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eLife Assessment

This valuable study presents a comparative analysis of the transcriptomic features
underlying C. elegans longevity, providing insights into how different changes in gene
expression can promote longevity. The authors present solid evidence with analysis and
selected functional validation showing that some long-lived animals share common
changes while others appear to use opposing strategies. The datasets and analyses
contained within and the user-friendly website developed will be of interest to researchers
interested in complicated transcriptomic analyses and/or the biology of aging.
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Abstract

While aging is the greatest risk factor for the development of neurodegenerative disease, the role
of aging in these diseases is poorly understood. Our previous work has shown that targeting aging
pathways can be neuroprotective in animal models of neurodegenerative disease. Based on these
findings, we believe that by gaining insight into the aging process, that knowledge can be applied
to identify novel therapeutic targets for neurodegenerative disease. To advance our understanding
of aging, we used a genomics approach to identify genes regulated by multiple lifespan-extending
pathways. We performed RNA sequencing on nine long-lived C. elegans mutants representing
seven longevity pathways: insulin/IGF-1 signaling, dietary restriction, germline deficiency,
impaired chemosensation, reduced translation, elevated mitochondrial ROS, and mild
mitochondrial impairment. We found that most pairs of long-lived mutants exhibited a significant
overlap in differentially expressed genes. Comparing gene expression across the entire panel of
long-lived mutants revealed three distinct longevity groups that could be clearly distinguished by
gene expression. Interestingly, two of these groups showed modulation of specific genetic
pathways in opposite directions, suggesting that there are multiple alternative strategies to
achieving long life. Filtering for genes similarly modulated in at least six mutants identified 196
upregulated and 62 downregulated aging genes. Upregulated genes were enriched in immunity,
defense and metabolism, while many downregulated genes impacted translation and gene
expression. To assess the ability of these genes to enhance longevity individually, we knocked
down the commonly upregulated genes in long-lived mutants and evaluated the resulting effect on
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lifespan. Using this approach, we identified several genes that affect lifespan individually.
Upregulation of at least some of these genes was sufficient to enhance stress resistance and extend
lifespan in wild-type worms. Overall, the shared longevity genes identified in this work offer
potential targets to promote healthy aging and decrease age-onset disease.

Introduction

Aging is the progressive decline in an organism’s physiological functions that reduces its ability to
maintain homeostasis, respond to stress and survive, thereby leading to increased probability of
disease and death. Both stochastic and programmed events contribute to aging, and the lifespan of
an organism is influenced by both its genetics and the environment. At present, the molecular
mechanisms that contribute to longevity are incompletely understood.

To better understand the aging process, researchers have tried to identify genes that can increase
lifespan and elucidate how these genes act to promote longevity. This research has greatly
benefited from the use of genetic model organisms, primarily yeast, C. elegans, Drosophila and
mice. Starting first with C. elegans, it has been shown in each of these organisms that mutations in
a single gene can extend lifespan 1:23%2 These long-lived genetic mutants have been divided
into different pathways of lifespan extension based on which cellular functions are affected by the
mutation.

Among the established pathways of longevity are: decreased insulin/IGF-1 signaling (daf-2
mutants) .1..; dietary restriction (eat-2 mutants) ..6.; decreased translation (ife-2 mutants) > 2, germline
ablation (glp-1 mutants) 2: mild impairment of mitochondrial function (clk-1, isp-1, nuo-6 mutants)
10,11, .1..2..; decreased chemosensation (osm-5 mutants) .1..3..; and increased mitochondrial superoxide

(sod-2 mutants) ...

In order to gain insight into the molecular mechanisms by which these genetic mutations increase
lifespan, we and others have examined gene expression using either microarrays or RNA
sequencing (RNA-seq) > 1% 17,18, 19, 20, 21,22, 23, 24, 25 These previous studies have looked at gene
expression in individual mutants or small groups of mutants and have used a variety of different
experimental paradigms. As a result, it has not been possible to directly compare gene expression
across a large panel of long-lived mutants, as it is unclear the extent to which differences observed
would be due to differences in the experimental details or genuine differences between the
strains.

In exploring the mechanisms underlying lifespan extension in long-lived mutants, it has become
clear that at least some mechanisms of lifespan extension are shared across multiple long-lived
mutants. For example, the p38-mediated innate immune signaling pathways is required for the
extended longevity of daf-2, clk-1, isp-1, nuo-6, ife-2, eat-2 and osm-5 mutants 222527 The
mitochondrial unfolded protein response is needed for the long life of clk-1, isp-1, nuo-6 and glp-1
mutants /> 2%, An increase in reactive oxygen species contributes to the long lifespan of sod-2, clk-
1, isp-1, nuo-6, daf-2, and glp-1 mutants 1% 2% 3% 31, Disruption of the AMPK gene aak-2 decreases
the long lifespan of daf-2, clk-1, isp-1 and glp-1 mutants > 3>, Decreasing the levels of the FOXO
transcription factor DAF-16 reduces the long lifespan of several long-lived mutants !> & & 131 3%
22. However, it should be noted that the interpretation of these results is dependent on whether
pathway disruption also decreases lifespan in wild-type worms and whether there is evidence of

pathway activation 36,

In this work, we sought to identify unique and shared genetic pathways contributing to lifespan
extension in a panel of nine long-lived mutants. We found that there is a highly significant degree
of overlap between differentially expressed genes in most pairs of long-lived mutants. Examining
gene expression across all nine long-lived mutants reveals three distinct longevity groups.
Interestingly, there are specific groups of genes that are significantly modulated in opposite
directions in different longevity groups indicating that there are multiple effective strategies to
achieve long life. In screening genes that are differentially expressed in multiple long-lived
mutants, we find that individual differentially expressed genes can significantly affect both
lifespan and resistance to stress.
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Results

Magnitude of lifespan extension differs between long-lived
mutants

In order to gain insight into shared and unique genetic pathways contributing to longevity in a
panel of long-lived genetic mutants, we selected nine different genetic mutants to perform
transcriptomic analysis using RNA-seq. Before proceeding with RNA-seq, we first wanted to
confirm that all of these strains are long-lived and to compare the relative magnitudes of lifespan
extension. The lifespan was performed in absence of FUdR as the RNA-seq samples would not be
exposed to FUdR. Under these conditions, we confirmed that all nine strains lived significantly
longer than wild-type worms (Figure 1 @). Further, we found that daf-2 worms had the greatest

different conditions in which worms are developed at 25°C until adulthood). When we previously
quantified the lifespan of these strains using 25 uM FUdR, we observed similar increases in
lifespan where daf-2 worms lived the longest and osm-5, isp-1 and nuo-6 worms lived longer than

eat-2, sod-2, clk-1 and ife-2 worms 2/.

Having shown that all nine genetic mutants are long-lived, both with and without FUdR, we
proceeded to analyze their gene expression by performing RNA-seq on pre-fertile young adult
worms. We used a minimum of six biological replicates per strain. Principal component analysis
(PCA) for each long-lived mutant demonstrated that all of the long-lived mutants could be clearly

significantly downregulated genes (Figures S1-S9(%). Lists of differentially expressed genes
from each long-lived mutant (Table S1) were used for enrichment analysis to identify pathways
and functions that are overrepresented in each of the long-lived mutants individually (Figure
S10Z-18@).

We have compared the differentially expressed genes identified in this study to previous gene
expression studies involving these long-lived mutant strains. In each case, we observed a highly
significant degree of overlap (Figure S19 (2-S25(%2). We have provided a list of the overlapping
genes between our study and previous studies in Table S2.

Expression of specific single genes at young adulthood is highly
correlated with longevity

Having identified thousands of genes that are differentially expressed in long-lived mutants, we
next sought to determine the extent to which expression of individual differentially expressed
genes is associated with longevity. To do this, we compared the expression levels of each
individual gene to their lifespan with and without FUdR. Using this analysis, we found that there
are 853 genes whose expression levels are positively correlated with longevity measured in
absence of FUdR, and 1459 genes whose expression levels are positively correlated with longevity
contrast, there were very few genes whose expression levels are negatively correlated with
longevity (45 in absence of FUdR, 149 with FUdR; Figure 2B(%; Table S3).

Individual genes exhibited R-squared values as high as 0.901 (p=0.0004) for positively correlated
genes (Figure 2C (%) or 0.833 (p=0.0028) for negatively correlated genes (Figure 2D (7). Combined,

this suggests that the expression level of individual genes at young adulthood can be predictive of
lifespan.
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Figure 1. Long-lived mutants exhibit significantly extended lifespans of varying magnitudes.

Genetics and Genomics

The lifespan of nine different long-lived mutants was measured on NGM plates with no FUdR. All of the long-lived mutants
exhibited significantly increased lifespan of varying magnitudes. The long-lived mutants included c/k-7 (A), sod-2 (B), eat-2 (C),
ife-2 (D), isp-1 (E), nuo-6 (F), osm-5 (G), daf-2 (H) and glp-1 (I) mutants. glp-7 worms were allowed to develop at 25°C then
shifted to 20°C at adulthood. A minimum of three biological replicates were performed for each strain. Significance was
assessed using the log-rank test. Three biological replicates were performed. Total n for each strain was as follows: N2 (244),
clk-1(174), sod-2 (174), eat-2 (108), ife-2 (214), isp-1 (94), nuo-6 (148), osm-5 (48), daf-2 (176), glp-1 (197), and N2 - 25°C (195).
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Figure 2. Gene expression levels during young adulthood are highly correlated with lifespan.

(A) Throughout the genome there were 853 genes positively correlated with lifespan on plates containing no FUdR and 1459
genes positively correlated with lifespan on plates with 25 pM FUdR. Of these genes, there were 753 genes positively
correlated with lifespan under both condition. (B) There were much fewer genes that were negatively correlated with
lifespan: 45 genes were negatively correlated with lifespan on plates containing no FUdR and 149 genes were negatively
correlated with lifespan on plates with 25 pM FUdR. There were 32 genes negatively correlated with lifespan under both
conditions. (C) Examples of genes showing a high positive correlation with lifespan. (D) Examples of genes showing a high
negative correlation with lifespan. Combined, these results suggest that gene expression at young adulthood can be
predictive of lifespan. For C and D, blue = daf-2, purple = isp-1, red = nuo-6, orange = osm-5, green = glp-1, brown = eat-2, grey =
clk-1, yellow = sod-2 and pink = ife-2.
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Highly significant degree of overlap in differentially expressed
genes between pairs of long-lived mutants

We next compared differentially expressed genes between pairs of long-lived mutants to
determine the extent to which each mutant exhibited overlap with the other mutants and assess
which long-lived mutants are most similar in gene expression. To determine the significance of
each overlap, we compared the observed number of overlapping genes to the number of
overlapping genes expected if two similarly sized gene sets were selected completely at random.
We found that all of the long-lived mutants show a statistically significant overlap with multiple
other long-lived mutants for both upregulated (Figure 3(%; Figure S26 @) and downregulated
genes (Figure 526(4,827). While genes differentially expressed in daf-2 and ife-2 worms exhibited a
significant overlap with genes differentially expressed in all other long-lived mutants, genes
differentially expressed in eat-2 worms showed relatively little overlap with other long-lived
mutants (Figure 32; Figure S26 @ ,S27 (7). Combined, these results suggest that there are common
genetic pathways contributing to longevity shared across multiple long-lived mutants, but that
some long-lived mutants have relatively unique changes in gene expression. This may represent
the existence of different strategies to achieve long life.

