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A new progeroid syndrome reveals that
genotoxic stress suppresses the
somatotroph axis

Laura J. Niedernhofer*, George A. Garinis', Anja Raams', Astrid S. Lalai', Andria Rasile Robinson?,
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Wim Vermeulen', Gijsbertus T. J. van der Horst', Peter Meinecke’, Wim J. Kleijer?, Jan Vijg®, Nicolaas G. J. Jaspers'
& Jan H. J. Hoeijmakers'

XPF-ERCC1 endonuclease is required for repair of helix-distorting DNA lesions and cytotoxic DNA interstrand crosslinks.
Mild mutations in XPF cause the cancer-prone syndrome xeroderma pigmentosum. A patient presented with a severe XPF
mutation leading to profound crosslink sensitivity and dramatic progeroid symptoms. It is not known how unrepaired DNA
damage accelerates ageing or its relevance to natural ageing. Here we show a highly significant correlation between the liver
transcriptome of old mice and a mouse model of this progeroid syndrome. Expression data from XPF-ERCC1-deficient mice
indicate increased cell death and anti-oxidant defences, a shift towards anabolism and reduced growth hormone/insulin-like
growth factor 1 (IGF1) signalling, a known regulator of lifespan. Similar changes are seen in wild-type mice in response to

chronic genotoxic stress, caloric restriction, or with ageing. We conclude that unrepaired cytotoxic DNA damage induces a
highly conserved metabolic response mediated by the IGF1/insulin pathway, which re-allocates resources from growth to

somatic preservation and life extension. This highlights a causal contribution of DNA damage to ageing and demonstrates
that ageing and end-of-life fithess are determined both by stochastic damage, which is the cause of functional decline, and

genetics, which determines the rates of damage accumulation and decline.

Numerous progeroid syndromes are caused by defects in the cellular
response to DNA damage, including Cockayne syndrome, Werner
syndrome, ataxia telangiectasia and trichothiodystrophy', suggesting
that defective genome maintenance contributes to ageing. However,
the value of progeroid syndromes for understanding normal human
ageing is controversial®™, primarily because symptoms are tissue-
specific. The segmental nature of these progeroid syndromes is con-
sistent with the disposable soma theory of ageing (which posits that
ageing results from accumulated damage’), because damage is stoch-
astic and each tissue has different requirements for the various repair
mechanisms®. Nevertheless, the most consistent determinant of life-
span is the mitogenic growth hormone/IGF1 pathway”®. Prolonged
dampening of the axis genetically or by caloric restriction promotes
longevity, whereas persistent upregulation shortens life. Experi-
mental evidence reconciling the apparently disparate mechanisms
of progeroid syndromes and natural ageing is currently lacking.
Nucleotide excision repair (NER) is a multi-step ‘cut and patch’
mechanism that removes distorting lesions affecting one strand of
DNA such as those resulting from ultraviolet (UV) radiation damage.
Two subpathways exist: transcription-coupled NER (TC-NER) and
global genome NER (GG-NER). TC-NER removes lesions that block
RNA polymerases, rescuing transcription and preventing cell death.
Defective TC-NER causes Cockayne syndrome and trichothiodys-
trophy’. GG-NER operates genome-wide, primarily preventing
mutations. Defective GG-NER causes the cancer-prone syndrome

xeroderma pigmentosum’. Xeroderma pigmentosum patients (com-
plementation groups XP-A to XP-G) have over a 1,000-fold increased
risk of skin cancer and a 10-fold increased risk of other tumours’. The
contrasting phenotypes of Cockayne syndrome, trichothiodystrophy
and xeroderma pigmentosum suggest that the cellular response to
DNA damage dictates outcome: cell death/senescence accelerates
ageing whereas cell survival (with mutations) promotes cancer'.

XPF-ERCCI1 is an endonuclease required for NER''. XPF is cata-
lytic'> and ERCC1 is essential for DNA binding". Uniquely, this
complex is also required for DNA interstrand crosslink (ICL)
repair'®. ICLs link both strands of DNA, preventing transcription
and replication, and hence are extremely cytotoxic. Remarkably,
XP-F patients have mild xeroderma pigmentosum'', residual repair
and only subtle XPF mutations. No patients with mutations in
ERCCI1 are reported. Because complete inactivation of GG-NER or
TC-NER is compatible with life, this suggests that the additional
functions of XPF-ERCCI, including ICL repair, are essential. Here
we describe a progeroid syndrome caused by a severe mutation in
XPFand evidence from a mouse model of the disease that the growth
hormone/IGF1 hormonal axis, a known regulator of lifespan, is sup-
pressed in response to cytotoxic DNA damage.

