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ABSTRACT
The molecular basis of aging and of aging-associated diseases is being unraveled at an increasing pace. An
extended healthspan, and not merely an extension of lifespan, has become the aim of medical practice. Here,
we define health based on the absence of diseases and dysfunctions. Based on an extensive review of the
literature, in particular for humans and C. elegans, we compile a list of features of health and of the genes
associated with them. These genes may or may not be associated with survival/lifespan. In turn,
survival/lifespan genes that are not known to be directly associated with health are not considered. Clusters of
these genes based on molecular interaction data give rise to maps of healthspan pathways for humans and for
C. elegans. Overlaying healthspan-related gene expression data onto the healthspan pathway maps, we
observe the downregulation of (pro-inflammatory) Notch signaling in humans and of proliferation in C. elegans.

www.aging-us.com

12534

AGING

We identify transcription, proliferation/biosynthesis and lipids as a common theme on the annotation level,
and proliferation-related kinases on the gene/protein level. Our literature-based data corpus, including
visualization, should be seen as a pilot investigation of the molecular underpinnings of health in two different
species. Web address: http://pathways.h2020awe.eu.

INTRODUCTION
For a long time, an active, targeted intervention to
maintain health into old age was terra incognita. It had
no priority, and few, if any, reliable data were available
to implement it in everyday life. Today, however,
systematically established diagnostic hints become
available for the individual, based on family history
and biomarker data, including genetic variants
(polymorphisms). To assess and prevent premature
health deterioration successfully, it would therefore be
useful (1) to dissect “health” into a set of its most
important features, (2) to specify biomarkers and
corresponding supportive interventions for the various
features of health and for health itself, and (3) to detail
its molecular basis and to map out molecular “healthspan
pathways”. Arguably, the increase in life expectancy
in the last 100 years has not been accompanied
by an increase in disease-free life expectancy
[1, 2]. Cardiovascular disease, type-2 diabetes and
neurodegenerative disorders are highly prevalent in the
elderly, and these diseases frequently coexist in the same
aged individual, often with mutual reinforcement [3, 4].
Extending healthspan may thus enable economic,
societal and individual gains on a large scale [5, 6].
Intervention studies to prolong healthspan based on
compound exposure in humans are limited to relatively
few compounds. Resveratrol for instance, being one of
the best-studied polyphenols in humans and animals,
has been tested in several clinical studies [7]. These
include studies focused on biomarkers, like the level of
blood glucose [8] and cholesterol [9], or glutathione Stransferase expression [10]. Moreover, data about longterm effects on overall health in human are missing in
general, and given the average human life expectancy,
they are difficult to obtain. Therefore, model organisms
are of great relevance to uncover the molecular basis of
healthspan and to identify supporting compounds. The
nematode Caenorhabditis elegans (C. elegans) is a
widely used model organism for studying ageing which
guided the discovery of fundamental ageing-related
findings, e.g., on calorie restriction and Insulin/IGF-1
like signaling [11]. Last not least, around 40% of the
genes found in C. elegans have human orthologs and,
vice versa, about 50% of the human protein-coding
genome has recognizable worm orthologs [12]. Studies
revealing the role of metabolism on health conducted in
C. elegans have been subsequently strengthened in

www.aging-us.com

12535

murine models [13, 14], rendering this nematode a
valuable model for human ageing processes.
Furthermore, the effects on lifespan, when manipulating
orthologous lifespan-associated genes in different
model organisms, are mostly concordant, despite high
evolutionary distances between them [15]. Most
recently, C. elegans has come to enjoy increasing
popularity as a model for health [16, 17], and an ever
increasing number of compounds [18–21] and diets [22,
23] are tested in C. elegans for their anti-ageing and
health effects.
Here, we assemble and explore “healthspan pathway
maps”, that is, annotated sets of interacting genes
implicated in health. To create these, we follow a
stepwise procedure: first, we dissect health into its
various features, based on disease and dysfunction.
Second, we compile lists of genes associated with health
based on the literature, for humans and C. elegans.
Third, we organize these genes into maps of healthspan
pathways, based on gene/protein interaction and
annotation data. Fourth, we create an overlay of healthrelated gene expression data onto the resulting
healthspan pathway maps, highlighting corroborating
knowledge that was not used as input. Finally, we
investigate the overlap of the healthspan pathways in
humans and C. elegans.
Health is a term in biology and medicine that is hard to
define. We propose that the best definition of health
must be based on an aggregation of the literature, see
also Fuellen et al. [5] and Luyten et al. [17]. Then,
healthspan is simply the time spent in good health.
Supplementary Tables 1–3 list features of human health
as discussed in the literature, referring to lack
of dysfunction, lack of multiple diseases, and
lifespan/longevity mediated by lack of disease. In
principle, at least for human, dysfunction can be
operationalized with the help of a codified classification
of function (such as the ICF, the International
Classification of Functioning, Disability and Health,
https//:www.who.int/classifications/icf/en/). This classification provides criteria to establish that an individual
is affected by a dysfunction. As described and discussed
in Fuellen et al. [5], we can filter the “body function”
part of the ICF by looking for follow-up in the literature
on health and healthspan. The result is a pragmatic
community consensus definition of dysfunction,
centering around the lack of physiological, physical,
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cognitive and reproductive function; a lack of
physiological, physical and cognitive functions is often
called frailty. To a large degree, this consensus
definition can be used for non-human species as well.
Further, disease can also be operationalized by a
codified classification (such as ICD-11, International
Statistical Classification of Diseases and Related Health
Problems, https//:www.who.int/classifications/icf/en/).
Again, the classification provides criteria to establish
that an individual is affected by a disease. In this paper,
affection by a single disease is not considered, as in old
age, single-disease morbidity rarely exists, and in terms
of interventions, we are interested in preventing more
than one disease. As described and discussed in Fuellen
et al. [5], not all parts of the ICD feature diseases related
to health and healthspan. However, we note that all
diseases referred to in Supplementary Tables 1–3 qualify
as age-associated diseases.
The main sources of knowledge about health, that is,
about features, biomarkers and interventions regarding
health-related phenotypes, are
(a) observational genetic investigations, usually in the
form of genome-wide association studies, looking
for associations between health and polymorphisms
of specific genes [24],
(b) observational studies of non-genetic biomarkers,
which are dynamic in time and are usually related to
known canonical pathways, and their longitudinal or
cross-sectional correlation with health [25],
(c) interventional studies, most often in model
organisms, where interventions affecting health
may be genetic or based on food or
(pharmaceutical) compounds, and the intervention
effects are measured on the molecular level,
implicating particular genes or pathways [26].
Like genetic studies, compound intervention studies can,
in principle, elucidate the causative basis of health.
Studies of type (b) may only be revealing correlative
evidence and can sometimes not be linked to particular
genes; therefore, we will not consider these further. A
biomarker of health is any (composite) feature that
allows to predict future health better than chronological
age [5]; it may be genetic (polymorphisms; such a
biomarker is essentially static over lifetime), molecular
but not genetic (epigenetic or transcript or protein or
metabolic markers, etc.), cellular (blood counts, etc.) or
organismic (such as grip strength). Based on studies of
types (a) and (c), in this work we will only deal with
genes and sets of genes (that is, genes organized into
networks or pathways) as candidate biomarkers of
health.
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For humans, we thus consider that knowledge of the
causal basis of health may be best derived from genetic
association studies [27]. Based on an extensive review of
the literature, we identify a core set of 12 genes that are
genetically associated with a lack of frailty [28, 29] and
the Healthy Aging Index [30], and another set of 40
genes genetically associated with (a lack of) multiple
diseases, or with longevity mediated by a lack of disease
(see Supplementary Tables 1–3). In contrast to humans,
genetic intervention studies on healthspan are available
for C. elegans, as well as compound intervention data. A
lack of dysfunction exemplified by stress resistance,
locomotion, pharyngeal pumping and reproduction are
taken as the key health features in C. elegans [31]. On
this basis, a core set of 11 genes is directly implicated in
improvements of locomotion by genetics, and another
set of 20 genes is indirectly implicated in improvements
of the key health features by studies that investigate
effects of compounds (see Supplementary Tables 4, 5).
While there is a strong overlap between genes affecting
healthspan and genes affecting lifespan, the genes we
selected may or may not be associated with
survival/lifespan. In turn, we do not consider
survival/lifespan genes that are not (known to be)
directly associated with health. In other words, what we
selected is a list of genes related to health(span), without
explicitly considering lifespan.
We then place the genes implicated in health into
context by adding gene/protein interaction and gene
annotation knowledge. Specifically, we turn the lists of
genes into gene/protein interaction networks, to which
20 closely interacting genes are added, employing
GeneMania [32]. Gene ontology annotation data are then
used to annotate clusters of strongly connected genes
within the network, employing AutoAnnotate [33].
Then, we elaborate how the resulting healthspan
pathways can be interpreted in plausible ways,
specifically in the light of independent health-related
gene expression data describing effects of caloric
restriction and of rapamycin, and in the light of gene
expression data describing aging and disease. Given the
incomplete and sometimes inaccurate knowledge we use
as input, our healthspan pathway map, and its
interpretation can only be a first sketch to drive the
development of models of this polygenetic phenotype.
For example, not much weight should be given to the
small pathways (clusters of 2-3 genes) in the pathway
maps, as the clustering is entirely based on highthroughput data such as protein interaction data.
We also predict microRNAs that may be potential
regulators of healthspan [34, 35]. Finally, we find that if
we construct an overlap between the healthspan
pathways in C. elegans and humans, genes involved in
transcription, proliferation/biosynthesis and lipids are
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highlighted, but this overlap is not straightforward to
interpret in the light of the independent health-related
gene expression data that we used to test plausibility of
the single-species healthspan pathway maps. Further,
“lipids” come up by way of the Gene Ontology
annotation data for both species.

cognitive function, and reproductive function, as in
human [5]. Of note, genetic analyses of health in C.
elegans have focused up to now mostly on (stimulated)
locomotion. Stimulated locomotion integrates some
aspects of strength (physical function) and cognition
(cognitive function).

All healthspan pathways discussed in this manuscript,
as well as the overlaps we found between species,
are available for interactive exploration at
http://pathways.h2020awe.eu.

Additional genes associated with C. elegans health

RESULTS AND DISCUSSION
Based on the considerations in the introduction, we first
justify the gene lists we used to construct the healthspan
pathway maps for humans and C. elegans. Second, we
describe the healthspan pathway maps in detail,
specifically in light of gene expression data that we
overlaid onto the pathway maps. We then consider the
human - C. elegans overlap, followed by some general
discussion of our approach, including its strengths and
limitations.
Genes associated with health
Health genes in humans may be discovered based on
genetic association, and with some probability it can be
assumed that these correlations indicate a causal
relevance. This is not a certain inference, because of the
intrinsic ambiguities in assigning genetic polymorphisms
(in the form of SNPs, single-nucleotide polymorphisms)
to genes, e.g. in intergenic regions or in intronic
regions with overlapping non-coding RNA on the
complementary strand [36]. In turn, for C. elegans, only
few studies report effects of genetic interventions on
health, although these are increasingly becoming
available. However, as of early 2018, Sutphin et al. [16]
is the only large-scale genetic study that we could
identify, even though it is basically a small-scale study
of healthspan based on a large-scale study of lifespan.
Many more studies in C. elegans refer to canonical
aging-related pathways, and in contrast to studies in
humans, these studies often directly report the molecular
effects of compound intervention. The C. elegans genes
listed in the Supplementary Tables 4, 5 are thus based on
the effects of genetic intervention and on the effects (on
the gene level) of compound intervention, and we can
assume a high probability of causality in both cases. For
C. elegans, Supplementary Tables 4, 5 list features of
health based on the literature, referring to lack of
dysfunction in the form of stress resistance (in response
to thermal and oxidative stress), (stimulated)
locomotion, pharyngeal pumping, and reproduction.
These features dominate the literature, and they cover
the aspects of physiological function, physical and
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For C. elegans, we generated an additional list (see
Supplementary Table 8) of health-associated genes
(which differ from genes listed in Supplementary Tables
4, 5 to a large extent) that cannot be generated for humans
(see Methods), using WormBase to systematically
identify health-related compound interventions with
associated gene expression data, and compiling the list of
genes with strongest differential expression that are wellannotated by Gene Ontology terms.
From gene lists to maps of healthspan pathways
We used Cytoscape with selected plugins to obtain and
annotate a connected network of the human healthspan
associated genes from Supplementary Tables 1–3 and
the C. elegans genes from Supplementary Tables 4, 5.
Specifically, we used GeneMANIA to establish a
gene/protein interaction network and to add connecting
genes, and subsequently we clustered all genes based on
their connectivity, and added GeneOntology-based
annotations using AutoAnnotate. The resulting
healthspan pathway maps are presented in the following.
Moreover, health-related gene expression data are
overlaid onto all healthspan pathway maps and will be
discussed as well; these data are describing the effects of
caloric restriction (CR) in humans [37] and of rapamycin
in C. elegans [38], as examples of health-promoting
interventions, or they describe the effects of aging and
disease in specific tissues.
For humans, we derived a gene list (Supplementary
Table 6) summarizing all genes associated with
healthspan. (see Supplementary Tables 1–3 to trace
back these genes to their origin). This list yielded the
network of Figure 1, where the two largest
pathways/clusters (15 and 13 genes) are specifically
labeled by NOTCH and transcription initiation, and by
proliferation, and the smaller pathways/clusters (4, 3, 3
and 3 genes) are labeled by cholesterol and lipid
processes, by thymus activation, by myotube (striate
muscle) regulation, and by Wnt signaling. In Figure 1
bottom, the list of pathways/clusters is given, and the
details of the largest pathway are zoomed in.
In the largest pathway/cluster, in light of the CRtriggered gene expression changes, the most prominent
findings are an induced downregulation of NOTCH4
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(and to a lesser extent of NOTCH 2 and 3), as well as of
LRP1, and an upregulation of TOMM40 and CREBBP
(also known as CBP). The family of NOTCH proteins
has various functions, including a pro-inflammatory one
[39, 40]. NOTCH4 is upregulated in kidney failure [41],
and promotes vascularization/angiogenesis, which
includes its upregulation in malignancy [40, 42]. A
downregulation of NOTCH4 by CR can thus be taken
as beneficial effect. This is less obvious for LRP1, the
low-density lipoprotein receptor-related protein 1,
which is responsible for membrane integrity and
membrane cholesterol homeostasis, thus being involved
in proper myelination [43] and vascular integrity [44].
A downregulation of LRP1 during CR could therefore
be seen as deleterious. However, LRP1 expression
mainly depends on cholesterol levels [45] – and these
are lower during fasting. Hence, lower LRP1 expression

actually reflects a lower LDL level, which per se has
been found to be protective. The upregulations observed
for TOMM40 and CREBBP during CR can also be seen
as protective. TOMM40 is part of a mitochondrial
membrane protein translocase, supporting mitochondrial
function [46], and low expression and/or particular risk
alleles of this protein are associated with Huntington’s
and Alzheimer’s Disease [47, 48]. Of note, TOMM40
upregulation during CR goes together with APOE4
downregulation. Although both genes are closely
located on chromosome 19, prompting the speculation
that this linkage could imply concordant expression
changes, this is obviously not the case here. CREBBP
is a transcriptional co-activator with histoneacetyltransferase activity [49], acting primarily on
histones 3 and 4, and thus it acts in concert with a
range of transcription factors. Its downregulation is

Figure 1. A healthspan pathway map for humans, based on Supplementary Tables 1–3, including the list of
pathways/clusters with their labels as assigned by AutoAnnotate and their size (number of genes). The largest pathway is

zoomed in to reveal details. The size of a gene node is proportional to its GeneMANIA score, which indicates the relevance of the gene with
respect to the original list of genes to which another 20 genes are added by GeneMANIA, based on the network data. Genes upregulated by
CR are shown in yellow, downregulated genes are shown in blue, and grey denotes genes for which no expression values are available in the
caloric restriction dataset [37]. The color of an edge refers to the source of the edge in the underlying network, that is co-expression (pink),
common pathway (green), physical interactions (red), shared protein domains (brown), co-localization (blue), predicted (orange), and genetic
interaction (green). The thickness of an edge is proportional to its GeneMANIA “normalized max weight”, based on the network data. Genes
from the GeneMANIA input list feature a thick circle, while genes added by GeneMANIA do not.

www.aging-us.com

12538

AGING

deleterious, resulting in, e.g., MHCII expression
loss on lymphocytes [50], rendering the lymphocytes
dysfunctional for antigen presentation, and in
inflammatory signaling [51]. An upregulation of
CREBBP by CR is thus likely beneficial. We further
investigated the miRNAs that are statistically enriched
in the largest healthspan pathway using the TFmir
webserver [52], revealing regulation of NOTCH genes
implicated in the epithelial-mesenchymal transition,
cancer, heart failure and obesity, see Supplementary
Results. The genes in the next-largest pathway/clusters,
related to cell proliferation and lipids, are also described
there in detail, as well as further evidence provided by
mapping aging- and disease-related gene expression
data onto them, as published or collected by Aramillo
Irizar et al. [53].
For C. elegans, the gene list representing all healthspan
associated genes is shown in Supplementary Table 7
(see Supplementary Tables 4–5 to trace back these
genes to their origin). This list yielded the network of
Figure 2, where the largest clusters (9 and 6 genes,
respectively) are labeled by immune response process
and by terms related to the mitochondrion. Three
clusters (of 4 genes each) specifically feature dauer/
dormancy, hormone response, and regulation. In Figure

2 bottom, the list of pathways/clusters, and the details of
the largest pathway are zoomed in. Regarding the first
pathway, rapamycin reduces ets-7 transcription, which
was shown to be necessary for the healthspanpromoting effects of salicylamine [54]. Furthermore,
rapamycin upregulates the transcription factor daf-16 (a
homolog to Foxo) and downregulates the daf-16
inhibitors akt-1 and akt-2, putatively leading to an
improved stress- and immune-response and prolonged
lifespan via the Insulin/IGF-1 pathway [55]. Along the
same lines, the akt-1 and akt-2 activator pdk-1 is also
downregulated by rapamycin, further promoting daf-16
activity [56]. In contrast, the daf-16 inhibitor sgk-1 (a
homolog to Nrf) is upregulated; however, its inhibitory
role is subject of discussion [57]. Finally, the
transcription factors hsf-1 and skn-1, both important in
stress response processes [58, 59], are slightly
downregulated in rapamycin-treated C. elegans. Thus,
the stress defense system of C. elegans seems to play a
central role in healthspan prolongation. Indeed, stress
resistance is frequently discussed as a key to a long and
healthy life. Vitagenes, which are genes involved in
preserving cellular homeostasis during stress conditions,
were shown to be crucial for the beneficial effects of
dietary phytochemicals [60]. Furthermore, mild stress,
which stimulates repair pathways and the stress defense

Figure 2. A healthspan pathway map for C. elegans, based on Supplementary Tables 4, 5. See also Figure 1. Gene expression data
reflect the effect of rapamycin [38].
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of an organism including vitagenes, is able to promote
healthy ageing in numerous ways [61]. This
phenomenon, called hormesis, was held responsible for
beneficial effects observed by many compound
interventions [62–64]. More specific concepts, like
mitohormesis which explains how reactive oxygen
species can increase life- and healthspan [65] or the
xenohormesis hypothesis which links evolutionary
processes to the health-promoting abilities of plantderived food [66] allow deeper insights into the
entanglement of stress and health. In the Supplementary
Results, the next-largest pathway/clusters, related to the
mitochondrion, to dauer/dormancy, to regulation, and to
hormone response are described in detail.
For C. elegans, we also derived a gene list from
WormBase, taking the genes that are most differentially
regulated by healthspan-extending interventions and, at
the same time, are annotated with a sufficient number of
GO terms (see Methods; Supplementary Table 8). We
obtained the network of Figure 3. Curiously, the top
healthspan pathways of 11, 9 and 8 genes are related to
the endoplasmic reticulum (ER), lipid and membrane,
to the peroxisome, macrobody and ER, and to the

lysosome. The endoplasmic reticulum, the peroxisome
and the lysosome are part of the endomembrane system,
together with the mitochondria, contributing to
healthspan and longevity in mammals and beyond [67].
Peroxisomal and lysosomal functions connect this
pathway to dietary effects on lifespan [68, 69], and to
liver disease [70]. The second tier of healthspan
pathways (6 or 5 genes) are related to morphogenesis,
biosynthesis and transcription.
For the WormBase data, the list of pathways/clusters,
and the details of the largest pathway, are given in
Figure 3, bottom. The ER/lipid-related pathway includes
genes involved in fatty acid elongation/production (elo-1
to elo-9; let-767; art-1). Overlaying the rapamycin gene
expression data, the well-characterized elo-1 and let-767
genes show some downregulation. However, the
importance of elongase genes for health maintenance in
general was repeatedly documented. Vásquez and
colleagues [71] demonstrated the impairment of touch
response in elo-1 mutants. They argue that elo-1 has a
crucial role in the synthesis of C20 polyunsaturated fatty
acids which are required for mechanosensation.
Moreover, elo-1 mutants showed increased resistance