Long-lived genetic mutants segregate into three distinct longevity
groups based on gene expression

Having observed a significant degree of overlap between differentially expressed genes between
pairs of long-lived mutants, we next looked for overlaps across differentially expressed genes from
multiple long-lived mutants. Heatmaps comparing gene expression across all of the long-lived
mutants reveal that the long-lived mutants cluster into three distinct longevity groups (Figure
4A,B(2; Figure S28 3). The largest group, which we will refer to as group 1, contains daf-2, nuo-6,
isp-1, clk-1, glp-1 and sod-2 worms. The second group, which we will refer to as group 2, contains
osm-5 and eat-2 mutants. Finally, ife-2 worms exhibit large numbers of both upregulated and

downregulated genes which show partial overlap with both group 1 and group 2 genes.

Interestingly, some groups of genes upregulated in group 1 were found to be downregulated in
group 2, while some groups of genes downregulated in group 1 were found to be upregulated in
%). For example, of the 507 genes commonly upregulated in the group 1
nuo-6 and glp-1, 188 of these genes are downregulated in group 2 mutants
osm-5 and eat-2, while only 12 are also upregulated in group 2. Of the 498 genes that are
commonly downregulated in the group 1 mutants daf-2, isp-1, nuo-6 and glp-1, 258 of these genes
are upregulated in group 2 mutants osm-5 and eat-2, while only 2 are also downregulated in group
2. This suggests that group 1 and group 2 longevity mutants may be utilizing different strategies to
live long, and that genetic pathways that affect longevity can be modulated in different ways to
achieve long life.

To gain further insight into the genetic pathways that are modulated in different directions
between group 1 and group 2 mutants, we examined the expression of individual genes from
specific pathways known to affect longevity. We and others have demonstrated that the FOXO
transcription factor DAF-16 contributes to lifespan extension in daf-2 worms, as well as other
group 1 mutants including nuo-6, isp-1, clk-1 and glp-1 1> 1% 27, In examining the expression of high
confidence DAF-16 target genes 38, we found that genes that are activated by DAF-16 (Class I target
genes) are upregulated in most of the group 1 longevity mutants, but either unchanged or
decreased in group 2 mutants (Figure 5(3). Similarly, genes that are repressed by DAF-16 (Class II

DAF-16 target genes) were found to be downregulated in group 1 longevity mutants but not in
e S292).

required for the extended longevity of group 1 longevity mutants nuo-6, isp-1, clk-1 and glp-1 ..."> ==.
As with the DAF-16 target genes, we found that mitoUPR target genes are upregulated in most of
the group 1 longevity mutants, but downregulated or unchanged in group 2 longevity mutants
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Figure 3. Degree of overlap of differentially expressed genes between pairs of long-lived mutants is highly
significant.

Genes upregulated in each of the nine different long-lived mutants were compared to genes upregulated in the other eight
long-lived mutants in a pairwise manner. All of the long-lived mutants showed a significant degree of overlap with multiple
other long-lived mutants suggesting that shared common pathways are promoting longevity. eat-2 mutants showed the least
overlap with other long-lived mutants suggesting that the pathways promoting longevity in this mutant are relatively unique
compared to other long-lived mutants. The percentage shown above each bar indicates the number of overlapping genes as
a percentage of the total number of upregulated genes for the strain indicated in the graph title on top of each graph.
Statistical significance was assessed using a Fisher’s exact test. **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4. Long-lived mutants segregate into three distinct longevity groups based on gene expression.

A. A heat map comparing eight of the nine-long lived mutants indicates that the mutants cluster into two groups based on
gene expression. Group 1 contains daf-2, nuo-6, isp-1, glp-1, clk-1 and sod-2 mutants. Group 2 contains osm-5 and eat-2
mutants. B. Diagram showing the percentage overlap of upregulated and downregulated genes in the nine long-lived
mutants. The group 2 strains eat-2 and osm-5 show little overlap with group 1 strains. ife-2 worms exhibit overlap with both
group 1 and group 2 strains. C. Genes that are downregulated in group 2 worms (eat-2, osm-5) show a much greater overlap
with genes upregulated in group 1 worms (daf-2, nuo-6, isp-1, glp-1) than with genes downregulated in group 1 worms. D.
Similarly, genes upregulated in group 2 worms show a much greater overlap with genes downregulated in group 1 worms
than with genes upregulated in group 1 worms. Thus, for many genes group 1 and group 2 worms exhibit changes in gene
expression in the opposite direction.

Rudich, Guan, Tamez Gonzalez et al., 2026 eLife 15:RP112139. https://doi.org/10.7554/eLife.112139.1 8 of 63


https://doi.org/10.7554/eLife.112139.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/developmental-biology
https://elifesciences.org/subjects/genetics-genomics

°¥e 'f Developmental Biology | Genetics and Genomics
(4
weLife

A B 1.5
s [l 50031 cosnot 2
3 < @ 15000 T P 1
c _ 3 R '
° A% 7] i ‘ s —~ 12833 o © fin-1| C54F6.14 o
3 o ° ° 7] E ° o ©° {38 go o Y6GB.2 | Y6G8.2
2% %’ ‘s 1500 2 - T0285.1| T0285.1 0
SE 5w | [P
i § X8 05
e w o 1000 b o C25E10.8 | C25E10.8
2 g - 2 © 5020 | ZK384.2 9
v o \. 9 ° sodh-1| K12G11.3
e TL 500 . St
5= E = i ° . cdr-2 | C54D10.1 -15
£ ][R

"L H a9 . btb-16 | F39E9.2

=
|
|
[ |
|
=
A NS : R
PSS I FESEsse B e
B B reres2iFares2
|| B oo
cyp-35B1| KO7C6.4
m| ||
B M60.4 | M60.4
3000 AR *: . COBF11.3| COBF11.3
2000 COBE8.4 | COBE8.4
g = okk ° S e **:***** ! .gpd-Z\KmBSa
g E 3 E 1500 8 o . fat-5 | W06D12.3
s 2000+ ° ° e ‘S [ || Bl 1 cosees
% € e u%' b 1000 . . . . 126 | YS1A20.11
w e -3 B .. B cowoeomo
% a 1000+ & :I-) ! . 9pd-3 | K1083.7
'§ o Sa 500 = -=[j\. .m5|c4mﬂs
» 2K355.3| 2K355.3
o0& 0—_ o > z .... F45D11.1] FASD11.1
q, » Q9 9 N A ‘b fl« 6 9 B B hen-1C3687.7
4(\6 N 00 o TS S oo \Q N e | G
[ [ & P O @ N
|| HE BEE oo
|| [ | PDB1.1|PDB1.1
|| ] stan-1|C0683 4
[ | | B Ho-1| CSOF7.10
TH | -
sk _ sk B d04.61T2065.7
4000+ ° 600 ° . . F38B6.4 | F3886.4
S~ SE O B s 7 ooz
s E
2 £ 3000 %= H BN .
3 ‘s Feeke g "'6 400+ . . . . cyp-34A9 | BO213.15
S £ 2000- : se E i e
w2 w 8 . . 'l spp-12| T22G5.7
~ E ~ 200' . . I MO1H.3 | MO1HE.3
t © 1000 i Iy T
Sa I E.’ . .pcbd!l'{ma!ﬂ
S s .. [0 = B do03 | KOTES3
[ BY-55-1 || 0- . . . sip-1| F4309.4
92N 5 9 9 ,\ "], 6 9 HE B 80286.3 | 80286.3
SRS S S, & s S BN EE
nspa- :
Y DDV D Ll D

S BRZCNY ob?poas

Figure 5. Group 1 longevity mutants exhibit upregulation of Class I DAF-16 target genes.

A. Examination of expression of Class I DAF-16 target genes (genes activated by DAF-16) across group 1 (blue bars), group 2
(red bars) and group 3 (purple bars) longevity mutants reveals that DAF-16 target genes are upregulated in group 1 mutants
but either unchanged or downregulated in group 2 mutants. B. A heat map of the top 50 high confidence DAF-16 target
genes from Tepper et al. Cell 2014 shows activation of the DAF-16 stress response pathway in group 1 and group 3 mutants
but not in group 2 mutants. These results suggest that group 1 longevity mutants rely on the DAF-16 stress response
pathway to promote longevity while group 2 mutants utilize other pathways. Panel A includes RNA-seq data from six
biological replicates per strain except for wild-type, which included 18 biological replicates. Statistical significance was
assessed using a one-way ANOVA with Dunnet’s multiple comparisons test. **p<0.01, ***p<0.001, ****p<0.0001.
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pathways that affect longevity can be modulated in opposite directions to achieve lifespan
extension (Table S4 provides a list of genes that are significantly upregulated in group 1 worms
(daf-2, glp-1, isp-1, nuo-6, clk-1, and sod-2 worms) but downregulated in group 2 worms (osm-5 and
eat-2 worms), and vice versa).

To gain further insight into the pathways contributing to longevity in the long-lived mutants and
how these differ between the three longevity groups, we performed transcription factor analysis
on the RNA-seq data to determine which transcription factors might be driving the longevity-
associated transcriptional changes. To do this we used two complementary approaches: (1)
transcription factor inference, which is based on the coordinated expression changes of known
transcription factors; and (2) motif enrichment analysis, which is based on identifying
transcription factor binding motifs in the promoters of differentially expressed genes. After
identifying which transcription factors were identified for each individual mutant (Table S5), we
then compared the identified transcription factors across all nine mutants.

Interestingly, while 33 of the same transcription factors were implicated in group 1 and group 2
longevity mutants, 25 are modulated in different directions (activated in group 1, repressed in
indicates that although group 1 and group 2 longevity mutants may modulateoverlapplng
pathways to achieve long lifespan, in most cases these pathways are modulated in opposite
directions.

