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Cellular consequences of DNA damage

Exogenous:
UV, radiation, | ;r
chemicals T

Every cell Xperien

Institute

En d O g en Ou S O mpacing s
ROS, alkylators, aldehydes,
J mechanlcal stress, H,0O, etc

upto 10°lesions per day

Altered DNA metabolism

mistakes durlng replication stalled transcription — stress

and chromos. segregation arrested replication — stress
mutations DNA repair | cell cycle delay/arrest — senescence
chromos. aberrations systems transcription| — function|, cellt

|
Cancer Aging B
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DNA repair systems in mammals oo

Pathway DNA lesion Agent
nucleotide excision repair (NER) numerous distorting , chemicals, etc
transcription-coupled repair (TCR) transcription-blocking , 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
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Pathway

Repair disorder

DNA repair systems in mammals faont

Agent

nucleotide excision repair (NER)
transcription-coupled repair (TCR)
base excision repair (BER)
homologous recombination
endjoining

cross-link repair

Princess

Xeroderma Pigmentosum
Cockayne Syndrome
various

HRdf disorders (BRCA)
SCID

Fanconi Anemia

, chemicals, etc

, chemicals, etc
Oxidating agents
X-rays, topo. inh.
X-rays, topo. inh.

cis-Platin
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DNA repair systems in mammals Qucode

Pathway Repair disorder Cancer/Aging

nucleotide excision repair (NER) Xeroderma Pigmentosum Cancer 111, Aging 1

transcription-coupled repair (TCR) Cockayne Syndrome Aging 111, Cancer |

base excision repair (BER) various Development
homologous recombination HRdf disorders (BRCA) Cancer 111, Aging 1
endjoining SCID Cancer 111
cross-link repair Fanconi Anemia Cancer 111, Aging 1
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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

B DNA repair mutants accelerate these effects ...
Princess (6;4M
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Nucleotide Excision Repair (NER) - Mutants

HHR238,(f) DDB2
S XPE uVv uVv
damage
i recognition
gobal @
genome \( éﬁﬁ
NER Ao =

NER-deficient
patients:
XP, CS, TTD

TFIIHﬁ XPA
RPA XPB XPD
r ATP

I

ERCC1/XPF XPG

mouse mutants

DNA pol é/¢ :
PCNA RFC T DNA ligase

RNA pol Il
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CSB

CSA XAB2
YUVSSA

CSA

transcription-
coupled
NER

helix-unwinding
+
damage verification

excision

De Laat et al.,
G&D. 13, 1999
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DNA synthesis + ligation




Three UV-s nucleotide excision repair syndromes

Institute
Xeroderma pigmentosum Cockayne syndrome Trichothiodystrophy
XP, 7 genes (XPA-G) CS, 5 genes, cancer, TTD, 3 genes, cancer
skin cancer >1000xTT  neuro-developm. abn.,  neuro-developm. abn.,
~ normal development life expectancy 12 . brittle hair/nails

p— i N
,'.{“'q').“ o 1N /s

Global Genome- Transcription- Both
NER-defect | coupled repaird® (partlally)affected

Bnttle halr due to
mstablllty TFIIH
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HHR23B DDB2

| . amage 1111 IR
597 i recognition CSAY >EJAVBSZ
CSA .
9!Ob’:t| DJ]IDIDIDIDIDIQﬂﬂ TEIH m@ tranSCflpthn-

genome e coupled
NER e NER

TFIIH

XPA

mainly for Transcription-coupled
RPA XPB XPD

preventing r TP repair still allows
mutations damaged cell to survive

1 i AT

mutations T, cancer T | erccuxpr — e

explains cancer in XP | poudRec —— OvAgase
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Lessons from Nucleotide Excision Repair mutants

HHR23B DDB2

CSB
XPC ARE “ UV uv ™\ RNApol ‘ ;
I Hu damage 1111 IR
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genome \( XA —— coupled
NER X TTDA A7 NER
TFIH

XPA

cells with low mainly for
RPA XPB XPD
damage load already r TP cellular
die, overprotecting survival

from cancer at @ |

expense of aging _ |
ERCCUXPE —J xPe function | cell T+ T aging T
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Lessons from Nucleotide Excision Repair mutants

HHR23B DDB2 CSB
XPC XPE o UV UV ™\ RNApol Il ‘ ;
1 1111 damage 1111 (HNENTNN NN
- recognition CSA VS
i -\if_ CSA _ ‘
globz m . m@ transcrindaon-
gerome p— Ay coupled
NER T 0 qrpa a7 NER
TFIIH XPA
mainly for > mainly for
. RPA XPB
preventing r . cellular
mutations survival
= A Y W
ERCCUXPE —J xPe cell death TT aging 77
!

