1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Genet Genomics. Author manuscript; available in PMC 2020 April 25.

-, HHS Public Access
«

Published in final edited form as:
J Genet Genomics. 2019 April 20; 46(4): 171-185. doi:10.1016/j.jgg.2019.03.011.

Organelle aging: lessons from model organisms

Mark Bouska, Kerui Huang, Ping Kang, and Hua Bai"
Department of Genetics, Development, and Cell Biology, lowa State University, Ames, IA 50011,
USA

Abstract

Most cellular processes descend into failure during aging. While a large collection of longevity
pathways has been identified in the past decades, the mechanism for age-related decline of cellular
homeostasis and organelle function remains largely unsolved. It is known that many organelles
undergo structural and functional changes during normal aging, which significantly contributes to
the decline of tissue function at old ages. Since recent studies have revealed an emerging role of
organelles as regulatory hubs in maintaining cellular homeostasis, understanding of organelle
aging will provide important insights into the cellular basis of organismal aging. Here we review
current progress on the characterization of age-dependent structural and functional alterations in
the more well-studied organelles, as well as the known mechanisms governing organelle aging in
model organisms, with a special focus on the fruit fly Drosophila melanogaster.
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1. Introduction

Aging is acknowledged as a complex trait that is influenced by both intrinsic and extrinsic
factors (Sutphin and Korstanje, 2016). Over the past two decades, hundreds of longevity
genes and pathways have been identified in model organisms (Kenyon, 2010). These
longevity factors are involved in nutrition and metabolic pathways (Kenyon et al., 1993;
Tatar et al., 2001; Kaeberlein et al., 2005), stress response (Hsu et al., 2003; Morley and
Morimoto, 2004; Tullet et al., 2008), inflammatory signaling (Zhang et al., 2013), and
epigenetic regulation (Rogina et al., 2002). It has become clear that these factors do not
work alone. For example, the cross-talks between insulin/insulin-like growth factor (IGF)
and SKN-1 (Skinhead family member 1 )/NFE2-related factor 2 (Nrf2) detoxification
pathways (Tullet et al., 2008), and between FOXO (forkhead box protein O) and TGF-beta

signaling pathways (Bai et al., 2013), have been shown to play an important role in longevity

control. These longevity factors also contribute significantly to cellular maintenance and
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tissue homeostasis. In particular, they play crucial roles in coordinating organelle functions
under stress and normal aging. Advances in organelle biology have revealed an emerging
role of organelles as regulatory hubs in maintaining cellular homeostasis, and the
coordination among different cellular compartments plays an important role in tissue aging
(Gough, 2016). It is evident that distinct structural and functional changes can be observed
in aging organelles. Interestingly, the age-related organelle impairments are often cell-type-
and tissue-specific. Due to their key role in cellular homeostasis, understanding the
mechanisms underlying age-related alterations in organelle function will help decipher the
cause of organismal aging. In this review, we will summarize the age-related structural and
functional changes of several well-studied organelles in Drosophila and other model
organisms.

2. The mitochondria

2.1. Mitochondrial ROS

Mitochondria are the power house of the cell, which produce most of the ATP in non-
photosynthetic eukaryotes through oxidative phosphorylation (Fig. 1). As the primary site
for oxygen consumption, mitochondria are also the major source of the reactive oxygen
species (ROS) in many cell types, due to the leakage of electrons from electron transport
chain (ETC) complexes. Thus, it is not surprising that mitochondrial dysfunction, increased
superoxide radical production, and elevated oxidative stress are the major hallmarks of aging
(L6pez-Otin et al., 2013).

The generation of ROS in the mitochondrial matrix has been assumed to be a major
contributor to oxidative stress and age-related pathology (Harman, 1956; Liochev, 2013).
However, the causal link between the average level of mitochondrial ROS and aging is not
direct. Many types of ROS, such as hydrogen peroxide (H,05), play important roles in redox
signaling, independently of oxidative damage. Thus, accumulation of oxidative damage is
due to changes in protection, damage repair, turnover, and compromised redox signaling,
instead of increases in ROS levels. There is an age-dependent increase in mitochondrial
H»0, levels in aged female and male Drosophila (56-day-old) (Ferguson et al., 2005;
Cocheme et al., 2011), detected by an engineered ratiometric mass spectrometry probe
targeted to mitochondrial matrix. (Cocheme et al., 2011; Cocheme et al., 2012). The possible
explanation for increased H,O, is defective ETC activity (discussed in the following
section), or decreased physical activities of elderly flies (Murphy, 2009; Cocheme et al.,
2011). However, despite of its lifespan extension effect, dietary restriction did not affect
H,0, (Cocheme et al., 2011). ROS restricted to certain locations, such as cytosol and
peroxisome, may play a more important role in lifespan. In addition, tissue-specific
mitochondrial changes may be critical during the aging process. To detect tissue-dependent
changes in H,0, levels, new H,0, and glutathione reporter lines have been generated by
fusing redox-sensitive GFPs (roGFPs) to either H,O, sensor oxidant receptor peroxidase 1
(Orpl) or glutaredoxin (Grx) in Drosophila (Albrecht et al., 2011). These reporter lines
allow actual measurement of intracellular redox states at different ages in a tissue-specific
manner, and a significant variation of mitochondrial H,0, levels was detected within
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patches of adult adipose tissue. However, these studies are unable to identify the causal link
between mitochondrial H,0, levels and lifespan.

Although the well-known free radical theory of aging predicts that age-dependent increase in
ROS production can be detrimental to tissue function and organism survival, the contribution
of ROS-mediated oxidative damage to aging has been challenged by several studies (Gems
and Doonan, 2009; Van Raamsdonk and Hekimi, 2009; Yang and Hekimi, 2010). In
Drosophila, adult-specific over-expression of mitochondrial Mn-superoxide dismutase
(MnSOD) or Cu/Zn-SOD extends the lifespan (Sun and Tower, 1999; Sun et al., 2002),
whereas constitutive expression of MnSOD and catalase has no apparent effects, or in some
cases shortens lifespan (Bayne et al., 2005; Mockett et al., 2010). Studies in Caenorhabditis
elegans also show that low doses of ROS-generating chemical reagents (e.g., paraquat)
extend lifespan (Yang and Hekimi, 2010). An explanation for this seemingly contradictory
observation is that the mild oxidative insults might stimulate mitohormesis, an adaptive
response associated with prolonged lifespan and healthspan. Further investigations are
needed to illustrate the specific mechanism for ROS-mediated lifespan regulation.