A progeroid syndrome due to mutation of XPF

A boy aged 15 presented with frequent sunburns and a unique
combination of progeroid symptoms (Supplementary Fig. 1 and
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Supplementary Information 1). Inborn photosensitivity is indicative
of defective NER. Indeed, poor survival after UV irradiation, reduced
UV-radiation-induced DNA repair synthesis and impaired RNA syn-
thesis recovery after UV irradiation of the patient’s fibroblasts (the
XPF-ERCC1 (XFE) fibroblasts; Fig. 1a, b; Supplementary Fig. 2 and
Supplementary Information 2 Methods) indicated an almost com-
plete absence of GG-NER and TC-NER, characteristic of both xer-
oderma pigmentosum and Cockayne syndrome. However, the
neurologic, hepatobiliary, musculoskeletal and haematopoietic
symptoms clearly discriminate this syndrome from xeroderma pig-
mentosum, Cockayne syndrome or combined xeroderma pigmento-
sum—Cockayne syndrome. Complementation analysis indicated that
XFE cells are defective in XPF (Supplementary Fig. 2). This was
unanticipated: all XP-F patients have substantial residual NER
and mild xeroderma pigmentosum''®. XFE complementary DNA
revealed a G—C transversion at position 458 in XPF, predicting a
non-conservative substitution of a highly conserved arginine
(R153P) (Supplementary Fig. 2; GenBank Accession number
NM_005236). The patient’s genomic DNA demonstrated homozyg-
osity for this mutation. R153 resides in a domain harbouring helicase
motifs"” and a leucine-rich region frequently involved in protein
interactions. XPF and ERCC1 levels were lower in XFE cells than cells
from XP-F patients (Fig. 1c, d), but detectable. XFE fibroblasts were
exquisitely sensitive to ICL damage (Fig. le), confirming a role for
XPF-ERCCI in ICL resistance, distinct from that in NER. The unique
clinical and cellular parameters define a novel disorder that we term
XFE progeroid syndrome.

Ercc1~/~ mice model XFE progeroid syndrome

In mice, ERCC1- and XPF-null mutants are viable'”"* (Supplemen-
tary Table 1), but their severe phenotype is quite distinct from
NER deficiency®. Embryonic and early post-natal development of
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Figure 1| Molecular characterization of progeroid patient ‘XFE'.

a, Clonogenic survival assay measuring UV-radiation sensitivity of wild-type
(WT), XFE and xeroderma pigmentosum patient primary fibroblasts (XP-F,
XP-C and XP-A). b, RNA synthesis recovery after UV irradiation of patient
fibroblasts. ¢, Inmunodetection of XPF in nuclear extracts of patient
fibroblasts (normal C5RO, mild xeroderma pigmentosum patient XP42RO
and patient XFE). Cross-reacting bands demonstrate equal protein loading.
d, Immunodetection of ERCCI in the same samples. e, Clonogenic survival
assay measuring sensitivity of patient fibroblasts to the crosslinking agent
mitomycin C. Error bars (a, b, e) indicate s.e.m. of three experiments.
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Erccl™'~ mice is mildly retarded, but growth arrests dramatically in
the second week, typically culminating in death by four weeks (Fig. 2a,
b and Supplementary Fig. 3a, b). Erccl '~ mice show ageing-like
skin, liver and bone marrow abnormalities'”'®*'. We additionally
identified dystonia and progressive ataxia (both indicative of neuro-
degeneration), renal insufficiency, sarcopenia, kyphosis and, at the
cellular level, premature replicative senescence and sensitivity to
oxidative stress (Fig. 2¢c, d and Supplementary Figs 3c and 4)—all
changes associated with advanced age.

