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Abstract
Long-lived animals have evolved a robust set of defenses to maintain genomic integrity over their
entire lifespan. The DNA damage response and DNA repair pathways are critical pillars of
organismal defenses, minimizing somatic mutations in both post-mitotic and mitotic cells. These
genomic maintenance systems not only prevent the premature emergence of cancers, but may also
maintain normal tissue function and organismal longevity. Genetic defects in a number of DNA
repair and DNA damage response genes often leads to a dramatic increase in cancer incidence; in
other cases, premature aging or progeroid syndromes may be induced. In this review, we discuss two
recent reports of two nucleotide excision repair deficient models that exhibit dramatic premature
aging and shortened longevity. The DNA repair defects were also associated with a significant
inhibition of the growth hormone/insulin-like growth factor 1 (GH/IGF-1) axis, an endocrine
signaling pathway shown to influence aging and longevity in both vertebrates and invertebrates.
Potential mechanisms of how DNA damage might affect IGF-1 signaling and aging are discussed,
with a particular emphasis on the role of such signaling alterations in the adult tissue stem cell
compartments.
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1. Introduction
The study of aging has undergone a renaissance with the discovery that manipulation of specific
genes and signaling pathways can dramatically increase lifespan of model organisms (Guarente
and Kenyon, 2000). Until the discovery of such genes, dietary restriction was the only
intervention shown to produce a significant effect on enhancing organismal longevity (Masoro,
2005). Comparison of longevity-associated genetic alterations in multiple model organisms
has frequently implicated the insulin-like growth factor-1 (IGF-1) signaling pathway as a
critical player in the control of longevity (Kenyon, 2001; Longo and Finch, 2003). Nematodes
and fruit flies with mutations in insulin/IGF-1 signaling pathway members often show
dramatically increased longevity (Giannakou and Partridge, 2007; Kenyon, 2001; Tatar,
Bartke, and Antebi, 2003). Moreover, mice with defects in growth hormone (GH)/IGF-1
pathway genes exhibit enhanced median and maximal lifespans (Bartke and Brown-Borg,
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2004; Kopchick, 2008). While the mechanisms by which reduced IGF-1 signaling augments
survival are not entirely clear, the phenotypes of the IGF-1 signaling deficient worms, flies and
mice and downstream transcriptional targets of the IGF-1 pathway provide some important
clues. Mice with GH/IGF-1 signaling defects generally display reduced body mass, reduced
IGF-1 and insulin levels, improved stressed resistance, and reduced incidence of cancer (Bartke
and Brown-Borg, 2004; Bluher, Kahn, and Kahn, 2003; Holzenberger et al., 2003; Kopchick,
2008). The FOXO transcription factors upregulated by decreased IGF-1 signaling activate
genes important for carbohydrate metabolism, DNA repair, anti-oxidant resistance, apoptosis,
and cell cycle arrest (Greer and Brunet, 2005). Given the central role of DNA damaging free
radicals in many models of aging (Finkel and Holbrook, 2000; Sohal and Weindruch, 1996),
the activation of DNA repair and anti-oxidant genes under reduced IGF-1 conditions provides
a potential mechanism for longevity enhancement in the IGF-1 deficient models.

There is now a robust literature derived from multiple models associating reduced IGF-1
signaling with enhanced longevity. Yet, whether GH/IGF-1 reduction is uniquely longevity
enhancing and anti-aging in mammalian organisms is somewhat controversial (Anversa,
2005; Bartke et al., 2003; Ceda et al., 2005; Giordano et al., 2005; Janssen and Lamberts,
2004; Laron, 2005; Rincon et al., 2004). Normal mammalian aging is characterized by reduced
potency in the GH/IGF-1 axis. Reduction in IGF-1 levels with age is directly linked to atrophy
of bone, skeletal muscle, cardiac muscle, and other tissues displaying pathological aging
(Adamo and Farrar, 2006; Anversa, 2005; Ceda et al., 2005; Geusens and Boonen, 2002).
Exogenous administration of GH to aged individuals improves body composition, fitness, bone
density, and other biological markers, albeit with some side effects (Liu et al., 2007). However,
this anti-aging effect of excess GH/IGF-1 is counterbalanced by the finding that transgenic
mice expressing a GH transgene exhibit decreased longevity (Bartke, 2003).

To further complicate this picture, two seminal papers by Niedernhofer et al. (Niedernhofer et
al., 2006) and van der Pluijm et al. (van der Pluijm et al., 2007) describe nucleotide excision
repair (NER) deficient mice with progeroid phenotypes and very short life spans. Interestingly,
both repair-deficient models exhibited greatly reduced serum IGF-1. The tissues of the mutant
mice exhibited gene expression patterns confirming reduced IGF-1 signaling, reduced
oxidative metabolism, and increased anti-oxidant defenses. The authors concluded that the
unrepaired DNA damage in these mice induces an IGF-1/insulin mediated metabolic response
that reallocates resources from growth to somatic preservation. The association of DNA
damage-induced progeria with attenuation of IGF-1 signaling is profoundly interesting and
raises a number of questions. In this review, we will briefly describe the authors' key findings,
outline their model relating DNA damage to IGF-1 signaling and longevity, and provide some
additional interpretations based on our own perspectives studying aspects of the DNA damage
response and mouse aging models.

