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SUMMARY

Dietary restriction (DR) is the most powerful natural
means to extend lifespan. Although several genes
can mediate responses to alternate DR regimens,
no single genetic intervention has recapitulated
the full effects of DR, and no unified system is
known for different DR regimens. Here we obtain
temporally resolved transcriptomes during calorie
restriction and intermittent fasting in Caenorhabditis
elegans and find that early and late responses
involve metabolism and cell cycle/DNA damage,
respectively. We uncover three network modules
of DR regulators by their target specificity. By ge-
netic manipulations of nodes representing discrete
modules, we induce transcriptomes that progres-
sively resemble DR as multiple nodes are perturbed.
Targeting all three nodes simultaneously results in
extremely long-lived animals that are refractory to
DR. These results and dynamic simulations demon-
strate that extensive feedback controls among reg-
ulators may be leveraged to drive the regulatory cir-
cuitry to a younger steady state, recapitulating the
full effect of DR.

INTRODUCTION

Dietary restriction (DR) induces lifespan extension in yeast,
worms, flies, mice, and monkeys (Fontana et al., 2010; Kenyon,
2010). Several key signaling pathways and regulators have been
identified that partially mediate the effects of DR on aging and
lifespan, such as insulin/IGF1-like growth factor signaling
pathway, AMPK signaling pathway, TOR signaling pathway,
and the sirtuin protein family (Kenyon, 2010). However, none of
these pathways are solely responsible for the DR effect, because
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blocking any of them individually does not fully block DR-
induced lifespan extension by all regimens. Thus, although tar-
geting these pathways results in long-lived animals, DR still gives
additional benefits. It remains unclear whether different path-
ways mediate different aspects of DR response, whether they
interact with each other in response to DR, or whether they act
at different stages of DR.

DR is known to induce systemic changes in a whole organism
(Lee et al., 1999; Pletcher et al., 2002; Zhou et al., 2012) and is
therefore a good paradigm to learn how regulation of aging
can be achieved at the systems level. Previously we compared
the midlife liver transcriptome changes induced by caloric re-
striction or exercise on high-fat- or low-fat-diet mice and identi-
fied molecular pathways that correlate with the mean lifespans
across different regimens (Zhou et al., 2012). However, tran-
scriptomic analyses of one time point are not sufficient to resolve
the cause versus consequence of DR effects, where early starva-
tion signaling must be converted or relayed to late aging regula-
tors to induce long-term health benefits.

Here, using C. elegans as a model, we analyzed the temporal
profiles of two DR regimens, calorie restriction (CR) and intermit-
tent fasting (IF), to identify early and late gene expression
responses to CR and IF, and computationally inferred potential
regulators for these responses. We found that early response
genes are more significantly changed at the transcriptional
level compared to late response genes, and known lifespan
regulators tend to display a postreproduction stage reversal of
gene expression patterns. Furthermore, we inferred three regula-
tory modules according to their activity or target profiles: (1) an
rheb-1_let-363/tor module that targets very early response
genes involved in metabolism, (2) an aak-2_tax-6_xbp-1 module
that is rapidly upregulated in response to starvation and re-
presses age-dependent increases in phosphorylation and de-
phosphorylation processes, and (3) a module containing daf-16
and glp-1 and their target transcription factors (TFs) that
delay the postreproduction increase in DNA damage response
gene expression. Based on these regulatory patterns and the
intensive feedback controls between different regulators, we
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Figure 1. Experimental Design for Temporal
Gene Expression Profiles upon CR and IF
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(A) All treatments are started on AD 0. Worms are
collected on AD 2, 4, 6, 8, and 10 for each condi-
tion, and for IF on AD 12 and 14 as well. AL refers to
1 x 10" bacteria mlI~! concentration of OP50
bacteria, CR refers to 1% of AL concentration, and
IF refers to 2 days of feeding and 2 days of fasting
from AD 0.

(B) Lifespan of N2 worms under AL, CR, and IF
conditions.
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computationally predicted that by simultaneously modulating
all three regulatory groups, we may be able to leverage the
feedback controls to drive the circuitry to a young steady state,
and to recapitulate the full transcriptomic changes induced by
DR. Supporting this concept, we showed that simultaneous
perturbation of all three distinct DR modules results in animals
with extreme lifespan extension that is refractory to the effects
of DR.

RESULTS

Time Series Analysis of Ad Libitum, CR, and IF
Transcriptome

To compare the temporal transcriptome changes during aging
under ad libitum (AL), CR, and IF, we started the treatments on
adult day (AD) 2 with full dosage of bacteria supplied for
worms under AL feeding, 1% dosage for CR, and full dosage
of food and fasting provided in turn every 2 days for IF. We
collected worms for microarray analysis on AD 2, 4, 6, 8,
and 10 for each condition, and an extra two samples on AD
12 and 14 for IF, so that we have three cycles of 2-day feeding
and 2-day fasting (Figure 1A). We conducted lifespan assays
under these different regimes and found that CR and IF extend
the mean lifespan of worms by 40% and 28%, respectively

Adult Day

Adult Day

20 30 40 gene expression data.
Detailed statistics of the lifespan results are pre-

sented in Table S4.