Figure 3. A healthspan pathway map for C. elegans, based on genes affected the most by healthspan-extending
interventions, using WormBase gene expression data. See also Figures 1, 2.
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to Pseudomonas aeruginosa infections due to the
accumulation of gamma-linolenic acid and stearidonic
acid [72] and knockdown of elo-1 or elo-2 extend
survival during oxidative stress [73]. Finally, art-1
is a steroid reductase that is downregulated by
rapamycin in our case, but also in long-lived eat-2
mutants [74]. In the Supplementary Results, the nextlargest pathway/clusters, related to the ER, the
peroxisome, the lysosome, morphogenesis, biosynthesis
and transcription, are described in detail.
Overlap between human and C. elegans health genes
and healthspan pathways
Based on reciprocal best orthologs, we found no direct
overlap between the human health genes based on
genetic associations and the C. elegans healthspan genes
based in part on genetic interventions, but mostly on
expert analysis of intervention effects (Figure 2), or on
gene expression changes related to healthspan-extending
interventions (Figure 3). We found some hints at an
overlap on the level of the healthspan pathway
annotations, considering that “proliferation” is listed for
human, and “biosynthesis”, “immune response”, and
“mitochondrion” for C. elegans, while “transcription” as
well as “lipid” are found for both. Due to the postmitotic nature of the adult C. elegans, proliferation
processes have only minor impact on healthspan in C.
elegans. In contrast, given that deregulated cell
proliferation is the basis for cancer [75] and that
cancer is one of the four main reasons for morbidity
and mortality in humans according to the WHO
(https://www.who.int/gho/ncd/mortality_morbidity/en/;
status as of August 2019), it is not surprising that
proliferation is a fundamental part of the human
healthspan map. Furthermore, since C. elegans is usually
fed on bacteria, which cause pathogenic stress in older
nematodes [76, 77], the immune system is of particular
importance for the health of nematodes. Finally,
differences of the healthspan pathway maps regarding
annotations such as “mitochondrion” could also be due
to differences in how the underlying data were
generated, in addition to species-specific differences.
Regarding lipids, for humans, specific reference is made
to APOE/APOC (implicated in cholesterol metabolism);
for C. elegans, specific reference is made to the elo set
of genes (implicated in fatty acid elongation). The
dysregulation of cholesterol and its different
manifestations such as high- and low-density lipoprotein
cholesterol (HDL-C and LDL-C) are one of the main
causes for atherosclerotic cardiovascular diseases
(CVD), a top ageing-related deadly disease [78, 79]. In
contrast to mammals, C. elegans does not exhibit a heart
or blood vessels and it cannot synthesize cholesterol
by itself. Furthermore, a transgenic cholesterol-
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heterotrophic line lives 31% longer [80]. Another
interesting difference is that cholesterol’s main task in
nematodes is probably not its role as a crucial membrane
component, but rather its role as a signaling molecule
[81, 82]. Further discrepancies regarding the function
and regulation of lipids in humans and C. elegans are
summarized in Mullaney and Ashrafi [83]. Nevertheless,
and quite surprisingly, numerous key components,
functions and regulatory pathways regarding lipid
metabolism are indeed comparable in C. elegans:
Similarities in the regulation of membrane fluidity [84],
of fat depletion after consumption of oats [85], legumes
[86], and fibrates [87] as well as after exercise [88], and
in the genetic background of obesity [89–91] and fat
storage [92] are only a few examples. The adult worm is
post-mitotic [93] but also many human diseases and cell
senescence processes are associated with tissues that no
longer divide, e.g., in the brain [94, 95].
In search for other modes of overlap, we additionally
constructed and compared two interaction networks,
based on mapping genes to their respective orthologs in
the other species. Each of the two interaction networks
is based on the union set of the health genes of human
(based in turn on genetics, Supplementary Tables 1–3,
Figure 1) and of C. elegans (based in turn on the gene
expression
analysis
of
healthspan-extending
interventions using WormBase, Figure 3). Specifically,
as outlined in Figure 4, we added the C. elegans
orthologs of the human health genes to the list of C.
elegans health genes and vice versa, yielding two
separate input gene lists for GeneMANIA to enable the
construction of the two interaction networks, one per
species. We used strict ortholog mapping rules (only
reciprocal best hits were accepted). By design, the two
gene lists feature a high degree of overlap (with
differences due to missing orthologs), and their
subsequent comparison, consisting of the partial
network alignments that are based on ortholog mapping
on the one hand and the species-specific network data
on the other hand can only reveal hypotheses for
common healthspan pathways, as long as explicit
experimental evidence for a relation to health is only
found for one species. Moreover, interaction points
between a healthspan pathway with evidence in one
species and a healthspan pathway with evidence in the
other species may be revealed, if a partial alignment of
the interaction networks consists of interacting genes
for which the relationship to health was demonstrated
only in one species for each pair of orthologs.
Of the two interaction networks to be aligned, the first
network is based on C. elegans health genes, the C.
elegans orthologs of human health genes, and C.
elegans gene interaction information provided by
GeneMANIA. The second network is based on human
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health genes, the human orthologs of C. elegans health
genes, and human gene interaction information
provided by GeneMANIA. Despite using similar lists of
genes (with differences due to missing orthologs and
due to the genes added by GeneMANIA), we can expect
that the two GeneMANIA networks are quite different
because the interaction data sources employed by
GeneMANIA are strongly species-specific. Moreover,
we observe that in both cases, the 20 closely interacting
genes added by GeneMANIA for one species included
no orthologs of the other species. Nevertheless, to
identify joint healthspan pathways and interaction
points between healthspan pathways, we used
GASOLINE [96] to align the two networks wherever
feasible, obtaining two partial (subnetwork) alignments
as output, as shown in Figure 5.
In the first alignment (Figure 5, left), we see an
alternating pattern of demonstrated health-relatedness,
since pak-2, sad-1 and pig-1 are considered healthrelated by gene expression analysis using WormBase,
while CDKN2B and GSK3B are known to be human
health genes (Supplementary Tables 1–3; GSK3B was
implicated by a GWAS of the Healthy Aging Index,
while CDKN2B was in fact one of the few genes
implicated by two independent health studies). The C.
elegans genes belong to three small clusters in the

healthspan pathway map of Figure 3 (pak-2: lysosomal,
sad-1: neural, pig-1: biosynthesis), while the human
genes belong to one large (GSK3B: proliferation) and
one small (CDKN3B: cyclin-dependent kinase) cluster
in the human healthspan pathway map of Figure 1.
Interactions in C. elegans are all based on shared
domains (kinase signaling, except for the predicted
interaction of gsk-3 and C25G6.3, which is based on the
Interologous Interaction Database), while interactions in
human are based on shared domains, genetic interaction
(i.e., large-scale radiation hybrid) and pathway data.
Essentially, the healthspan pathway overlap suggested
by our analysis involves proliferation-related
serine/tyrosine kinase signaling (pak-2/sad-1/pig-1 and
PAK4/BRSK2/MELK), Wnt signaling (GSK3) and
cyclin-dependent kinase signaling (CDKN2B). Both
alignments are described further in detail in the
Supplementary Results, and a functional analysis of the
genes is given in Supplementary Tables 11, 12.
Given lists of genes, there is a plethora of possibilities
to organize the genes into groups of related ones.
Motivated by the idea of a “healthspan pathway”, we
hypothesized that the genes should be known to interact
based on functional gene/protein interaction data
(provided by GeneMANIA). Here, as in most other
studies, pathways are not assumed to be linear [97]. The

Figure 4. Workflow of the main analysis steps. First, 52 human health genes (Supplementary Tables 1–3) were processed with

GeneMANIA and AutoAnnotate to determine the human healthspan pathway map (left, see also Figure 1). Analogously, 58 worm health
genes (based on gene expression analysis using Wormbase) were studied, yielding the C. elegans healthspan pathway map (right, see also
Figure 3). Then, to determine overlap across species, the gene lists were extended by the orthologs (calculated by WORMHOLE, see
Supplemental Methods) from the respective other species. We then employed GeneMANIA as before, to generate two interaction networks
(one per list). and overlaps between these two networks of health genes were determined by GASOLINE (middle, see also Figure 5).
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(higher-level) interaction among the clusters/healthspan
pathways (i.e., the pathway map) is given by the
individual gene/protein interactions that are shown
between the clusters in Figures 1–3. However, we did
not investigate these further.
The small amount of healthspan gene/pathway overlap
that we found may be seen from a pessimistic or an
optimistic perspective, depending in part on
expectations. From the pessimistic perspective, the
molecular processes may be completely different, and
the C. elegans orthologs of the human health genes are
involved in different processes as compared to the
human health genes, and vice versa. From the optimistic
perspective, it may just be that the number and scope of
the investigations that yielded the health genes we
studied is still insufficient, annotations are still
incomplete, and considering only reciprocal best
orthologs may be too restrictive. (We tried a less
restrictive mapping of orthologs by relaxing the
condition that orthologs must be reciprocal, but the
overlap was still negligible; results not shown).
Nevertheless, future genetic studies are expected to
yield more health genes in both species, and their
characterizations are expected to improve. Moreover,
when we analyze in detail the effects of intervention
studies in C. elegans, we do find clear hints to some
mechanisms that underlie healthspan also in human
[98]. For example, changes in the Ins/IGF-1 pathway
genes daf-2 and daf-16 are found to be associated with
many of the features described in Supplementary Table
5, suggesting a fundamental role for immune defense
mechanisms (and proliferation) in health maintenance,
as described by Ermolaeva et al. [99].

Since C. elegans only exhibits an innate immune system
and is missing the adaptive immune response, one could
argue that the biological relevance of “immune
response” in the C. elegans healthspan pathway map is
negligible. However, the strict separation of the immune
response into an innate and an adaptive system was
questioned by Kvell et al. [100] and more recently by
Penkov et al. [101], not least because of the discovery
of the trained innate immune response [102].
Furthermore, the suitability of C. elegans as a model for
the mammalian immune system and for pathogen
response was summarized in several reviews [99, 103,
104]. Indeed, based on the expression of antifungal or
antibacterial polypeptides in response to pathogenic
stress, this nematode is used to find new antimicrobial
drugs [105, 106]. Finally, it was demonstrated that
immunosenescence, which is one of the most important
healthspan parameters, affects the innate immune
system in both organisms, nematodes [107–109] and
humans [110].
Of course, the precise definition of phenotype is crucial.
If the samples are not really about (lack of) health, in
human or in C. elegans, then any subsequent molecular
or bioinformatics analyses will compare apples and
oranges and may thus fail. Therefore, it is important to
use a good phenotyping of health in human as well as in
C. elegans, and on this basis, to collect data as genomewide as possible. For most of the age-related diseases
that we use to define health in humans, there is no C.
elegans counterpart. E.g., as C. elegans has no heart, it
cannot have any heart diseases. In addition, the aging
process that may underlie most of these age-related
diseases is poorly characterized and hard to quantify in

Figure 5. The two alignments demonstrating overlap of (putative) healthspan pathways in human and C. elegans, based on a
GASOLINE alignment of the network of genes implicated in health-related gene expression changes in WormBase (top), and
in human health based on genetic studies (bottom), and of corresponding orthologs. Dashed edges indicate orthologs, green

edges indicate interactions based on GeneMANIA known for the respective species; the node shape is square if the gene originates from the
original lists of health genes and it is circular if the gene is an ortholog, and node colors are based on gene expression changes triggered by
rapamycin (in case of C. elegans) or by caloric restriction (in case of human), as in Figures 1–3.
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humans. Nonetheless, locomotion degrades with age
in both species, due to changes at the muscle as well
as neural level. Two related features of physical
function, that is, grip strength [111] and the ability to
sit and rise from the floor [112] are good predictors
of all-cause mortality in humans. Likewise, both in
humans and in C. elegans, the ability to withstand
various forms of stress decreases with age [113, 114].
Thus, at the level of organs or functional systems,
both C. elegans and humans show age-related
declines in performance, that may well be due to
underlying processes that are similar at the cellular
and molecular level. Moreover, the investigation of
healthspan in C. elegans already identified additional
ageing-related genes, e.g. for EGF signaling, which is
known for its connection to ageing in mammals [115,
116]. Interestingly, in C. elegans, the EGF-regulator
HPA-2 was identified by analyzing locomotion but
not lifespan [117] highlighting the usefulness for
phenotyping-assays distinct from lifespan. This is
underlined by the observation that locomotion is
impaired during ageing in mammals and C. elegans
in a similar way [118].
Overall, we suggest that within the limitations of
currently available data, the health genes we assembled,
the healthspan pathways we constructed based on these,
and the overlap we then found between species, are a
first glimpse of the species-specific and cross-species
molecular basis of health.

MATERIALS AND METHODS

Construction of maps of clusters/pathways
For all gene sets analyzed, we used the Cytoscape
3.5.1 application GeneMANIA [32], version 3.4.1,
downloaded October 2017, with default settings, to
create a functional interaction network that is
complemented with the GeneMANIA default of 20
connecting genes. For clustering, and for annotating
the clusters based on the “annotation name” column of
GO annotations collected by GeneMANIA, we used
AutoAnnotate [33] v1.2, downloaded October 2017, in
Quick start mode to enable to “layout network to
prevent cluster overlap”, so that a map of disjoint
clusters (i.e., healthspan pathways) was generated.
This was supplemented by a second advanced
annotation step to increase the “max. number of words
per cluster label” to the largest possible value of 5.
Cluster annotations were generated using WordCloud
[120] v3.1.1, downloaded January 2018.
In the Supplement, we further describe in detail how we
overlaid expression data onto the pathway maps,
constructed the overlap of healthspan pathways in
C. elegans and humans, and programmed the web
presentation.
Data accessibility

Gene sets associated with health, literature-based
In this work, we conducted a semi-systematic review,
including publications until 2018, using health,
healthspan and healthy aging, for human and C.
elegans, as search terms in Google Scholar, initially
filtering for recent reviews and considering only the
top hits. For humans, genetic studies of Supplementary
Tables 1–3 are often not found using health-related
keywords, so we included terms related to dysfunction
(such as frailty) and disease (such as multi-morbidity)
as well. For the genetics of human frailty, we identified
two publications [28, 29]. Overall, a list of 52 genes
(Supplementary Table 1, 12 genes; Supplementary
Tables 2, 3, 40 genes) was taken as the starting point
in humans. For the genetics of C. elegans health, we
followed a similar approach (Supplementary Table 4).
For compound interventions in C. elegans, we identified
a specific set of recent reviews (see Supplementary
Table 5). Overall, a list of 31 genes (Supplementary
Table 4, 11 genes; Supplementary Table 5, 20 genes)
was taken as the starting point in C. elegans. From
the original publications and reviews, we extracted the
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gene names, using iHOP [119] to assign HUGO
nomenclature names if necessary. In the Supplement,
we describe in detail how a second set of healthassociated genes in C. elegans was identified using
WormBase.
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The accompanying web presentation uses CytoscapeJS
to present the pathways, which also offers all pathway
maps for download that were exported from
Cytoscape. All files contributing to the analysis
and to the website are freely available from
https://bitbucket.org/ibima/healthspannetworkscytosca
pejs. The above described generation of pathway
maps was performed manually by interacting
with the respective tools. Genes can be selected via
their cluster or by the GeneOntology terms they are
annotated with. Any such selection of genes is
referenced to the MEM [121] and g:Profiler [122] web
services.

AUTHOR CONTRIBUTIONS
Study design: GF, WL, SM, NS. Collection of data: GF,
NS, SM. Analysis of data: GF, NS, RK, SSe, HME, CJ,
SS, IB, MH. Website: SM, PAd, JV. Manuscript
writing: GF, NS, SM, AAC, RK, SSe, HME, LS, BW,
FC, AB, PAn, HJG, DR, MB, LJ. All authors reviewed
and approved the final manuscript.

AGING

ACKNOWLEDGMENTS

5.

Fuellen G, Jansen L, Cohen AA, Luyten W, Gogol M,
Simm A, Saul N, Cirulli F, Berry A, Antal P, Köhling R,
Wouters B, Möller S. Health and aging: unifying
concepts, scores, biomarkers and pathways. Aging Dis.
2019; 10:883–900.
https://doi.org/10.14336/AD.2018.1030
PMID:31440392

6.

Fuellen G, Schofield P, Flatt T, Schulz RJ, Boege F, Kraft
K, Rimbach G, Ibrahim S, Tietz A, Schmidt C, Köhling R,
Simm A. Living long and well: prospects for a
personalized approach to the medicine of ageing.
Gerontology. 2016; 62:409–16.
https://doi.org/10.1159/000442746 PMID:26675034

7.

Berman AY, Motechin RA, Wiesenfeld MY, Holz MK.
The therapeutic potential of resveratrol: a review of
clinical trials. NPJ Precis Oncol. 2017; 1:35.
https://doi.org/10.1038/s41698-017-0038-6
PMID:28989978

8.

Brasnyó P, Molnár GA, Mohás M, Markó L, Laczy B,
Cseh J, Mikolás E, Szijártó IA, Mérei A, Halmai R,
Mészáros LG, Sümegi B, Wittmann I. Resveratrol
improves insulin sensitivity, reduces oxidative stress
and activates the Akt pathway in type 2 diabetic
patients. Br J Nutr. 2011; 106:383–89.
https://doi.org/10.1017/S0007114511000316
PMID:21385509

9.

Chen S, Zhao X, Ran L, Wan J, Wang X, Qin Y, Shu F,
Gao Y, Yuan L, Zhang Q, Mi M. Resveratrol improves
insulin resistance, glucose and lipid metabolism in
patients with non-alcoholic fatty liver disease: a
randomized controlled trial. Dig Liver Dis. 2015;
47:226–32.
https://doi.org/10.1016/j.dld.2014.11.015
PMID:25577300

We thank Yasmeen Quawasmeh for technical assistance.
We acknowledge assistance by Giovanni Micale in using
GASOLINE.

CONFLICTS OF INTEREST
Alan A. Cohen is founder and CSO at Oken Health. All
other authors declare that they have no conflicts of
interest.

FUNDING
This project has received funding from the European
Union’s Horizon 2020 research and innovation
programme under Grant agreement No 633589 (Aging
with Elegans). This publication reflects only the
authors’ views and the Commission is not responsible
for any use that may be made of the information it
contains. AAC is supported by a CIHR New
Investigator Salary Award and is a member of the
Fonds de recherche du Québec – Santé funded Centre
de recherche du CHUS and Centre de re-cherche sur le
vieillissement. Priit Adler and Jaak Vilo acknowledge
research and open access funding from Estonian
Research Agency grant IUT34-4. Brecht Wouters was
supported by FWO Grant 11A5420N. PA was
supported by the BME NC TKP2020 grant of NKFIH
Hungary, BME-Biotechnology FIKP grant of EMMI
(BME FIKP-BIO), OTKA K119866.

REFERENCES
1.

Crimmins EM. Lifespan and healthspan: past, present,
and promise. Gerontologist. 2015; 55:901–11.
https://doi.org/10.1093/geront/gnv130
PMID:26561272

2.

Robine JM, Jagger C, Crimmins E. (2013). Healthy
Longevity: A Global Approach: Springer Publishing
Company.

3.

Fillenbaum GG, Pieper CF, Cohen HJ, Cornoni-Huntley
JC, Guralnik JM. Comorbidity of five chronic health
conditions in elderly community residents:
determinants and impact on mortality. J Gerontol A
Biol Sci Med Sci. 2000; 55:M84–89.
https://doi.org/10.1093/gerona/55.2.m84
PMID:10737690

4.

