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Aging is associated with changes in a variety of biological processes at the transcriptomic level, including gene expression.
Two types of aging occur during a lifetime: chronological and physiological aging. However, dissecting the difference be-
tween chronological and physiological ages at the transcriptomic level has been a challenge because of its complexity. We
analyzed the transcriptomic features associated with physiological and chronological aging using Caenorhabditis elegans as a
model. Many structural and functional transcript elements, such as noncoding RNAs and intron-derived transcripts,
were up-regulated with chronological aging. In contrast, nRNAs with many biological functions, including RNA process-
ing, were down-regulated with physiological aging. We also identified an age-dependent increase in the usage of distal 3’
splice sites in mMRNA transcripts as a biomarker of physiological aging. Our study provides crucial information for dissecting
chronological and physiological aging at the transcriptomic level.

[Supplemental material is available for this article.]

Aging is accompanied by gradual changes in organisms at various
molecular levels, including the transcriptomic level (Stegeman
and Weake 2017; Ham and Lee 2020; Xia et al. 2021). Two types
of age-associated changes occur: chronological and physiological
aging processes (Perez-Gomez et al. 2020). Chronological age is
the time after birth and represents physical time, whereas physio-
logical age indicates the youthful or aged state of organisms.
Whereas chronological age equally progresses in organisms that
are born on the same time point, the changes associated with
physiological aging occur at different rates among organisms
with the same chronological ages. Although previous studies
have characterized various aspects of aging, dissecting the differ-
ence between chronological and physiological ages at the tran-
scriptomic level has remained as a challenge for the field of
aging research.

Microarray and RNA sequencing (RNA-seq) analyses have
identified the transcriptomic changes associated with aging in
various organisms, including Caenorhabditis elegans. Pioneering
microarray studies identified various transcription factors as
important regulators of aging, including ELT-3 (Budovskaya et al.
2008), ELT-2 (Zhang et al. 2013), and PQM-1 (Tepper et al.
2013). Aging increases intragenic spurious transcription, cryptic
transcription (Sen et al. 2015), the transcription of repetitive ele-
ments (LaRocca et al. 2020; Li et al. 2021), and transcriptional drift
(Rangaraju et al. 2015) in C. elegans. In addition, the reorganiza-
tion of the transcription program during aging is accompanied
by chromatin remodeling (Riedel et al. 2013), histone methylation
(Pu et al. 2015, 2018), and transcription elongation (Ghazi et al.
2009; Amrit et al. 2019; Debeés et al. 2019). Aging also influences
cotranscriptional and/or post-transcriptional RNA-processing
events, including alternative pre-mRNA splicing (Heintz et al.

2These authors contributed equally to this work.
Corresponding author: seungjaevlee@kaist.ac.kr
Article published online before print. Article, supplemental material, and publi-
cation date are at https://www.genome.org/cgi/doi/10.1101/gr.276515.121.

2017), backsplicing (Cortés-Lopez et al. 2018), and nonsense-me-
diated mRNA decay (Son et al. 2017). However, it remains largely
unknown which of the transcriptomic changes are associated
with chronological or physiological aging.

The proper reduction of insulin/insulin-like growth factor
1 (IGF-1) signaling (IIS) slows aging processes and increases life-
span in many species, including C. elegans (Kenyon et al. 1993;
Antebi 2007; Kenyon 2010; Murphy and Hu 2013; Altintas et al.
2016). Loss-of-function mutations in C. elegans daf-2, which en-
codes insulin/IGF-1 receptor, appear to delay physiological aging.
Growing evidence indicates that daf-2 mutations delay aging
throughout adulthood by affecting life trajectory and transcrip-
tome (Murphy et al. 2003; Rangaraju et al. 2015; Stroustrup et al.
2016; Tarkhov et al. 2019). This is different from transient inter-
ventions early in adulthood, including short-term heat shock,
which induces a period-specific beneficial effect on lifespan
(Stroustrup et al. 2016). Here, we comprehensively analyzed tran-
scriptomic changes that match physiological aging and chrono-
logical aging, by using wild-type and daf-2 mutant C. elegans.

Results

Transcriptional fidelity becomes attenuated during C. elegans aging

We sought to determine age-dependent transcriptomic changes in
different genomic components in C. elegans by performing RNA-
seq analysis. Genome composition can be categorized based on
structural and functional elements (Fig. 1A). Among structural el-
ements, we found that the read fractions of introns and intergenic
regions increased during aging (Fig. 1B,C). In addition, the ex-
pressed intron levels of individual nonoverlapping genes increased
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Figure 1.

