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Abstract

Aging is the primary risk factor for numerous chronic, debilitating diseases. These diseases impact
quality of life of the elderly and consume a large portion of health care costs. The cost of age-
related diseases will only increase as the world's population continues to live longer. Thus it would
be advantageous to consider aging itself as a therapeutic target, potentially stemming multiple age-
related diseases simultaneously. While logical, this is extremely challenging as the molecular
mechanisms that drive aging are still unknown. Furthermore, clinical trials to treat aging are
impractical. Even in preclinical models, testing interventions to extend healthspan in old age is
lengthy and therefore costly. One approach to expedite aging studies is to take advantage of mouse
strains that are engineered to age rapidly. These strains are genetically and phenotypically quite
diverse. This review aims to offer a comparison of several of these strains to highlight their
relative strengths and weaknesses as models of mammalian and more specifically human aging.
Additionally, careful identification of commonalities amongst the strains may lead to the
identification of fundamental pathways of aging.

Introduction

Aging is a complex process that leads to a gradual, progressive and irreversible functional
decline and loss of physiologic integrity with time (Kirkwood 2005). As a consequence of
this loss in physiological reserve, old age is the leading risk factor for numerous chronic
debilitating diseases including diabetes, osteoporosis, arthritis, cataracts, sarcopenia,
cardiovascular and neurodegenerative disease (NCoA 2011). By 2050, the number of
persons >60 years of age will double globally to reach >2 billion or >20% of the population
(UN 2013). More than 90% of persons 65 and older have at least one chronic disease, while
>75% have at least two diseases (NCoA 2011). Age-related diseases consume three quarters
of our healthcare dollars and this cost is anticipated to double in the next 50 years as our
population ages (Goldman and Olshansky 2013). Thus the concept of finding interventions
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to delay aging is gaining traction. This creates a need for preclinical models and clinical trial
paradigms.

Because of its complexity, as well as the time involved, aging is difficult to study in humans.
Diseases exist in which individuals age more rapidly than normal. Progeria and progeroid
syndromes are heritable human disorders characterized by the early onset of complex age-
related phenotypes. The majority of human progeroid syndromes are caused by defects in
genome maintenance (Table 1). Because these diseases show significant phenotypic overlap
with normal aging but do not recapitulate all features, they are sometimes referred to as
“segmental progeroid syndromes™ (Dolle and others 2011; Hasty and others 2003). These
rare diseases can be recapitulated in model organisms to create rapid preclinical models for
aging studies.

The time-dependent accumulation of random molecular and cellular damage is thought to
contribute to aging-related degeneration (Kirkwood 2005). Damage to DNA is the only type
of molecular damage that is directly repaired in the cell, illustrating the vital importance of
maintaining genomic integrity. DNA repair mechanisms are therefore essential for somatic
maintenance and staving off age-related decline. This is dramatically illustrated by the fact
that inherited defects in genome maintenance mechanisms can lead to accelerated aging of
one or more tissues (Hasty and others 2003) and the drastic acceleration of skin aging that
occurs in sun-exposed areas of skin compared to protected areas (Gilchrest 2013).

Aging is caused by a combination of environmental and genetic factors approximated at a
70% to 30% ratio (Park 2010). This interplay is illustrated strikingly with DNA damage and
repair. The environment drives DNA damage (e.g., our dependence on atmospheric oxygen
for aerobic metabolism and ultraviolet radiation damage to the skin both drive accumulation
of DNA damage). Without the environmental component, age-related decline is significantly
reduced (e.g. skin never exposed to UV shows reduced aging). Genetics determine our
ability to repair this DNA damage. Alterations in DNA repair genes can significantly
exacerbate aging (Hasty and others 2003). Genetic variability in DNA repair capacity
between individuals as well as differences in environmental exposures help explain why
humans age differently.

Reactive oxygen species (ROS), the by-products of oxidative energy metabolism occurring
in the mitochondria, are considered a ubiquitous cause of damage driving age-related decline
in several organs and species (Harman 1956). ROS can directly or indirectly damage DNA,
resulting in a wide variety of oxidative DNA lesions including small or large base
modifications, single- and double-strand breaks, and interstrand crosslinks (Dizdaroglu and
others 2002). These lesions accumulate in a variety of tissues with age and mutations
affecting DNA repair lead to accelerated accumulation of these lesions and premature aging
(Wang and others 2012).

Unrepaired DNA damage triggers a cellular response that arrests cell cycle progression so
that DNA repair can occur before replication, in order to prevent mutations in the nuclear
and mitochondrial genomes. If repair is not timely or complete, the DNA damage response
culminates in signaling events that trigger apoptosis or cellular senescence. Senescent cells
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accumulate in mammals with age (Herbig and others 2006). Furthermore, senescent cells
have been demonstrated to play a causal role in aging (Baker and others 2011). Senescent
cells are thought to promote aging passively due to their inability to contribute to organ
function and also actively by secreting pro-inflammatory factors (Coppe and others 2010).

Much of the recent progress in defining molecular pathways contributing to aging has been
gained by the use of genetically tractable model systems, ranging from yeast, to flies and
nematodes, to mice. The mouse is an attractive model system for lifespan and healthspan
studies due to its relatively short lifespan and low cost of housing, genetic similarity to
humans, availability of inbred and outbred strains, and genetic tractability. Additionally, as
they age, mice develop cataracts, muscle weakness, immune abnormalities, impaired
fertility, joint problems, central obesity, skin atrophy and many other aspects of normal
mammalian aging (Maronpot 1999).

