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GENETICS 
• Heritability of longevity is ~30% 

•  Only 1 in 5,000 people live to be 100 

Suicide  

at 100? 



• Low ‘inflamm-aging’ / immunosenescence  

• Low thyroid function 

• High LDL particle size & lower triglycerides 

• Dietary & lifestyle factors likely to play a role  

Caloric restriction or low methionine  

should extend human lifespan 



How will we push through the ~85 y ‘glass 

ceiling’ of maximum lifespan?  

Step 1:  Elucidate molecular mechanisms  

  of ageing, including genetic factors 

 
Step 2:  Devise novel therapies based on 

  the findings 

CURRENT MAJOR CHALLENGE: 



Step 1: 

TO ELUCIDATE THE MOLECULAR MECHANISMS, 

INCLUDING THE GENETIC FACTORS INVOLVED: 



Tom Johnson 

 

Gene manipulation can extend lifespan 
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Shown first in C. elegans in 1990 

age-1 (= PI-3 kinase) 

daf-2 (= insulin/IGF-I receptor) 

INSULIN SIGNALLING IMPLICATED 

Age 



Knocking down specific transcripts in the  

insulin/IGF-I signalling pathway affects lifespan  

Murphy et al. (Kenyon) Nature 2003;424:277-83 
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WHAT DOES THIS MAJOR KEY PATHWAY DO? 

Forkhead transcription factors (FoxOs 1, 3A, 4, 6)  

 

FOXOs normally enhance lifespan pathways 



 FOXO3a  

 Morris BJ. J Hypertens 2005;23:1285-1309 



KEY SIGNALLING NETWORKS 
TOR      AMP kinase       SIRT1 

2009 

SIRT1 AMPK 

TOR FOXO 

Canto et al. Nature 2009;458:1056-63; TEM 2009;2-:325-31 



Re 
Sirtuins activate stress-resistance and survival pathways  

Review: Morris, J Hypertens 2005;23:1285-1309 

Polyphenols 

(resveratrol) 
Caloric 

restriction 



 Figure 4 Cellular functions of mammalian sirtuins  

 Review: Michan & Sinclair. Biochem J 2007;404:1-13 

Sirtuins regulate a variety of processes in mammalian cells 



Effectors: 

Sensors: 

Intimate connection between nutrient sensing and longevity 

Finkel et al. 

Nature 2007; 

448:767-74 

Outcomes: 



FOXO3a activates sirtuin gene expression   

FOXO3a 
p53 

SIRT1 

SIRT1 protein 

promoter 

REVIEWS: 

Nemoto et al. Science 2004;306:2105-8 

Finkel et al. Nature 2009;460:587-91 

Nutrient withdrawal 

Binds p53 

  Sirt1 activity 

activates 



Can sirtuins extend lifespan? 

• Overexpression or activation of Sirt1 in mice 

  has only a minimal effect on lifespan. 

        Pearson et al. Cell Metab 2008;8:157-68 

        Herranz et al. Nature Commun 2010;1:3 

• Sirt1 activation normalizes lifespan in a 

  mouse model of obesity 

      Bauer et al. Nature 2006;444:337-42;  

          Lagouge et al. Cell 2009;127:1109-22 

• Sirt6 overexpression in mice closes the  

  gap between male and female lifespan 
           Kanfi et al. Nature 2012 [Epub ahead of print Feb 22] 

 



 

Chronic low level DNA damage        p53 activated 

 

Cellular effects of ageing       ARF activated        stabilizes p53 

 

 

Super-p53/ARF mice         ROS, damage, etc* 

 

              cancer,    ageing        live 16% longer   

      
 

( * the mice were resistant to lethal doses of paraquat) 

Matheu et al. Nature 2007;448:375-9 

p53 and ARF = key tumour suppressors  

increase av. lifespan 



AUTOPHAGY 
eliminates cellular effects of ageing 

Vellai et al. Tends Cell Biol 2009;622:487-94 

SLOWS AGEING 



AC5 knockout  mice      live 30% longer 

 cyclase 5  
(one of 9 ACs         cAMP 

  intracellular signalling)  

Yan et al. Cell 2007;130:247-58 

   cardiomyopathy  

 

  SOD (cells resistant to oxidative stress) 



Ageing = natural exhaustion & depletion of stem cells. 

Cancer = additional mutations that promote growth. 

ARE EACH 

STEM CELL  

DISEASES? 