Reduced transcriptional fidelity is pervasive during aging in Caenorhabditis elegans. (A) Structural and functional compositions (%) of genomic

elementsin C. elegans. Structural composition includes exon, intron, and intergenic regions. Functional composition includes noncoding RNA (ncRNA) and
protein-coding messenger RNA (MRNA). ncRNA is further divided into long ncRNA (IncRNA), small nucleolar RNA (snoRNA), small nuclear RNA (snRNA),
pseudogene-coded RNA (pseudogene), antisense RNA, and unclassified ncRNA. Numbers in parentheses indicate relative proportions in the composition.
“Covered” indicates ncRNAs that can generally be detected with RNA-seq, whereas “Uncovered” indicates ncRNAs that require specialized procedures for
detection. (B-D) Overall expression levels of structural elements during aging: intron (B), intergenic (C), and exon regions (D). (E-L) Age-dependent chang-
es in the expression levels of functional elements, including ncRNA (E), mRNA (F), IncRNA (G), snoRNA (H), snRNA (/), pseudogene-coded RNA (J), anti-
sense RNA (K), and unclassified ncRNA (L). Pvalue is shown on top of each panel. Two-tailed Welch's t-test relative to the data obtained with animals at day 1

of adulthood.

(Supplemental Fig. S1A,B). In contrast, the fraction of exonic RNA-
seq reads decreased during aging (Fig. 1D). These results indicate
that aging is associated with transcriptional derepression of non-
exonic regions in the genome.

We then analyzed the relative levels of RNA-seq reads aligned
to specific functional compositions. We found that the levels of

annotated noncoding RNAs (ncRNAs) increased during aging
(Fig. 1E). Consistently, the fraction of ncRNAs was significantly
higher among age-dependently up-regulated transcripts than
down-regulated transcripts (Supplemental Fig. S1C,D). In contrast,
overall levels of protein-coding mRNAs did not significantly
change during aging (Fig. 1F). We further analyzed age-dependent
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changes of the subcategories of ncRNAs, and showed that long
ncRNAs (IncRNAs), small nucleolar RNAs (snoRNAs), small nucle-
ar RNAs (snRNAs), pseudogene-coded RNAs, antisense RNAs, and
unclassified ncRNAs manifested age-dependent increases (Fig.
1G-L). These data suggest that the levels of ncRNAs generally in-
crease during aging in C. elegans, possibly because of impaired tran-
scriptional repression and fidelity in aged organisms.

Alternative selection of 3’ splice sites contributes
to age-dependent increases in transcript isoform levels

The levels of transcripts are determined by transcription and sub-
sequent RNA processing. Therefore, transcriptional fidelity influ-
ences the expression of genes and, consequently, the levels of

transcript isoforms, because transcription is coupled to RNA-pro-
cessing events, such as splicing (Bentley 2014; Peck et al. 2019).
We found that the correlation between the expression levels of ex-
ons and introns of the same genes increased during aging (Fig. 2A).
These data are consistent with the idea that unprocessed RNAs,
which contain both exons and introns, accumulate age-depen-
dently, possibly resulting from impaired RNA processing. We
then quantified the effects of the age-associated impairment in
RNA processing by measuring the proportion of variance in iso-
form levels compared with that in expressed gene levels at differ-
ent ages (Supplemental Fig. S2A). We found that the variance in
expressed gene levels resulting from transcription accounted for
73.4% (median) of the variance in isoform levels among different
ages (Fig. 2B); therefore, the action of RNA-processing events other

A B
by = > _ 3 P :
& > T 4fr= 0.83 Median = 0.73}
S 3 5 |Pe22ei8y
g g 2 2
< ~ A
5 5 5
© © hel 2]
£ £ c
: 5 5-41 7 oL, ——
IS —— T € —— £ ———— 0 0.5 1.0
-4 -2 0 2 4 -4 -2 0 2 4 - -4 -2 0 2 4 Gene expression contribution
Exon in day 4 vs. day 1 Exon in day 7 vs. day 1 Exon in day 11 vs. day 1 to variance in isoform level
c D E 061 0.81 0.25
015 = 0.15
0.7 1 1 0.7 0.7 1
< 0.6 I ] < 061 < 06 I
£ = £ £
§ 05— &———F—— 5 051 § 05T== ;'f—ﬁ—
G 0.41 5 0.4 S 041
0.3 0.3 0.3
Daysof 0 2 4 6 8 10 12 Daysof 0 2 4 6 8 10 12 Daysof 0 2 4 6 8 10 12
adulthood (vs. day 1) adulthood (vs. day 1) adulthood (vs. day 1)
RI -e- SE MSE ATSS ATTS -o- A5 A3
ECCoEm ERTOmEm EUT I cormmlem mn(mmes = e e
F 0.56 %  xxx G H
0.12 Kk
- 0.58 0.75 i - -
< i < < *kk *kk
3 07 w5 0.7 %5 0.6 | l
g 0.61 G 0.61 5
E i £ E l
5 05 S 0.5+— S ]
£ ] £ £
w 0.4 Ll 0.4 Ll
. . . . . 0.5
Days of 0 5 10 15 20 Hours 20 30 60 Daysof10 20 30 40 50
adulthood (vs. day 1) post hatch (vs. 24 hours) adulthood (vs. day 10)
-e- This study Lee et al. Reproductive -e- Dauer -e- D. melanogaster aging

-e- Rangaraju et al. -e- Schmeisser et al.