Wolfson M, Budovsky A, Tacutu R, Fraifeld V. The
signaling hubs at the crossroad of longevity and agerelated disease networks. Int J Biochem Cell Biol. 2009;
41:516–20.
https://doi.org/10.1016/j.biocel.2008.08.026
PMID:18793745

www.aging-us.com

12545

10. Ghanim H, Sia CL, Korzeniewski K, Lohano T,
Abuaysheh S, Marumganti A, Chaudhuri A, Dandona P.
A resveratrol and polyphenol preparation suppresses
oxidative and inflammatory stress response to a highfat, high-carbohydrate meal. J Clin Endocrinol Metab.
2011; 96:1409–14.
https://doi.org/10.1210/jc.2010-1812 PMID:21289251
11. Gruber J, Chen CB, Fong S, Ng LF, Teo E, Halliwell B.
Caenorhabditis elegans: what we can and cannot learn
from aging worms. Antioxid Redox Signal. 2015;
23:256–79.
https://doi.org/10.1089/ars.2014.6210
PMID:25544992
12. Kim W, Underwood RS, Greenwald I, Shaye DD.
OrthoList 2: a new comparative genomic analysis of
human and Caenorhabditis elegans genes. Genetics.
2018; 210:445–61.
https://doi.org/10.1534/genetics.118.301307
PMID:30120140

AGING

13. Berry A, Cirulli F. The p66(shc) gene paves the
way for healthspan: evolutionary and mechanistic
perspectives. Neurosci Biobehav Rev. 2013;
37:790–802.
https://doi.org/10.1016/j.neubiorev.2013.03.005
PMID:23524280
14. Schumacher B, van der Pluijm I, Moorhouse MJ,
Kosteas T, Robinson AR, Suh Y, Breit TM, van Steeg H,
Niedernhofer LJ, van Ijcken W, Bartke A, Spindler SR,
Hoeijmakers JH, et al. Delayed and accelerated aging
share common longevity assurance mechanisms. PLoS
Genet. 2008; 4:e1000161.
https://doi.org/10.1371/journal.pgen.1000161
PMID:18704162
15. Yanai H, Budovsky A, Barzilay T, Tacutu R, Fraifeld VE.
Wide-scale comparative analysis of longevity genes
and interventions. Aging Cell. 2017; 16:1267–75.
https://doi.org/10.1111/acel.12659 PMID:28836369
16. Sutphin GL, Backer G, Sheehan S, Bean S, Corban C, Liu
T, Peters MJ, van Meurs JB, Murabito JM, Johnson AD,
Korstanje R, and Cohorts for Heart and Aging Research
in Genomic Epidemiology (CHARGE) Consortium Gene
Expression Working Group. Caenorhabditis elegans
orthologs of human genes differentially expressed with
age are enriched for determinants of longevity. Aging
Cell. 2017; 16:672–82.
https://doi.org/10.1111/acel.12595 PMID:28401650
17. Luyten W, Antal P, Braeckman BP, Bundy J, Cirulli F,
Fang-Yen C, Fuellen G, Leroi A, Liu Q, Martorell P,
Metspalu A, Perola M, Ristow M, et al. Ageing with
elegans: a research proposal to map healthspan
pathways. Biogerontology. 2016; 17:771–82.
https://doi.org/10.1007/s10522-016-9644-x
PMID:27040825
18. Chen X, Barclay JW, Burgoyne RD, Morgan A. Using C.
Elegans to discover therapeutic compounds for ageingassociated neurodegenerative diseases. Chem Cent J.
2015; 9:65.
https://doi.org/10.1186/s13065-015-0143-y
PMID:26617668
19. Luo Y, Wu Y, Brown M, Link CD. Caenorhabditis elegans
Model for Initial Screening and Mechanistic Evaluation
of Potential New Drugs for Aging and Alzheimer’s
Disease. In: Buccafusco JJ, editor. Methods of Behavior
Analysis in Neuroscience. 2nd ed. Boca Raton (FL): CRC
Press/Taylor & Francis; 2009.
PMID:21204333
20. Collins JJ, Evason K, Kornfeld K. Pharmacology of
delayed aging and extended lifespan of caenorhabditis
elegans. Exp Gerontol. 2006; 41:1032–39.
https://doi.org/10.1016/j.exger.2006.06.038
PMID:16872777

www.aging-us.com

12546

21. De Haes W, Frooninckx L, Van Assche R, Smolders A,
Depuydt G, Billen J, Braeckman BP, Schoofs L,
Temmerman L. Metformin promotes lifespan through
mitohormesis via the peroxiredoxin PRDX-2. Proc Natl
Acad Sci USA. 2014; 111:E2501–09.
https://doi.org/10.1073/pnas.1321776111
PMID:24889636
22. Verma S, Jagtap U, Goyala A, Mukhopadhyay A. A
novel gene-diet pair modulates C. Elegans aging. PLoS
Genet. 2018; 14:e1007608.
https://doi.org/10.1371/journal.pgen.1007608
PMID:30125273
23. Revtovich AV, Lee R, Kirienko NV. Interplay between
mitochondria and diet mediates pathogen and stress
resistance in caenorhabditis elegans. PLoS Genet.
2019; 15:e1008011.
https://doi.org/10.1371/journal.pgen.1008011
PMID:30865620
24. Broer L, Buchman AS, Deelen J, Evans DS, Faul JD,
Lunetta KL, Sebastiani P, Smith JA, Smith AV, Tanaka
T, Yu L, Arnold AM, Aspelund T, et al. GWAS of
longevity in CHARGE consortium confirms APOE and
FOXO3 candidacy. J Gerontol A Biol Sci Med Sci. 2015;
70:110–18.
https://doi.org/10.1093/gerona/glu166
PMID:25199915
25. Cohen AA, Legault V, Fuellen G, Fülöp T, Fried LP,
Ferrucci L. The risks of biomarker-based epidemiology:
associations of circulating calcium levels with age,
mortality, and frailty vary substantially across
populations. Exp Gerontol. 2018; 107:11–17.
https://doi.org/10.1016/j.exger.2017.07.011
PMID:28723411
26. Barger JL, Kayo T, Vann JM, Arias EB, Wang J, Hacker
TA, Wang Y, Raederstorff D, Morrow JD,
Leeuwenburgh C, Allison DB, Saupe KW, Cartee GD, et
al. A low dose of dietary resveratrol partially mimics
caloric restriction and retards aging parameters in
mice. PLoS One. 2008; 3:e2264.
https://doi.org/10.1371/journal.pone.0002264
PMID:18523577
27. Martin GM, Bergman A, Barzilai N. Genetic
determinants of human health span and life span:
progress and new opportunities. PLoS Genet. 2007;
3:e125.
https://doi.org/10.1371/journal.pgen.0030125
PMID:17677003
28. Mekli K, Marshall A, Nazroo J, Vanhoutte B, Pendleton
N. Genetic variant of interleukin-18 gene is associated
with the frailty index in the english longitudinal study
of ageing. Age Ageing. 2015; 44:938–42.
https://doi.org/10.1093/ageing/afv122 PMID:26396182

AGING

29. Ho YY, Matteini AM, Beamer B, Fried L, Xue QL, Arking
DE, Chakravarti A, Fallin MD, Walston J. Exploring
biologically relevant pathways in frailty. J Gerontol A
Biol Sci Med Sci. 2011; 66:975–79.
https://doi.org/10.1093/gerona/glr061
PMID:21743092
30. Sanders JL, Minster RL, Barmada MM, Matteini AM,
Boudreau RM, Christensen K, Mayeux R, Borecki IB,
Zhang Q, Perls T, Newman AB. Heritability of and
mortality prediction with a longevity phenotype: the
healthy aging index. J Gerontol A Biol Sci Med Sci.
2014; 69:479–85.
https://doi.org/10.1093/gerona/glt117
PMID:23913930
31. Rollins JA, Howard AC, Dobbins SK, Washburn EH,
Rogers AN. Assessing health span in caenorhabditis
elegans: lessons from short-lived mutants. J Gerontol A
Biol Sci Med Sci. 2017; 72:473–80.
https://doi.org/10.1093/gerona/glw248
PMID:28158466
32. Zuberi K, Franz M, Rodriguez H, Montojo J, Lopes CT,
Bader GD, Morris Q. GeneMANIA prediction server
2013 update. Nucleic Acids Res. 2013; 41:W115–22.
https://doi.org/10.1093/nar/gkt533
PMID:23794635
33. Kucera M, Isserlin R, Arkhangorodsky A, Bader GD.
AutoAnnotate: a cytoscape app for summarizing
networks with semantic annotations. F1000Res. 2016;
5:1717.
https://doi.org/10.12688/f1000research.9090.1
PMID:27830058
34. Vora M, Shah M, Ostafi S, Onken B, Xue J, Ni JZ, Gu S,
Driscoll M. Deletion of microRNA-80 activates dietary
restriction to extend C. Elegans healthspan and
lifespan. PLoS Genet. 2013; 9:e1003737.
https://doi.org/10.1371/journal.pgen.1003737
PMID:24009527
35. Aalto AP, Nicastro IA, Broughton JP, Chipman LB,
Schreiner WP, Chen JS, Pasquinelli AE. Opposing roles
of microRNA argonautes during caenorhabditis elegans
aging. PLoS Genet. 2018; 14:e1007379.
https://doi.org/10.1371/journal.pgen.1007379
PMID:29927939
36. Schwarz DF, Hädicke O, Erdmann J, Ziegler A, Bayer D,
Möller S. SNPtoGO: characterizing SNPs by enriched
GO terms. Bioinformatics. 2008; 24:146–48.
https://doi.org/10.1093/bioinformatics/btm551
PMID:18024970
37. Mercken EM, Crosby SD, Lamming DW, JeBailey L,
Krzysik-Walker S, Villareal DT, Capri M, Franceschi C,
Zhang Y, Becker K, Sabatini DM, de Cabo R, Fontana L.
Calorie restriction in humans inhibits the PI3K/AKT

www.aging-us.com

12547

pathway and induces a younger transcription profile.
Aging Cell. 2013; 12:645–51.
https://doi.org/10.1111/acel.12088
PMID:23601134
38. Calvert S, Tacutu R, Sharifi S, Teixeira R, Ghosh P, de
Magalhães JP. A network pharmacology approach
reveals new candidate caloric restriction mimetics in C.
Elegans. Aging Cell. 2016; 15:256–66.
https://doi.org/10.1111/acel.12432
PMID:26676933
39. Balistreri CR, Madonna R, Melino G, Caruso C. The
emerging role of notch pathway in ageing: focus on the
related mechanisms in age-related diseases. Ageing
Res Rev. 2016; 29:50–65.
https://doi.org/10.1016/j.arr.2016.06.004
PMID:27328278
40. Zhang J, Kuang Y, Wang Y, Xu Q, Ren Q. Notch-4
silencing inhibits prostate cancer growth and EMT via
the NF-κB pathway. Apoptosis. 2017; 22:877–84.
https://doi.org/10.1007/s10495-017-1368-0
PMID:28374086
41. Liu M, Liang K, Zhen J, Zhou M, Wang X, Wang Z, Wei X,
Zhang Y, Sun Y, Zhou Z, Su H, Zhang C, Li N, et al. Sirt6
deficiency exacerbates podocyte injury and proteinuria
through targeting notch signaling. Nat Commun. 2017;
8:413.
https://doi.org/10.1038/s41467-017-00498-4
PMID:28871079
42. Kofler NM, Shawber CJ, Kangsamaksin T, Reed HO,
Galatioto J, Kitajewski J. Notch signaling in
developmental and tumor angiogenesis. Genes Cancer.
2011; 2:1106–16.
https://doi.org/10.1177/1947601911423030
PMID:22866202
43. Lin JP, Mironova YA, Shrager P, Giger RJ. LRP1 regulates
peroxisome biogenesis and cholesterol homeostasis in
oligodendrocytes and is required for proper CNS
myelin development and repair. Elife. 2017; 6:e30498.
https://doi.org/10.7554/eLife.30498 PMID:29251594
44. Strickland DK, Au DT, Cunfer P, Muratoglu SC. Lowdensity lipoprotein receptor-related protein-1: role in
the regulation of vascular integrity. Arterioscler
Thromb Vasc Biol. 2014; 34:487–98.
https://doi.org/10.1161/ATVBAHA.113.301924
PMID:24504736
45. Llorente-Cortés V, Otero-Viñas M, Sánchez S,
Rodríguez C, Badimon L. Low-density lipoprotein
upregulates low-density lipoprotein receptor-related
protein expression in vascular smooth muscle cells:
possible involvement of sterol regulatory element
binding protein-2-dependent mechanism. Circulation.
2002; 106:3104–10.

AGING

https://doi.org/10.1161/01.cir.0000041434.28573.0b
PMID:12473559
46. Zeitlow K, Charlambous L, Ng I, Gagrani S, Mihovilovic
M, Luo S, Rock DL, Saunders A, Roses AD, Gottschalk
WK. The biological foundation of the genetic
association of TOMM40 with late-onset alzheimer’s
disease. Biochim Biophys Acta Mol Basis Dis. 2017;
1863:2973–86.
https://doi.org/10.1016/j.bbadis.2017.07.031
PMID:28768149
47. Shirendeb U, Reddy AP, Manczak M, Calkins MJ, Mao
P, Tagle DA, Reddy PH. Abnormal mitochondrial
dynamics, mitochondrial loss and mutant huntingtin
oligomers in huntington’s disease: implications for
selective neuronal damage. Hum Mol Genet. 2011;
20:1438–55.
https://doi.org/10.1093/hmg/ddr024
PMID:21257639
48. Chong MS, Goh LK, Lim WS, Chan M, Tay L, Chen G,
Feng L, Ng TP, Tan CH, Lee TS. Gene expression
profiling of peripheral blood leukocytes shows
consistent longitudinal downregulation of TOMM40
and upregulation of KIR2DL5A, PLOD1, and SLC2A8
among fast progressors in early alzheimer’s disease. J
Alzheimers Dis. 2013; 34:399–405.
https://doi.org/10.3233/JAD-121621
PMID:23234877
49. Bedford DC, Brindle PK. Is histone acetylation the most
important physiological function for CBP and p300?
Aging (Albany NY). 2012; 4:247–55.
https://doi.org/10.18632/aging.100453
PMID:22511639
50. Hashwah H, Schmid CA, Kasser S, Bertram K, Stelling A,
Manz MG, Müller A. Inactivation of CREBBP expands
the germinal center B cell compartment, downregulates MHCII expression and promotes DLBCL
growth. Proc Natl Acad Sci USA. 2017; 114:9701–06.
https://doi.org/10.1073/pnas.1619555114
PMID:28831000
51. Dixon ZA, Nicholson L, Zeppetzauer M, Matheson E,
Sinclair P, Harrison CJ, Irving JA. CREBBP knockdown
enhances RAS/RAF/MEK/ERK signaling in ras pathway
mutated acute lymphoblastic leukemia but does not
modulate chemotherapeutic response. Haematologica.
2017; 102:736–45.
https://doi.org/10.3324/haematol.2016.145177
PMID:27979926
52. Hamed M, Spaniol C, Nazarieh M, Helms V. TFmiR: a
web server for constructing and analyzing diseasespecific transcription factor and miRNA co-regulatory
networks. Nucleic Acids Res. 2015; 43:W283–88.
https://doi.org/10.1093/nar/gkv418
PMID:25943543

www.aging-us.com

12548

53. Aramillo Irizar P, Schäuble S, Esser D, Groth M, Frahm
C, Priebe S, Baumgart M, Hartmann N, Marthandan S,
Menzel U, Müller J, Schmidt S, Ast V, et al.
Transcriptomic alterations during ageing reflect the
shift from cancer to degenerative diseases in the
elderly. Nat Commun. 2018; 9:327.
https://doi.org/10.1038/s41467-017-02395-2
PMID:29382830
54. Nguyen TT, Caito SW, Zackert WE, West JD, Zhu S,
Aschner M, Fessel JP, Roberts LJ 2nd. Scavengers of
reactive γ-ketoaldehydes extend caenorhabditis
elegans lifespan and healthspan through protein-level
interactions with SIR-2.1 and ETS-7. Aging (Albany NY).
2016; 8:1759–80.
https://doi.org/10.18632/aging.101011
PMID:27514077
55. Henderson ST, Johnson TE. Daf-16 integrates
developmental and environmental inputs to mediate
aging in the nematode caenorhabditis elegans. Curr
Biol. 2001; 11:1975–80.
https://doi.org/10.1016/s0960-9822(01)00594-2
PMID:11747825
56. Paradis S, Ailion M, Toker A, Thomas JH, Ruvkun G. A
PDK1 homolog is necessary and sufficient to transduce
AGE-1 PI3 kinase signals that regulate diapause in
caenorhabditis elegans. Genes Dev. 1999; 13:1438–52.
https://doi.org/10.1101/gad.13.11.1438
PMID:10364160
57. Mizunuma M, Neumann-Haefelin E, Moroz N, Li Y,
Blackwell TK. mTORC2-SGK-1 acts in two
environmentally responsive pathways with opposing
effects on longevity. Aging Cell. 2014; 13:869–78.
https://doi.org/10.1111/acel.12248 PMID:25040785
58. Morton EA, Lamitina T. Caenorhabditis elegans HSF-1 is
an essential nuclear protein that forms stress granulelike structures following heat shock. Aging Cell. 2013;
12:112–20.
https://doi.org/10.1111/acel.12024 PMID:23107491
59. Wang J, Robida-Stubbs S, Tullet JM, Rual JF, Vidal M,
Blackwell TK. RNAi screening implicates a SKN-1dependent transcriptional response in stress resistance
and longevity deriving from translation inhibition. PLoS
Genet. 2010; 6:e1001048.
https://doi.org/10.1371/journal.pgen.1001048
PMID:20700440
60. Calabrese V, Cornelius C, Dinkova-Kostova AT, Iavicoli I,
Di Paola R, Koverech A, Cuzzocrea S, Rizzarelli E,
Calabrese EJ. Cellular stress responses, hormetic
phytochemicals and vitagenes in aging and longevity.
Biochim Biophys Acta. 2012; 1822:753–83.
https://doi.org/10.1016/j.bbadis.2011.11.002
PMID:22108204

AGING

61. Rattan SI. Hormesis in aging. Ageing Res Rev. 2008;
7:63–78.
https://doi.org/10.1016/j.arr.2007.03.002
PMID:17964227

metabolic stress, mTOR inhibition, and lethality in liver
cancer cells. Cancer Lett. 2018; 421:82–93.
https://doi.org/10.1016/j.canlet.2018.02.021
PMID:29458144

62. Martel J, Ojcius DM, Ko YF, Ke PY, Wu CY, Peng HH,
Young JD. Hormetic effects of phytochemicals on
health and longevity. Trends Endocrinol Metab. 2019;
30:335–46.
https://doi.org/10.1016/j.tem.2019.04.001
PMID:31060881

71. Vásquez V, Krieg M, Lockhead D, Goodman MB.
Phospholipids that contain polyunsaturated fatty acids
enhance neuronal cell mechanics and touch sensation.
Cell Rep. 2014; 6:70–80.
https://doi.org/10.1016/j.celrep.2013.12.012
PMID:24388754

63. Martucci M, Ostan R, Biondi F, Bellavista E, Fabbri C,
Bertarelli C, Salvioli S, Capri M, Franceschi C, Santoro A.
Mediterranean diet and inflammaging within the
hormesis paradigm. Nutr Rev. 2017; 75:442–55.
https://doi.org/10.1093/nutrit/nux013
PMID:28595318

72. Nandakumar M, Tan MW. Gamma-linolenic and
stearidonic acids are required for basal immunity in
caenorhabditis elegans through their effects on p38
MAP kinase activity. PLoS Genet. 2008; 4:e1000273.
https://doi.org/10.1371/journal.pgen.1000273
PMID:19023415

64. Calabrese V, Cornelius C, Trovato A, Cavallaro M,
Mancuso C, Di Rienzo L, Condorelli D, De Lorenzo A,
Calabrese EJ. The hormetic role of dietary antioxidants
in free radical-related diseases. Curr Pharm Des. 2010;
16:877–83.
https://doi.org/10.2174/138161210790883615
PMID:20388101

73. Shmookler Reis RJ, Xu L, Lee H, Chae M, Thaden JJ,
Bharill P, Tazearslan C, Siegel E, Alla R, Zimniak P,
Ayyadevara S. Modulation of lipid biosynthesis
contributes to stress resistance and longevity of C.
Elegans mutants. Aging (Albany NY). 2011; 3:125–47.
https://doi.org/10.18632/aging.100275
PMID:21386131

65. Ristow M. Unraveling the truth about antioxidants:
mitohormesis explains ROS-induced health benefits.
Nat Med. 2014; 20:709–11.
https://doi.org/10.1038/nm.3624 PMID:24999941

