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Teaser Understanding the complex phenotypes of aging and longevity requires careful

examination and appropriate contextualization of multi-omic big data, strategic use of new

sl technology, and a continued focus on animal models.
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Living longer with sustainable quality of life is becoming increasingly
important in aging populations. Understanding associative biological
mechanisms have proven daunting, because of multigenicity and
population heterogeneity. Although Big Data and Artificial Intelligence
(AI) could help, naive adoption is ill advised. We hold the view that model
organisms are better suited for big-data analytics but might lack relevance
because they do not immediately reflect the human condition. Resolving
this hurdle and bridging the human-model organism gap will require
some finesse. This includes improving signal:noise ratios by appropriate
contextualization of high-throughput data, establishing consistency
across multiple high-throughput platforms, and adopting supporting
technologies that provide useful in silico and in vivo validation strategies.

Introduction

The aging population is becoming predominant in many parts of the world, raising new challenges.
Many industrialized countries are getting ready to deal with an impending ‘silver tide’, which could
overload current healthcare systems and reduce overall economic productivity. Therefore, devising
effective yet practicable approaches to help people live longer, good-quality, lives, and help extend
economic productivity, is increasingly dominating conversations across many sectors, including
the media, government policy-makers, scientists, and technopreneurs. This includes increased
interest in new scientific, technological, and entrepreneurial innovations, leading to the establish-
ment of a new ‘longevity’ industry [1].

Healthy aging and longevity are a function of natural biological change. Consequently, biotech-
nological and pharmaceutical research to develop novel drugs, healthcare products, and biotech-
nological implements will be the key drivers towards longer, good-quality, lives. Unfortunately, the
underlying biological processes behind aging and longevity are multifactorial and are influenced by
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the interaction of both genetic and environmental factors. Most
current knowledge is derived from model organisms. For instance,
Caenorhabditis elegans research across the past decade positioned this
organism at the forefront of the aging field. Several conserved
signaling pathways with crucial roles in longevity have been identi-
fied in this microscopic worm. Glucose supplementation, calorie
restriction, and fertility are paradigms considered relevant to human
longevity [2]. Nonetheless, there is still a large knowledge gap, and
model organisms can still surprise us. In a recent study, a high
glucose diet was shown to slow down development and to reduce
lifespan when provided from a young age while, surprisingly,
extending longevity if administered post fertility [3]. This age-
specific dissection is unexpected and would have been difficult to
infer from human data. We have not yet learned all the essential
contributing factors and conditions relevant to aging. Thus, this
makes the continued deployment of model organisms both crucial
and essential for advancing our understanding of aging in humans.

As biology becomes increasingly digitized, larger and more com-
plex data sets emerge. Consequently, Al and machine learning on
biological big data have become essential emerging technologies.
Recently, the pharmaceutical giants Pfizer and Novartis collaborated
with IBM to use Watson Al on big data to develop novel cancer
therapies and improve health outcomes. New tech entrants are also
emerging rapidly, such as XtalPi and its Intelligent Digital Drug
Discovery and Development (ID4) platform, which integrates quan-
tum mechanics, Al, and cloud computing, and allows pharmaceuti-
cal companies toincrease their efficiency, accuracy, and success rates
at crucial stages of therapeutic developments. Besides drug develop-
ment, Aland big data are alsoused in cellimaging analysis (Allen Cell
Explorer) and knowledge discovery (BenevolentAl). Al and big data
are also pertinent for aging research (Calico). The inevitable reality is
that biological research isincreasingly digitized, and its future lies in
the strategic maximization of data and use of new technologies.

Despite the new emphasis on Al and big data, animal models
remain relevant. Undoubtedly, as de Magalhdes elegantly phrases
it, ‘humans are not huge worms or big mice’ [1]: current research
paradigms tend to place higher value on clinical or human-based
data, because they are perceived to be of direct biological rele-
vance. Nevertheless, we feel that incredible potential remains and
insights still gleanable from simpler organisms. For instance, a
recent evaluation of global changes in protein turnover in aging
C. elegans helped to implicate and characterize the phenomenon
of proteome remodeling and aggregation with age [4]. Aging
worms provided insights difficult to establish in human studies
because of uncontrollable genetic and environmental variations.

It is narrow-minded to depend on Al and big data without
considering its limitations. Where new cures and life-enhancing
breakthroughs are concerned, we cannot understate the impor-
tance of human ingenuity [5]. Hence, there is a need to rein in the
naive optimism with a note of caution. Here, we highlight issues
pertaining to modeling techniques, model organisms, and bioen-
gineering techniques that we consider to be important in the
context of aging and longevity research.

Model organisms should not be discounted: there are
still incredible insights to be gleaned

Common model organisms are often portrayed as oversimplistic and
difficult to generalize towards the human condition and have been

criticized as being ‘genetically homogeneous’ within a ‘controlled
environment’ [6]. However, changes observed over a uniform genetic
background are often more meaningful and decipherable, especially
while interrogating specific processes to dissect their role in aging and
associated pathologies to inform on the human condition.

Aging is characterized by a gradual degeneration of physiological
capacity and the diminished ability to cope with environmental
stresses, which in turn leads to a heightened susceptibility for age-
related diseases [7]. Several theories have been suggested to explain
aging, including deregulated generation of reactive oxygen species
(ROS), build-up of cell and tissue damage over time, accumulation of
undegradable metabolic by-products that affect health, and altered
physiological homeostasis [8]. The effects of ROS during aging are
well studied: ROS induces cellular degeneration and senescence
resulting from environmental exposure, therapeutics, and metabo-
lism over the life of an organism (for an in-depth discussion, see [9]).
Reactive compounds generated by these alterations can cause
cellular damage, changing the properties of lipid membranes, cross-
linking proteins, and inducing mutagenic changes to DNA. Among
ROS-derived modifications, cytosolic protein carbonyls are major
byproducts of oxidative stress [10]. With age, this balance is lost and
ROS alongside protein carbonyls levels rise, leading to the accumu-
lation of protein aggregates [11,12]. This process is not fully under-
stood and its contribution to aging remains debatable.

Aging is also associated with alteration in organelles and their
functions. In aging, mitochondria are perhaps the most studied,
because of their involvement in ROS generation and metabolism.
Mitochondria are known to both modulate and be altered by aging
[13]. Mitochondrial stress has long been proposed to have a role in
cellular aging. For instance, gradual reductions in mitochondrial
metabolic enzymes and electron transport capacity, accompanied
by increasesin ROS production, are observed during aging [14]. Recent
studies on mitohormesis, the cellular response to mild mitochondrial
stress, have begun to unveil the intricate mitochondria-cytosol-
nucleus crosstalk [15]. Early studies on RNA interference (RNAj)-
mediated inhibition of electron transport chain and ATP synthase
in C. elegans linked mitohormesis to longevity in worms [16]. The exact
mechanisms of mitohormesis is not yet completely understood, but
ROS, mitochondrial metabolites, stress response pathways, and mito-
kines have been implicated in the process [17]. The mitochondrial
unfolded protein response (UPR™"), first identified in mammalian cells
[18], has also been shown to regulate longevity and healthspan in
C. elegans [19], although the mechanisms involved might not be
conserved between the two systems. In worms, where the process is
better characterized, the mitochondrial exclusion of the ATFS-1
transcription factor during stress causes its translocation into the
nucleus and activation of its target genes, which include mitochon-
drial chaperones, transporters, antioxidant enzymes, and cytoplasmic
proteins that regulate mitochondrial fission and metabolism [20].
Studies on C. elegans, and later on flies, also showed the cell-nonau-
tonomous nature of mitohormesis-induced longevity and the role of
mitokines in the process [21,22]. Cytoplasmic stress response path-
ways contribute to mitohormesis. Mild mitochondrial stress activates
the cytoplasmic heat stress response, leading to better cytoplasmic
proteostasis and healthspan in worms [23]. Although UPR™" has been
suggested as a mechanism that mediates mitohormesis, several studies
have shown that it is not sufficient to induce longevity alone [24], but
might need other factors, including hypoxia-inducible factor (HIF)-1,
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chromatin regulators, or HSF-1 [23,25-27]. Mitochondrial ROS has
been shown to increase longevity in worms and might mediate
mitohormesis, contrasting with increases in cytosolic ROS, which
reduce lifespan [28]. Mitophagy is a quality-control system that reg-
ulates autophagic removal of damaged mitochondria and modulates
cellular metabolic state. Mitochondrial damage that perturbs inner
mitochondrial membrane transport causes PTEN-induced kinase 1
(PINK1) to phosphorylate ubiquitin attached to mitochondrial surface
proteins, resulting in further ubiquitination by the E3 ligase parkin and
recruitment of the damaged mitochondria to autophagosomes [29].
Furthermore, mitochondrial dynamics and function progress in a
coordinated fashion, with mitochondrial fusion associated with in-
creased ATP production and its inhibition associated with reduced
oxidative phosphorylation and increased ROS production [30].
Disruption of mitochondrial dynamics affected longevity, and muscle
and neuronal function in C. elegans, with more drastic effects upon
inhibition of mitochondrial fusion than of fission [31]. These and
many other studies, which are outside the scope of this review, suggest
that mitochondrial functions are major nodes in longevity-associated
networks and that the gradual deterioration of mitochondrial health
during aging is a potential target for intervention in aging studies.
A gradual reduction in cellular quality-control systems is a
characteristic of aging that also affects other organelles. Oxidative
and endoplasmic reticulum (ER) stress also intersect because some
forms of ROS can activate the ER stress response, referred as the

