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SUMMARY

Organisms respond to mitochondrial stress through
the upregulation of an array of protective genes,
often perpetuating an early response to metabolic
dysfunction across a lifetime. We find that mitochon-
drial stress causes widespread changes in chro-
matin structure through histone H3K9 di-methylation
marks traditionally associated with gene silencing.
Mitochondrial stress response activation requires
the di-methylation of histone H3K9 through the activ-
ity of the histone methyltransferase met-2 and the
nuclear co-factor lin-65. While globally the chromatin
becomes silenced by these marks, remaining por-
tions of the chromatin open up, at which point the
binding of canonical stress responsive factors such
as DVE-1 occurs. Thus, a metabolic stress response
is established and propagated into adulthood of
animals through specific epigenetic modifications
that allow for selective gene expression and lifespan
extension.
INTRODUCTION

The fitness of an organism depends on its capacity to adapt its

metabolism in accordance with anticipated energetic demands

and nutrient availability. In support of this requirement are ob-

servations that acute metabolic stresses during early develop-

ment can cause persistent, widespread changes in epigenetic

patterning and gene expression late in life, potentially increasing

the preparedness of the organism for additional metabolic

stressors. Changes in methylation patterns of chromatin caused

by metabolic perturbations are often expansive and enduring,

affecting long-term organismal function and occasionally

permeating into subsequent generations (Jiménez-Chillarón

et al., 2012). In humans, for example, in utero deficiency of a sin-

gle nutrient, such as folate or choline, results in a massive re-

structuring of chromatin methylation patterns that remain visible

throughout childhood (Choi and Friso, 2010). Susceptibility to

obesity and diabetes in adults can be linked to dietary intake
during early development and is associated with prominent

modifications in chromatin (Vrachnis et al., 2012). Evidence in

invertebrates further suggests that dietary-driven epigenetic

modifications may permeate for generations (Rechavi et al.,

2014). In each of these instances, the forced persistence of

metabolic restructuring and gene expression must have a hid-

den adaptive value that offsets a potential loss in metabolic

elasticity.

A logical regulatory center for these epigenetic phenomena

lies in the mitochondria, the metabolic centers of the cell. Mito-

chondria are responsible for both coordinating the synthesis of

NADH-donating substrates through the tricarboxylic acid (TCA)

cycle and for the production of the energy that is derived from

oxidative phosphorylation. Several pieces of evidence suggest

that effects of early mitochondrial dysfunction persist throughout

the lifespan of the organism. For example, researchers have

reported a beneficial effect of mild mitochondrial dysfunction

during specific developmental stages on the lifespan of multiple

organisms including the nematode Caenorhabditis elegans (Co-

peland et al., 2009; Dillin et al., 2002; Feng et al., 2001; Lee et al.,

2003).

An important biomarker of the cellular sensing and response

to this stress is a massive and persistent restructuring in gene

expression patterns, as evidenced in analyses of long-lived

mitochondrial mutant animals (Cristina et al., 2009; Yee et al.,

2014). The upregulation of a significant portion of mitochondrial

stress-responsive transcripts in C. elegans depends on the

activity of the transcription factor atfs-1, which appears to be

required for the regulation of approximately half of these genes

(Nargund et al., 2012). Genes regulated by atfs-1 are classified

as part of the mitochondrial unfolded protein response, or

UPRmt, which includes the upregulation of mitochondrial chap-

erones, quality control proteases, and xenobiotic response

pathway components (Nargund et al., 2012). UPRmt activation

also causes substantial metabolic restructuring, activating

genes associated with glycolysis and repressing those associ-

ated with oxidative phosphorylation (Nargund et al., 2015).

Additionally, full induction of the UPRmt also requires the nuclear

localization of the transcription factor dve-1 and co-factor ubl-5,

as well as the activity of the quality control protease clpp-1

(Benedetti et al., 2006; Haynes et al., 2007). While the role for

each of these genes in UPRmt activation is well-described, the
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Figure 1. Neuronal Polyglutamine Expres-

sion Induces a lin-65-Dependent Activation

of the UPRmt

(A) Representative photomicrographs demon-

strating: (a) bright field image of aligned, wild-type

worms; (b) YFP expression in the neurons; (c) hsp-

6p::gfp expression in wild-type (WT) animals; (d)

hsp-6p::gfp is induced in the intestine in rgef-

1p::Q40::yfp animals; (e) hsp-6p::GFP suppression

in atfs-1 animals; (f) hsp-6p::GFP suppression in

lin-65 animals. Arrows indicate the posterior region

of the intestine where hsp-6p::gfp is induced or

suppressed. See also Figure S1.

(B) Immunoblots of GFP expression in hsp-6p::gfp;

rgef-1p::Q40::yfp animals in the presence or

absence of atfs-1 or lin-65 mutation. Anti-tubulin

serves as a loading control. *Indicates a cleaved

band from Q40::YFP that is recognized by GFP

antibody.

(C) Representative photomicrographs ofWT, atfs-1,

and lin-65 animals grown on EV or cco-1 RNAi from

hatch. Day 2 of adulthood animals were used for

imaging and western blot analyses.
interactions among these various components at a molecular

level remains ambiguous.

Histone H3K9 methylation plays a prominent role in regu-

lating gene expression across a wide range of species (Na-

kayama et al., 2001; Jaenisch and Bird, 2003; González-Agui-

lera et al., 2014). In C. elegans, histone H3K9 is methylated

sequentially by the methyltransferases MET-2/SETDB1 and

SET-25 (Bessler et al., 2010; Towbin et al., 2012). MET-2

mono-methylates and di-methylates H3K9 while it is still in

the cytoplasm, prior to its incorporation into nucleosomes

(Towbin et al., 2012). In contrast, SET-25, which is localized

in the nucleus, acts as a trimethylation methyltransferase to

H3K9 (Towbin et al., 2012). Collectively, these marks initiate

chromatin anchoring and silencing and are strongly associated

with gene repression. H3K9me1/2 has previously been found to

be critical in the appropriate regulation of energy expenditure

and fat storage (Meister et al., 2011). Additionally, subtelomeric

gene silencing, mediated by the H3K36 demethylase Rph1p, is

induced by mitochondrial reactive oxygen species (ROS) and

is implicated in yeast chronological lifespan (Schroeder et al.,

2013).

