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SUMMARY

The unfolded protein response (UPR) allows cells
to adjust the capacity of the endoplasmic reticulum
(ER) to the load of ER-associated tasks. We show
that activation of the Caenorhabditis elegans tran-
scription factor DAF-16 and its human homolog
FOXO3 restore secretory protein metabolism when
theUPR isdysfunctional.Weshow thatDAF-16 estab-
lishes alternative ER-associated degradation systems
that degrade misfolded proteins independently of
the ER stress sensor ire-1 and the ER-associated E3
ubiquitin ligase complex sel-11/sel-1. This is achieved
by enabling autophagy-mediated degradation and by
increasing the levels of skr-5, a component of an ER-
associated ubiquitin ligase complex. These degra-
dation systems can act together with the conserved
UPR to improve ER homeostasis and ER stress resis-
tance, beyond wild-type levels. Because there is no
sensor in the ER that activates DAF-16 in response
to intrinsic ER stress, natural or artificial interventions
that activate DAF-16 may be useful therapeutic ap-
proaches to maintain ER homeostasis.

INTRODUCTION

The endoplasmic reticulum (ER) is the site where secretory pro-

teins mature and fold. Misfolded proteins in the ER are refolded

by ER resident chaperones or marked for degradation. The latter

are retranslocated to the cytosol, ubiquitinated by theHrd1/Hrd3

E3 ubiquitin ligase complex, and cleared by a proteasome-medi-

ated form of ER-associated degradation (ERAD) (Smith et al.,

2011). In some cases, terminally misfolded proteins are cleared

from the ER through ERAD(II), an autophagy-mediated form of

ERAD (Fujita et al., 2007).

Accumulation of misfolded proteins in the ER triggers the

unfolded protein response (UPR). The UPR coordinates pro-

cesses that decrease translation and increase the levels of ER-

resident chaperones and of ERAD components (Ron andWalter,

2007) to restore ER homeostasis. In Caenorhabditis elegans,

three proteins sense ER stress and activate the UPR: the
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PERK kinase homolog PEK-1, the transcription factor ATF-6,

and the ribonuclease inositol-requiring protein-1 (IRE-1). Upon

ER stress, activated IRE-1 removes an intron from xbp-1 (X-

box binding protein-1) mRNA through unconventional splicing.

The spliced version of the XBP-1 transcription factor regulates

the expression of many UPR genes, including genes that encode

ER resident chaperones and genes involved in ERAD (Calfon

et al., 2002; Shen et al., 2001, 2005; Urano et al., 2002).

C. elegans daf-2 insulin/IGF-1 signaling (IIS) mutants are resis-

tant to ER stress, yet their IRE-1 and XBP-1 activities are rela-

tively reduced (Henis-Korenblit et al., 2010). This may indicate

that ER homeostasis is improved in daf-2mutants independently

of xbp-1 activation.

Here, we investigated how reduced IIS improves ER homeo-

stasis and ER stress resistance in C. elegans. We find that the

IIS-regulated transcription factor DAF-16 establishes parallel

protein degradation systems for removal and elimination of

misfolded secretory proteins from the ER. These systems can

replace the canonical protein degradation pathways when the

ire-1UPR pathway is blocked, and generate enhanced ER stress

resistance when both the canonical UPR pathways and the

daf-16-induced pathways are intact.

RESULTS

Reduced IIS Maintains ER Homeostasis
Independently of xbp-1
Previous studies showed that xbp-1 splicing is increased in xbp-

1(zc12) mutants compared to wild-type animals, probably re-

flecting inefficient maintenance of ER homeostasis in animals

with a defective UPR. (The zc12 allele contains a point mutation

that generates a premature stop codon, without destroying the

ire-1 splicing site; Richardson et al., 2011; Safra et al., 2013).

We examined the level of xbp-1 splicing in daf-2 xbp-1 double

mutants and found it to be as low as in daf-2 single mutants (Fig-

ure 1A). Assuming that the activation of the UPR arms correlates

with the need to overcome an imbalance in ER homeostasis,

these findings suggest that daf-2 mutations allow the mainte-

nance of ER homeostasis independently of xbp-1.

Reduced IIS Improves Tunicamycin Resistance
Independently of xbp-1 and ire-1

If reducing IIS improves ER homeostasis in xbp-1 mutants, their

tolerance for ER stress should be improved as well. However,
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Figure 1. daf-2 Mutation Improves ER

Homeostasis Independently of xbp-1

(A) RT-PCR of xbp-1 transcripts in day 1 animals

using primers encompassing the ire-1-spliced

intron. Top: representative steady-state RT-PCR of

unspliced (solid arrow) and ire-1-spliced (dashed

arrow) xbp-1 transcripts. Bar graph shows the

normalized mean ratio ± SEM of spliced/unspliced

xbp-1 transcripts in three independent biological

experiments. The xbp-1(zc12)mutation significantly

increased xbp-1 splicing in otherwise wild-type an-

imals (p < 0.01), but not in daf-2mutants (p = 0.29).

(B) Eggs from wild-type, daf-2(e1370), xbp-1(tm2457), daf-2(e1370) xbp-1(tm2457), ire-1(ok799) and ire-1(ok799); daf-2(e1370) animals were exposed to 1 mg/ml

tunicamycin. Percentage of eggs ± SEM that developed into mature L4 or adults within 4 days is shown. Each strain was scored in at least three independent

experiments. ‘‘n’’ indicates number of eggs analyzed. Asterisks mark Student’s t test values of p < 0.005 of daf-2(�) compared to daf-2(+) animals.

See also Figure S2.
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daf-2 xbp-1 double mutants are as sensitive to 5 mg/ml tunicamy-

cin as xbp-1 single mutants (Henis-Korenblit et al., 2010). To test

this more thoroughly, eggs of different genotypes were treated

with awider range of tunicamycin concentrations, and their devel-

opment into adults was assessed. As before, xbp-1 and ire-1 sin-

glemutants and daf-2 xbp-1 and ire-1; daf-2 doublemutantswere

all sensitive to 5 mg/ml tunicamycin, whereas daf-2 singlemutants

were relatively resistant (data not shown). However, the daf-2mu-

tation did improve the ER stress resistance of xbp-1/ire-1-defi-

cient animal when treated with low tunicamycin concentrations,

whichwere compatiblewith the development ofwild-type animals

but were incompatible with the development of xbp-1 or ire-1mu-

tants (Figure 1B). Thus, reducing IIS significantly improves ER

stress resistance in the absence of ire-1/xbp-1 under limited ER

stress conditions, but not under extreme ER stress conditions.