UPR [32,33]. To counteract aging, the UPR mitigates cellular
damage brought about by stress conditions [34,35], although
the UPR transcriptional responsiveness tends to decrease with
age [36,37]. A similar decline has been observed for other homeo-
static cellular stress responses (reviewed in [38,39]). Together,
these interconnected stress responses are influenced by environ-
mental exposure, lifestyle, and disease, making it challenging to
confidently correlate these phenomena with aging in humans.
Mice are the most used mammalian aging model. Their small size
and relatively short lifespan are advantageous. The development of
amenable genetic manipulation systems have made them the best
system to interrogate the effects of genes and environment on
mammalian aging. Alterations in several cellular processes, such
as DNA damage repair, loss of proteostasis, epigenetic alterations,
and metabolism, have led to distinct mouse models [40]. Given that
studying aging in mice is lengthy and laborious, model organisms
with shorter lifespan that are easily manipulated have been instru-
mental to dissect the molecular mechanisms that modulate aging.
In C. elegans, the insulin/insulin growth factor (IGF)-1 signaling
(IIS), target of rapamycin (TOR) signaling, and germline signaling
pathways, which modulate development, reproduction, metabo-
lism, somatic maintenance, and stress resistance, are associated
with longevity (Fig. 1). For instance, mutations in the phosphati-
dylinositol 3-kinase gene agel or insulin/IGF-1 receptor daf2 gene
double thelifespan of C. elegans [41,42]. Reduced IIS activity lifts the
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Insulin and target of rapamycin (TOR) signaling pathways are highly conserved and promote longevity. The activity of the insulin and TOR signaling pathways is
partially inhibited by dietary restriction, promoting longer lifespan. Similarly, drug-induced inhibition or deletion of any proteins upstream of the transcription
factors [GIS1, MSN2/4, hypoxia induced gene 1 (HIG-1), DAF-16, Forkhead box O (FOXO), and 4E-BP] result in higher activity of their respective downstream
transcription factors, promoting longevity. By contrast, higher activation of the insulin and TOR signaling pathways in response to a high calorie diet or genetic

manipulation reduces lifespan.
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inhibition of the downstream Forkhead box O (FOXO) transcrip-
tion factor DAF-16, inducing the expression of genes that increase
lifespan (reviewed in [2,43]). By contrast, the lack of functional
DAF-16 dramatically reduces C. elegans lifespan. IIS regulation of
longevity is conserved, with similar long-lived IIS mutants found in
Drosophila melanogaster [44,45] and mice [46,47]. Nonsynonymous
polymorphisms in the gene encoding the IGF-1 receptor, associate
with longevity have been identified in cohorts of Ashkenazi Jewish
centenarians, suggesting that IIS attenuation also extends human
lifespan [48]. However, long-lived IIS mutations might come at the
cost of reducing body size, because small dog breeds live longer
compared with larger dogs possibly because of distinct polymor-
phisms in Igf1 [49,50].

In the search for methods to extend longevity, drugs targeting
TOR signaling have been developed and tested in animal models
and clinical trials. Rapamycin is probably the most commonly
used drug to inhibit TOR, which promotes longevity in mice even
if fed late in life [51]. Several drugs have been tested in clinical trials
to treat Hutchinson-Gilford Progeria syndrome, which is a spo-
radic, autosomal dominant disorder characterized by premature
and accelerated aging [52]. In this regard, Human Ageing Genomic
Resources (HAGR) has collected information on >300 genes that
are known to affect human aging and >2000 genes that are known
to affect model organisms. It also lists >400 drugs that are known
to affect aging [53]. The National institute of Aging supports the
Intervention Testing Program to identify nongenetic treatments
that can be used to modulate aging [54].

As in vitro models of aging, replicatively senescent cells have
been instrumental in characterizing biochemical, signaling,
genetic, and epigenetic changes associated with aging [55]. Repli-
cative senescence is affected by the attrition of telomeres during
cell division. Although the use of this model system has implicated
telomeres in human aging, this process is absent or dissimilar in
C. elegans and mice [56,57]. However, several aging-related pathol-
ogies that are closely related to telomere biology suggest a strong
link between human aging and telomeres [58]. Senescence has
been described as a defense against uncontrolled cell division and
cancer, but recent studies have shown that the relationship be-
tween these processes is neither simple nor linear and in vitro
senescence-associated processes are not always associated with
organismal aging, but are also found as a part of the celluar stress
response mechanism. Thus, care has to be exercised while extrap-
olating observations from cell culture-based senescence studies to
aging in humans or model organisms. Stress-induced senescence is
often intimately related to the local inflammatory processes and is
a driving factor in cancer cell survival and growth. Recent reports
implicated the senescent cell secretome, which include inflamma-
tory signals, in cancers and chronic age-associated pathologies
[59]. Senescence-associated secretory processes are regulated by
signaling pathways, including pleiotropic transcription factor
nuclear factor (NF)-kB and mammalian target of rapamycin
(mTOR) [60,61]. Such observations suggest that senescent cells
have a pathological role in aging-associated disorders and could be
therapeutic targets. The ablation of negative regulators of the
proliferation protein p16™*? in a BubR1 progeroid mouse back-
ground showed that removal of senescent cells was beneficial to
healthy aging [62], which has been validated in other studies
[63,64]. This led to the development of senolytic drugs that

selectively remove senescent cells in tissues [65]. Recently a
two-center clinical trial of dasatinib together with quercetin to
treat idiopathic pulmonary fibrosis suggested potential beneficial
effects of senolytics in age-associated disorders [66].

Adding to the complexity of genetic variations, diet greatly
modulates longevity in animals, and this is mediated. at least
partly. in an IIS-dependent manner (Fig. 1). Calorie excess reduces
longevity whereas chronic dietary restriction extends lifespan in
several animal models. Calorie excess in the form of a high glucose
diet reduced the lifespan of C. elegans [67], Drosophila [68], and
mice [69]. By contrast, calorie restriction without malnutrition was
first shown to increase lifespan in rodents and later in other model
organisms, including C. elegans [70-72]. Three studies on the
effects of calorie restriction on life health and survival of rhesus
monkeys (Macaca mulatta) are apt examples of the relevance and
restrictions of model organisms in preclinical aging studies. The
first study showed a 2.6-fold increase in the risk of death in 109 ad
libitum-fed control animals compared with 12 calorie-restricted
male rhesus monkeys [73]. However, the two subsequent studies
reported conflicting results on the effects of calorie restriction on
aging: The University of Washington study showed clear benefits
of calorie restriction on aging and health [74,75], whereas the
other, carried out at the National Institute on Aging, showed
almost no benefit conferred on aging with minor contribution
to health [76]. Further analysis of these studies showed that the
differences could be attributed to diet variability between animals
used in the studies and revealed the existence of a minimum
calorie restriction level that confers maximum benefits in nonhu-
man primates [77]. This analysis further showed the role of body
weight (which might reflect basal nutrition levels) in realizing
benefits from calorie restriction. Additionally, the analysis
highlighted major gains of calorie restriction in adult or
advance-aged rhesus monkeys, whereas the benefits in younger
animals were shown to depend on sex and other factors. Together,
these studies show that, although complex biological processes are
more easily identified in simpler model organisms, higher and
phylogenetically closer systems to humans will help us recognize
finer but crucial details modulating aging. Consequently, a wave of
calorie restriction and fasting diets emerged in the general popu-
lation despite the lack of evidence linking diets and longevity in
human. Recent randomized clinical trials on the effect of a 2-year
calorie restriction failed to associate a decrease in serum IGF-1
concentration to calorie restriction as found in rodents [78,79].
Evidently, IIS and calorie restriction are part of a complex equation
that extends youthfulness and lifespan in human. Although sev-
eral conserved signaling pathways have crucial roles in longevity,
we have not yet learned all the essential contributing factors and
conditions relevant to aging. This makes the continued deploy-
ment of model organisms both crucial and essential to accelerate
and solidify our understanding of aging in humans.

To overcome the limitations of aging studies, the integration of
‘omics technologies with model organism studies are more likely to
yield success because of a cleaner background and the ability to better
control confounding factors. Recent reports showcase clear-cut
advantages in deploying big data analytics on samples with cleaner
backgrounds. These include the proteomic profiling of worms
through stages of aging [37], tissue-specific proteome characterization
of aging mice [80-83], tissue-specific transcriptome profiling of aged
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C. elegans [84], astrocyte-specific transcriptome profiling of aging
mouse brain [85], and the comparison of tissue-specific transcrip-
tomes between aging animal models and humans [86].

Network analytics for cross-species comparisons:
revisiting network alignment algorithms
Multidimensional high-throughput analysis of data is problem-
atic because of confounders [87], noise, missing data, and collin-
earity effects. These lead towards direct violation of the
independent and identically distributed (IID) principles often
assumed in statistical testing. That is all samples have an equal
chance of being selected, and the selection of one sample does
not influence the selection of others. Issues, such as batch effects,
are endemic and persistent, such that nondetection does not
imply absence [88,89]. These issues must be addressed early to
avoid overfitting and nongeneralizability where any model
developed is overly attuned to the idiosyncrasies of the data
set itself and has no biological meaning, such that the model
will fail when tested against another independently derived data
set [90-92]. The sophistication of current Al is not a guaranteed
hedge against poor-quality data.

High-throughput biological data are better expressed as
networks. Biological networks refer to a heterogeneous assort-
ment of models, including protein-protein interactions, and
metabolic, biochemical, regulatory, and signaling pathways (for
an in-depth discussion, see [93,94]). As an analogy, street names
are unusable for navigation if presented as a list. How the roads
are arranged against each other to move from point A to B is
more important. Similarly, biological molecules bind and work
with each other, forming modules, clusters, and complexes,
creating a collective network system. For example, the biologi-
cal process of glycolysis involves ten proteins that transforms
glucose into pyruvate. The names and identities of the proteins
and by-products are not useful as an unordered list. It is also
difficult to think about the process as 3D molecules and real-
time processes. Instead, the process can be abstracted into a
bipartite network system with two classes of node: the proteins
and the metabolites, with a directed connection linking each
node so that precedence and directionality can be established.
In fact, this form of simplified representation can be found in
any biochemistry textbook (although not thought of formally as
networks). Therefore, viewing biological processes not as lists,
but as networks is more natural and informative. Indeed,
applying statistical analysis not to individual genes but in terms
of their constituent networks and pathways improves the signal:
noise ratio, reduces collinearity issues, improves resistance
against technical bias and batch effects, and provides resistance
against missing data [95].