74. Yuan Y, Kadiyala CS, Ching TT, Hakimi P, Saha S, Xu H,
Yuan C, Mullangi V, Wang L, Fivenson E, Hanson RW,
Ewing R, Hsu AL, et al. Enhanced energy metabolism
contributes to the extended life span of calorierestricted caenorhabditis elegans. J Biol Chem. 2012;
287:31414–26.
https://doi.org/10.1074/jbc.M112.377275
PMID:22810224

66. Suter S, Lucock M. Xenohormesis: Applying
evolutionary principles to contemporary health issues.
Exploratory Research and Hypothesis in Medicine.
2017; 2:79–85.
https://doi.org/10.14218/ERHM.2017.00023
67. Nisoli E, Valerio A. Healthspan and longevity in
mammals: a family game for cellular organelles? Curr
Pharm Des. 2014; 20:5663–70.
https://doi.org/10.2174/1381612820666140306093
651 PMID:24606802
68. Gelino S, Chang JT, Kumsta C, She X, Davis A, Nguyen C,
Panowski S, Hansen M. Intestinal autophagy improves
healthspan and longevity in C. Elegans during dietary
restriction. PLoS Genet. 2016; 12:e1006135.
https://doi.org/10.1371/journal.pgen.1006135
PMID:27414651
69. Weir HJ, Yao P, Huynh FK, Escoubas CC, Goncalves RL,
Burkewitz K, Laboy R, Hirschey MD, Mair WB. Dietary
restriction and AMPK increase lifespan via
mitochondrial network and peroxisome remodeling.
Cell Metab. 2017; 26:884–96.e5.
https://doi.org/10.1016/j.cmet.2017.09.024
PMID:29107506
70. Cai M, Sun X, Wang W, Lian Z, Wu P, Han S, Chen H,
Zhang P. Disruption of peroxisome function leads to

www.aging-us.com

12549

75. Evan GI, Vousden KH. Proliferation, cell cycle and
apoptosis in cancer. Nature. 2001; 411:342–48.
https://doi.org/10.1038/35077213 PMID:11357141
76. Lithgow GJ. Does anti-aging equal anti-microbial? Sci
Aging Knowledge Environ. 2003; 2003:PE16.
https://doi.org/10.1126/sageke.2003.25.pe16
PMID:12844540
77. Garigan D, Hsu AL, Fraser AG, Kamath RS, Ahringer J,
Kenyon C. Genetic analysis of tissue aging in
caenorhabditis elegans: a role for heat-shock factor and
bacterial proliferation. Genetics. 2002; 161:1101–12.
PMID:12136014
78. Abdullah SM, Defina LF, Leonard D, Barlow CE, Radford
NB, Willis BL, Rohatgi A, McGuire DK, de Lemos JA,
Grundy SM, Berry JD, Khera A. Long-term association
of low-density lipoprotein cholesterol with
cardiovascular mortality in individuals at low 10-year
risk of atherosclerotic cardiovascular disease.
Circulation. 2018; 138:2315–25.
https://doi.org/10.1161/CIRCULATIONAHA.118.034273
PMID:30571575

AGING

79. Mc Auley MT. The interplay between cholesterol
metabolism and intrinsic ageing. Subcell Biochem.
2018; 90:99–118.
https://doi.org/10.1007/978-981-13-2835-0_4
PMID:30779007

vibration-induced exercise paradigm improves fitness
and lipid metabolism of caenorhabditis elegans. Sci
Rep. 2018; 8:9420.
https://doi.org/10.1038/s41598-018-27330-3
PMID:29925926

80. Lee EY, Shim YH, Chitwood DJ, Hwang SB, Lee J, Paik
YK. Cholesterol-producing transgenic caenorhabditis
elegans lives longer due to newly acquired enhanced
stress resistance. Biochem Biophys Res Commun.
2005; 328:929–36.
https://doi.org/10.1016/j.bbrc.2005.01.050
PMID:15707967

89. Zheng J, Greenway FL. Caenorhabditis elegans as a
model for obesity research. Int J Obes (Lond). 2012;
36:186–94.
https://doi.org/10.1038/ijo.2011.93
PMID:21556043

81. Zečić A, Dhondt I, Braeckman BP. The nutritional
requirements of Caenorhabditis elegans. Genes Nutr.
2019; 14:15.
https://doi.org/10.1186/s12263-019-0637-7
PMID:31080524
82. Kurzchalia TV, Ward S. Why do worms need
cholesterol? Nat Cell Biol. 2003; 5:684–88.
https://doi.org/10.1038/ncb0803-684
PMID:12894170
83. Mullaney BC, Ashrafi K. C. Elegans fat storage and
metabolic regulation. Biochim Biophys Acta. 2009;
1791:474–78.
https://doi.org/10.1016/j.bbalip.2008.12.013
PMID:19168149
84. Ruiz M, Bodhicharla R, Svensk E, Devkota R,
Busayavalasa K, Palmgren H, Ståhlman M, Boren J,
Pilon M. Membrane fluidity is regulated by the C.
Elegans transmembrane protein FLD-1 and its human
homologs TLCD1/2. Elife. 2018; 7:e40686.
https://doi.org/10.7554/eLife.40686 PMID:30509349
85. Gao C, Gao Z, Greenway FL, Burton JH, Johnson WD,
Keenan MJ, Enright FM, Martin RJ, Chu Y, Zheng J. Oat
consumption reduced intestinal fat deposition and
improved health span in caenorhabditis elegans
model. Nutr Res. 2015; 35:834–43.
https://doi.org/10.1016/j.nutres.2015.06.007
PMID:26253816
86. Finley J, Sandlin C, Holliday D, Keenan MJ,
Prinyawiwatkul W, Zheng J. Legumes reduced
intestinal fat deposition in the Caenorhabditis elegans
model system. Journal of Functional Foods. 2013;
5:1487–93.
87. Brandstädt S, Schmeisser K, Zarse K, Ristow M. Lipidlowering fibrates extend C. Elegans lifespan in a NHR49/PPARalpha-dependent manner. Aging (Albany NY).
2013; 5:270–75.
https://doi.org/10.18632/aging.100548
PMID:23603800
88. Teo E, Batchu KC, Barardo D, Xiao L, Cazenave-Gassiot
A, Tolwinski N, Wenk M, Halliwell B, Gruber J. A novel
www.aging-us.com

12550

90. Jones KT, Ashrafi K. Caenorhabditis elegans as an
emerging model for studying the basic biology of
obesity. Dis Model Mech. 2009; 2:224–29.
https://doi.org/10.1242/dmm.001933
PMID:19407330
91. Suh JM, Zeve D, McKay R, Seo J, Salo Z, Li R, Wang M,
Graff JM. Adipose is a conserved dosage-sensitive
antiobesity gene. Cell Metab. 2007; 6:195–207.
https://doi.org/10.1016/j.cmet.2007.08.001
PMID:17767906
92. McKay RM, McKay JP, Avery L, Graff JM. C elegans: a
model for exploring the genetics of fat storage. Dev
Cell. 2003; 4:131–42.
https://doi.org/10.1016/s1534-5807(02)00411-2
PMID:12530969
93. Olsen A, Vantipalli MC, Lithgow GJ. Checkpoint
proteins control survival of the postmitotic cells in
caenorhabditis elegans. Science. 2006; 312:1381–85.
https://doi.org/10.1126/science.1124981
PMID:16741121
94. Tan FC, Hutchison ER, Eitan E, Mattson MP. Are there
roles for brain cell senescence in aging and
neurodegenerative disorders? Biogerontology. 2014;
15:643–60.
https://doi.org/10.1007/s10522-014-9532-1
PMID:25305051
95. Sapieha P, Mallette FA. Cellular senescence in
postmitotic cells: beyond growth arrest. Trends Cell
Biol. 2018; 28:595–607.
https://doi.org/10.1016/j.tcb.2018.03.003
PMID:29704982
96. Micale G, Continella A, Ferro A, Giugno R, Pulvirenti A.
GASOLINE: a cytoscape app for multiple local
alignment of PPI networks. F1000Res. 2014; 3:140.
https://doi.org/10.12688/f1000research.4537.2
PMID:25324964
97. Kanehisa M, Furumichi M, Tanabe M, Sato Y,
Morishima K. KEGG: new perspectives on genomes,
pathways, diseases and drugs. Nucleic Acids Res. 2017;
45:D353–61.
https://doi.org/10.1093/nar/gkw1092
PMID:27899662

AGING

98. Sun T, Wu H, Cong M, Zhan J, Li F. Meta-analytic
evidence for the anti-aging effect of hormesis on
Caenorhabditis elegans. Aging (Albany NY). 2020;
12:2723–46.
https://doi.org/10.18632/aging.102773
PMID:32031985
99. Ermolaeva MA, Schumacher B. Insights from the
worm: the C. Elegans model for innate immunity.
Semin Immunol. 2014; 26:303–09.
https://doi.org/10.1016/j.smim.2014.04.005
PMID:24856329
100. Kvell K, Cooper EL, Engelmann P, Bovari J, Nemeth P.
Blurring borders: innate immunity with adaptive
features. Clin Dev Immunol. 2007; 2007:83671.
https://doi.org/10.1155/2007/83671 PMID:18317532
101. Penkov S, Mitroulis I, Hajishengallis G, Chavakis T.
Immunometabolic crosstalk: an ancestral principle of
trained immunity? Trends Immunol. 2019; 40:1–11.
https://doi.org/10.1016/j.it.2018.11.002
PMID:30503793
102. Netea MG, Joosten LA, Latz E, Mills KH, Natoli G,
Stunnenberg HG, O’Neill LA, Xavier RJ. Trained
immunity: a program of innate immune memory in
health and disease. Science. 2016; 352:aaf1098.
https://doi.org/10.1126/science.aaf1098
PMID:27102489
103. Sorathia N, Rajadhyaksha MS. Caenorhabditis elegans:
a model for studying human pathogen biology. Recent
Pat Biotechnol. 2016; 10:217–25.
https://doi.org/10.2174/187220831066616072715
1853 PMID:27468816
104. Sifri CD, Begun J, Ausubel FM. The worm has turned—
microbial virulence modeled in caenorhabditis
elegans. Trends Microbiol. 2005; 13:119–27.
https://doi.org/10.1016/j.tim.2005.01.003
PMID:15737730
105. Kim W, Hendricks GL, Lee K, Mylonakis E. An update
on the use of C. Elegans for preclinical drug discovery:
screening and identifying anti-infective drugs. Expert
Opin Drug Discov. 2017; 12:625–33.
https://doi.org/10.1080/17460441.2017.1319358
PMID:28402221
106. Ewbank JJ, Zugasti O. C. Elegans: model host and tool
for antimicrobial drug discovery. Dis Model Mech.
2011; 4:300–04.
https://doi.org/10.1242/dmm.006684
PMID:21504910
107. Komura T, Ikeda T, Hoshino K, Shibamura A,
Nishikawa Y. Caenorhabditis elegans as an alternative
model to study senescence of host defense and the
prevention by immunonutrition. Adv Exp Med Biol.
2012; 710:19–27.

www.aging-us.com

12551

https://doi.org/10.1007/978-1-4419-5638-5_3
PMID:22127882
108. Papp D, Csermely P, Sőti C. A role for SKN-1/nrf in
pathogen resistance and immunosenescence in
caenorhabditis elegans. PLoS Pathog. 2012;
8:e1002673.
https://doi.org/10.1371/journal.ppat.1002673
PMID:22577361
109. Youngman MJ, Rogers ZN, Kim DH. A decline in p38
MAPK signaling underlies immunosenescence in
caenorhabditis elegans. PLoS Genet. 2011;
7:e1002082.
https://doi.org/10.1371/journal.pgen.1002082
PMID:21625567
110. Solana R, Tarazona R, Gayoso I, Lesur O, Dupuis G,
Fulop T. Innate immunosenescence: effect of aging
on cells and receptors of the innate immune system
in humans. Semin Immunol. 2012; 24:331–41.
https://doi.org/10.1016/j.smim.2012.04.008
PMID:22560929
111. Leong DP, Teo KK, Rangarajan S, Lopez-Jaramillo P,
Avezum A Jr, Orlandini A, Seron P, Ahmed SH,
Rosengren A, Kelishadi R, Rahman O, Swaminathan S,
Iqbal R, et al, and Prospective Urban Rural
Epidemiology (PURE) Study investigators. Prognostic
value of grip strength: findings from the prospective
urban rural epidemiology (PURE) study. Lancet. 2015;
386:266–73.
https://doi.org/10.1016/S0140-6736(14)62000-6
PMID:25982160
112. Brito LB, Ricardo DR, Araújo DS, Ramos PS, Myers J,
Araújo CG. Ability to sit and rise from the floor as a
predictor of all-cause mortality. Eur J Prev Cardiol.
2014; 21:892–98.
https://doi.org/10.1177/2047487312471759
PMID:23242910
113. Dues DJ, Andrews EK, Schaar CE, Bergsma AL, Senchuk
MM, Van Raamsdonk JM. Aging causes decreased
resistance to multiple stresses and a failure to activate
specific stress response pathways. Aging (Albany NY).
2016; 8:777–95.
https://doi.org/10.18632/aging.100939
PMID:27053445
114. Bajorat J, Oberacker T, Ziola S, Edgar BA, Gülow K,
Krammer PH. AF-1 a novel regulator of the redox
equilibrium during aging. Free Radic Biol Med. 2014
(Suppl 1); 75:S22–23.
https://doi.org/10.1016/j.freeradbiomed.2014.10.737
PMID:26461309
115. Siddiqui S, Fang M, Ni B, Lu D, Martin B, Maudsley S.
Central role of the EGF receptor in neurometabolic
aging. Int J Endocrinol. 2012; 2012:739428.

AGING

https://doi.org/10.1038/ng0704-664
PMID:15226743

https://doi.org/10.1155/2012/739428
PMID:22754566
116. Xu MF, Zhou H, Hu CY, Liang YQ, Hu L, Chen D. The
mechanisms of EGFR in the regulation of axon
regeneration. Cell Biochem Funct. 2014; 32:101–05.
https://doi.org/10.1002/cbf.2977
PMID:23681769
117. Yu S, Driscoll M. EGF signaling comes of age:
promotion of healthy aging in C. Elegans. Exp
Gerontol. 2011; 46:129–34.
https://doi.org/10.1016/j.exger.2010.10.010
PMID:21074601
118. Marck A, Berthelot G, Foulonneau V, Marc A, AnteroJacquemin J, Noirez P, Bronikowski AM, Morgan TJ,
Garland T Jr, Carter PA, Hersen P, Di Meglio JM,
Toussaint JF. Age-related changes in locomotor
performance reveal a similar pattern for
caenorhabditis elegans, mus domesticus, canis
familiaris, equus caballus, and homo sapiens. J
Gerontol A Biol Sci Med Sci. 2017; 72:455–63.
https://doi.org/10.1093/gerona/glw136
PMID:27522057

120. Oesper L, Merico D, Isserlin R, Bader GD. WordCloud:
a cytoscape plugin to create a visual semantic
summary of networks. Source Code Biol Med.
2011; 6:7.
https://doi.org/10.1186/1751-0473-6-7
PMID:21473782
121. Adler P, Kolde R, Kull M, Tkachenko A, Peterson H,
Reimand J, Vilo J. Mining for coexpression across
hundreds of datasets using novel rank aggregation
and visualization methods. Genome Biol. 2009;
10:R139.
https://doi.org/10.1186/gb-2009-10-12-r139
PMID:19961599
122. Raudvere U, Kolberg L, Kuzmin I, Arak T, Adler P,
Peterson H, Vilo J. g:Profiler: a web server for
functional enrichment analysis and conversions of
gene lists (2019 update). Nucleic Acids Res. 2019;
47:W191–98.
https://doi.org/10.1093/nar/gkz369
PMID:31066453