Cancer Ageing Finkel et al. Nature 2007; 

448:767-74 



DNA damage and ageing  

Oberdoerffer & Sinclair Nat Rev Mol Cell Biol 2007;8:692-702 

ROS 

ROS 

ROS 

Environmental insults 



THE EPIGENETIC BALANCE 

HYPOTHESIS  
Age      DNA damage 
heterochromatin-associated 
silencing factors (+ SIRT1) 
redistribute to site of damage    
global changes in nuclear 
architecture that include formation 
of senescence-associated 
heterochromatin foci (SAHFs)      
loss of perinuclear heterochromatin 
       loss of epigenetic silencing  
changes in gene expression. 
Repression of growth promoting 
genes       senescence.  

Accounts for   genomic instability & 

functional decline in cells and 

tissues with age. 

 
 
 

 
Changes in gene expression are  
        • stochastic 
        • increased by ROS 
        • delayed by CR & sirtuins  Oberdoerffer & Sinclair Nat Rev Mol Cell Biol 2007;8:692-702 

OLD 

YOUNG 

tightly packed 

Chromatin reorganization is  
major contributor to ageing 

Loss of silencing 

Loss of silencing 

SAHFs 

Changes in perinuclear  
architecture and  
gene expression 



 

DNA microarrays – used to find all of the 

genes involved in ageing 



INCREASED:   
• Stress responses  – heat shock proteins 

          – antioxidant defence  

              – others 
• DNA repair 

• Inflammatory responses 

• Immune responses 
 

DECREASED:  
• Mitochondrial function 

• Vesicular transport 

• Synaptic function & plasticity (learning & memory) 

• Hormones 

Only 1–5% of genes change their  

expression with age  



   Age ≤ 42      Age 45–71      Age ≥ 73   

Proof that individuals age at different rates  

Young  

profile 

Old  

profile 
Mixed 

Gene expression profiles for:: 



• Caloric restriction 

• Antioxidants 

• Polyphenols 

Gene expression changes with age  

are dampened by  

Park et al. Aging Cell 2009;8:484-95 



Gene expression profiling of human foreskin 
fibroblasts implicates Ras genes 

Resveratrol 

 

RAC3 

 

c-Jun/AP-1 activity 

 

RasGRF-1 

 

Ras 

 

Phosphorylation of FOXO transcription factors 

 

FOXO transcriptional activity 

[Stefani et al. (Morris) Ann NY Acad Sci 2007:1114:407-18] 



MOLECULAR GENETICS 

Inherited variants in many genes are expected to 

be involved 

 

The genetic contribution increases markedly after 

age 60. 

 

Thus heritability of longevity is much 

greater than 30%. 

 



GENETICS BECOMES INCREASINGLY IMPORTANT  

AT OLDER AND OLDER AGES 

Siblings of centenarians born in 1900 are  

8 times (F) or 17 times (M) more likely to  

reach 100 years than others 

• So what are the genes? 

  

• And does having more of them  

  predict a longer lifespan? 

To date alleles of variants in over 100 

candidate genes have been association with 

longevity 



APOE 

e2 variant is   in the very old 

e4 depleted in the very old  

 (since it   mortality earlier in life) 
Lewis & Brunner. Int J Epidemiol 2004;33:962-970 

Trade-off for e3/e4 genotype: is associated with 

earlier onset of cardiovascular disease and later onset 

of cancer so no effect on survival [Framingham study] 

Kulminski et al., Aging Cell 2011;10:533-41 

Genome-wide association studies show APOE allele 

e4 is the most important genetic factor for    lifespan 

Nebel et al., Mech Ageing Dev 2011;132:324-30 

Deelen et al., Aging Cell 2011;10:686-98 



USA (age 92+ years) 

AKT1 (RAC-alpha serine/threonine-protein kinase) 

(and several other genes in insulin/IGF-1 pathway) 

 

  
Leiden Longevity study (age 90+ years):  

Genome-wide association for SNPs in: 

AKT1, AKT3, FOXO4, IGF2, INS, PIK3CA,  

SGK, SGK2, YWHAG 
 

        Deelen et al., Age 2011: Nov 24 [Epub ahead of print] 

Pawlikowska et al., Aging Cell 2009;8:460-72  

Insulin/IGF-1 signalling pathway  



Human sirtuin genes 

SIRT1:   
3 SNPs assoc with systemic energy expenditure 

 

Lagouge et al., Cell 2006:127:1109-22 

 

 

SIRT3:   
Enhancer variant assoc with male lifespan >90 y 

 

Bellizzi et al., Genomics 2005;85:258-63 



Hawaiian Japanese  
[Willcox et al. PNAS 2008;105:13987-92] 