C. elegans development

Figure 2. Agingincreases the alternative selection of distal 3’ splice sites (A3) in transcript isoforms. (A) Comparisons between age-dependent expression
changes of exon and intron regions in individual nonoverlapping genes. Pearson correlation coefficient r and its significance P are marked. (B) Gene ex-
pression contribution to variance in isoform level. See Supplemental Figure S2A for the schematic overview. (C-E) Enrichment of different RNA-processing
events in isoform fractions that were up-regulated during Caenorhabditis elegans aging. RNA-processing events include retained introns (RI), skipped exons
(SE), multiple skipped exons (MSE) (C), alternative transcription start sites (ATSS), alternative transcription termination sites (ATTS) (D), alternative 5" splice
sites (A5), and alternative 3’ splice sites (A3) (E). (F~-H) Enrichment of A3 in isoform fractions up-regulated during aging (F), during reproductive and dauer
larval development (G) in C. elegans, and during aging in Drosophila melanogaster (H). We noticed that only a single A3 isoform was detected as up-reg-
ulated in the comparison between animals at 34 h post-hatching and at 24 h post-hatching in reproductive larval development. Adjusted P value is shown
at the top of each panel, calculated by one-proportion Z-test adjusted using false discovery rates; (*) adjusted P<0.1, (***) adjusted P<0.001.
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than transcription contributed to 26.6% of the effect of aging on
the variance in isoform levels. These data imply that aging is ac-
companied by the impaired fidelity of RNA processing as well as
transcriptional events.

We then focused our aging transcriptome analysis on seven
representative RNA-processing events: retained introns (RI), skipped
exons (SE), multiple skipped exons (MSE), alternative transcription
start sites (ATSS), alternative transcription termination sites (ATTS),
alternative 5’ splice sites (AS), and alternative 3’ splice sites (A3). We
found that A3 was enriched in isoforms with age-dependent up-reg-
ulation, whereas RI, SE, MSE, ATSS, ATTS, or AS was not (Fig. 2C-E).
This result is also consistent with the finding that isoforms with at
least one A3 tended to be up-regulated rather than down-regulated
during aging (Supplemental Fig. S2B) and with our analysis of vari-
ous published data sets (Fig. 2F; Schmeisser et al. 2013; Rangaraju
et al. 2015; Lee et al. 2021). In contrast, we did not detect any en-
richment in A3 during C. elegans larval development (Fig. 2G). In
addition, Drosophila melanogaster also showed age-dependent en-
richment of A3 (Fig. 2H; Weigelt et al. 2020), consistent with the
conservation of aging-associated global mRNA changes between
C. elegans and D. melanogaster (McCarroll et al. 2004). Thus, A3 spe-
cifically contributes to the increased levels of relevant transcript iso-
forms in aged C. elegans and D. melanogaster.

Aging increases the usage of distal optimal 3’ splice sites over
proximal 3’ splice sites in transcript isoforms

We performed further analysis of A3 isoforms with an age-depen-
dently up-regulated isoform fraction, specifically the alternative
use of distal 3’ splice sites instead of proximal 3’ splice sites (Fig.
3A). Among the age-dependently up-regulated A3 isoforms, the
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Figure 3. Aging increases the usage of distal optimal 3’ splice sites over proximal suboptimal 3’ splice
sites in transcript isoforms. (A) Proximal and distal 3’ splice sites for alternative 3’ splice site (A3) isoforms.
(B) Nucleotides between adjacently located proximal and distal 3’ splice sites in age-dependently up-reg-
ulated A3 isoforms. Inset: Proportion of the cases for which adjacent 3’ splice sites are located within 18
nt. Pvalues are shown at the top of the bars, calculated by two-tailed Fisher’s exact test; (*) P<0.05, (**) P
<0.01. (C) Distribution of nucleotides between adjacent 3’ splice sites in age-dependently up-regulated
A3 isoforms. P values are shown at the top of the data points, calculated using two-tailed Wilcoxon rank-
sum exact test. (D) Splice site strength of proximal and distal 3’ splice sites in age-dependently up-reg-
ulated A3 isoforms. The strength was calculated based on a maximum entropy model. P values are indi-
cated at the top of the data points, calculated using two-tailed Wilcoxon rank-sum exact test; (*) P<0.05,
(**) P<0.01. See Supplemental Figure S4 for additional sequence analyses of the 3’ splice sites.