To identify conserved components between related organ-
isms in aging, a specific class of network algorithms is required,
network-alignment algorithms (NAAs). NAAs create the best
topological fit between two networks of the same or different
species. Within the same species, NAAs identify local rewiring
events because of drug response or disease. These, in turn, reveal
the underlying mechanisms [95]. For different species, NAAs are
valuable to understand evolutionarily conserved and divergent
events. However, this requires making more assumptions, such
as establishing interspecies gene homology. Fortunately, tools

such as Ortho-Finder tool have been developed to address this
problem [96].

As with sequence alignment algorithms, many NAAs work by
comparing pairs of networks. NAAs maximize either local or global
similarity. Local network alignment (LNA) algorithms search for
small parts of the networks that are similar and possibly represent
conserved functional structures (Table 1). Alternatively, global
network alignment (GNA) algorithms identify the best overall
alignment between two entire networks. Recently, it was reported
that LNAs are suitable to recover functional information but do
pootrly in topological alignment quality, whereas the opposite is
true for GNAs [97].

Some NAAs depend purely on the pattern of connections in the
network, referred as topology, whereas others incorporate bio-
logical contextual clues, such as sequence similarity. Although it
is tempting to simply select methods that use biological infor-
mation, these usually only produce good alignments between
networks of closely related species. That is, methods that produce
alignments using biological information that suggests high sim-
ilarities will work well when you already expect them to [98].
Among NAAs utilizing biological information, the performance
evaluation of Clark and Kalita [99] suggests that NAAs, such as
SPINAL [100], NATALIE [101], and PINALOG [102], are useful
because they produce quick alignments with competitive results.
Among NAAs that utilize only topological information,
AlignMCL works well and is relatively accessible because of
Cytoscape plugin implementation [103]. Other NAAs, such as
GRAAL [104], leverage on heuristics to speed up computation,
using interesting generalization and pattern capture techniques,
including Graphlets (Table 1).

The study of aging in humans is difficult experimentally because
of the long human lifespan and ethical constraints [105]. Addi-
tionally, intergroup comparisons might easily lead towards chance
associations because of human heterogeneity [87], whereas animal
models produce reliable data. However, the knowledge generated
using these animal models needs to be transferred computation-
ally to support the human condition, and this can be achieved
using NAAs.

Given that aging and longevity are not human specific, we can
intersect common aging-related components across species. Given
a set of longevity-related networks, conserved components could
reveal more about aging. This requires two tasks that include
networks: (i) resolving the missing entity problem; and (ii) identi-
fying conserved elements across species that age.

The missing entity problem refers to the inconsistent observa-
tion of biological molecules correlating to a phenotype. It is
similar to the missing protein problem (MPP), where incomplete
data causes knowledge ‘gaps’ [106,107]. Resolving the missing
entity problem requires ‘guilt-by-association’ types of analysis,
which involves identifying a common link among genes of
unknown characteristic associated with genes of known charac-
teristic. For example, given a list of known cancer genes, novel
cancer genes might be identified in a biological network by
identifying other genes highly connected to the input list of
cancer genes [108]. Similarly, the statistical enrichment for can-
cer genes found within complexes and pathways can be used to
associate unknown or unreported genes within these same com-
plexes and pathways [109,110].
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TABLE 1

Examples of network alignment algorithms used in biological research

Algorithm Local Global Pairwise Multiple Functional Topological Refs
pathBLAST Yes Yes Yes Yes [153]
NetworkBLAST Yes Yes Yes Yes [154]
MaWISH Yes Yes Yes [155]
IGLOO Yes Yes Yes Yes Yes [156]
AlignNemo Yes Yes Yes Yes [157]
ConvexAlign Yes Yes Yes Yes [158]
FASTAN Yes Yes Yes Yes [159]
HubAlign Yes Yes Yes Yes [160]
AlignMCL Yes Yes Yes [161]
GEDEVO Yes Yes Yes [162]
MAGNA++ Yes Yes [163]
WAVE Yes Yes [164]
multiMAGNA++ Yes Yes Yes Yes [165]
FUSE Yes Yes Yes [166]
ModuleAlign Yes Yes Yes Yes [167]
GRAAL Yes Yes Yes [168]
H-GRAAL Yes Yes [169]
MI-GRAAL Yes Yes Yes [104]
C-GRAAL Yes Yes Yes [170]
L-GRAAL Yes Yes [171]
IsoRank Yes Yes Yes Yes Yes [172]
NSD Yes Yes [173]
IsoRankN Yes Yes Yes Yes [174]
Greamlin Yes Yes Yes Yes [175]
SMETANA Yes Yes Yes Yes [176]
NetCoffee Yes Yes Yes Yes [177]
BEAMS Yes Yes Yes Yes [178]
PISwap Yes Yes Yes Yes [179]
MAGNA Yes Yes Yes Yes [180]
Optnetalign Yes Yes Yes Yes [181]
GHOST Yes Yes Yes Yes [98]

NATALIE Yes Yes Yes Yes [182]
NETAL Yes Yes Yes Yes [183]
SPINAL Yes Yes Yes Yes [100]
PINALOG Yes Yes Yes Yes [184]

To explore the conservation and divergence of signaling path-
ways, functional modules, and regulatory relationships, LNAs can be
used by comparing interspecies biological networks [111]. The pro-
cess requires mapping the nodes of one network to the nodes of
another, such that the mapped nodes correspond to both their place
in the network topology and their biological attributes. By this
approach, undiscovered homologies among different species and
functionally similar subnetworks can be identified [99]. Similarly,
by systematically comparing evolutionarily divergent species,
conserved components of aging pathways can be revealed.

Pathway conservation can be studied experimentally in a low-
throughput manner using LNAs [112]. For example, rather than
aligning the entire network using GNAs, we can use prior knowledge
on a gene subset or a pathway, and parsimoniously eliminate
irrelevant components using LNAs. Moreover, once the networks
arealigned, furtherindependent proofisrequired before experimen-
tal validation can be carried out. In silico approaches are cost-efficient
here. For instance, the bioinformatics tool PANTHER [113] can
identify domain conservation. Alternatively, NAAs can be directly
integrated with hidden Markov models (HMM), which naturally
integrate both ‘node similarity’, estimated by sequence similarity,
and ‘interaction reliability’ into the scoring scheme for comparing
aligned paths [114,115]. Given that different species might not have

the exact same pathway components, HMMs can identify indel
events, where new pathway components can be added or lost
throughout the course of evolution (Fig. 2). In turn, aligning
networks can explain similarities and differences in biochemical
processes or phenotypes, which is ultimately inferential and
produces models difficult to verify. However, synthetic biology
has recently taken the approach of re-engineering pathways and
networks to validate predictions in vivo.

Humanizing model organisms via synthetic biology
Synthetic biology has been instrumental to biochemically engi-
neer new pathways or alter existing ones to better understand how
individual pathway components work. Advancement of gene-
editing technologies, such as CRISPR/Cas9, and others, have made
it possible to carry out large-scale pathway re-engineering of
multiple gene sets. Deploying NAAs is potentially a preliminary
guide to identify genes to modify, insert, or remove, in the bid to
humanize model organisms and obtaining relevant insights into
the human condition.

The need to industrially synthesize compounds has significant-
ly contributed to the growth of synthetic biology. For instance,
S. cerevisiae was engineered to produce the bright-red carotenoid
bacterial lycopene with high purity and stability [116]. Lycopene is
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FIGURE 2

How network alignment can be used to identify minimal conserved components between species. (a) Network alignment between two toy networks (GHuman
and GWorm). Network alignment approaches that consider both topology and sequence similarity coupled with ‘machine-learning capabilities” are robust and
can incorporate insertion-deletion events (shown in gray). In practice, we can use alignments for identifying conserved components among species that exhibit
‘aging’ phenotypes. (b) The process of a multispecies comparison (human, worm, fly, and fish) can help identify conserved pathways and networks. Genes
belonging to these conserved pathways and networks can be verified for functional coherence (via sequence and functional domain checks) and checking for
conserved expressional correlations to improve the confidence that they act as a functional unit. Same-pathway genes that pass these checks are considered as

candidate genes belonging to a conserved pathway.

used industrially as a natural colorant and food additive. The same
research group designed a synthetic route to achieve odd-num-
bered chain fatty alcohols [117] as well as synthesizing different
compounds by improving the adaptability of the exogenous mod-
ules and the endogenous pathways, including aliphatic hydro-
carbons [118], salvianic acid A [119], geraniol [120], and crocetin
[121]. Yeast has also been exploited to potentially manufacture
drugs including noscapine [122,123] and opiates [124]. Therefore,
the interdisciplinary field of synthetic biology has flourished into
the development of complex systems with potential applications
to answer fundamental questions of biological functions.

An international interinstitutional team is making efforts to
build the first synthetic eukaryotic genome, which offers the
possibility to interrogate isolated pathways in a controlled setting
[125]. For instance, synthetic and scrambled yeast chromosomes
lacking repeats are used to study 3D genomic organization, pro-
viding clues to genetic regulations [126]. Similarly, the replace-
ment of >400 essential yeast genes with human orthologs proved
to be a suitable approach to demonstrate the similarity of these
evolutionary distant species [127].

With a common ancestor, human and yeast share thousands of
orthologous genes that retain their original function over 1 billion
years of evolution. Consequently, efforts have been made to
successfully demonstrate that approximately half of the yeast
genome can be replaced by corresponding human gene orthologs,
including shared orthologs that are essential in both species [127].
In humans, some of these transferable genes are associated with
disease, including cancer. Despite being a simple organism, yeast is
a versatile and relevant platform to elucidate biological functions

of human genes, proteins, metabolic pathways, and mechanisms
relevant to human diseases.

Efforts have been made to engineer complex human pathways in
yeast. As such, the yeast Pichia pastoris was humanized to secrete
human glycoproteins with fully complex terminally sialylated
N-glycans [128]. Yeast and other lower eukaryotes lack the ability
toadd terminal sialic acids to glycoproteins. This was a crucial tool to
investigate protein modification functionality. This synthetic
biology approach led to the publication of a detailed method to
secrete human glycoproteins in P. pastoris [129] and the creation of
biotech firm GlycoFi Inc., as a subsidiary of Merck & Co., to develop
biotherapeutics based on the glycan optimization technology.
Therefore, constructing complex pathways with multiple genes
provides an opportunity tounderstand the entire functional context
of a biological activity, which can lead to translational applications.
However, the major limitation to this might be incomplete infor-
mation, because not all members of a pathway of interest are known
and corresponding endogenous yeast pathways must be completely
disabled. This can be solved by synthetic genomics, where the
predicted network can be tested in a foreign host.

