin signalling, insulin secretion and 
cisplatin sensitivity. The identification ASNA-1 dependent targets in C. 
elegans hold much promise for a better understanding of how this protein 
functions, and these results are likely relevant to human biology.  

C. elegans as a model system 

C. elegans represents an excellent model system for understanding diverse 
biological phenomena in vivo. It is a 1 mm long nematode that can be easily 
and inexpensively maintained in the laboratory. It exists as morphologically 
distinct sexes that are useful for research (Fig. 1A). Hermaphrodites give 
rise to genetically identical progeny and males are used in crosses to transfer 
transgenes or mutations. The reproductive life cycle of C. elegans at 20 °C is 
3.5 days and involves an embryonic stage, four larval stages, and a sexually 
mature adult stage (Fig. 1B). Limitation in nutrient availability influences 
the life cycle pattern, depending upon the stage at which it becomes limiting. 
When eggs hatch in the absence of food, the L1 larvae that emerge arrest 
growth reversibly and they resume normal growth when food is provided 
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(Baugh and Sternberg, 2006; Johnson et al., 1984). If late L1 or early L2 
larvae are deprived of food, a decision is made not to progress through the 
normal (reproductive) life cycle via the L3 stage, but rather to enter an 
alternative developmental state, termed ’dauer’, that is adapted to survive 
harsh conditions (Albert et al., 1981; Cassada and Russell, 1975). 
C. elegans research benefits from extensive tools for forward and reverse 
genetic analysis and the collection of mutant   strains from the Caenorhabditis 
Genetics Center (CGC) greatly eases   phenotypic analysis of specific 
mutations. The genome has been completely sequenced (consortium, 1998) 
and about sixty percent of the human genes have a homolog in the worm and 
a third have a direct ortholog. The complete developmental lineage for every 
cell has been determined and the transparent nature of the worm allows for 
microscopic studies of individual cells and GFP markers for expression 
analysis and morphological examination in vivo (Chalfie et al., 1994). 

 

 

 

Fig. 1 (A) The light micrograph of C. elegans hermaphrodite (left) and 
male (right) (Courtesy of Dr. Lars Nilsson, Umeå Center for Molecular 
Medicine, Umeå University, Sweden) (B) The reproductive life cycle of a C. 
elegans hermaphrodite (Reproduced with permission from (Altun and Hall, 
2012) 
http://www.wormatlas.org/hermaphrodite/hermaphroditehomepage.htm) 
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Screening strategies in C. elegans 

The roles of C. elegans genes can analysed with both forward and reverse 
methods. In classical forward genetic screening, worms are treated with 
mutagens, such as ethyl methane sulphonate (EMS) or UV light to induce 
DNA lesions and mutants with a phenotype of interest are identified. After a 
mutant is found, the gene that was mutated is identified by various 
molecular biology and classical genetics techniques. Detailed studies of the 
mutant phenotype coupled with molecular analyses of the gene product, 
allows elucidation of its function. Sydney Brenner carried out his first 
mutagenesis and reported the characterisation of around 100 genes that 
generated viable, visible phenotypes (Brenner, 1974). The screening 
approach that was described in this pioneering work remain a guide for the 
design of simple genetic screens, as well as for the more elaborate ones that 
have since been developed (discussed in (Jorgensen and Mango, 2002)). 

In the reverse genetics strategy, the functional study of a gene starts with the 
gene sequence rather than a mutant phenotype. Using various techniques, a 
gene's sequence is altered and the effect of the resulting product on the 
development or behavior of the organism is analysed. Reverse genetics is an 
important complement to forward genetics. For example, using reverse 
genetics, one can investigate the function of all genes in a gene family, 
something not easily achieved with forward genetics. Further, one can study 
the function of a gene found to be involved in a process of interest in another 
organism, but for which no forward genetic mutants have yet been identified. 
Finally, the vast majority of genes have not yet been mutated in most 
organisms and reverse genetics techniques allows their study.  

Andrew Fire and Craig Mello discovered that injection of dsRNA into worms 
leads to specific degradation of the corresponding mRNA, a process termed 
RNA interference (RNAi) (Fire et al., 1998). Soon afterwards, it was found 
that either soaking worms in a dsRNA solution or feeding worms bacteria 
engineered to produce dsRNA also could induce a robust RNAi response 
(Tabara et al., 1998; Timmons and Fire, 1998). This technique coupled with 
the availability of the complete genomic sequence of C. elegans, has made 
possible the rapid study of gene function both on a single gene level and at a 
genome wide scale (Kamath et al., 2003; Simmer et al., 2003). 

The combined efforts to systematically analyse interactions among genes and 
their encoded protein products and the phenotypes of in vivo perturbations  
of these genes have driven the development of more refined models of the 
topology, function, and dynamics of C. elegans molecular networks (Li et al., 
2004; Zhong and Sternberg, 2006). The information retrieved from such 
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networks facilitates the detailed functional analysis of a gene and its encoded 
protein in a biological process at the cellular and organismal level.  

Insulin/Insulin Growth Factor Signalling (IIS) in C. elegans 

The components of the IIS pathway were initially identified in C. elegans, 
from the studies in the dauer development and longevity. Two lateral 
pathways that converge on a transcription factor control dauer formation. 
One pathway is defined by an insulin pathway, which signals through DAF-2, 
a predicted transmembrane tyrosine kinase. The second pathway that 
controls dauer development is a TGFß-like pathway that acts synergistically 
with the daf-2 pathway (Kimura et al., 1997). DAF-7, is the ligand for the 
heterodimeric receptor that is encoded by daf-1 and daf-4 genes (Patterson 
and Padgett, 2000). Genetic analysis indicates that upon ligand binding, 
DAF-2 activates PI3K/AGE-1 (Fig.2 A). In flies and mammals, adaptor 
proteins link the receptors to downstream signalling components these are 
known as insulin receptor substrates (IRS). This is also conserved in C. 
elegans (Fig. 2 B). In C. elegans, the ist-1 gene encodes an IRS homolog 
that contains both pleckstrin homology and phosphotyrosine binding 
domains, and the aap-1 gene encodes the C. elegans ortholog of the 
phosphoinositide 3-kinase (PI3K) p50/p55 adaptor/regulatory subunit. Both 
these proteins have been shown to participate in the daf-2 pathway, but may 
not be required for all daf-2 outputs (Wolkow, 2002). PI3K produces the 
second messenger, PIP3, which is required for activation of PDK-1, AKT-1, 
and AKT-2. The activated AKT-1 and AKT-2 kinases act to phosphorylate 
DAF-16/FOXO and thus to block its nuclear localization when conditons 
favour growth. When conditions are not favourable for growth IIS signalling 
is low and this leads to dephosphorylation of DAF-16 and its translocation to 
nucleus where it can drive the expression of the appropriate genes. In this 
manner the nuclear localization of DAF-16 serves to report on the strength of 
insulin signalling pathway (Henderson and Johnson, 2001). An insulin- like 
peptide, DAF-28 was found by genetic analysis to act upstream of DAF-2 to 
regulate DAF-16 nuclear localization and dauer formation (Li et al., 2003). 

Longevity studies show that daf-2 mutants live about twice as long as wild- 
type worms (Kenyon et al., 1993). Further, examination of other IIS 
components that influence dauer development, such as PI3K/AGE-1 (Morris 
et al., 1996) and DAF-16 (Lin et al., 1997; Ogg et al., 1997) which indicates 
that other daf-2 outputs also affect longevity. Apart from the role of IIS in 
dauer formation and longevity, this signalling pathway has been 
demonstrated to influence hypoxia (Scott et al., 2002) chemosensation and 
adaptive learning (Tomioka et al., 2006) and germline proliferation 
(Michaelson et al., 2010) showed that they also affect on longevity. However, 
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disruption of the AKT phosphorylation sites on DAF-16 promotes nuclear 
localization in wild-type animals, but does not affect life span (Lee et al., 
2001; Lin et al., 2001). Identification of the transcription factor, SKN-1 show 
that it regulates longevity downstream of IIS independently of DAF-16 
(Tullet et al., 2008),  

 

 

 
 

Despite the fact that there is only one known C. elegans insulin receptor, 
there are 40 insulin like genes that have been predicted to encode insulin 
like peptides (ILPs) ((Li et al., 2003) (Pierce et al., 2001), see 
www.wormbase.org) (Fig. 3 A and B). One such ILP is INS-6 that can bind 
to human insulin receptor and compete with human insulin to stimulate the 
autophosphorylation of the receptor (Hua et al., 2003). This evidence 
suggests that the members belonging to the same protein class as INS-6 
(including INS-4 and DAF-28) might bind to human insulin receptor and 

Fig. 2 (A) Insulin signalling pathway in C. elegans (B) The conservation 
of insulin signalling pathway components in C. elegans, Drosophila 
melanogaster and mammals (Adapted and modified from (Engelman et 
al., 2006; Nelson and Padgett, 2003) ) 
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DAF-2 as agonistic insulins. Many of the ILPs are expressed in overlapping 
subsets of sensory neurons and/or interneurons. These predicted peptides 
contain the hallmarks of an insulin-like peptide, including a signal sequence, 
an A chain peptide, and a B chain peptide with the potential to form at least 
three disulphide bonds between conserved cysteine residues (Fig. 3 A). 
Some subsets of the predicted peptides, however differ considerably from the 
canonical insulin structure (Fig. 3 A and B). The extent to which individual 
peptides have overlapping versus specific function and the complexity of the 
signalling network they constitute is not completely understood. Recently a 
study showed that specific ILPs encodes separate sets of sensory inputs to 
promote dauer entry versus exit (Cornils et al., 2011), The efforts to quantify 
the expression of insulin genes during the different stages of life cycle of C. 
elegans reveal a variegated expression pattern (Baugh et al., 2011) and only 
two (INS-3 and INS-33) of the 40 insulins are known to promote germline 
proliferation (Michaelson et al., 2010). Besides these reports the role INS-7 
in longevity (Murphy et al., 2003) and INS-1 in adaptive learning (Tomioka 
et al., 2006) have shed some light in understanding the basis of diversity of 
ILPs and their functional complexity they comprise in C. elegans. 

 

 

 

Fig. 3. The structure of Insulin like peptides in C. elegans  

(A) The three classes of Insulin like peptides in C.elegans based on 
putative peptide composition and the arrangement disulphide linkages. 
(B) The classes of Insulin like peptides based on similarity of the 
polypeptide structure (Adapted and modified from (Nelson and Padgett, 
2003)) 
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Besides the above mentioned responsibilities of IIS, this pathway has also 
been exposed to modulate the execution of the first larval stage (L1) larval 
diapause (Gems et al., 1998). daf-2 mutants (severe loss of function) have a 
constitutive L1 arrest phenotype. Loss of the DAF-18/PTEN tumour 
suppressor overcomes this arrest, resulting in inappropriate germline growth 
that is dependent on the AGE-1/PI3 kinase and AKT-1 kinases (Fukuyama et 
al., 2006). Furthermore, daf-16 mutations and RNAi suppress the 
constitutive L1 arrest phenotype of daf-2 mutants (Baugh and Sternberg, 
2006). In addition the work from the same group revealed that daf-28 is 
highly expressed in this stage (Baugh et al., 2011). Analysis of the ATPase, 
ASNA-1 reveals its importance in DAF-28 secretion and its role in execution 
of this stage of larval development in C. elegans (Kao et al., 2007). Thus 
analysis of IIS regulators during the L1 arrest further highlights the 
importance of this pathway in the life cycle of C. elegans. 

Unfolded protein Response (UPR) 

The endoplasmic reticulum (ER) is responsible for the folding and 
processing of secretory and transmembrane proteins in the cell. To avoid 
potentially toxic accumulation of misfolded and unfolded proteins, a 
homeostasis system in the ER balances the burden of incoming proteins with 
its capacity to fold and process them. Disruption of this balance leads to ER 
stress and initiates a variety of responses that work to restore and/or 
increase ER function. These pathways are collectively termed the unfolded 
protein response (UPR). ER homeostasis is disrupted in several diseases 
including diabetes and cancer and such that UPR is constitutively active in 
these situations (Garg et al., 2012). 

The importance of the UPR was first revealed when analysis of virus 
transformed mammalian cells led to identification of GRP78 and GRP94 as 
proteins that were inducible by glucose starvation (Shiu et al., 1977). The 
extensive analysis of the UPR began later, when the accumulation of 
unfolded proteins in the ER was found to trigger the induction of GRP78 
(found to be identical to the major ER chaperone BiP) and GRP94 (found to 
be an ER chaperone of the Hsp90 family) (Kozutsumi et al., 1988). This 
finding in turn implied that the UPR is a homeostatic response that 
maintains the protein-folding environment in the ER by suppressing the 
proteotoxicity of accumulated unfolded proteins. The induction of GRP78 is 
a widely used marker of UPR activation in many model organisms 
(Kaufman, 1999; Lee, 2001; Shen et al., 2001). 
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The foundation for the mechanistic basis of the UPR pathway came from the 
budding yeast, Saccharomyces cerevisiae. In this organism the ER stress is 
sensed through Ire1 (Cox et al., 1993; Mori et al., 1993), a transmembrane 
endoribonuclease whose activation leads to the cytosolic splicing of the 
mRNA that encodes Hac1 (Cox and Walter, 1996; Mori et al., 2000). 
Unspliced Hac1 in yeast is not translated, but the splicing reaction relieves 
translational repression and induces a frameshift that leads to expression of 
this potent basic leucine-zipper (bZip) transcription factor (Mori et al., 
2000; Ruegsegger et al., 2001) that upregulates numerous genes involved in 
ER homeostasis. 