Previous research has shown that aging is associated with widespread changes in gene
expression?..?. Accordingly, we compared gene expression in the long-lived mutants to gene
expression changes that take place during aging. We found that all of the long-lived mutants
exhibit changes in gene expression that were both the same direction as changes that take place
during aging (e.g. upregulated in long-lived mutant and upregulated during aging or
downregulated in long-lived mutant and downregulated during aging) and genes that were
modulated in opposite direction as changes that take place during aging (upregulated in long-lived
mutant and downregulated during aging or downregulated in long-lived mutant and upregulated
during aging (Table S6). Interestingly, group 1 longevity mutants exhibited a greater number of
transcriptional changes that were in the same direction as genes that are modulated during aging,
while group 2 longevity mutants exhibit a greater number of changes that are in the opposite
exhibited a similar number of differentially expressed genes that were in the same direction and
opposite direction as genes that are modulated during aging.

Genes that are commonly upregulated in the majority of long-
lived mutants are involved in innate immunity, defense and
metabolism

We next sought to determine the extent to which there are genetic pathways contributing to
longevity that are shared across all or many of the long-lived mutants. We found that there were
little or no genes that were differentially expressed in the same directions across seven or more
long-lived mutants (Figu 2, Table S7). There were 196 genes that were found to be
significantly upregulated in six or more long-lived mutants. There were 362 genes that were found
to be downregulated in five or more long-lived mutants. We performed Gene Ontology (GO) term
and KEGG pathway enrichment on these sets of overlapping genes. Among the genes upregulated
in seven or more long-lived mutants, there was an overrepresentation of genes involved in innate
immunity, defense and metabolism (Figure 7B 3, Figure S33 (). This is consistent with our
previous work highlighting the contribution of innate immune signaling and pathways of cellular
resilience to longevity % 1725 27: 36, Genes downregulated in five or more long-lived mutants
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Figure 6. Group 1 longevity mutants exhibit upregulation of ATFS-1 target genes.

A. Examination of expression of ATFS-1 target genes across group 1 (blue bars), group 2 (red bars) and group 3 (purple bars)
longevity mutants reveals that ATFS-1 target genes are upregulated in group 1 mutants but either unchanged or
downregulated in group 2 and group 3 mutants. B. A heat map of the top 61 high confidence ATFS-1 target genes from Soo et
al. Micropublication Biology 2021 shows activation of the mitochondrial unfolded protein response (mitoUPR) pathway in
group 1 mutants but not in group 2 or group 3 mutants. These results suggest that group 1 longevity mutants rely on the
mitoUPR pathway to promote longevity while group 2 and group 3 mutants utilize other pathways. Panel A includes RNA-seq
data from six biological replicates per strain except for wild-type, which included 18 biological replicates. Statistical
significance was assessed using a one-way ANOVA with Dunnet’s multiple comparisons test. **p<0.01, ***p<0.001,
**%%p<0.0001.

Rudich, Guan, Tamez Gonzalez et al., 2026 eLife 15:RP112139. https://doi.org/10.7554/eLife.112139.1 11 of 63


https://doi.org/10.7554/eLife.112139.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/developmental-biology
https://elifesciences.org/subjects/genetics-genomics

= eLife

Developmental Biology | Genetics and Genomics

included genes involved in translation, gene expression, ribosome function and metabolism

(Figure 7C@, Figure S34 ). This is consistent with existing work showing that decreasing

translation can extend lifespan /2 % 2,

Individual genes that are modulated in the majority of long-lived
mutants are required for lifespan extension and resistance to
stress

Having successfully identified genetic pathways contributing to longevity across multiple long-
lived mutants, we next determined the extent to which individual differentially expressed genes
contributed to lifespan extension in the long-lived mutants. To do this, we focused on the 196
genes that are significantly upregulated in six or more long-lived mutants. We rationalized that the
upregulation of these genes could either be contributing to longevity, associated with longevity or
could be acting to limit longevity. To distinguish between these possibilities, we planned to
decrease the expression of these upregulated genes using RNA interference (RNAi) and then
measure lifespan. Of these 196 genes, we tested 116 RNAI clones which were (1) in the Ahringer
RNAI library; and (2) grew after one or two attempts. We decided to knock down these genes in
either daf-2 or nuo-6 mutants, depending on which strain exhibited the greatest magnitude of
upregulation, as these two strains provide a large window to see the effects of knockdown. We
included daf-16 RNAI as a positive control in each experiment.

Among the genes tested in daf-2 mutants, we found that the majority of RNAi clones did not affect
daf-2 lifespan but some RNAI clones were found that modestly increased or decreased longevity
always much less than daf-16 RNAI. Similarly, we found that most of the RNAI clones targeting
commonly upregulated genes in nuo-6 mutants had no effect on lifespan, but that there were
clones that both increased and decreased nuo-6 longevity (Figure S36 ). In order to compare
clones across the different lifespan trials, we calculated a weighted mortality score for each gene.
This score was calculated as the mortality for the RNAi clone minus the mortality of empty vector
all divided by the mortality of daf~16 RNAi minus the mortality of empty vector (Figure S37(2).
Based on these mortality scores, we selected seven genes for confirmation in nuo-6 mutants and
testing in wild-type: CO8F11.7, ugt-62, K05C4.9, DC2.5, C05B5.5, T07C4.5 and W03B1.7. We found
that RNAi targeting all of these genes decreased lifespan in both nuo-6 and wild-type worms
(Figure 8B,C @ ; Figure S38(%). This suggests that these genes are generally important for longevity

and not specifically required for the extended longevity of nuo-6 worm:s.

For further characterization, we decided to focus on three genes. These genes were selected based
on the strength and reproducibility of the increase in weighted mortality in order to identify genes
with a clear, consistent impact. CO5B5.5 and T07C4.5 were ruled out because they had an
inconsistent impact on weighted mortality. W03B1.7 was ruled out because it did not have a strong
enough effect on weighted mortality. Finally, CO8F11.7, ugt-62, and K05C4.9 were chosen as they
had a greater impact on weighted mortality than DC2.5.

First, we examined the expression of these three genes across the panel of the long-lived mutants.
We found that all three of these genes are upregulated in group 1 longevity mutants but not in
group 2 or group 3 (Figure 9A(2). Based on this, we wondered if these genes are more important
for the lifespan of group 1 longevity mutants than group 2 or group 3. Accordingly, we knocked
down these genes in daf-2 (group 1), eat-2 (group 2) and ife-2 (group 3) worms and measured
lifespan. Surprisingly, we found that RNAI targeting each of these genes did not decrease daf-2

lifespan (Figure 9B (%). In contrast, RNAi targeting CO8F11.7 or ugt-62 decreased the lifespan of

Combined, this suggests that CO8F11.7, ugt-62, and K05C4.9 are generally affecting longevity and
not specifically important for group 1 mutants.
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Figure 7. Genes that are commonly upregulated in the majority of long-lived mutants are involved in
metabolism, defense and innate immunity.

A. Comparing differentially expressed genes across the panel of long-lived mutants revealed that very few genes are
commonly regulated across seven or more strains. B. Among the 196 genes that are upregulated in 6 or more long-lived
mutants there was an enrichment for genes involved in various metabolic processes, defense response and innate immunity.
C. Among the 362 genes that are downregulated in 5 or more long-lived mutants there was an enrichment for genes involved
in translation, ribosome and gene expression.
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Figure 8. Targeted RNA interference screen identifies differentially expressed genes that can individually

affect

longevity.

To identify differentially expressed genes that can affect lifespan individually, genes that were found to be upregulated in six
or more long-lived mutants were knocked down in daf-2 or nuo-6 mutants and the resulting effect on lifespan was quantified.
While the majority of these RNAI clones did not affect longevity, we found that there were RNAi clones that both increased
and decreased lifespan. Three genes were selected to study further: CO8F11.7, ugt-62 and K05C4.9. (B) We confirmed that
these genes decrease lifespan in nuo-6 worms. (C) Knocking down these genes was also found to decreased wild-type
lifespan. Total n per treatment was as follows: nuo-6 EV (47), nuo-6 daf-16 RNAi (91), nuo-6 CO8F11.7 RNAI (62), nuo-6 ugt-62
RNAI (64), nuo-6 K05C4.9 RNAI (45), WT EV (86), WT daf-76 RNAI (69), WT CO8F11.7 RNAI (61), WT ugt-62 RNAI (40), WT K05C4.9
RNAI (75). Statistical significance was assessed using the log-rank test.
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Figure 9. Knockdown of C08F11.7, ugt-62 and K05C4.9 decreases lifespan in multiple long-lived mutants.

(A) The expression of C08F11.7, ugt-62 and K05C4.9 is increased in group 1 longevity mutants, but either unchanged or
decreased in group 2 and group 3 mutants. (B) Knockdown of C08F11.7, ugt-62 or K05C4.9 did not decrease the longevity of
group 1 daf-2 mutants. (C) Knockdown of CO8F11.7 or ugt-62 but not K05C4.9 decreased lifespan in group 2 eat-2 mutants. (D)
Knockdown of C08F11.7, ugt-62 or KO5C4.9 decreased the longevity of group 3 ife-2 mutants. 25 pM FUdR was used in the
lifespan studies. Two biological replicates were performed. The total n for each group was as follows: daf-2 EV (87), daf-2 daf-
16 RNAI (72), daf-2 CO8F11.7 RNAI (95), daf-2 ugt-62 RNAI (87), daf-2 KO5C4.9 RNAI (93), eat-2 EV (92), eat-2 daf-16 RNAI (95), eat-
2 CO8F11.7 RNAI (95), eat-2 ugt-62 RNAI (91), eat-2 KO5C4.9 RNAI (76), ife-2 EV (92), ife-2 daf-16 RNAI (106), ife-2 CO8F11.7 RNAI
(81), ife-2 ugt-62 RNAI (56), ife-2 KO5C4.9 RNAI (64). Statistical significance was assessed using a one-way ANOVA with
Dunnett’s multiple comparisons test in panel A and a log-rank test in panels B-D.
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Overexpression of individual upregulated genes can increase
stress resistance and lifespan

Having shown that knockdown of CO8F11.7, ugt-62, and K05C4.9 can decrease lifespan, we next
sought to determine the extent to which increasing expression of these genes could increase
longevity. Accordingly, we generated novel strains that ubiquitously overexpress C08F11.7, ugt-62,
and K05C4.9 under the rpl-28, rpl-2 and eft-3 promoters, respectively (these strains will be referred
to as CO8F11.7 OE, ugt-62 OE, and K05C4.9 OE worms). We used different ubiquitous promoters for
each strain so that it would be possible to combine the strains together without transcription
factor dilution. In measuring the lifespan of these strains, we found that overexpression of

increased resistance to heat stress (35°C) compared to wild-type worms, while heat stress
resistance was unaffected by overexpression of K05C4.9 (Figure 10E (2). In examining bacterial

pathogen resistance, we found that CO8F11.7 OE worms exhibit increased survival when exposed
to P. aeruginosa strain PA14, while ugt-62 OE worms survive as long as wild-type worms (Figure

increases both stress resistance and lifespan while overexpression of ugt-62 increases resistance to
stress.

