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Introduction

Cisplatin and other platinum containing drugs have played a cru-
cial role in chemotherapy and anti-cancer treatments for over 30 
y. While many tumors initially respond well to these drugs, the 
emergence of resistant tumors curtails their curative potential. A 
further limitation of the use of cisplatin is the side effects such 
as nephrotoxicity and ototoxicity that are undesirable aspects of 
the anti-cancer treatment.1 Understanding how cisplatin and 
other platinum-containing drugs exert their cytotoxic effects is 
important for addressing the problem of drug resistance. It is 
also important to identify proteins that are able to re-sensitize 
resistant cells when they are depleted or overexpressed. A more 
nuanced appreciation of the cell biological effects of cisplatin will 
also help in designing treatments to ameliorate these effects of 
drug therapy.

Cisplatin induces cell death by introducing intra- and inter-
strand crosslinks in the DNA. These lesions, unless repaired 
efficiently, will cause cell cycle arrest and apoptosis.2 However, 
it is clear that cisplatin acts in the cytoplasm as well to exert its 
killing effect. Only a small fraction of the cisplatin in a cell inter-
acts with the DNA, and levels of cisplatin that do not cause the 
DNA damage can still result in cell death.3 Furthermore, enu-
cleated cells can also be killed by the drug.4 Cisplatin interacts 
with several cytoplasmic and mitochondrial proteins and non-
nuclear events contribute substantially to the cytotoxic effects of 
the drug. Endoplasmic reticulum (ER) stress has emerged as one 
of the important factors that sensitizes cells to cisplatin induced 
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death and treatments that increase severe ER stress increase 
the efficacy of cisplatin treatment.5,6 In the long-term it will be 
important to understand the relative contributions of nuclear 
vs. cytoplasmic events to cisplatin induced death and the likely 
cross-talk between these compartments.

Identification of genes that modify the response to cispla-
tin can be effectively performed in genetically amenable model 
systems and Caenorhabditis elegans is well suited to this effort. 
Worms have been used to identify the genes that play a role in 
cisplatin-induced death to model both its effects on DNA and 
the cytoplasm of the affected cells. Wild-type worms are intrin-
sically resistant to cisplatin and provide an attractive model for 
cisplatin resistance tumors. The DNA damaging effects of cispla-
tin and the worm genes that modify this effect have been studied 
in embryos and larvae, both of which have dividing cells.7-10 The 
cytoplasmic roles of cisplatin can be easily studied in isolation 
from its effects on DNA in adult C. elegans since all somatic cell 
divisions have been completed in adults. Using this approach, 
asna-1 mutants were found to be hypersensitive to cisplatin. This 
finding was consistent with studies of its human homolog in cul-
tured cells. The study also showed that the cisplatin hypersensi-
tivity phenotype of asna-1 mutants could be separated from its 
role in promotion of insulin signaling.11,15 The sensitivity spec-
trum to metal salts in C. elegans asna-1 mutants is similar to that 
seen upon ASNA1 knockdown in human tumor cell lines12-14 
and the human homolog can rescue the asna-1 mutant hyper-
sensitivity phenotype. These findings establish that C. elegans 
can be used as a model system to understand the cytoplasmic 
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that increased ER stress can lead to 
cisplatin sensitivity in intrinsically 
resistant animals. These findings 
implicate ER stress in cisplatin-
induced cell death in post-mitotic 
tissues and identify ENPL-1/GRP94 
as a new factor which, when down-
regulated, could resensitize resistant 
tumor cells to cisplatin.

Results

enpl-1 mutants are sensitive to 
metal salts. enpl-1 encodes the 
C. elegans homolog of mamma-
lian GRP94/endoplasmin (cosmid 
name: T05E11.3). With the avail-
ability of two deletion alleles of 
enpl-1(ok1964 and tm3738), it was 
possible to investigate whether deple-
tion of ENPL-1 activity affected the 
sensitivity of worms to the platinum 

containing drug cisplatin and to other metals. In mammalian 
cells and in worm asna-1 mutants, sensitivity to cisplatin is asso-
ciated with sensitivity to sodium arsenite. Adult enpl-1(ok1964) 
mutants were found to be extremely sensitive to cisplatin and 
sodium arsenite and moderately sensitivity to zinc (Fig. 1). 
asna-1 mutants are also sensitive to cisplatin and arsenite but not 
to zinc (Fig. 1). Thus the two mutants show similarities and dif-
ferences with respect to their response to metal salts.

