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Abstract

Programmed cell death (PCD) pathways, including apoptosis and regulated necrosis, are required
for normal cell turnover and tissue homeostasis. Mis-regulation of PCD is increasingly implicated
in aging and aging-related disease. During aging the cell turnover rate declines for several highly-
mitotic tissues. Aging-associated disruptions in systemic and inter-cell signaling combined with
cell-autonomous damage and mitochondrial malfunction result in increased PCD in some cell
types, and decreased PCD in other cell types. Increased PCD during aging is implicated in
immune system decline, skeletal muscle wasting (sarcopenia), loss of cells in the heart, and
neurodegenerative disease. In contrast, cancer cells and senescent cells are resistant to PCD,
enabling them to increase in abundance during aging. PCD pathways limit life span in fungi, but
whether PCD pathways normally limit adult metazoan life span is not yet clear. PCD is regulated
by a balance of negative and positive factors, including the mitochondria, which are particularly
subject to aging-associated malfunction.

Keywords
apoptosis; necrosis; aging; sarcopenia; mitochondria; senescence

1. Types of cell death

Cell death mechanisms have traditionally been divided into two types, programmed cell
death (PCD) mechanisms that require energy, and necrotic cell death mechanisms that do
not(Elmore, 2007). In addition, necrotic cell death typically causes a strong immune
response, whereas PCD does not (Proskuryakov and Gabai, 2010; Taylor et al., 2008).
However, more recently it has become clear that the PCD and necrosis mechanisms can
sometimes overlap, and that necrosis is a more regulated process than was previously
assumed(Galluzzi et al., 2012).

The canonical form of PCD is apoptosis(Elmore, 2007; Kerr et al., 1972), sometimes called
type | PCD, in which the cell undergoes a characteristic series of molecular, biochemical and
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morphological changes. One of the earliest molecular markers of apoptosis is the
externalization of cell membrane phosphatidylserine, which can be detected by staining with
the reagent Annexin V(Hankins et al., 2015; Leventis and Grinstein, 2010). The exposed
phosphatidylserine ultimately serves as a signal to nearby macrophages to engulf the dying
cell. The first visible changes of apoptosis are the shrinkage of the cell, and a condensation
of the nucleus and chromatin called pyknosis. This is followed by a fragmentation of the
nucleus and chromatin called karyorrhexis, cell membrane blebbing, and finally the budding
of the cell into a series of membrane-bound structures called apoptotic bodies. The small
size of the apoptotic bodies facilitates their engulfment by nearby macrophages and other
cells through phagocytosis, where the materials are further broken down in phagolysosomes
for recycling. Because no cellular material is released into the interstitial space, and the
engulfing cells do not release inflammatory cytokines, there is no immune reaction to
apoptosis.

The molecular mechanism of apoptosis includes the sequential activation of a series of
cysteine proteases called the caspases (Figure 1)(Shalini et al., 2015). The caspases are
present in the cytoplasm of most cells, mostly in an inactive form (procaspase). Under
appropriate conditions the caspases can activate themselves through autocatalytic cleavage,
and can also cleave and activate other caspases, thereby creating a self-amplifying cascade.
Initiator caspases (e.g., caspase-9) cleave and activate downstream effector caspases (e.g.,
caspase-3), which in turn cleave numerous cellular proteins including those of the
cytoskeleton. The mitochondria play a central role in regulating the apoptotic pathway and
caspase activation in mammalian cells. Cells contain a mix of pro-apoptotic and anti-
apoptotic “Bcl-2 family” proteins and are poised for entry into the apoptotic pathway if and
when the balance is sufficiently altered. The pro-apoptotic “Bcl-2 family” proteins include
several of the “BH3-only” class (e.g., Bid, Bim, Puma)that promote permeabilization of the
mitochondria by activating “Bcl-2 family” members Bad and Bax to form a pore structure in
the mitochondrial membrane(Westphal et al., 2014). The anti-apoptotic “Bcl-2 family”
proteins(e.g., Bcl-2, Bel-x and Bcl-xL) can bind to the pro-apoptotic proteins to inhibit pore
formation. In normal cells the mitochondria undergo dynamic changes in morphology
regulated in part by the fission factor Drp1(Otera et al., 2013). During apoptosis Drp1 directs
dramatic fission that is required formitochondrial membrane permeabilization (Frank et al.,
2001). In addition, the cell cytoplasm also contains one or more IAPs (inhibitor of apoptosis
proteins), which are a conserved family of caspase inhibitors. Recent studies in mice reveal
that in vivo inhibition of caspase activity does not prevent cell death, but rather shifts the
mechanism towards a more necrotic phenotype (Galluzzi et al., 2015).

Apoptosis is initiated in response to death signals that can be either intrinsic or extrinsic.
The intrinsic apoptosis pathway is promoted by cellular stresses including DNA damage,
activated oncogenes, hypoxia, oxidative stress and irradiation. These stimuli shift the
balance of cytoplasmic activities to favor the pro-apoptotic factors by altering protein
expression and/or stability, resulting in mitochondrial membrane permeabilization and the
release of mitochondrial pro-apoptotic factors into the cytoplasm (Figure 1). These
mitochondrial factors include cytochrome ¢, Smac/DIABLO and the HtrA2/Omi serine
protease. The cytochrome ¢ binds and activates the cytoplasmic proteins Apaf-1 and
procaspase-9. Together these proteins form a structure called the apoptosome, which in turn

Ageing Res Rev. Author manuscript; available in PMC 2016 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tower

Page 3

leads to cleavage of procaspase-9 to form the active caspase-9 protease. Smac/DIABLO and
HtrA2/Omi inactivate specific I1APs, thereby further tipping the balance towards apoptosis.
Subsequently another group of proteins is released from the mitochondria, including AlF,
endonuclease G (EndoG) and CAD, which act in the nucleus to promote DNA fragmentation
and nuclear condensation. As discussed below, AlF and EndoG also participate in several
forms of caspase-independent PCD. In many cell types the intrinsic pathway can be
activated by the withdrawal of specific hormones that normally act to suppress the apoptotic
pathway(Raff et al., 1994).