Confirmed in 10 other populations such as: 
• German centenarians and French 

   [Flachsbart et al. PNAS 2009;106:2700-5] 

• Southern Italian centenarians 

   [Anselmi et al. Rejuvenation Res 2009;12:95-104] 

• USA – CV Health Study & Ashkenazi centenarians 

   [Pawlikowska et al. Aging Cell 2009;8:460-72] 

• Han Chinese 

   [Li et al., Hum Mol Genet 2009;18:4897-904]  

• Danish oldest old: Survival to, but not during, old age 

   [Soerensen et al., Aging Cell 2010;9:1010-7] 

FOXO3A  

Multiple SNPs across FOXO3A 

are associated with increased lifespan 



Calcium/calmodulin-dependent 

protein kinase IV 

Genome-wide association study in Italy 

 

Several SNPs associated with longevity 

 

One allele of SNP of CAMKIV activates survival proteins  

AKT, SIRT1 and FOXO3A  

and lowers blood pressure 
 

 

 
 Malovini et al. Rejuvination Res 2011;14:283-91 



 

   

Danish 1905 cohort (followed from 1998–2008) 

Alleles associated with 
• decreased mortality (synergistic) 

• good self-rated health 

• decreased disability 

• increased cognitive capacity 

 
Soerensen et al., Mech Ageing Dev 2009;130:308-14 

 

 
But Sod+Gpx1 k/o in mice        oxid damage, but no change in lifespan 

SNPs in ROS scavenger genes: 

MnSOD – manganese superoxide dismutase 

 GPX1 – glutathione peroxidase  



SNPs in ADA (adenosine deaminase)  

and TNF (tumor necrosis factor-a)  

influence lifespan 
 

 

 

 

 

 

 

 

 

Napolioni et al., Cytokine 2011;56:481-8 

Immune system genes 



Serum lipid levels: 

Cholesterol ester transfer protein  

Genetic variant associated with longevity in 

Chinese 

Pan et al., Lipids Health Dis 2012;11:26 



UCP1 

(brown fat-specific uncoupling protein 1) 

 

SNPs in promoter are associated with survival in 

Southern Italians 

 

  

Rose et al., Exp Gerontol 2011;46:897-904  

Thermogenesis 



SNPs in this region are associated with 

• frailty 

• type 2 diabetes 

• atherosclerotic heart disease 

• myocardial infarction 

 

– all of which reduce lifespan 

 

MAJOR ROLE IN ONSET OF EACH 

INK4A/ARF locus  

Reviewed in: Sharpless & DePinho Nat Rev Mol Cell Biol 2007;8:703-13  



KLOTHO 
(a hormone) 

Overexpression in mice:   live longer (30% male, 20% female) 

 

Mutation:  mice age rapidly and die by 2 months.  

 

Genetic variants are associated with  

   in cardiovascular risk factors  

   in human longevity 
Arking et al., PNAS 2002;99:490-3 

Paroni et al., Age 2011; Jun 22 [Epub] 

Kuro-o et al., Nature 1997;390:45-51 

Lanske & Razzaque, Ageing Res Rev 2007;6:73-9  



Russell et al. Nat Rev Mol Cell Biol 2007;8:681-91 

KLOTHO 

Growth hormone 

IGF1 

insulin 

Humoral factors Anti-ageing  

gene expression 

pattern 

KIDNEY 

Kidney 

Klotho suppresses insulin/IGF-1 signalling and action 



Aromatase (CYP19) and 

estrogen receptor-a (ESR1) 

Antagonistic pleiotropy:  

inverse effect on longevity versus fertility? 

Polymorphisms of each are associated with longevity 

(i.e., to age >90) 
 

ESR1 variant associated with    fertility 

Corbo et al., J Gerontol A, 2011;66:51-5 

�ESTROGEN METABOLISM 



Dehydroepiandrosterone sulphate 

(DHEAS) 

Meta-analysis of genome-wide association data 

 

8 common SNPs are associated with serum DHEAS: 

In ZKSCAN5, SULT2A1, ARPC1A, TRIM4,  

BMF, HHEX, BCL211, CYP2C9 
These SNPs are also associated with diabetes, lymphoma,  

actin assembly, xenobiotic metabolism, etc 

Connection to biological pathways linking DHEAS with ageing 

Zhai et al., PLoS Genet 2011;7:e1002025 

�ADRENAL ANDROGEN 



Boyden & Kunkel, PLoS One 2010;5:e12432 

3p24-22 (LOD 4.0; P=0.037) 

