AGING

the mechanisms of getting old
and the race for immortality

Steve Knutson March 14, 2023



Dying is a part of living
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An age old pursuit
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Antiquity ¢ 200s B. C.

Aristole & Plato Qin Shi Huang (FIg 2
Greece China
e aging is a disease o discussion of death outlawed
e young = hot and wet e interest in sorcery, early alchemy

e old = cold and dry? o died age 49, mercury poisoning



Elizabethan/Renaissance eras ® 1400-1600

SANGVIN

Diane de Portiers

France

e mistress to King Henry |l

drank gold to preserve looks
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o died age 66, gold poisoning
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Elizabethan/Renaissance eras ® 1400-1600

Cornaro’s Treatife

OF
Luigi Cornaro :
Venice, Italy Y;é’mp€7'dﬂ-€€ and Sobr ery.
» . Shewing theright way of preferving
LIFE and HEALTH;

“He who would eat much must eat little, for Togethel‘.with S‘t_)undnefs of the
by eating less he will live longer, and so be ~ Senfes, Judgment, and Memqry‘ |
able to eat more” - untoextream old Age.

o first proponent of “moderation”

e died age 102




Age of Reason ¢ 1600-1900
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o probability of death increases
exponentially with age

BENJAMIN GOMPERTZ, 1779-1865



Age of Reason e 1800s

e what is the evolutionary purpose of aging?

e altruistic programmed death:
make room for the next generation?

ST VAL]

August Weismann



Age of Reason e 1800s

e what is the evolutionary purpose of aging?

e altruistic programmed death:
make room for the next generation?

sexual maturity

ST VAL]

genes passed on

August Weismann



Age of Reason e 1800s

o cost of death to individuals exceeds benefit to the group

e long-lived individuals would produce more offspring

sexual maturity

ST VAL]

genes passed on

August Weismann



mouse

Mus musculus

2-3 years

The aging paradox

animals have very different lifespans

dog human
Canis lupus familiaris Homo sapiens
10-13 years ~40 years (late 19th ¢)

~80 years (today)
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The aging paradox

bigger animals live longer

® Human
African
@ Horse elewant
50 - @ Chimpanzee i
@ Dog
@ Rhesus monkey Lion @ Giraffe
£ 2 @ Cow
§ 20
£ ®Cat eopart
= @ African buffalo
a rey fox
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£ 104 ® @ Reindeer
pr ® Gazelle
& i @ Skunk
ipmun
Sy @ Guinea pig
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@ Rat
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The aging paradox

except when they don't
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com/lostriver/longhome.htm). A few dog breeds with extreme values are noted.



The "wear and tear” theory

e body parts and cells “wear out” like machine parts

e continued use + environment insults, outpaces the
body’s capacity for repairing and replenishing

Alfred Russel Wallace

August Weismann



Replacement “therapy” ¢ 1890 - 1920s

Serge Voronoff
Cepren BopoHoB

) > restored
testicular mating “virility
transplant

young bull old bull



Replacement “therapy” ¢ 1890 - 1920s

Serge Voronoff
Cepren BopoHoB

testosterone estrogen progesterone



The aging paradox - extrinsic mortality

o few old animals exist in wild - predation,
competition, disease, starvation, etc

e most animals die soon after genes already
passed on, long before “aging” occurs

e natural selection is increasingly ineffective with
age

Peter Medawar

“Selection Shadow”

Force of Natural Selection

J. B. S. Haldane Birth  Age at Maturity Death



The aging paradox - extrinsic mortality

mouse Brandt’s bat
Mus musculus Myotis brandtii
2-3 year lifespan 40 year lifespan

extremely high extrinsic mortality extremely low extrinsic mortality



Meanwhile,

during the Great Depression

1930s - life expectancy was 53
starvation, malnutrition commonplace

lack of any real scientific data on
nutritional impacts on overall health

assess how and why malnutrition/
starvation was bad for the body

Clive McCay

Cornell University



Caloric restriction

group group 2
o™ Y L]
¢ 2 ’/4)_}* | £ |
' “ ] 1 e o ! C_
s NV 7 ‘\“ﬁ,\ |
ad libitum (unlimited eating) calorie restricted (30-50%)

identical macronutrient chow

McCay, C. M., Crowell, M. F., & Maynard, L. A. J. Nutrition, 1935, 10(1), 63-79.