In higher eukaryotes, the UPR transducer Ire1 is well conserved as IRE-1 in 
C. elegans (Shen et al., 2001), IRE1 in D. melanogaster (Hollien and 
Weissman, 2006) and IRE1α/β in mammalian cells [IRE1α is expressed 
ubiquitously (Tirasophon et al., 2000), (Urano et al., 2000) whereas IRE1β 
is expressed only in the gut ]. However, the transcription factor down stream 
of Ire1 is XBP-1 or XBP1 instead of Hac1 (Calfon et al., 2002; Shen et al., 
2001; Yoshida et al., 2001).  

In addition to IRE-1/IRE1, the UPR response is also controlled by two 
additional classes of ER stress sensors (Fig. 4). Worm, fly and mammalian 
cells express PEK-1, PEK and PEK/PERK, respectively, as a second UPR 
transducer (Harding et al., 1999; Hollien and Weissman, 2006; Shen et al., 
2001) When activated upon ER stress, PEK-1/PEK/PERK phosphorylates 
the alpha subunit of eukaryotic translation initiation factor 2 (eIF2α), which 
leads to the general attenuation of translation. Thus cells are able to decrease 
the burden on the ER when the protein folding environment is 
compromised, in marked contrast to yeast cells that continue protein 
synthesis even under ER stress conditions. Further, worm and fly cells 
express ATF-6 (Hollien and Weissman, 2006; Shen et al., 2001) whereas 
mammalian cells express ATF6α and ATF6β (both are expressed 
ubiquitously) (Haze et al., 2001; Haze et al., 1999) as a third UPR transducer 
that travels to the Golgi complex in response to stress. There it is 
proteolytically cleaved by specific proteases. Cleavage releases its cytosolic 
domain, (a bZip transcription factor), which then travels to the nucleus and 
switches on the transcription of several genes required for ER homeostasis. 
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Cisplatin resistance and Cancer 

 Platinum based chemotherapeutic agents have been remarkably successful 
in the treatments of a wide variety of cancers. The introduction of Cisplatin 
(cis-diamminedichloroplatinumII)) in 1978 has revolutionized cancer 
chemotherapy. For example testicular cancer was previously thought to be 
untreatable but emergence of platinum-based drugs has resulted in a cure 

Fig. 4. The unfolded protein response (UPR) in higher 
eukaryotes  

The proteins IRE1, PERK, and ATF6 maintain ER homeostasis and 
activate transcription factors through unconventional mRNA splicing of 
XBP by IRE1, translational upregulation of ATF4 by PERK, and specific 
proteolytic degradation of ATF6 in Golgi apparatus during the UPR. This 
transcriptional regulation, in parallel with IRE1-mediated mRNA decay, 
IRE1-mediated JNK activation and PERK-mediated translational 
regulation, reduces ER stress. During unstressed conditions (Rectangle 
boxes) Bip binds to IRE1 and PERK. ATF6 remains in ER.  
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for 96% of the patients (Jemal et al., 2008). Although many tumours initially 
respond well to these drugs, the emergence of resistant tumours is a major 
bottleneck to their therapeutic success. Cisplatin also has rather severe 
adverse effects such as nephrotoxicity and ototoxicity that limits its 
effectiveness as an anti-cancer treatment (Hambley, 2007).  

The molecular basis of cisplatin therapy is widely accepted to be the 
formation of DNA-protein and DNA-DNA adducts upon exposure to this 
molecule. The DNA deformation by these adducts results in binding of the 
damage recognition proteins that hinder both replication and transcription 
(Siddik, 2003) and promote apoptosis (Siddik, 2003). These damage 
recognition proteins include the nonhistone chromosomal high-mobility 
group 1 and 2, the mismatch repair complex, the human upstream binding 
factor and the TATA-box binding protein. 

Cell death is reported to occur chiefly by apoptosis. However, necrosis is also 
observed in tissues exposed to cisplatin, especially at high concentrations of 
the drug (Gonzalez et al., 2001). Only a small fraction of intracellular 
cisplatin reacts with DNA and the rest is bound to nucleophillic sites on 
proteins, RNA, membrane phospholipids and thiol-containing molecules. If 
these cisplatin targets interfere with apoptosis signalling or the energy 
supply of the cell, necrosis might occur (Cepeda et al., 2007). It has also been 
shown that cisplatin can induce apoptosis through induction of ER stress, 
independent of DNA damage (Mandic et al., 2003).  

In recent years, research on cancer chemotherapeutics has developed along 
two lines. First is the development of more efficient platinum based drugs, 
that can overcome the limitations associated with cisplatin treatment. 
Second, adjustment of treatment after characterization of the tumour has 
provided the possibility for personalized treatment. The development of 
targeted drugs that hit a defined molecular pathway in the tumour cell has 
evolved as a result of increased knowledge in the molecular biology. Model 
systems are required to understand the molecular basis of 
sensitivity/resistance in response to platinum-based therapy alone or in 
combination with targeted drugs.  

Understanding how cisplatin and other platinum-containing drugs exercise 
their cytotoxic effects is important for addressing the problem of drug 
resistance. It is also important to identify factors that are able to re-sensitize 
resistant cells when these factors are depleted or overexpressed in the cells. 
Along these lines, previous studies from our group showed that the 
downregulation of an ATPase, ASNA1 inhibits growth of human tumour cell 
lines and results in increased sensitivity to platinum based drugs and 
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arsenite (Hemmingsson et al., 2009a; Hemmingsson et al., 2009b). Cisplatin 
resistant cells are also cross resistant to arsenite and antimonite suggestive 
of a shared resistance mechanism based on drug transport (Naredi et al., 
1995). ASNA1 is a conserved cisplatin resistance factor and C. elegans asna-1 
mutants are hypersensitive to cisplatin independent of ASNA-1 influence on 
growth, apoptosis or insulin signalling (Hemmingsson et al., 2010). 
Apoptosis is increased in ASNA1 deficient human tumour cells in vitro and 
C. elegans asna-1 mutant germlines contain an increased number of 
apoptotic cells in vivo (Hemmingsson et al., unpublished results). To reach 
the ultimate aim of improving cancer treatment vital ASNA1 
interactors/modulators need to be identified and this will require further 
studies in model organisms.  

ASNA1 

ASNA1 is phylogenetically related to the bacterial arsenite stimulated 
ATPase ArsA (Kurdi-Haidar et al., 1996). Human ASNA1 and bacterial ArsA 
share 27 % homology and essential features, including an ATPase domain 
and ATP binding and conserved GKGGVGKT Walker A motifs (Kurdi-Haidar 
et al., 1996) (Bhattacharjee et al., 2001). These proteins belong to a specific 
subtype of ATPases that are derived from GTPases that have acquired 
ATPase activity during evolution (Leipe et al., 2002). ASNA1 RNA is detected 
in human tissue samples from the heart, brain, pancreas, lung, liver, skeletal 
muscle, kidney and placenta (Kurdi-Haidar et al., 1996). 
Immunohistochemical analysis with a monoclonal anti-ASNA1 antibody 
revealed staining in the heart, pancreas, liver, spleen, stomach, kidney, 
adrenal gland, and skeletal muscle (Kurdi-Haidar et al., 1998a). No staining 
was detected in normal tissues from the breast, cerebellum, thyroid, uterine 
epithelium, testis, lung or large or small intestine but breast carcinomas 
stained positively for ASNA1. Use of both the monoclonal and the polyclonal 
antibody, showed a cell-specific staining pattern. For example, the beta cells 
of the islets of Langerhans in pancreas are positive for ASNA1 while the alfa 
cells are negative (Kao et al., 2007). Human ASNA1 was detected in the 
cytoplasm, nucleolus and in the perinuclear region (Kurdi-Haidar et al., 
1998b). 

ASNA1 and metal ion resistance 

The survival instincts of bacteria in metal rich environments have driven the 
development of resistance systems during evolution (Silver, 1996). The 
arsRDABC-operon is well characterized in E. coli and promotes resistance to 
the trivalent metal ions of arsenite and antimonite. ArsA is an ATPase that 
promotes metal ion efflux through the transmembrane protein ArsB (Rosen, 
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1999) (Fig. 5). Bacterial ArsA consists of two domains that together have 
two nucleotide binding domains and one metal ion binding domain (Zhou et 
al., 2000). The binding of arsenite or antimonite to ArsA stimulates ATPase 
activity (Ruan et al., 2006). ArsR is a regulatory protein while ArsC converts 
arsenate (V) to arsenite (III) (Silver, 1996) (Fig. 5). ArsD is a 
metallochaperone, transports arsenite (III) to ArsA (Lin et al., 2006). The 
genes related to arsA are found in higher organisms but arsB only is found 
in bacteria. The arsA related, get3/arr4 in S. cerevisiae (Shen et al., 2003) 
and asna-1 in C. elegans (Tseng et al., 2007) are involved in metal ion 
resistance. get3 mutants are hypersensitive to As, Co, Cr, Cu and heat. This 
phenotype is reversed by expression of wild-type Get3 but not of ATPase 
deficient Get3. Get3-GFP is seen distributed through out the cytoplasm, but 
under stress conditions, it is found to be punctate, suggestive of membrane 
association (Shen et al., 2003). Furthermore, two reports suggest that copper 
regulates Get3 activity. First, Get3 associates with a transport protein (Gef1) 
when copper is available (Metz et al., 2006). Second, Get3 activates G-
protein signalling by inducing nucleotide exchange after physical association 
to a G-alpha subunit. Get3 binding to G alpha is also dependent on copper 
(Lee and Dohlman, 2008). Sequence comparison of archeal, bacterial and 
eukaryotic homologs of ASNA1 indicate that eukaryotes may have inherited 
ASNA1 from an archeal ancestor because they share hydrophobic residues 
that are absent in bacterial ArsA (Borgese and Righi, 2010). 
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ASNA1 and insulin signalling  

The functions of ArsA-related proteins are more elaborate than initially 
perceived from the studies in bacteria. The analysis of C. elegans ASNA-1 
demonstrated that it is a positive regulator of growth and insulin secretion 
(Kao et al., 2007). The insulin secretion assay (described in (Kao et al., 
2007)) showed that insulin producing cells in wild type and asna-1 (RNAi) 
worms express similar levels of DAF-28::GFP. The asna-1 (RNAi) animals, 
however secrete less DAF-28::GFP into the pseudocoelomic fluid, which was 
assessed by observing the GFP uptake by the phagocytic cells called 
coelomocytes in the pseudoceolom. This defect in insulin secretion is also 
seen in mammalian cells. The knock down of Asna1 in mammalian cell lines 
showed that insulin secretion was reduced while its synthesis appeared 
normal. In addition, DAF-16::GFP was found in the nuclei of asna-1 mutant 
worms reflecting the fact that in these worms IIS levels were reduced. 
Moreover, overexpression of asna-1 bypasses the requirement for TGFß 
signalling to exit the dauer stage. These experiments along with other lines of 
evidence show that ASNA-1 promotes the insulin-signalling pathway. ASNA-
1 in worms acts non-autonomously to promote growth because expresion in 
head neurons is sufficient to rescue the growth phenotype of asna-1 mutants. 
This further supports the hypothesis that ASNA-1 promotes growth via a 
hormone like mechanism. Human ASNA1 rescues the phenotype of ASNA-1-
deficient worms. In summary, this study shows that ASNA-1 stimulates 
insulin signalling and acts in parallel to the TGFß signalling pathway and 
that ASNA-1 function is conserved from worms to humans. 

Fig. 5. The arsenite detoxification system in Escherichia coli  

The Escherichia coli arsRDABC -operon consists of five proteins. ArsC is 
a reductase, converting pentavalent arsenate to trivalent arsenite. ArsD is 
a metallochaperone, providing arsenite to ArsA. The ATPase ArsA 
stimulates efflux of arsenite through the transmembrane protein ArsB. 
The fifth protein from the ars-operon, arsR, encodes a transcriptional 
regulator that responds to arsenate (not shown). 
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ASNA1 as a mediator in Tail Anchored (TA) protein insertion 

Tail-anchored (TA) proteins are a special subset of membrane proteins  that 
have a single transmembrane domain (TMD) at the C-terminus and lack the 
signal sequence at N-terminus. Hence the membrane insertional pathway for 
this subset of proteins is post-translational and does not dependent on  
Signal-sequence Recognition Particle (SRP) (Fig. 6). 