DNA pol é/¢

PCNA. REC T DNA ligase

causes dramatic aging
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ags  Striking parallels between TTD patient/mouse PR
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Trichothiodystrophy Mouse model
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Overall frailty in TTD mice Insitut
Mouse revealed that TTD Is progeroid disorder

. but segmental (post-mitotic tissues)

Dpincess



SECAD Segmental premature aging symptoms in TTD [
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Mice (cohort study, RIVM, v Steeg, Dollé) Patients

- reduced life span (- 1,5y) - 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 0Steoporosis
- progr. neurological abnorm. - progr. neurol. abnorm.

- lymphoid depletion, thymic involution
- liver: lipofuscin, nuclear inclusions
Princess - kidney: tubular dilation, glomerulopathy, etc... Aot
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Mice # man, but TTD mouse is an exceptionally
accurate model for the human disease.

['TD iIs not primarily a developmental disorder,
but early aging compromises development.

What would happen when the repair defect
of TTD mice Is worsened by crossing with other
repair 9" mouse mutants?

e.g., Xpa’ mice ...

et
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TTD/XPA TTD XPA mutant o
Aging 11 (T ~5 wks) Aging 1 (T 1,5 year) Cancer 1 Ins_tifqte

T -

% Similar dramatic synergy in double
mutants of e.g. Csb/a with Xpa

i

The severity of the repair defect.correlates with the
acceleration of segmental aging: dose—response




All-round, progressive aging in Ercc1/2 mice, not segmental
. carrying defects in 4 repair systems, critical for aII organs ...

liver/kidney karyomegaly

hypertension polyploidization
vascular stiffness  kyphosis acidosis
cardiomyopathy  osteoporosis tubular degepg
cognitive decline YORALLY P o . AQi Tk
tremors Ipodystrophy ging clocks
ataxia dry atrophy epidermis [l e [ETE=1(]0)
Excellent imbalance | , ' in multiple
model for neurodegeneration B tissues:
: reduced synaptic plasticity cachexia
dementias -
hearing loss urinary incontinence - Epigenetics
vision loss _ | stem cell exhaustion [(RIIAEI)
' ' - immunosenescence
anemia - G|ycAge
(in serum)

overall frailty

overall reduced organ function :
age-related altered hormonal profile T in 4-6 mo.

age-related transcriptional/metabolic changes

\LQ/lrtuaIIy normal development — progressive accelerated aging
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Erccl mutant: 4 repair defects, model for 3 disorders

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 — ??

... are relevant for sustained functioning of post-mitotic (1,2)
and replicative tissues (2,3,4) — explains wide aging spectrum

Princess /6‘2 s
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Expression profiling of NER progeroid mice |

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.

George Garinis, Bjorn Schumacher, Laura Niedernhofer, Jay Mitchell

DPinCess (Niedernhofer et al., Nature 2006; van der Pluijm et al., PLoS Biol. 2007; /6
- 2 afuay

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



JCECAD

Oncode

Institute

... but we wondered ...

... what would happen when our dwarf progeroid mutants
are actually subjected to dietary restriction ?

Princess (Vermelj et al., Nature 2016) A zefins



eI | ifespan Erccl14- mice triples(!) on calorie restriction
extreme (200%) lifespan extension !!

Institute

p<0.0001

=3 80

S

- 60 i.c.w. M. Dollé,

; 40 RIVM, Bilthoven

55) 20 DR (Vermeij et al.,
: w Nature 2016)
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What about health?
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Effect Calorie Restriction on aging in DNA repair models

Concomitant with lifespan extension dietary restriction
delays aging in all organs/tissues examined

(Vermelj 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 11, stress markers |,
sciatic nerve vacuolization |, motor coordination 11, tremors
even stopped!! Neurons have most benefit!