119. Hoffmann R, Valencia A. A gene network for
navigating the literature. Nat Genet. 2004; 36:664.

www.aging-us.com

12552

AGING

SUPPLEMENTARY MATERIALS
Supplementary Results
Human, largest healthspan pathway, further details
We further investigated the miRNAs that are
statistically enriched in the largest healthspan pathway
using the TFmir webserver [1]. Notably, hsa-mir-34
stands out as a regulator of the Notch genes, and it is
implicated in cancer, intracranial aneurysm and heart
failure (Supplementary Figure 1, Supplementary Table
9). Additionally, hsa-mir-30 regulates many genes of
this healthspan cluster/pathway, including NOTCH2,
and it is implicated in the epithelial-mesenchymal
transition (EMT), cancer, heart failure and obesity. In
fact, the EMT is known to be involved in kidney disease
and cancer, mediated by Notch signalling [2–4]. It is
also associated with human longevity [5]. Furthermore,
miRNA 34 has been associated with schizophrenia [6],
and miRNA 34a has been associated with Alzheimer´s
Disease [7], and its upregulation was found 30 minutes
after fear conditioning in the amygdala, transiently
downregulating Notch signaling. Finally, according to
Wikipedia’s community annotation facilitated by
miRBase and Rfam, hsa-mir-34 and hsa-mir-30 are both
linked to cancer, see also [8, 9].
Human, second-largest healthspan pathway
The genes in the second-largest pathway/cluster, related
to cell proliferation (with links to inflammation and
apoptosis) feature downregulation as expected, affecting
NFKB1, STAT1, STAT5a and GSK3B, with likely
beneficial effects. Specifically, JAK/STAT pathway
inhibition is considered to alleviate the cellular
senescence-associated Zhang et al. [11] secretory
phenotype and frailty in old age [10]. Furthermore, [11]
demonstrated that the hypothalamus is important for the
development of whole-body ageing in mice, and that the
underlying basis involves hypothalamic immunity
mediated by IKBKB (IkB kinase-b, IKK-b) and NFKB.
Zhang et al. developed several interventional models
and could show that ageing retardation and lifespan
extension were achieved in mice by preventing ageingrelated hypothalamic or brain IKBKB and NFKB
activation. Further mechanistic studies revealed that
IKBKB and NFKB inhibit gonadotropin-releasing
hormone
(GnRH)
to
mediate
ageing-related
hypothalamic GnRH decline, and GnRH treatment
amends ageing-impaired neurogenesis and decelerates
ageing. For the second-largest pathway, a miRNA
enrichment analysis by TFmir highlights hsa-mir-146a,
which interacts with NFKB1 and STAT1 in particular,
and is implicated in many immunity-related diseases
(Supplementary Figure 2, Supplementary Table 10).
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According to Wikipedia’s community annotation, miR146 is primarily involved in the regulation of
inflammation and other processes related to the innate
immune system, see also [12].
Human, third-largest healthspan pathway
The third-largest healthspan pathway/cluster features the
strong downregulation of APOE, and to a lesser extent
also of APOC1. The APO family proteins are all lipid
transporters, and severe decreases are detrimental, as they
lead to hypercholesterinemia [13]. On the other hand,
APOE4 has been widely implicated in the formation of
amyloid plaques in Alzheimer’s Disease [14], and
experimental downregulation showed a protective
effect in an Alzheimer Disease mouse model [15].
A supplementary interpretation of the CR-related
downregulation found for this healthspan pathway is that
fasting reduces lipid load, and hence induces a
downregulation of the corresponding transporter proteins.
Human, further gene expression data mapping
The three largest healthspan clusters/pathways were
further investigated by mapping aging- and diseaserelated gene expression data onto them, as published or
collected by [16], see Supplementary Methods. In the
largest (Notch-related) healthspan pathway (see
Supplementary Figure 3), gene expression changes in
aging blood clearly show the expected upregulation of
Notch genes and LRP1, and the same holds for skin
except for Notch3. In the second-largest (proliferationrelated) healthspan pathway (see Supplementary Figure
4), most genes are upregulated as expected; again, the
signal is stronger in blood than in skin. Finally, the
downregulation of lipid-associated genes by CR we
observed in the third pathway (see Supplementary Figure
5) is matched by an upregulation of all 4 genes in blood
as well as in skin, with the single exception of APOE in
skin, the downregulation of which may impair wound
healing, since it does so in mice [17]. Furthermore, we
mapped disease-related gene expression changes onto the
healthspan pathway map, including one cancer entity
(pancreatic cancer), coronary disease and Alzheimer
disease (AD), see Supplementary Figure 6. We found the
genes in the Notch-related healthspan pathway
upregulated most consistently in case of Alzheimer
disease, whereas genes in the proliferation-related and the
lipid-related healthspan pathways were upregulated most
consistently in coronary disease. All three healthspan
pathways discussed here consist mostly of genes that are,
for higher values of gene expression, affecting health in
negative ways; they are mostly downregulated by CR and
upregulated by aging and disease.
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C. elegans, next-largest healthspan pathways based
on genetic/intervention data
In case of the mitochondrial and the hormone response
cluster, the rapamycin-induced gene expression changes
are not discussed since these are weak; in the
dauer/dormancy cluster, the daf-16 inhibitor hcf-1 [18]
is the most strongly downregulated gene. In the
regulation cluster, the strongest changes consist of the
downregulation of heat shock response genes hsp-16.41
and hsp-12.3.
C. elegans, next-largest healthspan pathways based
on WormBase gene expression effect of intervention
data
The
ER/peroxisome-related
pathway
features
upregulation of phy-2, daf-22 and acox-1. Specifically,
phy-2 is essential for survival and embryonic
development [19], while daf-22 catalyzes the final step in
the peroxisomal β-oxidation pathway and is essential for
dauer pheromone production [20], whereas acox-1 is
essential for the prevention of fat accumulation [21]. The
correlation of fat content and health maintenance was
described several times: Fat accumulation in C. elegans
was found to be decreased in phytochemically treated
healthy nematodes [22] [23], during life-prolonging CR
[24], or during increased autophagy [25]. Moreover,
ectopic fat deposition is found in ageing worms and is
discussed as a cause of ageing itself [26]. On the other
hand, increased fat content was described in long-lived
daf-2 mutants [27] and in germline ablated nematodes
[28]. Moreover, acox-5 (aka drd-51), which is implicated
in starvation-sensing and is downregulated by dietary
restriction [29], is downregulated by rapamycin as well.
The lysosome-related pathway is dominated by
upregulated genes involved in fertility/development (gsp3, gsp-4, frk-1 and spe-1). Finally, the six genes in the
cluster related to morphogenesis are all upregulated (unc52, involved in neuron differentiation [30] and muscle
development [31], is upregulated the strongest), whereas
the six genes in the cluster related to biosynthesis and
transcription are all downregulated by rapamycin.
Overlap of healthspan pathways, first network
alignment (Figure 5, left)
Notably, the serine/tyrosine kinases involved in the
alignment are all known to be involved in proliferative
processes, albeit in complex ways. The five kinases
highlighted by our analysis include pro- and antiproliferative genes, that is, tumor drivers as well as tumor
suppressors. Control of proliferation is arguably the most
important aspect of staying healthy, enabling stem cells
to perform their function, while avoiding cancer.
Accordingly, the independent expression data based on
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caloric restriction/rapamycin intervention data reflect
that proliferation/biosynthesis is generally, but not
completely, going down by pro-longevity interventions.
Naturally, the phosphorylation status of these kinases
would be more informative than their expression at the
transcript level. Also, not much is known about the role
of PAK4, BRSK2 and MELK in human health or aging.
PAK4 is considered to protect cells from apoptosis [32],
and a positive role in supporting stem cells is possible
[33]. In context of cancer, however, upregulation of
PAK4 has been associated with high-grade human breast
cancer [34] and with malignancy in a variety of cancer
cell lines [35], [36]. PAK4 can positively mediate cell
survival and proliferation as well as enhance cell
migration and invasion [35], [37], [38]. The inhibition of
PAK4 reduced cell proliferation, migration and invasion
of gastric cancer cells [35]. Further, depletion of PAK4 is
considered to increase cell adhesion dynamics in breast
cancer cells; due to its RhoU stabilizing function, it
promotes the focal adhesion disassembly via
phosphorylation of paxillin [34]. Furthermore, PAK4
modulates Wnt signaling by ß-Catenin regulation,
increasing cell proliferation. Concordantly, the Wnt
signaling pathway itself promotes intrinsic processes
such as cell migration, hematopoiesis and cell polarity,
and organogenesis during embryonic development [39],
[40] . Concerning BRSK2, which is usually expressed in
brain, testis and pancreatic tissue, an enhanced activity in
response to DNA damage was reported [41], [42], [43].
In brain, BRSK2 is significant for proper regulation and
formation of neuronal polarity in the developing nervous
system [43], [44]. Finally, MELK as a stem cell marker is
expressed in several types of progenitor cells and
hematopoietic stem cells, and it plays key roles in cell
cycle, embryonic development and in other crucial
cellular processes [45] supporting stem cell function. In
turn, upregulation of MELK has been associated with
tumor progenitor cells of different origin and direct
knock down of MELK leads to significant apoptosis
induction [46]. In general, MELK is preferentially
upregulated in cancer [47]. Overall, the overlap described
highlights a cluster of genes held together mostly by
shared protein domains in both species, with alternating
evidence for their relation to health.
Overlap of healthspan pathways, second network
alignment (Figure 5, right)
In the second alignment, all genes are considered
health-related based on the C. elegans gene expression
data in WormBase. The genes acox-1 and daf-22 are
involved in the ER, peroxisome and microbody health
cluster (see above), whereas the genes cat-4 and pept-1
were found to be related to ion transport and homeostasis
(in a smaller cluster of the original healthspan pathway
map, Figure 3). All four genes are differentially
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regulated in a long-lived sir-2.1 overexpression strain
[48] and in nematodes suffering from down-regulation
of nhr-49, a key regulator of fat metabolism [49].
Moreover, differential translational regulation of cat-4,
pept-1, acox-1, and daf-22 was observed in wild types
during osmotic stress [50], underlining their role in
health- and lifespan regulation. Interactions in C.
elegans are all based on co-expression, while in human
they are based on co-expression, co-localization and
physical interaction (except for the interaction of
SLC5A1 and GCH1, which is genetic). The
independent gene expression data describing the effect
of rapamycin in C. elegans are plausible for the
ER/peroxisome genes acox-1 and daf-22 (see above).
For cat-4, no data related to its role in health or survival
is available, though the gene is involved in dopamine
biosynthetic processes and is a target of the
transcription regulator skn-1, which is known to be
indispensable for proper stress response [51]. Finally,
healthspan-promoting treatments like tannic acid [52],
colistin exposure [53], or life-prolonging fasting [54]
were shown to induce pept-1 transcription. The
expression data in case of human, reflecting caloric
restriction effects, are matching expectations (SCP2),
are not available (SLC15A1), or are of unknown
significance (ACOX1, GCH1; see also [55]). Overall,
the overlap described here highlights a cluster of genes
held together mostly by co-expression in both species,
with a demonstrated relation to health in C. elegans
only.

Supplementary Discussion
Biological interpretation of the lack of evolutionary
conservation
In some sense, the lack of overlap between healthspan
pathways in C. elegans and humans should not be
surprising, and relates to our definition of health as the
absence of undesirable conditions (that is, disease and
dysfunction). Biologically speaking, each such
undesirable condition may have its own etiology, or may
partially share an etiology with others, such that
depending on environmental factors the prevalence may
vary greatly. For example, heart disease appears to be
largely absent in Tsimane hunter-gatherers [56], but is a
major cause of mortality in modern societies. Any heart
disease pathway would thus have a major impact on
healthspan in modern societies, but not in the Tsimane.
Similar challenges apply to the comparison of
healthspan pathways across modern populations as well
[57]. It is thus to be expected that healthspan pathways
will differ not just across distantly related species, but
also among populations of a given species, depending on
the environmental factors that push some pathways to
more or less important roles in determining healthspan.

www.aging-us.com

12555

Of course it is still possible that there are shared
healthspan pathways that operate across populations and
species. Indeed, the conservation of genetic pathways
related to aging (mTOR, sirtuins, insulin signaling, etc.)
[58], [59] strongly implies the existence of shared
healthspan pathways, since it is expected that these
known aging pathways are also healthspan pathways.
The more interesting question is thus whether there
might be conserved healthspan pathways that are not
also lifespan pathways: pathways that affect health
much more than survival. The preliminary answer from
this study is that there are few, if any, though we must
consider that variation in causes of healthspan
deterioration across populations and species might hide
some more subtle effects.
From an evolutionary perspective, the question is how
selection might act to create and maintain pathways that
regulate healthspan. In the case of lifespan, it has been
suggested that conserved pathways regulate a
mechanism to allow individuals to put reproduction on
hold during lean times, increasing lifespan at a cost to
reproduction (a “trade-off”), and leading to diverse
downstream mechanisms of aging with a shared control
switch [60]. One possibility is that healthspan might
undergo a similar trade-off, with individuals sacrificing
reproduction in order to maintain health, or vice versa,
though there is not yet evidence one way or another. If
such a trade-off were facultative (i.e., regulated within
the lifespan of an individual), we should see variation in
gene expression across individuals even in the absence
of allelic variation. If it were an obligate trade-off, we
might see allelic variation in healthspan pathways.
Allelic variation in healthspan could thus either imply
(a) that there is some unknown benefit, through the
trade-off, to having a shorter healthspan; or (b) that the
population is not at evolutionary equilibrium, i.e. is in
an environment for which healthspan regulation has not
been optimized [61].

Supplementary Methods
Gene sets associated with health, based
WormBase differentially expressed genes

on

The basic search for expression clusters in WormBase
(http://www.wormbase.org/species/c_elegans/expressi
on_cluster#1-0-5) was used (status: 13th December
2017), to find transcriptomic data for healthspanpromoting compounds in C. elegans. For this purpose,
the search term “treated OR treatment OR exposure”
was used, which resulted in a total of 323 expression
clusters comprising about 100 different chemical,
physical, and biological treatments of various kinds
(differing by exposure time or dosage, and including
RNAi treatment). In order to focus on small molecules,
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only studies with RNAi-untreated wild type animals
were selected. The treatment had to lead to at least one
enhanced health-related endpoint such as stress
resistance or locomotion. The data sets covered the
following substances (with results each described in an
accompanying WormBase paper): Allantoin (WBPaper
00048989), astaxanthin (WBPaper00049979), cocoapeptide 13L (WBPaper00042404), colistin (WBPaper
00045673), 2-deoxy-D-glucose (WBPaper00044434 and
WBPaper00031060), garlic extract (WBPaper00046741),
hydrogen sulfide (WBPaper00040285), lithium
(WBPaper00046415), quercetin (WBPaper00040963),
rapamycin
(WBPaper00048989),
resveratrol
(WBPaper00026929), rifampicin (WBPaper00046496),
and tannic acid (WBPaper00040963). All differentially
expressed genes (DEGs) in the selected gene expression
studies were compiled and duplicates were deleted,
resulting in 11312 genes that are mentioned in at least
one data set. For all genes annotated to at least
one GO term (based on the ontology browser in
WormBase), the exact number of associated GO terms
was determined, by entering all 7646 genes in the
search field of the “MGI Gene Ontology Term Finder”
(http://www.informatics.jax.org/gotools/MGI_Term_Fi
nder.html). The number of GO terms per gene was
counted, and the count of each gene in all DEG lists
(regulated, up-regulated only or down-regulated only,
respectively) was determined. Finally, all genes were
chosen which appear in at least four DEG lists in total
or in at least three lists of up-regulated DEGs or in at
least three lists of down-regulated DEGs, and which are
annotated to at least 14 GO terms. These filter criteria
were used to yield a manageable number of annotated
genes; the resulting list of 58 genes was then used
further. For acox-1.1 and acox-1.5, their alternative
nomenclature names acox-1 and acox-5 were used.

Further, we took [16] as reference publication for agingand disease-related datasets. We took the human aging
data published alongside the article, contrasting blood
and skin in 24-29 and 45-50 versus 60-65 and 75-80
year-old humans. We took publicly available diseaserelated datasets listed in Supplementary Table 5 of [16]:
for cancer we selected pancreatic cancer (GSE28735) as
the only entity with paired data available at GEO; as
cardiovascular disease we selected coronary artery
disease as the only entity with paired data (taking
plaque biopsy data rather than blood), and for
neurodegenerative disease, we took Alzheimer Disease
data based on brain biopsies. In the latter two cases we
chose the tissues directly affected by the respective
disease.

Overlaying of expression data onto pathway maps

Overlap of healthspan pathways

We searched the GEO (Gene Expression Omnibus)
database in December 2017 for datasets/series where
effects on healthspan or healthy aging in human or C.
elegans were actually observed following an
intervention. We found two gene expression series
describing the effects of caloric restriction, or its
mimetic rapamycin, that featured at least 3 replicates, as
follows. For C. elegans, from GSE64336, “Expression
data of worms under different caloric restriction
mimetic treatments”, we selected 1) wild type versus 2)
rapamycin treatment, since the accompanying paper
[62] claimed the largest number of differentially
expressed genes for this compound (in comparison to
the other compound tested, allantoin). For humans, from
GSE38012, we selected all 25 samples, 1) Western diet
versus 2) caloric restriction diet (for both series, we
checked the box plots but we found no outlier

Figure 4 (middle) summarizes the overall approach. The
human health-related gene list based on Supplementary
Tables 1-3 (Supplementary Table 6) and the healthrelated gene-expression-based gene list from wormbase
(Supplementary Table 8) were investigated jointly.
More specifically, both lists were submitted to
Wormhole (wormhole.jax.org) on Jan 29, 2018, with
“Limit results to ortholog pairs” set to “Do not filter
(keep all results)” and with the “Reciprocal best hits
(RBHs) only” option, to map from human to C. elegans
and from C. elegans to human, respectively. The two
resulting tables were downloaded, and the ortholog
genes were used to obtain two new gene lists: one list
consisting of the human health gene list from
Supplementary Tables 1-3 supplemented with the
human orthologs of the C. elegans genes implicated by
gene expression in WormBase, and a second list
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distribution of expression values for any sample). We
then used the GEO2R tool [63] to compute fold-changes
using default parameters, downloaded the resulting
tables, imported these into Excel (using “Text” column
format for the gene names), removed genes with logFC
equal to NaN and sorted, smallest to largest, by absolute
fold change so that for genes with more than one probe,
the probe with the largest fold-change is taken when the
table is imported using Cytoscape. Selecting the
“Gene.symbol” column as key column of the table and
selecting the “gene name” column created by
GeneMANIA as the “Key column for network”, we
established matching gene names (in case-insensitive
mode) in the GEO2R and GeneMANIA tables as the
common reference, to then import the tables into
Cytoscape. Finally, we adjusted the “Style” of the
resulting networks so that the logFC values from
GEO2R are mapped continuously to a yellow-blue color
scale with the appropriate max/min settings, adding a
handle to map a logFC of 0 to white.
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consisting of the health-related gene-expression-based
C. elegans gene list supplemented with the C. elegans
orthologs of the human health genes. Both new gene
lists were submitted to GeneMANIA with default
parameters 1 , and the two GeneMANIA reports were
exported 2. From the two GeneMANIA reports, the two
interaction networks and the two new lists of
genes/nodes in the network were extracted. As input for
the GASOLINE network aligner [64], each network was
then written to a text file, and a single table of ortholog
mappings was created by (a) submitting each of the two
new lists of genes/nodes to Wormhole (with parameters
as above), converting the “WORMHOLE Score” from 0
(worst) to 1 (best) into an E-value-like score as
expected by GASOLINE (using the ad-hoc formula EValue-substitute=1/WORMHOLE_Score*1E-20, which
results in values roughly the same as given in the
BLAST-based tables offered by the GASOLINE
website as sample input data), and (b) concatenating
both Wormhole ortholog tables into a single text file.
Submitting the two network files 3 and the single table of
ortholog mappings to GASOLINE with default
parameters resulted in no alignment of subnetworks, but
changing the GASOLINE “density threshold” from 0.8
to 0.5 resulted in the two alignments presented. Finally,
the gene expression data describing effects of caloric
restriction and of rapamycin were both imported,
mapping the expression data to the alignments, and
setting node colors, all as described above. Whenever
data were processed by Excel, column formats of gene
names were set to “Text”.
All genes displayed in Supplementary Tables 1-5 and
those derived from WormBase gene expression data are
summarized in Supplementary Tables 6–8, including
GenAge information [65] (https://genomics.senescence.
info/genes/; GenAge Build 19; release date: June 24,
2017), if available.
The web presentation accompanying this paper
employed Cytoscape version 3.6.1 to export the networks
and its views as a CytoscapeJS object, employing a
library used in version 3.29 (http://js.cytoscape.org)
together with an Apache 2 web server [66]. The dynamic
highlighting of genes and GO terms in the pathway was
implemented in JavaScript. The transcriptional profile of
which ignores some duplications introduced into the
lists by a wormhole bug; non-nomenclature gene names
for IL-6 and IL-12 were processed correctly.
2 due to a GeneMANIA feature, reports for the same
input gene lists may vary slightly in the last decimal
places of some of the scores.
3 first the C. elegans and then the human network;
uploading networks the other way around results in
slightly different output due to a GASOLINE feature.

user-selected genes can be inspected in GEO expression
data aggregated by the multi-experiment matrix (MEM,
https://biit.cs.ut.ee/mem/) [67]. Queried with single
genes, the MEM service shows all the transcriptomics
experiments of a selected platform and, underneath, all
the genes with which the query gene is correlating in its
expression [68]. The resulting list is ranked and
differences between experiments with respect to the
observed correlation are indicated graphically. When
queried with a set of genes, specifically with all genes of
a healthspan pathway, only correlations of transcripts
assigned to these genes are shown. This tells us, in which
experiments the genes included in our healthspan
pathways interact, and for which conditions there is no
concerted action of the healthspan-associated genes. One
can thus obtain a characterization of a healthspan
pathway in the light of a large set of gene expression
experiments.

Supplementary References
1.

Hamed M, Spaniol C, Nazarieh M, Helms V. TFmiR: a
web server for constructing and analyzing diseasespecific transcription factor and miRNA co-regulatory
networks. Nucleic Acids Res. 2015; 43:W283–88.
https://doi.org/10.1093/nar/gkv418 PMID:25943543

2.

Wang Z, Li Y, Kong D, Sarkar FH. The role of notch
signaling pathway in epithelial-mesenchymal transition
(EMT) during development and tumor aggressiveness.
Curr Drug Targets. 2010; 11:745–51.
https://doi.org/10.2174/138945010791170860
PMID:20041844

3.

Liu Y. New insights into epithelial-mesenchymal
transition in kidney fibrosis. J Am Soc Nephrol. 2010;
21:212–22.
https://doi.org/10.1681/ASN.2008121226
PMID:20019167

4.

Sharma S, Sirin Y, Susztak K. The story of notch and
chronic kidney disease. Curr Opin Nephrol Hypertens.
2011; 20:56–61.
https://doi.org/10.1097/MNH.0b013e3283414c88
PMID:21088575

5.

ElSharawy A, Keller A, Flachsbart F, Wendschlag A,
Jacobs G, Kefer N, Brefort T, Leidinger P, Backes C,
Meese E, Schreiber S, Rosenstiel P, Franke A, Nebel A.
Genome-wide miRNA signatures of human longevity.
Aging Cell. 2012; 11:607–16.
https://doi.org/10.1111/j.1474-9726.2012.00824.x
PMID:22533606

6.

Lai CY, Yu SL, Hsieh MH, Chen CH, Chen HY, Wen CC,
Huang YH, Hsiao PC, Hsiao CK, Liu CM, Yang PC, Hwu
HG, Chen WJ. MicroRNA expression aberration as
potential
peripheral
blood
biomarkers
for
schizophrenia. PLoS One. 2011; 6:e21635.

1

www.aging-us.com

12557

AGING

https://doi.org/10.1371/journal.pone.0021635
PMID:21738743
7.

Kiko T, Nakagawa K, Tsuduki T, Furukawa K, Arai H,
Miyazawa T. MicroRNAs in plasma and cerebrospinal
fluid as potential markers for Alzheimer’s disease. J
Alzheimers Dis. 2014; 39:253–59.
https://doi.org/10.3233/JAD-130932
PMID:24157723

8.

Yamakuchi M, Ferlito M, Lowenstein CJ. miR-34a
repression of SIRT1 regulates apoptosis. Proc Natl Acad
Sci USA. 2008; 105:13421–26.
https://doi.org/10.1073/pnas.0801613105
PMID:18755897

9.

