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Clinical Telomere Biology Experience

AAge management medicine specialty practice for 20
years

ATelomere biology clinical research and practice for 10
years

A Coauthored first human observational study of a telomerase
activation molecule

A Coauthored first controlled trial of telomerase activation in
humans

AReviewed over 2000 telomere length measurements in
adult patients

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



Clinical Age Management Medicine
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telomeres!

“You're fifty-seven years old.
I'd like to get that down a bit.”



ODbjectives and Questions

ABasic telomere biology

ATelomere change with age: Is it important to measure and treat?
ATelomeres and uncommon genetic disorders of shortened lifespan
AMouse models of telomere biology

A Telomeres and common diseases of aging

ATelomeres and cancer risk

ATelomere length enhancers

Als there an optimal telomere length window?



What do Telomeres do?

Z

Protect A Serve as chromosome end-caps to protect the
Prevent integrity of our genes.

Proliferate A Keep chromosomes from degrading to prevent
fusion and massive genomic instability.

A Allow cells to replicate (cells cannot divide when
telomeres get too short)

Bottom Line: Telomeres protect cells
from DNA mutations, senescence and
death.



How Do Telomeres Work?
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Telomeres: Length and Shortening with Age

A Length: 10 kb (8.2 kb) at birth

A Accelerated loss with growth
A 8 kb at young adulthood (4 kb variation)

A Aging: lose 0.05 kb per year 4 kb
Al NAGAOFKE ¢[ F p 10 I
A 8-5 kb = 3 kkmvgloss over adult lifetime
A Cell division
A Lose 100 baseairs per division

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

A Oxidative stress
A Increases loss with each division

A GGG portion of TTAGGG repeat very 5.
susceptible to free radicals

A Endreplication problem -~ I
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Telomerase Enzyme aBtelterinComplexes

__ Telomerase Structure Two components
// A ES:;T}E;{Q" hTERThumantelomerasereversetranscriptase, the
catalytic component
/ TERCtelomeraseRNA templatecomponent (akal R
Function Lengthen telomeres

Shelterin Assembly of telomere binding proteins

Telomerase holoenzyme

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

1 I
00 0 11—

Telomeric DNA ‘ == Adult activity insufficient to maintain
- J GAR1 telomere length
. elongation Birth marks beginning of telomere erosion
Reactivation
- CSTcomplex hTERT gene transduction

Small molecule hTERT transcription activators
Proposed role in lagging-strand synthesis

ArmaniosM, Blackburn EH. Nature Reviews Genetics, 2012:13693



5/ Telomere Length Determinants
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Telomere Attrition determined by balance
between loss and telomerase activity

Lifestyle
. - - . Diet
A Proliferative activity Telomerase activity Stress
A Oxidative stress Supplements

A Inflammation Meds

] 1]
< Shorter Telomeres ‘ Longer Telomeres ,



Telomere Length Measurement in Clinical Practice

Age v Lymphocyte Telomere Length
n=811 males
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Telomere Length Variation: Does It Matter?
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Telomere Associated Diseases

w Cardiovascular

w Cancer

wCOPD

w! £t T KSAYSNRQa
w Immunosenescence

w Degenerative Disc Disease
w Osteoarthritis

w Rheumatoid Arthritis

w Osteoporosis

w Macular Degeneration

wAging ltself?

w Muscular Dystrophy

w Cell & Tissue Transplants
wAIDS

w Dyskeratosi€ongenita

w Aplastic Anemia

w ldiopathic Pulmonary Fibrosi
w Cryptogenic Liver Cirrhosis

w528y Qa {@YRNRYS
wC Il Yy OAnéid) 4
w Progeria

w2 SNYSNRa {&@yRNRYS

Adapted fromArmanios M, Blackburn EH. The Telomere
Syndromes, Nature Reviews Genetics, 2012:137888