PC2

(Figure 1B). The benefit of including a
parallel time series of IF experiments to
the other time series is 2-fold: first, it fa-
cilitates the identification of common re-
sponses to both CR and IF; and second,
it distinguishes short-term starvation re-
sponses from long-term lifespan regula-
tion, as every-2-day feeding and fasting
cycles will result in an oscillation pattern
for the genes that change in response to
starvation. This allowed us to distinguish
early gene expression changes from late
changes (Figure 1A). Indeed, the first
three principal components (PCs) of
the gene expression data reflect this.
PC1 showed an age-dependent change,
delayed by CR and IF (Figure 1C); PC2 a
postreproduction day 6-8 reversal
pattern (Figure 1D); and PC3 an early
response pattern that oscillates with IF starvation-feeding cy-
cles (Figure 1E).

Temporal Expression Patterns Modulated by CR and IF
To objectively detect the detailed expression patterns in the tran-
scriptome data, we applied an adaptive clustering algorithm we
recently developed, called Bayesian Information Criterion-Super
K means (BIC-SK) algorithm (Zhang et al., 2013). The BIC-SK al-
gorithm automatically detects the optimum number of clusters
that best explain the variations in the data and based on this num-
ber obtains tight and homogenous clusters using the SK algo-
rithm (Liu et al., 2013). BIC-SK detected 25 gene expression clus-
ters in our transcriptome data (Figure 2A and see Figure S1A and
Table S1 available online). They can be mainly described as three
large groups: upregulated with age (“Up” group, green branches
in Figure 2A), downregulated and then upregulated with age
(“Down-Up” group, blue branches), and upregulated and then
downregulated with age (“Up-Down” group, red branches).
From the majority of the clusters within all three groups, we
observed that CR and IF delay aging-related gene expression
changes (Figure S1A). These groups of clusters are also well
separated by their loadings on the first three PCs (Figure 2B).
Interestingly, the GenAge (Tacutu et al., 2013) annotated life-
span regulators are more enriched in the clusters that display a
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postreproduction reversal of gene expression patterns (espe-
cially clusters 16, 18, and 19 in the “Up-Down” group or 6, 7,
and 9 in the “Down-Up” group in Figure 2A) than in those with
expression monotonically upregulated with age (“Up” group)
(Figure 2A and Table S2; proportion test p < 0.01). Moreover, pro-
longevity regulators are significantly biased for expression pat-
terns like clusters 16, 18, and 19 (“Up-Down” group, and upregu-
lated by CR/IF), while antilongevity regulators are significantly
biased for patterns like clusters 6, 7, and 9 (“Down-Up” group,
and downregulated by CR/IF) (Fisher exact test, p = 0.01094, Ta-
ble S3), consistent with the prolongevity effect of CR/IF.

expression downregulation by CR/IF might
be a secondary downstream effect elicited
by the early responses.

w

‘ 2

Regulators that Potentially Mediate the
CR and IF Responses

To infer which genes might mediate the
CR and IF responses, we used our re-
cently developed Deletion Mutant Bayesian
Network (DM_BN) inference algorithm. DM_
BN aims to reverse engineer the regulatory or genetic interac-
tions among various perturbations by comparing the whole
genome-wide gene expression changes or differentially ex-
pressed genes (DEGs) upon a gene perturbation, e.g., deletion
or overexpression of a gene (Li et al., 2013). Unlike the original
DM_BN, which we developed to infer regulatory relationships
among yeast genetic mutants, here we modified the algorithm
to fine-tune the probability inference using real valued data of
fold changes rather than discrete data of 1 (upregulated), —1
(downregulated), or 0 (no change) for expression changes, as it
is known that aging regulation can be perturbation dosage
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Figure 3. Bayesian Network Inferred Regulators Mediating CR and IF Responses

(A) First-degree neighbors of CR/IF effects on AD 4, 6, 8, and 10 from a genetic network reverse engineered by eDM_BN. CR/IF perturbations and regulator
genetic perturbations are shown as triangles and diamonds, respectively. “L4” and “YA” in the node labels stand for larvae 4 and young adult stages,
respectively. “daf-2(e1370)” or “daf-2(m577)” in the node labels indicates a perturbation is on the background of this mutant.

(B) PCC between DEGs’ expression changes from key regulator perturbations (column) and those from CR/IF treatment (row). Genes identified as DEGs
(consistent with parameters for eDM_BN, see Supplemental Experimental Procedures) under at least one condition were included in the calculation. Stars mark

(legend continued on next page)
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dependent (e.g., strong and weak perturbation on mitochondria
function can confer opposite effects on lifespan) (Baruah et al.,
2014). We named this algorithm eDM_BN for extended DM_BN
(algorithm details are described in the Supplemental Experi-
mental Procedures).

