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Abstract Dietary restriction (DR), the process
of decreasing overall food consumption over an
extended period of time, has been shown to increase
longevity across evolutionarily diverse species and
delay the onset of age-associated diseases in humans.
In Caenorhabditis elegans, the Myc-family transcrip-
tion factors (TFs) MXL-2 (MIx) and MML-1 (Mon-
doA/ChREBP), which function as obligate heterodi-
mers, and PHA-4 (orthologous to FOXA) are both
necessary for the full physiological benefits of DR.
However, the adaptive transcriptional response to DR
and the role of MML-1::MXL-2 and PHA-4 remains
elusive. We identified the transcriptional signature of
C. elegans DR, using the eat-2 genetic model, and
demonstrate broad changes in metabolic gene expres-
sion in eat-2 DR animals, which requires both mx/-2
and pha-4. While the requirement for these factors in
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DR gene expression overlaps, we found many of the
DR genes exhibit an opposing change in relative gene
expression in eat-2;mxl-2 animals compared to wild-
type, which was not observed in ear-2 animals with
pha-4 loss. Surprisingly, we discovered more than
2000 genes synthetically dysregulated in eat-2;mxl-2,
out of which the promoters of down-regulated genes
were substantially enriched for PQM-1 and ELT-1/3
GATA TF binding motifs. We further show func-
tional deficiencies of the mx/-2 loss in DR outside
of lifespan, as eat-2;mxl-2 animals exhibit substan-
tially smaller brood sizes and lay a proportion of dead
eggs, indicating that MML-1::MXL-2 has a role in
maintaining the balance between resource allocation
to the soma and to reproduction under conditions of
chronic food scarcity. While eaz-2 animals do not
show a significantly different metabolic rate com-
pared to wild-type, we also find that loss of mxl-2 in
DR does not affect the rate of oxygen consumption in
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young animals. The gene expression signature of eat-
2 mutant animals is consistent with optimization of
energy utilization and resource allocation, rather than
induction of canonical gene expression changes asso-
ciated with acute metabolic stress, such as induction
of autophagy after TORCI inhibition. Consistently,
eat-2 animals are not substantially resistant to stress,
providing further support to the idea that chronic DR
may benefit healthspan and lifespan through efficient
use of limited resources rather than broad upregu-
lation of stress responses, and also indicates that
MML-1::MXL-2 and PHA-4 may have distinct roles
in promotion of benefits in response to different pro-
longevity stimuli.

Keywords Dietary restriction - Myc-family -
Transcription factors - Gene expression

Introduction

Dietary restriction (DR) is one of few known interven-
tions that results in delayed onset of aging-associated
disease and improves longevity in a broad range of
evolutionarily distinct animals ranging from inver-
tebrates to monkeys, and has been found to improve
health biomarkers in humans [54, 97, 98, 125, 67,
103, 104, 173, 188, 136, 83]. DR is a broad term
encompassing a growing number of treatment para-
digms, including chronic restriction of overall energy
intake or reduction of specific nutrients (e.g., methio-
nine, carbohydrates) and intermittent fasting: sched-
uled short-term food withdrawal as with alternate-
day feeding or time-restricted feeding [47, 68, 172].
Recent clinical trials in humans have found significant
improvement in biomarkers of cardiovascular health
in both short term alternate-day fasting [175] and
reduced average energy intake reduction over several
years [83, 103]. Although the benefits of DR on organ-
ismal health are widely conserved, the full mecha-
nistic picture of how various types of DR influences
physiological decline during aging remains far from
clear, due to complex interactions between genetics,
diet, and environment that influence aging [122].

C. elegans is a preeminent model for aging stud-
ies, in part due to its normally short lifespan, fast
generation time, and wealth of genetic tools. Working
with an intact metazoan model enables identification
of cell non-autonomous interactions across distinct
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tissues, including those coordinated by a nervous
system [19]. Adult wild-type hermaphrodite animals
have 959 somatic cells that arise from an invariant
and well-characterized lineage, without contribution
of stem or progenitor cells to the maintenance of adult
somatic tissues [177]. This less-complex environment
allows focus on elucidating genetic determinants of
health and maintenance of differentiated somatic cells
that act within an integrated biological system, with-
out interference from regenerative cellular quality
control mechanisms that preserve tissue homeostasis.
Notably, the discovery of long-lived genetic mutants
of C. elegans combined with the development of
feeding-based RNAI has led to uncovering more than
1000 genes that influence lifespan when perturbed,
which we refer to as “gerogenes” [11, 33, 71, 73, 89,
90,99, 113, 135, 153, 183].

Many gerogenes are nodes in networks that con-
nect nutrient-associated signals to organismal lon-
gevity [42, 59, 60, 73, 87, 138]. For example, loss-
of-function mutations in daf-2, orthologous to the
insulin and IGF1 receptors, extends longevity through
activation of the DAF-16 transcription factor (FOXO
homolog) [99, 118]. Increasing DAF-16 expres-
sion is sufficient to extend longevity and improve
survival to a myriad of cellular stresses [134, 135].
Studies into genetic variants associated with healthy
aging in human populations have identified polymor-
phisms over-represented in human centenarians, such
as FOXO3, a homolog of daf-16 [191]. In addition
to Insulin and IGF1 signaling (IIS), most gerogenes
have evolutionarily conserved roles in the control of
longevity including: the Target of Rapamycin (TOR)
complexes, which regulate the balance between anab-
olism and catabolism based on amino acid and car-
bohydrate availability [48, 87, 110, 171], and AMP
kinase (AMPK), which responds to insufficient ATP
levels [5, 68, 69, 190]. Overall, nearly 75% of gero-
genes in C. elegans show considerable homology with
mammals and humans, to the extent of functional sub-
stitution in some cases [33, 76, 100, 179, 194]. How-
ever, the majority of gerogenes remain under-studied
and have not been placed in an interaction network or
pathway [33].

The eat-2 genetic mutant is a common DR model
in C. elegans; eat-2 encodes a nicotinic acetylcho-
line receptor expressed in neuromuscular junctions of
two pharyngeal muscle cells that contributes to con-
trol of pharyngeal pumping rate, thereby influencing
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food consumption [128]. Reduction of eat-2 function
results in decreased feeding rates and increased lon-
gevity, which provides a genetic model for studying
the molecular and cellular basis of DR [108, 128,
150]. A number of transcriptional effectors of DR
have been identified using this model, most notably
the FOXA homolog PHA-4 [143], which is specific
to DR, whereas the FOXO homolog DAF-16 is not
required for eat-2 longevity [108].

The MYC network of basic helix-loop-helix leu-
cine zipper (bHLH Zip) transcription factors is per-
haps best known for its namesake, MYC, which is a
key regulator of metabolism, cell growth, and sur-
vival. MYC is also a well-characterized proto-onco-
gene that contributes to tumorigenic transformation
in a range of cancers [29, 167]. MYC functionally
regulates transcription as part of a heterodimeric
complex with MAX. MAX binding regulates MYC
activity, as MAX competitively binds to MXD and
MNT factors, which in turn also compete for binding
to MLX. These interactions further serve to regulate
the activity of an additional set of metabolism-reg-
ulating transcription factors, MLXIP and MLXIPL
(formerly known as MONDOA and MONDOB/
CHREBP, respectively) [29]. All of these proteins
form heterodimers at enhancer-box (E-box) sites [3,
41, 167]. The general properties of the MYC net-
work are broadly conserved through metazoan evo-
lution, although not all animals have a representative
homolog for each of the core proteins found in ver-
tebrates [126]. C. elegans in particular does not have
a canonical MYC or MNT homolog, but does pos-
sess homologs for the other network members [126].

The C. elegans MYC network, and the MML-
1::MXL-2 complex (mammalian MLXIP::MLX) in
particular, increasingly appears to be a convergence
point in multiple interaction networks involved in
longevity and homeostatic maintenance. All of the
Myec-family of transcription factors have been impli-
cated in C. elegans longevity (mdl-1, mxl-1, mml-1,
mxl-2, mxl-3) [88, 137, 140]. MDL-1 (MXD) het-
erodimerizes with MXL-1 (MAX); loss of either
mdl-1 or mxl-1 increases longevity and is dependent
upon the MML-1::MXL-2 complex [88, 145]. Inter-
estingly, in humans, loss of a homolog of MML-1-
MLXIPL- has been implicated in Williams-Beuren
syndrome, a disease with progeric symptoms [22],
and reduced MYC expression increases longevity in
mice [79]. We previously demonstrated that the C.

elegans MML-1::MXL-2 complex was necessary
for the extended longevity conferred by chronic DR
(eat-2) or reduced IIS; conversely, loss of mdl-1 or
mxl-1 does not further increase the longevity of eat-2
or IIS mutants [88, 153]. mmli-1 and mxl-2 are also
required for the extended longevity conferred via cell
non-autonomous signals from the germline, TORC1
inhibition, and increased activity of homeodomain-
interacting protein kinase hpk-1, a neuronal transcrip-
tional regulator of autophagy and longevity induced
in response to TORCI1 inhibition [39, 111, 137, 164].
Given our previous finding that MML-1:MXL-2 is
required for the longevity of ear-2(ad465) animals
[88], the importance of this complex in the integra-
tion of multiple pro-longevity signals, and the lack
of known targets in the context of DR, we sought to
define the adaptive transcriptional response to DR
and the role of MML-1::MXL-2 therein [88, 137].

