
Jan Hoeijmakers

No Disclosures



The potential and benefits of nutritional

interventions in DNA repair disorders

European Fanconi Anemia Meeting 

Genoa, May 22-24, 2025

Jan Hoeijmakers    supported by KWF, NIH, E(R)C, NWO, Oncode 



Cellular consequences of DNA damage
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Altered DNA metabolism

Endogenous:

ROS, alkylators, aldehydes, 

mechanical stress, H2O, etc

Exogenous:

UV, radiation, 

chemicals

DNA repair 

systems
mutations

chromos. aberrations

AgingCancer

mistakes during replication 

and chromos. segregation

stalled transcription → stress 

arrested replication → stress 

Every cell may experience upto 105 lesions per day

cell cycle delay/arrest → senescence

transcription↓ → function↓, cell†



DNA repair systems in mammals

Pathway DNA lesion Agent

nucleotide excision repair (NER) numerous distorting UV, chemicals, etc

transcription-coupled repair (TCR) transcription-blocking UV, chemicals, etc

base excision repair (BER) subtle base modification    Oxidating agents

homologous recombination double strand break X-rays, topo. inh. 

endjoining double strand break X-rays, topo. inh. 

cross-link repair interstrand cross-links cis-Platin



DNA repair systems in mammals

Pathway Repair disorder Agent

nucleotide excision repair (NER) Xeroderma Pigmentosum  UV, chemicals, etc

transcription-coupled repair (TCR) Cockayne Syndrome UV, chemicals, etc

base excision repair (BER) various    Oxidating agents

homologous recombination HRdef disorders (BRCA) X-rays, topo. inh. 

endjoining SCID X-rays, topo. inh. 

cross-link repair Fanconi Anemia cis-Platin



DNA repair systems in mammals

Pathway Repair disorder Cancer/Aging

nucleotide excision repair (NER) Xeroderma Pigmentosum  Cancer ↑↑↑, Aging ↑

transcription-coupled repair (TCR) Cockayne Syndrome Aging ↑↑↑, Cancer ↓

base excision repair (BER) various    Development

homologous recombination HRdef disorders (BRCA)    Cancer ↑↑↑, Aging ↑ 

endjoining SCID Cancer ↑↑↑ 

cross-link repair Fanconi Anemia Cancer ↑↑↑, Aging ↑



However, even with normal, potent repair:

- some lesions are not detected, 

- some lesions are irreparable,

- sometimes repair is too late … or not error-free …

- repair, like any cellular process, declines with aging

… still, inevitably, DNA lesions accumulate in time, 

causing cancer and systemic aging

DNA repair mutants accelerate these effects …
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Three UV-s nucleotide excision repair syndromes

Xeroderma pigmentosum

XP, 7 genes (XPA-G)

skin cancer >1000x

~ normal development

Cockayne syndrome

CS, 5 genes, no cancer,

neuro-developm. abn.,

life expectancy 12 y. 

3 y7 y10 y

Trichothiodystrophy

TTD, 3 genes, no cancer

neuro-developm. abn.,

brittle hair/nails

Different mutations in one NER gene, e.g. XPD, can cause:    

XP, XP/CS, TTD, XP/TTD and COFS

Global Genome-

NER-defect

Transcription-

coupled repairdef

Both 

(partially)affected

Brittle hair due to 

instability TFIIH



Lessons from Nucleotide Excision Repair mutants
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cells with low 

damage load already 

die, overprotecting 

from cancer at 

expense of aging
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cell death  aging 

causes dramatic aging



Striking parallels between TTD patient/mouse

XpdR722W

Trichothiodystrophy Mouse model



Early greying in TTD mice

Are TTD mice aging??



Overall frailty in TTD mice

1,5 year

Mouse revealed that TTD is progeroid disorder

… but segmental (post-mitotic tissues)



Segmental premature aging symptoms in TTD

Mice (cohort study, RIVM, v Steeg, Dollé) Patients

- reduced life span (~ 1,5 y) - reduced life span (<5 yrs)

- cachexia, sarcopenia (aorta) - cachexia

- early infertility (females) - sexual developm. arrest

- cutaneous symptoms - aged-like appearance

depigmentation of hair,

sebaceous gland hyperplasia,

loss of subcutaneous fat
- skeletal abnorm.: kyphosis, - skeletal abnormalities   

osteoporosis, osteosclerosis osteoporosis

- progr. neurological abnorm. - progr. neurol. abnorm.

- lymphoid depletion, thymic involution

- liver: lipofuscin, nuclear inclusions

- kidney: tubular dilation, glomerulopathy, etc…



What would happen when the repair defect     

of TTD mice is worsened by crossing with other 

repair def. mouse mutants?

e.g., Xpa-/- mice …

Mice ≠ man, but TTD mouse is an exceptionally 

accurate model for the human disease. 

TTD is not primarily a developmental disorder,  

but early aging compromises development.      



