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CHAPTER 1

1.1INTRODUCTION

In the last two decades there has been an incgeederest in human aging and its genetic basis. In
the first instance, this might be explained by thereased number of elderly subjects in the
developed countries, due to the ameliorated lifeddmn (Kannisto, 1994). But to live longer
implies higher healthcare costs necessary to theahging-related diseases that at present amount
to approximately 20% of total healthcare costs. iitiggation of these costs, that may increase in
the next years, seems necessary and the only wesaliae this intent is to guarantee a healthy
aging.

Aging is a complex trait characterized by the iatdion between environmental, genetic and
epigenetic factors (Capri M et al, 2Q0€ertainly, over the last centuries environmentaiditions
have had an important role in the radical changéféenexpectancy; on the other hand, genetic
factors have also a large influence on the ratethadquality of aging (Perls et al, 2000, 2002;
Herndon et al, 2002; Kirkwood and Finch, 2002; Mudod, 2005; Lescai et al, 2009a, b). In
particular twin studies reported that the perceataigthe variation in human life span which can be
attributed to genetic differences among individualsges from 22% to 33% (McGue et al, 1993;
Ljungquist et al, 1998; Bishop and Guarente, 2007;)

Longevity, defined as survival beyond the spececHt average age of death (De Benedicis and
Franceschi, 2006), is a phenotypic expression ofessful aging. Although longevity is not
sufficient for describing a successful aging precéecause, for example, it provides little
information about functioning and quality of life,is the most considered and the most simple
phenotype to study. In this frame, associationietidn long-lived subjects or centenarian, together

with functional studies, contributed to identifyetBpecific genes that influence variation in human



lifespan, and highlight genotypes that can predispgadividuals to an increased or decreased risk
of reaching extreme old age in a healthy status.

In the last years, the technological progress aoouurhave made possible the identification of

genetic determinants of aging and longevity. Twirdees, large scale linkage studies on long-lived
families, case-control association studies on datdi gene, longitudinal studies and studies in
model organisms agree in detection of a commore"adrgenes belonging to different metabolic

pathways and defence systems and shared by ap#wes studied (Kenyon, 2005; Christensen et
al, 2006; Chung et al, 2010). All these studiescaig that aging is the result of the decline, that
cause a less efficient conservation, mobilizatiod ase of nutrients, and a worse ability to respond

to external and internal stress.

1.1.1 Aim of thework

The intent of the present thesis is to highlighheagenetic variants that influence this phenotype.
In particular, in my PhD researches | have stuthedvariability of both mitochondrial and nuclear
DNA in relation to aging and longevity. In the f@ling chapters I'm describing the state of art of
the well known interaction between DNA variabiliggmitochondrial and nuclear) and aging and
longevity. Then, | report the results of the stsdtenducted during my PhD appointment, which are
described in three manuscripts. The first and tkeorsd manuscripts have as their topic
mitochondrial DNA variability. In particular, in éhfirst manuscript we propose an analysis of the
whole sequences of mtDNA to evaluate if mtDNA pomitations or group of mutations occurring
in different haplogroups are involved in longevittyis titled “The analysis of mitochondrial DNA
variability in a large sample of ultranonagenariamsross Europe allows a reappraisal of the
mtDNA correlation with longevity: a GEHA Projectuly’ and has been submitted to the

“Hamerican Journal of Human Genetics. The secondus@ipt is titled‘The interaction between
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Mitochondrial DNA and APOE variability in a largasple of ultranonagenarians across Europe:
a GEHA Project Studyand it is submitted to “Age”. In this work we dpze the interaction
between the mtDNA variability and variability of eclaar genes such as mitochondrial haplogroups
and APOE gene variability. The third manuscrigett“Two-stage case-control association study
of candidate genes and human longéyityhich is submitted to "Age” is focused on thectear
DNA variability. Exactly, in this work we have comcted a multilocus analysis on hundreds of
Single Nucleotide Polymorphisms (SNPs) located amdidate genes to individuate variables

associated to human longevity.



1.2 MTDNA VARIABILITY AND AGING

1.2.1 Mitochondrial theory of aging

Over the years more than 300 aging theories haee pestulated, but an universally accepted
definition of the process of aging doesn’t exisinget al, 2007). A common opinion is to consider
aging as an inevitable result of accumulation inoaganism of occasional injuries. Among the
several theories proposed, the oldest and mosedited is the Harman “Free radical theory”
(Harman D, 1956). According to this theory agingiemoted by ROS (Reactive Oxygen Species)
that, over the time, lead to cellular damage, idicig injure to DNA, proteins, and cellular

membranes. Although several enzymes (NADPH oxif@asdly, enzymes of the lipid metabolism

in peroxisomes, and several other cytosolic enzyimgading cyclooxygenase, ecc) contribute to
the ROS production, the 90% of ROS present in tlgaresms is due to the activity of the

mitochondrial respiratory chain (Balaban et al, 200n this frame, in 1972 Harman (Harman,
1972) proposed a new version of the “Free radisabity” where mitochondria assume a central
role in the aging process. Afterwards, in 1980 Migand co-workers proposed the "mitochondrial
theory of aging" based on the exclusive role ofoghbndria in the aging process (Miquel et al,
1980). However, mitochondria are not only the principabgucers of ROS, but they are also the
first targets. It is supposed that the mitochordaiecumulation of damage, and in particular the
mtDNA impairment, is one of the most important astin determining age-related cellular decline

(Kirkwood, 2005) (Fig.1).
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Figura 1. Mitochondrial rolein the energetic life and death of a cell

The diagram represents the loss of cells in adisser the life. The minimum number of cells foe tissue to function normally is
indicated by the dashed line (modified from Walla2@05).

During the last decades, a number of experimentdeaces supported the hypothesis of oxidative
damage accumulation as a cause of aging. It waslfthat levels of oxidated lipids, proteins and
DNA increased with age (Van Remmen and Richard06@}1). This is in line with several other
literature data indicating that mitochondria of @égaimals produce more ROS than mitochondria
of younger one (Sohal et al, 1990), and that theodluction in young rat cells of mitochondria
isolated from fibroblasts of aged rats cause prermeatging (Corbisier and Remacle, 1990).
Another evidence derives from an experimental warkvhich a reduction in mitochondrial ROS
production was observed in animals with a contdbtigetetic condition called caloric restriction,
characterized by a reduced food intake that camsen@ease in lifespan (this will be better

explained in the next sections) (Sohal et al, 1994)

However, apart from the central role in ROS promunct mitochondria carry out many crucial
activities for cell survival and, as a consequeficeaging and longevity (Passarino et al, 2010).
Thus, the next session will describe the structanal functional mitochondrial characteristics, with

a particular attention to the peculiar featuremtddNA.



1.2.2 Mitochondrial structure and function

Structure

Structurally, the mitochondrion is a membrane-es@tborganelle ranging from 1-10 micrometers
in size (Henze and Martin, 2003). As shown in Figrtochondria contain both an inner and an
outer membrane, leading to the formation of twoeagis compartments, the matrix and the inter-
membrane space, where several specialized functadres place.Each compartment, having a

specific function, cooperate to carry out all mitondrial functions.

Matrix

* TCA cycle enzymes

+ Fatty-acid oxidation

* mtDNA replication

» mMDNA transcription/transiation

« Fe-S biogenesis

* Protein folding & degradation

» Urea cycle enzymes (liver & small intestine)
* Gluconeogenic enzymes (liver & kidney) Y

Inner membrane

+ Oxidative phosphorylation
+» Metabolite transport

* Protein import (TIM)

+ Protein assembly

+ Protein degradation

Intermembrane space

» Electron transfer (cytochrome c)

« Cristae remodeling (Opat)

* Redox enzymes

» Protein imports (sTIMs)

* Apoptosis factors (e.g., cytochrome ¢, Smac/Diablo)

Outer membrane

* Protein imports (TOM & SAM)

* Metabolite influx/efflux

» Fission, fusion & distribution

* Apoptosis faclors (e.g., Bcl-2, Bax)
» Signaling molecules

Figura2. Mitochondrial structure and functions.

The compartment-specific processes and proteindesmeribed in the colored boxes. Abbreviations: Bk;2-associated X protein;
Bcl-2, B-cell lymphoma protein 2; Opal, Optic atrgply SAM, Sorting and Assembly Machinery; sTIMs,ahTIM proteins;
TIM, Translocase of the mitochondrial Inner Meml@amOM, Translocase of the mitochondrial Outer Megmle (modified from
Ryan and Hoogenraad , 2007).



The outer membrane allows exchange of metaboliééswden the cytoplasm and intermembrane
space through passive exchange and protein imgd@-Transporter Outer Membrane and
SAM-Sorting and Assembly Machinery). Furthermoréaitesa a central role in apoptosis and in

signal transduction (Ryan and Hoogenraad, 2007).

The intermembrane space contains some proteinsippaily implicated in electron transfer and
apoptosis. Its most prominent member is cytochreame&hich in normal cells is involved both in
respiration and in apoptotic induction. In additiather potential pro-apoptotic factors are present
as well as a variety of small proteins that contafactors or are disulfide bound (Koehler et al,

2006; Webb et al, 2006).

The inner membrane, delimiting the mitochondrialtnma is protein rich and it has specific
transporters inside, demonstrating a highly colgdopermeability. Moreover, proteic complex are
located across the inner membrane where ETC (Bledtransport Chain) take place (Arco et al,

2005).

The mitochondrial matrix contains various enzynresived in metabolic processes: oxidation of
fatty acids and tricarboxylic acid cycle, Fe-S langsis, and heme synthesis. The matrix also
harbors a number of copies of mtDNA and the proteachinery involved in its maintenance and

replication as well as components involved in teaipsion/translation.

Mitochondria are not static organelles: they commelen structural modification and turn-over.
These complex events, known as mitochondrial dyosjnaillow the recruitment of mitochondria to
cellular sites where they are needed. To maintdieadthy population of mitochondria, there is in
mammalian cells a continuous turn-over: the damageghnelles are eliminated and new
mitochondria are generated through processes calitgphagy and biogenesis. The regulation of
these complex mechanisms require more than 1008sggocated in mitochondrial and nuclear

genome), and imply the alteration of the transwipbf more than 20% of cellular proteins (Lopez-



Lluch et al, 2008). The dynamicity of mitochondeimerge also because the number and the size of
these organelles vary in the different tissues:esoglls have only a single mitochondrion, whereas
others can contain several thousand mitochondhig; is principally due to cellular metabolic
demands and health status. Moreover, mitochondeia@ntinuously in movement throughout the
cells and undergo fusion and fission modifyingitimeer membrane surface to readily satisfy energy
requirements (Ono et al, 2001; Bereiter-Hahn andh\Vd994). Finally, it has been clearly
documented that in mitochondria ultrastructural ng®ea occur in response to environmental

stimulation (Bertoni-Freddari et al, 1993, 2007).
Functions

Mitochondria play an important role in cell metaboi: they are the organelles where Oxidative
Phosphorylation (OXPHOS) takes place, and occupiksy position in apoptosis regulation, heat
production, calcium homeostasis, and cellular difféiation. However the two functions

principally involved in aging and longevity are thiedative phosphorilation and the apoptosis.

The main mitochondrial function is the productiohemergy through Oxidative Phosphorilation
(OXPHOS). This metabolic pathway, that throughdRkelation of nutrients produces energy stored
as adenosine triphosphate (ATP) molecules, countgr8teins that form five complexes: NADH
dehydrogenase (complex 1), succinate dehydrogef@s@mplex ), ubiquinone cytochrome c
oxidoreductase (complex Ill), cytochrome oxidasenfplex V), and, finally, F1Fo-ATP synthase

(complex V).

The OXPHOS consists of two steps: 1) a seriesdxeeactions along four complexes (I-1V) that
through the transfer of Hions (protons) across the electron transfer ch&nC) creates an
electrochemical gradienf¥) and 2) the ATP formation by the F1Fo-ATP synth@semplex V),

that uses this electrochemical gradient to genetagenical energy (ATP).



In detall, electrons are donated to complex | frilRkDH+ or to complex Il via succinate, and
passed to coenzymeQ (CoQ) to give ubisemiquinoneQf) and then ubiquinol (CoQH2).
Electrons are then donated to complex Ill, whidnsfers the electrons to cytochrome ¢, and,
eventually, to complex V. Finally, they are movied1/2 O2 to give H20. The energy released
along the pathway is used to pump protons acrassnitochondrial inner membrane, creating the
transmembrane electrochemical gradient. Complexas uhe energy stored in th®# to condense

ADP and Pi to make ATP. ATP is then carried to sgtand exchanged with ADP.

Another important mitochondrial function is the wégion of apoptosis. This is a fundamental
cellular mechanism in order to remodel organismsndudevelopment or get rid of damaged or
unnecessary cells. The apoptotic cell death catripgered by external signals detected by cell
surface membrane proteins, or alternatively by chitmdrial signals. The initiation of the
mitochondrial path for apoptosis is mainly reguialbg the opening of a non-specific channel that is
located on the inner membrane of mitochondria: rthiochondrial permeability transition pore
(mtPTP) (Green et al, 1998; Chipuk et al, 2006)e Dpening of this pore leads to a dramatic
collapse of the transmembran®. This event causes the swelling of the inner mamdyrand then
the disruption of the outer membrane, with a coneatrelease of the pro-apoptotic molecules
enclosed in the inner membrane space, such ashegtoe c, apoptosis inducing factor (AIF),
Smac/Diablo, and several pro-caspases (Hengar206f); Caroppi et al, 2009). In the cytosol,
cytochrome c, together with others factors (Apard ATP) activates the caspases 9 and 3 that

disrupt the cytosol. In succession, AIF moves th®nucleus and disrupts the DNA.

The opening of mtPTP can be stimulated by: a) tlieamondrial uptake of excessive Ca2+, b) an
increase of the oxidative stress, c) a decreasthefmitochondrial membrane potential, d) a
decrease of the intra-mitochondrial ATP concerdrafWallace DC, 2005). It is intuitively evident

that an efficient apoptosis machinery would elinenanwanted cells.



1.2.3 Theinfluence of mitochondrial structure and function on aging and longevity

The importance of mitochondrial functions are uhded by the dynamicity of these organelles
that change in size and shape to satisfy celltgds in the different physiological states. It is
obvious that a so crucial mechanism of regulatmmcekll activities have also an essential role in
aging and longevity. One example of this is givgrthe work of Kissova and colleagues (Kissova
et al, 2004), that suggest an efficient mitophagggsential to attain longevity. In fact, in yeihst
deletion of the mitochondrial protein Uthlp wasrduo lead to a selective defect in mitophagy
and to a shortened lifespan in yeast during nutideprivation. Moreover, in recent years, studies
show that mitochondria turn over may be considgraffluenced by the physiological status of
tissues and organs. For example physical activitympte mitochondrial biogenesis; on the
contrary, physiological aging is characterized byremluction of mitochondrial biogenesis
(Holloszy, 2004), and degradation (Terman et @072, causing a reduction of mitochondrial
turnover that, as consequence, lead to the acctionulaf oxidized components lipids, proteins and
DNA. Also the modification of ultrastructural feats is related to aging. In fact, it was observed
that in old rats less mitochondria are present tharoung rats, but to compensate for the numeric
loss of organelles, there is an increase in mitodhal size (which is presumed to increase the
potential area for respiration). Comparing the deden young and old rats, the outcome of these
balanced changes is a constancy in the overallnwléraction of cytoplasm (volume density)

occupied by mitochondria (Bertoni-Freddari et &93, 2007).

Furthermore, several studies have shown how the efathe mitochondrial network morphology
influences a variety of other cellular functionsitaohondrial proliferation (Mépert et al, 2009),
propagation of signals such as those of energyidafty (Chan 2006), apoptotic events (Suen et
al, 2008), and cell differentiation (Park et alp2Q All these cellular functions are involved ioth

cell survival and death; thus, it appears clear hoywairments in mitochondrial dynamics affect
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pathological conditions such as neurodegenera@reri and Chan 2009), type 2 diabetes (Molina

et al, 2009), as well as normal aging (Lopez-Llathl, 2008).

As previously mentioned, mitochondria play impottaativities essential for cell survival. So, also
the regulation of mitochondrial functions resultsrtgcularly correlated to the phenotypes under

discussion.

In the energy production process, if the principadult of OXPHOS is the production of ATP
molecules, mitochondrial respiration generates RO y-product. In physiological conditions a
small percentage of electrons may prematurely eeduo/gen, forming toxic product such as
superoxide, and peroxyl radical. If these molecwdes present in a small percentage, they are
neutralized by the scavenger molecules presenteils, cbut if they are present in a higher
percentage they can cause oxidative stress. Betaisifusion capability of most ROS is limited
by their lipid solubility the main harmful effectare exerted on mitochondrial molecules,

contributing to the decline in mitochondrial furmetiand, as a consequence, to aging process.
ROS may damage lipids, proteins and nucleic acids.

ROS may act on molecules directly by peroxidatiomndirectly through the production of highly

reactive aldehydes. In the direct action, ROS ‘&tesaling” electrons: this causes the production of
radical molecules. In turn, these molecules, thmatreot very stable, react with other molecules
causing a "chain reaction mechanism". In the irdlineechanism, of action the production of highly
reactive aldehydes play a central role. One exarmpleactive aldehydes is the 4-hydroxy-2,3-
transnonenale (4HNE) aldehyde, one of the mainymtsdof lipid peroxidation. It causes a variety

of harmful effects on the molecules with whichdnoes into contact.

The action of ROS on phospholipids of mitochondriaher and outer membranes cause,
principally, the decreases of their fluidity. Sirtbe function of these membrane plays a critickd ro

especially in the regulation of some mitochondpiateins such as cytochrome oxidase and adenine

11



nucleotide translocase (ANT) (Paradies et al, 1998 clear that membrane’s oxidation may have

very harmful effect on mitochondrial functions.

The effect of ROS on proteins lead to structural &mctional changes (abnormal aggregation,
degradation, loss of function, etc.). Damage tooatmbndrial proteins, especially those present in
the inner mitochondrial membrane, are the direstilteof oxidative stress or the consequence of
lipid peroxidation. Several enzymes of the electmamsport chain, such as ATPase and ANT, are
particularly susceptible to oxidative stress inaation, and the principal consequence observed is a

decrease in OXPHOS efficiency (Le Bras et al, 2005)

Because of the proximity with ROS production, amel iack of protective structure, such as histone
proteins, the mtDNA is the primary target of ROSeToxidative damage to mtDNA may be
detected through the presence of some indicatorexample is the presence of 8-hydroxy-2-
deoxyguanosine which is the most abundant amongrtiducts of nucleotides oxidation (Chomyn
and Attardi, 2003). The accumulation of mtDNA damagay be dangerous for the cells, modifying

the efficiency of mitochondrial function directlpwitrolled by this genome, especially OXPHOS.