The extrinsic pathway for activation of apoptosis involves signaling through transmembrane
receptors of the tumor necrosis factor (TNF) receptor family. These receptors share an
intracellular protein domain involved in signaling called the “death domain”, and are
sometime called “death receptors”. For example, in cells that express TNFR1 (TNF receptor
1), the hormone TNF-alpha activates the receptor and downstream signaling resulting in
activation of the initiator caspase-8 and subsequent apoptosis.

In certain cell types the initiation of PCD is associated with up-regulation of cell cycle
markers, leading to the suggestion that PCD in these cells may involve a partial entry into
the cell cycle. For example, serum withdrawal from quiescent cultures of mouse 3T3 cells
caused apoptosis associated with up-regulation of G1 phase proteins c-myc, c-jun, c-fos and
cdc-2, as well as BrdU incorporation and PCNA expression, indicative of an abortive G1
traverse(Pandey and Wang, 1995). Treatment of transformed cultured lymphoid cells with
glucocorticoids causes G1 arrest and apoptosis, implicating G1 regulators in both
processes(King and Cidlowski, 1995, 1998). These early studies were with cultured cells,
however as mentioned below, maladaptive cell-cycle entry is also implicated in neuronal
PCD in vivo.

The necrosis pathway for cell death is characterized by cell swelling and disruptions of the
cell membrane(Proskuryakov and Gabai, 2010). The release of cytoplasm into the interstitial
space typically results in inflammation. Necrosis was traditionally thought to be an energy-
independent toxic process where the cell is passively destroyed. For example, in many cell
types moderate levels of heat or radiation stress will induce apoptosis, whereas extreme heat
or radiation will cause necrosis. However, recent studies suggest that except for under the
most extreme stress conditions, necrosis is also a regulated process that is activated by
specific pathological and physiological stimuli, and is sometimes referred to as type Ill
PCD, programmed necrosis, regulated necrosis, or “necroptosis”(Degterev et al., 2014).
Programmed necrosis is caspase-independent and can be further subdivided depending on
the involvement of specific factors. For example, in certain cell types stresses including
ischemia, hypoxia, and signaling through TNF-receptor family members can induce a
necroptosis pathway involving the RIP1 kinase, the JNK signaling pathway and the
mitochondria, ultimately leading to cell membrane disruption (Galluzzi et al., 2009;
Pasparakis and Vandenabeele, 2015). Several forms of programmed necrosis involve
cleavage of mitochondrial AIF by cysteine proteases such as calpain and/or cathepsin,
followed by release of the AlF from permeabilized mitochondria. The AIF then undergoes
translocation to the nucleus, and this translocation is positively regulated by cyclophilin A
and negatively regulated by Hsp70 (Delavallee et al., 2011; Gurbuxani et al., 2003; Zhu et
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al., 2007). In the nucleus the AIF interacts with translocated mitochondrial EndoG to
mediate nuclear DNA fragmentation. Ongoing studies of cell death reveal that there are
multiple types of apoptosis and programmed necrosis, and that these mechanisms can
overlap depending on the cell type and the nature of the stress.

Another type of programmed cell death is autophagic cell death, sometimes called type Il
PCD(Galluzzi et al., 2012; Kroemer et al., 2009). Macroautophagy is a cellular “self-eating”
process in which bulk cytoplasm and organelles become sequestered inside double-
membrane vesicles called autophagosomes. The autophagosomes in turn fuse with
lysosomes to promote degradation of the cellular materials. Autophagic cell death is
characterized by the absence of chromatin condensation and by extensive autophagic
vacuolization of the cytoplasm. Notably, macroautophagy is typically a protective and anti-
apoptotic mechanism, and therefore autophagic cell death may involve hyper-activation of a
normally beneficial process.

Mechanisms of PCD can be further divided into sub-types based on a variety of criteria,
including caspase-dependence and the degree of overlap with necrosis (Galluzzi et al.,
2012). For example, “aponecrosis” shares features of both apoptosis and necrosis, and may
represent a midpoint in a continuum between the two forms of cell death (Papucci et al.,
2004; Yakovlev and Faden, 2004). “Paraptosis” is caspase-independent and characterized by
cytoplasmic vacuolization and the requirement for gene transcription and translation.
Paraptosis can be induced by IGF-I signaling and other factors in cultured mammalian cells,
and may also occur in vivo (Sperandio et al., 2004). “Anoikis” refers to apoptotic PCD that
is induced upon detachment of the cell from the extracellular matrix (Paoli et al., 2013).
Anoikis can proceed through either the intrinsic or extrinsic apoptosis pathway depending on
the cell type, and importantly, resistance to anoikis is a hallmark of metastatic cancers
(Taddei et al., 2012; Zhong and Rescorla, 2012). The fact that most (and perhaps all) normal
cells are dependent on circulating factors and/or ECM contacts to prevent PCD may be one
mechanism that promotes multi-cellularity. Finally, “Cornification” is a specialized form of
PCD that occurs in the keratinocytes in the epidermis and that involves caspase-14(Eckhart
et al., 2013; Galluzzi et al., 2012). In cornification the dead cell material is maintained to
form the outermost layer of the skin, and is ultimately shed through desquamation.