Early postnatal development was normal in patient XFE’. The
progeroid symptoms initiated in early prepubescence, resulted in
death before sexual maturation and included an old, wizened appear-
ance, weight loss, epidermal atrophy, visual and hearing loss, ataxia,
cerebral atrophy, hypertension, liver dysfunction, anaemia, osteo-
paenia, kyphosis, sarcopaenia and renal insufficiency. There is a strik-
ing correlation between the human syndrome and the Erccl '~
mouse phenotype (Supplementary Table 2). Importantly, XPF is
undetectable in Erccl”'~ mouse tissue (Supplementary Fig. 3d),
indicating destabilization of the complex*. Furthermore, like XFE,
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Figure 2 | Progeroid characteristics of Ercc1™/~ mice. a, Erccl '~ mouse
and wild-type littermate at 3 weeks of age. b, Lifespan of Erccl '~ mice
(n=27). ¢, Footprint analysis of 3-week-old mice. Forepaws were painted
purple, hind paws green. The arrows indicate gait trajectory. Fore- and hind-
prints are not superimposed in mutant animals, a diagnostic criteria of
ataxia. d, Radiographs demonstrating kyphosis in an aged wild-type and in
an Erccl”'~ mouse, but not in a young wild-type mouse. e, Clonogenic
survival assay measuring the sensitivity of primary mouse embryonic
fibroblasts to the crosslinking agent mitomycin C. Error bars indicate s.e.m.
for three experiments, each averaging three replica platings of cells.
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Erccl™'™ cells are more sensitive to ICL damage than other NER-
deficient cells (Fig. 2e). Collectively, these data establish Erccl™'~
mice as an accurate model of the XFE progeroid syndrome.

Expression changes in Ercc1™/~ mouse liver

To investigate the cause of the progeroid features, we compared the
entire transcriptome of Erccl” '~ mouse liver with that of wild-type
littermates at the age of 15 days, when the Erccl”’~ mice reached
maximal weight (Supplementary Fig. 3b), and had progeroid symp-
toms but only limited pathology. The liver was selected because it
showed well-defined ageing-related changes and evidence for geno-
toxic stress (stabilized p53)". Two-tailed, t-test analysis of variance
of Affymetrix full genome arrays revealed 1,675 genes with signifi-
cantly changed expression in Erccl”'~ compared with wild-type
liver (= *=1.2-fold change and P=0.01; Supplementary Table 3).
Gene ontology classification (Supplementary Table 4) revealed: (1)
global attenuation of the somatotroph, lactotroph and thyrotroph
hormonal axes and other growth-promoting mechanisms; (2)
downregulation of oxidative and carbohydrate metabolism; (3)
upregulation of genes associated with glycogen synthesis but down-
regulation of glycogen phosphorylase, indicating a propensity to
store not use glucose, an anticipated response to hyposomatotrop-
ism; (4) upregulation of fatty acid synthesis, the leptin receptor
(Lepr) and peroxisome proliferator-activated receptor (Ppar)-y and
-, further suggesting an attempt to store energy; (5) upregulation of
anti-oxidant and detoxification defences; (6) upregulation of DNA
repair, suggesting increased damage load; and (7) upregulation of
pro-apoptotic genes and downregulation of anti-apoptotic genes,
indicating spontaneous hepatocellular toxicity. Remarkably, the
majority of these metabolic changes are associated with extended
lifespan in Caenorhabditis elegans™.

Quantitative real-time PCR (qRT-PCR) of key genes in the path-
ways confirmed these findings in the liver, extended them to the
kidney, and identified a trend towards increasing changes in express-
ion with age (Fig. 3a, b), indicating a systemic, progressive process.
The predicted downregulation of the growth hormone/IGF1 soma-
totroph axis in Erccl '~ mice explains their post-natal growth
retardation. IGF1 is synthesized and secreted by the liver in response
to growth hormone and is primarily responsible for its growth-
promoting effects®*; thus it is a terminal read-out of the somatotroph
axis. Circulating IGF1 levels in Ercc1’~ mice were significantly lower
than wild-type littermates (Fig. 3¢; P <0.001). These data predict a
state of glucose storage rather than usage in Erccl~/~ mice. In accord-
ance, blood glucose levels were significantly lower than control
littermates (Fig. 3d; P<0.001). Erccl” '~ mice were also hypoinsu-
linaemic (Fig. 3e; P<0.03), consistent with insulin sensitivity and
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elevated expression of Ppar-y. These data validate the metabolic
changes predicted by microarray analysis.