Up-regulated A3 isoforms

distance between proximal and distal 3’ splice sites was mostly
(~80%) within 18 nucleotides (nt) and increased with age (Fig.
3B,C). In particular, the proportion of the adjacent 3’ splice sites,
separated by 6 nt and 9 nt, significantly increased (Fig. 3B). In ad-
dition, the splice site strength of age-dependently up-regulated A3
isoforms, based on the meta-analysis of RNA-seq data (Tourasse
et al. 2017), was higher at distal 3’ splice sites than at proximal
ones in aged animals (Fig. 3D; Supplemental Fig. S3A,B). By com-
paring our data with a previous report that analyzed A3 enriched
in gonads and somatic tissues (Ragle et al. 2015), we found that
the age-dependent up-regulation of A3 isoforms occurs in somatic
tissues as well as in gonads (Supplemental Fig. S3C-I). Thus, aging
appears to increase the usage of distal optimal 3’ splice sites in tran-
script isoforms, while decreasing that of proximal 3’ splice sites.

Age-dependent up-regulation of intron-derived transcripts
and noncoding RNAs matches chronological aging

We then investigated whether the rates of age-dependent deregu-
lation of transcriptome were affected by a longevity-promoting
regimen, focusing on daf-2/insulin/IGF-1 receptor mutations,
which slow physiological aging (Fig. 4A; Antebi 2007; Kenyon
2010; Murphy and Hu 2013; Altintas et al. 2016; Stroustrup et al.
2016). We postulated that two types of transcriptomic changes
were related to physiological aging: temporal shift that begins at
early adulthood, and slope change that alters aging rates through-
out adulthood (Fig. 4A). In contrast, transcriptomic changes relat-
ed to chronological aging would depend on the time after birth,
regardless of genotypes (Fig. 4A).

We analyzed the transcriptomic changes related to chrono-
logical and physiological aging by comparing the structural and
functional transcriptome compositions
of wild-type and daf-2 mutant animals.
We found that the levels of analyzed

@ Day 4 gso structural compositions of transcripts,
WmDay7 § including intron (Fig. 4B; Supplemental
EDay 11 %40 Fig. S5A,B), intergenic (Fig. 4C), and
. (vs. day 1) &% olg exon regions (Fig. 4D), were not signifi-

cantly affected by daf-2 mutations during
aging. In addition, daf-2 mutations did
not influence the overall levels of func-
tional compositions of transcripts, in-
cluding ncRNAs (Fig. 4E; Supplemental
Fig. S5C) and mRNAs (Fig. 4F), during ag-
ing. These data indicate that the overall
age-dependent changes in these catego-
ries of transcripts match chronological
aging. We then analyzed subcategories
of ncRNAs, and found that IncRNAs
(Fig. 4G), snRNAs (Fig. 4I), and unclassi-
fied ncRNAs (Fig. 4L), which comprise
the majority of ncRNAs (72%; Fig. 1A),
were not significantly changed by daf-2
mutations. Unexpectedly, snoRNAs
(Fig. 4H), pseudogene-coded RNAs (Fig.
4]), and antisense RNAs (Fig. 4K) dis-
played increased temporal shift and
slope change in the daf-2 mutants (see
Discussion for detail). By analyzing pub-
lished RNA-seq data with four tissues,
neurons, the hypodermis, the intestine,
and the muscles (Kaletsky et al. 2018),
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Figure4. daf-2 mutations affect age-dependent changes in transcriptional fidelity. (A) Schematic of transcriptomic features that match physiological and
chronological aging in wild-type (WT) and daf-2(e1370) [daf-2(-)] animals. The transcriptomic features associated with physiological aging were catego-
rized as temporal shift that begins at early adulthood and slope change that alters aging rates throughout adulthood. (B-D) Overall expression levels of
structural elements, including intron (B), intergenic (C), and exon regions (D) in WT and daf-2(-) animals at different ages. (E,F) Overall expression levels
of functional elements, including noncoding RNA (ncRNA) (E) and protein-coding messenger RNA (mRNA) (F) in WT and daf-2(-) animals at indicated ages.
(G-L) Age-dependent level changes in ncRNA, including long ncRNA (IncRNA) (G), small nucleolar RNA (snoRNA) (H), small nuclear RNA (snRNA) (1), pseu-
dogene-coded RNA (pseudogene) (J), antisense RNA (K), and unclassified ncRNA (L) in WT and daf-2(-) animals. Overall snoRNA levels increased with age
and shifted down in daf-2(-) animals compared with those in WT animals at day 1 of adulthood (H). The levels of pseudogene-coded RNAs (/) and antisense
RNAs (K) increased with age and shifted up in daf-2(-) animals at day 1 of adulthood (Supplemental Fig. S5D,E). Pvalue is shown at each day, calculated by
two-tailed Welch'’s t-test between WT and daf-2(-) animals of the same chronological age. In each panel, two P values are shown for the effects of genotypes
on transcript levels that correspond to “Temporal shift,” and those for interaction between genotypes and ages that correspond to “Slope change,” cal-
culated by using two-way analysis of variance (ANOVA). Note that results from WT animals are the same as those used in Figure 1B-L; they are shown here

for the comparison with daf-2(-) animals.
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we showed that changes in transcripts
enriched in neurons and the intestine
were generally similar to those in the
whole body (Supplemental Figs. S6, S7).
Overall, these data indicate that the age-
dependent expression changes of the
majority of the structural and functional
transcripts match chronological aging,
consistent with a previous report (Mur-
phy et al. 2003).

