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Abstract

Over 40 years ago, Francois Jacob proposed that levels of “integrons” explain how biological
systems are constructed. Today, these networks of interactions between tissues, cells, organelles,
metabolic pathways, genes, and individual molecules provide key insights into biology. We
suggest that the wiring and interdependency between subsystems within a network are useful to
understand the aging process. The breakdown of one subsystem (e.g. an organelle) can have
ramifications for other interconnected subsystems, leading to the sequential collapse of subsystem
functions. On the other hand, the interconnected nature of homeostatic wiring can provide
organisms with the means of compensating for the decline of one subsystem. This occurs at
multiple levels in an organism — e.g. between organelles or between tissues. We review recent data
that highlight the importance of such interconnectivity/communication in the aging process; both
in progressive decline and longevity assurance.

“ Asa net is made up by a series of knots, so everything in thisworld is connected
by a series of knots. If anyone thinks that the mesh of a net is an independent,
isolated thing, he is mistaken.

... and each mesh hasits place and responsibilities in relation to other meshes.”
Buddha

Introduction

Aging is one of the highest risk factors known for most human diseases, including cancer,
neurodegeneration, diabetes, and metabolic syndrome. Given the importance of these
diseases in the population, as well as other age-associated phenotypes that contribute to
frailty as people age, there is a keen interest to define and understand the aging process. In
recent decades there have been regular intervals of excitement that “the key” to unlocking
our understanding of aging has been discovered. However the number of keys has been
increasing with the time spent looking for them and rather than coming to a clearer
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understanding (unifying theory), the number of hypotheses to define the aging process and
explain it has been increasing. While this may be perceived as confusing, more realistically
it reflects that as a field, the study of aging is still early in its development. It is at a stage
where the process of aging continues to be defined and discoveries continue to help us
realize there is still more underlying biology to understand. As a consequence, what we
learn from model systems are very important for helping us to define and understand the
aging process.

We begin by considering recent developments in the aging field in light of a fundamental
property of biological systems — interconnectivity [1]. All levels of interaction contribute to
the ultimate phenotype of an organism: interactions between tissues, between cells, between
organelles, between metabolic pathways, between genes, between individual molecules and
hormones [e.g. [2]]. With the help of network analysis, the complexity of such interactions
can be visualized — though admittedly, not always in a manner of easy comprehension — to
develop new ideas and questions relevant to the aging process. If we consider organelles as
one type of subsystem within a network, then when organelle A declines with age, a
connection with organelle B may result in B’s decline as well (depicted in Figure 1). These
age-relevant connections can come in two flavors. In one case, a normal functional
connection may become broken as organelle A declines — e.g. A normally provides a
biosynthetic product to B. Alternatively, a novel connection is created, with pathological
consequences for B, as A declines. It is also possible that more than one subsystem may be
sensitive to aging, albeit through distinct routes. How and whether these types of events
occur, is critical to developing a better understanding about aging.

A second type of interaction important in the aging process is the response of a biological
system to changes — i.e. the basis of homeostasis and biological anticipation. As an organism
ages, what types of response or compensation occur, and what is the consequence of the
response? For instance, is compensation “successful” and help to prevent dysfunction, or
does compensation result in unintended (negative) consequences, throwing different,
interconnected, subsystems into dysfunction?

Recent results illustrating the importance of such interconnectivity in the aging process are
highlighted below.

An example of the aging process at the cellular level: inter-organelle
dependency

An individual (mother) cell of the budding yeast, Saccharomyces cerevisiae, divides
asymetrically and produces a finite number of daughter cells. This attribute has made it a
model system for replicative cellular aging and has led the way for several discoveries that
are shared with aging phenotypes in metazoa [3].