These constitute 5% of the total transmembrane proteins in a cell and are 
bound to cellular membranes in the ER and mitochondria by their single 
TMD at the extreme C-terminus. The N-terminus is cytosolic and carries out 
a variety of essential functions such as vesicular transport, protein 
translocation and apoptosis. A bioinformatic screen has identified 325 
human TA-proteins and among these are the SNARE-proteins (involved in 
secretory pathway) and the Bcl-2 family (involved in apoptosis) (Kalbfleisch 
et al., 2007) are interesting in terms of the asna-1 phenotype.  

Biochemical analysis in rabbit reticulocyte lysates identified mammalian 
ASNA1 as a chaperone that mediates the insertion of TA-proteins into the 
membrane (Fig. 6) (Stefanovic and Hegde, 2007). ASNA1 mediated 
insertion was dependent on ATP hydrolysis, TMD- binding and a 
proteinaceous receptor on surface of the ER (Favaloro et al., 2008; 
Stefanovic and Hegde, 2007). Subsequent studies in yeast have led to 
identification of various components involved in this protein insertion 
pathway. Get3 interacts with the TMD of several TA-proteins and that Get1 
and Get2 are the ER receptors for Get3 (Fig. 6) (Auld et al., 2006) 
(Schuldiner et al., 2008). Subsequently, Get4 and Get5 were identified as 
interacting partners with Get3 in the cytoplasm (Jonikas et al., 2009) and in 
association with the ribosome (Fleischer et al., 2006). It is suggested that 
Get4/5 associate with Sgt2 and pre targets TA-proteins to Get3 (Wang et al., 
2010). In mammalian cells the understanding of TA protein biogenesis is 
beginning to be clear. Recent findings shows that a similar pre-targeting 
mechanism is also required for delivering mammalian TA-proteins to 
ASNA1/TRC40 (the Get3 homolog; originally named the 40-kDa component 
of the TMD recognition complex). In this case, Bag6 (a protein encoded by 
BCL2-associated athanogene 6, which has no apparent yeast homolog) 
captures newly synthesized TA-proteins (Mariappan et al., 2010) (Leznicki et 
al., 2010) as part of a stable protein complex with the mammalian Get4 and 
Get5 homologs TRC35 (C7orf20) and Ubl4A, respectively (Mariappan et al., 
2010). WRB (Tryptophan-rich basic protein) has weak sequence homology 
but a similar predicted topology to Get1 (Schuldiner et al., 2008). This 
protein localizes to the ER membrane, where it functions as the TRC40 
receptor. The isolated WRB coiled-coil forms a complex with TRC40 and 
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inhibits TA-protein insertion in vitro (Vilardi et al.), but still it is not known 
if WRB is necessary for TA-protein biogenesis in vivo (Denic, 2012). 

 

 
 

 

Fig. 6. The insertion pathways of endoplasmic reticulum (ER) 
membrane proteins  

(A) The co-translational insertion pathway mediated by the signal 
recognition particle (SRP), which recognizes the translated signal 
sequence (blue) and targets the protein through the Sec61 translocon. 
(B) The post-translational insertion pathway is mediated by Get3 in 
yeast (ASNA1/TRC40 in mammals). Here the protein is initially targeted 
to Get3 (TRC40) by pretargeting complex (see main text) and the protein 
inserted in to the ER membrane involving Get1 (WRB in mammals) that 
acts as a receptor for Get3 (TRC40). (Adapted and modified from (Denic, 
2012)). 
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Materials and Methods 

DAF-16::GFP assay 

The rrf-3 (pk1426);pdaf-16::daf-16-gfp (zIs356) strain was used in the RNAi 
experiments and this integrated transgene (zIs356) was also crossed into the 
smn-1 (ok355)/ hT2g strain. The homozygotes carrying the transgene, or the 
worms obtained after RNAi treatment, were micrographed using a 
microscope equipped for fluorescence optics at 100x magnification. The 
DAF-16::GFP fluorescence throughout intestine when IIS activity high and 
fluorescence was observed predominantly in the nuclei of the intestinal cells 
when IIS activity was low (Fig. 7) 

 

Fig. 7: Schematic representation of the DAF-16::GFP assay in C. 
elegans 



 

17 

 

DAF-28 ::GFP secretion assay 

The worms carrying the integrated transgene svIs69 (Fig. 8A) (Kao et al., 
2007) were used to assay the DAF-28::GFP secretion in C. elegans. These 
worms were treated by RNAi to deplete the genes or the integrated transgene 
(svIs69) was crossed into enpl-1 (ok1964) mutants. The worms after RNAi 
treatment or the homozygous mutants expressing the transgene were 
mounted on agarose pads and micrographed using fluorescence microscope 
at 100x magnification. The GFP fluorescence in the coelomocytes indicates 
that DAF-28::GFP secretion was normal in these worms. 
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GST pull-down assay 

GST-expressing plasmid pGEX-5X-3, GST-ENPL-1 (HSP90 domain) 
expressing plasmid (pVB556BN) and GST-ENPL-1 full length expressing 
plasmid (pVB557BN) were tranformed into E. coli BL21 cells. These proteins 
served as bait to test binding with cell lysates of BL21 cells expressing 
maltose binding protein (MBP) and lysates of BL21 cells expressing MBP-
ASNA-1 lysate that served as prey. The constructs expressing desired 
proteins were transformed into E. coli BL21 cells. The cells were grown in 2x 
YT medium as 3 mL cultures at 37 0C and protein expression was induced 
using 1mM IPTG at 3o 0C, with starting cell density of O.D600 0.8. The cells 
were pelleted and resuspended in 100µL of MagneGSTTM Binding/Wash 
Buffer (pH-7.2) containing 4.2mM Na2HPO4, 2mM KH2PO4, 140mM NaCl 
and 10mM KCl. To this mixture 200µL of lysis buffer and 5µL of RQ1 RNase-
Free DNase was added and cells were lysed at 4 0C for 1h and the protein 
lysate is cleared of cells by centrifugation. The resulting protein lysates (GST, 
GST-ENPL-1, MBP, and MBP-ASNA-1) were used for pull-down 
experiments. 

The GST, GST-ENPL-1 (HSP 90 domain), GST-ENPL-1 (full length) 
expressed proteins were immobilized to 20 µL of pre- equilibrated 
glutathione magnetic beads (Promega) at 4 0C for 1h . The beads were 

Fig.8: Schematic representation of DAF-28::GFP assay in C. 
elegans 
(A) The	  DAF-‐28::GFP	  reporter	  transgene.	  Here	  the	  daf-28	  promoter	  

drives	   the	   expression	   of	   daf-28-gfp	   transgene.	   Therefore	  
worms	  carrying	  this	  integrated	  transgene	  express	  DAF-‐28::GFP	  

(B) The coelomocytes (cc) distribution in the C. elegans 
hermaphrodite. Three pairs of coelomocytes reside in the 
pseudocoelomic cavity. Four of these cells are on the ventral 
side. Two of these (ccPR and ccAR) are situated close to the 
head, whereas the other two (ccPL and ccAL) are close to 
midbody, anterior to vulva. The remaining pair (ccDR and 
ccDL) is located dorsally in the posterior body. 
(Reproduced	   with	   permission	   from	   (Altun	   and	   Hall,	   2012)).	  
This	  picture	   also	  depicts	   the	   release	  of	  DAF-‐28::GFP	   from	   the	  
neurons	  that	  are	  subsequently	  taken	  up	  by	  coelomocytes	  
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washed 3 times with MagneGSTTM binding/wash buffer containing 0.5% 
IGEPAL (NP40 analog). The beads are now resuspendend in 20µL 
MagneGSTTM binding/wash buffer. The 5µL of the resuspended beads were 
used to test the binding with 30µg MBP containing protein lysate and 30µg 
MBP-ASNA-1 containing lysate that served as prey. The binding was carried 
out at 4 0C for 1h. The beads were washed 5 times with MagneGSTTM 
binding/wash buffer containing 0.5% IGEPAL and the proteins bound to the 
beads were eluted with 1X SDS gel-loading buffer. The eluted fractions were 
loaded on to Criterion XT Bis-Tris Gel, 4–12% (BIORAD # 345-0124), 
followed by Western blot analysis using rabbit anti-MBP serum (NEB # 
E8030s). Three independent pull down experiments were carried out to test 
for reproducibility. 

Yeast two-hybrid (Y2H) screen 

The Y2H screen was performed by mating. The S. cerevisae strains used 
were Y137 and AH109 (BD Biosciences), which are of opposite mating types. 
The C. elegans cDNA library in the yeast expression vector pACT2 (a kind 
gift from Z. Zhou and H. R. Horvitz) was transformed into Y137 cells 
(Nilsson et al., 2011). The full length C. elegans asna-1 cDNA in pGBKT7 was 
transformed into AH109 cells and checked for expression and self activation 
prior to use in the interaction studies Yeast clones from the library were 
mated to the AH109-derived strain that expressed the GAL4 DNA binding 
domain (DBD)-ASNA-1 fusion protein, and the products of the mating were 
plated onto medium lacking Trp, Leu, His and Ade to select for putative 
interaction partners. In this way a total of 607 putative interaction positive 
colonies were obtained. The colonies were picked and yeast colony PCR was 
performed. The PCR products were purified with the Qiagen PCR clean up 
kit and sequenced using the following primers: 

mms-1 5' -CTATTCGATGATGAAGATACCCCACCAAACCC-3' 

mms-2: 5'- AGTGAACTTGCGGGGTTTTTCAGTATCTACGAT-3' 

The genes associated with the above sequenced PCR products were 
determined using the BLAST tool available on the www.wormbase.org 
website. The unique interaction-positive clones were retested in an assay in 
which the ability to induce expression of β-galactosidase was tested (as 
described in Clonetech yeast matchmaker manual). The protein-protein 
interaction was confirmed by in vitro pull down assay using magnetic 
amylose beads (New England Biolabs) immobilized with MBP and MBP 
fused ASNA-1 proteins as bait and were tested with E. coli cell lysates 
containing FLAG-SMN -1 C. elegans fusion protein. 
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Cell culture and siRNA transfection 

 2008 ovarian cancer cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 2 mM glutamine, 1% antibiotics (10 
000 µg/mL streptomycin, 10 000 IU/mL penicillin) and 10% (w/v) foetal 
calf serum (FCS) at 37 °C on 24-well Corning Costar tissue culture plates in a 
humidified atmosphere containing 5% CO2. The siRNA transfections were 
carried out with N-TER nanoparticle transfection system (Sigma) with a 
concentration of 20 nM for each siRNA tested in a final volume of 0.6mL per 
well. For siRNA delivery, peptide carrier/siRNA complexes were formed in 
DMEM at a charge ratio of 10:1 and incubated for 20 min at room 
temperature. The resulting peptide carrier/siRNA complexes were overlaid 
onto the cells that were grown to 70% confluency, in 0.3mL serum-free 
medium. After 4h incubation at 37 °C, 0.3mL of 2x DMEM supplemented 
with 20% FCS was added to the cells, without removing the overlay of 
carrier/siRNA. The treated cells were grown for 72h and lysed in ice-cold 
buffer containing 10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 5 mM EDTA, 1% 
Triton, 5 mM DTT, 0.1 mM PMSF and 1% protease inhibitor cocktail. The 
samples were analysed by immunoblotting. 

Antibodies 

The rabbit anti- GRP94 polyclonal antibody was purchased from Sigma (cat 
# G4420)and was used to analyse GRP94 siRNA knockdown in the 2008 
cells. The rabbit anti-MBP serum purchased from New England Biolabs (cat 
# E8030s) was used to detect MBP and MBP-ASNA-1 in the GST pull down 
experiments. The Rabbit anti-GAPDH (cat # 5174) and Mouse anti-FLAG 
antibodies (Cat # 8146) were purchased from Cell Signalling technology  
were used to determine GAPDH protein levels and FLAG epitope expression 
in the fusion proteins, respectively.  

Statistical analysis 

Oneway ANOVA with Bonferroni’s multiple comparisons posthoc test was 
carried out when comparing N2, asna-1 (ok938) and enpl-1 (ok1964) worms, 
that had been treated with and without cisplatin, sodium arsenite and zinc 
chloride (Fig. 14A) This test was also used to analyse smn-1 RNAi 
knockdown in daf-16 (mgDf50) mutants (Fig. 16E). The LC50 values and 
statistical significance when comparing survival of N2, asna-1, and enpl-1 
mutants on cisplatin containing plates (Fig. 14B) were determined using a 
binary logistic regression model (Hemmingsson, 2010). Fisher’s exact test 
was carried out when comparing N2 worms, which were treated with and 
without tunicamycin (56µg/mL) and analysed for viability on cisplatin 
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(300µg/mL) containing plates (Fig. 15 C & D) and to compare cisplatin 
treated N2 and enpl-1 (tm3738) worms (Paper III, Fig. S1 A & B). The 
Student’s t-test was used to analyse TMRE staining data (Fig. 10 C), dauer 
phenotype enhancement studies of enpl-1 mutants (Fig. 11 C) and Western 
blot analysis of ASNA-1 and Tubulin α levels in enpl-1 vs N2 animals (Fig. 12 
F) 
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Aims 

The overall aim of this thesis is to understand how asna-1 fullfils its role in 

insulin/IGF signalling and cisplatin sensitivity using the C. elegans as a 

model system   

Specific aims:  

• To identify new modifiers of Insulin/IGF signalling and insulin 

secretion. 