Materials and methods
C. elegans strains

N2 Bristol was used as the wild-type strain, and all
other strains were back-crossed at least six times to
N2 before proceeding. The mxl-2(tm1516) strain was
created by and obtained from Dr. Shohei Mitani with
the Japanese Bioresource Project. Strains were con-
firmed to be WT for fln-2(0T611), a background lon-
gevity mutation found in some commonly used wild-
type strains [201].

The following C. elegans strains were utilized for
this work:

Genotype Strain

wild-type N2 Bristol (CGCM)
daf-2(el1370) AVS1

eat-2(ad465) AVS518
mxl-2(tm1516) AVS385
eat-2(ad465); mxl-2(tm1516) AVS273

C. elegans culture
Nematodes were maintained using standard labora-

tory culture techniques [19]. Animals were normally
maintained on plates with E. coli OP50-1 as a food
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source. Animals for assays were raised on the RNAi-
compatible E. coli strain HT115(DE3), transformed
with empty vector (EV) plasmid or plasmid with an
insert sequence complementary to the given gene of
interest for feeding-based RNAi [94, 183]. For assay
plates, RNAIi clones were grown overnight with shak-
ing in LB and seeded onto agar plates containing
5 mM isopropylthiogalatoside (IPTG) and allowed to
induce dsRNA expression overnight at room tempera-
ture; additional details can be found in [34].

Animal preparation and RNA isolation for
RNA-sequencing

Plates prepared for the RNA-Seq experiment were
10 cm RNAI plates seeded with 1 mL of 20x concen-
trated bacteria from an overnight culture. Plates were
allowed to dry for 1-2 days at room temperature, also
providing time for the induction of dsRNA produc-
tion before adding animals. Approximately 3000 L1
animals were then added, split across multiple plates
to prevent starvation and overcrowding, and kept at
16 °C until the L4 stage. When animals reached L4,
600 pL of 4 mg/mL 5-fluorodeoxyuridine (FUdR) was
added to each plate to prevent production of progeny,
and the plates were transferred to 20 °C (“day 07).
Developmental stage was assessed separately for each
strain to account for shifts in developmental timing.

At adult day 2, animals were collected in M9,
washed twice in M9, finally washed with DEPC-
treated RNase-free water. Approximately two times
the volume of the animal pellet of TRIzol® reagent
was added to each animal preparation, followed
by brief mixing and freezing overnight at—80 °C.
Tubes were then allowed to partially thaw and
were vortexed 5 min to assist with disrupting the
cuticle. Each prep was transferred to a new tube,
and 200 pL of chloroform per 1 mL of TRIzol was
added, followed by vortexing for 20 s, and allowed
to settle at room temperature for 10 min. Superna-
tants were transferred to new tubes, and an equal
amount of 100% ethanol was added and mixed
before proceeding to column purification with the
Qiagen RNAeasy Mini kit (catalog 74104) accord-
ing to the manufacturer’s instructions. Samples
were eluted with 30-50 uL of DEPC-treated water
and checked for initial concentration and quality
with a Nanodrop ND-1000.
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RNA-sequencing

Isolated RNA was provided to the University of
Rochester Genomics Research Center for library
preparation and sequencing. Prior to library prepara-
tion, an Agilent 2100 Bioanalyzer was used to con-
firm the RNA integrity of all samples. Libraries for
sequencing were prepared with the Illumina TruSeq
Stranded mRNA kit, according to the manufacturer’s
instructions. Quality of the resulting libraries was
checked again with a Bioanalyzer prior to sequencing
to ensure integrity of the input material. Sequencing
was performed on an Illumina HiSeq2500 v4, yield-
ing an average of approximately 31 million single-
ended 100 bp reads per sample. Quality of the out-
put was summarized with FastQC [4], and reads were
trimmed and filtered with Trimmomatic [16]. After
filtering out low-quality reads, an average of 30.2 mil-
lion reads per sample remained and were used for the
rest of the analysis.

RNA-sequencing data pre-processing

Samples were aligned to the C. elegans genome
assembly WBcel235 with STAR 2.4.2a [44] using
gene annotation from Ensembl (version 82) [37]. An
average of 94.7% of reads per sample were uniquely
mapped to the genome. These alignments were used
as input to RSEM (version 1.2.23) for transcript-level
quantification [115] and featureCounts (version 1.4.6-
pS) for gene-level counts [116]. Ambiguous or multi-
mapping reads, comprising an average of approxi-
mately 5% of the reads per sample, were not included
in the gene-level count results.

Downstream analyses were performed using cus-
tom scripts run in R 4.0.2 (R Core Team) [146]. Gene
identifiers were updated from the Ensembl annota-
tion used for mapping (version 82) to version 106 for
further analysis. Genes with little evidence of expres-
sion were removed prior to analysis of the count-
based data by filtering out genes with fewer than 10
reads in every sample. Removing the unexpressed
genes left 17,907 genes across five gene types con-
sidered (16,883 protein coding, 794 pseudogenes, 136
ncRNA, 87 lincRNA, and 7 snRNA). For exploratory
analysis of expression trends across samples or genes,
expression values normalized for library size were
utilized, either TPM from RSEM or VST-normalized
counts from DESeq?2, as indicated.
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Differential expression analysis

Differential expression analysis was performed with
DESeq2 1.30.1 [120] in R, for all combinations of
strain and treatment against WT animals with empty-
vector (EV) RNAi. Foldchange shrinkage procedures
were applied to moderate fold-changes of low-expres-
sion genes. We considered significantly differentially
expressed genes to be those with an FDR-corrected
p-value <0.05 and a foldchange magnitude of at least
twofold (llog, fold-changel>1). Fold-changes are
for comparisons against an N2 reference population,
unless otherwise specified. In a few instances, p-value
results were smaller than R can output in the default
configuration; these are reported here in supplemental
tables as 2.225074e-308, the smallest non-zero float-
ing point number supported.

Transcription factor target prediction

A workflow for prediction of transcription factor bind-
ing sites from positional weight matrix (PWM) motifs
for C. elegans transcription factors was adapted from
TargetOrtho 2 [64]. Motifs were curated from CIS-
BP (313), JASPAR (10), UniProbe (12), and manu-
ally from publications (7) for coverage of over one-
third of known C. elegans TFs [3, 23, 56, 82, 162]. Of
motifs from CIS-BP, 202 are based on direct evidence
from binding experiments (ChIP-Seq, PBM, etc.) and
the remainder are inferred by close homology to a TF
in another species with direct experimental evidence.
Motifs from JASPAR and UniProbe are based on
experimental binding profiles. FIMO [66] was used
to scan for motif matches in the C. elegans genome
and seven other nematodes with available genomes:
C. brenneri, C. briggsae, C. remanei, C. japonica, P.
pacificus, P. exspectatus, and A. lumbricoides. Targe-
tOrtho scripts were used to execute FIMO and pre-
process the output. Initial identification of predicted
binding within promoter regions was based on a
symmetrical threshold distance from transcriptional
start sites (TSS) of —700/+700, and later filtered
to —700/+ 100, within the range used for binding pre-
diction to promoter regions in previous studies [151,
182]. For FIMO match specificity, predicted associa-
tions with p <0.0001 were considered, except for two
of the manually curated E-box motifs, which had min-
imum p-values of 0.000195 and 0.00016; p <0.0002
was used for these cases, as FIMO p-values are biased

against short motifs. Results were read into R, and
after filtering for the aforementioned—700/4 100
TSS distance, two sets of motif matches were pro-
duced: (1) all C. elegans matches without further fil-
tering, and (2) matches found in C. elegans and in the
same region (upstream or downstream of the TSS) of
a homologous gene in two or more of the other nem-
atode species genomes; these are referred to as “all
C. elegans motif matches” and “species homology-
filtered motif matches,” respectively.

Pathway and gene set enrichment

Gene sets for functional enrichment analysis were
curated from the Gene Ontology, KEGG, Reac-
tome, WormBase, WormExp, DIANA microT-CDS
(miRNA binding predictions), and our TF target pre-
diction set [14, 63, 76, 95, 144, 192]. The R package
GOSeq (1.42.0) was utilized for batch enrichment
across many genes [193]. In some cases, over-repre-
sentation analysis was performed for a smaller sub-
set of gene sets of interest using Fisher’s exact test
(hypergeometric test) either through the R package
GeneOverlap (1.34.0) or the R function phyper.

Analysis of publicly available datasets

Gene count results from multiple public datasets were
re-analyzed in the same manner as our own dataset
for differential expression. The public datasets and
samples considered include eat-2 and N2 animals on
OP50 or HT115 bacteria at multiple timepoints in
SRA SRP089617 [178] and eat-2 and N2 animals at
the L4 stage in GEO GSE125718 [25]. All differen-
tial expression analyses were only performed for sam-
ples within each dataset.

Oxygen consumption

Animals were synchronized by bleach prep and
added to RNAIi plates with HT115 EV bacteria as
a food source. FUdR was added at the L4 stage for
each strain to prevent production of embryos, and
animals were kept at 20 °C. O, consumption was
assayed for whole animals at day 2 of adulthood with
a Clark-type O, electrode (S1 electrode disc, DW2/2
electrode chamber, and Oxy-Lab control unit, Hansat-
ech Instruments, Norfolk UK). Animals were col-
lected from plates in M9 buffer, pelleted briefly by
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centrifugation, and added to the electrode chamber in
0.5 mL of M9. After measurement of baseline respi-
ration rate, FCCP (160 uM final concentration) was
added to obtain maximal respiration measurements,
followed by sodium azide (40 mM final concentra-
tion) for consumption rate with inhibited respiration.
Each measurement continued until readings were
stable or up to 10 min. Post-measurement, animals
were collected and frozen for protein quantification
by Bradford assay to normalize oxygen consumption
rates by total protein.