Altogether we collected 73 genetic perturbations versus res-
pective control pairs and treated CR and IF as perturbations.
Then we used gene expression fold changes between CR/IF
versus AL at each time point and those induced by genetic pertur-
bations to infer an eDM_BN of relationships among the perturba-
tions. eDM_BN inferred genetic perturbations of nine genes
directly linked to the CR/IF perturbations at several time points,
which indicates that perturbations of these genes closely mimic
the CR/IF effects on the transcriptome (Figure 3A). The inferred
interactions can be verified by the similarities of gene expression
profiles of the DEGs induced by the genetic mutations and by CR/
IF (Figure S2). Three cliques appear in the BN, as marked by
dashed boxes (Figure 3A). The first consists of rheb-1, encoding
a small GTPase, connected to nodes IF_AD4 and CR_AD10. The
second consists of aak-2, encoding the catalytic alpha subunit
of AMP-activated protein kinase (AMPK), connected to nodes
IF_AD6 and IF_ADS. It also consists of xbp-1, a key mediator
for ER UPR, and tax-6, encoding the homolog of mammalian cal-
cium dependent Ser/Thr phosphatase calcineurin A, connected
to IF_ADB8 directly and through an aak-2 connection, respectively.
The third clique consists of three genes: glp-1, encoding a LIN-
12/Notch family receptor, connected to nodes IF_AD10 and
CR_AD10; daf-16, encoding a forkhead box O (FOXO) TF; and
dpy-10, encoding a cuticle collagen protein, both connected to
the IF_ADS8 node (Figure 3A). In addition to the above genes,
the IF_ADS8 node is also linked to two genes that are known to
be involved in lifespan regulation but have not been implicated
in DR effect. These are gas-1, a lifespan regulator encoding
a mitochondria complex | component (Kayser et al., 2004),
and ogt-1, another lifespan regulator encoding an ortholog of
O-linked N-acetylglucosamine (O-GIcNAc) transferase (Rahman
et al., 2010). Among the potential regulators above, rheb-1, daf-
16, and aak-2 have already been implicated in DR (Greer and
Brunet, 2009; Greer et al., 2007; Honjoh et al., 2009), while germ-
line activity regulated by glp-7 and ER UPR regulated by xbp-1
were reported to be closely related to DR effect (Angelo and
Van Gilst, 2009; Chen et al., 2009; Crawford et al., 2007). The roles
of tax-6, dpy-10, gas-1, and ogt-1 genes in DR have not been re-
ported previously, and gas-7 and ogt-1 do not belong to the three
cliques of regulators, suggesting new pathways mediating the
DR effect. From the network, it is also clear that by connecting
to the IF_AD4 node, rheb-1 might be involved in early responses,

while the aak-2 clique is more similar to middle phase changes
(AD6 and ADS8), and the daf-16 clique is more similar to late re-
sponses. These inferences can be also visually confirmed by
the similarity (measured by Pearson Correlation Coefficient
[PCC]) of all the DEGs from different perturbations (Figure 3B).

Modular Regulation by Regulators that Potentially
Mediate the CR and IF Responses

Next we sought to determine the targets of the predicted regula-
tors to determine whether they regulate all CR/IF-induced
changes as a whole or preferentially regulate some changes
distinctly and therefore only altogether explain all of the CR/IF-
induced changes. To do this, we first extended our eDM_BN to
incorporate both genetic perturbation versus control gene
expression fold-change data and the TF ChIP-seq data from
the modENCODE project (Contrino et al., 2012). This allows
expression changes of a TF itself or its targets identified by
ChIP-seq to also be included in the analysis to more directly
explain the gene expression changes (Experimental Proce-
dures). In this TF-expanded eDM_BN, relationships among the
potential regulators and TFs are delineated in a hierarchical
layout for visual clarity (Figure 3C). For example, fos-1, reported
to play a role in IF induced lifespan extension (Uno et al., 2013),
based on target profile similarity, is inferred to share targets with
rheb-1 and glp-1. This indicates that fos-7 might be involved in
the transcriptional regulation by rheb-1 and glp-1. Additionally,
pgm-1, reported to play a complementary role to daf-76 in aging
(Tepper et al., 2013), is inferred to share targets with glp-7 and
daf-16. Meanwhile, pha-4, reported to play an important role in
DR-induced lifespan (Panowski et al., 2007), is inferred to share
targets with daf-16. Using our CoCiter program (Qiao et al.,
2013), we found that four other TFs inferred to share targets
with DAF-16 (BLMP-1, NHR-28, SAX-3, and EOR-1) are also
related to aging or DR (empirical p = 0.077) (Figure 3C).

To further explore the modular regulation pattern and the tar-
gets of each regulator, we tested each BIC-SK cluster’s enrich-
ment for the DEGs induced by the genetic perturbations (versus
respective controls) of regulators included in the eDM_BN, and
each cluster’s enrichment for the targets of each TF by Fisher’s
exact test (Experimental Procedures). To our surprise, most TF-
target relationships and some regulator-target relationships also
fallinto three domains, or modules, similar to the trimodule struc-
ture in Figure 3A. Strikingly, these modules of gene expression
clusters, through their regulatory TFs, can be traced to the
three regulatory pathways identified by the eDM_BN network,
namely the rheb-1_let-363/tor pathway, the aak-2_tax-6_xbp-1
pathway, and the daf-16_glp-1 pathway (Figure 3C).

the CR/IF treatments with highest similarity (by absolute PCC, p < 1 x 107%°) to each key regulator perturbations, and thus the most likely temporal phase of

regulation for each factor.

