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ABSTRACT

The physicochemical constitution of DNA cannot warrant lifelong stability. Yet, unlike all other 
macromolecules, nuclear DNA must last the lifetime of a cell ensuring that its vital genetic 
information is preserved and faithfully transmitted to progeny. An increasing body of evidence 
suggests that progressive genome instability likely contributes to aging and shortens lifespan. 
In support, defects in genome surveillance pathways rapidly accelerate the onset of age-related 
pathology, including cancer. This review describes the role of DNA damage in aging along with 
a number of progeroid syndromes and associated mouse models with defects in nucleotide 
excision repair that age rapidly and die prematurely.
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The consequences of DNA damage

DNA carries the genetic blueprint for all vital 
cellular instructions. Even so, nuclear DNA is not 
disposable and, unlike all other macromolecules, 
must last the lifetime of a cell. However, our genome 
is continuously exposed to the damaging effects of 
several harmful exogenous (chemical or physical) 
and/or endogenous agents. For instance, ultravio-
let-B (UV-B) is a well-known universal carcinogen 
with an increasing impact due to depletion of the 
ozone layer as well as to natural and artificial sun 
tanning.1 As a consequence, skin cancer is steadily 
increasing. Exposure to UV light mainly introduces 
cyclobutane pyrimidine dimers (CPDs) and (6-4) 

photoproducts (6-4PPs) in the DNA generated by 
covalent bonds between two adjacent pyrimidines.2 
Such lesions often interfere with biological processes 
critical for cell viability. For example, the presence of 
unrepairable UV-induced DNA lesions may hamper 
the process of transcription by blocking RNA syn-
thesis, thus potentially preventing the generation of 
messenger RNA and encoded protein of a gene. As 
DNA lesions interfere with gene expression, they 
also affect a number of vital responses critical for 
the survival of a cell against hazardous threats. Fur-
thermore, helix-distorting lesions also interfere with 
DNA replication.1 DNA damage-induced replication 
stress may often result in point mutations known to 
comprise a primary step in cancer initiation and a 
major cause of various inborn defects and overall 
cellular malfunctioning. Double-strand DNA breaks 
(DSBs) induced by X-rays, chemicals such as cisplatin 
that may also introduce cross-links or during replica-
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tion of single-strand breaks (SSBs) are frequently 
responsible for numerous chromosomal aberrations, 
including aneuploidy, deletions and chromosomal 
translocations, all intimately linked to carcinogenesis 
(leukemia and lymphomas), particularly in those cell 
types (e.g. B- and T-cells) that are associated with 
specialized DNA recombination activities.3

Besides the numerous environmental and geno-
toxic agents that constantly damage our genome, it 
is the continuous threat posed by intrinsic sources of 
genome instability, such as inherent replication errors, 
spontaneous chemical disintegration (e.g. certain 
chemical bonds in DNA are intrinsically unstable 
due to spontaneous hydrolysis) and (by-)products of 
normal cellular metabolism, that offer an additional 
biologically relevant ground to genomic decay. The 
latter category includes the reactive oxygen species 
(ROS), including the superoxide anions, the hydrogen 
peroxide and hydroxyl radicals that are generated 
by mitochondria, peroxisomes and the cytochrome 
P450 as well as during the oxidative antimicrobial 
activity of phagocytic cells. ROS induce more than 
100 different types of DNA injuries.4 Indeed, it has 
been estimated that in this way, about 10,000 lesions 
are induced in the genome of each cell per day. A 
notorious mutagenic injury is 8-oxodG, a major oxi-
dative lesion that pairs equally well with the proper 
C as well as with the incorrect A during replication, 
causing high levels of GC to TA transversions.

Basically, different types of lesions have distinct 
consequences with respect to helix distortion as well as 
ability to suspend or obstruct DNA replication, block 
ongoing transcription or else hamper the battery of 
genome repair systems and caretakers that continu-
ously safeguard the genome. Depending on the type 
of DNA damage, certain DNA injuries could trigger 
cell death via apoptosis or else induce (replicative) 
senescence (cytotoxic or cytostatic lesions, e.g. DSBs) 
or mutations (mutagenic lesions, e.g. CPDs). In the 
long term and depending on the type of damage, such 
lesions may result in point mutations and cancer or 
else fuel genome erosion with time, thereby interfer-
ing with the cellular metabolism and contributing to 
the process of age-related functional decline. The 
detrimental and adverse short- and long-term effects 
of DNA damage in overall organismal survival has 
forced the evolution of intricate defense mechanisms 

that continuously scan, detect and repair DNA injuries 
inflicted in our genome.

