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Proteotoxic stress and ageing triggers the loss of
redox homeostasis across cellular compartments
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Abstract

The cellular proteostasis network integrates the protein folding
and clearance machineries in multiple sub-cellular compartments
of the eukaryotic cell. The endoplasmic reticulum (ER) is the site of
synthesis and folding of membrane and secretory proteins. A
distinctive feature of the ER is its tightly controlled redox homeo-
stasis necessary for the formation of inter- and intra-molecular
disulphide bonds. Employing genetically encoded in vivo sensors
reporting on the redox state in an organelle-specific manner, we
show in the nematode Caenorhabditis elegans that the redox state
of the ER is subject to profound changes during worm lifetime. In
young animals, the ER is oxidizing and this shifts towards reducing
conditions during ageing, whereas in the cytosol the redox state
becomes more oxidizing with age. Likewise, the redox state in the
cytosol and the ER change in an opposing manner in response to
proteotoxic challenges in C. elegans and in Hela cells revealing
conservation of redox homeostasis. Moreover, we show that orga-

nelle redox homeostasis

is regulated across tissues within

C. elegans providing a new measure for organismal fitness.
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Introduction

The endoplasmic reticulum (ER)

is the compartment where

membrane and secretory proteins are actively synthesized (Araki &

Nagata, 2011b). Approximately one-fifth to one-third of the
proteome is synthesized at the ER membrane, although the volume
of this organelle is estimated to be just one-tenth of the entire cell
(Levine et al, 2005). Thus, the ER is highly crowded with proteins
and equipped with lumen-localized chaperones and the unfolded
protein response (UPR) to maintain the fold and function of the
organellar proteome (Araki & Nagata, 2011b). In parallel with
polypeptide folding in the ER, two characteristic covalent modifica-
tions, oligosaccharide transfer and disulphide bond formation are
introduced into proteins to provide conformational stability for
secreted proteins (Wiseman et al, 2007). A network of redox
enzymes, the oxidoreductases, mediates the formation of disulphide
bonds (Araki & Nagata, 2011a; Oka & Bulleid, 2013). The ER
oxidoreductases include protein disulphide isomerase (PDI) and
about 20 PDI family proteins that function in oxidizing substrate
cysteine residues and in disulphide rearrangement (Araki & Nagata,
2011b). The oxidizing potential of oxygen in the ER is transferred to
PDI via the oxidoreductases ERO-1 and peroxiredoxin 4 (Zito et al,
2010; Araki & Nagata, 2011b). It is well established that exposure to
reducing agents such as dithiothreitol (DTT) inhibits the oxidation
and subsequent maturation of ER proteins and causes the induction
of the UPR and ER-associated degradation (ERAD). Misfolded
proteins are then selectively retro-translocated into the cytosol and
degraded by the ubiquitin proteasome system (UPS) (Meusser et al,
2005; Araki & Nagata, 2011b).

Recent findings in model organisms such as the nematode
Caenorhabditis elegans indicate that protein homeostasis (proteosta-
sis) and quality control decline during ageing (Ben-Zvi et al, 2009;
David et al, 2010; Kirstein-Miles et al, 2013). These investigations
have so far mainly addressed the cytosolic compartment. To explore
whether ageing and proteotoxic stress in the cytosol also affects ER
redox homeostasis, we utilized two in vivo redox sensors, the
redox-sensitive GFP (roGFP) and HyPer to monitor the general
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redox state and the concentration of a specific reactive oxygen
species, H,0,, respectively. Furthermore, we employed two comple-
mentary model systems, the nematode C. elegans and mammalian
cells, to examine the redox state during development, ageing and in
response to imbalances of proteostasis. We demonstrate that in the
progression of ageing in C. elegans, the expression of neurotoxic
aggregation-prone proteins and proteasome inhibition lead to
perturbation of the ER and cytosolic redox homeostasis in opposing
directions. While the ER becomes more reducing in response to
proteotoxic challenges, the cytosol becomes more oxidizing. Redox
homeostasis in the cytosol and ER are coupled: proteotoxic stress in
the cytosol leads to a shift in ER redox state towards reducing,
whereas proteotoxic stress in the ER and the cytosol causes the
cytosolic redox state to shift towards oxidizing conditions. More-
over, we provide evidence for trans-tissue signalling of the redox
state between neurons and muscle tissue. Taken together, the redox
states and folding environments of the ER and the cytosol are
closely coupled and are adjusted across organellar, cellular and
tissue boundaries.

Results

Generation and validation of redox sensors in C. elegans and
mammalian cell culture

To analyse redox homeostasis in the ER and cytosol by real-time
measurements in vivo, we employed two genetically encoded
sensors, redox-sensitive green fluorescent protein (roGFP) and the
hydrogen peroxide sensor, HyPer (Hanson et al, 2004; Belousov
et al, 2006; Markvicheva et al, 2011). We chose roGFP as a sensor
to report on the general redox state and HyPer to specifically report
on the H,0, content. H,O, is an excellent electron acceptor and
promotes disulphide bond formation in the ER (Margittai et al, 2012).

RoGFP is a genetically engineered version of GFP harbouring two
cysteine residues on the outer surface of the beta barrel in close
proximity to the fluorophore (Hanson et al, 2004). RoGFP has two
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excitation peaks at ~405 and ~488 nm and a single emission peak at
509 nm. The formation or cleavage of a disulphide bond between
those two cysteine residues leads to changes in the roGFP excitation
spectrum. A disulphide bond formation in oxidizing conditions
results in a higher excitation at ~405 nm and a lower excitation at
~488 nm, and the reverse occurs under conditions that reduce the
S-S bonds. Thus, the dual excitation and single emission nature of
roGFP can be utilized for ratio-metric measurements. Likewise,
HyPer also provides the dual excitation and single emission feature
with two excitation peaks at ~420 and ~500 nm. HyPer is based on
the regulatory domain of the E. coli H,0,-sensing OxyR protein
fused to circularly permuted YFP and specifically reacts with H,0,
(Belousov et al, 2006). Consequently, exposure to H,0, results in
disulphide bond formation in a HyPer molecule that increases and
decreases the excitation at ~500 and ~420 nm, respectively, and
thus allows for quantitative assessment of relative H,O, levels
in vivo (Belousov et al, 2006; Markvicheva et al, 2011). Taken
together, these sensors provide a dynamic analysis being reversible
in their oxidation, and quantitative assessment of the redox state.
We established transgenic lines of C. elegans expressing roGFP and
HyPer in the ER and the cytosol under the control of tissue-specific
promoters to analyse the organellar redox state in muscle and
neuronal tissue during development and ageing, and in response to
proteotoxic stress. These studies were complemented with an
analysis of the redox state in mammalian cell lines by transfecting
HeLa cells with roGFP and HyPer targeted to the ER and cytosol,
respectively.