The importance of apoptosis in aging is documehteseveral studies that show as the reduction in
number of myocytes (Kajstura et al, 1996), skeletascle (Dirks and Leeuwenburgh, 2002) and T-
cells (Phelouzat et al, 1997) is the result of apip cell death (Higami and Shimokawa, 2000). It
is clear that the modulation of apoptosis resutbe a decisive process in determining a balance
between healthy versus senescent cells and tisbuéact, a low level of apoptosis is probably
deleterious for tissues and organs, because i$ leathe accumulation of damages, but it might be
useful for attaining longevity, even though in tliguse an accumulation of damaged cells and
consequent frailty is expected in oldest-olds (Retsal, 2002). In line with this assumption is the

observation that lymphocytes from very old peopld eentenarians are quite resistant to apoptosis

12



when compared with similar cells from young indivéds (Salvioli et al, 2001). Moreover, the
apoptotic process is doubly correlated with aglmegause it is influenced also by ROS production
(Kroemer and Reed, 2000): ROS damaging mitocholnstiacture increases mitochondrial Ca2+

and consequently activates apoptosis (Lemasteails 2009).

1.2.4 Mitochondrial genome and aging

1.2.4.1 Genome structure

During the last decades, along with the importasfamitochondrial function, also the relevance of
the mitochondrial genome is progressively emergiwtigochondria are the only cellular organelles,
in addition to nucleus and chloroplasts of planls¢céo possess their own genome. It is located in

the matrix and might be present in one or moreaper mitochondrion.

Mitochondrial DNA is a circular double-strand ger®m6,569 bp long (Anderson et al, 1981),
composed of two strands, a heavy strand (H), noB iand a lightweight strand (L) rich in C. It has
a compact structure, where introns are not presl@atintergenic sequences are few in number and
short, and overlapping genes are present. It has tightly conserved for more than half a billion
years, coding in every multicellular animal so favestigated for 37 genes. 2 genes code for
ribosomal RNA (rRNA), 22 for transport RNA (tRNA3nd the remaining 13 genes code for all
structural subunits of oxidative phosphorylatiorzyane complexes. They include 7 out 46 of the
complex | polypeptides (NADH dehydrogenase), NDdr@l NDL 4, cytochrome b, which is one of
the 11 proteins of complex Ill, 3 (COI-Ill) out JBoteins of complex IV (cytochrome oxidase) and

2 (ATP 6 and 8) out the 16 proteins of complex T BAsynthase) (Fig. 3).
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Figure 3. Structure and expression of the human mitochondrial DNA.The panel A represent the mitochondrial genomawsig
13 protein coding genes as well as 2 rRNA- and 22ARdiding genes. Genes coding for subunits of dfiecomplex are shown
by different colors. The origins of replication fire H- and L- (OH and OL) strands are also shadtaiso shows the binding sites

for the mitochondrial RNA polymerase, the mitochaaldiranscription factor TFAM, the RNA processingzgme RNAse MRP and

the transcription termination factor mTERF. In paBehe structure of the regulatory D-loop regiosli®wn two hypervariable
regions (HSV1 and HSV2) commonly used for evoluigrstudies. Modified by Diaz and Moraesa, 2008.

The "displacement-loop” (D-loop), also defined ke tnitochondrial regulatory region, is a non-
coding sequence which regulates mtDNA'’s replicaBod transcription. It contains the promoters
of the H and L strands (PH and PL), four bindingssifor mitochondrial transcription factor A
(mtTFA), three blocks of conserved sequences (GSB lIl), the origin of H strand replication

(OH) and the termination associated sequences (TAS)

The mtDNA transcription and replication take planside the organelle (Kasamatsu et al, 1973;
Montoya et al, 1983; Clayton, 1987) although mamgtgins involved in these processes are
encoded from nuclear DNA (nDNA). Among others thebunits of mitochondrial DNA

polymerasey (POLG), mitochondrial RNA polymerase component&oamondrial transcription
14



factor (mtTFA), mitochondrial ribosomal proteindomgation factors and metabolic enzymes are

coded by nDNA.

1.2.4.2 Mitochondrial genetics

Mitochondrial DNA shows a series of peculiar chéggstics that differ from nuclear genome.

One of these characteristics is the relatively mgltation-fixation rate with respect to nuclear
genome (Brown et al, 1979; Torroni et al, 2006; M, 2007). Among the reasons that explain
the presence of these peculiar feature are inclusdNA limited repair ability, loss of histones
and physical association with the mitochondrialeinmembrane where damaging reactive oxygen

species are generated (Pinz and Bogenhagen, 1998).

A second characteristic of mtDNA is its mode ofhentance. It is transmitted only maternally
through the oocyte cytoplasm (asexual reproductionfact, the few mitochondria from the sperm
cell that could enter the oocyte during fertilipati are actively eliminated by an ubiquitin-
dependent mechanism (Sutovsky et al, 2000). Thrahighway of transmission mtDNA escapes

recombination and it is transmitted unaltered fiowthers to children.

Finally, the cells are polyploid with respect toDIWA: most mammalian cells contain hundreds of
mitochondria and, in turn, each mitochondrion corgtaeveral (2—10) copies of mtDNA (Wiesner
et al, 1992). If all mtDNA copies are identical, wave a condition known as homoplasmy, but if
MtDNA copies are not identical, we have a conditimmown as heteroplasmy. At cell division
mitochondria and their genomes are randomly distedh to daughter cells and hence, starting from
a given heteroplasmic situation, different levelsheteroplasmy up to homoplasmy can arise in

different cell lineages.
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The uniparental mode of inheritance and the elevatatation rate, have led to the presence in
human populations of mtDNA lineages evolved indelestly from each other by sequential
accumulation of mutations. Consequently, mutatisheh occurred ten thousands of years ago are
nowadays present in high frequency, and are papuofaand continent-specific. This individual
haplotypes may be grouped through phylogeneticyaisain groups, called haplogroups, sharing a
specific set of mutation (Torroni and Wallace, 199/llace, 1994; Passarino et al, 1998; Richards

et al, 2000, 1996; Torroni et al, 2006, 1996; Kidigt al, 2006; Underhill and Kivisild 2007).

The classification of mtDNA haplogroups was basedrdormation obtained from RFLP analysis
of the coding region and from the nucleotide seqaeasf the control region (Torroni et al, 1996).
Today, thanks to the deep knowledge of mtDNA seqgeent is ever more frequent the

identification of haplogroups through the analydisomplete sequence or of the d-loop sequence.

The first mtDNA haplogroups, discovered in Nativenéricans, were named A, B, C, and D
(Torroni et al, 1993). Subsequently, detected tgplaps were designated using other letters of the
alphabet, and subcluster with a running numberli(igdr et al, 1992; Torroni et al, 1996). By now,
all letters of the alphabet, except O (althougheopmposed), have been used. The main identified
haplogroups are divided between the three majmi@tiroups: Africans (1, Lo, Ls), Asians (C, D,

G, E, A, B, F,)) and Europeans (H, U, T, I, J, K,W, X) (Torroni et al. 1994, 1996) (Fig 4), that

cover almost the totality of human population.
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EXPANSION TIMES (YEARS AGO) &~ ’
Africa 120,000- 150,000 (
Out of Africa 55,000- 75,000 x b
Asia 40,000- 70,000 Famlly Tree DNA
Australia/PNG 40,000- 60,000 mtDNA Migfations Map
Europe 35,000- 50,000
Americas 15,000- 35,000
Na-Dene/Esk/Aleuts 8,000- 10,000

Figure 4 Mitochondrial haplogroups distribution around the world.
In this image are indicated the principal mitochasichaplogroups localization. The arrows indictite direction of homo sapiens
migrations. Modified from Bryan Syke's book: The &ewaughters of Eve.

For example, the nine Europe haplogroups cover timaire 95% of mtDNA of all subjects (Wallace
2007; Torroni et al. 2006, 1996). The philogenetadshaplogroups is complex and multiple
subclade exist. For example Haplogroup U comprggdogenetically different subhaplogroups
such as U1, U2, U3, U4, and U5, the oldest sub¢cld@e U7, U8, U9, and K (Achilli et al, 2005).
Also the prevalent European haplogroup H, that c@@%-50% of the population, comprises
numerous sub-haplogroups (H1- H21) that have vefferdnt spatial frequency patterns in
European regions (Achilli et al, 2004). Among thab-#aplogroups, H1 and H2 have been
identified in a sample of Finns (Finnila et al, 2D0OBased on mtDNA complete sequences, two
further sub-haplogroups were described by Herrbhstad coworkers (Herrnstadt et al, 2002): H3,
the next most common sub-haplogroup after H1, dved rare H4. Moreover, Quintans and
colleagues (Quintans et al, 2004) further iderdifié5, H6, and H7. Additional sub-haplogroups

(H16-21) have been recently proposed (Roostaly 2086).
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Figura5 It encompasses 62 entire myna sequences, all ongatlative to the root of R, and 15 sub-haplogsqiiti-15) identified
by Achilli et al, 2004.

Studies about mtDNA variability in the past decadese considered useful principally for the
reconstruction of human population history. Thapassible because each lineage shares the most
ancient mutations, and distinguish itself from oshi®r the presence of more recent ones, probably
risen during the last glaciations, when the groopsumans were isolated from each other. The
analysis of the phylogenetic relationships amongdgroups allowed some interesting inferences
about the origin of human beingdomo sapiensppeared in Africa about 120.000-150.000 years
ago, and only 55.000-75.000 years ago he migratetih middle east, and then in the other
country regions (Figure 4) (Cavalli Sforza et @94; Torroni et al, 1996; Quintana-Murci et al.
1999; Macaulay et al 1999; Richards et al, 2000jéshill et al, 2001; Kivisild et al. 2006; Olivieri

et al. 2006).

In the last two decades the interest of medicadrgigts on mtDNA is greatly increased (for a
review see Wallace and Fan 2009; Dimauro 2011) emultr of the discovery of various
mitochondrial mutations leading to degenerativeomiers that mainly affect the nervous and

muscular systems (Wallace et al. 1988 a, b; Zewaaal. 1988; Schon et al. 1994). Over the years
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other mitochondrial diseases have been identifeadh as mitochondrial encephalomyopathy, lactic
acidosis (a condition however that can also be wueharmacological treatment of infectious
diseases), myoclonic epilepsy, raggedred fibersagdis (MERRF), stroke-like symptoms (MELAS),
Leber’'s hereditary optic neuropathy (LHON) (Vilkkt al, 1989; Lestienne and Bataillé 1994;

Chinnery et al, 2000; for a review see Wallace 2@auro 2010).

Successively, studies have shown that also humalodraups are qualitatively different from each
other, due to their defining mutations. For insgnisvo European haplogroups, H and T which
displayed a significant difference in the activitycomplexes | and IV of OXPHOS (Ruiz Pesini et
al, 2000), leading to a worse motility of sperms laplogroup T carriers. From this evidence of
different haplogroup energetic efficiency, recergbnfirmed by in vitro studiesGomez-Duran et,
2010, has grown the belief that haplogroups can @ayimportant role in predisposing to
disorders. Some examples of mtDNA haplogroupsceatsal with particular diseases are: Wolfram
syndrome, also known as DIDMOAD syndrome (diabetespidus, diabetes mellitus, optic
atrophy and deafness), as well as to LHON (Hofmetrad. 1997; Torroni et al. 1997; Barrett et al.

2000; Hudson et al. 2007).

Apart from the correlation with human disease,gbb/morphic variations of mtDNA are involved
in determining the inter-individual susceptibiltty a number of complex traits, either pathological
(such as ophtalmolog- ical disorders, cardiovasadigeases, cancer, dementias) or physiological

such as aging (Wallace 2001; Rose et al, 2002p&aet al, 2006; Zeviani and Carelli 2007).

1.2.4.3 mtDNA variability, aging and age-related diseases

With aging mitochondria progressively lose themdtionality. In fact, in aged tissues, a decrease i

the number of mitochondrial DNA (mtDNA) copies ibserved (Barazzoni et al, 2000) and an
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accumulation of mtDNA large deletions and point atiagins (Cortopassi et al, 1992, Michikawa et
al, 1999). These damages mainly originate fromiti@airment of respiratory function causing a
reduction in ATP production and an increase in R®@&luction. Today it is well established that
the enhanced production of ROS, accompanied byceedged activity of free radical-scavenging
enzymes, is the principal cause of the age-agsaoctecline (Di Mauro et al, 2002). As previously
mentioned, ROS attack organelle constituents byinxig them, and mtDNA is one of the
principal targets. ROS have a mutagenic effect BiARNd the accumulation of mutations lead to
the production of less efficient OXPHOS subunitsailet et al, 1999; Fannin et al, 1999; Terzioglu
and Larsson 2007), exacerbating the production@$&Rhat, in turn, aggravates the decay of the
organelle. This “vicious cycle” is at the basistioé aging process. Many studies on animal models
have demonstrated how ROS are responsible for hotaifrial decay of aged tissues: in vitro
studies have shown that an increased ROS produatiduced pharmacologically, amplify mtDNA
impairment in fibroblasts (Esposito et al, 1999).orkbver, it is also observed that the
administration of antioxidant compounds (acetylteyse, GSH, vitamin C) is able to attenuate the
age-related mtDNA damage (Melov et al, 2000; Figeds et al, 2008, 2009). Other studies have
shown as the accumulation of mtDNA somatic mutatioesults to be correlated with aging
phenotypes: high levels of both point mutations #arde-scale deletions of mtDNA induce in
animal models many features of premature agings Tiki the case of mice expressing a
proofreading-deficient version of the catalytic soib of mtDNA polymerase (PolgA), and of the
so-called “mutator mice” (Trifunovic et al, 2004&ujoth et al, 2005; Edgar et al, 2009). Some
studies have also highlighted the correlation betwthe presence of mtDNA mutations and an
increase in ROS production: for example mice withrereased lifespan show a decreased damage
to mtDNA and increased mitochondrial resistanc®&@S damage (Schriner et al, 2005). But this
connection is still debated because in other ssudigh mutation rate in mtDNA was not associated

with increased oxidative damage to macromoleculagufiovic et al, 2005).
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Human studies have been focused on mutations #fmtedmitochondrial haplogroups, mutations

well characterized and, for this reason, more stnplistudy.

In one of the first association studies, the Adiaplogroup D, which is characterized by mutations
present in protein subunits belonging to OXPHO®mex |, is overrepresented in Japanese
centenarians (Tanaka et al, 1998, 2000). In lind whis finding, it was observed that in northern
Italians haplogroup J, is by far more frequent aghoentenarians than among younger controls (De
Benedictis et al, 1999), suggesting a haplogrowgeifip effect on rate and quality of aging. Further
support for this results has been confirmed bytamdil studies in northern Irish (Ross et al, 2001)
and in Finns (Niemi et al, 2003),but not in southkalians (Dato et al, 2004). Previously, a study
conducted by Torroni e colleagues (Torroni et 8B7), revealed that the mutations causing LHON
were much more likely to cause the disease if thieyurred on molecules belonging to haplogroup
J, presumptively because of the genetic backgraditde J haplogroup. In fact, it is characterized
by missense mutations falling in ND1 and ND5 sutumf the OXPHOS complex | (4216C,
13708A), by the 5633T-7476T-15812A haplotype thas been related to a predisposition to the
Alzheimer’s disease, and by the 3010A mutationirfiglin a very conserved region of the rRNA

gene 16S, and previously associated to many congideases (Rose et al, 2002).

From this data it seems that the same group oftrontacan induce longevity or diseases. It seems
that Haplogroup J, because of the presence of ngssmutations in complex | genes, have a low
efficiency of OXPHOS, putting the cell in a vulnBla situation. From a hand a low production of
ATP, may be detrimental for the cell, especiallypmesence of a certain environmental or genetic
condition, like the presence of a further mutatibms the example of LHON mutations occurring in
molecules belonging to haplogroup J. On the othemdha low OXPHOS efficiency, often
associated with a higher production of ROS, maypdeeficial for the cell if associated with other
environmental or genetic condition. For examplegewlthe increased ROS production induce a

tissue-specific over expression of nuclear genekngofor detoxifying enzymes (Esposito et al,
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1999), the cell may benefit from a lower presencROS, that may result in a more healthy aging

(Rose et al, 2001).

The primary role occupied by mitochondria in enepggduction and calorie uptake is also at the
basis of several age-related diseases, in whicholsasrved mt DNA impairment (mtDNA somatic
alterations and rearrangements) (Wallace 2001,)2®@u4 also in these cases the low efficiency of
OXPHOS and the consequent production of ROS maynbdulated by other environmental
conditions like physical activity. For example, thgailability of calories and the absence of
muscular exercise, largely diffused in human westeocieties, provoke a reduction of ATP
production, and an increase of heat and ROS primuivVallace 2005; Hepple 2009). The
accumulation of the problems associated with thigell being” combination, together with
MtDNA mutations, either inherited or acquired wébing, has important effects on the onset of
many age-related diseases as Type |l Diabetes gWés al, 2004), cardiac and coronary diseases
(Das et al, 1989; Corral-Debrinski et al, 1992)unoelegenerative diseases (Alzheimer Disease,

Parkinson Disease, etc.) (Zeviani and Carelli 208§l cancer (Wallace 2005).

All these intricate events shed light on the comipjeof the aging process, in which the effect of
mtDNA inter-individual variability on mitochondriaklated phenomena may be attained either
directly, or by interaction with the nuclear gengrnaed it may be modulated by environmental

circumstances (Rose et al, 2002).

1.2.4.4 Mitochondria-nucleus crosstalk and aging

mtDNA inherited variability doesn’t operate on humahenotypes independently of nuclear
variability. One of the first evidence is the obsdion that when OXPHOS is temporarily reduced

and levels of ROS are increased, a higher trarigmmipf nuclear genes coding for detoxifying
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enzymes occurs in order to get rid of ROS (Esposital, 1999). Today it is well known that

MtDNA works in strict connection with the nucleagngme, and all the processes involving the
mitochondrion, are regulated both by proteins codeduclear and mitochondrial genomes. Many
studies, dealing with the so called nucleus—mibochia cross talk, show that a correct
communication between mtDNA and nDNA is an esseptiacess in cell biology (Garesse et al,

2001).

One method to better discriminate how the mitochiahcand cellular functionality are due to

mitochondrial or nuclear variation is the cybridchaology, engineered cells where the
mitochondria are completely deplete of their DNAdarew mitochondria are introduced into the
cells by using platelets obtained from blood dor{&lisg and Attardi, 1989). The presence of cells
with the same nuclear genome and different mtDMNAaigood chance to understand how the

polymorphic variation of mtDNA affects mitochondaad cells health.

