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In brief

In this work, Aman et al. demonstrate that
reducing levels of the mitochondrial outer
membrane protein MTCH-1 can maintain
protein homeostasis and promote tissue
health in aged tissues. These beneficial
effects are achieved through inhibition of
programmed cell death factors, which
increases activity of the transcription
factor HSF-1.
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SUMMARY

The age-related loss of protein homeostasis (proteostasis) is at the heart of numerous neurodegenerative
diseases. Therefore, finding ways to preserve proteome integrity in aged cells may be a powerful way to pro-
mote long-term health. Here, we show that reducing the activity of a highly conserved mitochondrial outer
membrane protein, MTCH-1/MTCH2, suppresses age-related proteostasis collapse in Caenorhabditis ele-
gans without disrupting development, growth, or reproduction. Loss of MTCH-1 does not influence proteo-
stasis capacity in aged tissues through previously described pathways but instead operates by reducing
CED-4 levels. This results in the sequestration of HSP-90 by inactive CED-3, which in turn leads to an increase
in HSF-1 activity, transcriptional remodeling of the proteostasis network, and maintenance of proteostasis
capacity with age. Together, our findings reveal a role for programmed cell death factors in determining
proteome health and suggest that inhibiting MTCH-1 activity in adulthood may safeguard the aging proteome

and suppress age-related diseases.

INTRODUCTION

The ability to maintain a healthy proteome is crucial for the long-
term function of all tissues.' However, a decline in the capacity
to maintain protein homeostasis (proteostasis) with age is
observed in worms, flies, mice, and humans.? This gives rise to
the appearance and persistence of misfolded and aggregated
proteins (proteostasis collapse), which in turn gives rise to
many disorders, including dementia, muscle wasting, liver dis-
ease, and diabetes.® Therefore, identifying pathways and mech-
anisms that can subdue the accumulation of protein aggregates
in aged tissues may be a powerful way to suppress the onset and
progression of many age-associated diseases.

Given the ramifications associated with the accumulation of
aberrant protein species, cells possess many sophisticated
mechanisms for maintaining proteostasis.” The components of
these protein quality control mechanisms are integrated into
the proteostasis network (PN), a collection of folding, trafficking,
and degradation pathways that span the cell and act to surveil
the proteome in order to neutralize any misfolded, mislocalized,
or aggregated proteins that arise.” Although the PN robustly
safeguards the proteome early in life, the capacity of the PN to
maintain proteostasis declines abruptly during adulthood in
worms, flies, and mice, leaving cells and tissues more vulnerable
to the accumulation of toxic protein species with age.*””

Gheck for
Updates

Attempts to understand the basis of proteostasis collapse in
the nematode worm Caenorhabditis elegans have revealed that
proteostasis capacity declines as animals commit to reproduc-
tive maturity.®° This is preceded by a rapid decline in the ability
of the transcription factor HSF-1 to drive the expression of PN
genes, most notably those encoding for small heat shock pro-
teins (sHSPs) and HSP-70 family members.® Over-expression
and knockdown of HSF-1 suppress and enhance age-related
proteostasis collapse, respectively, suggesting that finding
ways to maintain HSF-1 activity throughout life could preserve
proteostasis capacity and prolong healthy tissue function with
age_1o—13

Several studies have shown that the long-term activity of
HSF-1 is determined by pathways operating during development
and that the removal of germline stem cells (GSCs), inhibition of
electron transport chain activity, reduction of food intake, and
destabilization of eggshell integrity, can all maintain proteostasis
in an HSF-1-dependent manner.®®'*~'" These findings demon-
strate that multiple pathways act early in life to couple long-term
HSF-1 activity with reproductive potential and nutritional status
during development. This raises two important questions: (1)
What is the full complement of pathways acting early in life to
control the long-term activity of HSF-1? and (2) Can HSF-1 activ-
ity and proteostasis capacity be maintained without detrimental
effects on early-life physiology?
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Here, we demonstrate that the highly conserved outer mito-
chondrial membrane protein, MTCH-1/MTCH2, is a negative
regulator of HSF-1 activity in adulthood. Reducing MTCH-1
levels increases HSF-1 activity and enhances proteostasis
capacity through a mechanism that is distinct from previously
reported proteostasis modifying pathways. Surprisingly, these
effects are not associated with growth defects, developmental
delay, or altered fecundity and occur through inhibition of pro-
grammed cell death (PCD) factors and reduced HSP-90 activity.
Our findings suggest that maintenance of proteostasis capacity
with age can be uncoupled from immediate effects on fitness by
targeting PCD factors and HSP-90 in adulthood.

RESULTS

Reducing MTCH-1 levels prevents the programmed loss
of stress resistance during early adulthood

Using an unbiased genome-wide RNAIi screening approach, we
previously identified mtch-1 (which encodes a highly conserved
transporter in the mitochondrial outer membrane) as a suppressor
of thermal stress resistance in reproductively mature C. elegans
adults."* To determine whether knockdown of mtch-1 generally in-
creases stress resistance at any life stage, or specifically sup-
presses the loss of stress resistance in early adulthood, we grew
animals on empty vector (EV) control (L4440) or mtch-1(RNAI)
and measured resistance to heat, endoplasmic reticulum (ER) (tu-
nicamycin), and oxidative (paraquat) stress on days 1 and 3 of
adulthood (the window during which stress resistance declines
during C. elegans adulthood).®'®

Knockdown of mtch-1 enhanced resistance to both heat and
tunicamycin treatment on day 3 but not day 1 of adulthood (resis-
tance to heat stress was maintained until day 7 of adulthood) and
increased lifespan without causing developmental delay,
reduced body size, or altered reproductive output/duration
(Figures 1A, 1B, 1D, S1A-S1D, S1F, and S1G). However,
mtch-1(RNAIJ) did not affect sensitivity to paraquat treatment,
which increased between days 1 and 3 of adulthood in control
animals (Figure 1C). The increase in paraquat resistance
observed in day 3 adult animals is contrary to previous observa-
tions® and possibly reflects a shift in paraquat dose and expo-
sure method (solid versus liquid media).

Increased stress resistance and lifespan were also observed
in mtch-1(ok1800) knockout (KO) mutants (Figures 1E and 1F).
However, in contrast to mtch-1(RNAi)-treated worms, mtch-
1(ok1800) animals were small, lean, and sterile compared with
wild-type controls (Figure S1B), phenotypes that were copied
in the progeny of parents exposed to mich-1(RNAi) from the
mid-L4 stage (Figure S1E). In addition, mtch-1(ok1800) KO mu-
tants exhibited a modest reduction in pharyngeal pumping rate
(feeding), which was not observed upon mtch-1(RNAI) (in which
pumping was moderately increased) (Figures S1H and S1l).
Therefore, we decided to focus our subsequent experiments
on mtch-1(RNAI)-treated animals.