A complex system has been developed to generate synthetic
chromosomes capable of being modified within the host, referred
as the Synthetic Chromosome Rearrangement and Modification
by LoxP-Mediated Evolution (SCRaMbLE) system (Fig. 3). This
designer synthetic yeast chromosome 2.0 (Sc2.0) encodes hun-
dreds of loxPsym sites positioned downstream of nonessential
genes and other major landmarks [130]. Sc2.0 is exclusively sensi-
tive to the expression of Cre recombinase, a tyrosine recombinase
enzyme derived from the P1 bacteriophage, which catalyzes

www.drugdiscoverytoday.com 2279

=
=
>
w
[~
=
o
=
=
w
x
@
2
]
>
]
o




o)
)
<.
D
S
wv
P
m
=<
3
—'
m
o
m
s
m
=

REVIEWS Drug Discovery Today * Volume 24, Number 12+ December 2019
(a) Synthetic chromosome (synChr)
C I (. D
| B><G@ @ 1 DI <G| P
loxPsys ORF
(b) Od‘ Genomic variation
Aneuploidy Rearrangement
SCRaMbLE Genotypic synChr
> ‘OG analysis > e E> <:] [:>
[—=
Host Chr
Phenotypic fithess ———— =) E> l-J,>
Drug Discovery Today
FIGURE 3

The Synthetic Chromosome Rearrangement and Modification by LoxP-Mediated Evolution (SCRaMbLE) system promotes genotype diversity, including deletions,
inversions, duplications, and other complex rearrangements. (a) The SCRaMbLE system can contain open reading frames (ORFs) from yeast and/or other species.
Genes are inserted through loxP site systems (loxPsys). (b) Yeast strain containing a synthetic chromosome (synChr) is grown under stress and/or selective conditions,
resulting in diverse rearrangement of the synChr by SCRaMbLE. The subsequent yeast strains will have different phenotypic fitness. Sequencing of these strains
reveals genetic variation, including aneuploidy of the synChr or the host chromosome (host Chr) and genetic rearrangement of the synChr.

site-specific recombination of DNA between loxP sites. Previous
studies demonstrated that the synthetic yeast chromosome
SCRaMbLE system promotes genotype diversity, including
deletions, inversions, duplications, and other complex rearrange-
ments [130-132]. Thus far, the synthetic yeast chromosomes synlI,
synlll, synV, synVI], synIXR, synX, and synXII have been fully
synthesized and incorporated into S. cerevisiae without major
fitness defects [126,130,131,133-135], offering an opportunity
to generate tremendously diverse host yeast strains that can be
screened for the production of high added-value biomolecules
[136]. To improve the orthogonality of SCRaMbLE, a DNA element
rearrangement was developed on the basis of a pairwise orthogo-
nal recombination system comprising the two site-specific recom-
binases, Vika/vox and Cre/loxP, in S. cerevisiae [137]. Combined
with integrative analysis of high-throughput data coupled with
network-based analysis and augmented with Al-led predictions, it
is not unfathomable that one can predict genes associated with
aging-relevant complex biological pathways and networks that
can be tested with the SCRaMbLE platform. This approach would
help to identify genes that are essential to the pathway or network
and those that are dispensable.

Eventually, these tools could be exploited to assess the role of
specific human pathways or subset of human genes in modulating
aging. However, the risk remains that contributing genes might be
inadvertently left behind whereas others might produce partial
functional or mislocalized proteins in the host, altering the
conclusions.

‘Integrative multi-omics’ and its role in providing more
holistic insights
The integration of various high-throughput platforms for the
purpose of providing high-powered data analysis is a key advan-
tage attributable to multi-omics. The ‘omics platforms are not
independent of each other but are mutually supportive (Fig. 4a).
For example, the central dogma of biology states that genes
are transcribed into mRNA and then translated into proteins.

Therefore, the respective high-throughput technologies for
assaying mRNA and proteins, transcriptomics, and proteomics
should provide some measure of correlation such that a gene
that is consistently high in both platforms is a corroborated
result, whereas another that is not agreed on by either, presents
an anomaly that could either be a false positive or could be
explained by alternate mechanisms. Multi-omics can reveal the
complexity of biology, whereas interplatform corroboration
provides some protection against false positives and even false
negatives. Integrated transcriptome and proteome analysis of
aging rats along with ribosome profiling and phosphoproteo-
mics revealed that changes in translation correlate with altered
protein abundance [138]. The authors compared four data sets
from the livers and brains of young and old rats to derive age-
related changes, including altered translation, protein abun-
dance, protein localization, alternative splicing, and altered
protein phosphorylation. Such a multi-omics approach is costly
and laborious but provides a dynamic overview of age-related
changes that is otherwise unobservable on any single platform.
Therefore, a strategic approach towards data management by
taking into consideration the strengths and the potential
insight expected from each platform (Table 2), as opposed to
pure Al data-dumps, is a more reasonable strategy that is worth
advocating.

In multi-omics analyses, contextualization based on biological
networks already serves as a powerful unifier across the various high-
throughput platforms. By searching for localized and consistently
affected pathways or subnetworks, we considerably reduce the
search space for causal factors [139]. To reduce the curse of
dimensionality, the network perspective is useful for reducing false
positives and false negatives [95]. This contextualization paradigm
works because biological entities work naturally as systems,
networks, and pathways. A protein complex is a functional unit
comprising the biological entities of proteins and can be regarded as
a generalization of a subnetwork; that is, a smaller network that
forms part of a bigger network system. It is routine to predict protein
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FIGURE 4

A simplified overview of multi-omics. Organizational hierarchy of multi-
omics platforms (a) and various multi-omic integration strategies (b). Note
that the color coding of ‘omics technologies defined in (a) applies to (b). In
(a), as an arbitrary division, we can broadly divide current high-throughput
(‘'omics) platforms based on the type of molecules being assayed. For
example, gene layers pertain to nucleic acid-based molecules, such as DNA,
and also widespread chemical modifications on DNA, the aptly named
epigenomics. The protein layer, although used in some multi-omics
literature, comprises a more heterogeneous mixture of molecules, and does
not comprise proteins alone, covering metabolic products that might be by-
products of enzymatic reactions (the metabolome). This layer also includes
chemical modifications of proteins, such as glycosylation changes (the
‘glycome’). A higher-level abstraction is the organization of proteins into
protein complexes, known as the complexome. It is now recognized that the
phenotypic information, including that of a clinical nature, can be complex
and highly multivariate (phenome). In (b), various ‘omics platforms can be
chained together to produce ‘multi-omics’ pipelines. Shown here are some
common chaining strategies.

complexes from protein—protein interaction networks [140]. It is
also reported that protein complexes are more biologically coherent
than most sources of biological information [141]. Hence, studying
biological networks directly is advantageous. Given advancements
in modern mass spectrometry and chromatographic techniques, we
are now able to assay subnetworks as complexes in a high-through-
put manner. In a recent profiling of the HEK293 cell line proteome,
462 complexes comprising 2127 protein subunits were traced in a
single operation [142]. Protein complexes and aging are linked
because a loss of stoichiometry in certain protein complexes [e.g.,
nuclear pore complex (NPC)] occurs with aging [143]. Therefore, this
emerging ‘omics paradigm cannot be ignored. We expect that a
complexomic-based profiling of aging will be a powerful technique
to use to develop a network view of aging.

In practice, limitations of multi-omics include cost, availability
of technology and expertise, and sample availability. Therefore,
the aim must be to anticipate the best multi-omics route to
navigate (Fig. 4b). Genomics and transcriptomics are mature
technologies that support large sample sizes with low technical
errors, but are distant to biological functions and phenotypes.
Conversely, a proteome-first perspective provides direct insight
into functionality, but is hampered by consistency and coverage
issues. Furthermore, direct integration between the genome and
proteome is often difficult because of poor correlations [144]. Poor
correlation between ‘omics platforms might not always suggest

additional regulatory layers, but can simply be a consequence of
technical noise, batch effects, and inaccurate measurements.

Statistically, simple correlation and context mapping are the
two major approaches for integration [145]. A simple correla-
tion considers whether pairs of biological entities behave simi-
larly, such as co-expression in similar tissues or change in terms
of their expression levels in a concerted manner. Simple quan-
titative assessments to establish correlations between ‘omics
platforms include the often-deployed Pearson product moment
coefficient (PPMC) and the Spearman rank-order correlation
(SROC). Both PPMC and SROC measure the extent to which
two variables change together. The primary difference between
PPMC and SROC is that the former evaluates the linear rela-
tionship between two continuous variables, taking into account
the actual values, whereas in SROC, only the monotonic rank-
based ordering is considered. By contrast, context mapping
assesses whether differential sets of genes and proteins
co-map to similar pathways and subnetworks, or if there are
enrichments for common or cohesive functional terms, cellular
locations, or disease.

In practice, the efficacy of context mapping depends on many
factors, such as the completeness of the reference network or
pathway database. C. elegans has the reliability in terms of false
positives and false negatives of the ‘omics platform. Nonetheless,
simple yet imperfect context-mapping techniques have been
sufficient to inform on the aging condition [146]. Enrichment
analyses have implicated biological processes, such as immune
response, lysosome, glycoproteins, and mitochondrial activity, to
longevity [147]. The greatest limitation in context mapping might
be the lack of quality reference network and pathway databases
and appropriate analytical techniques [148]. The incomplete path-
way database problem can be overcome by estimating those
components that should be present based on integrating cell-
and condition-specific high-dimensional ‘omics data with inter-
acting cues from existing databases [149]. Ultimately, multi-omics
integration techniques provide a limited snapshot of complex and
dynamic biological processes.