Li J, Donath S, Li Y, Qin D, Prabhakar BS, Li P. miR-30
regulates mitochondrial fission through targeting p53
and the dynamin-related protein-1 pathway. PLoS
Genet. 2010; 6:e1000795.
https://doi.org/10.1371/journal.pgen.1000795
PMID:20062521

10. Xu M, Tchkonia T, Ding H, Ogrodnik M, Lubbers ER,
Pirtskhalava T, White TA, Johnson KO, Stout MB,
Mezera V, Giorgadze N, Jensen MD, LeBrasseur NK,
Kirkland JL. JAK inhibition alleviates the cellular
senescence-associated secretory phenotype and frailty
in old age. Proc Natl Acad Sci USA. 2015; 112:E6301–10.
https://doi.org/10.1073/pnas.1515386112
PMID:26578790
11. Zhang G, Li J, Purkayastha S, Tang Y, Zhang H, Yin Y, Li
B, Liu G, Cai D. Hypothalamic programming of systemic
ageing involving IKK-β, NF-κB and GnRH. Nature. 2013;
497:211–16.
https://doi.org/10.1038/nature12143
PMID:23636330
12. Sheedy FJ, O’Neill LA. Adding fuel to fire: microRNAs as
a new class of mediators of inflammation. Ann Rheum
Dis. 2008 (Suppl 3); 67:iii50–55.
https://doi.org/10.1136/ard.2008.100289
PMID:19022814
13. McNeill E, Channon KM, Greaves DR. Inflammatory cell
recruitment in cardiovascular disease: murine models
and potential clinical applications. Clin Sci (Lond). 2010;
118:641–55.
https://doi.org/10.1042/CS20090488 PMID:20210786
14. Kivipelto M, Helkala EL, Laakso MP, Hänninen T,
Hallikainen M, Alhainen K, Iivonen S, Mannermaa A,
Tuomilehto J, Nissinen A, Soininen H. Apolipoprotein E
epsilon4 allele, elevated midlife total cholesterol level,
and high midlife systolic blood pressure are
independent risk factors for late-life Alzheimer disease.
Ann Intern Med. 2002; 137:149–55.
https://doi.org/10.7326/0003-4819-137-3-20020806000006 PMID:12160362

www.aging-us.com

12558

15. Huynh TV, Liao F, Francis CM, Robinson GO, Serrano JR,
Jiang H, Roh J, Finn MB, Sullivan PM, Esparza TJ,
Stewart FR, Mahan TE, Ulrich JD, et al. Age-dependent
effects of apoE reduction using antisense
oligonucleotides in a model of β-amyloidosis. Neuron.
2017; 96:1013–23.e4.
https://doi.org/10.1016/j.neuron.2017.11.014
PMID:29216448
16. Aramillo Irizar P, Schäuble S, Esser D, Groth M, Frahm
C, Priebe S, Baumgart M, Hartmann N, Marthandan S,
Menzel U, Müller J, Schmidt S, Ast V, et al.
Transcriptomic alterations during ageing reflect the
shift from cancer to degenerative diseases in the
elderly. Nat Commun. 2018; 9:327.
https://doi.org/10.1038/s41467-017-02395-2
PMID:29382830
17. Gordts SC, Muthuramu I, Amin R, Jacobs F, De Geest B.
The impact of lipoproteins on wound healing: topical
HDL therapy corrects delayed wound healing in
apolipoprotein E deficient mice. Pharmaceuticals
(Basel). 2014; 7:419–32.
https://doi.org/10.3390/ph7040419
PMID:24705596
18. Li J, Ebata A, Dong Y, Rizki G, Iwata T, Lee SS.
Caenorhabditis elegans HCF-1 functions in longevity
maintenance as a DAF-16 regulator. PLoS Biol. 2008;
6:e233.
https://doi.org/10.1371/journal.pbio.0060233
PMID:18828672
19. Wang C, Saar V, Leung KL, Chen L, Wong G. Human
amyloid β peptide and tau co-expression impairs
behavior and causes specific gene expression changes
in caenorhabditis elegans. Neurobiol Dis. 2018;
109:88–101.
https://doi.org/10.1016/j.nbd.2017.10.003
PMID:28982592
20. Butcher RA, Ragains JR, Li W, Ruvkun G, Clardy J,
Mak HY. Biosynthesis of the caenorhabditis elegans
dauer pheromone. Proc Natl Acad Sci USA. 2009;
106:1875–79.
https://doi.org/10.1073/pnas.0810338106
PMID:19174521
21. Zhang J, Bakheet R, Parhar RS, Huang CH, Hussain MM,
Pan X, Siddiqui SS, Hashmi S. Regulation of fat storage
and reproduction by krüppel-like transcription factor
KLF3 and fat-associated genes in caenorhabditis
elegans. J Mol Biol. 2011; 411:537–53.
https://doi.org/10.1016/j.jmb.2011.06.011
PMID:21704635
22. Zarse K, Bossecker A, Müller-Kuhrt L, Siems K,
Hernandez MA, Berendsohn WG, Birringer M, Ristow
M. The phytochemical glaucarubinone promotes
mitochondrial metabolism, reduces body fat, and

AGING

extends lifespan of caenorhabditis elegans. Horm
Metab Res. 2011; 43:241–43.
https://doi.org/10.1055/s-0030-1270524
PMID:21264793

development in caenorhabditis elegans. G3 (Bethesda).
2014; 4:1859–70.
https://doi.org/10.1534/g3.114.012591
PMID:25098771

23. Zheng S, Liao S, Zou Y, Qu Z, Shen W, Shi Y. Mulberry
leaf polyphenols delay aging and regulate fat
metabolism via the germline signaling pathway in
caenorhabditis elegans. Age (Dordr). 2014; 36:9719.
https://doi.org/10.1007/s11357-014-9719-z
PMID:25323576

31. Rogalski TM, Gilchrist EJ, Mullen GP, Moerman DG.
Mutations in the unc-52 gene responsible for body wall
muscle defects in adult caenorhabditis elegans are
located in alternatively spliced exons. Genetics. 1995;
139:159–69.
PMID:7535716

24. Bar DZ, Charar C, Dorfman J, Yadid T, Tafforeau L,
Lafontaine DL, Gruenbaum Y. Cell size and fat content
of dietary-restricted caenorhabditis elegans are
regulated by ATX-2, an mTOR repressor. Proc Natl Acad
Sci USA. 2016; 113:E4620–29.
https://doi.org/10.1073/pnas.1512156113
PMID:27457958

32. Gnesutta N, Qu J, Minden A. The serine/threonine
kinase PAK4 prevents caspase activation and protects
cells from apoptosis. J Biol Chem. 2001; 276:14414–19.
https://doi.org/10.1074/jbc.M011046200
PMID:11278822

25. Schiavi A, Torgovnick A, Kell A, Megalou E, Castelein N,
Guccini I, Marzocchella L, Gelino S, Hansen M, Malisan
F, Condò I, Bei R, Rea SL, et al. Autophagy induction
extends lifespan and reduces lipid content in response
to frataxin silencing in C. Elegans. Exp Gerontol. 2013;
48:191–201.
https://doi.org/10.1016/j.exger.2012.12.002
PMID:23247094
26. Ackerman D, Gems D. The mystery of C. Elegans aging:
an emerging role for fat. Distant parallels between C.
Elegans aging and metabolic syndrome? Bioessays.
2012; 34:466–71.
https://doi.org/10.1002/bies.201100189
PMID:22371137

33. Tyagi N, Marimuthu S, Bhardwaj A, Deshmukh SK,
Srivastava SK, Singh AP, McClellan S, Carter JE, Singh S.
P-21 activated kinase 4 (PAK4) maintains stem cell-like
phenotypes in pancreatic cancer cells through
activation of STAT3 signaling. Cancer Lett. 2016;
370:260–67.
https://doi.org/10.1016/j.canlet.2015.10.028
PMID:26546043
34. Dart AE, Box GM, Court W, Gale ME, Brown JP, Pinder
SE, Eccles SA, Wells CM. PAK4 promotes kinaseindependent stabilization of RhoU to modulate cell
adhesion. J Cell Biol. 2015; 211:863–79.
https://doi.org/10.1083/jcb.201501072
PMID:26598620

27. Perez CL, Van Gilst MR. A 13C isotope labeling strategy
reveals the influence of insulin signaling on lipogenesis
in C. Elegans. Cell Metab. 2008; 8:266–74.
https://doi.org/10.1016/j.cmet.2008.08.007
PMID:18762027

35. Zhang J, Wang J, Guo Q, Wang Y, Zhou Y, Peng H,
Cheng M, Zhao D, Li F. LCH-7749944, a novel and
potent p21-activated kinase 4 inhibitor, suppresses
proliferation and invasion in human gastric cancer
cells. Cancer Lett. 2012; 317:24–32.
https://doi.org/10.1016/j.canlet.2011.11.007
PMID:22085492

28. O’Rourke EJ, Soukas AA, Carr CE, Ruvkun G. C. Elegans
major fats are stored in vesicles distinct from
lysosome-related organelles. Cell Metab. 2009;
10:430–35.
https://doi.org/10.1016/j.cmet.2009.10.002
PMID:19883620

36. Callow MG, Clairvoyant F, Zhu S, Schryver B, Whyte DB,
Bischoff JR, Jallal B, Smeal T. Requirement for PAK4 in
the anchorage-independent growth of human cancer
cell lines. J Biol Chem. 2002; 277:550–58.
https://doi.org/10.1074/jbc.M105732200
PMID:11668177

29. Ludewig AH, Klapper M, Döring F. Identifying
evolutionarily conserved genes in the dietary
restriction response using bioinformatics and
subsequent testing in caenorhabditis elegans. Genes
Nutr. 2014; 9:363.
https://doi.org/10.1007/s12263-013-0363-5
PMID:24311442

37. Siu MK, Chan HY, Kong DS, Wong ES, Wong OG, Ngan
HY, Tam KF, Zhang H, Li Z, Chan QK, Tsao SW,
Strömblad S, Cheung AN. P21-activated kinase 4
regulates ovarian cancer cell proliferation, migration,
and invasion and contributes to poor prognosis in
patients. Proc Natl Acad Sci USA. 2010; 107:18622–27.
https://doi.org/10.1073/pnas.0907481107
PMID:20926745

30. Díaz-Balzac CA, Lázaro-Peña MI, Tecle E, Gomez N,
Bülow HE. Complex cooperative functions of heparan
sulfate proteoglycans shape nervous system

www.aging-us.com

12559

38. Ahmed T, Shea K, Masters JR, Jones GE, Wells CM. A
PAK4-LIMK1 pathway drives prostate cancer cell

AGING

migration downstream of HGF. Cell Signal. 2008;
20:1320–28.
https://doi.org/10.1016/j.cellsig.2008.02.021
PMID:18424072
39. Chaker M, Minden A, Chen S, Weiss RH, Chini EN,
Mahipal A, Azmi AS. Rho GTPase effectors and NAD
metabolism in cancer immune suppression. Expert
Opin Ther Targets. 2018; 22:9–17.
https://doi.org/10.1080/14728222.2018.1413091
PMID:29207896
40. Komiya Y, Habas R. Wnt signal transduction pathways.
Organogenesis. 2008; 4:68–75.
https://doi.org/10.4161/org.4.2.5851
PMID:19279717
41. Seoighe C, Scally A. Inference of candidate germline
mutator loci in humans from genome-wide haplotype
data. PLoS Genet. 2017; 13:e1006549.
https://doi.org/10.1371/journal.pgen.1006549
PMID:28095480
42. Wang Y, Wan B, Li D, Zhou J, Li R, Bai M, Chen F, Yu L.
BRSK2 is regulated by ER stress in protein level and
involved in ER stress-induced apoptosis. Biochem
Biophys Res Commun. 2012; 423:813–18.
https://doi.org/10.1016/j.bbrc.2012.06.046
PMID:22713462
43. Nie J, Liu X, Lilley BN, Zhang H, Pan YA, Kimball SR,
Zhang J, Zhang W, Wang L, Jefferson LS, Sanes JR, Han
X, Shi Y. SAD-a kinase controls islet β-cell size and
function as a mediator of mTORC1 signaling. Proc Natl
Acad Sci USA. 2013; 110:13857–62.
https://doi.org/10.1073/pnas.1307698110
PMID:23922392
44. Kishi M, Pan YA, Crump JG, Sanes JR. Mammalian SAD
kinases are required for neuronal polarization. Science.
2005; 307:929–32.
https://doi.org/10.1126/science.1107403
PMID:15705853
45. Jiang P, Zhang D. Maternal embryonic leucine zipper
kinase (MELK): a novel regulator in cell cycle control,
embryonic development, and cancer. Int J Mol Sci.
2013; 14:21551–60.
https://doi.org/10.3390/ijms141121551
PMID:24185907
46. Giuliano CJ, Lin A, Smith JC, Palladino AC, Sheltzer JM.
MELK expression correlates with tumor mitotic activity
but is not required for cancer growth. Elife. 2018;
7:e32838.
https://doi.org/10.7554/eLife.32838 PMID:29417930
47. Ganguly R, Mohyeldin A, Thiel J, Kornblum HI, Beullens
M, Nakano I. MELK-a conserved kinase: functions,
signaling, cancer, and controversy. Clin Transl Med.
2015; 4:11.

www.aging-us.com

12560

https://doi.org/10.1186/s40169-014-0045-y
PMID:25852826
48. Viswanathan M, Guarente L. Regulation of
caenorhabditis elegans lifespan by sir-2.1 transgenes.
Nature. 2011; 477:E1–2.
https://doi.org/10.1038/nature10440
PMID:21938026
49. Van Gilst MR, Hadjivassiliou H, Jolly A, Yamamoto KR.
Nuclear hormone receptor NHR-49 controls fat
consumption and fatty acid composition in C. Elegans.
PLoS Biol. 2005; 3:e53.
https://doi.org/10.1371/journal.pbio.0030053
PMID:15719061
50. Burton NO, Furuta T, Webster AK, Kaplan RE, Baugh LR,
Arur S, Horvitz HR. Insulin-like signalling to the
maternal germline controls progeny response to
osmotic stress. Nat Cell Biol. 2017; 19:252–57.
https://doi.org/10.1038/ncb3470 PMID:28166192
51. Oliveira RP, Porter Abate J, Dilks K, Landis J, Ashraf J,
Murphy CT, Blackwell TK. Condition-adapted stress and
longevity gene regulation by caenorhabditis elegans
SKN-1/nrf. Aging Cell. 2009; 8:524–41.
https://doi.org/10.1111/j.1474-9726.2009.00501.x
PMID:19575768
52. Pietsch K, Saul N, Swain SC, Menzel R, Steinberg
CE, Stürzenbaum SR. Meta-analysis of global
transcriptomics suggests that conserved genetic
pathways are responsible for quercetin and tannic
acid mediated longevity in C. Elegans. Front Genet.
2012; 3:48.
https://doi.org/10.3389/fgene.2012.00048
PMID:22493606
53. Cai Y, Cao X, Aballay A. Whole-animal chemical screen
identifies colistin as a new immunomodulator that
targets conserved pathways. mBio. 2014; 5:e01235–14.
https://doi.org/10.1128/mBio.01235-14
PMID:25118236
54. Ihara A, Uno M, Miyatake K, Honjoh S, Nishida E.
Cholesterol regulates DAF-16 nuclear localization and
fasting-induced longevity in C. Elegans. Exp Gerontol.
2017; 87:40–47.
https://doi.org/10.1016/j.exger.2016.10.011
PMID:27989925
55. Swindell WR. Genes and gene expression modules
associated with caloric restriction and aging in the
laboratory mouse. BMC Genomics. 2009; 10:585.
https://doi.org/10.1186/1471-2164-10-585
PMID:19968875
56. Gurven M, Kaplan H, Winking J, Eid Rodriguez D,
Vasunilashorn S, Kim JK, Finch C, Crimmins E.
Inflammation and infection do not promote arterial

AGING

aging and cardiovascular disease risk factors among
lean horticulturalists. PLoS One. 2009; 4:e6590.
https://doi.org/10.1371/journal.pone.0006590
PMID:19668697

resources: new and updated databases. Nucleic Acids
Res. 2018; 46:D1083–90.
https://doi.org/10.1093/nar/gkx1042
PMID:29121237

57. Cohen AA, Legault V, Fuellen G, Fülöp T, Fried LP,
Ferrucci L. The risks of biomarker-based epidemiology:
associations of circulating calcium levels with age,
mortality, and frailty vary substantially across
populations. Exp Gerontol. 2018; 107:11–17.
https://doi.org/10.1016/j.exger.2017.07.011
PMID:28723411

66. Franz M, Lopes CT, Huck G, Dong Y, Sumer O, Bader
GD. Cytoscape.js: a graph theory library for
visualisation and analysis. Bioinformatics. 2016;
32:309–11.
https://doi.org/10.1093/bioinformatics/btv557
PMID:26415722

58. Kapahi P, Chen D, Rogers AN, Katewa SD, Li PW,
Thomas EL, Kockel L. With TOR, less is more: a key role
for the conserved nutrient-sensing TOR pathway in
aging. Cell Metab. 2010; 11:453–65.
https://doi.org/10.1016/j.cmet.2010.05.001
PMID:20519118
59. Barbieri M, Bonafè M, Franceschi C, Paolisso G.
insulin/IGF-I-signaling pathway: an evolutionarily
conserved mechanism of longevity from yeast to
humans. Am J Physiol Endocrinol Metab. 2003;
285:E1064–71.
https://doi.org/10.1152/ajpendo.00296.2003
PMID:14534077
60. Partridge L, Gems D. Mechanisms of ageing: public or
private? Nat Rev Genet. 2002; 3:165–75.
https://doi.org/10.1038/nrg753 PMID:11972154
61. Pease C, Lande R, Bull J. A model of population growth,
dispersal and evolution in a changing environment.
Ecology. 1989; 70:1657–64.
https://doi.org/10.2307/1938100
62. Calvert S, Tacutu R, Sharifi S, Teixeira R, Ghosh P, de
Magalhães JP. A network pharmacology approach
reveals new candidate caloric restriction mimetics in C.
Elegans. Aging Cell. 2016; 15:256–66.
https://doi.org/10.1111/acel.12432
PMID:26676933
63. Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF,
Tomashevsky M, Marshall KA, Phillippy KH, Sherman
PM, Holko M, Yefanov A, Lee H, Zhang N, et al. NCBI
GEO: archive for functional genomics data sets—
update. Nucleic Acids Res. 2013; 41:D991–95.
https://doi.org/10.1093/nar/gks1193
PMID:23193258
64. Micale G, Continella A, Ferro A, Giugno R, Pulvirenti A.
GASOLINE: a cytoscape app for multiple local
alignment of PPI networks. F1000Res. 2014; 3:140.
https://doi.org/10.12688/f1000research.4537.2
PMID:25324964
65. Tacutu R, Thornton D, Johnson E, Budovsky A, Barardo
D, Craig T, Diana E, Lehmann G, Toren D, Wang J,
Fraifeld VE, de Magalhães JP. Human ageing genomic

www.aging-us.com

12561

67. Adler P, Kolde R, Kull M, Tkachenko A, Peterson H,
Reimand J, Vilo J. Mining for coexpression across
hundreds of datasets using novel rank aggregation and
visualization methods. Genome Biol. 2009; 10:R139.
https://doi.org/10.1186/gb-2009-10-12-r139
PMID:19961599
68. Kolesnikov N, Hastings E, Keays M, Melnichuk O, Tang
YA, Williams E, Dylag M, Kurbatova N, Brandizi M,
Burdett T, Megy K, Pilicheva E, Rustici G, et al.
ArrayExpress update—simplifying data submissions.
Nucleic Acids Res. 2015; 43:D1113–16.
https://doi.org/10.1093/nar/gku1057 PMID:25361974
69. Minster RL, Sanders JL, Singh J, Kammerer CM,
Barmada MM, Matteini AM, Zhang Q, Wojczynski MK,
Daw EW, Brody JA, Arnold AM, Lunetta KL, Murabito
JM, et al. Genome-wide association study and linkage
analysis of the healthy aging index. J Gerontol A Biol Sci
Med Sci. 2015; 70:1003–08.
https://doi.org/10.1093/gerona/glv006
PMID:25758594
70. Druley TE, Wang L, Lin SJ, Lee JH, Zhang Q, Daw EW,
Abel HJ, Chasnoff SE, Ramos EI, Levinson BT,
Thyagarajan B, Newman AB, Christensen K, et al.
Candidate gene resequencing to identify rare,
pedigree-specific variants influencing healthy aging
phenotypes in the long life family study. BMC Geriatr.
2016; 16:80.
https://doi.org/10.1186/s12877-016-0253-y
PMID:27060904
71. Singh J, Minster RL, Schupf N, Kraja A, Liu Y,
Christensen K, Newman AB, Kammerer CM.
Genomewide association scan of a mortality associated
endophenotype for a long and healthy life in the long
life family study. J Gerontol A Biol Sci Med Sci. 2017;
72:1411–16.
https://doi.org/10.1093/gerona/glx011
PMID:28329217
72. Mekli K, Marshall A, Nazroo J, Vanhoutte B, Pendleton
N. Genetic variant of interleukin-18 gene is associated
with the frailty index in the english longitudinal study
of ageing. Age Ageing. 2015; 44:938–42.
https://doi.org/10.1093/ageing/afv122
PMID:26396182