daf-2 mutations slow age-dependent
changes in the expression of RNA-
processing factors

We further analyzed mRNA transcripts
by using multiple dimension scaling
analysis. We found that the trajectories
of aging inferred from mRNA levels in
wild-type and in daf-2 mutant animals
were substantially different (Fig. SA).
We therefore analyzed individual
mRNA transcripts with respect to chro-
nological and physiological aging (see
Methods for detail, Supplemental Table
S1). We showed that the expression of
935 and 350 transcripts matched physio-
logical and chronological aging, respec-
tively (Fig. 5B). Among the transcripts
associated with physiological aging, the
expression of 219 and 716 transcripts
matched temporal shift and slope
change, respectively; specifically, the
466 mRNAs for which the down-regula-
tion matched slope change comprised
the largest proportion, and were specifi-
cally associated with the term “mRNA
functions: processing (genes encoding
proteins that modify, bind or store
mRNAs after transcription)” and “muscle
function” in the WormCat annotation
(Fig. 5SC; Holdorf et al. 2020). By analyz-
ing the GO terms of 8883 genes, we
found that 55 and 3 out of 688 biological
processes were associated with physio-
logical and chronological aging, respec-
tively (Fig. 5D; Supplemental Fig. S8;
Supplemental Table S2). Among the 55
biological processes that were associated
with physiological aging, 1 and 54 were
specifically categorized as temporal shift
and slope change, respectively (Fig. 5D;
Supplemental Fig. S8A,B). We showed
that the processes for which down-regu-
lation was associated with slope change
included “RNA processing” (Fig. SE; Sup-
plemental Fig. S8B). Together, these data
indicate that the age-dependent down-
regulation of mRNAs tends to match
slope change and likely affects RNA pro-
cessing during aging.
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Figure 5. daf-2 mutations contribute to changes in mRNA levels and biological processes that match
chronological and physiological aging. (A) Multiple dimension scaling analysis of mRNA levels in wild-
type (WT) and daf-2(e1370) [daf-2(-)] animals at indicated ages. (B) The number of mMRNAs with levels
that matched physiological aging that is categorized to temporal shift and slope change, and chronolog-
ical aging. Red and blue bars represent up-regulated and down-regulated terms, respectively, during ag-
ing. (C) Overrepresented WormCat terms of genes identified in B. P values were calculated by using a
hypergeometric test. (D) The number of Gene Ontology biological process (GO-BP) terms that matched
physiological aging that are divided into temporal shift and slope change, and chronological aging. Red
and blue bars represent up-regulated and down-regulated terms during aging, respectively. (E)
Normalized enrichment of age-dependent down-regulated terms associated with slope change.
Terms were sorted based on the maximum absolute normalized enrichment in descending order.
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Differential expression of RNA-processing factors contributes to
longevity conferred by daf-2 mutations

Next, we focused on the age-dependent expression changes in 513
genes that encode components annotated as “RNA processing”
(GO:0006396), because these genes may contribute to the alter-
ation in RNA levels during chronological or physiological aging.
We found that these genes were generally down-regulated during
aging and their slopes were steeper in wild-type animals than in
daf-2 mutants (Fig. 6A); thus, the expression of these RNA-process-
ing components may contribute to physiological aging. To further
identify RNA-processing components responsible for the delayed
age-dependent transcriptional deregulation in daf-2 mutants, we
analyzed the genes whose age-dependent expression decrease
was significantly greater in wild-type than in daf-2 mutant animals
(see Methods for detail). Among the 513 “RNA processing” genes,
11 genes satisfied the criteria (Fig. 6B); the expression of these
genes was substantially decreased during aging in wild-type ani-
mals, but less so in daf-2 mutants (Fig. 6C-F; Supplemental Fig.
S9). These data raise the possibility that these 11 genes encoding
RNA-processing components contribute to delayed physiological
aging by daf-2 mutations.

Next, we determined the functional importance of these 11
genes by measuring the lifespan of wild-type and daf-2 mutant an-
imals upon knocking down each of these 11 genes with RNAi (Fig.
6G; Supplemental Fig. S10, Supplemental Source files). We found
that prp-8 RNAi substantially reduced the lifespan of wild-type an-
imals, but did not affect that of daf-2 mutants. This result raises the
possibility that prp-8 may act upstream of DAF-2 to regulate lon-
gevity. We found that RNAi targeting each of the plrg-1/a spliceo-
some component PLRG1, the pfs-2/a pre-mRNA 3’-end processing
protein WDR33, and the F30A10.9/tRNA-processing protein FCF1
ortholog shortened the lifespan of daf-2 mutants by at least 10%
greater than that of the wild-type animals (Fig. 6H-K); these effects
are similar to that of RNAi targeting daf-16/FOXO, an established
longevity-promoting transcription factor acting downstream
from the insulin/IGF-1 signaling pathway (Fig. 6G; Supplemental
Fig. S10B; Antebi 2007; Kenyon 2010; Murphy and Hu 2013;
Altintas et al. 2016). Thus, decelerated down-regulation of RNA-
processing components may contribute to delaying physiological
aging by daf-2 mutations, possibly through the amelioration of
age-dependent transcriptional deregulation.