Caloric restriction

% rats alive

days

McCay, C. M., Crowell, M. F., & Maynard, L. A. J. Nutrition, 1935, 10(1), 63-79.



Caloric restriction

o overall “slowing” of the body’s processes/breakdown

Log.BMR (mL O, g’ h™)

~100 years later, we are still figuring out why calorie

restriction extends lifespan
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The “disposable soma”

OH

perfect maintenance

(repair, regeneration)

l

immortal

resources are finite
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imperfect maintenance

(good enough to mate)
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net degeneration



The “disposable soma”
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The "disposable soma
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The “disposable soma”
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The 12 hallmarks of aging

Lopez, Otin, C. et al., Cell, 2023, in press



The 12 hallmarks of aging

Lopez, Otin, C. et al., Cell, 2023, in press
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Cellular aging
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Hair Shaft

Companion Layer

Cuticle of Hair Shaft

Outer Root Sheath
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melanin

?

melanin
pigment

Cellular aging

i
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Hair Shaft
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Cuticle of Hair Shaft
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Henley's Layer
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Matrix Keratinocytes



Cellular aging

PIGMENTED
HAIR

HAIR SHAFT

MELANOCYTES

Produce the
pigment that
give hair its

visible color.

NON-PIGMENTED
“GRAY” HAIR

Loss of melanocytes
and melanocyte
stem cells stops
production of hair
pigmentation



Stem cells regenerate tissue
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Stem cells

Multipotent
progenitors

Oligopotent
progenitors

Lineage-
restricted
progenitors

Effector
cells

Erythrocytes

Slow ® <

Platelets

Stem cells regenerate tissue

Self-renewal

LT-HSC
(LIN-KIT* SCAT* CD34% FLK2)
\

ST-HSC
(LIN- KIT* SCAT* CD34" FLK2)

\

MPP
(LIN- KIT* SCAT* CD34H FLK2M)

° &
© ©

Granulocytes Macrophages T cells B cells

RBCs

Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707

T cells

platelets



Stem cells regenerate tissue

Outer root
sheath

Hair matrix

Hair
papilla

Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707




= '2'-".:-‘1':‘55. “. » -‘-",A-

.
.

Yoeu are the sk heseus

cell type turnover time

cardiomyocytes
central nervous system
skeleton

small intestine epithelium 2-4 days .
stomach 2-9 days ,1
blood Neutrophils 1-5 days R
white blood cells Eosinophils 2-5 days B
gastrointestinal colon crypt cells 3-4 days
cervix 6 days
lungs alveoli 8 days
tongue taste buds (rat) 10 days
platelets 10 days
NN, bone osteoclasts 2 weeks
N ;:E I intestine Paneth cells 20 days
@ l '} skin epidermis cells 10-30 days
7’?’§ / pancreas beta cells (rat) 20-50 days
blood B cells (mouse) 4-7 weeks
trachea 1-2 months
hematopoietic stem cells 2 months
sperm (male gametes) 2 months
bone osteoblasts 3 months
red blood cells 4 months
liver hepatocyte cells 0.5-1 year
fat cells 8 years

0.5-10% per year
life time
10% per year
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You are the shmf‘ﬁw‘e‘seus

cell type

small intestine epithelium

stomach
blood Neutrophils

white blood cells Eosinophils
gastrointestinal colon crypt cells

cervix

lungs alveoli

tongue taste buds (rat)
platelets

bone osteoclasts
intestine Paneth cells
skin epidermis cells
pancreas beta cells (rat)
blood B cells (mouse)
trachea

hematopoietic stem cells
sperm (male gametes)
bone osteoblasts

red blood cells

liver hepatocyte cells
fat cells
cardiomyocytes

central nervous system
skeleton

turnover time
2-4 days

2-9 days

1-5 days

2-5 days

3-4 days

6 days

8 days

10 days

10 days

2 weeks

20 days
10-30 days
20-50 days
4-7 weeks
1-2 months
2 months

2 months

3 months

4 months
0.5-1 year

8 years
0.5-10% per year
life time

10% per year




Stem cells regenerate tissue

Stem cell Progenitors Effectors

Young

!
90
90
90
GlG

000@
000@

old

A
CICIC,
®1@

(9@
@00 Vo
© 0o o

@

Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707



Why do stem cells die as we age”?

cell divisions are finite

Leonard Hayflick

split/
passage

cells stopped growing after 30-40 “doublings”

“Hayflick limit"”

Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707



Why do stem cells die as we age”?

cell division

is a violent process

e chromosome condensation
e chromatid alignment

e mechanical separation



Telomere shortening

Cell division

. o
/ \

o &

/ N/ \ |

X I X A8

Telomere Repeats

3
TTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG
AATCCCAATCCCAATCCC

5l

Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707



Telomere shortening

Time Telomere shortening

—

Cell division stops (senescence starts)

Healthy cell Cell division Cell death

Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707



Telomere lengthening

Chromosome

Telomerase

Telomere repeats TERT
TTAGGGTTAGGGTTAGGGTTAGGG 3

AATCCCAATCCC . _AAUCCC {Pushein] .

C

RNA matching motif

egg/embryos T and B cells skin cells

Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707



Telomere lengthening

Chromosome

Telomerase

Telomere repeats

——

RNA matching motif —

Carol Greider Elizabeth Blackburn Jack Szostak

Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707



Telomere lengthening = not always good

Telomere length remains the same

Time I

Cancer cells growth increases

:

Malignant
Cancer cell Cell division tumor (no cell

death)

Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707



Stem cell damage and dysfunction

RAS mutation,

p53 loss Transformation

@

Senescence

/ Telomere

dysfunction

Stem cell ~—

—3>
Unrepaired DSBs

Apoptosis

Y-chromosome @

or 5g~ loss Dysfunction

Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707

Cancer

Regenerative failure,
SA-SP

Tissue dysfunction
and failure

Tissue dysfunction
and failure
(for example, MDY)




Force of Natural Selection

Damage accumulation

Birth Age at Maturity Death

DNA damage accumulation throughout
life causes aging (wear and tear?)

again, this is “invisible” to natural
selection

aging evolves because selection cannot
eliminate “bad” mutations that only
occur late in life




non-smoker

<10 drinks per

week

~5 h sun
exposure per
week

Damage accumulation

Bahman, G. et al., Plastic and Recon. Surg., 2009, 123, 1321-1331

smoker

~20 drinks per
week

~30 h sun
exposure per
week (job outside)



Damage accumulation

“truck driver
tfacial syndrome”

Bahman, G. et al., Plastic and Recon. Surg., 2009, 123, 1321-1331



Damage accumulation

Spectrum p—
of stress h

Irradiation Chemotherapeutics

Replicative Transcriptional

N3 o;

o 2

Epigenetic ER Mitochondrial ROS
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stress stress dysregulation stress

Genomic
instability l

DNA repair &
restore Rad50 A
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L

} \

Target transcript stability
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| ARF | | p16/NK4a |

NER, - - l l

| MDM2 | | Cyclin D-CDK4/6 |

L[ camas | ——— nres

|—i| CyclinD-CDK2 | —— | pRB |

and/or protein upregulation

NOXA, PUMA, BAD,
L BID, BIK, BIM & BMF

BCL-2, MCL-1, ,
BCL-xI & A1 l l

Anti-apoptotic

BCL2 family C\’

. |
BAX, BAK & BOK ]

Pro-apoptotic
BCL2 family
members

MOMP
0] )\Cytochrome C release

Elimination of non-renewable cell

Apoptosis

(e.g., neurons, cardiomyocytes)

Senescence

4 m

_E2F

SASP

°
L] L
° °
0,0 %, B
L] L
.

__— Paracrine

Tissue dysfunction

qus ?f regenerative capacity s Detrimental Chronic inflammation
9. , i impact .
Tissue atrophy .

Immune evasion
Tumor promotion

Senescence reinforcement

Yousefzadeh, M. et al., Elife, 2021, 62852



Damage accumulation

NHo 0 NH,
NS N T Me we i N N NN
Ve Me
T e ] AEEN T T LT
o) =z HN NH O N F O =
N™ SN N N7 N N™ SN
O O O
07 >NT N o
- - -
oxidation depurination photo-dimerization alkylation cyclopurination
Endogenous DNA adducts

DSB Cytosine Cyclopurine Depyrimidination 8-oxoG Malondialdehyde  Alkylation adducts Depurination SSB
DNA lesion deamination adducts adducts
Frequency per cell 10’ 102 107 107 103 103 10° 10* 10*
per day

DNA adducts caused by environmental exposures

Sunlight Background radiation lonizing radiation therapy Oxaliplatin cancer
Genotoxin therapy