AGING

73. Ho YY, Matteini AM, Beamer B, Fried L, Xue QL, Arking
DE, Chakravarti A, Fallin MD, Walston J. Exploring
biologically relevant pathways in frailty. J Gerontol A
Biol Sci Med Sci. 2011; 66:975–79.
https://doi.org/10.1093/gerona/glr061
PMID:21743092
74. Erikson GA, Bodian DL, Rueda M, Molparia B, Scott ER,
Scott-Van Zeeland AA, Topol SE, Wineinger NE,
Niederhuber JE, Topol EJ, Torkamani A. Whole-genome
sequencing of a healthy aging cohort. Cell. 2016;
165:1002–11.
https://doi.org/10.1016/j.cell.2016.03.022
PMID:27114037
75. Christensen K, McGue M. Genetics: healthy ageing, the
genome and the environment. Nat Rev Endocrinol.
2016; 12:378–80.
https://doi.org/10.1038/nrendo.2016.79
PMID:27230948
76. He L, Kernogitski Y, Kulminskaya I, Loika Y, Arbeev KG,
Loiko E, Bagley O, Duan M, Yashkin A, Ukraintseva SV,
Kovtun M, Yashin AI, Kulminski AM. Pleiotropic metaanalyses of longitudinal studies discover novel genetic
variants associated with age-related diseases. Front
Genet. 2016; 7:179.
https://doi.org/10.3389/fgene.2016.00179
PMID:27790247
77. Tindale LC, Leach S, Spinelli JJ, Brooks-Wilson AR. Lipid
and Alzheimer’s disease genes associated with healthy
aging and longevity in healthy oldest-old. Oncotarget.
2017; 8:20612–21.
https://doi.org/10.18632/oncotarget.15296
PMID:28206976
78. Yao C, Joehanes R, Johnson AD, Huan T, Esko T, Ying S,
Freedman JE, Murabito J, Lunetta KL, Metspalu A,
Munson PJ, Levy D. Sex- and age-interacting eQTLs in
human complex diseases. Hum Mol Genet. 2014;
23:1947–56.
https://doi.org/10.1093/hmg/ddt582
PMID:24242183
79. Kauwe JS, Goate A. Genes for a ‘Wellderly’ life. Trends
Mol Med. 2016; 22:637–39.
https://doi.org/10.1016/j.molmed.2016.05.011
PMID:27312143
80. Pilling LC, Harries LW, Powell J, Llewellyn DJ, Ferrucci L,
Melzer D. Genomics and successful aging: grounds for
renewed optimism? J Gerontol A Biol Sci Med Sci.
2012; 67:511–19.
https://doi.org/10.1093/gerona/gls091
PMID:22454374
81. Jeck WR, Siebold AP, Sharpless NE. Review: a metaanalysis of GWAS and age-associated diseases. Aging
Cell. 2012; 11:727–31.

www.aging-us.com

12562

https://doi.org/10.1111/j.1474-9726.2012.00871.x
PMID:22888763
82. Fortney K, Dobriban E, Garagnani P, Pirazzini C, Monti
D, Mari D, Atzmon G, Barzilai N, Franceschi C, Owen
AB, Kim SK. Genome-wide scan informed by agerelated disease identifies loci for exceptional human
longevity. PLoS Genet. 2015; 11:e1005728.
https://doi.org/10.1371/journal.pgen.1005728
PMID:26677855
83. McDaid AF, Joshi PK, Porcu E, Komljenovic A, Li H,
Sorrentino V, Litovchenko M, Bevers RP, Rüeger S,
Reymond A, Bochud M, Deplancke B, Williams RW, et
al. Bayesian association scan reveals loci associated
with human lifespan and linked biomarkers. Nat
Commun. 2017; 8:15842.
https://doi.org/10.1038/ncomms15842
PMID:28748955
84. Iwasa H, Yu S, Xue J, Driscoll M. Novel EGF pathway
regulators modulate C. Elegans healthspan and
lifespan via EGF receptor, PLC-gamma, and IP3R
activation. Aging Cell. 2010; 9:490–505.
https://doi.org/10.1111/j.1474-9726.2010.00575.x
PMID:20497132
85. Eckers A, Jakob S, Heiss C, Haarmann-Stemmann T,
Goy C, Brinkmann V, Cortese-Krott MM, Sansone R,
Esser C, Ale-Agha N, Altschmied J, Ventura N,
Haendeler J. The aryl hydrocarbon receptor promotes
aging phenotypes across species. Sci Rep. 2016;
6:19618.
https://doi.org/10.1038/srep19618
PMID:26790370
86. Sutphin GL, Backer G, Sheehan S, Bean S, Corban C, Liu
T, Peters MJ, van Meurs JB, Murabito JM, Johnson AD,
Korstanje R, Cohorts for Heart and Aging Research in
Genomic Epidemiology (CHARGE) Consortium Gene
Expression Working Group. Caenorhabditis elegans
orthologs of human genes differentially expressed with
age are enriched for determinants of longevity. Aging
Cell. 2017; 16:672–82.
https://doi.org/10.1111/acel.12595
PMID:28401650
87. Leonov A, Arlia-Ciommo A, Piano A, Svistkova V,
Lutchman V, Medkour Y, Titorenko VI. Longevity
extension by phytochemicals. Molecules. 2015;
20:6544–72.
https://doi.org/10.3390/molecules20046544
PMID:25871373
88. Ding AJ, Zheng SQ, Huang XB, Xing TK, Wu GS, Sun HY,
Qi SH, Luo HR. Current perspective in the discovery of
anti-aging agents from natural products. Nat Prod
Bioprospect. 2017; 7:335–404.
https://doi.org/10.1007/s13659-017-0135-9
PMID:28567542

AGING

89. Jafari M. Healthspan pharmacology. Rejuvenation Res.
2015; 18:573–80.
https://doi.org/10.1089/rej.2015.1774
PMID:26444965
90. Nguyen TT, Caito SW, Zackert WE, West JD, Zhu S,
Aschner M, Fessel JP, Roberts LJ 2nd. Scavengers of
reactive γ-ketoaldehydes extend caenorhabditis
elegans lifespan and healthspan through protein-level
interactions with SIR-2.1 and ETS-7. Aging (Albany NY).
2016; 8:1759–80.
https://doi.org/10.18632/aging.101011
PMID:27514077
91. Li Y, Shao Y, Tong Y, Shen T, Zhang J, Li Y, Gu H, Li F.
Nucleo-cytoplasmic shuttling of PAK4 modulates βcatenin intracellular translocation and signaling.
Biochim Biophys Acta. 2012; 1823:465–75.
https://doi.org/10.1016/j.bbamcr.2011.11.013
PMID:22173096
92. Abo A, Qu J, Cammarano MS, Dan C, Fritsch A, Baud V,
Belisle B, Minden A. PAK4, a novel effector for
Cdc42Hs, is implicated in the reorganization of the
actin cytoskeleton and in the formation of filopodia.
EMBO J. 1998; 17:6527–40.
https://doi.org/10.1093/emboj/17.22.6527
PMID:9822598
93. Itakura A, Aslan JE, Kusanto BT, Phillips KG, Porter JE,
Newton PK, Nan X, Insall RH, Chernoff J, McCarty OJ.
P21-activated kinase (PAK) regulates cytoskeletal
reorganization and directional migration in human
neutrophils. PLoS One. 2013; 8:e73063.
https://doi.org/10.1371/journal.pone.0073063
PMID:24019894
94. Mansfeld J, Urban N, Priebe S, Groth M, Frahm C,
Hartmann N, Gebauer J, Ravichandran M, Dommaschk
A, Schmeisser S, Kuhlow D, Monajembashi S, BremerStreck S, et al. Branched-chain amino acid catabolism is
a conserved regulator of physiological ageing. Nat
Commun. 2015; 6:10043.
https://doi.org/10.1038/ncomms10043
PMID:26620638
95. Lu R, Niida H, Nakanishi M. Human SAD1 kinase is
involved in UV-induced DNA damage checkpoint
function. J Biol Chem. 2004; 279:31164–70.
https://doi.org/10.1074/jbc.M404728200
PMID:15150265
96. Edwards SL, Morrison LM, Yorks RM, Hoover CM,
Boominathan S, Miller KG. UNC-16 (JIP3) acts through
synapse-assembly proteins to inhibit the active
transport of cell soma organelles to caenorhabditis
elegans motor neuron axons. Genetics. 2015;
201:117–41.
https://doi.org/10.1534/genetics.115.177345
PMID:26354976

www.aging-us.com

12563

97. Hung W, Hwang C, Po MD, Zhen M. Neuronal polarity
is regulated by a direct interaction between a
scaffolding protein, neurabin, and a presynaptic SAD-1
kinase in caenorhabditis elegans. Development. 2007;
134:237–49.
https://doi.org/10.1242/dev.02725
PMID:17151015
98. Kim JS, Hung W, Narbonne P, Roy R, Zhen M. C.
Elegans STRADalpha and SAD cooperatively regulate
neuronal polarity and synaptic organization.
Development. 2010; 137:93–102.
https://doi.org/10.1242/dev.041459
PMID:20023164
99. Hirose T, Horvitz HR. An Sp1 transcription factor
coordinates caspase-dependent and -independent
apoptotic pathways. Nature. 2013; 500:354–58.
https://doi.org/10.1038/nature12329
PMID:23851392
100. Offenburger SL, Bensaddek D, Murillo AB, Lamond AI,
Gartner A. Comparative genetic, proteomic and
phosphoproteomic analysis of C. Elegans embryos
with a focus on ham-1/STOX and pig-1/MELK in
dopaminergic neuron development. Sci Rep. 2017;
7:4314.
https://doi.org/10.1038/s41598-017-04375-4
PMID:28659600
101. Cordes S, Frank CA, Garriga G. The C. Elegans MELK
ortholog PIG-1 regulates cell size asymmetry and
daughter cell fate in asymmetric neuroblast divisions.
Development. 2006; 133:2747–56.
https://doi.org/10.1242/dev.02447
PMID:16774992
102. Wu D, Pan W. GSK3: a multifaceted kinase in Wnt
signaling. Trends Biochem Sci. 2010; 35:161–68.
https://doi.org/10.1016/j.tibs.2009.10.002
PMID:19884009
103. Schaffer BA, Bertram L, Miller BL, Mullin K, Weintraub
S, Johnson N, Bigio EH, Mesulam M, Wiedau-Pazos M,
Jackson GR, Cummings JL, Cantor RM, Levey AI, et al.
Association of GSK3B with Alzheimer disease and
frontotemporal dementia. Arch Neurol. 2008;
65:1368–74.
https://doi.org/10.1001/archneur.65.10.1368
PMID:18852354
104. Kwok JB, Hallupp M, Loy CT, Chan DK, Woo J, Mellick
GD, Buchanan DD, Silburn PA, Halliday GM, Schofield
PR. GSK3B polymorphisms alter transcription and
splicing in parkinson’s disease. Ann Neurol. 2005;
58:829–39.
https://doi.org/10.1002/ana.20691 PMID:16315267
105. Thorpe CJ, Schlesinger A, Bowerman B. Wnt signalling
in caenorhabditis elegans: regulating repressors and

AGING

polarizing the cytoskeleton. Trends Cell Biol. 2000;
10:10–17.
https://doi.org/10.1016/s0962-8924(99)01672-4
PMID:10603471
106. Kraemer BC, Burgess JK, Chen JH, Thomas JH,
Schellenberg GD. Molecular pathways that influence
human tau-induced pathology in caenorhabditis
elegans. Hum Mol Genet. 2006; 15:1483–96.
https://doi.org/10.1093/hmg/ddl067
PMID:16600994
107. Pinto SM, Hengartner MO. Cleaning up the mess: cell
corpse clearance in caenorhabditis elegans. Curr Opin
Cell Biol. 2012; 24:881–88.
https://doi.org/10.1016/j.ceb.2012.11.002
PMID:23206434
108. Hannon GJ, Beach D. p15INK4B is a potential effector
of TGF-beta-induced cell cycle arrest. Nature. 1994;
371:257–61.
https://doi.org/10.1038/371257a0 PMID:8078588
109. Boström J, Meyer-Puttlitz B, Wolter M, Blaschke B,
Weber RG, Lichter P, Ichimura K, Collins VP,
Reifenberger G. Alterations of the tumor suppressor
genes CDKN2A (p16(INK4a)), p14(ARF), CDKN2B
(p15(INK4b)), and CDKN2C (p18(INK4c)) in atypical
and anaplastic meningiomas. Am J Pathol. 2001;
159:661–69.
https://doi.org/10.1016/S0002-9440(10)61737-3
PMID:11485924
110. Hannou SA, Wouters K, Paumelle R, Staels B.
Functional genomics of the CDKN2A/B locus in
cardiovascular and metabolic disease: what have we
learned from GWASs? Trends Endocrinol Metab.
2015; 26:176–84.
https://doi.org/10.1016/j.tem.2015.01.008
PMID:25744911
111. Engelmann I, Griffon A, Tichit L, Montañana-Sanchis F,
Wang G, Reinke V, Waterston RH, Hillier LW, Ewbank
JJ. A comprehensive analysis of gene expression
changes provoked by bacterial and fungal infection in
C. Elegans. PLoS One. 2011; 6:e19055.
https://doi.org/10.1371/journal.pone.0019055
PMID:21602919
112. Poirier Y, Antonenkov VD, Glumoff T, Hiltunen JK.
Peroxisomal beta-oxidation—a metabolic pathway
with multiple functions. Biochim Biophys Acta. 2006;
1763:1413–26.
https://doi.org/10.1016/j.bbamcr.2006.08.034
PMID:17028011
113. Baarine M, Andréoletti P, Athias A, Nury T, Zarrouk
A, Ragot K, Vejux A, Riedinger JM, Kattan Z, Bessede
G, Trompier D, Savary S, Cherkaoui-Malki M, Lizard
G. Evidence of oxidative stress in very long

www.aging-us.com

12564

chain fatty acid—treated oligodendrocytes and
potentialization of ROS production using RNA
interference-directed knockdown of ABCD1 and
ACOX1 peroxisomal proteins. Neuroscience. 2012;
213:1–18.
https://doi.org/10.1016/j.neuroscience.2012.03.058
PMID:22521832
114. Joo HJ, Kim KY, Yim YH, Jin YX, Kim H, Kim MY, Paik YK.
Contribution of the peroxisomal acox gene to the
dynamic balance of daumone production in
caenorhabditis elegans. J Biol Chem. 2010;
285:29319–25.
https://doi.org/10.1074/jbc.M110.122663
PMID:20610393
115. Filipp FV, Sattler M. Conformational plasticity of the
lipid transfer protein SCP2. Biochemistry. 2007;
46:7980–91.
https://doi.org/10.1021/bi6025616
PMID:17566986
116. Steinberg S, Raymond G, Braverman N, Moser A.
Zellweger Spectrum Disorder. GeneReview. 2017:
https://www.ncbi.nlm.nih.gov/books/NBK1448/.
117. Li S, Xu S, Ma Y, Wu S, Feng Y, Cui Q, Chen L, Zhou S,
Kong Y, Zhang X, Yu J, Wu M, Zhang SO. A genetic
screen for mutants with supersized lipid droplets in
caenorhabditis elegans. G3 (Bethesda). 2016;
6:2407–19.
https://doi.org/10.1534/g3.116.030866
PMID:27261001
118. Zhang L, Rao F, Zhang K, Khandrika S, Das M,
Vaingankar SM, Bao X, Rana BK, Smith DW, Wessel J,
Salem RM, Rodriguez-Flores JL, Mahata SK, et al.
Discovery of common human genetic variants of GTP
cyclohydrolase 1 (GCH1) governing nitric oxide,
autonomic activity, and cardiovascular risk. J Clin
Invest. 2007; 117:2658–71.
https://doi.org/10.1172/JCI31093 PMID:17717598
119. Giri S, Naiya T, Roy S, Das G, Wali GM, Das SK, Ray K,
Ray J. A compound heterozygote for GCH1 mutation
represents a case of atypical dopa-responsive
dystonia. J Mol Neurosci. 2019; 68:214–20.
https://doi.org/10.1007/s12031-019-01301-3
PMID:30911941
120. Sawin ER, Ranganathan R, Horvitz HR. C. Elegans
locomotory rate is modulated by the environment
through a dopaminergic pathway and by experience
through a serotonergic pathway. Neuron. 2000;
26:619–31.
https://doi.org/10.1016/s0896-6273(00)81199-x
PMID:10896158
121. Gonzalez DE, Covitz KM, Sadée W, Mrsny RJ. An
oligopeptide transporter is expressed at high levels in

AGING

the pancreatic carcinoma cell lines AsPc-1 and capan2. Cancer Res. 1998; 58:519–25.
PMID:9458100
122. Spanier B. Transcriptional and functional regulation of
the intestinal peptide transporter PEPT1. J Physiol.
2014; 592:871–79.
https://doi.org/10.1113/jphysiol.2013.258889
PMID:23959672

www.aging-us.com

12565

123. Meissner B, Boll M, Daniel H, Baumeister R. Deletion
of the intestinal peptide transporter affects insulin
and TOR signaling in caenorhabditis elegans. J Biol
Chem. 2004; 279:36739–45.
https://doi.org/10.1074/jbc.M403415200
PMID:15155758

AGING

Supplementary Figures

Supplementary Figure 1. The regulatory interactions between the largest human healthspan pathway and the corresponding
enriched miRNAs.

www.aging-us.com

12566

AGING

Supplementary Figure 2. The regulatory interactions between the second-largest hu-man healthspan pathway and the
corresponding enriched miRNAs.
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Supplementary Figure 3. Comparison of expression patterns in two aging tissues, largest human healthspan pathway.

