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Age Reversal . . . ? 

Hey Brother, 
ǿƘŀǘΩǎ ƛƴ ȅƻǳǊ 

water?



Clinical Telomere Biology Experience

ÅAge management medicine specialty practice for 20 
years

ÅTelomere biology clinical research and practice for 10 
years
ÅCo-authored first human observational study of a telomerase 

activation molecule
ÅCo-authored first controlled trial of telomerase activation in 

humans

ÅReviewed over 2000 telomere length measurements in 
adult patients

ÅFollowed individual telomere length measurements 
longitudinally for up to 10 years in over 100 patients



Clinical Age Management Medicine
[ŜǘΩǎ ƭŜƴƎǘƘŜƴ 

your 
telomeres!



Objectives and Questions

ÅBasic telomere biology

ÅTelomere change with age: Is it important to measure and treat?

ÅTelomeres and uncommon genetic disorders of shortened lifespan

ÅMouse models of telomere biology

ÅTelomeres and common diseases of aging

ÅTelomeres and cancer risk

ÅTelomere length enhancers

ÅIs there an optimal telomere length window?



What do Telomeres do?

Bottom Line: Telomeres protect cells 

from DNA mutations, senescence and 

death.

ÅServe as chromosome end-caps to protect the 

integrity of our genes.

ÅKeep chromosomes from degrading to prevent 

fusion and massive genomic instability.

ÅAllow cells to replicate (cells cannot divide when 

telomeres get too short)

Protect
Prevent
Proliferate



How Do Telomeres Work?
1

150-200 bp G-ǊƛŎƘ оΩ ǎǘǊŀƴŘ
Adapted from OeseburgEurJ 
Physiol(2010) 459:259ς268

Telomere binding proteins

Adapted from Neumann AA Nature 
Reviews Cancer2 , 879-884

ShelterinComplex

рΩ ǎǘǊŀƴŘ ŜƴŘǎ

TTAGGG



Telomeres: Length and Shortening with Age

ÅLength: 10 kb (8-12 kb) at birth
ÅAccelerated loss with growth

Å8 kb at  young adulthood (4 kb variation)

ÅAging: lose 0.05 kb per year
Å/ǊƛǘƛŎŀƭ ¢[ Ғ р ƪō ŀǘ ŜƴŘ ƻŦ ƭƛŦŜ

Å8-5 kb = 3 kb avgloss over adult lifetime

ÅCell division:

ÅLose 100 base-pairs per division

ÅMostly in stem cells and highly proliferative 
tissues (BM, WBC, gut, skin, etc.)

ÅOxidative stress: 

Å Increases loss with each division

ÅGGG portion of TTAGGG repeat very 
susceptible to free radicals

ÅEnd-replication problem: 

Å/ŀƴƴƻǘ Ŧǳƭƭȅ ǊŜǇƭƛŎŀǘŜ ƭŀƎƎƛƴƎ όоΩύ ǎǘǊŀƴŘ

ÅNeed Telomerase
Aubert G 2014 Prog Mol Biol Trans Sci vol 125

3 kb

4 kb



Telomerase Enzyme and ShelterinComplexes

ArmaniosM, Blackburn EH. Nature Reviews Genetics, 2012:13:693-704

Structure:  Two components
hTERT: human telomerase reverse transcriptase, the 
catalytic component
TERC:  telomerase RNA template component (aka TR)

Function: Lengthen telomeres
Shelterin: Assembly of telomere binding proteins

Activation: 
Very active during embryogenesis
Repressed before birth
Repressed during adult life 
in most tissues except those with rapid turnover.

Adult activity insufficient to maintain 
telomere length
Birth marks beginning of telomere erosion

Reactivation:
hTERT gene transduction
Small molecule hTERT transcription activators



Telomere Length Determinants

Inherited Length
ÅάTelotypeέΥ ƛƴƘŜǊƛǘŜŘ ǘǊŀƛǘ

ÅHeritability rate 36-84% (Eisenberg D 
2012)

ÅLargest meta-analysis 70%
ÅMaternal > Paternal (Boer L 2013)

ÅRace: African > Caucasian

ÅGender: female > male

ÅPaternal age is factor: Older men 
pass on longer telomeres (De Meyer T 2007)