Photodimers ~ Damaged bases SSB DSB Damaged SSB Intra- and interstrand
Lesion bases crosslinks
Frequency per 10% in skin cells 10 2-5 0.25 10° 10° 10°

cell per day

only

Yousefzadeh, M. et al., Elife, 2021, 62852



Unrepaired DNA damage accelerates aging

DNA damage

[TTTTT ITIIT]
lDNAdamage

recognition

oy L LTTT
RAD23B>

Localized
unwinding

binding

RPA)
Nuclease
protein

¥ 'Nuclease
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Dualincisions [N TTT§T

y

T pawww LT

Pol Gap filling

A 4
|||‘1‘li'-l»111|||

Ligase

4 Nicksealing

EAFENEYENRNRER

helicases

ligases

polymerases

Brosh. R. M. et al., Nat. Rev. Cancer, 2013, 13, 542-558

nucleases

ssDNA
binding
proteins



Unrepaired DNA damage accelerates aging

DNA damage
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DNA damage
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Brosh. R. M. et al., Nat. Rev. Cancer, 2013, 13, 542-558



Helicases are critical for damage repair

a —_—

g
IIIIL/IIII-IIIII

Werner Syndrome =
g TTT T TI1]
defective RecQ helicase T

Brosh. R. M. et al., Nat. Rev. Cancer, 2013, 13, 542-558
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Helicases are critical for damage repair
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De Boer, J. et al., Science, 2002, 296(5571), 1276-1279
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Mutational damage alone does not cause aging

normal polymerase normal amount of mutations

Illllllllllm

Michael Stratton mutant polymerase abnormally more mutations

PCNA Origin
Pol 6/¢€/111 Pol 1
i ! / .
Nucleotides ﬂ\ ' \‘Nucleotldes

Topoisomerase

5'

3 Okazaki

fragments

Helicase

Robinson et al., Nat. Genetics, 2021, 53, 1434-1442



Mutational damage alone does not cause aging

normal polymerase normal amount of mutations
""“"""bm — I

Michael Stratton mutant polymerase abnormally more mutations
individuals with individuals with
normal polymerase mutant polymerase

Robinson et al., Nat. Genetics, 2021, 53, 1434-1442



Mutational damage alone does not cause aging

a Genome-wide b Exome-wide
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individuals with mutant polymerase aquire massive amounts of mutations throughout lifetime

Robinson et al., Nat. Genetics, 2021, 53, 1434-1442



Mutational damage alone does not cause aging

SBS
600 —
g ® @ ® @® Whole-genome
T 1 mutational age
S % 400 - ° ® :
Eg ;
=8 . i & % Coding-genome
S0 v ® mutational age
S 2 200 Y ¢
c ® @
£ & o * % & O Chronological age
s ® o o 0 o o O o)
@)
O |
d ID
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g
0 ©
8 _
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£
82 2,000 -
28
% S @ &
S
5 & ° & @ % ®
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81 years

almost no correlation between mutational rate and lifespan and overall aging phenotype

Robinson et al., Nat. Genetics, 2021, 53, 1434-1442



Epigenetic dysregulation

NH, NH,
ﬁN Me | \N
@) N/KO DNMT O N/KO
| :O: I > O
O O
‘VV\IlIW\: ‘V\I\Ill\l\l\:
Cytosine 5-mCytosine
DG TET
O NH, OI NH, OH  NH,
"""‘]"""HO%N TET i kfXN TET i kfXN
0] N/go < 0] N/go < O N/KO
| :O: I O O
O O O
5-caCytosine 5-fCytosine 5-hmCytosine

Cavalli et al., Nature, 2019, 571, 489-499



Epigenetic dysregulation

EPIGENETIC MECHANISMS

are affected by these factors and processes:
e Development (in utero, childhood)

e Environmental chemicals
Drugs/Pharmaceuticals

e Aging

Diet

(é) METHYL GROUP
S

—n o

CHROMATIN

HEALTH ENDPOINTS
e Cancer

e Autoimmune disease

¢ Mental disorders

e Diabetes

EPIGENETIC

FACTOR

DNA methylation
Methyl group (an epigenetic factor found
in some dietary sources) can tag DNA

and activate or repress genes.

GENE

HISTONE TAIL

\

v,
e r.\v,“.’~
O

HISTONE TAIL
\

Vo Ve v

DNA accessible, gene active

Histones are proteins around which | HISTONE

DNA can wind for compaction and
gene regulation.