(C) The regulator-target-cluster network and average gene expression profiles of the clusters. CR/IF perturbations, regulators directly linked to perturbations,
TFs, and gene clusters, are represented by triangles, diamonds, hexagons, and squares, respectively. Node color annotations are shown in the graphic legend. A
cluster’s enrichment for a TF’s ChIP-seq targets or a TF genetic perturbation DEG set identified by Fisher’s exact test is shown as a red solid edge. A cluster’s
enrichment for regulator genetic perturbations versus wild-type identified by Fisher’s exact test is shown as a red dashed edge. Genetic interactions inferred by

eDM_BN are shown as gray edges.

(D) Clustering of target gene clusters based on pairwise PCCs across clusters’ GSEA normalized enrichment scores (NES) for differential gene expression under
different perturbations. Heatmap color indicates PCC between NES of two different clusters across different perturbation conditions. Color of a cluster label

indicates the branch in Figure 2A to which the cluster belongs.
See also Figure S2.
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Inside each module, the TFs and regulators share similar
target enrichment profiles across different BIC-SK clusters
and very similar gene expression patterns, while there is rela-
tively little target-cluster overlap between different modules
for these TFs and regulators, or similarity in gene expression
patterns (Figure 3C). The rheb-1_let-363/tor regulatory mod-
ule mainly targets clusters 12, 14, 15, 16, 17, 19, and 20,
which are enriched for lysosome, oxidation-reduction, lipid
glycosylation functions, and neuropeptide signaling pathways
(Figure 3C). The genes in these clusters are mostly upregu-
lated by CR/IF and have the largest changes over PC3, the
IF oscillation pattern (Figure 2B, Fisher’s exact test p =
7.1 x 107", The aak-2_tax-6_xbp-1 module mainly targets
the two large clusters, 1 and 2, which have the most signifi-
cant age-dependent increase (linear regression R? = 0.89
and 0.88, p = 0.0167 and 0.0177 for clusters 1 and 2, respec-
tively) that was delayed by CR/IF, and have the largest
changes over PC1 (Figure 2B, Fisher’s exact test p = 1.2 x
107%). The daf-16_glp-1 module mainly targets clusters 4,
6, 7, 8, 9, 10, and 11, which are enriched for DNA damage
response, cell cycle regulation, and mitochondria activities.
The genes in these clusters are slightly downregulated by
CRY/IF (Figure 3C) and have the largest changes over PC2 (Fig-
ure 2B, Fisher’'s exact test p = 1.0 x 1073'%). Remarkably,
clusters in each module also have similar expression patterns
(Figure 3C). These modules of target clusters were also
confirmed by clustering based on target enrichment profiles
across different perturbations (Figure 3D). Such a trimodule
structure of the predicted regulatory network suggests that
each of the three pathways can only partially account for
the CR/IF effects and that only when modulated together
can they simulate the full effect of CR/IF on aging.

Simultaneous Perturbation of Three Modules Simulates
CR/IF-Induced Transcriptome Changes

To test the additive effects of the three modules, we simulta-
neously perturbed the three modules derived from our network
analysis (Figure 3C). For the rheb-1_let-363/tor regulatory mod-
ule—since both rheb-1 and let-363 mutants are lethal —RSKS-1,
the C. elegans S6 kinase ortholog acting downstream of RHEB-1
and LET-363/ceTOR, was selected. For the daf-16_glp-1 mod-
ule, DAF-2, insulin/IGF receptor in C. elegans—the mutant of
which promotes lifespan through DAF-16—was selected.
For the aak-2_tax-6_xbp-1 module, aak-2—previously reported
to mediate the effect of DR—and tax-6 —which shares down-
stream targets with aak-2 (Greer et al., 2007; Mair et al,
2011)—were selected. In the following analyses, rsks-
1(0k1255), daf-2(e1370), an aak-2 overexpression strain (aak-
2(o/e)), and tax-6 RNAIi were included as genetic perturbations
of the selected regulators. We used tax-6 RNAi because, despite
multiple attempts, we failed to obtain a tax-6;daf-2 rsks-1 triple
mutant, probably due to embryonic lethality. Previously, double
daf-2 rsks-1 mutants were constructed and reported to extend
lifespan to a much greater extent than each single mutant
(Chen et al., 2013), which is consistent with our hypothesis that
modulating different pathways altogether could lead to longer
lifespan. Here, a triple mutant aak-2(o/e);daf-2 rsks-1 was further
constructed by crossing aak-2(o/e) and the daf-2 rsks-1 double
mutant to perturb all three modules, and double mutant daf-2
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rsks-1 under tax-6 RNAI is used as an alternative way to perturb
all three modules.

