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Abstract

Mitochondria play key roles in cellular immunity. How mitochon-
dria contribute to organismal immunity remains poorly under-
stood. Here, we show that HSP-60/HSPD1, a major mitochondrial
chaperone, boosts anti-bacterial immunity through the up-regula-
tion of p38 MAP kinase signaling. We first identify 16 evolutionarily
conserved mitochondrial components that affect the immunity of
Caenorhabditis elegans against pathogenic Pseudomonas aeruginosa
(PA14). Among them, the mitochondrial chaperone HSP-60 is
necessary and sufficient to increase resistance to PA14. We show
that HSP-60 in the intestine and neurons is crucial for the resis-
tance to PA14. We then find that p38 MAP kinase signaling, an
evolutionarily conserved anti-bacterial immune pathway, is down-
regulated by genetic inhibition of hsp-60, and up-regulated by
increased expression of hsp-60. Overexpression of HSPDI1, the
mammalian ortholog of hsp-60, increases p38 MAP kinase activity
in human cells, suggesting an evolutionarily conserved mechanism.
Further, cytosol-localized HSP-60 physically binds and stabilizes
SEK-1/MAP kinase kinase 3, which in turn up-regulates p38 MAP
kinase and increases immunity. Our study suggests that mitochon-
drial chaperones protect host eukaryotes from pathogenic bacteria
by up-regulating cytosolic p38 MAPK signaling.
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Introduction

Emerging evidence indicates that mitochondria play key roles in
anti-viral and anti-bacterial innate immunity in mammalian cells
(West et al, 2011). For example, mitochondria protect cells from
pathogens by the generation of reactive oxygen species (ROS) that
eliminate bacteria. Mitochondria also provide a membrane platform
on which pathogen-responsive immune effector proteins boost
inflammatory signals. However, mechanisms by which mitochon-
dria modulate immunity remain largely unknown, in particular, at
the organism level.

Caenorhabditis elegans has been used as an excellent model
to study organismal innate immunity against pathogenic
microbes (Ewbank, 2006; Irazoqui et al, 2010; Kim & Ewbank,
2015; Ewbank & Pujol, 2016). Previous studies have identified
important immune regulators against bacterial pathogens; these
include PMK-1/p38 mitogen-activated protein kinase (p38 MAPK)
(Kim et al, 2002), and transcription factors, SKN-1 (Papp et al,
2012), ZIP-2 (Estes et al, 2010), and DAF-16/FOXO (Garsin et al,
2003; Evans et al, 2008). Among them, PMK-1 is essential for
resistance against infection by various pathogenic bacteria,
including Pseudomonas aeruginosa (Kim et al, 2002, 2004;
Troemel et al, 2006; Powell et al, 2009; Ren et al, 2009; Shivers
et al, 2009, 2010; Bolz et al, 2010; Richardson et al, 2010;
Pukkila-Worley & Ausubel, 2012; Kim, 2013). PMK-1 is activated
via phosphorylation by the upstream kinase cascade, composed
of SEK-1/MKK3 (MAPK kinase) and NSY-1/ASK1 (MAPK kinase
kinase), which also mediate immunity against pathogenic bacte-
ria. The activation of the PMK-1 signaling cascade by P. aerugi-
nosa infection is dependent on Toll-interleukin-1 receptor (TIR)
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domain-containing protein TIR-1/SARM (Couillault et al, 2004;
Liberati et al, 2004).

Mitochondria also play roles in the resistance of C. elegans
against pathogenic bacteria by regulating ROS production, mito-
phagy, and mitochondrial unfolded protein response (UPRMT)
(Hwang et al, 2014; Liu et al, 2014; Pellegrino et al, 2014; Kirienko
et al, 2015; Ewbank & Pujol, 2016). Under stress conditions,
UPRMT sends signals to the nucleus through HAF-1, a mitochon-
drial peptide exporter (Haynes et al, 2010), and up-regulates tran-
scription factors including ATFS-1 (Haynes et al, 2010), DVE-1
(Haynes et al, 2007), its cofactor UBL-5 (Benedetti et al, 2006), and
chromatin remodeling factors (Merkwirth et al, 2016; Tian et al,
2016). This leads to the induction of genes such as mitochondrial
chaperones, which help alleviate perturbed protein homeostasis in
mitochondria (Pellegrino et al, 2013). UPRMT also increases the
expression of several anti-microbial genes in C. elegans in an
ATFS-1-dependent manner, and contributes to anti-bacterial immu-
nity (Nargund et al, 2012; Pellegrino et al, 2014). In addition, inhi-
bition of mitochondrial complex I up-regulates PMK-1 signaling
(Chikka et al, 2016). Despite these advances, the link between
mitochondrial factors and immune signaling pathways in
C. elegans remains elusive.

In this study, we aim to identify evolutionarily conserved mito-
chondrial factors that contribute to organismal immunity using
C. elegans and P. aeruginosa as the host and pathogen, respectively.
We find that the mitochondrial chaperone HSP-60 enhances
C. elegans immunity against P. aeruginosa. We demonstrate that
HSP-60 in the intestine and neurons is crucial for the resistance to
PA14. We then show that HSP-60 up-regulates the PMK-1 signaling
pathway, which confers the increased immunity. Using cultured
human cells, we find that the activity of p38 MAPK is increased by
HSPD1, the ortholog of HSP-60. Furthermore, we show that a frac-
tion of HSP-60 in the cytosol increases the PA14 immunity by bind-
ing and stabilizing SEK-1/MKK3, which up-regulates p38 MAP
kinase. Our study raises the possibility that mitochondrial chaper-
ones protect hosts from pathogens by the up-regulation of cytosolic
PMK-1/p38 MAPK signaling, which is an evolutionarily conserved
immune process.

Results

A genetic screen identifies mitochondrial components that
regulate Caenorhabditis elegans immunity

We sought to identify mitochondrial factors that were critical for
immunity using C. elegans as the host animal and PA14 as the
pathogenic bacteria. We specifically focused on evolutionarily
conserved nuclear-encoded mitochondrial components because of
their potential implication in mammalian immunity (Appendix Fig
S1A; also see Materials and Methods). We knocked down 220 such
mitochondrial components with available RNAi and
measured the survival of C. elegans fed on PA14 by using a standard
infection (“slow killing”) assay (Appendix Fig S1A) (Tan et al,
1999). As potential immune-regulatory genes, we identified 16 RNAi
clones that reproducibly increased or decreased the survival of
animals following PA14 infection (arbitrary cutoff: £10% change in
mean survival, and P-value < 0.001, Fig 1A and Table 1).

clones
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We classified these 16 genes based on the effects of their
RNAi knockdown on known immune-regulatory signaling path-
ways against PA14 infection, including PMK-1/p38 MAPK (Kim
et al, 2002), and the three transcription factors, ZIP-2 (Estes et al,
2010), SKN-1/Nrf (Papp et al, 2012), and DAF-16/FOXO (Garsin
et al, 2003; Evans et al, 2008) (Fig 1B-D and Appendix Fig S1A).
We measured the survival of pmk-1, zip-2, and daf-16 mutants
after PA14 infection upon treatment with each of the 16 RNAi
clones (Fig 1B). We also examined the effects of the RNAi clones
on downstream target gene GFP reporters for these regulators,
including T24B8.5 for PMK-1 (Shivers et al, 2009), irg-1 for ZIP-2
(Estes et al, 2010), gst-4 for SKN-1 (Kahn et al, 2008), and sod-3
for DAF-16 (Honda & Honda, 1999; Libina et al, 2003) (Fig 1C).
We analyzed the results using a heat map, which exhibited three
clusters (Fig 1B-D and Appendix Fig S1B; see Appendix Fig S1
legend for the detailed description of these clusters). RNAi knock-
down of the cluster I genes decreased the survival of worms
following PA14 infection in a pmk-I-dependent manner as well
as the expression levels of the PMK-1 reporter, T24B8.5p::GFP
(Fig 1B and C). The RNAI clones targeting cluster II genes tended
to decrease the survival of worms infected with PA14 in a zip-2-
dependent manner (Fig 1B). Knockdown of many cluster III
genes, which are implicated in mitochondrial mRNA translation
and respiration, increased the survival of animals following PA14
infection partly in zip-2- and daf-16-dependent manners (Fig 1B).
The cluster III RNAi clones also generally decreased the induction
of irg-1p::GFP, but increased the expression of the gst-4p::GFP
upon PA14 infection (Fig 1C). Overall, the mitochondrial compo-
nents in these three different clusters appear to influence PA14
susceptibility by acting through different immune regulators.

The mitochondrial chaperone HSP-60 in the intestine
and neurons is required for immunity against
Pseudomonas aeruginosa

We found that the knockdown of the hsp-60 had the most robust
effect on PA14 resistance, which was up to a 43% decrease
(Table 1 and Fig 2A). The accumulation of GFP-labeled PA14 in
the intestinal lumen was also increased by hsp-60 RNAi (Fig 2B
and C). This result indicates that hsp-60 is required for the clear-
ance of PA14. In contrast, hsp-60 RNAi did not affect the avoid-
ance behavior of worms to PA14 (Fig 2D-F). hsp-60 RNAi also
had little effect on the lifespan of the worms following standard
Escherichia coli (E. coli) diet feeding (Fig 2G), or on the survival
upon pathogenic Enterococcus faecalis (E. faecalis) or pathogenic
E. coli infection (Fig 2H and I). Together, these data suggest that
HSP-60 is specifically required for resistance to PA14 infection by
affecting intrinsic immunity, without altering lifespan or
behavioral responses to pathogens.