The details of the apoptotic pathway differ between mammals and the model organisms
Drosophila and C. elegans, however the major players are largely conserved (Figure 1). In
both Drosophila and C. elegans the Bcl-2 family members regulate apoptosome formation
and caspase activation (Denton et al., 2013; Estaquier et al., 2012). In C. elegans the
apoptotic pathway was first characterized by its role in the programmed elimination of
specific somatic cells during development (Metzstein et al., 1998). The pro-apoptotic Bcl-2-
related protein EGL-1 inhibits the activity of the anti-apoptotic Bcl-2-related factor CED-9
(Figure 1). CED-9 inhibits the activity of the Apaf-1-related factor CED-4, which in turn
activates the caspase CED-3, which is related to mammalian caspase 3. EGL-1 and CED-3
are implicated in promoting mitochondrial fission and causing release of pro-apoptotic
factors AIF and EndoG from the mitochondria (Parrish et al., 2001; Wang et al., 2002).
Since then additional types of C. elegans developmental cell deaths have been identified
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(Kinet and Shaham, 2014); for example, cell deaths in the female germ line and during male
tale development are EGL-1 independent(Gumienny et al., 1999; Maurer et al., 2007).

2. PCD in normal tissue development, adult homeostasisand aging

PCD plays important roles during human development, including the destruction of cells to
create the spaces between the digits of the hands and feet (Chimal-Monroy et al., 2011;
Hernandez-Martinez and Covarrubias, 2011), and the structures of the brain (Burek and
Oppenheim, 1996; Oppenheim, 1991). In the adult, PCD is required for the normal turnover
of cells in numerous tissues that are maintained by cell division, including the intestinal
epithelium, the blood, the epidermis, kidney and lungs(Elmore, 2007; Gunther et al., 2013;
Kile, 2014). It has been estimated that about 10 billion cells are created in the adult each day
to replace those turned over by PCD(Renehan et al., 2001). Aging appears to be associated
with mis-regulation of PCD, in that PCD appears to be more active than is optimal in certain
cell types, and less active than is optimal in other cell types (Gupta, 2005; Higami and
Shimokawa, 2000; Lu et al., 2012; Salminen et al., 2011; Shen and Tower, 2009; Warner,
1997).

Aging is associated with decreased PCD in several cell types. For example, in humans, aging
caused decreased expression of apoptosis genes and increased expression of senescence-
related genes in adipose mesenchymal stem cells (Alt et al., 2012). Similarly, in mouse, bone
marrow mesenchymal stem cells had decreased expression of both cell cycle and PCD genes
during aging(Wilson et al., 2010). A decrease in PCD response with age was observed in the
liver of rats challenged with the DNA-damaging agent methyl methanesulfonate (MMS)
(Suh et al., 2002), and this reduced PCD was associated with increased phosphorylation of
ERKs (extracellular signal-regulated protein kinases) in the old animal tissues (Suh, 2002).
Radiation challenge will induce apoptosis in isolated peripheral blood lymphocytes, and this
response is significantly reduced in cells isolated from aged mice (Polyak et al., 1997), as
well as cells isolated from older human patients (Camplejohn et al., 2003). Consistent with
these observations, human serum shows a reduction in markers of apoptosis during normal
aging (Kavathia et al., 2009).

In humans vascular injury can lead to neointima (scar) formation. This response is greater in
older patients due in part to the excessive proliferation and reduced apoptosis of vascular
smooth muscle cells (VSMCs), and the same result is observed in aging mice (Vazquez-
Padron et al., 2004). Interestingly, the reduced apoptosis in the VSMCs during aging may
involve reduced signaling from adjacent endothelial cells (Qian et al., 2011).

Correctly regulated PCD and phagocytosis of the resulting cell debris is required to prevent
an inappropriate immune response (Devitt and Marshall, 2011). Aging-associated
disruptions of PCD regulation and phagocytosis may contribute to aging-associated
inflammation, including activation of the NFxB signaling pathway (Gupta et al., 2006;
Salvioli et al., 2013), (Shaw et al., 2010). Because NFxB signaling can be either pro-
apoptotic or anti-apoptotic depending on the cellular context, this could couple inflammation
to further alterations in PCD in certain tissues.
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Some cell types are characterized by increased PCD during aging. Apoptosis plays a critical
role in the development of the immune system, as well as in adult immune homeostasis.
Apoptosis functions in the selection of T-cells in the thymus, and the deletion of self-reactive
T and B cells. In addition apoptosis is required to regulate immunological memory and to
reduce the number of effector T cells after an immune response. Finally, natural killer cells
and cytotoxic T lymphocytes Kill target cells by inducing apoptosis, for example, virus-
infected target cells. During aging there is a significant loss of cells in the thymus (thymus
involution) and bone marrow, associated with an age-related increase in the number of
apoptotic lymphocytes (Sainz et al., 2003). Increased apoptosis is implicated in the age-
related reduction of T-cell subtypes in the human immune system (T-cell lymphopenia),
including both CD4+ and CD8+ T-cells (Gupta, 2005). In contrast, in vitro studies report
that certain T-cell subtypes (CD8+ CD28-) resulting from repeated immune stimulation
exhibit senescence-like changes that include reduced response to stress and resistance to
apoptosis(Chou and Effros, 2013). Aging in the mammalian heart is characterized by a loss
of myocytes and hypertrophy of the remaining myocytes (Olivetti et al., 1991). Both
apoptotic and necrotic mechanisms are implicated in myocyte cell loss during normal heart
aging as well as in heart failure (Kajstura et al., 1996; Kung et al., 2011).