The results shown in Figure 1 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 in order to determine the LC

50
 values for 

each mutant and for wild-type worms. One day old adults were 
exposed to cisplatin for 24 h or 48 h and the proportion that 
were alive was determined (Fig. 2). After a 24 h exposure to 
cisplatin, the LC

50
 for enpl-1(ok1964) mutants (215 μM) was 

significantly lower (p < 0.001) than that for asna-1 mutants 
(340 μM) (Fig. 2A). By contrast wild-type worms displayed 
inherent robust resistance to cisplatin after a 24 h exposure. The 
findings for asna-1 mutants and wild-type animals are consis-
tent with our previous report.15 When animals were exposed 
to cisplatin for 48 h (Fig. 2B), the resistance of wild-type ani-
mals broke down. However, even with this treatment wild-type 
worms were much more resistant to cisplatin than either mutant. 
In addition, asna-1 mutants (205 μM) were still less sensitive 
(p < 0.001) than enpl-1 mutants (152 μM) after 48 h exposure. 
To rule out effects due to genetic background, enpl-1 (tm3738) 
mutants were also tested for cisplatin sensitivity and found to 
be as sensitive as enpl-1(ok1964), thus making it unlikely that 
the genetic background effects are the reason for the cisplatin 
hypersensitivity phenotype (Fig. S1).

enpl-1 mutants and asna-1 mutants have high ER stress lev-
els. enpl-1 adults have high levels of ER stress as reported on 
by hsp-4:gfp induction and are extremely sensitive to cisplatin, 

effects of cisplatin in human tumors and to identify new genes in  
the process.15

Endoplasmic reticulum (ER) stress, which leads to elevated 
levels of unfolded protein response (UPR) has been identified 
as one of the factors that sensitizes tumor cells to cisplatin. The 
importance of the UPR is highlighted by studies of the ER resi-
dent chaperone GRP78/BiP, a central regulator of UPR. GRP78 
confers resistance when overexpressed and sensitivity when 
knocked down in some tumor types.5,16,17 Another prominent 
ER chaperone, GRP94/endoplasmin/gp96, which belongs to the 
HSP90 class of proteins, is coordinately regulated with GRP78.18 
GRP94 expression is used as a reporter for induction of UPR in 
mice19,20 and its depletion leads to elevated UPR in both mice 
and worms.21,22 Due to these properties it is possible that GRP94 
may also play a role in the modulation of chemotherapeutic drug 
response. However, to date there are no studies that demonstrate 
a role for mammalian GRP94 in the modulation of cisplatin sen-
sitivity. The single GRP94/endoplasmin homolog in the C. ele-
gans genome called enpl-1 displays good overall structural and 
sequence conservation with its mammalian counterparts. It is 
expressed at high levels in the pharynx and intestine and is likely 
to be an endoplasmic reticulum (ER) resident protein because 
it has a C-terminal HSEL motif that is important for ER reten-
tion (www.wormbase.org). enpl-1 has been identified in a recent 
screen for new modulators of insulin signaling that was based on 
similarity to the asna-1 phenotype.23

Given its importance in ER function and the availability 
of deletion mutants in the gene and relationship to asna-1, we 
wished to ask whether enpl-1 mutants were sensitive to cisplatin. 
We show that both enpl-1 and asna-1 mutants have increased ER 
stress and find that increased ER stress correlates with increased 
cisplatin sensitivity. Double mutant analysis shows that enpl-1 
appears to act in the regulation of UPR in a pathway that is par-
allel to the ire-1/xbp-1 arm. Finally, evidence is provided to show 