Lifespan

For lifespan experiments, animals were kept from the
L1 to L4 stage at 16 °C, at which point FUdR was
added to a final concentration of 400 pM; animals
were then transferred to 20 °C. Replica Set lifespan
experiments were performed as detailed in [32, 33,
153]. Briefly, in Replica Set experiments, individual
animals are not followed over time, but rather a large
population is split across 24-well “replica” plates,
and a new sub-population of animals is scored at
each time point and then discarded. Enough “rep-
lica” plates are set up at the outset of the experiment
for each planned observation based on typical lifes-
pan characteristics of the strains already established.
Resulting data was fit to logistic function curve for
determination of median lifespan, as previously
described [32, 33].

Oxidative stress survival

Oxidative stress survival was performed similarly
to [88] but with observation and scoring facilitated
by our version of the C. elegans Lifespan Machine
[176]. Briefly, synchronized L1 animals were raised
on HT115 bacteria with empty vector (EV) RNAI at
15 °C from L1 to L4 on 50 mm plates (Corning Fal-
con 351,006). When animals reached the L4 stage,
FUdR was added (400 pM final concentration) and
then kept at 20 °C for the remainder of the experi-
ment. When animals reached day 2 of adulthood,
7.7 mM tert-butylhydroperoxide (tBOOH) was added
to the plates, and they were transferred to the lifes-
pan machine scanners, with the plate lids in place,
for imaging and analysis. The scan schedule was set
such that every animal was analyzed approximately
once per hour.

@ Springer

Brood size

For each strain, animals were synchronized, and par-
ent hermaphrodites were picked to their own plate at
L4. Starting from 24 h after L4, parents were picked
to a new plate every 24 h until no further eggs were
observed. Larval animals were counted after 48 h,
allowing enough time for all viable eggs to hatch.
Eggs remaining unhatched after this time were con-
sidered dead and recorded. Animals were kept at
20 °C on HT115 EV E. coli as a food source. Two
independent trials were conducted. Pairwise #-tests
were performed to assess the statistical significance
of differences between conditions, and p-values were
FDR-adjusted to account for multiple testing [10].

Results

DR induces an adaptive transcriptional response to a
chronic reduction in food availability

We sought to identify changes in gene expression
associated with dietary restriction, with and without
perturbation of the MML-1::MXL-2 complex via the
mxl-2(tm1516) null mutation. We conducted tran-
scriptome-wide RNA-sequencing of chronologically
age-matched day 2 adult animals, including wild-
type (N2), eat-2(ad465), and mxl-2(tmi1516) single
mutant animals, as well as eat-2;mxI-2 double mutant
animals. Additionally, we included loss of pha-4
(ortholog of FoxA, a forkhead transcription factor), a
modulator of gene expression in response to nutrient
stress [141, 202], which is required for the increased
lifespan of eat-2 mutant animals [143]. Furthermore,
we included loss of daf-16 (FoxO) as a putative nega-
tive control, as daf-16 has been shown to be dispen-
sable for the increased lifespan of ear-2 mutant ani-
mals, but is a central regulator of longevity in other
contexts [108, 182].

We first assessed the overall quality and fidelity
of the gene expression for each condition. We were
able to reliably assess gene expression for 17,907
genes, after removing consistently unexpressed genes
and gene types without evidence of polyadenylation.
We conducted principal component analysis (PCA)
across all 17,907 genes and found at least one prin-
cipal component that could account for substantial
variability in the overall dataset in which biological
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replicate samples cluster together (Fig. 1A). The
Pearson r for pairwise correlations among intra-group
biological replicates is higher than 0.9 for all but two
groups, and not lower than 0.85 in any case, implying

reliably consistent patterns of gene expression
between biological trials (Figure S1A). We found
that the variability between biological replicates is
associated with PC2 for eat-2(ad465) controls and
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Fig. 1 Changes in gene expression after dietary restriction are
broadly disrupted by loss of pha-4 and mxI-2 but not daf-16.
A Principal component analysis on variance-stabilized (VST)
normalized count data revealed distinct clusters between most
sample groups and, that biological replicate samples clus-
ter together in at least one principal component explaining a
substantial proportion of the variance of the overall dataset.
The Pearson r for pairwise correlations of VST gene expres-
sion between replicate samples across all expressed genes
was not lower than 0.85 in any case (Figure S1A). Variability
between biological replicates was not associated with sam-
ple batches (Figure S1B). The key shows the correspondence
between color and sample group (strain, RNAI treatment) and
the number of biological replicate samples for that group. At

least two biological replicates were analyzed across 17,907
genes expressed in any sample. B Loss of pha-4 or mxl-2,
but not daf-16, dramatically shifts changes in gene expression
in eat-2 mutant animals. Comparison of relative expression
changes (log, fold-change) across 17,907 genes expressed in
eat-2 DR animals relative to WT (x-axis), and daf-16(RNAi)
(i), pha-4(RNAi) (ii), or eat-2;mxl-2 double mutant animals
(iii). Pearson correlation indicates a strong and significant
positive linear association between eat-2 vs WT and eat-2;daf-
16(RNAi) vs WT (r=0.92, p<2.2%107'%), but a much weaker
positive trend after loss of pha-4 (r=0.3, p<2.2x107'%),
and a weak negative association after mx[-2 loss (r= —0.074,
p<2.2x10716), The histograms indicate the density of genes
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eat-2(ad465);daf-16(RNAi); PC1 is associated with
mxl-2(tm1516) control RNAI, daf-16(RNAi), and pha-
4(RNAi). We also observed that this variability is not
associated with known batch variables (Figure S1B).
As expected, we found inactivation of daf-16 in eat-2
animals had very little effect on gene expression, as
fold-changes between eat-2 controls and eat-2 daf-
16(RNAi) are highly correlated (Pearson r=0.92,
Fig. 1B (i)), consistent with conclusions based on
genetic interactions. In contrast, loss of either mxl-2
or pha-4 dramatically disrupted the gene expression
profile of eat-2 mutant animals (Fig. 1B (ii) and (iii),
respectively). The impact of mx[-2 and pha-4 loss on
eat-2 gene expression aligns with previous genetic
analysis: pha-4 and mxI-2 are required for ear-2-me-
diated increases in longevity [88, 143]. Collectively,
we conclude our gene expression profiles have high
fidelity and consistency, and genetic perturbation of
mxl-2, pha-4, and daf-16 alters gene expression in
eat-2 mutant animals as predicted based on previ-
ously characterized genetic interactions.

We sought to identify the transcriptional adaptive
response to DR and compared the gene expression
signature of eat-2 mutant animals to wild-type (N2)
animals through differential expression (DE) analy-
sis. We found 1704 genes with significantly altered
expression and at least a moderate fold-change in
eat-2 animals, of which 249 genes (14.6%) were up-
regulated and the majority—1455 (85.4%)—were
down-regulated (Fig. 2A) (DESeq2 FDR-corrected
p-value <0.05, absolute log, fold-change > 1). Among
DE genes in eat-2 mutant animals, 75 had prior asso-
ciations to lifespan phenotypes (based on Wormbase
WS282 [40]): most in down-regulated genes, with
more than half associated with extended longevity
with loss of function, concordant with down-regula-
tion in long-lived DR animals. As about 15% of C.
elegans genes are co-transcribed in operons [15], we
also looked for enrichment of annotated operons and
found enrichment of five operons corresponding to
11 genes among all differentially expressed genes in
eat-2, indicating that regulation of transcription at the
level of operons has little influence on the DR tran-
scriptional profile. The complete set of differential
expression results can be found in Table S1.

In order to identify functionally how expression
changes may contribute toward the aging benefits of
DR, we performed over-representation analysis to
identify significant associations with pathways and
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gene sets. Among the genes downregulated in eat-2
mutant animals, metabolic reprogramming, includ-
ing reduced expression of genes involved with amino
acid and fatty acid biosynthesis, was significantly
enriched. In contrast, analysis of ear-2 upregulated
genes produced no significantly enriched KEGG or
Reactome pathways, indicating a lack of broadly
coordinated activation of gene expression across the
organism in response to DR (Fig. 2B). Macromole-
cule metabolites have been previously observed to be
less abundant in ear-2 through metabolomics experi-
ments [58, 133], and overall protein content is lower
in eat-2 animals [58, 195], which is consistent with
our findings. We also found downregulated expres-
sion of genes regulating fatty acid metabolism,eat-2
mutant animals are thin with reduced fat stores [6,
7, 78]. A switch to fatty acids as an energy source is
important in DR [78, 190], and eat-2 mutant animals
have largely depleted reserves of lipids. Interestingly,
elo-5, a fatty acid elongase involved in monomethyl
branched-chain fatty acid synthesis, which is impor-
tant for lifespan of wild-type and daf-2 animals, as
well as glucose-induced stress resistance, is signifi-
cantly upregulated in our eat-2 samples, indicating
possible adaptive upregulation of specific fatty acids
to maintain membrane integrity in the context of low
overall lipid availability [101, 153, 187] (Table S1).
We conclude ear-2 mutant animals globally down-
regulate significant components of metabolic gene
expression to match the diminished availability of
nutrients and optimize energy utilization, which sug-
gests that expression levels of metabolic genes are
causally linked with nutrient availability.