To validate the reporter lines, we exposed C. elegans expressing
roGFP in the ER of muscle tissue to reducing (5 mM DTT) and
oxidizing (1 mM DPS, 2,2'-dipyridyldisulphide, that oxidizes free
thiol groups to form disulphide bonds) reagents and compared them
to untreated animals (Fig 1A). For the image-based analysis, indi-
vidual muscle cells of 4-day-old animals (young adults) were excited
at 405 nm and 488 nm and the emission was measured at 509 nm.
The resulting ratios for individual muscle cells of multiple nema-
todes (n = 20) ranged from a value of 0.91 £+ 0.22 (mean =+ stan-
dard deviation) upon exposure to DTT, 1.81 + 0.23 for untreated

Figure 1. Generation and validation of redox sensors in Caenorhabditis elegans and mammalian cell culture.

A Bidirectional reactivity of ERroGFP, expressed in the ER of muscle cells in C. elegans, towards reducing and oxidizing conditions. Mean ratio traces of emission
intensities excited at 405 nm and 488 nm were measured and calculated upon addition of DTT and DPS or without treatment (control). The images depict
representative images of 20 analysed nematodes. The ratio-metric analyses were carried out on a single-cell level. The images resulting upon excitation at 405 nm
are false-coloured in blue and those upon excitation at 488 nm in green and represented as overlays for all figures. Scale bars are 20 um. The ratio-metric analyses
between the control and DTT- and DPS-treated sample passed the ANOVA (F = 158; P > 0.0001) and the post hoc Tukey’s HSD test confirmed a significant difference.

B Lysates of C. elegans expressing ERroGFP treated with the indicated agents were analysed in reducing and non-reducing SDS—PAGE and subsequent Western blot

using GFP antibodies.

C Validation of reactivity of cytosolic roGFP in C. elegans analogous to (A). Scale bars are 25 pm. The ratio-metric analyses between the control and DTT- and DPS-
treated sample passed the ANOVA (F = 170; P > 0.0001) and the post hoc Tukey’s HSD test confirmed a significant difference.

D Reversible reactivity of ERroGFP (ERroGFPiE) in HeLa cells. Mean ratio traces of emission intensities excited at 405 and 488 nm of ERroGFPIE are depicted. Cells were
treated with 5 mM DTT at 2 min, washed from 3 to 12 min and treated with 1 mM DPS at 12 min. Representative images are shown on the right. Scale bars are 10 pm.

E Reversible reactivity of cytosolic roGFP in HeLa cells analogous to (D). Mean ratio traces of emission intensities excited at 405 and 488 nm of roGFP are depicted. Cells were
treated with 5 mM DTT at 2 min, washed from 3to 10 min and treated with 1 mM DPS at 10 min. Representative images are shown on the right. Scale bars are 10 um.

F  Reactivity of ER-HyPer, expressed in the ER in muscle cells in C. elegans, to exogenous H,0,. Mean ratio traces of emission intensities excited by 405 and 488 nm
were measured and calculated upon addition of 10 uM H,0, to the nematodes or without treatment (control). Twenty nematodes were analysed and depicted are
the mean ratios with a P-value of 7.36 x 10, The analyses were carried out on a single-cell level. Scale bars are 10 pm.

G Reactivity of HyPer, expressed in cytosol in muscle in C. elegans analogous to (F); P = 6.08 x 1023, Scale bars are 10 pum.

H Reversible reactivity of ER-HyPer, expressed in the ER in Hela cells. Mean ratio traces of emission intensities excited at 405 and 488 nm of roGFP (488/405) are
depicted. Cells were treated with 5 mM DTT at 2 min, washed from 3 to 12 min and treated with 100 pM H,0, at 12 min. Representative images are shown on the

right. Scale bars are 10 um.

Source data are available online for this figure.
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animals to 2.26 4+ 0.31 upon exposure to DPS, thus demonstrating
that the roGFP sensor is responsive to changes in reducing and
oxidizing conditions. Representative images are shown for each
condition (Figs 1A and EV1A). To complement the imaging analysis
with a biochemical validation of the sensor, samples from animals
treated with DTT, DPS or those of untreated animals were analysed
by reducing and non-reducing SDS-PAGE followed by Western blot
analysis using GFP antibodies. As shown in Fig 1B, two bands were
detected in the non-reducing gel (on the right), with the upper band
corresponding to the reduced moiety and the faster migrating lower
band representing the oxidized GFP species. As expected, the
samples of the DTT-treated animals show a clear change in the
distribution of the intensity of both bands in favour of the upper
band corresponding to the reduced GFP moiety. Conversely, the
samples of the DPS-treated animals exhibit a complete shift towards
the faster migrating oxidized GFP moiety (Fig 1B). The correct
targeting of the redox sensor to the ER is demonstrated by co-
localization of ER-ToGFP with an antibody directed against KDEL,
the retention signal for ER-localized proteins (Fig EV1E). To further
establish the biological significance of the read-out of the redox
sensor, we analysed the redox state of the ER upon RNAi-mediated
knockdown of the major ER oxidase encoding gene ero-1. Depletion
of ero-1 led to a strong decrease in the 405/488 nm ratio, indicating
a shift towards reducing conditions in the ER in the absence of
ERO-1 (Fig EVIF). To test whether the sensitivity of the sensors lies
within the physiological range, we employed the UPR reporter line
hsp-3::yfp. We observed an induction of the hsp-3 (ER-Hsp70; BiP
homologue) driven yfp expression upon treatment with 5 mM DTT
and 1 mM DPS (same condition as Fig 1A-C) and conclude that the
redox sensors are sensitive to changes in the redox state that cause
ER stress (Fig EV1G).

For validation of the sensitivity of the cytosolic roGFP sensor,
ratio-metric analysis was performed following DTT or DPS treat-
ment analogous to the ER sensor (Figs 1C and EV1B). The cytosolic
roGFP responded to reducing (408/488 nm = 1.21 + 0.32) and
oxidizing (4.22 £+ 0.55) conditions relative to untreated (2.67 £
0.36) from which we conclude that roGFP can also be used as a tool
to report on redox changes towards reducing and oxidizing condi-
tions in the ER and the cytosol of C. elegans.

The roGFP sensors expressed in the cytosol (roGFP1) and the ER
(ER-roGFPiE) in HeLa cells were validated by exposing the sensor-
expressing cells first to DTT and subsequently to DPS, after which
the ratios of 405/488 nm were monitored (Fig 1D and E). The
sensors responded to reducing and oxidizing changes, in both
compartments (Fig 1D and E). The correct targeting of ER-ToGFPIiE
to the ER was verified by co-localization with an ER-targeted DsRed
(Fig EV1E). In contrast to ER-roGFPiE, ER-roGFP1 expressed in
HeLa cells did not respond to treatment with 1 mM DPS, indicating
that this roGFP variant is completely oxidized in the ER of mamma-
lian cells as has been previously described (Schwarzer et al, 2007;
van Lith et al, 2011; Fig EV2). These differences between C. elegans
and mammalian cells in the sensitivity of ER-roGFP1 may be due to
the ER redox equilibrium associated with the robustness of ER redox
catalysts. For example, in addition to ero-1, mammalian cells
express peroxiredoxin 4 and glutathione peroxidases 7 and 8 as ER
thiol-oxidases (Araki & Nagata, 2012). Additionally, while knock-
down of ero-1 in C. elegans has been reported to upregulate UPR™®
broadly in different tissues (Harding et al, 2003), Ero-10/f knockout
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mice only display defects in insulin biogenesis and glucose tolerance
(Zito et al, 2010).