Defense mechanisms and the 
nucleotide excision repair system

Before any attempt to restore the damaged DNA 
back to its original form takes place, cells employ a 
complex network of molecular and physical defense 
mechanisms that prevent or minimize the exposure of 
our genome to exogenous or endogenous sources of 
DNA damage. Not surprisingly, ROS as well as other 
metabolic products are thought to constitute a major 
and continuous endogenous source of damage that 
is not only limited to nucleic acids but additionally 
includes fatty acids, proteins and other biomolecules 
that gradually drive cellular degeneration and func-
tional decline with time. This is why cells are invested 
with the capacity to substantially lessen the burden 
of oxidative metabolism by mounting an enormous 
antioxidant molecular defense system composed of 
enzymatic (superoxide dismutase, catalase, glutath-
ione peroxidase and peroxyredoxins) as well as low 
molecular-mass scavengers (such as glutathione). Yet, 
free radicals are still capable of escaping this sophis-
ticated defense barrier and damaging our genome. 
Moreover free radicals participate in processes that 
are also required for proper cellular function (e.g. 
cell signaling, the destruction of harmful bacteria 
by neutrophils) and benefit organismal fitness.5-8 
Consequently, the damaging effects of ROS are 
unavoidable. Thus, cells rely on repair pathways that 
attempt to guarantee the life-long stability and proper 
function of DNA. Lesions affecting only one strand of 
the double helix are often the substrate of two major 
repair pathways: Base Excision Repair (BER) and 
Nucleotide Excision Repair (NER). Both pathways are 
mechanistically distinct and deal with fundamentally 
different types of lesions. Whereas BER deals with 
nucleotide alterations such as alkylated, deaminated 
and oxidized bases, NER is primarily involved in the 
repair of severely helix distorting injuries, such as 
bulky nucleotide adducts and intrastrand crosslinks 
that interfere with base pairing, thereby interfer-
ing with transcription and normal replication.3 This 
mode of repair operates via a “cut and patch” type 
of mechanism and proceeds in several consecutive 
steps: lesion recognition, local opening of the double 
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helix and lesion verification, excision of the damage 
together with some flanking sequences and gap-fill-
ing DNA synthesis.9 Two modes of lesion recognition 
delineate distinct NER subpathways: global genome 
NER (GG-NER) that scans for DNA lesions on the 
entire genome and the transcription-coupled NER 
(TC-NER) that focuses on the transcribed strand 
of active genes. In GG-NER, the XPC-HR23B (the 
human rad23b homologue) complex possibly also 
enhanced by the DNA binding-E3-ubiquitin ligase, 
XPE (also called UV-DDB2), is responsible for the 
genome-wide detection of damage.10-12 This step 
prompts the helicase subunits XPB, XPD and the 
core component p8/TTD-A of the repair/transcription 
complex TFIIH to open the double helix surrounding 
the lesion.13-15 XPA, a damage verification protein, co-
ordinates and stabilizes the remaining NER proteins, 
whereas RPA binds and protects the single-stranded 
DNA regions formed during the “repair bubble”.16 
Next, the endonucleases ERCC1/XPF and XPG (3’ 
and 5’ exonucleases, respectively) excise a patch of 
~30 residues containing the damage. Subsequently, 
the regular replication machinery (DNA Pol ε or δ) 
resumes filling the gap, whereas the resulting nick 
is ligated, presumably by ligase I, thereby complet-
ing the reaction. However, in TC-NER the damage 
recognition step does not involve the XPC-HR23B 
complex.17,18 Instead, it has been proposed that TC-
NER is likely initiated by stalling of an elongating 
RNA polymerase at a lesion during ongoing tran-
scription, in addition to the TC-NER-associated 
factors CSA and CSB proteins. CSA can be found in 
a complex containing the cullin-based ubiquitin E3 
ligase, which is regulated by the COP9 signalosome 
complex of the ubiquitin-proteasome pathway19 as well 
as in other protein complexes containing RNA pol 
II (e.g. TFIIH or XAB2, a tetratricopeptide repeat 
protein involved in TC-NER and transcription).20,21 
Even though CSA does not co-localize with CSB in 
vivo, they both interact in vitro.20 CSB (also known as 
Ercc6) is a DNA-dependent ATPase and chromatin 
remodelling factor belonging to the SWI/SNF2 family 
of DNA-dependent ATPases.22,23 Although its exact 
role in TC-NER remains unknown, it has been sug-
gested that CSB might interact with the transcriptional 
machinery by transiently binding elongating RNA pol 
II, thereby verifying that the transcription proceeds 
normally.16,24 Once released, the RNA pol II can either 