Discussion

In this work, we compared gene expression changes across a panel of nine long-lived mutants. We
found that these mutants exhibit significant overlap among their differentially expressed genes,
but that there appear to be both common and opposing strategies to achieve long life. Genes
involved in metabolism, immunity, translation and stress resilience were found to be central
regulators of longevity. Individual genes were found to be predictive of lifespan and to be able to
affect both lifespan and stress resistance individually.

This research extends previous single mutant transcriptomic studies by analyzing a panel of long-
lived mutants under the same experimental conditions in order to facilitate direct comparison by
reducing technical variation. We found that there are hundreds of genes whose expression at
young adulthood exhibits a significant positive correlation with lifespan. The expression of these
genes can be used as a predictor of longevity. Previous studies have reported genes that can act as

predictors of lifespan 4% %2 4% %2 2, This is consistent with research showing that changes during
development or early adulthood are sufficient to increase lifespan %> 28,2220 and suggest that an

organism’s aging trajectory can be set early in life.

Comparing gene expression across pairs of long-lived mutants demonstrated that most long-lived
mutants share a significant number of differentially expressed genes with multiple other long-
lived mutants. The number of overlapping genes that we observed may be an underestimate of the
actual number of overlapping genes. When we previously examined gene expression by RNA-seq
in the same strain with the same experimental paradigm but at different times, we observed that
there were significant differences in gene expression 2. Thus, at least some of the differences
between the long-lived mutants may be due to normal variations in gene expression
measurement. Nonetheless, the fact that there are large numbers of genes that are differentially
expressed in the same direction in multiple long-lived mutants suggests that at least some of the

genetic pathways contributing to lifespan extension in these mutants are shared.
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Figure 10. Overexpression of individual genes that are differentially expressed in long-lived mutant strains
can increase lifespan and resistance to stress.

(A) Overexpression (OE) of CO8F11.7 significantly increased lifespan, while overexpression of ugt-62 (B) or K05C4.9 (C)
decreased longevity. (D) Overexpression of CO8F11.7 and ugt-62 combined increased lifespan to a greater extent than either
gene alone. (E) Resistance to heat stress (35°C) was enhanced in worms overexpressing CO8F11.7 or ugt-62. (F) CO8F11.7 OE
worms also showed enhanced resistance to bacterial pathogens (P. aeruginosa strain PA14). (G) Resistance to oxidative stress
(4 mM paraquat) was increased in CO7F11.7 OE and ugt-62 OE worms. There was no increase in resistance to osmotic stress
(450 mM, 500 mM; H) or anoxia (72 h; I) in any of the overexpression strains. Three biological replicates were performed for
each lifespan study. The total number of animals per strain for lifespan studies was as follows: WT (159), CO8F11.7 OE (130),
ugt-62 OE (146), K0O5C4.9 OE (133), CO8F11.7 OE; ugt-62 OE (173). Statistical significance was assessed with a log-rank test in
panels A-G and a one-way ANOVA with Dunnett’s multiple comparison’s test in panels H and I. ***p<0.001. The full
genotypes of the overexpression strains are: sybIs6868[rpl-28p::C08F11.7, myo-2p::mCherry], sybIs6945[rpl-2p::ugt-62, myo-
3p::mCherry] and, sybIs6925[eft-3p::K05C4.9, ges-1p::mCherry].
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At the same time, the long-lived mutants also exhibited significant differences in gene expression.
An important finding of this work is that the long-lived mutants examined cluster into three
distinct longevity groups based on gene expression. This clustering suggests that extended lifespan
can arise from different molecular strategies. Moreover, the observation that many genes that are
upregulated in group 1 longevity mutants are downregulated in group 2 longevity mutants, and
vice versa, indicates that the same pathways can be modulated in opposite directions to increase
lifespan. The group 1 longevity mutants (daf-2, glp-1, clk-1, isp-1, nuo-6, sod-2) exhibit activation of
DAF-16 and ATFS-1 target genes and the loss of these transcription factors has been shown to
decrease their longevity 1132 The group 2 longevity mutants (eat-2, osm-5) exhibit upregulation
of other genes, not upregulated in group 1 mutants, including PQM-1 target genes. ife-2 (group 3)
mutants exhibit the greatest number of transcriptional changes, which exhibit overlap with
changes in both group 1 and group 2 mutants.

While our data identify several genes that are regulated in opposite directions in group 1 and
group 2 longevity mutants, we do not yet know the extent to which each of these genes contribute
to the longevity of group 1 and group 2 mutants. The three genes that we focused on for further
characterization (CO8F11.7, ugt-62 and K05C4.9) are upregulated in group 1 longevity mutants but
not group 2 mutants. Contrary to what might be expected, RNAi knockdown of these genes does
not decrease the lifespan of the group 1 longevity mutant daf-2 but does decrease the lifespan of
the group 2 longevity mutant eat-2. We recently reviewed the effect of different resilience
pathways on the lifespan of long-lived genetic mutants.

Disruption of daf-16, sek-1, skn-1, hsf-1, ire-1 and trx-1 can decrease lifespan in both group 1 and
group 2 longevity mutants, but also decreases lifespan in wild-type worms suggesting that at least
in some mutants the effect on longevity may be non-specific 38, Disruption of hif1 does not affect
the longevity of group 2 mutants, but does affect the lifespan of some group 1 mutants (clk-1, isp-1,

nuo-6) but not others (daf-2, glp-1).

It is also unclear whether the longevity strategies utilized by group 1 and group 2 longevity
mutants can operate simultaneously or whether they are mutually exclusive. To more definitively
answer this question, it would be interesting to cross different combinations of group 1 and group
2 longevity mutants to see the extent to which different longevity groups synergize or potentially
inhibit lifespan extension.

Among the genes commonly upregulated in multiple long-lived mutants, there was an enrichment
for genes involved in innate immunity, defense and metabolism. Our group and others have
previously demonstrated an important role for innate immune signaling in the extended longevity
of long-lived mutants 2> 2. We and others have also shown that various pathways of cellular

resilience promote longevity in long-lived mutants 1% 17 27, 36 48,22, 23,

Genes that were found to be downregulated in multiple long-lived mutants were involved in
translation and gene expression, anabolic processes that promote growth. Previous work has
demonstrated that decreasing translation is sufficient to extend lifespan /> % 2%, Together, these
patterns support a model in which long-lived animals alter their metabolism to shift the balance
from growth and biosynthesis toward defense and repair.

To move beyond correlation and test causation, we performed a targeted RNAi screen to examine
the effect of knocking down genes that are upregulated in multiple long-lived mutants on lifespan.
The majority of RNAI clones targeting commonly upregulated genes had no significant effect on
longevity. This could be due to multiple reasons: (1) increased expression of the gene in long-lived
mutants does not contribute to longevity; (2) increased expression of the gene contributes to
longevity but the effect size is too small to detect when acting individually; (3) the level of
knockdown achieved by the RNAi clone was not sufficient to inhibit gene function thereby
resulting in no effect on longevity (we did not measure the level of knockdown achieved as we do
not know what level of knockdown is need to affect function and it was unfeasible for this screen);
or (4) the RNAI clone did not target the correct gene (the Ahringer RNAi library is known to have
errors and we only confirmed the sequence of RNAi clones for positive hits).
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Among the RNAi clones that significantly affected the longevity of daf-2 or nuo-6 worms, some
clones increased lifespan and some decreased lifespan. We focused on the RNAi clones that
decreased lifespan as this suggests that these genes are required for the longevity of these long-
lived mutants. We selected seven genes to re-confirm in nuo-6 mutants and test in wild-type
worms. We found that RNAi clones targeting each of the seven genes (C08F11.7, ugt-62, K05C4.9,
DC2.5, C05B5.5, T07C4.5 and WO03B1.7) significantly decreased both nuo-6 and wild-type lifespan.
The fact that these genes also shorten wild-type lifespan suggests that these genes are acting as
general pro-longevity factors and not specifically contributing to the extended lifespan of nuo-6
worms. Based on this conclusion, we examined the effect of overexpressing three of these genes in
a wild-type background. We found that overexpression of CO8F11.7 results in increased lifespan,
thermotolerance, and resistance to oxidative stress and bacterial pathogens. In contrast,
overexpression of K05C4.9 significantly decreased lifespan. This indicates that not all genes that
are upregulated in long-lived mutants are acting to promote longevity. In the case of K05C4.9,
increasing or decreasing its levels reduces longevity suggesting that its levels need to be tightly
regulated to achieve a normal lifespan. In future work it would be interesting to examine

additional healthspan parameters in these strains End

Having quantified gene expression levels in nine different long-lived mutants, we developed a tool
for the research community for examining expression of genes of interest across the panel of long-
lived mutants in this study. This tool can be accessed at the website:
https://vanraamsdonk.shinyapps.io/mutant_comparison_viewer/ . This tool can be used to look up
the expression of a gene or genes of interest in one or more of the long-lived mutants that we
studied. The tool is online for everyone to use and can generate graphs comparing gene expression
across long-lived mutants, indicate whether changes observed are statistically significant and
provide access to the raw data. This tool can be used by researchers studying aging to test
hypotheses about specific genes or genetic pathways that may be contributing to longevity. In
addition to the online tool we generated for viewing our RNA-seq data, there are a number of
excellent online tools that can be used to further analyse the data we generated in order to gain

further insights into the aging process 22.

Conclusions

In this work, we compared gene expression across a panel of long-lived genetic mutants. We found
that these mutants share many gene expression changes suggesting that they employ a number of
common genetic pathways to promote longevity. This includes pathways involved in cellular
resilience and innate immunity. At the same time, the long-lived mutants also show unique
patterns of gene expression that separates the mutants into three distinct longevity groups that in
some cases modulate the same genetic pathways in opposite directions to achieve long life. While
most individual differentially expressed genes do not exhibit a detectable effect on longevity, at
least some of the differentially expressed genes can affect both lifespan and stress resistance
individually. Overall, this work demonstrates that there are both shared and unique pathways
contributing to lifespan extension in genetic long-lived mutants.