Reducing IIS Improves Protein Secretion in
ire-1/xbp-1-Deficient Animals
In C. elegans, the ire-1/xbp-1 ER stress response pathway is

required for efficient production and secretion of DAF-28::GFP,

a fluorescently-labeled insulin (Safra et al., 2013; Safra and

Henis-Korenblit, 2014). Thus, we examined how reducing IIS

affects the production and secretion of DAF-28::GFP. Because

coelomocytes are dysfunctional in ire-1/xbp-1 mutants (Safra

et al., 2013), we assessed DAF-28::GFP secretion by its levels

in the body cavity of animals whose coelomocyte function has

been deliberately disrupted by a cup-4 mutation (Patton et al.,

2005). Whereas xbp-1 mutants did not accumulate fluorescent

DAF-28::GFP in their body cavity, secreted fluorescent protein

did accumulate in the body cavities of daf-2 xbp-1 coelomo-

cyte-defective mutants (Figures 2A and 2B). A similar DAF-

28::GFP expression pattern was observed by immunostaining

with anti-GFP antibodies (Figure S1A and S1B available online),

confirming that the differential detection of DAF-28::GFP fluores-

cence in the body cavity reflects its expression pattern rather than

its ability to fluoresce. Reducing IIS improved DAF-28::GFP

secretion independently of pek-1 or atf-6 (Figure S1C) and was

maintained even in the presence of tunicamycin (Figure S1D).

In the absence of xbp-1/ire-1, DAF-28::GFP accumulates in

the ER of its producing cells, the ASI/ASJ neurons and the pos-

terior intestine (Safra et al., 2013). Reducing IIS decreased the

levels of DAF-28::GFP fluorescence in the DAF-28::GFP-pro-

ducing cells in the hindgut of xbp-1 and ire-1 mutants (Figures

2A, 2C, and 2E). In contrast, the high fluorescence levels of
Cell M
DAF-28::GFP in the ASI/ASJ neurons persisted in ire-1; daf-2

and daf-2 xbp-1 double mutants (Figures 2A, 2C, and 2D). A

similar effect on DAF-28::GFP expression levels in the producing

cells was observed by immunostaining with anti-GFP antibodies

(Figure S1B). These findings could be accounted for by an im-

provement in protein secretion in xbp-1/ire-1-deficient intestinal

cells upon reduction of IIS.

Coelomocytes Are Functional in daf-2 xbp-1 Double
Mutants, but Not in ire-1; daf-2 Double Mutants
Although coelomocyte cells are present in ire-1 and xbp-1 mu-

tants, they do not internalize material from the body cavity (Safra

et al., 2013). Two lines of evidence suggest that this is a result of

dysfunctional coelomocytes rather than simply a consequence

of a secretory defect: (1) fluorescent material can be detected

in the coelomocytes of ire-1 mutants upon restoration of coelo-

mocyte function by coelomocyte-specific expression of IRE-1, in

spite of their severe secretory defects (Safra et al., 2013). (2)

Even when secreted fluorescent material is detected in the

body cavity of xbp-1mutants, it is not detected in their coelomo-

cytes (Figure S1E).

After establishing that daf-2 mutations restore protein secre-

tion in ire-1/xbp-1 mutants, we examined whether functional

fluorescent coelomocytes could be detected in daf-2 xbp-1 dou-

blemutants expressingDAF-28::GFP. Indeed, fluorescent coelo-

mocytes were detected in some of the daf-2 xbp-1 double

mutants, but not in any of the xbp-1 single mutants examined

(Figure S1F). Furthermore, inactivation of cup-4 to deliberately

interfere with coelomocyte function significantly increased the

fluorescence levels in the body cavity of daf-2 xbp-1 double mu-

tants expressing secreted fluorescent transgenic proteins (Fig-

ures 2A, 2B, and S1G). This implied that the low levels of secreted

reporters in the body cavity of daf-2 xbp-1 double mutants are

primarily due to their clearance by functional coelomocytes.

Similarly, we examined the effect of daf-2 mutation on the

expression pattern of the secreted reporters in ire-1-deficient

animals. We found that the fluorescence of DAF-28::GFP and

of muscle-derived ssGFP in the body cavities of ire-1 mutants

was increased in a daf-2(�) background (Figures 2C and 2D),

as expected in animals with functional secretion but with

dysfunctional coelomocytes. Furthermore, fluorescent material

was detected surrounding the coelomocytes in ire-1; daf-2 dou-

ble mutants expressing the DAF-28::GFP transgene, and not

within them (Figure S1H).
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Figure 2. daf-2 Deficiency Restores Protein

Secretion in ire-1 and xbp-1 Mutants

(A and B) Coelomocyte inactivation by a cup-4

mutation increased DAF-28::GFP fluorescence in

the body cavities of wild-type animals and in daf-2

xbp-1 double mutants, indicating that DAF-

28::GFP secretion and coelomocytes were both

functional in these backgrounds. Representative

fluorescence micrographs of day 2 adults ex-

pressing the DAF-28::GFP transgene (A). Bar

graph presents normalized mean ratio ± SEM of

whole body DAF-28::GFP fluorescence of day 2

animals (B). Similar results were obtained in two

additional independent experiments. Asterisks

mark Student’s t test values of p < 0.0001 of cup-

4(�) compared to cup-4(+) animals.

(C) Representative fluorescence micrographs of

day 3 adults expressing a integrated DAF-28::GFP

transgene (upper) or day 1 adults expressing a

Pmyo-3::ssGFP transgene (lower).

(D) Mean ratio ± SEM of DAF-28::GFP or Pmyo-

3::ssGFP fluorescence in the whole body or in the

ASI/ASJ neurons normalized to the corresponding

fluorescence in ire-1 single mutants.

(E) Mean ratio ± SEM of DAF-28::GFP fluorescent

hindgut area in ire-1; daf-2 double mutants

compared to that of ire-1 single mutants. Area was

determined by setting a fluorescence threshold

that excluded the fluorescence of other areas of

the animal. Asterisks mark Student’s t test values

of p < 0.01 of ire-1; daf-2 double mutants

compared to ire-1 single mutant. ‘‘n’’ indicates

number of animals analyzed. Similar results were

obtained in three independent experiments. Full

arrows mark hindgut and arrowheads mark ASI/

ASJ neurons as indicated in the schematic repre-

sentation.