Attrition Rate
ÅSlowing/reversing:
ÅTelomerase activity

ÅIncreasing:
ÅProliferative activity
ÅTissue injury, chronic infections and 

diseases
ÅOxidative stress
ÅSmoking, obesity, sedentary lifestyle, 

hypertension, stress, low antioxidant 
status

ÅHeritability of attrition: 28% (HjelmborgJ 
et al J Med Genet 2015)



Telomere Attrition determined by balance 
between loss and telomerase activity

Å Proliferative activity
Å Oxidative stress
Å Inflammation

Telomerase activity

Shorter Telomeres Longer Telomeres

Lifestyle
Diet
Stress
Supplements
Meds



y = -0.046x + 8.78  
R² = 0.32,  p<0.001
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Telomere Length Measurement in Clinical Practice

PhysioAge Systems 2010-2017
Unpublished data

TL loss =0.046 kb/yr



Telomere Length Variation: Does it Matter?

Top 1st percentile Top 10th percentile

Bottom 1st percentileBottom 10th percentile



Telomere Associated Diseases

ωCardiovascular

ωCancer

ωCOPD

ω!ƭȊƘŜƛƳŜǊΩǎ

ωImmunosenescence

ωDegenerative Disc Disease

ωOsteoarthritis

ωRheumatoid Arthritis 

ωOsteoporosis

ωMacular Degeneration

ωAging Itself?

ωMuscular Dystrophy

ωCell & Tissue Transplants 

ωAIDS

ωDyskeratosisCongenita

ωAplastic Anemia

ωIdiopathic Pulmonary Fibrosis

ωCryptogenic Liver Cirrhosis 

ω5ƻǿƴΩǎ {ȅƴŘǊƻƳŜ

ωCŀƴŎƻƴƛΩǎAnemia

ωProgeria

ω²ŜǊƴŜǊΩǎ {ȅƴŘǊƻƳŜ

Adapted from Armanios, M, Blackburn EH. The Telomere 
Syndromes, Nature Reviews Genetics, 2012:13:693-704



Genes load the gun.  Lifestyle pulls the trigger.



Extreme cases in medicine inform more 
common milder dysfunction

Genetic disorder

ÅFamilial hypercholesterolemia
ÅPolygenic: one of 4 genes
Å1:500 prevalence (heterozygote)
Å1:1,000,00 homozygous
ÅHigh circulating cholesterol with 

deposition in tendons, skin, and 
coronary arteries causing 
premature MI
ÅHeterozygous MI in 40-50s
ÅHomozygous MI in 20s

Milder multifactorial disorder
ÅHyperlipidemia
Å1:3 prevalence 

ÅPolygenic plus lifestyle/diet

ÅHigh circulating cholesterol leads 
to atherosclerosis, MI, stroke, PAD

Can looking closely at the mutations, penetrance, and 
mechanisms of disease in rare Mendelian monogenic 
disorders inform our understanding of polygenic 
common diseases and aging?



Primary Telomeropathy: DyskeratosisCongenita
Clinical Manifestations

ÅRare childhood disorder

ÅHigh proliferative tissues
ÅAbnormal pigmentation
ÅOral leukoplakia
ÅNail dystrophy
ÅAplastic anemia, BM failure

Å 80% Die of it by age 30

Å10% get cancer
Å Head/neck squamous cell
Å AML, MDS

ÅIntestinal epithelial abnormalities

ÅSlow turnover tissues
ÅPulmonary fibrosis
ÅCirrhosis
ÅImpaired glucose tolerance
ÅInsulin resistance
Åosteoporosis

Triad of signs

KelmensonDA N EnglJ Med 2017



DKC: Disease of very short telomeres

Å< 10th percentile 
telomere length
Å< 1st percentile is 

95% sensitiveand 
specificfor a 
telomeropathy



Adapted from Dokal I Hematology 2011;2011:480-486

Mutations in Telomere Biology Disorders



Idiopathic Aplastic Anemia

ÅAplastic anemia (AA): etiology 
multifactorial
ÅAcquired is immune mediated, 

infectious, or environmental
ÅInherited bone marrow failure 

often presents as isolated AA
Å10% with isolated AA have 

autosomal dominant (AD) mutations 
of TERT and TERC.
ÅTelomere length is below 10th

percentile for age
ÅPresents in 20s to 40s 

Å50% telomerase activity



Idiopathic Pulmonary Fibrosis (IPF)

ÅProgressive, generally fatal, disease of the lungs causing scarring and loss of 
alveolar airspace
ÅPrevalence (US): 128,000
ÅIncidence: 48,000
ÅMean age diagnosis: 51 years old
ÅMortality per year: 40,000

