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ABSTRACT

In spite of a growing body of research and data,
human ageing remains a poorly understood pro-
cess. Over 10 years ago we developed the Human
Ageing Genomic Resources (HAGR), a collection of
databases and tools for studying the biology and ge-
netics of ageing. Here, we present HAGR’s main func-
tionalities, highlighting new additions and improve-
ments. HAGR consists of six core databases: (i) the
GenAge database of ageing-related genes, in turn
composed of a dataset of >300 human ageing-related
genes and a dataset with >2000 genes associated
with ageing or longevity in model organisms; (ii) the
AnAge database of animal ageing and longevity, fea-
turing >4000 species; (iii) the GenDR database with
>200 genes associated with the life-extending effects
of dietary restriction; (iv) the LongevityMap database
of human genetic association studies of longevity
with >500 entries; (v) the DrugAge database with
>400 ageing or longevity-associated drugs or com-
pounds; (vi) the CellAge database with >200 genes
associated with cell senescence. All our databases
are manually curated by experts and regularly up-
dated to ensure a high quality data. Cross-links
across our databases and to external resources help
researchers locate and integrate relevant informa-
tion. HAGR is freely available online (http:/genomics.
senescence.info/).

INTRODUCTION

Ageing is a complex biological process that, despite decades
of research, is not yet well understood. Many age-related
changes have been described, however the theories regard-
ing which mechanisms drive ageing changes are still con-
troversial (1). Since their conception, the Human Ageing
Genomic Resources (HAGR) have aimed to tackle this
complex problem, rapidly becoming a leading online re-
source for biogerontologists. With the advent of large scale
sequencing and breakthroughs in the genetics of ageing,
HAGR has a particular (but not exclusive) focus on ge-
nomics.

As the field of ageing research has grown the amount of
data being generated has rapidly increased. Since its first
publication in 2005 (2), HAGR has expanded consider-
ably to match this increase. Having started with only two
databases, GenAge, a database of genes potentially associ-
ated with human ageing, and AnAge, a database of ageing
and longevity in animals (2), HAGR now consists of six
databases and a wide range of tools and resources tackling
different aspects of ageing.

This article provides a non-technical description of the
various databases, tools and projects in HAGR and their
research applications. New resources created since the 2013
publication (3) are highlighted alongside updates to the re-
maining resources. In doing so we hope to provide a guide
to HAGR so they can remain the most accessible and in-
depth resources available online in the field of biogerontol-
ogy. HAGR is freely available online (with no registration
required) at http://genomics.senescence.info/.
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Table 1. Growth over time of the various datasets in the GenAge database

Database Species Number of gene entries
2005 2009 2013 2017
GenAge—Human genes Homo sapiens 220 261 288 307
GenAge—Model organisms Mus musculus 68 91 136
Caenorhabditis elegans 555 680 877
Drosophila melanogaster 75 128 193
Saccharomyces cerevisiae 87 809 909
Total for model organisms 785 1708 2115

DATABASE CONTENT
GenAge—the ageing gene database

The GenAge database (http://genomics.senescence.info/
genes/) is the benchmark database of genes related to age-
ing. Since its first publication in 2005 (2), GenAge has
progressed considerably (Table 1). At first, GenAge only
included human genes potentially associated with ageing.
Now the database is divided into two main sections: human
potential ageing-associated genes and longevity-associated
genes in model organisms. When the first HAGR paper was
published in 2005 (2), GenAge contained 220 entries for
human genes. Presently, build 19 (24/06/2017) of GenAge
contains 307 human gene entries and 2152 entries for model
organisms.

GenAge—human genes (http://genomics.senescence.
info/genes/human.html) contains a selection of genes
which might affect the human ageing process. The focus is
on genes implicated in multiple processes and pathologies
related to ageing, so those genes affecting only a single
age-related disease are excluded. Each gene in the dataset
is annotated to indicate how it has been linked to human
ageing and why it has been selected for inclusion in the
database. The strongest level of evidence is for those genes
directly linked to human ageing, typically those resulting
in progeroid syndromes when mutated. Since our previous
publication in 2013 (3), in addition to new gene entries,
older gene entries have been updated to reflect additional
findings from new publications. Currently >2500 publica-
tions are cited. Also included is a list of 73 genes whose
expression is commonly altered during mammalian ageing
4).