2. Suppression of IGF-1 signaling by DNA damage
The first paper, by Niedernhofer et al. (Niedernhofer et al., 2006), examined an established
NER-deficient progeroid model, the Ercc1-/- mouse. ERCC1, together with its binding partner
XPF, form a key NER endonuclease important for both NER and DNA cross-link repair
pathways (Niedernhofer et al., 2004; Sijbers et al., 1996). In addition, ERCC1 may be important
for maintenance of telomere integrity by removing the 3′ overhang of uncapped telomeres and
preventing telomere fusions (Zhu et al., 2003). Ercc1-/- mice are only mildly developmentally
retarded, but their growth decreases dramatically by the second week of age and they have an
average life span of about three weeks (McWhir et al., 1993; Weeda et al., 1997). These mutant
mice exhibit early aging associated phenotypes in the skin, liver, and bone marrow, as well as
ataxia, renal insufficiency, and sarcopenia. Fibroblasts from the Ercc1-/- embryos showed
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profound sensitivity to interstrand crosslink damage induced by mitomycin C (Niedernhofer
et al., 2004).

To gain further insights into the Ercc1-/- model, the authors performed microarray expression
analyses on livers of 15 day old mutant and wild type mice (Niedernhofer et al., 2006). Gene
ontology analyses of the differentially regulated genes indicated a reduction in the somatotroph,
lactotroph, thyrotroph hormonal axes, consistent with a reduction in GH/IGF-1 signaling. In
addition, increases in anti-oxidant genes, DNA repair genes, and pro-apoptotic genes were
noted, also associated with reduced IGF-1 signaling and increased FOXO transcription factor
function. This particular signature of reduced IGF-1 signaling in the liver led the authors to
examine serum IGF-1 levels. Indeed, mean IGF-1 levels were dramatically decreased in 15
day old Ercc1-/- mice compared to their wild type counterparts. Blood glucose and insulin
levels were also reduced in the mutant mice.

To show that the low IGF-1 levels in the Ercc1-/- mice were not due to some developmental
defect in the pituitary (leading to reduced GH production), but to increased DNA damage, the
authors showed that growth hormone production in the pituitary gland of the mutant mice
appeared to be normal. Moreover, they induced reduced IGF-1 in the serum of normal mice
by treatment with mitomycin C, confirming that induction of DNA damage alone was sufficient
to suppress IGF-1 levels.

The gene expression patterns in the progeroid Ercc1-/- mice led the authors to compare gene
expression patterns from young (8 and 16 week) with old (130 week) wild type mice. Gene
ontology analyses indicated a similarity between categories of genes differentially regulated
in the old wild type mice with those of the Ercc1-/- mice analyzed previously. In particular,
somatotroph axis and carbohydrate and oxidative metabolism genes were similarly affected in
old wildtype and Ercc1-/- mice. An important caveat in this comparison was that increased
apoptotic and anti-oxidant responses were limited to the Ercc1-/- mice. Overall, statistical
analyses revealed that the expression patterns of Ercc1-/- mice had significant correlation with
those of old wild type mice, but not those of young wild type mice.

The second related paper, by van der Pluijm et al. (van der Pluijm et al., 2007), focused on a
different NER-deficient model, the Csbm/m/Xpa-/- mouse. In humans, defects in the Cockayne
syndrome (CS) A or B genes result in a transcriptional coupled NER defect, and these
individuals exhibit growth failure, progressive neurological defects, along with kyphosis,
osteoporosis, and a dramatically reduced mean life span of 12.5 years (Cleaver, 2005; Nance
and Berry, 1992). Mice mutant for CS-B show some phenotypes of the human syndrome (van
der Horst et al., 1997), but when crossed to NER-deficient Xpa-/- mice, the NER defect is
complete and defective phenotypes are exacerbated, resembling those of the Ercc1-/- mice
(van der Pluijm et al., 2007). The Csbm/m/Xpa-/- mice were growth retarded, exhibited multiple
tissue defects, and had progeroid phenotypes, ultimately dying by 22 days of age. Tissue gene
expression analyses of the Csbm/m/Xpa-/- and wild type mice revealed similar differential gene
expression profiles as were observed when Ercc1-/- and wild type littermates were compared.
The profiles emblematic of GH/IGF-1 downregulation were observed in the Csbm/m/Xpa-/-
tissues with upregulation of anti-oxidant genes and downregulation of GH/IGF-1 signaling
genes. Serum IGF-1 and glucose levels were significantly lower in the Csbmm/Xpa-/- mice
compared to their wild type counterparts. Again, GH levels and pituitary function appeared to
be normal, suggesting that IGF-1 downregulation was not due to reduced GH function. Finally,
chronic exposure of 4 week old wild type mice to a mutagen generating oxidative damage
resulted in reduced GH/IGF-1 axis gene expression, similar to the effects observed in
mitomycin C treated normal mice by Niedernhofer et al. (Niedernhofer et al., 2006).
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Monnat, in a recent review of these two papers (Monnat, 2007), rightly praises the authors'
contributions for the wealth of data and the new concepts they introduce. In particular, he
indicates that “these experiments provide one of the most persuasive arguments to date that
senescence and the appearance of progeroid features result from active recognition and
response to DNA damage, rather than passive damage accumulation”.