Murine models of progeroid syndromes are invaluable experimental systems for
investigating the molecular mechanisms by which constant cellular, organelle or molecular
stress drives rapid aging. They also have been valuable for accelerating the pace of
interventional studies aimed at expanding healthspan (Baker and others 2011; Lavasani and
others 2012; Tilstra and others 2012). Finally, they are useful for identifying which tissues
are most vulnerable to a particular type of stress (Gregg and others 2012). Several segmental
progeroid syndromes have been reproduced in mice though there are no models that exhibit
all possible aging lesions in an accelerated timeframe. Three such mouse models, the DNA
repair deficient Erccl-depleted mice, BubR1 hypomorphic mouse and the mitochondrial
mutator mice are compared in this review (Table 2).

ERCC1-XPF (excision repair cross-complementation group 1- xeroderma pigmentosum
group F) is a highly conserved heterodimeric nuclease involved in the repair of damaged
DNA. XPF encodes the catalytic subunit and ERCC1 is essential for DNA binding and
stabilization of XPF. ERCC1-XPF is required for the repair of helix distorting chemical
lesions via nucleotide excision repair, the Fanconi anemia pathway of interstrand crosslink
repair, and the repair of some double-strand breaks via microhnomology-mediated end-
joining (Gregg and others 2011).

Deficiency of ERCC1-XPF in humans results in a variety of conditions and clinical
outcomes depending on the mutation (Kashiyama and others 2013). These include
xeroderma pigmentosum, a skin cancer predisposition syndrome with accelerated aging of
the skin and nervous system, cerebro-oculo-facioskeletal syndrome, a disease of severe
congenital anomalies and developmental delay, Cockayne syndrome, a developmental and
degenerative disease affecting particularly the central nervous system, XFE progeroid
syndrome, characterized by rapidly accelerated systemic aging, and Fanconi anemia,
characterized by one marrow failure and dramatically elevated risk of leukemia and some
solid tumors (Gregg and others 2011).

Nucleotide excision repair (NER) is a highly conserved, multi-step DNA repair pathway
involving over 30 proteins that protects DNA from a wide variety of lesions induced by
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diverse agents (Scharer 2013). There are two sub-pathways of NER that differ in damage
recognition but share the same repair machinery: transcription-coupled NER (TC-NER) and
global genome NER (GG-NER). TC-NER removes lesions that block RNA polymerases,
allowing transcription and preventing cell death, while GG-NER removes distorting lesions
genome wide, primarily preventing mutations. NER is responsible for removing UV-
induced DNA damage, bulky chemical adducts, several types of oxidative damage produced
by endogenous metabolism, and lesions induced by crosslinking agents commonly used in
chemotherapy. Damaged bases are removed with adjacent residues and the resulting gap is
then filled by the replication machinery. ERCC1-XPF is required for incising the damaged
strand 5’ of the lesion, which triggers new DNA synthesis and gap filling. Deficiencies in
NER are known to induce heritable segmental progeroid syndromes, including xeroderma
pigmentosum, trichothiodystrophy and Cockayne syndrome (Bootsma D. and others 1998),
all of which have been recapitulated in mice (Friedberg and Meira 2006).

Xeroderma pigmentosum (XP) is classified into eight complementation groups (XPA
through XPG and XPV). Groups XPA-G are caused by defects in NER. XP is primarily a
cancer-predisposition syndrome. Patients exhibit hypersensitivity to sunlight and have a
>10,000 fold increase in UVB induced skin and ocular cancer (Tamura and others 2014).
But XP also includes segmental progeroid features including accelerated photoaging of the
skin, primary peripheral neuropathy, hearing loss, and cerebral atrophy (Gregg and others
2011). Mutations in XPF that cause XP are point mutations, sometimes in combination with
a frameshift mutation that leads to a truncated protein, which is unstable. But in all XP
patients, XPF is expressed to some extent and there is residual catalytic activity. Thus XP-F
is typically mild with late onset skin cancer and neurodegeneration

Cockayne syndrome (CS) is classically caused by mutations in CSA, CSB, XPB, XPD or
XPG leading to a defect specifically in TC-NER (Nance and Berry 1992). CS is
characterized by numerous developmental abnormalities of varying severity, including
growth retardation, microcephaly, delayed psychomotor development, mental retardation
and hypogonadism. The patients are photosensitive but without increased risk of skin
cancer. CS patients also have several progeroid symptoms, including muscle atrophy,
cataracts, osteopenia, cachexia and a prematurely aged appearance. A combination of
missense and nonsense mutations in XPF, causing impaired assembly of DNA repair
complexes and incision of damaged DNA, was recently shown to cause to CS (Kashiyama
and others 2013).

To date, only two patients with mutations in ERCC1 have been reported. The first was
homozygous for a missense mutation in exon 7 and diagnosed with a severe form of CS
(Kashiyama and others 2013). The second patient had the same missense mutation in
combination with a nonsense mutation and was diagnosed with cerebro-oculo-facio-skeletal
syndrome (COFS), characterized by devastating pre- and post-natal developmental defects
(Jaspers and others 2007). COFS has also been reported in patients with mutations in CSB,
XPD and XPG. Thus, COFS is likely a very severe manifestation of CS.

Fanconi anemia (FA) is a disease caused by failure to repair DNA interstrand crosslinks. FA
is clinically very heterogeneous, due in part to the fact that there are at least 16
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complementation groups (Clauson and others 2013). Manifestations of FA include
congenital anomalies, bone marrow failure and high risk of acute myeloid leukemia
(Auerbach 2009). XPF was recently identified as the 161 complementation group of FA
(Bogliolo and others 2013; Schuster and others 2013). Again, a complex combination of
missense and nonsense mutations in XPF causes FA. However, interestingly these mutations
affect interstrand crosslink repair specifically with little impact on the other DNA repair
functions of ERCC1-XPF (Bogliolo and others 2013).