Removal of GSCs and reduced feeding have both been shown
to prevent the programmed loss of stress resistance during early
C. elegans adulthood.® ' To test whether mtch-1(RNAi) may be
enhancing stress resistance by engaging the same pathways,
we tested resistance to heat stress in germline stem cell-defi-
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cient (glp-1) and dietary-restricted (DR) (eat-2) mutants. Knock-
down of mtch-1 enhanced stress resistance in glp-1 and eat-2
mutants to the same extent as in wild-type worms (Figures S1J
and S1K), suggesting that reduced MTCH-1 activity prevents
the programmed loss of stress resistance in early adulthood
independently of previously described GSC- and DR-proteosta-
sis pathways.%1°1°

Loss of MTCH-1 enhances proteostasis capacity and
selectively suppresses proteotoxicity across tissues

To ascertain whether the maintenance of stress resistance upon
knockdown of MTCH-1 is due to enhanced proteostasis capacity,
we measured the aggregation propensity of previously described
polyglutamine:YFP (PolyQ:YFP)-based proteostasis sensors in
the body wall muscle or intestine of control or mich-1(RNAJ)-
treated animals.'®?° Knockdown of mtch-1 suppressed age-
related polyglutamine aggregation in both tissues (Figures 2A,
2B, and S2A); however, this did not correspond to a reduction in
age-related polyQ toxicity in muscles (Figure 2C). To explore the
ability of mich-1(RNAI) to suppress age-related proteotoxicity
caused by other substrates and in other tissues, we used
previously described models to measure metastable myosin
(unc-54ts), amyloid beta 1-42 (AB1_42) and polyQ-induced toxicity
in aging muscles and neurons.*?"?? In contrast to effects on
polyQ, reduced MTCH-1 activity suppressed the toxicity caused
by misfolded myosin and ABi42 in body wall muscle cells
(Figures 2D and S2B). Furthermore, despite not influencing polyQ
toxicity in muscles, mtch-1(RNAI) did suppress polyQ and ABq_4>
toxicity in neurons (Figures 2E and 2F). Together, these data sug-
gest that reducing MTCH-1 levels maintains proteostasis capacity
in early adulthood and selectively suppresses age-related proteo-
toxicity across tissues.

Knockdown of MTCH-1 enhances stress resistance
through an HSF-1-mediated cytosolic unfolded protein
response
Given that mtch-1(RNAI) can protect against age-related proteo-
toxicity, we next wanted to investigate how reduced MTCH-1
activity alters the composition of the PN during adulthood. In
wild-type animals, the loss of proteostasis capacity in early adult-
hood is preceded by the programmed repression of inducible
proteostasis pathways in the cytosol (heat shock response
[HSR]), ER(UPRER), and mitochondria (UPR™) as animals commit
to reproduction.?'® To ascertain whether mtch-1(RNAJ) main-
tains proteostasis capacity by preserving inducible PN pathways,
we measured the expression of canonical HSR (hsp-16.11, hsp-
70, hsp-70b/F44E5.4, and hsp-1), UPRER (hsp-4), and UPR™
(hsp-6) genes on days 1 and 3 of adulthood following exposure
to basal (20°C) or heat shock conditions (33°C, 30 min). As ex-
pected, the ability to induce HSR and UPR genes declined
sharply between days 1 and 3 of adulthood in control animals
(Figures S3A-S3F). However, this phenomenon was not sup-
pressed by treatment with mtch-1(RNAJ) (Figures S3A-S3F), sug-
gesting that reducing MTCH-1 activity preserves proteostasis
capacity in aged tissues without preventing the repression of
stress response pathways in early adulthood.

We next asked whether the maintenance of proteostasis
capacity emerges from changes in the basal expression of
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Figure 1. Reducing MTCH-1 levels prevents the programmed loss of stress resistance during early adulthood
(A-C and E) Survival following exposure to (A and E) transient heat shock (35°C for 4 h), (B) tunicamycin (50 ung/mL), or (C) paraquat (10 mM) on day 1 or 3 of

adulthood. Wild-type (N2) animals were grown on EV (L4440) or mtch-1(RNAI).

(D and F) Lifespan of (D) wild-type animals grown on EV (L4440) or mtch-1(RNAI) or (F) wild-type and mtch-1(ok1800) knockout mutants, at 20°C.
Statistical significance in (A)—(F) was calculated using the Mantel-Cox log rank test. ns, not significant (p > 0.05); *p < 0.05, ***p < 0.001, and ****p < 0.0001. Three
independent trials were performed for each survival experiment. Full statistics for all stress resistance and lifespan trials (including n values) can be found in

Table S1. See also Figure S1.

inducible PN genes. We used RNA sequencing (RNA-seq) to
compare the expression of core cytosolic, ER, and mitochondrial
PN genes in control and mtch-1(RNA|)-treated animals on day 3
of adulthood.

Knockdown of mtch-1 resulted in the induction of a subset
of cytosolic PN genes (hsp-16.2, hsp-16.41, hsp-70, hsp-

70b(F44E5.4/5), unc-23, dnj-19, cct-1, hsp-110, aip-1) that was
confirmed by gRT-PCR and observed on day 3, but not day 1,
of adulthood (Figures 3A-3G, S3G-S3J, and S4B). In addition,
we found that the levels of HSF-1 associated with the promoters
of up-regulated genes was increased in response to mtch-
1(RNAIJ) treatment (Figure 3H) and that hsf-1, but not daf-16, is
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Figure 2. Reduced MTCH-1 activity sup-
presses protein aggregation and age-related
proteotoxicity across tissues

(A and B) Number of polyglutamine::YFP aggregates
present in the (A) body wall muscle (Q35::YFP) or
(B) intestine (Q44::YFP) on different days of adult-
hood in worms grown on EV (L4440) control or mtch-
1(RNAI) plates. Values plotted are the mean (n > 19
animals per group).

(C and D) Proportion of control, (C) PolyQ35, or (D)
AB4_42 animals exhibiting paralysis at different days
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required for increased stress resistance upon mtch-1(RNAi) and
knockout (Figures 3l, 3J, S3K, and S3L). Together, these data
demonstrate that reduced MTCH-1 activity protects against
age-related proteostasis collapse through increased HSF-1 ac-
tivity and the up-regulation of a distinct subset of cytosolic PN
genes.

Knockdown of MTCH-1 does not alter lipid homeostasis
If knockdown of mtch-1 does not alter fecundity or feeding, how
then, does it enhance stress resistance and maintain proteosta-
sis in aged tissues? In mammals and worms, MTCH-1/MTCH?2,
has been proposed to control lipid homeostasis and to positively
regulate apoptosis.?>?* In addition, MTCH-1 resides within the
mitochondrial outer membrane and compromised mitochondrial
function is linked to maintenance of proteostasis and increased
lifespan.'* Therefore, we reasoned that the maintenance of pro-
teostasis capacity downstream of mtch-1(RNAI) could stem from
the disruption of one, or all, of these processes.

RNA-seq analysis revealed 153 down-regulated and 437 up-
regulated genes (1.5-fold or greater) on day 3 of adulthood in
response to mtch-1(RNAI) (Figure S4A). Functional and pathway
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also Figure S2.
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enrichment analysis revealed that up-regu-
lated genes were enriched for roles in
nervous system development and sphingo-
lipid metabolism, while down-regulated
genes were enriched for roles in pathogen
defense and fatty acid metabolism
(Figures S4C and S4D). To test whether
depleted fat stores could underlie enhanced
proteostasis capacity, we measured lipid
levels in control and MTCH-1 compromised
animals using oil red O (ORO) staining.
Consistent with previous studies,”* we find that levels of ORO
staining were greatly reduced in mtch-1(ok1800) knockout animals
(Figure S4E). However, ORO staining was unaltered upon expo-
sure to mtch-1(RNAJ) (Figure S4E), suggesting that a gross alter-
ation in fat metabolism or lipid stores does not underlie enhanced
proteostasis capacity in response to mtch-1 knockdown.