9q31-34 (LOD 3.9; P=0.05) 

Genome-wide linkage scan 

279 families with multiple long-lived siblings 

12q24 (LOD 4.0) 

4q22-25 

TOP2B = topoisomerase 2B 
inhibited by resveratrol, regulates 

cellular senescence, telomere stability, 

binds ReQ helicase [WRN] 

DCB1= ‘deleted in breast cancer 1’ 
binds to and inhibits SIRT1 

TLR4 = ‘toll-like receptor 4’  
associated with longevity in men 

ANK2 = ankyrin 2 
regulates QT interval, which, when    

      heart disease 

ALPK1 = ‘a-protein kinase 1’ 

associated with longevity in previous 

genome-wide scan and in mice 



Edwards et al., Ann Hum Genet 2011;75:516-28 

Chr 6p12.1 (LOD 4.5) 

Chr 7 (LOD 3.1) 

Genome-wide linkage for successful ageing 

214 Amish aged > 80 years 

Chr 14q22-q23 (LOD 4.2) 

BMP5 (bone morphogenic protein 5) 

 

+ a minor peak at: PARK2 (parkin) 

8 other loci were suggestive (LOD > 2) 

Mitochondrial haplogroup X  (OR = 7.6) 

Courtenay et al., Hum Genet 2012;131:201-8 



Codd et al., Nat Genet 2010;42:197-9 

Atzmon et al., PNAS 2010;107(Suppl 1):1710-7 

3q26 (P<10–14) = the locus for TERC (telomerase RNA component) 

 

1 copy of minor allele associated with 75 bp reduction in telomere length 

= approx. 3.6 years worth of telomere length attrition  

Genome-wide association study of telomere length 

Leukocytes from 2,217 UK individuals with follow-up in 9,492 

 

TERC SNPs confirmed in Han Chinese 
Shen et al., Eur J Hum Genet 2011;19:721-3 



Genome-wide association study implicates  

gene in telomere maintenance pathway 

Leiden Longevity Study, Netherlands (aged 90+ years) 

 

POT1 (shelterin) binds telomeres and  

blocks telomerase access  

Deelen et al., Age 2011; Nov 24 [Epub ahead of print]  



Meta-analysis of genome-wide association 

studies implicates genes involved in 

neurological processes 

Cohorts for Heart and Aging Research in Genomic 

Epidemiology Consortium 

 

• 14 SNPs predicted risk of death 

• 8 SNPs predicted event-free survival 

 

Were in or near genes: 

• highly expressed in brain 

• for neural development and function 

• autophagy 

• for disease risk, eg, cancer and Alzheimer’s 
Walter et al., Neurobiol Aging 2011;32:2109.e15-28 



Chen et al., Mech Ageing Dev 2010;131:636-40 

SNP in promoter is associated with 

• longevity 

• differential binding of transcription factor AP-2a 

• differential expression of ATM mRNA 

ATM – ‘ataxia telangiesctasia mutated’ 
sensing DNA damage, reduction oxidative stress, protection of telomere length 

789 nonagenarians/centenarians and 886 controls 



Copy number variants (CNVs) 

Large (≥ 500 kb) common deletions      4% higher mortality 

 

Of 312 common (freq >1%) CNV regions,  

two were associated with higher mortality: 

 

• 11p15.5 (HR 1.6) – gene-rich: contains longevity genes  

    (HRAS, SIRT3, TH, INS, IGF2) 

 

• 14q21.3 (HR 1.6) – no genes 

Kuningas et al., Hum Mol Genet 2011;20:4290-6 

5178 participants of the Rotterdam Study. 

Confirmation in another cohort of 1714 in Rotterdam  

and in 4550 participants of the Framingham Heart Study  



“Genetic signatures” of  

exceptional longevity 

Genome-wide association study of centenarians identified 

281 SNPs that were associated with long life. 

 

These exhibited a sensitivity of 

71% to classify subjects who die at >102 years 

85% to classify subjects who die at >105 years 

Strongest predictor: SNP at TOMM40 / APOE 
(TOMM40 = translocase subunit: transport of protein into mitochondria)  

Others: TEK, GIP, WRN, LMNA, CDKN2A/B, etc)   

(90% of centenarians group into clusters with different 

“genetic signatures”)  

 

Sebastian et al., PLoS One 2012;7:e29848 

                                                



Therefore: 

if you have the ‘good’ alleles 

of common disease genes you  

should live longer 

 

THE ‘LUCK’ FACTOR!  