In the last years the idea that the combined efdéatuclear and mitochondrial DNA are often
stronger than mtDNA main effects became strongesidihg the scientist to talk of nuclear—
mitochondrial epistatic effects (Tranah, 2011). $osvidences exist about the importance of
nuclear-mitochondrial cross talk on complex trdike aging and age-related diseases in animal
models (Rand et al, 2006) like in humans (Rosé, &082), and their epistastic effect may explain

why some mtDNA mutations have very different phgpat effects in different individuals.

One of first studies about the interaction betwdlea two genomes, was conducted by De
Benedictis and collegues (2000) about a possilbdzaantion between the mtDNA inherited variants
and a polymorphic site of tyrosine hydroxylase (TH§&ne, implicated in stress-response. The
polymorphism under study is a microsatellite, thas a role in the regulation of transcription the
THO, as demonstrated by in vitro studies (Meloniakt 1998). This study indicated that U
haplogroup was over-represented in centenariang/immgrthe THO genotype unfavorable to

longevity (homozygosity for long alleles of the HOM01-STR) (De Benedictis et al, 1998).
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An in vitro experiment that confirm the importarmiethe nuclear mitochondrial cross talk in stress-
response was carried out by Bellizzi and collegi2896) on expression levels of cytokines and
cytokine receptors in cybrids cells. In fact thanscription patterns of some are specifically
modulated by the variability of the mtDNA underests conditions (interleukin-6) and also at basal

conditions (interleukin-B and tumor necrosis factor receptor 2).

Another support to the influence of nucleus—mitodwrea cross talk on aging and age-related
diseases are given by the results obtained by istydylarge group of patients affected by sporadic
Alzheimer’s disease. Carrieri and colleagues (€aret al, 2001), in a case-control study, have
demonstrated, in the Italian population, some mtCidlogroups, K and U, seem to neutralize the
deleterious effect of the4 allele, a variant of APOE, a nuclear stresparder gene.
Unfortunately, other studies conducted in differeopulations (Tuscany: Mancuso et al, 2007,
Eastern European population: Maruszak et al, 2009gven’'t confirmed the idea that the
mitochondrial mtDNA variability and the APOE genkekes interact in the modulation of some
complex traits such as the Alzheimer Disease (Afd)ggesting that this interaction may be

population specific.

Other evidences are given by studies on differemypiex phenotype like: maternally inherited
deafness, LHON. For the development of the matlyrnaherited deafness associated with the
A1555G mutation in the mitochondrial 12S ribosoR&IA (rRNA) gene additional environmental

or genetic changes are required, as identified rmnaglycosides or nuclear modifier genes
(Bykhovskaya et al., 2000; 2004a; 2004b; Bindulef@08). The LHON is caused by missense
mutations in mMtDNA, but a recent study has shovat #iso a nuclear LHON susceptibility locus

on chromosome Xg25-27.2 exist (Shankar et al, 2008)

Lastly, another case of interaction between nu@dedrmitochondrial genomes is shown by somatic
mutations, non-randomly distributed along the nhtwwdrial genome and with different rate of

accumulation in different tissues. These mutatioseem to vary according to the inherited
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mitochondrial genome (Gadaleta et al, 1999; Wanal,e2001; Tanaka et al, 2000), but are also

influenced by nuclear genome (Rose et al, 20107 28Qardi, 2002).

In conclusion, it is possible to contend that a ptax interplay among mtDNA inherited variation,
NDNA inherited variation, and stochastic accumolatof DNA damages probably affects rate and

quality of aging.
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1.3VARIABILITY OF NUCLEAR DNA AND AGING

Aging is driven by diverse molecular pathways amtiemical events; in fact, studies have shown
that during the aging process the intensity ofrtfan cell signaling pathways change dramatically,
especially in presence of age-related diseases$s(@aand al, 2008). In this context, it is cleaatth

aging is not controlled by few individual genes, lvather by many genes belonging to key
signaling pathways, that many studies have dematestito be well-conserved in different species

from yeast to humans (Kim, 2007).

Thus, the study of the major cell signaling pathsvagd their specific mechanisms of transduction
have occupied a central role for the detectionasfegic factors involved in aging and longevity. In
humans, studies aimed to genetic dissection of tmpaits (and of longevity in particular) are
very difficult to conduct. Linkage analysis is ttraditional means of genetic mapping in humans.
But in the case of longevity studies it is ofteffidult to use because of the scarce availability o
multi-generational DNA from long-lived individualsthe best model for the study of human
longevity are centenarians, who have avoided osigenl the most important pathologies that affect
old people, causing morbidity and mortality. Howewespite the increasing number of old people,
centenarians are still few (Franceschi and Boriz083). The most commonly used studies for the
individuation of genetic factor of longevity arenkiage analysis, case controls studies and
longitudinal studies (Cristensen et al, 2006; Wéeahd Kim, 2011).

The candidate-gene association studies have thentye to detect also the variants with small
effects by comparing the genotypes of centenarspecific loci with those of younger cohorts.
Some limits of this kind of studies are that a dgital knowledge of the phenomenon under study
is required, that it may suffer for population freation, and that it is often difficult to defnan

appropriate control group.
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In longitudinal studies a cohort of individuals falowed over time, avoiding in this way the
problems about the selection of controls. Howeakhough this methodological approach provides
a powerful opportunity to study the determinantsuivival in advanced age, for longevity studies
exist some logistic difficulties, first of all theecessity to recruit thousands of people to conduct
study on 200 centenarians.

All these studies have given more consistent reshiit the only two genes associated with human
longevity that have been replicated in multiple ylagons are FOXO3A and APOE (Corder et al,
1993; Kervinen et al, 1994; Schachter et al, 1984ljcox et al, 2008; Anselmi et al, 2009;
Flachsbart et al, 2009; Li et al, 2009; Pawlikowskaal, 2009), suggesting a population specific
effect.

More useful results have given the studies on anmaalels, where it is possible the identification
of molecular mechanisms that regulate a healtlegpién through in vivo experiment. In fact, the
possibility to induce mutation in various genesobeging to integrated molecular pathways has
given the chance to characterize genes that dreafigtincrease or reduce life span. In particular,
mutations in genes affecting endocrine signalitiggss response, metabolism, or telomeres, have

been reported to increase lifespans of several hooganisms (Kenyon, 2005; Fontana et al, 2010).

According to the data obtained from humans and ahimodels, several biological genes and
related pathways have been identified as beingIvedoin affecting lifespan, although the

underlying mechanisms involved in the aging pro@ssnot completely understood. The intent of
the following paragraph is to summarize the maithways and biological mechanism associated

with aging and longevity.
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1.3.1 INS/IGF1 pathways

Experimental evidence is accumulating that aginasmonally regulated by the evolutionarily
conserved insulin/IGF-1 signalling (IIS) pathwayefi§on, 2005; Bartke, 2008).

This IIS pathways is the first discovered to affaging and longevity and it is also the most
prominent and thus far best studied (Kenyon, 2@Hen and Dillin, 2008). It involves a cascade
of phosphorylation events that include phosphatidgitol 3-kinase (PISK)/AKT/pyruvate
dehydrogenase kinase (PDK) which regulates theeaudlanslocation and activity of FOXO (a

forkhead transcription factor) protein (Fig. 6) (@kensen et al, 2006).
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Figura 6. The Insulin/IGF1 pathway involves a cascade ofsphorylation events that ultimately regulate tla@stocation and
activity of FOXO proteins, leading to a changeifedpan; the activation of this pathway may be oetliby exogenous stimulation
(e.g., diet) or growth hormone, that induce theetéan of insulin into the plasma, and the produtinf IGF-1. Modified from
Chung et al 2010.
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In particular mutations that cause a decreaseSndbwnstream cascade activity were found to
extend lifespan (Cohen and Dillin, 2008). Othemsgiption factors that are inhibitors of IS
signaling, able to extend life-span are HSF-1 {ikat-shock transcription factor) and SKN-1 (a
Nrf-like xenobiotic- response factor) (Lin et a@97; Brunet et al, 2004; Tullet et al, 2008).
Mutations in 1IS components affect lifespan inrathdel organisms studied (Kuningas et al, 2008).
In C. elegansone of the first genes identified was Daf-2 whetttodes for the insulin receptor-like
gene involved in insulin signaling; mutations instiyene cause a significant increase in lifespan
(Kimura et al, 1997). Following this finding, alsoutations in AGE-1 gene, homologous to the
mammalian phosphatidylinositol-3-OH kinase catalwiibunits, which are located downstream of
the IR and IGF-1R, cause an increase in lifespaorii§let al, 1996). Moreover, expression studies
have shown how the inhibition of IIS cause chanigegene expression of several transcription
factors such as DAF-16 (a FOXO transcription fa¢tthre heat-shock transcription factor HSF-1,
and SKN-1 (a Nrf-like xenobiotic-response factofjulfet et al, 2008) that, as previously
mentioned, controls 1IS pathways.

For D. melanogastethe increase in lifespan was observed in presehosutations in insulin-like
receptor (InR) or in its substrate (chico), and files with ablated insulin-producing cells
(Giannakou & Partridge, 2007). It has been alsowshahat the inhibition of insulin/IGF-1
signalling or the increase of FOXO (the orthologideDAF-16 in Drosophilg activity have as a
consequence a lifespan increase.

Mammals are more complex: they present separagpt@s for insulin (IR) and IGF-1 (IGF-1R)
(Navarro et al., 1999); however, all the experiraéetvidence to date collected in mouse models
shows that reduced IIS can extend lifespan alsmammals. In the mouse model, the complete
disruption of the IR gene causes many pathologbanotype (insulin resistance, diabetes, etc.),
but doesn’t influence lifespan extension (Okamotal accili, 2003). Also tissue-specific IR
knockout mouse models doesn’'t show beneficial effeclifespan except that for fat-specific IR

knockout mice (FIRKO) which in addiction shows redd fat mass (Okamoto and Accili, 2003).
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The IGF-1 branch acts through the growth-hormoteasing hormone, growth hormone (GH) and
IGF-1; mice mutated for the IGF-1 receptor suggesirect role for reduced IGF-1 signalling in
mammalian longevity: in fact, Igflr +/— females éiha long-lived phenotype (Holzenberger et al,
2003). Moreover, a deficiency in GH and the disiupbf GH receptor, causes reduced fertility but
extends lifespan (Brown-Borg et al, 1996; Bartkeakt2001). In mice, another gene able to
modulate aging and life span is tktho gene, which encodes a hormone known to inhibitiHS
fact, mice deficient for this hormone show an aexdlon of aging and age-ralated diseases (Kuro-
o et al, 1997), on the contrary over-expressiorKlotho results in IIS inhibition and increased
lifespan (Kurosu et al, 2005).

In humans, the data collected by case/control &ssmt studies, reveal a modulation of human
lifespan, but not in a magnitude that would conaselto what is seen by analogous defects in some
of the model organisms.

The influence of 1IS on longevity is highlighted kiye evidence that longlived subjects, such as
centenarians, have decreased plasma IGF-1 levdlgp@served insulin action (Paolisso et al,
1997). This result was confirmed in a number of ejien association studies; for example
polymorphisms in the IGF-1R locus, able to loweagpha IGF-1 levels, are significantly more
represented among lItalian centenarians (Bonafd, €083). Moreover, in Dutch population a
polymorphism in the GH1 gene is associated witlgésity, and a combined effect of variation at
the GH1, IGF-1 and IRS1 loci is also suggestedsas@ated with reduced IIS signalling on human
longevity (van Heemst et al, 2005). Genetic assiotiastudies have revealed other second
messengers of 1IS associated with human longelNI$R, AKT, FOXO1A and FOXO3A (Chung

et al, 2010).

1.3.2 Caloricrestriction, and longevity
Caloric restriction (CR) is usually defined as adaate (normally 20—40%) reduction in caloric

intake compared with an ad libitum diet, withoutlmarition (Piper and Bartke, 2008). The initial
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evidence of the influence of this dietary regimelomngevity was observed in rats (McCay et al,
1989). Subsequently similar evidences that CR asge maximum lifespan up to 50% has been
reported for yeast, rotifers, spiders, worms, flfesh, mice and rats (Koubova and Guarente, 2003).
In humans, very preliminary evidence based on gateomeasures show how CR exerts similar
adaptive responses as in laboratory animals, reduthe risk of developing age-associated
pathological complications (Holloszy and Fontan@0?. Then is no doubt that CR modulates
longevity and that, from an evolutionary point aéw, it represents an adaptation to food scarcity
exempt from doubt (Harrison et al, 1989; Hollid4a®89); but the mechanisms that underliethis
phenomenon is not completely understood. The adfgwroteins primarly correlated to CR are
sirtuins.

The Sirtuins represent an evolutionarily conserfaadily of silent information regulator 2 (Sir2)
gene, and are NAD+-dependent protein deacetyl#sasif overexpressed extend lifespan in yeast,
worms and flies (Kenyon, 2005); moreover genetidists have suggested that at least one member
of the SIRT family is involved in human lifespargutation (Rose et al, 2003; Bellizzi et al, 2005).
These proteins could contribute to longevity inflamg the activity of various transcription factors
and co-regulators (Bordone and Guarente, 2005).tlkisrreason Sirtuins were heralded as the
“master controllers of a regulatory system for gfjibecause not only do they modify hormonal
networks (e.g. IIS pathways), inflammation (e.dhilaition of NFKB) and other genes associated
with longevity (e.g. p53, FOXO), but they may alsmvide a link between diet, longevity and
epigenetic regulation (Sinclair and Guarente, 200&tin et al, 2007).

Many experimental evidence on animal models reff@timplication of this class of proteins in
CR.

In yeast Sir2 gene seems to be essential to mddestpan extension in CR: in fact, where the gene
coding for Sir2 was deleted the reduction in glécess unable to increase lifespan (Lin et al,
2000). Also inD. melanogasteCR efficiently extends lifespan and increases 8iIRNA (Clancy

et al, 2001; Rogina et al, 2002).@M eleganss Sir-2.1, one of the four Sir genes, seems talatg
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lifespan under a restricted feeding regime (WoodleP004). In mammals, there are seven Sir2
homologues (SIRT1-7), of which SIRT1 is the mostsely related to Sir2 (Frye, 2000). SIRT1,
that has been associated with glucose and fat wietat) stress resistance and cell survival (Haigis
& Guarente, 2006), is related to CR. In fact SIRFatein levels are increased in response to CR in
many key metabolic tissues (Chen et al, 2008), amce lacking SIRT1 are metabolically
inefficient and, importantly, the longevity resperte CR is blunted (Boily et al, 2008).

Although many studies demonstrated that Sir2/SIRTidecessary for CR, not all the studies point
in that direction. The scenery seems more com@ere experiments suggest that the beneficial
effect of CR might be a consequence of the balaheaore signaling networks rather than being
defined by single elements. For example, CR mightomly be sensed by SIRT1 as a change in the
NAD+/NADH ratio but also by AMPK as a change in tABMP/ATP ratio. In turn, AMPK can
regulate mitochondrial respiration, which can gesly regulate SIRT1. Both AMPK and SIRT1
can impact the activity of FOXO transcription fastowhich also have been extensively linked to
the regulation of metabolism and longevity. Addiadly, CR promotes the downregulation of
insulin-derived signals, a candidate longevity paty, which also interacts with FOXO

transcription factors (Canto and Auwerx, 2009) (iFey7).
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Figure 7 Integrative view of mammalian signaling pathwaygoived in regulating the effects of caloric region (CR). CR, caloric
restriction; SIRT1, silent information regulator TAMPK, AMP-activated protein kinase; FOXO, forkheldx O1. Modified by
Canto and Auwerx, 2009.

1.3.3 Céellular and systemic responseto damage

Aging is due to a progressive accumulation of dariagnacromolecules, and as a consequence in
tissues, that cause the disruption of physiologfoalction. Efficient defensive and reparatory
systems, that are essential for survival, were ldpeel during evolution. The cellular response to
damage may be observed at different levels: madexlar, cellular and systemic.

At molecular level antioxidant defenses such aalas¢ and superoxide dismutase (SOD) enzymes
help to prevent cellular damage caused by oxidasitress. However, their association with
longevity results controversial (Hekimi, 2006; Kngas et al, 2008). In fact iD. melanogaster
genes encoding catalase and superoxide dismut&xe) (Showed to influence lifespan (Orr and
Sohal, 1994), but additional experiment showed thatresults may be straightly influenced by

genetic background of all lines (Orr and Sohal,30@&lso in mammals, where one catalase and
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three SOD are present, there are contrasting sediile disruption of the SOD2 gene is lethal (Li et
al, 1995; Melov et al, 1998), and the overexpressioSOD?2 leads to increased lifespan (Hu et al.,
2007), but mice heterozygous for SOD2, that hagl kevels of DNA oxidation in multiple organs,
didn’t show decline in lifespan and acceleratioraging (Van Remmen et al, 2003). However, all
these data illustrate the existence of a balanterde® the production of free radicals and of
antioxidative enzymes. In humans, genetic variagtiom antioxidant genes were shown to be
associated with normal cognitive aging, cancer, rigk., but not with mortality (Kachiwala et al,
2005; Taufer et al, 2005; Liu et al, 2004; De Becksl et al, 1998). Likewise, no associations
between genetic variants in the catalase gene amthiity have been found (Christiansen et al,
2004).

When DNA, proteins and membranes are damaged, misams of repair evolutionarily conserved
(Eisen and Hanawalt, 1999) occur. However, thegenaany studies which have demonstrated the
detrimental effects of impaired repair systems tespan, but only few have demonstrated
beneficial effects of increased repair capacityDInmelanogastethe correlation between repair
systems and longevity was detected: the absendheofexcision repair gene mei-41 reduces
lifespan, and the presence of extra copies of &me gignificantly increases lifespan (Symphorien
and Woodruff, 2003). Likewise, over-expression abtpin carboxyl methyltransferase (PCMT),
which is another protein repair enzyme, is coreglavith enhanced longevity in a temperature
dependent manner (Chavous et al, 2001). In mamstiadies on homologues of these genes, and
on other DNA repair enzyme have shown the coraatvith various pathological phenotype, but
hasn’t shown an unambiguous association with agimhlongevity (Pascucci et al, 2011).

At cellular level one example of defense mechanisnthe tumor suppressor gene p53 that
eliminates damaged cells through apoptosis orayelle arrest. In aged tissue p53 is less expressed
(Feng et al, 2007), causing the accumulation ofatrrts in individual cells during the life that may

promote cancer formation (Tyner et al, 2002).
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At systemic levels, the mechanism of defense frataraal pathogenic agents are immune response
and inflammation. And, in effect, association sésdhave shown how the genes that take part in
these two processes (TNF-IL-6, IL-1 cluster, and IL-10), may contribute tmiman longevity
(Franceschi et al, 2005).