DNA inaccessible, gene inactive

Cavalli et al., Nature, 2019, 571, 489-499

Histone modification

The binding of epigenetic factors to histone “tails
alters the extent to which DNA is wrapped around
histones and the availability of genes in the DNA
to be activated.



Epigenetic dysregulation

different cell types run different every cell has
gene expression programs the same genome
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Epigenetic dysregulation

DNA methylation in ageing: an epigenetic clock

Cavalli et al.,

Chronological age

Nature, 2019, 571, 489-499




Epigenetic damage and information loss

ne Information Theory of Aging =

o =
= - gg o 3

DNA Genome Epigenome Loss of Cellular Cellular
Damage Instability Disruption Identity Senescence

Youth Disease Death

David Sinclair

Yang. J. et al., Cell, 2023, 186, 305-326



Epigenetic damage and information loss

epigenetic marks other epigenetic sites elsewhere

localization of
Ppol ‘ DSB e
po l chromatin modifiers

(RCM)

David Sinclair

S I I

DNA - ’
repair
TITTTITTTIT T T T TTTTTTTTTTITITITTT TITTTITTTITITITTTITITTTTTTTTTTTTTTTTTTTT
LU AL
correct repair, but
epigenetic information loss indirect information erosion

inducible changes to the epigenome (ICE)

Yang. J. et al., Cell, 2023, 186, 305-326



Epigenetic damage and information loss
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Yang. J. et al., Cell, 2023, 186, 305-326



Epigenetic damage and information loss

Young

Epigenetic landscape

Faithful DSB repair
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The current best aging model

Lopez, Otin, C. et al., Cell, 2023, in press



The current best aging model

damage accumulation

Force of Natural Selection

Birth Age at Maturity Death

DNA, organelle, and cell damage
throughout life causes aging

repair mechanisms cannot fully keep up

net degeneration of cells/tissue/body

antagonistic pleiotropy
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Force of Natural Selection

Birth Age at Maturity Death

genes that beneficial early in life become
detrimental later and cause aging

DNA repair good, then bad

net degeneration and loss of information
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Caloric restriction works... but why?

Restricted
diet

Ad libitum

100 500 1000 1500
days

Klass, M. et al., Nature, 1976, 260(1), 523-525.



Caloric restriction works... but why?

Cynthia Kenyon Caenorhabditis elegans (C. elegans)

lifespan ~ 2 weeks

intestine

Klass, M. et al., Nature, 1976, 260(1), 523-525.
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Caloric restriction works... but why?
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Caloric restriction works... but why?

daf-2 mutants lived 2X as long
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Days after hatching (shifted to 20°C)

Kenyon, C. et al., Nature, 1993, 366(1), 461-464.



Daf2 is the insulin receptor

&—Insulin
OO
Insulin
receptor Plasma membrane

(Glucose uptake]

\J
(Glycogen synthesis)

\4
Glucose production
versus utilization

[ Lipid synthesisj [Protein synthesis)

T growth T cell division T metabolism

Kenyon, C. et al., Nature, 1993, 366(1), 461-464.



Meanwhile, on Easter Island

rapamycin

high doses low doses

cytotoxic cytostatic
slowed growth



Rapamycin inhibits insulin signaling
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Kenyon, C. et al., Nature, 1993, 366(1), 461-464.



Rapamycin inhibits insulin signaling

l growth lcell division l metabolism

Kenyon, C. et al., Nature, 1993, 366(1), 461-464.



Rapamycin inhibits insulin signaling

l growth lcell division l metabolism

Kenyon, C. et al., Nature, 1993, 366(1), 461-464.



mTOR is the growth signaling hub

Growth Factors, Glucose
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Fraction surviving

Low dose rapamycin extends lifespan in mice
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Low dose rapamycin extends lifespan in mice
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The missing link: metabolism and epigenetics
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Dai, Z. et al., Nat. Rev. Genet., 2020, 21, 737-753.



The missing link: metabolism and epigenetics

=
Acetate Glucose ‘Canonical’ modifications
Enzyme SAM | =——————> DNA methylation
> (UDP-GlcNAC activity (sam) Y
: odulators N o T s
Glycolysis m K
/ ——> Histone methylation
Ethanol i
Pyruvate —> 1 Bolate Acetyl-CoA -:» Histone acetylation )
Serine Vitamin B,, ,' &
1 Choline it Emerging modifications
Serine ! A
0 b Glycine ! : .
m:(te:l:aaoli:r: Threonine ——-> Histone lactylation
Methionine Methionine / —> Histone succinylation
: Methionine Be

nzoyl-CoA | = Histone benzoylation

cycle

SAH SAM i
\_/ A

Crotonyl-CoA | = Histone crotonylation

!