Supplementary Figure 4. Comparison of expression patterns in two aging tissues, second-largest human healthspan
pathway.
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Supplementary Figure 5. Comparison of expression patterns in two aging tissues, third healthspan pathway.
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Supplementary Figure 6. Comparison of expression patterns in three disease-affected tissues, top 3 healthspan pathways.
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Supplementary Tables
Supplementary Table 1. Features of human health, lack of dysfunction(s), and associated genes.
Feature
Healthy Aging Index, defined by systolic
blood pressure, pulmonary vital capacity,
creatinine, fasting glucose, and Modified
Mini-Mental Status Examination score
Healthy Aging Index

Associated gene(s)
ZNF704

Reference
[69]

Remarks
LLFS (Long life family study) cohort,
suggestive association nominally
replicated in CHS and FHS

GSK3B

[70]

grip strength, gait speed, physical activity,
FEV from exceptional survivors

NBPF6

[71]

lack of frailty

IL-18
IL-12A
LRP1
SELP

[72]

lack of frailty

MTR
CASP8
CREBBP
KAT2B
BTRC

[73]

candidate gene sequencing in LLFS
cohort
LLFS cohort, replicated in Health ABC
cohort; phenotype defined based on first
principal component of 28 physiologic
measurements
association analysis of 620
polymorphisms with a frailty index
(deficit count) in the English Longitudinal
Study of Ageing; SNPs did not show
genome-wide significance
association analysis of 1354
polymorphisms with a frailty index
(deficit count) in Women’s Health and
Aging Studies I and II; SNPs were not
significant genome-wide
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Supplementary Table 2. Features of human health, (lack of) multiple diseases, and associated genes.
Feature
no chronic diseases (by list of ICD
codes) and no chronic medications

candidate SNP identification by
disease (atrial fibrillation, cancer,
coronary heart disease, diabetes, heart
failure, stroke, death) in one study;
candidate confirmation by the same,
and also by other disease (neuronal,
vascular, psychiatric and
inflammatory), in 5 additional studies
never diagnosed with cancer,
cardiovascular disease, dementia,
diabetes or major pulmonary disease
macular degeneration, multiple
sclerosis. menopause onset,
rheumatoid arthritis, systemic lupus
erythematosus
psoriasis, diabetes
Alzheimer dementia, cardiovascular
disease
clustering of 372 disease
polymorphisms in the genome

www.aging-us.com

Associated gene(s) /
pathways
* BTN1A1, BTN3A1
(MHC locus)
* SLC22A4
(carnitine)
* KCNE4
* COL25A1
(amyloid deposition?)
* MAML3
* SEMA5B
* TCF7L2
* ZFHX3
* TMPRSS2

* APOE
* HP (haptoglobin)
 lipid and cholesterol
maintenance
SLC44A4

Reference

Remarks

[74] (Wellderly)

whole-genome sequencing;
molecular correlate SNPs were
not significant genome-wide;
sample (e.g., education) bias is
likely [75]; no replication was
done; COL25A1 was found
based on rare variants

[76]

genes based on summary
statistics of disease

[77]

targeted genotyping

[78]

expression QTLs interacting
with age implicated in multiple
diseases

[79], cf. [80]

overlap of enrichment in
GWAS pathway analyses

[81]

meta-analysis of SNPs in ageassociated diseases

HLA-DQA2
* Cholesterol transport
endocytosis
* Immune response
* NOTCH4
* CDKN2B (p15INK4b),
CDKN2A
(p16INK4a/p14ARF),
CDKN2BAS (ANRIL)
* IL23R
* REL
* TERT
* IRF5, TNPO3
* IKZF3, GSDMA,
GSDMB
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Supplementary Table 3. Features of human health, lifespan/longevity mediated by lack of disease, and associated
genes.
Feature
exceptional human
longevity, weighted by
chronic kidney disease, bone
mineral density, LDL,
triglycerides, total
cholesterol

Associated gene(s) / pathways
* APOE, TOMM40
(Alzheimer’s disease),
* CDKN2B, ANRIL
(cellular senescence),
* ABO ( O blood group),
* SH2B3, ATXN2

Reference
[82]

parental lifespan mediated
by participant’s risk factors
known to be disease-related,
particularly education level,
LDL, HDL, BMI, smoking,
coronary artery disease,
diabetes, schizophrenia,
height, triglycerides, glucose

* RBM6
* SULT1A1
* CHRNA5
* BSND
* CELSR2
* TRAIP
* C5ORF67
* FTH1P5 (pseudogene)
* LPA
* CDKN2BAS (ANRIL)
* NPIPB8
* FTO
* APOC1

[83]

Remarks
diseases/dysfunctions/traits used
for weighting selected for their
significant genetic overlap with
longevity; “many of the SNPs
found by iGWAS showed an
association for not one, but many
diseases which seem to have
distinct etiologies”
based on UK biobank data; using
offspring genotypes as proxy for
parental genotypes; replication in
five independent longevity studies;
the paper does not specify which
genes are involved in lipid
metabolism claimed to be
enriched; SNPs in RBM6,
SULT1A1, CHRNA5 are “nearby”
brain expression QTLs

Supplementary Table 4. Features of C. elegans health, based on genetic studies of health, and associated genes.
Feature
(stimulated)
locomotion

Associated gene(s) / pathways
hpa-1, hpa-2, let-23, plc-1, itr-1 ( EGF pathway)
ahr-1
* C15H9.7 (kynu-1) (also Alzheimer pathology
delay)
* iglr-1
* tsp-3 ( hypoxic response, by pathway
interaction)
* rcn-1 (rcan-1) ( mTOR, by pathway interaction)
* unc-36 ( mTOR, by pathway interaction)
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Reference
[84]
[85]
[86]

Remarks

association with stimulated
locomotion (“motivated
movement”) and thrashing,
based on candidate genes of
C. elegans orthologs of
human genes differentially
expressed with age
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Supplementary Table 5. Features of C. elegans health, based on compound intervention studies affecting health, and
associated genes.
Feature
stress resistance
thermal stress resistance

oxidative stress resistance

locomotion

pharyngeal pumping

reproduction
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Associated gene(s) / pathways
eat-2, skn-1
ahr-1
osr-1, unc-43, sek-1
akt-2, mev-1, nhr-8
sir-2.1
age-1, skn- 1, mek-1
daf-2, daf-16, hsf-1, sod-3, hsp-12.3
osr-1, unc-43, sek-1
sir-2.1
age-1, skn- 1, mek-1
daf-2, daf-16, hsf-1, sod-3, hsp-12.3
sek-1, daf-16, eat-2, mev-1
daf-2, akt-2, mev-1, nhr-8
* ins-1 (Ins/IGF-1)
* pdk-1 ( pyruvate metabolism)
* hsf-1, skn-1 (nrf2)
daf-2, daf-16, hsf-1, sod-3, hsp-12.3
tph-1
ahr-1

Reference
cf. [87]
[85]
cf. [87]

akt-2, mev-1, nhr-8
sir-2.1
tph-1
daf-2, daf-16, hsf-1
ets-7
age-1, skn-1, mek-1
eat-2
tph-1
* Ins/IGF-1
* sirtuins

cf. [87]

12574

cf. [87]

cf. [88]
cf. [89]

cf. [87]
[85]

[90]
cf. [89]
cf. [87]
cf. [89]
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Supplementary Table 6. Human genes associated with health, listing all genes from Tables 1–3.
Human gene
ZNF704
GSK3B
NBPF6
IL-18
IL-12A
LRP1
SELP
MTR
CASP8
CREBBP
KAT2B
BTRC
BTN1A1
BTN3A1
SLC22A4
KCNE4
COL25A1
MAML3
SEMA5B
TCF7L2
ZFHX3
TMPRSS2
APOE
HP
SLC44A4
HLA-DQA2
NOTCH4
CDKN2B
CDKN2A
IL23R
REL
TERT
IRF5
TNPO3
IKZF3
GSDMA
GSDMB
TOMM40
ABO
SH2B3
ATXN2
RBM6
SULT1A1
CHRNA5
BSND
CELSR2
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GenAge information (Tacutu et al., 2018)
Target of genes previously linked to ageing
Regulation or control of genes previously linked to ageing
Linked to human longevity and/or multiple age-related phenotypes
Directly linked to ageing in a cellular model system
Directly linked to ageing in a cellular model system
Directly linked to ageing in a cellular model system
-
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TRAIP
C5ORF67
LPA
NPIPB8
FTO
APOC1

-

Supplementary Table 7. C. elegans genes associated with health, listing all genes from Tables 4, 5.
C. elegans gene
hpa-1
hpa-2
let-23
plc-1
itr-1
ahr-1
C15H9.7
iglr-1
tsp-3
rcn-1
unc-36
ins-1
pdk-1
hsf-1
skn-1
daf-2
daf-16
sod-3
hsp-12.3
tph-1
akt-2
mev-1
nhr-8
sir-2.1
ets-7
age-1
mek-1
eat-2
osr-1
unc-43
sek-1

www.aging-us.com

GenAge information (Tacutu et al., 2018)
Median lifespan is 30% higher in mutants
Median lifespan is 15% higher in mutants
19% decrease of median lifespan and 8% decrease of maximum lifespan in reduction-of-function
mutants; 29% increase of median lifespan and 9% increase of maximum lifespan in gain-of-function
mutants
Increased ITR-1 activity extends median and maximum lifespan (53% increase of median lifespan, 29%
increase of maximum lifespan); reduced ITR-1 activity shortens culture survival (i.e., -11% increase of
median lifespan, -31% increase of maximum lifespan)
Increased dosage increases lifespan by 25%
Loss-of-function alleles extend lifespan by 60%
Transgenic overexpression-mutants live longer (median lifespan ~50% higher) and are more
thermotolerant; RNAi resulted in a 74% decrease in median lifespan in daf-2 mutant background and a
45% decrease in lifespan in daf-2/daf-16 double mutant background
RNA interference or mutations prevented the life-extension effects of dietary restriction; mean lifespan
is 5-20% higher after overexpression
Mutations double adult lifespan; post developmental RNAi resulted in a 79% increase in mean lifespan
Average lifespan is 45% lower by using RNAi
Mutants had a decreased lifespan, are hypersensitive to raised oxygen concentrations, and their lifespan
decreases dramatically as oxygen concentrations increase
Median lifespan is up to 35% lower in mutants
Overexpression extends lifespan uo to 50%; sir-2.1(ok434) mutants show a slight decrease in lifespan as
well as sensitivity to various stresses
Maximum and average lifespan are up to 10-fold greater in mutants
Mutations result in partial starvation by disrupting the function of the pharynx and an approximately
50% extension of lifespan
-
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Supplementary Table 8. C. elegans genes associated with health, listing genes based on WormBase gene expression
data.
C. elegans gene
hop-1
frk-1
itr-1
jun-1
sad-1
unc-43
nhx-2
hlh-2
rab-11.1
mlk-1
pept-1
pig-1
rig-6
let-767
egl-44
abts-1
elo-2
daf-22
pak-2
stn-1
mig-10
unc-68
unc-52
C35E7.10
nhr-8
gsp-4
elo-6
gsp-3
C18H7.4
ilys-3
C34F11.5
elo-5
elo-4
bub-3
unc-5
pgp-5
rhgf-2
hbl-1
ima-2
gsto-1
acly-1
mtm-6
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GenAge information (Tacutu et al., 2018)
Increased ITR-1 activity extends median and maximum lifespan (53% increase of median lifespan,
29% increase of maximum lifespan); reduced ITR-1 activity shortens culture survival (i.e., -11%
increase of median lifespan, -31% increase of maximum lifespan)
RNAi led to a loss of fat stores in the intestine and a 40% increase in lifespan
Deletion results in retarded development, reduced body size, and extended reproductive lifespan; it
also further extends (60%) the life-extension caused by daf-2 mutations
RNAi resulted in lifespan extension (mean lifespan 9% higher)
RNAi in adulthood extended mean lifespan by 11%
Median lifespan is up to 35% lower in mutants
RNAi decreased median lifespan by 45% in wild type animals and 29% in daf-2 mutants
6% mean lifespan extension by using RNAi
-
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mrg-1
rbr-2
acox-1
apl-1
lev-11
cat-4
acox-5
glr-2
ceh-44
unc-13
haf-4
ddr-1
eps-8
phy-2
ZC376.2
sor-3

rbr-2(tm1231) strain displays reduced longevity; rbr-2(ok2544) strain exhibits longer mean and
maximum lifespan, both at 20°C (~14%) and 25°C (~15%); overexpression can extend lifespan of
adult wild-type animals at 20°C; mean lifespan is 37% higher by using RNAi
Mean lifespan is 20% higher in overexpression conditions
Mutation results in a 150% life-extension in males and 32% in hermaphrodites
-

Supplementary Table 9. List of diseases and functional terms associated with the miRNAs enriched as regulators of
the largest human healthspan pathway.
Associated Terms
Epithelial-mesenchymal
transition
Nephrosclerosis
Kidney Neoplasms
Lupus Erythematosus,
Systemic
Carcinoma, Non-Small-Cell
Lung
Esophagus
Intracranial Aneurysm
Helplessness, Learned
Barrett Esophagus
Neoplasms
Small Cell Lung Carcinoma
Melanoma
Endometrial Neoplasms
Sarcoma
Mouth Neoplasms
Cholangiocarcinoma
Aortic Aneurysm, Thoracic
Ovarian Neoplasms
Aortic Valve Stenosis
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miRNAs

Adjusted P-val

hsa-mir-200c, hsa-mir-141, hsa-mir-429, hsa-mir-205, hsa-mir-30c, hsamir-30d, hsa-mir-30e, hsa-mir-21
hsa-mir-141, hsa-mir-429, hsa-mir-205

0.0007
0.0003

hsa-mir-21, hsa-mir-200c, hsa-mir-141

0.0005

hsa-mir-200c, hsa-mir-205, hsa-mir-429, hsa-mir-141, hsa-mir-21

0.0005

hsa-mir-205, hsa-mir-21, hsa-mir-30d, hsa-mir-34b, hsa-mir-34c, hsamir-200c, hsa-mir-429, hsa-mir-30e, hsa-mir-186
hsa-mir-205, hsa-mir-21

0.0005
0.0006

hsa-mir-34b, hsa-mir-34c

0.0006

hsa-mir-141, hsa-mir-200c, hsa-mir-429

0.0007

hsa-mir-21, hsa-mir-200c, hsa-mir-141, hsa-mir-429
hsa-mir-21, hsa-mir-30d, hsa-mir-200c, hsa-mir-141, hsa-mir-429, hsamir-30e, hsa-mir-34b, hsa-mir-34c, hsa-mir-205
hsa-mir-34b, hsa-mir-34c
hsa-mir-30d, hsa-mir-429, hsa-mir-200c, hsa-mir-205, hsa-mir-186, hsamir-30e, hsa-mir-21, hsa-mir-34b, hsa-mir-34c, hsa-mir-141
hsa-mir-186, hsa-mir-21, hsa-mir-200c, hsa-mir-141, hsa-mir-429, hsamir-205
hsa-mir-34b, hsa-mir-34c

0.0011

hsa-mir-200c, hsa-mir-141, hsa-mir-21, hsa-mir-205

0.0042

hsa-mir-141, hsa-mir-21, hsa-mir-200c

0.0053

hsa-mir-30d, hsa-mir-30e, hsa-mir-21
hsa-mir-21, hsa-mir-141, hsa-mir-429, hsa-mir-30d, hsa-mir-200c, hsamir-34b, hsa-mir-34c, hsa-mir-30e
hsa-mir-141, hsa-mir-21

0.0053

12578

0.0018
0.0019
0.0021
0.0028
0.0037

0.0078
0.0089
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Adenocarcinoma
Carcinoma, Renal Cell
Mesothelioma
Thyroid Neoplasms
Urinary Bladder Neoplasms
Heart Failure
Carcinoma, Ehrlich Tumor
HBV Infection
Esophageal Neoplasms
Lymphoma, Large B-Cell,
Diffuse
Huntington Disease
Obesity
Carcinoma, Squamous Cell
Leukemia, Promyelocytic,
Acute
Lung Neoplasms
ACTH-Secreting Pituitary
Adenoma
Diabetic Nephropathies
Prostatic Neoplasms

hsa-mir-205, hsa-mir-429, hsa-mir-200c, hsa-mir-21, hsa-mir-34b
hsa-mir-141, hsa-mir-200c, hsa-mir-429, hsa-mir-34b, hsa-mir-34c, hsamir-205, hsa-mir-21, hsa-mir-30d
hsa-mir-21, hsa-mir-30e, hsa-mir-34b, hsa-mir-34c

0.0093

hsa-mir-141, hsa-mir-21, hsa-mir-34b, hsa-mir-30d, hsa-mir-200c
hsa-mir-205, hsa-mir-21, hsa-mir-34b, hsa-mir-34c, hsa-mir-429, hsamir-200c, hsa-mir-141
hsa-mir-186, hsa-mir-200c, hsa-mir-205, hsa-mir-21, hsa-mir-30e, hsamir-34b, hsa-mir-429, hsa-mir-34c
hsa-mir-429, hsa-mir-141

0.0101

hsa-mir-34b, hsa-mir-34c
hsa-mir-21, hsa-mir-200c, hsa-mir-141, hsa-mir-205, hsa-mir-34b, hsamir-34c
hsa-mir-21, hsa-mir-200c

0.0123

hsa-mir-34b, hsa-mir-200c

0.0204

hsa-mir-21, hsa-mir-30e
hsa-mir-21, hsa-mir-205, hsa-mir-30d, hsa-mir-200c, hsa-mir-34b, hsamir-34c
hsa-mir-34b, hsa-mir-34c

0.0204

hsa-mir-205, hsa-mir-21, hsa-mir-30d, hsa-mir-30e, hsa-mir-34b, hsamir-34c, hsa-mir-186, hsa-mir-200c
hsa-mir-141, hsa-mir-21

0.0267

0.0095
0.0096
0.0103
0.0115
0.0123
0.0125
0.0161

0.0217
0.0251

0.0302

hsa-mir-21, hsa-mir-200c
hsa-mir-21, hsa-mir-205, hsa-mir-34c, hsa-mir-200c, hsa-mir-141, hsamir-34b, hsa-mir-30d

0.0302
0.0369

Supplementary Table 10. List of diseases associated with the miRNAs enriched as regulators of the second-largest
human healthspan pathway.
Associated Terms

miRNAs

Adjusted P-val

Eczema

hsa-mir-146a

0.010

Chlamydia Infections

hsa-mir-146a

0.010

Creutzfeldt-Jakob Syndrome

hsa-mir-146a

0.010

Gerstmann-Straussler-Scheinker Disease

hsa-mir-146a

0.010

Arthritis, Psoriatic

hsa-mir-146a

0.021

Sjogren's Syndrome

hsa-mir-146a

0.021

Moyamoya Disease

hsa-mir-146a

0.021

Myocardial Reperfusion Injury

hsa-mir-146a

0.021

Behcet Syndrome

hsa-mir-146a

0.021

Psychotic Disorders

hsa-mir-146a

0.021

Prion Diseases

hsa-mir-146a

0.031

Influenza, Human

hsa-mir-146a

0.041
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Supplementary Table 11. Overlap of healthspan pathway genes: first network alignment.

GSK3B

CDKN2B

Wnt signaling [102]
associated with Alzheimer’s and
Parkinson’s disease [103]; [104]
cyclin-dependent kinase
inhibitor [108]
tumor suppressor via inhibition
of cell cycle progression [109]
involved in cardiovascular and
metabolic diseases [110]

sad-1

pig-1
target of
genes
previously
linked to
ageing

gsk-3

linked to
ageing in a
cellular
model
system

C25G6.3

regulation of neuronal polarization and
synapse organization [96]; [97]
tau-protein kinase activity in vitro [98]
regulation of programmed cell death
[99]
neuronal development [100]; [101]
Wnt signaling [105]
Tau phosphorylation [106]
apoptotic cell clearance [107]

increased expression during pathogenic stress
[111]

none available

regulation of cell cycle [45]
involved in apoptosis [47]

differentially regulated during ageing
l., [94]

pak-2

Kind
of
GenAge
inter- information
action
shared domains (except for the predicted interaction of gsk-3 and C25G6.3, which
is based on the Interologous Interaction Database)

MELK

Putative function

serine/threonine kinase signaling

BRSK2

serine/threonine kinase signaling

PAK4

protects from apoptosis [32]
overexpression/hyperstimulation
is associated with cancer [34];
[35]; [36]
Wnt signaling [91]
Cytoskeletal reorganization [92],
[93]
response to DNA damage [95];
[41]
neuronal differentiation [43];
[44]
regulator of glucose-stimulated
insulin secretion [43]

none available

Putative function

Kind
Orthologues
of
GenAge
C. elegans
inter- information
gene
action

shared domains, genetic interaction, and pathway data

Human
gene

Underlined genes indicate that gene originates from the original lists of health genes. Not underlined genes are orthologs.
Colors are based on gene expression changes triggered by rapamycin (in case of C. elegans) or by caloric restriction (in case of
human), see Figures 1–3.
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Supplementary Table 12. Overlap of healthspan pathway genes: second network alignment.

SCP2

involved in Zellweger
syndrome [116]

affects cardiovascular risk [118]
GCH1

associated with dopamineresponsive dystonia [119]

overexpressed in human cancer
SLC15A1

cell lines [121]
nutrient transport processes
[122]

daf-22

cat-4

pept-1

GenAge
information

biosynthesis of the fatty acid
component of dauer
pheromones [114]
biosynthesis of the fatty acid
component of dauer
pheromones [114]
regulation of fat
metabolism [117]
dopamine biosynthetic
processes [120] (
target of the stress-related
transcription regulator skn-1
(Oliveira et al., 2009).

none available

intracellular lipid transfer [115]

acox-1

Putative function

Kind
of
interaction

co-expression

knockdown results in ROS
overproduction [113]

Orthologues
C. elegans
gene
differentially regulated in a long-lived sir-2.1 overexpression strain (Viswanathan
and Guarente, 2011) and during osmotic stress (Burton et al., 2017)

fatty acid beta-oxidation
pathway [112]

GenAge
information

none available

ACOX1

Putative function

Kind of
interaction
co-expression, co-localization and physical interaction (except for the interaction of
SLC5A1 and GCH1, which is genetic)

Human
gene

involved in insulin and TOR
signalling [123]
induced transcription in
healthspan-promoting
treatments (Ihara et al., 2017;
Cai et al., 2014; Pietsch et al.,
2012)

Deletion results
in extended
lifespan and
reproductive
lifespan

Underlined genes indicate that gene originates from the original lists of health genes. Not underlined genes are orthologs.
Colors are based on gene expression changes triggered by rapamycin (in case of C. elegans) or by caloric restriction (in case of
human), see Figures 1–3.
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