 

• To study the contribution of the ER and mitochondria in IIS and 

insulin secretion.  

 

• To identify physical interactors of ASNA-1 

 

• To understand how ASNA-1 and its interactors modulate cisplatin 

sensitivity. 
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Results 

Identification of new modifiers of insulin signalling by screening 
for larval arrest phenotype  

To make a list of potential ASNA-1 interactors and modulators in C. elegans, 
Ola Billing, co author in paper I, used the information about the physical 
interaction studies and genome-wide predictions, which have led to the 
identification of 13 candidates that interact with C. elegans asna-1 (Li et al., 
2004; Zhong and Sternberg, 2006), 6 candidates that interact with the D. 
melanogaster homologue CG1598 (Giot et al., 2003) and 77 candidates that 
interact with the S. cerevisiae homologue Get3 (Collins et al., 2007; Ito et al., 
2001; Krogan et al., 2006). Ola identified the C. elegans homologues of the 
D. melanogaster and S. cerevisiae interactors using BLASTp and SMART 
sequence comparison tools (Letunic et al., 2006). This provided a list of 143 
candidate genes, of which 86 were available for testing with the RNAi assay 
(Paper I, Table S1) in the RNAi hypersensitive mutant rrf-3 (pk1426) 
(Simmer et al., 2002). In the first part I observed the RNAi knockdown of 65 
candidate genes that did not allow the worms to grow beyond the 3rd larval 
stage (L3) after 4 days and that produced larvae that were scrawny and pale 
in appearance (Fig. 9 A). This phenotype is similar to the feeding RNAi 
phenotype of asna-1 RNAi animals and represents a weaker form of the 
stringent L1 arrest phenotype that is produced only with injection RNAi (Kao 
et al., 2007). 

The genes that I have identified using the above strategy were mrps-2 ( 
cosmid name, T23B12.3, mitochondrial ribosomal protein homolog) , goa-1 
(cosmid name, C26C6.2), F41C3.4 (Golgi transport 1 homolog), enpl-1 
(cosmid name, T05E11.3, GRP94 ortholog). In addition to these candidates, I 
also investigated whether the role of mrps-2 was specific or common to other 
mitochondrial ribosome components. Therefore the RNAi knockdown 
against the gene encoding putative the other mitochondrial ribosomal 
proteins, mrps-10 (cosmid name, Y37D8A.18), mrpl-43 (cosmid name, 
C25A1.13) and mrrf-1 (cosmid name, T20F5.3), encoding putative 
mitochondrial ribosome recycling factor (www.wormbase.org) were also 
tested .  

The knockdown of asna-1 was not associated with feeding, endocytosis or 
developmental defects, despite having a growth delay phenotype. We also 
determined which of these genes, when knocked down, displayed the larval 
arrest phenotype without feeding and endocytosis defects. Feeding ability 
was assayed by the pharyngeal pumping rate, ability of worms to ingest 
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bacterial-sized beads and of their intestinal cells to take up luminal contents 
by endocytosis. It was observed that knockdown against mrps-2, mrps-10 
and mrpl-43 and enpl-1 genes as asna-1 knockdown animals did not result 
in a feeding, endocytosis or developmental defects (Paper I, Figure 2). 
However, while measuring the strength of IIS using DAF-16::GFP transgenic 
worms, treated with RNAi against mrps-2, mrps-10 and mrpl-43 genes 
resulted in nuclear localization of DAF-16::GFP (Fig. 9 B). This phenotype 
resembled that of asna-1 knockdown animals, in which IIS activity was 
reduced. In addition to DAF-16::GFP localization three other criteria  helped 
to confirm that IIS was indeed low in the gene depleted animals. First, the 
depletion of gene activity synergises with daf-7 (e1372) but not with daf-2 
(e1370) at permissive temperature. Second, the larval arrest phenotype is 
suppressed in daf-16 (mgDf50) mutants. Third, depletion of the gene activity 
in rrf-3 mutants produces a strong complete dauer phenotype including the 
characteristics such as dauer alae, constricted pharynges (Fig. 9 C and D) 
and resistance to 1% SDS. 
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Mitochondrial dysfunction is associated with reduced IIS activity 

The mitochondrial proteins prediction tool mitoprot 
(http://ihg.gsf.de/ihg/mitoprot.html) was used to analyse the MRPS-2, 
MRPS-10 and MRPL-43 proteins and it predicted with high confidence that 
these proteins resided within the mitochondria (Paper I, Table S2). To 
understand how these proteins might affect IIS, we investigated whether 
RNAi against these genes caused mitochondrial dysfunction. The induction 
of GFP driven by the hsp-6 promoter indicates a mitochondrial specific 
stress is induced when its environment is aberrant (Yoneda et al., 2004). 
This GFP reporter was induced after RNAi knockdown against the mrps-2, 
mrps-10 and mrpl-43 genes (Fig. 10 A). Mitochondrial dysfunction was 
also tested by assessing levels of the mitochondrial respiration in worms 
stained with the dye TMRE (Yoneda et al., 2004). Animals with RNAi 
knockdown against mrps- 2, mrps-10 and mrpl-43 had reduced TMRE 
staining in the intestinal region, but in the control treatment had a 
consistent staining pattern throughout the intestine (Fig. 10 B). 
Quantification of the TMRE staining (Fig. 10 C) in the intestines of the 
mrps- 2, mrps-10 and mrpl-43 RNAi knockdown animals were significantly 
different from that seen in the control RNAi animals. This indicated that the 
mitochondrial respiration was weaker in animals with RNAi against mrps-2, 
mrps-10 and mrpl-43. mrrf-1 encodes the putative mitochondrial ribosome 
recycling factor. Our mitoprot analysis of MRRF-1 protein and the tests for 
analysis of mitochondrial function (Fig. 10) shows that it is less likely to be 
localised to and function in the mitochondrion. Furthermore the 
knockdowns of the above genes were also associated with insulin (DAF-28) 

Fig. 9. New modulators of IIS identified by screening for larval 
arrest phenotype (A) Feeding RNAi against several genes, but not 
mrrf-1, caused larval growth phenotypes. Gro: Growth arrest; Lva: larval 
arrest; Clr: Clear body; WT: wild-type. Empty vector (L4440) feeding 
RNAi was used as a control in all experiments. (B) Fluorescence 
micrographs showing nuclear/cytoplasmic localization of DAF-16::GFP 
after RNAi against the indicated genes. Arrows indicate nuclei that 
accumulate DAF-16::GFP. (C) DIC micrographs showing dauer-specific 
alae in dauer larvae with the indicated RNAi treatments. (D) DIC 
micrographs showing radially constricted pharynges in dauer larva with 
the indicated RNAi treatments compared to a control larva in stage L3. 
Arrows indicate outline the region between the two pharyngeal bulbs. 
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secretion defects, while the general secretory ability in the knockdown 
animals was unaffected (Paper I, Figure 5). Taken together, the results show 
that the RNAi treatment against mrps-2, mrps-10 and mrpl-43 caused 
significant levels of mitochondrial dysfunction and imply that the reduced 
IIS is attributable to this defect. 

 

 

Fig. 10. Analysis of mitochondrial function after RNAi against 
genes encoding mitochondrial ribosomal proteins (A) Fluorescence 
micrographs showing induction of GFP driven by hsp-6 promoter after RNAi 
against the indicated genes. Five animals are displayed in each panel. (B) 
Fluorescence micrographs depicting TMRE staining in animals after RNAi 
against the indicated genes. Five animals are displayed in each panel. (C) 
Mean TMRE fluorescence intensities relative to the control in RNAi-treated 
animals. Control animals were fed with empty vector L4440. Error bars 
represent a 95% confidence interval of the mean fluorescence intensity. 
Significance levels were calculated by Student’s t-tests vs. control. *** 
P<0.0001 and * P = 0.017. 
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enpl-1 is essential for larval development in C. elegans 

enpl-1 encodes the C. elegans ortholog of the Hsp90 family member and ER 
chaperone GRP94/GP96/ENdoPLasmin in humans and mouse. In flies the 
homolog is GP93 (Maynard et al., 2010). A sequence alignment of protein 
sequences of C. elegans, Canis lupusfamiliaris, D. melanogaster and 
humans showed significant sequence identity and (Paper II, Figure S1a), the 
essential residues required for its function are highly conserved (Dollins et 
al., 2007; Randow and Seed, 2001). However the ER retention signal at the 
C-terminus is KDEL (in case of mice and humans) and its stronger variant 
HDEL (in case of fly) but in case of C. elegans it is weaker HSEL signal 
(Haugejorden et al., 1991), implying that ENPL-1 may not solely function in 
ER. 

The availability of two mutants of enpl-1 facilitated in vivo analysis. The 
ok1964 mutation deletes a 1613bp region spanning over the third, fourth and 
fifth exon. The tm3738 mutation deletes a 427bp region in the third exon of 
the gene (Paper II Figure 1A). The homozygous phenotypes of both mutants 
are larval lethal or sterile. Most surviving mutants grow up to be pale, thin , 
sterile adults, lacking mature germ cells and embryos. However, some of the 
enpl-1 mutants produced oocytes and sperm and sometimes laid dead eggs.  

enpl-1 RNAi-treated animals arrested as larvae (Paper II Figure 2A) without 
feeding defects. The arrested animals were able to efficiently pump their 
pharynges (Paper II Figure 2A), ingest bacterial sized beads (Paper II Figure 
2C) and absorb a fluid phase dye, FM4-64, into their intestinal cells (Paper II 
Figure 2D).  

In summary, the phenotypes of the enpl-1 mutants partly resembled that of 
asna-1 mutants. Both the mutants had a maternal contribution that masked 
the larval arrest, which was seen upon inactivation by feeding RNAi and both 
the genes were essential for the growth in C. elegans.  
 

enpl-1 modulates IIS and insulin secretion 

The DAF-16::GFP localization studies showed that it was localised in the 
nuclei of 40% (n =25) of enpl-1 RNAi animals (Fig. 11 B). Thus the loss of 
enpl-1 was associated with lowered insulin IIS. To analyze the ability of enpl-
1 depletion to synergise with TGFß pathway, daf-7 (e1372) mutants, a daf-7 
(e1372); enpl-1(ok1964)/balancer strain was made. At 20 0C, only 2% of the 
daf-7(e1372)  single mutant entered dauer (n= 200), where as 85% of daf-7 
(e1372); enpl-1(ok1964) double mutants (n= 140) did so (Fig. 11 C).  
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enpl-1/balancer also enhanced the constitutive dauer phenotype elicited by 
the daf-7 (e1372) mutants (n=550), when compared to the daf-7 (e1372) or 
+/balancer; daf-7 double mutants. enpl-1 mutation did not further enhance 
the dauer phenotype of daf-2(e1370) mutants (n=222) again indicating that 
enpl-1 acts in the insulin signalling pathway and like the components of IIS, 
synergistically controls the dauer entry in C. elegans.   

To further analyse, whether reduced IIS activity in enpl-1 mutants, which 
could be associated with the insulin secretion defects, the DAF-28::GFP 
(svIs69) transgene which was used to assay insulin secretion (Kao et al., 
2007) was crossed into enpl-1 mutants. DAF-28::GFP secretion was 
compromised (Fig. 11 F) in enpl-1(ok1964) mutants (n=40), while the 
expression of the DAF-28::GFP was unaffected (Data not shown). As a 
control we also tested the secretion of another neuropeptide reporter, 
ANF::GFP (oxIs180), which is also secreted through dense core vesicles 
(Speese et al., 2007). The secretion of ANF::GFP was unaffected in enpl-1 
mutants (Paper II, Figure S4). These results suggest that enpl-1 is likely not 
acting in the release of all dense core vesicle cargoes in C. elegans.  