Metabolic remodeling during DR re-allocates energy
away from costly processes toward somatic health via
changes in gene expression

We next assessed enrichment of broader functional
terms from the Gene Ontology in ear-2 animals. We
found the only terms enriched for ear-2 upregulated
genes are associated with innate immune and bacte-
rial defense responses (Fig. 2C, Table S2); however,
we also noted that the upregulation of a small set of
innate immune response genes was not specific to
eat-2 and also occurred with mx[-2 mutation or pha-4
RNAIi under both basal conditions and in eat-2 (Fig-
ure S2). The lack of concerted regulation of functions
associated with ear-2 upregulated genes suggests
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Fig. 2 Broad metabolic reprogramming through changes in
gene expression under conditions of DR. A Volcano plot for
eat-2 differential gene expression analysis. The x-axis shows
log, fold-changes for ear-2 EV relative to wild-type (N2 EV),
and the y-axis shows -log,, FDR-adjusted p-values from
DESeq2. Vertical red lines indicate the threshold for fold-
change magnitude (llog, FCI > 1), and the horizontal red line
indicates the p-value threshold (adjusted p-value <0.05). 1455
genes were significantly down-regulated, and 249 were upregu-
lated in eat-2 (red points). The same criteria were applied to all
other comparisons. B KEGG pathways significantly enriched
under DR conditions. Pathways associated with down-regu-
lated genes include multiple aspects of metabolism, including
amino acid biosynthesis, fatty acid metabolism, and energy-
associated pathways. The bar length is the fraction of the
pathway genes overlapping with the DE genes, the number in
the bar is the number of overlapping genes, and color shows

that chronic DR is not activating transcription as
part of a specific adaptive response to nutrient stress.
Instead, we observed reduced gene expression associ-
ated with several biological processes consistent with
a shift from reproduction to survival. For example,
there is significant enrichment for downregulation
of sperm-associated gene sets, including spermatid
development, sperm meiosis chromosome segrega-
tion, sperm motility via pseudopodia, and Major
Sperm Proteins (MSPs, 31 of 47). MSPs are the most
abundant proteins in C. elegans sperm and necessary
for reproduction, both as structural components and

the —log,, adjusted p-values (GOSeq). All pathways shown
were significantly enriched (adjusted p-value <0.05). C Signif-
icantly enriched Gene Ontology terms for DR signature genes.
Network representation allows visualization of related terms
which share member genes. Up- and down-regulated genes
were treated as separate gene sets (red and blue node outline,
respectively). Node fill color indicates the GO sub-ontology a
term belongs to: biological process (BP), molecular function
(MF), or cellular component (CC). Node size indicates the pro-
portion of genes associated with the term that were present in
the gene set. Connections between nodes (edges) show terms
with shared member genes, with thicker edges representing
a greater degree of overlap. D Heatmap of log, fold-changes
across the 4762 genes significantly DE in at least two compari-
sons relative to wild-type. Rows and columns are ordered by
hierarchical clustering

signals for oocyte maturation [75, 163] (Fig. 2C).
We posit this represents an adaptive shift away from
reproductive fecundity in favor of survival. The total
number of sperm within the hermaphrodite sper-
matheca limits the progeny number in unmated her-
maphrodites, which typically form prior to the onset
of adulthood. eat-2 animals have smaller total brood
sizes and extended reproductive-span [2, 36, 102,
121]. Our results suggest down regulation of gene
expression associated with sperm production provides
a simple but effective mechanism for animals under-
going chronic DR to prioritize survival over investing
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in the energetically costly process of producing prog-
eny; this is in contrast to the response to acute starva-
tion in reproductive adult wild-type animals in which
animals retain eggs, leading to internal hatching and
matricide to promote survival of progeny [26].

We found a significant number of genes related to
muscular function down-regulated in eat-2 mutant
animals. For example, decreased expression of genes
associated with the A band of the sarcomere and
the myosin complex (Fig. 2C), which is consistent
with thinning of body wall muscles observed in eat-
2 mutant animals [128]. Additional genes include
those broadly expressed in the body wall-muscle,
including unc-54, myo-3 as well as mic-3 (log, fold-
change —1.32 to—2.3), which encode myosin heavy
chain and light chain proteins, respectively [9]. We
posit downregulation of muscle gene expression
results in the maintenance of a smaller volume of
muscle, thereby limiting the drain of energy reserves
from functions vital to maintaining viability (i.e., an
overall reduction in metabolic cost). Concurrently,
protein from skeletal muscle provides energy during
severe nutrient restriction [159].

Increased expression of collagens has been asso-
ciated with longevity, particularly under reduced
insulin-like signaling in daf-2 animals [53, 147, 155].
However, we found collagen-associated genes signifi-
cantly down-regulated in ear-2 mutant animals (e.g.,
collagen trimer, constituent of cuticle, ECM constitu-
ent). Despite this, ear-2 animals do not exhibit com-
promised cuticle integrity and retain properties of
“young” cuticle into old age [52]. Decreased expres-
sion of collagen genes is also consistent across analy-
sis of public ear-2 gene expression datasets in late-
larval animals at L4 [25] and young adults at days 1
and 3 [178]. Downregulation of collagens has been
observed in mice under DR, suggesting an evolution-
arily conserved mechanism [27]. As collagen is the
most abundant protein in the C. elegans cuticle and
covers the entire outside of the animal [155], we posit
synthesis of new collagen to be highly regulated in
eat-2 due to restricted energy availability. Collagen
usually consists of trimeric repeats of glycine and
two variable amino acids, often proline and hydroxy-
proline [35, 91]. While these are not among the most
bioenergetically costly to synthesize and are also not
among the diet-derived essential amino acids in C.
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elegans, the total amount of collagen in the cuticle
and ECM still makes collagen maintenance an ener-
getic burden [1, 155, 199]. Interestingly, supplement-
ing WT animals with low concentrations of proline
or glycine is sufficient to extend lifespan but does not
further increase lifespan of ear-2(adl116) animals
[48]. Overall, the consistent downregulation of col-
lagens across multiple eat-2 datasets again suggests
a reduction in metabolic cost, which allows direct-
ing the limited available resources to the most acute
needs and provides an additional energy resource,
though it remains unclear if collagen synthesis would
be upregulated to heal wounds in DR animals subject
to cuticle damage [131].

A large number of genes with kinase or phos-
phatase activity are down-regulated in ear-2 mutant
animals, 111 and 76, respectively (Figure S3A).
To determine whether gene products were associ-
ated to specific signaling cascades, or enriched in
specific tissues, we looked for pathways and func-
tions associated with this gene subset. Looking at all
associations, we found kinases associated with argi-
nine metabolism (F46H5.3, F32B5.1, WI10C8.5),
glycolysis and gluconeogenesis (pfk-1.2, pck-2, pck-
1), and phosphatases linked to mRNA surveillance
(CO9H5.7, C34D4.2, F52H3.6, ZK938.1, gsp-4,
gsp-3, T16G12.7) (Figure S3B—C). Arginine kinases
play a role in energy homeostasis by helping to meet
acute increases in energy demands [55], for example,
overexpression of argk-1 extends C. elegans lifespan
through activation of AAK-2 (AMPK) [38, 129].
C. elegans possesses more than 25 phosphatases
with substantial homology to yeast GLC7 (Worm-
Base WS282), which is important for mRNA export
from the nucleus, an aspect of mRNA surveillance
[40, 62, 84]. Of the seven GLC7 homologs with
reduced expression in eat-2, GSP-3/4 are the most
well-studied, with roles in spermatogenesis that
mirror the function of homologs expressed in male
mice [28]. More broadly, both the kinases and phos-
phatases down-regulated in eat-2 mutant animals are
enriched in functions related to the development of
sperm (Figure S3D); kinase and phosphatase expres-
sion is a putative mechanism to regulate spermatid
function without translation of new proteins through
post-translational modulation of protein activity, as
spermatids lack ribosomes [50, 148].
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MXL-2 regulates expression of a distinct set of genes
during dietary restriction

We next sought to identify genes with altered levels of
expression in our other sample groups. We proceeded
to run differential expression analysis for single mutant
genetic backgrounds: eat-2(ad465), mxl-2(tm1516),
along with eat-2(ad465);mxl-2(tm1516) double
mutants after treatment with either control RNAi
(empty vector), pha-4(RNAi), or daf-16(RNAi). These
genetic perturbations were compared to wild-type ani-
mals treated with empty vector RNAi in a pairwise
manner, using the same criteria for significant expres-
sion changes (Table 1, S1). Across these 11 contrasts,
a total of 4762 genes were differentially expressed rela-
tive to N2 EV in at least two comparisons (Fig. 2D).
Loss of daf-16 has little effect on the transcriptional
response to chronic DR, as expected. Also, in accord-
ance with genetic analysis of requirements for ear-2
lifespan, loss of pha-4 effectively negated the gene
expression signature of eat-2 animals: the eat-2;pha-4
profile more closely resembles pha-4 inactivation in
wild-type and mx/-2 mutant animals (Fig. 2D).
Comparison of the mxl/-2(tm1516) null mutation
alone to wild-type animals yielded significant expres-
sion changes to more than 800 genes, with 75% of
those down-regulated (Table 1, S1). These genes
were not strongly enriched for distinct pathways or

biological functions (Table S2), though we did note
the moderate repression of five heat shock proteins
(hsp-16.2, hsp-16.41, hsp-12.3, hsp-12.6, and hsp-
1.1), which encode small molecular chaperones that
are upregulated in response to stress and prevent pro-
tein misfolding [112, 114, 189]. Genes with increased
expression in mx/-2 mutant animals were enriched in
diverse functions related to lipid metabolism and car-
bohydrate binding, similar to some of the regulatory
functions of orthologous MML-1::MXL-2 complexes
in other species [77, 149]. However, genes dysregu-
lated in mxI/-2 mutants under normal feeding condi-
tions were largely divergent from ear-2 signature
genes: only 6% of mxI-2 and 3% of eat-2 genes were
found commonly differentially expressed relative to
WT. mxl-2 loss was also distinct from that of either
pha-4 or daf-16, the latter of which yielded the few-
est total DE genes of any of these comparisons (318
total, 49 up and 269 down), which may reflect typi-
cally minimal DAF-16 activity under basal conditions
[160]. Thus, MXL-2 impacts expression of distinct
genes under normal and DR conditions (explored in
more detail later).