There is one published case of XFE progeroid syndrome, caused by a homozygous missense
mutation in XPF that results in substantially reduced expression of the ERCC1-XPF
nuclease (Niedernhofer and others 2006). The affected individual had normal early post-
natal development, but beginning in early pre-pubescence, there was onset of progressive
progeroid symptoms. Multiple organ systems were affected and clinical manifestations
included weight loss, old wizened appearance, liver dysfunction, renal insufficiency, visual
and hearing loss, epidermal atrophy, sarcopenia, kyphosis, osteopenia, anemia,
hypertension, ataxia and cerebral atrophy (Gregg and others 2011; Niedernhofer and others
2006).

Numerous mouse models of NER-deficiency have been made by knocking out genes
required for NER or knocking disease causing human mutations into the mouse genome. In
virtually all of these models, the mice exhibit a milder phenotype than the human diseases
that they model (Friedberg and Meira 2006). The Xpa™~ mouse model of XP, have
undetectable levels of NER and are hypersensitive to UV and carcinogens, but lack the
characteristic neurodegeneration of XP. Murine models of CS express attenuated progeroid
symptoms associated with CS including loss of subcutaneous fat, retinal degeneration and
neuropathology.

There are two models of XFE progeroid syndrome, a complete knock-out of Erccl and a
hypomorphic mutant (Gregg and others 2011). A knock-out strain was first generated by
disrupting exon 5 (of 10 exons in Erccl) leading to undetectable levels of the normal length
Erccl transcript (McWhir and others 1993). A second knockout mouse was made by
inserting a neomycin resistance cassette into exon 7 of Erccl, also leading to undetectable
Erccl mRNA (Weeda and others 1997). The phenotype of the two knock-out mice appears
to be identical although a direct comparison has not been done. XPF is undetectable in the
tissues of the Erccl knockout mouse, indicating destabilization of the endonuclease when
ERCC1 is not expressed (Niedernhofer and others 2006). Not surprisingly then, Xpf’- mice
appear to phenocopy the Erccl”- mice (Tian and others 2004).

Deletion of Erccl is lethal in an inbred C57BI/6 or FVB/n background, but knock-out mice
are born with Mendelian frequency in an F1 hybrid background (C57BI/6:FVB/n)
(Niedernhofer and others 2006), indicating that there are modifier genes that influence the
severity of the phenotype. Erccl null mutants develop normally in utero but are runted at
birth. Their growth curve parallels wild-type littermates postnatally for several weeks than
plateaus (McWhir and others 1993; Niedernhofer and others 2006; Weeda and others 1997).
Median lifespan is 4 weeks and maximum lifespan is 9 weeks. Mutant mice exhibit a variety
of progressive progeroid features, including epidermal atrophy, sarcopenia and kyphosis,
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dystonia, tremors, ataxia and decreased neuronal function (Niedernhofer and others 2006).
There is rapid turnover of bone marrow cells, leading to premature exhaustion of
hematopoietic stem cells resulting in leukopenia, thrombocytopenia and adipose
replacement of the bone marrow (Prasher and others 2005).

Erccl”- mice die of liver failure, with increased hepatic serum enzymes and abnormalities
that are reminiscent of aged liver including hepatocellular aneuploidy and G2 arrest
(McWhir and others 1993; Weeda and others 1997). Re-expression of Erccl in the liver of
Erccl”- mice extends their lifespan to twelve weeks, at which point the animals die of renal
insufficiency (Selfridge and others 2001). Erccl”- mice have profound endocrine changes
including reduced growth hormone/insulin-like growth factor-1 signaling, which appears to
be an adaptive response to DNA damage demonstrated to extend lifespan (Bartke 2005;
Niedernhofer and others 2006). Additionally, tissues of Erccl”- mice exhibit signs of
increased DNA damage response and premature cellular senescence (McWhir and others
1993; Weeda and others 1997).

The hypomorphic mouse, or Erccl”?, expresses about 5% of the normal level of ERCC1-
XPF. These mice have one null allele and one truncated allele that lacks the last seven amino
acids of the protein due to a premature stop codon engineered at position 292. The
phenylalanine residue at position 293 is essential for ERCC1 binding to XPF (Tsodikov and
others 2005), explaining the severely attenuated expression of the endonuclease
heteroduplex. In an inbred genetic F1 hybrid background (C57BL6/J:FVB), the
hypomorphic mice are born with Mendelian frequency (de Waard and others 2010). The
median lifespan is 19 weeks and the maximum lifespan is 29 weeks (Dolle and others 2011)