2.2. ETC function is compromised during aging

The idea that mitochondrial wellness plays the central role in aging is not new (Harman,
1972). Several aspects of mitochondrial morphology, function, and activity are compromised
during aging, and one signature is the decrease of electron transport activity (Fig. 1). In
Drosophila, there is a significant reduction in the activity of cytochrome ¢ oxidase (COX;
also known as complex 1V) by 35% during aging (Ferguson et al., 2005). Interestingly, the
expression of complex IV does not change with age, suggesting that the reduction of
complex IV activity may be due to the protein conformation changes or decreased turn-over
rates (Benzi et al., 1991; Shiva et al., 2001). In addition, the state 3 respiration rate and
uncoupled respiration of isolated muscle mitochondria decrease significantly with age.
Potential causes for decreased state 3 respiration rate include the impairment of electron
flow in ETC and reduced substrate availability. A decrease in complex IV activity could
impair electron flow within the ETC system. In addition, activities of aconitase (an enzyme
that converts citrate to isocitrate) and adenine nucleotide translocator (ANT) decrease in
aged flies (Yan and Sohal, 1998; Das et al., 2001). Such changes will have devastating
consequences to the cell, including reduced production of NADH and FADH,, thus
providing less reducing substrates for electron transport. Together, these cellular changes
lead to impaired state 3 respiration rate during aging. The reduction of complex 1V activity
also is associated with an increase in H,O5 production (Ferguson et al., 2005). In addition,
similar reduction of complex IV activity is found in D. subobscura and mammals (Ferrandiz
etal., 1994; Morel et al., 1995; Andreu et al., 1998; Kwong and Sohal, 2000; Navarro and
Boveris, 2004), suggesting that age-dependent decrease in mitochondrial respiratory activity
is evolutionarily conserved. The initial cause of reduced complex 1V activity is still unclear.
It has been suggested that oxidoreductases of complex IV are sensitive to increased ROS
damage during aging (Ferguson et al., 2005). Besides altered ETC activity, the transcription
of mitochondrial genes in complex -1V are also repressed during aging in both Drosophila
and C. elegans (McCarroll et al., 2004). Consistent with these findings, through Ribo-tag
translatomic profiling, we recently found that genes in oxidative phosphorylation pathway
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are down-regulated in aged Drosophila oenocytes (Huang et al., 2019). The dampened
expression of these genes can result in a significant increase in ROS production (Owusu-
Ansah et al., 2013; Lopez-Fabuel et al., 2016).

Despite the fact that ETC activity declines with age, several early studies from C. elegans
and mice indicate that moderate knockdown of ETC genes can promote lifespan (Dillin et
al., 2002; Liu et al., 2005; Rea et al., 2007; Lapointe and Hekimi, 2008). In Drosophila,
knockdown of five components in mitochondrial complexes I, 111, 1V, and V extends
lifespan, probably through mitohormesis (Copeland et al., 2009). Muscle-specific
knockdown of complex | protein ND-75, a NADH dehydrogenase, preserves muscle
function and prolongs lifespan, linking muscle mitohormesis to longevity control (Owusu-
Ansah et al., 2013). Such extension of lifespan is likely the results of compensatory
responses which further induce oxygen consumption through mitochondria biogenesis, and
upregulate cellular-defense and metabolic genes (Cristina et al., 2009). Nevertheless,
mitochondrial respiratory activity is pivotal for lifespan regulation. Dietary restriction
prolongs lifespan in part through the regulation of mitochondrial respiration. Down-
regulation of mitochondrial complex I, IV and V diminishes dietary restriction-mediated
longevity (Zid et al., 2009; Bahadorani et al., 2010). In addition, up-regulation of the
DrosophilaPGC-1a homolog (dPGC-1/spargel), an important regulator for mitochondria
biogenesis and metabolism, can prolong lifespan (Rera et al., 2011). In summary, ETC
function is compromised during aging, which might be a result of accumulated ROS
elevation from weakened antioxidant defense and altered metabolic process. Manipulation of
ETC activity through pharmaceutics to extend lifespan in late life, or to induce mitohormesis
at young age to prevent age-related diseases, will be a promising avenue to pursue.

2.3. Carbonylation of mitochondrial proteins increases with age

ROS is known to structurally modify intracellular proteins, including the formation of
disulfide cross-links and carbonyls (Stadtman, 1992; Dean et al., 1997). Carbonyl formation
can occur on the side chain of amino acids by direct oxidation, and carbonyl group can be
added to proteins through the reaction with carbonyl derivatives or aldehydes that are
produced during lipid peroxidation (Berlett and Stadtman, 1997). In Drosophila, the
carbonylation of mitochondrial proteins of thoracic flight muscle is elevated during aging,
independent of protein abundance (Toroser et al., 2007) (Fig. 1). Carbonylation of
mitochondrial proteins can be detrimental and influence mitochondrial respiratory activity
(Hillered and Ernster, 1983; Stadtman, 1992; Yan et al., 1997). Interestingly, mitochondrial
aconitase and ANT are specifically targeted for carbonylation modification during aging,
which is thought to be related to the decline of their catalytic activities (Yan and Sohal,
1998; Das et al., 2001; Nystrom, 2005). The increased carbonylation of aconitase and ANT
may be due to their sensitive to oxidative damage. Aconitase contains a metal-binding site
which is a key feature to its susceptibility to oxidation (Stadtman, 1992). An additional
factor for carbonylation is the decline of anti oxidative defense along with the increased
protein oxidative damage during aging (Yan and Sohal, 1998). A study has uncovered a
crosstalk between the circadian clock and carbonylation in Drosophila. The disruption of
circadian rhythms by the mutation of period (per®) accelerates aging and induces high
levels of protein carbonyls and lipid peroxidation, especially at old ages (Krishnan et al.,

J Genet Genomics. Author manuscript; available in PMC 2020 April 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bouska et al.

Page 5

2009). Based on current evidence, elevated carbonylation of mitochondria proteins could be
attributable to imbalanced prooxidant generation and antioxidant defenses.

2.4. Structural changes of mitochondrial inner membrane under aging

Mitochondrial inner membrane folds to form cristae, which provide a large surface area to
house enzymes that aid in aerobic cellular respiration. Early electron microscopy studies
have revealed the enlarged mitochondria with intramitochondrial glycogen particles, as well
as reduced cristae (often oriented circumferentially) in aged Drosophila (Sohal, 1970) (Fig.
1). Walker and Benzer (2004) discovered the formation of “swirl”, a rearrangement of
mitochondria cristae, under oxidative stress and normal aging in Drosophila. The cristae
involved in a swirl are deficient in respiratory enzyme COX activity, possibly due to altered
conformation. In addition, the presence of the swirl is associated with apoptotic cell death in
flight muscle tissue of Drosophila by a conformational change in cytochrome ¢ (Cho et al.,
2011). A genetic screen in Drosophila also identified a hyperoxia sensitive mutant,
hyperswirl (hys), which is short-lived and exhibits increased mitochondrial swirls in flight
muscle (Walker and Benzer, 2004).

An electron cryo-tomography analysis suggests that the ultrastructure of mitochondria is
highly heterogeneous in aged Drosophila. The mitochondrial inner membrane in old flies
exhibits various non-standard shapes, such as spherical or concentric shapes. Some
mitochondria lose cristae entirely or have minimally developed cristae, indicating a
dissociation of mitochondrial ATP synthase dimers, which are important to maintain highly
curved cristae ridges by reducing membrane elastic energy (Davies et al., 2012). Such
drastic changes in mitochondrial morphology correlate with decreased oxygen uptake and
increased peroxide yield in old mitochondria. Thus, the formation of the swirl and the
altered ultrastructure of mitochondria suggest the damaged and deformed mitochondria
during aging, which can eventually result in apoptosis by releasing cytochrome ¢ (Wang and
Youle, 2009). Unlike in Drosophila, the correlation of mitochondrial morphology and
activity is less evident in mouse (Brandt et al., 2017).