Figure 1. enpl-1 mutants have increased sensitivity to metal salts. Worms of indicated genotypes were 
exposed to various metals and survival after 24 h was scored. The bars in the graph represent the mean 
of three experiments. n = 15 per experiment for each strain tested. The error bar represents standard 
error of mean (Prism 5, GraphPad software). The groups were compared using one way ANOVA with 
Bonferroni’s multiple comparisons posthoc test. ***p < 0.001; NS, not significant.
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Elevated ER stress sensitizes worms to cisplatin. The stud-
ies so far demonstrated that there is a strong co-relation between 
the levels of ER stress and sensitivity to cisplatin. To ask whether 
increased ER causes cisplatin sensitivity, ER stress was pharma-
cologically induced in the resistant wild-type animals and the 
animals were then tested for sensitivity when exposed to cispla-
tin. Tunicamycin causes ER stress and potently induces UPR 
in worms.26 To induce high UPR, adult wild-type worms were 
exposed to tunicamycin at 56 μg/mL for five hours. To ensure 
that the ER stress level was high, the concentration of tunica-
mycin used in the experiments was twice that used in a previ-
ous study26 in order to induce hsp-4:gfp expression in wild-type 
worms (Fig. 5A and B). Tunicamycin treated worms were trans-
ferred to cisplatin containing plates for 24, 36 and 42 h and scored 
for viability and general health as measured by overall appearance 
and uncoordinated movement. There was a significant reduction 
in survival of worms at all cisplatin treatment conditions when 
coupled with tunicamycin pre-treatment compared with cispla-
tin exposure alone without tunicamycin pre-treatment (Fig. 5C). 
The tunicamycin/cisplatin combination treatment also made the 
health status of the animals much worse and effects on general 
health were detectable at all time-points (Fig. 5D). Tunicamycin 
treatment alone without subsequent exposure to cisplatin had 
no effect in viability or health status (n = 100). These findings 

while wild-type adults which are resistant to cisplatin are not 
stressed. asna-1 mutants have been previously identified as hav-
ing an adult cisplatin hypersensitivity phenotype. If the adult 
cisplatin sensitivity phenotype is associated with elevated ER 
stress, then asna-1 mutant worms would also be expected to 
have elevated ER stress. The expression level of hsp-4:GFP is 
used as a criterion to estimate ER stress levels in worms.24 To 
examine UPR activity in asna-1 mutants and compare it to that 
in enpl-1 mutants, RNAi was used to knock down enpl-1 and 
asna-1 activity in worms carrying a hsp-4:GFP transgene and 
GFP levels were assessed using fluorescence microscopy. It was 
clear that GFP levels were much higher in enpl-1(RNAi) ani-
mals as compared with asna-1(RNAi) animals (Fig. 3A–F). 
The quantification of GFP intensity is presented in Figure 3  
bottom panel.

We also tested whether depletion of enpl-1 and asna-1 by 
RNAi could induce heat shock response, using the transgenic 
strain that expresses GFP driven by hsp16–2 promoter from 
the dvIs70 transgene.25 RNAi against neither enpl-1 nor asna-1 
(n = 50 for each strain) resulted in GFP induction (Fig. S2). 
The results indicated that the stress response induced by the 
depletion of either of the genes is ER specific unfolded pro-
tein response and not a heat shock response. The possibility 
of cisplatin interacting with mitochondrial proteins to induce 
mitochondrial dysfunction was ruled out as the mitochondrial 
dysfunction reporter phsp-6:GFP was not induced upon expo-
sure to cisplatin (Fig. S4).

Mutants with very high UPR levels can grow and develop 
normally but certain combinations of double mutants arrest as 
2nd larval stage (L2) animals because of the inhibition of regu-
latory pathways that act in parallel.26,27 enpl-1(RNAi); ire-1(-) 
worms and enpl-1(RNAi); xbp-1(-) worms arrested as L2 larvae 
as is the case when double mutants impair two parallel regula-
tory pathways. This demonstrates that enpl-1 likely acts in paral-
lel to the ire-1/xbp-1 pathway. By contrast, inactivation of asna-1 
by RNAi did not produce the strong L2 larval arrest in either 
ire-1 or xbp-1 mutants (Fig. 3G–R). Taken together, these data 
show that there is a co-relation between ER stress levels and cis-
platin sensitivity in adult worms.

Cisplatin does not induce UPR response in wild-type 
worms. The stressful tumor microenvironment, which includes 
factors such as hypoxia, acidosis and low nutrient levels, 
induces low level protective UPR that helps to promote proper 
ER homeostasis under these conditions and thereby perhaps 
increase resistance against chemotherapeutics.28 Alternatively, it 
is possible that in tumors exposed to cisplatin, low-level protec-
tive UPR can be induced that could protect against cytotoxic-
ity. Because wild-type worms are intrinsically cisplatin resistant, 
this phenotype was used to investigate whether the resistance 
was due to induction of low level UPR by exposure to cisplatin. 
Wild-type worms bearing a hsp-4:gfp transgene were exposed 
to cisplatin for 24 h to two doses of cisplatin that killed enpl-1 
mutants effectively. Under both conditions no hsp-4:gfp induc-
tion was observed (Fig. 4). This indicates that it is likely that 
that resistance of wild-type animals is due to other mechanisms 
such as perhaps the action of drug efflux pumps.