To explore whether perturbing the three modules mimics the
CR/IF-induced transcriptome changes, we performed microar-
ray analysis on AD4 worms of wild-type and various single,
double, and triple perturbations, including N2, rsks-1, daf-2,
aak-2(o/e), N2 under tax-6 RNAI, rsks-1 under tax-6 RNAI, daf-
2 under tax-6 RNAI, daf-2 rsks-1, aak-2(o/e);daf-2 rsks-1, and
daf-2 rsks-1 under tax-6 RNAi with two replicates for each con-
dition. We chose the AD4 stage for analysis because animals
have reached the end of the reproductive period and therefore
do not contain many eggs, which may interfere with the gene
expression analysis of the whole worm yet are young enough
to detect acute effects of interventions/perturbations. We then
compared the gene expression (log, transformed) fold changes
in each sample relative to N2 conditions with those under CR
and IF relative to AL on the same day (AD4). To reduce noise
from background fluctuations, we focused only on the CR and
IF-induced DEGs (Supplemental Experimental Procedures) and
calculated the PCCs of these DEGs’ fold changes between the
genetic and dietary perturbations. The increasing PCCs with
the increase in the number of genetic perturbations (Figure 4
for false discovery rate < 0.01; Figure S3 for other cutoffs) indi-
cate that, as more and more modules are genetically perturbed,
the transcriptomic changes became more and more similar to
those induced by CR/IF.

Perturbing Three Modules Shifts the Network Steady
State toward a Longevity State

Why is perturbing three modules more effective than modulating
any single module to attain longevity and account for more CR/
IF effects? We explored this by computationally simulating
the steady-state distributions of the regulatory network under
different perturbations. In order to simulate the network dy-
namics based on the interactions between the three modules,
from literature we derived a simplified circuitry consisting of
only DAF-2, AAK-2, and RSKS-1 with extensive positive feed-
back loops to represent the interactions among three modules
(Figures 5A and S4A). Using a framework developed by Ma
et al. (Ma et al., 2009), we computationally quantified dynamics
of the activity of each protein, represented by variables AAK-2,
DAF-2, and RSKS-1, respectively. This activity is constrained
by total amount of each protein, which is preset to 1 when not
perturbed, or preset according to perturbation fold change
when perturbed. For example, a perturbation fold change as 2
means the total amount of DAF-2 or RSKS-1 protein is knocked
down 2-fold to 1/2 when perturbed by in silico daf-2 or rsks-1
mutant, while the total protein for AAK-2 is upregulated 2-fold
to 2 when perturbed by in silico aak-2(o/e) strain.

We plotted the distribution of the steady states derived from
kinetics of the network (when equilibrium is reached for all kinetic
equations) over the whole parameter space for wild-type and our
different perturbation combinations, including in silico single,
double, and triple mutants (Figure 5B). We found that these
steady states tend to aggregate at three types of points (red or
yellow regions in each plot in Figure 5B): the first corresponds
to a young state, where prolongevity AAK-2 is maximally active
and antilongevity DAF-2 and RSKS-1 are fully inactive (marked
by a purple circle in Figure 5B as an example), while the latter
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See also Figure S3.

two correspond to old states, where prolongevity AAK-2 is fully
inactive and one or both of antilongevity DAF-2 and RSKS-1
are fully active (marked by a purple square and triangle, respec-
tively, in Figure 5B as examples).

Based on this distribution, we divided the space for steady
states into two zones, “Young” and “Old,” and calculated a
longevity potential of the network as the proportion of steady
states falling to “Young” over the “Old” and “Young” zones
combined (Figure 5C, top panel). We then plotted the longevity
potential of the network under different perturbations at various
perturbation fold changes (Figure 5C bottom panel). Accordant
with our microarray results (Figure 4), our model predicts (1) a

daf-2 mutant (represented by “D”) could lead to larger lifespan
extension than rsks-1 or aak-2 single mutants (represented by
“R” or “A”); and (2) the triple mutant has higher longevity poten-
tial than double mutants, which in turn are higher than single mu-
tants. The first prediction is also consistent with previous studies
(Apfeld et al., 2004; Chen et al., 2013) and our observation of the
daf-16_glp-1 module being the last temporally activated module
in CR/IF response (Figure 3B), thus indicative of being the most
downstream effect on lifespan.

Importantly, the model predicts the triple mutant with weaker
perturbations (e.g., 1.5-fold) has higher longevity potential than
a single mutant with much stronger perturbations (e.g., 5-fold),
implicating a synergistic effect among the three genes/modules
(Figure 5C). Such a synergy apparently can be largely attributed
to the positive feedback loops as removing them greatly reduced
the longevity potential of the triple mutant (Figures S4B and
S4C). Furthermore, entropy analysis shows that removing posi-
tive feedback loops delays the system phase transition from
one state (Old/Young) to the other state (Young/Old) (Fig-
ure S4D). Altogether, our dynamic modeling of the network pre-
dicts the relative effects of the single, double, and triple mutants
on lifespan, and thus revealed that their relative effects and the
synergy among the three modules are largely encoded in the
network configuration linking the modules. This explains how
CR/IF—by moderately perturbing all three of them—can more
effectively shift the network states toward longevity than by
strongly perturbing any single module in isolation. Indeed,
compared to null mutants, the levels of regulators in these three
pathways are less perturbed at the transcription level by CR or IF
(Figure S4E, t test, p = 0.0719).