Erccl”2 mice are runted postnatally compared to wild-type littermates but develop normally
until sexual maturity, at which point they begin to exhibit signs of accelerated aging (Dolle
and others 2011; Gregg and others 2011). As with Erccl”- mice, they exhibit lesions in
multiple organ systems, including epidermal, musculoskeletal, central and peripheral
nervous systems, cardiovascular, sensorineural, hepatobiliary, renal, hematopoietic and
endocrine organs, reflecting a truly systemic accelerated aging (Gregg and others 2011). The
Ercc1”2 mice spontaneously develop loss of vision and hearing (Spoor and others 2012),
kyphosis due to osteoporosis (Chen and others 2013) and intervertebral disc degeneration
(Vo and others 2010), sarcopenia (Lavasani and others 2012), dystonia and tremors (de
Waard and others 2010), progressive primary peripheral neuropathy (Goss and others 2011),
ataxia, cerebral atrophy, thymic involution, splenic atrophy, natural killer cell reduction,
adipose replacement of the bone marrow (Chen and others 2013; Dolle and others 2011),
testicular degeneration, hepatic and renal anisokaryosis, glomerular and renal tubular
degeneration, hepatic lipofuscin accumulation, fibrosis, steatosis and pseudocapillarization
(Gregg and others 2012) and myocardial degeneration (Dolle and others 2011; Niedernhofer
and others 2006). Ercc1”2 mice have profound spinal cord astrocytosis and microgliosis by
four months of age, with significant reduction in the number of motor neurons in the ventral
horn of the spinal cord and denervation of the skeletal muscle (de Waard and others 2010).
The development of age-dependent motor abnormalities, disruption of neuromuscular
connectivity at the neuromuscular junction, degeneration of motor neurons and spontaneous
peripheral neurodegeneration (de Waard and others 2010; Goss and others 2011) supports
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the idea that neurons are particularly vulnerable to endogenous DNA damage when not
repaired. Ercc12 mice also have altered energy metabolism, with a shift to ketosis
(Nevedomskaya and others 2010). They have a relative change of lipoprotein levels
compared to wild-type mice, with a decrease in LDL and VLDL and increase in HDL in
mutant animals (Nevedomskaya and others 2010; Smith and others 2012). Metabolic
profiling of Ercc172 mice revealed that at younger ages (<10 weeks) there is no significant
difference between wild-type and mutant mice. However, as Ercc1”2 mice age (>10 weeks)
they display major changes in metabolism. This suggests that the mutant mice develop
somewhat normally until they reach sexual maturity and then ‘accelerate aging’. Several
metabolic changes are also consistent with organ insufficiency and/or failure, including
increased glucose, citrate and succinate in the urine, and decreased hippuric acid secretion
indicative of kidney dysfunction and metabolic alkalosis, decreased taurine and allantoin
(urine) and increased glutamine and alanine (serum) indicative of liver dysfunction
(Nevedomskaya and others 2010). Interestingly these serum and urine changes preceded the
pronounced physical changes observed in the Ercc12 mice. Additionally, several tissues of
Erccl”2 mice exhibit an increase in DNA damage response and cellular senescence (Gregg
and others 2012; Schermer and others 2013; Tilstra and others 2012; Weeda and others
1997).

Erccl1”2 mice accumulate genomic mutations at increased frequencies compared to wild-
type siblings, but the mutations are largely complex genome rearrangements, which also
accumulate, albeit or slowly with age in wild-type mice (Dolle and others 2006). Genome-
wide expression profiling of Ercc1”2 mouse liver revealed a highly significant correlation
with the transcriptome of old wild-type mice, indicating that the hypomorphic mice appear
biologically old (Schumacher and others 2008). Based on transcription profiles, it was also
determined that Ercc172 mice can be used as model of glomerular aging, as molecular aging
processes were comparable to those in wild-type glomeruli (Schermer and others 2013).
Thus collectively, there is functional, histopathological, transcriptional, proteomic,
metabolomic and ultrastructural data supporting the conclusion that Ercc1”2 mice
phenocopy normal murine aging, albeit occurring approximately 6-fold faster.

The BUB1B gene encodes BUBR1, a core component of the mitotic spindle assembly
checkpoint that is also implicated in ciliogenesis and DNA repair (Miyamoto and others
2011). The mitotic spindle assembly checkpoint is critical for accurate sister chromatid
segregation during cell division and the maintenance of proper chromosome number. All
chromosomes must attach to both spindle poles of a cell, which is mediated by the
kinetochore (a protein complex at the centromere of each chromosome) and the spindle
microtubules. Until all of the chromosomes are attached and aligned, BUBR1 and other
mitotic spindle assembly checkpoint proteins bind CDC20 and anaphase-promoting complex
(APC). This inhibits the ubiquitin E3 ligase activity of APC thereby preventing transition
from metaphase to anaphase (Zhou and others 2002). Inhibition of the checkpoint or
depletion of BUBR1 leads to mitosis under circumstances where the chromosomes cannot
be equally distributed, and thereby aneuploidy.
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Aneuploidy increases with age in tissues of mice (Faggioli and others 2012). Interestingly
BUBRL1 expression declines in multiple tissues of mice as they age (Baker and others 2004).
Overexpression of BUBRL1 in the mouse, attenuates aneuploidy, reduces chromosomal
instability and tumorigenesis, and extends median and maximum lifespan (Baker and others
2013a), suggesting that the decline in BUBR1 expression might contribute to aging. Indeed,
many age-related phenotypes are attenuated when BUBR1 is forcibly overexpressed,
including the accumulation of senescent cells, loss of muscle stem cells, myofiber diameter
and exercise capacity, renal inflammation and glomerulosclerosis, and cardiac performance
(Baker and others 2013a).

In humans, BUB1B mutations cause Mosaic variegated aneuploidy (MVA), as autosomal
recessive disease characterized by a high frequency of mosaic aneuploidies and an increased
risk of cancer (Garcia-Castillo and others 2008). Interestingly, MV A patients often exhibit
progeroid traits including shortened lifespan, growth retardation and short stature, cataracts,
corneal opacities, and glaucoma.