We find that mitochondrial stress in C. elegans causes wide-

spread changes in chromatin structure, dependent on marks

traditionally associated with heterochromatin. The remodeling

of chromatin during stress is required for the full activation of

UPRmt. Chromatin reorganization requires activity of the his-

tone methyltransferase met-2 and a nuclear co-factor lin-65.

While globally the chromatin becomes silenced by these

marks, remaining portions of the chromatin open up, at which

point binding of canonical stress responsive factors such as

DVE-1 occurs. Furthermore, we find that chromatin modifica-

tions work synergistically with atfs-1. Collectively, our results

point toward a mechanism by which early metabolic stress re-
1198 Cell 165, 1197–1208, May 19, 2016
models chromatin and establishes persistent gene expression

patterns.

RESULTS

Identification of lin-65 as a Requirement for the
Appropriate Activation of Mitochondrial Stress
Responses
We have observed that the expression of a Q40 polyglutamine

tract in the neurons of C. elegans (rgef-1p::Q40::yfp) (Brignull

et al., 2006) activates UPRmt in non-neuronal tissues (Figures

1A and S1A). To identify molecular components required for

this stress response, we undertook an unbiased, large-scale

screen to identify genes that are required for the PolyQ-depen-

dent activation of the UPRmt. To this end, we subjected rgef-

1p::Q40::yfp; hsp-6p::gfp animals to ethyl methanesulfonate

(EMS) mutagenesis and analyzed 2,400 mutagenized genomes

for suppression of hsp-6p::gfp reporter expression (an indicator

of UPRmt activation). We isolated 16 mutant strains that ex-

hibited a partial or complete suppression of PolyQ-dependent

hsp-6p::gfp expression in the F2 generation. The strong and sta-

ble suppression of the reporter GFP expression in a strain car-

rying the uth2 mutation caused us to prioritize it for additional

characterization (Figure S1A).

Whole genome deep sequencing (Bigelow et al., 2009; Sarin

et al., 2008) identified a mutation in the uth2 allele at amino

acid 367 (GAG / AAG[Glu / Lys]) in the gene lin-65. Using

the characterized lin-65 mutant allele n3441, we confirmed

that lin-65 is required for the UPRmt in response to rgef-

1p::Q40::yfp expression (Figure 1A). We found that the loss in

PolyQ-dependent hsp-6p::gfp expression found in lin-65 mu-

tants was similar to that observed in atfs-1(gk3094) deletion

strains (Figure 1A). Western blot analyses confirmed the loss of
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Figure 2. The C. elegans Histone H3K9me1/

2 Methyltransferase met-2 Is Required for

LIN-65 Nuclear Accumulation on cco-1 RNAi

(A) Representative photomicrographs of lin-65p::

lin-65::mCherry animals in a WT or met-2 mutant

background grown on EV, cco-1 RNAi, or cco-

1+lin-65 double RNAi bacteria from hatch (as indi-

cated). Images were taken at day 1 of adulthood.

Arrows indicate intestinal nuclei.

(B) Immunoblot of LIN-65::HA expression in ani-

mals grown on EV and EV+cco-1 RNAi from hatch

as indicated. Animals were collected at days 1, 2,

and 3 of adulthood. Anti-tubulin serves as a loading

control.

(C) Immunoblot of LIN-65::HA expression in WT or

met-2 mutants grown on EV or cco-1 RNAi (as

indicated) from hatch. Animals were collected at

day 2 of adulthood. Anti-tubulin serves as a loading

control.

See also Figure S2.
hsp-6p::gfp expression in lin-65 mutants, while PolyQ expres-

sion remained unaffected (Figure 1B). The lin-65 mutation

strongly attenuated the upregulation of the UPRmt in animals

fed RNAi targeting the cytochrome c oxidase-1 subunit Vb/

COX4 of the electron transport chain, cco-1, or animals fed

RNAi targeting phb-2, the ortholog of prohibitin PHB2 (Fig-

ure S1B). Furthermore, lin-65 mutants exhibited a strong syn-

thetic sterile phenotype when combined with cco-1 RNAi (Fig-

ure 1C). The synthetic sterility was similar to that which is

caused by cco-1 RNAi in combination with loss of function of

atfs-1 (Figure 1C). Collectively, these results indicate that lin-65

is required for UPRmt activation across a range of mitochondrial

perturbations, and lin-65 plays an important role in the regulation

of mitochondrial homeostasis.

lin-65 encodes a proline-rich protein with a low complexity

domain that was originally identified as a synmuv B class gene

required for vulval development in C. elegans (Ceol et al.,

2006). LIN-65 generally lacks obvious homologous counterparts

in non-nematode species, aligning most closely to a human

acidic repeat-containing (ACRC) protein. To test whether lin-65

was acting to specifically affect mitochondrial homeostasis, we

examined whether lin-65 also played a role in the regulation of

compartment-specific UPRs in either the endoplasmic reticulum

(ER) or cytoplasm. We crossed the lin-65(n3441) mutation into

animals harboring a reporter (hsp-4p::gfp) for an ER-specific

stress response, the UPRer (Ron and Walter, 2007). Animals
were then treated with the ER-spe-

cific stressor tunicamycin, which blocks

N-linked glycosylation and induces the

UPRer (Heifetz et al., 1979). lin-65 did not

affect the upregulation of the hsp-4p::gfp

reporter by tunicamycin (Figure S1C).