Given the effects on IIS and insulin secretion, we next investigated whether 
the enpl-1 mutant phenotype was partly or completely due to lowered insulin 
levels. To achieve this, we overexpressed the C. elegans insulins, ins-4 and 
daf-28 from transgenes in enpl-1 mutants and observed for improvement in 
growth defects. Our previous studies have shown that these transgenes have 
biological activity (Kao et al., 2007). Overexpression of ins-4 or daf-28 
greatly improved the quality of the germline of enpl-1 mutants. While 
approximately 40% of enpl-1 mutants produce no embryos, all the enpl-1 
individuals overexpressing either ins-4 or daf-28 produced embryos. 
Further, the mean and maximum number of embryos in the overexpressing 
strains also increased as compared to enpl-1 mutants alone (Fig. 11 I). These 
results suggest that increased insulin production causes an increase in 
mature oocytes or sperm formation and improved the embryo formation. 
However overexpressing insulin did not completely rescue the sterility of the 
enpl-1 mutant. This suggests that complete rescue requires a much more 
effective release of insulins, or that germline or embryo development 
requires functions of ENPL-1 that are independent of insulin secretion. 
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Fig. 11: enpl-1 positively regulates insulin signalling in a 
manner similar to asna-1 

 (A) and (B) Fluorescence micrographs of rrf-3(pk1426); DAF-16::GFP 
(zIs356) RNAi treated animals. The arrows indicates that DAF-16::GFP is 
nuclear. (C) A graph showing that enpl-1 mutation enhances the dauer 
phenotype of daf-7 (e1372) mutants at 20 0C. (E) Representative 
fluorescence micrograph showing uptake of secreted DAF-28::GFP by the 
coelomocytes in the worms expressing svIs69 transgene (n= 40). (F) 
Representative fluorescence micrograph shows absence of uptake of 
secreted DAF-28::GFP by the coelomocytes in the enpl-1(ok1964) 
mutants expressing svIs69 transgene (n= 40). (G) and (H) DIC 
micrographs showing the presence of coelomocytes in the wild-type 
worms carrying svIs69 transgene (G) or enpl-1 (ok1964) mutants 
carrying the svIs69 transgene (H). (I) The graph shows the number of 
embryos formed per animal by the ok1964, ok1964; svEx353(ins-4+++), 
ok1964; svEx432(daf-28 +++) and ok1964; svIs56 mutants (n= 60 for 
each genotype). The error bar represents SEM. 
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ENPL-1 interacts physically with ASNA-1 and ENPL-1/GRP94 
activity is vital for maintenance of steady state levels of ASNA-1 

The gene expression studies and characterization of the asna-1 and enpl-1 
mutants showed an overlap in their tissue expression (Paper II, Figure S1b) 
and resulting phenotypes. The next step was to look for a physical interaction 
between encoded proteins. The physical interaction between ASNA-1 and 
ENPL-1 was investigated by yeast two hybrid studies. The full length cDNA 
of asna-1 was fused to the GAL4 DNA binding domain (DBD) of a yeast two 
hybrid vector and was checked for expression and self activation before 
being used for the interaction studies (data not shown). The full length cDNA 
of enpl-1 was fused to the GAL4 activation domain (AD) and a pair wise 
interaction study was performed by yeast mating (Fig. 12 A-D). The yeast 
cells expressing DBD-ASNA-1 and AD-ENPL-1 were able to grow in the 
absence of histidine (a reporter of a physical interaction) (Fig. 12A and 
12B), but the yeast cells expressing DBD-PTB domain (an unrelated peptide) 
and AD-ENPL-1 (Fig. 12D), and cells expressing only DBD-ASNA-1 
(negative control) did not (Fig. 12 A-D). Here the cells expressing DBD-p53 
and AD-SV40 T-antigen served as a positive control (Fig. 12 A-D).  

To narrow down the ASNA-1 binding region in the ENPL-1 protein, we 
carried out GST pulldown assay (Fig. 12E). Here we fused either the HSP90 
domain or the full length protein of ENPL-1 (Paper II, Figure 4F) to GST and 
studied its binding properties using either MBP alone or the MBP-ASNA-1 
protein containing cell lysate. It was observed HSP90 domain of ENPL-1 
fusion protein was sufficient to display the interaction with MBP-ASNA-1 
(Fig. 12E; lane4) and not MBP (Fig. 12E; lane 3) and GST alone did not 
interact with either MBP(Fig. 12E; lane 1) or MBP-ASNA-1(Fig. 12E; lane 
2). The in vitro interaction was also observed between full length ENPL-1 
fused to GST and MBP-ASNA-1 (Paper II, Figure 4F). In summary C. elegans 
ASNA- 1 interacts with ENPL-1 and HSP90 domain of ENPL-1 is likely the 
binding region. 

The physiological relevance of the interaction was analyzed by estimating 
ASNA-1 protein levels in enpl-1 mutants. ASNA-1 levels were reduced to one 
third of normal in these mutants (Fig. 12 F). To determine if the 
relationship between ASNA-1 and ENPL-1 was also a feature in mammalian 
cells, we performed siRNA depletion of GRP94 in the ovarian cancer cell line 
2008 which was previously tested to study the Asna1 activity in cisplatin 
sensitivity (Hemmingsson et al., 2009a). The knockdown of GRP94 by three 
of the four tested siRNAs resulted in lowered ASNA1 levels. This lends 
further support to the C. elegans findings (Fig. 12 G).  
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The asna-1 mRNA levels were also found to be reduced to half of the normal 
amount in the enpl-1 mutants (Paper III, Figure S3a), implying that the 
asna-1 mRNA is transcriptionally regulated in the enpl-1 mutants. enpl-1 
and asna-1 double mutants display synthetic lethality (Paper II,Figure S2 ). 

Based on our yeast two-hybrid, GST pull down assays and genetic interaction 
studies between enpl-1 and asna-1, we conclude that ENPL-1 binds to ASNA-
1 and loss of ENPL-1 lowers the steady state mRNA levels of asna-1. 
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Inactivation of asna-1 and enpl-1 inactivation induces the UPR  

In C. elegans induction of GFP by the hsp-4 promoter is reporter of UPR 
activation in C. elegans (Shen et al., 2001). RNAi against enpl-1 in C. elegans 
causes upregulation of hsp-4::GFP (Kapulkin et al., 2005). Given the overlap 
in phenotype and function between ENPL-1 and ASNA-1, that was revealed 
in the studies described above, we asked whether elevated UPR was also seen 
in asna-1 RNAi–treated animals. We tested whether UPR induction feature 

Fig. 12. Interaction studies between ASNA-1 and ENPL-1. 

(A)-(D) Yeast two-hybrid studies between C. elegans ASNA-1 and ENPL-
1. Yeast mating was setup as described in the materials and methods and 
matings were selected on SD-Trp-Leu-His (A) and (C) and SD-Trp-Leu-
His with 5mM 3-Amino-1,2,4-Triazole (3-AT) (B) and (D). The figure on 
the left panel represents the streaking pattern of the yeast cells after yeast 
mating. (E) GST pull-down assay. GST (lanes 1 and 2), GST-ENPL-1 
(HSP90 domain) (lanes 3 and 4) proteins immobilized to Glutathione 
magnet beads were treated with either Maltose Binding Protein(MBP) 
over expressing E. coli BL21 lysate (lanes 1 and 3) or MBP-ASNA-1 over 
expressing E. coli BL21 lysate (lane 2, and 4). MBP alone over expressing 
E. coli BL21 lysate (lane 5) and MBP-ASNA-1 over expressing E. coli BL21 
lysate (lane 8) served as controls (10 % of the amount use for pulldown 
experiments). (F) The Western blot of lysates made from 25 N2 (wild-
type) worms and 50 enpl-1 mutant worms probed with Rabbit anti- 
ASNA-1 antibody and later stripped and probed with anti-Tubulin 
antibody. The integrated band intensities of the western blots were 
measured using Image J software and the ratio of the ASNA-1 and 
tubulin- α, band intensities of N2 and ok1964 mutants were plotted using 
the Graph Pad Prism. The error bar represent the 95% confidence interval 
of the mean. Significance levels were calculated by Student’s t-tests vs. 
control. *** P<0.0001. (G) The western blot of 2008 ovarian cancer cell 
lysates treated with GRP94 siRNAs (as shown) with corresponding 
negative control and cells alone probed with mouse anti-GRP94 antibody 
and rabbit anti- ASNA-1 antibody and the membrane was later striped 
and probed with rabbit anti-GAPDH antibody. 
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upon knockdown against asna-1. The hsp-4::GFP was upregulated in asna-1 
RNAi-treated animals (Fig. 13 E)  as compared to control RNAi animals 
(Fig. 13 D), but the upregulation was lower than that seen in enpl-1 RNAi 
animals (Fig. 13 F). In worms, the UPR response is regulated by the IRE-1 
that activates the xbp-1 mRNA by cleaving it. This leads to synthesis of XBP-
1 protein that in turn positively regulates the UPR (Calfon et al., 2002). The 
hsp-4::GFP that was induced in asna-1 and enpl-1 RNAi animals was not 
induced in ire-1 or xbp-1 mutant backgrounds (Fig. 13 K,Q,L,R), indicating 
that their effects occur upstream of ire-1 and xbp-1. Interestingly, the enpl-1 
RNAi knockdown in ire-1 or xbp-1 mutant backgrounds resulted in larval 
arrest (Fig. 13 I and 13 O). This synthetically deleterious interaction was 
also observed with another loss of function ER chaperone hsp-3 in ire-1 or 
xbp-1 mutant backgrounds (Kapulkin et al., 2005). This suggested that enpl-
1 is an essential gene in the absence of ire-1/xbp-1-dependent UPR 
regulation.  
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enpl-1 mutants display increased sensitivity metal ions including 
cisplatin 

The overlap in the phenotype between enpl-1 and asna-1 was established 
with respect to IIS, insulin secretion and UPR induction upon depletion of 
these genes. In mammalian cells and in worm, asna-1 mutants display 
sensitivity to cisplatin, which is associated with sensitivity to sodium 
arsenite. With the availability of two deletion mutants of enpl-1(ok1964 and 
tm3738), it was possible to investigate whether depletion of ENPL-1 activity 
affected the sensitivity of worms to the platinum containing drug cisplatin 
and to other metals. Adult enpl-1 (ok1964) mutants were found to be highly 
sensitive to cisplatin and sodium arsenite and moderately sensitivity to zinc 
(Fig. 14 A). asna-1 mutants are also sensitive to cisplatin and arsenite but 
not to zinc . Thus the two mutants show similarities and differences with 
respect to their response to metal salts. This result indicated that enpl-1 
(ok1964) mutants appeared to be more sensitive to cisplatin than asna-1 
mutants. To ask if this was the case, dose-response studies were conducted 
in parallel to determine the LC50 values for each mutant and for wild-type 
worms. One day old adults were exposed to cisplatin for 24 hours or 48 
hours and the proportion that were alive was determined (Fig. 14 B). After a 

Fig. 13. Loss of enpl-1 or asna-1 by RNAi induces the unfolded 
protein response 

(A)-(F) enpl-1 RNAi or asna-1 RNAi in C. elegans induces phsp-4::GFP 
and is regulated by ire-1/xbp-1 pathway.(A)-(C) DIC micrographs of the 
worms carrying the phsp-4 :: GFP(zcIs4) transgene subjected to control 
(A), asna-1 (B) and enpl-1 (C) RNAi (n=25). (D)-(F) Representative 
fluorescence micrographs of the corresponding DIC micrographs of (A)-
(C). (G)-(I) DIC micrographs of ire-1(zc14) mutants carrying the phsp-
4::GFP(zcIs4) transgene subjected to control (G), asna-1 (H) and enpl-1 
(I) RNAi (n=25). (J)-(L) Representative fluorescence micrographs of 
the corresponding DIC micrographs of (G)-(I). (M)-(O) DIC 
micrographs of xbp-1 (zc12) mutants carrying the phsp-4::GFP(zcIs4) 
transgene subjected to control (M), asna-1 (N) and enpl-1 (O) RNAi 
(n=25). (P)-(R) Representative fluorescence micrographs of the 
corresponding DIC micrographs of (M)-(O). The scale bar is 500µm 
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24 hour exposure to cisplatin, the LC50 for enpl-1 (ok1964) mutants (215 
µg/mL) was significantly lower (p<0.001 than that for asna-1 mutants, 340 
µg/mL) (Fig. 14B). In contrast wild-type worms displayed inherent 
resistance to cisplatin to the extent that it was hard to kill them at the highest 
concentrations possible in agar plates. The findings for asna-1 mutants and 
for wild-type animals are consistent with previous work from our lab 
(Hemmingsson et al., 2010). When animals were exposed to cisplatin for 48 
hours (Paper III, Fig. 2B), the resistance of wild-type animals broke down. 
However even with this treatment wild-type worms were much more 
resistant to cisplatin than either mutants. In addition, asna-1 mutants (205 
µg/mL) were still less sensitive (p<0.001) than enpl-1 mutants (152 µg/mL) 
after 48 hours exposure. To rule out effects due to genetic background 
effects, enpl-1 (tm3738) mutants were also tested for cisplatin sensitivity and 
found to be as sensitive as enpl-1 (ok1964), thus making it is less likely that 
the genetic background effects are the reason for the cisplatin 
hypersensitivity phenotype (Paper III, Fig. S1). 
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Induction of the UPR in wild-type worms increases sensitivity to 
cisplatin 
 
The findings disclosed a correlation between the levels of induced UPR and 
sensitivity to cisplatin displayed by asna-1 and enpl-1 mutants. To determine 
whether increased UPR causes cisplatin sensitivity. UPR was 
pharmacologically induced by exposure to an effective ER stress agent, 
tunicamycin (Shen et al., 2001) in the wild-type animals that are intrinsically 
resistant to cisplatin. The tunicamycin treated wild-type animals were then 
tested for cisplatin sensitivity. To induce high levels of UPR, adult wild-type 
worms were exposed to tunicamycin at 56 µg/mL for five hours. To ensure 
that the UPR level was high, the concentration of tunicamycin used in the 
experiments was twice that used in a previous study (Shen et al., 2001). 
Based on the visual estimate the level of GFP fluorescence induced by hsp-4 
promoter, the UPR level appeared lower than that in enpl-1 mutants but it 
was not possible to say whether it was different from that seen in asna-1 
mutants (Fig. 15B). Tunicamycin treated worms were transferred to 
cisplatin containing plates for various periods of time and scored for viability 
and general health as measured by overall appearance and extent of 
uncoordinated movement. There was a significant reduction in survival of 
worms at all cisplatin treatment conditions when coupled with tunicamycin 
pre-treatment compared to cisplatin exposure alone without tunicamycin 

Fig. 14. enpl-1 mutants have increased sensitivity to metals ions 
including cisplatin.  