Using data from GenAge—human genes we tracked pat-
terns of ageing research over time. Research into specific
genes in the context of ageing mostly began in the 1990s.
Certain genes have become well-known through their role
in ageing. Examples of these include WRN, the mutation
of which results in Werner syndrome, possibly the most
dramatic progeroid syndrome (5), LMNA, the mutation of
which leads to Hutchinson-Gilford’s progeroid syndrome
(6), and SIRT1, linked to several processes involved in age-
ing (7) (Figure 1). For well-studied genes, like 7P53, an ad-
ditional role in the ageing process has emerged over time.
Examples of these include M YC, an oncogene mainly stud-
ied in the context of cancer (8), MTOR, a regulator of sev-
eral cellular processes which was found to play a role in age-
ingin various model organisms (9), and 7P53, a well-known
tumour suppressor (10) (Figure 1).
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GenAge—model organisms (http://genomics.senescence.
info/genes/models.html) is a database of genes in model or-
ganisms which, if genetically modulated, result in signifi-
cant changes in the ageing phenotype (e.g. progeroid syn-
dromes in mice) and/or longevity (4). Most observations
are from the four most popular biomedical model organ-
isms: mice, worms, fruit flies and yeast (Table 1); how-
ever, several results from other model organisms such as
zebrafish and golden hamsters are also included. For ex-
periments using transgenic organisms, entries are classified
according to the species in which the experiments were con-
ducted in, not the species source of DNA. Where reported,
the effects of the genetic manipulation on mean and/or
maximal lifespan are included to provide quantitative data.
As previously detailed (3), most genes are categorized as
either pro- or anti-longevity depending on their effects on
longevity; where studies report conflicting results, the genes
are annotated as ‘unclear’. The size of the model organisms’
dataset has increased almost 3-fold since its conception in
2009, with over 400 genes added in the current update (Ta-
ble 1), including miRNAs for the first time.

GenAge has proven a valuable resource for ageing re-
search, as evidence by many publications. A systems level
analysis of the GenAge human genes database identified a
robust group of ageing-specific network characteristics, re-
vealing ageing genes as network hubs (11). Moreover, in an
analysis of genes in the ageing human brain, 54 genes with
sustained, consistent expression and 23 genes with DNA
methylation changes were found in GenAge (12). GenAge
was also used to validate the targets of a serum miRNA
profile of human longevity (13). The data from GenAge
has been incorporated into other databases, including
AgeFactDB (http://agefactdb.jenage.de/) (14) and the Ne-
tAge database (http://netage-project.org) (15). Therefore,
although other databases with ageing-related genes exist,
GenAge is the benchmark in the field.

AnAge—the database of animal ageing and longevity

Comparative biology is an essential and growing approach
in the biology of ageing (16). AnAge (http://genomics.
senescence.info/species/) is an integrative database of
longevity records for over 4000 organisms. It includes, if
available, maximum longevity, taxonomy, metabolic char-
acteristics, development schedules and a multitude of ad-
ditional life history data. AnAge is now over a decade old
(2), becoming the most widely used resource in HAGR (see
below). Although other datasets with longevity data exist
(17), AnAge is arguably the ‘gold standard’ for longevity
data in animals given its regular updating and quality data
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Figure 1. Patterns of ageing research for different human genes over time. The proportion of publications that focused mainly on ageing research are shown

in red, the remaining publications are shown in blue.

from manual curation. Build 14 (14 October 2017) contains
4244 entries, mostly individual species but also entries for
higher taxa like primates and mammals.

AnAge has previously been described in depth (3,18),
and so its utility will only be briefly described. Entries con-
tain maximum longevity and, where available, mortality pa-
rameters. Entries indicate whether the maximum longevity
value comes from specimens kept in captivity or from the

wild. Each entry includes a qualifier of confidence in the
data and an estimate of sample size (3,18). Anecdotal evi-
dence is not used to estimate maximum longevity but may
be included in the observations. Factors that might intro-
duce bias into comparative ageing studies, such as body
size, metabolic rate, and development schedules, are also in-
cluded where available (3,4,18). A list of species with negli-
gible senescence is also provided.
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The primary goal of AnAge is as a data source for com-
parative and evolutionary biogerontological studies, thus
enabling researchers to study what factors influence differ-
ences in phenotype and longevity across phylogeny. For ex-
ample, one large-scale study using data from AnAge inves-
tigated how multiple ecological and mode-of-life traits af-
fect lifespan (19). The data from AnAge have also been in-
corporated into the Comparative Cellular and Molecular
Biology of Longevity Database (http://genomics.brocku.ca/
ccmbl/) (20), the MitoAge database (http://www.mitoage.
info) (21), the Encyclopedia of Life (http://eol.org/), and
the Animal Diversity Web (http://animaldiversity.ummz.
umich.edu), demonstrating the versatility of this resource.