Suppression of the growth hormone axis in response to DNA
damage

A primary defect in the hypothalamus or pituitary gland is not the
cause of low IGF1 in Erccl '~ mice: immunohistochemistry of the
anterior pituitary (which contains somatotrophs) revealed no patho-
logy, normal numbers of growth-hormone-positive cells (Fig. 4a),
and viable somatotrophs (Fig. 4b). Moreover, serum growth hor-
mone of Erccl”'~ mice was within the normal range (Fig. 4c) or
tended to be elevated, as expected in response to low IGF1 and
growth hormone receptor through feedback regulatory mechanisms.
This raises the possibility that reduced IGF1 represents an adaptive
response to DNA damage. Interestingly, chronic exposure of adult
wild-type mice to subtoxic doses of the crosslinking agent mitomycin
C suppressed serum IGF1 (Fig. 4d). In addition, qRT-PCR data
indicated similar expression changes in the liver of mitomycin-C-
exposed mice as seen in Erccl” '~ mice (Supplementary Fig. 5). These
results demonstrate that the systemic response in Erccl '~ mice,
resulting from their DNA repair defect, is elicited in normal organ-
isms that are challenged with genotoxic stress.

Parallels between XPF-ERCC1 deficiency and ageing

The somatotroph axis declines with age in mammals, including
man®”. This prompted us to systematically compare broader
expression changes in Erccl~/~ and aged mice. The complete liver
transcriptomes of 16-week-old and 130-week-old wild-type mice
were compared with that of 8-week-old wild-type mice to identify
expression changes in young adult (16 weeks) and aged (130 weeks)
mice relative to juveniles (8 weeks) (Supplementary Table 5-7). Gene
ontology classification of these gene sets indicated global suppression
of the somatotroph axis, carbohydrate and oxidative metabolism,
peroxisome biogenesis and ATP synthesis, but upregulation of
immune and inflammatory responses and protein glycosylation in
aged, but not young adult mice, concurring with previous studies in
aged murine skeletal muscle and liver*>”. Biological pathways that
were similarly affected in Erccl '~ and aged wild-type mice included:
the somatotroph axis, carbohydrate and oxidative metabolism, and
peroxisome biogenesis. Apoptotic and anti-oxidant responses were
largely unique to Erccl”'~ mice, whereas inflammatory responses
and protein glycosylation were unique to aged mice.

To quantify the similarity between Erccl '~ and aged mice, we
asked how many of the 1,675 differentially expressed genes in the
Erccl™'~ liver transcriptome were altered in the same direction in
aged mice? A 100% correlation yields a Spearman rank correlation
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coefficient rho (r) of 1.0. The expression pattern of Erccl™'™ mice
had a significant degree of correlation with old mice (r=0.32,
P=0.0001), but not young mice (r = —0.03). When the comparison
was restricted to those biological themes that were significantly over-
represented in the Erccl~/~ mouse liver, there was an 86% correla-
tion and within the somatotroph axis 95% (Supplementary Table 8).
Therefore, despite the tremendous difference in age and genetic back-
ground, the transcriptional changes in Erccl '~ mice and old mice
showed a highly significant correlation. Importantly, the liver tran-
scriptomes of Xpa '~ (nullizygous for the essential NER protein
XPA) and Csb™™ mice (homozygous for a mutation in Csb that leads
to Cockayne syndrome), which are NER-deficient but not progeroid,
did not significantly overlap with that of old mice, but the transcrip-
tome of severely progeroid Xpa '~ ;Csb™™ mice did (r= 0.44;
P=10.0001)**. Thus, we identified a common pattern of gene express-
ion changes between aged and progeroid DNA-repair-deficient mice.