We looked for tissue-associated biases in differen-
tial gene expression, based on sets of genes enriched in
muscle, neurons, hypodermis, intestine [93], or in sperm
[148] (Figure S4A). In agreement with our Gene Ontol-
ogy analysis of eat-2 expression changes, we found a

Table 1 Summary of significantly differentially expressed (DE) genes for all considered samples compared to wild-type EV

Strain RNAi Compared to: # significant DE genes (p-adj <0.05, ILFCI>=1)
Total # DE Up-regulated Down-regulated

N2 daf-16 Wild-type EV 318 49 269
N2 pha-4 1066 400 666
mxl-2(tm1516) EV 824 219 605
mxl-2(tm1516) daf-16 1609 714 895
mxl-2(tm1516) pha-4 1043 584 459
eat-2(ad465) EV 1704 249 1455
eat-2(ad465) daf-16 1627 238 1389
eat-2(ad465) pha-4 879 478 401
eat-2(ad465);mxl-2(tm1516) EV 3728 1922 1806
eat-2(ad465);mxl-2(tm1516) daf-16 4168 1631 2537
eat-2(ad465);mxl-2(tm1516) pha-4 2759 998 1761

Summary of differential expression analysis for genes with significant changes in expression compared to wild-type (N2 EV). Sig-
nificant DE genes were based on the following criteria after analysis with DESeq2: adjusted p-value <0.05 and log, fold-change
magnitude > 1. Up-regulated genes exhibited higher expression (positive fold-change) in the subject condition compared to N2 EV,

and vice-versa for down-regulated genes (negative fold change)
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substantial and significant set of downregulated genes in
eat-2 mutant animals to be enriched in sperm, as well
as significant over-representation of muscle-associated
genes. The intestine is commonly referred to as the most
metabolically active tissue in C. elegans, and both the
MML-1:MXL-2 complex and PHA-4 act in intesti-
nal cells in adult animals [80, 88, 137, 143]; we found
enrichment for intestinally expressed genes in both the
up- and down-regulated transcriptional response to
eat-2, mxl-2, or pha-4 single-perturbation conditions.
We also found enrichment of neuron-associated genes
among those down-regulated in mwxl-2 null mutant
animals, which is consistent with a recent report that
demonstrated MML-1 and MXL-2 activity within the
nervous system is sufficient to alter longevity [164]. Col-
lectively, these results suggest Myc-family TFs may reg-
ulate adaptive longevity responses from distinct tissues
in response to a particular longevity signal.

MXL-2 and PHA-4 are required for the majority
of gene expression reprogramming associated with
chronic dietary restriction

We next identified the portion of the eaz-2 expression
signature that required mx/-2 and/or pha-4. We defined
mxl-2-dependent genes as (1) differentially expressed
in eat-2, (2) not similarly differentially expressed in
eat-2;mxl-2 (i.e., not changing in the same direction),
and (3) specific to the DR background (i.e., unchanged
in mx/-2), all compared to wild-type. This strategy
was applied to both eat-2 up-regulated and down-
regulated genes (Fig. 3A (i, ii)), for dependence on
mxl-2, pha-4, and daf-16 (Fig. 3B, Table S3). A total
of 89% of genes down-regulated in eat-2 mutant ani-
mals required mx/-2 and 92% required pha-4, while
only 19% required daf-16. The pattern is similar for
genes up-regulated in ear-2, but less pronounced, with
54% of eat-2 upregulated genes requiring mxl-2, 65%
requiring pha-4, and only 31% requiring daf-16. Over-
all, the vast majority of genes down-regulated in eat-2
require both pha-4 and mxl-2, but not daf-16, to main-
tain transcriptional suppression (Fig. 3C).

We conducted functional enrichment analysis
with the eat-2 gene sets that were either dependent
or independent of mxl-2 or pha-4 (Fig. 3D, E). The
only GO terms with significant enrichment in the DR-
upregulated genes are independent of both mx/-2 and
pha-4. However, for the transcriptional signature of
repressed expression in eat-2 mutants, many pathways
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and functions are dependent on both factors, with an
overall greater proportion dependent on pha-4. We
also conducted the converse analysis to see whether
significant pathway enrichment remained in the sub-
sets of DE genes that were independent of either pha-
4 or mxl-2. No KEGG pathways were significantly
enriched in pha-4-independent genes, implying that all
transcriptional reprogramming conferred by chronic
DR requires pha-4. Notably, some muscle-associated
terms (myosin filament/complex) are mxl/-2-inde-
pendent but pha-4-dependent (Fig. 3E); while myosin
filament/complex are mx!/-2-independent, eat-2 DEGs
associated with other muscle components were mxl-
2-dependent (Fig. 3E). This hints that MXL-2 is still
required for the proper reallocation of resources away
from some aspects of muscle function or maintenance
during extended periods of DR. Consistently, MXL-2
was required for down-regulation of genes in amino
acid biosynthesis pathways under DR, which would
provide the foundational material for protein synthesis
associated with maintaining muscle mass in ad libitum
conditions. In contrast, glycolysis, gluconeogenesis,
as well as arginine and proline metabolism pathways
were largely mxl-2 independent (Fig. 3D), suggest-
ing that changes in overall energy metabolism are
not directly regulated by MXL-2. We noted that the
four mxl-2-independent eat-2 downregulated genes in
arginine/proline metabolism function in catabolism
of these amino acids; while proline catabolism has
been linked to longevity in other contexts [142, 198],
down-regulation in ea#-2 may be concomitant with
downregulation of collagen synthesis genes, as colla-
gen is rich in proline/hydroxyproline [35, 91]. A few
GO terms were independent of pha-4 but dependent
on mxl-2, including pseudopodium (associated with
sperm development and motility) and collagen trim-
ers. Sperm-enriched genes down-regulated in eat-2
mutant animals are broadly dependent on mxI-2 (Fig-
ure S4B). Taken together, we posit the de-repression
of some of these energy intensive processes with loss
of the mxl-2 or pha-4 transcription factors prevents the
adaptive allocation of resources toward somatic main-
tenance, resulting in compromised health and lifespan.

C. elegans Myc-family members possess unexpected
transactivation domains

In C. elegans, the consensus to date is that the MML-
1::MXL-2 complex activates and the MDL-1::MXL-1
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Fig. 3 mxl-2 and pha-4 are required for the majority of gene
expression changes after DR. A Scatter plots of relative fold
change in gene expression under the indicated condition. Only
genes that were positively (i) or negatively (ii) DE in ear-2
mutant animals are shown. For each sub-panel, the specific
genes represented in each column are the same, but the fold
changes are for the indicated comparison. Horizontal lines at
1 and -1 indicate the foldchange threshold. mxI-2-dependent
genes were DE in ear-2 but not significantly regulated in a
similar manner in eat-2;mxI/-2 animals. Genes with significant
and opposite fold-change in mx/-2 single mutant animals were
filtered out for specificity to the DR context. An analogous
strategy was applied for investigating pha-4-dependent genes.
B A schematic representation of the filter steps and the num-

complex represses transcription [145, 194]. Consist-
ent with their different activities, we previously found
loss of mdl-1 or mxI-1 increased longevity, while loss
of mml-1 or mxI-2 decreased longevity, and that these
genetic interactions are epistatic [88]. These results
suggested that under otherwise basal conditions, the
two complexes converge on shared target sites and
compete to regulate longevity-associated gene expres-
sion. In agreement with the Y2H studies of MML-
1::MXL-2 and MDL-1::MXL-1 complex activity

bers of DE genes at each level (also see Table S3). C A slightly
larger proportion of the eat-2 signature depends on pha-4,
but the vast majority of the downregulated portion of the sig-
nature requires both mxl/-2 and pha-4 (C). D, E Pathway (D)
and Gene Ontology (E) enrichment for TF-dependent ear-2
genes. Over-representation analysis was run on each list inde-
pendently. E shows the same network representation for eat-2
GO term enrichment as Fig. 2C, with node shapes indicating
TF dependency (see legend on bottom-right). Triangle-shaped
nodes are dependent on pha-4 but lacked significant enrich-
ment in both the mxl-2-dependent and -independent sets. The
only GO terms with significant enrichment in the DR upregu-
lated genes are independent of both factors (see also Figure S2)