daf-2 mutations slow age-dependent increases in A3 transcript
levels

We then compared the age-dependent changes in RNA-processing
events, RI, SE, MSE, ATSS, ATTS, AS, and A3, and observed that A3
showed an age-dependent increase (Fig. 7A-C). Importantly, we
found that daf-2 mutations decreased the slope of the age-depen-
dent increase in A3 compared with that in wild-type animals
(Fig. 7D) as well as A3 isoforms (Supplemental Fig. S11B,C;
Supplemental Table S3), in multiple tissues (Supplemental Fig.
S12; Kaletsky et al. 2018). In addition, the fraction of the age-de-
pendently up-regulated A3 isoforms increased slowly in aged
daf-2 mutants compared with wild-type animals (two-way analysis
of variance [ANOVA], age x genotype, P=0.011). Among the age-
dependently up-regulated A3 isoforms in daf-2 mutants, the pro-
portion of the proximal and distal 3’ splice sites separated by 6
nt increased at day 11 of adulthood, compared with those in
wild-type animals at day 7 of adulthood (Fig. 7E; Supplemental
Fig. S11D). We also found that the distance between the adjacent
3’ splice sites did not increase with age in daf2 mutants

(Supplemental Fig. S11E). In addition, dietary restriction mimetic
eat-2 mutations tended to decrease the slope of the age-dependent
increase in A3 (Supplemental Fig. S13), based on the analysis of
published RNA-seq data (Heintz et al. 2017). These results suggest
that age-dependent increases in the A3 usage correlate with phys-
iological aging, using two different longevity paradigms, reduced
insulin/IGF-1 signaling and dietary restriction.

We then focused on characterizing individual A3 isoforms of
representative genes, unc-61 and gale-1, whose age-dependent in-
creases were slowed by daf-2 mutations (Fig. 8A,B; Supplemental
Fig. S14). We verified the changes in A3 and the products of the us-
age of proximal and distal 3’ splice sites by using reverse transcrip-
tion PCR (RT-PCR) followed by Sanger sequencing (see Methods for
detail, Fig. 8C-E; Supplemental Fig. S15). In addition, the age-de-
pendent up-regulation of A3 isoforms of gale-1 and unc-61 occurred
in germline-defective glp-4 mutants, indicating that the age-associ-
ated increase in the A3 usage occurs in somatic tissues
(Supplemental Fig. S16). Next, we determined the effect of RNAi
targeting F30A10.9, an RNA-processing factor that we showed to
be required for the longevity of daf-2 mutants (Fig. 6K), on the
A3 of unc-61, which showed more pronounced level changes
than those of gale-1 in daf-2 mutants (Fig. 8E; Supplemental Fig.
S15C). We found that F30A10.9 RNAi accelerated the age-depen-
dent increases in the A3 of unc-61 in daf-2 mutants (Fig. 8F,G).
Together, these data suggest that daf-2 mutations decrease the slope
of the age-dependent increases in the A3 usage and A3 isoform lev-
els, which may contribute to changes in physiological aging.

Discussion

Dissecting the difference between chronological and physiological
ages at the transcriptomic level is crucial for understanding the
molecular mechanisms underlying aging processes. In the current
work, we analyzed RNA-seq data using wild-type and long-lived
daf-2 mutant C. elegans at four different ages of adulthoods and de-
termined the transcriptomic features that matched chronological
and physiological aging. We found that the regulation of structural
and functional transcriptome compositions, including intron and
intergenic regions, and the majority of ncRNAs, matched chrono-
logical aging. We identified several RNA-processing factors whose
age-dependent down-regulation was retarded by delayed physio-
logical aging contributed to longevity in daf-2 mutants. We also
found that daf-2 mutations decelerated age-dependent increases
in the usage of distal 3’ splice sites in transcript isoforms.
Overall, our study identified the age-dependent alteration of tran-
scriptomic features that match physiological aging.