2.5. Mitochondrial fission and fusion show tissue-dependent changes during aging

Mitochondrial morphology is hardly static, instead, it is undergoing constant changes
through fission and fusion processes. Mitochondrial fission and fusion are tightly linked to
mitophagy, a selective autophagy for mitochondrial degradation (reviewed in autophagy
section) (Hoppins et al., 2007; Smirnova et al., 2001). Mitochondrial fission can separate
impaired daughter units thus assisting autophagic processes. In contrast, fusion serves to
diffuse damaged mitochondrial proteins, so that functional proteins can compensate to
prevent their removal (Smirnova et al., 2001). Mitochondrial fission and fusion processes are
mediated by large guanosine triphosphatases (GTPases) in the dynamin family, which are
well conserved between yeast, flies, and mammals (Rana et al., 2017). Mitofusin (Mfn)
proteins mediate fusion, whereas mitochondrial fission is regulated by dynamin-related
protein 1 (Drpl) (Cao et al., 2017; Rana et al., 2017). Studies have indicated that proceeding
to mitophagy, Parkin, an E3 ubiquitin ligase, mediates turnover of Mfn to favor fission over
fusion (Youle and van der Bliek, 2012; Ashrafi and Schwarz, 2013).
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Mitochondrial fusion increases significantly under normal aging (Sun et al., 2015) (Fig. 1),
which is correlated with increased Mfn protein abundance (Rana et al., 2013). The midlife
shift toward more elongated form of mitochondria is associated with mitochondrial
dysfunction and loss of proteostasis (protein homeostasis) (Rana et al., 2013). Short-term
over-expression of Drpl in midlife can restore mitochondrial fragmentation, oxidative
phosphorylation, and electron transport system capacity in old flight muscle. Both Drpl
over-expression and Mfn knockdown extend lifespan and restore proteostasis in Drosophila
(Rana et al., 2017), supporting the view that accumulation of elongated dysfunctional
mitochondria contributes to age-induced proteotoxicity. One possible explanation for the
shift of mitochondrial dynamics towards fusion is to adapt to age-onset mitochondrial
damage, because fusion can mitigate the damage by complementing the dysfunctional
proteins and lipids with other mitochondria. Drp1-mediated lifespan extension is related to
autophagy, as researchers have found that disrupting A#g/ can suppress the beneficial effects
of midlife Drpl induction (Rana et al., 2017). In contrast to the findings mentioned above,
age-dependent increased mitochondrial fragmentation is found in Drosophila wing nerves.
The proportion of long axonal mitochondria (tubular and hyperfused) decreases in aged
wing nerves (Cao et al., 2017). Mitochondrial fission (Drpl) and fusion (Mfn and Opal)
factors, but not mitophagy proteins (Parkin and PINK1), are involved in the morphology
regulation of axonal mitochondria, suggesting mitophagy is dispensable in maintaining
axonal mitochondrial morphology in wing nerves (Cao et al., 2017). Together, these findings
suggest that age-associated mitochondrial fusion might be tissue-specific. Tissues that
require high levels of energy production such as muscle and liver, may heavily rely on
mitophagy to remove dysfunctional organelles. As their high-level ROS production will
accelerate the damage rate for mitochondria, mitophagy is an effective way to recycle.
However, peripheral organs, such as wing nerves, deploy other mechanisms to recycle
damaged mitochondria.

2.6. Mitochondrial chaperone Hsp22

In face of increasing amount of protein aggregation, molecular chaperones, such as heat
shock proteins (HSPs), are up-regulated in Drosophila. \n Drosophila, 7 out of 12 small
HSPs (sHSPs) are known to be up-regulated under normal aging. Among them, Hsp22 is
localized in the mitochondrial matrix (King and Tower, 1999). During aging Hsp22 is
induced 60-fold in Drosophila heads (Landis et al., 2004; Morrow et al., 2004; Tower et al.,
2014) (Fig. 1). Other fly tissues, like oenocytes, also exhibit similar induction of Hsp22
(Landis et al., 2004). Over-expression of Hsp22 either ubiquitously or in motor neurons has
been demonstrated to preserve locomotor activity and increase lifespan by up to 30% in
Drosophila (Dabbaghizadeh et al., 2018). This can be achieved by preventing protein
aggregation and damage through Hsp22’s chaperone activity (Morrow et al., 2006). In
oenocytes, over-expression of Hsp22 and MnSOD significantly decreases age-induced
pigments (Pickles et al., 2018). The targets of Hsp22 in mitochondria are currently unclear.
Using immune-affinity conjugation and mass spectrometry, factors involved in ATP synthase
pathway are identified as Hsp22-interacting proteins in HeLa cells. Expression of
Drosophila Hsp22 in HelLa cells significantly increases ETC respiration and ATP levels
(Cornelissen et al., 2018). It is likely that increased Hsp22 expression during aging is a
compensatory response to maintain cellular homeostasis by protecting mitochondrial
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proteins from mis-folding and enhancing proteostasis in mitochondria (Acunzo et al., 2012;
Morrow and Tanguay, 2015). Together, Hsp22 could act as a chaperone by preventing
mitochondrial protein aggregation (Fig. 1). The effectiveness of Hsp22 to increase lifespan
reflects the importance to maintain mitochondrial proteostasis and integrity during aging.
How Hsp22 is up-regulated under aging remains to be addressed in the future.

In summary, aging mitochondria exhibit several functional and structural changes, such as
decreased complex 1V activity, increased protein carbonylation, reduced inner membrane
cristae, and increased fusion. These changes are often accompanied with defective ETC
(reduced ATP production) and increased superoxide radical production. Although further
work is needed to determine the cause of age-related mitochondrial dysfunction, it is evident
that many of these alterations are tissue-specific. Different quality control systems
(mitophagy vs. fusion-fission) might be used by different tissues to cope with mitochondrial
damage during aging. In addition, while ETC activities are significantly compromised
during aging, mild mitochondrial stress (mitohormesis) early in life can prolong lifespan
through induction of cytoprotective pathways (Yun and Finkel, 2014). The anti-aging signals
triggered by mitochondrial stress, especially those systemic factors mediating inter-organ
communication, have been the major focus in mitochondrial aging field (Taylor et al., 2014).

3. The nucleus

3.1. Changes in nuclear lamins and nuclear membrane structure during aging

There are distinct features that differentiate young from aged nuclei (Fig. 2).. The nuclear

lamina, the interior structure of the nuclear envelope, contributes to both structural support
and transcriptional regulation in the nucleus. The major components of the nuclear lamina
are nuclear lamins (also known as Class V intermediate filaments).

In Drosophila, the expression of B-type lamin (Lam) is decreased in brain and fat bodies
with age, but the underlying cause is unclear (Chen et al., 2014; Tran et al., 2016). Age-
dependent reduction of Lam in Drosophila fat bodies induces inflammation and hyperplasia
in aged gut through altered peptidoglycan recognition proteins (PGRPs) (Chen et al., 2014).
The decline of Drosophila Lam in fat bodies correlates with decreased H3K9me3 and
increased H3K4me3 which leads to an increase in retrotransposons. The corresponding
increase in transposon activity may result in increased double stranded DNA breaks
(suggested by antibodies against y-H2AvD - a histone that becomes phosphorylated with
DNA damage) (Chen et al., 2016). Alternatively, while reduced Lam in specific cell types is
associated with aging, the induced expression of farnesylated lamina proteins Lam and
Kugelkern (kuk) leads to a detachment of heterochromatin from the nuclear membrane,
production of nuclear membrane lobulations, and shortened lifespan (Brandt et al., 2008;
Petrovsky et al., 2018) Unifying the results from Drosophilato humans, truncated
Drosophila Lam or kuk can induce senescence phenotypes in mammalian cells (Brandt et
al., 2008). It is important to note that the Lam decline with age is predicted to occur post-
transcriptionally (Petrovsky et al., 2018), which could involve lamin modifications including
phosphorylation, SUMOylation, and glycosylation (de Leeuw et al., 2018). These results
demonstrate that loss of the delicate Lam balance is upstream of specific types of DNA
damage and cell senescence during aging, as well as age-related changes in heterochromatin.
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Mutations of the Drosophila A-type lamin (LamC) cause a defect in nuclear envelope
budding. Nuclear envelope budding is critical, because it often involves the envelopment of
subsets of mitochondria-associated RNAs (including RNAs of mitochondrial assembly
regulatory factor (Mart) and ATP synthase subunits § and a.) at the inner nuclear membrane
and the release of these RNAs at the outer nuclear membrane. Young LamC mutants exhibit
decreased levels of specific mitochondrial protein transcripts (mtRNAS), progressive
mitochondrial degradation and increased polyubiquitinated protein aggregates (Li et al.,
2016). These findings suggest that defects in nuclear envelope budding and mtRNA delivery
could result in defective mitochondria, induction of ROS, and proteostasis collapse during

aging.