Recent updates for AnAge have mostly been qualitative.
The rate of new species added has reduced over time—we
have added 40 new species since the last HAGR publication
(3)—but older entries are kept up to date with new findings
in the field. Our latest update, build 14, included ~150 new
references. As evidence of the substantial curation efforts
in AnAge, the observations in AnAge now total >50 000
words. While the main focus of AnAge remains on data in
animals, particularly chordates, the database contains en-
tries for traditional biomedical models, including inverte-
brates and fungi.

GenDR—a database of dietary restriction-related genes

Dietary restriction (DR) delays the ageing process and ex-
tends lifespan in a multitude of species from yeast to mam-
mals (22). However, the exact mechanisms of how DR ex-
tends lifespan are still unknown. As previously described
(23), GenDR (http://genomics.senescence.info/diet/) is a
database of DR-related genes. Herein, the use and function
of GenDR will be briefly outlined along with updates since
the 2013 HAGR paper (3).

DR-essential genes are defined in GenDR as those which,
if genetically modified, interfere with DR -mediated lifespan
extension (3,23). GenDR has entries for nematodes, fruit
flies, mice, budding yeast and fission yeast. We recently (24
June 2017) released a new build of GenDR, which contains
214 DR-essential genes, a 35% increase (56 new genes) since
our previous update (3). GenDR also contains a compli-
mentary dataset of 173 genes consistently differentially ex-
pressed in mammals under DR (24).

GenDR is the first and, to our knowledge, only database
of DR genes. We hope that GenDR may aid in the devel-
opment of pharmacological DR mimetics. Indeed, GenDR
was used to validate the gene targets of candidate DR
mimetics in worms (25). In an analysis of the downstream
targets of daf-16, a gene involved in DR in worms, four of
the targets overlapped with the GenDR database, demon-
strating the involvement of different components of the
pathway in DR (26).

LongevityMap—human genetic variants associated with
longevity

Variation in human lifespan has been found to be 20-
30% heritable, with increasing heritability at advanced ages
(27). As next-generation sequencing and genome-wide ap-
proaches advance, so does the capacity for performing

longevity association studies. To catalog the increasing
volume of data in genetic studies of human longevity,
we created LongevityMap (http://genomics.senescence.info/
longevity/), a database of genes, gene variants and chromo-
somal locations associated with longevity (28). This differs
from the GenAge database, which focuses mostly on data
from model organisms and the few genes associated with
human ageing (e.g. genes causing progeroid syndromes).

Entries in LongevityMap were compiled from the liter-
ature (28). Negative results are included to provide infor-
mation regarding each gene and variant previously studied
in the context of human longevity. Both large and small-
scale studies are included, along with several cross-sectional
studies and studies of extreme human longevity (e.g., in cen-
tenarians). Due to the diversity of data, details about the
study design are outlined for each entry, such as population
and sample size (28). Build 3 (24 June 2017) of Longevi-
tyMap contains 550 entries (a 9% increase in this latest up-
date), 884 genes (18% increase) and 3144 variants (58% in-
crease). Of the 550 entries, 275 are reported as significant
findings. We hope that LongevityMap will act as a refer-
ence to help researchers parse the increasing quantities of
data related to the genetics of human longevity.

DrugAge—a database of ageing-related drugs

Identifying drugs that could extend lifespan in model or-
ganisms has received considerable interest (29). Our new
DrugAge database (http://genomics.senescence.info/drugs/)
is a curated database of drugs, compounds and supplements
with anti-ageing effects that extend longevity in model or-
ganisms. Although another database of candidate geropro-
tectors exists, called Geroprotectors.org (30), DrugAge pro-
vides a more comprehensive and systematic dataset of life-
extending drugs and compounds (31).

DrugAge was developed to allow researchers to prioritize
drugs and compounds relevant to ageing, providing high-
quality summary data in model organisms. As described
(31), the data were primarily compiled from the literature, in
addition to other databases and submissions from the scien-
tific community. Build 2 (01 September 2016) of DrugAge
contains 418 distinct compounds across 1316 lifespan as-
says on 27 unique model organisms.