Given these unresolved issues in data analysis, advance
achine learning, Al, and big data are tempting tools to use to
overcome these obstacles. It appears sensible to take advantage of
this new technological wave. The phenome-first Aging.Al system
is a deep learning Al tool that can identify aging biomarkers to
develop antiaging therapies [150]. This platform addressed the
issue that ethnic differences might be a strong confounder over
other variables of interest, such as diet, behavior, and lifestyle.
Consequently, confounders of variables of interest overshadowed
potential ethnicity confounders across a large combined data set of
Canadian, South Korea, and Eastern European populations [150].
Similarly, the Al platform PhotoAgeClock was developed as a deep
learning algorithm for non-invasive visual biomarkers of aging
[151]. PhotoAgeClock was developed by comparing thousands of
individual eye corner images over a chronological range of 20-80
years. However, these Al-led approaches failed to address multi-
omics integration issues directly. Machine learning, Al, and any
other analytical techniques are also constrained by data heteroge-
neity and quality [152]. Therefore, robust approaches are urgently
needed to accurately develop models based on multi-layered
multi-omics data and to facilitate data integration. These future
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TABLE 2

A descriptive summary of high-throughput (‘omics) platforms currently used in biological research

Platform Description Limitations Strengths

Genomics Profiles a sample genome at the genomic DNA Gene sequence change does not Matured technology for both
sequence level; provides insights into single- translate directly into phenotype hardware and analytics; relatively
nucleotide and gene copy number changes inexpensive and accessible

Epigenomics Profiles genome-level biochemical changes that Limited genome-level coverage; Insights into environmental and

do not include DNA sequence mutations;
biochemical changes include methylation and
acetylation

Transcriptomics
level based on RNA sequence; provides insights
into actual gene expression and genetic
constitution of an organism

Proteomics Profiles total protein-level changesl; highly flexible
platform; provides insight into protein expression
levels, but can also be retooled for monitoring
peptide- and sequence-level changes

Glycomics Profiles high-throughput structural analysis of

protein glycan proteome-level biochemical
changes
Metabonomics

there are >40 000 distinct metabolites;
subcategories include lipidomics, which is
dedicated to the measurement of lipids in the
sample
Phenomics
the organism; also includes high-dimensional
clinical data and other associated comorbidities
Similar to transcriptomics, but captures
information at level of individual cells

Single-cell transcriptomics

Complexonomics
expressed in samples

many identified changes have no

lifestyle factors

Profiles total RNA changes at the ribonucleotide

Profiles low-molecular-weight molecules, such as
biochemical by-products, in a biological system;

Profiles observations and metrics (phenotypes) in

Profiles the set and make-up of protein complexes

functional impact

RNA sequence change does not
translate directly into phenotype

Matured technology for both
hardware and analytics; relatively
inexpensive and accessible

Expensive and difficult to scale;
coverage and consistency issues

Directly assays proteins that relate
to observed phenotype

Many other biochemical
modifications exist

Helps to explain modulation in
protein functions because of
glycosylation

Expands biomarker set beyond
gene and proteins; provides
evidence for activity of genetically
controlled pathways

Difficult to assay and profile all
metabolites

Requires extensive analysis and
collection of data

Insights into interdependencies and
correlations among various
phenotypes

Provides ability to assay cellular
subpopulations and lineage tracing

Expensive and difficult to scale up;
poorer quality data that are difficult
to analyze

Expensive and difficult to scale up;
coverage and consistency issues

Although proteins account for
functions, they work in units known as
complexes. Modulations of complexes
provide an important component
towards understanding function

approaches will facilitate proper information flow, making multi-
omics more amendable for emerging and powerful Al tools.

Concluding remarks

Aging and longevity are key application areas for data analytics
and biotechnology, with interest from many different parties,
including medical doctors, scientists, and engineers. The current
euphoria over Al and machine learning needs to be tempered with
good sense or else we risk being disappointed, or worse, misled.
Model organisms are better suited for big data analytics but might
lack relevance because they do not immediately reflect the human
condition. To resolve this and to bridge the human-model organ-
ism gap will require some finesse. Appropriate use of biological
context, critical thinking on multi-omics integration issues, and

References

1 de Magalhaes, J.P. etal. (2017) The business of anti-aging science. Trends Biotechnol.
35, 1062-1073

2 Lapierre, L.R. and Hansen, M. (2012) Lessons from C. elegans: signaling pathways
for longevity. Trends Endocrino.l Metab. 23, 637-644

3 Wang, L. et al. (2018) Glucose increases the lifespan of post-reproductive C. elegans
independently of FOXO. bioRxiv . http://dx.doi.org/10.1101/347435 Published
online June 14, 2018

developing novel validation strategies using synthetic biology
approaches are important considerations for advancement.

Acknowledgments

We apologize to all our colleagues whose work could not be cited
owing to space limitations. We are grateful to Ying-Jin Yuan, Bin
Jia and Fei-Fei Li for critical discussions. The authors thank the
anonymous reviewers for their invaluable insights and
suggestions. W.W.B.G. and G.T. gratefully acknowledge support
from the National Research Foundation of Singapore (NRF-
NSFCO003SB-006) and Nanyang Technological University. S.T. is
supported by the Singapore Ministry of Education Academic
Research Fund Tier 2 (MOE2018-T2-1-002). The authors declare no
conflicting interest, financial or otherwise.

4 Dhondt, I. et al. (2017) Changes of protein turnover in aging Caenorhabditis
elegans. Mol. Cell. Proteomics 16, 1621-1633

5 Goh, W.W.B. and Sze, C.C. (2019) Al Paradigms for teaching biotechnology.
Trends Biotechnol. 37, 1-5

6 de Magalhaes, ].P. (2014) Why genes extending lifespan in model organisms have
not been consistently associated with human longevity and what it means to
translation research. Cell Cycle 13, 2671-2673

2282 www.drugdiscoverytoday.com


http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0005
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0005
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0010
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0010
http://dx.doi.org/10.1101/347435
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0020
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0020
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0025
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0025
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0030
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0030
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0030

Drug Discovery Today * Volume 24, Number 12+ December 2019

REVIEWS

7 Kenyon, CJ. (2010) The genetics of ageing. Nature 464, 504-512
8 da Costa, J.P. et al. (2016) A synopsis on aging: gheories, mechanisms and future
prospects. Ageing Res. Rev. 29, 90-112
9 Vafai, S.B. and Mootha, V.K. (2012) Mitochondrial disorders as windows into an
ancient organelle. Nature 491, 374-383
10 Dalle-Donne, I. et al. (2006) Biomarkers of oxidative damage in human disease.
Clin. Chem. 52, 601-623
11 Hartl, F.U. and Hayer-Hartl, M. (2009) Converging concepts of protein folding in
vitro and in vivo. Nat. Struct. Mol. Biol. 16, 574-581
12 Chen, B. etal. (2011) Cellular strategies of protein quality control. Cold Spring Harb.
Perspect. Biol. 3, a004374
13 Sun, N. et al. (2016) The mitochondrial basis of aging. Mol. Cell 61, 654-666
14 Feng, Z. et al. (2016) Reprogramming of energy metabolism as a driver of aging.
Oncotarget 7, 15410-15420
15 Yun, J. and Finkel, T. (2014) Mitohormesis. Cell Metab 19, 757-766
16 Dillin, A. et al. (2002) Rates of behavior and aging specified by mitochondrial
function during development. Science 298, 2398-2401
17 Barcena, C. et al. (2018) Mitohormesis, an antiaging paradigm. Int. Rev. Cell. Mol.
Biol. 340, 35-77
18 Zhao, Q. et al. (2002) A mitochondrial specific stress response in mammalian cells.
EMBO . 21, 4411-4419
19 Wu, Z. et al. (2018) Mitochondrial unfolded protein response transcription factor
ATFS-1 promotes longevity in a long-lived mitochondrial mutant through
activation of stress response pathways. BMC Biol. 16, 147
20 Nargund, A.M. et al. (2015) Mitochondrial and nuclear accumulation of the
transcription factor ATFS-1 promotes OXPHOS recovery during the UPR(mt). Mol.
Cell 58, 123-133
21 Durieux, J. et al. (2011) The cell-non-autonomous nature of electron transport
chain-mediated longevity. Cell 144, 79-91
22 Owusu-Ansah, E. ef al. (2013) Muscle mitohormesis promotes longevity via
systemic repression of insulin signaling. Cell 155, 699-712
23 Labbadia, J. et al. (2017) Mitochondrial stress restores the heat shock response and
prevents proteostasis collapse during aging. Cell Rep. 21, 1481-1494
24 Ren, Y. et al. (2015) The activation of protein homeostasis protective mechanisms
perhaps is not responsible for lifespan extension caused by deficiencies of
mitochondrial proteins in C. elegans. Exp. Gerontol. 65, 53-57
25 Lee, S.J. et al. (2010) Inhibition of respiration extends C. elegans life span via
reactive oxygen species that increase HIF-1 activity. Curr. Biol. 20, 2131-2136
26 Walter, L. et al. (2011) The homeobox protein CEH-23 mediates prolonged
longevity in response to impaired mitochondrial electron transport chain in C.
elegans. PLoS Biol. 9, e1001084
27 Matilainen, O. et al. (2017) The chromatin remodeling factor ISW-1 integrates
organismal responses against nuclear and mitochondrial stress. Nat. Commun. 8, 1818
28 Schaar, C.E. et al. (2015) Mitochondrial and cytoplasmic ROS have opposing
effects on lifespan. PLoS Genet. 11, €1004972
29 Pickrell, A.M. and Youle, R.J. (2015) The roles of PINK1, parkin, and mitochondrial
fidelity in Parkinson’s disease. Neuron 85, 257-273
30 Wai, T. and Langer, T. (2016) Mitochondrial dynamics and metabolic regulation.
Trends Endocrinol. Metab. 27, 105-117
31 Byrne, J.J. et al. (2019) Disruption of mitochondrial dynamics affects behaviour
and lifespan in Caenorhabditis elegans. Cell. Mol. Life Sci. 76, 1967-1985
32 Pedruzzi, E. et al. (2004) NAD(P)H oxidase Nox-4 mediates 7-ketocholesterol-
induced endoplasmic reticulum stress and apoptosis in human aortic smooth
muscle cells. Mol. Cell Biol. 24, 10703-10717
33 Li, G. et al. (2010) NADPH oxidase links endoplasmic reticulum stress, oxidative
stress, and PKR activation to induce apoptosis. J. Cell Biol. 191, 1113-1125
34 Hetz, C. (2012) The unfolded protein response: controlling cell fate decisions
under ER stress and beyond. Nat. Rev. Mol. Cell Biol. 13, 89-102
35 Ho, N. et al. (2018) From the unfolded protein response to metabolic diseases —
lipids under the spotlight. J. Cell Sci. 131
36 Taylor, R.C. and Dillin, A. (2013) XBP-1 is a cell-nonautonomous regulator of stress
resistance and longevity. Cell 153, 1435-1447
37 Walther, D.M. et al. (2015) Widespread proteome remodeling and aggregation in
aging C. elegans. Cell 161, 919-932
38 Haigis, M.C. and Yankner, B.A. (2010) The aging stress response. Mol. Cell 40,
333-344
39 Kourtis, N. and Tavernarakis, N. (2011) Cellular stress response pathways and
ageing: intricate molecular relationships. EMBO J. 30, 2520-2531
40 Folgueras, A.R. et al. (2018) Mouse models to disentangle the hallmarks of human
aging. Circ. Res. 123, 905-924
41 Friedman, D.B. and Johnson, T.E. (1988) A mutation in the age-1 gene in
Caenorhabditis elegans lengthens life and reduces hermaphrodite fertility. Genetics
118, 75-86