Moreover, every day organisms are exposed to mgdsgophobic compound present in food and in
environment, that are often toxic. To cope withsthdydrophobic toxic substances two different
strategies are possible: one is to conjugate themyneatically with cofactors (glutathione,
glucuronate, or sulfat) making this substance nyrophilic and detoxified; the other strategy is
to recognize hydrophobic compounds as they passighrthe plasma membrane and to excrete
them directly out of the cells (Ueda, 2011). Dedemh the enzyme that carried out these important
functions are related to various diseases (Vasi20al; Polimanti et al, 2011; Ueda, 2011). In
particular, some of these genes (of GST familyjedrout to be associated also with aging markers
(telomeres shortening, respiratory function, hanig gtrength reduction, and cognitive decline)

(Starr et al, 2008).

1.3.4 Lipoprotein genesand longevity

The best-known example of a potential longevity egdras an important role in regulating
lipoproteins: apolipoprotein E (APOE) gene thatlso known to be related to susceptibility to age-
related diseases, as well as being a recognizéd faistor for coronary heart disease and
Alzheimer’s disease (Kolovou et al, 2004, 2002nc8i coronary heart disease and Alzheimer’s
disease are common in the elderly, increasing geassociation studies revealed that APOE is an
important genetic variable in regulation of humandevity (Christensen et al, 2006; Wilson et al,
1996; Rubinsztein and Easton, 1999; Smith, 2002has various isoforms, which are encoded by
different alleles 42, €3 ande4) and interact differently with specific lipopratereceptors that alter
circulating levels of cholesterols. As previouslgmioned,s4 allele results negatively associated

with longevity (Schachter et al, 1994). In contresbther candidate genes, cross-sectional studies
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of APOE allele frequency differences between ageugs have been remarkably consistent.
Although APOEe4 frequency varies considerably between populat@ngounger adults (about
25% among Finns, 17-20% among Danes and about ri®gaFrench, Italians and Japanese), in
all these populations the frequency among cent@msis about half these values (Christensen et al,
2006). At the contrary, APOE2 allele shows an increased frequency at older agesfferent

populations (Louhija et al, 1994; Blanché et aD20Frisoni et al, 2001; Seripa et al, 2006).

Between the other APO genes, polymorphic variantehalso been reported associated with
longevity in different populations (Pepe et al, 89®e Benedictis et al, 1997; Anisimov et al,
2001; Atzmon et al, 2006). An example is APOC3,gancomponent of very LDLs and a minor
component of HDL, that results associated with isatvliongevity in Ashkenazi Jewish. In
particular, APOC3 -641CC genotypes were more freguemong long-living individuals. In
addition this genotype results to be correlated algh a lower prevalence of hypertension and

greater insulin sensitivity (Atzmon et al, 2006).

PON1 gene codify for a paraoxonase, an enzymehtygiblyzes lipoperoxides and various toxic
metabolites (Draganov et al, 2005). PONL1 is syntkesin the liver and secreted into the blood,
where it is associated exclusively with high degndipoproteins (HDLs). For its role and its
localization it is considered to be a protectivetda against oxidative modification of LDL,
assuming a potential role in the prevention of dbiieerosclerotic process (Draganov et al, 2005).
Many studies have been conducted an associatiovebetPON1 variants and human longevity,
and because of the association individuated in qoopelations was not replicated in all studies, it
is possible that the effects observed are populatpecific (Rea et al, 2004; Lescai et al, 2009b;

Caliebe et al, 2010).
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1.3.5 Cadl cycleregulation and longevity

In the history of aging research, there has beemndia that the life-long sequence of age assarciate
events might be controlled by a sort of “clock.”iJ idea of “the aging clock” was first proposed by
Arthur Everitt in Australia in 1973 (Everitt et al973). However, only recent studies have
demonstrated that circadian clock proteins may rvolved in DNA repair and in regulating
accumulation of cellular ROS, thus making them gilale actors in the aging processes (Antoch et
al, 2010). In particular, the connection betweem@@nd circadian rhythm was provided by the
phenotypes of Bmall-deficient mice and Perl/2-d=aficmice, that show the pathological features
typical of aged mice (Kondratov et al, 2006; L2@05). Moreover, it has been demonstrated that
SIRT1, the master controllers of a regulatory syster aging, regulates the amplitude and the
duration of circadian gene expression through titeraction and the deacetylation of key circadian
clock regulators, such as BMAL1 (or ARNTL-aryl hgdarbon receptor nuclear translocator-like)
and PER2 (period homolog 2) (Asher et al, 2008;d%aka et al, 2008).

The importance of the molecular clock machinerglg® underlined by the fact that it is one of the
most powerful modifiers of metabolism (Green et24l08; Ramsey et al, 2007). An example is
provided by the homozygous Clock mutant mice tix&ilet the metabolic syndrome (Turek et al
2005).

All these findings suggest that a connection elettveen physiological rhythmicity, metabolism
and aging, and that SIRT1 might function at a @hnimnterface connecting these fundamental
biological events. A key molecule in this eventsyrha NAD (Imai, 2010) that from an hand have
been shown to directly modulate activity of ciraadiclock proteins (Eckel-Mahan and Sassone-

Corsi, 2009), and on the other hand is essenticgfieT activity.
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1.3.6 Telomerelength maintenance

Many studies have shown how the process of agimgitigated by the maintenance of telomeres
(chromosome ends, composed by TAGGG tandem repaats}his results in a life span extension.
Early evidence about the biological importance elormeres shortening was given by the
observation of telomere shortening in primary huroalts culture: when telomere erosion reaches a
critical point, cells cease to proliferate and ugdesenescence or apoptosis (Harley et al, 1990;

Allsopp et al, 1992; Wright and Shay, 1992; Count&©6).

Only recently, studies on peripheral white blootlsceave demonstrated the correlation with life-
span extension: in fact, although telomere lemgthversely correlated with increasing age (Njajou
et al, 2007; Kimura et al, 2008; Njajou et al, 2DQ®althy centenarians possessed significantly
longer telomeres than their unhealthy countergdesry et al, 2008). Studies on twins have given a
big support to this finding. In fact, analyses efeslish twins demonstrated that telomere length at
advanced age is a biomarker that predicts surbiegbnd the impact of early familial environment
and genetic factors (Bakaysa et al, 2007). By eshtin Danish population, the co-twin with the
shorter telomeres died first, suggesting that tel@niength is not only a biomarker of aging, but

also a determinant of lifespan (Kimura et al, 2007)

Thus, in the elderly it is possible to use telomierggth as a biomarker of disease risk (like as

cognitive decline) and progression as well as niityt@evore et al, 2011).

The mechanism of telomeres length regulation ispery and many proteins are involved in
telomere maintenance, including the telomerase tmip proliferating cells and other capping
proteins involved in protection of chromosome tenn{iCohen et al, 2007; Palm and de Lange

2008).
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In the last years experiments have provided solidlemce supporting a role for telomerase
activation in longevity: for example in mice an oexpression of telomerase reverse transcriptase
(TERT) in various tissues resulted in an extengibmaximum lifespan of up to 10% and a low
incidence of age-related diseases, although thisecha higher incidence of both induced and
spontaneous tumors, causing increased mortalithenfirst year of life (Gonzéalez-Suarez et al,
2001). These studies indicate that activation loinberase provides anti-aging activity in mammals.
In humans evidence demonstrate that telomere |dragheritability estimates ranging from 44 to
80% (Slagboom et al, 1994; Andrew et al, 2006). é¥oer, only a few studies have been conducted
about the correlation of telomerase genes and lotygedAn example is the work of Atzmon and
collegues that demonstated how a common telomeeasese transcriptase haplotype is associated
with longer telomeres in Ashkenazi centenarians #rer offspring, confirming that human

telomerase is involved in lifespan determinationlémgevity (Atzmon et al, 2010).
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Astract

The involvement of mitochondrial function in theirag process has been widely studied from
different standpoints. In this frame, many studlesve suggested that mitochondrial DNA
variability affects the quality of aging and longgv In particular, some specific groups of
haplotypes, (such as haplogroup J in Europe andA3ia) sharing mutations in the subunits of the
OXPHOS complex |, turned out to be more frequentémtenarians than in younger controls.
However, J haplogroup was also found to predispodeber Disease. In addition, new surveys in
a number of populations did not confirm the asdammabetween J haplogroup and longevity. In
order to reappraise the correlation between mtDidAability and longevity, we took advantage of
the large GEHA recruitment, which has carried out anprecedented collection 2200
ultranonagenarians and an equal number of youngarats across Europe. The samples, have
been categorized by high resolution haplogroupstii@ation, while about 1300 mtDNA molecules
from 650 nonagenarians and an equal number of aentiave been completely sequenced. The
large sample size and the extensive molecular seslgllowed to better clarify the correlation
between mtDNA mutations and longevity. In additibey allowed to highlight the importance of
the complete mtDNA sequences as it allows to etwaltize effects rare and repeated mutations

which are not fully appreciated when haplogroupsisiis carried out.

64



Introduction

The research on mitochondrial biology has demotestréghe central role played by the
mitochondrion in a number of complex traits, inchglageing and numerous degenerative diseases.
This is basically due to the crucial role of mitoaldrion in the energetic balance of the cell. kt,fa
mitochondria are the organelles where OxidativesBhorylation (OXPHOS) takes places, and this
implies that mitochondria have a central positi@ween energy uptake (that is food uptake and
metabolism) and energy production. As a consequehtas, mitochondria are also involved in a
number of crucial cellular processes such as heatluption, apoptosis regulation, cellular
differentiation, but especially in the productiondathe regulation of one of the most important
byproduct of the cellular metabolism: the Reacti»dgen Species (ROS) (Passarino et al. 2010;
Wallace 2010). Many studies have addressed theptalged by the variability of mitochondrial
DNA in modulating the individual variability in tlse processes and, consequently on the
susceptibility to the different phenotypes influeddy mitochondrial activity (Montiel-Sosa et al.
2006; Niemi et al. 2003; Santoro et al. 2006; Wal2005; van der Walt et al. 2003; Rose et al.
2002; Ross et al. 2001; Ruiz-Pesini et al. 2000;B@eedictis et al. 1999; Ilvanova and Lepage
1998; Brown et al. 1997). These studies have madelgn managed by taking advantage of the
haplogroup classification of mtDNA molecules, whit¢tas been carried out by population
geneticists, due to the non recombinant nature @WNA. This has allowed to find out that
haplogroup J, which is diffused over Europe andrNesst, might be beneficial to longevity, as it
has been found more frequently in centenarians tharelevant younger controls in northern
Italians (De Benedictis et al. 1999) in Irish (Ressal. 2001) and in Finns (Niemi et al. 2003). On
the other hand, the same haplogroup J has beed fole strongly associated with LHON (Leber's
Hereditary Optic Neuropathy), as it increases theetrance of some specific mutations which are
significantly less harmful when present in differdraplogroups Nlan et al. 2004; Brown et al.

1997; Torroni et al. 1997)it was then proposed that the mutations defirttigy J haplogroup
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(falling in the protein subunits of OXPHOS complgtower the OXPHOS activity, putting the cell
in a vulnerable situation where a further mutatisach as the LHON mutations) would be more
likely to be harmful. But, if the nuclear responst@mulated by the higher ROS production is
adequate, the low OXPHOS efficiency may become radgeous and lead to a lower presence of
ROS, and this would result in a more healthy agéiwse et al. 2001). In this case, then, the final
phenotype (Leber Neuropathy, normal lifespan omgésity) depends on the interaction among
MtDNA, nuclear genome and environment. Similarlige tAsian haplogroup D (which is
characterized by mutations affecting Complex | @sldgroup J), has been found overrepresented in
Japanese centenarians (Tanaka et al. 2000; Tamaka ¥98). However, different studies have
failed to find any association between mtDNA andgevity (Pinos et al, 2011; Dato et al, 2004),
suggesting that the possible effect of mtDNA ongkrity might be population specific, but also
that such effect might be very low and then a vermnerous sample is necessary in order to have
the necessary statistical power to observe suelcteff

In this study we present the results of a verydastudy, where more than 2200 subjects
older than 90 years, recruited in the frame of @HA project and coming from most of the
European populations, have been compared to aasimiimber of younger controls matched for
sex and geographic origins. In this study we alsesgnt data on complete sequencing of a
subgroup of GEHA samples (650 ultra nonagenariadsaacomparable number of controls, coming
from Denmark, Finland, southern Italy and Greetegted to find out if recurrent mutations may
influence longevity without being detected by hgptmp analysis or if different mutations

accumulate in some specific genes.

Materials and Methods
Sampling

Samples were collected in the frame of the GEHAeaesh project (2004-2010) in 11
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European Countries. Each Institution providing bleamples received the approval from its own
ethical committees and all the recruited subjectsided written informed consent for the use of
their phenotypic and genetic data in studies ondruageing $kytthe et al. 2011)

DNA was recovered from fresh blood by automated statdardized protocol in order to
guarantee quality and concentration uniformity agheamples. The GEHA Partner in charge of the
DNA extraction (KTL - Helsinki, Finland) provided 4g of genomic DNA for mtDNA variability
analysis.

A total of 4,239 samples were available for mitawthwal haplogroups classification and for
exploring the possible association between mtDN#erited sequence variation and longevity.

Samples were distributed among ultra nonagenaihs) and younger controls as in Table
1. The control group was comparable for sex andiatly to the 90+ group. The number of

available samples for each recruitment centregernted in Table 1S (Supplementary materials).

mMtDNA Sequence Variation Screening

From the 4,239 total samples, 1,292 (637 nonagemaand 655 controls) were selected for
complete sequencing in order to analyze the difie#e between Northern and Southern European
populations in the whole DNA molecule. In the remmag 2,947 samples (1,449 nonagenarians and
1,498 controls) the mtDNA subhaplogroup was deteechiin order to verify possible haplogroups
association with longevity and to compare haplogsodlistribution among different European
countries.

The complete sequencing was performed using twerdiit protocols previously compared
for results reliability by testing the same samphkedotal of 125 sequences (109 calabrians and 16
greeks) were produced using the MitoALL Resequeankin(Applera, Foster City, CA) introducing
four alternative primer pairs in order to improvieetamplification rate (Table 2S). Each
amplification step was followed by the purificationwith EXOSAPit (U.S.

Biochemical,Cleveland,Ohio). The sequencing reacttas conducted using the BigDye kit version
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3.1 (Applera) and M13 universal primers (forwardd aeverse), followed by purification of the
sequences by using ethanol precipitation. Eleceoggrams were analyzed with SeqScape version
2.5 software (Applera) which allows to assemblytlafl 46 fragments belonging to the sample and
to align and compare the obtained consensus segueitlc the revised Cambridge Reference
Sequence (rCRS, NCBI: NC_012920.1 gi:251831 106)d(Aaws et al. 1999). Sequences were
manually verified for phantom mutations by readdath strands, by two independent operators.

The remaining samples were sequenced in Beijingo@es Institute (BGI) as previously
described\(vang et al. 2008

The definition of mtDNA subhaplogroups in the remiag 2947 samples was conducted by
resequencing the D-loop region from nucleotide gpmsi(np) 16024 to np 576 followed by RFLP
analysis in specific coding region traits as praslyg described (Torroni et al. 1996).

For the haplogroups and subhaplogroups assignmentave followed the Phylotree
nomenclature (van Oven et al. 2009; www.phylotneg.oConsidering the number of samples to
classify we have developed a custom tree seardritdlgn that, coupled with a highly-efficient
SNP discovery pipeline, is able to find the hapbogr that better matches the sample mutational

motifs, starting from the raw sequence in FastAnfair (manuscript in preparation).

Statistical analysis

R statistical software was used for all statista@dlyses.

MtDNA subhaplogroups and relevant frequencies waratified by gender and were
compared between 90+ subjects and their ethnicadiiched controls using th@ with Pearson
correction or Fisher-exact test. The comparisofiezfuencies in 90+ cases and younger controls of
each mtDNA subhaplogroup has been computed by imgpBearson’'s Chi-squared test with Yates'
continuity correction. Tests for statistical sigréince were two-sided with = 0.05; we performed
also a logistic regression to generate odds ratR) (with their associated 95% confidence intervals

(CI), to assess odds of carrying each mtDNA haplogs in cases compared with controls.
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A non-metric MDS was performed separately on bodk Qubjects and controls. This

analysis was implemented in the Sammon functiddAS8S library of R program.

Results

Haplogroup analysis.

The different mtDNA haplogroups found in cases andtrols, with frequencies, standard errors
and relative references for the European populagom summarized in Table 2. Table 3a and 3b
report the summary of observed haplogroups for snaled females, which are also graphically
reported in Fig.1l. Statistically significant difearces were observed in males for haplogroups J2
(p=0.0214) and H1 (p=0.0427). More in details, thgher frequency of haplogroup J2 in male
controls is attributable to an increase in subelugfa (p=0.017), even though the same trend was
observed for J2b.

Fig. 2 reports a MDS for each group of cases amdfrals. The analysis shows a geographic pattern
with northern European countries quite separated fsouthern Europeans. Interestingly, we

observe that northern European cases are morerschttith respect to the relevant controls.

Sequence analysis

We first compared all complete sequences with éfierence sequence (rCRS). Then we counted
for each position the number of subjects mutateti vaspect to the reference. Fig 1S (a,b and ¢)
reports a summary of all the mutations (subdividggopulation), and it highlights the differences
between cases and controls. Tables 3S (A, B andefdrts in details the mutations with a

significant frequency difference between casescamtrols in each population.

We then focused on non synonymous mutations byuatiah the presence of such mutations in

genes belonging to the different mitochondrial cterpln supplementary Table 4S (A, B and C)
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we report the possible effect of each observed tmouata as estimated by PolyPhen

(http://genetics.bwh.harvard.edu/pph/).

When we considered the subunits of Complex | (N®&dnrd ND4L), all the three populations show
a significant difference between cases and cont®ig if in Danish and southern European
populations there is a higher frequency of non syn@us mutations in controls than in cases
(respectively p=0,01 in Danmark and p< 0,0001 intlsoEurope), in Finnish we observe the

opposite situation (p=0,005) (Fig. 3).

In complex 3 (Cyt b) Danish and Southern Europeapufation show a significant higher
frequency of mutations in controls than in casesO(@04 in Danmark and p=0,042 in South

Europe).

In complex 4 (COI-lll) all the populations show @lrer frequency of mutation in controls than in
cases (p<0,0001 in Denmark and p<0,0001 in Finlafdg difference is not significant only in

Southern European population, probably due todivesample size.