An example of subsystem dependency in the aging process is increased nuclear genome
instability. In diploid lab strains carrying multiple heterozygous alleles, the frequency of
loss-of-heterozygosity (LOH) increases 40-100 fold in the progeny of old mothers
compared to progeny from young mothers [4]. The increase in LOH correlated with the
daughters of old mother cells displaying mitochondrial dysfunction [5], including a reduced
inner membrane potential (A¥). The AW is required for many aspects of mitochondrial
function, including import of nuclear encoded proteins such as those involved in iron-sulfur
cluster (ISC) biosynthesis [6,7]. Indeed, a mitochondrial-related defect in ISC biosynthesis
was shown to play a causal role in the nuclear genome instability of aging cells. This is
consistent with 1SCs being required cofactors in a number of enzymes involved in DNA
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replication and repair [8,9]. Thus several critical genome maintenance proteins may become
dysfunctional as a result of the reduced levels of I1SCs.

But what, then, caused a decline in the mitochondrial AW of aged mother cells? Here the
power of prior knowledge from genome-wide genetic screens in young cells was leveraged
to screen in aging cells for genes that delayed the onset of the age-associated mitochondrial
defect. The genes identified led to the discovery that vacuole pH increased early in the
lifespan of the yeast mother cell and that this change led to the reduced mitochondrial AW
[10]. (The vacuole is the yeast lysosome and most acidic compartment of the cell.) The link
between vacuolar pH increase and reduced mitochondrial membrane potential appears to be
mediated by the vacuole’s reduced capacity to store neutral amino acids (import and storage
requires an acidic vacuole). How reduction in neutral amino acid storage leads to a decline
in mitochondrial membrane potential remains to be determined, but mitochondria-dependent
catabolism of excess cytoplasmic amino acids may place a large burden on proton-
dependent mitochondrial carrier proteins and, in the process, overwhelm mitochondrial AW.

When more than one aging phenotype occurs in the same cell: Are they
connected?

Like vacuolar pH, another early asymmetry in age characteristics is the disproportionate
accumulation of hydrogen peroxide in mother cells during cytokinesis - a phenomenon
linked to an asymmetrical inheritance of pristine and active ROS defense systems [14].
Inactivation of peroxide reductases is one consequence of such a progressive accumulation
of peroxides during aging in both yeast and rats [15-17] and that this inactivation impacts
the rate of aging is evident by the fact that boosting the repair of damaged peroxiredoxins in
yeast extends life span [16]. An obvious question emerging from such data is whether the
repair of peroxiredoxin is bypassing or counteracting the detrimental effects of the early
breakdown of vacuolar pH control and ISC defects, i.e. are the vacuolar/ICS and ROS/
peroxiredoxin pathways of aging interconnected or independent?

Another canonical replicative aging phenotype in S cerevisiae is the accumulation of extra
chromosomal rDNA circles (ERCs) [18]. The yeast rDNA locus consists of 100-200 copies
of a directly repeated unit containing a sequence that can act as an origin of replication. As a
consequence of the structure of the rDNA locus, recombination can generate
extrachromosomal circles. ERCs accumulate in mother cells with replicative age because
they replicate and experience mother-biased segregation [19,20]. Although ERCs were
hypothesized as a causal agent in replicative aging more than 15 years ago, the mechanism
by which ERCs limit a mother cell’s life span is still a matter of conjecture, but recent data
suggest that the abundance of ERCs in yeast mother cells may act as a sink for limiting
replication factors [21]. Currently, ERC formation appears to be a stochastic event that is not
obviously connected to the early changes in aging — vacuolar pH and hydrogen peroxide
accumulation. Thus, does ERC formation represent another independent means of cell
aging? If so, are different cells in a population aging via different means? Examination of
terminal phenotypes of aged yeast cells, suggest that there are indeed different means to the
end [22,23]. Lastly, if more than one subsystem decays via independent means in a cell,
might they ultimately affect a common cellular subsystem that results in the cell’s demise?
For instance, given that several DNA replication and repair factors are dependent upon ISCs,
and that ERCs may be titrating away replication factors, could DNA replication completely
“collapse” in some aging cells?
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Examples of organelle/tissue interconnectivity behind life span extension