Similarly, we observed that lin-65 animals

were fully capable of a cytoplasmic

response to a heat shock through upregu-

lation of an hsp-16.2p::gfp reporter (Fig-

ure S1D) (Link et al., 1999). These results
indicate that lin-65 plays a specific role in the activation of mito-

chondrial stress responses.

Mitochondrial Stress Induces LIN-65 Nuclear
Distribution
The observation that lin-65 is specifically required for UPRmt acti-

vation suggests that the expression and/or localization of lin-65

may be directly regulated by mitochondrial stress. To test this

hypothesis, we constructed a transgenic strain expressing the

1.3 kb promoter region of lin-65 fused to the mCherry protein.

We found that lin-65 was expressed predominantly in the intes-

tine, with weaker expression in several head neurons (Fig-

ure S2A). While lin-65 expression was slightly upregulated in

day 1 adult animals on cco-1 RNAi treatment, by day 2 this effect

had dissipated, suggesting that a transcriptional upregulation of

lin-65 is not the primary mechanism by which the UPRmt affects

lin-65-mediated functions (Figure S2B).

Next, to determine whether lin-65 is post-transcriptionally

regulated, we created animals in which we fused the lin-65

cDNA between its native promoter and the mCherry fluorescent

protein. lin-65p::lin-65::mCherry plasmid was able to rescue the

suppressed UPRmt induction in lin-65(n3441) mutants, suggest-

ing that the fusion protein is functional (Figure S2C). Under

normal conditions, intestinal lin-65p::lin-65::mCherry expression

was diffuse in the cytosol (Figures 2A and S2D). On cco-1

RNAi treatment, however, lin-65p::lin-65::mCherry fluorescence
Cell 165, 1197–1208, May 19, 2016 1199



signals strengthened and became strongly localized to the nu-

cleus (Figure 2A). Immunoblots against transgenics in which

LIN-65 was translationally fused to a hemagglutinin (HA) tag

further confirmed that cco-1 RNAi was sufficient to induce LIN-

65 protein expression by day 2 of adulthood (Figure 2B), and

the signal was abolished with lin-65 RNAi (Figure S2E). Alto-

gether, these data suggest that the localization and protein levels

of LIN-65 are regulated by mitochondrial stress.

The H3K9 Methyltransferase met-2 Is Required for
LIN-65 Nuclear Accumulation Induced by Mitochondrial
Stress
Previously, lin-65 was identified as a synmuv B class gene along

with a group of chromatin modifiers (Couteau et al., 2002; Poulin

et al., 2005; Ceol et al., 2006; Andersen and Horvitz, 2007). We

hypothesized that one or more of these genetic interactors might

influence the localization of LIN-65 in response to mitochondrial

stress. Using a candidate approach against known lin-65 genetic

interactors, we examined synmuv genes for their effect on

LIN-65 localization after cco-1 RNAi treatment. We found that

met-2, a homolog of the mammalian H3K9 methyltransferase

SETDB1 (Schultz et al., 2002; Bessler et al., 2010), was required

for LIN-65 nuclear accumulation during induction of the UPRmt.

met-2(ok2307)mutation strongly blocked the nuclear accumula-

tion of lin-65p::lin-65::mCherry in the intestine on cco-1 RNAi

treatment (Figure 2A). The LIN-65::HA fusion protein no longer

accumulated in met-2 mutants after treatment with cco-1

RNAi (Figure 2C). The requirement of met-2 for LIN-65 nuclear

localization and expression suggested that epigenetic modifica-

tion might also be involved in UPRmt regulation. Indeed, the

met-2 mutation heavily attenuated the UPRmt, in both cco-1

and phb-2 RNAi-treated animals, as measured by hsp-6p::gfp

induction (Figure S1B).

Global Chromatin Reorganization Induced by
Mitochondrial Stress Is Dependent on met-2 and lin-65

MET-2 specifically deposits mono-methyl and di-methyl groups

on H3K9 in C. elegans (Towbin et al., 2012). We therefore exam-

inedwhether animals with reduced ETC function exhibit changes

inmethylation patterns. To this end, we performed immunohisto-

chemistry against H3K9me2 marks in germlines carrying muta-

tions in met-2 or lin-65. In agreement with previous reports,

H3K9me2 level was almost undetectable in met-2 mutants (Fig-

ure S3A). Intriguingly, however, we found that lin-65 mutation

severely reduced H3K9me2 levels as well (Figure S3A). In

contrast, consistent with a role for set-25 in H3K9me3, we

observed an increase in H3K9me2 marks in set-25mutants (Fig-

ure S3A). met-2 or lin-65 mutations also abolished or severely

reduced H3K9me2 methylation in intestinal cells under basal or

mitochondrial stress conditions compared to wild-type animals

(Figures 3A and 3B). Surprisingly, we also observed striking

changes in chromatin structure in intestinal nuclei on mitochon-

drial stress. The intestinal nuclei appeared smaller and much

more condensed in cco-1 RNAi-treated animals, while in

contrast, met-2 and lin-65 animals had enlarged nuclei and a

loose chromatin structure that remained relatively loose in struc-

ture even after mitochondrial stress was induced by cco-1 RNAi

(Figure 3A).
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To directly measure nuclear size in the intestine, we used a nu-

clear membrane marker, lmn-1p::emr-1::gfp, to label intestinal

nuclei (Figure 3C) (Haithcock et al., 2005). In keeping with our

initial observations, we observed that the intestinal nuclear vol-

ume was significantly decreased in cco-1 RNAi-treated animals

(Figure 3D) while the number and DNA content of intestinal nuclei

remained unaffected (Figures S3B and S3C). Quantification of

binned DAPI fractions confirmed an overall change of chromatin

in cco-1RNAi-treated animal intestinal nuclei (Figure 3E). In sum,

these data suggest that mitochondrial stress induces global

chromatin reorganization in addition to decreased nuclear size.