The cytoskeleton, lamins, and chromatin all serve to balance forces that stabilize the nuclear
envelope architecture. Chromatin’s role as a nuclear envelope force mediator has been
demonstrated via Condensin 11, which is required for compaction of chromosomes and aids
in chromatin-lamin linkage. Over-expression of Condensin 11 leads to nucleoplasmic
reticulum invaginations from the nuclear membrane, leaving double membrane structures
that lack DNA or histones in their interior (Bozler et al., 2015). This is consistent with a
prominent phenotype seen in the vast majority of aged Drosophilanuclei, i.e., increased
double membrane structures in the nucleus [107]. These observations strongly indicate that
it is not simply direct gene expression being affected by chromatin modifications during
aging. Rather, the force interplay between chromatin and the nuclear lamina alters the
morphology of the nucleus itself, leading to disruptive nuclear structures that further impact
aging. In humans, autophagy protein LC3 has been detected in the nucleus, which interacts
with lamin B1 to facilitate lamin B1 degradation upon oncogenic insults (Dou et al., 2015).
It will be interesting to see how autophagy contributes to the change of lamina structure
during aging.

Thus, defects in lamina homeostasis appear to be a central aging hub as they are linked with
chromatin organization, nuclear envelope budding, DNA damage, mitochondrial
dysfunction, autophagy impairment, and senescence. The maintenance of nuclear lamina is
particularly crucial in Drosophila possibly because most adult cells are post-mitotic.

3.2. Altered chromatin landscape

One of the major age-related changes in nuclei is the alteration of nucleosome structure,
such as loss of histones from the DNA (Feser et al., 2010; Hu et al., 2014) (Fig. 2). The loss
of histones is mainly due to the decreased expression of core histone proteins and reduced
histone chaperones (Feser et al., 2010; Ivanov et al., 2013; Liu et al., 2013). The altered
nucleosome structure will have profound impacts on chromatin landscape and transcriptional
activity during aging in multiple organisms.

Aside from the changes in core histone protein levels, histone modifications are major
players during aging and result in the dispersion of chromatin from its earlier state. For
example, specific histone phosphorylation levels are elevated in subsets of neurons in
humans during aging as well as in Alzheimer’s neurons (Lardenoije et al., 2015), leading to
the question — does reversing or preventing histone modifications affect aging? This in fact
has been shown to be true in fly lines that mimic reduced phosphorylation of histone H3
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serine 28 through a serine to alanine mutation (H3S28A). The adjustment of this particular
histone modification greatly extends lifespan as well as heart health (Joos et al., 2018). The
life extension is linked to the unphosphorylated state of H3S28 reduces the binding of
Polycomb Repressor Complex 2 (PRC2) to histone tails (‘Yung et al., 2015), which is crucial
for PRC2-mediated H3K27 trimethylation (H3K27me3). H3K27me3 normally becomes
dispersed with age and, more importantly, correlates to age-related gene expression changes
(Wood et al., 2010; Jeon et al., 2018).

Heterochromatin can be modulated not only to extend or shorten lifespan, but also to
recapitulate aging phenotypes. For example, nucleolar heterochromatin markers
trimethylated lysine 9 of histone H3 (H3K9me3) and heterochromatin protein 1 (HP1)
become dispersed with age (Wood et al., 2010). Consistently, knockdown of Drosophila HP1
or the H3K9me2/3 methyltransferase Su(var)3-9 can mimic the aging dispersion phenotypes
(Wood et al., 2010; Jeon et al., 2018). Alternatively, by reducing heterochromatin dispersion
through over-expression of HP1 or Su(var)3-9, lifespan is increased and transposable
elements (TESs) are repressed (Larson et al., 2012; Wood et al., 2016). Similarly, mutations in
PRC2 subunits E(Z) and ESC prevent the dispersion of H3K27me3 with age and extend
lifespan (Siebold et al., 2010; Ma et al., 2018). In Drosophila, heterochromatin levels and
longevity can be affected simply by methyl group availability. This is demonstrated through
knockdown of methionine pathway components dAhcyL1 and dAhcyL 2, which results in
decreased H3K4me3 levels, prolonged lifespan, and improvement in multiple health
indicators (Parkhitko et al., 2016).

While histone phosphorylation and methylation correspond to age-related gene expression,
histone acetylation also plays a role. In the midlife of Drosophila, there is an increase in the
levels of acetyl-CoA, H4K12 acetylation, and euchromatin formation. Reversal of the
H4K12 acetylation trend by reduction of histone acetyltransferase Chameau results in
extended lifespan (Peleg et al., 2016). Increasing deacetylation through over-expression of
either histone deacetylase 1 (HDAC1/Rpd3) or NAD*-dependent histone deacetylase Silent
Information Regulator 2 (Sir2) can also extend lifespan in Drosophila (Rogina et al., 2002;
Rogina and Helfand, 2004). Although there has been some controversy over Sir2 and
lifespan, it is important to note that the life extension via Drosophila Sir2 is tissue-specific
(muscle tissue-specific expression has little effect) and dosage-dependent (2-5 fold induction
is efficacious, while excessive expression is fatal) (Whitaker et al., 2013).

Retrotransposons make up ~30% of the Drosophila genome. The expression of TEs, such as
R2 and Gypsy, is significantly up-regulated in aged flies (Li et al., 2013), suggesting a
potential role of TEs in the aging process. Mutation of Drosophila Argonaute 2 (dAgo2)
leads to activation of TEs and shortened lifespan (Li et al., 2013). Adenosine deaminase
acting on RNA (ADAR) enzymes catalyze the editing of nucleotides, and as such, ADAR
represses the positive effects of Argonaute and RNAI silencing (Savva et al., 2013).
Reducing levels of Drosophila ADAR decreases RNA editing and extends lifespan.
Cumulatively these results demonstrate that methods which repress TEs generally enhance
lifespan. Future development of interventions that maintain TE repression will be needed to
prolong healthspan and lifespan.
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3.3. Nucleolar size decreases with age

The size of the nucleolus is a significant predictor of lifespan. It has been shown that
reduction in nucleolar size is associated with the interventions that increase lifespan (e.g.,
dietary restriction, inhibition of the Target of Rapamycin (TOR), and mutations in
Drosophila insulin signaling and TGF-beta/activin pathways) (Bai et al., 2013; Martins et
al., 2017; Tiku et al., 2017) (Fig. 2). Somewhat counterintuitive to these findings is that the
nucleolar size often shrinks with age. The reduction of nucleolar size generally corresponds
with the reduction of ribosomal proteins, rRNA levels, and nucleolar proteins (e.g.,
fibrillarin) (Tiku et al., 2017). Interestingly, over-expression of a basic helix-loop-helix
transcription factor Mnt in flight muscle prolongs lifespan while concurrently reducing the
size of the muscle nucleolus in Drosophila (Demontis et al., 2014).

It appears that nucleolar size may be an important readout in aging process, owing to it
being seen in diverse longevity mutants. However, the molecular mechanisms underlying
this change remain to be further deciphered. It is likely that longevity pathways act on a
common beneficial pathway that limits the production of ribosomal RNAs and nucleolar
proteins. Combination of genetic screenings and aging transcriptomes will allow the
discovery of candidate pathways involved in the regulation of nucleolar size during aging.