The nature of the DNA damage response in each model included a dramatic increase in
apoptosis in some tissues in response to various DNA damaging agents. The high apoptosis in
the Ercc1-/- mice was thought to be a result of the severe defect in both NER and DNA
interstrand crosslink (ICL) repair. Milder NER deficiencies in XPF patients and other NER-
deficient models result in increased cancer rates, but not accelerated aging. Similarly, the
progeroid Csbm/m/Xpa-/- mice exhibited increased apoptotic rates compared to their singly
deficient Csbm/m and Xpa-/- counterparts, which had milder progeroid phenotypes and
increased cancer rates, respectively. Thus, accumulation of DNA damage in cells with less
severe NER/ICL repair defects are likely to result in survival with increased mutation rates due
to a less robust apoptosis and/or senescence response. Ultimately, the increased genomic
instability in these cells would lead to early cancers. In contrast, damage accumulation in cells
with severe NER/ICL repair defects would result in numerous unrepaired lesions that would
evoke a strong apoptosis/senescence response. Rapid clearance of these damaged cells would
prevent cancer, but might result in accelerated aging phenotypes due to loss of tissue
homeostasis. Thus, the authors indicate that aging phenotypes are due not to DNA damage,
but rather the evoked DNA damage response that causes increased cell death or senescence.
Because the Csbm/m/Xpa-/- mice are a good model for Cockayne syndrome in humans, the
pathologic mechanisms investigated in the mice are likely to be highly relevant to the
corresponding human syndrome.

The evidence that DNA damage suppresses IGF-1 signaling pathways in the two repair-
deficient mice (as well as in mutagen-treated normal mice) is compelling. The authors did not
propose a mechanism by which DNA damage affects IGF-1 signaling. However, they did
advance a hypothesis that the effects of reduced IGF-1 have a protective role both in the repair-
deficient mice and in normal aging mice. The very similar gene expression patterns in the
tissues of the repair deficient mice and aged normal mice supports the idea that both mutant
and normal mice are undergoing similar stress responses, but at greatly differing rates
dependent on the rate of DNA damage. This observed similarity between the repair-deficient
mice and normal aged mice with respect to reduced IGF-1 levels led the authors to propose
that reduced IGF-1 signaling during aging is a protective response that reduces further damage
from metabolic stress and optimizes metabolic changes to help respond to the increased stress.
Energy usage is shifted from growth and proliferation to protection and maintenance of tissues.
This model is consistent with the metabolic changes and increased anti-oxidant and stress
responses associated with reduced IGF-1 signaling. Thus, despite the early progeroid
phenotypes observed in the two repair deficient models, the authors indicate that the reduced
IGF-1 provides a compensatory protective role that is largely overwhelmed by the continuous
massive DNA damage response.

3. How does the DNA damage response suppress IGF-1 signaling?
In their original papers, the authors do not speculate on the mechanisms by which DNA damage
could suppress the IGF-1 signaling axis. This is a profoundly important question and answering
it will provide key insights into aging and longevity. Given our current extensive knowledge
of DNA damage response proteins and pathways, there is no shortage of candidates that could
affect aging and mediate suppression of IGF-1 signaling. Attractive candidates for this role
include tumor suppressors such as p53 and p16INK4A (Sharpless and DePinho, 2007). Both are
inducers of cellular senescence after cytotoxic damage. P53 in particular is a stress response
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protein that is activated by numerous types of DNA damage, including oxidative damage and
UV-induced damage repairable by NER (Giaccia and Kastan, 1998; Ljungman, 2000). Once
activated and stabilized, p53 acts as a transcription factor that regulates hundreds of genes,
many of them involved in cell proliferation and survival (Levine, 1997; Vousden and Lu,
2002). In the damaged cell, activated p53 can induce either cell cycle arrest or apoptosis. The
p53-induced cell cycle arrest can be either transient or permanent. The latter is usually equated
with senescence. Induction of senescence or apoptosis by p53 are the major mechanisms
underlying p53 tumor suppressor function, as either will prevent the emergence of a nascent
cancer cell (Lowe, Cepero, and Evan, 2004).