Apoptosis is critical in wound healing, and wound healing is generally impaired during
aging, often associated with local inflammation (Hiebert and Granville, 2012; Rai et al.,
2005). For example, mis-regulated apoptosis has been implicated in the age-associated
increase in fibrotic lung disease in two ways: increased sensitivity to apoptosis in alveolar
epithelial cells may lead to greater injury, whereas reduced sensitivity to apoptosis in
fibroblasts and myofibroblasts may promote fibrosis (Kapetanaki et al., 2013).

In summary, aging-associated disruptions in systemic and inter-cell signaling combined with
cell-autonomous effects result in increased susceptibility to PCD in some cell types, and
decreased PCD in other cell types. One possible interpretation of these results is that the
general decrease in PCD markers during aging may result in part from a slowing of the
normal homeostatic cell turnover rate for several adult tissues. For example, dramatically
decreased cell turnover rate with age is observed for the skin (Rinnerthaler et al., 2014), and
reduced cell turnover rates with age are also reported for the heart (Bergmann et al., 2009)
breast epithelium (Misell et al., 2005) and pituitary (Nolan et al., 1999; Richardson et al.,
2014). At the same time, alterations in systemic signaling, including inflammation and ECM
disruptions, may combine with cell-autonomous changes such as increased oxidative stress
and genomic damage to make certain cell types more sensitive to PCD, particularly when
challenged by acute or chronic stress.

3. Suppression of PCD in cancerous and senescent cells

PCD is an important anti-cancer mechanism and the p53 pathway is a critical mediator of
this response (Vazquez et al., 2008). p53 is activated in response to cellular stress including
DNA damage and increased ROS levels. Functioning as a transcription factor p53 positively
regulates expression of pro-apoptotic factors, including the pro-apoptotic Bcl-2 family
member Puma, thereby shifting the balance to favor apoptosis. In addition, p53 protein can
physically translocate to the mitochondria where it promotes membrane permeabilization
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and the release of the mitochondrial pro-apoptotic factors(Green and Kroemer, 2009). The
importance of p53-induced apoptosis as an anti-cancer mechanism is supported by the fact
that p53 is mutated in the majority of human cancers. Most of the mutations are located in
the p53 protein DNA binding domain, suggesting that p53 transcriptional activity is
particularly important for tumor suppression. Moreover, in cancers where p53 is intact, there
is typically a mutation in some other component of the p53 pathway. For example, many
cancers have mutations that cause increased expression of the p53 negative regulator MDM2
(Vazquez et al., 2008). These results suggest that inactivation or suppression of the p53
pathway is one requirement for the cancer phenotype. Other cancers are found to have
dramatically up-regulated expression of one or more heat shock proteins (hsps) that can bind
to and inactivate pro-apoptotic factors including Apaf-1, cytrochrome ¢ and AlF (Jego et al.,
2013; Rerole et al., 2011). A reduced sensitivity to apoptosis is observed in cells isolated
from patients with the premature aging-like syndrome called Werner's disease (Spillare et
al., 1999), and this may be related to the increased cancer incidence observed in those
patients. Most cancer chemotherapies, including ionizing radiation, are thought to act by
hyper-stimulating the otherwise suppressed PCD pathways, including activating any
remaining p53 (Stegh, 2012; Zhao et al., 2012). Consistent with this idea, the efficiency of
induction of apoptosis by chemotherapy has been shown to correlate with clinical outcomes
for several cancers (Bosserman et al., 2012). However, it should be noted that other studies
suggest that, at least for certain cell types, the tumor-suppressive function of p53 is
independent of transcriptional induction of apoptosis, and instead may involve p53
regulation of DNA repair and/or metabolism(Valente et al., 2013). Finally a promising
therapy for cancer is treatment with TRAIL (tumor necrosis factor-related apoptosis-
inducing ligand). TRAIL is a naturally-occurring cytokine that binds to the DR4 and DR5
death receptors to activate the extrinsic apoptosis pathway, and it does this preferentially in
cancer cells (Refaat et al., 2014).

Cellular senescence is also an important anti-cancer mechanism(Childs et al., 2014).
Cellular senescence is an irreversible cell cycle arrest that can result from repeated cell
divisions and telomere erosion, as well as from activated oncogenes, disrupted chromatin
structure and oxidative stress. Activation of p53 can cause cells to undergo either apoptosis
or cellular senescence depending on the type of cell and the nature of the stress (Zuckerman
et al., 2009). Senescent cells are resistant to apoptosis (Wang, 1995) and this may be one
reason that senescent cells are observed to accumulate during aging in several
tissues(Kirkland and Tchkonia, 2014). Senescent cells exhibit a “senescence-associated
secretory phenotype” (SASP) involving the release of pro-inflammatory cytokines and
extracellular matrix degrading enzymes (Tchkonia et al., 2013). Because of this the
accumulation of senescent cells during aging is implicated as a causal factor in aging-
associated inflammation and disruptions of ECM. The resistance to apoptosis has been
examined in senescent human fibroblasts in vitro. These cells fail to reduce Bcl-2 levels
upon apoptotic stimuli including serum starvation (Wang, 1995, 1997)and oxidative stress
(Ryu et al., 2007; Yeo et al., 2000), and have reduced caspase-3 expression(Marcotte et al.,
2004) and increased expression of the anti-apoptotic factor Bcl-xL (Rochette and Brash,
2008). The resistance of senescent cells to apoptosis might also involve the down-regulation
of cell cycle factors that participate in both cell division and in cell death (King and

Ageing Res Rev. Author manuscript; available in PMC 2016 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tower

Page 8

Cidlowski, 1995). Recently both genetic and chemical interventions have been described
that can preferentially kill senescent cells in vivo in mice, and these interventions had health
benefits for mouse models with elevated levels of senescent cells (Zhu et al., 2015). Despite
the potential negative effects of increasing the abundance of senescent cells, cellular
senescence has emerged as an important therapeutic target in cancer(Lee and Lee, 2014).
Cancer chemotherapy and ionizing radiation can cause either apoptosis or cellular
senescence depending on the cell type, and both outcomes have been shown to positively
correlate with clinical outcomes.