To study the role of BubR1 in disease and aging, Baker et al developed transgenic mice
expressing various levels of BUBR1 (Baker and others 2004). Complete deletion of BUBR1
expression causes early embryonic lethality due to massive apoptosis. Mice created with one
null and one hypomorphic allele express approximately 4% of normal level of BUBRL1 died
within hours birth, likely due to respiratory insufficiency (Baker and others 2004). BubR1*
mice express ~30% of the normal levels of BUBRL1 and display no obvious phenotype.
However, there is extensive aneuploidy in primary mouse embryonic fibroblasts, derived
from the mice and the mice are susceptible to chemically-induced tumorigenesis,
particularly of the lung and colon.

Mutant mice carrying two BubR1 hypomorphic alleles (BubR1HH mice) mice express
~10% of the normal levels of BUBR1 protein and have profound accelerated aging (Baker
and others 2004). BubR1HH mice are normal in appearance and size at birth but have slow
post-natal growth. Lesions shown by BubR17/H mice include dwarfism, lordokyphosis,
facial dysmorphisms, cachexia, infertility of males and females (due to defects in meiotic
chromosome segregation). Progeroid features include vascular fibrosis, impaired aortic and
carotid elasticity, cardiac arrhythmias, arterial wall stiffening, cataracts, sarcopenia, gliosis
in the brain, loss of subcutaneous fat, thinning of the dermis, impaired wound healing, skin
abnormalities (subdermal fat loss, reduced dermal thickness and impaired wound healing)
and reduced stress tolerance (Baker and others 2013a; Baker and others 2004; Baker and
others 2013b; Hartman and others 2007; Matsumoto and others 2007).

Beginning at approximately two months of age, BubR1%/H mouse cells display a high
frequency of chromosome missegregation, as well as increasing aneuploidy, and the
emergence of progeroid phenotypes. This suggests a role for chromosomal instability in the
development of progeroid features, though it is likely that other factors are also involved, as
other models with higher aneuoploidy rates do not undergo premature senescence and aging
(Wijshake and others 2012). Interestingly, BubR1%H mice do not show an increased
incidence of cancer, though they are susceptible to DMBA-induced tumorigenesis (Baker
and others 2004). The median lifespan of the BubR1%/H mice is six months, approximately
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four- to fivefold shorter than wild-type mice in the same genetic background (Baker and
others 2011; Hartman and others 2007).

BubR1"H mice have been used to investigate of the role of cellular senescence in aging
(Baker and others 2008; Baker and others 2011). p16/"k4a and p19A'f, which increase with
age in rodent and human tissues, are selectively induced in skeletal muscle, fat, and eyes of
BubR1HH mice. Primary mouse embryonic fibroblasts derived from BubR1%/H mice senesce
prematurely ex vivo (Hartman and others 2007). Inactivation of p16/"k42 in BubR1™H mice
reduces cellular senescence and accelerated aging of the skeletal muscle and fat, while
p19AT inactivation increased senescence and aging in these mice (Baker and others 2008).
Selective removal of p16'"k4a- positive, senescent cells in BubR1HH mice delays the onset
of lordokyphosis and cataracts, and attenuates the loss of myofiber size, subcutaneous fat
and exercise capacity (Baker and others 2011). This study provided the first direct
experimental evidence that senescent cells drive aging in vivo. Interestingly, the in
BubR1"H mouse, p53 has been shown to be protective against the development of age-
related lesions (Baker and others 2013b), as opposed to other progeroid mouse models
(Zmpste24-'- and Ercc12) in which p53 drives the early aging phenotype.

Mitochondria are an essential organelle with critical functions in cellular metabolism,
calcium signaling, ROS generation, pyrimidine biosynthesis and apoptosis. However, its
most crucial function is ATP generation via the electron transport chain (ETC) and oxidative
phosphorylation (OXPHOS). Intracellular ROS are produced as a byproduct of oxidative
phosphorylation. The mitochondrial theory of aging suggests that ROS produced by the
mitochondria, damage key mitochondrial components, such as mitochondrial DNA
(mtDNA), membranes and respiratory chain proteins (Jang and Van Remmen 2009; Kujoth
and others 2007). Damage accumulates over time, ultimately leading to mitochondrial
dysfunction and impaired respiration, further increasing ROS production and oxidative
damage, eventually triggering activation of cell death pathways. This “vicious cycle” of
ROS and damage is hypothesized to be a major determinant of mammalian lifespan
(reviewed in (Cui and others 2012)). However, transgenic mice with modifications in
mitochondrial antioxidant capacity yielded conflicting results, and in total do not fully
support the mitochondrial theory of aging (Jang and Van Remmen 2009).

Mitochondria have a 16.5kb circular genome, which comprises approximately 1-3% of total
cellular DNA in animals, encoding for tRNAs, rRNAs and polypeptides essential for ETC
and OXPHOS. Mitochondrial DNA (mtDNA) replicates within the organelle, independently
of the nuclear genome and the cell cycle. mtDNA replication is controlled by DNA
polymerase gamma (POLG or Poly), an enzyme encoded by the nuclear genome, and the
only DNA polymerase known to function in the mitochondria. POLG has a C-terminal
polymerase domain that catalyzes DNA synthesis, an N-terminal 3'— 5’exonuclease that
proofreads newly replicated DNA and 5’ dRP lyase activity for the excision repair of abasic
sites in the mitochondrial genome.