TTD/XPA      
Aging ↑↑ († ~5 wks)

TTD        
Aging ↑ († 1,5 year)

XPA mutant 
Cancer ↑

The severity of the repair defect correlates with the 

acceleration of segmental aging: dose→response

Similar dramatic synergy in double 

mutants of e.g. Csb/a with Xpa



All-round, progressive aging in Ercc1-/ mice, not segmental

† in 4-6 mo.

Aging clocks 

accelerated  

in multiple 

tissues:

- Epigenetics 

(Horvath) 

- GlycAge

(in serum)

… carrying defects in 4 repair systems, critical for all organs … 

virtually normal development → progressive accelerated aging 

Excellent 

model for 

dementias



Pathway affected Human disorder     

1 Transcription-coupled repair (TCR) - Cockayne syndrome: aging

2 Global Genome NER - Xeroderma pigmentosum: cancer > aging

combination dramatically synergizes for aging in post-mitotic organs

3 Cross-link (XL) repair - Fanconi’s anemia: cancer + aging

4 Single-Strand Annealing of (persistent) DSBs – ??

Ercc1 mutant: 4 repair defects, model for 3 disorders

… are relevant for sustained functioning of post-mitotic (1,2) 

and replicative tissues (2,3,4) → explains wide aging spectrum



Short-lived repair mutants suppress GH/IGF1 axes and

prioritize resilience (e.g. anti-oxidant systems, stress resistance) 

above growth, likely in an attempt to extend their short lifespan.

Low IGF1 explains why Cockayne Syndrome children and 

mouse mutants stay tiny.

This ‘survival’ response resembles long-lived dwarf mutants and 

dietary restriction (DR), which indeed delays aging.

Expression profiling of NER progeroid mice

(Niedernhofer et al., Nature 2006; van der Pluijm et al., PLoS Biol. 2007;      

Garinis et al., Nat. Cell Biol. 2009; Schumacher et al., PLoS Genet. 2008)

George Garinis, Bjorn Schumacher, Laura Niedernhofer, Jay Mitchell



… but we wondered …

… what would happen when our dwarf progeroid mutants 

are actually subjected to dietary restriction ?

(Vermeij et al., Nature 2016)
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i.c.w. M. Dollé, 

RIVM, Bilthoven

extreme (200%) lifespan extension !!

(Vermeij et al., 

Nature 2016)

Lifespan Ercc1Δ/- mice triples(!) on calorie restriction



What about health? 



Effect Calorie Restriction on aging in DNA repair models

Concomitant with lifespan extension dietary restriction 

delays aging in all organs/tissues examined

(Vermeij et al., Nature 2016)

• Liver (anisokaryosis, polyploidization ↓)

• Kidney (tubulonephrosis, anisokaryosis ↓) 

• Immune system (T-helper subpopulation, IgA levels)

• Retina (photoreceptor loss ↓)

• Vascular system (vascular dilatation)

• Neuronal system: preservation of neurons ↑↑, stress markers ↓,

sciatic nerve vacuolization ↓, motor coordination ↑↑, tremors 

even stopped!! Neurons have most benefit! 



30% DR preserves motor coordination

of Ercc1Δ/- mice (16 wks)

W. Vermeij et al., Nature 2016

Ad libitum

From week 7 

on Dietary 

Restriction



Effect 30% DR on rotarod performance      

of Ercc1Δ/- mice

W. Vermeij et al., Nature 2016



Calorie Restriction works better than any 

medication would be expected to achieve …

CS patients, instead of 12, might become 36 years!

… and have a much better condition !

… but mice are not humans …

… CS/TTD patients are frail, tiny, even get extra food !



… however, putting CS and TTD children on a 

calorie restriction diet is very counterintuitive         

… actually, the opposite of current practice …

It was carefully explored with a 

first TTD patient, Emma (7 yrs) …



- Emma at 7 yrs. could barely crawl, not walk, talk, developed severe tremors and 

progressively declined with poor prognosis ... no appetite, got 1150 kcal by PEG.

- Upon reduction to 850 kcal, regained appetite (but still gets >200 kcal. by PEG), 

so is not at all starved. 

- in 2 weeks spontaneously lost tremors (as in our mouse models!), 2x upon ↑ food 

intake regained tremors, when ↓ food they disappeared again → direct link.

- does miraculously well: much more (inter)active, eager to learn, in a good mood.

- enjoys relatively stable health (7 yrs!), despite lower intake she still grows!

- can walk, understand, speak, count, verbally respond and write her name!! …     

… instead of worse, or stabilized, she has strongly improved, with good QoL!! 

- nutritional guidelines for CS and TTD patients were revisited: avoid overfeeding!! 

All parents note benefits … So, not “N=1”.

Summary effect lower calories for TTD patient Emma



The first treatment of any repair syndrome: safe, 

globally applicable, affordable by everyone (no cost)!

Dietary Restriction dramatically improves health 

and QoL and extends lifespan of patients



Conclusion:

Food is very important for DNA damage. 