(A) The bars in the graph represent the mean of three experiments 
(n=15) for each strain/experiment tested. The error bars represents 
standard error of mean. The groups were compared using oneway 
ANOVA with Bonferroni’s multiple comparisons posthoc test. *** 
p<0.001 and NS : not significant. (B) Data from three independent 
experiments (n=100 for each strain) were plotted as survival curves. LC50 
values were determined using binary logistic regression analysis. 
p<0.001 for all the comparisons between asna-1(ok938) and enpl-1 
(ok1964) mutants with wild type N2 worms. The error bars represents 
mean ± SEM. (Prism 5, GraphPad software). 
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pre-treatment (Fig. 15C). The tunicamycin/cisplatin combination treatment 
also made the health status of the animals much worse and effects on general 
health were reflected at all time points (Fig. 15D). Tunicamycin treatment 
alone without subsequent exposure to cisplatin had no effect in viability or 
health status (n=100). These findings demonstrate that UPR induction can 
cause the intrinsically resistant wild-type worms to become sensitive to 
cisplatin and lends support to the hypotheses that high UPR levels make 
worms sensitive to cisplatin. 
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Yeast two-hybrid screen for the physical interactors of ASNA-1 
reveals non -TA protein interactors 

The work from the yeast homolog of ASNA-1, Get3 shows that it functions as 
guanine nucleotide exchange factor in G protein signalling. Get3 has been 
also shown to bind to chloride channel and regulates its function These 
findings suggests some non-TA functions of ASNA-1 (Lee and Dohlman, 
2008; Metz et al., 2006). Also the previously identified putative physical 
interactors of ASNA-1 were identified on a genome-wide scale and the 
analysis was incomplete (Li et al., 2004). Therefore in order to have a better 
functional analysis of ASNA-1 and also understand nonTA protein 
interactors of ASNA-1, we carried out a yeast two-hybrid screen to determine 
proteins that physically bind to ASNA-1. The screen was conducted using the 
full-length ASNA-1 protein as the bait, and a C. elegans cDNA library in the 
complementary vector as the collection of prey plasmids. After first 
determining that ASNA-1 did not self-activate gene expression in yeast, a 
strain containing the plasmid was mated with a library of yeast strains 
containing worm cDNA fragments fused to the Gal4 activation domain. The 
mating mix was plated on media to select for diploid yeast that could only 
grow if gene expression was promoted upon interaction between prey and 
bait proteins. With this procedure 607 yeast colonies were isolated and 
analysis of roughly 50 % yielded a set of 27 genes whose products interacted  

Fig. 15. Induction of the unfolded protein response increases 
cisplatin sensitivity in wild-type worms.  

Fluorescence micrographs of the worms carrying the phsp-4::gfp (zcIs4) 
transgene subjected for 5h to solvent (DMSO) alone (A) or 56µg/mL of 
tunicamycin (B). The scale bar = 500µm. (C) and (D) N2 worms were 
exposed to tunicamycin (56µg/ml) (depicted as green bars) or vehicle only 
for 5 h (depicted as white bars) with food and then placed on cisplatin 
containing plates (300 µg/mL) for 24 h. (C) Per cent death and (D) Per 
cent uncoordinated movement exhibited by the animals were plotted as a 
bar graph. Two independent experiments (n = 100 for each time point) 
were used to obtain the data. The bars with error bars in the graph 
represent the mean ±SEM. The groups were compared using Fisher’s 
exact test. *** p<0.001, ** p<0.01 and * p<0.05. (Prism 5, GraphPad prism 
software). 
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with ASNA-1 by these criteria (Table 1). High levels of beta-galactosidase 
provided additional evidence that that the appropriate interaction reporters 
were being expressed. Of the 27 genes tested, only RNAi against smn-1 and 
dct-18 produced larval arrest phenotype that was similar to the one seen in 
asna-1 RNAi animals.  The reason that the other genes in our set did not 
display larval arrest phenotype could be due to inefficiency of the feeding 
RNAi or because these gene products could be influencing other functions of 
ASNA-1 or that the interaction might not be biologically meaningful. 
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What is smn-1? 

smn-1 encodes a protein homolog of SMN1 that is necessary for the survival 
of motor neurons in humans. The mutations in the SMN gene is associated 
with an incurable autosomal recessive disease, Spinal muscular atrophy 
(SMA) The SMN1 gene is ubiquitously expressed and the SMN1 protein is 
found both in the nucleus and the cytoplasm (Liu and Dreyfuss, 1996; 
Miguel-Aliaga et al., 1999). The best understood biochemical role of SMN1 is 

Table 1. List of putative non TA interactors of ASNA-1 

 1: Gene information available in www.wormbase.org 

 2: Protein localisation was predicted based on sequence using 
www.wolfpsort.org.  

The feeding RNAi of these genes were carried out on rrf-3 (pk1426) 
strain. Knockdown of smn-1 or dct-18 (in bold) resulted in the larval 
arrest phenotype similar to asna-1 RNAi animals 
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in the assembly of SnRNP particles, some of which participate in gene 
splicing. There is however increasing evidence that the SMN1 protein may be 
involved in assembly of other types of ribonucleoprotein complexes and its 
heterogeneous localization patterns suggest that it may play roles in diverse 
cell biological processes (Burghes and Beattie, 2009).  

Apart from the well-characterized defects such as muscle loss and 
neurodegeneration, defects in the metabolic status of the disease patients 
including changes in fatty acid metabolism and hyperlipoproteinemia have 
also been reported (Crawford et al., 1999; Tein et al., 1995). The therapeutic 
agents and diets that alter glucose metabolism (Avila et al., 2007; Bosch-
Marce et al., 2011; Ning et al., 2010) can modify the pathology of the disease. 
A clear demonstration of metabolic alteration comes from a recent study 
combining work in a mouse disease model and human patients that shows 
that loss of SMN1 is associated with hypoglycemia, increased insulin 
sensitivity and greatly reduced numbers of insulin secreting beta cells in the 
pancreas (Bowerman et al., 2012). 

The analyses of SMN1 homologues in C. elegans and D. melanogaster have 
provided much evidence for possible diverse functions in development and 
physiology. In addition to the neuromuscular defects observed in both model 
systems, the C. elegans smn-1 deletion mutant also has defects in 
embryogenesis, larval growth, gonadogenesis and germ cell development 
(Briese et al., 2009; Sleigh et al., 2011). The pleiotropy displayed by the 
mutant implies that there are roles for the SMN-1 protein outside the 
neuromuscular system. Support for the idea that SMN-1 has multiple roles 
also comes from the analysis of physical and genetic interactors of the gene 
and its protein product. The larval growth arrest and the body size defects 
and sterility seen in worm smn-1 mutants and their rescue in a non-
autonomous manner are features that are reminiscent of phenotypes seen in 
asna-1 mutants.  

smn-1 behaves genetically as an activator of the IIS pathway  

The RNAi against smn-1 produced a highly penetrant larval growth arrest 
phenotype (Fig. 16 B) that was similar to that of asna-1(RNAi) animals and 
in the strong e979 mutants of the daf-2/ insulin receptor. The larval growth 
phenotype suggested that there was a possible reduction in IIS strength upon 
smn-1 inactivation. We therefore sought to determine the strength of IIS 
activity upon smn-1 inactivation. smn-1 was inactivated by using the deletion 
mutant smn-1(ok355). Strikingly DAF-16::GFP accumulated in the nuclei of 
all cells of every smn-1(ok355); zIs356 animal observed (Fig. 16 D). 
Consistent with this finding inactivation of smn-1 by RNAi also led to nuclear 
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accumulation of DAF-16::GFP in 40% (n=35) of smn-1 (RNAi); zIs356 
animals (Paper IV, Fig. S1B). Various stress conditions can cause DAF-16 to 
accumulate in nuclei independently of any effect on IIS strength. To ask 
whether this and not an IIS deficit was the reason for DAF-16:GFP 
localization in nuclei, the levels of different cellular stresses was determined 
in smn-1 (RNAi) animals. smn-1 was inactivated in worms expressing GST-
4::GFP transgene (an oxidative stress marker), phsp-4:gfp (an ER stress 
marker), phsp-6:gfp (a mitochondrial stress marker) and phsp-16.2:gfp (a 
heat stress marker). The smn-1(RNAi) did not activate any of these markers 
(Paper IV, Fig. S3). It was therefore unlikely that elevated levels of these 
stresses cause nuclear accumulation of DAF-16:GFP. 

To determine whether the low levels of IIS observed upon smn-1 inactivation 
contributed to the growth defect, RNAi knockdown against smn-1 was 
performed in daf-16 (mgDf50) mutants. IIS is constitutively high in daf-16 
null mutants (Fielenbach and Antebi, 2008). If growth arrest is due to low 
IIS this phenotype should be suppressed by the high IIS activity in daf-16 
mutants. We observed that the larval growth arrest phenotype of smn-
1(RNAi) worms was suppressed by the strong daf-16 mutant (Fig. 16E). 
Taken together the results strongly suggest that IIS is low in upon smn-1 
depletion and leads to the larval growth defect, and that the growth 
phenotype can be suppressed by elevating IIS levels. 

The ability of knockdown/depletion of a gene to synergise with TGF ß 
pathway, daf-7 mutation is used to determine whether a gene under study 
influences IIS or not. To perform this test, smn-1(ok355);daf-7(e1372) and 
smn-1(ok355); daf-2(e1370) double mutants were examined for the 
constitutive dauer phenotype at 15 0C and 20 0C. The smn-1(ok355) mutation 
greatly enhanced the constitutive dauer phenotype of daf-7 (e1372) (Table 
2) and large numbers of complete dauers were formed, based on overall 
morphology, dauer specific alae (Paper IV, Fig. S2) and resistance to 1 % SDS 
(n=20) in all tested dauers. RNAi against smn-1 in these mutants produced 
the same results, although smn-1 (RNAi); daf-7 (e1372) animals formed 
semi-dauer animals, which did not possess all the dauer phenotypes. This is 
likely due to a less efficient depletion of smn-1 levels by RNAi. By contrast 
the dauer phenotype of daf-2(e1370) was not enhanced. The production of 
complete dauers in smn-1; daf-7(e1372) and not in smn-1; daf-2(e1370) 
mutants lends strong support that smn-1 is a positive regulator of IIS 
activity. 
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Fig. 16. IIS levels are low when smn-1 is inactivated 

(A) and (B) smn-1 (RNAi) causes larval arrest. Empty vector (L4440) 
feeding RNAi was used as control RNAi in (A) and smn-1 RNAi animals 
in (B). Arrested larvae indicated by black arrowheads.  Scale bar = 1mm. 
(C) and (D) Fluorescence micrographs showing DAF-16::GFP 
fluorescence in smn-1/+ animals (C) and smn-1/smn-1 animals (D). 
White arrow heads indicate some of the nuclei with DAF-16:GFP. Scale 
bar = 25 µm. (E) smn-1 RNAi phenotype is suppressed in daf-
16(mgDf50) mutants. The graph represents data from 4 independent 
experiments. Error bars are mean ± SEM. Groups were compared using 
one way ANOVA with Bonferroni’s multiple comparisons posthoc test. *** 
P<0.0001 for both smn-1 treated groups vs. control RNAi in N2 and 
control RNAi in daf-16 (mgDf50), respectively and also for smn-1 RNAi 
in N2 vs. smn-1 RNAi in daf-16 (mgDf50). NS: Non significant. 
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SMN-1 physically interacts with ASNA-1 in vitro 

To reconfirm the physical binding between ASNA-1 and SMN-1, found in our 
yeast two-hybrid screen, the full- length protein of SMN-1 was expressed in 

Table 2. smn-1 mutation enhances the dauer phenotype of daf-7 
mutants but not daf-2 mutants 

a: assay was carried out at 15 0C. 

b: assay was carried out at 20 0C 

c:  daf-7/daf-7 segregating from +/balancer; daf-7/daf-7 

d: Homozygous daf-7/daf-7 mutants. 

e: Homozygous daf-2/daf-2 mutants. 
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the yeast cells and tested its binding with ASNA-1 by a pairwise yeast two-
hybrid interaction. To our surprise we did not see any interaction between 
ASNA-1 and SMN-1. Further sequence analysis of the encoding region that 
interacted with ASNA-1 (from the yeast two-hybrid clone that initially 
identified SMN-1), revealed that it was out of frame. Therefore we 
investigated by other means whether there was or not a meaningful physical 
interaction between SMN-1 and ASNA-1. For this purpose a protein pull-
down experiment was performed using bacterial lysates containing FLAG 
epitope tagged full-length SMN-1 protein and purified MBP-1: ASNA-1 
protein. As seen in lane 2 of (Fig. 17) epitope tagged SMN-1 was able to bind 
to MBP-ASNA-1, but did not bind to MBP-1 alone (lane 1). This result shows 
that SMN-1 interacts with ASNA-1 in vitro. However this result requires a 
validation in vivo. 