Figure 2. enpl-1 mutants are more sensitive to cisplatin than asna-1 
mutants. Survival of wild-type (N2), asna-1 mutants and enpl-1 mutants 
in various concentrations of cisplatin was scored. Data from three inde-
pendent 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 comparisons between asna-1(ok938) and enpl-
1(ok1964) mutants with wild type N2 worms. The error represents mean 
± SEM.
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genetically separable.15 To address whether cisplatin sensitivity of 
asna-1 mutants involves the IIS pathway, we induced ER stress by 
tunicamycin treatment in DAF-28:GFP expressing worms. We 
find that there is no decrease (n = 25) in DAF-28:GFP secretion 
in these animals (Fig. S3). Thus, a condition that increases cis-
platin sensitivity has no effect on DAF-28:GFP secretion.

Richardson et al. have shown that the IRE-1/XBP-1 pathway 
acts in parallel with PEK-1 to decrease ER stress in response to 

demonstrate that induction of ER stress can cause the intrinsi-
cally resistant wild-type worms to become sensitive to cisplatin. 
This lends support to the notion that high ER stress leads to cis-
platin sensitivity.

In addition to the cisplatin sensitivity, asna-1 mutants have 
decreased DAF-28/insulin secretion and reduced insulin/IGF 
signaling (IIS).11 We have previously shown that the cispla-
tin sensitivity phenotype and the IIS phenotype of asna-1 are 

Figure 3. Loss of enpl-1 or asna-1 by RNAi induces unfolded protein response. HSP-4:GFP levels were estimated in control, asna-1 or enpl-1 RNAi 
treated zcIs4, ire-1; zcIs4 or xbp-1; zcIs4 worms. Top panel shows (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) Light micrographs of the worms carrying the phsp-4::GFP(zcIs4) transgene subjected to control RNAi (A), asna-1 RNAi (B) and 
enpl-1 RNAi (C) (n = 25 for each treatment). (D–F) Fluorescence micrographs of the corresponding DIC micrographs of (A–C). (G–I) Light micrographs 
of ire-1(zc14) mutants carrying the phsp-4::GFP(zcIs4) transgene subjected to control RNAi (G), asna-1 RNAi (H) and enpl-1 RNAi (I) (n = 25 for each treat-
ment). (J–L) Fluorescence micrographs of the corresponding DIC micrographs of (G–I). (M–O) Light micrographs of xbp-1 (zc12) mutants carrying the 
phsp-4::GFP(zcIs4) transgene subjected to control RNAi (M), asna-1 RNAi (N) and enpl-1 RNAi (O) RNAi (n = 25). (P–R) Fluorescence micrographs of the 
corresponding DIC micrographs of (M–O). The scale bar is 500 μm. Bottom panel shows quantification of integrated GFP fluorescence density of zcIs4 
worms with indicated RNAi treatments. A.U. stands for arbitrary units. **p < 0.01, ***p < 0.001.
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where UPR is defined as either on or off. Taken together, the four 
settings for UPR levels (wild-type animals, wild-type pretreated 
with tunicamycin, asna-1 mutants and enpl-1 mutants) and the 
associated cisplatin induced death for each setting gives support 
to the idea that the level of cisplatin sensitivity is reflected in the 
level of UPR induction.

A caveat of this study is that the different ER stress levels 
studied here arise due to the use of different genetic mutants or 
pharmacological treatments. It is possible that cisplatin sensitiv-
ity may be caused as a result of other effects on the animal and not 
only via elevated UPR. However, the effects of tunicamycin are 
well established to be specific in the pertubation of ER homeo-
stasis and induction of UPR. Work from our lab (B.N, R.G, G.K 
and P.N; manuscript in preparation) indicates that ENPL-1 and 
ASNA-1 act in concert to promote larval growth and insulin 
signaling, and therefore it is likely that the two proteins also act 
together in modulating the response of worms to cisplatin. It 
was not possible to test the phenotype of asna-1; enpl-1 double 
mutants since they appear to die as embryos. Further, enpl-1 is 
highly expressed in the intestine (www.wormbase.org), which is 
the organ in which ASNA-1 is required for cisplatin resistance.15 
We note that mammalian GRP94 is a chaperone that is specific 
for secreted and transmembrane proteins and has a role in cal-
cium storage.32 It cannot be ruled out that the effect on cisplatin 
observed here may be due to the failure of a transmembrane pro-
tein to reach the plasma membrane.