4. PCD in neurodegenerative disease

The number of neurons does not decrease on a global scale during normal aging in humans
or other mammals, indicating a general absence of PCD during normal brain aging
(Andersen et al., 2003; Giannaris and Rosene, 2012; Long et al., 1999; Merrill et al., 2001;
Rapp and Gallagher, 1996). However, PCD is increasingly implicated in several aging-
associated neurodegenerative diseases(Ghavami et al., 2014). Nervous tissue has several
properties that may contribute to a susceptibility to maladaptive PCD. For example, in the
normal adult brain, activated caspase-3 functions in the remodeling of neuronal processes
important for synaptic plasticity and certain forms of memory (Snigdha et al., 2012). The
presence of activated caspase-3 may create a risk for inappropriate PCD activation in
neurons challenged by stress. Moreover, neural tissue is rich in iron, and iron levels have
been observed to further increase with age and in neurodegenerative disease(Oshiro et al.,
2011). Iron can promote Fenton chemistry and oxidative stress, thereby favoring PCD.
Neurons appear to suppress PCD in part by using glucose metabolism to generate reducing
equivalents that prevent oxidation and activation of cytochrome ¢ (Vaughn and Deshmukh,
2008). This may make neurons particularly susceptible to PCD upon metabolic disruption.

Each of the aging-associated neurodegenerative diseases Alzheimer's disease (AD),
Parkinson's disease (PD) and Huntington's disease (PD) involves the accumulation of
abnormal proteins and aggregates. Protein aggregates are normally cleared by the
macroautophagy pathway (autophagy), and this pathway also functions in the normal
turnover of mitochondria (mitophagy). Abnormal mitochondrial function and oxidative
stress are implicated in the etiology of each disease. The data suggest that a disruption of
normal autophagy/mitophagy may contribute to mitochondrial malfunction and thereby
promote PCD (Ghavami et al., 2014; Hroudova et al., 2014; Nixon and Yang, 2012).

It is not yet clear what are the precise mechanism(s) for cell death in the aging-associated
neurodegenerative diseases. Increased or altered p53 activity is found to correlate with AD
(Lanni et al., 2012), and animal model studies implicate a PARP-dependent programmed-
necrosis pathway in PD (Lee et al., 2014). Cell cycle re-entry may be particularly important
(Folch et al., 2012). Brain tissue from neurodegenerative disease patients shows extensive
up-regulation of cell cycle proteins including CDKSs. Studies of cultured neuronal cells
indicate that oxidative stress and DNA damage can induce an abortive cell cycle entry and
consequent apoptosis, suggesting that this might also occur in vivo. Taken together, these
studies suggest that only a sub-set of neurons are at risk for loss by PCD-like events during

aging.
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5. PCD-like events in tissues of old animals

During aging several tissues exhibit cell loss that is attributed to PCD or to PCD-like
processes. Mammals exhibit an aging-associated skeletal muscle atrophy called sarcopenia
that involves both reductions in muscle fiber size and loss of fibers(Marzetti et al., 2008).
The precise mechanisms for sarcopenia are not yet known, however studies in rodents
implicate mitochondrial malfunction and abnormal PCD signaling (Marzetti et al., 2013).
The expression of PCD markers correlates with aging and sarcopenia in specific rodent
muscle tissues. For example, aging rat gastrocnemius muscle showed increased levels of
Bax, decreased Bcl-2, activation of caspase-3 and DNA fragmentation (Song et al., 2006). In
contrast, aging rat soleus muscle showed translocation of Endonuclease G from the
mitochondria to the nucleus suggesting a caspase-independent process (Leeuwenburgh et al.,
2005). Mitochondrial mutations are implicated in sarcopenia because mtDNA deletions co-
localized with mitochondrial malfunction in skeletal muscle fibers of aged rats (Wanagat et
al., 2001), and PCD-like events were elevated in the skeletal muscle of aging mice
engineered to have greater mitochondrial mutation load (Kujoth et al., 2005). Age-related
alterations in systemic signaling are also implicated in muscle aging, based on the results of
several striking interventions. For example, fusion of young and old mouse circulatory
systems promoted the proliferative and regenerative capacity of skeletal muscle in the old
mouse (Conboy et al., 2005). Old mice exhibit a decrease in circulating levels of the growth
hormone GDF-11, and restoring GDF-11 levels in the old mouse was sufficient for much of
the benefit for muscle function (Sinha et al., 2014). Loss of myocytes is observed in the
aging heart, and studies in rodent models implicate a PCD mechanism involving increased
Bax/Bcl-2 ratio, cytochrome c release from mitochondria and Caspase-3 activation (Kwak,
2013). In mice, over-expression of the mitochondrial antioxidant enzyme MnSOD reduced
PCD in the aging heart, thereby implicating mitochondrial function and oxidative stress
(Kwak et al., 2014). In addition, mutation of mouse cathepsin K reduced AIG translocation
and PCD during aging, resulting in improved heart function and implicating both caspase-
dependent and caspase-independent mechanisms(Hua et al., 2015). Finally, increasing
GDF-11 levels in the aging mouse had a benefit for heart function, indicating a role for
altered systemic signaling in heart aging.