See also Figure S1.
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We conclude that reducing IIS restores protein internalization

by coelomocytes in xbp-1-deficient animals, but not in ire-1-defi-

cient animals. This discrepancy may be due to the severity of ER

stress associated with ire-1 deficiency compared to the xbp-1

deficiency (Safra et al., 2013). Accordingly, although reducing

IIS compensates for the deficiency in ire-1 or xbp-1 upon expo-

sure to low doses of tunicamycin (Figure 1B), it cannot com-

pensate for their deficiency under harsher ER stress conditions

of high concentrations of tunicamycin (Henis-Korenblit et al.,

2010). Alternatively, this discrepancy may be due to xbp-1-inde-

pendent functions of ire-1 that are not bypassed when IIS is

reduced. Specifically, we considered the possibility that IRE-1-

mediated activation of JNK may act together with IIS to affect

ER homeostasis (Oh et al., 2005; Urano et al., 2000). However,

this scenario was ruled out because jnk-1-related genes did not

contribute to the ERstress resistanceofdaf-2mutants (FigureS2).
872 Cell Metabolism 20, 870–881, November 4, 2014 ª2014 Elsevier Inc.
Reduced IIS Improves the
Degradation of Misfolded Lumenal
Proteins in ire-1 Mutants
We examined how reducing IIS in ire-1-

deficient animals affected the levels of

a Pdaf-28::GFP transcriptional reporter

and a Pdaf-28::DAF-28::GFP transla-
tional reporter. Reducing IIS did not alter the fluorescence of a

daf-28 transcriptional reporter (Figure 3C). At the same time,

reducing IIS in ire-1 mutants increased the overall fluorescence

of the DAF-28::GFP translational reporter (Figure 3B) and

decreased DAF-28::GFP total protein levels detected bywestern

blotting (Figure 3A). Because western blotting detects DAF-

28::GFP irrespective of its folding state and assuming that mis-

folded DAF-28::GFP does not fluoresce as well as properly

folded DAF-28::GFP, this may indicate that reducing IIS

improves DAF-28::GFP folding and decreases the levels of mis-

folded DAF-28::GFP in ire-1-deficient animals. This interpreta-

tion is consistent with the improved secretion of DAF-28::GFP

in daf-2 xbp-1 cup-4mutants compared to xbp-1 cup-4mutants,

as observed by immunofluorescence (Figures S1A and S1B).

Inactivation of ERAD, which leads to the accumulation of DAF-

28::GFP intended for degradation, also increases DAF-28::GFP



Figure 3. daf-2 Deficiency Reduces the Levels of Misfolded Secretory Proteins in ire-1 Mutants

(A–C) The levels of a daf-28 translational reporter (A and B) and a daf-28 transcriptional reporter (C) were determined in day 2 animals by western blotting (A) and

by whole-body fluorescence measurements ± SEM (B and C). Asterisks mark Student’s t test values of p < 0.01 compared to ire-1 single mutants.

(D) Representative fluorescence micrographs of day 1 animals expressing a Pnhx-2::CPL-1 (W32A Y35A)::YFP transgene and treated with control or ire-1

RNAi.

(E) Normalized mean CPL-1 (W32A Y35A)::YFP fluorescence measurements ± SEM of the corresponding Pnhx-2::CPL-1 (W32A Y35A)::YFP transgenic animals. All

experiments were repeated at least three independent times. ‘‘n’’ indicates number of animals analyzed.
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levels detected by western blotting without affecting DAF-

28::GFP fluorescence (Safra et al., 2013). Thus, it is possible

that the decrease in the level of nonfluorescent DAF-28::GFP

protein in ire-1; daf-2 double mutants may be due to restored

ERAD function in these animals. To directly explore ERAD func-

tion in ire-1; daf-2 double mutants, we used a transgenic line ex-

pressing mutated CPL-1::YFP (W35A and Y35A) in the intestine.

Unlike DAF-28::GFP, whose fluorescence does not increase

upon ERAD inactivation, both protein levels and fluorescence

of mutated CPL-1::YFP increase upon ERAD inactivation (Miedel

et al., 2012). In animals with a functional ERAD, mutated

CPL-1::YFP is efficiently degraded, resulting in a low fluores-

cence signal (Miedel et al., 2012). Consistent with the ERAD

pathway being dysfunctional in ire-1-deficient animals, ire-1

RNAi treatment increased CPL-1::YFP fluorescence in the intes-

tine (Figures 3D and 3E). Our attempts to introduce an ire-1mu-

tation into the mutant CPL-1::YFP transgenic animals failed,

probably due to the sensitivity of ire-1 mutants to the overex-

pression of this misfolded protein. However, we successfully

generated ire-1; daf-2 double mutants expressing the mutated

CPL-1::YFP transgene, implying that ire-1 deficient animals

can tolerate the expression of the misfolded lysosomal protein

once IIS was reduced. Accordingly, ire-1; daf-2 double mutants

did not accumulate mutated CPL-1::YFP (Figures 3D and 3E).

These further suggest that ERAD function may be restored in

ire-1; daf-2 double mutants.
Cell M
Misfolded Lumenal Proteins Are Degraded
Independently of the sel-11/sel-1 E3 Ubiquitin Ligase
Complex when IIS Is Reduced
Does reducing IIS restore the sameERADpathway that is utilized

in wild-type animals? To address this, we treated wild-type

animals and daf-2 mutants expressing mutated CPL-1::YFP

with RNAi targeting key ERAD components, essential for the

clearance of misfolded secretory proteins in wild-type animals.

We found that inactivation of the ER-localized a-mannosidase-

like gene edem-1 increased mutated CPL-1::YFP fluorescence

both in wild-type animals and in daf-2 mutants (Figure 4A).

Because the only known function of EDEM-1 is the release of

terminally misfolded proteins from the calnexin chaperone sys-

tem by mannose-trimming (Molinari et al., 2003), this implies

that edem-1-mediated release of misfolded proteins from

the ER refolding cycle is a prerequisite for their degradation in

daf-2 mutants as well.

The E3 ubiquitin ligaseHrd1/sel-11 and the substrate receptor

Hrd3/sel-1 are core components of a large multisubunit ER-

embedded ubiquitin ligase complex that tags misfolded proteins

from the ER lumen with ubiquitin as they are retrotranslocated

out of the ER (Kikkert et al., 2004). cup-2 (a Der1 homolog) is

another stoichiometric subunit of this complex, whose yeast ho-

molog promotes the insertion misfolded proteins into the ER

membrane, as they are translocated into the cytosol (Knop

et al., 1996; Mehnert et al., 2014). RNAi inactivation of sel-1,
etabolism 20, 870–881, November 4, 2014 ª2014 Elsevier Inc. 873



Figure 4. Misfolded Lumenal Proteins Can

Be Degraded in a Proteasome-Dependent

or a Lysosome-Dependent Manner in daf-2

Mutants

(A) Fold change of mean fluorescence ± SEM of

wild-type (black bars) or daf-2 (white bars) CPL-

1(W32A Y35A)::YFP transgenic animals treated with

the indicated RNAi. Student’s t tests were calcu-

lated relative to the corresponding control RNAi.