Point mutations and deletions in mtDNA accumulate in multiple tissues with aging and
correlates with mitochondrial morphological changes that also appear in aged animals, thus
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suggesting a central role of mtDNA mutations in aging and age-related pathologies
(reviewed in (Cui and others 2012)). Increased frequency of mtDNA mutations with aging is
more pronounced in long-lived post-mitotic cells with high levels of oxidative
phosphorylation, such as cardiomyocytes, skeletal muscle fibers and neurons, but increases
are seen in nearly all tissues. Additionally, mitochondrial number decrease in aged livers of
several mammals, including mice and humans, leading to decreased mtDNA copy number
and mitochondrial proteins. Pathogenic mutations in mtDNA lead to ATP depletion, cellular
dysfunction and ultimately cell death due to activation of apoptosis. However, whether
mitochondrial mutations cause mammalian aging or are merely correlated with it, remains
an area of debate.

mtDNA is more susceptible to oxidative damage than nuclear DNA and has a higher
mutation rate due to several factors including the close proximity of mtDNA to the electron
transport chain where there is greater likelihood of exposure to ROS, absence of protective
histones, and lack of buffering by introns (Cui and others 2012). In addition, mtDNA has
limited capacity for DNA repair, as mitochondria lack some DNA repair mechanisms
present in the nucleus. For example, nucleotide excision repair does not occur in the
mitochondria. Thus the repair of oxidative damage depends upon base excision repair,
which is reported to wane with age in the mouse brain (Alexeyev and others 2013). In
contrast, recent evidence suggests a role for replication errors occurring early on life that
undergo polyclonal expansion with age and finally lead to mitochondrial dysfunction, as the
main cause of accelerated aging (Ameur and others 2011).

In humans, numerous, diverse inherited disorders are caused by mutations in mtDNA,
including diabetes, neurodegeneration and cancer (NIH 2015). In 2001, the first disease
mutations were identified in POLG, that caused progressive external ophthalmoplegia (PEO)
and since then ~150 mutations in POLG have been implicated in a variety of diseases
including Alpers syndrome and other infantile hepatocerebral syndromes, ataxia-neuropathy
syndromes, Charcot-Marie-Tooth disease, idiopathic parkinsonism, nucleoside reverse-
transcriptase inhibitor toxicity, deafness, peripheral neuropathy, male infertility and a
decreased age of menopause (below 35 years of age)(Taylor and Turnbull 2005).

The absence of a human progeroid syndrome caused by mtDNA instability suggests that
mtDNA mutations do not contribute to fundamental mechanisms of human aging. Similarly,
there are no segmental progeroid syndromes that can be explicitly attributed to genes that
regulate oxidative stress. However, the fact that POLG mutations are associated with a
variety of age-related pathologies and diseases including cataracts, Parkinson's disease, early
menopause, diabetes, deafness and decreased cardiac and skeletal muscle function,
implicates mtDNA instability in impacting frailty.

To directly test this, mitochondrial mutator mice were generated by two independent groups
using a knock-in strategy (Trifunovic and others 2004). These mice were made by
introducing an AC—CT substitution that corresponded to positions 1054 and 1055 of Polg
to create Pol /P257A/D257A This missense mutation (D257A) resulted in a critical substitution
in the conserved second exonuclease domain of Poly, impairing its proof-reading ability, but
not affecting polymerase activity. Thus, mice homozygous for this mutation have
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accelerated accumulation of mutations in their mtDNA, including random point mutations,
linear molecules with large deletions, circular mtDNA molecules with large deletions and
molecules containing multimers in regions containing non-coding mtDNA (Bailey and
others 2009; Someya and others 2008).

Pol /P25TAIDZ57A miice are born in Mendelian fashion without an obvious phenotype and
young mutants are indistinguishable from wild-type littermates (Trifunovic and others
2004). The premature aging phenotype that develops in each strain of mutant mouse is very
similar, differing only in the time of onset of phenotypes (6-7 months vs. 9 months of age)
(Kujoth and others 2005; Trifunovic and others 2004). Aging-associated lesions include
weight loss, hearing loss, hair graying and alopecia, loss of subcutaneous fat, decreased
spontaneous activity, kyphosis, osteoporosis and loss of bone mass, sarcopenia, loss of
intestinal crypts and intestinal dysplasia, thymic involution, infertility, testicular atrophy
associated with depletion of spermatogonia, and cardiac hypertrophy and dysfunction
(Trifunovic and others 2004; Vermulst and others 2007; Vermulst and others 2008).

pol PZTAID25TA mice have normal blood counts until four months of age, but then develop
an age-dependent macrocytic anemia with abnormal erythroid maturation and megaloblastic
changes, as well as defects in lymphopoiesis. In one strain, the median lifespan is ~48
weeks, with a maximal lifespan of 61 weeks, while the other mutant strain has a median
lifespan of 59 weeks and maximum lifespan of 66 weeks, which is 50% less than wild-type
mice in the same genetic background.

Compared to wild-type littermates, mtDNA mutations are increased 3-11 fold in multiple
tissues, and because mutation load is already substantial by two months of age and
somewhat uniform between tissues, it was suggested that much of the mutation
accumulation occurred during embryonic and/or fetal development (Kujoth and others 2007;
Trifunovic and others 2004). While both point mutations and deletions in mtDNA
accumulate with age in these mice, mtDNA deletions were identified as a driving force
behind the premature aging phenotype of these mice, though the rate at which mtDNA
mutations reach phenotypic expression is greatly variable among tissues (Vermulst and
others 2008). Interestingly, a mouse model that expresses a mutant-dominant version of
mtDNA helicase, Twinkle, also accumulates low-levels of large scale mtDNA deletions.
Although these mice display mitochondrial dysfunction, they have a normal lifespan,
suggesting mtDNA mutations and abnormal mitochondrial function may not be sufficient to
promote progeroid like symptoms (Tyynismaa and others 2005).