Next, we determined in which tissues HSP-60 was required for
the resistance to PA14. By performing tissue-specific RNAi experi-
ments (Qadota et al, 2007; Calixto et al, 2010), we found that intes-
tine- or neuron-specific hisp-60 knockdown robustly increased the
susceptibility of animals to PA14 (Fig 3A and B). In contrast, treat-
ment with hsp-60 RNAI specifically in the hypodermis, muscle, or in
control animals did not influence survival upon PA14 infection
(Fig 3C-F). Thus, HSP-60 expression in the intestine and neurons
contributes to the anti-PA14 immunity.
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Figure 1. Targeted RNAi screen for mitochondrial components that affect anti-PA14 immunity in Caenorhabditis elegans.

A A volcano plot exhibits mean survival changes and P-values on PA14 after pre-treatment with each of RNAi clones targeting evolutionarily conserved mitochondrial
components. P-values were calculated by using log-rank test. pmk-1 RNAi (red diamond) was used as a positive control.

B, C Heat maps were generated based on the effects of RNAi clones on the survival of animals in different genetic backgrounds upon PA14 infection (average values of
% changes in mean survival obtained from two independent trials) (B) and on the expression levels of GFP reporters for known immune effector proteins (C).
Asterisk indicates effects by empty vector controls.

D Genes in the heat maps shown in panels (B) and (C) were randomly clustered into three groups (clusters |, I, and Ill) by using Cluster 3.0.

Data information: See Datasets EV1 and EV2, and Appendix Table S1 for the filtering processes of our gene list, statistical analysis for the survival data and semi-
quantitative analysis of GFP reporters shown in this figure.
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Table 1. List of mitochondrial genes whose knockdown reproducibly influe
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nces the survival of Caenorhabditis elegans on PA14.

Gene % Change in mean survival
Human C. elegans Description RNAi screen 2" repeat
HSPD1 hsp-60 Mitochondria-specific chaperone -319 —369
AGP5 ads-1 Alkyldihydroxyacetonephosphate synthase, peroxisomal —299 —26.0
GLRX5 glrx-5 Glutaredoxin-related protein 5 (mitochondrial), involved in the biogenesis of —-19.4 —259
iron—sulfur clusters and normal iron homeostasis
DBT ZK669.4 Dihydrolipoamide branched chain transacylase —30.6 —18.38
IDH2 idh-2 Mitochondria isocitrate dehydrogenase —60.6 —12.4
NDUFS4 Ipd-5 An accessory subunit of the mitochondrial membrane respiratory chain 221 10.2
NADH dehydrogenase (complex 1), or NADH
ALDH5A1 alh-7 Aldehyde dehydrogenase 325 16.7
NDUFV2 F53F4.10 NADH dehydrogenase [ubiquinone] flavoprotein 2 225 20.6
GRPEL1 C34C12.8 GrpE protein homolog 1, Hsp70 cochaperone 354 26.8
LARS2 lars-2 Leucyl amino-acyl tRNA synthetase 179 279
MRPS5 mrps-5 Mitochondrial ribosomal protein 30 29.0
MRPL3 mrps-18C Mitochondrial ribosomal protein 341 320
DAP3 dap-3 Death-associated protein 3, mitochondrial ribosomal protein that promotes apoptosis 47.0 345
MRPL22 mrpl-22 Mitochondrial ribosomal protein 24.6 39.8
SLC25A37 mfn-1 Mitoferrin, iron importer for the synthesis of mitochondrial heme and 320 41.0
iron—sulfur clusters
MRPS35 mrps-35 Mitochondrial ribosomal protein 321 43.2

The mitochondrial unfolded protein response is required for the
resistance of Caenorhabditis elegans against PA14

We tested whether the PA14 susceptibility was affected by knock-
down of UPRMT components other than HSP-60, including DVE-1
(Haynes et al, 2007), UBL-5 (Benedetti et al, 2006), and ATFS-1,
and the mitochondrial peptide exporter HAF-1 (Haynes et al, 2010).
We found that the genetic inhibition of dve-1 or ubl-S significantly
increased susceptibility to PA14 (Fig EV1A and B). Mutations in
atfs-1 increased susceptibility to PA14 as well (Fig EV1C), as shown
previously (Pellegrino et al, 2014). Our data are consistent with the
findings that these factors transcriptionally up-regulate HSP-60
(Benedetti et al, 2006; Haynes et al, 2007, 2010). In contrast, the
haf-1 mutation did not affect the survival following PA14 infection
(Fig EV1D). Thus, HAF-1 might not participate in the resistance to
PA14, although the result can be interpreted with different reasons
such as redundancy. Together, these data indicate that UPRMT in
general, is required for the PA14 resistance.

HSP-60 regulates immunity against PA14 via PMK-1
signaling pathway

We examined whether UPRMT components affected the activity of
known immunity factors. Consistent with our heat map data
(Fig 1C), hsp-60 RNAi decreased the induction of the T24B8.5p::
GFP, a PMK-1 activity reporter, upon PA14 infection (Fig 4A and B).
Knockdown of dve-1 or ubl-5 also suppressed the PAl4-induced
T24B8.5p::GFP (Fig EV2A and B). In addition, hsp-60 RNAi reduced
the levels of F35E12.5p::GFP, another PMK-1 reporter (Fig EV2C and
D) (Bolz et al, 2010), and three selected PMK-1-regulated target

© 2017 The Authors

mRNAs (T24B8.5, CI17H12.8 and KO08DS8.5) (Shivers et al, 2010)
following PA14 infection (Fig 4C-E). Further, knockdown of hsp-60
reduced the level of active phospho-PMK-1 under both control and
PAl4-infected conditions (Figs 4F and EV2G). These data indicate
that hsp-60 is required for maintaining the basal levels of active
PMK-1. Consistently, knockdown of hsp-60 did not further reduce
the survival of pmk-1 mutants following infection with PA14
(Fig 4G), but robustly decreased the survival of zip-2 and daf-16
mutants (Fig 4H and I). Together, these data suggest that HSP-60
contributes to the resistance against PA14 by up-regulating PMK-1.

TIR-1/SARM is a positive upstream regulator of PMK-1 signaling
(Liberati et al, 2004), and gain-of-function (gf) mutations of tir-1/
SARM increase anti-PA14 immunity (Xie et al, 2013). We found that
hsp-60 RNAi suppressed the induction of T24B8.5p::GFP conferred
by tir-1(gf) mutations (Fig 5A and B). In addition, enhanced PA14
resistance conferred by tir-1(gf) mutations was largely suppressed
by hsp-60 RNAI (Fig 5C). These data indicate that HSP-60 may act
downstream of or in parallel with TIR-1 to regulate PMK-1 activity
and immunity against PA14.

Increased expression of HSP-60 is sufficient for
enhancing immunity

We then asked whether increased expression of hsp-60 affected anti-
PAl4 immunity by generating transgenic worms that expressed
hsp-60 with or without a GFP tag (hsp-60::GFP Tg or hsp-60 Tg). We
first confirmed that these transgenes increased the levels of hsp-60
mRNA (Fig EV3A and D) and HSP-60::GFP protein (Fig EV3B and
C). We then showed that the GFP-fused HSP-60 was mainly local-
ized to the mitochondria of cells in multiple tissues (Fig 6A-F; but
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Figure 2. HSP-60 is required for resistance against PA14 in Caenorhabditis elegans.
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|
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A RNAi knockdown of hsp-60 decreased the survival of animals on PA14. See Appendix Fig S2A for results showing that hsp-60 RNAi reduced survival on PA14 without

5-fluoro-2'-deoxyuridine (FUdR) treatment.

B Shown are representative images of worms, which were pre-treated with control RNAI, hsp-60 RNAi or pmk-1 RNAI, after PA14-GFP exposure for 48 h. Scale bar

indicates 40 um.

C  Semi-quantification of PA14-GFP levels in panel (B) (n > 23 from three independent experiments). Error bars represent standard error of the mean (SEM). P-values
were calculated by using chi-squared test (***P < 0.001). pmk-1 RNAi, which increases the accumulation of PA14-GFP in the intestinal lumen (Kim et al, 2002), was

used as a positive control.

D  Bacterial lawn occupancy of wild-type animals pre-treated with control or hsp-60 RNAi upon Escherichia coli (HT115) or PA14 exposure for 16 h.
E  Quantification of data in panel (D) (n > 100 from three independent experiments). Error bars represent SEM. P-values were obtained by using two-tailed Student’s

t-test (***P < 0.001).

F Time-course data of the PA14 avoidance assays indicate that worms treated with hsp-60 RNAi did not display defects in PA14 avoidance (n = 3). Error bars

represent SEM. P-values were calculated by two-way ANOVA test (***P < 0.001).
G hsp-60 RNAI had a small effect on the lifespan of animals on a normal E. coli (HT115) diet.

25

Knockdown of hsp-60 had little or no effect on the survival of worms infected with Enterococcus faecalis without 5-fluoro-2'-deoxyuridine (FUdR) treatment (H) or

pathogenic E. coli (I). pmk-1 RNAI that decreases the survival of animals on both E. faecalis (Shivers et al, 2010) and pathogenic E. coli was used as a positive control
(Appendix Fig S2B and C). See Appendix Fig S2D and E for data showing that treatment with E. faecalis or pathogenic E. coli did not induce mitochondrial

chaperone genes hsp-6 or hsp-60.

Data information: See Appendix Table S2 for additional repeats and statistical analysis for the survival and the lifespan data shown in this figure.
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Figure 3. hsp-60 in the intestine and neurons is required for anti-PA14 immunity.

A-D

Intestine (A)- or neuron (B)-specific hsp-60 RNAi increased PA14 susceptibility, whereas muscle (C)- or hypodermis (D)-specific hsp-60 RNAi did not. rde-1(ne219)

mutant animals that expressed rde-1 under the control of an intestine-specific nhx-2 promoter, a muscle-specific hlh-1 promoter or a hypodermis-specific lin-26
promoter, and sid-1 mutant animals that expressed sid-1 driven by a neuron-specific unc-119 promoter were used for tissue-specific RNAi experiments (Qadota

et al, 2007; Calixto et al, 2010).
5, [F

Upon PA14 infection, hsp-60 RNAI did not affect the survival of RNAi-defective rde-1(ne219) (E) or systemic RNAi-defective sid-1(pk3321) (F) mutants.