(B and C) Fold change of mean fluorescence ±

SEM of day 1 adults expressing CPL-1(W32A Y35A)::

YFP. Treatment with 40 mM proteasome inhibitor

MG132 increased CPL-1(W32A Y35A)::YFP fluores-

cence in daf-2mutants only in combination with an

unc-51mutation. Student’s t tests were calculated

relative to DMSO-treated control animals (B).

Proteasome-dependent ERAD in daf-2; unc-51

double mutants is perturbed in ire-1-RNAi treated

animals but not in sel-1/sel-11 RNAi-treated ani-

mals (C). Student’s t tests were calculated relative

to control RNAi. Asterisks mark Student’s t test

values of p < 0.0001. ‘‘n’’ indicates number of

animals analyzed. All results repeated at least

three times independently.

See also Figure S3.
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sel-11, and cup-2 increased mutated CPL-1::YFP’s fluores-

cence in wild-type animals but not in daf-2 mutants (Figure 4A).

The sustained ability to degrade aberrant lumenal proteins in the

absence of these genes suggests that the sel-11/sel-1 E3 ubiq-

uitin ligase complex is not essential for the degradation of mis-

folded lumenal proteins in daf-2 mutants.

A Proteasome-Mediated ERAD Pathway and an
Autophagy-Mediated ERAD Pathway Act Side-by-Side
in IIS Mutants
To examine whether the clearance of misfolded lumenal proteins

is achieved by a proteasome-independent mechanism, the

degradation of mutated CPL-1::YFP in daf-2 mutants was

examined upon inactivation of the proteasome. Treatment with

the MG132 proteasome inhibitor blocked mutated CPL-1::YFP

degradation in wild-type animals, but not in daf-2 mutants (Fig-

ure 4B). Thus, in contrast to wild-type animals, misfolded lu-

menal proteins can be degraded by a proteasome-independent

mechanism in daf-2 mutants.

We further examined whether mutated CPL-1::YFP can be

cleared by engulfment into autophagosomes. Blocking auto-

phagosome formation using an unc-51/ATG1 mutation did not

abrogate the degradation of mutated-CPL-1::YFP in wild-type

animals (Miedel et al., 2012) or in daf-2 mutants (Figure 4B),

consistent with the presence of a functional proteasome-medi-

ated ERADpathway in these animals. However, blocking the pro-

teasome ERAD pathway using MG132 or using ire-1 RNAi in the

presence of an unc-51mutation increased the levels of mutated-

CPL-1::YFP in daf-2mutants (Figures 4B and 4C). This suggests

that an ERAD pathway, which clears lumenal aberrant proteins

via autophagy, is present and active in daf-2mutants. Consistent

with this, we observed an increase in autophagy as assessed by

the number of LGG-1/LC3::GFP positive puncta in ire-1; daf-2

double mutants compared to ire-1 single mutants and wild-

type animals (Figure S3); comparable to the increased levels

observed in daf-2 single mutants (Meléndez et al., 2003).
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Does the autophagy-mediated ERAD pathway extract the pro-

teins directly from the ER or does it still require retro-transloca-

tion to the cytosol? In support of the latter, we found that the

cytosolic AAA-ATPase cdc-48, thought to give the force for the

extraction of client misfolded proteins out of the ER (Rabinovich

et al., 2002), is required for the clerance of mutated CPL-1::YFP

both in wild-type animals and in daf-2mutants (Figure 4A). Thus,

retro-translocation to the cytosol is an essential step in the

degradation of aberrant lumenal proteins from the ER in daf-2

mutants.

Interestingly,CPL-1::YFP fluorescence did not increase in

daf-2 mutants treated with sel-1 or sel-11 RNAi, even when

autophagosome formation was blocked (Figure 4C). Thus, in

addition to enabling the clearance of lumenal proteins through

autophagy, reducing IIS may also enable targeting and degrada-

tion of such proteins by the proteasome, bypassing the sel-11/

sel-1 E3 ubiquitin ligase complex. This suggests that reducing

IIS enables the ubiquitination and the retro-translocation of

mutated CPL-1::YFP independently of the sel-11/sel-1 E3 ubiq-

uitin ligase complex (see model Figure S6).

Nuclear DAF-16 Is Necessary and Sufficient for the
Suppression of Many of the Phenotypes Associated
with ire-1 deficiency
Reducing IIS results in the translocation of the FOXO transcrip-

tion factor DAF-16 into the nucleus (Lee et al., 2001; Lin et al.,

2001). We found that reducing IIS no longer improved protein

secretion in daf-16; ire-1 double mutants, as reflected by its

inability to increase DAF-28::GFP fluorescence in the body cavity

of the animals and its inability to reduce DAF-28::GFP fluores-

cence in the intestinal-producing cells (Figures 5A and 5B).

This implies that daf-16 is required for improving DAF-28::GFP

secretion by reducing IIS.

Next, we asked whether expression of a constitutively nuclear

form of DAF-16 is sufficient for improving secretion in ire-1

mutants. We used a characterized transgenic line expressing
Inc.



Figure 5. Nuclear C. elegans DAF-16 and Activated Mammalian FOXO3 Maintain ER Function and Secretory Protein Metabolism Indepen-

dently of the IRE1 Pathway

(A) Representative fluorescence micrographs of day 3 animals harboring a DAF-28::GFP transgene. Full arrows mark hindgut. Arrowheads mark ASI/ASJ

neurons.

(B) Mean fluorescence ± SEM of DAF-28::GFP in the hindgut producing cells relative to whole body fluorescence of the same animal. Asterisks mark Student’s t

test values of p < 0.0001 compared to ire-1 single mutants. Similar results were obtained in three independent experiments.

(C) Expression of nuclear DAF-16-AM did not increase mean DAF-28::GFP whole body fluorescence in ire-1-deficient animals (p = 0.28). Similar results were

obtained in three independent experiments.