Several additional tissues show increased sensitivity to induction of PCD during human
aging. For example, the aging kidney has increased sensitivity to stress and PCD, and rodent
models show decreased levels of Bcl-2, and increases in Bax, cytochrome ¢ and caspase-3
(Wang et al., 2014). Age-related hearing loss involves loss of sensory hair cells via PCD, and
mitochondrial genome mutations are implicated in this process(Fujimoto and Yamasoba,
2014). Aging-associated hair greying involves loss of melanocyte stem cells by PCD, and
decreased Bcl-2 and increased ROS are implicated in this process (Seiberg, 2013). Finally,
increased sensitivity to stress and PCD is observed in aging gastric mucosa, and rodent
studies implicate caspase-3 activation (Tarnawski et al., 2014).

In the model organism Drosophila, several studies indicate altered PCD regulation during
aging. Increased PCD-like events were observed during aging in muscle tissue and in fat
tissue, as indicated by DNA fragmentation and caspase activity (Zheng et al., 2005). In

contrast there was no evidence for a global increase in PCD in Drosophila nervous tissue
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using these assays. However, a transgenic reporter for caspase-3 activity was activated
during aging in a subset of nervous tissue cell types, including the ellipsoid body that
functions in visual memory, and the antennal lobe and a sub-set of olfactory receptor
neurons involved in olfaction(Chihara et al., 2014). The olfactory receptor neurons also had
increased PARP levels and DNA fragmentation, and were sometimes lost through PCD.
These studies suggest that only a specific sub-set of neurons are at risk for PCD during aging
in Drosophila.

In the model organism C. elegansthe muscles undergo an aging-related ultrastructural
deterioration (also referred to as sarcopenia), whereas nervous system ultrastructure remains
largely intact(Herndon et al., 2002). The possible role of PCD in the C. elegans sarcopenia is
not known, however a loss of normal signaling from motorneurons has been implicated (Liu
et al., 2013). During aging the C. elegans gonad undergoes hypertrophy marked by increased
cell DNA content and increased cell number. This phenotype is more severe in cep-1 (p53-
related gene) mutants, suggesting an aging-associated loss of normal germ-line PCD activity
(Andux and Ellis, 2008; McGee et al., 2012). Taken together the studies with the model
systems support the conclusion that aging can cause increased susceptibility to apoptosis in
some cell types, and decreased apoptosis in other cell types.

6. PCD in life span regulation

Because PCD is required for normal tissue homeostasis in the adult, it is expected to be
important for optimal life span in species such as mammals where multiple tissues are
maintained by constant cell turnover. In contrast in C. elegans all of the adult somatic cells
are post-mitotic. C. elegans contains a single caspase gene ced-3that is required for
developmentally regulated PCD (Reddien and Horvitz, 2004). Mutation of ced-3was
reported not to affect adult life span, suggesting that C. efegans life span is not regulated by
a canonical caspase-dependent PCD(Garigan et al., 2002), however a possible role for
caspase-independent PCD or necrosis pathways in regulating C. elegans life span cannot yet
be ruled out. Intriguingly, the canonical caspase-dependent C. efegans PCD pathway was
recently found to be required for increased life span caused by ETC mutants and retrograde
ROS signaling (Yee et al., 2014), in the absence of overt PCD. The data suggest a potentially
ancient function for the pathway in mediating retrograde mitochondrial ROS signaling and
altered nuclear gene expression independent of its function in regulating PCD.

In Drosophila, both the gut (Jiang et al., 2011; Micchelli and Perrimon, 2006; Ohlstein and
Spradling, 2006) and Malphigian tubules (equivalent to kidney nephrons) (Singh et al.,
2007)are maintained by stem cell division and cell turnover, however it has not yet been
determined if the rate of cell turnover is important for normal longevity. Over-expression of
caspase inhibitors p35 and DIAP1 in adult flies did not affect life span, suggesting that adult
fly life span is not limited by a canonical caspase-dependent PCD(Shen et al., 2009),
however a possible role for caspase-independent PCD or necrosis pathways in regulating
adult fly life span cannot yet be ruled out.

In mammals PCD is required for normal development and adult tissue homeostasis, which
complicates investigation of possible roles for PCD in mammalian life span regulation.
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Drugs that inhibit PCD and necrosis show promise as potential interventions in injury and
disease (Degterev et al., 2014), however as yet there are no reports of benefits for normal
longevity.

7. PCD in fungal aging

Aging has been studied in Saccharomyces cerevisiae using two different approaches, the
replicative life span assay and the chronological life span assay (Longo et al., 2012), and
with both methods the cells appear to die through a type of PCD. The replicative aging assay
counts the number of times the mother cell can produce a bud (daughter cell). Approaching
25 divisions the mother cell becomes larger, buds less frequently and ultimately dies by
lysis(Egilmez and Jazwinski, 1989). The pathways reported to regulate life span in this assay
include the regulation of rDNA stability and damaged protein retention in the mother cell by
Sir2 (Delaney et al., 2011). In addition, the Ras/PKA and TOR/Sch9 signaling pathways
were found to promote translation and growth and suppress longevity in response to
nutrients (Powers et al., 2006). Mitochondrial stress and retrograde signaling can also affect
the Ras/PKA pathway and increase life span, depending on the yeast genotype (Jazwinski,
2014; Kirchman et al., 1999). Aged mother cells showed characteristics of PCD including
increased markers of ROS, nuclear DNA fragmentation as indicated by TUNEL labeling,
and phosphatidylserine externalization as indicated by Annexin V staining (Laun et al.,
2001).