O Ev
1 mtch-1(RNA)

Knockdown of MTCH-1 does not enhance proteostasis
capacity through impaired ETC activity or altered
mitochondrial dynamics

Given that the human orthologue of MTCH-1, MTCHZ, is a mito-
chondrial outer membrane protein with a role in mitochondrial
fusion, we next examined the impact of mtch-1(RNAi) on
mitochondrial function and dynamics. Unlike ETC impairment
(cox-6¢[RNAI]), mtch-1(RNAI) did not induce a mitochondrial
unfolded protein response, reduce ATP levels, or impair
respiration but did increase membrane potential and promote
mitochondrial fusion compared with control animals
(Figures 4A-4E). In addition, mtch-1(RNAi) enhanced stress
resistance on day 3 of adulthood in ETC (isp-1;ctb-1), fusion
(fzo-1) and fission (drp-1) compromised worms to the same
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Figure 3. Knockdown of MTCH-1 enhances stress resistance through an HSF-1-mediated cytosolic unfolded protein response

(A) RNA-seq analysis of the basal expression of HSR, UPRER, and UPR™ genes on day 3 of adulthood in wild-type (N2) animals grown on EV (L4440) control or
mtch-1(RNAJ). Mean log, fold change between groups is plotted for each gene (n = 4 biological replicates per group).
(B-G) Relative expression of (B) hsp-16.2, (C) hsp-16.41, (D) hsp-70, (E) hsp-70b(F44E5.4/5), (F) dnj-19, and (G) cct-1 mRNA on day 3 of adulthood in wild-type
animals grown on EV (L4440) control or mtch-1(RNAI). Data are the mean of 4 biological replicates.

(legend continued on next page)
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extent as was observed in wild-type controls (Figures 4F and
4G). Finally, we observed that the increased stress resistance
of mtch-1(RNAi) worms was not dependent on let-92, which
we have previously shown is necessary for increased proteosta-
sis capacity upon ETC impairment'” (Figure S4F). Together, our
results indicate that MTCH-1 has important roles in mitochon-
drial function, mitochondrial fusion and lipid metabolism in
C. elegans. However, changes in these processes do not appear
to underlie the enhanced proteostasis capacity of mtch-1(RNAI)
worms.

Reduced MTCH-1 activity maintains proteostasis
through inhibition of the programmed cell death
pathway

Given that MTCH2 positively regulates apoptosis in mammals,
we hypothesized that reduced MTCH-1 activity may maintain
proteostasis through the inhibition of programmed cell death
factors. In C. elegans, apoptosis is regulated through the egl-
1-ced-9-ced-4-ced-3 axis and loss (egl-1, ced-4, or ced-3) or
gain (ced-9) of function mutations in these genes block
apoptosis.”® We found that ced-9(1050 gof), ced-4(n1162 lof),
and ced-3(n717 lof) mutants all enhanced stress resistance in
day 3 adult animals, whereas egl-1(ko) mutants did not
(Figures 5A-5D). Importantly, mtch-1(RNAi) did not further in-
crease stress resistance in ced-9, ced-4, or ced-3 mutants but
did increase stress resistance in egl-1(n3330 lof) mutants
(Figures 5A-5D). These effects were not due to reduced
mtch-1 expression in ced mutants (Figure S4A) and suggest
that the loss of MTCH-1 enhances stress resistance through
the inhibition of programmed cell death.

To determine whether the prevention of cell death was neces-
sary for MTCH-1 depletion to enhance stress resistance, we
counted the number of NSM neurons present in adult animals
using a HIS-24::GFP reporter line’® and scored the number of
germline apoptotic corpses present in adulthood using a
CED-1::GFP reporter strain.”” NSM number and frequency of
CED-1::GFP halos increase upon inhibition of developmental
apoptosis (DA; embryo and early larvae) and physiological
apoptosis (adult germline), respsectively.”® Our experiments re-
vealed that mtch-1(RNAi) had no effect on NSM number or fre-
quency of CED-1::GFP cells in adulthood (Figures S4B and
S4C). Together, these data suggest that the maintenance of
proteostasis capacity downstream of mich-1(RNAj) comes
about from the inhibition of canonical PCD pathway factors but
does not require the prevention of cell death per se.

To determine whether the increased stress resistance
observed upon inhibition of the core PCD pathway is associated
with increased HSF-1 activity and enhanced proteostasis
capacity, we knocked down ced-3 and ced-4 by RNAi and
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assessed the impact on polyglutamine aggregation in the body
wall muscle and intestine with age. We found that RNAi against
ced-4, but not ced-3, suppressed age-related polyglutamine
aggregation in both tissues (Figures 5E and 5F). In addition,
ced-3(n717) mutants exhibited increased expression of HSF-1
target genes on day 3 of adulthood (Figures S5D-S5G), and
the increased stress resistance of ced-3(n717) and ced-
4(n1162) mutants was hsf-1 dependent (Figures 5G and 5H).
The failure of ced-3(RNAI) to suppress polyQ aggregation sug-
gests that it is the maintenance of an inactive form of CED-3
(as is the case in the n717 mutant) rather than loss of CED-3
(as is the case with RNAI), which enhances proteostasis capac-
ity.?® In contrast, both ced-4(n1162) and ced-4(RNAI) lead to a
depletion of CED-4 protein.® Together, our data suggest that
reduced mitch-1 levels inhibit the activity of core PCD factors in
adulthood, and that this in turn results in increased HSF-1 activity
and protection from age-related protein aggregation.

MTCH-1 knockdown enhances HSF-1 activity by
reducing CED-4 levels and inhibiting HSP-90 activity
How then does loss of MTCH-1 inhibit the PCD pathway, and how
does this in turn regulate HSF-1 activity? Given that MTCH-1,
CED-9, and CED-4 are all associated with the mitochondrial outer
membrane, we reasoned that the loss of MTCH-1 may alter the
stability and/or activity of CED-9 and/or CED-4. To test this, we
measured CED-3, CED-4, and CED-9 levels following knockdown
of mtch-1 using worms expressing CED-3::GFP from the ced-3
promoter,*® worms expressing CED-4::GFP from the ced-4 pro-
moter,®! or antibodies against CED-9 and MTCH-1. We found
that mtch-1(RNAi) reduced MTCH-1 levels by approximately
75% but did not alter levels of CED-3::GFP or CED-9 (Figures 6A
and 6B). However, mtch-1(RNAJ) was associated with reduced
levels of CED-4::GFP (Figures 6A and 6B). In contrast, MTCH-1
levels were not altered in ced-4(n1162) mutants (Figure 6C). These
data suggest that the loss of MTCH-1 interacts with the PCD
machinery by reducing CED-4 stability.

Next, we asked how loss of MTCH-1 may be augmenting
HSF-1 activity. We first asked whether mtch-1(RNAI) increased
levels of HSF-1 or decreased levels of HSP-90 and HSP-70,
two canonical negative regulators of HSF-1 activity.>* Levels of
hsf-1 mRNA as well as HSF-1, HSP-70, and HSP-90 protein,
were unaltered in mtch-1(RNAi)-treated worms (Figures 6D and
SB6A-S6E). Given that HSP-90 has been reported to associate
with apoptosis regulators in mammalian cells,®® we hypothe-
sized that an increase in HSP-90 binding to CED-3 or CED-4 in
response to mtch-1(RNAI) could titrate HSP-90 away from intra-
cellular complexes that repress HSF-1 activity.

We were able to immunoprecipitate CED-3::GFP and CED-
4::.GFP at comparable levels from both control and

(H) Relative levels of HSF-1::GFP bound to promoters of proteostasis genes or cdc-42 on day 3 of adulthood following exposure to EV (L4440) controls or mtch-

1(RNAI). Data are the mean of 4 biological replicates.

(I and J) Survival following heat shock (35°C, 4 h) on day 3 of adulthood of (I) wild-type (N2) and hsf-1(sy441) mutant animals exposed to EV (L4440) control or
mtch-1(RNAI) or (J) wild-type and mtch-1(ok1800) worms exposed to EV (L4440) control or hsf-1(RNAJ). Three independent trials were performed per stress
resistance experiment. Trials were run in parallel with daf-16(mu86) and daf-16(RNAJ) animals (Figures S3K and S3L).