(D) Expression of nuclear DAF-16-AM decreased mean DAF-28::GFP protein levels as assessed by western blotting in ire-1-deficient animals (p < 0.0001). DAF-

28::GFP protein levels were normalized to tubulin levels in three independent biological experiments.

(E) Eggs of Psod-3::GFP expressing animals or animals expressing DAF-16AM and Psod-3::GFP were treated with 5 mg/ml tunicamycin. Percentage of animals

that reached L4 or adult stage after 4 days ± SEM is shown.

(F) Treatment with the IRE1 inhibitor 4m8C reduced the activity of a secreted alkaline phosphatase (SeAP) reporter in the cell culture medium of control HEK293

cells (p < 0.01). The activity of the secreted reporter SeAP was normalized to the activity of the cytosolic reporter Luciferase, driven by the same promoter. The

activity of the SeAP reporter in the medium remained high even in the presence if the IRE1 inhibitor in cells expressing activated FOXO3 (p = 0.12).

(G) Treatment with the IRE1 inhibitor 4m8C significantly increased the levels of a temperature-sensitive folding mutant of the vesicular stomatitis virus G protein

(tsO45 VSVG) in the ER at the expense of its levels at the plasma membrane (p < 0.0001). Trafficking to the plasma membrane was not impaired by 4m8C in cells

coexpressing activated FOXO3 (p = 0.23). ‘‘n’’ indicates number of animals analyzed in (B), (C), and (E).

See also Figure S4.
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an activated form of DAF-16, referred to as DAF-16AM (Lin et al.,

2001). In DAF-16AM, four potential AKT phosphorylation sites

were replaced by alanine, mimicking a nonphosphorylated state

of DAF-16, which forces its nuclear localization. Expression of

DAF-16AM in ire-1 mutants decreased the relative fluorescence

of DAF-28::GFP in the intestinal cells without decreasing its

overall fluorescence in the body cavity of the animals (Figures

5A–5C). This implies that nuclear DAF-16 is sufficient for

improving DAF-28::GFP secretion in ire-1 mutants, at least in
Cell M
the intestine cells. Furthermore, although expression of DAF-

16AM did not decrease DAF-28::GFP fluorescence in the whole

animal (Figure 5C), it did decrease DAF-28::GFP protein levels

measured by western blot (Figure 5D). This is consistent with

the possibility that nuclear DAF-16 enables the clearance of

misfolded DAF-28::GFP in ire-1-deficient animals. Accordingly,

the constitutively nuclear DAF-16 transgene significantly in-

creased the resistance of wild-type animals to tunicamycin

(Figure 5E).
etabolism 20, 870–881, November 4, 2014 ª2014 Elsevier Inc. 875



Figure 6. SKR-5 Localizes to the ER and Is Required for the Clearance of Misfolded Proteins in ire-1; daf-2 Mutants
(A) Representative western blot of DAF-28::GFP and tubulin of day 2 cup-4mutants and ire-1; daf-2 double mutants expressing a DAF-28::GFP transgene treated

with sel-11 RNAi or control RNAi. Both strains are coelomocyte-defective. Bar graph presents the tubulin-normalized levels of DAF-28::GFP ± SEM in three

independent biological experiments. Asterisks mark Student’s t test values of p < 0.01 compared to control RNAi treatment.

(B) DAF-28::GFP levels were compared between ire-1; daf-2 double mutants and ire-1; daf-2; skr-5 triple mutants on day 2 of adulthood. Both strains are

coelomocyte-defective. DAF-28::GFP and tubulin levels were assessed bywestern blot (left) and by fluorescence. Bar graph presents the normalizedmean levels

of DAF-28::GFP ± SEM as assessed by fluorescence or by western blot measurement. The experiment averagesmore than three independent biological repeats.

‘‘n’’ indicates number of animals analyzed.

(C) Eggs of the indicated genotypes were treated with 5 mg/ml tunicamycin. Percentage of eggs that developed into mature adults or L4 within 4 days ± SEM is

shown. Each experiment was repeated independently with similar effects.

(D) skr-5mutants treated with control RNAi and wild-type animals treated with sel-11 RNAi developed from eggs into adults within 3 days. skr-5mutants treated

with sel-11 RNAi did not complete their development into adults even after 6 days.

(legend continued on next page)
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Activated FOXO3 Restores Secretory Trafficking in
Human Cells with a Compromised IRE1 Pathway
Because DAF-16AM was sufficient for promoting the mainte-

nance of ER homeostasis independently of ire-1 in C. elegans,

we wondered whether this pathway is conserved in higher or-

ganisms as well. Thus, we examined whether expression of a

constitutively nuclear form of the DAF-16 homolog FOXO3 could

improve ER function in cells treated with an IRE1 inhibitor. To this

end, a secreted alkaline phosphatase (SeAP) reporter gene was

transfected into human embryonic kidney (HEK) 293 cells along

with a control plasmid or a plasmid driving the expression of

FOXO3A (an active FOXO3 mutant in which three potential

AKT phosphorylation sites were replaced by alanine; Brunet

et al., 2004). Treatment with the IRE1 inhibitor 4m8C (Cross

et al., 2012) significantly decreased the SeAP activity detected

in the cell medium of the control-transfected cells, but remained

high in the cell medium of cells cotransfected with FOXO3A

(Figure 5F).

In addition, we followed the trafficking of a temperature-sensi-

tive folding mutant of the vesicular stomatitis virus G protein

(tsO45 VSVG) from the ER to the plasma membrane (Presley

et al., 1997) in HEK293 cells. To this end, a GFP-tagged VSVG

gene was transfected alone or together with a plasmid driving

the expression of FOXO3A, and treated with the IRE1 inhibitor

4m8C. VSVG levels at the ER and at the plasma membrane

were determined after shifting cells to the permissive tempera-

ture by quantifying the total fluorescence in two optical sections:

one reporting on the nuclear rim and the ER (‘‘middle’’), and one

focused on the adhering plasma membrane (‘‘bottom’’). We

found that in cells without FOXO3A transfection, treatment with

the IRE1 inhibitor significantly increased the levels of VSVG in

the ER at the expense of its levels at the plasma membrane

(Figure 5G). In contrast, trafficking of VSVG to the plasma mem-

brane was not impaired by the IRE1 inhibitor in cells coexpress-

ing FOXO3A (Figure 5G). Thus, the ability of nuclear DAF-16/

FOXO3A to maintain secretory protein metabolism indepen-

dently of the IRE1 pathway is evolutionarily conserved, and ap-

plies to a variety of secreted substrates (ssGFP, DAF-28::GFP,

SeAP) and to transmembrane substrates (VSVG).