Senescence and apoptosis are also processes likely to underlie central aspects of aging, so,
unsurprisingly, increased attention has been paid to the role of p53 in regulating aging and
longevity (Serrano and Blasco, 2007; Sharpless and DePinho, 2007) (Bauer and Helfand,
2006; Donehower and Levine, 2008; Gatza et al., 2005; Papazoglu and Mills, 2007). Table 1
summarizes some representative mouse models that exhibit alterations in longevity in which
altered p53 levels and/or activity have been implicated. In most accelerated aging models, p53
levels are significantly increased, which is a key marker of p53 activation. Our laboratory has
generated a mutant p53 mouse (p53+/m) that results in the expression of a hyperactive p53
protein that produces enhanced cancer resistance and accelerated aging (Tyner et al., 2002).
Importantly, not all models of altered p53 activity exhibit accelerated aging (Table 1). In some
cases, increased p53 can result in cancer resistance without apparent effects on longevity
(Garcia-Cao et al., 2002; Mendrysa et al., 2006). On the other hand, in two mouse models of
extended longevity, p53 activities are shown to be abrogated (Table 1, p66Shc and Klotho
TG). Interestingly, the last two models in Table 1, the Ercc1-/- and the Csb-/- Xpc-/- mice, are
identical or very similar to the two models discussed above and each of these has significantly
elevated p53 levels. Thus, the obvious question is whether increased p53 levels in the
Ercc1-/- and Csbmm/Xpa-/- mice have a causative role in their progeroid phenotypes (Laposa,
Huang, and Cleaver, 2007; McWhir et al., 1993). Van der Pluijm et al. (van der Pluijm et al.,
2007) briefly indicate that introduction of p53 nullizygosity into the Csbmm/Xpa-/- mice failed
to rescue any of the detrimental phenotypes. It could be argued that the p53 pathway is only
one of the DNA damage response pathways activated by the NER deficiency and while perhaps
contributing to the aging phenotypes, its inactivation is not sufficient for phenotype rescue.
Nevertheless, there are some accelerated aging models in Table 1 where inactivation of p53
results in attenuation or rescue of the accelerated aging/senescence phenotypes (Cao et al.,
2003; Chin et al., 1999; Varela et al., 2005).

Even if it can be argued that p53 plays a role in these aging models and in normal aging (some
aged tissues exhibit evidence of increased p53 activity; see normal aged mouse at top of Table
1), it remains unclear whether such a role includes suppression of IGF-1 signaling. However,
there is a body of evidence indicating that in normal cells p53 suppresses the IGF-1 signaling
pathway at multiple entry points (Donehower, 2008;Levine et al., 2006). For example, as shown
in Figure 1, p53 is known to transcriptionally activate the insulin-like growth factor binding
protein 3 (IGF-BP3) gene, encoding an IGF-1 binding molecule that suppresses IGF-1 function
(Buckbinder et al., 1995). Additionally, p53 transcriptionally suppresses the insulin and IGF-1
receptors (Webster et al., 1996;Werner et al., 1996). Suppression of the IGF-1 receptor is
accompanied by reduced IGF-1R and IRS-1 (a downstream modulator of IGF-1R signaling)
tyrosine phosphorylation (Ohlsson et al., 1998). P53 also upregulates PTEN transcription, a
tumor suppressor and lipid/tyrosine phosphatase that inhibits phosphatidylinositol 3-kinase
(PI3K) function downstream of IGF-1 (Figure 1) (Stambolic et al., 2001). Finally, p53 also
directly suppresses PI3K function by inhibiting p110 alpha, a subunit of the PI3K complex
(Donehower, 2008).
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Despite the potential of p53 to inhibit IGF-1 signaling and affect aging, is there is evidence
that it does so in mammals? Our laboratory has shown that mutant mice expressing a
hyperactive truncated p53 allele and displaying premature aging phenotypes have significantly
reduced serum IGF-1 levels compared to their age-matched counterparts (Gatza et al., 2008).
In contrast, another truncated p53 model developed by Scrable and colleagues that also exhibits
accelerated aging, has modestly higher levels of IGF-1 and increased IGF-1 signaling activity
(Maier et al., 2004). Thus, further more definitive experiments need to be performed to
determine the role of p53 in influencing aging phenotypes and in modulating IGF-1 levels in
the normal aging organism. In addition, it is likely that other members of the DNA damage
response pathway play a role in aging (and possibly IGF-1 regulation), as a number of them
are associated with altered aging and longevity phenotypes when mutated (Brosh and Bohr,
2007; Hasty et al., 2003; Hoeijmakers, 2007; Lombard et al., 2005).