Å10% Familial
Å8-15% of familial and 1-3% of 
ÅSporadic cases with TERT and TERC mutations

ÅMost prevalent manifestation of a telomeropathy
ÅLatest presentation of a telomeropathy
Å50% telomerase activity



Cryptogenic (Non-alcoholic/infectious) Cirrhosis

Å5% of cases of cirrhosis have no risk factors

ÅCan accompany either AA or IPF or can be found in asymptomatic 
carrier family members

ÅMutations in telomerase components found in TERT/TERC



Telomere Mitochondria connection: PGC1,hʲ

SahinE 2012 Nat Rev Mol Cell

How Are Slow Turnover Tissues Affected by
Short Telomeres? 

Ҩ  aƛǘƻŎƘƻƴŘǊƛŀ ƴǳƳōŜǊ Ҩ  aƛǘƻŎƘƻƴŘǊƛŀ ŜŦŦƛŎƛŜƴŎȅ



Lymphocyte Telomere Length in 
Telomeropathies

²ƘŀǘΩǎ ƎƻƛƴƎ ƻƴ ƘŜǊŜΚ

Is there no cross-sectional 
telomere length attrition with 
age in Telomeropathies?



Telomere Attrition Rate in 
Telomeropathies

All Relatives
All Patients

Dead

Asymptomatic

Adapted from Alter BP 2012 Haematologica; 97(3)

Survival Bias



Genetic Anticipation of Age of Onset and 
Clinical Manifestations

Adapted from Armanios, M, Blackburn EH. The Telomere Syndromes, Nature 
Reviews Genetics, 2012:13:693-704

Telomere length is the 
determinant of 

disease, 
not telomerase activity

Progressively shorter 
telomere length 
inherited with each 
generation



Telomeres and Knockout 
Mouse Models

ÅNormal lab mice (musmusculus) have long 
telomeresτ50-70 kb, humans 6-12 kb

Å5ƻƴΩǘ ŜȄƘƛōƛǘ ǘȅǇƛŎŀƭ ƘǳƳŀƴ ŀƎƛƴƎ 

ÅSome degenerative disease but most die of 
cancer, 

ÅNot epithelial cells, but sarcomas/lymphomas

ÅTelomerase knockout (KO) mice shorten 
telomeres over 3 generations

ÅComplete telomerase knockout



Telomerase KO Mice

ÅTERC -/ - KO mice

ÅProgessivedecrease mean/max 
lifespan

ÅDecreased telomere length

ÅPremature aging pathologies 
worse with each generation

ÅGenetic anticipation similar to 
telomeropathies

ÅBut, mostly high turnover tissues
ÅBM, gut, germ cells

Donate LE 2011



Å Homozygous TERC (TR) 
KO mouse model

Å Signficantincrease in 
hair graying/alopecia 
and skin ulceration 
with shorter telomeres 
in successive 
generations

ÅWeakened immune 
system

Å Intestinal atrophy
Å Decreased spleen size
Å Decreased wound 

healing
Å Decreased lifespan

Rudolph KL 1999 Cell



A Better Mouse Model

ÅMus CastaneusǘŜƭƻƳŜǊŜ ƭŜƴƎǘƘ Ғ мр ƪō

ÅHaploinsufficient model:
ÅTERC +/- :50% of usual telomerase 

activity (Similar to Telomeropathies)

ÅDevelop organ degeneration with short 
telomeres (Armanios2009)

ÅWild type late generation littermates 
also have organ degeneration with age

ÅRecapitulates human 
immunoscenesence

ÅMore susceptible to emphysema with 
cigarette smoke exposure (Alder 2011)



Further Proof of Concept: Intervention

AAV wide tropism expressing mouse TERT had remarkable beneficial effects
on health and fitness, including insulin sensitivity, osteoporosis, 
neuromuscular coordination and several molecular biomarkers of aging

telomerase-treated mice, both at 1-year and at 2-year of age, had an 
increase in median lifespan of 24 and 13%, respectively.



First Age Reversal in a Mammal

ÅTelomerase Activation was used to change old mice back to young 
adults.

Å33% increase in telomere length

ÅBrain, spleen and reproductive organs were all rejuvenated; 

ÅResulting in increased neurons and new viable sperm cells.

ÅSense of smell returned.

ÅNone of the mice developed cancer.

2011 DePinho et al