Several daf-16-target Genes Improve DAF-28::GFP
Metabolism in ire-1-Deficient Animals
We explored whether known downstream targets of daf-16were

important for the improved secretion in ire-1mutants expressing

nuclear DAF-16. To this end, ire-1mutants expressing DAF-16AM

and the DAF-28::GFP transgenes were treated with RNAi target-

ing 263 genes known to be upregulated in daf-2 mutants in daf-

16-dependent manner (Murphy et al., 2003). We identified ten

RNAi clones that hindered DAF-28::GFP secretion, resulting in

an expression pattern similar to that of ire-1 mutants (i.e., with

a low level of fluorescent DAF-28::GFP in the body cavity and

with high fluorescence in the intestinal cells that produce DAF-

28::GFP; see Figure S4).
(E) Average relative mRNA levels ± SEM of skr-5 measured by qRT-PCR in three

compared to the corresponding daf-2(+) animals.

(F) Representative Nomarski and fluorescencemicrographs of an adult transgenic

in intestine cells, both in the nuclei (indicated by arrows), as well as in reticular s

See Figure S5 for confocal images and colocalization with ER marker.
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The effect of eight of these RNAi clones on DAF-28::GFP

expression was validated (Figures S4B and S4C). These

included a putative ER-Golgi transport-related gene (dct-3), a

UDP-glucuronosyl transferase (ugt-42), a cytochrome P450

(cyp-33C3), a Skp1-like protein that acts as part of an SCF E3

ubiquitin ligase complex (skr-5), a putative gluthathione synthase

(gst-4), a sorbitol dehydrogenase (sodh-2), a cathepsin protease

(cpz-2), and tps-1, an enzyme required for the synthesis of treha-

lose. Trehalose is known to stabilize protein folding (Kaushik and

Bhat, 2003) and to increase autophagy (Sarkar et al., 2007).

Given the improvement in ERAD function in ire-1-deficient ani-

mals upon DAF-16 activation, and based on their potential

involvement with the proteasome and autophagy degradation

systems, we selected the skr-5 and the tps-1 genes for further

validation.

Using quantitative RT-PCR, we confirmed that skr-5 and tps-1

transcript levels are increased when IIS is reduced, both in ire-

1(+) and in ire-1(�) background (Figures 6E and S4E). In addition,

we investigated how mutations in the skr-5 and tps-1 genes

affected DAF-28::GFP levels in ire-1; daf-2 double mutants.

We found that in the absence of skr-5, DAF-28::GFP total protein

levels increased (see western blot in Figure 6B), whereas its

fluorescence levels remain unaltered (p = 0.47; Figure 6B). In

contrast, the tps-1 mutation modestly but consistently reduced

DAF-28::GFP fluorescence in ire-1; daf-2 double mutants by

�25% (p < 0.01), without significantly affecting DAF-28::GFP

protein levels as detected by western blotting (p = 0.17; Fig-

ure S4D). Assuming that the fluorescence of misfolded DAF-

28::GFP is compromised (Safra et al., 2013); this suggests that

skr-5 primarily promotes the degradation of misfolded proteins

in ire-1; daf-2 double mutants, whereas tps-1 primarily improves

protein folding presumably via trehalose production.

Unlike sel-11, skr-5 Promotes Degradation of Misfolded
DAF-28::GFP in ire-1; daf-2 Double Mutants
How might skr-5 promote the clearance of aberrant lumenal

proteins in the ER?We generated transgenic animals expressing

an SKR-5::GFP translational fusion. We detected SKR-5::GFP

fluorescence both within the nucleus as well as in reticular-like

structures characteristic to the ER in intestinal cells (Figure 6F).

Furthermore, SKR-5::GFP colocalized with an intestinal ER

marker using confocal microscopy, implying that SKR-5 can

be recruited to the ER membrane (Figure S5).

We hypothesized that SKR-5may act as an E3-ubiquitin ligase

complex that ubiquitinates misfolded proteins that have been

translocated from the ER to the cytosol by the quality control ma-

chinery. Such a complex may be especially important in ire-1-

deficient animals, whose sel-11/sel-1 ERAD-related E3 ubiquitin

ligase is not functional (Safra et al., 2013). Accordingly, we found

a synthetic interaction between the sel-11 and skr-5 genes.

Whereas skr-5 single mutants and sel-11 RNAi-treated animals

developed from eggs to adults similarly to wild-type animals;

skr-5 mutants treated with sel-11 RNAi remained arrested as
independent experiments. Asterisks mark Student’s t test values of p < 0.01

animal expressingPskr-5::SKR-5::GFP. SKR-5::GFP expression was detected

tructures surrounding the nucleus and throughout the cell.
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Figure 7. DAF-16 Promotes ER Homeostasis and ER Stress Resistance under Physiological Conditions

(A) Relative Phsp-4::GFP fluorescence levels measured 4 hr after exposing animals to 33�C for 1 hr.

(B) Percentage of animals with nuclear DAF-16::GFP after the indicated treatments. Three independent experiments were scored.

(C) Relative mean ratio ± SEM of Psod-3::GFP fluorescence of DMSO or tunicamycin-treated animals. Psod-3 is a direct target of DAF-16.

(D) Wild-type or daf-16(�) eggs were treated with 5 mg/ml tunicamycin. Mean percentage of eggs that developed into mature L4 larvae or adults within 4 days ±

SEM is shown. Animals were either untreated or heat shocked at 33�C for 1 hr, 1 day after they were laid.

(E) Percentage of ire-1mutants in which DAF-28::GFP is detected primarily in their body cavity instead of in their producing cells. Three independent experiments

were scored. ‘‘n’’ indicates number of animals analyzed. Similar results were obtained in three independent experiments. Asterisksmark Student’s t test values of

p < 0.001 compared to control or to DMSO.

See Figure S6 for working model.
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L2 larvae for at least 6 days (Figure 6D). Furthermore, unlike inac-

tivation of sel-11, inactivation of skr-5 significantly increased to-

tal protein levels of DAF-28::GFP in ire-1; daf-2 double mutants

(Figures 6A and 6B). Thus, whereas wild-type animals rely mainly

on sel-11 for the clearance of misfolded DAF-28::GFP, ire-1;

daf-2 double mutants rely on skr-5 instead.

Whereas inactivation of both ERAD-related E3 ligase com-

plexes was detrimental for the animals, we hypothesized that

the combined activity of these complementary ERAD pathways

may benefit the animals in times of stress. Accordingly, we found

that daf-2; skr-5 double mutants were significantly less resistant

to tunicamycin compared to daf-2 single mutants (Figure 6C).