Materials and Methods

Strains

The strains used in this study included: N2 (wild-type), ife-2 (0k306), clk-1(qm30), sod-2(0k1030),
eat-2(ad1116), osm-5(p813), nuo-6(qm200), isp-1(qm150), daf-2(e1370), glp-1(e2141), PHX6925
sybIs6925[eft-3p::K05C4.9, ges-1p::mCherry], PHX6945 sybIs6945[rpl-2p::ugt-62, myo-3p::mCherry]
and PHX6868 sybIs6868[rpl-28p::C08F11.7, myo-2p::mCherry]. PHX6925, PHX6945 and PHX 6868
were generated by SunyBiotech. All strains were grown and maintained in nematode grown
medium (NGM) plates at 20°C except glp-1(e2141), which was maintained at 20°C, but developed at
25°C for experiments. Plates were seeded with OP50 E. coli as a food source.
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Lifespan

Lifespan analyses were performed on NGM plates seeded with OP50 bacteria. For most lifespan
experiments no 5-fluoro-2’-deoxyuridine (FUdR) was used. In cases where FUdR was utilized, we
used a low concentration of 25 uM, which we have previously shown not to affect wild-type
lifespan and have minimal effects on other genotypes 2°. When FUdR was used, worms were
transferred to the FUdR plates as prefertile young adults. Only adult lifespan was measured so that
differences in development time would not affect the lifespan. During the lifespan study, worms
were checked every 2-3 days until death. Worms with internal hatching or externalization of

internal organs were removed from the study.

RNA isolation

RNA was isolated using TRIZOL as described previously >.. Briefly, pre-fertile young adult worms

were washed three times in M9 buffer and frozen in TRIZOL. After freeze-thawing three times,
RNA was separated using chloroform, precipitated with isopropanol, and washed with 75%
ethanol before being dissolved in RNAse free water. Isolated RNA was then frozen until library
preparation and sequencing.

RNA sequencing and Bioinformatic Analysis

Library preparation and RNA sequencing was performed as previously described 1. RNA-seq data
is available on NCBI GEO: GSE179825 https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE179825 @ 2% 22, GSE93724 https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE93724 2,
18, GSE110984 https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE110984 =% !/ and was
analyzed by the Harvard School of Public Health Bioinformatics core for this paper as previously

described 25 28,

Read mapping and expression level estimation

All samples were analyzed with an RNA-seq workflow provided by the bcbio-nextgen framework
(https://bebio-nextgen.readthedocs.org/en/latest/ ). Initial read quality was evaluated with FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to verify that library preparation
and sequencing produced data suitable for downstream processing. When required, adapter
sequences, polyA contamination, and low-quality bases were removed using cutadapt
(http://code.google.com/p/cutadapt/ ). Trimmed reads were aligned to the Ensembl build
WBcel235 (release 90) of the C.elegans genome using STAR --. Alignment quality was reviewed by
examining metrics such as coverage uniformity, rRNA levels, genomic distribution of mapped
reads (including matches to annotated transcripts and introns), and overall library complexity.
Transcript abundances were quantified with Salmon °.. to identify transcript-level abundance
estimates and then collapsed down to the gene-level using the R Bioconductor package tximport 2.
Principal component analysis (PCA) and hierarchical clustering verified that samples grouped
appropriately by batch and mutant background.

Differential gene expression and enrichment analysis

Gene-level differential expression was assessed with the DESeq2 package in R %2. For each

comparison between mutant and wild-type samples, genes meeting a false discovery rate (FDR)
cutoff of 0.01 were considered significant. When experiments spanned two sequencing batches,
the model included a batch term to account for this source of variation.

Overlap analysis

Differentially expressed genes were divided according to whether they were up- or down-
regulated and then compared across lists. The statistical significance of the overlaps was evaluated
with a hypergeometric test.
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Heatmap generation

For each dataset involving a long-lived mutant versus wild-type, raw counts were transformed
using DESeq2’s regularized log (rlog) method 22, which stabilizes variance across the expression
range and enhances unbiased clustering.

Weighted Venn diagrams

Weighted Venn diagrams were prepared using BioVenn https:/www.biovenn.nl/.

UpSetR plots

UpsetR plots were prepared using R. https./pmc.ncbi.nlm.nih.gov/articles/PMC5870712/ %

Gene Ontology

Gene ontology enrichment plots were prepared using ShinyGO 0.85.1
https://bioinformatics.sdstate.edu/go/ .

Overlap between gene sets

The significance of overlap between lists of differentially expressed genes was determined by
calculating the Jaccard Index (number of overlapping genes/total number of genes) and
significance was assessed using Fisher’s exact test.

Targeted RNAi lifespan screen

For the targeted RNAI lifespan screen, there were RNAi clones for 154 of the 196 genes upregulated
in 6 or more long-lived mutants. We found that several of these clones did not grow after two
attempts leaving 116 clones. 52 of these clones were tested in daf-2 mutants and 63 were tested in
nuo-6 mutants. For each lifespan trial, daf~2 or nuo-6 worms were synchronized by bleaching. The
resulting eggs were placed on RNAi plates to start the lifespan study. Worms were transferred to
new plates as necessary prior to offspring developing to adulthood. Survival of the worms was
assessed approximately every 5 days.

Heat stress assay

Prefertile young adult animals were transferred to a 35°C incubator on NGM plates seeded with
OP50 bacteria. Survival was measured every hour beginning at 4 hours. Three biological replicates
with 20 worms per replicate were performed.

Bacterial pathogen stress assay

Resistance to bacterial pathogens was assessed by exposure to P. aeruginosa strain PA14 using a
modified slow kill assay as we have done previously 2% 22, An overnight culture of P. aeruginosa
strain PA14 was seeded onto NGM plates containing 20 mg/L FUdR. After growth at 37°C overnight
and then room temperature overnight, day 3 adult worms, which had been grown on plates
containing FUdR from adulthood, were transferred to the plates seeded with PA14. Survival was
monitored daily with plates incubated at 20°C. Four biological replicates with 30-60 worms per

replicate were performed.

Osmotic stress assay

Worms at day 1 of adulthood were placed in 450 mM and 500 mM NaCl NGM plates seeded with
200 pL 5x OP50 bacteria®?. Survival was scored after 48 hours of incubation at 20°C. Three
biological replicates with 20 worms per replicate were performed.
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Paraquat assay

To assess chronic oxidative stress resistance, day 1 adult worms were placed in NGM plates with 4
mM Paraquat and 100 yL FUdR, prepared 3 days before the experiment??.. The plates were seeded
with 200 ul of 10X OP50 bacteria one day before the start of the experiment, protected from the
light as they dried overnight. 20 worms were picked onto each plate and scoring was done every 2-

3 days until death. Three biological replicates were performed.

Anoxia assay

Day 1 adult animals were placed in NGM plates with 50 uM FUdR, seeded with 2x OP50. After
picking the worms into the plates, the plates were placed in a BD GasPak™ EZ Anaerobe pouch
system, which was tightly closed after the addition of the gas pack. Animals were placed on
incubation at 20°C for 72 hours, and then the pouch was opened to allow reoxygenation. Survival
was scored after 24 hours of reoxygenation at 20°C. Three biological replicates with 20 worms
each were performed.

Statistical Analysis

Statistical analysis was performed using Graphpad PRISM Version 9.4.1. For lifespan and survival
analyses, a log-rank test was used. For comparisons of a single variable across multiple groups, a
one-way ANOVA with Dunnett’s multiple comparisons test was used. Error bars indicate standard
error of the mean. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure S1.Transcriptomic analysis of long-lived sod-2 mutants. (A) Principal component analysis plot. (B)
Heatmap comparing gene expression to wild-type (WT) worms. (C) Mean average (MA) plot examining log fold
change across all genes. (D) Volcano plot comparing adjusted p-value and log fold change across all genes.
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Figure S2. Transcriptomic analysis of long-lived c/k-1 mutants.

(A) Principal component analysis plot. (B) Heatmap comparing gene expression to wild-type (WT) worms. (C) Mean average
(MA) plot examining log fold change across all genes. (D) Volcano plot comparing adjusted p-value and log fold change
across all genes.
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Figure S3. Transcriptomic analysis of long-lived isp-7 mutants.

(A) Principal component analysis plot. (B) Heatmap comparing gene expression to wild-type (WT) worms. (C) Mean average
(MA) plot examining log fold change across all genes. (D) Volcano plot comparing adjusted p-value and log fold change
across all genes.
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Figure S4. Transcriptomic analysis of long-lived nuo-6 mutants.

(A) Principal component analysis plot. (B) Heatmap comparing gene expression to wild-type (WT) worms. (C) Mean average
(MA) plot examining log fold change across all genes. (D) Volcano plot comparing adjusted p-value and log fold change
across all genes.
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Figure S5. Transcriptomic analysis of long-lived daf-2 mutants.

(A) Principal component analysis plot. (B) Heatmap comparing gene expression to wild-type (WT) worms. (C) Mean average
(MA) plot examining log fold change across all genes. (D) Volcano plot comparing adjusted p-value and log fold change
across all genes.
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Figure S6. Transcriptomic analysis of long-lived glp-7 mutants.

(A) Principal component analysis plot. (B) Heatmap comparing gene expression to wild-type (WT) worms. (C) Mean average
(MA) plot examining log fold change across all genes. (D) Volcano plot comparing adjusted p-value and log fold change

across all genes.
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Figure S7. Transcriptomic analysis of long-lived eat-2 mutants.

(A) Principal component analysis plot. (B) Heatmap comparing gene expression to wild-type (WT) worms. (C) Mean average
(MA) plot examining log fold change across all genes. (D) Volcano plot comparing adjusted p-value and log fold change
across all genes.
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Figure S8. Transcriptomic analysis of long-lived osm-5 mutants.

(A) Principal component analysis plot. (B) Heatmap comparing gene expression to wild-type (WT) worms. (C) Mean average
(MA) plot examining log fold change across all genes. (D) Volcano plot comparing adjusted p-value and log fold change
across all genes.
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Figure S9. Transcriptomic analysis of long-lived ife-2 mutants.

(A) Principal component analysis plot. (B) Heatmap comparing gene expression to wild-type (WT) worms. (C) Mean average
(MA) plot examining log fold change across all genes. (D) Volcano plot comparing adjusted p-value and log fold change
across all genes.
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Figure S10. Enrichment analysis of differentially expressed genes in long-lived sod-2 mutants.

Genetics and Genomics

(A) Gene ontology (GO) term enrichment of upregulated genes. (B) Kegg pathway enrichment for upregulated genes. (C) GO
term enrichment for downregulated genes. (D) Kegg pathway enrichment for downregulated genes. Enrichment analysis was
performed using ShingGo 0.85.1 https://bioinformatics.sdstate.edu/go/ 2 .
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Figure S11. Enrichment analysis of differentially expressed genes in long-lived c/k-1 mutants.

(A) Gene ontology (GO) term enrichment of upregulated genes. (B) Kegg pathway enrichment for upregulated genes. (€) GO
term enrichment for downregulated genes. (D) Kegg pathway enrichment for downregulated genes. Enrichment analysis was
performed using ShingGo 0.85.1 https://bioinformatics.sdstate.edu/go/ .
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Figure S12. Enrichment analysis of differentially expressed genes in long-lived isp-7 mutants.