Error bars denote SEM in all cases. Statistical significance was calculated using unpaired, two-tailed Student’s t test (B-H) or the Mantel-Cox Log rank test (I and
J). Full statistics for all stress resistance and lifespan trials (including n values) can be found in Table S1 ns, not significant (p > 0.05); *p < 0.05, **p < 0.01, and

****p < 0.0001. See also Figure S3.
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(A) Representative images of hsp-6p::gfp worms or wild-type TMRE-treated worms following growth on EV (L4440) control, mtch-1(RNAI), or cox-6¢(RNAI). Mean
fluorescence intensity of TMRE staining (n > 18 animals per group) was measured and plotted. Scale bar, 250 uM.

(B and C) Basal (B) and maximal (C) oxygen consumption rate (OCR) of day 1 and day 3 adult worms following growth on EV (L4440) control or mtch-1(RNAI).

Mean values (n = 10 replicates per group) are plotted.

(legend continued on next page)
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mtch-1(RNAI|)-treated worms using an anti-GFP antibody, but
not IgG alone (Figures 6E and 6F). In addition, we were able to
recover HSP-90 but not HSP-70 with both CED-4::GFP and
CED-3::GFP, but not from worms expressing GFP alone (Fig-
ure S6F). Crucially, we found that the levels of HSP-90 recovered
with CED-3::GFP, but not CED-4::GFP, increased in response to
mtch-1(RNAIJ) (Figures 6E and 6F), suggesting that HSP-90 is re-
directed away from existing HSF-1-repressing complexes and
toward CED-3 upon loss of MTCH-1.

Finally, we reasoned that if this shift in HSP-90 binding pro-
motes proteostasis capacity through de-repression of HSF-1,
then knocking down hsp-90 in adulthood should copy the effects
of mtch-1(RNAi) and enhance stress resistance. Furthermore,
these effects should not be additive with mtch-1(RNAj). We
tested these predictions and found that knocking down hsp-90
in adulthood did indeed increase stress resistance in wild-type
animals but not in mtch-1(RNAI), ced-3(n717), or ced-4(n1162)
mutants (Figures 6G, 6H, and S6G). Taken together, our data
support a model in which MTCH-1 depletion protects the aging
proteome by shifting HSP-90 binding away from inhibitory com-
plexes and toward CED-3, thereby derepressing HSF-1 activity
and increasing proteostasis capacity.

DISCUSSION

Our work has revealed that MTCH-1 regulates the activity of
HSF-1 and proteostasis capacity in adulthood, and that this is
dependent on inhibition of the programmed cell death factors,
CED-3 and CED-4. Loss-of-function mutations in ced-3 and
ced-4 have previously been shown to suppress developmental
defects caused by tunicamycin treatment.** In addition, inhibi-
tion of the central apoptosis pathway also reduces death caused
by extreme or chronic elevated temperatures on the first day of
adulthood, possibly through increased PMK-1 activity.** ¢
Coupled with our findings, these observations suggest that pro-
grammed cell death factors have complex secondary roles in
determining chronic stress resistance during development, and
in facilitating the loss of proteostasis capacity during the transi-
tion to reproductive maturity. We consistently observed that loss
of CED-4 activity produced the most pronounced increases in
stress resistance, suggesting that CED-4 may have important
functions during adulthood that extend beyond the regulation
of CED-3.

Intriguingly, ced-3 and ced-4, but not egl-1, have been shown
to be necessary for increased lifespan caused by mitochondrial
ROS in C. elegans, but are not required for lifespan extension in
reduced insulin/insulin-like signaling (daf-2), dietary-restricted
(eat-2) or GSC deficient (glp-1) mutants.*® These findings are
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reminiscent of our observations that mtch-1(RNAI) operates
independently of these pathways to maintain proteostasis
capacity.

Given that previously identified proteostasis modifying path-
ways suppress age-related protein aggregation at the expense
of slower development, stunted growth, or reduced fecundity,
we were surprised to see that loss of MTCH-1 suppresses
age-related proteotoxicity without any overt signs of these phys-
iological issues. Other groups have reported that mtch-1(RNAI)
causes growth and fecundity defects and mitochondrial stress
when administered early in life.?**"*® Although we observe
these effects in mtch-1(0k1800) knockout mutants, we do not
see them upon mtch-1(RNAI), despite achieving a >90% reduc-
tion in mtch-1 mRNA levels by day 3 of adulthood. These differ-
ences most likely arise from differences in the timing of mtch-1
knockdown, as we found that longer exposure of parents to
mtch-1(RNAJ) resulted in progeny that phenocopied mich-
1(0k1800) KO animals. The timing of MTCH-1 depletion may
also explain why MTCH-1 perturbation is beneficial in our exper-
iments but reduced MTCH2 expression is strongly associated
with increased risk for Alzheimer’s disease (AD) in humans.*°

In addition to our original RNAIi screen for modifiers of stress
resistance,'* MTCH-1 was also identified in RNAi screens for
modifiers of polyglutamine aggregation in body wall muscle cells
and lifespan.®®° Our data are in agreement with these other
studies; however, our work also demonstrates that knockdown
of mtch-1 does not suppress polyglutamine-based proteotoxic-
ity in muscles, something that was also observed in a previous
study that identified mtch-1 as an enhancer of polyglutamine
aggregation in muscle cells.”® This is not likely to be due to a
general negative effect of mtch-1(RNAJ) on muscle function, as
wild-type motility was unaltered by mtch-1(RNAi), and knock-
down of mtch-1 suppressed proteotoxicity caused by the pres-
ence of misfolded myosin or AB1_4» in muscles. Furthermore, this
is unlikely to be due to the way that reduced MTCH-1 activity
broadly influences polyglutamine toxicity, as we found that
mtch-1(RNAi) suppressed both APi4 and polyglutamine
toxicity in neurons. One possibility is that MTCH-1 perturbation
has detrimental effects on mitochondrial function and energy
production that offset the benefits on proteostasis in the muscles
of polyglutamine worms, but not in other worm strains. There-
fore, although our work identifies MTCH-1/MTCH2 as a potential
target to ameliorate age-related protein conformational disease,
it is clear that more work is required to understand the selective
nature of these effects.

In C. elegans and Drosophila, the loss of proteostasis capacity
early in life is preceded by the repression of heat shock response
(HSR) and unfolded protein response (UPR) genes.® %" Unlike

(D) Relative ATP levels normalized to total protein at day 3 of adulthood in wild-type animals following growth on EV (L4440) control or mtch-1(RNAI). Values

plotted are the mean of 4 biological replicates.

(E) Localization of mitochondria targeted GFP in body wall muscles on day 3 of adulthood following growth on EV (L4440) control or mtch-1(RNAi). Mean values (n

> 10 animals per group) are plotted. Scale bar, 10 um.

(F and G) Survival of wild-type, (F) isp-1,;ctb-1(qm150;qm189), or (G) fzo-1(cjn20) and drp-1(tm1108) mutants following transient heat shock (35°C, 4 h) on day 3 of
adulthood. Worms were maintained at 20°C on EV (L4440) control or mtch-1(RNAJ) plates. Three independent trials were performed per stress resistance

experiment.

All error bars denote SEM. Statistical significance was calculated using one-way ANOVA with post-analysis pairwise comparison of groups (A), two-way ANOVA
with post-analysis pairwise comparison of groups (B and C), unpaired two-tailed Student’s t test (D), or the Mantel-Cox log rank test (F and G). ns, not significant
(p > 0.05); ***p < 0.0001. Survival statistics for all stress resistance trials related to (F) and (G) (including n values) can be found in Table S1. See also Figure S4.
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Figure 5. Loss of MTCH-1 does not prevent repression of the heat shock response in early adulthood
(A-D) Survival of wild-type (N2), (A) ced-9(n1950), (B) ced-4(n1162), (C) ced-3(n717), and (D) egl-1(n3330) mutants following heat shock (35°C, 4 h) on day 3 of
adulthood. Worms were grown on EV (L4440) control or mtch-1(RNAI). All groups were assessed in parallel. Therefore, N2 control groups are the same on all

panels. Four independent trials were performed per stress resistance experiment.

