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Severity of premature aging in ERCC1/XPF mice varies 
with severity repair defect (Laura Niedernhofer)

ERCC1 -/D (intermediate) ERCC1 -/c (mild)ERCC1-/- (full KO)

Onset 4 months
Kyphosis*    (*seen in wt aging)
Neurodegeneration*

Progressive Ataxia
Priapism

Infertility*
Weight loss*

Cachexia 
Sarcopenia*

Cellular polyploidization*
Decreased BM prolif. *
Blind, deaf*
Premature death 4-6 mo.

Onset pre-natal
Kyphosis Neurodegeneration

Progressive Ataxia
-

(Infertile) 
Weight loss

Cachexia 
Sarcopenia 

Cellular polyploidization
Liver and kidney

Decreased BM prolif.
Anemia

Premature death 3-8 wk.

Onset ~10 months
Kyphosis 
Neurodegeneration

Progressive Ataxia
?

Fertile (duration?)
(Males obese) 

-
Cellular polyploidization

Liver and kidney
?

Tumors increased
Premature death 10-18 mo



Like the single and double NER mouse 
mutants, various Ercc1 mutants also 

display a striking correlation between the 
severity of the DNA repair defects and the 

severity/acceleration of premature severity/acceleration of premature 
segmental aging features. 

… but for Ercc1 mice no human syndrome 
has been identified …



Patient XP51RO (XPF) XPCS165TOR                
(the first ERCC1 patient)

Later we found the corresponding new human 
XPF/ERCC1 (XFE) syndrome

16 years3 years

Laura Niedernhofer (Pittsburgh), K. Jaspers

Died at age of 13 months



Patient XP51RO Ercc1 -/- mice
Dermatologic

UV sensitivity ++ ++
irregular pigmentation ++
dry, atrophy epidermis ++
skin cancer - (died age 16) - (die @ 3-8 wks of age)

Neurologic
hearing loss + +
optic atrophy + ?
spasms / tremors + +
ataxia + +

Developmental

Clinical features XP51RO and ERCC1-/- mice

Developmental
growth retarded/early arrest beginning age 10 postnatal
prematurely aged appearance face, head, posture head, posture
lack subcutaneous fat + +
early death age 16 3-8 weeks

Cardiovascular 
anemia + +
hypertension + ?

Liver
­ GGT, AAT, AP + 2-15X
­ bilirubin 7X
¯ albumin + +
­ ferritin elevated in serum splenic deposits

Kidney
acidosis + +
secondary osteopenia +



Increased apoptosis and decreased 
proliferation in liver of ERCC1-/- mice

3 wk old wt 3 wk old ERCC1-/- 24 mo old wt
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Aging features of Ercc1-/D mice

Xerophthalmia

Kyphosis

Collagen 
defects

Dystonia
(flexion)

Ataxia (broad-based stance)

defects
(flexion)

Laura Niedernhofer (Pittsburgh)



Urinary incontinence

Ercc1-/D wild-type littermate

Laura Niedernhofer (Pittsburgh)



Spatial learning in the Morris Watermaze

Marije Dirkx, Ype Elgersma
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Footprint analysis of ERCC1-/D mouse 
reveals ataxia

ERCC1-/DDDD

wt



Rotarod test for motor function
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Grip Strength in Ercc1D (intermediate)

grip strength 8 weeks old
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ercc1 d/- (11)
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Grip strength decreases progressively in ERCC1D mice in 4 mo

Marije Dirkx, Ype Elgersma
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Marije Dirkx, Ype Elgersma



Ercc 1 (5 wks)
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Auditory brainstem response in ERCC1D mice

Ercc 1 (14 wks)
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Gerard Borst, cs

Ercc1D mice 
develop 

deafness

wt
ercc1-

Also hair cell 
loss in high 
tone zone



control

4 weeks 8 weeks

Increased neuropathology in Ercc1� /-

Ercc1� /1

GFAP stainingNicola Lawrence
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Conclusions neurological analysis ERCC1 mice

• Ercc1d/- mice show age-dependent progressive decrease of
• Motor coordination (in behaviour resembling Parkinson)
• Hearing threshold (aging-related hearing loss)
• Hippocampus-dependent spatio-temporal learning
• Hippocampal synaptic plasticity (electrophysiology)• Hippocampal synaptic plasticity (electrophysiology)

• Ercc1d/- Purkinje cells show decreased dendritic 
arborization and ectopic spines