3.4. Nuclear inclusions and virus-like particles

In Drosophila, nuclear inclusions and virus-like particles (VLPs) within the nucleus become
much more prominent with age (Miquel et al., 1972; Gartner and Gartner, 1976) (Fig. 2).
Nuclear inclusions have several characteristic morphologies, and one is that they can consist
of single or double membranes surrounding a cytoplasmic-like material containing varying
degrees of aggregated particles. With increasing age the inclusions often begin to contain
smooth endoplasmic reticulum-like structures or have properties of other cytoplasmic
organelles. Importantly, the membranes of these inclusions have similar properties to the
nuclear membrane, and as such chromatin can link to the inclusion membrane surfaces
(Gartner and Gartner, 1976). Over-expression of the nuclear lamina protein kuk results in
nuclear inclusion-like bodies, with double membranes surrounding what are speculated to be
ribosomes (Brandt et al., 2008). Although it appears that laminar defects may be an
underlying cause of nuclear inclusions, the fact that inclusions often have structures
representative of other cytoplasmic organelles leaves open the possibility of an unexplored
alternative explanation.

Nuclear VLPs have been shown to lack DNA, rather they contain RNA. Specifically, VLPs
regularly contain RNA sequences homologous to a transposon known as copia (Shiba and
Saigo, 1983). This indicates that VLPs may be partly due to age-related retrotransposon
silencing defects. Reduction of an important nucleolar phosphoprotein, Noppl40, leads to
VLPs in the nucleus (James et al., 2013). Additionally, knockdown of the chromatin
modifying enzyme Poly ADP-ribose polymerase (PARP) leads to a ~50-fold increase in the
expression of copia. PARP knockdown also alters heterochromatin repeat regions and affects
nucleolar density (Tulin et al., 2002). The buildup of nuclear inclusions and VLPs with age
likely contributes to a gradual change in phase transition states within the nucleus.
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In summary, the aging nucleus displays significant structural and molecular changes,
including dispersion of chromatin, nuclear membrane lobulations, detachment of inner from
outer nuclear membrane, decrease in nucleolar size, and increases in TE transcripts and
nuclear inclusions (Fig. 2). Meanwhile, there are many key questions that are still open. For
example, to what extent do age-related changes in nuclear lamins contribute to other nuclear
aging phenotypes (e.g., dispersion of chromatin, increases in TE transcripts and nuclear
inclusions)? What is the underlying mechanism for age-dependent activation of TEs? Is the
alteration of the chromatin landscape the fundamental cause of aging and senescence?
Accumulated evidence indicates that structural changes of the nucleus not only alter
processes within the nucleus, but also impact the function of other organelles in the cells
(e.g., mitochondria (Cannino et al., 2007; Li et al., 2016) and autophagosome/lysosome
(Silvestrini et al., 2018). Further studies are needed to determine the specific mechanisms
underlying the complex crosstalk between the nucleus and other organelles during aging.

4. The autophagosome and lysosome

4.1. Autophagosome turnover declines with age

Autophagy was originally discovered as a cytoplasmic degradation process and cellular
adaptive response to stresses (Hruban et al., 1963; Deter et al., 1967) (Fig. 3). Although
degradation-independent roles of autophagy (such as secretory autophagy) have been
discovered (Ponpuak et al., 2015), the major function of autophagy is to support cellular
quality control and facilitate lysosome-mediated degradation and recycling. Depending on
the mode of cargo sequestration, autophagy can be classified into three major types:
macroautophagy, microautophagy, and chaperone-mediated autophagy (Hansen et al., 2018).
Much of this section will focus on macroautophagy.

Due to its important role in recycling of cellular damage, the autophagy/lysosome system
has been implicated in tissue homeostasis and organismal aging (Rubinsztein et al., 2011).
Mounting evidence suggests that autophagic activities decline with age along with loss of
tissue homeostasis. The evidence comes from three different aspects. First is the decline of
MRNA and protein expression of autophagy genes. For example, the transcripts of AfgZ,
Alg2, Atgs, Atg6, Atg7, Atg8a, Atgl8, and bchs decrease in aged flies (Simonsen et al.,
2008; Demontis and Perrimon, 2010). The protein level of Atg8a is reduced by 60% in 4-
week-old flies (Simonsen et al., 2008). Second, the number of autophagosomes and
lysosomes declines with age. In Drosophila flight muscles, the number of autophagosomes
(labelled by Atg5-GFP) and lysosomes (labelled by Lampl-GFP) decreases with age
(Demontis and Perrimon, 2010). Similarly, the autophagosome formation, indicated by
lipidated LC3-I1 (microtubule-associated protein 1 light chain 3-11), decreases in aged mouse
hearts (Taneike et al., 2010). The third line of evidence is the accumulation of damaged
organelles (e.g., mitochondria) and p62-positive protein aggregates. p62/Ref(2)P is an
adapter protein that recruits polyubiquitinated proteins to autophagosome for degradation
(Nezis et al., 2008). Increased levels of p62/Ref(2)P-labelled polyubiquitinated proteins has
been observed in aged flight muscles and brains in Drosophila (Demontis and Perrimon,
2010; Bartlett et al., 2011).
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However, the above observations do not provide direct evidence for age-dependent changes
in autophagic activity. In fact, recent studies show that the number of autophagosomes
increases with age, rather than decreases (Chang et al., 2017a; Chang et al., 2017b; Rana et
al., 2017; Wilhelm et al., 2017). It seems that the increased autophagosome number is not
due to the induction of autophagosome formation, instead it reflects the blockage of
autophagosome turnover or degradation. An elegant study conducted in C. elegans shows
that autophagic flux declines in aged nematode tissues (Chang et al., 2017a). Reduction of
insulin/IGF signaling (11S) via gaf-2 mutation induced autophagic flux throughout
adulthood. The autophagic flux assay directly measures autophagosome turnover using an
autophagosome/autolysosome reporter (GFP::LGG-1) along with the lysosomal inhibitor
Bafilomycin Al (Baf Al). We recently applied this flux assay to study autophagic activity
during cardiac aging in Drosophila. We observed a similar age-dependent reduction of
autophagosome turnover in aged fly hearts (Chang et al., 2017b). The longevity paradigms,
like mutations in insulin signaling and TGF-beta/activin pathways, can ameliorate the age-
dependent decline of autophagosome turnover (Chang et al., 2017a; Chang et al., 2017b).
However, not all paradigms show the same effects on age-related changes in autophagic
capacity (Chang et al., 2017a). Aside from the defects in autophagosome turnover or
degradation, it remains unclear whether autophagosome formation is also dysregulated
during aging.

4.2. Changes in lysosomal acidity during aging

4.3.

The decreased autophagosome turnover can be caused by reduced lysosomal function or
blockage of the fusion between autophagosome and lysosome. It is known that lysosomal (or
vacuolar) acidity declines during replicative aging in budding yeast Saccharomyces
cerevisiae (Hughes and Gottschling, 2012; Carmona-Gutierrez et al., 2016) (Fig. 3).
Although the impact on autophagy was not examined in these studies, age-related decline of
vacuolar pH significantly impairs mitochondrial morphology and function (e.g., membrane
potential). Over-expression of Vmal, a catalytic subunit of the peripheral-membrane-
associated V-ATPase, ameliorates age-dependent mitochondrial dysfunction and decreased
vacuolar acidity (Hughes and Gottschling, 2012). It remains to be determined whether
reduced lysosomal acidity is the major cause for the blockage of autophagosome turnover in
other organisms. On the other hand, it has been suggested that lipofuscin, the indigestible
oxidized macromolecules (mainly proteins and lipids), accumulates within lysosome with
age and impairs lysosomal degradation capacity. Lipofuscin-containing lysosomes can act as
sinks to trap newly synthesized lysosomal acid hydrolase to further reduce the normal
function of lipofuscin-free lysosomes (Brunk and Terman, 2002; Terman and Brunk, 2004).