be degraded by the CSA complex or else be recycled 
after dephosphorylation by FCP1, the subunit of hu-
man protein phosphatase that dephosphorylates the 
carboxy-terminal domain of RNA polymerase IIO.25 
TCR, part of which is TC-NER, appears not restricted 
to NER and can remove transcription-blocking lesions 
from the transcribed strand of active genes.26,27 For 
instance, limited evidence suggests that CSB protein 
might not only be restricted to TC-NER but also 
acts in other repair pathways (e.g. BER) aimed at 
repairing (non-NER) lesions that could still interfere 
with ongoing transcription.28-30 However, despite the 
importance of these early experiments, the findings 
reported therein describe protein interactions ob-
served either in in vitro experimental conditions or 
else in cultured cell systems (e.g. HeLa cells), but not 
in the intact organism. In addition, it has previously 
been suggested that TCR might also apply to oxida-
tive DNA lesions, normally only removed by BER, 
a likely scenario that has not, however, so far been 
formally proven.31-33 Interestingly, the activity of 
NER may actually vary with respect to the cell type 
involved. For instance, GG-NER can be attenuated 
relatively early during differentiation.34 This has led 
to the speculation that terminally differentiated cells 
(e.g. neurons) do not need to replicate their genome 
and, therefore, could dispense with the task of remov-
ing DNA damage on a global genome scale. Be that 
as it may, neurons would still need to maintain the 
genomic integrity of genes that are actively being 
transcribed34,35 by employing TCR that relies on the 
template (non-transcribed) strand.

NER progeroid syndromes

Over the last decade, there has been substantial 
evidence that accumulation of (nuclear) DNA dam-
age contributes to the onset of age-related pathology, 
including cancer. In humans, a number of progeroid 
disorders with inherited defects in NER or in other, 
distinct from NER, genome surveillance pathways 
support the causal role of genome instability in ag-
ing.36-38 For example, Cockayne Syndrome (CS; af-
fected proteins: CSB, CSA), Trichothiodystrophy 
(TTD; affected proteins: XPB, XPD, TTDA) or 
XPF-ERCC1 syndrome (XFE; affected proteins: XPF, 
ERCC1) represent progeroid conditions caused by 
defects in the highly conserved NER.15,41,43,47 CS is a 
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sis, ataxia, abnormal locomotor activity as well as 
progressive weight loss and die prematurely before 
weaning.36 Likewise, Ercc1-/- mice (carrying a defect 
in an endonuclease required for NER as well as for 
repair of the very cytotoxic DNA interstrand cross-
links) strikingly mimic a new syndrome, designated XFE 
(XPF-ERCC1) progeria.47 These animals demonstrate 
most of the previously describe progeroid features but 
also others that are, in part, distinct from mice deficient 
only in TCR such as dramatic liver, kidney and bone 
marrow pathology. This suggests that defects in differ-
ent repair systems for cytotoxic lesions might trigger a 
different spectrum of progeroid symptoms. The notion 
that different types of lesions and associated repair 
systems are implicated in distinct age-related patholo-
gies could also explain the segmental nature of NER 
progerias. The early onset of progeroid features in 
DNA repair-deficient mice along with the ability of 
DNA lesions to provoke permanent cell cycle arrest 
or apoptosis led to the hypothesis that aspects of what 
we perceive as “age-related deterioration” might, in 
fact, originate from (oxidative) DNA lesions that 
eventually obstruct basic biological processes such 
as transcription and/or replication, thereby lead-
ing to (programmed) cell death or senescence and 
ultimately to loss of tissue homeostasis and onset of 
age-related deterioration.48-50