(E and F) Polyglutamine (PolyQ) aggregate number on different days of adulthood in (E) body wall muscle cells or (F) intestinal cells of EV (L4440) control or mtch-

1(RNAI) worms. Values plotted are the mean (n > 15 animals) of each group.

(G and H) Survival of wild-type (N2) and (G) ced-3(n717) or (H) ced-4(n1162) animals on day 3 of adulthood following exposure to heat shock (35°C, 4 h). Worms
were grown on EV (L4440) control or hsf-1(RNAI). Four independent trials were performed per experiment and trials were conducted in parallel. Therefore, N2

control groups are the same in both panels.

Statistics for all stress resistance trials (including n values) can be found in Table S1. All error bars denote SEM. Statistical significance was calculated using the
Mantel-Cox log rank test (A-D, G, and H) or two-way ANOVA with post-analysis pairwise comparison of means (E and F). ns, not significant (p > 0.05); *p < 0.05,

**p < 0.01, and ***p < 0.0001. See also Figure S5.
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Figure 6. Reduced MTCH-1 activity selectively induces heat shock response genes in reproductively active adults

(A and B) Representative images (A) and quantification (B) of CED-3::GFP, CED-4::GFP, CED-9, MTCH-1, and tubulin levels in day 3 adult EV (L4440) control or
mtch-1(RNAJ) worms. Values are the mean of at least 3 biological replicates.
(C) Representative images of MTCH-1 and tubulin levels in day 3 wild-type (N2), ced-4(n1162), and mtch-1(ok1800) animals. At least 3 biological replicates were

analyzed per group.

(D) Representative images of HSP-90, HSP-70, and tubulin levels in day 3 adult EV (L4440) control or mtch-1(RNAi) worms. At least 3 biological replicates were

analyzed per group.

(E and F) Representative images of HSP-90 and HSP-70 after GFP or IgG IP from (E) CED-3::GFP or (F) CED-4::GFP animals. Experiments were performed three times.
(G and H) Survival of (G) wild-type (N2) and (H) ced-3(n717) animals on day 3 of adulthood following exposure to heat shock (35°C, 4 h). Worms were grown on EV
control or mtch-1(RNAI). Three independent trials were performed per stress resistance experiment.

All error bars denote SEM. Statistical significance was calculated using unpaired, two-tailed Student’s t test (B) or the Mantel-Cox log rank test (G and H). ns, not
significant; *p < 0.05 and **p < 0.01. Survival statistics for all trials related to (G) and (H) (including n values) can be found in Table S1. See also Figure S6.
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other proteostasis modifying pathways, MTCH-1 knockdown
does not maintain the activity of the HSR or UPR in reproductive
adulthood. Instead, we find that mtch-1(RNAI) results in the
increased basal expression of multiple HSF-1 target genes,
including HSP-16, HSP-70, DNJ-19, and CCT-1. Among the
chaperones induced by mtch-1(RNAI), elevated levels of small
heat shock proteins are associated with increased longevity
and suppression of age-related protein aggregation.’™'” How-
ever, increased levels of small heat shock proteins have also
been shown to promote protein aggregation in post-reproduc-
tive tissues.*? It is likely that the differential effects of SHSPs on
age-related protein aggregation are due to differences in
substrate interactions, the cellular environment, and differences
in the composition of the PN.

Our data suggest that reduced MTCH-1 levels may increase
HSF-1 activity by titrating HSP-90 away from HSF-1-repressive
complexes and toward CED-3. It has previously been shown
that inhibiting HSP-90 activity in adulthood, either genetically
or pharmacologically, can activate HSF-1 and extend lifespan
in C. elegans and can suppress polyglutamine aggregation and
toxicity in fly and mouse models of neurodegenerative disease
and kill senescent cells in mammals.®***~*% Future studies to
fully understand how the interplay between HSP-90 and PCD
factors derepresses HSF-1 activity, and to determine how
HSP-90 inhibition exerts its beneficial effects on long-term tissue
health, will be crucial.

Although we find that knockdown of mtch-1 modestly extends
median lifespan, neither ced-3 or ced-4 mutants are reported to be
long lived.***” Given that reduced MTCH-1 activity acts through
inhibition of CED-3/4 to maintain proteostasis, and that inhibition
of CED-3/4 alone enhances stress resistance in adult animals, it
is clear that maintenance of proteostasis capacity and elevated
stress resistance do not always translate to an increased lifespan.
A similar phenomenon has also been observed in eggshell
compromised cbd-1 mutants,'® which increase HSF-1 activity
and suppress polyglutamine aggregation but are not long lived.
It is possible that the presence or absence of effects on lifespan
by proteostasis modifying interventions reflects the extent to
which different tissue-specific pathologies, many of which may
be caused by the drive to rapidly reproduce, are altered.*®

Finally, the fact that MTCH-1 controls HSF-1 activity and pro-
teostasis capacity independently of previously reported path-
ways begs a very important question: why are there so many
mechanisms for altering the long-term activity of HSF-1?
Although we do not currently know the answer to this, we spec-
ulate that this may reflect the fact that HSF-1 activity is integrated
into a complex network of pathways that couple nutritional sta-
tus, reproductive potential and pathogenicity of the environment,
with long-term proteostasis capacity. Therefore, the presence of
multiple pathways regulating HSF-1 activity may allow organ-
isms to tailor HSF-1 activity and PN composition to meet a
diverse range of challenges sensed. It is plausible that such an
approach would be far more efficient than the broad activation
of HSF-1 by a single pathway. Future attempts to understand
why increased HSF-1 activity promotes longevity in some con-
texts but not others, and understanding precisely how reduced
MTCH-1 activity, GSC removal, and ETC impairment specifically
alter HSF-1 activity and proteome composition, will be key to

¢ CellP’ress

developing a complete picture of the relationship between
HSF-1, proteostasis capacity and aging.

Limitations of the study

One conceptual limitation of this study is that we have not shown
that a shift in HSP-90-HSF-1 binding is the sole driver of
increased PN gene expression in response to MTCH-1 perturba-
tion. Although this is a plausible model, it remains possible that
alterations in other HSP-90 client interactions indirectly lead to
enhanced HSF-1 activity and elevated expression of PN genes.
A more comprehensive, unbiased assessment of HSP-90 client
interactions under control and mtch-1(RNAI) conditions, may
allow us to address this. In addition, there are some technical lim-
itations to the study. One is that GFP tagged CED-3 and CED-4
proteins were used to study HSP-90 interactions as antibodies
against CED-3 and CED-4 are not readily available. Furthermore,
although we were able to perform experiments using mutants
with an inactive PCD pathway, we were unable to perform recip-
rocal experiments with animals in which the PCD pathway is
constitutively active, as these mutants do not develop.”®
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-GFP (mixture of Sigma Cat# 11814460001 (Roche); RRID:

clones 13.1 and 7.1) AB_390913

Mouse monoclonal anti-GFP (JL8) Clontech Cat# 632380 (Takara Bio); RRID:
AB_10013427

Mouse monoclonal anti-alpha tubulin Sigma Cat# T5168, B512; RRID: AB_477579

Rabbit polyclonal anti HSP-90

Rabbit polyclonal anti CED-9

Gift from Dr Patricija van Oosten-
Hawle (van Oosten Hawle et al.*)
Gift from Prof. Barbara Conradt
(Rolland et al.*®)