Data information: See Appendix Table S3 for additional repeats and statistical analysis for survival and lifespan data shown in this figure.

see also Fig 9B and legends). Importantly, both hsp-60::GFP Tg and
hsp-60 Tg significantly increased resistance to PA14 (Figs 6G, and
EV3E and F), which was abolished by hsp-60 RNAi (Fig 6H). The
lifespan on a standard E. coli diet was not extended by hsp-60::GFP
Tg (Figs 61 and EV3G), suggesting the specific role of hsp-60 in
survival upon PA14 infection.

As overexpression of exogenous proteins in subcellular orga-
nelles can result in stresses (Gibson et al, 2013), we considered the
possibility that transgenic expression of hsp-60 may have elicited
mitochondrial unfolded protein response (UPRM') to increase
immunity. Several lines of evidence argue against this possibility.
First, overexpression of only GFP in mitochondria (GFPMT) driven
by hsp-60 promoter with mitochondria-targeting sequence (MTS) of

© 2017 The Authors

hsp-60 (Appendix Fig S3A-C) did not increase the survival of
animals on PA14 (Appendix Fig S3D). Second, hsp-60::GFP transge-
nes did not affect the expression of hsp-6 (Appendix Fig S4A),
another mitochondrial chaperone that is induced by UPRMT (Yoneda
et al, 2004). Third, hsp-60::GFP transgenes had little effect on devel-
opment, whereas mitochondrial stresses caused by treatment with
spg-7/spastic paraplegia-7 RNAi or cco-1/cytochrome C oxidase-1
RNAI, or with ethidium bromide (EtBr) substantially delayed the
development (Appendix Fig S4B and C). hsp-60::GFP Tg animals
displayed impaired reproduction, which is known to correlate with
increased resistance against PA14 (Miyata et al, 2008). However,
day 6 post-reproductive hsp-60::GFP Tg animals displayed increased
survival on PA14, suggesting that hsp-60::GFP transgene-mediated
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B Quantification of data in panel (A) (n > 23). Note that the same data for control RNAi and pmk-1 RNAI are also shown in Fig EV2A and B for comparison.

C-E
with or without PA14 treatment (n > 7).

Hours on PA14

gqRT-PCR analysis data that show mRNA levels of three selected PMK-1-regulated genes, T24B8.5 (C), C17H12.8 (D), and KO8D8.5 (E) upon knocking down hsp-60

F Western blot assays showed that hsp-60 RNAi decreased the level of phospho-PMK-1 (p-PMK-1) with or without PA14 treatment, which is comparable to pmk-1
RNAi. The blot is a representative one from four repeats that showed consistent results. a-tubulin was used as a loading control. The numbers indicate relative
intensities of the p-PMK-1 bands normalized to a-tubulin. See Fig EV2G for the quantification data.

G-l
and daf-16(mu86) mutants (I).

Upon PA14 infection, hsp-60 knockdown did not influence the survival of pmk-1(km25) mutants (G), but significantly decreased the survival of zip-2(tm4067) (H)

Data information: pmk-1 RNAi was used as a positive control for panels (A-F). Error bars represent SEM. P-values were calculated by two-tailed Student’s t-test
(*P < 0.05, **P < 0.01, ***P < 0.001). See Appendix Table S5 for additional repeats and statistical analysis for the survival data in this figure.
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Figure 5. hsp-60 is required for increased PA14 resistance and PMK-1

activity in tir-1(gf) animals.

A Induction of T24B8.5p::GFP conferred by a tir-1 gain-of-function (gf)
mutation (yz68) was largely suppressed by knockdown of hsp-60. Scale bar
indicates 200 um.

B Quantification of data in panel (A) (n > 20). Error bars represent SEM.
P-values were calculated by two-tailed Student’s t-test (***P < 0.001).

C hsp-60 RNAI largely suppressed the increased resistance of tir-1(gf) mutants
to PA14.

Data information: See Appendix Table S6 for additional repeats and statistical
analysis for the survival data in this figure.

PA14 resistance is not due to reduced fertility (Fig 6J). Together,
these data suggest that enhanced survival on PA14 by increased
expression of hsp-60 is not due to overexpression artifacts or
reduced fertility.

Increased expression of HSP-60/HSPD1 up-regulates
PMK-1 signaling

We asked whether the PMK-1 signaling pathway mediated the effect

of hsp-60 on immunity. We found that hsp-60::GFP transgenes
induced three PMK-1 downstream genes, in a pmk-1-dependent

© 2017 The Authors
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manner (Fig 7A-C). hsp-60::GFP transgenes also increased the level
of active phospho-PMK-1 (Fig 7D and Appendix Fig S5A). These
data suggest that increased HSP-60 levels are sufficient for up-
regulating PMK-1 signaling.

Mammalian HSPD1, the ortholog of C. elegans HSP-60, is also
crucial for protein quality control in mitochondria. Therefore, we
asked whether the regulation of p38 MAPK signaling by HSPD1 was
conserved in mammals. Overexpression of human HSPDI acceler-
ated the increase in the level of active phospho-p38 MAPK in
cultured human cells at 2 h post-PA14 infection (HPI) (Fig 7E and
Appendix Fig S5B). As p38 MAPK signaling plays key roles in
mammalian immunity, this result raises a possibility that HSPD1/
HSP-60 exerts immune functions in mammals as well as in
C. elegans.

HSP-60 increases PA14 resistance via stabilization of SEK-1/MKK3

We then examined the requirement of PMK-1 signaling components
pmk-1, sek-1/MKK3, nsy-1/ASK1, and tir-1/SARM for the effect of
hsp-60::GFP transgenes on susceptibility to PA14. We found that
pmk-1 or sek-1 mutations largely suppressed the enhanced PA14
resistance conferred by hsp-60::GFP transgenes (Fig 7F and G),
whereas nsy-1 or tir-1 mutations did not (Fig 7H and I). sek-1 muta-
tions also largely suppressed the induction of PMK-1-regulated
genes conferred by hsp-60::GFP transgenes (Fig 7J-L). Thus, HSP-60
appears to act upstream of SEK-1 and PMK-1 to confer anti-PA14
resistance.

We further tested whether HSP-60 regulated the level or the
localization of SEK-1 or PMK-1 proteins using tagRFP fusions
expressed in the intestine. Importantly, we found that hsp-60::GFP
transgenes increased the level of SEK-1::tagRFP, whereas transgenic
expression of only GFP in the mitochondria (GFPM") did not (Fig 8A
and B). We also showed that hsp-60::GFP transgenes did not affect
the level of PMK-1::tagRFP (Fig 8C and D), or tagRFP in the intes-
tine (Fig 8E and F). These data suggest that the increase in SEK-1::
tagRFP level by hsp-60::GFP transgenesis specific.

HSP-60 in the cytosol binds SEK-1/MKK3 and confers
PA14 resistance

We then asked how mitochondrial HSP-60 increased the level of
cytosolic SEK-1. A fraction of HSP-60 in yeast and cultured mamma-
lian cells is known to be localized in the cytosol (Soltys & Gupta,
1996; Chun et al, 2010; Kalderon et al, 2015). Thus, we tested the
possibility that a fraction of C. elegans HSP-60 in the cytosol up-
regulated SEK-1. We first found that both endogenous and GFP-
fused HSP-60 proteins were detected in the cytosol as well as in the
mitochondria (Fig 9A and B). We then determined the functional
importance of the HSP-60 in the cytosol, by expressing HSP-60::GFP
lacking MTS, which was indeed localized in the cytosol (cytHSP-60::
GFP; Fig 9C-E). Importantly, we found that this cythsp-60::GFP
enhanced PA14 resistance (Fig 9F).

Next, we asked whether the cytosolic HSP-60 physically inter-
acted with SEK-1 by using a split GFP (spGFP) system (Ghosh et al,
2000; Hu et al, 2002; Zhang et al, 2004; Feinberg et al, 2008; Hiatt
et al, 2008; Shyu et al, 2008). We detected green fluorescent signals in
transgenic animals that expressed both N-terminal GFP fragment
(spGFPN)-fused HSP-60 and C-terminal GFP fragment (spGFPC)-fused

The EMBO Journal Vol 36 | No 82017
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Figure 6. Increased expression of hsp-60 is sufficient for increasing immunity against PA14.

A, B GFP fluorescence images of L4 larval animals that expressed hsp-60::GFP. GFP expression was observed in multiple tissues including neurons, the hypodermis, the
muscles (A), and the intestine (B). Scale bar indicates 100 pm.

C-F Images of an L2 larval animal expressing HSP-60::GFP driven by an hsp-60 promoter. HSP-60::GFP (C) and MitoTracker that stained mitochondria (D) were co-
localized (E). Boxed areas were magnified in each panel. Scale bars indicate 10 pm. (F) HSP-60::GFP and MitoTracker signals (arbitrary units) in the boxed area in
panel (E) showed significant correlation (Pearson’s correlation coefficient: r = 0.917, P < 0.001). We also found that correlation between HSP-60:GFP and
MitoTracker signals was significant by using the images of all 12 animals (Pearson’s correlation coefficient: r = 0.906, P < 0.001).

G Two independent integrant lines of animals that expressed hsp-60:GFP (hsp-60:GFP Tg) were resistant to PA14.

H  hsp-60 RNAI abolished the increased survival of hsp-60::GFP Tg animals on PA14.

I hsp-60:GFP Tg animals lived slightly shorter on a normal Escherichia coli (OP50) diet.

J Day 6 post-reproductive hsp-60:GFP Tg animals displayed increased survival on PA14 without 5-fluoro-2’-deoxyuridine (FUdR) treatment.

Data information: See Appendix Tables S7 and S8 for additional repeats and statistical analysis for the survival and the lifespan data shown in this figure.
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Figure 7.