The link between high ER stress levels and cisplatin sensitiv-
ity is consistent with the work from mammalian cultured tumor 
cell lines which show that irresolvable ER stress greatly increases 
the effectiveness of cisplatin and other drugs.28,31,33,34 This con-
cordance between the findings in worms and mammalian cells 
is important because it further substantiates our conclusions 

exogenous insults, immune challenge and the effects of basal 
physiology and that xbp-1 mutants have increased ER stress.29 
Since XBP-1 activity is depleted in ire-1 mutants these mutants 
are also expected to have increased ER stress. We find that ire-
1(v33) mutants are more sensitive to cisplatin than wild-type ani-
mals (Fig. S5). This finding gives further support to our findings 
that perturbation of ER homeostasis sensitizes worms to cisplatin.

Discussion

Here we demonstrate that loss of ENPL-1/GRP94 sensitizes 
C. elegans to cisplatin induced death. By comparing wild-type 
animals, asna-1 mutants and enpl-1 mutants, it is possible to 
show that there is a positive co-relation between ER stress lev-
els and sensitivity to cisplatin. Severe persistent ER stress has 
been proposed as an important factor that can sensitize tis-
sues to cisplatin-induced death.30,31 Consistently, we found that 
the previously identified cisplatin sensitive mutant asna-1 also 
has elevated ER stress but that it was lower than that seen in 
enpl-1 mutants. Further, this study shows that resistant wild-
type worms became sensitive to cisplatin when UPR was phar-
macologically induced. While pretreatment with tunicamycin 
made wildtype worms sensitive to cisplatin, the worms were not 
as sensitive to the drug as enpl-1 or asna-1 mutants. This dif-
ference might be due to the fact that the wildtype worms were 
exposed to UPR inducing conditions for five hours while asna-1 
and enpl-1 mutants are subjected to it throughout their life.

Due to the availability of hsp-4:gfp as a reporter for UPR, it is 
possible to obtain an estimate of ER stress in various conditions. 
With this reporter a correlation could be made between the ER 
stress levels and cisplatin sensitivity. This finding is in contrast to 
studies on the effect of cisplatin in mammalian tumor cell lines 

Figure 4. Cisplatin does not induce UPR in C. elegans. Effect of various doses of cisplatin on phsp-4:GFP was measured. Light micrographs of worms 
carrying the phsp-4::GFP(zcIs4) transgene treated with no cisplatin (A), 0.3 mg/ml cisplatin (B) and 0.5 mg/ml cisplatin (C). (D–F) are the fluorescence 
micrographs corresponding to the light micrographs in (A–C) respectively. No GFP fluorescence was observed. The scale bar = 500 μm.



e24059-6 Worm Volume 2 Issue 1

Given the above mentioned parallels between the worm model 
and the mammalian tumor response, this finding implies that 
inhibition of the human homolog, GRP94, could re-sensitize 

from work on asna-1 mutants that the adult worm, which is post-
mitotic for the soma is a useful model to understand the cytoplas-
mic effects of cisplatin in addition to its effects on DNA damage.

Figure 5. Induction of unfolded protein response by tunicamycin increases cisplatin sensitivity in wildtype worms. Worms were pretreated with 
tunicamycin and then moved to cisplatin containing plates and scored after 24, 36 or 42 h for survival and uncoordinated movement. Fluorescence 
micrographs of the worms carrying the phsp-4::GFP(zcIs4) transgene subjected for five hours to vehicle only (A) or 56 μg/ml of tunicamycin (B). 
The scale bar = 500 μm. (C and D) N2 worms were exposed to tunicamycin (56 μg/ml) or vehicle only for 5 h with food and then put on cisplatin 
containing plates (0.3 mg/ml) for 24 h. (C) represents percent death and (D) represents percent uncoordinated phenotype exhibited by the animals 
Two independent experiments (n = 100 for each time point) were used to obtain the data. Error bars represent the mean ± SEM. The groups were 
compared using Fisher’s exact test. ***p < 0.001; **p < 0.01; and *p < 0.05.
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Chemosensitivity assays. The MYOB agar plates with or 
without cisplatin, sodium arsenite or zinc chloride were made 
and the assays performed as described previously.15 In all cases 
one day old adults were used in the experiments.