Genes load the gun. Lifestyle pulls the triggel




Extreme cases In medicine inform more
common milder dysfunction

Genetic disorder Milder multifactorial disorder
AFamilial hypercholesterolemia  AHyperlipidemia
APolygenic: one of 4 genes A1:3 prevalence

A1:500 prevalence (heterozygote) APolygenic plus lifestyle/diet

A1:1,000,00 homozygous AHigh circulating cholesterol leads

AHigh circulating cholesterol with to atherosclerosis, MI, stroke, PAD
deposition in tendons, skin, and

COFOHG;W ali\t/lelries causing  Can looking closely at the mutations, penetrance, :
premature . mechanisms of disease in rare Mendelian monoge
A Heterozygous Ml in 480s . . . .
A Homozygous MI in 20s disorders inform our understanding of polygenic
common diseases and aging?



Primary Telomeropathy2yskeratosi€ongenita

Clinical Manifestations

A Rare childhood disorder

A High proliferative tissues
A Abnormal pigmentation _ _
A Oral leukoplakia Triad of signs
A Nail dystrophy
A Aplastic anemia, BM failure
A 80% Die of it by age 30
A 10% get cancer

A Head/neck squamous cell
A AML, MDS

A Intestinal epithelial abnormalities

A Slow turnover tissues
KelmensorDAN EnglJ Med2017 ﬁ Pglmon_ary fibrosis
Cirrhosis
A Impaired glucose tolerance
A Insulin resistance
A osteoporosis




DKC: Disease of very short telomeres
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Mutations in Telomere Biology Disorders

Cajal Body Telomerase
TCAB1: The reverse transcriptase The RNA com
ponent
:'“l;'cm g component (TERT): (TERC): Heterozygous

Heterozygous mutations in AA, DC,
MDS, AML and pulmonary/liver
fibrosis. Biallelic mutations caus \ fibrosis
TIN2: Heterozygous classic DC and HH 9'
mutations in DC, AA, HH
and Revesz syndrome

\\\ TPP1

} mutations in DC, AA, MDS,

mutations in X- linked DC

[Dys kerin: Hemizygous ]

- ‘ \
> IRF1  TRF2/RAP1 ) GAR1
. NHP2 {
Shelterin . mustices ,'.'032,1,3;‘,3 tiatation

in DC inDC

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



ldiopathic Aplastic Anemia

Normal bone marrow

AAplastic anemia (AA): etiology
multifactorial

AAcquired is immune mediated,
infectious, or environmental

Alnherited bone marrow failure
often presents as isolated AA

A 10% with isolated AA have |
autosomal dominant (AD) mutations
of TERT and TERC.

A Telomere length is below 10
percentile for age

A Presents in 20s to 40s
A50% telomerase activity




ldiopathic Pulmonary Fibrosis (IPF)

AProgressive, generally fatal, disease of the lungs causing scarring and loss «

alveolar airspace n
APrevalence (US): 128,000 ,.
AIncidence: 48,000
A Mean age diagnosis: 51 years old

A Mortality per year: 40,000

A10% Familial i
A 8-15% of familial and-8% of : ‘
A Sporadic cases with TERT and TERC mut

AMost prevalent manifestation of a telomeropathy
AlLatest presentation of a telomeropathy
A50% telomerase activity




Cryptogenic (Noalcoholic/infectious) Cirrhosis

AB5% of cases of cirrhosis have no risk factors

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

AMutations in telomerase components found in TERT/TERC




How Are Slow Turnover Tissues Affected by
Short Telomeres?
Telomere Mitochondria connection: PGC1

Telomere dysfunction

YAYAVAVAVAVA, -
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y'rMQcho/ \ !
(1. LI :
* L Mitochondrial biogenesis i«Fatty acid oxidation
» L Mitochondrial function +Gluconeogenesis
TROS TGl cose utilization |

gy g

Functional decline of post-mitotic
tissues and stem cells

SahinE 2012Nat RewWol Cell



Lymphocyte Telomere Length In
Telomeropathies

2 Kt GQa 32iay3 2y, [CSNBK lymphocytes

|s there no crossectional 124
telomere length attrition with
age in Telomeropathies?