INSIGHTS FROM LONG-LIVED MAMMALS?  

The longest lived rodent: the naked mole rat 

(lives for 30 years with negligible senescence) 

 

Genome sequencing reveals unique features 

Genes for: 

• cancer resistance 

• mitochondrial function maintained 

• telomere maintenance (TERT) with age 

• reduced insulin/IGF-1 signalling 

• poikilothermy (UCP1) 

• adaptation to low oxygen and darkness 

• insensitive to pain 

 

 

Kim et al., Nature 2012;479:223-7 



SEQUENCE GENOME OF 100 CENTENARIANS 

Archon Genomics X Prize:  US$10 M 

 

• Accurate ‘medical grade’ sequences of the 

   whole genome of 100 healthy 100 year-olds 

• ≤ 30 days for ≤ US$1,000 per genome 

• At an error rate ≤ 1 per million base pairs  

 

The competition aims to study healthy consenting 

individuals, with ‘good genes’ that have helped them 

evade the diseases of aging into their 100s.  

(= The Medco 100 Over 100) 

 

Will be launched on Jan 3, 2013 

 



Requires novel pharmaceutics, gene therapies, etc 

based on the molecular findings. 

 

Human cells can be made immortal!  
(= cancer – The problem is cancer is one cell type that out-

competes all other cells and kills the organism) 

Need to devise ways of making ALL cells immortal. 

eg, overexpress telomerase in all cells to stop 

erosion of telomeres (that normally decrease in length 

with each cell division: ‘Hayflick limit’ … 20 kb drops to 5 kb)  

Step 2: 

TO EXTEND LIFESPAN BEYOND CURRENT  

AGE ~85 UPPER LIMIT: 

Overexpress Tert         lifespan of cancer-resistant mice by 26% 
                                                                   Tomás-Loba et al., Cell 2008;135:609-22 



• Agtr1a k/o mice        live 26% longer 

Suppress renin-angiotensin system 

e.g., by reducing receptor 
 

Benigni et al., JCI 2009;119:524-30 

    cardiac and vascular injury 

   oxidative damage 

   mitochondria 

   Sirt3 & nicotinamide phosphoribosyl transferase 

• Resveratrol        SIRT1         AGT1R 

Miyazaki et al., ATVB 2008;28:1263-9 



• ACE inhibitors (safe anti-hypertensive drugs) 
         lifespan of rats  
 Santos et al., Biochem Pharmacol 2009;78:951-8 

 

• Rapamycin  
 Given to middle-aged mice (equiv to 60 y.o. human)  

 �      lifespan    38% for females and 28% for males  

 Harrison et al., Nature 2009;460:392-5 

Conventional drugs  

that increase lifespan 



RAPAMYCIN 
(isolated from soil bacterium  

 on Rapa Nui = Easter Island)  

EXTENDS LIFESPAN  

OF MIDDLE-AGED MICE 

Inhibits TOR (target of rapamycin) 

Harrison et al., Nature 2009;460:392-5 

• Safe immunosuppressant 

• In use clinically for transplants 

• Improves T cell response 
 Araki et al., Nature 2009;460:108-113 

, which is at crucial nexus of 

pathways for cell growth in 

response to nutrients, growth 

factors and stress  



Found by screening 500,000 molecules 
 A few chemicals 1000x more powerful than resveratrol 
  

 • SRT501  2 phase IIA trials:  •   glucose in diabetics 

   (= resveratrol)                               • multiple myeloma in 

progress 

 

 • SRT1720  mimics resveratrol action in obese mice 

       Feige et al. Cell Metab 2008;8:347-58 

     Preliminary data: mice are living longer  

 • SRT2104   phase I trial        safe, tolerable. 

        phase I & IIA trials in progress for 

                       metabolic syndrome, inflammatory & cardiovascular diseases 

 • SRT2379  in phase I trial  for safety   

 

Novel sirtuin activators www.sirtrispharma.com 



Molecular genetic research has: 

• identified genes whose expression  

  - changes with ageing 

  - is modulated by anti-aging interventions  

 

• identified intracellular pathways involved 

 

• identified genetic markers linked to longevity 
  

• pointed to novel targets for lifespan extension  
  

CONCLUSIONS 



THE FUTURE 
• All molecular mechanisms will be known 

• New drugs 

•  Molecular genetic findings should lead to 

     – Gene therapies 

– Knockdown of specific mRNAs 

•  Stem cells 

•  Biotech advances 

•  etc 

 


