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Two recent reports provide new information on how DNA damage may generate progeroid changes

at the cell and organismal level by suppressing growth hormone (GH)/insulin-like growth factor 1

(IGF1) endocrine signaling. This endocrine signaling pathway is of particular interest as it is a key

regulator of metabolism and longevity in many organisms.

© 2007 Elsevier B.V. All rights reserved.
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NA damage and constitutional defects in DNA repair can
romote mutagenesis, elevate disease risk and, in some cir-
umstances, lead to features of premature aging. How DNA
amage leads to these important, undesirable outcomes is
ot well understood. Two recent reports [1,2] from collab-
rating investigators in the Netherlands, United States and

apan provide new information on this question, and identify
mechanism by which DNA damage may trigger progeroid

hanges: DNA damage-dependent suppression of growth hor-
one (GH)/insulin-like growth factor 1 (IGF1) endocrine sig-

aling. This endocrine signaling system is a deeply conserved,
ey regulator of metabolism and longevity in many organisms.
Please cite this article in press as: R.J. Monnat Jr, From broken to old: DNA
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This story began with analyses of nucleotide excision repair
NER) defects in patients and in mouse models. Niedernhofer
t al. [1] were stimulated to re-examine a mouse model of Ercc1
eficiency [3] after studying a 15-year-old boy with sun sensi-

568-7864/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.dnarep.2007.03.018
tivity who shared many phenotypic similarities with Ercc1−/−

mice (summarized in Supplemental Table 2 of [1]). These fea-
tures included a NER defect and progressive progeroid features
that led to multi-organ system failure and death at the age of
16. The clinical and pathologic findings in this patient were
distinct from classical xeroderma pigmentosum (XP), Cock-
ayne syndrome (CS) or XP/CS, and appeared to result from a
previously unreported homozygous XPF mutation that leads
to a R153P substitution at a highly conserved residue in the
N-terminal XPF helicase motif. XPF, together with its protein
partner ERCC1, constitute the ERCC1-XPF endonuclease that is
a core component in both the NER and DNA cross-link repair
damage, IGF1 endocrine suppression and aging, Dna Repair (2007),

pathways (reviewed in [4–6]). Fibroblasts from this patient had
reduced levels of XPF and ERCC1 proteins; were UV-sensitive
as measured by both UV survival and the recovery of RNA syn-
thesis after UV radiation; and were exquisitely mitomycin-C

dx.doi.org/10.1016/j.dnarep.2007.03.018
dx.doi.org/10.1016/j.dnarep.2007.03.018
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progeroid appearance and die within 4 weeks of birth.
Gene expression in the liver of Csbm/m/Xpa−/− mice

was analyzed using the same microarray platform used by
Niedernhofer et al. [1]. The expression of 1865 genes (5.5% of

Fig. 1 – Gene expression changes in repair-deficient
Ercc1−/− and Csbm/m/Xpa−/− mice compared with aged
130-week-old control mice. Expression analyses were
performed using RNA prepared from each mutant genotype
isolated at post-natal day 15 (mutant mice) or at 130 weeks
of age (C57BL/6J controls). Four or six mice were used for
each analysis. Groups of genes with expression changes
that were shared across all three genotypes are shown in
the overlap region (center). Gene groups selectively up- or
down-regulated in either mutant or 130-week-old control
mice are shown in non-overlap regions to the left (mutant)
or right (aged control). Up-and down-regulation are
ARTICLE
2 d n a r e p a i r x

sensitive. This unusual constellation of clinical and cellular
features was designated XFE (for XPF-ERCC1) progeroid syn-
drome, to distinguish this patient and phenotype from other
XPF mutation carriers who typically have subtle biochemi-
cal defects, retain partial NER and display a mild XP clinical
phenotype [4,7,8].