Simultaneous Perturbation of Three Modules Creates
Long-Lived Worms Insensitive to DR

To test the prediction of our models empirically, we assayed life-
span, stress resistance, and motility of the wild-type and various
single, double, and triple mutants under both AL and CR condi-
tions. We first examined whether triple perturbations are refrac-
tory to DR in terms of health indicators such as heat shock toler-
ance and motility (Figures S5A and S5B). We found CR improved
the heat tolerance for N2 fed with either OP50 or empty vector
(EV) containing HT1115 bacteria (log-rank test p < 0.001). CR still
increased heat tolerance on several single mutants (Figures S5A
and S5B). While this CR effect is largely abolished in the daf-2
rsks-1 double mutant when fed with OP50 bacteria (log-rank
test p > 0.1, Figure S5A), the double mutant fed with EV-contain-
ing bacteria is still responsive to CR-enhanced heat-shock toler-
ance (log rank test p < 0.01, Figure S5B). Meanwhile, both triple
perturbations, aak-2(o/e);daf-2 rsks-1 and tax-6 RNAi;daf-2 rsks-
1, rendered worms refractory to CR-induced heat tolerance (log
rank test p > 0.1; Figures S5A and S5B). Within the time window
of AD 10-16, CR treatment significantly enhanced the motility of
N2 worms and single perturbations including aak-2(o/e), rsks-1,
tax-6 RNAI, and daf-2 on at least one of the four days monitored,
while daf-2 rsks-1 double mutants and both triple perturbations
were insensitive to motility improvement by CR (Figure S5C).
Taken together, these data suggest our reverse-engineered tri-
ple mutants recapitulate the effects of DR on health-related
phenotypes and become refractory to further beneficial effects
of DR.
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Figure 5. Effect of Simultaneous Perturba-
tion of Three CR/IF-Responding Modules
on Network Steady States

(A) DAF-2, RSKS-1, and AAK-2 circuitry derived
from literature. Prolongevity and antilongevity
factors are labeled pink and purple, respectively.
Inhibitory edges are shown with T-shaped arrow;
others represent activation.
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To determine if we could also reverse engineer the longevity
effects of DR, we tested the ability of DR to extend lifespan in
our triple genetic mutants. As predicted by our regulatory
network modularity and the dynamic simulation analyses,
when more modules are perturbed the lifespan extension effect
of CR diminished—to 63% on N2, 17% on aak-2(o/e), and 19%
on daf-2 rsks-1—while the triple mutant aak-2(o/e);daf-2 rsks-1
was completely refractory to lifespan extension caused by CR
(log rank test p > 0.1) (Figures 6A and S6A; Table S4). These re-
sults support our prediction that combined perturbation of the
three computationally inferred modules altogether abolishes
any further lifespan extension by DR.

We then replaced aak-2(o/e) by tax-6 RNAI to perturb the three
modules. We found a clear synergistic effect between tax-6 RNAI
and daf-2 rsks-1 on lifespan extension (Figures 6B, S6B, and
S6C; Table S4) and a total abolishment of CR’s lifespan exten-
sion effect by the tax-6 RNAi;daf-2 rsks-1 triple perturbation
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mediator for DR response and demon-
strated a superior capability in replacing
aak-2 in the triple pathway manipulation.
Unlike tax-6 RNAIi;daf-2 rsks-1, which al-
ways had longer lifespan than the double
mutant under AL conditions in all lifespan
assay replicates, aak-2(o/e);daf-2 rsks-1
did not have longer lifespan than the dou-
ble mutant (Figures 6A and S6A; Table
S4). This suggests that though aak-2
and tax-6 act in the same module to syn-
ergistically mediate the DR effect—with
the daf-2 and rsks-1 modules—unlike
tax-6, aak-2 may have additional func-
tions not related to DR, which may limit lifespan in the double
mutant background (Figures S6D and S6E).

w
Perturbation fold changes

IS

(&)

Experimental Validation of Novel Regulators and
Interactions Mediating the DR and Longevity Effects
Finally, to further demonstrate the utility of our unbiased systems
approach, we tested the effects of the novel predicted lifespan
and DR regulators from our BN analysis. In addition to the afore-
mentioned effect of tax-6 RNAI, we also found that gas-7 RNAi
increases lifespan and was partially refractory to DR (like the
other modules) (26.24%, cf. 69.86% increase by DR with EV as
control; Figures 7A and S7A and Table S4). As gas-1 encodes
a mitochondrial complex | protein, our BN inference and exper-
imental validation, for the first time, placed its associated mito-
chondrial function in mediating DR effects.

Although both aak-2 and xbp-1 have been known to regu-
late UPR, whether they act together to modulate aging, as



Figure 6. Simultaneous Perturbation of

Three Modules Completely Abolished Life-
span Effects of DR

(A) Lifespans of N2, aak-2 (o/e), daf-2 rsks-1, and
aak-2 (o/e);daf-2 rsks-1 fed with OP50 bacteria
under AL (solid line) or CR condition (dashed line).
(B) Lifespans of N2 and daf-2 rsks-1 fed with EV or
tax-6 RNAi vector containing bacteria under AL
(solid line) or CR condition (dashed line).

See also Figures S5 and S6. Detailed statistics of
the lifespan result are presented in Table S4.
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suggested by our de novo inference of aak-2 and xbp-1 inter-
acting in the same module, was unknown. We tested this hy-
pothesis via epistatic lifespan analysis, and indeed observed
that xbp-7 RNAI repressed lifespan extension by aak-2(o/e) (Fig-
ures 7B and S7B and Table S4). These results further demon-
strate that our systems approach can not only uncover new
regulatory circuitry among old players but also brand new reg-
ulators in the process of reverse engineering lifespan extension
by DR.