SEK-1 (Fig 9G and H). This result indicates that HSP-60 binds SEK-1 HSPD1/HSP60 in the mitochondria (Bukau & Horwich, 1998) and
(Fig EV4A). We used spGFPC fused with mitochondrial chaperone spGFPC, respectively, as positive and negative controls for HSP-60
Y22D7AL.10, whose mammalian homolog HSPE1 interacts with binding (Figs EV4B-D, and 9J and K). We also noticed that the
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Figure 7. HSP-60 up-regulates PMK-1 signaling and immunity against PA14 via SEK-1/MKK3.
A-C gRT-PCR analysis showed that three selected PMK-1 target genes, T24B8.5 (A), C17H12.8 (B) and KO8D8.5 (C), were induced by hsp-60:GFP Tg in a pmk-1-dependent

manner without PA14 infection (n = 4).

D hsp-60:GFP Tg increased phospho-PMK-1 (p-PMK-1) level. a-tubulin was used as a loading control. GFP antibody was used for blotting HSP-60::GFP. The numbers
below bands indicate relative intensities of the p-PMK-1 normalized to those of a-tubulin. The blot is a representative one out of four repeats that showed

consistent results. See Appendix Fig S5A for quantification data.

E Western blot analyses were carried out by using Hela cells expressing a myc-tagged human HSPD1 or a control plasmid (Empty: pcDNA3.1 pCMV-MYC). HSPD1-
myc overexpression further increased the level of phospho-p38 MAP kinase (p-p38 MAPK), upon PA14 exposure for 2 h, but had little effect on the level of p38 MAP
kinase (p38 MAPK). GAPDH was used as a loading control. HPI: hours post-infection. The numbers indicate relative intensities of the phospho-p38 MAPK level
normalized to p38 MAPK level. The blot is a representative one of six repeats that showed consistent results. All six Western blot data are shown in the source data.

See Appendix Fig S5B for quantification data.

F, G Enhanced PA14 resistance conferred by hsp-60:GFP Tg was largely suppressed by pmk-1(km25) mutation (F) or sek-1(km4) mutation (G).
H, 1 hsp-60:GFP Tg increased the survival of animals fed with PA14 in nsy-1(0k593) (H) and tir-1(tm3036) (I) mutants.
J-L  gRT-PCR analysis showed that sek-1 mutations largely suppressed the induction of three selected PMK-1 target genes, T24B8.5 (J), C17H12.8 (K) and KO8D8&.5 (L), by

hsp-60::GFP Tg without PA14 infection (n > 3).

Data information: Error bars represent SEM. P-values were calculated by using two-tailed Student’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001). See Appendix Table S10

for additional repeats and statistical analysis for the survival data shown in this figure.

Source data are available online for this figure.

green fluorescence signals were located in the cytosol in the trans-
genic animals expressing spGFPN-fused HSP-60 and spGFPC-fused
SEK-1 (Fig 91). These results are consistent with the possibility that
HSP-60 binds SEK-1 in the cytosol and stabilizes SEK-1. Altogether,
our data suggest that HSP-60 in the cytosol binds and stabilizes
SEK-1 to confer anti-bacterial defense in host animals.

Discussion

In this report, we showed that the mitochondrial chaperone HSP-60
was necessary and sufficient for increasing immunity against
P. aeruginosa by up-regulation of SEK-1/PMK-1 signaling. It is
surprising that a single mitochondrial chaperone acted as the key
effector and mediated immune signaling for the host defense. One
possibility is that inhibition of mitochondrial chaperones impairs
overall mitochondrial function, which in turn leads to reduced
immunity against bacterial pathogens. However, this seems unlikely
because genetic modulation that decreases mitochondrial function
can actually increase anti-bacterial immunity (Hwang et al, 2014;
Pellegrino et al, 2014). In addition, our data using hsp-60::GFP trans-
genic animals indicate that HSP-60 was sufficient to enhance immu-
nity and immune-regulatory SEK-1/PMK-1 signaling. Thus, HSP-60
appears to increase SEK-1/PMK-1 pathway in the cytosol to modu-
late immunity against bacterial pathogens.

Our data suggest that HSP-60 located in the cytosol can play a
role in immune responses. The effects of cytosolic HSP-60 on
immunity led us to speculate that PA14 infection stress might trig-
ger the translocation of HSP-60 from mitochondria to the cytosol.
However, it does not seem to be the case, because PA14 infection
did not alter the level of cytosolic HSP-60 or the ratio of cytosolic/
mitochondrial HSP-60 levels (Figs 9A and B, and EVS5A-C). In
addition, cytosolic GFP signals obtained from the interaction
between HSP-60::spGFPN and SEK-1::spGFPC were not increased
by PA14 (Fig EV5SD). These data suggest that a fraction of HSP-60
is localized in the cytosol under normal conditions and maintains
SEK-1/PMK-1 signaling. A recent study using yeast showed that
cytosolic HSP-60 inhibits 20S proteasome activity (Kalderon et al,
2015) in a chaperone function-independent manner. It will be
interesting to test whether HSP-60 up-regulates SEK-1 through its

The EMBO Journal Vol 36 | No 8| 2017

chaperone function or through the inhibition of proteasome
activity in C. elegans.

Intriguingly, a fraction of HSPD1/HSP60 in mammalian cells is
shown to be localized in the extracellular space as well (Gupta &
Knowlton, 2007; Cappello et al, 2008; Swaroop et al, 2016). There-
fore, HSP-60 that is secreted to the extracellular space may also
mediate immunity perhaps by acting as a cell-nonautonomous infec-
tion signal. We tested this possibility by measuring the tagRFP-fused
HSP-60 signals in coelomocytes, which take up secreted proteins in
C. elegans (Fares & Greenwald, 2001). We therefore expressed HSP-
60::tagRFP specifically in the intestine or neurons, but did not detect
the RFP signals in the coelomocytes (Appendix Fig S6A-D). Thus,
we currently do not have data supporting the secretion of HSP-60 to
extracellular space in C. elegans.

PA14 infection triggers mitochondrial stresses in C. elegans, and
this in turn increases the level of HSP-60 at the transcription level
through UPRMT (Pellegrino et al, 2014). One interesting finding of
our current study was that some components of UPRM?, including
DVE-1 and UBL-5, were required for the up-regulation of PMK-1,
whereas other components, HAF-1 and ATFS-1, were not (Fig EV2E
and F). This is actually consistent with the previous report showing
that ATFS-1 enhances immunity against PA14 by the induction of
anti-microbial genes independently of PMK-1 (Pellegrino et al,
2014). Thus, different UPRMT components (e.g., ATFS-1 vs. HSP-60)
appear to exert anti-bacterial functions via distinct immune signaling
axes. In addition, Pellegrino et al (2014) concluded that activation
of UPRMT increases immunity independently of PMK-1, based on the
results showing that RNAIi targeting spg-7 increases the survival of
pmk-1 mutants as well as wild-type animals on PA14. However, spg-
7 RNAI up-regulates many stress-responsive genes other than mito-
chondrial chaperones and increases lifespan (Curran and Ruvkun,
2007; Chen et al, 2007; Nargund et al, 2012). Thus, spg-7 RNAi may
increase the survival of pmk-I mutants through the activation of
longevity and stress-responsive pathways independently of pmk-I
signaling. Overall, UPRMT appears to regulate at least two branches
of anti-PA14 immune responses; one pathway acts through the
induction of PMK-1-independent anti-microbial genes and the other
pathway acts through the induction of mitochondrial chaperone
genes, including hsp-60 that increases immunity via pmk-I
signaling.

© 2017 The Authors
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Figure 8. HSP-60 stabilizes SEK-1 in the cytosol of intestinal cells.
A B

Wild-type hsp-60::GFP GFPYT Tg
Tg

Representative images of young adult animals expressing SEK-1:tagRFP (A) driven by an intestine-specific uha-6 promoter in wild-type, hsp-60:GFP Tg or GFPM" Tg

backgrounds. Quantification of data is shown in (B) (n > 19 from two independent trials).

C,D

Representative images of young adult animals expressing PMK-1:tagRFP (C) driven by an intestine-specific vha-6 promoter in wild-type, hsp-60:GFP Tg or GFP'" Tg

backgrounds. Quantification of data is shown in (D) (n > 22 from two independent trials).

E F

Representative images of young adult animals expressing tagRFP (E) driven by an intestine-specific uha-6 promoter in wild-type, hsp-60:GFP Tg or GFPM" Tg

backgrounds. Quantification of data is shown in (F) (n > 28 from two independent trials).

Data information: Scale bars indicate 200 um. Error bars represent SEM. Two-tailed Student’s t-test was used for calculating P-values (***P < 0.001).