Mouse mutants deficient for Ercc1 or Xpf had been previ-
ously generated in order to better understand the role of each
protein in NER. Mutant mice in each instance were viable, but
displayed phenotypes more severe than previously observed
in other mouse models of NER deficiency [3,9,10]. For exam-
ple, Ercc1−/− mice display a profound growth arrest beginning
2 weeks after birth, followed by the appearance of cellular
progeroid changes and progressive multi-system organ dys-
function. Virtually all Ercc1−/− mice die within 4 weeks of birth.
Niedernhofer et al. took advantage of this mouse mutant to
gain insight into the pathogenesis of XFE progeroid syndrome
by performing liver gene expression analyses using 15-day-old
Ercc1−/− mice, litter mate controls, and young or aged (130-
week-old) mice. Fifteen day-old Ercc1−/− mice were chosen for
these analyses by determining the age of maximum weight
gain prior to the onset of widespread, potentially confounding
pathologic changes.

A total of 1675 genes, or 4.9% of those represented on the
Affymetrix 430 v2.0 array that was used, displayed signifi-
cant expression differences in Ercc1−/− mice as compared with
litter mate controls. Many of these genes fell into a small
number of functionally interrelated Gene Ontology biologi-
cal process categories (www.geneontology.org; [11] (Fig. 1)).
Genes whose expression was suppressed were involved in
endocrine-mediated somatotroph, lactotroph and thyrotroph
growth and metabolic regulatory pathways, or in oxidative and
carbohydrate metabolism. In contrast, genes whose expres-
sion was upregulated in mutant mice were associated with
glycogen and fatty acid synthesis, �-oxidation, or with anti-
oxidant and toxicant defense, DNA repair or the upregulation
of apoptosis. Expression changes in a small subset of these
genes were verified by qRT-PCR, and shown to become pro-
gressively more marked between 15 and 21 days when half of
Ercc1−/− mice have died.

The identification of IGF1 endocrine pathway suppression
in Ercc1−/− mice is of particular interest as this pathway is
a major determinant of both metabolism and life span in a
wide range of organisms [12–15]. IGF1 suppression could also
provide a ready explanation for a lack of postnatal weight
gain in Ercc1−/− mice, and persistent suppression of this path-
way could explain the development of progeroid features. In
order to more fully characterize IGF1 pathway suppression
the authors demonstrated that gene expression changes and
phenotype were progressive and did not have a substantial,
overt developmental component; that IGF1 suppression was
peripheral and secondary, and not the result of a central pitu-
itary defect; that IGF1 suppression preceded the development
of frank liver pathology; and that a similar IGF1 suppression
could be induced in otherwise normal 10-week-old mice by
the chronic administration of subtoxic doses of the DNA cross-
Please cite this article in press as: R.J. Monnat Jr, From broken to old: DNA
doi:10.1016/j.dnarep.2007.03.018

linking agent mitomycin-C (0.1 mg kg−1 for 10 weeks).
Additional gene expression analyses were also performed

as part of this series of experiments in order to identify
gene expression changes attributable to Ercc1 deficiency alone
 PRESS
2 0 0 7 ) xxx–xxx

or to advanced chronological age. These analyses used con-
trol juvenile mice (8 weeks old), young adult mice (16 weeks
old) or aged mice (130 weeks old). Many of the expres-
sion changes observed in Ercc1−/− mice were also observed
in aged (130-week-old) control mice, though not in control
mice of earlier ages. Gene expression changes limited to
Ercc1−/− mice included upregulation of apoptosis-promoting
and anti-oxidant defense genes. In contrast, the upregulation
of immune response, inflammatory response and protein gly-
cosylation gene expression was limited to aged control mice
(Fig. 1).

A parallel story recently reported by the collaborating group
of van der Pluijm et al. [2] provides additional information that
confirms and extends these analyses. van der Pluijm et al. ana-
lyzed hepatic gene expression in Csbm/m/Xpa−/− (or /Xpc−/−)
mice. Csbm/m mice are deficient in transcription-coupled
repair (TCR), whereas Xpa- or Xpc-deficient mice are NER-
deficient [2]. Csbm/m/Xpa−/− double-mutant mice were shown
to be completely NER-deficient, and resembled Ercc1−/− mice
in having a global growth defect after birth and widespread
cell- and tissue-specific defects. These mice also develop a
damage, IGF1 endocrine suppression and aging, Dna Repair (2007),

indicated, respectively, by up or down arrows. Gene groups
were identified and designated by biological process as
identified by a Gene Ontology analysis (see [1,2,11] for
additional details).