To validate the nematode HyPer sensor, transgenic lines of
C. elegans expressing HyPer in the ER and cytosol of muscle cells
were exposed to sub-lethal H,0, concentrations (10 uM) for 20 min
and the ratio of excitation maxima of 488/405 nm analysed in indi-
vidual muscle cells of multiple animals (n > 20). As shown in
Fig 1F and G, the ratio of 488/405 nm shifts from mean values of
0.53 4+ 0.07 (ER) and 0.31 + 0.06 (cytosol) to 1.04 + 0.16 and (ER)
0.89 + 0.11 (cytosol), respectively, upon exposure to H,O, (Figs 1F
and G, and EV1C and D). Thus, the HyPer sensor can be used to
analyse in vivo fluctuations of H,0, in the ER and the cytosol in
C. elegans. No changes in the 488/405 ratios were observed for
neuronal or muscle HyPerC199S upon exposure to H,0,, demon-
strating the specificity of the sensor to H,0,. Mutation of the H,0,-
sensitive cysteine to serine (C199S) renders this sensor insensitive
to H,0,, demonstrating that the observed ratio-metric changes are
due to the oxidation of HyPer by H,0, and not caused by unspecific
effects (Fig EV1I).

The mammalian HyPer sensor expressed in the ER of HeLa cells
was validated by exposing the cells to DTT and subsequently to
100 uM H,0,, monitoring the excitation maxima at 488 and 405 nm
and determining the respective ratio of 488/405 nm (Fig 1H). This
sensor is responsive to changes in H,0, concentrations and there-
fore can be used to analyse H,0, fluctuations in vivo in the ER of
HeLa cells. Taken together, we show that all sensors used in this
study are fully responsive to reducing and oxidizing changes
(roGFP) and to fluctuations in H,O, levels (HyPer) in the ER and the
cytosol of C. elegans and mammalian cells.

All redox sensors are expressed at low levels that do not affect
cellular function. This was assessed using motility and chemotaxis
assays of animals expressing roGFP or HyPer in the ER or cytosol of
muscle or neuronal tissue, respectively. No organismal-level defects
were observed in these experiments (data not shown). Additionally,
we examined the expression of the compartmental stress response
pathways (cytosolic heat-shock response (HSR) and UPRER) in
the transgenic C. elegans lines and did not detect induction in
either the HSR and UPR reporter lines (data not shown). In conclu-
sion, the sensors do not appear to affect the physiology of the
nematodes and can be utilized to assess the redox state in a
neutral manner.

Chronic proteotoxic stress is associated with a shift towards
reducing conditions in the ER

A balanced redox homeostasis in the ER is crucial for the folding
and maturation of proteins in the secretory pathway. Remarkably,
little is known about the robustness of the ER redox state upon
perturbation of cellular proteostasis. We addressed this by express-
ing the aggregation-prone and disease-associated proteins (23-
mCherry [an amyloid-forming artificial B-sheet peptide (Olzscha
et al, 2011)], AB;_4> and Q40-RFP in muscle tissue of C. elegans that
co-expresses the redox sensor roGFP targeted to the ER of the same
tissue. We observed a pronounced shift towards reducing conditions
in the ER of animals that expressed Q40-RFP, AB; 4, or B23-mCherry
compared to control animals expressing RFP alone (Fig 2A).
Notably, although A, 4, is fused to a signal sequence for targeting
to the ER, it resides mainly in the cytosol (C. Link, personal

© 2015 The Authors
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communication). Thus, all three aggregation-prone proteins perturb
the ER redox state from the cytosol suggesting a trans-compartmental
response.

To analyse whether the effect of protein aggregation on the redox
state in the ER is conserved across species, we examined ER redox
homeostasis in HeLa cells expressing cytosolic polyQ of varying
lengths by ratio-metric imaging analysis (Fig 2B). Indeed, the expres-
sion of polyQ in the cytosol is associated with a redox shift towards
reducing conditions in the ER (Fig 2B), in a polyQ length-dependent
manner that correlates with aggregation propensity. Cells expressing
an aggregation-prone polyQ stretch [either Q77 or HttExonl1Q134
(HttQ134)] showed a shift towards reducing conditions, whereas the
expression of shorter polyQ lengths (Q19 or HttQ22) had no effect.
Notably, the pathogenic length of the polyQ stretch differs between
species and is much shorter in C. elegans where Q40 is sufficient to
form aggregates and affect the redox state of the ER (Fig 2A). We then
analysed the levels of H,0,, a specific ROS in the ER using the HyPer
sensor. Basal H,0, levels differed substantially between muscle and
neuronal tissue with neurons exhibiting higher H,0, concentrations
(Fig EV1C and H). Upon cytosolic expression of polyQ or the aggrega-
tion-prone 23, the H,0, levels decreased in the ER of both tissues
(Fig 2C). The expression of either RFP alone (control) or a protein
of similar molecular weight that is composed of alpha helices,
0S824-mCherry (2S824 control), served as control for Q40-RFP and
B23-mCherry, respectively (Fig 2C). We also observed decreased
levels of H,0, in the ER of HeLa cells upon cytosolic expression
of Q77-mCherry compared to mCherry alone (QO; Fig 2D).
From these data, we conclude that chronic proteotoxic stress
exemplified by the expression of aggregation-prone and disease-
associated proteins perturbs the ER redox state towards reducing
conditions.

The response of the ER redox state towards proteostatic imbal-
ances in the cytosol posed the question whether the ER redox state
also reacts to imbalances of protein folding conditions within the
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same compartment. To address this, we genetically impaired the
induction of the UPR*® by RNAi-mediated knockdown of ire-1. IRE-1
is an ER trans-membrane sensor that activates the UPR™® in
response to ER protein folding stress. Depletion of ire-1 causes an
induction of the UPR™® that was verified using the hsp-3::yfp (ER
Hsp70) reporter (Fig EV3). Knockdown of ire-I results in a
pronounced shift of the ER redox state towards reducing conditions
(Fig 2E). Next, we performed knockdown experiments using skn-1
(Nrf2 homologue) that encodes the master regulator for the
oxidative stress response to perturb the cellular defence mecha-
nisms against oxidative stress. We observed a profound change in
the ER redox state (Fig 2E). Knockdown of skn-1 also strongly
induced the UPR™® (Fig EV3), which further supports our conclu-
sion of a tight relationship between redox and protein homeostasis
in the ER.