42 Kenyon, C. et al. (1993) A C. elegans mutant that lives twice as long as wild type.
Nature 366 (6454), 461-464

43 Murphy, C.T. (2006) The search for DAF-16/FOXO transcriptional targets:
approaches and discoveries. Exp. Gerontol. 41, 910-921

44 Tatar, M. et al. (2001) A mutant Drosophila insulin receptor homolog that extends
life-span and impairs neuroendocrine function. Science 292, 107-110

45 Clancy, DJ. et al. (2001) Extension of life-span by loss of CHICO, a Drosophila
insulin receptor substrate protein. Science 292, 104-106

46 Bluher, M. et al. (2003) Extended longevity in mice lacking the insulin receptor in
adipose tissue. Science 299, 572-574

47 Holzenberger, M. et al. (2003) IGF-1 receptor regulates lifespan and resistance to
oxidative stress in mice. Nature 421, 182-187

48 Suh, Y. et al. (2008) Functionally significant insulin-like growth factor I receptor
mutations in centenarians. Proc. Natl. Acad. Sci. U. S. A. 105, 3438-3442

49 Greer, K.A. et al. (2011) Connecting serum IGF-1, body size, and age in the
domestic dog. Age 33, 475-483

50 Kraus, C. et al. (2013) The size-life span trade-off decomposed: why large dogs die
young. Am. Nat. 181, 492-505

51 Harrison, D.E. et al. (2009) Rapamycin fed late in life extends lifespan in genetically
heterogeneous mice. Nature 460, 392-395

52 Harhouri, K. et al. (2018) An overview of treatment strategies for Hutchinson-
Gilford Progeria syndrome. Nucleus 9, 246-257

53 Tacutu, R. et al. (2018) Human Ageing Genomic Resources: new and updated
databases. Nucleic Acids Res. 46, D1083-D1090

54 Nadon, N.L. et al. (2017) NIA Interventions Testing Program: investigating
putative aging intervention agents in a genetically heterogeneous mouse model.
EBioMedicine 21, 3-4

55 Childs, B.G. etal. (2015) Cellular senescence in aging and age-related disease: from
mechanisms to therapy. Nat. Med. 21, 1424-1435

56 Calado, R.T. and Dumitriu, B. (2013) Telomere dynamics in mice and humans.
Semin. Hematol. 50, 165-174

57 Cook, D.E. et al. (2016) The genetic basis of natural variation in Caenorhabditis
elegans telomere length. Genetics 204, 371-383

58 Shay, J.W. and Wright, W.E. (2019) Telomeres and telomerase: three decades of
progress. Nat. Rev. Genet. 20, 299-309

59 Zhu, Y. et al. (2014) Cellular senescence and the senescent secretory phenotype in
age-related chronic diseases. Curr. Opin. Clin. Nutr. Metab. Care 17, 324-328

60 Salminen, A. etal. (2012) Emerging role of NF-kappaB signaling in the induction of
senescence-associated secretory phenotype (SASP). Cell Signal 24, 835-845

61 Laberge, R.M. et al. (2015) MTOR regulates the pro-tumorigenic senescence-
associated secretory phenotype by promoting IL1A translation. Nat. Cell Biol. 17,
1049-1061

62 Baker, D.J. et al. (2011) Clearance of pl6Ink4a-positive senescent cells delays
ageing-associated disorders. Nature 479, 232-236

63 Baker, D.J. et al. (2016) Naturally occurring p16(Ink4a)-positive cells shorten
healthy lifespan. Nature 530, 184-189

64 Farr, J.N. et al. (2017) Targeting cellular senescence prevents age-related bone loss
in mice. Nat. Med. 23, 1072-1079

65 Kirkland, J.L. et al. (2017) The clinical potential of senolytic drugs. J. Am. Geriatr.
Soc. 65, 2297-2301

66 Justice, J.N. et al. (2019) Senolytics in idiopathic pulmonary fibrosis: results from a
first-in-human, open-label, pilot study. EBioMedicine 40, 554-563

67 Lee, S.]. et al. (2009) Glucose shortens the life span of C. elegans by downregulating
DAF-16/FOXO activity and aquaporin gene expression. Cell Metab. 10, 379-391

68 Dobson, AJ. etal. (2017) Nutritional programming of lifespan by FOXO inhibition
on sugar-rich diets. Cell Rep. 18, 299-306

69 Ruff,].S. etal.(2015) Compared to sucrose, previous consumption of fructose and glucose
monosaccharides reduces survival and fitness of female mice. J. Nutr. 145, 434-441

70 McCay, C.M. et al. (1989) The effect of retarded growth upon the length of life span
and upon the ultimate body size. Nutrition 5, 155-171 discussion 172

71 Schulz, T ]. et al. (2007) Glucose restriction extends Caenorhabditis elegans life span
by inducing mitochondrial respiration and increasing oxidative stress. Cell Metab.
6, 280-293

72 Greer, E.L. and Brunet, A. (2009) Different dietary restriction regimens extend
lifespan by both independent and overlapping genetic pathways in C. elegans.
Aging Cell 8, 113-127

73 Bodkin, N.L. et al. (2003) Mortality and morbidity in laboratory-maintained
Rhesus monkeys and effects of long-term dietary restriction. J. Gerontol. A Biol. Sci.
Med. Sci. 58, 212-219

74 Colman, RJ. ef al. (2009) Caloric restriction delays disease onset and mortality in
rhesus monkeys. Science 325, 201-204

75 Colman, R.J. et al. (2014) Caloric restriction reduces age-related and all-cause
mortality in rthesus monkeys. Nat. Commun 5, 3557

www.drugdiscoverytoday.com 2283

=
=
S
i
[~
w
=
]
4
>
1]
X
«
3
2
>
]
o



http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0035
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0040
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0040
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0045
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0045
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0050
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0050
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0055
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0055
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0060
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0060
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0065
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0070
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0070
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0075
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0080
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0080
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0085
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0085
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0090
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0090
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0095
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0095
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0095
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0100
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0100
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0100
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0105
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0105
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0110
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0110
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0115
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0115
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0120
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0120
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0120
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0125
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0125
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0130
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0130
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0130
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0135
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0135
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0140
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0140
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0145
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0145
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0150
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0150
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0155
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0155
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0160
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0160
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0160
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0165
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0165
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0170
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0170
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0175
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0175
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0180
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0180
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0185
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0185
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0190
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0190
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0195
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0195
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0200
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0200
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0205
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0205
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0205
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0210
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0210
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0215
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0215
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0220
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0220
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0225
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0225
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0230
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0230
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0235
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0235
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0240
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0240
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0245
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0245
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0250
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0250
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0255
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0255
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0260
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0260
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0265
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0265
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0270
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0270
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0270
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0275
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0275
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0280
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0280
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0285
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0285
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0290
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0290
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0295
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0295
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0300
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0300
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0305
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0305
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0305
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0310
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0310
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0315
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0315
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0320
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0320
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0325
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0325
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0330
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0330
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0335
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0335
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0340
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0340
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0345
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0345
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0350
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0350
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0355
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0355
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0355
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0360
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0360
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0360
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0365
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0365
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0365
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0370
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0370
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0375
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0375

X
(1]
s,
(]
S
wv
A
m
<
3
-
m
)
m
s
m
=

REVIEWS

Drug Discovery Today ¢ Volume 24, Number 12 +December 2019

76 Mattison, J.A. et al. (2012) Impact of caloric restriction on health and survival in
rhesus monkeys from the NIA study. Nature 489, 318-321

77 Mattison, J.A. et al. (2017) Caloric restriction improves health and survival of
rhesus monkeys. Nat. Commun. 8, 14063

78 Fontana, L. et al. (2016) Effects of 2-year calorie restriction on circulating levels of
IGF-1, IGF-binding proteins and cortisol in nonobese men and women: a
randomized clinical trial. Aging Cell 15, 22-27

79 Das, S.K. et al. (2017) Body-composition changes in the Comprehensive
Assessment of Long-term Effects of Reducing Intake of Energy (CALERIE)-2 study:
a 2-y randomized controlled trial of calorie restriction in nonobese humans. Am. J.
Clin. Nutr. 105, 913-927

80 Yang, S. et al. (2008) Comparative proteomic analysis of brains of naturally aging
mice. Neuroscience 154, 1107-1120

81 Hwang, C.Y. et al. (2014) Quantitative proteome analysis of age-related changes in
mouse gastrocnemius muscle using mTRAQ. Proteomics 14, 121-132

82 Basisty, N. et al. (2016) Mitochondrial-targeted catalase is good for the old mouse
proteome, but not for the young: ‘reverse’ antagonistic pleiotropy? Aging Cell 15,
634-645

83 Plubell, D.L. et al. (2017) Extended multiplexing of tandem mass tags (TMT)
labeling reveals age and high fat diet specific proteome changes in mouse
epididymal adipose tissue. Mol. Cell Proteomics 16, 873-890