H3K9me2 Is Required for Mitochondrial Stress-Induced
DVE-1 Nuclear Puncta Formation
To understand how global changes in chromatin structure may

regulate UPRmt induction, we next characterized the genetic

interaction between the UPRmt regulator DVE-1 and MET-2/

LIN-65. dve-1 encodes a homeobox domain transcription factor

homologous to SATB1/SATB that translocates from the cytosol

to the nucleus during mitochondrial stress (Haynes et al., 2007)

(Figure 4A). To understand the interdependency of DVE-1 and

LIN-65 in response to mitochondrial stress, we performed epis-

tasis analysis in lin-65(n3441) animals carrying a dve-1p::dve-

1::gfp reporter and fed cco-1 RNAi. Strikingly, lin-65 mutants

abolished DVE-1::GFP nuclear accumulation in cco-1 RNAi-

treated animals (Figure 4B). This phenotype was rescued by

expression of lin-65 with either its own promoter or an intesti-

nal-specific gly-19 promoter (Figures S4A and S4B). These

data indicate that lin-65 is not only required but also functions

cell autonomously for DVE-1 nuclear distribution under mito-

chondrial stress in the intestine.

During mitochondrial stress, DVE-1 not only translocates to

the nucleus but also accumulates, while its mRNA level remains

unaffected (Figures 4C and S4C). To further explore the role of

LIN-65 in mediating the DVE-1 nuclear signal, we asked if LIN-

65 also plays a role in regulating DVE-1 protein levels. Western

blot analyses confirmed that DVE-1::GFP protein levels

decreased in lin-65 animals when cco-1 RNAi was applied (Fig-

ure 4D). Similarly, met-2 was required for DVE-1::GFP nuclear

accumulation upon mitochondrial stress (Figures 4B and 4D).

Taken together, these data indicated that LIN-65/MET-2 are

specifically required for mitochondrial stress-induced DVE-1

nuclear distribution and expression.

During these experiments, we also noticed that the DVE-

1::GFP fusion protein formed punctate structures in the nucleus

during mitochondrial stress (Figures 4B and S4D) (Haynes et al.,

2007). In comparison, the intensity of nuclear DVE-1::GFP signal

decreased in both lin-65 andmet-2 animals fed cco-1 RNAi (Fig-

ure S4D) and fewer cells contained detectable DVE-1::GFP

puncta (Figures 4E and S4D). To resolve the specific areas in

whichDVE-1 puncta were localized in the nucleus, we performed

immunohistochemistry with H3K9me2 antibody in DVE-1::GFP

animals fed cco-1 RNAi. We did not observe co-localization be-

tween DVE-1 puncta and the H3K9me2 signal (Figure S4E).

Instead, however, we found that the DVE-1::GFP puncta reside

in the weak DAPI staining region, surrounded by condensed

chromatin that exhibit strong DAPI staining (Figures 4F and

4G). To globally quantify this phenotype, we analyzed the relative
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Figure 3. Mitochondrial Stress Induced

Chromatin Reorganization

(A) Representative maximal intensity projection

images of H3K9me2 immunostaining of intestinal

nuclei in day 1 adult WT, met-2, or lin-65 mutant

animals grown on EV or cco-1 RNAi from hatch (as

indicated). H3K9me2 (red); DAPI (grey). Scale bar,

10 mm.

(B) Quantification of H3K9me2 level. The geno-

types and treatments are as in (A). H3K9me2 in-

tensity is normalized to DAPI intensity. ***p <

0.0001; ns denotes p > 0.05 via t test. Error bars

indicate SEM, n R 15 nuclei.

(C) Representative of three center images of DAPI

staining with lmn-1p::emr-1::gfp of intestinal nuclei

in day 1 adult animals grown on EV or cco-1 RNAi

from hatch as indicated. lmn-1p::emr-1::gfp

(green); DAPI (grey). Scale bar, 10 mm.

(D) Quantification of the intestinal nuclear size at

day 1 adulthood using lmn-1p::emr-1::gfp as a

marker. Animals grown on EV or cco-1 RNAi from

hatch. ***p < 0.0001 via t test. Error bars indicate

SEM, n R 20 nuclei.

(E) Quantification of the distribution of DAPI stain-

ing signal in intestinal nuclei at day 1 of adulthood in

animals grown on EV or cco-1 RNAi from hatch.

The distribution of fractions from the top four bins

are shown as boxplots. ***p < 0.0001 via Mann-

Whitney test. Error bars indicate SEM, n R 25

nuclei.

See also Figure S3.
ratios of GFP and DAPI intensity in different regions of the nu-

cleus. Consistently, DVE-1::GFP signals were significantly en-

riched in regions of the nucleus exhibiting low levels of DAPI

signal, while depleted from regions exhibiting strong DAPI stain-

ing signals (Figure 4H). Collectively, these results indicate that

DVE-1::GFP puncta are preferentially localized in nuclear com-

partments devoid of condensed chromatin where gene expres-

sion is predicted to be most active.
Because both H3K9me2 and H3K9me3

are important for heterochromatin for-

mation and gene silencing, we tested

whether set-25 has a similar effect on

DVE-1 localization on mitochondrial

stress. To this end, we monitored nuclear

DVE-1::GFP localization in set-25(n5021)

mutants in which H3K9me2 levels are

elevated (Figure S3A). Remarkably, we

observed an opposing phenotype: set-

25 mutants increased DVE-1::GFP nu-

clear localization even in the absence

of mitochondrial stress (Figure S5A).