Chronic proteotoxic stress is associated with a shift towards
more oxidizing conditions in the cytosol

The observation that an imbalance of cytosolic proteostasis affects
the redox state of the ER across compartmental boundaries raises
the question how the cytosolic redox state is affected by perturba-
tions in cytosolic and ER protein folding conditions. To address this,
we co-expressed Q40-RFP and the roGFP sensor in the cytosol of
C. elegans and observed a shift towards more oxidizing conditions
in the cytosol (Fig 3A). Similar observations were made in HeLa
cells upon expression of polyQ proteins (Fig 3B). The expression of
either Q77 or HttQ143 that both result in aggregate formation is
associated with a shift towards oxidizing conditions, whereas the
expression of shorter Q-lengths that are soluble (Q19 or HttQ22)
does not exhibit any redox change (Fig 3B). We further confirmed
this shift towards oxidizing conditions in the cytosol upon polyQ
expression in C. elegans using the cytosolic HyPer sensor (Fig 3C).
To perturb the cellular response mechanism to fluctuations in the

Figure 2. Chronic proteotoxic stress is associated with a shift towards reducing conditions in the ER.

A Ratio-metric analyses of ER-roGFP expressed in muscle cells of C. elegans on day 4 upon co-expression of cytosolic aggregation-prone peptides and proteins, either
B23-mCherry, Q40-RFP or AB;_4. A strain co-expressing RFP alone in the cytosol and ERroGFP serves as a control. Twenty nematodes each were analysed.
Representative images are shown on the right. Scale bars are 25 um. The ratio-metric analyses between the control, 23, Q40 and AB samples passed the ANOVA
(F = 164; P > 0.0001) and the post hoc Tukey’s HSD test confirmed a significant difference. The data represent means + SD.

B Expression of Q77-mCherry and HttQ134-mCherry but not Q19-mCherry nor HttQ22-mCherry is associated with a slight reductive shift in the ER redox state in HelLa
cells. The mean ratio traces of emission intensities excited at 405 and 488 nm were analysed upon co-expression of the polyQ-mCherry proteins as indicated. For
each condition, 90 cells from three independent experiments were analysed. The upper row shows the overlay images of ERroGFPIE upon excitation at 405 and
488 nm. The middle row shows the red channel for the polyQ-mCherry fusion proteins to show the aggregation propensity of Q77- and HttQ134-mCherry. The
bottom row displays the overlay images from the upper two rows. On the top left, the 405/488 nm overlay image of the DTT (5 mM) control is shown and on the top
right the respective image of the DPS control (1 mM). Scale bars are 10 um. The data are presented as means + SEM, P < 0.001. The ratio-metric analyses between
HttQ22, HttQ134, Q19 and Q77 passed the ANOVA (F = 23; P > 0.0001) and the post hoc Tukey’s HSD test confirmed a significant difference between HttQ22 versus
HttQ134, HttQ22 versus Q77, HttQ134 versus Q19, Q19 versus Q77. The difference between HttQ22 versus Q19 and HttQ134 versus Q77 is non-significant.

C Decrease in H,0, concentration in the ER in neuronal or muscle cells expressing Q40-RFP or $23-mCherry, but not a.S824-mCherry, analysed in C. elegans by ratio-
metric imaging of ER-HyPer. Twenty nematodes each were analysed. The ratio-metric analyses between neuronal control, neuronal Q40, neuronal 05824 and
neuronal $23 passed the ANOVA (F = 37; P > 0.0001) and the post hoc Tukey’s HSD test confirmed a significant difference between neuronal control versus neuronal
Q40, neuronal control versus neuronal control «S824, neuronal control versus neuronal 323, neuronal Q40 versus neuronal «S824 control and neuronal aS824 control
versus neuronal B23. The difference between neuronal Q40 versus neuronal p23 is non-significant. The data represent means =+ SD.

D Decrease in H,0, concentration in the ER in Hela cells expressing Q77-mCherry in comparison with Q0-mCherry, analysed by ratio-metric imaging of ER-HyPer. 29
and 45 Hela cells were analysed for Q0 and Q77 respectively. The data are presented as means & SD, P = 6.76 x 10 °.

E Knockdown of ire-1 and skn-1 by RNAi is associated with a change in the ER redox state towards reducing conditions in C. elegans. The data are presented as
means =+ SD. The ratio-metric analyses between the control ire-1 RNAi and skn-1 RNAi passed the ANOVA (F = 253; P > 0.0001) and the post hoc Tukey’s HSD test
confirmed a significant difference between control versus ire-1 RNAi and control versus skn-1 RNAI. The difference between ire-1 RNAi versus skn-1 RNAI is non-
significant.

Source data are available online for this figure.
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Figure 3. Chronic proteotoxic stress is associated with a shift towards more oxidizing conditions in the cytosol.

A Ratio-metric analysis of cytosolic roGFP in 4-day-old C. elegans upon expression of Q40-RFP in the cytosol of muscle tissue. The co-expression of polyQ in the same
tissue is associated with a shift towards oxidizing conditions. Twenty nematodes each were analysed. The data are presented as means & SD with a P-value of

1.94 x 10~*% Scale bars are 15 pm.

B Expression of Q77-mCherry, but not Q19, is associated with a shift towards oxidizing conditions in the cytosol in Hela cells. 16, 31, 33, 27, 47 and 13 Hela cells were
analysed for fully oxidized, Q19-mCherry, Q77-mCherry, HttQ22-mCherry, HttQ134-mCherry and fully reduced conditions, respectively. The upper row shows the
overlay images of cyto-roGFP1 upon excitation at 405 and 488 nm. The middle row shows the red channel for the polyQ-mCherry fusion proteins to show the
aggregation propensity of Q77-mCherry and HttQ134-mCherry. The bottom row displays the overlay images from the upper two rows. On the top left, the 405/

488 nm overlay image of the DTT (5 mM) control is shown and on the top right the respective overlay image of the DPS control (1 mM). Scale bars are 10 pm. The
data are presented as means + SD and are shown on the left. The ratio-metric analyses between HttQ22, HttQ134, Q19 and Q77 passed the ANOVA (F = 14;

P > 0.0001) and the post hoc Tukey’s HSD test confirmed a significant difference between HttQ22 versus HttQ134, HttQ22 versus Q19, HttQ134 versus Q19 and Q19
versus Q77. The difference between HttQ22 versus Q77 and HttQ134 versus Q77 is non-significant.

C Ratio-metric analyses of cytosolic HyPer in 4-day-old nematodes expressing Q40-RFP (right column) or RFP alone (left column, control) in muscle tissue. The increase
in the ratio indicates a higher cytosolic concentration of H,0, upon Q40-RFP expression. The data are presented as means & SD with a P-value of 1.23 x 10~

D Ratio-metric analysis of cytosolic roGFP in muscle tissue in 4-day-old nematodes upon RNAi-mediated knockdown of ire-1 or skn-1. Depletion of ire-1 and skn-1 is
associated with a shift towards oxidizing conditions in the cytosol. Twenty nematodes each were analysed. The data are presented as means + SD. The ratio-metric
analyses between the cyto-roGFP control, cyto-roGFP ire-1 RNAI, cyto-roGFP tunicamycin (Tm) and cyto-roGFP skn-1 RNAi passed the ANOVA (F = 31; P > 0.0001) and
the post hoc Tukey’s HSD test confirmed a significant difference between control versus ire-1 RNAi, control versus Tm, control versus skn-1 RNAI, ire-1 RNAi versus Tm
and Tm versus skn-1 RNAI. The difference between ire-1 RNAIi versus skn-1 RNAI is non-significant.