[145], mammalian Mondo proteins contain a transac-
tivation domain (TAD) [24, 29, 127] and mammalian
Mad complexes oppose the transcriptional activity
of Myc [107, 126, 157]. Thus, we were surprised to
find mxl-2 dependence for the downregulation of gene
expression in eat-2 animals; the clear prediction based
on molecular annotation, known function, and genetic
analysis suggested that the MML-1::MXL-2 complex
would be necessary for activating transcription under
conditions of DR. While the mxI-2 dependence for the
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vast downregulation of gene expression in eat-2 could
be indirect, we considered the possibility that Myc-
family members may not unidirectionally regulate
transcription in every context. Using recently devel-
oped neural network models for TAD prediction, we
applied these models to the C. elegans Myc-family
members and their human orthologs [51, 154]. As
expected, we found a high-confidence predicted TAD
in MML-1 (Figure S5A), within amino acid residues
245-276, which parallels the presence of the TAD in
Mondo-conserved regions IV and V in vertebrates,
and is also predicted by ADPred (Figure S5A) [24,
127]. To our surprise, a high-confidence TAD was also
predicted on the C-terminus of MDL-1 (Figure S5C).
In contrast, human MXD/MAD family proteins show
much weaker confidence of a predicted TAD in
MXDI1 and MXD3, which suggests in some instances
MDL-1 may activate transcription, in contrast to the
mammalian homologs. We also found potential TAD
regions of lower confidence on the C-terminal side
of MXL-2 and MXL-3, but not MXL-1 (Figure S5B,
D). Intriguingly, the wider presence of TADs within
C. elegans Myc-family members may explain why C.
elegans lack a true Myc-ortholog, and loss of any par-
ticular Myc-family member still results in viable ani-
mals, yet loss of Myc is lethal in higher metazoans.

Dysregulated gene expression in eat-2;mxl-2
compromises reproductive fitness

Given the alterations in gene expression linked
to reproduction we observed in eat-2 animals, we
assessed the impact of mxl-2 loss on eat-2 fecundity.
We quantified progeny production through reproduc-
tive lifespan (i.e., the period of active egg laying in
reproductive hermaphrodites) and whether animals
produced unhatched eggs. eat-2 animals are known to
have smaller brood sizes and exhibit extended repro-
ductive lifespan [36]. In the absence of mxl-2, eat-2
mutants produce a significantly reduced total brood
size—almost half that of ear-2 alone—without affect-
ing the duration of the egg-laying period (Fig. 4A, B,
Table S4). In contrast, mx/-2 loss in ad libitum ani-
mals did not significantly affect brood size (Fig. 4B).
Furthermore, dead eggs were only observed from
eat-2;mxl-2 hermaphrodites (Fig. 4C, Table S4).
Interestingly, pha-4 inactivation is known to reduce
eat-2 reproductive lifespan [121], in contrast, in the
absence of mxl-2, we find the duration of the repro-
ductive lifespan of ear-2 mutant animals is intact, but
negatively impacts total fecundity. Given the limited
nutrient resources of animals experiencing chronic
DR, and our observation of de-repression of many
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Fig. 4 Loss of MXL-2 in DR but not ad libitum animals com-
promises fecundity and embryo viability. Brood size assays
were performed to determine how reproduction-associated
gene expression changes with mx/-2 loss in eat-2 affected
reproductive fitness. A Viable progeny from each day over
the course of the reproductive lifespan were counted for sin-
gled parent hermaphrodites for (i) N2 and mx[-2 and (ii) ear-2
and eat-2;mxl-2 animals. B Total brood size aggregated from
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across the observations in A for each strain. C Unhatched
eggs were counted for each strain, but only found for eat-
2;mxl-2 animals. Data is shown from a representative trial.
See Table S4 for complete results and statistical analysis,
and Figure S6 for the plotted results from an additional trial.
Stars indicate FDR-corrected p-values: *<0.05, **<0.01,
% <0.005
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metabolic and reproduction-associated genes in eat-
2;mxl[-2 mutant animals, we posit that aberrant reallo-
cation of resources in eat-2;mxl-2 yields uneven pro-
visioning to progeny and thus critically compromises
the fitness of a portion of embryos (see Figure S6 and
Table S4 for additional trial data).

Lower food intake in DR does not significantly alter
respiratory rate and is not affected by MXL-2 loss in
young adult animals

We ascertained whether other physiological aspects
of a DR-optimized metabolism were disrupted in the
absence of mxl[-2. Multiple groups have shown, per-
haps counter-intuitively, that respiratory rates are as
high or even higher in eat-2 mutant animals than in
wild-type [49, 81, 117]. Surprisingly, we found no
significant difference in baseline respiratory rate,
maximal, or reserve respiratory capacity between
N2, mxl-2, eat-2, or eat-2;mxl-2 mutant animals
(Fig. SA-C). Given that only a subset of the lipid
metabolism genes that are part of our DR expres-
sion signature are dependent on mx[-2, a normal res-
piratory rate may be maintained by a switch to fatty
acid oxidation in DR that does not require MXL-2.
It remains to be determined if pha-4 loss alters DR
metabolic rate. Age may also play a role; recent work
reported that ear-2 animals maintain “youth-like”
mitochondrial membrane polarity at more advanced
age than wild-type [12]. As such, it is possible that
older ear-2;mxI-2 animals might not be able to main-
tain a normal respiratory rate.

DR in eat-2 increases lifespan without a concomitant
increase in stress resistance

We next sought to determine whether mxl-2 was
required for enhanced stress resistance of ear-2 mutant
animals. Stress resistance broadly declines during
normal aging [45, 106, 169, 189]; eat-2 mutant ani-
mals have previously been shown to have increased
resistance to proteotoxic stress in aggregation-prone
models [124, 174]. We chose to assess how a chronic
state of DR would impact mild but persistent proteo-
toxic stress; wild-type animals maintained at 25 °C
are slightly short-lived, have accelerated proteostatic
decline, but lack the severe fecundity deficits of ani-
mals maintained at higher temperatures [21, 65]. We
previously showed that maintaining wild-type C.

elegans at 25 °C is sufficient to induce a mild hor-
metic heat shock [39]. We reasoned if chronic DR
extended longevity through improved stress resist-
ance, then eat-2 mutant animals should have a simi-
lar increase in lifespan at 25 °C. To our surprise, we
found that keeping eat-2 animals at 25 °C instead of
20 °C is sufficient to completely suppress DR lifespan
(Fig. 5D, Table S5), suggesting chronic DR does not
extend longevity via improved resilience to heat stress.

Dietary restriction reduces oxidative stress in
rodent models and even biomarkers of oxidative stress
in humans [168, 83]. To test whether ear-2 mutant
animals had increased resistance to acute oxidative
stress, we treated animals with tert-Buytl-hydroperox-
ide (TBOOH) and assayed survival. To our surprise,
we found no significant difference in median survival
between wild-type and eat-2 animals (Fig. 5E). To
determine whether a more subtle improvement was
occurring, we ascertained the time at which animals
cease large translational body movements and enter a
lethargic state for a period in advance of death. The
duration between lethargy and death for eat-2 ani-
mals under oxidative stress was similar to wild-type
(Fig. 5F). Thus, it appears that eat-2 animals do not
exhibit improved oxidative stress resistance (OSR) by
day 2 adulthood.

Autophagy is critical for maintenance of organis-
mal health, both under stress and normal conditions,
and has also been implicated in DR in C. elegans,
specifically in the intestine [60, 72, 110]. We were
thus surprised to find a lack of transcriptional evi-
dence for autophagy induction in our eat-2 animals
(Figure S7). Even though eat-2 expressed genes asso-
ciated with autophagy machinery at wild-type lev-
els, when combined with mx[-2 mutation, we found
significant down-regulation of two genes associated
with autophagy: Igg-1 (orthologous to LC3/Atg8), an
important component of autophagosomes involved
in cargo recruitment, and unc-51 (orthologous to
ULK1/2) which initiates autophagosome formation,
both are necessary for long lifespan in a different eat-
2 mutant [60, 119, 130, 184]. Thus, eat-2 mutant ani-
mals do not increase expression of autophagy genes
by day two of adulthood, but mxl-2 is still required
for maintenance of critical autophagy gene expres-
sion specifically in DR. While others have shown that
autophagy genes are required for ear-2 lifespan and
that LGG-1 puncta and autophagosome turnover are
increased in a different allele of eat-2, adlll16 [60,
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Fig. 5 Chronic DR does not alter respiratory rate, nor con-
fer stress resistance. A—C Young adult ear-2(ad465) animals
do not exhibit reduced respiratory rate, which remains unal-
tered by loss of mx/-2. Oxygen consumption of whole animals
was measured and normalized by total protein. Results show
mean+SEM from three biological replicates, with p-values
from ANOVA followed by the Tukey post-hoc test. A Baseline
respiratory rate before treatment with FCCP or sodium azide.
B The maximum respiratory capacity is the difference between
the uncoupled rate after FCCP treatment and the inhibited rate
after sodium azide treatment. C The reserve respiratory capac-
ity is the difference between the uncoupled rate after FCCP
treatment and the baseline rate. D eat-2(ad465) animals are not
long-lived under chronic mild heat stress. Replica-set lifespan
experiments for N2, eat-2(ad465), and daf-2(el370) mutant
animals kept at 20 and 25 °C post-development. Points repre-
sent observations of independent sub-populations of animals,

72], we posit that while basal autophagy activity is
maintained in eat-2, by early adulthood, most avail-
able metabolic resources have been mobilized and
energy metabolism has been optimized such that fur-
ther induction of autophagy is no longer beneficial to
organismal homeostasis.