The potential regulatory role of HSPD1/HSP60 in p38 MAP
kinase-dependent innate immune responses in mammals has been
reported, but several key findings have been controversial. Treat-
ment of immune cells such as macrophages and monocytes with
recombinant human HSPD1/HSP60 (rhHSP60) purified from bacte-
ria induces inflammatory cytokines (Chen et al, 1999), whose pro-
inflammatory effects act through Toll-like receptor 4 (TLR4) and
p38 MAP kinase signaling (Kol et al, 2000; Ohashi et al, 2000).
However, several of these findings have been challenged by a report
showing that the effects of the rhHSP60 were due to contamination

© 2017 The Authors

with lipopolysaccharide (LPS) during protein purification processes
from bacteria (Gao & Tsan, 2003). This finding has been supported
by a subsequent study showing that a domain of HSPD1/HSP60
tightly binds to LPS (Habich et al, 2005). As LPS is a ligand for
TLR4 and activates p38 MAP kinase signaling (O’Neill et al, 2013),
the rhHSP60-dependent regulation of p38 MAP kinase signaling and
immune functions remained controversial (Tsan & Gao, 2009;
Quintana & Cohen, 2011). Our current study provides crucial in vivo
evidence for addressing this issue. First, our data with hsp-60 RNAi
indicate that endogenous HSPD1/HSP60 is required for the

The EMBO Journal Vol 36 | No 8| 2017

1057



1058

The EMBO Journal HSP-60 enhances immunity via p38 MAPK signaling  Dae-Eun Jeong et al

A Wild-type B hsp-60::GFP Tg
E. coli PA14 E. coli PA14
WCL PMS MT WCL PMS MT kDa WCL PMS MT WCL PMS MT Da
— 75
L — 48
— 63
o (SRS
c 35
- VDAC-1
VDAC-1 28
F == Control

== hsp-60::GFP Tg
== cythsp-60::GFP Tg #1

0 80 == Cythsp-60-:GFP Tg #2
= 60 = Cythsp-60::GFP Tg #3
< 40
®
20
cytHSP-60::GFP MitoTracker| 0

T T T T T T
0 50 100 150 200 250 300
Hours on PA14

HSP-60::spGFPN

HSP-60::spGFPN
+ SEK-1::spGFPC ~

SEK-1::spGFPC —>

HSP-60::spGFPN
+ SEK-1::spGFPC

HSP-60::spGFPN - J
+ spGFPC ~

HSP-60::spGFPN —b | e

spGFPC —_—

Figure 9. A fraction of HSP-60 is localized in the cytosol and physically interacts with SEK-1.

A, B Western blot analyses showed that endogenous HSP-60 (A) and GFP-fused HSP-60 (B) were detected in both mitochondrial (MT) and post-mitochondrial
supernatant (PMS) fractions upon infection with PA14 for 12 h. WCL indicates whole-cell lysate. a-tubulin and VDAC-1 were used as markers of PMS and
mitochondria, respectively. The blots in these two panels are representative ones out of five (A) and three repeats (B), respectively. Note that the levels of HSP-60 in
the PMS were reproducibly higher than those in MT, but the majority of GFP-fused HSP-60 signals are localized to mitochondria (Fig 6C—F). It seems likely that the
volume of the mitochondria is smaller than that of the non-mitochondrial parts, and this may underlie the strong GFP-fused HSP-60 signals in the mitochondria.

C-E Images of an L2 larval animal expressing HSP-60::GFP lacking mitochondrial targeting sequence at the N-terminus (cytHSP-60::GFP) driven by an hsp-60 promoter.
cytHSP-60::GFP (C) was not co-localized with mitochondria stained by using MitoTracker (D) as shown in the merged image (E). Scale bar indicates 25 pm.

F Three independent lines of transgenic animals that expressed cythsp-60:GFP (cythsp-60:GFP Tg) were resistant to PA14 infection. The transgenic animals that
expressed hsp-60::GFP with intact mitochondrial targeting sequence (hsp-60:GFP Tg) were used as a positive control.

G-l Bright field (G) and fluorescence (H) images of the animals that expressed an N-terminal GFP fragment fused with HSP-60 (HSP-60::spGFPN) and/or a C-terminal
GFP fragment fused with SEK-1 (SEK-1:spGFPC) driven by an intestine-specific uvha-6 promoter. Among siblings from the same hermaphrodite, transgenic animals
that expressed both HSP-60::spGFPN and SEK-1::spGFPC displayed the GFP signals in the cytosol (I) (n = 10). Arrowheads indicate odr-Ip::RFP, a co-injection marker
for HSP-60::spGFPN. Arrows indicate coel::RFP, a co-injection marker for SEK-1:spGFPC. Scale bars indicate 50 um.

J, K Representative bright field (J) and fluorescence (K) images of the animals that expressed HSP-60::spGFPN and/or C-terminal GFP fragment (spGFPC) driven by the
intestine-specific uha-6 promoter. None of these transgenic animals displayed green fluorescence signals. Arrowheads indicate odr-1p::RFP, a co-injection marker for
HSP-60:spGFPN. Arrows indicate coel::RFP, a co-injection marker for spGFPC. Scale bars indicate 50 pum.

Data information: See Appendix Table S11 for additional repeats and statistical analysis for the survival data shown in this figure. See Fig EV4B-D for the positive control
experiment for the spGFP system.
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maintenance of p38 MAP kinase signaling. Second, we showed that
genetic up-regulation of HSP60/HSPD1, which is free from LPS
contamination, increased p38 MAP Kkinase signaling both in
C. elegans, and cultured mammalian cells. Thus, our study strongly
supports the notion that HSPD1/HSP60 enhances immunity.

Mammalian HSPD1/HSPG60 elicits immune responses via immune
regulators other than p38 MAP kinase signaling as well. The induc-
tion of mitochondrial HSPD1/HSP60 is implicated in TNF-o-
mediated activation of NF-kB, a key immunity transcription factor
in mammalian cells (Amberger et al, 1997; Chun et al, 2010).
HSPD1/HSP60 activates interferon-regulatory factor 3 (IRF3) and
increases interferon production in cultured cells (Lin et al, 2014).
Overall, these studies and our current work suggest that both
C. elegans and mammals share common mechanisms that employ
the mitochondrial chaperone HSP-60/HSPD1 to boost immunity.

Materials and Methods
Caenorhabditis elegans strains

All strains were maintained as previously described (Stiernagle,
2006). Some strains were obtained from Caenorhabditis Genetics
Center, which is funded by the NIH National Center for Resources
(P40 OD010440). Strains analyzed in this study were listed as follows:
N2 wild-type, 1J130 pmk-1(km25) IV obtained by outcrossing KU25
four times to Lee laboratory N2, 1J134 zip-2(tm4067) IIl obtained by
outcrossing TM4067 four times to Lee laboratory N2, 1J382 daf-16
(mu86) I obtained by outcrossing CF1042 six times to Kenyon labora-
tory N2, which is the same as Lee laboratory N2, AU78 agls219
[T24B8.5p::GFP] a gift from D.H. Kim laboratory, AU133 agls17[irg-
Ip::GFP] a gift from E. Troemel laboratory, CL2166 dvIs19[gst-4p::
GFP::NLS], CF1553 muls84[sod-3p::gfp], WM27 rde-1(ne219) V,
VP303 rde-1(ne219) V; kzls7[nhx-2p::rde-1; rol-6(sul006)], NR350
rde-1(ne219) V; kzIs20[hlh-1p::rde-1; sur-Sp::NLS::GFP], NR222 rde-1
(ne219) V; kzls9[lin-26p::rde-1; lin-26p::nls::GFP; rol-6(sul006)],
NL3321 sid-1(pk3321) V, TU3401 sid-1(pk3321) V; uls69[myo-2p::
mCherry; unc-119p::sid-1], 1J574 haf-1(0k705) V obtained from
outcrossing RB867 four times to Lee laboratory N2, 1J575 atfs-1
(gk3094) V obtained from outcrossing VC3201 four times to Lee
laboratory N2, 1J283 tir-1(yz68) III obtained from outcrossing tir-1
(yz68), a gift from J.Y. Sze laboratory, four times to Lee laboratory
N2, 1J698 haf-1(0k705) V; agls219[T24B8.5p::GFP; ttx-3p::GFP], 1702
atfs-1(gk3094) V; agls219[T24B8.5p::GFP; ttx-3p::GFP], 1J819 tir-1
(vz68) III; agls219[T24B8.5p::GFP; ttx-3p::GFP], AY101 acls101
[F35E12.5p::GFP; rol-6(sul006)], 13530 yhEx121[odr-1p::RFP], 1J788
yhEx188[hsp-60p::hsp-60::GFP; odr-1p::RFP] marked as #3 in Fig EV3E
and G, 1J789 yhEx189[hsp-60p::hsp-60::GFP; odr-1p::RFP] marked as
#4 in Fig EV3E, 1J790 yhEx190[hsp-60p::hsp-60::GFP; odr-1p::RFP]
marked as #5 in Fig EV3E, 1J939 yhls62[hsp-60p::hsp-60::GFP;
odr-1p::RFP] marked as #1 in Figs 6G-1 and EV3A-C, obtained from
integration of yhEx188 and subsequent outcrossing four times to Lee
laboratory N2, 1J940 yhIs63[hsp-60p::hsp-60::GFP; odr-1p::RFP]
marked as #2 in Figs 6G-I and EV3A-C, obtained from integration of
yhEx188 and subsequent outcrossing four times to Lee laboratory N2,
171141 yhEx253[hsp-60p::GFPMT; odr-1p::RFP] marked as GFPMT Tg #1
in Appendix Fig S3D, 1J1142 yhEx254[hsp-60p::GFPM"; odr-1p::RFP]
marked as GFPMT Tg #2 in Appendix Fig S3D, 1J1143 yhEx255
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[hsp-60p::GFPM™; odr-1p::RFP] marked as GFP" Tg #3 in Appendix Fig
S3D, 1J941 pmk-1(km25) IV; yhls62[hsp-60p::hsp-60::GFP; odr-1p::
RFP], 1J1324 sek-1(km4) X; yhls62[hsp-60p::hsp-60::GFP; odr-1p::
RFP], 1J1325 nsy-1(0k593) II; yhIs62[hsp-60p::hsp-60::GFP; odr-1p::
RFP], 1942 tir-1(tm3036) III; yhIs62[hsp-60p::hsp-60::GFP; odr-1p::
RFP], 131307 yhEx332[vha-6p::tagRFP; ofm-1p::GFP], 171310 yhEx335
[vha-6p::pmk-1::tagRFP; ofm-1p::GFP], 1J1313 yhEx338[vha-6p::sek-
1::tagRFP; ofm-1p::GFP], 1J1360 yhIs62[hsp-60p::hsp-60::GFP; odr-
Ip::RFP]; yhEx332[vha-6p::tagRFP; ofm-1p::GFP], 1J1361 yhls62
[hsp-60p::hsp-60::GFP; odr-1p::RFP]; yhEx335[vha-6p::pmk-1::
tagRFP; ofm-1p::GFP], 1J1362 yhls62[hsp-60p::hsp-60::GFP; odr-1p::
RFP]; yhEx338[vha-6p::sek-1::tagRFP; ofm-1p::GFP], 1J1363 yhEx253
[hsp-60p::GFPMT;  odr-1p::RFP]; yhEx332[vha-6p::tagRFP; ofm-Ip::
GFP], 171364 yhEx253[hsp-60p::GFPM"; odr-1p::RFP]; yhEx335[vha-
6p::pmk-1::tagRFP; ofm-1p::GFP], 1J1365 yhEx253[hsp-60p::GFPY'";
odr-1p::RFP]; yhEx338[vha-6p::sek-1::tagRFP; ofm-1p::GFP], 1J650
yhEx153[fasn-1p::GFP; odr-1p::RFP], 131464 yhEx399[hsp-60p::hsp-
60; fasn-1p::GFP] marked as hsp-60 Tg #1 in Fig EV3D and F, 1J1464
yhEx399[hsp-60p::hsp-60; fasn-1p::GFP] marked as hsp-60 Tg #2 in
Fig EV3D and F, 1J1169 yhEx260[hsp-60p::cythsp-60::GFP; odr-1p::
RFP] marked as cythsp-60::GFP Tg #1 in Fig 9F, 1J1170 yhEx261[hsp-
60p::cythsp-60::GFP; odr-1p::RFP] marked as cythsp-60::GFP Tg #2 in
Fig 9F, 1J1171  yhEx262[hsp-60p::cythsp-60::GFP;  odr-1p::RFP]
marked as cythsp-60::GFP Tg #3 in Fig 9F, 1J1420 yhEx381[vha-6p::
hsp-60::tagRFP; odr-1p::RFP], 1J1423 yhEx384[unc-119p::hsp-60::
tagRFP; fasn-1p::GFP], 1J1436 yhEx389[vha-6p::hsp-60::spGFPN; odr-
1p::RFP]; yhEx391[vha-6p::sek-1::spGFPC; coel::RFP], 1J1438 yhEx389
[vha-6p::hsp-60::spGFPN;  odr-1p::RFP];  yhEx395[vha-6p::spGFPC;
coel::RFP], 151441 yhEx389[vha-6p::hsp-60::spGFPN; odr-1p::RFP];
yhEx397[vha-6p:: Y22D7AL.10::spGFPC; coel::RFP].