In complex 5 (ATPase 6 and 8) a different frequentymutations is present in the southern
European population (p=0,002) while in the otheo population the mutation frequency does not

differ between cases and controls.

We have then analyzed the difference of mutatiegquency between cases and controls gene by
gene. Within the subunits of complex |, Danish &wlth European populations show a higher
occurrence of mutations in controls than in casethé ND5 gene (p= 0,003 in Denmark p= 0,007
in South Europe). The Finnish population show adta significant higher frequency in controls
than in cases in ND6 gene (p=0,048) (Fig.4). Ascomplex IV, the genes belonging to this
complex show in all the populations a higher fraguyeof mutations in controls than in cases with a

significative difference for COI in Danish (p=0,8) and in Finnish (p=0,014) (Fig. 5). A
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different mutation frequency is present in southieunopean population for ATP6 gene (p= 0,002)

(Fig.6)

The analysis of the whole tRNA sequences showsgmifisant differences (data not shown). The
further analysis of each tRNA was carried out bgling the data of all the three populations due to
the small length of each tRNA. The most significalifferences were found for tRNA Leu
(p=0,035), tRNA Trp ( p<0,001), tRNA Arg (p=0,031LRNA Thr (p<0,001) and tRNA Pro

(p=0,002) (Fig. 7).

The analysis of rRNAs did not show any significdifiterences between cases and controls.

Table 4, shows the frequency in cases and contoblsputations which have been previously
reported to be associated to degenerative diselhigegnteresting to see that in most cases these

mutations are not absent in cases and in some aesesore frequent in cases than in controls.

Finally it is worth mentioning that synonymous ntigas did not highlight significant results,

taking into account the number of comparisons.

Discussion.

Previous analysis on the correlation between mdndhal DNA variability and longevity has
given interesting but contradictory results. Intfanutations linked to haplogroup J, mainly falling
in the subunits of the OXPHOS complex | seemed doabsociated to longevity in different
populations (De Benedictis et al. 1999; Ross et2801; Niemi et al. 2003), suggesting the
hypothesis that mutations in these proteins mayeto@XPHOS activity and consequently ROS
production contrasting the oxidative related agingcess. On the other hand, the same haplogroup
J turned out to be not associated with longevitptimer population (Pinos et al. 2011; Dato et al.

2004) and, what is more, it has been consisteotynd in different studies to be associated to a
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degenarative disease such as the LHON disease €éM&ln2004; Brown et al. 1997; Torroni et al.
1997). These further findings, suggested that |c¥PHOS, in some cases, either environmental
or genetic due to the occurrence of additional tata, may be detrimental.

The present study, by taking advantage of the lafgEHA sampling of European
ultranonagenarians with sex and age matched centraé tried to shed a light in this contradictory
scenario. The unprecedented number of samplesctmdleand analyzed makes these result very
relevant in the longevity and mtDNA world; furthesne the specific attention dedicated to the

recruitment process in order to avoid sampling [Easoved by Table 2.

The analysis of haplogroups has shown that haplpgréil and J2 are associated with longevity.
Interestingly, the association of haplogroup J2wshan opposite trend with respect to previous
studies (Dominguez-Garrido et al. 2009; Niemi eR8D3). In fact, J2 turned out to be less frequent
in cases than in controls.

This result is in line with the result obtained $gquence analysis. In fact, Complex I, the most
affected region from mutations characterizing hgpap J, turned out to have more mutations in
cases than in controls in Finns (in line with tlypdthesis that mutations in these subunits may be
beneficial for longevity), but it showed more mudgas in controls than in cases in Danish and in
Southern Europeans (in line with the opposite hypsis that mutations in the subunits of complex
| may be detrimental for longevity). The resulteftbstatistically significant, confirm the idea tha
the mutations which may modulate the efficiencyxamplex | do affect ageing, but they might be
beneficial or deleterious possibly due to extefaelors or to additional genetic factors.

Studies on LHON mutations, have shown that the fp@nee of these mutations is greatly increased
if mutations on complex Il occur together with sgooccurring in the subunits of complex | and
defining J haplogroups (Carelli et al. 2006). Intfave noticed that Danes and Southern Europeans
which show higher frequency of complex | mutatiamsontrols with respect to sibs also show a

higher frequency of complex Il mutations in comgravith respect to sibs. By contrast in Finns,
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where we observed higher frequency of complex lathoris in sibs with respect to controls, no
differences could be detected between sibs andatsrats to mutations in complex 11l subunits. We
then investigated if the different results obtaimedur different samples could be due to different
distribution of the simultaneous presence of mategiin subunits of complex | and Ill. As most of
the samples showed at least one mutation in botiplex | and IlI, for each sample we counted the
subjects where we observed two or more mutatiorisdarsubunits of both complex | and complex
lll. Table 6 reports the results obtained. Indeedoliserved that, when the controls are considered,
both Danes and southern Europeans show higherdneguof the simultaneous presence of two
mutations in complex | and lll than Finns (p=0,084d p=0,0008 respectively). This is not
observed in long lived subjects, due to the denpiucaselection of this feature.

We believe this result may be of great interest agght explain why J haplogroup is associated to
longevity in some area but not in others. In thpylations where J sub-haplogroups with additional
mutations in complex Ill are more frequent we mapezt to find no association between J and

longevity.

The analysis of complete sequences also showshdicat result that had never been highlighted
by haplogroup analysis. In fact, in the mtDNA sames encoding for the subunits of complex 4,
we observe a higher frequency of mutations inrodsthan in cases. This has been consistently
observed in all the populations we examined. Ttadyars of the most updated literature suggested
that only very rare haplotypes are characterizednioyations falling in Complex IV sequences
(H15, H1f, N22, U8b). This may explain why previoaisalyses were unable to spot a correlation
between the variability of Complex IV sequence bnjevity. This result, indicate that variability
of CO genes, especially COI, are detrimental foigkvity, possibly because they alter OXPHOS
by making it less efficient and raising OXPHOS proibn. In addition this result suggest that
complete sequencing may highlight some effects tiNA variability that cannot be captured by

DNA haplogroup classification.
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The complexity of the correlation between mtDNAigbility and longevity is also highlighted by
the analysis of the variability falling in tRNA saences, and also by the mutations that previous
studies have consistently shown to be associatéddeigenerative diseases. For instance the 4336
mutation, falling in the tRNA", has been found to be more frequent in AD patithr@s in controls

by a number of studies between 1993 and 2010 (&aatal. 2010; Brown et al. 1996; Hutchin et
al. 1995; Shoffner et al. 1993). We found this rtiatato be twice as frequent in controls than in
nonagenarians. Other supposed deleterious mutakiams been found to be quite frequent in
nonagenarians (Table 4). Similarly, mutations iIlNA&R which have been found to be largely
correlated with degenerative diseases have beeamna@usto frequently occur in nonagenarians and
for a number of tRNAs even more frequently thamantrols. In particular, it is of note the result
obtained for the tRNA', which has significantly more mutations in casemtin controls. In fact,
many mutations on this tRNA have been reportecetadsociated with a number of diseases (Table
5) (Scaglia and Wong 2008; Howell 1999

These results support the idea that certain mtDi#erited mutations could induce longevity or
disease according to the individual-specific gendickground as well as to stochastic events
(Rose et. al 2001). In this frame, it might be imiant to mention the studies on the import of tRNA
into mitochondria. Although for mammals this hasmeroved only for tRNA" (Rubio et al.
2008), it is possible that also other tRNA undeggsimilar phenomenon (Schneider 2011 and
references therein), and then mutations on tRNAdcbe beneficial or detrimental according to the
efficiency of the import process. The coincidengat tthe 4336 mutation, which has been largely
studied for predisposing to AD and which we fouwite as frequent in long lived than in controls,
falls in the one tRNA which has been proved toitmported into mammalian mitochondria is very

intriguing and suggests further studies.
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On the whole our study has allowed a reappraistietorrelation between mtDNA variability and
longevity. It has shown that complete sequencirdyaralysis of complete variability can highlight
correlations between mtDNA variability and a phepet (longevity) which escape haplogroup
analysis. In fact, complete sequence analysis alltawappreciate the effects of rare or repeated
mutations which are not accounted for in haplogranalysis. In addition we have better
highlighted the beneficial effects on longevity miitations in the subunits of OXPHOS complex |
and the detrimental effects of mutations in sulsuoftcomplex Ill (also in presence of mutations in
complex I) and IV. In addition we have highlightih@ positive effects of mutations in tRNA genes,
which had previously been found to be associated taimber of disorders. This suggests that
tRNA mutations can be either positive or negatigeoading to other factors, certainly including

nuclear genome response.
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Table 1. Sample distribution and general characteristidh® study participants.

Males (N =1,327) Females (N = 2,912)
90+ ) COMOIS 501 06)  Controls (%)
(%)
N 628 (47) 699 (53) 1,458 (50) 1,454 (50)
Mean Age 941425 61,7462 945+26 617+62
Agerange 89-103 43-79 88-107 49-83
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Table 2. mtDNA Haplogroups distribution in GEHA samples. Haplogrewand subhaplogroups
with frequencies higher than 1.5% are reported. BRHncludes Nl1la, N1b, N1c,N9a, A4, D5,

Cild, M1, L1b1l.
Controls (n=2153) 90+ (n=2086) Reference
sub- N % SE N % SE % Literature
haplogroups
HV* 1042 48.40 .0108 1052 50.43 .0109 50.4-54.1 Richards et al. 2000
HVO* 68 3.16 .0038 83 3.98 .0043
H* 924 4292 .0107 927 44.44 0109 44.5-48.2 Richards et al. 2000
H1 325 15.10 .0077 292 14.00 .0076 19.0 Brandstatter et al. 2006
H2 23 1.07 .0022 42 2.01 .0031 1.5 Brandstatter et al. 2006
H3 85 3.95 .0042 71 3.40 .0040 2.2 Brandstatter et al. 2006
H5 63 2.93 .0036 68 3.26 .0039 4.8 Brandstatter et al. 2006
H6 47 2.18 .0031 52 2.49 .0034 2.9 Brandstatter et al. 2006
I 44 2.04 .0030 46 2.21 .0032 1.6-2.7 Richards et al. 2000
J 210 9.75 .0064 183 8.50 .0060 8.3-10.4 Richards et al. 2000
Jl1 153 7.11 .0055 144 6.90 .0056
J2 57 2.65 .0035 39 1.87 .0030
K 161 7.48 .0057 137 3.98 .0054 4.9-6.6 Richards et al. 2000
K1 140 6.50 .0053 117 5.61 .0050
T 211 9.80 .0064 223 10.69 .0068 7.2-9.2 Richards et al. 2000
Tl 53 246 .0033 43 2.06 .0000
T2 152 7.06 .0055 174 8.34 .0061
U 313 1454 .0076 272 13.04 .0074 20.1-23.2 Richards et al. 2000
U2 39 1.81 .0029 38 1.82 .0029
U4 48 2.23 .0032 34 1.63 .0028
U5sa 109 5.06 .0047 90 4.31 .0044
USb 56 2.60 .0034 51 2.44 0034
W 39 1.81 .0029 51 244 0034 1.5-25 Richards et al. 2000
X 41 1.90 .0029 42 2.01 .0031 1.2-2.0 Richards et al. 2000
OTHER 92 5.53 .0049 80 5.08 .0048
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Table 3A. Haplogroups distribution in males. SE= StandardErSub-haplogroups
with frequencies lower than 1.5% were grouped. HMf¢ludes HVOa, OTHER
includes K, K2, T, RO, ROa, R1, R2, HV1, HV2, NMN,b, N1c,N9a, A4, D5, C1d, M1,
L1bl, with frequencies lower than 1.5%.

Males (N=1327)

Controls (N= 699) 90+ (N=628)

N % SE N % SE

HV* 347 49.6 .0189 318 50.6 .0200
HvVO* 24 3.4 .0069 24 3.8 .0077
H* 306 43.8 .0188 280 44.6 .0198
H1 108 155 .0137 75 119 .0129

H2 11 1.6 .0047 10 1.6 .0050

H3 16 2.3 .0057 18 29 .0067

H5 20 2.9 .0063 24 3.8 .0077

H6 16 2.3 .0057 19 3.0 .0068

I 13 19 .0051 7 1.1 .0042

J1 44 6.3 .0092 40 6.4 .0097
J2 22 3.1 .0066 6 1.0 .0039
K1 46 6.6 .0094 47 7.5 .0105
T1 11 1.6 .0047 11 1.8 .0052
T2 54 7.7 .0101 46 7.3 .0104
U 20 2.9 .0063 21 3.3 .0072
U2 13 1.9 .0051 12 1.9 .0055
U4 13 1.9 .0051 13 2.1 .0057
Uba 30 4.3 .0077 24 3.8 .0077
UShb 17 2.4 .0058 18 29 .0067
wW 16 2.3 .0057 13 2.1 .0057
X 19 2.7 .0062 18 29 .0067

OTHER 34 49 .0081 34 5.4  .0090
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Table 3B. Haplogroups distribution in females. SE=StandarbErSub-haplogroups
with frequencies lower than 1.5% were grouped. HMf¢ludes HVOa, OTHER
includes K, K2, T, RO, ROa, R1, R2, HV1, HV2, NMN,b, N1c,N9a, A4, D5, C1d, M1,
L1b1, with frequencies lower than 1.5%.

Females (N = 2912)

Controls (N= 1454) Cases (N= 1458)

N % SE N % SE
HV* 695 47.8 .0131 734 50.3 .0131
HvVO* 44 3.0 .0045 59 4.0 .0052

H* 618 425 .0130 647 444 .0130
H1 217 149 .0093 217 149 .0093

H2 12 0.8 .0024 32 2.2 .0038

H3 69 4.7 .0056 53 3.6 .0049

H5 43 3.0 .0044 44 3.0 .0045

H6 31 2.1 .0038 33 2.3 .0039
I 31 2.1 .0038 39 2.7 .0042
J1 109 7.5 .0069 104 7.1 .0067
J2 35 2.4 .0040 33 2.3 .0039
K1l 94 6.5 .0064 70 4.8 .0056
T1 42 29 .0044 32 2.2 .0038
T2 98 6.7 .0066 128 8.8 .0074
U 41 2.8 .0043 38 2.6 .0042
U2 26 1.8 .0035 26 1.8 .0035
U4 35 2.4 .0040 21 1.4 .0031
USa 79 54 .0059 66 4.5 .0054
U5b 39 2.7 .0042 33 2.3 .0039
wW 23 1.6 .0033 38 2.6 .0042
X 22 1.5 .0032 24 1.6 .0033

OTHER 85 5.8 .0062 72 4.9 .0057
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Table 4. mtDNA rare mutations associated to diseases amddis&iburion in cases
and controls.

Controls Cases
" mutation 0 0 . .
position type Yo N. %o region disease
VA Deafness MTRNR1
827 AIG 1 1,39 0 0,00 12 S DEAF
961 T/IC 1 0,19 5 0,99 12S Deafness
N Deafness MTRNRL1
1005 TIC 1 1,39 0 0,00 12 S DEAF
1438 A/G 499 95,95 469 92,66 12S Diabetes Mellitus
1555 AIG 0 0,00 3 0,60 12S Deafness
3196 GA 1 019 Y 0@ iEs L rAeimerd
Parkinson Disease
T/ Encephalomyopathy,
3308 TIC 1 1,39 0 0,00 ND1 MELAS
3460 GIT 0 0,00 1 0,20 ND1 LHON
3796 AlG 2 0,39 5 0,79 ND1 Dystonia
Maternaly Inherited
4295 AIG 9 1,73 4 0,79 TI Hypertrophic
Cardiomyopathy
Alzheimer &
4336 TIC 5 0,96 10 1,79 TQ Parkinson Disease
5460 G/A 32 501 30 536 ND2  A\Zheimeré&
Parkinson Disease
RNA Mitochondrial
5628  'T/C' 1 1,39 0 0,00 A Myopathy, CPEO
MTTA CPEO
Mitochondrial
5843 AIG 1 0,19 0 0,00 TY Myopathy
Cytopathy
6489 C/A 4 0,77 1 0,20 Cco1 Epilepsy
7444 GIA 4 0,77 4 G99 con  DFEICES SRSy
Neural Hearing Loss
808 AG 0 0,00 1 020 coi  Deafness-Sensory
Neural Hearing Loss
. tRNA MTTK
8302 AIG 0 0,00 1 1,39 K Encephalopathy
8993 TIC 1 0,19 0 0,00 ATP6 Leigh Syndrome
Encephalomyopathy
Gastrointestinal
10044 AIG 7 1,35 < 0,60 TG Reflux and Sudden
Infant Death
Syndrome
11084 AG 1 0,19 0 000 NDa Encephalomyopathy,

MELAS
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12026 AIG 0 0,00 1 0,20 ND4 Diabetes Mellitus

Maternally Inherited
Cardiomyopathy
Mitochondrial
Myopathy, CPEO
MM, Execise
Intolerance
Hypertrophic
Cardiomyopathy
Mitochondrial
Myopathy Lethal
15924 AIG 13 2,50 22 4,37 TT Infantile
Mitochondrial
Myopathy
Mitochondrial
Myopathy

12192 G/A 0 0,00 2 0,40 TH

12308 AIG 140 23,31 105 18,45 TL2
15497 G/A 2 0,39 1 0,20 CYTB

15498 G/A 0 0,00 2 0,40 CYTB

15940 T/- 1 0,19 1 0,20 T
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Table 5. mtDNA mutations in tRNAthr genes associated to aise

L ocation Disease Mutation
tRNA Thr DEAF helper mut. T15908C
tRNA Thr Encephalomyopathy G15915A
tRNA Thr Lethal Infantile Mitochondrial Myopathy A15923G
tRNA Thr Lethal Infantile Mitochondrial Myopathy A15924G
tRNA Thr Multiple Sclerosis/DEAF1555 increased penetranG15927A
tRNA Thr Multiple Sclerosis G15928A
tRNA Thr Dopaminergic nerve cell deat (PD) G15950A
tRNA Thr LHON modulator A15951G
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Table 6. Samples with almost 2 mutation in complex | and 11l

. n.
Population (n. total sample) sample %
Danmark controls (394) 150 38,07
Finland controls (125) 30 24,00
South Europe controls (72) 34 47,22
Danmark cases (377) 125 33,16
Finland cases (127) 42 33,07
South Europe cases (72) 22 30,56
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Table 1S: Distribution of cases and controls in each countr

Recruitment Country  No. 90+ No. younger
center controls
Belfast I\ll;)erltgrt]a(rjn 64 64
Louvain Belgium 80 88

Bologna Italy 213 214
Kiel Germany 94 96
Tampere Finland 153 145
Montpellier France 274 275
Newcastle UK 99 100
Odense Denmark 428 441
Leiden Netherlanc 162 167
Warsaw Poland 129 132
Roma Italy 75 75
Sassari Italy 47 52
Kiev Ukraina 49 49
Calabria Italy 125 152
Athens Greece 94 103
Total 2,086 2,153
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Table 2S: Modified primer pairs for the complete resequagdiM13 tag is not

reported).
Forward Reverse

Primer 41b 5-CTGCTTCTT CTC ACA 5- TAG GTA GGA GTA GCG
TGA-3 TG-3’

Primer 43b 5- ATC AAT TGG CTT CCT 5- GGC ATC CAT ATAGTC
AGG-3 ACT-3

Primer 44b 5-CCTTATCTG CTT CCT 5-GGG TGC TAT AGG GTA
AGT-3’ AAT -3

. 5-ATT TTG ACT ACC ACA 5-ATA TGT GTT GGA GAT
Primer 45b

ACT CA-3

TGA GA -3’
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Table 3S a. List of the mtDNA mutations with the most signifitadifferences between
cases and controls in Danes.