Our data suggest that aging is accompanied by a decrease in
transcriptional and RNA-processing fidelity. A potential candidate
that mediates the transcriptional and RNA-processing fidelity is
RNA polymerase II (Pol II), which determines the emergence of
splice sites and regulatory elements in nascent transcripts during
transcriptional elongation (Bentley 2014; Tellier et al. 2020). A re-
cent study reported that transcriptional elongation speed, regulat-
ed by Pol II, increases with age in various organisms, including C.
elegans and D. melanogaster (Debes et al. 2019). Fast transcriptional
elongation by Pol II reduces the time for proximal suboptimal
splicing sequences to recruit the RNA-processing machinery.
Thus, fast Pol II-mediated transcriptional elongation in aged or-
ganisms may lead to increases in the usage of distal optimal 3
splice sites over proximal suboptimal 3’ splice sites in A3. It will
be crucial to determine whether changes in Pol II elongation
speeds at different ages are responsible for the age-dependent
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Figure 6. RNA-processing factors with altered expression during physiological aging contribute to the longevity of daf-2 mutants. (A) Normalized en-
richment of expression changes in genes that encode components annotated as RNA processing (GO:0006396) in aged animals. Adjusted P values are
shown at the top of the data points, calculated by gene set enrichment analysis test and adjusted using false discovery rates; (***) adjusted P<0.001.
(B) Significance of the likelihood-ratio test for 11 genes that encode RNA-processing components and were down-regulated during aging specifically in
wild-type (WT) but not in daf-2(e1370) [daf-2(-)] animals. (C—F) Expression changes of prp-8 (C), plrg-1 (D), pfs-2 (E), and F30A10.9 (F) during aging in
WT and daf-2(-) animals. Adjusted P values are shown, calculated by using DESeq2’s Wald test relative to day 1 of adulthood and adjusted by using the
procedure of Benjamini and Hochberg; (*) adjusted P<0.05, (**) adjusted P<0.01, (***) adjusted P<0.001. (G) Comparison of lifespan changes conferred
by RNAI targeting each of the eleven genes in Band daf-16 (a positive control, purple symbols) in WT and that in daf-2(-) animals. Red symbols represent
RNAi clones that shortened the lifespan of daf-2(-) animals by at least 10% more than that of WT animals, whereas a blue symbol represents a condition that
shortened the lifespan of WT animals by at least 10% more than that of daf-2(-) animals. Whole-life RNAi treatment was used except those noted with
triangles, which were performed using adult-only RNAi treatment. On excluding prp-8 RNAi data, an outlier that deviated from normal Q-Q line and
Cook’s distance (> 4/n=0.14; n=28), our results indicate that the effects of RNAi clones on lifespan were proportionally larger in daf-2(-) animals than
in WT animals (y=1.42x, simple linear regression without an intercept, adjusted R?=0.89). These data are consistent with the age-dependent changes
in the expression levels of the candidate genes whose down-regulation was greater in WT than in daf-2(-) animals. (H-K) Lifespan (n > 90 for each condi-
tion) of WT and daf-2(-) animals treated with control RNAi and RNAi targeting each of prp-8 (H), plrg-1 (1), pfs-2 (J), and F30A70.9 (K). See Supplemental
Source files for additional repeats and statistical analysis of the lifespan data shown in this figure.
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Figure 7. daf-2 mutations slow age-dependent increases in the usage of distal 3’ splice sites in transcript isoforms. (A-C) Enrichment of different RNA-
processing events in isoform fractions that were up-regulated among isoform fractions changed during aging in daf-2(e1370) [daf-2(-)] animals. RNA-pro-
cessing events include retained introns (RI), skipped exons (SE), multiple skipped exons (MSE) (A), alternative transcription start sites (ATSS), alternative
transcription termination sites (ATTS) (B), alternative 5" splice sites (A5), and alternative 3’ splice sites (A3) (C). (D) Enrichment of A3 in isoforms that
were up-regulated among isoforms whose fractions changed during aging in wild-type (WT) and daf-2(-) animals. Adjusted P values are shown at the
top of the data points, calculated by one-proportion Z-test and adjusted using false discovery rates; (*) adjusted P< 0.1, (**) adjusted P<0.01, (***) adjusted
P<0.001. Note that results of WT are the same as those used in Figure 2E, and shown here for comparison with those of daf-2(-) animals. (E) Proportion of
the proximal and distal 3’ splice sites separated by 6 nt and 9 nt in age-dependently up-regulated A3 isoforms in WT and daf-2(-) animals. P values are
shown at the top of the data points, calculated by using two-tailed Fisher’s exact test; (*) P<0.05, (**) P<0.01, (***) P<0.001. See Supplemental

Figure S11 for detailed analysis results of A3 isoforms in daf-2(-) animals.

changes in A3 usage, with techniques such as in situ single mole-
cule imaging.

We propose an increase in the level of A3 as a novel biomarker
of physiological aging. Our analysis identified the increased usage
of A3 during aging in both C. elegans and D. melanogaster, suggest-
ing a potential evolutionary conservation. In humans, mutations
that affect the recognition of 3’ splice sites occur frequently in pa-
tients with myelodysplastic syndromes (Yoshida et al. 2011),
which display increased prevalence in the elderly (Ria et al.
2009). An alternative choice of 3’ splice sites increases the diversity
and function of transcripts (Kornblihtt et al. 2013). Thus, we spec-
ulate that the age-dependent up-regulation of A3, which increases
the fraction of usually a major isoform with an optimal splice site,
decreases the diversity of transcripts in aged organisms. It will be
interesting to test whether A3 is a general or specific biomarker
of physiological aging by analyzing more extensive data from mul-
tiple species.