The DVE-1::GFP accumulation in set-25

mutants, however, was neither required

for cco-1 RNAi-induced longevity nor

sufficient for lifespan extension (Fig-

ure S5B; Table S1). These results sug-

gest that H3K9me2 is specifically
required for DVE-1 nuclear accumulation in response to mito-

chondrial stress.

lin-65 Functions in Development to Establish UPRmt

Induction
To understand whether LIN-65 is required for establishing or

perpetuating UPRmt into adulthood, we tested the timing require-

ments of lin-65 in mediating DVE-1 puncta formation. Animals in
Cell 165, 1197–1208, May 19, 2016 1201
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Figure 4. DVE-1 Nuclear Distribution on Mito-

chondrial Stress Is Dependent on lin-65 and

met-2

(A) Representative photomicrographs of day 1 adult

animals expressing both lin-65p::lin-65::mCherry

and dve-1p::dve-1::gfp grown on cco-1 RNAi from

hatch.

(B) Representative photomicrographs of day 1 dve-

1p::dve-1::gfp animals in wild-type, lin-65 andmet-2

background grown on EV or cco-1 RNAi from hatch.

(C) Immunoblot of GFP expression in WT animals

grown on EV or cco-1 RNAi from hatch. Animals

were collected at days 1, 2, and 3 of adulthood. Anti-

tubulin serves as a loading control.

(D) Immunoblot of GFP expression in day 1 adult

animals in WT, lin-65 or met-2 mutant background

grown on EV or cco-1 RNAi from hatch. Anti-tubulin

serves as a loading control.

(E) Quantification of the number of intestinal nuclei

with DVE-1 puncta structure per worm. The geno-

types and treatments are as in (B). ***p < 0.0001 via

t test. Error bars indicate SEM, n R 30 worms. See

also Figure S4D.

(F) Representative photomicrographs of DVE-

1::GFP punctate structure in one intestinal nucleus.

DVE-1::GFP (green); DAPI (blue).

(G) The intensity profile of both DAPI and DVE-

1::GFP across the white line as shown in (F).

(H) Quantification of the distribution of DVE-1::GFP

signal in nuclei with DAPI staining. DVE-1::GFP

animals grown on cco-1 RNAi from hatch. The dis-

tribution of fractions of all three bins are shown as

boxplots (n R 30 nuclei).

(I) Representative photomicrographs of DVE-1::GFP

expression in animals grown on: (a) cco-1 RNAi for

5 days from hatch; (b) cco-1 RNAi for 3 days from

hatch and then transferred to cco-1+lin-65 double

RNAi for 2 more days; (c) cco-1+lin-65 double RNAi

from L4, F1 generations were examined.

See also Figure S5.
which mitochondrial stress was induced during development

(cco-1 RNAi during development), but which had lin-65 reduced

only during adulthood retained nuclear DVE-1::GFP puncta for-

mation (Figure 4I). In contrast, animals with both mitochondrial

stress and reduced lin-65 activity only during development

completely suppressed DVE-1::GFP puncta formation in adult-

hood (Figure 4I). These data indicate that lin-65 likely establishes

an epigenetic mark on H3K9 during development, allowing for

DVE-1 puncta formation in response to mitochondrial stress.
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lin-65 and met-2 Are Required for
Regulating the Transcriptional
Response to Mitochondrial Stress
To understand the role of lin-65 and met-2

in regulating the transcriptional response

to mitochondrial stress, we performed

RNA sequencing (RNA-seq) on wild-type,

lin-65, andmet-2 animals, each in the pres-

ence or absence of cco-1 RNAi. In wild-

type animals, our analysis identified 1,312

genes that were differentially expressed in
the cco-1 RNAi-treated condition relative to animals grown on

empty vector bacteria (Benjamini adjusted p value < 0.05) (Fig-

ures 5A and S6A; Table S2). Using qPCR, we confirmed that

hsp-6 and timm-23 induction by cco-1 RNAi were perpetuated

throughout adulthood (Figure 5B), consistent with epigenetic

modifications induced by cco-1 being sufficient to ensure target

gene expression long after establishing chromatin marks during

development. In the absence of lin-65 and met-2, many cco-1-

regulated genes exhibited wide variance in expression patterns
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Figure 5. Gene Expression Changes on

cco-1RNAi Treatment Is Strongly Dependent

on lin-65 and met-2

(A) Venn diagram of numbers of differentially ex-

pressed genes in wild-type, lin-65, and met-2

mutant animals grown on cco-1 RNAi for 2 days.

Genes with an adjusted p value < 0.05 were

selected as differentially expressed genes. See

also Table S2.

(B) Quantitative PCR of hsp-6 and timm-23 mRNA

level. Synchronized days 1, 2, and 3 adult animals

grown on EV or EV+cco-1 RNAi from hatch were

collected for qPCR. *p < 0.05, **p < 0.01 via t test.

Error bar indicates the SEM from three biological

replicates.

See also Figure S6 and Table S2.
and failed to become significantly changed from their expression

on empty vector. In fact, a majority of the gene expression

changes (884 upregulated genes and 380 downregulated genes)

induced by cco-1RNAi were abrogated in lin-65 ormet-2mutant

animals (Figures 5A, S6A, and S6B; Table S2) (see Discussion).

These data demonstrate that proper regulation of gene expres-

sion in response to cco-1 RNAi is dependent on the chromatin

reorganization activities of lin-65 and met-2 and that the global

changes in gene expression due to mitochondrial stress are

dependent on the function of LIN-65 and/or MET-2.

The Nuclear Localization of LIN-65 Is Partially
Dependent on CLPP-1/DVE-1 and Independent
of ATFS-1
We next asked whether the function of additional UPRmt compo-

nents were required for LIN-65’s expression and/or nuclear

localization. The most proximal responders to mitochondrial

stress required to induce the UPRmt are the mitochondrial prote-

ase, clpp-1, and the transcription factor dve-1 (Haynes et al.,

2007). We found that RNAi against clpp-1 or dve-1 strongly

suppressed LIN-65 nuclear translocation as well as protein

expression under both normal and mitochondrial stress condi-

tions (Figures 6A, 6B, and S7A). This suggested that a reciprocal,

interdependent relationship exists between DVE-1 and LIN-65

for their expression and localization.