99%
90% :

50%
10%
1%
B S

|
0 20 40 60 80 100
Age (years)



Survival Bias

Telomere Attrition Rate In

Telomere length, kb
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Genetic Anticipation of Age of Onset and
Clinical Manifestations

Telomere lengthis the| - | - G |
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determinant of telomere length
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Adapted fromArmanios M, Blackburn EH. The Telomere Syndromes, Nature
Reviews Genetics, 2012:13:69064



Telomeres and Knockout
Mouse Models

ANormal lab miceriusmusculu} have long
telomereg 50-70 kb, humans-42 kb
A2y Qi SEKAOAG GeLIAOIf K
ASome degenerative disease but most die of
cancer,
ANot epithelial cells, but sarcomas/lymphomas
ATelomerase knockout (KO) mice shorten
telomeres over 3 generations
AComplete telomerase knockout

- Knockout

- Mouse



survival (%)

Telomerase KO Mice
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AProgessivalecrease mean/max
lifespan

ADecreased telomere length

APremature aging pathologies
worse with each generation

AGenetic anticipation similar to
telomeropathies

ABut, mostly high turnover tissues
ABM, gut, germ cells



‘A C A

mTR+/+ (21 month) G3 mTR-/- (18 month) G6 mTR-/- (17 month)

A Homozygous TERC (TR)
KO mouse model

\_

Signficanincrease in
hair graying/alopecia
and skin ulceration
with shorter telomeres
In successive
generations
Weakened immune
system

Intestinal atrophy
Decreased spleen size
Decreased wound
healing

Decreased lifespan

D skin ulceration
i graying / alopecia

% Affected Mice

mTR+/+ G3 G6

G G3 mTR-/- H G6 mTR-/-
(19 month) (17 month)
- | - 5
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A Better Mouse Model

M 10

AMusCastaneusi St 2 YSNE f Sy3IiK F

AHaploinsufficient model:

ATERC +/:50% of usual telomerase
activity (Similar to Telomeropathies)

A Develop organ degeneration with shor
telomeres(armanios2009)

AWild type late generation littermates
also have organ degeneration witheag

A Recapitulates human
Immunoscenesence

A More susceptible to emphysema with
cigarette smoke exposur@ider 2011)




Further Proof of Concept: Intervention

Telomerase gene therapy in adult and old
mice delays aging and increases longevity
without increasing cancer

Bruno Bernardes de Jesus®, Elsa Vera®, Kerstin Schneeberger®, Aqueda M. Tejera®, Eduard Ayuso®?,
Fatima Bosch®>. Maria A. Blasco™*

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

Received February 22, 2012 (AAV) of wide tropism expressing mouse TERT had remarkable beneficial effects
Revised March 29, 2012 on health and fitness, including insulin sensitivity, osteoporosis, neuromuscular
Accepted March 30, 2012 coordination and several molecular biomarkers of aging. Importantly, telomer-

ase-treated mice did not develop more cancer than their control littermates,

suggesting that the known tumorigenic activity of telomerase is severely
decreaced when exnrecced in adult ar nld aroanieme 11sino AAV vertars Finallv

telomerasetreated mice, both at dyear and at A/ear of age, had an
Increase in median lifespan of 24 and 13%, respectively.

3'see accompanying article mice th‘rough a telomerase-based treatment, and demonstrate the feasibility of
http://dx.doi.org/10.1002/emmm.201200246 anti-aging gene therapy.



First Age Reversal in a Mammal

A Telomerase Activation was used to change old mice back to young
adults.

A 33% increase in telomere length

A Brain, spleen and reproductive organs were all rejuvenated:
A Resulting in increased neurons and new viable sperm cells.
A Sense of smell returned.

A None of the mice developed cancer.
2011 DePinho et al