Source data are available online for this figure.

redox state, we depleted skn-1 (Nrf2 homologue) using RNAi and
analysed the cytosolic redox state using the roGFP sensor in
C. elegans. We observed a slight change in the cytosolic redox
homeostasis towards more oxidizing conditions (Fig 3D). We next
asked whether the cytosolic redox equilibrium is affected by cross-
compartmental imbalance of protein folding analogous to our obser-
vations of an impairment of the redox state in the ER upon cytosolic
protein aggregation (Fig 2). To induce the UPR®®, we depleted ire-1
by RNAi (Fig EV3) and observed a shift towards oxidizing
conditions in the cytosol (Fig 3D).

Taken together, we conclude that the cytosolic milieu becomes
more oxidized upon imbalance of proteostasis. The change towards
oxidizing conditions in the cytosol is not limited to perturbations of
protein folding conditions within the cytosol, but also acts across
sub-cellular compartmental boundaries.

Proteasome inhibition is associated with redox perturbation in
the ER and cytosol

It has been established that protein misfolding and aggregation
induced by the expression of polyQ proteins inhibits the protea-
some (Holmberg et al, 2004; Bennett et al, 2007; Hipp et al, 2012).
Conversely, inhibition of the proteasome leads to an accumulation
of misfolded and aggregated proteins in the cytosol and nucleus
and thereby exacerbates an imbalance of proteostasis (Ciechanover
& Brundin, 2003). Accordingly, we observed an accumulation of
the short-lived fluorescent protein, YFP-CL1, by flow cytometry
analysis in Q77-mCherry-expressing HeLa cells, similar to control
cells treated with the proteasome inhibitor, epoxomicin
(Fig EV4A). This was observed as a delay in degradation of ubiqui-
tinated proteins in Q77-mCherry-expressing cells, consistent with
proteasome inhibition and supportive of the experimental condi-
tions for performing subsequent redox analysis (Fig EV4B). To
examine how the proteasome and redox homeostasis are linked
with respect to both the cytosol and the ER, we analysed the redox
state in both compartments upon inhibition of the proteasome
using the roGFP sensors. Exposure to the proteasome inhibitor
epoxomicin in both, C. elegans and HeLa cells resulted in a shift
towards more reducing conditions in the ER and more oxidizing

© 2015 The Authors

conditions in the cytosol (Fig 4A-D). These findings were extended
using the HyPer sensor and we observed a decrease in the H,0,
content in the ER upon epoxomicin treatment in C. elegans (neu-
ronal and muscle tissue) and in HeLa cells (Fig 4E and F). Taken
together, inhibition of proteasomal activity is accompanied with an
opposing change in the redox state in the cytosol and the ER and
thus exhibits the same behaviour as imbalance of proteostasis
caused by the expression of aggregation-prone proteins.

Profound changes in the redox state throughout the lifespan
of C. elegans

Ageing is accompanied by an accumulation of protein aggregates, a
decline in the induction of chaperones and proteases as well as
decreased protein synthesis (Ben-Zvi et al, 2009; David et al, 2010;
Vilchez et al, 2012, 2014; Kirstein-Miles et al, 2013). Given our
results (Figs 2-4), one might expect a progression of redox shifts in
opposing directions in both compartments, although little is known
about the redox state and consequently the folding capacity of the
ER during ageing. To address this, we synchronized C. elegans
expressing the roGFP sensor in the ER and determined the 405/
488 nm ratios during development (days 1 (L1 stage), 2 (L2/3 stage)
and 4 +5 (young adults)) and ageing (days 6-13). As shown in
Fig SA and B, the redox state of the ER is subject to changes
throughout the life of the animal. The ER is most oxidized on day 1
of life (L1 stage) and then shifts to slightly more reducing conditions
on day 2 before becoming more oxidized through days 4 and 5
(young adults) when it reaches its second peak of oxidation.
However, from day 5 onwards, the redox state of the ER
changes towards reducing conditions. Notably, this time point (day
5) marks the peak of fecundity and a stage when protein quality
control processes such as the induction and capacity of stress
response pathways and rate of protein synthesis start to decline and
protein aggregates accumulate (Ben-Zvi et al, 2009; David et al,
2010; Kirstein-Miles et al, 2013). The shift towards reducing
conditions in the ER continues through the late stages of ageing
(day 13).

Next, we analysed changes in the cytosolic redox state throughout
development and ageing (Fig 5D and E). The redox state in the first
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larval stage (day 1) is at its most reduced state and thus opposite to
the redox state of the ER. During development, the cytosol becomes
more oxidized until day 3 (L4 stage) before it shifts again to slightly
more reducing conditions on days 4 and 5 (young adults), again
contrasting with the redox state of the ER. With the progression of
ageing, the redox state changes to oxidizing conditions, in opposing
behaviour to the ER redox state (Fig SA-D). Our observations of the
cytosolic redox state are similar to those obtained in a previous study
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of whole animal analyses that also employed the HyPer sensor (Back
et al, 2012; Knoefler et al, 2012). The opposing redox state during
ageing, however, is not unexpected given the antagonistic response
in both compartments to proteotoxic stress induced either by inhibi-
tion of the proteasome or by expression of aggregation-prone
proteins (Figs 2—4). To examine whether genetic manipulation of
lifespan affects redox homeostasis in the ER, we employed mutations
of the insulin-signalling pathway that either extend or shorten

© 2015 The Authors
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Figure 4. Proteasome inhibition is associated with redox perturbation in the ER and cytosol.

A-D Treatment with the proteasome inhibitor epoxomicin (epx) is associated with a shift towards reducing conditions in the ER and a shift towards oxidizing
conditions in the cytosol in C. elegans (A, B) and Hela cells (C, D), respectively. The linear range of the ratio-metric analysis is indicated by the values for the fully
reduced/oxidized state of the sensors.

E, FTreatment with epoxomicin is associated with a decrease in H,0, levels in the ER in neuronal and muscle cells in C. elegans (E) and Hela cells (F).

Data information: The data are presented as means + SD (A: P =388 x 10 * B: P=3 x 107 %%, C: P=13 x 10 % D: P =502 x 10~% E: P = 1.57 x 10~ ** (neurons)

and P =549 x 10~ (muscle); F: P = 1.2 x 10~°°).The C. elegans data are based on an analysis of 20 nematodes for each condition and the number of analysed Hela

cells varies between 29 and > 50.

Source data are available online for this figure.
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lifespan. These two genetic backgrounds have been previously
employed to analyse the cytosolic redox state (Knoefler et al, 2012);
therefore, we asked whether the ER redox state is also linked to the
lifespan. We analysed the ER redox state of 4-, 6- and 10-day-old
daf-2 and daf-16 mutants and in wild-type animals and observed that
the daf-2 mutants that extend lifespan exhibit a delayed decline in
the oxidizing conditions compared to the control animals. Contrary
to that, daf-16 mutant animals exhibit a more rapid decline in the
oxidizing conditions during ageing (Fig 5C). We conclude that the
redox state changes reversibly with ageing.