Genetics and Genomics

(A) Gene ontology (GO) term enrichment of upregulated genes. (B) Kegg pathway enrichment for upregulated genes. (C) GO
term enrichment for downregulated genes. (D) Kegg pathway enrichment for downregulated genes. Enrichment analysis was
performed using ShingGo 0.85.1 https://bioinformatics.sdstate.edu/go/C2 .

A

Xenobiotic metabolic proc. -

Gellular response to xenobiotic stimulus -

Pyridine-containing compound metabolic proc. -

Atp synthesis coupled electron transport -

Response to xenobiotic stimulus =

Oxidative phosp! -

Electron transport chain -

Aerobic respiration -

Cellular respiration -

Generation of precursor and energy -
Organic acid catabolic proc. - —— —eeee
Carboxylic acid catabolic proc. - ——eeeeee g
Organic acid metabolic proc. -  —————————————@
Small molecule catabolic proc. - =—— g
Monocarboxylic acid metabolic proc. - =——e
Carboxylic acid metabolic proc, e —————l

Oxoacid metabolic Proc. - m——eee—
Small molecule proc. -
Small molecule metabolic proc. - =—eeee
Neuropeptide signaling pathway -  =——————
0 2

Fold Enrichment

Porphyrin
of xenobiotics by P450-
Drug P450-
Ascorbate and aldarate

Retinol
Pyruvate

Glyoxylate and

Biosynthesis of Cofaclors - m———eeg

Carbon

Tryptophan

Longevity regulating path ltiple species -
Drug ther enzymes -

Longevity regulating pathy

Valine leucine and isoleucine
Biosynthesis of amino acids -  —————s

Metabolic pathways - =————
Oxidative phosp

0 2
Fold Enrichment

Ribosomal large subunit biogenesis -
Cytoplasmic transiation -
Protein-rma complex assembly -
Protein-ma complex -
N.of Genes  Ribonucleoprotein complex biogenesis - N. of Genes
.50 Ribosome biogenesis - ® 300
° 100 Rima processing - ® 500
® 150 Aima metabolic proc. - ® 900
I8 200 Protein ylation - ® 1200
Translation - ——
Dephosphorylaiion - e
-log10(FOR) Protein metabolic proc. - mmeeeeeeeeet® HIFIDFDR)
RNa processing - m——_— ® 20
Proleolysis = @ ®x
Protein proc. o
1 @ 50
Phosphorus metabolic proc, = —————————@
metabolic proc. -
Primary metabolic proc. - —ee
Cellular metabolic proc. - e
0 i 2 3 4
Fold Enrichment
Protein export-
N. of Genes Ribasoms] N of Genes
. 50
o 25
® 100 ANA R o
® 150 Protein processing in reticulum- 75
® 200 Gytoskeleton in muscle cells- o
® 250
of fatly acids- -og10(FOR)
5
{10g10(FDR) R 4
®s MRNA surveillance pathway - ———————————————@ : 10
15
® 1 Motor proleins - —mmeeeeee———a
@15 transport-
®20 Ribosome biogenesis in eukaryotes: —————— o
Endocylosis - e
0 i 2 3 4
Fold Enrichment

Figure S13. Enrichment analysis of differentially expressed genes in long-lived nuo-6 mutants.

(A) Gene ontology (GO) term enrichment of upregulated genes. (B) Kegg pathway enrichment for upregulated genes. (C) GO
term enrichment for downregulated genes. (D) Kegg pathway enrichment for downregulated genes. Enrichment analysis was
performed using ShingGo 0.85.1 https://bioinformatics.sdstate.edu/go/ ™ .
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Figure S14. Enrichment analysis of differentially expressed genes in long-lived daf-2 mutants.

(A) Gene ontology (GO) term enrichment of upregulated genes. (B) Kegg pathway enrichment for upregulated genes. (C) GO
term enrichment for downregulated genes. (D) Kegg pathway enrichment for downregulated genes. Enrichment analysis was

performed using ShingGo 0.85.1 https://bioinformatics.sdstate.edu/go/ ™ .
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Figure S15. Enrichment analysis of differentially expressed genes in long-lived glp-7 mutants.

(A) Gene ontology (GO) term enrichment of upregulated genes. (B) Kegg pathway enrichment for upregulated genes. (C) GO
term enrichment for downregulated genes. (D) Kegg pathway enrichment for downregulated genes. Enrichment analysis was

performed using ShingGo 0.85.1 https://bioinformatics.sdstate.edu/go/ ™ .
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Figure S16. Enrichment analysis of differentially expressed genes in long-lived eat-2 mutants.

Genetics and Genomics

(A) Gene ontology (GO) term enrichment of upregulated genes. (B) Kegg pathway enrichment for upregulated genes. (C) GO
term enrichment for downregulated genes. (D) Kegg pathway enrichment for downregulated genes. Enrichment analysis was
performed using ShingGo 0.85.1 https://bioinformatics.sdstate.edu/go/ .
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Figure S17. Enrichment analysis of differentially expressed genes in long-lived osm-5 mutants.

(A) Gene ontology (GO) term enrichment of upregulated genes. (B) Kegg pathway enrichment for upregulated genes. (C) GO
term enrichment for downregulated genes. (D) Kegg pathway enrichment for downregulated genes. Enrichment analysis was
performed using ShingGo 0.85.1 https://bioinformatics.sdstate.edu/go/ 2 .
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Figure S18. Enrichment analysis of differentially expressed genes in long-lived ife-2 mutants.

Genetics and Genomics

(A) Gene ontology (GO) term enrichment of upregulated genes. (B) Kegg pathway enrichment for upregulated genes. (C) GO
term enrichment for downregulated genes. (D) Kegg pathway enrichment for downregulated genes. Enrichment analysis was
performed using ShingGo 0.85.1 https://bioinformatics.sdstate.edu/go/ .
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Figure S19. Comparison of gene expression changes in c/k-1 mutants in the current study to previous
published gene expression results.

The published microarray data is from Cristina et al. 2009 PLoS Genetics Microarray:

https://doi.org/10.1371/journal.pgen.1000450C% . The published RNA-seq data is from Dutta et al. 2025 PLoS Biology

(https://doi.org/10.1371/journal.pbio.3003504 % ).
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Figure S20. Comparison of gene expression changes in isp-1 mutants in the current study to previous
published gene expression results.

The published microarray data is from Cristina et al. 2009 PLoS Genetics (https://doi.org/10.1371/journal.pgen. 1000450 ) and
Yee et al. 2014 Cell https://doi.org/10.1016/j.cell.2014.02.055

isp-1 isp-1
Upregulated genes overlap Downregulated genes overlap

Figure S21. Comparison of gene expression changes in nuo-6 mutants in the current study to previous
published gene expression results.

The published microarray data is from Yee et al. 2014 Cell (https://doi.org/10.1016/j.cell.2014.02.055 ).
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Figure S22. Comparison of gene expression changes in daf-2 mutants in the current study to previous

published gene expression results.

The published RNA-seq data is from Zhang et al. 2022 Nature Communications (https://doi.org/10.1038/541467-022-33850-43 ).
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Figure S23. Comparison of gene expression changes in glp-1 mutants in the current study to previous

published gene expression results.

The published RNA-seq data is from Chaturbedi et al., 2025 Nature Communications (https://doi.org/10.1038/541467-025-64341-
x@) and Steinbaugh et al. 2015, eLife (https://doi.org/10.7554/elLife.07836 ().
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Figure S24. Comparison of gene expression changes in eat-2 mutants in the current study to previous
published gene expression results.

The published RNA-seq data is from Dutta et al. 2025 PLoS Biology (https://doi.org/10.1371/journal.pbio.30035042 ) and Ng et
al. 2020 npj Aging (https://doi.org/10.1038/s41514-020-0044-8 ().
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Y (2

Figure S25. Comparison of gene expression changes in osm-5 mutants in the current study to previous
published gene expression results.

The published RNA-seq data is from Li et al. 2024 PNAS (https://doi.org/10.1073/pnas.2321228121%).
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Figure S26. UpSetR plots showing degree of overlap between sets of long-lived mutants.

(A) Significantly upregulated genes. (B) Significantly downregulated genes. Black bars on the left indicate the size of each
gene set (number of differentially expressed genes in each long-lived mutant). Height of coloured bars indicates the number
of genes in common between the strains indicated below. For example, the first column of the upregulated genes indicates
the number of genes that are significantly upregulated in ife-2, osm-5 and eat-2 worms. The colours indicate the number of
strains in each overlap: dark blue = 3, light blue = 4, orange = 5, pink = 6 and black = 7.
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Figure S27. Degree of overlap of significantly downregulated genes between pairs of long-lived mutants is

highly significant.

Significantly downregulated genes (p<0.01) were compared between each pair of long-lived mutants. For most long-lived

mutants, there is a highly significant degree of overlap between genes that are significantly downregulated in each long-lived

mutant. For eat-2 worms, there was only a significant overlap with osm-5 and ife-2 mutants. ife-2 and daf-2 mutants exhibited

a significant degree of overlap with all of the other long-lived mutants. The percentage shown above each bar indicates the

number of overlapping genes as a percentage of the total number of upregulated genes for the strain indicated in the graph
title on top of each graph. Statistical significance was assessed using a Fisher’s exact test. ****p<0.0001.
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Figure S28. Heat map demonstrates that long-lived mutants cluster into three groups by gene expression.

Group 1 contains daf-2, nuo-6, glp-1, sod-2, clk-1 and isp-1. Group 2 contains eat-2 and osm-5. Group 3 contains ife-2.
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Figure S29. Group 1 longevity mutants exhibit downregulation of Class II DAF-16 target genes.

A heat map of the top 50 high confidence Class II DAF-16 target genes (genes negatively regulated by DAF-16) from Tepper et
al. Cell 2014 shows downregulation of genes that are negatively regulated by DAF-16 in group 1 mutants but not in group 2 or
group 3 mutants.
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Figure S30. Examples of genes upregulated in group 2 longevity mutants.