While nuclear, vacuolar, cytoplasmic, and mitochondrial defects can cause a sequential
degeneration of interconnected subsystems, some organelle dysfunctions can actually extend
life span. Recent examples from yeast highlight that mitochondrial dysfunctions can trigger
a “successful” nuclear response that delays aging. One such interconnected pathway,
described as “mitochondrial back-signaling”, involves inter-organelle coordination of
ribosomal biosynthesis between mitochondria and the nucleus [24]. Another link between
inter-organelle signaling and aging is provided by data demonstrating that inactivating
members of the mitochondrial translation control (MTC) module required for COB and COX
translation causes a robust sirtuin-dependent increased genomic silencing and extension of
replicative life span [25]. While the data on MTC-deficient cells has been interpreted as
demonstrating that the nuclear silencing apparatus senses and responds to functional defects
in mitochondria through PKA/TOR signaling [26] it is possible that the effects of MTC
deficiency on aging and silencing are more direct and involves mitochondrial proteins with a
dual role in translation and signaling [25].

Consistent with mitochondrial dysfunction triggering a survival response in yeast, it is
becoming clear that an analogous system might be conserved in metazoa. Mutation or RNA.I
perturbation of mitochondrial electron transport chain (ETC) subunits can extend longevity
in both worms and flies [27-30]. In worms, the survival response involves the unfolded
protein response of the mitochondria (UPR™!) [31] and might also impinge upon ROS
signaling. Additionally, stoichiometric imbalance of the ETC components, by reduction of
mitochondrial translation via RNAI or pharmacological inhibition, can also increase lifespan
and depends upon activation of the UPR™! [32]. This phenomenon might be conserved in
vertebrates as indicated by the extreme longevity of mice displaying polymorphisms in loci
of the mitochondrial ribosome [32].

With the findings that organelle dysfunction can lead to the onset of stress responsive
pathways that promote survival in unicellular and multicellular organisms, a crucial question
in the field has been to uncover whether these responses function only within a cell, or
whether there is broad communication across cells. In regards to age-related tissue decline,
if each cell independently determined its own stress responsiveness a model would emerge
whereby a certain proportion of cells would have to become unresponsive to give rise to
tissue decline. However, if stress responsiveness within each cell of a tissue was coordinated
by a master cell type, a different model would emerge whereby the ability to communicate
stress would be the major driving force behind age-related tissue decline. Each model need
not be mutually exclusive.

Aging in particular presents a difficult challenge towards the homeostatic regulation of
metabolism, and age is one of the greatest risk factors for a wide range of endocrine-based
diseases, including obesity, atherosclerosis, and diabetes [33]. This challenge appears to be
exacerbated by a severely diminished capacity in older organisms to appropriately regulate
cellular stress response pathways. In the nematode C. elegans, for example, the ability to
activate the cytosolic heat shock response and the UPRER is abrogated in older animals [34].
The failed induction of stress responses can subsequently affect overall survivorship of the
organism: stress responsive transcription factors are required for the longevity caused by
both reduced insulin/IGF1-like signaling (11S) and dietary restriction (DR) [35-37] .
Similarly, the UPR™ is required for the lifespan extension observed in nematodes with
mutations in mitochondrial genes [31,32].

Importantly, UPRER, cytoplasmic heat shock, and mitochondrial stress appear capable of
regulating stress in a cell non-autonomous or endocrine-like fashion (Figure 2). If just two
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out of the 302 neurons in C. elegansare ablated, for example, the whole organism loses the
capacity to upregulate its heat shock response [38]. Neuronal induction of the UPR™M s also
capable of activating the UPR™M in the distal cells [31]. Furthermore, neuronal induction of
one branch of the UPRER, the irel/xbp-1 branch, can activate the UPRER in distal, non-
neuronal tissues involving a neuroendocrine mechanism [33]. These observations suggest
that additional compartments within the cell might be capable of communicating to more
distal tissues such that they can coordinately regulate their stress response networks.