Overall, our data aligns with previous work indi-
cating that ear-2(ad465) animals are not as broadly
stress-resistant as other long-lived mutants [46, 57,
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fit with a logistic function to obtain a survival curve [32, 33].
daf-2 mutant animals (decreased insulin/IGF-1 signaling) are
included as a positive control. Data represent at least two tri-
als for each condition. E, F eat-2(ad465) animals are not more
resistant to oxidative stress than wild-type. Young adult (day 2)
animals were treated with tert-butyl hydroperoxide (TBOOH),
and survival was analyzed from time-series images taken
with an automated longitudinal imaging platform. Data repre-
sents two biological replicate plates per condition (N2 n=>50,
eat-2 n=19). E No significant difference was found in median
survival in DR animals, indicating ear-2 does not provide
increased resistance to oxidative stress in young adults. Data
were analyzed non-parametrically with Kaplan—-Meier, fol-
lowed by the log-rank test in R. F The duration between when
animals cease broad locomotion and time of death, based on
automated longitudinal imaging, was also consistent between
N2 and eat-2. Wilcoxon rank-sum test p-value =0.8193

81, 92]. Intriguingly, eat-2(adl116) and eat-2(ad453)
animals exhibit an even slower pumping and feed-
ing rate than eat-2(ad465) [18, 108] and enhanced
resistance to thermal and oxidative stress [74, 165,
170], which may parallel experiments that have
shown a non-linear relationship between the degree
of DR and the resulting aging benefits [123]. We
considered whether the use of FUdR might suppress
increased stress resistance in eas-2 mutant animals,
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as chemically preventing progeny production could
potentially impact adaptive responses; we surveyed
publications that assessed stress resistance in eat-
2 mutant animals and found no correlation between
stress resistance and the use of FUdR [57, 74, 92,
139, 165, 170]. In our hands, stress resistance of eat-
2(ad465) animals is similar to wild-type animals,
indicating that lifespan and healthspan benefits from
chronic and constitutive restricted food availability in
this model do not arise from raising general barriers
against stress.

Loss of MXL-2 yields synthetic dysregulation
of gene expression and inverts the expression of
hundreds of genes normally repressed in DR

Strikingly, the eat-2;mxl-2 double mutant animals
yielded two additional distinct gene expression pat-
terns. First, we observed a synthetic gene expression
phenotype: a number of genes at wild-type levels
in either eat-2 or mxl-2 single mutant animals were
differentially expressed in eat-2;mxl-2 (Fig. 2D,
Table S6): 1207 and 1347 genes were synthetically
up- or down-regulated in [139] eat-2;mxl-2, respec-
tively. Second, we observed a pattern of inversion in
expression within eat-2;mxI-2 animals: 507 genes
normally repressed in eat-2 became significantly
upregulated in eat-2;mxl-2 (Fig. 6A, Table S6). In
contrast, inactivation of pha-4 in DR animals results
in the majority of genes that were previously differ-
entially down-regulated in ear-2 reverting to basal
wild-type-like levels, without synthetic changes in
expression (Fig. 6B). A schematic illustration of the
synthetic and inverted genetic interactions is provided
in Fig. 6E.

Opposing Myc-family members, nuclear hormone
receptors, and GATA TFs putatively regulate changes
in gene expression when MXL-2 is unable to respond
to chronic DR

We reasoned the aforementioned inverted and syn-
thetic changes in gene expression may be reveal-
ing novel transcriptional responses that are germane
to understanding how biological systems maintain
homeostasis under conditions of metabolic stress
when one regulatory component is impaired. To iden-
tify putative upstream regulators and tissue-associated

biases in expression for the inverted and synthetic
gene sets, we analyzed each set for over-represen-
tation of TF binding sites in promoters and for tis-
sue specificity. As only a fraction of the known C.
elegans transcription factors have been directly pro-
filed to map context-specific binding sites, we were
able to perform in silico binding predictions based on
motif matching for more than one-third of C. elegans
TFs [56]. Concurrently, we analyzed the presence
of E-box (CACGTG or CANNTG) and E-box-like
sequences within the C. elegans genome, as the Myc-
family of TFs bind to these sequences, including the
C. elegans MML-1::MXL-2 and MDL-1::MXL-1
complexes [3, 61, 70, 145, 162]. Overall, we found
695 genes with E-box-like motifs in promoter regions
when restricted to matches also found in homologous
genes of at least two other nematode species, and
3108 gene matches in C. elegans when homology was
not considered; about half of these matches were for
the canonical CACGTG E-box (Table S7).

As proof-of-principle, we first analyzed single
genetic perturbations and found specificity in pre-
dicted motif sites among the promoters of down-
regulated genes. Three different E-box motifs were
enriched among all down-regulated genes in eat-
2 animals: canonical CACGTG E-boxes, MDL-1
and CRH-2 (a bHLH transcription factor known to
bind at degenerate E-box sites) (Figure S8A). As
expected, the daf-16 DNA binding motif was the
most significantly enriched with daf-16(RNAi) treat-
ment. Neither PHA-4 nor E-box sites were enriched
in the down-regulated DE genes of pha-4(RNAi) or
mxl-2(¢)) animals, which may be due to limited activ-
ity of these factors under well-fed conditions [88,
161]. Interestingly, we did not observe enrichment
of PHA-4 sites even in the subset of pha-4-depend-
ent DR genes, indicating a few possible modalities
for PHA-4 function in DR: 1) PHA-4 acts indirectly
in eat-2, 2) PHA-4 binds at motifs that are distinct
from those that have already been characterized in
other contexts, or 3) PHA-4 acts primarily at earlier
developmental stages. The latter is consistent with
the role of PHA-4 (FOXA) as a pioneer TF, which
keep enhancer nucleosomes accessible in chromatin,
thereby allowing other TFs to bind and regulate tran-
scription particularly in development [196, 197].

We found distinct significant TF motif enrichment
between the inverted, synthetically upregulated, and
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Fig. 6 The Myc-family member MXL-2 is essential to coor-
dinate changes in gene expression induced by dietary restric-
tion. A-D Loss of mx[-2 inverts expression of genes normally
downregulated by DR. Differentially expressed eat-2 genes,
ordered by foldchange compared to wild-type (blue bars).
Foldchanges for the same genes in the indicated comparisons
versus wild-type (N2 EV) are overlaid: A eat-2;mxl-2 (orange),
B eat-2 pha-4(RNAi) (green), C eat-2;mxl-2 pha-4(RNAi)
(pink), and D mxI-2 or pha-4 loss in otherwise wild-type ani-
mals (dark blue and purple, respectively). A Loss of mxI-2
in eat-2 inverts the relative expression of 507 significantly
downregulated DR genes. B PHA-4 is required for repression
of gene expression by DR. C PHA-4 is epistatic to MXL-2 in
the regulation of gene expression after DR: loss of pha-4 sup-
presses the inverted pattern of relative expression that occurs
in eat-2;mx[-2 mutant animals. E Schematic illustrating the
inverted and synthetic patterns of eat-2 DE genes. Left: cases
where a large number of DE genes in ear-2 animals were sig-
nificantly differentially expressed in the opposite direction in
eat-2;mxl-2 animals (inverted), but did not change expression
after only a single genetic perturbation. Right: a large class
of genes produced significant expression changes only in the

synthetically downregulated gene sets. The canoni-
cal CACGTG E-box was significantly enriched in
the inverted gene set; tissue-associated enrichment
revealed significant expression in sperm and intes-
tine (Fig. 6F, G). Transcriptionally activating and
repressing heterodimers of bHLH Myc-family TFs
are known to compete for binding at E-box elements
[29, 145], and previous results suggested that the
MML-1::MXL-2 and MDL-1::MXL-1 heterodimeric
complexes may function as a rheostat in the tran-
scriptional regulation of longevity [88]. We posit that
loss of mxl-2, and therefore loss of MML-1::MXL-2
complex binding, facilitates MDL-1::MXL-1 bind-
ing in eat-2 for overlapping loci, yielding the inverted
gene expression pattern. Collectively, it is tempting to
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presence of both the eat-2 and mx/-2 mutation but remain at
WT-like levels in eat-2 and mx[-2 single mutant animals (syn-
thetic). F The inverted gene set was significantly enriched for
canonical Myc-family TF binding sites (E-boxes). Enrich-
ment for TF motif-based predicted binding within the pro-
moter regions of genes in the inverted and the synthetic gene
sets. Promoters of the inverted gene set were enriched for CAC
GTG canonical E-box motifs. Synthetically upregulated gene
promoters are enriched for the TF motif of nuclear hormone
receptors (nhr-21, 34, 100, 118, and 138, paralogs). Syntheti-
cally down-regulated gene promoters are enriched for bind-
ing of GATA factors elt-1, elt-3, egl-27, and pgm-1. G Tis-
sue enrichment for significantly differentially expressed genes
(top four sets of rows), and genes with inverted expression and
synthetic gene expression (bottom two sets of rows). Somatic
tissue gene sets are based on the union of tissue-specific and
tissue-enriched gene lists from cell type-specific bulk RNA-
Seq in [93]. Sperm-specific genes are from [148]. For both F
and G numbers in brackets indicate the size of the gene set or
the number of genes in the intersection. Adjusted enrichment
p-values from the hypergeometric test are indicated by cell
color and stars: “***” p <0.001 “**” 0.01 “*” 0.05 “.” 0.1

speculate that the convergence of opposing Myc-fam-
ily heterodimers at these loci may be key for coupling
metabolic changes to reproductive fecundity.