4. Does suppressed IGF-1 signaling affect tissue homeostasis?
The underlying assumption of the models proposed by Niedernhofer et al. (Niedernhofer et al.,
2006) and van der Pluijm et al. (van der Pluijm et al., 2007) is that the suppression of IGF-1
signaling by DNA damage is generally protective against the ravages produced by such damage
(van de Ven et al., 2007). Ultimately, however, despite this protective effect, NER-deficient
cells incur too much damage and cells are lost at too high a rate to prevent loss of tissue
homeostasis. Overall, this assumption makes sense, since the various pathways upregulated
by reduced IGF-1 signaling (and increased FOXO activity) largely appear to be beneficial to
organismal maintenance and survival (e.g. reduced oxidative metabolism, improved anti-
oxidant defenses, and enhanced DNA repair). Yet two categories of genes affected by reduced
IGF-1 signaling that were noted in both papers might have deleterious effects under some
circumstances. These are the genes affecting cell proliferation and cell survival. Generally,
growth and proliferation genes were downregulated and pro-apoptotic genes were upregulated
(while anti-apoptotic genes were downregulated). Tissues are maintained in a dynamic
equilibrium of cell loss and replenishment known as tissue homeostasis. Normally, when a cell
is responding to DNA damage, arrest of DNA replication and cell division will prevent further
propagation of potentially deleterious mutations, a good strategy to prevent cancer. Elimination
of highly damaged cells through apoptosis is also likely to be beneficial. Nevertheless, under
persistent conditions of rampant DNA damage (as in the two repair-deficient models), where
cells are continuously lost at a high rate, rapid replacement of those cells by stem and progenitor
cells would be necessary to maintain tissue homeostasis. A low growth/high apoptosis
environment in the stem/progenitor cell niches would likely be suboptimal for stem and
progenitor cell self renewal. Inhibition of stem cell function would result in a cumulative failure
to adequately replace cells rendered non-functional (through senescence or other mechanisms)
or lost through apoptosis. The final effect of this stem cell inhibition might be tissue atrophy
of the type observed in a number of progeroid syndromes and normal mammalian aging. Such
effects would be irrelevant in adult worms and flies, which have only post-mitotic somatic
cells, but could be of primary importance in organisms with self-renewing tissues and stem
cells.

Of course, this caveat assumes that GH/IGF-1 levels are critical for stem and progenitor cell
self renewal and differentiation. In fact, there is ample evidence that IGF-1 is important for
this function in multiple tissues. In particular, it is well established that IGF-1 is critical for
muscle satellite cell maintenance and proliferation (Adamo and Farrar, 2006). IGF-1 has been
shown to rescue the aging-related or inactivity-induced loss of muscle mass through the
activation of satellite cells (Machida and Booth, 2004). Other stem and progenitor cell types
where IGF-1 has been shown to be important for proliferation and differentiation include
cardiac muscle stem cells, neuronal stem cells, hematopoietic stem cells, mesenchymal stem
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cells, and adipocytes (Kelley et al., 1998; Merchav, 1998; Schulze and Spate, 2005; Spagnoli
et al., 2005; Wabitsch et al., 1995).

IGF-1 and its receptor are important for embryonic and postnatal development, as shown by
the phenotypes of IGF-1 knockout mice. Greater than 95% of Igf-1 null mice die perinatally
with severe muscle dystrophy, and those that survive have less than 60% of the body mass of
wild type mice (Allan et al., 2001). Interestingly, Igf-1-/- females that do survive exhibit
defective mammary gland ductal morphogenesis during puberty, an indicator of defective
mammary gland stem/progenitor cell function (Kleinberg et al., 2000). Administration of
IGF-1 to the Igf-1 null females rescued mammary development. In our laboratory, we noted
in the p53+/m mice that displayed hyperactive p53, reduced serum IGF-1, and accelerated
aging, that the only non-aging related developmental defect was defective mammary gland
ductal morphogenesis (Gatza et al., 2008). This mammary gland developmental defect was
rescued by administration of recombinant IGF-1 to the p53+/m mice or by crossing the p53+/
m mice to transgenic mice that overexpress serum IGF-1. Mammary gland transplantation
experiments indicated functional defects in both mammary gland stem cells and the mammary
gland stroma of p53+/m mice. The stroma also exhibited reduced IGF-1 signaling and evidence
of increased p53 activity (Gatza et al., 2008). Such results suggest a direct link between p53,
IGF-1, and stem cell/stem cell niche function, at least in one tissue compartment.

The reduction of IGF-1 levels in the serum and tissues of aged mice is associated with decreased
stem cell function in these tissues. What about IGF-1 signaling in aging stem cells themselves?
To address this, the Goodell laboratory showed first that aged HSCs are less functional in long
term hematopoietic system reconstitution compared to their young HSC counterparts
(Chambers et al., 2007). In addition, they examined gene expression profiles in purified
hematopoietic stem cells (HSCs) from 2, 6, 12, and 21 month C57BL/6 mice and identified
1500 genes that were significantly age-induced and 1600 genes that were significantly age-
repressed (Chambers et al., 2007). Among those genes upregulated were those involved in
stress response and inflammatory response pathways. Downregulated genes included those
involved in chromatin remodeling, DNA repair, and proliferation. Importantly, two
downregulated gene ontology categories in the aged HSCs were insulin and IGF-1 receptor
signaling. The association of reduced insulin/IGF-1 signaling with reduced activity of cell
cycle, DNA replication, cell proliferation, cell migration, and ribosome biogenesis gene
categories in aged HSCs provides a plausible mechanism for the reduced self renewal and
reconstitution functions in these cells.