Our systematic approach provides crucial transcriptomic in-
formation on the difference between chronological and physiolog-
ical aging. Our study shows that aging is accompanied by impaired
transcriptional and RNA-processing fidelity, which is essential for
the correct functioning of biological processes. We also propose an
increased usage of distal 3’ splice sites for alternative splicing as a
novel and evolutionarily conserved transcriptomic biomarker of
physiological aging. Lastly, our functional results raise the possi-
bility that several RNA-processing regulators can be used as targets
for developing therapeutics against physiological aging and age-re-
lated diseases.

Methods

Strains and RNAI clones

All strains were maintained under standard laboratory culture con-
ditions on nematode growth media (NGM) seeded on Escherichia
coli OP50. The list of strains and RNAIi clones used in this study
are described as follows.

Strains: wild-type N2, CF1041 daf-2(e1370) III, SS104 glp-4
(bn2ts) 1

RNAi plasmids: control, daf-16, F30A10.9, plrg-1, ints-1,
RO8D7.1, F40F8.11, alkb-8, smu-1, prp-21, CO6E1.9, pfs-2, prp-8

RNA library preparation and sequencing

Total RNA was isolated using RNAiso plus (Takara) following the
manufacturer’s instructions. cDNA library was prepared and
paired-end RNA-seq was performed by using Illumina NovaSeq
6000 platform (Macrogen, Inc.). Detailed information is included
in “RNA library preparation and sequencing,” “Identification of
age-dependently regulated transcripts and terms,” “Analysis of
RNA-processing events in age-dependently regulated transcript
isoforms,” and “Analysis of transcripts associated with physiolog-
ical and chronological aging” in the Supplemental Methods.

Lifespan assays

Lifespan assays were performed as described previously with minor
modifications (Park et al. 2020). Detailed information is included
in “Lifespan assays” in the Supplemental Methods.
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Figure 8. daf-2 mutations slow age-dependent increases in the usage of distal 3’ splice sites in unc-61. (A) Changes in isoform fraction of unc-61 A3 iso-
forms during aging in wild-type (WT) and daf-2(e1370) [daf-2(-)] animals. Adjusted P values are shown on top of the data points, calculated relative to day 1
of adulthood data using IsoformSwitchAnalyzeR; (**) adjusted P<0.01. (B) Aligned reads (top) and junction usage (bottom) of unc-61 (ChrV: 14,731,698-
14,731,795) A3 isoforms in WT and daf-2(-) animals at indicated ages. Pink lines represent junctions with distal 3’ splice sites, whereas cyan lines represent
those with proximal 3’ splicing sites. Numbers below the lines indicate the numbers of reads aligned at the junctions. Percent numbers represent the ratios of
reads at junctions with distal 3’ splicing sites to total reads at junctions with proximal and distal 3’ splicing sites. (C) RT-PCR analysis of the proximal (P) and
distal (D) splice sites of unc-61 isoforms at days 1 and 11 of adulthoods. (D) Sequences and electropherograms of the RT-PCR amplicons of unc-61 isoforms.
(E) Isoform fraction of unc-61 A3 isoforms that were obtained from three independent RT-PCR experiments. Error bars represent standard error of the mean
(SEM). Pvalues were calculated by two-tailed Student’s t-test relative to day 1 of adulthood data; (**) P<0.01, n.s.: not significant. (F) RT-PCR analysis of the
P and D splice sites of unc-61 isoforms at days 1 and 11 of adulthoods in control RNAi- and F30A70.9 RNAi-treated animals. (G) Isoform fraction of unc-61 A3
isoforms that were obtained from three independent RT-PCR experiments. Error bars represent standard error of the mean (SEM). P values were calculated
by two-tailed Student'’s t-test relative to day 1 of adulthood data; (*) P<0.05, (**) P<0.01, and n.s.: not significant. See Supplemental Source files for stat-
istical analysis of the RT-PCR data shown in this figure and Supplemental Table S4 for primer sequences used in this RT-PCR.
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Quantitative RT-PCR

Quantitative RT-PCR was performed with Power SYBR Green PCR
Master Mix (Thermo Fisher Scientific) using StepOne real-time
PCR system (Applied Biosystems, Thermo Fisher Scientific)
following the manufacturer’s instructions. Detailed information
is included in “Quantitative reverse transcription PCR” in the
Supplemental Methods.

RT-PCR

RT-PCR was performed with gene-specific primers and 5 uL. cDNA
from the RT reaction. Detailed information is included in “Reverse
transcription PCR” in the Supplemental Methods.

Data access

All raw and processed sequencing data generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE190068. All strains or plasmids are available at the
Wellcome/CRC Institute at University of Cambridge and
Addgene (Addgene ID:186731).
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