84 Kaletsky, R. et al. (2018) Transcriptome analysis of adult Caenorhabditis elegans cells
reveals tissue-specific gene and isoform expression. PLoS Genet. 14, e1007559

85 Boisvert, M.M. et al. (2018) The aging astrocyte transcriptome from multiple
regions of the mouse brain. Cell Rep. 22, 269-285

86 Aramillo Irizar, P. et al. (2018) Transcriptomic alterations during ageing reflect the
shift from cancer to degenerative diseases in the elderly. Nat. Commun. 9, 327

87 Goh, W.W.B. and Wong, L. (2018) Dealing with confounders in omics analysis.
Trends Biotechnol. 36, 488-498

88 Leek, J.T. et al. (2010) Tackling the widespread and critical impact of batch effects
in high-throughput data. Nat. Rev. Genet. 11, 733-739

89 Goh, W.W.B. et al. (2017) Why batch effects matter in omics data, and how to
avoid them. Trends Biotechnol. 35, 498-507

90 Smeele, L]. et al. (1998) Discrepancy between the guidelines and practice by family
physicians in treating adults with an exacerbation of asthma or chronic
obstructive pulmonary disease. Ned. Tijdschr. Geneeskd. 142, 2304-2308

91 Venet, D. et al. (2011) Most random gene expression signatures are significantly
associated with breast cancer outcome. PLoS Comput. Biol. 7, €1002240

92 Goh, W.W.B. and Wong, L. (2019) Turning straw into gold: building robustness
into gene signature inference. Drug Discov. Today 24, 31-36

93 Barabasi, A.L. and Oltvai, Z.N. (2004) Network biology: understanding the cell’s
functional organization. Nat. Rev. Genet. 5, 101-113

94 Ideker, T. and Nussinov, R. (2017) Network approaches and applications in
biology. PLoS Comput. Biol. 13, e1005771

95 Goh, W.W. and Wong, L. (2016) Design principles for clinical network-based
proteomics. Drug Discov. Today 21, 1130-1138

96 Emms, D.M. and Kelly, S. (2015) OrthoFinder: solving fundamental biases in
whole genome comparisons dramatically improves orthogroup inference
accuracy. Genome Biol. 16, 157

97 Guzzi, P.H. and Milenkovic, T. (2018) Survey of local and global biological network
alignment: the need to reconcile the two sides of the same coin. Brief. Bioinform.
19, 472-481

98 Patro, R. and Kingsford, C. (2012) Global network alignment using multiscale
spectral signatures. Bioinformatics 28, 3105-3114

99 Clark, C. and Kalita, J. (2014) A comparison of algorithms for the pairwise
alignment of biological networks. Bioinformatics 30, 2351-2359

100 Aladag, A.E. and Cesim, E. (2013) SPINAL: scalable protein interaction network
alignment. Bioinformatics 29, 917-924

101 El-Kebir, M. et al. (2011) Lagrangian Relaxation Applied to Sparse Global Network
Alignment. Lecture Notes in Computer Science, Pattern Recognition in
Bioinformatics: 6th IAPR International Conference, PRIB 2011, Delft, The
Netherlands, November 2-4, 2011. Proceedings (M. Loog, L. Wessels, M.J.T.
Reinders, D. Ridder., eds), pp. 225-236, Springer.

102 Phan, H.T. and Sternberg, M.J. (2012) PINALOG: a novel approach to align protein
interaction networks-implications for complex detection and function
prediction. Bioinformatics 28, 1239-1245

103 Mina, M. and Guzzi, P.H. (2014) Improving the robustness of local network
alignment: design and extensive assessment of a markov clustering-based
approach. IEEE/ACM Trans. Comput. Biol. Bioinform. 11, 561-572

104 Kuchaiev, O.and Przulj, N. (2011) Integrative network alignment reveals large regions of
global network similarity in yeast and human. Bioinformatics 27, 1390-1396

105 Faisal, F.E. et al. (2015) The post-genomic era of biological network alignment.
EURASIP ]. Bioinform. Syst. Biol. 2015, 3

106 Zhou, L. et al. (2018) Understanding missing proteins: a functional perspective.
Drug Discov. Today 23, 644-651

107 Goh, W.W.B. and Wong, L. (2019) Advanced bioinformatics methods for practical
applications in proteomics. Brief. Bioinform. 20, 347-355

108 Ostlund, G. et al. (2010) Network-based identification of novel cancer genes. Mol.
Cell. Proteomics 9, 648-655

109 Goh, W.W. and Wong, L. (2016) Advancing clinical proteomics via analysis based
on biological complexes: a tale of five paradigms. J. Proteome Res. 15, 3167-3179

110 Goh, W.W.B. and Wong, L. (2017) NetProt: complex-based feature selection. J.
Proteome Res. 16, 3102-3112

111 Milano, M. et al. (2017) An extensive assessment of network alignment algorithms
for comparison of brain connectomes. BMC Bioinformatics 18 (Suppl. (6)), 235

112 Zhang, L. et al. (2016) Divergence and conservation of the major UPR branch IRE1-
bZIP signaling pathway across eukaryotes. Sci. Rep. 6, 27362

113 Thomas, P.D. et al. (2003) PANTHER: a library of protein families and subfamilies
indexed by function. Genome Res. 13, 2129-2141

114 Qian, X. et al. (2009) Querying pathways in protein interaction networks based on
hidden Markov models. . Comput. Biol 16, 145-157

115 Qian, X. and Yoon, B.J. (2009) Effective identification of conserved pathways in
biological networks using hidden Markov models. PLoS One 4, e8070

116 Chen, C. et al. (2016) The ins(ide) and outs(ide) of asymmetric stem cell division.
Curr. Opin. Cell Biol. 43, 1-6

117 Cao, Y.X. et al. (2015) Biosynthesis of odd-chain fatty alcohols in Escherichia coli.
Metab. Eng. 29, 113-123

118 Cao, Y.X. et al. (2016) Heterologous biosynthesis and manipulation of alkanes in
Escherichia coli. Metab. Eng. 38, 19-28

119 Yao, Y.F. et al. (2013) Metabolic engineering of Escherichia coli for production of
salvianic acid A via an artificial biosynthetic pathway. Metab. Eng. 19, 79-87

120 Jiang, G.Z. et al. (2017) Manipulation of GES and ERG20 for geraniol
overproduction in Saccharomyces cerevisiae. Metab. Eng. 41, 57-66

121 Chai, F. et al. (2017) Heterologous biosynthesis and manipulation of crocetin in
Saccharomyces cerevisiae. Microb. Cell Fact 16, 54

122 Galanie, S. etal. (2015) Complete biosynthesis of opioids in yeast. Science 349, 1095-1100

123 Li, Y. et al. (2018) Complete biosynthesis of noscapine and halogenated alkaloids
in yeast. Proc. Natl. Acad. Sci. U. S. A. 115, E3922-E3931

124 DeLoache, W.C. et al. (2015) An enzyme-coupled biosensor enables (S)-reticuline
production in yeast from glucose. Nat. Chem. Biol. 11, 465-471

125 Pretorius, 1.S. and Boeke, J.D. (2018) Yeast 2.0: connecting the dots in the
construction of the world’s first functional synthetic eukaryotic genome. FEMS
Yeast Res 18 XXX-YYY

126 Mercy, G. etal. (2017) 3D organization of synthetic and scrambled chromosomes.
Science 355 (6329),

127 Kachroo, A.H. et al. (2015) Evolution. Systematic humanization of yeast genes
reveals conserved functions and genetic modularity. Science 348, 921-925

128 Hamilton, S.R. et al. (2006) Humanization of yeast to produce complex terminally
sialylated glycoproteins. Science 313, 1441-1443

129 Laukens, B. et al. (2015) Engineering the Pichia pastoris N-glycosylation pathway
using the GlycoSwitch technology. Methods Mol. Biol. 1321, 103-122

130 Dymond, J.S. et al. (2011) Synthetic chromosome arms function in yeast and
generate phenotypic diversity by design. Nature 477, 471-476

131 Annaluru, N. et al. (2014) Total synthesis of a functional designer eukaryotic
chromosome. Science 344, 55-58

132 Shen, Y. et al. (2016) SCRaMbLE generates designed combinatorial stochastic
diversity in synthetic chromosomes. Genome Res. 26, 36-49

133 Richardson, S.M. et al. (2017) Design of a synthetic yeast genome. Science 355,
1040-1044

134 Shen, Y. et al. (2017) Deep functional analysis of synll, a 770-kilobase synthetic
yeast chromosome. Science 355 XXX-YYY

135 Xie, Z.X. et al. (2017) ‘Perfect’ designer chromosome V and behavior of a ring
derivative. Science 355 XXX-YYY

136 Xie, Z.X. et al. (2017) Design and chemical synthesis of eukaryotic chromosomes.
Chem. Soc. Rev. 46, 7191-7207

137 Lin, Q. etal. (2015) Robust orthogonal recombination system for versatile genomic
elements rearrangement in yeast Saccharomyces cerevisiae. Sci. Rep. 5, 15249

138 Ori, A. et al. (2015) Integrated transcriptome and proteome analyses reveal organ-
specific proteome deterioration in old rats. Cell Syst. 1, 224-237

139 Karczewski, K.J. and Snyder, M.P. (2018) Integrative omics for health and disease.
Nat. Rev. Genet. 19, 299-310

140 Srihari, S. et al. (2015) Methods for protein complex prediction and their
contributions towards understanding the organisation, function and dynamics of
complexes. FEBS Lett. 589, 2590-2602

141 Fraser, H.B. and Plotkin, J.B. (2007) Using protein complexes to predict phenotypic
effects of gene mutation. Genome Biol. 8, R252