DISCUSSION

Here we demonstrate how system approaches can unbiasedly
identify novel regulatory networks for DR regimens, which
can be synergistically targeted to engineer the full effects of
the DR response. We started by mapping temporally resolved
C. elegans transcriptome changes in response to DR in aging.
Intriguingly, in fed wild-type animals we saw an age-dependent
reversal of many aging and longevity regulators; in particular,
the prolongevity genes are often first upregulated from young
to postreproduction age, then decline till death, while the antilon-
gevity genes are exactly the opposite. This is in agreement with
the disposal soma theory of aging (Kirkwood, 1977), suggesting
that the system has evolved to promote maintenance and sup-
press DNA damage and cell cycle-related gene expression
only during reproduction. Postreproduction, either because the
maintenance system is overloaded or because the accumulated
DNA damage that has to be dealt with is overwhelming, there is a
drastic reversal of the expression trend; gene expression related
to DNA damage response keeps increasing and the mainte-
nance genes expression keeps decreasing till death. CR/IF
seems to not only delay the transition point but—most impor-
tantly—also increases the capacity of the system by further up-
regulating the maximal level of maintenance gene expression
and decreasing the expression of the DNA damage response
genes. It would be interesting to see how such system capacity
increase is achieved, especially given that C. elegans tissues are
largely postmitotic.

Based on the three regulatory modules we inferred from the
transcriptome changes, we hypothesized that simultaneously
perturbing all three modules could recapitulate the full transcrip-
tome changes induced by DR. We validated this prediction by
generating double and triple mutants perturbing two or three of
the modules. We found that with more modules perturbed the
transcriptome changes become more similar to those induced
by CR and IF. Despite multiple mechanistic links between
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different pathways implicated in DR, these data suggest there
is no one “master regulator” of the DR response but rather
distinct responses targeted by a limited number of distinct
perturbations.

To further explore the underlying mechanism of lifespan exten-
sion induced by perturbation combinations, we computationally
modeled the dynamics of the three-module network and calcu-
lated the longevity potential for a perturbation to the nodes and
edges of the network based on the probability distribution of
steady states after the perturbation. The longevity potential of
the perturbations recapitulated increased lifespan extension as
more modules are perturbed, and showed a stronger effect of
daf-2 relative to the other two nodes, suggesting these effects
are encoded in the network configuration, especially by positive
feedback within the network. These data suggest that moderate
and simultaneous perturbation of three modules might be even
more effective than strong perturbation of each individual mod-
ule. Despite enlisting all three modules, CR and IF result in
smaller lifespan extensions than some genetic perturbations.
This is likely due to the fact the DR only moderately, instead of
severely perturbed these regulators; indeed, the fold changes
of these regulators induced by CR are far less than those from
genetic manipulations, such as gene overexpression and inhibi-
tion either by RNAIi or loss-of-function mutants (Figure S4E).
These data suggest that CR/IF increases lifespan through all
three modules but that the effect is not maximized, and that
stronger perturbation of all three might give greater effects on
longevity.

Consistent with this hypothesis, we further demonstrated that
by sequentially perturbing more modules, worms progressively
became refractory to DR, suggesting our interventions had
maxed out the DR effect. We also observed a synergistic effect
between tax-6 RNAi and daf-2 rsks-1, as predicted by the
modeling. When selecting different prolongevity pathways to
generate triple or even quadruple mutants from an engineering
perspective, Sagi and Kim have found longer lifespan extension
with more pathways perturbed at the same time (Sagi and Kim,
2012), which is indeed genetically expected as long as the path-
ways can additively or synergistically contribute to longevity.
However, a simple knowledge-based engineering approach
does not shed light on the underlying mechanism of the combi-
nation effect, on whether there is any synergy among different
pathways, orin finding new players. Critically, here we use an un-
biased systems approach instead of a knowledge-based combi-
natorial approach. Such a systems approach is tailored to the
complex phenotype or system we examined —the DR-induced
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Figure 7. Validation of Novel Regulators and
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xbp-1 RNAI vector containing bacteria.
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transcription and lifespan changes, in this case—and aims to un-
derstand the mechanism of the phenotype, rather than simply to
maximize lifespan. This therefore represents a paradigm shift
from a knowledge-based engineering approach, and one that
is critical if we are to utilize the effects of DR in mammals for hu-
man therapeutics.

Instead of randomly selecting different pathways, we first
identified the full spectrum of modularity of the DR response, in-
ferred modularity regulation, and then utilized the modularity and
its regulation to direct synergy on lifespan and DR response and
further examined the synergy through network dynamics. In
addition, such a systems approach also led to the identification
of novel components or regulators of the DR-induced transcrip-
tion and lifespan changes, such as gas-1 and ogt-1, tax-6, and
xbp-1, and then placed them into well-studied pathways, such
as the latter two in the aak-2 pathway. Among these predictions,
we experimentally validated the effect of tax-6 and gas-17 on life-
span and DR. Previously there was no evidence for a relationship
between aak-2 and ire-1/xbp-1 in modulating longevity. With our
systems approach, we predicted that aak-2 and xbp-1 inter-
acted within the same aging module. This in silico prediction
was experimentally validated, since xbp-1 acts downstream of
aak-2(o/e) in C. elegans longevity. For the first time, these data
link AMPK and the UPR in lifespan regulation and illustrate that
the power of systems approaches to de novo predict key regu-
lators and interactions for a complex process such as aging
and DR.