Tunicamycin treatment. A 1 mg/ml stock solution of 
tunicamycin (Sigma, T7765) prepared in dimethyl sulfoxide 
(DMSO). This stock was diluted to concentration of 56 μg/
ml in M9 for all tunicamycin treatments. DMSO alone in M9 
served as experimental control. Worms were incubated in a 
solution containing OP50 bacteria and either tunicamycin, or 
DMSO only, for five hours using depression slides placed in a 
humidified chamber. After five hours the worms were moved to 
plates containing 0.3 mg/ml cisplatin and scored after 24 h. In 
parallel the worms carrying the integrated phsp-4:GFP reporter 
transgene (zcIs4) were also treated with or without tunicamycin 
and GFP induction was recorded.

Statistical analysis. Oneway ANOVA with Bonferroni’s mul-
tiple comparisons posthoc test was performed when comparing 
N2, asna-1 (ok938) and enpl-1 (ok1964) worms, which were 
treated with and without cisplatin, sodium arsenite and zinc 
chloride (Fig. 1). LC

50
 values and statistical significance when 

comparing survival of N2, asna-1 and enpl-1 mutants on cis-
platin containing plates (Fig. 2A and B) were determined using 
a binary logistic regression model. Fisher’s exact test was per-
formed when comparing N2 worms, which were treated with 
and without tunicamycin and analyzed for viability on cispla-
tin containing plates (Fig. 5C and D) and to compare cisplatin 
treated N2 and enpl-1 (tm3738) worms (Fig. S1A and B).
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cisplatin resistant tumors. It is well established that the ER resi-
dent GRP94 is upregulated during ER stress and it has recently 
been shown that grp94-/- mouse ES cells have elevated UPR 
activity.21 However, to the best of our knowledge, there is no evi-
dence in the literature on the mammalian homolog, that GRP94 
is a potential target for increasing the effectiveness of cisplatin 
therapy. The findings presented here indicate that the knock-
down of mammalian GRP94 in tumor models will result in 
increased cisplatin sensitivity and may reverse the cisplatin resis-
tance phenotype of resistant tumor lines. The correlation found 
here also suggests that in human patients the side-effects of cis-
platin such as nephrotoxicity and ototoxicity could be prevented 
by increasing GRP94 activity or by decreasing ER stress levels 
and thus remove some of the limits on the use of this essential 
chemotherapeutic compound.

Materials and Methods

C. elegans strains and maintenance. Worms were maintained 
under standard conditions35 at 20°C on NGM plates. N2 is the 
wild type reference for all the strains in the study. The mutants 
and transgenes used were asna-1(ok938), enpl-1(ok1964), 
enpl-1(tm3738), zcIs4(phsp-4::GFP), zcIs13(phsp-6:GFP) ire-
1(zc14), ire-1(v33), xbp-1(zc12) and dvIs70. All the mutants and 
transgenic strains are described in Wormbase (www.wormbase.
org). The enpl-1(ok1964) mutant was outcrossed eight times to 
wild-type before use and maintained in trans to the nT1(qIs51) 
balancer.

Feeding RNAi. A plasmid expressing enpl-1 dsRNA for the 
RNAi experiments was obtained from the Ahringer lab library36 
and the plasmid for asna-1 feeding RNAi experiments has been 
described.11 Feeding RNAi was performed as described.37

phsp-4::GFP reporter assay. Worms carrying the integrated 
phsp-4:GFP reporter transgene (zcIs4)24 were treated with feed-
ing RNAi bacteria as described in the feeding RNAi section. 
Micrographs were taken using in a Leica DMRB microscope 
and captured with Deltapix DP450 software at 20 × magnifica-
tion. enpl-1 and asna-1 feeding RNAi were also performed in 
ire-1(zc14);zcIs4 and xbp-1 (zc12); zcIs4 transgenic strains. For 
quantification of GFP fluorescence 4th larval stage zcIs4 worms 
the subjected to various RNAi treatments were mounted on 
agarose pads in 2 mM levamisol and fluorescence images were 
captured using a Leica DM6000B microscope with 100 msec 
exposure. Grey scale version of the green channel was extracted 
using Image J software and integrated GFP fluorescence density 
was measured between the end of the pharynx and the rectum 
for n > 20 worms for each treatment.
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