dx.doi.org/10.1016/j.dnarep.2007.03.018
http://www.geneontology.org/
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molecule modulators. A second, still controversial, idea is to
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hose represented on the array) was altered as compared with
itter mate controls. Many of the same expression changes
bserved in Ercc1−/− mice were again seen: GH/IGF1 endocrine
uppression; the upregulation of genes involved in fatty
cid synthesis, fat storage, �-oxidation and enhanced glyco-
en synthesis; and the upregulation of antioxidant defense
enes. Of note, single mutant Csbm/m or Xpa−/− mice did
ot display these gene expression changes or show GH/IGF1
uppression. van der Pluijm et al. also demonstrated that
hronic exposure of 4-week-old control mice to subtoxic lev-
ls of a compound that can produce oxidative DNA damage,
i(2-ethylhexyl)phthalate (DEHP; 1500 ppm for 9 weeks) also
uppressed GH/IGF1 endocrine signaling system gene expres-
ion.

These two series of experiments indicate that the suppres-
ion of GH/IGF1 signaling was common to two mouse models
ith genetically engineered defects in NER, and that compa-

able responses could be induced in control mice by treatment
ith sub toxic doses of mitomycin-C or DEHP. The experi-
ents of van der Pluijm et al. also point the way to explore

dditional, non-canonical functions of NER proteins. This
pportunity stems from the observation that Csbm/m/Xpc−/−

ice deficient in TCR and the global genome repair (GGR)
iffer in phenotype from ostensibly equivalent, TCR- and GGR-
eficient Xpa-mutant mice. These differences indicate that
pa may have function(s) outside of its role in ‘classical’ NER.
hese putative non-canonical functions could include, e.g.,
ariants of TCR or BER that selectively target specific types of
xidative DNA damage, and thus are worthy of further inves-
igation.

The inter-related series of experiments reported by
iedernhofer, van der Pluijm et al. bear close scrutiny both

or the wealth of data they contain, and for the ideas, discus-
ion and experiments they will provoke. The results of these
xperiments provide one of the most persuasive arguments to
ate that senescence and the appearance of progeroid features
esult from active recognition and response to DNA dam-
ge, rather than passive damage accumulation. These reports
lso identify a common mechanistic pathway, suppression of
H/IGF1 endocrine signaling, in the generation of both early
rowth defects and later progeroid changes. These are not the
rst reports to link DNA damage to IGF1 endocrine signaling,
ut they are the most convincing to demonstrate how DNA
amage may affect this key growth and metabolic regulatory
ystem to promote aging and disease pathogenesis.

A very recent report of the identification of a first patient
ith heritable ERCC1 deficiency [16] suggests this story has
ne additional aspect that was not apparent from analyses of
rcc1−/− and Csbmlm/Xpa−/− mice. The ERCC1-deficient patient
dentified by Jaspers and colleagues had, as expected, reduced
evels of XPF and ERCC1, together with moderate cellular
ensitivity to both UV light and mitomycin-C. This patient
lso had an unexpectedly severe constellation of morphologic
nd developmental abnormalities consistent with cerebro-
culo-facio-skeletal (COFS) or Pena-Shokier syndrome Type
I (OMIM #214150). The COFS clinical phenotype appears to
esult from a truncating Q158X mutation in one ERCC1 allele,
Please cite this article in press as: R.J. Monnat Jr, From broken to old: DNA
doi:10.1016/j.dnarep.2007.03.018

ogether with mutation of the other allele leading to a F231L
ubstitution in a highly conserved residue in the C-terminal
alf of ERCC1. The clinical phenotype of this ERCC1-deficient
 PRESS
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patient, the most severe of the clinical syndromes observed in
NER-deficient patients, includes developmental defects and
congenital defects arising from inter-uterine growth retarda-
tion. This suggests that ERCC1, as was suggested above for
XPA, might play a role in development that is distinct from
the roles played by these proteins as core components of NER.
Of note, patients with clinical variants of COFS syndrome have
been found to harbor mutations in several different DNA repair
genes including CSB, XPD and ERCC5 in addition to ERCC1 (see
OMIM #214150 for additional details).