Much like LIN-65, ATFS-1 exhibits dual localization in the

cell, increasing its propensity toward nuclear localization

under mitochondrial stress, during which it is responsible for

the transcriptional upregulation of an array of genes that protect

from protein unfolding, bacterial pathogenesis, and cholesterol
deprivation (Nargund et al., 2012). Intrigu-

ingly, we found that loss of atfs-1, which

is sufficient to abolish UPRmt, does not

affect the nuclear localization of LIN-65

or chromatin compaction induced by

cco-1 RNAi (Figures 6A and S7B). In fact,

atfs-1 RNAi actually enhanced LIN-65

protein levels under both normal and

mitochondrial stress conditions (Figures

6B and S7A). These data suggest that

multiple parallel pathways, regulated by
both CLPP-1/LIN-65/DVE-1 and ATFS-1, are required for overall

regulation of UPRmt.

lin-65/met-2 and atfs-1 Are Required for Mitochondrial
Stress-Induced Longevity
Mitochondrial stress induced by cco-1 RNAi during develop-

ment increases lifespan and induces the UPRmt (Dillin et al.,

2002; Durieux et al., 2011). To test whether lin-65 is required

for lifespan extension on mitochondrial stress, we assayed the

lifespan of lin-65 animals with or without cco-1 RNAi. Both lin-

65 and met-2 animals are short-lived under normal conditions.

As predicted, both lin-65(n3441) andmet-2(ok2307) only partially

suppressed the lifespan extension of cco-1 RNAi-treated ani-

mals (Figures 6C and 6D; Table S1). We hypothesized that

perhaps a redundancy with atfs-1 function on lifespan was

driving the incomplete suppression of lifespan in these experi-

ments. To test this, we assayed the lifespan of met-2 animals

with or without cco-1 RNAi in combination with atfs-1 RNAi.

Like met-2 and lin-65, atfs-1 RNAi alone was incapable of fully

suppressing the extension of lifespan in cco-1 RNAi animals

(Figure 6D; Table S1). afts-1 RNAi also did not further decrease

the lifespan of wild-type or met-2 mutant animals under normal

conditions (Figure 6D; Table S1). Importantly, however, atfs-1

RNAi further decreased the lifespan extension of met-2; cco-1

RNAi-treated animals to the level of wild-type animals (Figure 6E;

Table S1), suggesting that met-2 and atfs-1 function synergisti-

cally to mediate mitochondrial stress-induced longevity.

Together, these data suggest that mitochondrial stress dur-

ing development is sufficient to initiate a cascade of events,

including met-2-dependent H3K9me2 methylation, LIN-65
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Figure 6. Mitochondrial Stress-Induced LIN-

65 Nuclear Translocation Is Partially Depen-

dent on clpp-1 and dve-1 but Independent of

atfs-1

(A) Representative photomicrographs of day 1 adult

animals expressing lin-65p::lin-65::mCherry grown

on RNAi from hatch as indicated.

(B) Immunoblot of against HA-tag in LIN-65::HA

animals grown on RNAi bacteria from hatch (as

described in A). Animals were collected at day 1 of

adulthood. Anti-tubulin serves as a loading control.

(C) Survival analyses of lin-65(n3441) animals on

EV or EV+cco-1 RNAi. See Table S1 for lifespan

statistics.

(D) Survival analyses of met-2(ok2307) animals

on EV or atfs-1 RNAi. See Table S1 for lifespan

statistics.

(E) Survival analyses of met-2(ok2307) and atfs-1

RNAi-treated animals under mitochondrial stress

condition with cco-1RNAi. See Table S1 for lifespan

statistics.

See also Figure S7.
nuclear accumulation, chromatin reorganization, and DVE-1 nu-

clear punctate structure formation, in addition to nuclear locali-

zation of the mitochondrial stress-specific transcription factor

ATFS-1 (Figures 7A–7G). Collectively, this cascade of responses

works to initiate beneficial changes in gene expression that are

perpetuated into adulthood. Thus, chromatin reorganization

and induction of the UPRmt function synergistically to regulate

mitochondrial stress-induced longevity.

DISCUSSION

We have taken advantage of a cell non-autonomous mitochon-

drial stress model that elicits mild mitochondrial dysfunction to

identify the genetic requirements of UPRmt induction, identifying

lin-65/met-2 as integral parts of the UPRmt signaling pathway.

We believe that the model by which this occurs will be complex:

due to the fact that LIN-65 translocates from the cytosol to the

nucleus upon mitochondrial stress as well as H3K9me2 being

produced in the cytosol where MET-2 is present (Towbin et al.,

2012) and the possibility that lin-65 plays a pivotal role in nucle-

osome/histone exchange in the nucleus in order for the
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H3K9me2 marks to appear on the chro-

matin at the proper loci uponmitochondrial

stress. Whether LIN-65 is able to directly

bind histone H3 in the cytoplasm and

how it is involved in H3K9 di-methylation

are yet to be determined.