Cross-tissue perturbation of redox homeostasis in response to
proteotoxic stress

It has been established that stress response pathways can also be
regulated in a cell non-autonomous manner and that tissues can
orchestrate an organismal-wide stress response (Prahlad et al,
2008; Durieux et al, 2011; Prahlad & Morimoto, 2011; van Oosten-
Hawle et al, 2013; Taylor & Dillin, 2013). We have demonstrated
that protein folding conditions affect the redox balance within the
same compartment (cytosol and ER), but also beyond organelle
boundaries from the cytosol to the ER and vice versa (Figs 2 and
3). These observations lead to the question whether the redox
state in one tissue is affected by proteostatic challenges in a distal
tissue and whether the maintenance of redox homeostasis is regu-
lated on an organismal level. To address this, we employed the
neuronal cytosolic roGFP sensor and crossed this line with a strain
expressing either RFP (QO0) alone (control) or Q40-RFP expressed
in the cytosol of muscle tissue. Proteotoxic stress is associated
with a shift towards oxidizing conditions in the cytosol (Fig 3A),
leading us to ask whether neuronal cells would also shift towards
more oxidizing conditions in response to polyQ expression in the
muscle. Indeed, the redox state shifted towards more oxidizing
conditions and thus responded to proteotoxic stress in the muscle
(Fig 6A). We then asked whether the communication is directional
from muscle to neurons or whether proteotoxic stress in neurons
would also affect the redox state in muscle. To address this, we
crossed the neuronal cytosolic Q0 and Q40 lines with the muscle
cytosolic toGFP line. The muscle cells responded to proteotoxic
perturbations caused by neuronal Q40 expression with a shift
towards oxidizing conditions in the cytosol (Fig 6B). These find-
ings reveal that proteostatic imbalances in one tissue are commu-
nicated to a distal tissue in a bilateral manner between neurons
and muscle.

Redox homeostasis is challenged by proteotoxicity

Janine Kirstein et al

Discussion

Our analysis of the redox state of C. elegans shows that redox home-
ostasis is highly regulated at a compartmental, cellular, tissue and
organismal level throughout development, ageing and in response to
proteotoxic stress. By employing two genetically encoded redox
sensors, we show that (i) the redox state in the cytosol and the ER
change in an opposing manner in response to proteotoxic challenges
in both C. elegans and in HeLa cells. While the ER becomes more
reduced upon expression of aggregation-prone proteins, inhibition of
the proteasome or during ageing, the cytosol becomes more oxidiz-
ing in response to these challenges (Fig 6D). (ii) The redox state of
the cytosol and the ER are affected by the folding environment
beyond compartmental boundaries. Perturbations of protein folding
conditions in the same as well as in the other organelle trigger adap-
tations of the redox state in the cytosol and the ER. (iii) The redox
state is subject to profound fluctuations in both compartments during
development. It has been previously proposed that ROS can also
acquire a role as a secondary messenger (Rhee, 2006; Bashan et al,
2009). Here, we have observed that neurons exhibit a higher basal
level of H,0, in the ER relative to muscle cells, suggesting that H,0,
may have a more substantial role as a secondary messenger molecule
for redox signalling in neurons, and (iv) redox homeostasis is regu-
lated and tightly linked to overall organismal control of proteostasis
such that an imbalance in the folding environment of neurons affects
not only the redox state of neuronal cells, but also that of distal
tissues such as muscle cells, and vice versa (Fig 6C). These findings
suggest a cell non-autonomous response to proteotoxic challenges
with an adaptation in its redox state. This conclusion is further
supported by our data that lifespan extension in daf-2 animals delays
the oxidation of the cytosol and the shift towards reducing conditions
in the ER, whereas short-lived daf-16 animals decline more rapidly in
the maintenance of redox homeostasis (Fig 5C).

The striking observation that proteotoxic challenges have oppos-
ing effects on redox homeostasis of the cytosol and the ER raises
questions on the underlying mechanism. Several scenarios can
explain these observations. First, the integrity of the ER membrane
could be compromised leading to leakage and an exchange of oxidiz-
ing and reducing agents such as NADP/NADPH, H,0, and GSH/
GSSG between the cytosol and the ER. Protein aggregates could also
interfere with or inhibit putative transporters of, for example, GSH
and H,0, or compromise the lipid bilayer of the ER membrane.
Misfolded and aggregated proteins with exposed hydrophobic
patches could directly interact with the lipid bilayer and affect

Figure 5. Profound changes of the redox state throughout the lifespan of an animal.

A-E Analysis of the emission intensities of roGFP excited at 405 and 488 nm during ageing in the ER (A-C) and the cytosol (D, E) of muscle tissue in C. elegans. Animals
were synchronized, and 20 animals were analysed at the indicated time points. Day 1 represents day 1 of life (L1 stage) and adulthood is reached on day 4. The
images show representative merged images upon subsequent excitation of 405 and 488 nm of single cells that were analysed. Scale bars are 10 pum. The ratio-
metric quantification of (A) and (D) is depicted in (B) and (E), respectively. (C) Ratio-metric analysis of the redox state of the ER of nematodes using roGFP on days
4,6 and 10 in control animals and daf-2 and daf-16 animals. The ratio-metric analyses of the days 4, 6 and 10 samples between the control, daf-2 and daf-16
mutants passed the ANOVA (F = 11 (day 4); F = 23 (day 6) and F = 96 (day 10); P > 0.0001) and the post hoc Tukey’s HSD test confirmed a significant difference for
day 4 samples between control versus daf-16 and daf-2 versus daf-16. The difference between control versus daf-2 is non-significant. For day 6 samples, the post
hoc Tukey’s HSD test confirmed a significant difference between control versus daf-16 and daf-2 versus daf-16. The difference between control versus daf-2 is non-
significant. For day 10 samples, the post hoc Tukey’s post hoc HSD test confirmed a significant difference between control versus daf-2 and daf-2 versus daf-16. The

difference between control versus daf-16 is non-significant.

Source data are available online for this figure.
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Figure 6. Cross-tissue perturbation of redox homeostasis in response to proteotoxic stress.

A Analysis of the redox state of the cytosol of neuronal tissue upon expression of Q40-RFP in muscle tissue of the same animal. Ratio-metric analysis using roGFP
expressed in neurons reveals a shift towards oxidizing conditions upon polyQ expression in the cytosol of muscle tissue. The ratio-metric analyses between neuronal
roGFP control and neuronal roGFP + muscle Q40 passed the ANOVA (F = 1292; P > 0.0001) and the post hoc Tukey’s HSD test confirmed a significant difference

between neuronal roGFP control versus neuronal roGFP + muscle Q40.

B Asin (A), polyQ expression in neuronal tissue is associated with a shift towards oxidizing conditions in the cytosol of muscle tissue. The analysis was carried out
analogous to (A). Twenty nematodes were analysed for both experiments and the imaging was carried out on a single-cell level. The ratio-metric analyses between
muscle roGFP control and muscle roGFP + neuronal Q40 passed the ANOVA (F = 199; P > 0.0001) and the post hoc Tukey’s HSD test confirmed a significant

difference between muscle roGFP control versus muscle roGFP + neuronal Q40.