Position Region E:Nozntéé)dlf)s (l\?za?)??) OR P- value

73 Control-Region 232 182 0,652 0,003

150 Control-Region 36 18 0,499 0,020

195 Control-Region 79 52 0,638 0,021

263 Control-Region 5 16 3,448 0,017

389 Control-Region 5 15 3,223 0,025

524 Control-Region 12 3 0,255 0,036

930 rRNA 10 24 2,611 0,012
2706 rRNA 224 187 0,747 0,044
3480 ND1 35 19 0,544 0,039
4580 ND2 10 22 2,380 0,026
4769 ND2 14 26 2,010 0,040
7768 CO2 12 3 0,255 0,036
8860 ATP6 5 15 3,223 0,025
10550 ND4L 34 18 0,531 0,035
11299 ND4 33 18 0,549 0,047
11467 ND4 87 55 0,603 0,008
11719 ND4 211 167 0,690 0,010
12308 tRNA 86 59 0,664 0,029
12372 ND5 87 59 0,655 0,023
14167 ND6 35 19 0,544 0,039
14766 CYB 210 160 0,646 0,003
14798 CYB 75 47 0,606 0,013
15326 CYB 6 16 2,866 0,030
15904 tRNA 10 23 2,495 0,018
16224 Control-Region 34 18 0,531 0,035

16304 Control-Region 20 36 1,974 0,019
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Table 3Sb. List of the mtDNA mutations with the most signifidadifferences between
cases and controls in Finns.

Position Region C(:IS ntlrz%l)s (’\Cll 'aizse;) OR P-value

72 Control-Region 15 3 0,178 0,007
185 Control-Region 1 8 8,305 0,048
462 Control-Region 1 7 7,207 0,067
524 Control-Region 2 10 5,247 0,035
1888 rRNA 8 4,128 0,077
4580 ND2 14 4 0,258 0,020
5936 CO1 7 1 0,134 0,062
6776 CO1 11 3 0,251 0,037
8697 ATP6 2 8 4,128 0,077
8705 ATP6 10 2 0,184 0,031
11251 ND4 7 16 2,429 0,060
12705 ND5 8 16 2,107 0,100
12811 ND5 9 3 0,312 0,086
13708 ND5 5 12 2,503 0,094
14182 ND6 9 18 2,128 0,079
14793 CYB 14 4 0,258 0,020
15452 CYB 7 17 2,604 0,041
15884 CYB 6 1 0,158 0,090
15904 tRNA 15 4 0,239 0,013
16189 Control-Region 19 34 2,039 0,026
16192 Control-Region 15 6 0,364 0,043
16193 Control-Region 3 9 3,099 0,096
16256 Control-Region 14 4 0,258 0,020
16298 Control-Region 16 4 0,222 0,009
16526 Control-Region 7 1 0,134 0,062
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Table 3Sc. List of the mtDNA mutations with the most significadifferences between
cases and controls in Southern European Population.

Position Region C(oNth;g)ls ((IilaSYezs) OR P-value
73 Control-Region 43 34 0,604 0,134
1811 rRNA 12 5 0,374 0,079
2706 rRNA 49 37 0,496 0,043
7028 Cco1 48 36 0,500 0,044
11719 ND4 43 31 0,510 0,047
14766 CYB 44 32 0,509 0,046
15607 CYB 8 3 0,348 0,131
16189 Control-Region 11 19 1,987 0,104
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Table 4S a. PolyPhen prediction of functional effect of the eh&®d mtDNA mutations
in Danish.

Position | Mutation Cont Cases Amln_o aqd Substitution Prediction data
rols substitution effect
ND1
Improper .
SubStitEtiOF; in the PHAT matrix
3335 TIC' 1 1 I-T element
transmembrane . )
X difference: -1
region
3337 'GIA' 0 2 V-M benign
3338 TIC 1 1 V-A benign
Improper .
SubStitEtiOF; in the PHAT matrix
3350 T/C' 0 4 I-T element
transmembrane . )
X difference: -1
region
3355 '‘A/G' 3 1 M-V benign
ossibl PSIC score
3388 '‘CIA 0 1 L-M d%ma i%’ difference:
ging 1.515
3394 TIC 11 4 Y-H benign
3398 TIC' 0 2 M-T benign
3434 '‘AIG' 1 0 Y-C benign
3460 'GIT' 0 1 A-S benign
3487 'CIA' 0 1 L-M benign
3496 'GIA' 1 1 A-T benign
3505 '‘AIG' 4 6 T-A benign
3511 '‘AIG' 0 1 T-A benign
3565 '‘AIG' 0 1 T-A benign
3613 'CIA' 1 0 L-M benign
subgt]iqtﬂi%%eirn the PHAT matrix
3616 TIG 1 0 F-v element
transmembrane . .
; difference: -1
region
3617 TIG' 1 0 F-C benign
3626 'CIT 0 1 A-V benign
3644 TIC' 0 2 V-A benign
3745 'G/A 0 3 A-T benign
sub;ri]tﬁi%%eirn the PHAT matrix
3746 'CIT 1 0 A-L element
transmembrane . .
X difference: -1
region
3760 TIG' 1 0 S-A benign
3796 '‘A/G' 0 3 T-A benign
sub;ri]tﬁi%%eirn the PHAT matrix
3803 TIC' 0 1 I-T element
transmembrane . )
X difference: -1
region
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PSIC score

3890 'GIT' 1 0 R-L d%orﬁzlgbilr)]lg difference:
1.847
3892 ‘AT 1 0 T-S benign
3991 '‘AIG' 0 1 T-A benign
3992 'CIT 12 9 T-M benign
4024 '‘AIG' 7 4 T-A benign
4025 'CIT 0 1 T-M benign
4029 'CIA 0 1 [-M benign
4216 T/IC 97 87 Y-H benign
subgt]iqtﬂi%pneirn the PHAT matrix
4232 TIC 2 0 I-T transmembrane ' eIemenF
region difference: -1
4246 ‘AIC 0 1 I-L benign
ND2
4491 '‘GIA 4 1 V- benign
VA f sub;ri]tﬁi%%eirn the PHAT matrix
4543 A/G 1 0 H-R transmembrane i eIemenF
region ifference: -4
4544 'CIG' 1 0 H-Q benign
4561 TIC 3 4 V-A benign
4629 'GIA' 0 1 E-K probably zi?fgesnc:gg
damaging 2 243
subgt]iqtﬂi%pneirn the PHAT matrix
4639 TIC 1 2 I-T transmembrane ' element
region difference: -1
4640 'CIA 1 1 [-M benign
4732 '‘AIG’ 5 2 N-S benign
4763 'CIA 1 1 [-M benign
4767 '‘AIG' 1 0 M-V benign
4824 '‘AIG' 5 1 T-A benign
4917 '‘AIG' 37 46 N-D benign
4920 'G/IA' 1 0 V-M benign
4924 '‘G/IC 0 1 S-N benign
4924 'G/IA' 5 1 S-T benign
4960 'CIT' 1 0 A-V benign
5046 'G/IA' 4 6 V- benign
subgt]iqtﬂi%pneirn the PHAT matrix
5095 TIC 1 1 I-T transmembrane ' eIemenF
region difference: -1
5262 'GIA 1 0 A-T benign
5263 'CIT' 2 1 A-V benign
5277 TIC 4 1 F-L benign

100




5290 '‘AlG' 1 0 N-S benign
sub;rtrilﬂr[i%eleirn the PHAT matrix
5302 T/C' 1 0 I-T element
transmembrane . )
; difference: -1
region
5307 '‘AlG' 1 0 T-A benign
5310 '‘AIG' 0 1 -V benign
5319 '‘AIG' 1 1 T-S benign
5322 '‘AIC! 1 1 I-L benign
5367 '‘AIG' 1 0 T-A benign
5427 '‘AIG' 1 0 T-A benign
5437 'CIT 0 1 T-I benign
5440 'CIT 1 0 P-L benign
5460 'G/IA 20 18 A-T benign
Cco1
5913 'GIA' 7 4 D-M benign
probably PSIC score
5935 ‘AT 1 0 N-I| damaain difference:
9ing 3.231
robabl PSIC score
5936 'C/A 20 10 N-K dpama ir? difference:
9ing 2556
6019 'CIG' 1 0 A-G benign
6024 'CIA 1 0 L-M benign
sub:ls;ri]tﬂr[?o?]eirn the PHAT matrix
6025 T/IA' 1 0 L-Q element
transmembrane . )
; difference: -3
region
6027 'G/A 1 0 G-S benign
6040 '‘AIG' 0 2 N-S benign
6253 TIC' 1 5 M-T benign
6261 'G/IA' 2 3 A-T benign
6345 TIC' 0 1 F-L benign
6366 'G/IA' 1 0 V- benign
6436 '‘A/C 2 0 Q-P benign
PSIC score
difference:
Disruption of 1.099
6439 '‘AIC 1 0 Y-S ligand binding ligand name:
site THR
distance: 2.846
A
PSIC score
difference:
Hydrophobicity n%).:rgse; d
6445 'CIA 3 0 T-K change at buried S
Site accessibility:
0.00
hydrophobicity
change: 3.57
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PSIC score

difference:
Hydrophobicity n?)'rgrgg d
6445 'CIT 2 1 T-M change at buried N
Site accessibility:
0.00
hydrophobicity
change: 1.02
sub;rtrilﬂr[i%eleirn the PHAT matrix
6447 'C/IT 6 0 P-S element
transmembrane . )
; difference: -3
region
sub;rtrilﬂr[i%eleirn the PHAT matrix
6448 'CIA 7 1 P-H element
transmembrane . )
; difference: -6
region
6465 'G/IA 0 5 V- benign
6489 'C/IA 4 1 L-l benign
6546 'CIT 1 1 L-F benign
6762 '‘G/IC 1 0 V-L benign
6909 '‘G/C! 1 0 A-P benign
6915 'GIA' 2 0 V-M benign
6996 '‘AlG' 1 0 -V benign
robabl PSIC score
7021 TIG' 0 1 V-G g)ama ir%l difference:
ging 2.839
7023 'G/A 0 1 V-M benign
ossibl PHAT matrix
7024 TIG' 1 0 V-G drfama ir>1/ element
ging difference: -2
7041 'G/A 0 1 V-l benign
7059 '‘G/IC 0 1 V-L benign
7060 TIC 3 0 V-A benign
7063 TIA 2 2 F-Y benign
7063 TIG' 0 1 F-C benign
7101 TIC' 1 0 F-L benign
7119 'G/A 1 1 D-N benign
7149 '‘AIG' 0 1 -V benign
PSIC score
difference:
Hydrophobicity n%rYrrllg d
7245 'A/G' 1 0 T-A change at buried inility:
Site accessibility:
0.00
hydrophobicity
change: 1.08
7269 'GIA' 1 V-M benign
7270 TIC' 1 1 V-A benign
7299 '‘AIG' 1 M-V benign
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7372 TIC' 1 0 M-T benign
7419 'GIT 1 0 E-Ter
7419 '‘G/C! 3 0 E-Q benign
7420 ‘AT 1 0 E-V benign
7444 'G/A 3 3 Ter-K
CO2
7598 'G/IA' 2 0 A-T benign
7604 'G/A 3 0 V-M benign
7694 'C/IA 1 0 L-M benign
7724 '‘AlG' 0 1 T-A benign
7754 'GIA' 1 0 D-N benign
7763 'GIT 0 1 E-Ter
7775 'G/A 1 0 V-l benign
7805 'GIA' 2 1 V- benign
7853 'GIA' 0 2 V- benign
7941 '‘AIG' 2 0 N-S benign
7979 'G/A 1 0 D-N benign
8022 TIC' 1 0 I-T benign
8108 '‘AIG' 0 1 -V benign
8256 TIC' 0 2 V-A benign
ATPS8
8388 TIC' 1 1 V-A benign
sub;ri]tﬂr[?o?leirn the PHAT matrix
8393 'C/IT 2 1 P-S element
transmembrane . )
; difference: -3
region
8417 'CIG' 0 1 L-V benign
8432 '‘A/C 0 1 I-L benign
8448 TIC' 6 4 M-T benign
8462 TIC 0 1 Y-H benign
robabl PSIC score
8472 'CIT 1 0 P-L gama ir%l difference:
ging 2.434
ossibl PSIC score
8483 ‘AG' 0 1 K-E d";ma i%’ difference:
ging 1.735
8492 '‘AIG' 1 1 K-E benign
8504 TIC' 1 0 Y-H benign
8519 'G/A 1 1 E-K benign
robabl PSIC score
8535 ‘AT 0 1 K-M gama ir%l difference:
ging 2.191
probably PSIC score
8558 'C/IT 3 3 P-S X difference:
damaging 2 506
ossibl PSIC score
8567 TIC' 2 2 S-p dp Y difference:
amaging 1.924
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8572 'GIC' | 3 1 Ter-Y
ATP6
. PSIC score
8535 AIT 0 1 E-D d%oni:bilr)ll difference:
ging 1.594
8545 G/A 0 1 A-T benign
8557 G/A 8 3 A-T benign
8558 CIT 3 3 A-V benign
sub;rtrilﬁr[?oeleirn the PHAT matrix
8567 T/C 2 2 I-T element
transmembrane . )
. difference: -1
region
8572 G/A 1 2 G-S benign
8572 G/C 3 1 G-A benign
sub;ri]tﬂr[ﬁ)%eirn the PHAT matrix
8573 'G/IA 2 2 G-D element
transmembrane . )
; difference: -2
region
8584 'GIA' 1 0 A-T benign
8602 T/C' 0 4 F-L benign
8604 TIA' 0 1 F-L benign
8616 'GIT' 0 4 L-F benign
8618 TIC' 0 2 I-T benign
8648 '‘G/C! 0 1 R-P benign
8684 'CIT 0 1 T-I benign
ossibl PSIC score
8696 TIC' 0 1 M-T d";ma i%’ difference:
ging 1.594
8701 '‘AIG' 1 1 T-A benign
8705 TIC' 5 2 M-T benign
8752 '‘AIG' 1 0 -V benign
sub;rtrilﬁr[?oeleirn the PHAT matrix
8762 T/C' 0 1 I-T element
transmembrane . )
. difference: -1
region
8765 'CIT 1 1 A-V benign
8794 'C/IT 5 1 H-Y benign
8839 'G/IA' 2 0 A-T benign
Improper .
LT PHAT matrix
8843 TIC 0 2 T St‘rgfgt;t('aor:b':‘a;hee element
: difference: -1
region
8857 'G/IA' 1 0 G-S benign
8860 '‘AlG' 5 15 T-A benign
8869 '‘AIG' 1 2 M-V benign
8870 TIC' 1 0 M-T benign
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8881 TIG' 0 1 S-A benign
8887 '‘AIG' 1 1 -V benign
8902 'G/IA' 1 0 A-T benign
8944 '‘AIG' 0 1 M-V benign
8950 'G/IA 0 1 V- benign
sub;ri]tﬂr[?o?]eirn the PHAT matrix
8993 T/C 1 0 L-P element
transmembrane . )
; difference: -5
region
ossibl PSIC score
9007 'AIG' 0 1 T-A dr;ma i%’ difference:
ging 1.501
9038 T/C' 1 1 M-T benign
9052 '‘AIG' 1 0 S-G benign
9053 'G/IA 3 0 S-N benign
9055 'GIA' 34 19 A-T benign
9070 TIG' 1 0 S-A benign
9073 '‘AIG' 1 0 T-A benign
sub;rtrilﬁr[?oeleirn the PHAT matrix
9098 TIC' 1 2 I-T transmembrane element
; difference: -1
region
sub;rtrilﬁr[?oeleirn the PHAT matrix
9098 TIG 0 2 I-S transmembrane element
; difference: -2
region
sub;rtrilﬁr[?oeleirn the PHAT matrix
9116 TIC' 0 1 I-T element
transmembrane . )
; difference: -1
region
9145 'G/A 1 3 A-T benign
9151 '‘AIG' 1 0 -V benign
9181 '‘AIG' 2 0 S-G benign
robabl PSIC score
9196 'GIA 1 0 D-M g’ama ir}’ difference:
9ing 2.148
COo3
9210 '‘AIG' 0 2 T-A benign
9300 'G/A 0 1 A-T benign
9325 T/C' 0 1 M-T benign
9438 'G/IA' 0 1 G-S benign
sub;rtrilﬁr[?oeleirn the PHAT matrix
9469 'CIT' 0 2 T-l element
transmembrane . )
; difference: -1
region
9477 'G/A 35 22 V-1 benign
9500 'CIG' 0 1 F-L benign
9591 'GIA' 1 0 V- benign
9592 T/C' 1 0 V-A benign
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9612 'GIA 1 0 V-M benign
9664 'AIG' 0 3 E-G benign
9667 '‘A/G' 4 4 N-S benign
9670 'AIG' 2 0 N-S benign
9682 TIC' 1 0 M-T benign
sub;rtrilﬂr[i%eleirn the PHAT matrix
9741 T/C' 1 0 S-P element
transmembrane . )
; difference: -3
region
9756 TIG' 0 1 S-A benign
robabl PSIC score
9783 TIA' 1 1 Y-N gama ir}’ difference:
ging 3.213
robabl PSIC score
9784 '‘A/C 1 1 Y-S dpama ir? difference:
ging 3.174
PSIC score
9790 'CIT' 4 4 S-L g;%b;ti)lg/ difference:
ging 2.277
9804 'G/IA 2 2 A-T benign
9843 '‘AIG' 1 0 T-A benign
9857 'CIG' 1 0 I-M benign
9866 'CIG' 0 2 I-M benign
robabl PSIC score
0887 TIC' 0 2 F-S g’ama ir}’ difference:
9ing 2.951
PSIC score
Disruption of dlfflefrgéce:
9912 G/C 0 1 E-Q Ilgan(iit)emdmg ligand name: ZN
distance: 2.102
A
PSIC score
difference:
Disruption of 2.402
9913 '‘AIC! 0 1 E-A ligand binding ligand name:
site ZN
distance: 2.102
A
ossibl PSIC score
9915 'GIT 0 2 A-T drf';\ma ir>1/ difference:
ging 1.960
9921 'G/IA' 1 2 A-T benign
9948 'G/IA 1 1 V- benign
9966 'G/IA 2 2 V- benign
ND3
sub:lsrtrilﬂr[?oeleirn the PHAT matrix
10084 T/C 1 1 I-T element
transmembrane . )
; difference: -1
region
10111 TIA' 0 2 M-K Improper PHAT matrix
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substitution in the