• Ercc1d/- mice show increased TUNEL staining, indicating 
enhanced cell death

Marije Dirkx, Ype Elgersma



Ercc1-/D mice are 50-100x more sensitive to MMC
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Contribution of byproducts of lipid 
peroxidation? Crosslink DNA in vitro
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By generating conditional repair mutants we can 
selectively target aging to specific organs/tissues or 

induce rapid aging to occur in desired stages of 

Manipulating rapid aging

induce rapid aging to occur in desired stages of 
development:

e.g. brain-specific ERCC1 or CSB/XPA mutants

Ingrid van der Pluijm, Monique de Waard 



Purkinje cell-specificControl

Cerebellum-specific Ercc1KO (PkJ-Cre)

About 70% Purkinje cell loss at 26 weeks

GFAP staining



Cerebellum-specific ERCC1 KO
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Full genome microarray analysis of liver RNA from 
15 days old wt vs. CSB+XPA (life span 3 wks)

Systemic Down regulation in DKO specifically:
- insulin-like growth factor-1, IGF-binding proteins 3, 4, subunit

- growth hormone receptor

- prolactin receptor

- proteins involved in thyroid hormone activity

- transferrin receptor- transferrin receptor

- estrogen receptor 1

i.e. the entire GH/IGF1 somatotrophic axis, which controls 
metabolism, growth and development goes down in DKO

Oxidant system:
- upregulated: Sod1, Gst, Gsr, GlxII, Ephx1, Hmox1

- downregulated: cytochrome P450 members, Fmo1,2,3

i.e. the antioxidant defense goes up in DKO



Short-lived TCR repair mutants suppress the 
GH/IGF1 somato- lacto- and thyrotrophic axes and 

seem to redirect energy resources from growth 
and development to maintenance and defenses 

Summary results expression profiling NER 
progeoid mice

and development to maintenance and defenses 
(e.g. upregulation of anti-oxidant systems).

The liver expression profile of short-lived repair 
mutants at age of 15 days shares overall clear 
similarity to that of normal old mice of 2.5 years

George Garinis



Premature aging mouse mutants (15 day) show a 
gene expression profile with striking resemblance to 
profiles of natural aging, particularly suppression of:   
- the GH/IGF1 somato- lacto- and thyrotrophic axes, 
- carbohydrate metabolism, 
- oxidative metabolism, 

Conclusions expression profile comparisons

- oxidative metabolism, 
- peroxisome biogenesis and 
- ATP synthesis.

Differences:
- premature aging: anti-oxidant defense, autophagy ­
- natural aging: inflammation, protein glycation ­

Demonstrates the relevance of premature aging



Altering the IGF-1/GH pathway in mice is also 
linked with life span regulation

Down-regulation of GH/IGF1: longer life span (longevity)

Gh-r KO mice 
Hypopituitary Ames/dwarf mice (deficient in GH, PRL, TSH ) 
Ghrh mutant, 
Heterozygous IGF-1R KO, Heterozygous IGF-1R KO, 
Klotho transgenic mice

Up-regulation of GH/IGF1 somatotrophic axis: shorter life span

GH transgenic mice (carrying a bovine GH gene)

Caloric Restriction:
- extends lifespan and 
- down regulates the IGF-1 somatotrophic axis
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Similar results are also seen 
with Ercc1-/- mice

CsbXpa Ercc1 DDDD
Ercc1 DDDD 0.76 1
CsbXpa 1 0.83*

*

George Garinis



Rationale of the GH/IGF1 response in DKO? 

Why do extremely short-living CS/XP DKO mice display a 
response resembling caloric restriction and long life span?

We interpret this response as a (futile) attempt to defend 
against a very high DNA damage load to extend life span.against a very high DNA damage load to extend life span.

Some organs profit from this, explaining the paradoxical 
features of caloric restriction exhibited by aging TTD mice.

This implies that reducing metabolism and thus extending 
life span are intended strategies driven by DNA damage.



Csbm/m mice (13-week)
untreated

Survival response in CSB mice and upon 
oxidative DNA damage in wt mice 

RT-PCRWt mice after 16-week
exposure to non-toxic 
dose of pro-oxidant 

DHEP

George Garinis



Normal role of the IGF ‘survival’ response?

Early in life first priority is development to adulthood:

- Default: GH/IGF-1 and metabolism ­­­­ . Resources are used 
primarily to grow and generate progeny

- In unfavorable conditions (e.g. food shortage, stress, DNA 
damage) priority temporarily shifts from growth to defenses 
(repair) to survive the crisis: we term this ‘survival response’.(repair) to survive the crisis: we term this ‘survival response’.