 

 
 

Fig. 17. SMN-1 binds to ASNA-1 in vitro 

(Lane 1) MBP immobilized beads treated with FLAG-SMN-1 containing 
lysate. (Lane 2) MBP-ASNA-1 immobilized beads treated with FLAG-
SMN-1 containing lysate, (Lane 3) 4% of input FLAG-SMN-1 lysate used 
for pull down experiments, 4% of total supernatant fraction after pull 
down with MBP (Lane 4) and MBP-ASNA-1 (Lane 5) immobilized 
beads and FLAG-SMN-1 lysate. *** oligomeric and * monomeric forms of 
FLAG-SMN-1. 
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Neuropeptide release is defective in smn-1 mutants 

Because smn-1 RNAi-treated animals display growth defects like asna-1 
depleted animals and low IIS and, we next asked whether the insulin 
secretion defect seen in asna-1(rnai) animals is also observed in smn-
1(RNAi) worms (as previously tested for other asna-1 modifiers/interactors). 
DAF-28::GFP secretion was defective in 90% of smn-1(RNAi) animals (Fig. 
18B). Secretion of another neuropeptide reporter, ANF::GFP was also 
analysed. Like DAF-28, this reporter is also secreted by the dense core 
vesicle pathway (Speese et al., 2007). ANF::GFP secretion was defective in 
45% of smn-1(RNAi)animals (n= 40) (Fig. 18G). This finding suggested that 
the defect in secretion was not specific to an insulin molecule but affected 
release of several neuropeptides through dense core vesicles. The defect in 
DAF-28 & ANF::GFP secretion was not due to a general effect on secretion 
ability or the inability of the coelomocytes to take up secreted proteins 
because in smn-1(RNAi) animals, the coelomocytes were able to take up a 
secretable version of GFP that is synthesized in muscles (Fig. 18 C and D).  
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Discussion 

Screening strategy to identify ASNA-1 interactors/modulators 

A main interest of our research group is to understand how multifaceted, 
ASNA-1 fulfils its various roles in the cell. One way to move towards this 
objective is to look for potential interactors of ASNA-1 or modulators that 
perturb its function. A list of putative ASNA-1 interactor/modulators, 
therfore was assembled based on the information available about their 
homologs available in the D. melanogaster and S. cerevisae databases. The 
existing interactors C. elegans ASNA-1 interactors that were identified by 
genome wide prediction and global yeast two hybrid studies were also added 
to this list. The assembled list gave us the opportunity to screen the 
candidates that feature the same phenotype as previously reported for the 
asna-1 mutants.  

The availability of extensive tools to analyse IIS in C. elegans influenced us 
to screen the candidates, firstly by looking for the IIS phenotype associated 
with asna-1 mutation. The analyses of sixty-five genes that encode predicted 
ASNA-1 interactors so far identified five new modulators of IIS that upon 
knock down mimics the asna-1 larval arrest phenotype. The candidates that 
emerged from this screen were mrps-2, mrps-10, mrpl-43 that encode 
mitochondrial ribosomal protein subunits, and enpl-1 encodes an ER 

Fig. 18. smn-1 influences neuropeptide release in C. elegans 

(A) and (B) Overlay of DIC and fluorescence images for DAF-28::GFP 
expressing transgenic worms (svIs69) with control RNAi in (A) and smn-
1 RNAi in (B). (C) and (D) Overlay of DIC and fluorescence images of 
secretory ss::GFP (arIs37) expressing worms exposed to control RNAi in 
(C) and smn-1 RNAi in (D). (E) and (F) Overlay of DIC and fluorescence 
images for ANF::GFP expressing (oxIs180) worms exposed to control 
RNAi in (E) and smn-1 RNAi in (F). White arrows indicate 
coelomocytes. (G) Quantification of ANF::GFP fluorescence in the 
coelomocytes. Statistical significance calculated by two-tailed Student’s t-
test. *** p < 0.0001. n= 35 for each experiment. Scale bar= 50µm for all 
the panels 
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chaperone and is a GRP94 homolog. None of the previously identified 
ASNA-1 interactors/modulators from the genome wide prediction and global 
yeast two hybrid studies (Li et al., 2004; Zhong and Sternberg, 2006) in C. 
elegans exhibited the asna-1, larval arrest phenotype upon their gene 
knockdown. This implies that these previously reported ASNA-1 
interactors/modulators in C. elegans might be dispensable in terms of their 
role in asna-1 regulation of IIS. However, the inefficiency of the feeding 
RNAi against these genes cannot be ruled out as a reason for absence of 
detectable phenotypes. 

Besides the role of ASNA-1 in IIS pathway activity, it has other roles such as 
the targeting the insertion of tail-anchored proteins (Denic, 2012) and 
regulation of metal resistance (Tseng et al., 2007). Our previous work shows 
that the IIS activity of ASNA-1 can be separated from its role in cisplatin 
sensitivity (Hemmingsson et al., 2010). The yeast ASNA-1 homolog, Get3, 
also has roles in G-protein signalling and chloride channel function that 
appear to be independent of its role in the biogenesis of tail-anchored 
proteins (Lee and Dohlman, 2008; Metz et al., 2006). Therefore, the 
possibility that some of the genes in this list could modulate other aspects of 
the ASNA-1 phenotype cannot be eliminated.  

Role of Mitochondrial ribosomal proteins in IIS 

A parallel study from our lab on the gene tomm-40 (Billing et al., 2011) has 
led to the insight that if mitochondrial dysfunction is induced, it can lead to 
reduction in IIS activity, perturbs growth of the organism and affect insulin 
secretion. There is support for this opinion from the work on the misc-1 gene 
(Gallo et al., 2011) where also mitochondrial dysfunction is coupled with 
defects in DAF-28::GFP secretion. The work performed for this thesis adds 
to the above findings and shows that inducing mitochondrial dysfunction by 
other means also leads to the same phenotype for IIS activity and DAF-
28::GFP secretion. This provides an additional evidence that there is a strong 
connection between mitochondria and IIS. As with tomm-40, depletion of 
mrps-2, mrps-10 and mrpl-43 all lead to reduced IIS and defect in 
mitochondria function. This was determined by several lines of evidence that 
are mentioned in the “Results” section. It is interesting that knockdown of 
cytoplasmic ribosomal components like rps-0 (the work of O. Billing) and 
mrrf-1 did not have any effect on the IIS. Perhaps this may suggest that 
cytoplasmic ribosomal knockdown does not have an important role in the 
IIS. However this conclusion cannot be made until a more elaborate study of 
the ribosome machinery with respect to IIS is performed.  

The mitochondria are the major source of ATP, and the ATP/ADP ratio in 
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mammals is the trigger that induces insulin secretion (Wiederkehr and 
Wollheim, 2006). This work along with the other studies would supports the 
idea that mitochondrial proteins provide a trigger for DAF-28 secretion. If 
the ATP/ADP ratio is down regulated, therefore DAF-28 secretion would 
also be reduced. In support of this is the fact that proteins that promote 
mammalian insulin secretion such as the ASNA-1 (Kao et al., 2007), UNC-
31/CAPS (Lee and Ashrafi, 2008) and TOM-1 (tomosyn) (Lee et al., 2011) 
also affect DAF-28::GFP secretion. This means that the mechanism for 
secretion of mammalian insulin and DAF-28 are similar. Worms have 40 
insulin-like proteins. It would be interesting in the future to determine how 
many of them require mitochondrial activity for their secretion. This kind of 
study would provide opportunity find out which insulins are more metabolic 
in nature (because their secretion is affected by energy levels) and which act 
more like signalling molecules of the IGF class. 

ENPL-1, a new ASNA-1 interactor promotes IIS and DAF-28 
secretion 

The enpl-1 analysis in C. elegans reveals its importance in larval growth and 
development. Like asna-1, enpl-1 mutants display lowered IIS activity that is 
most likely via its role in the regulation of insulin secretion. This conclusion 
was based on the widely used and tested for the genes that are speculated to 
promote IIS activity, which includes nuclear localization of DAF-16: GFP, the 
ability of mutations in this gene to strongly enhance the constitutive dauer 
phenotype of daf-7 mutants. In this regard it is worth emphasizing that at 
the temperature at which daf-7 single mutants rarely form dauers, most of 
the enpl-1; daf-7 double mutants form complete dauers with dauer specific 
characteristics. The enpl-1 mutants must be kept as heterozygotes. The 
homozygous progeny segregating from the heterozygous mothers bypassed 
the larval arrest and became sterile adults due to maternal rescue. Upon 
RNAi treatment, however both the maternal and zygotic contributions are 
eliminated and the worms arrest as larvae before dauer development starts. 
In such a scenario, it is not possible to know whether enpl-1 single mutants 
would have a constitutive dauer phenotype on their own like other genes in 
the IIS pathway.  

The phenotypic characterizations of the enpl-1 mutants are also similar to 
the mutants from the fly homologue, Gp93. The mutant flies also have a 
starved appearance while retaining the ability to feed properly and the 
mutant flies have reduced levels of insulin signalling (Maynard et al., 2010). 
The Gp93 is also able to substitute for the human ENPL-1 in its chaperone 
function (Morales et al., 2009). Several lines of evidence in mice indicates 
that insulin like growth factor II (IGFII) is one of the client proteins of 
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GRP94, homolog of ENPL-1 and its activity is essential for IGFII secretion 
(Ostrovsky et al., 2009a; Ostrovsky et al., 2009b; Ostrovsky et al., 2009c; 
Wanderling et al., 2007). 

enpl-1 mutants have greatly reduced DAF-28 secretion and overexpression 
of the insulins INS-4 and DAF-28 can improve the germline defect of the 
enpl-1 mutants, Firstly, this suggests that enpl-1 activity helps to maintain 
INS-4 and DAF-28 insulin levels. Secondly, this leads to a proposal that 
insulins like INS-4 and DAF-28 may be client proteins for the chaperone. 
The partial rescue of the germline defects of enpl-1 by the overexpression of 
insulins may be due to the fact that the transgenes that are used to 
overexpress in C. elegans are expressed in the somatic tissues but not in the 
germline. If expression of the ins-4 and daf-28 were essential both in the 
somatic cells and the germline, then complete rescue would not be achieved 

The yeast two hybrid interaction between ENPL-1 and ASNA-1, and 
subsequent validation by GST pull down experiments and embryonic 
lethality in double mutants have shed some insights into the co-operation of 
these two proteins in C. elegans. This also adds value to the overlapping 
phenotypes observed in the mutants alone.  

ENPL-1 is an orthlog of endoplasmic reticulum (ER) chaperone and 
currently the roles suggested for ASNA-1 requires it function in cytoplasm. 
The apparent difference in the subcellular localization of the two proteins 
may not be surprising considering a model in which ASNA-1 binding to 
ENPL-1 is required for its function. The ENPL-1 class of chaperones have a 
C-terminal ER retention signal, which is KDEL for the murine and human 
forms, HDEL for the D. melanogaster homolog and HSEL for the C. elegans 
ENPL-1. It is not clear whether all functions of the ENPL-1 chaperones are 
performed in the ER because when the C-terminal KDEL is removed from 
the human homolog of ENPL-1 and the protein is presumably not confined 
only to the ER, its functions are still retained (Randow and Seed, 2001), and 
also the other features of a protein aids in ER retention (Haugejorden et al., 
1991; Saheki and Bargmann, 2009) suggests that C. elegans ENPL-1 may not 
be completely confined to the ER.  

enpl-1 mutants are highly sensitive to Cisplatin 

The analysis of ENPL-1 as an interactor of ASNA-1 has also contributed 
towards understanding the cisplatin sensitivity displayed by asna-1 mutants. 
The enpl-1 mutants are highly sensitive to metal ions including cisplatin and 
the LC50 values for cisplatin were found to be statistically higher than that of 
asna-1 mutants. The asna-1 and enpl-1 knockdown animals elicited an 
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unfolded protein response (UPR). The UPR response in enpl-1 knock down 
animals was higher than that of asna-1 knockdown animals. This finding 
suggested a possible link between UPR and cisplatin sensitivity. The reports 
from mammalian cultured tumour cell lines that associate high UPR levels 
and increased sensitivity to cisplatin and its related drugs are interesting in 
this context (De Raedt et al., 2011; Nawrocki et al., 2005; Peyrou et al., 2007; 
Rabik et al., 2008).  