Selection of evolutionarily conserved mitochondrial genes

By using the HomoloGene (build 25) database of NCBI (National
Center for Biotechnology Information), a total of 3,147 C. elegans
genes that have single orthologous human genes were selected
(WormBase web site, http://www.wormbase.org, WS229, released
on December 15", 2011). When more than two C. elegans genes
were matched to a single human gene, these genes were excluded
from further study to avoid potential limitations in data interpretation
due to genetic redundancy. Subsequently, 313 mitochondrial genes
were selected for the ones that were annotated with mitochondria in
human MitoCarta database (Pagliarini et al, 2008) (https://www.b
roadinstitute.org/pubs/MitoCarta/human.mitocarta.html) and with
mitochondrial Gene Ontology terms (Ashburner et al, 2000; Gene
Ontology Consortium, 2015); 0000266 (mitochondrial fission),
0005739 (mitochondrion), 0005740 (mitochondrial envelope),
0005741 (mitochondrial outer membrane), 0005743 (mitochondrial
inner membrane), 0005759 (mitochondrial matrix), 0008053 (mito-
chondrial fusion), 0030061 (mitochondrial crista), 0031966 (mito-
chondrial membrane), and 0044429 (mitochondrial part) from
“gene_info” file and “gene2go” file of NCBI FTP database.

RNAi screen
RNAI clones targeting 244 genes of the 313 mitochondrial genes that

we selected were available in two commercial C. elegans RNAi feed-
ing libraries generated by Ahringer laboratory (Geneservice Ltd.,
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Cambridge, UK) or by Vidal laboratory (Source BioScience, Notting-
ham, UK). We initially tested these 244 RNAi clones for develop-
mental phenotypes and selected 220 RNAi clones that did not cause
severe developmental delay or lethality for further studies (see
Dataset EV1). RNAi bacteria were cultured overnight at 37°C in
Luria Broth (LB) media containing 50 pg/ml ampicillin (USB, Santa
Clara, CA, USA), seeded onto nematode-growth media (NGM)
containing 50 pg/ml ampicillin, and then incubated overnight at
37°C. The bacteria were treated with 1 mM isopropyl B-D-1-thio-
galactopyranoside (IPTG: GOLDBIO, St. Louis, MO, USA) overnight
at 37°C for the induction of double-stranded RNA (dsRNA). Wild-
type N2 worms were then fed with the RNAI bacteria and grown to
L4 or young adult stages. Approximately 100 worms at L4 or young
adult stage were subjected to PA14 standard slow killing assays at
25°C (see pathogen Kkilling assays described below for detail).
Worms that were moving were counted as alive every 12-24 h until
all the worms were dead. From our initial screen, we chose 46 out
of the 220 RNAI clones that substantially altered the susceptibility of
animals to PA14 infection (arbitrary cutoff: % change in mean
survival vs. control group > +10%, P-value < 0.001). Subsequent
experiments confirmed that 16 RNAi clones reproducibly increased
or decreased the survival of wild-type animals on PA14. OASIS
(Online Application of Survival analysIS, http://sbi.postech.ac.kr/
oasis) was used for statistical analysis of survival data, and P-values
were calculated by using log-rank (Mantel-Cox method) test (Yang
et al, 2011).

Characterization and clustering analysis of candidate genes

Changes in mean survival and GFP reporter levels for known
immune effectors were measured for the initial analysis of the 16
RNAI clones obtained from our screen. First, upon knocking down
each of the 16 RNAI clones, two independent trials of PA14 standard
slow killing assays were performed by using worms in different
genetic backgrounds; pmk-1(km25), zip-2(tm4067), and daf-16
(mu86). OASIS (http://sbi.postech.ac.kr/oasis) was used for statisti-
cal analysis of survival data, which uses log-rank (Mantel-Cox
method) test for calculating P-values (Yang et al, 2011). Second,
GFP reporter transgenic animals for known immune -effector
proteins (T24B8.5p::GFP for PMK-1, irg-1p::GFP for ZIP-2, gst-4p::
GFP for SKN-1, and sod-3p::GFP for DAF-16) were fed with the RNAi
bacteria from egg to L4 or young adult stages and subsequently
transferred to the corresponding dsRNA-expressing E. coli- or PA14-
seeded plates. After 24 h, the effects of each of the 16 RNAI clones
on the expression of the GFP reporters were scored by three
researchers at least three times independently. By using Cluster 3.0
(de Hoon et al, 2004), the genes were hierarchically clustered (clus-
tering method: complete linkage, similarity matrix: City Block)
based on the effects of RNAi clones on the survival of animals on
PA14 and the GFP reporter expression as shown in the heat maps
(Fig 1C and D).

Pathogen killing assays

PA14 standard slow Kkilling assay was performed as previously
described (Reddy et al, 2009) with minor modifications. PA14 was
cultured in LB media at 37°C overnight, and 5 ul of the culture was
seeded onto the center of the NGM plates containing 0.35%
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peptone. PAl4-seeded plates were then incubated at 37°C for 24 h
and stored at room temperature for at least 8 h before use. Worms
were grown from egg to L4/young adult stages on RNAI bacteria- or
OP50-seeded plates at 20°C. The worms were then transferred to
PAl4-seeded plates containing 50 uM 5-fluoro-2’-deoxyuridine
(FUdR; Sigma, St Louis, MO, USA, or bioWORLD, Dublin, OH,
USA), which prevents progeny from hatching, at 25°C. The worms
were scored twice or three times a day and counted as dead if the
worms did not respond to prodding. For PA14 killing assays without
FUdR, the animals were transferred twice a day to fresh PA14-
seeded plates for removing the progeny. Animals that showed inter-
nal hatching were counted as dead, while those that crawled off the
plates, exploded or burrowed were censored but included in the
subsequent statistical analysis. OASIS (http://sbi.postech.ac.kr/
oasis) was used for statistical analysis of survival data, and P-values
were calculated by using log-rank (Mantel-Cox method) test (Yang
et al, 2011). Pathogen resistance assays against E. faecalis or patho-
genic E. coli were performed as previously described (Garsin et al,
2001; Hwang et al, 2014).

Microscopy

Transgenic animals that expressed GFP or tagRFP were anesthetized
by using 100 mM sodium azide (DAEJUNG, Siheung, Korea) and
subsequently imaged by using AxioCam HRc (Zeiss Corporation,
Jena, Germany) camera mounted on a Zeiss Axioscope A.l micro-
scope (Zeiss Corporation, Jena, Germany). The fluorescence inten-
sity of the animals was quantified by using ImageJ software
(Rasband, W.S., ImageJ, U. S. National Institutes of Health,
Bethesda, MD, USA, http://rsb.info.nih.gov/ij/) and displayed by
using GraphPad Prism 7 software (http://www.graphpad.com/scien
tific-software/prism/). Mitochondrial staining with MitoTracker Red
CMXRos (catalogue number: M7512, Life Technologies™, Eugene,
OR, USA) was conducted as described previously (Govindan et al,
2015) with minor modifications. The MitoTracker was added to
OP50-seeded NGM plates at a final concentration of 10 pM. After
the plates were dried, hsp-60p::hsp-60::GFP, hsp-60p::GFPT, and
hsp-60p::cythsp-60::GFP worms were transferred to the plates. Six
hours after this initial transfer, the animals were transferred again
to fresh OP50-seeded NGM plates to remove the MitoTracker from
the intestinal lumen for 1-2 h. The animals were subsequently
transferred onto a 2% agarose pad and were photographed by using
the Nikon A1si/Ni-E upright confocal microscope with 60%, 1.4 NA
oil-immersion objective lens. Confocal microscopy data were
acquired at the Advanced Neural Imaging Center in Korea Brain
Research Institute (KBRI). To measure developmental rates,
synchronized wild-type eggs were grown on control, spg-7, or cco-1
RNAI bacterial plates or EtBr (30 pg/ml)-treated control RNAi bacte-
rial plates for 3 days. The eggs of hisp-60p::hsp-60::GFP worms were
grown on control RNAIi plates for 3 days. The images of the animals
on the plates were captured by using a DIMIS-M camera (Siwon
Optical Technology, Anyang, Korea).