Citrate

Crotonyl-
CoA

Butyrate |=—> Histone butyrylation

(Benzoyl-CoA
Redox balance (B-hydroxybutyrate | —> . doxybutyrylaion
<> NADH J Histone >
(Serotonin
(UDP-GleNAC |

— homocysteinylation
FAD <> FADH,

| Serotonin | —» Histone serotonylation {55
O, Ascorbate nyla

Butyrate

Histone

Dopamine |~ dopaminylation

F
azi?; (ﬂ-hydroxybutyrate)

Histone

Ketogenesis UDP-GLeNAC | = oGl cNacylation

NAD* | ——s Histone ADP-

Ketogenic > . ribosylation

o e Histone MGO
. | istone
- e " adduction

acids

SAM | =———> RNA methylation

Benzoate  Tryptophan  Tyrosine \‘\\ Acetyl-CoA | ———> RNA acetylation

Phenylalanine oo )

-@enzoyl-CoA] (Serotonin] [Dopamine]

Dai, Z. et al., Nat. Rev. Genet., 2020, 21, 737-753.



The missing link: metabolism and epigenetics
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The missing link: metabolism and epigenetics

intermittent fasting and diets

drugs that modulate metabolism

supplements (NAD, NR, etc)

Dai, Z. et al., Nat. Rev. Genet., 2020, 21, 737-753.



Turning back the stem cell clock
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Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707



Stem cells

Multipotent
progenitors

Oligopotent
progenitors

Lineage-
restricted
progenitors

Effector
cells

Erythrocytes

Turning back the stem cell clock

Self-renewal
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v are expressed in stem cells?
Granulocytes Macrophages T cells B cells

Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707
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Turning back the stem cell clock
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Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol.,

~40 transcription factors
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IIOSKII

“Yamanaka Factors”



Turning back the stem cell clock

only prior existing stem cell source:

human embryos

Renewal
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Blastocyst mass (ICM) ESCs

reprogram normal cells?

Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707



Turning back the stem cell clock

OSK reverts cells back to a “stemlike” state

e B
P 4577 4D
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fully differentiated cells induced pluripotent
from donor (ie skin, etc) stem cells (iPSCs)

Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707
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fully differentiated cells
from donor (ie skin, etc)

Turning back the stem cell clock

OSK reverts cells back to a “stemlike” state
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Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707
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fully differentiated cells
from donor (ie skin, etc)

Turning back the stem cell clock

OSK reverts cells back to a “stemlike” state

_____

&

on demand cell production

Sharpless, N. E. et al., Nat. Rev. Mol. Cell Biol., 2007, 8, 707

induced pluripotent
stem cells (iPSCs)



Stem cell therapies
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in vivo epigenetic reprogramming

3

&3
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S

cell or tissue specific
delivery in vivo



in vivo epigenetic reprogramming
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Living your best supercentenarian life

Sister Lucille Randon Johanna Mazibuko
Alés, France Jouberton, South Africa

born Feb 11, 1904 born May 11, 1894

died Jan 17, 2023 died Mar 08, 2023

age 118 age 128



Living your best supercentenarian life
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The Dog Aging Project

e dozens of trials to test different
interventions, doses, timing, etc

e Yyou can volunteer your dog

e results ongoing over next few years/decades

Launch the Project Complete Enrollment Steps Analyze Survey Data Join Additional Studies

Dog Aging Project

Citizen Scientist

Nominate Your Dog Welcome the DAP Pack Connect with Fellow Participants Share Research Insights



/
@l i
, - ! . i l
il SXE NN | A o

£

s e
W= ]




>
O
>
V4
-
O
e
—

b\ ﬂ,..‘..
W E
W W IE
w O
W e
W W

Qﬁr i..ml Qm Q \E E.ﬁﬁ:

L T . Ao .lm.mm_.laqﬂ._... .‘ﬂi

: an W) 1
N ul al :
- all all ml
fa— L = | ) = wb

N R

.. S M? [ hx

\ =

-
' W

% PRINCETON UNIVERSITY
DEPARTMENT OF

CHEMISTRY