element

transmembrane| difference: -6
region
10116 '‘AIG' 0 1 -V benign
10188 '‘AIG' 0 1 M-V benign
ossibl PSIC score
10192 'CIT' 6 11 SF d'[;ma ir{ difference:
ging 1.534
sub;rtrilﬂr[i%eleirn the PHAT matrix
10243 T/C' 1 0 F-S element
transmembrane . )
: difference: -2
region
sub:lsrtrilﬂr[?oeleirn the PHAT matrix
10336 T/C' 1 1 L-S element
transmembrane . )
; difference: -2
region
10370 TIG 1 0 Y-Ter
10398 '‘AlG' 92 67 T-A benign
10399 'CIG' 1 0 T-S benign
NDA4L
10506 '‘AIG' 2 1 T-A benign
10554 TIG' 0 1 S-A benign
10555 'CIG' 0 1 S-C benign
10609 T/C 1 0 M-T benign
10750 '‘AlG' 3 2 N-S benign
ND4
10799 'CIG' 0 1 L-V benign
10863 'GIA 1 0 S-N benign
10877 'CIG' 0 1 L-V benign
10877 'CIA 2 3 L-M benign
sub;rtrilﬂr[i%eleirn the PHAT matrix
10878 T/IC 2 0 L-P element
transmembrane . )
; difference: -5
region
Improper PHAT matrix
10878 TIG 0 1 L-R substitution in the element
transmembrane| difference: -6
region
10907 T/C' 1 0 F-L benign
10919 'cIT 0 1 P-S benign
10920 'cIT 0 2 P-L benign
10922 '‘A/IC' 0 1 T-P benign
ossibl PSIC score
10922 '‘AIG' 0 1 T-A drf';\ma ir>1/ difference:
ging 1.604
10923 'cIT 0 1 T-l benign
Improper PHAT matrix
10997 '‘A/C' 0 1 S-R substitution in the element
transmembrane| difference: -6
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region

11016 'G/IA 2 2 S-N benign
11025 T/C 1 0 L-P benign
11031 'GIA 0 1 R-Q benign
PSIC score
11037 'A/C 0 1 K-T dp;%b;k?lr?/ difference:
ging 2.047
ossibl PSIC score
11038 'A/C 0 1 K-N dr;ma i%’ difference:
ging 1.822
11039 'CIT 0 1 L-F benign
possibly PSIC score
11040 T/IC' 0 1 L-P . difference:
damaging 1646
11084 '‘AlG' 0 T-A benign
11150 '‘G/IA' 0 1 A-T benign
11204 T/C' 0 1 F-L benign
sub;rtrilﬁr[?oeleirn the PHAT matrix
11253 T/IC' 5 3 I-T element
transmembrane . )
: difference: -1
region
robabl PSIC score
11498 'A/C’ 1 0 T-P (fama ir}’ difference:
ging 2.007
11501 'CIT 1 0 L-F benign
11615 '‘A/IC 1 0 I-L benign
sub;rtrilﬁr[?oeleirn the PHAT matrix
11619 'C/IA 1 0 A-E element
transmembrane . )
; difference: -5
region
11696 '‘G/IA' 0 1 V- benign
12020 'cIT 1 1 H-Y benign
12021 '‘A/IC 1 0 H-P benign
12032 '‘AIG' 0 1 N-D benign
12037 ‘AT 1 0 M-I benign
robabl PSIC score
12054 'G/C' 1 0 R-P gama ir%l difference:
ging 2.992
probably PSIC score
12056 'G/A' 1 0 E-K X difference:
damaging 2194
12063 'cIT 0 1 T-Y benign
ND5
12337 '‘AlG' 1 0 M-V benign
12341 'cIT 0 2 T-l benign
12346 'CcIT 3 0 H-Y benign
12358 '‘AIG' 2 3 T-A benign
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12397 '‘AlG' 1 3 T-A benign
12406 'G/IA' 1 1 V- benign
12454 '‘G/IA' 0 2 V- benign
12491 'CcIT 0 1 T-M benign
sub;rtrilﬁr[?oeleirn the PHAT matrix
12509 '‘AIG' 0 1 D-G element
transmembrane . )
: difference: -2
region
12557 'CIT 1 4 T-l benign
12599 T/IC 1 0 M-T benign
12634 '‘AIG' 3 0 -V benign
12674 '‘AlG' 0 1 N-S benign
12684 'G/C! 1 0 Q-H benign
12730 '‘G/IA' 1 0 V- benign
12775 'G/IA 3 0 V-M benign
sub;rtrilﬁr[?oeleirn the PHAT matrix
12776 TIA 0 1 V-E element
transmembrane . )
: difference: -5
region
12811 T/IC' 1 0 Y-H benign
12903 TIA' 0 1 F-L benign
12907 'CIA 0 1 L-M benign
12927 'CIA 0 1 D-E benign
12937 '‘AIG' 1 3 M-V benign
13063 'G/IA 0 1 V-1 benign
sub;ri]tﬂr[?o?leirn the PHAT matrix
13094 TIG' 0 1 V-G element
transmembrane . )
; difference: -2
region
13102 'G/IA' 1 G-Ter
13105 '‘A/IC 1 I-L benign
13105 '‘AIG' 3 -V benign
robabl PSIC score
13129 'C/IA 1 0 P-T dpama ir? difference:
ging 2.626
13135 'G/IA 3 0 A-T benign
13145 '‘G/IA' 4 6 S-N benign
13204 'G/IA 1 0 V-1 benign
13327 '‘AIG' 0 1 T-A benign
13528 '‘AIG' 1 1 T-A benign
sub;ri]tﬂﬁ)o?]eirn the PHAT matrix
13564 T/IC 0 1 S-P element
transmembrane . )
; difference: -3
region
Improper PHAT matrix
13565 'CIT 1 1 S-F substitution in the element
transmembrane| difference: -2
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region

sub;mﬂr[ic;eleirn the PHAT matrix
13581 T/IC' 2 1 A-R element
transmembrane . )
; difference: -6
region
13630 '‘AIG' 2 0 T-A benign
13637 '‘AIG' 8 2 Q-R benign
13681 '‘AlG' 0 1 T-A benign
13708 '‘G/IA' 68 47 A-T benign
13711 'G/IA 1 0 A-T benign
13729 'G/IA 0 1 G-Ter
13759 '‘G/IA' 8 6 A-T benign
13780 '‘AIG' 6 9 -V benign
Improper .
SUbStitll)JtiOF?’l in the PHAT matrix
13784 'CIT 1 0 P-L element
transmembrane . )
; difference: -5
region
13879 T/C 9 4 S-P benign
13928 'G/C! 3 1 S-T benign
13933 '‘AIG' 1 2 T-A benign
13934 'cIT 7 4 T-M benign
ossibl PSIC score
13948 'CIT' 1 1 P-S d'[;ma ir{ difference:
ging 1.571
13958 'G/C! 1 0 G-A benign
13966 '‘AlG' 10 7 T-A benign
13967 'cIT 6 2 T-M benign
14002 '‘AlG' 3 1 T-A benign
14071 '‘AlG' 1 0 T-A benign
ND6
14163 'cIT 1 0 A-S benign
Improper .
SUbStitll)JtiOF?’l in the PHAT matrix
14180 T/IC 1 1 Y-C element
transmembrane . )
; difference: -1
region
14198 'G/IA 0 1 T-M benign
sub;rtrilﬁr[?oeleirn the PHAT matrix
14221 T/IC' 1 0 W-P transmembrane element
; difference: -6
region
14249 '‘G/IA' 0 2 A-V benign
14258 'GIA 0 1 P-L benign
14318 T/C 1 0 N-S benign
14319 T/IC 0 1 N-D benign
14325 T/C 1 1 N-D benign
14405 '‘AlG' 2 1 V-A benign
14502 T/IC 2 3 -V benign
14552 '‘AIG' 1 0 V-A benign
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14562 'CIT' 0 1 V-I| benign
14570 'cIT 1 0 S-N benign
14582 '‘AIG' 8 4 V-A benign
14625 'CIA 1 0 V-L benign
14640 ‘AT 1 0 L-M benign
14646 'CIG' 1 0 V-L benign
Cytb
14748 TIG' 0 1 M-Ter
, PSIC score
14750 '‘A/IC 0 1 T-P d%onizlbilr{ difference:
ging 1.946
14751 'CIA 0 1 T-N benign
PSIC score
difference:
Disruption of 2.448
14759 'CIA 2 3 R-S ligand binding ligand name:
site CDL
distance: 2.681
A
PSIC score
difference:
Disruption of 2.311
14760 '‘G/IA' 0 1 R-H ligand binding ligand name:
site CDL
distance: 2.681
A
14762 '‘AIG' 3 4 K-E benign
14763 '‘AIG' 1 2 K-Ter benign
14766 'cIT 210 160 T-I benign
14793 ‘AIG' 24 20 H-R benign
14798 TIC' 75 47 F-L benign
14819 T/C 0 1 T-K benign
14831 ‘GIA 0 1 A-T benign
sub;ri]tﬂr[?o?leirn the PHAT matrix
14871 TIC' 0 1 I-T element
transmembrane . )
; difference: -1
region
14954 ‘AIG' 1 0 T-A benign
. PSIC score
14963 'G/C! 1 0 V-L d%onizlbilr{ difference:
ging 1.720
15014 TIC' 0 1 F-L benign
15047 '‘G/IA' 1 0 G-S benign
15110 ‘GIA 1 1 A-T benign
15159 T/C 0 2 M-T benign
15164 T/C 0 1 F-L benign
15218 ‘AIG' 17 16 T-A benign
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15257 '‘G/IA' 17 10 D-N benign
15287 T/C' 2 0 F-L benign
15314 '‘G/IA' 0 1 A-T benign
15315 'CIT' 0 1 A-V benign
15326 '‘AIG' 6 16 T-A benign
15381 'cIT 0 1 T-l benign
15449 T/C' 1 0 F-L benign
'”.‘pr.ope.r PHAT matrix
15450 TIC! 1 0 F.g | Substitwtioninthe =g 000
transmembrane . )
region difference: -2
15452 'CIA 97 86 L-I benign
15479 T/C' 0 2 F-L benign
15497 '‘G/IA' 2 1 G-S benign
15498 'GIA' 0 2 G-D possibly <F;|>i?flecresr::gg-e
damaging 1695
15542 'cIT 1 0 P-S benign
15608 'CIG' 1 0 L-V benign
'”.‘pr.ope.r PHAT matrix
15609 TIG" 2 0 LR | Substituioninthe == oy
transmembrane . )
region difference: -6
15617 'G/A' 0 1 V-l benign
15618 T/C' 1 0 V-A benign
15672 T/C' 1 0 M-T benign
15693 T/C 9 6 M-T benign
o probably P_SIC score
15701 CIT 0 1 P-S damaging difference:
2.731
15719 T/C' 0 1 Y-H benign
15758 '‘AIG' 3 3 -V benign
15773 'G/A' 1 1 V-M benign
15804 T/C' 3 1 V-A benign
15812 'G/IA' 3 5 V-M benign
15813 T/C 3 1 V-A benign
15884 'G/C' 4 6 A-P benign
15884 '‘G/IA' 9 7 A-P benign
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Table4S b. PolyPhen prediction of functional effect of the ebh&d mtDNA mutations
in Finland.

. . Amino acid Substitution Prediction
Position | Mutation | Controls | Cases substitution effect data
ND1
3394 T/IC 1 2 Y-H benign
o i possibly PSIC score:
3398 T/C 1 0 M-T damaging 2231
3434 '‘AIG' 0 2 Y-C benign
3505 '‘AIG' 5 9 T-A benign
3547 'A/IC' 1 0 -V benign
3644 T/C 1 0 V-A benign
3736 'G/IA' 1 0 V- benign
3796 '‘AlG' 2 1 T-A benign
3992 'cIT 3 3 T-M benign
4024 '‘AlG' 3 3 T-A benign
4093 '‘AIG' 0 1 T-A benign
4216 T/C 10 16 Y-H benign
functional
effect,
functional site,
transmembrane PHAT matrix
4243 '‘A/IC 1 0 S-R Improper element
substitution in | difference: -6
the
transmembrane
region
ND2
4491 'G/IA 0 1 V- benign
4561 T/C 1 1 V-A benign
Improper
substitution in | PHAT matrix
4639 T/C 6 2 I-T the element
transmembrane difference: -1
region
4659 'G/IA' 0 1 A-T benign
4732 '‘AIG' 1 2 N-S benign
4812 'G/C! 1 0 V-L benign
4917 '‘AIG' 2 7 N-D benign
5046 'GIA 5 8 V- benign
Improper
substitution in | PHAT matrix
5074 T/C' 0 1 I-T the element
transmembrane difference: -1
region
ossibl PSIC score
5145 'AIC! 1 0 T-R dp y difference:
amaging 1816
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5178 'C/IA' 0 1 L-M benign
5194 'cIT 1 1 P-L benign
5206 'C/IG' 0 1 S-C benign
5263 'cIT 6 2 A-V benign
5301 '‘AIG' 0 1 -V benign
5319 '‘AIG' 1 0 T-S benign
5319 ‘AT 0 1 T-A benign
5460 'G/IA 6 9 A-T benign
Improper
substitution in | PHAT matrix
5485 TIG' 1 0 I-S the element
transmembrane difference: -2
region
Cco1
PSIC score
5935 ‘AT 3 0 N-I| g;(r)nb;biy difference:
ging 3.231
probably PSIC score
5936 'C/A 7 1 N-K ! difference:
damaging 2 556
robabl PSIC score
6066 'AIC’ 1 0 N-H (fama ir}’ difference:
ging 2.331
6261 'G/IA' 0 1 A-T benign
6267 'GIA 1 0 A-T benign
6426 'G/IA' 1 0 A-T benign
6467 'cIT 0 1 P-S benign
6480 'GIA 1 1 V- benign
6855 'G/IA' 1 0 V- benign
possibly PHAT matrix
7024 TIG' 1 0 V-G . element
damaging difference: -2
7080 T/C 1 0 F-L benign
Improper
substitution in | PHAT matrix
7309 T/C 3 4 I-T the element
transmembrane difference: -1
region
7389 T/C 0 1 Y-H benign
7444 'G/IA 1 1 Ter-K
CO2
7685 '‘AlG' 0 1 -V benign
2.2.3: PSIC score
functional ; _
difference:
effect,
functional site . 2.934
7761 ‘AT 1 0 Q-L . . 1. ' ligand name:
ligand binding PEK
!D|srupt|'on.of distance: 2.52(
ligand binding A
site
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7805 'G/A' V- benign
7853 '‘G/IA' V- benign
probably PSIC score
8126 C/A Q-K damaging difference:
2.440
ATP8
Improper
substitution in | PHAT matrix
8393 'CIT P-S the element
transmembrane difference: -3
region
8417 'CIG' L-V benign
Improper
substitution in | PHAT matrix
8418 TIG' L-R the element
transmembrane difference: -6
region
8426 T/C F-L benign
8448 T/C M-T benign
probably P_SIC score
8532 'C/IA' T-K damaging difference:
2.171
possibly PSIC score
8534 '‘AIG' K-E damaging difference:
1.741
8535 ‘AlG' K-Ter X
8537 AIG -V benign
probably PSIC score
8559 'C/IT P-L damaging difference:
2.956
probably P_SIC score
8564 'CIA Q-K damaging difference:
2.029
PSIC score
8565 '‘A/C Q-P gg?nb;biy difference:
ging 2.421
8572 'G/C' Ter-Y X
ATP6 X
8532 C/A N-K benign
8533 G/IC E-Q benign
possibly PSIC score
8534 AIG E-G damaging difference:
1.893
8537 AlG N-S benign
Improper
substitution in | PHAT matrix
8563 A/IC T-P the element
transmembrane difference: -4
region
8564 C/A T-K Imp_roper _ PHAT matrix
substitution in element
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the difference: -6
transmembrane
region
Improper
substitution in | PHAT matrix
8572 G/IC 3 0 G-R the element
transmembrane difference: -5
region
8616 'G/C! 1 0 L-F benign
8616 'GIT' 1 1 L-F benign
8651 T/IC' 0 1 L-P benign
8659 '‘AIG' 0 2 T-A benign
8684 'CIT' 1 0 Tl benign
8701 '‘AIG' 0 1 T-A benign
8705 T/IC' 10 2 M-T benign
8723 'GIA 0 5 R-Q benign
8764 'G/IA' 0 1 A-T benign
8765 'CIT' 0 1 A-V benign
8812 '‘AIG' 0 4 T-A benign
8833 ‘GIA 0 1 A-T benign
8842 '‘AIG' 1 0 -V benign
Improper
substitution in | PHAT matrix
8843 T/IC 0 1 I-T the element
transmembrane difference: -1
region
8860 '‘AIG' 0 2 T-A benign
8869 '‘AIG' 6 2 M-V benign
8887 '‘AIG' 0 2 -V benign
8902 'G/IA' 0 1 A-T benign
probably PSIC score
8923 '‘AIG' 1 3 T-A damacain difference:
ging 2.259
9053 'G/IA' 1 2 S-N benign
9055 'GIA 12 7 A-T benign
9058 '‘AIG' 1 0 T-A benign
9088 T/IC' 1 0 S-P benign
CcOo3
PSIC score
difference:
Disruption of 1.699
9214 '‘AIG' 0 1 H-R ligand binding | ligand name:
site CD
distance: 2.18(
A
9300 'G/IA' 0 1 A-T benign
9391 'CIT' 2 1 T-M benign
9477 'G/IA' 24 23 V- benign
9478 TIC' 0 1 V-A benign
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9480 T/C 1 0 F-L benign
9500 'CIG' 0 2 F-L benign
9612 'G/IA 2 2 V-M benign
9667 '‘AIG' 5 4 N-S benign
Improper
substitution in | PHAT matrix
9736 '‘A/C 0 1 Q-P the element
transmembrane difference: -3
region
9738 'G/A' 4 0 A-T benign
9777 'G/IA' 0 1 G-S benign
probably PSIC score
9783 TIA' 2 0 Y-N damaging difference:
3.213
probably PSIC score
9784 'A/C' 2 0 Y-S damaging difference:
3.174
probably PSIC score
9790 'C/IT 3 0 S-L damaging difference:
2.277
9804 'G/IA' 0 1 A-T benign
Improper
substitution in | PHAT matrix
9825 'C/IG' 0 1 H-D the element
transmembrane difference: -1
region
Improper
substitution in | PHAT matrix
9856 TIG' 2 0 I-S the element
transmembrane difference: -2
region
9857 'CIG' 2 0 I-M benign
9895 '‘A/C' 1 0 K-T benign
possibly P_SIC score
9903 T/IC 3 2 F-L damaging difference:
1.625
Improper
substitution in | PHAT matrix
9921 'G/C' 0 1 A-P the element
transmembrane difference: -3
region
ND3
10068 'GIT' 0 1 A-S benign
Improper
substitution in | PHAT matrix
10084 T/C' 2 0 I-T the element
transmembrane difference: -1
region
10086 '‘AIG' 2 2 N-D benign
Improper PHAT matrix
10111 TIA' 0 4 M-K substitution in element
the difference: -6
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transmembrane