This supports the hypothesis that the combined activity of

wild-type ERAD and skr-5-related ERAD benefits animals with

reduced IIS. Furthermore, it is consistent with the increased

levels of skr-5 transcripts in daf-2 mutants (Figure 6E).

Physiological Role of DAF-16 in Preserving ER
Homeostasis
Does daf-16 contribute to the maintenance of ER homeostasis

only in daf-2 mutants or does it act in a wider physiological

context? First, we examined whether DAF-16 is directly acti-

vated in response to ER stress. We found that 24 hr exposure

of adult animals to tunicamycin did not result in the translocation

of DAF-16 to the nucleus, nor did it induce the expression of the

DAF-16 target gene sod-3 (Figures 7B and 7C). Thus, accumula-
878 Cell Metabolism 20, 870–881, November 4, 2014 ª2014 Elsevier
tion of misfolded proteins in the ER does not directly activate

DAF-16.

In nature, ER stress is not always induced in an isolated

fashion and can also be induced as part of a wider cytotoxic

response. For example, high temperatures activate the ER

UPR (as detected by the induction of the hsp-4 promoter-driven

GFP, Figure 7A), the cytosolic heat-shock response, and the

mitochondrial UPR. Thus, we examined whether heat-shock

conditions, which promote DAF-16 nuclear translocation (Fig-

ure 7B), improve the animals’ ability to deal with ER stress. We

found that a short heat shock of tunicamycin-treated larva signif-

icantly increased the fraction of the animals that completed their

development into adults in the presence of tunicamycin (Fig-

ure 7D). The improved resistance to tunicamycin upon heat

shock treatment was, to a great extent, daf-16 dependent (Fig-

ure 7D). Similarly, a short heat shock of day 1 ire-1 mutants

improved the secretion of DAF-28::GFP to the pseudocoelom

in a daf-16-dependent manner (Figure 7E). Thus, activation of

DAF-16 by natural stresses can actively promote ER homeosta-

sis and function in wild-type and ire-1-deficient animals.

DISCUSSION

InC. elegans, reducing IIS promotes resistance tomany stresses

(Kenyon, 2010). Here, we deciphered how reducing IIS improves

ER homeostasis and reduces sensitivity to ER stress. We
Inc.
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discovered that a parallel ER homeostasis-promoting system,

that is independent of xbp-1 and ire-1, exists in daf-2 mutants.

By handling part of the load of misfolded proteins in the ER,

this ER homeostasis-promoting system can act together with

the conserved UPR to improve protein folding and to clear and

degrade terminally misfolded proteins from the ER. This reduces

the basal load on the ER under normal growth conditions, as well

as under ER stress conditions. Consequently, the ire-1/xbp-1

pathway in daf-2mutants can be set at lower levels (Henis-Kore-

nblit et al., 2010). Furthermore, the availability of two indepen-

dent systems that promote ER homeostasis allows them to

effectively deal with ER stress even when one of the pathways

is compromised (for example upon loss of responsiveness of

the ire-1 UPR pathway, a phenomena associated with aging;

Taylor and Dillin, 2013).

We find that conditions that promote the translocation of

the DAF-16 transcription factor to the nucleus (Lin et al.,

2001), promote the maintenance of ER homeostasis and func-

tion, independently of the canonical ire-1/xbp-1 UPR pathway.

Accordingly, expression of a constitutively nuclear form of

DAF-16 is sufficient for improving ER homeostasis and function

in ire-1 mutants, as it is sufficient for increasing the number of

LGG-1-positive foci (Jia et al., 2009). Nevertheless, as in the

case of lifespan regulation (Lin et al., 2001), the improvement

in ER homeostasis conferred by nuclear DAF-16 was not as

high as that by the daf-2 mutation. This may be due to insuffi-

cient expression levels of the nuclear DAF-16 transgene or

due to additional molecular events associated with reduced

IIS signaling that may also contribute to the ER stress resistance

of daf-2 mutants.

Although DAF-16 activation promotes ER homeostasis,

perturbation of ER homeostasis per-se is not sufficient to acti-

vate this pathway. We hypothesize that the activation of DAF-

16 by a variety of other cytotoxic stresses (as in the case of

heat-shock and oxidative stresses), may have alleviated the

evolutionary force to directly activate DAF-16 by disruption of

ER homeostasis. This ER-independent activation of DAF-16

may set the ground for cross-stress hormesis, improving the an-

imals’ ability to deal with ER stress, even before ER homeostasis

collapses. Furthermore, the regulation of ER homeostasis by

DAF-16 activation may be tailored to meet broad cellular repair

requirements associated with general cytotoxicity, which may

be different from those required under isolated ER stress

conditions.

How is ER homeostasis improved in IIS mutants? We discov-

ered that this is achieved, at least in part, by facilitating the

degradation and clearance of aberrant lumenal proteins from

the ER. Unlike, the UPR in wild-type animals, which relies on

the proteasome and on the sel-1/sel-11 E3 ubiquitin ligase

(Sasagawa et al., 2007); nuclear DAF-16 enables additional inde-

pendent routes for the clearance of misfolded secretory pro-

teins—via the proteasome and/or via autophagy (see model in

Figure S6). Interestingly, in all pathways, retro-translocation to

the cytosol is still required for the degradation and clearance of

aberrant lumenal proteins from the ER in daf-2 mutants. This

suggests that client proteins are cleared from the cytosol and

not directly from the ER. Consistent with this, we identified

SKR-5 as required for the clearance of aberrant lumenal proteins

in ire-1; daf-2mutants. Although SKR-5 is a cytosolic component
Cell M
of a putative E3-ubiquitin ligase complex, it colocalizes with

the ER. Thus, it is possible that an SKR-5 E3-ubiquitin ligase

complex ubiquitinates ER client proteins upon their retro-trans-

location to the cytosol (see Figure S6). This is consistent with

previous findings implicating FBS1/FBS2-containing SCF com-

plexes in the ubiquitination of N-glycosylated proteins that

have been translocated from the ER to the cytosol by the quality

control machinery (Yoshida et al., 2002).