DNA damage and the growth hormone 
(GH)/Insulin growth factor 1 (IGF1) axis

Unpredictably, however, recent findings in a number 
of short-lived, DNA repair-deficient animals that show 
a series of remarkable progeroid features revealed nu-
merous metabolic and growth changes associated with 
delayed aging and extended lifespan as seen in dwarf 
mutants and calorie restricted mice.36,47,51 Mouse liver 
transcriptome analysis and/or various physiological 
endpoints in a series of NER-deficient mouse models 
with demonstrated progeria (Csbm/m/Xpa-/-, Ercc1-/- and 
XpdTTD/Xpa-/- mouse mutants) demonstrated: i) a 
profound attenuation of the somatotroph axis as 
evidenced by the consistent suppression of genes 
encoding central components of the GH/IGF1 axis; 
ii) decreased expression of several genes associated 
with mitogenic signals as well as catabolism such as key 
components of the glycolysis, tricarboxylic acid cycle 
and additional oxidative phosphorylation pathways 

photosensitive disorder, originating from a defect in 
the Transcription-Coupled Repair (TCR) subpathway 
of NER that removes transcription-blocking lesions 
from the transcribed strand of active genes27 and likely 
also applies to transcription-blocking oxidative DNA 
lesions,32,39 which are removed primarily by Base Exci-
sion Repair. CS is accompanied by cachectic dwarfism 
(growth failure), delayed psychomotor development, 
mental retardation, microcephaly, ataxia, sensorineu-
ral hearing loss, retinal degeneration (categorized as 
progressive neurological abnormalities), along with 
impaired sexual development, kyphosis, osteoporosis 
and severely reduced lifespan (mean lifespan: 12.5 
years).40,41 TTD patients are partially defective in 
TCR, as well as in the global genome repair sub-
pathway of NER, and share several symptoms associ-
ated with CS. In addition, due to a partial defect in 
transcription itself, these patients also present with 
additional symptoms such as ichthyosis and brittle 
hair and nails.42 Many of the CS and TTD features 
appear gradually with age and resemble progerias. 
Moreover, the first case of human inherited ERCC1 
deficiency was recently reported.43 Cells derived from 
this Ercc1-XPF patient showed moderate hypersen-
sitivity to ultraviolet rays and mitomycin C, yet the 
clinical features were severe and also compatible with 
a diagnosis of cerebro-oculo-facio-skeletal syndrome. 
Together, CS, TTD as well as Ercc1-XPF are often 
considered “segmental progeroid syndromes”, since 
patients with these syndromes develop certain but not 
all aspects of natural aging early in life.37

NER progeroid mouse models

Mouse models carrying defects in CS-A and CS-B 
genes consistently mimic the sensitivity of CS patients 
to UV and demonstrate accelerated photoreceptor 
loss, reduced body weight and mild neurodegenera-
tion.44,45 Likewise, mice carrying a homozygous point 
mutation in the Xpd gene exhibit very similar features 
with those seen in TTD patients,46 including brittle 
hair, osteoporosis, osteosclerosis, kyphosis, cachexia 
and a reduced lifespan.36 Importantly, complete NER 
inactivation (by concurrent inactivation of the Xpa 
gene) considerably exacerbates the CS features of 
partially NER-defective TTD mice. For instance, 
XpdTTD/TTD/Xpa-/- double mutant animals dis-
play dramatic postnatal growth attenuation, kypho-
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(i.e. several cytochrome P450 monooxygenases, the 
NADH dehydrogenase complex and the NADPH-
dependent oxidative metabolism); iii) a significant 
up-regulation of genes associated with glycogen 
synthesis, i.e. Gyg1 and Gys2 and down-regulation 
of glycogen phosphorylase (Pygl), involved in the 
breakdown of glycogen into its constitutive glucose 
monomers; and iv) the substantial down-regulation 
in the expression of genes coupled with peroxisomal 
metabolism and biosynthesis. Clearly, the complete 
catabolic metabolism appeared to be restrained in 
the liver of NER progeroid mice. Furthermore, these 
findings revealed that NER progeroid mice store rather 
than burn glucose monomers for derivation of energy, 
an observation that at first appeared contradictory to 
their early age at a time when wild type animals at-
tempt to maximize the utilization of energy reserves 
for growth and development.