Mitophagy and mitochondrial quality control

As organisms age, ROS-induced mitochondrial damage can trigger either repairing
mechanisms through fission and fusion, or clearance of damaged mitochondria through
mitophagy (Michaud et al., 2002; Youle and Narendra, 2011). Increased co-localization of
lysosome and mitochondria is observed in Drosophila muscles and brain tissues at old age
(Cornelissen et al., 2018) (Fig. 3). Using a mitophagy marker mt-Keima, it has been shown
that the abundance of lysosome-localizing mitochondria can increase 10-fold in muscles and
2-fold in dopaminergic neurons by 4 weeks of age (Cornelissen et al., 2018). However,
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increased instances of lysosome and mitochondria co-localization may represent a decreased
degradation capacity of lysosome. In fact, using the same reporter, a decrease in mitophagy
is found in aged mouse brain tissues (Davies et al., 2001). Further investigation is needed to
determine how mitophagy is altered with age.

Mitophagy is known to be regulated by a group of evolutionarily conserved factors (Fiesel et
al., 2015), such as PINK1 (PTEN-induced putative kinase 1) and Parkin (an E3 ubiquitin
ligase). PINK1 is a mitochondrial kinase and it phosphorylates Parkin upon mitochondrial
damage. Phosphorylated Parkin in turn catalyzes ubiquitination on mitochondrial membrane
proteins to trigger mitophagy (Twig and Shirihai, 2011; Youle and van der Bliek, 2012).
Furthermore, Drosophila parkin mutants are short-lived (Greene et al., 2003), and Parkin
deficiency completely blocks the age-induced mitophagy in 4-week-old flies (Cornelissen et
al., 2018). In contrast, over-expressing parkin increases both mean and maximum lifespans
in female flies (Rana et al., 2013). The extension of lifespan is mediated by reducing protein
aggregates during aging and altering mitochondrial fragmentation to favor mitophagy
(Ashrafi and Schwarz, 2013; Cao et al., 2017).

In summary, aging is accompanied with decreased autophagic activity, in particular the
autophagosome turnover capacity. This is likely due to impaired lysosomal function during
aging, such as decreased lysosomal acidity and accumulation of lipofuscin inside lysosome.
Although it has become clear that boosting autophagy through drugs or genetic
manipulations can prolong healthspan and lifespan, the molecular basis for these robust
interventions is poorly understood. In addition, age-related decline of autophagic activity is
tissue-specific (Chang et al., 2017a). Further work is needed to determine the cause of
tissue-specific impairment of autophagy/lysosome system, and the potential systemic effect
of autophagy deficiency in a particular aging tissue.

5. The proteasome

5.1. Proteasome activity and assembly are impaired during aging

The ubiquitin-proteasome system (UPS) is one of the major protein degradation pathways
that is responsible for the maintenance of proteostasis and degradation of damaged or
misfolded proteins (Amm et al., 2014) (Fig. 4). Protein ubiquitination is the key step in
activating UPS degradation process, which involves three major enzymes, E1 (ubiquitin
activating enzyme), E2 (ubiquitin conjugating enzyme), and E3 (ubiquitin ligase) (Weissman
etal., 2011). Polyubiquitinated protein substrates are recognized and degraded by the 26S
proteasome, typically containing one 20S core particle and one or two 19S regulatory
particles (Voges et al., 1999; Tanaka, 2009). One of the hallmarks of aging is the
accumulation of polyubiquinated proteins or protein aggregates (Lopez-Otin et al., 2013).
The age-dependent increase in protein aggregates is tightly associated with the decline of
proteasome activity, although the expression of the three ubiquitin enzymes is not altered
with age (Gray et al., 2003; Chondrogianni and Gonos, 2005). In Drosophila, 26S
proteasome activity declines sharply with age in both female and male flies (more than
89%). Old flies also become more sensitive to proteasome inhibitor treatment than young
flies (Vernace et al., 2007). Consistent with these findings, proteasomal peptidase activities
are significantly lower in aged flies (\ernace et al., 2007; Tsakiri et al., 2013a). The age-
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related decline in 26S proteasome activity has also been observed in mammals
(Chondrogianni and Gonos, 2005). Several possible mechanisms may contribute to the
decline of proteasome activity: decreased expression of proteasome subunits, altered subunit
structure, and impaired proteasome assembly (Carrard et al., 2002; Keller et al., 2002; Mao
et al., 2010). In Drosophila, the levels of fully assembled 26S holoenzymes are greatly
reduced with age, in particular the decrease of 19S regulatory particles (\ernace et al., 2007;
Tonoki et al., 2009). Since proteasome assembly is a ATP-dependent process, age-related
reduction in oxidative phosphorylation and ATP production might contribute to proteasome
disassembly and impaired proteasome activity at old ages (Vernace et al., 2007; Lopez-Otin
etal., 2013).

Many longevity paradigms have been shown to slow proteasome aging. For example, dietary
restriction can prevent age-related loss of proteasome function and structure (Gaczynska et
al., 2001; Dasuri et al., 2009). In addition, genetic manipulations of proteasome subunits, in
particular the 19S regulatory particles, can preserve proteasome function during aging. For
example, over-expression of Drosophila Rpnll (regulatory particle non-ATPase 11), a key
component of the lid of 19S particles, prevents age-dependent decline in proteasome
assembly and activity (Tonoki et al., 2009). Ectopic expression of Rpnl11 also attenuates
polyglutamine (polyQ)-induced progressive neurodegeneration, reduces age-related
accumulation of misfolded proteins, and prolongs fly lifespan (Tonoki et al., 2009). Over-
expression of another 19S component, Rpn6, has been shown to maintain proteostasis,
increase resistance to proteotoxic stresses, and extend lifespan in C. elegans (Vilchez et al.,
2012). Enhanced proteasome activity can also be achieved by stabilizing UPS-related
transcription factor Rpn4 via deletion of E3 ubiquitin ligases Ubr2 and Mubl in budding
yeast S. cerevisiae (Kruegel et al., 2011). Although over-expression of 19S components
robustly promotes proteasome activity and prolongs lifespan, it remains to be determined
whether and how these genetic manipulations directly impact 26S proteasome assembly
during normal aging.

5.2. 20S proteasome activation and proteostasis

20S catalytic core particle of the eukaryote proteasome consists of two outer a-rings and
two inner B-rings. Each a-ring or -ring contains seven different subunits, and three
subunits (1, B2, and B5) are responsible for the proteolytic activity of the proteasome
(Tanaka, 2009). In Drosophila, the levels of 20S proteasome increase upon H,O» treatment.
Knockdown of the B subunit Prosp1 reduces tolerance to oxidative stress (Pickering et al.,
2013) (Fig. 4). Similar to 19S components, ectopic expression of 20S subunits has been
implicated in longevity regulation. It has been shown that PBS-5 (an ortholog of mammalian
B5 subunit) is the only 20S subunit that is up-regulated in long-lived germline-deficient
glp-I mutants in C. elegans (Vilchez et al., 2012). Over-expression of PBS-5 extends
lifespan in C. efegans (Chondrogianni et al., 2015). Ectopic expression of PBS-5 enhances
proteasome activity, increases the number of 26S proteasome, and prevents age-related
increases in autofluorescence pigments. Additionally, over-expression of PBS-5 increases
resistance to oxidative stress induced by paraquat and juglone, and protects worms from
polyQ- or AB-induced proteotoxicity (Chondrogianni et al., 2015). Although it remains to be
determined whether over-expression of 20S subunits can enhance proteasome activity in
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higher organisms, it seems that proteasome activation, by over-expression of either 19S or
20S subunits, can serve as an anti-aging approach by enhancing proteasome function and
reducing age-related proteotoxicity.