In agreement with the above reports the study in this thesis also shows that 
resistant wild-type worms became sensitive to cisplatin when the UPR was 
pharmacologically induced with tunicamycin. Although pretreatment with 
tunicamycin made wild-type worms sensitive to cisplatin, the worms were 
not as sensitive to the drug as enpl-1 or asna-1 mutants. This difference 
might be due to the fact that the wild-type worms were transiently exposed 
to the UPR inducer for five hours while asna-1 and enpl-1 mutants UPR is 
high throughout their life.  

This study had some limitations first, it uses different genetic mutants and 
pharmacological treatments under these conditions factors other than 
elevated UPR could also increase cisplatin sensitivity. Second, we are unable 
to test the cisplatin sensitivity in asna-1; enpl-1 double mutants because they 
display embryonic lethality. Taken together, these four settings for the UPR 
activity (wild-type animals, wild-type pretreated with tunicamycin, asna-1 
mutants and enpl-1 mutants) and the associated cisplatin induced lethality 
for each setting give support to the idea that the level of cisplatin sensitivity 
is reflected in the level of UPR induction.  

A screen for the physical binders of ASNA-1 reveals non-TA 
proteins 

The yeast two-hybrid screen to identify potential interactors of ASNA-1 was 
successful and so far led to the identification of 27 interacting proteins. The 
putative interactors of ASNA-1 identified by this effort includes, a calcium 
binding protein, secreted proteins, nuclear hormone receptors, transcription 
factors and proteins involved in actin dynamics. The yeast two-hybrid screen 
is designed to identify cytoplasmic or nuclear proteins that interact with 
ASNA-1 but not transmembrane domain containing TA-proteins. Thus the 
screen is specific in identifying non-TA interactors of ASNA-1 cannot be 
identified. After having this list of 27 candidates, we performed an RNAi 
screen to determine which of the candidate genes upon knockdown 
displayed asna-1 larval arrest phenotype. This screen resulted in 
identification of only two candidates namely, smn-1 and dct-18.  
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SMN-1, a new regulator of IIS and neuropeptide release  

SMN-1 was shown here to bind to ASNA-1 in an in vitro binding assay. smn-
1 depletion resulted in a significant decrease in IIS activity as determined by 
three criteria that were used to analyse other ASNA-1 interactors: 
enhancement of the dauer phenotype of daf-7 but not daf-2 mutants, 
promotion of nuclear translocation of DAF-16::GFP and suppression of the 
larval growth arrest in daf-16 mutants. A defect in DAF-28 secretion likely 
explains at least part of the IIS strength defect because an in vivo assay 
showed that the secretion of insulin DAF-28::GFP was markedly lower. The 
fact that another neuropeptide, ANF::GFP secretion was also affected 
indicates that smn-1 depletion may affect many neuropeptides. However, no 
effect was seen on general secretion ability in smn-1 depleted animals. The 
interaction between SMN-1 and ASNA-1 is biologically meaningful because 
simultaneous depletion of both proteins give rise to a stronger phenotype, 
which is the hallmark of a genetic interaction. 

Overlapping and independent roles for ASNA-1 & SMN-1 

smn-1 has been intensively studied and has well documented roles in the 
assembly of ribonucleoprotein particles, some of which are involved in 
splicing. It has been suggested that the chief effects of SMN1 depletion are on 
downstream effects in gene splicing (Burghes and Beattie, 2009). However it 
has also been shown that overexpression of the actin cytoskeleton 
component plastin3 can ameliorate the severity SMA disease in humans 
(Oprea et al., 2008), and that this effect of plastin3 in zebra fish is not at the 
level of splicing or transcription (Hao le et al.). This gene is also a modifier of 
the SMN-1 phenotype in worms and flies, indicating a likely conservation of 
function. However it has not been shown that mammalian SMN1 can 
functionally replace the fly or worm homologs. The strongest evidence for a 
role in tissues other than muscle and neurons comes from metabolic studies 
in mouse models and human patients and autopsy samples where effects 
such as insulin hypersensitivity and hyperglycaemia are observed along with 
reduced numbers of pancreatic beta cells (Crawford et al., 1999; Tein et al., 
1995). Supporting the idea that defects in metabolism have a significant role 
in development of symptoms is the fact that drugs that alter glucose 
metabolism reduce disease symptoms (Avila et al., 2007; Bosch-Marce et al., 
2011; Ning et al., 2010).  

Further evidence that SMN1 homologs in worms and flies have roles other 
than those in splicing come from genetic and physical association studies in 
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these model systems. A systematic search for worm SMN-1 binding proteins 
reveals that eight of the sixteen proteins thus identified have no obvious role 
in RNA metabolism (Burt et al., 2006). 

A genome wide screen for genetic modifiers of the C. elegans smn-1 mutant 
phenotype and examination of those identified in a similar screen in D. 
melanogaster highlight the role of a diverse group of proteins such as G-
protein coupled receptor kinases, neuropeptides, actin cytoskeletal proteins 
and nuclear hormone receptors (Dimitriadi et al., 2010). This study showed 
that there is remarkable conservation of genetic modifiers between the two 
systems because homologs of most of the modifiers found in worms modified 
SMN1 function in flies and vice versa. This study identified atn-1 ,which 
encodes actinin homolog, as a genetic modifier of smn-1. Our yeast two-
hybrid screen for the ASNA-1 interactors also identified atn-1 (Table 1) 
suggesting a shared role of ASNA-1 and SMN-1 in actin dynamics. We note 
that ASNA-1 was found in neither the screen for physical binders nor for 
genetic modifiers. We speculate that this might be due to incomplete screens 
or possible because the fly ASNA1 phenotype is severe enough that it would 
not be obtainable in these assays. Alternatively the criteria set in the fly 
screen could be sufficiently different such that ASNA1 would be excluded. It 
should be noted that asna-1 would not be found in the worm modifier screen 
because it is based on the feeding RNAi library and asna-1 is not part of this 
collection. We note that in this study a similar genetic interaction test was 
performed that validated the physical interaction.  

The phenotypes seen when smn-1 is depleted overlap with, but are not 
identical to those seen in asna-1 mutants. smn-1 is expressed in tissues such 
as the body muscles where asna-1 is not (Miguel-Aliaga et al., 1999). The 
recent findings that there is a metabolic aspect to the SMA disease in 
humans and mouse models (Bowerman et al., 2012), and the suggestion that 
a metabolic shift may underlie the disease pathology is supported by our 
findings. The interaction between ASNA-1 and SMN-1 suggests a role for 
human ASNA1 in the SMA disease and these results also extend our 
understanding of the role of ASNA-1 in insulin metabolism. 
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Future directions 

With the help of a RNAi directed screen against ASNA-1 interactor homologs 
for the larval arrest phenotype and an yeast two hybrid screen for the 
putative physical binders of ASNA-1 we have so far identified and 
characterized some of the interactors of ASNA-1 in C. elegans with respect to 
IIS. This study has used DAF-28::GFP as a model insulin to test the effect of 
depletion of asna-1 interactors/modulators on its secretion. DAF-28 is one 
of a total of forty insulin like peptides (ILPs) in C. elegans. In the future it 
would be intriguing to find out if the identified interactors/ modulators 
influence only DAF-28 and the members of its class of ILPs or all the ILPs in 
C. elegans. Futhermore, some of the evidence suggests that insulins like INS-
1 acts as antagonist ligands in IIS in the C. elegans, and it would be worth 
investigating if the asna-1 and its interactors also modulate activity of 
antagonist like INS-1 in C. elegans. These investigations can therefore help 
to address the role of ASNA-1 and its interactors or modulators in the 
functional complexity of the ILPs in C. elegans. 

The multifaceted roles of ASNA-1 may involve presence of suppressors that 
could perturb the activity of ASNA-1 directly or indirectly. The screening 
strategies, which were used to find out asna-1 interactors/modulators so far, 
were not designed specifically to identify the candidates that suppress the 
phenotype of asna-1. Therefore a specific suppressor screen for the asna-1 
phenotype can also add value to the functional analysis of ASNA-1.  

 The identification of the Grp94 homolog, enpl-1 and Smn1 homolog 
(associated with spinal muscular atrophy) smn-1 as new regulators of IIS in 
C. elegans has also provided opportunities to test their relevance from a 
mammalian perspective. Their role in mammalian insulin signalling can be 
understood by co-immunoprecipitation of the insulin receptor from the 
mammalian cells followed by analysis of tyrosine autophosphorylation of the 
receptor in Grp94 or Smn1 knockdown versus normal cells. The analysis of 
downstream kinases activation in the presence or absence of activity of 
GRP94 or SMN1 will also help to establish the role of GRP94 and SMN1 in 
insulin signalling. Our work in C. elegans proposes that mammalian GRP94 
with ASNA-1 could influence insulin secretion. To directly test this 
hypothesis, Grp94 or Smn1 can be inactivated or over expressed in insulin 
secreting murine NIT1 cells and its effect on insulin secretion can be 
analyzed. The same cells can also used to analyze ASNA1 protein and mRNA 
levels. This strategy can be used to test other interactors of ASNA-1. In order 
to test the general relevance of interaction between ASNA-1 and its physical 
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binders in mammalian cells the epitope tagged proteins of ASNA-1 (with HA) 
and its intercators (with FLAG) can be overexpressed in mammalian cells 
(293T or Hela cells) and co-immunoprecipitation studies can be carried out. 

Embryonic lethality was observed in homozygous Asna1 knockout mouse 
embryos (Mukhopadhyay et al., 2006). Therefore this model was not 
practicable to carry out a functional analysis of Asna1 in mice. Recent efforts 
to generate a conditional knock out of Asna1 in mouse pancreas have been 
successful (Norlin et al., unpublished data). This model can be exploited to 
study the ASNA1 interactors in mouse pancreas and their role in insulin 
metabolism. Moreover the spinal muscular atrophy model in mouse shows 
alterations in glucose metabolism and pancreatic defects (Bowerman et al., 
2012) and thereby implying a metabolic aspect to this rare incurable motor 
neuron disorder. Our works shows that asna-1 is a genetic modifier of smn-1 
and in vitro binding studies shows an interaction between the two proteins. 
If ASNA1 has a role in such a model it would be remarkable. 
 
Tumour microenvironment is often associated with various cytotoxic 
conditions like hypoxia, nutrient deprivation and poor vasculature. These 
stress conditions trigger adaptive unfolded protein response pathways 
promoting the survival of cancer cells. If the stress conditions remain 
unresolved then tumour cell death occurs. Therefore the therapeutic targets 
that shift the balance to increased stress and eliminating the adaptive 
response can contribute to effective anticancer treatment (Martinon, 2012). 
In agreement with this opinion the emergence of proteasome inhibitors such 
as Bortezomib and other agents, which has been demonstrated to dampen 
some of the adaptive unfolded response pathways and also tested to enhance 
the anticancer effects of cisplatin in pancreatic cancer cells (Kraskiewicz and 
FitzGerald, 2012; Nawrocki et al., 2005). Our analysis of depletion of enpl-1 
and asna-1 demonstrates UPR induction and its correlation in sensitizing the 
C. elegans worms to cisplatin is also concordant with previous findings. 
Therefore C. elegans has been once again verified to be an excellent model 
system in understanding the anticancer properties of cisplatin. In the future 
the challenge would lie in optimizing the treatment by better understanding 
the role of UPR in cancer patients and development of new drugs to 
targeting the specific branches of the UPR pathway. This can be tested first 
in model systems like C. elegans in parallel with mammalian cancer cells 
before taking it to the clinic. 
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Conclusions 

The asna-1 larval arrest phenotype can be used as the basis for the 
identification of new modifiers of insulin/IGF signalling and insulin 
secretion. 

Mitochondrial dysfunction is associated with low IIS and insulin secretion. 

The ER chaperone enpl-1/ GRP94 modulates IIS and insulin secretion. 

ENPL-1 interacts physically with ASNA-1. 

SMN-1, the homolog of SMN1 that is mutated in SMA, interacts with ASNA-1 
in vitro and activates IIS in C. elegans. 

Identification of non-TA proteins as ASNA-1 binders suggests that ASNA-1 
does not function solely in TA protein biogenesis. 

asna-1 and enpl-1 mutants have elevated UPR and increased sensitivity to 
cisplatin.  

Induction of the UPR sensitizes worms to cisplatin sensitivity. 
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