N/A

N/A

Rabbit polyclonal anti MTCH1 Invitrogen Cat# PA5-42964;
RRID: AB_2576880
Bacterial and virus strains
E. coli OP50 CGC WB OP50; RRID: WB-STRAIN:OP50
E. coliHT115 CGC WB HT115; RRID: WB-STRAIN:HT115
Chemicals, peptides, and recombinant proteins
Paraquat Sigma Cati# 856177
Tunicamycin Cambridge Bioscience Cat# 11445
Benzaldehyde Sigma Cat# B1334
Critical commercial assays
ATP assay Kit Sigma Cat# MAK135
Tetramethylrhodamine, Ethyl Invitrogen Cat# T669
Ester, Perchlorate (TMRE)
Oil Red O Merck Cat# 102419
iScript cDNA synthesis kit BioRad Cat# 1708890
Seahorse FluxPaks Agilent Lot# W06322
Deposited data
N2 — D3 adults - EV v mtch-1(RNAI) This study GEO: GSE195594

RNAseq data

Experimental models: Organisms/strains

C. elegans: Strain N2 Bristol

C. elegans: Strain VC1345 mtch-1(ok1800)/
min1[mis14 dpy-10(e128) Il]

C. elegans: Strain MT4770 ced-9(n1950) Il
C. elegans: Strain MT2547 ced-4(n1162) Ill
C. elegans: Strain MT1522 ced-3(n717) IV
C. elegans: Strain MD131 egl-1(n3330) IV

C. elegans: Strain BXN723 fzo-1(cjn20) Il
C. elegans: Strain CU6372 drp-1(tm1108) IV
C. elegans: Strain SJ4100 zcls13
[hsp-6p::gfp + lin-15(+)] V

C. elegans: Strain AD1116 eat-2(ad1116) Il
C. elegans: Strain CF1903 glp-1(e2144ts) Il

C. elegans: Strain MQ989
isp-1(qm150);ctb-1(gm189)
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Caenorhabditis Genetics Center
Caenorhabditis Genetics Center

Caenorhabditis Genetics Center
Caenorhabditis Genetics Center
Caenorhabditis Genetics Center

Gift from Prof. Barbara Conradt
(Sherrard et al.’")

Caenorhabditis Genetics Center
Caenorhabditis Genetics Center
Caenorhabditis Genetics Center

Caenorhabditis Genetics Center
Caenorhabditis Genetics Center
Caenorhabditis Genetics Center

RRID: WB-STRAIN: WBStrain00000001
RRID: WB-STRAIN: WBStrain00036531

RRID: WB-STRAIN: WBStrain00027154
RRID: WB-STRAIN: WBStrain00026975
RRID: WB-STRAIN: WBStrain00026860
N/A

N/A
RRID: WB-STRAIN: WBStrain00005196
RRID: WB-STRAIN: WBStrain00034068

RRID: WB-STRAIN: WBStrain00005548
RRID: WB-STRAIN: WBStrain00004531
RRID: WB-STRAIN: WBStrain00026672

(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

C. elegans: Strain MD701 bcls39
[lim-7p::ced-1::gfp + lin-15(+) V

C. elegans: Strain bcls66[tph-1p::
his-24::gfp] Il

C. elegans: Strain AM738 rmis297|vha-
6p::Q40::YFP + rol-6(su1006)]

C. elegans: Strain AM140 rmlis132[unc-
54p::Q35::YFP]

C. elegans: Strain AM101 rmls110
[F25B3.3p::Q40::YFP]

C. elegans: Strain CB1301 unc-54
(e1301ts) |

C. elegans: Strain PS351 hsf-1(sy441) |

C. elegans: Strain AM1061 rmSi1[hsf-
1p(4Kb)::hsf-1(minigene)::gfp::3'UTR
hsf-1 + Cbr unc-119(+) Il; hsf-1(ok600)]
C. elegans: Strain CF1038 daf-16(mu86) |
C. elegans: Strain JKM2 Is [rgef1
p::SignalpeptideAbeta (1-42)::hsp3
(IRES)::wrm ScarletAbeta(1-42)::
unch4 (3'UTR) + rps Op::HygroR]

C. elegans: Strain JKM3

Is [rgef-1p::wrmScarlet::unc-
54(3'UTR) + rps-0p::HygroR]

C. elegans: Strain JKM7

Is [myo-3p::Signalpeptide-Abeta
(1-42)::hsp-3 (IRES)::wrm Scarlet-
Abeta(1-42)::unc-54(3'UTR) +

rps -0p::HygroR]

C. elegans: Strain JKM8

Ex [myo-3p::wrmScarlet-Abeta::
unc-54(3'UTR) + rps-0p::HygroR]

C. elegans: Strain SJ4103 zcls14
[myo-3::GFP(mit)]

C. elegans: Strain XR6 lagr-1(gk327);
opls219[ced-4p::ced-4::gfp]

C. elegans: Strain CU394 smlis10
[ced-3p::ced-3::gfp + rol-6(su1006)] |

Caenorhabditis Genetics Center
Gift from Prof. Barbara Conradt

(Yan et al.*%)
Gift from Prof. Rick Morimoto

(Prahlad and Morimoto®?)
Caenorhabditis Genetics Center
Caenorhabditis Genetics Center
Caenorhabditis Genetics Center
Caenorhabditis Genetics Center
Gift from Prof. Rick Morimoto
(Li et al.>%)

Caenorhabditis Genetics Center

Gift from Prof. Janine Kirstein
(Gallrein et al.??)

Gift from Prof. Janine Kirstein
(Gallrein et al.??)

Gift from Prof. Janine Kirstein
(Gallrein et al.??)

Gift from Prof. Janine Kirstein
(Gallrein et al.??)

Caenorhabditis Genetics Center
Caenorhabditis Genetics Center

Caenorhabditis Genetics Center

RRID: WB-STRAIN: WBStrain00026469

N/A

N/A

RRID: WB-STRAIN: WBStrain00000182

RRID: WB-STRAIN: WBStrain00000178

RRID: WB-STRAIN: WBStrain00004294

RRID: WB-STRAIN: WBStrain00030901

N/A

RRID: WB-STRAIN: WBStrain00004840
N/A

N/A

N/A

N/A

RRID: WB-STRAIN: WBStrain00034069

RRID: WB-STRAIN: WBStrain00040675

RRID: WB-STRAIN: WBStrain00005189

Oligonucleotides

Please see Table S2 for a complete
list of primers used in this study

N/A

N/A

Software and algorithms

FIJI
gProfiler
DESeq2

Schindelin et al.”*
Raudvere et al.>®
Love, Huber, and Anders®®

https://imagej.net/Fiji#Downloads
https://biit.cs.ut.ee/gprofiler/page/faq

https://bioconductor.org/packages/
release/bioc/html/DESeqg2.html

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, John Lab-

badia (j.labbadia@ucl.ac.uk).
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Materials availability
This study did not generate new, unique reagents.

Data and code availability
® RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are
listed in the key resources table.
® This paper does not report original code.
® Any additional information required to re-analyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