The other approach for studying aging in Saccharomyces cerevisiae is the chronological
aging assay. Here the yeast culture is grown until glucose is depleted, which causes the cells
to withdraw from the cell cycle (Fabrizio and Longo, 2003). The cells remain metabolically
active and the number of viable cells in the sample can be measured at various time points
by plating the cells on a more rich media and counting the number of colonies. As a function
of time the number of viable cells in the sample decreases as cells are lost to lysis. The
pathways thought to regulate life span in the chronological aging assay include Tor/Sch9 and
Ras/PKA (Wei et al., 2008). Cell death in the Saccharomyces cerevisiae chronological aging
assay has also been described as a PCD based on both morphological and genetic criteria
(Fabrizio et al., 2004; Herker et al., 2004). The morphological criteria included chromatin
condensation and fragmentation, increased markers of ROS, DNA fragmentation indicated
by TUNEL, and phosphatidylserine externalization indicated by Annexin V staining
(Carmona-Gutierrez et al., 2010a).

Several genes have been identified that function in yeast PCD similarly to PCD regulators in
mammals (Figure 1)(Carmona-Gutierrez et al., 2010a). A protease related to caspases called
a metacaspase plays a role in yeast PCD(Hill and Nystrom, 2015). Deletion of the
Saccharomyces cerevisiae metacaspase YCAL increased resistance to PCD caused by
stressors such as hydrogen peroxide and also increased chronological life span (Herker et al.,
2004; Madeo et al., 2002). An AlF-like gene called AIF1 was identified and deletion of
AIF1 was reported to delay chronological aging (Wissing et al., 2004). A yeast homolog of
EndoG was identified (NUCL) that has opposing roles in cell death in the chronological
assay: on glucose media deletion of NUCL1 increased cell death, whereas on glycerol media
deletion of NUC1 increased life span and increased resistance to hydrogen peroxide induced
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PCD (Buttner et al., 2007). Notably the PCD mediated by NUCL1 did not require the
metacaspase YCAL. An IAP-like protein called BIR1 was identified, and over-expression of
BIR1 could both reduce PCD and extend chronological life span (Walter et al., 2006). BIR1
is in turn regulated by a yeast homolog of the mammalian serine protease HtrA2/Omi, called
NMAZ111(Figure 1)(Fahrenkrog, 2011; Fahrenkrog et al., 2004); however, unlike
mammalian HtrA2/Omi, which is released from the mitochondria, the yeast NMA111
functions in the nucleus. So far no interaction between BIR1 and YCAL has been detected
(Walter et al., 2006). The specific molecular activator(s) of YCAL during PCD remain to be
identified (Carmona-Gutierrez et al., 2010a; Carmona-Gutierrez et al., 2010b; Hill and
Nystrom, 2015), however Cytochrome ¢ has been implicated(Silva et al., 2005).

Mitochondrial fission appears to play a role in yeast PDC similar to the situation in
mammals. The gene DNM1 promoted mitochondrial fission and PCD in response to
hydrogen peroxide, whereas the conserved mitochondrial morphology regulator FIS1
inhibited fission and YCAZ1-dependent cell death (Fannjiang et al., 2004). Notably deletion
of DNM1 also increased replicative life span (Scheckhuber et al., 2007). Interestingly,
human Bcl-2 could substitute for FIS1, consistent with a Bcl-2-like function for FIS1.
Finally, a BH3-only protein called YBH3 was identified (Buttner et al., 2011). Upon toxic
stress YBH3 associated with the mitochondria and disrupted mitochondrial membrane
potential. Over-expression of YBH3 sensitized cells to PCD caused by hydrogen peroxide,
however this death was not dependent upon YCAL, AIF1, NMA111 or NUCL1. Deletion of
YBH3 was reported to increase both replicative and chronological life span (Buttner et al.,
2011). The studies with yeast therefore indicate multiple mechanisms for PCD involving
factors released from the mitochondria, similar to the situation in mammals.

Sexual reproduction is also associated with PCD in Saccharomyces cerevisiae. Mating type
pheromone can induce PCD in Saccharomyeces cerevisiae haploid cells of the corresponding
mating type that fail to mate (Severin and Hyman, 2002); low levels of hormone promote
mating whereas high levels promote PCD. The mating type pheromone binds to its receptor
(either Ste2p or Ste3p) and activates a MAPK signaling pathway involving the Ste20p
kinase. There follows an increase in cytoplasmic Ca++ levels, increased mitochondrial
activity and ROS production, mitochondrial fission dependent upon mitochondrial protein
Ysplp, and finally cytochrome c release and cell death (Pozniakovsky et al., 2005).
Cytochrome c release is also implicated in PCD caused by acetic acid (Ludovico et al.,
2002). PCD can also occur during meiosis of diploid yeast cells, where it is regulated by
histone H2B phosphorylation (Ahn et al., 2006; Ahn et al., 2005). It is interesting to note
that hormones involved in sexual differentiation in mammals, such as testosterone and
estrogen, are also regulators of MAPK signaling and PCD (Vasconsuelo et al., 2011), and
sexual differentiation is associated with aging in several species (Tower, 2006, 2014),
suggesting possible conservation of mechanisms.

Saccharomyces cerevisiae was also found to undergo a form of programmed necrosis
(Carmona-Gutierrez et al., 2011). The yeast gene Pep4 is related to mammalian cathepsin D,
and deletion of Pep4 shortened chronological life span. Shortened life span was associated
with increased ROS production and increased apoptotic-like PCD, as indicated by
phosphatidylserine externalization, as well as increased necrotic-like PCD, as indicated by
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loss of membrane integrity. In turn, over-expression of Pep4 increased chronological life
span associated with decreased necrotic-like PCD.