We next examined the synthetically differen-
tially expressed genes (i.e., DE in eat-2;mxl-2, but
not either single mutant). In contrast to the inverted
gene set, synthetically up-regulated genes did not
exhibit significant enrichment for E-box sequences,
suggesting regulation by TFs other than Myc-family
members. Significant motif enrichment for syntheti-
cally up-regulated genes was limited to a subset of
nuclear hormone receptor paralogs—nhr-21, 34,
100, 118, 138—and enriched for predicted intestinal
expression (Fig. 6F, G). Lastly, significant enrichment
for GATA binding factors—elt-1, elt-3, pgm-1, and
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egl-27—were found in genes synthetically down-reg-
ulated (Fig. 6F). Interestingly, both pgm-1 and elt-3
are required for eat-2 lifespan, and PQM-1 acts antag-
onistically with DAF-16 for nuclear entry [20, 165,
182]. Further, an earlier transcriptomic study found
GATA motifs enriched in genes with expression
changes during aging and in gerogene mutant animals
[20]. Whether or not these TFs functionally impact
longevity under these conditions is unclear, yet a
picture begins to emerge. Loss of pha-4 completely
suppresses eat-2 lifespan [143]. In contrast, we find
that while loss of mxI-2 significantly shortens eat-
2 lifespan, suppression is only partial [88]. Yet loss
of either pha-4 or mxI-2 is sufficient to suppress the
vast majority of the DE signature we observe in eat-
2 mutant animals, but only loss of mxl-2 produces
synthetic changes in gene expression in eaf-2 ani-
mals. It remains to be determined if NHR and GATA
transcription factors may be activated to compensate
for the breakdown in appropriate regulation of gene
expression in chronic DR without mxI-2, or if this
represents dysfunction of a transcriptional network
in which MML-1 and MXL-2 normally play crucial
roles.

Discussion

It has been known for centuries that caloric restriction
extends longevity. Luigi Cornaro the Venetian wrote
four Discorsi between 1550 and 1562 describing how
his adoption of a temperate lifestyle and consuming
only 350 g of food daily were the basis for his attain-
ing a long and healthful life [30, 31]. Since the mod-
ern era of genetic discovery, indeed a common theme
has emerged: evolutionarily conserved genes often
act as “watchtowers” of nutrient and energy availabil-
ity, which regulate pathways that dictate the progres-
sion of aging [112]. Why would there be deep evo-
lutionary conservation causally linking mechanisms
of nutrient sensing to organismal longevity? We posit
that organisms able to couple physiology to energy
resources had a survival advantage when food was
scarce by conserving and recycling resources, while
delaying energetically costly physiological processes,
such as development and reproduction. We find the
transcriptional signature of eat-2 mutant animals, a
form of constitutive and chronic DR, broadly involves
the down-regulation of gene expression associated

with amino acid and lipid metabolism and other ener-
getically expensive processes such as collagen pro-
duction and maintenance of muscle mass.

Delaying the production of offspring has the ben-
efit of limiting competition for limited resources. In
C. elegans, many long-lived mutant animals, includ-
ing those with eat-2 mutations, have slower devel-
opment, reduced numbers of overall progeny, and
an extended period of progeny production [156].
We find downregulation of genes that encode func-
tions related to sperm production in eat-2 mutant
animals were dependent upon mxl-2; in the absence
of mxl-2, down-regulation of gene expression fails to
occur, brood size from self-progeny is reduced, and
non-viable embryos are produced. Thus, our work
reveals that MXL-2 plays a key role in mediating a
transcriptional adaptive response that links energy
availability to reproductive fitness. C. elegans her-
maphrodites produce a limited number of sperm:
approximately 300, but mated animals can produce
nearly 1400 progeny [166]. In response to limited
food availability, decreased expression of genes
required to generate sperm could provide a simple
but elegant method to maximize reproductive fitness
by limiting the total number of sperm. Importantly,
refined genetic analysis have revealed that alterations
in reproduction/development are separable from lon-
gevity. For example, early discoveries in C. elegans
aging research using temperature-sensitive alleles in
the insulin/IGF1 pathway (IIS) revealed that dauer
formation and extended longevity were genetically
separable [99], which implies strategies to improve
healthy aging may not require a cost in developmental
or reproductive fitness.

It has been suggested ear-2 animals are a model
of dietary restriction when raised on E. coli due to
intestinal bacteria colonization resulting from insuf-
ficient pharyngeal grinder function, in turn leading to
upregulation of innate immune responses and food-
avoidance behavior [105]. While we see a handful
of innate-immune-related genes upregulated, we find
that set is not specific to eat-2. Thus, gene expres-
sion changes in innate immunity are unlikely to be the
result of intestinal colonization, but rather a low-level
compensatory response to perturbations that affect the
intestine. We have previously established that mxl-2
animals do not have pharyngeal pumping defects [88]
and are indistinguishable from wild-type with respect
to adult size and development rate. It seems unlikely
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Fig. 7 A model for the
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that infection response is regulating gene expression
in DR differently from other contexts. However, Myc-
family TFs respond non-canonically to the microspo-
ridian intestinal pathogen N. parisii: loss of mdl-1,
mxl-1, or mxl-2 alleviated infection severity, while
loss of mml-1 increased severity [17]. Whether these
responses connect to DR signals by relaying intestinal
stress remains unknown.

Different methods of generating DR in C. elegans,
either through alteration in food availability, type or
amount of bacteria, specific nutrient restriction, tim-
ing of restriction, or genetic perturbation, have vastly
different genetic requirements for DR benefits [42,
68]. In comparison to non-genetic DR models in C.
elegans, eat-2 differs substantially in that DR in eat-2

@ Springer

is constitutive and chronic, even when multiple gen-
erations are raised on adequate food. Genetic per-
turbation of the links between nutrient sensing and
adaptive responses that extend longevity have a high
degree of specificity to the nutrient, tissue of action,
and cell-type [132, 181]. For instance, TOR responds
to levels of amino acids and carbohydrates [72, 87,
96, 110, 158]; AMPK is a conserved energy sen-
sor of increased levels of AMP and ADP [5, 68, 69,
152]; Sirtuins, a family of (NAD+)-dependent dea-
cetylases, sense levels of NAD+[85, 86, 186]; and
decreased IIS delays aging from C. elegans to humans
[8, 180]. The aforementioned metabolic-longevity
signals converge on a limited number of transcription
factors, including skn-1 (ortholog of nuclear factor
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erythroid 2-related factor 2, NRF2), daf-16 (FOXO),
pha-4 (FOXA), mml-1, mxl-2, hsf-1 (heat shock tran-
scription factor), hif-1 (HIF1), and hlh-30 (TFEB) [88,
109, 112, 118, 137, 161, 185, 200] and other tran-
scriptional regulators, such as ipk-1 [39, 111]. Collec-
tively, a growing number of C. elegans studies have
begun to unravel the complex integrated networks that
maintain organismal homeostasis from an extensive
array of diverse extrinsic and intrinsic signals, which
converge on distinct but overlapping adaptive tran-
scriptional responses [68, 42]. All the aforementioned
signal transduction pathways act acutely via monitor-
ing metabolic state; we find that ear-2 mutant animals
regulate a distinct transcriptional program through
MXL-2 to maintain homeostasis under conditions of
chronic metabolic stress.

The C. elegans Myc-network is a key integration
point for multiple longevity signals, including decreased
IIS, decreased pharyngeal pumping and feeding of eat-
2 mutants, TORC1 inhibition, glp-/ mutant germline-
less animals, and HLH-30 (TFEB). All activate the
MML-1::MXL-2 complex by promoting nuclear accu-
mulation of MML-1 [88, 137, 164], consistent with
known modes of regulation of mammalian MLXIP/
MLXIPL and MLX [13, 43, 167]. We previously dis-
covered that MML-1::MXL-2 complex function is
necessary for the increased lifespan of not only daf-
2 and eat-2 mutant animals, but also oxidative stress
resistance and heat shock survival [88]. The MML-
1::MXL-2 complex is also essential for the increased
longevity conferred by TORCI inhibition [111, 137].
MML-1:MXL-2 is further necessary for hpk-1, an
essential component of TORC1-mediated longevity, to
increase lifespan, induce autophagy, and maintain pro-
teostasis during aging [39, 111]. Previous work charac-
terizing stress resistance in eat-2 found that DR buffers
against proteotoxic stress, specifically the accumulation
of toxic aggregates [124, 165, 174], however, the eat-2
mutation does not protect against chronic mild thermal
stress ([92] and this study). We also find a lack of broad
stress resistance in eat-2 mutant animals, nor transcrip-
tional changes associated with stress resistance, despite
a significantly longer lifespan and healthspan. This sup-
ports the notion that the Myc-family of transcription
factors not only integrate longevity signals [88, 137] by
responding to acute forms of metabolic stress, but also
coordinate unique signal-specific adaptive responses,
which act in a key role to remodel transcription during
extended periods of dietary deprivation (Fig. 7).
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