C. elegans strains and culture conditions

All strains were maintained at 20°C on NGM plates seeded with Eschericia coli OP50 using standard husbandry techniques as pre-
viously described.”” Populations of age-synchronised animals were obtained through a 1 hour period of egg-laying onto seeded
plates. Strains used in this study were: N2 Bristol (wild type laboratory strain), VC1345 mtch-1(ok1800), MT4770 ced-9(n1950),
MT2547 ced-4(n1162), MT1522 ced-3(n717), MD131 egl-1(n3330), BXN723 fzo-1(cjn20), CU6372 drp-1(tm1108), SJ4100 (zcls13
[hsp-6p::gfp + lin-15(+]), AD1116 eat-2(ad71116), CF1903 glp-1(e2144ts), MQ989 isp-1(gm150);ctb-1(qm189), MD701 (bcls39
[lim-7p::ced-1::gfp + lin-15(+)], bcls66[tph-1p::his-24::gfp], AM738 (rmis297 [vha-6p::Q(44)::YFP, rol-6(su1006)]), AM140 (rmls132
[unc-54p::Q(35)::YFP]), AM101 (rmlis110 [F25B3.3p::Q(40)::YFP]), CB1301 unc-54(e1301ts), PS3551 hsf-1(sy441), CF1038 daf-
16(mu86), JKM2 (Is [rgefip::SignalpeptideAbeta (1—42)::hsp3 (IRES)::wrm ScarletAbeta(1—42)::unc54 (3'UTR) + rps Op::HygroR]),
JKM3 (/s [rgef-1p::wrmScarlet::unc-54(3'UTR) + rps-0p::HygroR]), JKM7 (Is [myo-3p::Signalpeptide-Abeta(1—42)::hsp-3 (IRES)::wrm
Scarlet-Abeta(1—42)::unc-54(3'UTR) + rps -0p::HygroR]), JKM8 (Ex [myo-3p::wrmScarlet-Abeta::unc-54(3'UTR) + rps-0p::HygroR]),
SJ4103 zcls14 [myo-3::GFP(mit)], AM1061 (rmSi1[hsf-1p(4Kb::hsf-1(minigene)::gfp::3'UTR hsf-1 + Cbr unc-119(+)]; hsf-1(ok600)),
XR6 (opls219[ced-4p::ced-4::gfp]), and CU394 (ced-3p::ced-3::gfp + rol-6(su1006)]).

METHOD DETAILS

RNA interference

All clones were sequenced verified before use and were obtained from the Ahringer RNAi library.°® RNAi was performed by growing
bacteria for 16 hours at 37°C in LB containing 100 ug/ml ampicillin, with shaking (220 rpm). Cultures were then induced with 5 mM
IPTG and allowed to grow at 37°C for a further 3 hours. Following induction, bacteria were allowed to cool at room temperature and
were then seeded onto NGM plates containing 100 ug/ml ampicillin and 1 mM IPTG. Seeded plates were allowed to dry at room tem-
perature before use.

Lifespan and stress resistance assays

In all lifespan and stress resistance assays, survival was scored by gently touching worms with a platinum pick at indicated time
points. Worms were scored as dead in the absence of touch response and absence of pharyngeal pumping. In lifespan assays,
worms exhibiting intestinal prolapse through the vulva (rupturing) or internal hatching of progeny (bagging) were censored. For ther-
morecovery assays, worms were heat shocked on seeded NGM plates at 33°C for 4 hours and allowed to recover at 20°C. For tu-
nicamycin or paraquat treatment, worms were transferred to seeded NGM plates containing tunicamycin (50 ug/ml) or paraquat
(10 mM) on day 1 or day 3 of adulthood and maintained at 20°C. Survival statistics for all experimental repeats can be found in
Table S1.

Proteostasis sensor assays

Polyglutamine aggregation was scored in muscle and intestinal proteostasis sensors at indicated time points under a Nikon
SMZ1270 fluorescence dissecting stereomicroscope. Aggregates were determined to be any discrete foci exhibiting fluorescence
signal above the background diffuse signal. Representative images of worms immobilised on 3% agar pads in 3 mM levamisole were
captured using a Zeiss Imager.Z2 microscope and Hamamatsu ORCA-Flash 4.0 digital CMOS camera.

Muscle function was assessed in polyglutamine, Amyloid Beta and metastable myosin expressing animals by scoring paralysis at
different days of adulthood. Animals were scored as paralysed when they were unable to move forwards or backwards at least one
body length in response to touch with a platinum pick.

Neuronal function was assessed through benzaldehyde-based chemotaxis assays as previously described.*® Chemotaxis plates
were divided into 4 equal quadrants around a central circle measuring 1 cm in diameter. 1% benzaldehyde or water mixed in equal
volumes with 0.5M sodium azide were spotted within adjacent quadrants, 2 cm from the origin circle and an equal distance from one
another. Age-synchronized animals were washed 5 times in M9 buffer, added directly to the centre of the origin circle and placed at
20°C for 60 minutes. Chemotaxis was scored immediately after by counting the number of worms in each quadrant. The chemotaxis
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index for each treatment group was calculated by subtracting the number of worms in control quadrants from the number of worms in
test quadrants and dividing the result by the total number of worms scored.

RNA extraction, cDNA synthesis and RTqPCR

Approximately 100-200 adult animals per treatment group were lysed in 250 pl of Trizol by vortexing for 20 minutes at 4°C. RNA was
purified using an RNeasy extraction kit as per manufacturer’s instructions. cDNA was generated using 1 ug of total RNA and an iScript
cDNA synthesis kit. Real-time quantitative PCR was performed using a Biorad CFX96 Real-time PCR detection system and BioRad
SsoAdvanced SYBR green super mix. Expression of genes of interest was calculated relative to the housekeeping genes rpb-2 and
cdc-42 using the standard curve method. Sequences for all primer pairs used in this study can be found in Table S2.

RNA-sequencing and analysis

RNA integrity was assessed using an RNA Nano 6000 assay kit and an Agilent Bioanalyzer 2100 system. Following this, mRNA was
purified from 1 pg of total RNA using poly-dT magnetic beads and cDNA libraries were generated using random hexamers and
M-MuLV reverse transcriptase for first strand synthesis, followed by second strand synthesis using DNA polymerase | and RNase
H. Fragments were blunt-ended and adapters were ligated before PCR was performed using Phusion high fidelity DNA polymerase.
PCR products were purified using an AMPure XP system and library quality was checked using an Agilent Bioanalyzer 2100. Libraries
were sequenced using an lllumina Novaseq 6000 platform to generate paired-end 150 base pair reads at a depth of 20 million reads
per sample. Following sequencing, raw data was checked and reads containing adapter sequences, poly-N reads or poor-quality
sequences were removed. Reads were then aligned to the C. elegans reference genome using Hisat2 v2.0.5 and featureCounts
v1.5.0-p3 was used to quantify the number of reads mapped to each gene. Differential expression testing was carried out using DE-
Seqg2 and p-values were adjusted using Benjamini-Hochberg. Z-scores were calculated for each gene from log FPKM expression
data for all differentially expressed genes (> 1.5-fold, adj p < 0.05) or UPR genes of interest and was plotted using the
ComplexHeatmap function in R. Samples were then clustered using unsupervised hierarchical clustering by the Ward D2 method.
Up or down regulated genes were analysed using the g:profiler tool to identify KEGG processes/pathways and Gene Ontology cat-
egories that were enriched in either group.

Apoptosis assays

Cell death was scored in NSM neurons by manually counting the number of HIS-24::GFP positive cells present on day 1 of adulthood
under a Nikon SMZ1270 fluorescence dissecting stereomicroscope. Cell death in the germline was scored by mounting CED-1::GFP
expressing animals on 3% agarose pads in 3 mM levamisole and manually counting the number of CED-1::GFP halos present in each
gonad arm on day 3 of adulthood at 40X magnification using a Zeiss Imager.Z2 microscope.

TMRE staining

Animals at the desired age were grown at 20°C on plates (in the dark) in the presence of 150 nM tetramethylrhodamine, ethyl ester,
perchlorate (TMRE) for 24 h. Stained worms were washed with M9 buffer (3g KH,PO,, 6g Na,HPO,4, 5g NaCl, and 1 ml 1M MgSQO,4 per
litre H,O) before being immobilized with 3mM levamisole and mounted on 3% agarose pads. Worms were imaged using a Zeiss
Imager.Z2 microscope, with all images acquired under the same exposure settings. Average pixel intensity values were calculated
by sampling images of different animals and the mean pixel intensity for each animal was calculated using ImageJ software.