Is trans-cellular stress communication always good for the organism? Probably not: A
growing body of evidence suggests that communication of stress from non-neuronal tissues
can lead to cell non-autonomous tissue decline and decreased longevity. For example,
inappropriate signaling of the UPR™M or UPRER from muscle cells in the worm results in
decreased stress resistance and reduced longevity [31,33]. Additionally, excessive HSP90 in
non-neuronal cells results in induction of the heat shock response in distal cells and a
concomitant shortening of lifespan [39]. Finally, elegant work studying cellular senescence
of the adipose tissue in mice has found that introduction of senescent cells into otherwise
normal adipose reduces lipogenesis and adipose function through the action of senescent
associated secreted factors [40].

Concluding remarks

The quality control systems of an organism’s organelles, tissues, and organs have
traditionally been approached separately. Focusing instead on system interconnectivity,
stress-sensitive nodes, and inter-organelle/tissue communication offers a different slant on
damage propagation and the aging process. For example, part of the stochastic nature of
survival may be understood in view of each subsystem displaying distinct predispositions to
becoming non-functional in various individuals due to particular allelic makeups or to
specific environmental and external factors — this could lead to waves of decline in different
meshes of the network, each having a qualitatively different effect on survival/fitness.
Furthermore, inter-organelle communications that produce successful compensatory
responses, also depend on the spatial (tissue, organelle) origin of the signal. Thus, the node
that fails first may have a greater impact on whether compensatory cross-talk responses will
be successful or fail to bring the system back from the “tipping point™.

It is becoming increasingly clear that communication within cells and among cells aimed at
restoring homeostasis under conditions of stress is a key feature of successful anti-aging
programs. With the stochastic decline of survival with age, we must then begin to ask if
there is a driving event to this stochasticity? Is it merely a failure of independent systems
within a cell, among cells or could it be explained by the failure to communicate between
cells? To date, at least three core aging pathways have been discovered that appear to
transcend phyla: insulin/IGF1 signaling, the ETC pathway, and dietary restriction.
Reduction in the activity of any one of these pathways results in lifespan extension and most
have been shown to delay cell and tissue decline in one way or another. However, could
these pathways also impinge on the efficiency of communication within cells and among
cells? For example, it is possible that these pathways play a more prominent role in either
propagating or perceiving signals of cellular stress, rather than increasing the robustness of
“aging-sensitive” nodes in the homeostasis networks.

Finally, the concept of interconnectivity raises a number of obvious and intriguing
questions. For example, what are the aging-sensitive nodes? Are these nodes conserved
between cell types and species? What kinds of design principles make a node robust or
sensitive to age-related changes? Do multiple aging pathways run in parallel due to the
decline of multiple nodes or do such pathways converge and generate the same aging
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factors? How do different subsystems/meshes of the network cross-communicate with each
other in a cell non-autonomous manner? Does such cross-talk also include decisions to
destroy damaged subsystems, such as cells and organelles that have been pushed over the
edge? We believe that these questions are worth pursuing in the quest for a better
understanding of the aging process and how this process can be postponed.
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Figure 1. A cascade of interactions between organelles help define the aging process

The myriad of connections between subsystems (colored spheres) in a cell are represented
here as gray arrows. The vacuole (V), mitochondria (M) and nucleus (N) are represented in
this network schematic. As described in the text, reduced vacuole function (indicated by a
perforated circle — bottom left) early in a yeast cell’s life span, leads to an apparent
pathological interaction (red arrow) with mitochondria that in turn leads to reduced
mitochondrial function (bottom right). The dysfunctional mitochondria no longer produce
sufficient iron-sulfur clusters (loss of green arrow), which are required for normal DNA
replication & repair in the nucleus.
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Figure 2. Communication of proteostasis stress networ ks between cells and tissuesis essential for
metazoan aging

Signaling between cells is part of the aging process. In C. elegans, mitochondrial
proteotoxic stress in the nervous system leads to mitokines being sent to other cells. This
signaling elicits a mitochondrial stress response in distal cells of this metazoan and essential
for the increased longevity of animals with mitochondrial proteome imbalance. Similarly,
this phenomenon has been observed for the IRE-1/XBP-1 endoplasmic reticulum stress
response as well as the heat shock response, both of which can extend lifespan when
ectopically induced.
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