Intestinal PA14-GFP accumulation assays
Intestinal PA14-GFP accumulation assays were performed as previ-

ously described (Kim et al, 2002) with minor modification. To
measure the amount of accumulated PA14 in the C. elegans
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intestine, L4 worms that were pre-treated with control RNAi or
hsp-60 RNAi were infected with PA14 that expressed GFP (PA14-
GFP) for 48 h. Five microliters of overnight culture of PA14-GFP in
LB media containing 50 pg/ml kanamycin (Sigma, St Louis, MO,
USA) was seeded onto the center of NGM plates that contained
0.35% peptone and 50 uM FUdR. Plates were incubated at 37°C for
24 h and then stored at room temperature at least for 8 h before
use. P-values were calculated by using chi-squared test.

PA14 avoidance assays

PAl4 avoidance assays were performed as previously described
(Pradel et al, 2007; Gaglia et al, 2012) with some modifications.
Wild-type animals were allowed to develop on control or hAsp-60
RNAI bacteria from egg to L4 stages. Five microliters of overnight
PA14 culture was seeded onto the center of 0.35% peptone NGM.
Plates were incubated at 37°C for 24 h and subsequently at room
temperature for over 8 h before use. At least 20 L4 stage worms
were transferred to a control E. coli- or a PA14-seeded plate, and the
number of occupants on the bacterial lawn was counted at indicated
time points.

Lifespan analyses

Lifespan analyses were performed as previously described (Lee
et al, 2015). Briefly, synchronized wild-type eggs were allowed to
develop on control and hsp-60 RNAI plates to young adult stage and
then transferred to 5 uM FUdR-containing control and hsp-60 RNAi
plates, respectively. The number of worms that were alive was
counted at 2 or 3 day intervals. Control animals or transgenic
animals that expressed hsp-60p::hsp-60::GFP were grown on OP50
plates and subjected to lifespan assays. odr-1p::RFP (an injection
marker) animals were used as a control for transgenic animals that
expressed extrachromosomal arrays of hsp-60p::hsp-60::GFP or hsp-
60p::GFPMT. Wild-type (N2) animals were used as a control for inte-
grated lines of hsp-60p::hsp-60::GFP animals, as integrated lines of
odr-1p::RFP were not available. The animals that crawled off the
plates, displayed ruptured vulvae, burrowed, or displayed internal
hatching were censored but included in the subsequent statistical
analysis. Statistical analysis of lifespan data was performed by using
OASIS (http://sbi.postech.ac.kr/oasis), which calculates P-values
using log-rank (Mantel-Cox method) test (Yang et al, 2011).

Western blot assays

Western blot assays were conducted as described previously
(Hwang et al, 2014) with minor modifications. Synchronized eggs
were placed on control RNAi, iisp-60 RNAIi, or pmk-1 RNAi bacteria-
seeded NGM plates containing 50 pg/ml ampicillin and 1 mM IPTG.
Worms were then allowed to develop to L4 or young adult animals.
Mixed L4 and young adult animals were washed three times by
using M9 buffer and subsequently transferred onto corresponding
RNAI bacteria- or PA14-seeded plates (0.35% peptone NGM plates).
After 1 h of PA14 exposure, the worms were washed at least three
times with M9 and immediately frozen in liquid nitrogen with 2x
SDS sample buffer. The samples were subsequently boiled for
10 min at 95°C and vortexed for 10 min at room temperature for
protein extraction. The lysates were further centrifuged for 30 min
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at 15,700 g, and supernatants without debris were used for 8%
SDS-PAGE. After electrophoresis, proteins were transferred to PVDF
membrane (Whatman Inc, Sanford, ME, USA). Five percent BSA or
skim milk in TBS-T [20 mM Tris—HCI (pH 7.6), 140 mM NaCl, 0.1%
Tween-20] was used for blocking the PVDF membrane for an hour.
The PVDF membrane was then incubated with primary antibodies
against o-tubulin (1:1,000, Santa Cruz Biotechnology, sc-32293,
Dallas, TX, USA), phospho-p38 MAPK (1:1,000, Cell Signaling,
#9211, Beverly, MA, USA), HSP-60 (1:100,000, Enzo Life Sciences,
ADI-SPA-807, Farmingdale, NY, USA) or GFP (1:5,000, in-house
rabbit polyclonal antibody). Anti-mouse secondary antibody conju-
gated with horseradish peroxidase (1:5,000, Thermo, Rockford, IL,
USA) was used for detecting anti-o-tubulin, and anti-rabbit
secondary antibody (1:7,500, Thermo, Rockford, IL, USA) was used
for detecting anti-phospho-p38 MAPK and anti-GFP primary anti-
bodies. The PVDF membrane was treated with chemoluminescent
horseradish peroxidase substrate (Thermo, Rockford, IL, USA) for
detecting protein bands. For Western blot analysis using transgenic
animals overexpressing hisp-60::GFP, synchronized eggs of wild-type
animals, pmk-1 mutant animals, and the hsp-60::GFP transgenic
animals were allowed to develop to young adults on OP50 plates
and then were harvested as described above after washing three
times with M9 buffer. For Western blot assays using a cultured cell
line, HeLa cells were maintained in DMEM (LonZa, Walkersville,
MD, USA) supplemented with 10% fetal bovine serum (HyClone™,
GE Healthcare Life Sciences, South Logan, UT, USA) and transfected
with pCMV-MYC or pCMV-HSPD1-MYC by using Effectene (Qiagen,
Valencia, CA, USA) following the manufacturer’s protocol. Primary
antibodies against GAPDH (Merck Millipore, Darmstadt, Germany)
and a-tubulin (Santa Cruz, CA, USA) were used for the detection of
GAPDH and a-tubulin, respectively. MYC antibody (Santa Cruz, CA,
USA) was used for the detection of MYC-tagged HSPD1.

Fractionation of mitochondria

Mitochondrial fractionation was performed as previously described
(Jonassen et al, 2002) with minor modifications. Experimental
samples for synchronized wild-type or hsp-60p::hsp-60::GFP animals
under E. coli- or PAl4-fed conditions were prepared as described
above. The animals were harvested after washing at least three times
with M9 buffer. The worm samples were transferred to pre-cooled
mitochondria isolation buffer [MIB; 210 mM mannitol, 70 mM
sucrose, 0.1 mM EDTA, 5 mM Tris-HCI (pH 7.4), 1 mM PMSF] and
then subjected to homogenization. The samples were homogenized
by using pre-cooled glass homogenizer with 20 strokes. The super-
natants were transferred to new microtubes, and remaining worm
pellets were resuspended with the MIB and homogenized. The super-
natants were collected by centrifugation for 10 min at 800 relative
centrifugal force (rcf), transferred to new microtubes and kept as
whole-cell lysates (WCL). The WCL were further centrifuged for
10 min at 22,250 g, and the supernatants were collected without
touching the pellets and stored as post-mitochondrial supernatants
(PMS). Remaining pellets were resuspended with MIB and then centri-
fuged again at 22,250 g for 10 min. The supernatants were discarded,
and remaining pellets were resuspended with MIB and stored as mito-
chondrial fraction (MT). Western blot analyses with WCL, PMS, and
MT proteins were performed as described above. Primary antibodies
against o-tubulin (1:1,000, Santa Cruz Biotechnology, Dallas, TX,
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USA), VDAC-1 (1:1,000, Santa Cruz Biotechnology, sc-8828, Dallas,
TX, USA), HSP-60 (1:100,000, ADI-SPA-807, Enzo Life Sciences, Farm-
ingdale, NY, USA), or GFP (1:5,000, in-house rabbit polyclonal
antibody) were used for the Western blot analyses.

RNA extraction and quantitative real-time PCR

RNA extraction and qRT-PCR were performed as previously
described with minor modifications (Seo et al, 2015). Worms fed
with control RNAi, pmk-1 RNAI, or hsp-60 RNAi bacteria were grown
to L4 stage and then transferred to PA14-seeded plates after washing
with M9 buffer 3-4 times. Wild-type, pmk-1(—), and sek-1(—)
animals or transgenic animals expressing hsp-60p::hsp-60::GFP were
allowed to develop on OP50-seeded plates to young (day 1) adults.
Worms were harvested by washing three or four times with M9
buffer to remove residual bacteria 8 h after PA14 exposure. Total
RNA in the animals was isolated by using RNAiso plus (Takara, Seta,
Kyoto, Japan) and was used for synthesizing cDNA with ImProm-II"*
Reverse Transcriptase kit (Promega, Madison, WI, USA). Quantita-
tive real-time PCR was performed by using StepOne Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA) as described in
the manufacturer’s protocol. Comparative Cr method was used for
the quantitative analysis of mRNAs. For all biological data sets, ama-1
mRNA, which encodes an RNA polymerase II large subunit, was
used as a normalization control. The primer sequences used for qRT—
PCR analysis are as follows: 5-TGGAACTCTGGAGTCACACC (for-
ward) and 5-CATCCTCCTTCATTGAACGG (reverse) for ama-1, 5'-
TGTTAGACAATGCCATGATGAA (forward) and 5-ATTGGCTGTG
CAGTTGTACC (reverse) for T24B8.5, 5-GAACAATAGTGTCAAGCC
GATCTGC (forward) and 5-TTCTGAATGATGAATGCATGTTTAC
(reverse) for CI7HI12.8", 5'-TCTGGTCAAAATATCCTCCGGGAAG
(forward) and 5-GAGCATCACTCGATTGATTGCAGTG (reverse) for
K08D8.5, 5-GTTCAAAAGGACTTAAAGGTCGTTC (forward) and 5'-
GGGAATACACTTTTCCTTGAGCCTC (reverse) for hsp-6, 5-CTATG
GGCCCAAAAGGAAGAAACGTG (forward) and 5-GGATTTCGC
GACGGTGACTCCGTCC (reverse) for hsp-60.