Nuclear H3K9me2 levels do not increase

in the presence of mitochondrial stress,

although nuclear LIN-65 accumulation

does. One possible explanation for this

observance is that LIN-65’s function is

not limited to the potential shuttling of

H3K9me2 subunits to the nucleus, but

plays a more definitive role in the deposi-

tion or localization of the H3K9me2 subunit
onto the chromatin under mitochondrial stress. Therefore, it is

not the total accumulation of H3K9me2 in the nucleus that deter-

mines UPRmt induction and longevity, but rather the appropriate

localization and utilization of this subunit to form precise chro-

matin structures for gene regulation. Likewise, in the absence

of mitochondrial stress, loss of lin-65 results in a significant

reduction of nuclear H3K9me2, although LIN-65 has not accu-

mulated in the nucleus. If, indeed, LIN-65 is required to shuttle

and distribute H3K9me2 subunits in the nucleus, under non-

stressed conditions LIN-65 continues to shuttle to the nucleus

but is not retained and does not accumulate. The lack of LIN-

65 in the nucleus during non-stressed conditions could result

in release of the H3K9me2 subunits and their conversion to

H3K9me1/3 or degradation. Alternatively, loss of lin-65 may

result in a subset of H3K9me2 subunits in the cytoplasm accu-

mulating that negatively impact MET-2 activity.

DVE-1 was previously identified as an UPRmt regulator found

at the promoters of UPRmt target genes in mitochondrial-

stressed C. elegans (Haynes et al., 2007). In this study, we find

there is interdependency between LIN-65 and DVE-1 for their

nuclear localization and to maintain their protein levels during
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Figure 7. Model for Mitochondrial Stress Signaling Pathway

(A) Under non-stressed conditions, MET-2 produces H3K9me1/2 histone subunits in the cytoplasm. ATFS-1 translocates to the mitochondria and is degraded.

DVE-1 and LIN-65 do not accumulate in the nucleus and the UPRmt is not induced, animals are normal lived and the nucleus is not compacted (Figure 3A).

(B) During mitochondrial stress, MET-2 continues to produce H3K9me2 histone subunits, ATFS-1 now translocates to the nucleus to induce UPRmt. DVE-1 and

LIN-65 accumulate in the nucleus (Figures 2A–2C and 4B–4D). Animals are long-lived, the UPRmt is induced, nuclei become compacted (Figure 3A), and

H3K9me2 levels remain unchanged (Figure 3B).

(C) Loss ofmet-2 during mitochondrial stress results in reduced nuclear H3K9me2 levels, nuclei that are less compacted (Figure 3A), reduced DVE-1 and LIN-65

nuclear accumulation (Figures 2A and 4B), reduced UPRmt induction (Figure S1B), and partial suppression of increased lifespan (Figure 6E).

(legend continued on next page)
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mitochondrial stress. It is possible that cellsmay benefit from this

dependency to elicit intricate chromatin remodeling and gene

regulation in response to the specific stress signals. Future

studies will help determine the relative contributions of protein

stability and translation on LIN-65 and DVE-1 expression

patterns.

Under energy-depleted conditions, silencing of gene expres-

sion by active global chromatin condensation will conserve en-

ergy required for the timely activation of mitochondrial stress-

related genes, thereby ensuring an adequate stress response

optimal for survival. Interestingly, we noticed that DVE-1 forms

puncta on mitochondrial stress, which only reside in the loose

chromatin regions where DAPI staining is weak. Similarly, a spe-

cial AT-rich binding protein SATB1 (a mammalian homolog of

DVE-1) also locates in regions devoid of condensed chromatin

(Cai et al., 2003). SATB1 plays a key role in organization of the

chromatin ‘‘loopscape’’ that allows for the regulation of gene

expression at a distance (Galande et al., 2007; Yasui et al.,

2002). It is likely that mitochondrial stress induces global

changes in high order chromatin structure through H3K9me2,

which passively forces DVE-1 to the more assessable regions

on the chromatin open for gene expression. Alternatively, other

histone modifications or chromatin modifying factors might be

directly recruiting DVE-1 to the determined positions.

Studies in yeast have shown that subtelomeric silencing can

mediate mitochondrial ROS-induced chronological longevity,

propagating heterochromatin formation near telomere regions

and regulating post-mitotic cellular health (Schroeder et al.,

2013). Because the chromatin marks found in yeast undergoing

ROS-induced damage are distinct from the chromatin marks

found in this study using reduced ETC, we hypothesize that mito-

chondrial stressors may act via highly specific mechanisms to

coordinate the activation of the protective pathways best suited

to the mitochondrial damage at hand. In future studies, it will be

interesting to compare the chromatin status across different

forms of mitochondrial stress to understand the extent to which

they correlate with lifespan extension.

Our RNA-seq analysis identified a large set of genes that were

differentially expressed in response to cco-1RNAi treatment, es-

tablishing this set of genes as being pivotal for animals to thrive

in the face of mitochondrial stress (Merkwirth et al., 2016).

Although the overwhelming majority of cco-1-induced gene

expression changes were abrogated on loss of lin-65 or met-2,

many exhibitedmean expression changes that were qualitatively

similar to that seen in wild-type animals (Figure S6A). This is

particularly true for the downregulated genes in the lin-65mutant

(Figure S6A). Importantly, many of the genes we analyzed ex-

hibited increased variability within biological replicates in the
(D) Loss of lin-65 during mitochondrial stress results in reduced nuclear H3K9me2

nuclear accumulation (Figure 4B), reduced UPRmt induction (Figures 3A and S1B

(E) Loss of atfs-1 during mitochondrial stress results in suppressed UPRmt induct

independent of compacted nuclei (Figure S7B) and nuclear accumulation of DVE

(F) Loss of both met-2 and atfs-1 during mitochondrial stress results in nuclei tha

UPRmt induction, and complete suppression of lifespan extension. (Figure 6E).

(G) During mitochondrial stress, LIN-65 and DVE-1 accumulate in the nucleus, c

regions of the chromatin, activating transcription of UPRmt targets. This remodeling

ATFS-1 to initiate UPRmt and regulate longevity.
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lin-65 and met-2 mutant animals (Figure S6B; Table S2), limiting

the statistical significance for many gene expression changes. In

general, the variance among biological replicates was increased

in the lin-65 and met-2 mutants relative to wild-type, despite

careful handling and harvesting of each of the replicate sets

together. Among the possible explanations for increased vari-

ance in these mutants, we favor a model where loss of lin-65

or met-2 results in increased transcriptional noise, which is

consistent with previous reports that the chromatin environment

can epigenetically regulate transcriptional noise in diverse sys-

tems (Hansen and O’Shea, 2013; Anderson et al., 2014; Lavigne

et al., 2015; Dey et al., 2015). While it will be important to formally

address this hypothesis in the future, the data presented here

clearly emphasize the importance of lin-65 andmet-2 in properly

orchestrating the chromatin in order to mount an appropriate

response to mitochondrial stress.