5.3. Theregulation of proteasome aging

It is known that many longevity pathways target the proteasome and directly regulate the
transcription of proteasome subunit genes. In C. elegans, the FOXO transcription factor
Daf-16 is required for the induction of Rpné expression in g/p-1 mutants (Vilchez et al.,
2012) (Fig. 4). Rpné6 is the only 19S component up-regulated in g/p-1 mutants. Knockdown
of Rpné6 can have a compensatory effect and induces the expression of other components in
26S proteasome (Vilchez et al., 2012). Drosophila FOXO and its target 4E-BP have also
been implicated in the regulation of proteostasis. Ectopic expression of FOXO and 4E-BP
delays age-dependent increases in polyubiquitinated protein aggregates in flight muscle and
preserves muscle function (Demontis and Perrimon, 2010). Impaired ubiquitin-proteasome
activity has been linked to age-related decline of cardiac performance in Drosophila.
Knockdown of UPS genes disrupts normal cardiac function in young flies. Modest over-
expression of Drosophila FOXO increases the expression of UPS genes (including several
genes encoding E2 and E3 ubiquitin enzymes) in fly hearts, prevents age-induced
ubiquitinated proteins in hearts, and alleviates cardiac functional decline with age (Blice-
Baum et al., 2017).

Proteasome function is crucial for cell survival under aging and stresses (e.g., oxidative
stress). Mild oxidative stress can induce the ubiquitin-proteasome activity, while severe and
chronic oxidative stresses may impair proteasome function (Aiken et al., 2011; Shang and
Taylor, 2011; Lefaki et al., 2017). The Nrf2/Kelch-like ECH-associated protein 1 (Keapl)
signaling pathway is the key player in regulating cellular oxidative stress response (Sykiotis
and Bohmann, 2008, 2010). It has been shown that short-term inhibition of proteasome
function in Drosophila induces Nrf2 signaling and the expression of glutathione S-
transferase Delta (gstD1). In aged flies, proteasome dysfunction-mediated induction of Nrf2
signaling is significantly reduced. Knockdown of CncC (cap ‘n’ collar isoform C), the key
transcription factor in Drosgphila Nrf2 signaling, reduces proteasome activities and induces
the accumulation of ubiquitinated proteins at young ages. Blocking Nrf2 signaling by CncC
knockdown also reduces the resistance to proteotoxic stress and shortens lifespan (Tsakiri et
al., 2013a,b). In contrast, induction of Nrf2 signaling by over-expressing CncC increases the
expression of proteasome subunits and promotes proteasome activity (Tsakiri et al., 2013b).
Although it is likely that Nrf2/CncC signaling regulates proteasome activity through the
activation by proteasome gene expression, future studies are necessary to validate this
hypothesis and elucidate the specific roles of Nrf2/CncC signaling in maintaining
proteostasis and proteasome function during normal aging.

In summary, both proteasome assembly and proteasomal peptidase activities are
significantly decreased during normal aging. As a consequence, aging tissues exhibit
accumulated protein aggregates and loss of proteostasis. Age-dependent reduction in
oxidative phosphorylation and ATP production has been proposed as the major cause of
impaired proteasome function. However, how aging alters proteasome activity is not fully
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understood. Longevity pathways, such as FOXO and Nrf2, have already been implicated in
the regulation of proteasome aging, mainly through transcriptional activation of proteasome
subunit genes. Nevertheless, interventions that can trigger proteasome activation late in life
are promising strategies to preserve proteasome function and alleviate age-related
proteotoxicity.

6. The cell membrane

6.1. Changes in lipid composition of cell membrane

The lipid composition of cell membrane can alter membrane fluidity, peroxidation index,
lipid raft microdomains, and the optimal function of proteins embedded in the membrane
(Brenner, 1984; Diaz et al., 2018) (Fig. 5). Additionally, the membrane and its properly
functioning proteins mediate molecular exchange with the environment. Therefore, it is
important to examine the changes in lipid composition that occur with age in Drosophila.
The percentage of polyunsaturated fatty acids, which are prone to oxidation stress, increases
with age, resulting in a negative impact on membrane fluidity (Magwere et al., 2006).
Decreased membrane fluidity has also been previously identified in aged rats (Hashimoto et
al., 1999). In long-lived fly mutants, the unsaturation vs. saturation index is greater than that
of wild-type flies. Long-lived flies also exhibit lower melting points of individual fatty acids,
indicating the impact of the changes in number and position of double bonds in the lipids
(Moghadam et al., 2013). The higher proportion of monounsaturated fatty acids (C:16:1 and
C:18:1) enhances membrane fluidity and affects other physiochemical properties of the
membrane and the function of membrane proteins (Moghadam et al., 2015). The findings
mentioned above indicate that the activity of membrane desaturases and their post-
translational regulators (likely the caplains) may play a pivotal role in dampening the effects
of age-related ROS via the cell membrane and preserving proper fluidity-related functions
(Murakami et al., 2017).

6.2. Intercellular junction density

Aging is associated with a loss of intercellular junction density and dysregulation of
communication between neighboring cells (Augustin et al., 2017; Resnik-Docampo et al.,
2017). As demonstrated in Drosophila, gaps in septate junctions increase with age in
intestinal enterocytes (Resnik-Docampo et al., 2017) (Fig. 5). The transmembrane protein
Gliotactin (Gli) localizes to tricellular junctions, and its depletion leads to gap patterns
analogous to that in aged flies, as well as increased stem cell proliferation, changes in
differentiation states, and weakened barrier function (Resnik-Docampo et al., 2017).
However, dietary restriction can prevent the decline of Gli at tricellular junctions during
aging (Resnik-Docampo et al., 2017), possibly through post-translational modification of Gli
(Padash-Barmchi et al., 2010). Another type of junction, the gap junction (composed of
innexins in Drosophila), displays a density decline in specific neuronal types with age. This
can cause a decrease in electrical transmission speed. The reduction of IIS results in the
transport of the innexin shaking B to the membrane (mediated by Rab4 and Rab11
GTPases), rather than to the lysosome, leading to the rescue of the loss of density phenotype
and the restoration of the transmission speeds (Augustin et al., 2017). Intercellular
communication is also disrupted at Drosophila neuromuscular junctions (NMJs) with age.
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This occurs as the distribution of glutamate receptors at NMJs is altered during aging, which
results in reduced synaptic transmission (Wagner et al., 2015). The density of multiple
cellular junctions declines with age, largely due to transport and recycling deficiencies
(Wagner et al., 2015; Augustin et al., 2017). The recycling of many junction proteins is
altered by nutrient signaling pathways, indicating that some of the lifespan benefits from
dietary restriction and I1S inhibition are due in part to the maintenance of cell junction
balance. Proper cell junction protein recycling ultimately preserves barrier function,
intercellular signaling, and proper stem cell differentiation during aging.