What questions remain to be answered, and where are
these stories headed? Several aspects of the link between DNA
damage and IGF suppression need to be better defined to
start. It would be useful, for example, to know what type(s)
of DNA damage have the potential to drive IGF1 suppres-
sion in addition to DNA interstrand cross-link damage and
oxidative damage and whether this damage is repaired pre-
dominantly by NER or BER. A second question is whether
there is a DNA damage threshold for IGF1 suppression, and
if so how this threshold is set and controlled. A better under-
standing of this issue might explain the puzzling observation
that IGF1 suppression can be induced in otherwise normal
mice by chronic, subtoxic exposure to mitomycin-C or DEHP,
though is apparently absent in TCR-deficient Csbm/m and in
NER-deficient Xpa−/− mice. A third question focuses on the
molecular details of how DNA damage recognition is trans-
duced to suppress gene expression. One hint that this (or
these) transduction pathway(s) may involve non-canonical
DNA damage-dependent signaling is mentioned in passing by
van der Pluijm et al., who note that mutating p53 failed to sup-
press the phenotype of Csbm/m/Xpa−/− mutant mice despite
evidence of constitutive p53 activation in the liver of double-
mutant animals.

One aspect of this story may, at first glance, strike
many readers as paradoxical: that the same gene expres-
sion changes observed by Niedernhofer, van der Pluijm et
al. in NER-deficient and in mutagen-treated mice have also
been observed in calorie-restricted, long-lived mice (reviewed
in Ref. [15]). The authors suggest this seeming paradox is
explained by proposing that the gene expression changes
observed in DNA repair-deficient, in mutagen-treated and in
calorie-restricted mice are part of a common, highly con-
served response pathway that acts to minimize DNA damage
and maintain organismal integrity. Mice that are persistently
mutagen-treated or that are DNA repair-deficient thus mount
the same protective response, but cannot fully counter the
consequences of high levels of DNA damage. Thus ’excess’
DNA damage and correspondingly high levels of mutagenesis,
cellular senescence and cell death may conspire to promote
progeroid changes and disease pathogenesis (Fig. 2).

How might these new findings be used to identify ways
to modulate either aging or age-associated disease? One idea
is to focus on gene expression changes limited to aged mice.
These include genes associated with the immune response,
the inflammatory response and protein glycosylation, all pro-
cesses that are-or may soon be-good targets for drugs or small
damage, IGF1 endocrine suppression and aging, Dna Repair (2007),

constitutively activate DNA damage response and repair path-
ways to limit DNA damage accumulation. Intriguing work
along these lines has already begun to appear (see, e.g., [17]).

dx.doi.org/10.1016/j.dnarep.2007.03.018
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Fig. 2 – Model linking DNA damage to IGF1 axis
suppression, cancer and aging. DNA damage from either
environmental exposure or as a result of DNA repair defects
can suppress GH/IGF1 axis signaling. This triggers a
conserved protective response that suppresses the GH/IGF1
somatotroph and other axes to limit metabolism and the
further accumulation of DNA damage. DNA repair-deficient
mice induce the same protective response, but cannot fully
counter the downstream consequences of persistently high
levels of DNA damage: cell senescence, cell death and
mutation accumulation that promote aging and the

r

emergence of cancer.

A third idea is to focus on limiting DNA damage by a combi-
nation of dietary modification and supplementation (see, e.g.,
[18]). van der Pluijm et al. close their discussion by providing us
with a teaser along these lines in literally a last sentence: they
describe a pilot study using Csbmlm/Xpa−/− mice in which a
‘. . . nutriceutical intervention . . . aiming at extending lifespan
and delaying the onset of pathology’ [has] yielded promis-
ing results.’ These three recent reports highlight an important
story that touches on many aspects of biology, medicine and
disease pathogenesis. So add this story to your ‘watch’ list,
and stay tuned!
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