Theoretically, the modular CR/IF network we uncovered here
can be locked in a forever-young state; however, in order for
an animal to achieve other functions that maximize its fitness,
this may not be the most desirable state. Indeed, it is interesting
to note that CR/IF only moderately exploits the system to strike a
balance toward longer lifespan, and it would be also interesting
to see if other natural processes, such as adult reproduction
diapause (Angelo and Van Gilst, 2009), tap into a similar mecha-
nism to achieve a forever-young state. Taken together, our data
highlight how no single molecular regulator can recapitulate the
full effects of DR. As we aim to translate the conserved mecha-
nism of lifespan extension by DR in model systems to usable
therapeutics for human diseases, such a finding is critical. If
such a result is conserved in mammals, the most effective
method for exploiting DR modulators for disease therapeutics
may well require combination approaches that modulate several
distinct nodes or modules. A reverse engineering approach, as
we used here, is therefore critical if we are to make this goal are-
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ality and translate our knowledge of DR to promote healthy
aging.

EXPERIMENTAL PROCEDURES
Detailed methods are described in the Supplemental Information.

Microarray Experiment and Lifespan Analysis
Two batches of microarray were carried out: samples for N2 worms time course
microarray experiment were collected according to Figure 1A. AL, CR, and IF
treatments were carried out following published protocols (Honjoh et al.,
2009), except the concentration of AL was set to 1 x 10'° bacteria/ml while
that of CR was set to 1 x 10° bacteria/ml. Worms with different genetic back-
grounds collected on AD 4 were fed with either empty vector (EV) or tax-6
RNAi vector containing bacteria of AL concentration from hatching. RNA was ex-
tracted with Trizol (Invitrogen) and hybridized to Affymetrix GeneChip C. elegans
Genome Array by CapitalBio Corporation (Beijing, China). The GEO accession
number for the microarray expression data above is GSE77111. Other microar-
ray expression data used are listed in Supplemental Information.

Worms were maintained and scored at 20°C. Worms with vulval burst, worm
bag, or that were stuck to the plate wall were excluded from lifespan assays.

C. elegans Strains

The aak-2(o/e);daf-2(e1370) rsks-1(ok1255) strain was generated and back-
crossed six times before being used for lifespan assay together with N2,
aak-2(o/e) (uthls248[Paak-2::aak-2 genomic (aa1-321)::GFP::unc54 3-’'UTR,
Pmyo-2::tdTOMATO)]), daf-2(e1370) rsks-1(ok1255).

Bayesian Network Inference

We collected gene expression fold changes from both our microarray data—
CRY/IF versus control for each day, and other microarray data—single gene ge-
netic mutant, or RNAI knockdown versus control. Then eDM_BN was used to
infer relationships among the dietary and genetic perturbations (comparisons).
Afterward, eDM_BN was used to connect inferred regulators/DR mediators
and all TFs for which perturbation DEGs or ChIP-seq targets are available, us-
ing both real-valued gene expression fold-change data and discretized-valued
ChlIP-seq TF-target data.

Regulator-Target Network Reconstruction

The regulator-target network (Figure 3C) was inferred in a hierarchical struc-
ture with four layers of nodes: DR perturbations, potential mediators of DR,
TFs, and gene clusters. (1) Edges among DR perturbations, potential regula-
tors of DR and TFs, are predicted by eDM_BN as described above with default
parameters, especially fc_quantile = 0.05, fc_baselevel = log,(1.5), and
fc_width = 0.6. First-degree neighbors of DR perturbations were taken as
DR mediators, as well as two other known DR mediators from the second de-
gree neighbors: AGE-1 and LET-363 (Hansen et al., 2007; Henderson et al.,
2006; Honjoh et al., 2009). Only TFs with a direct link to DR mediators are
kept. (2) Edges between TFs and clusters were identified through either TF tar-
gets or TF DEG (or xpb-1 mutant and crh-1 mutant differentially regulated
genes, since no ChlP-seq data for these two TFs are available) enrichment



test in each cluster (Fisher’s exact test p < 1e-5 and the proportions of targets
in the cluster > 0.1). Only TFs with connection to at least one cluster are kept.
(3) Edges between regulators and clusters were identified by cluster genes
enrichment test for DEGs upon perturbations (Fisher’s exact test p < 1e-5
and the proportions of targets in the cluster > 0.1). Clusters that connect to
no regulator or TF are not included.

Mathematical Modeling for Circuitry Dynamics

The framework proposed by Ma et al. (Ma et al., 2009) is applied here except
that we used perturbation factor (PF) instead of 1 for total amount of protein to
indicate the perturbation fold changes on a protein. See Supplemental Exper-
imental Procedures for details on assumptions, equations, and simulations.
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