C Cartoon image of the trans-tissue connection between the redox and protein homeostasis between neuronal and muscle tissue. Imbalance of proteostasis in either

tissue is associated with a cytosolic oxidation in the distal tissue.

D Cartoon summarizing the relationship between redox and protein homeostasis. Proteotoxic challenges are transmitted in a cross-compartmental manner and affect
the ER (change towards reducing conditions) and cytosolic redox state (change towards oxidizing conditions) in an opposing manner.

Source data are available online for this figure.

membrane integrity, thereby allowing passage of small molecules
such as ROS. This scenario would predict that the redox state of the
cytosol and the ER approaches each other in response to stress and
during ageing. In support of such a hypothesis, we observed an
opposing shift of the redox state in response to proteostatic chal-
lenges in the cytosol versus ER. Further support for a breakdown of
the organellar integrity stems from findings that several PDI family
proteins co-aggregate with cytosolic polyQ (Kirstein-Miles et al,
2013). This observation also suggests that members of the redox
network are meta-stable proteins whose function is compromised
upon protein folding challenges. Our observations could also be
explained by inhibition of the ERAD machinery that would imbalance
folding conditions in the ER and result in enhanced misfolding of ER-
resident proteins such as oxidoreductases or PDIs. The presence of
protein aggregates induced either by the expression of disease
proteins or by the accumulation of misfolded and aggregated proteins
during ageing is known to interfere with proteasome activity.
Consequently, ER-resident misfolded proteins that require retro-
translocation into the cytosol for their proteolytic turnover by the
proteasome could then not be efficiently cleared, thus causing an
imbalance in the ER folding environment and affecting the function
of the redox network. Alternatively, it is possible that the redox
surveillance system fails in both compartments during ageing and
stress. Knockdown of the major oxidase ero-I results in a profound
shift towards reducing conditions in the ER and has severe organis-
mal consequences such as sterility and larval arrest (Rual et al,
2004). The ER is equipped with a large number of oxidases and PDI
family oxidoreductases, which is further complicated by the intrinsic
nature of PDIs to work in both directions: to reduce S-S bonds and to
oxidize free thiols to form S-S bonds, and that the activity of each PDI
is highly coordinated and fine-tuned with respect to spatial and
temporal requirements (Sevier & Kaiser, 2008; Kakihana et al, 2012).
In addition, PDIs have a defined place in the redox cascade in
the formation of disulphide bonds in substrate proteins (Araki
et al, 2013). Therefore, it would be very challenging to perform a
systematic analysis of every PDI on the maintenance of the redox
homeostasis.

At the organismal level, much less is known about the contribu-
tion and availability of ER oxidases and PDIs for the maintenance of
a balanced redox homeostasis across tissues. A thorough analysis of
the expression pattern throughout development, ageing and in
response to stress conditions in particular with respect to different
cell types will be required for a more complete understanding. Our

© 2015 The Authors

observation of an organismal redox adjustment in response to
proteotoxic challenges in a specific cell type poses the question of
the nature of the signal for this regulation. One possibility is an endo-
crine-like signalling as has been speculated for organismal mitochon-
drial stress response pathways (Durieux et al, 2011). Alternatively,
imbalances of proteostasis might affect the folding conditions of
other cell types and those perturbations in turn might then affect the
redox state in the respective cell. This could involve the transmission
of misfolded and aggregated proteins to neighbouring cells or tissues
(Nussbaum-Krammer et al, 2013). The proteotoxicity is thus trans-
mitted and the redox homeostasis responds to the intracellular
imbalance of proteostasis as shown in Fig 3A and B. Moreover, it
has recently been shown that chaperone levels are adjusted in a
trans-tissue manner (van Oosten-Hawle et al, 2013) and thus could
also contribute to the observed redox signalling events. Although we
have observed effects on redox signalling in both directions, not only
from neurons to muscle, but also from muscle to neurons, it remains
to be investigated whether the redox homeostasis of all compart-
ments, cell types and tissues is regulated on an organismal level.

Materials and Methods
Cells, antibodies and plasmids

HeLa cells were cultured in Dulbecco’s modified Eagle’s medium
with 10% foetal bovine serum and antibiotics. The primary antibod-
ies used in the experiments were as follows: mouse monoclonal
anti-GFP (Roche Applied Science, Basel, Switzerland), mouse mono-
clonal anti-FLAG (Sigma-Aldrich), mouse monoclonal anti-B-actin
(Millipore), mouse monoclonal anti-ubiquitin-conjugated proteins
(FK-2 clone) (Enzo Life Sciences), KDEL rabbit polyclonal antibody
(Thermo Scientific) and Alexa Fluor 594 goat anti-rabbit IgG
(Invitrogen). The secondary antibodies used in the experiments
were HRP-anti-rabbit IgG and HRP-anti-mouse IgG (Invitrogen).
pmCherry-C1 was purchased from Clonetech. mCherry-FLAG (QO)
was sub-cloned into pcDNA3.1(—) with BamHI and HindIIl sites.
DsRed-KDEL was purchased from Clonetech. The glutamine repeats
of Q19-YFP, Q40-YFP and Q77-YFP (Kitamura et al, 2006) were sub-
cloned into mCherry-FLAG with EcoRI and BamHI sites. YFP-CL1
was purchased from Addgene. Intact cytosolic HyPer was purchased
from Evrogen. HyPer-ER was sub-cloned into pcDNA3.1(—) in frame
with signal sequence of HSP47 at N-terminus and ER retention
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signal (RDEL) at C-terminus. HttQ22-mCherry and HttQ134-mCherry
contain htt exonl and the extended polyQ region and were sub-
cloned into pcDNA3.1(-) using BamHI and Hindlll sites. Intact cyto-
solic ToGFP is a kind gift from Dr. James Remington (University of
Oregon, USA). ER-roGFPiE was cloned as described previously
(Kakihana et al, 2013).

C. elegans clones

roGFP1 was PCR-amplified using the forward primer: GGGGA-
CAAGTTTGTACAAAAAAGCAGGCTGGATGCTGCTATCCGTGCCGT
TGCTGC and reverse primer GGGGACCACTTTGTACAAGAAAGC
TGGGTGTTACAGCTCGTCCTTCTTGTACAGC. HyPer was PCR-
amplified using the forward primer: GGGGACAAGTTTGTACAAA
AAAGCAGGCTGGATGCGCTCCCTCCTGCTTCCAGCGCC and reverse
primer: GGGGACCACTTTGTACAAGAAAGCTGGGTGCTATAACTCG
TCTCGAACCGCCT. The targeting to the ER was achieved by includ-
ing the signal sequence of mammalian calreticulin and Hsp47 for
roGFP and HyPer, respectively. The ER retention sequences were
KDEL and RDEL for roGFP and HyPer. The PCR products were then
cloned into the pDONR221 vector of the Invitrogen Gateway system
according to the manufacturer’s protocol. pDONR221-containing
ER-roGFP1 was subsequently recombined with a vector containing
the intergenic region upstream (promoter) of unc-54 (muscle expres-
sion) or of F25B3.3 (pan-neuronal expression) and a vector contain-
ing the 3’ UTR of unc-54 into the destination vector pDESTR4R3 of
the Invitrogen Gateway system according to the manufacturer’s
protocol. The resulting vector was sequenced to test for the correct
sequence and orientation of the insert.