The Goodell laboratory and our laboratory also collaborated on a transcriptome analysis of
HSCs purified from 12 month p53+/- mice and p53+/m mice (the accelerated aging model with
elevated p53 activity) (Chambers et al., 2007). Surprisingly, after comparison of the gene
expression levels in the two types of HSCs, 84 out of 87 gene ontology categories in the p53
+/m HSCs exhibited a significantly “younger” expression profile compared to their p53+/-
counterparts. Only inflammatory response pathways and ion transport pathways displayed on
“older” profile in p53+/m HSCs, while IGF-1 signaling pathways were not significantly
different between the two genotypes of HSCs. Since we had earlier shown that HSC numbers
do not increase during aging in p53+/m mice, unlike in p53+/+ and p53+/- mice (Dumble et
al., 2007), we interpreted these unexpected gene expression profiles to be a result of reduced
self renewal capacity in the p53+/m HSCs. We hypothesized that the increased p53 activity in
the p53+/m HSCs imposed a slower rate of proliferation and that the reduced number of cell
divisions would result in less replication-associated damage and a consequent “younger”
profile of gene expression, despite a more aged inflammatory and tissue milieu.
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5. How does the DNA damage response affect tissue homeostasis?
In the section above, evidence was presented that reduced IGF-1 signaling in the NER-deficient
mice might be deleterious to tissue homeostasis through anti-proliferative effects on stem/
progenitor cells and their niche environments. In addition, it seems likely that the DNA damage
response would have an important anti-proliferative role in tissue stem cell function. As more
fully described in recent reviews, DNA damage has been linked to stem cell attrition in a
number of experimental contexts (Blasco, 2007; Chambers and Goodell, 2007; Rando, 2006;
Sharpless and DePinho, 2007). Perhaps most relevant to the two NER papers discussed here,
Prasher et al. (Prasher et al., 2005) have shown that 3 week old Ercc1-/- mice exhibit multi-
lineage cytopenia and fatty replacement of bone marrow, similar to old wild type mice.
Moreover, hematopoietic progenitor numbers and proliferative reserves were dramatically
decreased in the Ercc1-/- mice compared to their wild type counterparts. Defects in
hematopoietic stem cell (HSC) function were also described in Fancd1, Msh2, and Rad50-
deficient mice (Morales et al., 2005; Navarro et al., 2006; Reese et al., 2003). In other recent
experiments, Ninjik et al. (Nijnik et al., 2007) and Rossi et al. (Rossi et al., 2007), examining
various DNA repair or telomerase-deficient mouse strains (Lig4, Ku80, Xpd, and mTR), showed
that hematopoietic stem cells declined rapidly in functionality with age, if not in number.
Moreover, transplantation of mutant HSCs into normal recipient mice resulted in greatly
decreased reconstitutive ability in their hosts compared to HSCs derived from normal mice.
Interestingly, by staining young and old HSCs and progenitors for gamma H2AX, a marker
for DNA damage, Rossi et al. (Rossi et al., 2007) showed that 82% of old long term HSCs had
damage foci compared to a virtual absence of such foci in young HSCs. However, in an analysis
of gliomas, it was shown that brain cancer stem cells (CD133 expressing, also a marker for
neural stem cells) that such stem cells had a more robust DNA damage response and repair
compared to their non-stem cell neighbors (Bao et al., 2006). These findings suggest that stem
cells are not necessarily more protected from damage, but may repair it more efficiently than
their more differentiated progeny.

The importance of the DNA damage response in tissue homeostasis is nicely illustrated by a
set of experiments reported by Ruzankina et al. (Ruzankina et al., 2007), who examined a
conditional Atr-deficient mouse in which the Atr gene was deleted in all tissues during
adulthood. ATR is a critical sensor kinase in the DNA damage response and its loss leads to
cell death. After Atr deletion, there was an acute loss of cells in rapidly proliferating tissue
compartments, which resulted in a transient intestinal atrophy and bone marrow hypoplasia.
However, the animals emerged from this acute phase and were overtly normal within one month
after Atr inactivation. Examination of proliferating tissues revealed that they were reconstituted
with rare cells that had not undergone ATR deletion. However, within several months, the mice
exhibited a number of progeroid phenotypes, including osteopenia, skin atrophy, and loss of
hematopoietic progenitors. The progeroid phenotypes were likely caused by stem cell
exhaustion due to excess regeneration requirements of the rare ATR-competent stem cells or
their niches. While the Atr model does not directly mimic the DNA repair deficient models, it
suggests that excessive cellular toxicity arising from unrepaired DNA damage could overtax
the abilities of the stem cells to replace lost cells and ultimately lead to loss of tissue homeostasis
and progeroid phenotypes.