A number of genes were found to be significantly upregulated in group 2 longevity mutants eat-2 and osm-5 (red bars) but
either unchanged or downregulated in group 1 longevity mutants (blue bars). These genes showed variable expression in the
group 3 (purple bars) longevity mutant ife-2. Interestingly, among the genes that were specifically upregulated in group 2
longevity mutants were the PQM-1 target genes F55G11.2 and fat-7. Statistical significance was assessed using a one-way
ANOVA with Dunnet’s multiple comparisons test. **p<0.01, ***p<0.001, ****p<0.0001.
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Transcription

Group 2

Group 1

Factors

Group 3

Transcription .
Transcription
Factors
Factors
Transcription
Factor sod-2 clk-1 isp-1 nuo-6 daf-2 glp-1 eat-2 osm-5 ife-2 Group 1 vs. Group 2
ATHP-1 repressed repressed repressed activated repressed
CEH-48 repressed repressed activated repressed
DAF-16 activated activated activated activated activated activated
DIE-1 repressed repressed activated repressed
DMD-6 activated activated activated
EFL-1 repressed repressed repressed activated repressed
ELT-3 activated activated activated activated activated
HLH-27 repressed activated repressed
CEY-1 activated repressed activated
DAF-12 activated repressed activated
EGRH-3 activated repressed activated
END-3 activated Repressed repressed activated
EOR-1 activated repressed activated
FKH-9 activated activated repressed activated
KLF-1 activated repressed activated
KLF-3 activated repressed activated
MAB-9 activated repressed activated
NHR-142 activated activated Activated activated activated repressed activated
NHR-145 activated repressed activated
NHR-232 activated activated activated repressed activated
NHR-65 activated repressed activated
NHR-84 activated activated repressed activated
SCRT-1 activated repressed activated
SPTF-3 activated repressed activated
TBX-38 activated repressed activated
TBX-43 activated repressed activated
UNC-62 activated repressed activated
Y44A6D.3 activated repressed repressed
ZTF-3 activated repressed activated
ELT-6 activated repressed repressed activated activated
FKH-7 activated repressed activated
LSL-1 repressed repressed repressed repressed
LSY-2 repressed repressed repressed

Figure S31. Activity of specific transcription factor are modulated in multiple long-lived mutants.

The Venn diagram shows the overlap between transcription factor found to be modulated in group 1, group 2 and group 3
longevity mutants. There were 33 transcription factors that were found to be significantly modulated in all three longevity

groups. Of those 33 transcription factors, 25 are modulated in opposite directions in group 1 and group 2 longevity mutants,

while only 5 are modulated in the same direction. The direction of transcription factor modulation in ife-2 worms is most
similar to group 1 longevity mutants.
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Figure S32. Comparison of gene expression changes in long-lived mutants to gene expression changes
during aging.

The gene expression changes in each of the nine long-lived mutants was compared to genes that are differentially expressed
during aging. In each long-lived mutant, there were genes that were modulated in the same direction as changes that take
place during aging (e.g. upregulated in long-lived mutant and upregulated during aging or downregulated in long-lived
mutant and downregulated during aging) and genes that were modulated in opposite directions (upregulated in long-lived
mutant and downregulated during aging or downregulated in long-lived mutant and upregulated during aging).
Interestingly, in group 1 longevity mutants there were a greater number of genes modulated in the same direction as genes
that are differentially expressed with age, while in group 2 longevity mutants there were a greater number of genes
modulated in the opposite direction as genes that are differentially expressed with age. This was primarily due to genes that
are downregulated during aging being upregulated in group 2 longevity mutants.
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Figure S33. Genes upregulated in multiple long-lived mutants are involved in various metabolic processes,
defense responses and innate immunity.
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Figure S34. Genes downregulated in multiple long-lived mutants are involved in translation and various
metabolic processes.

Rudich, Guan, Tamez Gonzélez et al., 2026 eLife 15:RP112139. https://doi.org/10.7554/eLife.112139.1 48 of 63


https://doi.org/10.7554/eLife.112139.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/developmental-biology
https://elifesciences.org/subjects/genetics-genomics

Developmental Biology | Genetics and Genomics

100 - EV 100+ - EV 100 EV
-
° 80 -u daf-16 %% o 804 = daf-16 Fkkk © 80 = daf-16 *kk%k
2 o -+ €02C2.1 2 604 = R11AS4 5 &0 -+ F57B10.9
£ = F14F7.1 % £ ~ Y110A2AL.3 £ = SRS
;,3) 40 - TOGE6.5 :,3) 40 ~+- C44F1.3 g 40 ~ F56B3.1
2 5 -o- C05D12.2 2 20 -o- F57A10.2 & 5 o C34GE2
N < CAOH1.5 * - o T10B11.1 i
0t T T = T 1 0 T T i T 1 0+ T T = T 1
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Age (Days of Adulthood) Age (Days of Adulthood) Age (Days of Adulthood)
100+ - EV 100+ - EV 100 ey
| = daf-16 *kkk N = daf-16 Fxkx e
E 80 B pooasiy g 80 -+ C25E10.8 E 80 = daf-16 kkkk
S 60 - 704431 I 60 -+ C55A6.5 I 60 e B0238. 2
8 ’ H ~ F09G2.6 8 -+ ZC196.2
S 404 <+ T15H7.5 %% o 40 . o 40
5 s o C54F6.14 S - FB9E11.7
g ool o Y69H2.14.1 L : % 20 o C e
-+ B0213.14 -+ WO08A12.2 ** 52A10.2
0 T T T T 1 0 T T T T J 0t T T T T 1
0 10 20 30 40 50 0 10 20 30 40 50 [ 10 20 30 40 50
Age (Days of Adulthood) Age (Days of Adulthood) Age (Days of Adulthood)
100 - EV 100+ - EV 100+ - EV
o 80 = daf-16 *x** o 804 % daf-16 *k%% ° 804 = daf-16 *¥*¥*
2 + F16G10.15 2 -+ F15B9.1 2 -+ H14N18.3
H 60 - YS4GUIAT % % 607 -+ T01D3.3 £ 607 - T19C3.9
g 40+ - F48D6.4 **% g 40 - T02B5.1 g 40 - ZC412.3
P - F39E9.2 P o Y37TA1A2 o 504 o W01C9.2
- F26G1.4 - RO3H10.1 - -0~ C56G3.1
0 T T T T 1 0 T T T T 1 0 T T T T 1
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Age (Days of Adulthood) Age (Days of Adulthood) Age (Days of Adulthood)
100+ - EV 100+
- = daf-16 ¥k o 80 - EV
" J 4 2
2 -+ T07D10.3 2 = daf-16 #k¥x
= 607 - C44E12.1 & 601 = :312::“7-2*
-
8 40 -+ F47H4.2 * 8 a0 54
2, o FO2H6.5 2 Ll S T1C°B11‘1
a o=
-+ F56B3.1 204431
0 T u T T 1 0 T T T T !
0 10 20 30 40 50 0 10 20 30 40 50
Age (Days of Adulthood) Age (Days of Adulthood)

Figure S35. Survival plots for targeted RNAi screen in daf-2 mutants.

RNAi was initiated at the egg stage. daf-76 RNAi was included as a positive control. Statistical significance was assessed using
a log-rank test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure S36. Survival plots for targeted RNAi screen in nuo-6 mutants.

RNAi was initiated at the egg stage. daf-76 RNAi was included as a positive control. Statistical significance was assessed using
a log-rank test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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lifespan screen across trials, weighted mortality was calculated as (mortality - mortality of EV)/(mortality of daf-16 RNAI -

RNAi was initiated at the egg stage. daf-76 RNAi was included as a positive control. To compare the results of the RNAi
mortality of EV). Black dots indicate data points from the initial screen. Blue dots indicate data from re-screening hits.

Figure S37. Summary of weighted mortality for targeted RNAi screen.
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Figure S38. Repeat testing of RNAI clones that decreased nuo-6 lifespan in initial screen.

Genetics and Genomics

All four RNAI clones were found to decrease lifespan in both nuo-6 and wild-type worms. Statistical significance was assessed

using the log-rank test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Peer reviews
Reviewer #1 (Public review):

This manuscript by Rudich ZD et al. systematically profiled the transcriptomic changes in
nine long-lived C. elegans mutants and presented a careful and informative comparative
analysis of these aging-related changes. In addition to these valuable datasets and
bioinformatics analyses, the authors performed a large-scale RNAIi screen to assess the role of
the differentially expressed genes (DEGS) in these mutants and identify several potential
targets to promote healthy aging. Moreover, the authors have provided a user-friendly
website to examine genes of interest in those longevity mutants from their datasets.

Strengths:
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Compared to previous transcriptomic analyses of these mutants in different reports, this
study minimized the technical variations and benefitted from the advances in RNA-Seq
technology and bioinformatics tools. Therefore, it should provide a more consistent and
comprehensive view of the molecular mechanisms underlying the longevity of these mutants.
The datasets in this manuscript are valuable to other researchers in the biology of aging.

Weaknesses:

Meanwhile, since these mutants have been extensively studied, the advance of this study in
unknown ageing mechanisms remains limited.

Comments on revised version.

In the revised manuscript, the authors have addressed most of my concerns. In the text of
this manuscript, the authors should still include more discussion on why osm-5 and daf-2 are
categorized into two different groups.

https://doi.org/10.7554/eLife.112139.1.sa2

Reviewer #2 (Public review):

Summary:

In the manuscript titled "Multiple Molecular Pathways to Longevity: Opposing Gene
Expression Programs Define Distinct Aging Strategies", the authors investigated diverse
genetic pathways that contribute to lifespan extension in Caenorhabditis elegans and aimed
to identify shared and distinct molecular mechanisms among various longevity mutants.
Through comprehensive RNA sequencing of different longevity mutants representing seven
distinct pathways, the authors showed that these mutants cluster into three primary groups
based on their gene expression profiles. This transcriptomic analysis revealed that while
some longevity genes are commonly regulated across multiple pathways, others exhibit
opposing expression patterns, suggesting that distinct molecular strategies can lead to
increased lifespan. Specifically, they identified a set of 196 genes that are consistently
upregulated in most longevity mutants, many of which are involved in innate immunity and
stress defense. By performing RNAi-based screening, the authors further validated the
functional roles of several candidates, including C08F11.7, ugt-62, and K05C4.9, supporting
their contributions to longevity and stress resistance. The authors conclude that longevity is
mediated through multiple molecular pathways and provide a public online tool to study
these complex transcriptomic landscapes.

Significance:

This study provides a systematic, side-by-side transcriptomic comparison of nine genetically
distinct long-lived C. elegans mutants, revealing that lifespan extension arises from both
shared and opposing gene expression programs. By identifying three distinct longevity
groups and demonstrating that key pathways can be modulated in opposite directions to
achieve long life, the work challenges the notion of a single universal transcriptional
signature of aging. Importantly, functional validation shows that select commonly regulated
genes can directly modulate lifespan and stress resistance, highlighting actionable molecular
targets for promoting healthy aging.

Comments on revised version:

The authors addressed my concerns successfully.
https://doi.org/10.7554/eLife.112139.1.sa1
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Author response:
Reviewer #1:
Major comments

(1) Although I myself believe that the datasets in this study should be more consistent
and comprehensive, the authors should perform a data mining analysis of previously
reported transcriptomic changes of these mutants or similar mutants in the same
longevity pathway and compare the reported changes with their findings to highlight the
necessity and advances of this study.