Hundreds of genes in several pathways act as regula-
tors of ageing (1,32). However, analysis of DrugAge and
other HAGR databases has revealed that the overlap be-
tween the targets of lifespan-extending drugs and known
ageing related genes is modest (31). This indicates that most
ageing-related pathways have yet to be targeted pharma-
cologically; DrugAge may aid in guiding further assays.
This was recently demonstrated in one study where ma-
chine learning was used to predict whether a compound
would increase lifespan in worms using data from Dru-
gAge. The best model had 80% prediction accuracy and
the top hit compounds could broadly be divided into com-
pounds affecting mitochondria, inflammation, cancer, and
gonadotropin-releasing hormone (33).

CellAge—a database of cell senescence genes

Cell senescence, also known as cellular senescence (CS), is
the irreversible cessation of cell division of normally prolif-
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erating cells. Senescent cells accumulate as an organism ages
and may be an important contributor to ageing and age-
related disease (34). However, the connection between or-
ganismal ageing and CS remains controversial (35). CellAge
(http://genomics.senescence.info/cells/) is a new database of
CS-associated genes, built to elucidate mechanisms of CS
and its role in ageing. It is described here for the first time.

To develop CellAge, a list of CS-associated genes was
manually curated from the literature. Selection was based
on gene manipulation experiments in human cells, which
caused cells to induce or inhibit CS. The type of CS (replica-
tive, stress-induced, or oncogene-induced), cell line, cell
type and manipulation methods were standardized and
recorded, facilitating the search and grouping of records
of interest. The database includes data from primary cells
in addition to immortalized cell lines and cancer cell lines.
Each record contains observations about the evidence.
Where reported, common markers of CS (36) such as
growth arrest, increased SA-B-galactosidase activity, SA-
heterochromatin foci, a decrease in BrdU incorporation,
changes in morphology and specific gene expression signa-
tures are described.

A Human Cellular Senescence Gene Database (HCSGD)
has been recently described by others (37), yet it combines
information from many distinct sources and types of evi-
dence, while CellAge has a more clear and rigorous selec-
tion procedure as well as manual curation. The first build
of CellAge contains 279 entries, in which experiments in
lung fibroblasts, embryonic kidney cells and foreskin fibrob-
lasts are the most widely represented in the data. The major-
ity of genes are associated with replicative senescence (232
genes), followed by stress-induced senescence (34 genes) and
oncogene-induced senescence (28 genes).

Itis hoped that CellAge will aid in understanding the var-
ious types of CS and that analysis of the data will lead to
the discovery of further CS-associated genes and their reg-
ulatory mechanisms. Analysis of the CellAge dataset is cur-
rently being carried out by our group and will be published
in a future publication.

TOOLS, PROJECTS AND OTHER INFORMATION RE-
SOURCES

Ageing-related disease genes

In industrialized societies, ageing is the main risk factor
for many debilitating and life-threatening diseases includ-
ing cancer, cardiovascular disease, arthritis, diabetes and
neurodegeneration. As lifespan increases so too does the
prevalence of these diseases (38). An understanding of how
these diseases are linked to the ageing process is needed
to help tackle this growing problem (39). Our new ageing-
related disease genes tool (http://genomics.senescence.info/
diseases/), first described here, makes available a set of age-
related disease genes and permits their integration with
ageing-related genes from our other databases.

The genes were assembled using data compiled by a Na-
tional Institute of Ageing study (40), as described (41). Dis-
cases with fewer than 20 genes associated were excluded
from the gene list to avoid the dilution of findings. Pro-
cesses and conditions such as insulin resistance and hy-
perlipidaemia were classified as dysfunctions and excluded

Downl oaded from https://academ c. oup. conf nar/articl e-abstract/46/ D1/ D1083/ 4599180
by University of Liverpool user
on 10 January 2018

Nucleic Acids Research, 2018, Vol. 46, Database issue DI1087

from the list. Users can browse genes and diseases by MeSH
disease terms, MeSH disease class and by gene symbol. The
disease classes are cardiovascular diseases, immune system
diseases, musculoskeletal diseases, neoplasms, nervous sys-
tem diseases, and nutritional and metabolic diseases. Re-
sults can be grouped by gene or disease. There are 769 genes
associated with 20 age-related diseases in total.