Princess /6;_ s
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L CECAD 30% DR preserves motor coordination
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of Ercc14- mice (16 wks)

11N
| ¢f "

From week 7
on Dietary p—>
Restriction

«<— Ad libitum

Prin'cess W. Vermei] et al., Nature 2016 AEotns



Effect 30% DR on rotarod performance
of Ercc14” mice

|
Erccfi Erccl wt
DR AL DR

P

A ‘|Pi|‘?h L\/ .

W. Vermeij et al., Nature 2016 A zetos
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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 !

Princess /6‘2 s
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... 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) ...



Summary effect lower calories for TTD patient Emma

- 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 1 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".

et
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Dietary Restriction dramatically improves health
and QoL and extends lifespan of patients

The first treatment of any repair syndrome: safe,
globally applicable, affordable by everyone (no cost)!

Dpincess /6‘2 oy
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Conclusion:

Food Is very important for DNA damage.

... but what is the mechanism?

Princess /6; wfons



We found gene-length-dependent transcription stress in aging

young cells ‘ AGEING Q aged cells

small genes medium genes large genes small genes medium genes large genes

declining nascent
RNA production

TRANSCRIPTION STRESS transcription stalling

T N
ANAAAAA - T2 TANAAA

lower, imbalanced transcr. output

-

normal cellular processes / balanced homeostasis deregulated cellular processes / altered homeostasis e.g.:
proteostasis: un BRSNS E autophagy

nutrient sensi€@ IGF1, insulin, AKT-mTO3
Legend:

» energy metabolism: - ondrial respiration
elongating RNAPII ———nascentRNA [®____ | gene cytoprotection: NRF2 pathway, xenobiotic metabolism

@ stalled RNAPII stalled RNA i%transcription blocking damage stress response: P53 signaling, apoptosis
immune system: interleukin-, NF-kb-, interferon a, y - signaling

balanced RNA pool

Gyenis et al., Nat. Gen., 2023




Transcription stress explains IGF1 attenuation in aging liver
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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

Akos Gyenis, Jiang Chang, Joris Pothof Contoms
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What Is the effect of Dietary Restriction (DR)?

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 ...

et



What can we learn from Emma ...

... for the relationship between DNA repair disorders and nutrition?

Dpincess

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.

et
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What about food composition?
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Age (weeks)
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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.

Ppincess /62 s



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

Dpincess

Clinically CS: aging 11, cancer |; post-mitotic tissues
FA: cancer 11, aging 1; 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?

et
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Impact far exceeds rare DNA repair syndromes [tz

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 O,-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)

Dpincess /6‘2 oy



Short-term fasting prior to chemotherapy reduces side effects

[$]

o
a
o

Weekend
fasting in | ,
youggkmlce n-72 en e Loss of appetite
(6wks) Chemotherapy is reduced ...
treatment
Gain of body
% 0 Doxorubicin 20 Cisplatin W6|ght rather
;: L than loss ...
S of :
$ Z More active ...
g

Faster recovery

Change in Food Intake (%)

(=]
o

1 4

2 3 4
Days after treatment

2 3
Days after treatment
B AdLibitum B Pretreatment Fasting
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Winnie van den Boogaard, Wilbert Vermeij




Short-term fasting prior to chemotherapy reduces side effects

=t ntreated/Cisplatin 10 mg/kg
e )

==t== Fed + 20 mg/kg

_ Improves
X .
< survival —
=
EL7 UClEElE
higher dose
© A DD
Survival (days)
Ki d n ey 3 days after treatment 6 months after treatment
pathology 00 4 Improves
: : short- and
S ; long-term
o &
pathology
Onéode Princess
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Winnie van den Boogaard, Wilbert Vermeij




Nutritional intervention(mimetic)s will change medicine

HUNDREDS OF YEARS OF MEDICAL PROGRESS, AND
ALL YOU CAN TELL ME TO DO IS EAT LESS?

Princess /6‘2 wfons



Hippocrates
In Aphorisms
(5™ cent. BC)



Please protect
mouse experiments

Princess

Science Is
playing with
Nature
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Little star

Emma
May 14, 2019
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See Facebook:
Em’Ma Vie

Helped to resolve
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COCKAYNE SYNDROOM SUPPORT NEDERLAND

the basis of aging

IBAN: NL77 RABO 0130 7367 24 wn. st Amyand Friendsn0 | WWW.amyandfriends.nl

Princess

et