Importantly, in the Pol yP257A/D257A mice, there is no change in mitochondrial ROS
production, no increase in DNA, RNA, protein or lipid markers of oxidative stress and
antioxidant defense systems are not up-regulated (Edgar and Trifunovic 2009; Kujoth and
others 2007). Increased mtDNA mutations in Pol jP257A/D257A mice, are also not associated
with impaired cellular proliferation or accelerated cellular senescence (Kujoth and others
2005). However, by 12 weeks of age, Pol }P257AD257A mice exhibit decreased electron
transport chain activity with decreased oxygen consumption and ATP production by
mitochondria (Jang and Van Remmen 2009; Kujoth and others 2007). The mtDNA
mutations in mutant mice also correlate with the induction of apoptotic markers, particularly
in tissues with rapid cellular turnover (Kujoth and others 2007; Kujoth and others 2005). It
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was proposed that the accumulation of mtDNA mutations led to mitochondrial dysfunction
and associated impairment of energy metabolism, inducing apoptosis (Someya and others
2008). Because levels of apoptotic markers also increase during normal aging in mice,
accumulation of mtDNA mutations that promote apoptosis and result in loss of critical and
irreplaceable cells may be a central mechanism driving tissue dysfunction in mammalian
aging (Kujoth and others 2005).

Mice heterozygous for the mutant allele (Pol P257A*+) have normal lifespans and no
premature aging phenotype (Jang and Van Remmen 2009; Vermulst and others 2008). They
have been found to have approximately a 500-fold increase in mtDNA point mutations
compared to wild-type mice, disputing the role of mtDNA point mutations as a lifespan
limiting factor (Jang and Van Remmen 2009). Additional mutator mice have also been made
using tissue-specific Pol /1814 exonuclease deficient transgenes expressed primarily in the
heart or brain (Kujoth and others 2007).

There are criticisms about the utility the Pol yPZ57A/D257A moyse as a model for mammalian
aging. It has been noted that while their pathologies may be similar to those seen in aged
humans, they do not necessarily reflect those observed in normal aged mice (Jang and Van
Remmen 2009). Several lesions, including anemia and loss of intestinal crypts, are far more
severe in mutants than in normally aged mice and other lesions such as weight loss, alopecia
and kyphosis, are uncommon in healthy aged mice (Maronpot 1999). The hearing loss in the
mtDNA mutator mouse occurs via a different mechanism than that in normal aged mice, and
sarcopenic muscle from the mutant mouse has high mitochondrial fission and autophagy
levels, not seen in normally aged muscle (Joseph and others 2013).

Conclusions and Future Directions

Because genome maintenance mechanisms are generally highly conserved between species,
mice defective in such pathways are especially important models, as they can exhibit
premature appearance of aging symptoms (Hasty and others 2003). Mutant mice deficient in
DNA repair exhibiting premature senescence and progeroid lesions support the involvement
of DNA damage-induced senescence in the process of aging. The study of such mice can
provide valuable information regarding basic mechanisms of aging, as well as natural
defense systems that promote longevity (Hasty and others 2003). They also can be exploited
as rapid models in pre-clinical studies to address certain aspects of aging (Baker and others
2011; Lavasani and others 2012; Tilstra and others 2012).

Mouse models of accelerated aging are not perfect models of natural aging in mice or
humans. Often, this is because they were not intended to be. Instead, they were generated to
ask specific questions about the physiological function of a protein (Baker and others 2004;
Niedernhofer and others 2006) or to test a specific hypothesis about the contribution of
particular type of damage to aging (Kujoth and others 2005; Trifunovic and others 2004).
There is often incomplete overlap between the histopathologic lesions seen in rapidly aging
mice and those commonly associated with normal aging indicating that the models are
segmental or tissue-specific. However the mice that were generated specifically to model a
human progeroid syndrome have translational potential (Chen and others 2013;

Exp Gerontol. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gurkar and Niedernhofer Page 13

Niedernhofer and others 2006) for discovering therapeutics for rare diseases and potentially
aging in the general populaiton.

Aging results from a complex interplay between genetics of an organism (human or mouse)
and the stresses placed on it by its particular environment. The genetic background of mice
not surprisingly therefore has an important role in modifying the penetrance and expression
of clinical manifestations of DNA repair deficiencies. Environmental factors including
housing conditions, infectious agents, and diet likely play a role in the expression of aging
phenotypes in mouse models, and perhaps in humans as well (Collins and Tabak 2014).

Another important consideration is the sex of the animals. With the exception of lesions
associated with the reproductive tract, the sex of the animal is often not reported with the
phenotypic descriptions of aging in mouse models and preclinical studies Many of the traits
examined in mouse models used in aging research are influenced by sex-linked biological
factors, such as bone density and neurodegeneration. Indeed, several therapeutics discovered
to impact lifespan of wild-type mice display efficacy only in males or to (Harrison and
others 2014) a greater extent in females (Miller and others 2014).