6.3. Extracellular matrix

The extracellular matrix (ECM) is essential for cell adhesion, differentiation, and cell-to-cell
communication (Theocharis et al., 2016). In Drosophila, a type IV collagen-like protein
Pericardin increases in hearts with age (Vaughan et al., 2018) (Fig. 5), which is consistent
with cardiac fibrosis in humans (Burkauskiene et al., 2006). The thickening of the basement
membrane in cardiac tissue with age decreases cardiac functions, such as fractional
shortening (Sessions et al., 2017). In contrast to cardiac tissue, the basement membrane of
neuronal tissue is degraded with age, demonstrating tissue-specific effects on ECM aging
(DeVault et al., 2018). Nevertheless, loss of cardiac ECM integrity with age can result in
heart failure (Wilmes et al., 2018). Heart-specific knockdown of Pericardin, Laminin A
(proteoglycan), Viking (a type IV collagen subunit), and SPARC (a collagen-binding
protein) extends lifespan and improves cardiac functions (Sessions et al., 2017; Vaughan et
al., 2018). Pericardin is recruited to the cardiac ECM by the ADAMTS-like protein Lonely
heart (Loh) to maintain heart structure and function, while mutations of Loh or Pericardin
shorten lifespan (Drechsler et al., 2013). Pericardin is mislocalized during aging, which can
lead to loss of cell-to-cell connectivity in hearts. Glycosylation, oxidation, and multimerism
of Pericardin are also altered with age, consequently affecting heart integrity (Wilmes et al.,
2018). Pericardin produced by fat body can be recruited to cardiac ECM, demonstrating the
intricacy of multi-tissue ECM maintenance in a localized environment (Drechsler et al.,
2013). Thus, the loss of connectivity due to modifications of ECM components in one tissue
leads to further defective communication in other tissues.

The balance of regeneration and degradation of ECM is critical. A transcriptional
comparison between Drosophila and rodent hearts reveals that the regulators of ECM show a
general expression increase with age. These regulators include matrix metalloproteinase 1
(Mmpl), Mmp2, neprilysin 2 (Nep2; a p-amyloid degrading enzyme), and TweedleF
(TwdlIF) (Cannon et al., 2017). The knockdown of Drosophila Mmp2 (dMmp2) in epidermal
tissue rescues the decline of dendrite regenerative capacity with age by preventing the
degradation of the basement membrane (DeVault et al., 2018). Drosophila Mmpl (dMmp1)
increases in motor neurons with age, and over-expression of dMmp1 in young flies
decreases neuromuscular function. Longevity paradigms, such as dietary restriction and
insulin receptor (InR) mutants, prevent age-dependent increase in dMmp1 expression.
Additionally, over-expression of dTimp (Drosophila tissue inhibitor of matrix
metalloproteinases) in motor neurons rescues the decline of motor function with age but
does not extend lifespan (Azpurua et al., 2018). These experiments indicate that healthy
regeneration in nervous tissue relies on the preservation of ECM proteins laid down before
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injury; however, the dendritic regeneration cues within the ECM remain unknown and would
constitute an important finding. Additionally, the increase of modifiers of ECM composition
that occurs with age could be the primary driver of brain and neuromuscular dysfunction, as
very long-lived neurons become increasingly unable to respond to a muted signaling
environment induced by neighboring tissue types.

Integrins function as transmembrane linkers between ECM and actin cytoskeleton.
Reduction of integrin-linked kinase (11k) and p1-integrin (encoded by myospheroia, mys)
prevents cardiac arrhythmia and increases lifespan in Drosophila (Nishimura et al., 2014). A
mutation of B integrin (Bint-v), one of the integrin B subunits, leads to increased intestinal
stem cell proliferation and detrimentally increased c-Jun N-terminal kinase (JNK) signaling
(Okumura et al., 2014). Bint-v mutants also exhibit enhanced midgut epithelium defects
during aging, suggesting an important role of integrin in the maintenance of midgut
homeostasis in Drosophila (Okumura et al., 2014).

In summary, with increasing age the saturation levels of fatty acids in the cell membrane
change, thus altering the cell’s ability to absorb ROS and dampen its cascading effects.
Meanwhile, intercellular junction recycling becomes dysregulated and cells can become
physically separated. Critically, the delicate ECM balance is often disrupted by outside
tissue types in the local microenvironment or even in distant locales. This
miscommunication exacerbates the situation within a cell as the environment no longer
stimulates proper responses to insults. Therefore, the above evidence indicates that “support
tissues of cardiomyocytes and neurons may be the initiators of aging processes in “major”
tissues like heart and brain.

77

7. Perspectives

7.1.

It is evident that aging significantly impacts and alters many aspects of organelles’ structure
and function, although cell type- and tissue-specific changes are often observed. Aside from
their essential roles in maintaining normal cellular operations, organelles are also the
regulatory hubs that produce signals and process information in response to extrinsic and
intrinsic stresses and insults. Therefore, age-related impairment of organelle function not
only impacts organelle-specific processes, but also disrupts cellular homeostasis and even
the function of neighboring cells or distal tissues. However, our understanding of organelle
aging is far from complete. There are several important questions that remain unanswered.

Inter-organelle communication during aging

Breakthroughs in recent years reveal that inter-organelle communication plays a key role in
tissue homeostasis and adaptive/compensatory responses to age-related stresses (Dakik and
Titorenko, 2016; Gottschling and Nystrom, 2017). As mentioned above, impaired vacuolar
acidity can lead to mitochondrial dysfunction during replicative aging in budding yeast
(Hughes and Gottschling, 2012). Mitochondrial-nuclear interactions play a crucial role in
stress response and longevity control (Nargund et al., 2012; Zhu et al., 2014). Further
investigation of specific signals (including metabolites) that are used by organelles to
coordinate the adaptive responses and maintain cellular homeostasis during aging is an
exciting and important future direction in aging research. The identification of these
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organelle-specific signals can also facilitate the development of aging biomarkers. Due to the
complexity of the organelle interactive network, it remains challenging to map every
possible interaction that occurs during normal aging. Nevertheless, the newly identified
organelle-specific makers and the development of super-resolution microscopy will greatly
advance our understanding of the role of inter-organelle communication in cell senescence
and tissue aging.

7.2. Age-related changes in understudied organelles

During normal aging, all organelles are subjected to change, yet we know very little about
age-related alterations of several understudied organelles, such as the peroxisome. It has
been shown that in rat liver peroxisomal enzyme activities decrease during normal aging
(Perichon et al., 1998). Recent studies find that the expression of most peroxisomal enzymes
(e.g., peroxisomal B-oxidation enzymes and peroxisomal biogenesis enzymes) are down-
regulated in aged C. elegans and Drosophila (Narayan et al., 2016; Huang et al., 2019).
Consistently, human fibroblasts exhibit decreased peroxisome import with advancing age
(Legakis et al., 2002). Nevertheless, how peroxisome import function declines with age still
remains elusive. As reported previously (Narayan et al., 2016; Weir et al., 2017), one
possible cause of impaired peroxisome import is the down-regulation of Peroxin 5 (Pex5),
the key peroxisome importing factor. Another potential cause could be the reduction of the
affinity between Pex5 and peroxisomal matrix proteins (the cargo). Further development of
in vivo peroxisome import assays and peroxisome proteomics will be the important areas of
future investigation. Nevertheless, Drosophila will remain to be a powerful genetic tool to
tackle these unanswered questions in the field of organelle aging.
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Schematic diagram to summarize the structural and functional changes in aging
mitochondria. Signaling pathways responsible for age-related changes are indicated inside
parentheses. See text for details.
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Schematic diagram to show the key nuclear alterations during normal aging. Signaling
pathways responsible for age-related changes are indicated inside parentheses. See text for

details.
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Schematic diagram to show age-dependent changes in the autophagy/lysosome system.
Signaling pathways responsible for age-related changes are indicated inside parentheses. See

text for details.
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Schematic diagram to summarize the changes in aging proteasome. Signaling pathways
responsible for age-related changes are indicated inside parentheses. See text for details.
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Schematic diagram to show the major changes of cell membrane during normal aging.
Signaling pathways responsible for age-related changes are indicated inside parentheses. See

text for details.
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