The fungus Podospora anserina has been a pioneering model for the study of aging
(Osiewacz and Borghouts, 2000). For several genotypes the culture will grow for 3-5 weeks
and then enter senescence marked by mitochondrial DNA instabilities, increased ROS,
mitochondrial fission, accumulation of pigment and cell death (Gredilla et al., 2006;
Osiewacz et al., 2010). Genetic studies indicate that PCD factors conserved with
Saccharomyces cerevisiae and with mammals play a role in Podospora anserina aging.
Deletion of the conserved mitochondrial fission regulator PaDnm1 dramatically extended
Podospora anserina life span (Scheckhuber et al., 2007). Deletion of the metacaspase gene
PaMcal caused increased life span, indicative a role for metacaspase-dependent PCD. In
addition, deletion of mitochondrial AlF-like factors PaAlF2 and PAAMID2 caused increased
resistance to oxidative stress and increased life span independent of metacaspase activity,
indicative of a metacaspase-independent PCD (Brust et al., 2010b). In mammals, the
peptidyl-cis, trans-prolyl-isomerase called Cyclophilin D interacts with the F1Fg-ATP
synthase and regulates mitochondrial membrane permeabilization and a programmed-
necrosis form of PCD (Elrod and Molkentin, 2013; Giorgio et al., 2013). In Podospora
anserina, the expression of Cyclophilin D is increased during aging, and treatment with the
Cyclophilin D inhibitor cyclosporin A could increase life span in both wild-type and
Cyclophilin D-over-expressing strains(Brust et al., 2010a), suggesting a conserved
mechanism.

Taken together the studies in fungi suggest conservation of several aspects of PCD with
mammals, including a critical regulatory role for the mitochondria. Interestingly, fungal
PCD is regulated by sex hormones and during gametogenesis, similar to the situation in
flies, nematodes and mammals. In the fungi PCD appears to limit life span in both
replicative and chronological assays. The pro-apoptotic role of ROS, mitochondrial DNA
rearrangements and release of pro-apoptotic factors from permeabilized mitochondria
suggests that a failure in mitochondrial maintenance may contribute to the increased
sensitivity to PCD during fungal aging(Bernhardt et al., 2014), similar to the situation in
mammals.

8. Why is PCD mis-regulated during aging?

There are several aspects to PCD that may make this process particularly susceptible to
disruptions during aging. First, as discussed above, mammalian PCD is a highly-regulated
process that is key to the homeostasis of numerous tissues, including the immune system,
and is therefore regulated by numerous inputs. These inputs include multiple hormonal,
ECM and cell-cell signals, thereby providing many potential targets for aging-associated
disruptions. Second, the normal regulation of PCD involves a delicate balance of multiple
pro-PCD and anti-PCD factors, and cells appear poised for PCD upon appropriate signaling.
This may make PCD pathways particularly vulnerable to maladaptive signals during aging.
Third, the important role of the mitochondria and ROS in PCD is likely a factor, because
mitochondria appear to be particularly susceptible to damage and malfunction during aging
across species (Bernhardt et al., 2014; Hur et al., 2014; Wallace, 2010).
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Several aspects of the observed mis-regulation of PCD during aging support the idea that
mitochondrial malfunctionis a key underlying factor. First, mitochondria are increasingly
implicated in the regulation of PCD across species (Figure 1), and mitochondrial
malfunction is consistent with either increased or decreased PCD depending on the cellular
context. In humans the observed systemic decrease in PCD markers during aging(Kavathia
et al., 2009)is likely to be linked to the decrease in cell turnover rate observed for highly-
mitotic tissues such as skin and blood. This global decrease in coordinated cell birth and
PCD might in turn result from mitochondrial malfunction and the aging-associated decrease
in resting metabolic rate (Fukagawa et al., 1990). The metabolism of cells is linked to the
metabolism of the organism(Savage et al., 2007), and during aging metabolic capacity may
become insufficient to support robust turnover of the highly mitotic tissues. At the same
time, aging-associated failures in mitochondrial maintenance, such as reduced mitochondrial
turnover rate (mitophagy), may predispose mitochondria to the loss of membrane potential
and membrane permeabilization that promote PCD, leading to increased PCD in cell types
such as the muscle. Decreased mitophagy will result in longer-lived and more damage-prone
mitochondria, and decreased mitophagy is associated with aging across multiple species
(Gelino and Hansen, 2012; Liu et al., 2014; Richard et al., 2013). The mitochondrial genome
has a high mutation rate, and mitochondrial mutations are increasingly implicated in
mitochondrial malfunction during aging(Schon et al., 2012; Sevini et al., 2014). Because
mitophagy is important in clearing mutated mitochondrial genomes from the cell, the
decrease in mitophagy with age may be involved in the accumulation of mutated
mitochondrial genomes that favor mitochondrial malfunction, including maladaptive
PCD(Tower, 2014). Finally, the uni-parental inheritance of mitochondrial genomes may
create genetic conflicts (sexual antagonistic pleiotropy) that cause mitochondrial functions,
including PCD, to be particularly susceptible to aging-associated disruptions, including sex-
biased mis-regulation(Maklakov and Lummaa, 2013; Tower, 2006, 2014).
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Saccharomyces cerevisiae
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Cross-species comparison of PCD factors implicated in aging. The factors and regulatory
relationships that appear similar between mammals, C. elegansand S. cerevisiae are
emphasized; additional regulatory factors exist for each species but are not indicated for sake
of clarity. For mammals the canonical intrinsic caspase-dependent apoptotic pathway is
outlined. AIF and EndoG are caspase-independent and translocate to the nucleus where they
mediate DNA fragmentation and chromatin condensation. Please see text for details.
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