In lifespan studies, the most vulnerable organ or body system fails first, causing death of the
animal and preventing acquisition of information about the long-term effects on other,
potentially more relevant, organ systems. This can be overcome with the use of floxed
(conditional) alleles of relevant genes. Tissue-specific deletion of a gene enables one to
determine if for example DNA damage accumulation or mtDNA mutations affect only that
tissue (cell-autonomous mechanism of aging) or other tissues as well (non-cell autonomous).
In addition, using a conditional allele, it is possible to knockout gene expression in adult
animals to discover if phenotypes are purely degenerative or if they have a developmental
component. Future studies incorporating currently available and newly developed animal
models will undoubtedly facilitate the rapid development and refinement of genetic or
pharmacologic therapeutic interventions that reduce DNA damage, promote DNA repair, or
optimize the cellular response to DNA damage to prolong healthy lifespan and aging (Baker
and others 2011; Hasty and others 2003; Lavasani and others 2012; Tilstra and others 2012).
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Table 1

Inherited human diseases of accelerated aging.
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Progeroid syndrome

Tissues affected

Genome maintenance system
altered

References

Xeroderma pigmentosum

skin cancer
premature aging of the epidermal,central
nervous system

nucleotide excision repair

(Kraemer and
DiGiovanna 2014)

Cockayne syndrome

premature aging of the central nervous,
adipose and musculoskeletal systems

transition-coupled nucleotide
excision repair

(Nance and Berry 1992)

Trichothiodystrophy

aged appearance

transition-coupled repair nucleotide
excision

(Bootsma D. and others
1998)

Ataxia telangiectasia

Cancer
premature aging of the central nervous and
endocrine systems

double-strand break repair

(Chun and Gatti 2004)

AT-like disorder

premature aging of the central nervous and
endocrine systems

double-strand break repair

(Chun and Gatti 2004)

Werner's syndrome

Cancer

premature aging of the cardiovascular,
musculoskeletal, epidermal, endocrine and
ocular systems

telomere maintenance

(Kudlow and others
2007)

Fanconi anemia

Cancer
premature aging of the bone marrow

interstrand crosslink repair

(Auerbach 2009)

Hutchinson-Gilford

premature aging of the cardiovascular,
musculoskeletal and reproductive systems

chromatin organization; timely repair
of double-strand breaks

(Kudlow and others
2007)

XFE progeroid syndrome

systemic premature aging

nucleotide excision repair,
interstrand crosslink repair, repair of
some strand breaks with 3’ flaps

(Niedernhofer and others
2006)

Exp Gerontol. Author manuscript; available in PMC 2016 August 01.




Page 21

Gurkar and Niedernhofer

wisi4emp pue Bununi sapnjoul UONEPILIR] YIMOIS
*

£,30U3JS3Uas |92 ainjewsald

(s002
s1au10 pue yolnyy) shep o9t
:wnwixew ‘sAep 9Ty :UeIPaN
(¥00z s1ay10
pue d1A0UNYLI] ) SY9aM T9

JWINWIXEW SY99M 8t :UBIPIN

(¥00Z slay10 pue Jaxeq) syuowW 9 :UeIPaIA

(TTOZ SJaypo pue 8|joQ) $38am
62 ‘WnwixXew :s)aam 9T :UeIpaN

(266T s19410 pue epsdAN 19002
SI8U10 pue JaJoyuIapaIN ‘S66T
SI3UI0 puB JIYANDIAI) SHOM t-€

uedsayi

Alpuagun ‘eisedsAp feunsajul
pue s}dAID [eunsalul Jo SSO

Aluayul ‘eixayoes ‘swisiydiowsAp

|e1oey ‘Buifeay punom pairedw

Ajuaur tuonounysAp
Jeual ‘uonelsuabap as1q

ain|rey JanI

1BYl1o

+

+

+

SaII[eWIOUQR JR[NISeAOIPIED

guoIsiA pairedw|

opuONN|0AUI
Jo/pue Aydouie uefio onsiodorewsH

sso| BurreaH

s1s040d0a1sQ

sanifewdouqe o16ojonsN

sso| 184 OS

S [ew.ouge o1bojorewaH

qmmmcmco uns

eluadoales

sisoydAy

L Uonepelal yimoio

saifojoyred

%0

%0T

%0T

%0

uoissaadxa uls10ad [eWIoN %

VNQIW PaziIsayuAs
KAimau peasjooud 03 Ajigeu)

urodx2ayd
Ajquasse ajpuids anoiw aARa)ea

sAemuyed Jredal
WwNQ 3jdinw ui pasiwoldwo)

sAemuyzed Jredal
WwNQ ajdinw ui pasiwoldwo)

uoneinw Jo asusnbasuo)

Blod Tiang 1903 10013 auab payeniy
BUON Apiojdnauy pajebalte o1eso awo.puAs eliaboid 34X awo.puAs eliaboid 34X pajapow aseasIp uewnH
viseariszat10d Hmliang y-19243 --13943

Author Manuscript

‘Ajigeisul o1wouab o1 anp Buibe pajels|adde YliM Sulells asnowl asIaAIp Jo uostedwo)

¢ ?dlqel

Author Manuscript

Author Manuscript

Author Manuscript

Exp Gerontol. Author manuscript; available in PMC 2016 August 01.



Page 22

Gurkar and Niedernhofer

S108J818D S3PNJOUI UOISIA UE_SE_w

snwAy) pue uas|ds apnjoui sueblo o:m_ogsmeIQ
(1]
s1so1160Jo1W pue SIS0}A20.ise PJod [eulds Jo/pue ulelq ‘Uolielauafiapolnau ‘elxele ‘sIowal) ‘eluolsAp apn|aul sanjewlouge 9160j0INaN

eluadoifooquioays pue eiuadoyna| apnjoul sanifewlouqe o_mo_gmc_m_._#m

e1oadoye pue ‘BuiAelb Jrey ‘ssauxolyl [ewlap paanpal ‘Aydolie apnjoul sabueyd c_v_m“Mv

Author Manuscript Author Manuscript Author Manuscript

Author Manuscript

Exp Gerontol. Author manuscript; available in PMC 2016 August 01.