ATR and its related sensor kinase, ATM, are critical mediators of the DNA damage reponse
(Abraham, 2001; Shiloh, 2003). It has been demonstrated that in Atm-deficient mouse HSCs,
increased reactive oxygen species (ROS) levels compromise HSC function, in part through
activation of p16INK4a and ARF, tumor suppressors implicated in induction of senescence (Ito
et al., 2004). ROS are potent inducers of senescence in cell culture and may also produce
accumulated DNA damage and senescence in stem cell compartments with aging. Both p53
and p16INK4a tumor suppressors have been shown to induce and maintain the senescent
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phenotype. In mouse tissues, senescence markers such as p16INK4a protein accumulation
increase dramatically with age (Campisi, 2005; Sharpless and DePinho, 2004; Sharpless and
DePinho, 2007). Moreover, the importance of p16INK4a in stem function during aging has
recently been demonstrated by three groups. Examination of HSCs, neuronal stem cells, and
pancreatic islet cells from p16INK4a null and p16INK4a overexpressing mice showed that
increased p16INK4a expression was associated with reduced stem cell proliferation and function
during aging (Janzen et al., 2006; Krishnamurthy et al., 2006; Molofsky et al., 2006). Likewise,
p16INK4a deficiency attenuated the stem cell functional decline during aging. Our laboratory
has also shown that HSCs from aged p53+/m mutant mice with increased p53 activity showed
reduced hematopoietic reconstitution capability compared to their aged wildtype counterparts
when transplanted into normal hosts (Dumble et al., 2007).

The above discussion points to an important role for multiple members of the DNA damage
reponse pathway in affecting stem cell function during the aging process. These effects appear
to be generally anti-proliferative and are likely to be beneficial in the short term by preventing
the emergence of clones of stem and progenitor cells that could become cancerous. In the long
term, however, sufficient numbers of stem cells (and perhaps the supporting niche cells in the
stem cell environment) incurring DNA damage may be killed through apoptosis, or rendered
dysfunctional through senescence or other mechanisms. Stem cell exhaustion and loss of
functionality with aging may lead to loss of tissue homeostasis and the associated tissue atrophy
that may ultimately result in organ failure and death.

6. DNA damage, IGF-1, stem cells, and aging: Tweaking the model
The model presented by Niedernhofer et al. (Niedernhofer et al., 2006) and van der Pluijm et
al. (van der Pluijm et al., 2007) to explain the mechanisms by which NER deficiency could
provoke such profound progeroid phenotypes is straightforward and is consistent with their
data. Basically, they propose that the accumulation of DNA damage in the repair-deficient
mice contributes to a dampening of the GH/IGF-1 axis through an unknown mechanism. The
resulting reduced IGF-1 signaling leads to metabolic changes that shift energy usage from
growth and proliferation to protective maintenance. This would result in reduced oxidant
production and damage and would be accompanied by an increased anti-oxidant defense and
DNA repair response. Despite this protective response, Ercc1-/- mice rapidly accumulate DNA
damage and exhibit progeroid phenotypes. In normal animals, DNA damage accumulates more
slowly, but as repair mechanisms decline, the organism eventually succumbs to age-related
morbidity and mortality. The authors propose that aging is retarded (though not prevented) by
the IGF-1-mediated stress response.

In Figure 2, we have presented a slightly modified version of the Niedernhofer/van der Pluijm
model with a few embellishments. These embellishments, indicated in red, represent our own
biases and we hope they do not detract from the elegance of the original model. For example,
the authors did not originally specify the mechanism by which DNA damage would suppress
IGF-1 signaling. P53 has been added as a potential suppressor of IGF-1 signaling based not
on definitive evidence but rather on accumulated circumstantial evidence. P53 and p16INK4a,
as critical mediators of apoptosis and senescence, and newly associated with stem cell
functionality, have been positioned to show their potential effects on stem cells and the stem
cell niche. The addition of stem cells to the figure may provide more specificity to the concept
of “loss of tissue homeostasis” or “loss of physical reserves”. While such losses likely occur
in part outside stem and progenitor cells (e.g. postmitotic cells), the critical events leading to
loss of tissue homeostasis are most likely to occur in the stem/progenitor cells or their niches.