Generation of transgenic animals

To generate translational hsp-60p::hsp-60::GFP fusion construct,
hsp-60 cDNA fragment (hsp-60cDNA) amplified from C. elegans
cDNA was PCR-fused with a 2 kb hsp-60 promoter fragment (iisp-
60p) amplified from C. elegans genomic DNA. Xbal and Xmal sites
were used to insert the hsp-60p::hsp-60cDNA fragment into a GFP-
containing pPD95.75 vector. Translational hsp-60p::hsp-60cDNA
without a tag was generated by performing site-directed mutagene-
sis to remove GFP from the hsp-60p::hsp-60::GFP-containing vector.
Only two different lines of transgenic hsp-60p::hsp-60cDNA animals,
which displayed slight induction of hsp-60 (Fig EV5B), were
obtained over 150 microinjected animals with a low concentration
of DNA (5 ng/ul). We therefore speculate that too high level of
hsp-60 may be toxic, and that may be the reason why obtaining hsp-
60-overexpressing animals was difficult. To generate hsp-60p::
GFPMT construct, the 2 kb hsp-60 promoter and the N-terminal mito-
chondrial targeting sequence (MTS, predicted by MitoProt II)
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(Claros & Vincens, 1996) of hsp-60 amplified from C. elegans
genomic DNA was inserted into pPD95.75 vector by using EZ
fusion™ cloning method (Enzynomics, Daejeon, Korea). The result-
ing plasmids containing hsp-60p::hsp-60cDNA::GFP (5 ng/ul), hsp-
60p::hsp-60cDNA (5 ng/ul), or hsp-60p::GFPMT (5 ng/ul) were co-
injected with an injection marker odr-1p::RFP (75 ng/ul) into the
gonad of young (day 1) adult wild-type worms. To generate vha-6p::
tagRFP transcriptional fusion construct, GFP in pPD95.75 was
replaced by tagRFP amplified from PSD-95-pTagRFP, a gift from
Johannes Hell (Addgene plasmid # 52671), by using the EZ fusion™
cloning method. A PCR-amplified 850 bp vha-6 promoter fragment
was inserted into the tagRFP-containing pPD95.75 (plJ559) by using
the EZ fusion™ cloning method. To generate vha-6p::pmk-1::tagRFP
and vha-6p::sek-1::tagRFP translational fusion constructs, pmk-1 and
sek-1 cDNAs were PCR-amplified from C. elegans cDNA samples
and inserted into the tagRFP-containing pPD95.75 (plJ559) by using
the EZ fusion™ cloning method. Subsequently, the 850 bp vha-6
promoter fragment was inserted into pmk-1::tagRFP- or sek-1::
tagRFP-containing plasmids by using the EZ fusion™ cloning
method. The resulting plasmids that contain vha-6p::tagRFP (25 ng/
wl), vha-6p::pmk-1::tagRFP (25 ng/pl), or vha-6p::sek-1::tagRFP
(25 ng/ul) were injected with the co-injection marker ofm-I1p::GFP
(75 ng/ul) into the gonad of day 1 adult wild-type worms. To gener-
ate intestine-specific hisp-60::tagRFP construct, pmk-1 cDNA in the
vha-6p::pmk-1::tagRFP-containing vector was replaced by hsp-60
cDNA by using the EZ fusion™ method. vha-6 promoter in the
resulting plasmid was further replaced by unc-119 promoter for
neuron-specific hsp-60::tagRFP construct. Intestinal and neuronal
hsp-60::tagRFP translational fusion constructs (5 ng/pl) were
injected with co-injection markers, odr-1p::RFP (75 ng/ul) and fasn-
Ip::GFP (75 ng/ul), respectively. To generate hsp-60::spGFPN and
sek-1::spGFPC constructs, tagRFP in the vha-6p::hsp-60::tagRFP- and
vha-6p::sek-1::tagRFP-containing vectors was replaced by spGFPN
and spGFPC, respectively, by using the EZ fusion™ method. sek-I
cDNA in the vha-6p::sek-1::tagRFP-containing vector was replaced
by Y22D7AL.10 cDNA by using the EZ fusion™ method to generate
vha-6p::Y22D7AL.10::spGFPC construct. To generate vha-6p::spGFPC
construct, tagRFP in the vha-6p::tagRFP-containing vector was
replaced by spGFPC by using the EZ fusion™ method. The vha-6p::
hsp-60::spGFPN-containing vector (5 ng/pl) was injected with the
co-injection marker odr-1p::RFP (75 ng/ul). Each of the vha-6p::sek-
1::spGFPC (25 ng/wl)-, vha-6p::Y22D7AL.10::spGFP (5 ng/ul)-, or
vha-6p::spGFPC (25 ng/ul)-containing vectors was injected with the
co-injection marker coel::RFP (75 ng/ul) into the gonad of day 1
adult worms. The primer sequences used for cloning are as
follows: 5-GTAGTTTTTCAGACACAAAAGATGCTTCGCCTCGCCAG
AAAG (forward) 5'-GTACCCCGGGTGAATCCCATTCCTCCCATAC
(reverse) for hsp-60 cDNA, 5-GCTCTAGAGCCGCGGAAGATTGAGT
ATTCC (forward) and 5-ATGCTTCGCCTCGCCAGAAAGCTTTTG
TGTCTGAAAAACTAC (reverse) for hsp-60 promoter, 5'-GAATGGG
ATTCTAGCATTCGTAGAATTCCAACTGAGCGCCGG (forward) and
5'-CGAATGCTAGAATCCCATTCCTCCCATACCGCCCATTCCAC (re-
verse) for site-directed mutagenesis to generate hsp-60p::hsp-
60cDNA, 5'-CTGCAGGTCGACTCTAGACGCGGAAGATTGAGTATTC
C (forward) and 5'-CCTTTGGCCAATCCCGGGTTCCCCACGACTGCT

fCorrection added on 13 April 2017, after first online publication: The gene name C17H11.8 was corrected to C17H12.8.
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CGATGATC (reverse) for hsp-60 promoter-MTS. 5-GGACCCTTGG
AGGGTACCATGGTGTCTAAGGGCGAAGAG (forward) and 5'-GGCG
CTCAGTTGGAATTCTCAATTAAGTTTGTGCCCCAGTTTG (reverse)
for tagRFP, 5'-TGGAAATGAAATAAGCTTAGCACAGAACTGCATTA
AG (forward) and 5-CTTAGACACCATGGTACCTTTTTATGGGTTTT
GGTAGG (reverse) for vha-6 promoter, 5-CTGCAGGTCGACTCTAG
AATGTTTCCACAGACAACAATGG (forward) and CCTTTGGCCAA
TCCCGGGATCGATTCCATTTTCTCCTC (reverse) for pmk-1 cDNA,
5-GCGCCAGGATACTCTAGAATGGAGCGAAAAGGACGTGAGC (for-
ward) and 5-CCTTTGGCCAATCCCGGGATCGTCGCCAAACAGTGT
CGAG (reverse) for sek-1 cDNA, 5-TGGAAATGAAATAAGCTTAGC
ACAGAACTGCATTAAG (forward) and 5'-CTGTGGAAACATTCTAG
ATTTTTATGGGTTTTGGTAGG (reverse) for vha-6 promoter for
vha-6p::pmk-1::tagRFP, 5'-TGGAAATGAAATAAGCTTAGCACAGAA
CTGCATTAAG (forward) and 5-TTTTCGCTCCATTCTAGATTTTTA
TGGGTTTTGGTAGG (reverse) for vha-6 promoter for vha-6p::sek-
1::tagRFP, 5-AACCCATAAAAATCTAGAATGCTTCGCCTCGCCAGA
AAG (forward) and 5'- CCTTTGGCCAATCCCGGGATGAATCCCATT
CCTCCCATAC (reverse) for hsp-60 cDNA for vha-6p::hsp-60::
tagRFP, 5'-GATTCATTAATGCAGCTGGTGTCAAGTCTCTCAAAATT
C (forward) and 5-GAGGCGAAGCATTCTAGAATATGCTGTTGTAG
CTGAAAATTTTG (reverse) for unc-119 promoter for unc-119p::hsp-
60::tagRFP,  5-GGACCCTTGGAGGGTACCATGTCCAAAGGAGAA-
GAAC (forward) and 5-GGCGCTCAGTTGGAATTCTTATGTTCCTTT
TTCATTTGG (reverse) for spGFPN for vha-6p::hsp-60::spGFPN, 5'-G
GACCCTTGGAGGGTACCAGAGATCATATGGTGTTG (forward) and
5'-GGCGCTCAGTTGGAATTCTTATCCAGTAATACCTGCAGC (reverse)
for spGFPC for vha-6p::sek-1::spGFPC, 5'-AACCCATAAAAATCTAG
AATGTTCCTCACCGCTGTCC (forward) and 5-CCTTTGGCCAATCC
CGGGATATGGAAGACTCCGAGAAGATC (reverse) for Y22D7AL.10
cDNA for vha-6p::Y22D7AL.10::spGFPC, 5'-AACCCATAAAAAGGTA
CCATGAGAGATCATATGGTGTTG (forward) and 5-GGCGCTCAGT
TGGAATTCTTATCCAGTAATACCTGCAGC (reverse) for spGFPC for
vha-6p::spGFPC.

Expanded View for this article is available online.
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