… but what is the mechanism?



lower, imbalanced transcr. output

Gene-length-dependent transcription stress explains >50% of aging profiles!Gyenis et al., Nat. Gen., 2023

We found gene-length-dependent transcription stress in aging



Akos Gyenis, Jiang Chang, Joris Pothof

10 kb

Igf1 gene 

(~80kb)

Exons only

10 kb

Igf1 gene 

(~80kb)

Exons only
Exon 1ab 2 3 4

Despite higher levels of nascent transcripts in the 5’-part, much less nascent RNA at 

the end in old, explaining why IGF1 gene expression goes down with aging

Transcription stress explains IGF1 attenuation in aging liver



DR triggers the ‘survival’ response, which upregulates 

defense (e.g. anti-oxidant) systems, alters metabolism 

and attenuates growth.

This leads to lower levels of DNA damage and hence 

transcription stress, thus improving cell function (and 

Emma’s health) ... 

… and provides an explanation how DR delays aging …

What is the effect of Dietary Restriction (DR)?



What can we learn from Emma …

1. Food is much more important for genome stability than generally thought 

2. … both in terms of quantity and composition

- overnutrition is associated with higher DNA damage that increases 

transcription stress, which accelerates aging (and probably cancer).

- reduced caloric intake triggers a potent ‘survival’ response that boosts 

resilience, redesigns metabolism and leads to lower DNA damage, which 

improves genome function and prevents cancer and aging

3. Since dietary restriction reduces DNA damage levels one predicts that 

all DNA repair disorders should benefit to some extent.

… for the relationship between DNA repair disorders and nutrition?



What about food composition?



High protein intake shortens life-span 

of progeroid Ercc1def mouse mutants 

0 5 10 15 20 25 30 35
0

20

40

60

80

100

Age (weeks)

S
u

rv
iv

a
l 

 (
%

)
Control

LFHC

LCHP

30%DR

n=20-25, F

****

****

0 5 10 15 20 25 30 35
0

20

40

60

80

100

Age (weeks)

S
u

rv
iv

a
l 

 (
%

)

Control

LFHC

LCHP

LPHC

n=20, M

****

Males Females

… in liver also increases genome-wide 

transcription stress and p53, UV and 

inflammatory responses (GSEA)

L = low

H = high

P = protein

F = fat

C = carbs.

% change

Isocaloric

Protein content influences lifespan, aging and transcription stress

1×
10

2

1×
10

3

1×
10

4

1×
10

5

1×
10

6

0

20

40

60

80

100
LCHP vs LPHC

Mean gene length

P
e

rc
e

n
ta

g
e

 u
p

re
g

u
la

te
d

1       10    100  1000

Gene length (kb)

%
 U

p
re

g
u

la
te

d

High Protein vs 

Low Protein

• = 500 genes



Protein content affects aging

- when elevated, it appears to increase DNA damage and 

accelerate aging (and cancer?), 

- when lowered it slows aging, 

but the effects are smaller than those of reduced food intake.



Comparison Cockayne syndrome (CS) - Fanconi anemia (FA)

Clinically CS: aging ↑↑, cancer ↓; post-mitotic tissues

FA: cancer ↑↑, aging ↑; proliferative > post-mitotic tissues

DNA damage CS: transcription-blocking, abundant, diverse, replic. bypass

FA: interstrand XLs, more rare, very toxic (no TLS bypass)  

for proliferating tissues.

However, both mainly from endogenous origin 

Dietary Restriction reduces endogenous damage and protects from 

exogenous genotoxins.

Specific compounds? Alcohol, PUFA’s? 



Calorie restriction/short-term fasting induces a potent “survival” response:

- Short-term (2-3 days) fasting prior to any surgery upregulates anti-oxidant

defenses and strongly protects from massive oxygen radical damage

when oxygen re-enters the O2-deprived area after surgery (trials ongoing)

- Short-term fasting prior to chemo/radiotherapy boosts defenses,  

improves recovery and reduces side-effects of the cancer therapy, 

improving quality of life of all (ex-)cancer patients (clinical trials ongoing)

Impact far exceeds rare DNA repair syndromes
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Short-term fasting prior to chemotherapy reduces side effects

Winnie van den Boogaard, Wilbert Vermeij

Chemo

Loss of appetite 

is reduced …

Gain of body 

weight rather 

than loss …

More active …

Faster recovery

Weekend 

fasting in 

young mice 

(6wks)
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Short-term fasting prior to chemotherapy reduces side effects

Improves 

survival → 

may tolerate 

higher dose

Winnie van den Boogaard, Wilbert Vermeij
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Nutritional intervention(mimetic)s will change medicine



“Let nutrition be your 
medicine and your medicine 

be your nutrition ….”. 

Hippocrates

in Aphorisms

(5th cent. BC)



A look into our laboratory

Please protect 

mouse experiments

Science is 

playing with 

Nature
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See Facebook:

Em’Ma Vie

Little star 

Emma
May 14, 2019

Helped to resolve 

the basis of aging