We identified additional daf-16-regulated genes whose inacti-

vation compromised secretory protein metabolism upon activa-

tion of DAF-16. Interestingly, many of these genes are detoxifica-

tion and cytoprotection-related genes. This implies that similarly

to the ability to extend lifespan (Murphy et al., 2003; Shore and

Ruvkun, 2013), the ability to overcome a compromised UPR re-

lies on the integration and orchestration of a complex network of

cytoprotective pathways. It will be interesting to decipher how

each of these daf-16 target genes promotes secretory protein

metabolism. Because inactivation of the trehalose synthesizing

enzyme tps-1 primarily affected DAF-28::GFP folding rather

than degradation, this indicates that reducing IIS improves mul-

tiple aspects of secretory protein metabolism.

ER homeostasis is essential for proper cellular function and

its disruption contributes to heart disease, neurodegenerative

disorders, diabetes, and more (Lin et al., 2008; Lindholm et al.,

2006; Yoshida, 2007). Furthermore, many mutations in UPR

genes result in pathologies: XBP1 and SEL1 heterozygous ani-

mals are resistant to insulin (Francisco et al., 2011; Ozcan

et al., 2004). IRE1b and XBP-1 deficiencies in the intestine result

in intestinal inflammation and sensitivity to colitis in mice (Berto-

lotti et al., 2001; Kaser et al., 2008). Several single nucleotide

polymorphisms within the XBP1 gene locus are a major risk fac-

tor for Crohn’s disease and ulcerative colitis (Kaser et al., 2008).

This list of maladies associated with a dysfunctional UPR under-

scores the importance of signaling pathways, such as the IIS

pathway, that can improve ER homeostasis even in the absence

of a fully functional UPR. Importantly, we have demonstrated

that activated FOXO3, similarly to its C. elegans homolog, pro-

tects ER function and maintains secretory protein metabolism

independently of the IRE1 UPR pathway in mammalian cells.

Because there is no sensor in the ER that activates DAF-16 in

response to intrinsic ER stress, artificial activation of FOXO3

may be a promising therapeutic approach, paving the way for

cures that will alleviate these diseases.

EXPERIMENTAL PROCEDURES

Strains

A list of strains used in this study is provided in the Supplemental Experimental

Procedures.

Tunicamycin Resistance Assay

Tunicamycin resistance assays were performed as previously described (He-

nis-Korenblit et al., 2010) using plates containing low (1 mg/ml) or high (5 mg/ml)

concentrations of tunicamycin (Sigma), as indicated.

Fluorescence Microscopy and Quantification

Animals were anaesthetized on 2% agarose pads containing 2 mM levamisol.

Images were taken with a CCD digital camera using a Nikon 90i fluorescence

microscope. Exposure time was kept constant through the experiment. NIS

element software was used to quantify mean fluorescence intensity in the

selected area.
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Cell Metabolism

DAF-16/FOXO3 Bypass ire-1/xbp-1 Function
xbp-1 Splicing and Quantitative RT-PCR

xbp-1 Splicing and quantitative RT-PCR were performed on day 1 animals as

previously described (Safra et al., 2013). xbp-1 PCR products were depicted

on a 2% agarose gel and analyzed using ImageJ software. Real-time PCR

was done using Maxima SYBR (Fermentas) in a Step one plus instrument.

Transcript levels of act-1 were used for normalization.

Western Blot

A similar number of animals were boiled in protein sample buffer containing

2% SDS. Anti-GFP (Roche, 1:1,000) and anti-tubulin (DHSB, 1:5,000) anti-

bodies were used to detect proteins by western blotting.

RNAi Screen

Approximately 25 eggs of ire-1 mutants expressing both DAF-28::GFP

and nuclear DAF-16AM transgenes were placed on RNAi plates seeded

with RNAi corresponding to 263 class I genes (Murphy et al., 2003). The

fraction of animals whose DAF-28::GFP expression pattern was similar

to that of ire-1 mutants was scored. RNAi clone identity was verified by

sequencing.

Confocal Microscopy

Confocal images were taken using an LSM 510 confocal scanning microscope

(Carl Zeiss) with a 63 numerical aperture objective lens. Worms were mounted

on 2% agarose pads containing 2 mM levamisol. Sections of 1.5 mm were

taken. Colocalization was measured using ImageJ software.

Immunostaining

Synchronized day 2 adults were fixed in 4% paraformaldehyde, permeabilized

with tween and b-mercaptoethanol overnight, and stained with anti-GFP

(Roche, 1:1,000), and Cy3 conjugated secondary antibodies.

Autophagy Quantification

Autophagic events were observed using a fluorescent microscope Zeiss

Imager Z1 and counted as in (Hansen et al., 2008). Briefly, C. elegans express-

ing GFP::LGG-1 (Meléndez et al., 2003) were placed on 2% agarose pads and

foci were counted (using 1,000-fold magnification on a Zeiss Axioplan II micro-

scope) in the seam cells of L3 larvae. Three independent biological repeats

were carried out and the mean number of foci was averaged and plotted.

Data were processed using PrismGraph.

Cell Culture

For the SeAP and luciferase assays, 8 3 104 HEK293 cells were seeded in a

24-well dish and transfected 24 hr later using Polyjet reagent (SignaGen Lab-

oratories). Cells were transfected with a Promega pGL3-Control vector (for

assessment of transfection efficiency) and a pSBC-2-SEAP vector (for assess-

ment of protein production and secretion through the secretory pathway), with

or without a Flag-FOXO3A-TM Addgene plasmid 8361 (to mimic reduction of

IIS). SeAP activity in the medium was assessed with p-nitrophenyl phosphate

substrate (Sigma) and luciferase activity was assessed using Promega dual

luciferase kit.

For microscopy, HEK293 cells were seeded onto glass coverslips and

cultured in Dulbecco’smodified Eagle’smedium (10% fetal calf serum, 1%py-

ruvate, 1% penicillin/streptomycin, and 1% L-glutamine). Cells were trans-

fected 24 hr later with VSVG-GFP (Malchus and Weiss, 2010) with or without

Flag-FOXO3A-TM (Addgene) using Lipofectamine 3000 (Life Technologies).

After 24 hr at 39.5�C, part of the cells were treated with 50 mM IRE1-

Inhibitor III, 4m8C (Calbiochem, Merck Millipore), and kept for another 24 hr

at 39.5�C. Cells with and without 4m8C-treatment were shifted to 32�C for

60 min and then fixated with paraformaldehyde (4%). Fixed samples were

mounted onto glass sample holders with Fluoromount-G (SouthernBiotech)

and 25–50 cells were analyzed per treatment. Confocal imaging was done

on a Leica SP5 confocal with a 63x/1.2NA water immersion objective and a

488 nm argon laser.

Statistical Analysis

All error bars show the SEM. The p values were calculated using the unpaired

Student’s t test, unless indicated otherwise.
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