Cellular proliferation was drastically decreased in both Erccl™'~
and aged mice (Fig. 5a), as predicted by microarray analysis. Further,
senescent, polyploid hepatocytes, a hallmark of ageing®, were prom-
inent in both the Erccl~'~ and aged mice, but not immature animals
(Fig. 5a). Apoptotic cells were dramatically increased in Erccl /'~
mouse liver and to a lesser extent in aged mice (Fig. 5b). Lyso-
chrome staining revealed triglyceride accumulation in the liver of
Erccl™'™ and aged mice, which is consistent with decreased oxidative
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Figure 4 | Growth-hormone-IGF1 suppression is a normal physiological
response to DNA damage. a, Immunodetection of growth hormone
(brown) in anterior pituitary of wild-type and Erccl '~ mice. b, Cultured
cells from the pituitary of wild-type and Erccl '~ mice indicating a normal
distribution and viability of somatotrophs (blue arrows) and lactotrophs
(red arrows). ¢, Serum growth hormone levels of 15- and 21-day-old
Erccl™'™ mice (red) and littermate controls (blue) (non-significant; P = 0.4,
15 days; P = 0.12, 21 days). d, Serum IGF1 levels of adult wild-type mice
chronically exposed to mitomycin C (0.1 mgkg ™' bimonthly) compared
with untreated mice (n = 4 per group; *P = 0.011). Error bars, s.e.m.
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metabolism (Fig. 5¢). Steatosis was more pronounced in 21- than 15-
day-old Erccl™'~ mice, indicating a progressive process. Finally,
IGFBP1—a protein overexpressed in response to liver i m)ury, fasting
or hypoinsulinemia®—was extremely elevated in Erccl”'~ and aged-
mouse liver compared with that of young wild-type mice (Fig. 5d).
These data confirm that the diverse metabolic changes predicted by
expression analysis are similarly altered in Erccl '~ and aged mice.

A model connecting DNA damage, the growth hormone axis and
ageing

Different mutations in XPF result in distinct clinical outcomes: either
cancer as in xeroderma pigmentosum, or progeroid symptoms as in
XFE syndrome. One explanation is that the R153 XFE mutation,
compromising both NER and ICL repair, results primarily in cell
death and senescence in response to DNA damage. This suppresses
carcinogenesis®** but enhances ageing® . In contrast, the milder
NER defect in classic XP-F patients causes less cell death, allowing
mutation accumulation and consequently cancer (elaborated in
Supplementary Information 3). The specific sensitivity of XPF—
ERCCI1-deficient cells to crosslink damage, make ICLs a likely can-
didate for contributing to the unique phenotype of the XFE proger-
oid syndrome. Although spontaneous ICLs escape detection by
current technology, several abundant endogenous compounds,
many of which are by-products of lipid peroxidation, are known to
crosslink DNA**?, Intriguingly, IGFBP1, which is extremely elevated
in the Erccl”/~ mouse liver (Fig. 5d), is strongly induced in rodents
exposed to the crosslinking agent cisplatin®® or fed a diet rich in poly-
unsaturated fatty acids®, which promotes lipid peroxidation®. Our
data indicate that accumulation of nuclear DNA damage causes many
of the pathophysiologic and metabolic changes associated with ageing,
probably through increased cell death or senescence, without muta-
tions and telomere loss*"*>. This is consistent with the damage accu-
mulation theory of ageing®* and predicts that cytotoxic genotoxins
used in adjuvant chemotherapy for cancer may promote ageing*.

A key observation was that the somatotroph axis is suppressed
when DNA damage is increased either genetically or chemically.
This result is consistent with the observation that genetic deletion
of SIRT6, a protein ADP ribosyl-transferase that positively affects
lifespan and genome integrity, also suppresses IGF1**. In addition,
overexpression of the short isoform of p53 in mice impairs genome
maintenance and IGF1 signalling®. Together these studies create an
inexorable link between genome maintenance and the somatotroph
axis.

Direct genetic disruption of the growth hormone axis in mice
leads to metabolic changes, including low serum glucose and insulin,
improved insulin sensitivity, increased expression of Ppar-y,
decreased B-oxidation of fatty acids, increased gluconeogenesis, and
enhanced anti-oxidant defenses and stress resistance®. As a con-
sequence, these mice have reduced growth, body weight and fertility,
yet increased lifespan and delayed onset of age-associated morbid-
ities®. Caloric restriction causes rapid and reversible transcriptional
reprogramming resulting in decreased insulin/IGF1 signalling with
similar downstream effects*®. Our data indicate a near-identical pat-
tern of metabolic and growth changes in Erccl™’~ mice. This supports
the existence of a common stress response, mediated by the insulin
pathway, providing self-protection in the face of diverse stressors—a
phenomenon termed hormesis, with reference to caloric restriction’.