According to this suggestion, we have compared the differentially expressed genes identified
in this study to previous gene expression studies involving these long-lived mutant strains. To
our knowledge no previous studies have examined gene expression in sod-2 or ife-2 mutants,
and at the time that we performed the RNA sequencing gene expression in osm-5 worms had
not been examined (it took us a long time to complete this paper). We have included weighted
Venn diagrams to illustrate the overlap and supplemental tables to list the overlapping di
erentially expressed genes. For our current study, we felt it was important to compare RNA-
seq data generated under exactly the same experimental and analysis paradigms in order to
best compare across the nine long-lived mutants. These new analyses are included in Figures
S19 — S25 and Table S2 . Please see lines 111-114, Figure S19-25, and Table S2.

(2) This manuscript does not perform any regulon or transcription factor (TF) analyses.
TFs are the drivers of the transcriptomic changes and multiple conserved TFs (e.g., daf-
16) have already been identified in these pathways. Therefore, it is necessary to examine
and compare the regulons/TFs in these new datasets by bioinformatics. Such analyses
can: a) provide more information of the driving force of these transcriptomic changes; b)
show the role of these known longevity TFs; c) propose new TFs driving longevity; d)
support the findings of 'longevity strategies' and 'longevity groups' from the perspective
of TFs.

According to this suggestion, we have now performed transcription factor analysis on the
RNA-seq data to determine which transcription factors might be driving the longevity-
associated transcriptional changes. To do this we used two complementary approaches: (1)
transcription factor inference, which is based on the coordinated expression changes of
known transcription factors; and (2) motif enrichment analysis, which is based on identifying
transcription factor binding motifs in the promoters of di erentially expressed genes. After
identifying which transcription factors were identified for each individual mutant, we then
compared the identified transcription factors across all nine mutants. Interestingly, while 33
of the same transcription factors were implicated in group 1 and group 2 longevity mutants,
25 are modulated in different directions (activated in group 1, repressed in group 2 or vice
versa) while only 5 are modulated in the same direction. This indicates that although group 1
and group 2 longevity mutants may modulate overlapping pathways to achieve long lifespan,
in most cases these pathways are modulated in opposite directions. These new analyses are
included in Figure S31 and Table S5. Please see lines 194-208, Figure S31, and Table S5.

(3) osm-5 and daf-2 are categorized into two different groups in this study. Since the
longevity of cilia (-) mutants is through daf-16, the same master TF driving daf-2
longevity, please perform further analyses or discussion to clarify this issue.

Loss of daf-16 is generally detrimental to lifespan. Disruption of daf-16 decreases the lifespan
of all nine long-lived mutants that we examined (see supplemental table in our review paper
PMID:37127095). However, loss of daf-16 also decreases wild-type lifespan. Thus, without
further evidence it is hard to distinguish between the loss of daf-16 non-specifically
decreasing lifespan verse activation of DAF-16 actually contributing to lifespan extension. In
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daf-2 mutants and the long-lived mitochondrial mutants there is increased nuclear
localization of DAF-16 and upregulation of DAF-16 target genes. The differentially expressed
genes in the long-lived mitochondrial mutants exhibit about a 50% overlap with the
differentially expressed genes in daf-2 mutants (see Author response image 1). In contrast,
osm-5 mutants show upregulation of some DAF-16 upregulated genes, no change in some
DAF-16 upregulated genes and downregulation of other DAF-16 upregulated genes (see
Author response image 1). Only about 10% of the differentially expressed genes in osm-5
mutants overlap with differentially expressed genes in daf-2 mutants. We believe that these
results are consistent with loss of DAF-16 causing a general decrease in lifespan and not
specifically contributing to osm-5 longevity. These comparisons will be included in a
manuscript that we are currently preparing on osm-5 mutant longevity.
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Author response image 1.

(4) This manuscript focused on genes whose RNAi suppressed the mutants longevity.
Please also use bioinformatics to analyze the functions of those whose RNAi extends the
mutants longevity, because these genes could tell the health price these mutants pay and
help improve ageing interventions by reducing side effects.

We perform enrichment analysis for both genes upregulated and downregulated in the long-
lived mutant strains. The downregulated genes are involved in translation, ribosome
biogenesis and gene expression. For the RNAi screen, we aimed to identify genes that are
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contributing to longevity and so we looked for a decrease in the lifespan of long-lived
mutants when treated with RNAi. We did not screen for genes that extend the long-lived
mutants longevity. While we did, nonetheless, identify multiple RNAi clones that increased
either daf-2 or nuo-6 lifespan, there were not enough genes to identify any patterns of
enrichment.

(5) (OPTIONAL) I strongly suggest a comprehensive comparison of these transcriptomic
changes in long-lived mutants with published age-related transcriptomic changes in wild
type worms.

According to this suggestion, we have now compared the differentially expressed genes that
we identified in the nine long-lived mutants with genes that were found to be differentially
expressed with aging. Interestingly, the group 2 long-lived mutants show a larger overlap for
genes modulated in the opposite direction as aging (genes downregulated during aging are
upregulated in eat-2 and osm-5 mutants). We have added this new analysis to our
manuscript. Please see lines 210-223, Figure S32 and Table S6.

Minor comments

(1) Please further clarify the analysis of DEGs correlated with lifespan extension in Fig. 2
by a depiction. In Fig. 2C and D, please label data dots from different strains with
different colors.

According to this suggestion, each strain has been labelled a different colour.

(2) In Fig. 3 and S20, please label the percentage of overlapping genes on top of each
bars.

We have now labelled the percentage of overlapping genes in Figure 3 and S20 (now S27).
Reviewer #2:
Major comments

(1) While the authors identified a set of 196 upregulated genes, the rationale for
narrowing these down to the three final candidates (CO8F11.7, ugt-62, and K05C4.9) is
not clearly described. The authors show that genetic inhibition of several genes, including
DC2.5, C05B5.5, T07C4.5, and W03B1.7, decreases lifespan in both nuo-6 mutants and
wild-type animals. However, the authors did not describe why these additional validated
candidates, which also showed significant effects on longevity, were not pursued for
further

characterization. The authors should explicitly state the criteria used to prioritize these
three genes over the other validated genes.

Due to the costs and time involved in generating and characterizing new strains, we decided
that we would select three strains to study further as a proof-of-principle. When deciding
which genes to study further, we considered several approaches. In the end, we chose to use
the strength/reproducibility of the increase in weighted mortality to identify genes with a
clear, consistent impact. C0O5B5.5 and T07C4.5 were ruled out because they had an
inconsistent impact on weighted mortality (Figure S28). W03B1.7 was ruled out because it did
not have a strong enough e ect on weighted mortality (Figure $28). That narrowed it down to
CO08F11.7, ugt-62, DC2.5, and K05C4.9. Of those 4, C08F11.7, ugt-62, and K05C4.9 have the
greatest consistent impact on weighted mortality (Figure S28) and so these genes were
chosen. We have updated the manuscript to include this justification for focussing on
CO8F11.7, ugt-62, and K05C4.9. Please see lines 273-278.
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(2) The authors conclude that longevity can be mediated by multiple molecular pathways.
However, it remains unclear whether these distinct strategies can operate simultaneously
or are mutually exclusive. The authors need to test whether lifespan extension in a Group
1 mutant is further enhanced or suppressed by the knockdown of a key Group 2-specific
genes. These experiments would help determine these pathways act additively,
antagonistically, or as partially redundant survival programs.

This is an excellent suggestion. While our data identify several genes that are regulated in
opposite directions in group 1 and group 2 longevity mutants, we do not yet know the extent
to which each of these genes contribute to the longevity of group 1 and group 2 mutants. The
three genes that we focused on for further characterization (CO8F11.7, ugt-62 and K05C4.9)
are upregulated in group 1 longevity mutants but not group 2 mutants. Contrary to what
might be expected, RNAi knockdown of these genes does not decrease the lifespan of the
group 1 longevity mutant daf-2 but does decrease the lifespan of the group 2 longevity
mutant eat-2. We recently reviewed the e ect of di erent resilience pathways on the lifespan of
long-lived genetic mutants. Disruption of daf-16, sek-1, skn-1, hsf-1, ire-1 and trx-1 can
decrease lifespan in both group 1 and group 2 longevity mutants, but also decreases lifespan
in wild-type worms suggesting that at least in some mutants the e ect on longevity may be
non-specific. Disruption of hif-1 does not a ect the longevity of group 2 mutants, but does a ect
the lifespan of some group 1 mutants (clk-1, isp-1, nuo-6) but not others (daf-2, glp-1). To more
definitively answer the question, it would be interesting to cross different combinations of
group 1 and group 2 longevity mutants to see the extent to which different longevity groups
synergize. This is something we are currently working on for a separate manuscript. We have
added these points to the revised manuscript. Please see lines 363-381.

(3) The authors provide interesting data on overexpression of the three candidate genes.
However, whereas CO8F11.7 clearly demonstrates both necessity and sufficiency for
lifespan extension, overexpression of ugt-62 and K05C4.9 does not independently extend
lifespan. To strengthen the manuscript, the authors should expand the discussion of
these divergent results and clarify possible explanations.

According to this suggestion, we have expanded our discussion to discuss possibilities of why
these genes might be having different effects on lifespan. Please see lines 411-423.

(4) Key citations are missing and the authors should add multiple citations including the
following ones. Please cite the following paper and discuss the authors' finding with
respect to the related work (Lee et al PMID: 40814218). Add citations in the sentence
describing changes in the transcriptome of C. elegans associated with age (Lee et al.,
PMID: 38508494). Furthermore, please cite papers describing the overviews of survival
assay using C. elegans (Kwon et al., PMID: 40436148, Hwang et al., PMID: 40436147).

We have added the suggested citations to the revised manuscript. Please see lines 211 (Ref
#39), 307 (Ref #41), 423 (Ref #54) and 436 (Ref #55).

Minor comments

(1) To improve readability, please provide the full names for all abbreviations at their
first appearance in the manuscript.

We have added the full names for each abbreviation on first appearance.

(2) Please ensure that the labels in the figures match the text exactly. For instance, if
different promoters are used for generating overexpression animals, it may be helpful to
indicate the specific promoter in the figure panel or legend for clarity.
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We have ensured that the nomenclature in the text and the figures is the same. We have
noted the promoter used for the overexpression strains in the figure legend.

(3) For all lifespan and stress resistance assays, please include the total number of
animals (n) and the number of independent biological replicates (N) in the figure legends
to confirm statistical reliability.

We have added the number of animals and independent biological replicates to the figures
and figure legends.

(4) Please clearly specify the exact developmental stage of the animals used for the
survival assays in the Materials and Methods section.

We have updated the methods to describe the developmental stages used for the survival
assays.

https://doi.org/10.7554/eLife.112139.1.sa0
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