Extra-chromosomal transgenic strains were obtained by micro-
injection. The injection mixture consisted of 100 ng/ul plasmid
containing the transgene of interest and 50 ng/ul of a plasmid
containing Pmyo-2::mCherry as co-injection marker to screen for
transgenic animals. The extra-chromosomal arrays were integrated
by exposing the animals to y-irradiation that were subsequently
backcrossed three times.

C. elegans strains

Strains in this study were as follows: N2, Punc-54::ER_roGFP + myo-
2::mCherry, Punc-54::cyt_roGFP + myo-2::mCherry, Punc-54::ER_HyPer +
myo-2::mCherry, PF25B3.3::ER_HyPer + myo-2::mCherry, Pmyo-3::
cyt_HyPer + myo-2::mCherry, Pmyo-3::cyt_HyPerC199S + myo-2::mCherry,
AMI1065 (rmls349 [myo3p::RFP]), AM1066 (rmlIs350[unc-54p::Q40::
RFP]), Phsp-3::yfp, FUH154 (f23::mCherry), FUH157 (0.S824::mCherry)
and CL2006. Genetic crosses were generated between the sensors
(roGFP and HyPer) and QO-RFP, Q40-RFP, CL2006, FUH154,
FUH157, CB1370 (daf-2 mutant) and CF1038 (daf-16 mutant). The
resulting strains were singled to yield homozygous strains and then
backcrossed three times.

Maintenance of nematodes

Nematodes were grown on NGM plates seeded with E. coli OP50
strain at 20°C. For synchronization, gravid adults from one 10-cm
NGM plate were collected in a canonical tube and treated with 20%
alkaline hypochlorite solution under vigorous agitation for 4 min. The
eggs were then washed three times with cold 0.1 M NaCl solution.
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The eggs were allowed to hatch in M9 medium at 20°C for 22 h. The
arrested L1 larvae were subsequently used for RNAi or lifespan
experiments. For RNAi-mediated knockdown, L1 staged nematodes
were transferred onto NGM plates containing IPTG that were
seeded with E. coli expressing dsRNA against ero-1, skn-1 or ire-1.

Nematodes were transferred into liquid (S-Basal medium) for the
stress experiments. The respective strains were exposed to DTT
(5 mM), paraquat (0.1 mM), DPS (1 mM), H,O0, (10 uM) or epoxo-
micin (10 uM) before mounting onto glass slides for the ratio-metric
imaging analysis.

For an analysis of the soluble and insoluble protein fraction
(Fig EV1J), nematode samples were lysed in buffer containing 1%
NP-40, 10% glycerol, 150 mM NaCl, 20 mM HEPES, pH 7.4 and
sonicated for 5 min and then subjected to a centrifugation step of
5 min at 20,000 x g. The supernatant represented the soluble and
the pellet the insoluble fraction.

Imaging analysis of nematodes

For imaging, nematodes were mounted on 2% agarose (Sigma) pads
on glass slides and immobilized with 2 mM levamisole (Sigma).
Images were taken on a Leica SP5 and a Zeiss LSM780 confocal
microscope using a 63x objective. Individual cells of 20 animals
were analysed for each condition and time point. Live nematodes
were excited with 405 and 488 nm lasers, and the emission was
detected at 509 nm. Images were analysed using the LAS AF (Leica)
and Zen (Zeiss) software packages to calculate the ratios of
emissions. The ratios were determined from average intensities of
individual cells from background-subtracted images. The images
resulting upon excitation at 405 nm are false-coloured in blue and
those upon excitation at 488 nm in green. Immunofluorescence was
carried out as described earlier (Kirstein-Miles et al, 2013) using the
primary KDEL antibody in a dilution of 1:100 and the secondary
Alexa Fluor 594-conjugated antibody in a dilution of 1:500.

Transfection and Western blot

Plasmids were transfected using Effectene (Qiagen), according
to the manufacturer’s instructions. Cells were extracted with 1%
NP-40, 150 mM NaCl, 50 mM Tris-HCl (pH 8.0), and 20 mM
N-ethylmaleimide, 1 pg/ml leupeptin and pepstatin. The detergent-
soluble and detergent-insoluble fractions of cell lysates were
analysed by Western blot. For detection of ERroGFPiE, lysates
immunoprecipitated with anti-GFP were loaded. Western blot
images were acquired with the FLA-9000 Starion (Fujifilm Life
Science) and quantified with ImageJ.

Live-cell microscopy and image analysis of Hela cells

After medium change with Optimem, cells grown on glass bottom
dish (Iwaki) were transferred onto a stable heating insert for
microscopy, where the cells were supplied with 5% CO, at 37°C. A
confocal laser scanning microscope, LSM700, equipped with a
C-Apochromat 40x/1.20 water immersion lens was used to image
the cells. For live imaging, cells were excited with the 405 and
488 nm lasers in 1 and 2% laser power, respectively. Fluorescence
emission was detected by band-pass filter 490/555 nm for detection
of roGFP and HyPer sensors and long-pass filter 560 nm for detection
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of mCherry. Images were analysed with ZEN software (Carl Zeiss,
Germany). 405:488 nm ratios were determined from average intensi-
ties of regions of interest. For washing out reagents from medium
during live-cell imaging, medium change was performed at a speed
of 1.5 ml/min with Econo gradient pump (Bio-Rad, CA, USA).

Flow cytometry

Cells were harvested 48 h after transfection and analysed with a
flow cytometer (FACSCalibur, BD) and Cell Quest Pro software
(BD). A total of 100,000 cells were analysed per condition. For
detection of YFP fluorescence, 488 nm laser and emission band-pass
filter 515/545 nm were used, and for detection of mCherry fluores-
cence, 488 nm laser and emission band-pass filter 564/606 nm
were used.

Statistical analysis

Raw data and statistical evaluations for ratio-metric measurements
are listed as source data for the relevant figures. All data are
presented as the means =+ standard deviation (SD) as indicated in
the text, figure and figure legends. The statistical significance was
evaluated using Student’s t-test or ANOVA as indicated. P < 0.01
was considered statistically significant. Every ANOVA was followed
up by a post hoc analysis using the Tukey’s honest significance
difference (HSD) test. This test identifies the difference between two
means that is greater than the expected standard error. The results
of the post hoc Tukey’s HSD tests are listed together with the respec-
tive raw data and the ANOVAs. Whether or not the pairwise
analyses of the analysed groups have passed the post hoc HSD test is
indicated in the figure legends.

Expanded View for this article is available online:
http://emboj.embopress.org
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