In addition to the changes indicated above, we would like to propose one final “tweak”. In their
model, Niedernhofer et al. (Niedernhofer et al., 2006) and van der Pluijm et al. (van der Pluijm
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et al., 2007) hypothesize that suppression of IGF-1 signaling by DNA damage is likely to be
uniformly protective both in NER-deficient mice and in normal mice. Despite this protective
effect, NER-deficient cells incur too much damage and cells are lost at too high a rate to prevent
loss of tissue homeostasis. As indicated earlier in this review, it seems possible, that because
reduced IGF-1 signaling inhibits cell proliferation and stimulates apoptosis, it might actually
be deleterious to stem and progenitor cells and ultimately contribute to loss of tissue
homeostasis in the NER-deficient model. One obvious counterargument is that reduced IGF-1
signaling is clearly beneficial in many mice with GH/IGF-1 axis mutations that exhibit
extended longevity (Kopchick, 2008). In response, we would propose that genetic reduction
of IGF-1 signaling, in a normal environment, would result in low ROS production, as well as
activation of anti-oxidant and DNA repair defenses. DNA damage rates would be
consequentially low, resulting in low cell loss rates and thus requiring minimal levels of stem
cell activity to maintain tissue homeostasis. Thus, low IGF-1 signaling levels would be
compatible with the low rate of stem cell renewal required in the IGF-1 deficient mice (Figure
3). In contrast, in NER-deficient mice with very high DNA damage rates, IGF-1 signaling is
reduced, but any benefits (such as lowered ROS and improved anti-oxidant defenses) are
swamped by the inability to repair DNA lesions. Cells are correspondingly lost at a very high
rate and can only be replaced by a very robust stem/progenitor cell response. However, because
IGF-1 levels are reduced, stem and progenitor cells may be unable to adequately replenish lost
cells and loss of tissue homeostasis may actually occur sooner than if IGF-1 signaling was at
normal levels. In addition, the enhanced anti-proliferative DNA damage response, in part
mediated by p53, would likely inhibit stem cell self renewal. Ultimately, tissue atrophy and
progeroid phenotypes would result (Figure 3). Thus, lowered IGF-1 signaling may actually
contribute to the progeroid phenotypes rather than attenuate them. An alternative possibility
is that Niedernhofer et al. and van der Pluijm et al. are indeed correct in their hypothesis that
reduced IGF-1 signaling in their models is entirely protective and that the DNA damage
response is solely responsible for the progeroid phenotypes. One possible way to test this would
be to manipulate IGF-1 levels in the NER-deficient mice to see whether it could alter progeroid
phenotypes in any significant way.

Regardless of the “tweaks” proposed here, these two papers are extremely important in altering
our perception of the relationship of DNA damage (and the DNA damage response) to aging
through IGF-1 signaling. While clarifying a number of issues that were previously unresolved,
like all important discoveries, their work raises even more exciting questions about the basic
mechanisms of aging and cancer. We should see a number of these questions addressed soon.
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Figure 1.
Effects of p53 on the IGF-1 signaling pathway. A simplified version of the IGF-1 signaling
pathway is presented at the left. P53, shown to the right of the IGF-1 signaling pathway, is
activated by DNA damage and can induce cell cycle arrest, senescence or apoptosis. In addition,
four entry points of p53 into the IGF-1 signaling pathway are indicated. From top to bottom:
(1) p53 transcriptionally activates the IGF-BP3 gene, whose product binds to IGF-1 and inhibits
its function; (2) p53 transcriptionally downregulates the IGF-1 receptor; (3) p53
transcriptionally inhibits the p110 subunit of the PI3K subunit; and (4) p53 transcriptionally
activates the pTEN gene, which encodes a phosphatase that dephosphorylates PIP3 to
downregulate IGF-1 signaling. The end result of suppression of IGF-1 signaling is decreased
phoshorylation of Forkhead (FOXO) transcription factors by AKT and increased activity of
Forkhead in transcriptionally activating anti-oxidant and DNA repair genes.
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Figure 2.
Modified version of the Niedernhofer/van der Pluijm model showing the link between DNA
damage, IGF-1 signaling suppression, and aging. Components in black are from the original
model and components in red are those added by this author. DNA damage induced by
endogenous or exogenous stresses evoke a DNA damage response that suppresses IGF-1
signaling through unknown mechanisms and perhaps in part through p53. Lowered IGF-1
signaling reduces ROS production and enhances anti-oxidant defenses, perhaps enhancing
stem cell survival. However, DNA damage may also inhibit stem cell function, partly through
apoptosis or senescence mediated by p53 and p16INK4a. Reduction of stem cell function, either
directly, or through effects on the stem cell niche, results in loss of tissue homeostasis, and
ultimately, tissue atrophy and aging.
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Figure 3.
Reduced IGF-1 signaling may have different outcomes that depend on the level of DNA
damage. On the left is shown a flow diagram representing events in stem cells from NER-
deficent mice with progeroid phenotypes (e.g. Ercc1-/- and Csbm/m/Xpa-/- mice). In these mice,
DNA damage is extensive and often unrepairable, inducing a robust DNA damage response
that induces apoptosis or senescence and suppresses IGF-1 signaling in the stem cells. The
combination of increased damage, apoptosis, senescence, and reduced IGF-1 in the stem cells
prevents them from adequately responding to the massive demand for self-renewal and
differentiation. Tissues are inadequately replenished, leading to loss of tissue homeostasis and
appearance of progeroid phenotypes. In contrast, on the right, stem cells from mice with genetic
deficiencies in the GH/IGF-1 axis have low DNA damage rates as a result of enhanced anti-
oxidant defenses and reduced metabolism mediated by lowered IGF-1 signaling. Low levels
of apoptosis and senescence result in reduced need for stem cell turnover. Thus, demands on
stem cell self renewal and differentiation are low and tissue homeostasis is maintained, despite
the low proliferation ability of stem cells with reduced IGF-1 signaling. The end result is
maintenance of tissue homeostasis and extended longevity.
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