Our tool was designed so that age-related disease genes
can be viewed, analyzed and downloaded in the context
of ageing genes to understand potential functional over-
lap. The tool allows users to create a merged data set be-
tween age-related disease genes and ageing genes, according
to user-defined filters. Where applicable, genes in HAGR
databases can be converted into human homologs before
merging.

Cross-links and complementary resources

All our databases are fully integrated, allowing users to gain
a deeper understanding of the genes and pathways involved
in ageing. In particular genetic databases have extensive
crosslinks between them, linking each entry in a database to
entries in other databases where available. DrugAge is also
integrated with other HAGR databases using drug-gene in-
teraction data from DGIdb (42).

Moreover, for a greater understanding of ageing there
are several additional resources to HAGR. Succinctly, the
Digital Ageing Atlas (DAA, http://ageing-map.org/) is a
database of human age-related changes at different bio-
logical levels (43). HAGR links to the DAA on its home-
page and searches within HAGR also show results from
the DAA where available. The Ageing Research Computa-
tional Tools (http://genomics.senescence.info/software/) are
a toolkit of Perl modules aimed at parsing files, data-
mining, and searching and downloading data from the In-
ternet (2,4). An SPSS script is also available, which can be
used to determine the demographic rate of ageing for a given
population (44).

Senescence.info (http://www.senescence.info) is an infor-
mational repository on the science of ageing which aims
to highlight the importance of ageing research and give an
overview of current knowledge on the biology and genet-
ics of ageing. Unlike HAGR, senescence.info is developed
by a single person (J.P.M). Also in a informational and ed-
ucational context, the WhosAge database (http://whoswho.
senescence.info/) is a non-exhaustive list of individuals and
companies working on ageing and longevity science, featur-
ing 26 companies and 291 researchers.

Lastly, since the last update on HAGR (3), two social me-
dia resources have been made available on Facebook (https:
/Iwww.facebook.com/pg/BiologyAgingNews) and Twitter
(https://twitter.com/AgingBiology) which report on the lat-
est news and findings in the field. The updates detail re-
search in longevity, life-extension and rejuvenation tech-
nologies and link to articles/papers for further reading.
These resources usually post several times a week to >6000
followers.

DOWNLOADS AND AVAILABILITY

Our access policy remains the same as in our previous publi-
cations (2,3). All HAGR databases and resources are freely
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available at http://genomics.senescence.info/. All databases
allow users the opportunity to export, download and reuse
data for their own analyses, under a Creative Commons
Attribution licence. Of note, for data from model organ-
isms in GenAge and GenDR, users can not only download
genes from each model organism but also homologs from
other model organisms for each dataset. Lists of human
homologs for all the genes from model organisms are also
available. Feedback from users and colleagues is welcome
and encouraged via email.

DISCUSSION

Over the last decade, HAGR has expanded to include sev-
eral new databases, datasets, tools and additional resources.
Specifically, compared to our previous HAGR update (3),
HAGR now includes the LongevityMap, DrugAge and Cel-
1A ge databases. The older databases—GenAge, AnAge and
GenDR-—have been updated and enhanced with significant
information and data. Overall, the databases in HAGR or-
ganize large quantities of complex data, putting the find-
ings into context and aiding further analysis. Having orga-
nized databases is necessary for employing computational
approaches to ageing (45), including machine learning (46)
and systems biology approaches (47).

HAGR emphasizes high quality data on ageing and our
databases are under continuous curation by experts in the
field. AnAge provides information on data quality and sam-
ple size and prioritizes the reliability of the data over the
most extreme values. GenAge—Model organisms, GenDR
and CellAge all focus on genes from genetic manipulation
experiments to ensure the selection process is as unbiased
as possible. Nonetheless, some subjectivity is unavoidable
and conflicting results can emerge. To cope with this, our
policy is to be inclusive, providing evidence and links to the
relevant literature and thus providing a balanced and com-
prehensive overview to the reader.

HAGR has been cited over 500 times since it was first
published in 2005 and has seen a continuous rise in the
number of citations over recent years. From 2006 our re-
sources received over 10 000 unique visitors per month, and
they now receive over 30 000 unique visitors per month,
thus indicating HAGR’s growing importance in the field
(Figure 2A). Out of all the HAGR databases, AnAge is
the most popular (Figure 2B). GenAge—Human genes and
GenAge—Model Organisms have collectively also main-
tained high levels of use. Since DrugAge was released in
2016 its usage has greatly increased, becoming one of the
most widely used databases. CellAge is the newest HAGR
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