The impacts of early life stresson the long-termwell-being of an

organism,especially in theprogressionof theagingprocess, have

been long debated. The fact that themitochondrial stress experi-

enced early during development extends lifespan indicates that

these animalsmight possess an epigeneticmechanism to ensure

the beneficial effects from such stress aremaintained throughout

the lifespan (Merkwirth et al., 2016). Such amechanism seems to

be carried out by both H3K9 methylation and DVE-1-mediated

chromatin structure changes in peripheral tissues.

EXPERIMENTAL PROCEDURES

Strains

SJ4100 (zcIs13[hsp-6p::gfp]), CL2070 (dvIs70[hsp-16.2p::gfp]), SJ4005 (zcIs4

[hsp-4p::gfp]), SJ4197 (zcIs39[dve-1p::dve-1::gfp]), MR142 (cdc-25.1(rr31);

rrIs1 [elt-2::gfp + unc-119(+)]), MT13232 (lin-65(n3441)), RB1789 (met-

2(ok2307)), MT17463 (set-25(n5021)), LW699 (jjIs699[lmn-1p::emr-1::gfp],

and N2 wild-type strains were obtained from the Caenorhabditis Genetics

Center (Minneapolis, MN). AM101 (rmIs101[rgef-1p::Q40::yfp]) was a

generous gift from Rick Morimoto. VC3201 (atfs-1(gk3094)) was obtained

from the National BioResource Project (Tokyo, Japan). Below is the strain

list of transgenic lines made in the lab:

AGD1491 (uthIs400 [lin-65p::mCherry::unc-54 30UTR; pRF4(rol-6)]) (63),

AGD1492 (uthIs401 [lin-65p::lin-65cDNA::mCherry::unc-54 30UTR;
pRF(rol-6)]) (63),

AGD1540 (uthIs432 [lin-65p::lin-65cDNA::HA::unc-54 30UTR; pRF4(rol-6)])
(33),

AGD1540 (uthIs433 [lin-65p::lin-65cDNA::HA::unc-54 30UTR; pRF4(rol-6)])
(33).

For generation of lin-65p::mCherry strain, the lin-65 1.3 kb promoter was

PCR amplified from genomic DNA and cloned into pNB23(sur-5p::mCherry)

using SphI and XmaI. For the lin-65p::lin-65cDNA::mCherry strain, the lin-65

cDNA(2184 bp) without stop codon was inserted into lin-65p::mCherry
levels (Figure 3B), nuclei that are less compacted (Figure 3A), reduced DVE-1

), and partial suppression of increased lifespan (Figure 6C).

ion (Figure 1A) and partial suppression of lifespan extension (Figure 6E). This is

-1 and LIN-65 (Figures 6A and 6B).

t are less compacted, reduced nuclear accumulation of DVE-1 and LIN-65, no

hromatin becomes remodeled, and DVE-1 is able to form puncta at the loose

works in parallel to the relocation ofmitochondrial-specific transcription factor



construct with XmaI and XbaI. lin-65 cDNA was a gift from Robert Horvitz. For

the generation of lin-65p::lin-65cDNA::HA transgenic worms, the mCherry::

unc-54 30UTR was replaced by HA-tag::unc-54 30UTR using XbaI and ApaI.

To replace the lin-65 promoter, the gly-19 promoter was cloned in place of

the lin-65 promoter in the lin-65p::lin-65 cDNA::mCherry plasmid. Transgenic

strains were generated by microinjecting target constructs (70 ng/ml) mixed

with a pRF4(rol-6) (50 ng/ml) co-injection marker. Extrachromosomal arrays

were integrated using irradiation and backcrossed three to six times.

RNAi Feeding

Worms were grown from hatch on HT115 Escherichia coli containing an empty

vector control or expressing double-stranded RNA. RNAi strains were from the

Vidal library if present, or the Ahringer library if absent from the Vidal library.

Western Blot Analysis

Age synchronized worms were grown on plates containing HT115 RNAi

bacteria at 20�C. For large-scale experiments, worms were washed off the

plate with M9 buffer and worm pellets were frozen in liquid nitrogen for further

processing. Worm extracts were generated by glass bead disruption in

non-denaturing lysis buffer (150 mM NaCl, 50 mM HEPES at pH 7.4, 1 mM

EDTA, 1% Triton X-100, protease inhibitor cocktail III [Calbiochem]). For

small-scale experiments, 120 worms were picked into 14 ml M9 buffer and

frozen in liquid nitrogen. SDS (63) loading buffer and 103 reducing reagent

were added to each sample. Samples were boiled for 15 min and resolved

by NuPAGE Bis-Tris mini gels.

Antibodies

Antibodies used for western blot and immunofluorescence (IF) were as follows:

anti-GFP antibody (Roche 11814460001), anti-tubulin antibody (Sigma T6074);

anti-HA-Tag (C29F4) rabbit mAb #3724; and anti-histone H3 (di methyl K9)

antibody (mAbcam 1220).

Lifespan Analysis

Lifespan experiments were performed at 20�C as previously described (Dillin

et al., 2002). Worms were synchronized by egg bleach and grown on E. coli

HT115 for RNAi from hatch. Worms were scored every second day. Prism5

software was used for statistical analysis. Log-rank (Mantel-Cox) method

was used to determine the significance difference.
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