Oil Red O staining

Staining for lipid levels was essentially performed as previously described.®® Breifly, worms were washed 3 times in M9 buffer, fixed
immediately in 60% isopropanol at room temperature, and then stained with freshly filtered ORO (60% ORO working solution) over-
night at 25°C. Oil Red O solution was then washed-out using M9-0.01% Triton-X and worms were mounted on 3% agarose pads.
Images were acquired on a Nikon SMZ1270 stereo microscope with a DS-Fi3 5.9 MP colour camera. Images were processed using
Imaged.

ATP assays

Approximately 500 wildtype N2 worms were cultured on plates with control and mtch-1(RNAI) and collected on Day 3 of adulthood.
Worm pellets were resuspended in 50ul RIPA buffer lysate and protein concentration in each sample was estimated using the
Pierce™ BCA Protein Assay Kit (Thermo Scientific) following the instructions of the manufacturer. ATP levels were quantified using
a luciferin/luciferase-based ADP/ATP Ratio assay kit (Sigma Aldrich) as per manufacturer’s instructions. Luminescence was then
measured using a Tecan Infinite M200 microplate reader and levels of ATP were calculated.

Protein extraction and western blotting

To extract protein for western blotting, worms (approximately 500 — 1000) were collected in M9, pelleted, and then resuspended in
RIPA buffer supplemented with a protease inhibitor cocktail tablet. Worm pellets were then flash frozen in liquid nitrogen and ground
in microcentrifuge tubes using a plastic dounce homogenizer. Freezing and grinding were performed twice, and effectiveness of
lysing was confirmed by checking a sample of the lysate under a dissecting microscope. Lysates were then centrifuged at
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13,000 rpm at 4°C for 15 minutes and the supernatant was collected. Proteins were separated by SDS-PAGE and transferred to nitro-
cellulose membranes before probing with primary antibodies. Blots were incubated with primary antibodies for 1h at room temper-
ature (HSP-90 - 1:5000, tubulin - 1:10,000) or overnight at 4°C (GFP - 1:1000, HSP-70 - 1:1000), washed three times with PBS-0.2%
Tween, incubated with secondary antibodies for 1h at room temperature (mouse-HRP - 1:5000, rabbit-HRP - 1:5000), washed a
further three times with PBS-0.2% Tween, and then developed using ECL detection reagents and an Amersham ImageQuant800
detection system. Densitometry of protein bands was performed using ImageJ gel analysis tools.

Protein extraction and immunoprecipitation

Protein lysates were obtained as described for western blotting with the exceptions that approximately 20,000 worms were har-
vested and lysed in modified RIPA buffer. Pulldowns were performed by incubating 2 mg of protein lysate with 20 ul of washed
and pre-blocked Protein G Dynabeads, and 2 ug of antibody (GFP, CED-9 or normal IgG) in 500 ul of pulldown buffer, overnight
at 4°C. Following incubation, beads were washed three times with modified RIPA buffer. For HSP-90 co-IPs, 0.025% SDS was added
to the wash buffer to reduce background binding. After washing, beads were boiled at 95°C in 50 ul Laemmli buffer. SDS-PAGE and
western blotting were then performed as described above.

Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed as previously described.'* Briefly, 20,000 worms were harvested in M9, pelleted and
re-suspended in 1% formaldehyde-PBS to promote cross-linking. Worms were fixed for 30 minutes at room temperature, washed
three times in PBS and then resuspended in FA buffer. Worms were then dounce homogenized on ice before being subjected to son-
ication using a Diagenode Bioruptor sonicator (15 rounds of 30s on 1 min off). Samples were then centrifuged at 4°C for 15 minutes
and lysates were subjected to 5 more rounds of sonication to shear chromatin to approximately 500 bp in size. Pulldowns were per-
formed by incubating 2 mg of pre-cleared chromatin with 20 ul of washed and pre-blocked Protein G Dynabeads and 2 ug antibody
(anti-GFP) in 1 ml of FA buffer, overnight at 4°C. Following incubation, beads were washed twice with FA buffer, once with low salt
wash buffer, once with high salt wash buffer, and once with TEL buffer before being eluted from beads using 100 ul of 1% SDS. Cross-
linking was reversed by incubating samples at 65°C overnight in the presence of 20 mM NaCl, before protein and RNA were removed
by RNAse A (30 min at 37°C) and Proteinase K (1 hour at 55°C) treatment. Samples were boiled at 95°C and DNA was purified using a
Qiagen PCR purification kit, as per manufacturer’s instructions.

Oxygen consumption assays

Oxygen consumption rate (OCR) was measured in worms using the Seahorse XF96 (Seahorse Bioscience) as previously described.®’
In brief, wildtype N2 worms were cultured on plates with control and mtch-1(RNAi) and grown till Day 1 and Day 3 of adulthood. On the
day of analysis, Day 1 (YA) and Day 3 animals were transferred from respective NGM RNAI plates to plates without food to remove
bacteria. Next, worms were transferred in 96-well Seahorse plates (approximately 10 worms per well and 10 such wells per condition
tested) and OCR was measured 8 times. FCCP and Sodium Azide treatments were done at a final well concentration of 10 uM and
40 mM respectively. Mitochondrial (basal) and maximum OCR were measured for each condition. Data was normalised to worms
per well.

Mitochondrial morphology assays

The mitochondria morphology in muscle of the zcls14[myo-3::GFP(mit)] animals examined. 2% of molten agarose in water used to
make glass slides. Animals were immobilized on agarose pads in 3 mM levamisole with a glass cover slip on the top. To acquire im-
ages, 63x/1.40 oil objective lens of the Zeiss Imager.Z2 microscope used. Images were processed using Imaged. Qualitative analysis
of the mitochondria morphology in each muscle section performed. The largest regions of clear body wall muscle were identified
between the pharynx and the vulva or between the vulva and tail. No significant difference was observed between these two seg-
ments. Adjacent regions to the tail, pharynx and vulva were excluded due to the disrupted mitochondria morphology which naturally
occurs there. Images scored as fused, tubular, intermediate and fragmented based on the mitochondria structure organization.

QUANTIFICATION AND STATISTICAL ANALYSIS
Sample number (n) corresponds to the number of biological replicates/trials or number of animals used, as stated in each figure
legend. In all cases, Error bars correspond to SEM. All statistical tests (Mantel Cox Logrank, one-way ANOVA, two-way ANOVA

and Student’s t-test) were carried out as stated within each figure legend using GraphPad Prism 9. The statistical details of all ex-
periments can be found within the accompanying figure legends and Table S1.

e5 Cell Reports 47, 111690, November 22, 2022



	Loss of MTCH-1 suppresses age-related proteostasis collapse through the inhibition of programmed cell death factors
	Introduction
	Results
	Reducing MTCH-1 levels prevents the programmed loss of stress resistance during early adulthood
	Loss of MTCH-1 enhances proteostasis capacity and selectively suppresses proteotoxicity across tissues
	Knockdown of MTCH-1 enhances stress resistance through an HSF-1-mediated cytosolic unfolded protein response
	Knockdown of MTCH-1 does not alter lipid homeostasis
	Knockdown of MTCH-1 does not enhance proteostasis capacity through impaired ETC activity or altered mitochondrial dynamics
	Reduced MTCH-1 activity maintains proteostasis through inhibition of the programmed cell death pathway
	MTCH-1 knockdown enhances HSF-1 activity by reducing CED-4 levels and inhibiting HSP-90 activity

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Acknowledgments
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	C. elegans strains and culture conditions

	Method details
	RNA interference
	Lifespan and stress resistance assays
	Proteostasis sensor assays
	RNA extraction, cDNA synthesis and RTqPCR
	RNA-sequencing and analysis
	Apoptosis assays
	TMRE staining
	Oil Red O staining
	ATP assays
	Protein extraction and western blotting
	Protein extraction and immunoprecipitation
	Chromatin immunoprecipitation
	Oxygen consumption assays
	Mitochondrial morphology assays

	Quantification and statistical analysis