When progeny is produced:

- remaining resources are used to stay alive: aging by default

- In time damage gradually accumulates and persists ®®®®
causing aging but also permanently triggering the same 
‘survival’ response (GH/IGF-1 / metabolism ¯̄̄̄ ), promoting life 
span extension and reducing cancer: successful aging. 



• Saccharomyces cerevisiae (20-60%)

• Caenorhabditis elegans (10-35%)

• Drosophila melanogaster (20-30%)

Calorie restriction (CR) and longevity 
(laboratory conditions!)

• Nothobranchius furzeri (33-58%) 

• Mus musculus (30-60%)

• Rattus norvegicus (30-60%)

• Rhesus monkeys (primates)



Calorierestrictie in Rhesusaapjes
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Calorierestrictie (CR) in Rhesusaapjes
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Calorierestrictie (CR) in Rhesusaapjes

Ref. Colman et al., Science 325, 201-4, 2009
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Jonge TTD muizen op een hoog-vet dieet zijn 
resistent tegen overgewicht en diabetes

Survival response beschermt tegen diabetes

resistent tegen overgewicht en diabetes

De GH/IGF1 suppressie en verandering van 
metabolisme zijn waarschijnlijk dominant over 
metabool syndroom.



Voedselcomponenten die levensduur kunnen 
verlengen

1. Die DNA beschadigingen tegengaan: mogelijk anti-
oxidanten (concentratie, welke, mengsels?)

Harrison et al. Nature (2009) doi:10.1038/nature08221

2. Die de ‘survival’ response aanzetten (zonder DNA 
beschadigingen, calorische restrictie of andere 
vormen van stress)



Voedselcomponenten die levensduur verlengen

Rapamycin (also known as sirolimus) is a macrolide antibiotic that specifically inhibits TOR 
activity. The first longevity study with rapamycin was published in 2006 and showed that the drug 
increases yeast CLS13. Rapamycin has also been reported to increase RLS53, and genetic 
models of reduced TOR activity increase lifespan in yeast, nematodes and flies43. In 2009, 
lifespan extension by feeding mice a diet supplemented with an encapsulated form of rapamycin 
was reported14. Initiating rapamycin supplementation at as late as 600 days of age, which is 
roughly comparable to 60 years in humans, was sufficient to increase mouse lifespan14. 
Rapamycin is used clinically to treat certain forms of cancer, to prevent coronary restenosis and 
as an immunosuppressant43. 

Harrison et al. Nature (2009) doi:10.1038/nature08221



Survival control mice and mice fed rapamycin in the 
diet starting at 600 days of age

Harrison et al. Nature (2009) doi:10.1038/nature08221



Voedselcomponenten die levensduur verlengen?

Resveratrol is a polyphenolic compound found in red wine. It began to be studied as an 
anti-ageing drug after it was identified in 2003 from an in vitro screen for Sir2 activators74. 
Resveratrol was first reported to extend yeast RLS74 and then to extend lifespan in 
nematodes, flies and a short-lived fish75, 76. Subsequent studies have failed to reproduce 
lifespan extension by resveratrol in yeast and flies, and have shown that it activates 
sirtuins in a substrate-specific manner77, 78, 79, 80. Feeding mice a diet supplemented 
with resveratrol protects them against toxicity associated with a high-fat diet, enhances 
metabolic function and leads to gene expression changes similar to those caused by 
dietary restriction81, 82, 83. Thus far, dietary supplementation with resveratrol has not 
resulted in increased lifespan in mice84. Resveratrol and additional substrate-specific 
sirtuin activators are currently being studied for safety and efficacy against type 2 diabetes 
in human clinical trials.



Voedselcomponenten die levensduur verlengen?

Spermidine is a naturally occurring polyamine that modulates diverse 
cellular processes, including DNA stability, transcription, translation and 
apoptosis85. In 2009, supplementation with spermidine was reported to 
increase yeast CLS and lifespan in nematodes and flies86. The mechanism 
by which spermidine promotes longevity is proposed to involve induction of 
autophagy86. 



metabolism

ROS + others

IGF1/GH 
somatotrophic axis

Scenario link metabolism - cancer - aging

microRNAs
Anti-oxidant response

Exogenous 
genotoxins

DNA damage

Loss of tissue homeostasis 
(cell death, senescence) 

AGING

Mutations,     
Chromosomal aberrations

CANCER

Genome maintenance
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