2284 www.drugdiscoverytoday.com


http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0380
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0380
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0385
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0385
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0390
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0390
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0390
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0395
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0395
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0395
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0395
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0400
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0400
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0405
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0405
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0410
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0410
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0410
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0415
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0415
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0415
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0420
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0420
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0425
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0425
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0430
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0430
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0435
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0435
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0440
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0440
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0445
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0445
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0450
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0450
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0450
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0455
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0455
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0460
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0460
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0465
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0465
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0470
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0470
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0475
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0475
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0480
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0480
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0480
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0485
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0485
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0485
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0490
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0490
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0495
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0495
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0500
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0500
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0510
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0510
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0510
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0515
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0515
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0515
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0520
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0520
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0525
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0525
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0530
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0530
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0535
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0535
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0540
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0540
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0545
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0545
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0550
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0550
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0555
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0555
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0560
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0560
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0565
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0565
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0570
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0570
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0575
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0575
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0580
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0580
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0585
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0585
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0590
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0590
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0595
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0595
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0600
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0600
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0605
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0605
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0610
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0615
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0615
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0620
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0620
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0625
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0625
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0625
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0630
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0630
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0635
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0635
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0640
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0640
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0645
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0645
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0650
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0650
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0655
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0655
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0660
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0660
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0665
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0665
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0670
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0670
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0675
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0675
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0680
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0680
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0685
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0685
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0690
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0690
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0695
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0695
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0700
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0700
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0700
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0705
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0705

Drug Discovery Today * Volume 24, Number 12+ December 2019

REVIEWS

142 Heusel, M. et al. (2019) Complex-centric proteome profiling by SEC-SWATH-MS.
Mol. Syst. Biol 15, e8438

143 Janssens, G.E. and Veenhoff, L.M. (2016) Evidence for the hallmarks of human
aging in replicatively aging yeast. Microb. Cell 3, 263-274

144 Maier, T. et al. (2009) Correlation of mRNA and protein in complex biological
samples. FEBS Lett. 583, 3966-3973

145 Bensimon, A. et al. (2012) Mass spectrometry-based proteomics and network
biology. Annu. Rev. Biochem. 81, 379-405

146 Zierer, ]. etal. (2015) Integration of ‘omics’ data in aging research: from biomarkers
to systems biology. Aging Cell 14, 933-944

147 de Magalhaes, J.P. et al. (2009) Meta-analysis of age-related gene expression profiles
identifies common signatures of aging. Bioinformatics 25, 875-881

148 Kanehisa, M. et al. (2014) Data, information, knowledge and principle: back to
metabolism in KEGG. Nucleic Acids Res. 42, D199-205

149 Ma, J. et al. (2016) Network-based pathway enrichment analysis with incomplete
network information. Bioinformatics 32, 3165-3174

150 Mamoshina, P. et al. (2018) Population specific biomarkers of human aging: a big
data study using South Korean, Canadian, and Eastern European patient
populations. J. Gerontol. A Biol. Sci. Med. Sci. 73, 1482-1490

151 Bobrov, E. et al. (2018) PhotoAgeClock: deep learning algorithms for development
of non-invasive visual biomarkers of aging. Aging 10, 3249-3259

152 Haas, R. et al. (2017) Designing and interpreting ‘multi-omic’ experiments that
may change our understanding of biology. Curr. Opin. Syst. Biol. 6, 37-45

153 Kelley, B.P. et al. (2004) PathBLAST: a tool for alignment of protein interaction
networks. Nucleic Acids Res. 32, W83

154 Kalaev, M. et al. (2008) NetworkBLAST: comparative analysis of protein networks.
Bioinformatics 24, 594-596

155 Koyuturk, M. et al. (2006) Pairwise alignment of protein interaction networks. J.
Comput. Biol. 13, 182-199

156 Meng, L. et al. (2016) IGLOO: Integrating global and local biological network
alignment. arXiv:1604.06111v2 [q-bio.MN].

157 Giovanni, C. et al. (2012) AlignNemo: a local network alignment method to
integrate homology and topology. PLoS ONE 7, 38107

158 Hashemifar, S. et al. (2016) Joint alignment of multiple protein-protein interaction
networks via convex optimization. J. Comp. Biol. . http://dx.doi.org/10.1089/
c¢mb.2016.0025 Published online November 1, 2016

159 Xuan, H.H. et al. (2015) An efficient algorithm for global alignment of protein-
protein interaction networks. In International Conference on Advanced Technologies
for Communications. 332-336 IEEE

160 Somaye, H. and Jinbo, X. (2014) HubAlign: an accurate and efficient method for
global alignment of protein-protein interaction networks. Bioinformatics 30,
438-444

161 Mina, M. and Guzzi, P.H. (2013) AlignMCL: Comparative analysis of protein
interaction networks through Markov clustering. IEEE International Conference on
Bioinformatics & Biomedicine Workshops (G. Alexe et al., eds), IEEE. pp. 174-181

162 Ibragimov, R. et al. (2013) GEDEVO: An Evolutionary Graph Edit Distance
Algorithm for Biological Network Alignment. In German Conference on
Bioinformatics 2013 (Beibbarth, T., ed.), pp. 68-79, Schloss Dagstuhl-Leibniz—
Zentrum fuer Informatik

163 Vijayan, V. et al. (2015) MAGNA++: Maximizing Accuracy in Global Network
Alignment via both node and edge conservation. Bioinformatics 31, 2409-2411

164 Sun, Y. et al. (2014) Simultaneous optimization of both node and edge
conservation in network alignment via WAVE. Quant. Biol. 76, 439-456

165 Vijayan, V. and Milenkovic, T. (2018) Multiple network alignment via
multiMAGNA+. IEEE/ACM Trans. Comput. Biol. Bioinform. 15, 1669-1682

166 Gligorijevi¢, V. et al. (2015) Fuse: multiple network alignment via data fusion.
Bioinformatics 32, 860-870

167 Hashemifar, S. et al. (2016) ModuleAlign: module-based global alignment of
protein—protein interaction networks. Bioinformatics 32, i658-i664

168 Kuchaiev, O. et al. (2010) Topological network alignment uncovers biological
function and phylogeny. J. R. Soc. Interface 7, 1341

169 Milenkovi¢, T. et al. (2010) Optimal network alignment with graphlet degree
vectors. Cancer Inf. 9, 121-137

170 Memievi¢, V. and Prulj, N. (2012) C-GRAAL: common-neighbors-based global
GRAph ALignment of biological networks. Integr. Biol. 4, 734-743

171 Malod-Dognin, N. and Prulj, N. (2015) L-GRAAL: Lagrangian graphlet-based
network aligner. Bioinformatics 31, 2182-2189

172 Singh, R. et al. (2008) Global alignment of multiple protein interaction networks.
Proc. Natl. Acad. Sci. U. S. A. 105, 12763-12768

173 Kollias, G. et al. (2012) Network Similarity Decomposition (NSD): a fast and
scalable approach to network alignment. IEEE Trans. Knowledge Data Eng. 24,
2232-2243

174 Chung-Shou, L. et al. (2009) IsoRankN: spectral methods for global alignment of
multiple protein networks. Bioinformatics 25, 253-258

175 Flannick, J. et al. (2008) Automatic parameter learning for multiple network
alignment. In International Conference on Research in Computational Molecular
Biology (M. Vingron, L. Wong eds), pp. 214-231, Springer.

176 Sahraeian, S.M. and Yoon, B.J. (2013) SMETANA: accurate and scalable algorithm
for probabilistic alignment of large-scale biological networks. PLoS ONE 8, €67995

177 Jialu, H. et al. (2014) NetCoffee: a fast and accurate global alignment approach
to identify functionally conserved proteins in multiple networks.
Bioinformatics 30, 540

178 Ferhat, A. and Cesim, E. (2014) BEAMS: backbone extraction and merge strategy for the
global many-to-many alignment of multiple PPI networks. Bioinformatics 30, 531-539

179 Chindelevitch, L. et al. (2013) Local optimization for global alignment of protein
interaction networks. Bioinformatics 29, 2765-2773

180 Vikram, S. and Tijana, M. (2014) MAGNA: Maximizing Accuracy in Global
Network Alignment. Bioinformatics 30, 2931

181 Connor, C. and Jugal, K. (2015) A multiobjective memetic algorithm for PPI
network alignment. Bioinformatics 31, 1988-1998

182 Elkebir, M. et al. (2011) Lagrangian relaxation applied to sparse global network
alignment. In Iapr International Conference on Pattern Recognition in Bioinformatics
(M. Loog, L. Wessels, M.J.T. Reinders, D. de Ridder eds), pp. 225-236, Springer.

183 Behnam, N. et al. (2013) NETAL: a new graph-based method for global alignment
of protein-protein interaction networks. Bioinformatics 29, 1654-1662

184 Hang, T.T. et al. (2012) PINALOG: a novel approach to align protein interaction
networks-implications for complex detection and function prediction.
Bioinformatics 28, 1239-1245

www.drugdiscoverytoday.com 2285

=
=
S
i
[~
w
=
]
4
>
1]
X
«
3
2
>
]
o


http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0710
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0710
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0715
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0715
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0720
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0720
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0725
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0725
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0730
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0730
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0735
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0735
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0740
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0740
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0745
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0745
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0750
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0750
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0750
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0755
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0755
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0760
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0760
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0765
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0765
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0770
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0770
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0775
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0775
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0785
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0785
http://dx.doi.org/10.1089/cmb.2016.0025
http://dx.doi.org/10.1089/cmb.2016.0025
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0795
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0795
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0795
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0800
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0800
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0800
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0805
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0805
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0805
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0810
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0810
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0810
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0810
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0815
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0815
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0820
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0820
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0825
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0825
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0830
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0830
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0835
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0835
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0840
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0840
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0845
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0845
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0850
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0850
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0855
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0855
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0860
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0860
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0865
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0865
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0865
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0870
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0870
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0880
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0880
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0885
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0885
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0885
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0890
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0890
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0895
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0895
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0900
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0900
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0905
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0905
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0915
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0915
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0920
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0920
http://refhub.elsevier.com/S1359-6446(19)30337-X/sbref0920

	Moving beyond the current limits of data analysis in longevity and healthy lifespan studies
	Introduction
	Model organisms should not be discounted: there are still incredible insights to be gleaned
	Network analytics for cross-species comparisons: revisiting network alignment algorithms
	Humanizing model organisms via synthetic biology
	Integrative multi-omics and its role in providing more holistic insights
	Concluding remarks
	Acknowledgments
	References