Multiple types of cellular and molecular damage accumulate with
age®, and could trigger the same stress response. This likelihood is
supported by the highly significant correlation between the transcrip-
tomes of Ercc1”'~ mice and old mice, as well as the fact that growth
hormone/IGF1 signalling decreases with age in mammals*. On this
basis, we propose the following model to explain how DNA damage
(and probably other types of molecular damage) contributes to
ageing (Fig. 5e). Damage accumulates with time as a consequence
of exposure to endogenous and environmental genotoxins and
incomplete repair. The DNA damage triggers a stress response either
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Figure 5 | Comparison of the physiological changes due to DNA repair
defects and ageing. a, Detection of proliferating cells in liver of Erccl ==,
young and old wild-type mice by immunodetection of incorporated BrdU
(brown nuclei and arrows). Large, polyploidy nuclei are apparent in the

directly or by interfering with transcription or replication. The res-
ponse is systemic dampening of the growth hormone/IGF1 hor-
monal axis, through a mechanism that is, as yet, unknown, but is
highly conserved®®. This in turn leads to metabolic changes that shift
energy usage from growth and proliferation to protective mainten-
ance’, minimizing further damage, but contributing to apoptosis*.
Despite this protective response, organisms which continue to accu-
mulate damage will inevitably age. Repair-deficient Erccl™'~ mice
continue to rapidly accumulate DNA damage and experience an early
onset of degenerative processes. Aged organisms in which either
damage prevention or repair mechanisms may already be compro-
mised will continue to accumulate damage slowly, eventually
succumbing to age-related morbidities and mortality. In both exam-
ples, the ‘ageing process’ is retarded by the insulin-mediated stress
response.

This model reconciles two apparently disparate hypotheses of age-
ing: that ageing is genetically regulated” and that ageing is a con-
sequence of the accumulation of stochastic damage®. In fact, both
are correct. Damage drives the functional decline that is associated
with ageing; however, a highly conserved longevity assurance mech-
anism, mediated by the IGF1/insulin pathway, influences how
rapidly damage accumulates and function is lost.

METHODS

Detailed methods are provided in Supplementary Information 2. Cell lines were
established from skin biopsies of patients or from mouse embryos. Nucleotide
excision repair was measured by a clonogenic survival assay after exposure of
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Erccl”’~ and aged mouse liver (asterisks). b, Measurement of apoptotic
nuclei in liver by TUNEL assay. ¢, Detection of triglycerides in liver with the
lysochrome Oil Red O. d, Immunodetection of IGFBP1 in the liver. e, Model
of how DNA damage contributes to ageing (see text for details).

cells to UV irradiation (UV-C, 254 nm). Unscheduled DNA synthesis (a measure
of GG-NER) was determined by quantifying incorporation of *H-thymidine
into genomic DNA after exposure of cells to 10] m™~ 2 of UV-C radiation. RNA
synthesis recovery (TC-NER) was measured as *H-uridine incorporation after
UV irradiation of cells. XPF was identified as the gene affected in patient XFE by
fusing his cells with those of a patient from each complementation group of
xeroderma pigmentosum and measuring unscheduled DNA synthesis. Both XPF
c¢DNA and exons from gDNA isolated from XFE cells were sequenced. Crosslink
sensitivity was determined by clonogenic survival assay following exposure to
mitomycin C. Antibodies and ELISA kits used for immunodetection of XPF,
ERCCI, IGFl, insulin, glucose, growth hormone, BrdU incorporation and
IGFBP1; tissue staining; and TUNEL (TdT-mediated dUTP nick end labelling)
reagents are elaborated in Supplementary Information 2.

Erccl™'~ mice were generated in an F, hybrid background by crossing
Ercc1™'™ mice. Genomic DNA was isolated from an ear punch and genotyped
by PCR. Ataxia in mice was measured by analysing gait after painting fore- and
hind-paws with different colours. X-rays were obtained with a CGR Senograph
500T instrument. Genome-wide expression profiles were determined for liver of
15-day-old Erccl /" mice and wild-type littermates, as well as 8-, 16- and 130-
week-old C57BL/6] mice using Affymetrix 430 V2.0 arrays. Expression changes
were confirmed by qRT-PCR for 16 genes representing each of the biological
themes significantly affected in Erccl™'~ and aged mice. For chronic genotoxin
exposure studies, adult wild-type mice (10 weeks old; n = 4) were administered
0.1 mgkg ™' mitomycin C bimonthly for 10 weeks.
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