The above expression changes were coupled with 
the broad up-regulation in gene expression of genes 
associated with fatty acid synthesis and transport 
along with the up-regulation of the receptor for the 
adipocyte hormone leptin (Lplr) and the central fat 
regulator peroxisome proliferator-activated recep-
tor-gamma (Pparγ). Surprisingly, similar to the pre-
viously documented limited glucose utilization and 
enhanced glycogen synthesis, NER progeroid mice 
demonstrated a propensity to store rather than burn 
fat, an additional major reservoir. Further detailed 
analysis in the transcriptomes of NER-deficient animals 
with accelerated aging revealed an up-regulation of 
genes encoding key enzymatic and non-enzymatic low 
molecular mass scavengers and antioxidant defense 
enzymes along with components of the glutathione 
system, likely revealing the effort of NER progeroid 
mice to minimize the induction of (DNA) damage by 
counteracting ROS. 

Importantly, several of these findings in the tran-
scriptomes of NER progeroid mutants were further 
confirmed by serum measurements and immunostain-
ing of liver tissue sections demonstrating substantially 
lower IGF1, insulin and glucose serum levels, a lower 
enzymatic activity of citrate synthase in the liver as well 
as enhanced accumulation of glycogen in unusually 
large vesicles and of triacylglycerides in the 2-week old 
NER progeroid mouse livers as compared to wild type 
littermate controls. Also significantly, the increased 

glycogen accumulation did not derive from an inability 
to split glycogen into its glucose monomers. Overnight 
fasting in the Csbm/m/Xpa-/- pups and littermate controls 
(by taking away the lactating mother as well as food 
pellets) resulted in a near-to-complete depletion of 
liver glycogen.

How similar were the expression changes of NER 
progeroid mice to those observed in naturally aged ani-
mals? Comparative gene expression analysis between 
the livers of 2-week old Csbm/m/Xpa-/- and Ercc1-/- mice 
and those derived from naturally aged 130-week old 
wild type mice revealed broad genome-wide parallels 
between the transcriptomes of NER progeroid and 
naturally aged liver tissues, thereby strongly sup-
porting the notion that these changes are intrinsic 
to natural aging as well as NER progeria. Therefore, 
Csbm/m/Xpa-/- and Ercc1-/- mice recapitulate the shift 
in the hormonal, oxidative metabolism and anti-oxi-
dant defense response, closely mimicking the natural 
process of aging.

Paradoxically, however, the suppression of the 
somatotroph, lactotroph and thyrotroph axes along 
with the concomitant suppression of oxidative metabo-
lism and the up-regulation of antioxidant responses 
evidenced in short-lived NER progeroid mice are also 
manifested by long-lived Snell and Ames dwarf and 
calorie-restricted animal models.52,53 This pointed to 
the hypothesis that the inherent DNA repair defect, 
and thus the gradual but rapid accumulation of DNA 
damage in the genome of these mice, triggers a se-
ries of highly conserved, physiological homeostatic 
responses that likely favour longevity, a notion that 
also conforms to the nematode longevity paradigm,53 
the long-lived dwarf mutant and calorie restricted 
mice.54-56 This also implies that a response previously 
associated with prolonged lifespan can be induced 
upon genotoxic stress, even early in life. At present, 
the most likely scenario on how repair-deficient mice 
would benefit from such a response lies in the poten-
tial link between the harmful effects of metabolism 
and that of progressive genome instability. During 
development, the mitogenic action of GH and IGF1 
likely promotes the activity of (oxidative) metabolism 
that drives organismal growth.55,57,58 If so, however, 
an intense metabolic activity is thought to lead to 
higher oxygen consumption55 and, as a result, would 
also increase the generation of free radicals through 
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a similar suppression of the somatotroph, thyrotroph 
and lactotroph axes along with the up-regulation of 
antioxidant responses, data pointing to a link between 
genome instability and the age-related decline of the 
GH/IGF1 somatotroph axis.

Thus, accumulation of persisting, endogenous 
DNA damage comprises a root cause of the decline 
of the GH/IGF1 hormonal axis and the consequent 
organismal deterioration with advancing aging. Result-
antly, prematurely aging mice, deficient in nucleotide 
excision and transcription-coupled repair and/or cross 
link repair, provide strong evidence for the role of 
DNA damage in promoting aging, disclosing a novel 
link between inherent genome instability, the physi-
ologic decline of GH/IGF1 somatotroph axis and the 
organismal deterioration with advancing age. Future 
research will likely focus on the molecular mechanism 
that connects DNA damage with the GH/IGF1 hor-
monal response and on modes of intervention in the 
dramatic pace of aging in the repair-compromised 
mouse mutants.
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