region
Improper
substitution in | PHAT matrix
10237 T/C' 2 1 I-T the element
transmembrane difference: -1
region
10307 'CIT 0 1 N-K benign
10398 '‘AIG' 15 17 T-A benign
NDA4L
10644 'G/IA' 1 0 V-M benign
10654 'CIT 1 1 A-V benign
ND4
probably P_SIC score
10805 TIG' 0 1 W-G damaging difference:
3.844
10877 'CIG 1 0 L-V benign
10922 ‘AT 1 0 T-S benign
Improper
substitution in | PHAT matrix
11099 'G/A 0 1 E-K the element
transmembrane difference: -4
region
probably P_SIC score
11126 'G/A 0 1 E-K damaging difference:
2.194
Improper
substitution in | PHAT matrix
11253 T/C' 0 3 I-T the element
transmembrane difference: -1
region
Improper
substitution in | PHAT matrix
11436 'C/IA 0 1 A-D the element
transmembrane difference: -5
region
Improper
substitution in | PHAT matrix
11589 T/C' 1 0 L-P the element
transmembrane difference: -5
region
probably P_SIC score
11592 'G/C' 1 0 R-P damaging difference:
2.908
12017 '‘A/C' 1 0 T-P benign
12026 '‘AIG' 0 1 -V benign
possibly PSIC score
12135 'C/IA 0 1 S-Y damaging difference:
1.985
ND5
12358 '‘AIG' 0 1 T-A benign
12397 '‘AIG' 0 1 T-A benign
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12406 'G/IA' 2 0 V- benign
12557 'CIT 0 1 T-l benign
12580 'CIG' 1 0 L-V benign
12613 'G/IA' 2 2 A-T benign
Improper
substitution in | PHAT matrix
12613 'G/IC 1 0 A-P the element
transmembrane difference: -3
region
12622 'G/A' 1 0 V-I| benign
12739 '‘AIG' 1 0 N-D benign
12803 ‘GIC 0 1 S-T benign
12811 TIC' 9 3 Y-H benign
12814 'G/IA' 0 1 A-T benign
Improper
substitution in | PHAT matrix
12893 TIG' 1 0 L-w the element
transmembrane difference: -3
region
12928 'CIG' 1 0 P-A benign
13105 '‘AIG' 1 0 -V benign
13105 ‘AIC 3 1 I-L benign
13135 'G/IA' 0 1 A-T benign
13144 '‘AIC! 0 1 S-R benign
13145 'G/IA' 3 1 S-N benign
13637 '‘AIG' 1 2 Q-R benign
13651 '‘AIG' 1 0 T-A benign
13681 '‘AIG' 0 1 T-A benign
13708 'G/IA' 5 12 A-T benign
13759 'G/IA' 1 3 A-T benign
13762 TIG' 1 1 S-A benign
13780 '‘AIG' 1 3 -V benign
13928 '‘G/IC 4 0 S-T benign
13933 '‘AIG' 0 1 T-A benign
13934 'CIT 0 3 T-M benign
13953 TIG' 1 0 Y-Ter
13966 '‘AIG' 2 3 T-A benign
13967 'CIT 1 1 T-M benign
14062 '‘AIG' 4 0 -V benign
ND6
Improper
substitution in | PHAT matrix
14180 TIC 1 1 Y-C the element
transmembrane difference: -1
region
14233 '‘AIG' 2 6 D-E benign
14325 TIC 1 0 N-Y benign
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14550 T/C' 2 0 -V benign
14577 TIG' 0 1 I-L benign
14582 '‘AIG' 3 3 V-A benign
Cytb
PSIC score
difference:
Disruption of 2.448
14759 'C/IA 1 0 R-S ligand binding | ligand name:
site CDL
distance: 2.681
A
PSIC score
difference:
Disruption of 2.311
14760 'G/IA' 1 1 R-H ligand binding | ligand name:
site CDL
distance: 2.681
A
14762 '‘AIG' 1 3 K-E benign
14763 '‘A/G' 0 1 K-Ter
14766 'CIT 55 65 T-l benign
14775 T/C' 0 1 L-P benign
14793 '‘AIG’ 14 4 H-R benign
14798 T/C' 11 13 F-L benign
probably PSIC score
14817 'CIT' 1 0 P-L damaging difference:
3.181
probably P_SIC score
14828 T/C' 0 1 S-P damaging difference:
2.233
15077 'G/IA' 0 1 E-K benign
Improper
substitution in | PHAT matrix
15213 T/C' 1 0 I-T the element
transmembrane difference: -1
region
15218 '‘AIG' 6 3 T-A benign
15257 'G/IA' 5 3 D-N benign
15314 'G/IA' 1 0 A-T benign
15326 '‘AIG' 0 3 T-A benign
15452 'CIA' 7 17 L-I benign
Improper
substitution in | PHAT matrix
15459 'CIT 0 1 S-F the element
transmembrane difference: -2
region
15693 TIC' 0 1 M-T benign
15758 '‘AIG' 0 2 -V benign
15773 'G/IA' 1 0 V-M benign
15812 'G/IA' 2 0 V-M benign
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Improper

substitution in | PHAT matrix
15831 TIG' I-S the element
transmembrane difference: -2
region
Improper
substitution in | PHAT matrix
15852 T/IC I-T the element
transmembrane difference: -1
region
15884 '‘G/IC' A-P benign
15884 'G/A' A-T benign
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Table 4S c. PolyPhen prediction of functional effect of the ebv&d mtDNA mutations
in South Europe

Position Mutatio | Control Cases Amino acid Substitution Prediction
n S substitution effect data
ND1
PSIC score
3308 TIC' 1 0 M-T gg?nb;biy difference:
ging 2.775
Improper
substitution in PHAT matrix
3335 TIC' 0 2 I-T the element
transmembrane| difference: -1
region
ossibl PSIC score
3388 'C/IA 0 1 L-M dl?ama ir)1/ difference:
ging 1.515
3505 '‘AIG' 2 0 T-A benign
3547 '‘AlG' 1 0 -V benign
3796 '‘AIG' 0 1 T-A benign
3992 'CIT 1 1 T-M benign
4021 ‘AT 0 1 T-S benign
4024 '‘AIG' 0 1 T-A benign
4136 '‘AIG' 0 1 Y-C benign
4216 TIC' 17 11 Y-H benign
4243 '‘AIG' 1 0 S-G benign
ND2
4491 'G/IA' 0 1 V- benign
4561 T/C' 2 0 V-A benign
4596 'G/IA' 1 0 V- benign
Improper
substitution in PHAT matrix
4639 TIC' 2 0 I-T the element
transmembrane| difference: -1
region
4640 'C/A 1 0 I-M benign
4732 '‘AIG' 0 1 N-S benign
4917 '‘AIG' 8 4 N-D benign
4924 'G/IA' 1 0 S-N benign
Improper
substitution in PHAT matrix
4936 'CIT' 1 0 T-l the element
transmembrane| difference: -1
region
4960 'CIT' 1 1 A-V benign
5046 'G/IA' 3 0 V- benign
5263 'CIT' 2 1 A-V benign
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Co1

probably P_SIC score
6054 'GIT' 0 1 D-Y damaging difference:
2.239
6340 'CIT 0 1 T-l benign
6366 'G/A 1 1 V- benign
6423 'CIG' 1 0 P-A benign
7146 '‘AIG' 1 0 T-A benign
7270 T/C' 1 0 V-A benign
7299 '‘AIG' 1 0 M-V benign
7389 TIC' 1 0 Y-H benign
CO2
7598 'GIA 0 A-T benign
7650 'CIT 1 T-l benign
Improper
substitution in PHAT matrix
7680 T/C' 0 1 F-S the element
transmembrane| difference: -2
region
7941 '‘AlG' 1 0 N-S benign
7958 'CIT 0 1 P-S benign
7979 'G/A' 0 1 D-N benign
PSIC score
difference:
Contact with 2.636
8058 ‘AlG' 0 1 D-G functional site, | functional site:
indirect effect HIS 161B
distance: 2.624
A
possibly P_SIC score
8261 '‘AlG' 1 0 T-A damaging difference:
1.559
ATPS8
Improper
substitution in | PHAT matrix
8393 'CIT' 1 1 P-S the element
transmembrane| difference: -3
region
8426 TIC 1 0 F-L benign
8472 | 'CIT' 1 1 P-L probably Z’?flecresr:::ge
- x i :
damaging 2 434
8496 TIC' 0 1 M-T benign
8519 'GIA 1 0 E-K benign
ATP6
8572 'GIA 1 0 G-S benign
Improper
substitution in | PHAT matrix
8578 'CIT 1 0 P-S the element
transmembrane| difference: -3
region
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8642 '‘AIG' 1 0 N-S benign
8653 '‘AIG' 1 0 -V benign
8684 'CIT' 1 0 Tl benign
8701 '‘AIG' 4 2 T-A benign
8711 '‘AIG' 0 1 N-S benign
8836 '‘AIG' 1 1 M-V benign
8857 'G/IA' 1 0 G-S benign
8860 '‘AIG' 0 0 T-A benign
8869 '‘AIG' 2 0 M-V benign
8887 '‘AIG' 1 0 -V benign
Improper
substitution in | PHAT matrix
8939 TIC' 0 1 I-T the element
transmembrane| difference: -1
region
8950 'G/A' 1 0 V-l benign
Improper
substitution in | PHAT matrix
9041 '‘AIG' 1 0 H-R the element
transmembrane| difference: -4
region
9055 'G/IA' 4 4 A-T benign
9070 TIG' 2 0 S-A benign
9196 'GIA 2 0 D-N benign
Co3
9300 'G/IA' 2 1 A-T benign
9336 '‘AIG' 1 0 M-V benign
9477 'G/IA' 3 2 V- benign
9531 '‘AIG' 1 0 T-A benign
9756 TIG' 4 0 S-A benign
9804 'G/IA' 0 1 A-T benign
9840 TIA' 0 1 S-T benign
9921 'G/IA' 0 1 A-T benign
ND3
10086 '‘AIG' 0 1 N-D benign
10112 ‘AT 0 1 M-I benign
Improper
substitution in | PHAT matrix
10336 T/IC 1 0 L-S the element
transmembrane| difference: -2
region
10398 '‘AIG' 18 13 T-A benign
NDA4L
10506 '‘AIG' 1 1 T-A benign
10609 T/C' 1 0 M-T benign
10680 'G/IA' 1 0 A-T benign
.~ Improper PHAT matrix
10687 TG 0 1 V-G subs’ﬁtut?on in element
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the difference: -2
transmembrane
region
ND4
10784 '‘AIG' 0 1 -V benign
10907 T/C 2 0 F-L benign
10922 '‘AIG' 1 2 T-A benign
11016 'GIA 0 2 S-N benign
11069 '‘A/IG' 1 0 -V benign
11204 T/C 0 1 F-L benign
Improper
substitution in | PHAT matrix
11253 TIC 1 0 I-T the element
transmembrane| difference: -1
region
11447 'GIA 0 1 V-M benign
11582 '‘AIG' 0 1 -V benign
robabl PSIC score
11752 'CIG' 2 0 N-K c?ama iril difference:
ging 2.650
11936 'CIG' 1 0 L-V benign
12017 '‘AIG' 1 0 T-A benign
12084 'cIT 0 1 S-F benign
ossibl PSIC score
12135 'CIA’ 1 0 S-Y d%ma ir)1l difference:
ging 1.985
ND5
12376 TIG' 1 0 S-A benign
12403 'cIT 2 1 L-F benign
Improper
substitution in | PHAT matrix
12490 '‘AIG' 1 0 T-C the element
transmembrane| difference: -1
region
12557 ‘CIT 0 1 Tl benign
12562 'CIG' 4 1 L-V benign
12634 '‘AIG' 2 1 -V benign
12663 'C/IA' 1 0 N-K benign
12841 '‘AIG' 1 0 -V benign
probably PSIC score
12923 ‘GIT 1 0 W-L : difference:
damaging 2 733
12950 '‘AIC 2 1 N-T benign
13105 '‘AIG' 1 0 -V benign
13135 '‘GIA 3 0 A-T benign
13145 'G/IA' 2 0 S-N benign
13350 '‘AIC 0 1 M-I benign
13351 'CIA' 1 0 L-M benign
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PSIC score

13525 'G/IA' 1 0 E-K c?z;?nb;biy difference:
ging 2.143
13630 '‘AIG' 0 1 T-A benign
13708 'G/IA' 9 7 A-T benign
13711 'G/IA' 0 1 A-T benign
13768 T/C 1 0 F-L benign
13780 '‘AIG' 1 1 -V benign
13789 T/C 1 0 Y-H benign
13834 '‘AIG' 0 1 T-A benign
13880 'CIA 1 0 S-Y benign
13934 'CIT' 2 1 T-M benign
13942 '‘AIG' 1 0 T-A benign
13943 'CIT' 0 1 T-M benign
13966 '‘AIG' 3 6 T-A benign
ND6
14178 T/C 1 0 -V benign
Improper
substitution in | PHAT matrix
14180 TIG' 0 1 Y-S the element
transmembrane| difference: -2
region
Improper
substitution in | PHAT matrix
14180 T/C 1 0 Y-C the element
transmembrane| difference: -1
region
14258 'G/IA' 1 0 P-L benign
14394 'CIT 0 1 V-M benign
14552 '‘AIG' 0 1 V-A benign
14582 '‘AIG' 0 1 V-A benign
14634 TIC' 1 0 M-V benign
14655 'GIT 0 1 L-M benign
Cyt B
14750 '‘AIG' 2 0 T-A benign
14766 'cIT 44 32 T-l benign
14769 '‘AIG' 1 0 N-S benign
14793 '‘AIG' 2 1 H-R benign
14798 T/C 9 6 F-L benign
14831 'G/IA' 0 2 A-T benign
Improper
substitution in | PHAT matrix
14856 T/IC 1 0 L-P the element
transmembrane| difference: -5
region
14870 '‘AIG' 0 1 -V benign
14927 '‘AIG' 1 1 T-A benign
14979 T/C 0 1 1T Improper . PHAT matrix
substitution in element
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the difference: -1
transmembrane
region
15218 '‘AIG' 1 1 T-A benign
15257 'G/IA' 1 3 D-N benign
15326 '‘AIG' 1 1 T-A benign
15452 'C/IA 15 11 L-I benign
Improper
substitution in | PHAT matrix
15456 TIG' 0 1 L-R the element
transmembrane| difference: -6
region
15467 '‘AIG' 0 1 T-A benign
. PSIC score
15506 'G/A 1 0 D-N dpaorizlgbigg difference:
1.968
15519 T/C' 0 1 L-P benign
Improper
substitution in | PHAT matrix
15657 T/C 1 0 I-T the element
transmembrane| difference: -1
region
15693 TIC' 3 1 M-T benign
15734 'G/A 1 1 A-T benign
15789 'cIT 1 0 Q-H benign
15812 'G/IA' 0 1 V-M benign
15884 'G/IA' 0 2 A-P benign
15884 'G/C' 2 0 A-T benign
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Figure 1S Differences in the frequency ofeach observecmtDNA mutations,
represented as negative logaritm of t-value,between cases and contrin Denmark
(A), Finland (B); South Europe (. The red circle represetite significative thresholc
(-logp 0.05).
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Abstract

The interaction between mitochondrial DNA varialgind nuclear variability is one of
the main issues in the research on mitochondra@bgy. In this frame, the effect of the
interaction between mtDNA variability and the varlay of nuclear genes on longevity
has been widely studied. We availed of a largeursaent project, the GEHA project,
to analyze the interaction between mitochondrialfiDMriability and APOE. The large
sample size and the distribution of samples adies&uropean countries, allowed us to
highlight the interaction between mitochondrial DN#aplogroup U and APOE4
allele, but also the interaction between this falleombination” and the environmental

conditions.
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Introduction

The research on healthy aging and longevity, wischnormously increased in
the last decade, has demonstrated the central plalged by the variability of
mitochondrial DNA (Passarino et al. 2010; Castralet2009; Santoro et al. 2006; Rose
et al 2002; Tanaka 1998) and by the variabilityA&IOE (Drenos and Kirkwood 2010;
Ang et al. 2008; Christensen et al. 2006; Smith2200 determining individual aging
phenotype and individual chance to attain longewtsny reports have also suggested
that these complex phenotypes are influenced byirteraction between different
genetic factors. In particular, the interactionvm#n mitochondrial DNA variability and
nuclear variability has been highlighted as cruaiatietermining the efficiency of the
interaction between the two genomes and then thaesicy of a number of process
(such as OXPHOS, metabolism, apoptosis and mamytwhich are essential for the
cell life and in particular for preserving the cetbm the age related decline (Tranah et
al. 2011). In this frame, the interaction betweeROE and mitochondrial DNA
variability has been reported to influence the vidiial chance to be affected by
Alzheimer Disease, one the major age related deseesrrelated to the decline of the
nervous system. In fact, mtDNA haplogroup U wasorggal to neutralize the effect of
APOE allelee4, which are widely known as risk factor for AD (@ari et al. 2001).
The relative low frequency of these two variant® @ and mtDNA haplogroup U) has
made difficult to follow up on this observation aridr instance, to highlight the effect
of this interaction on longevity as it would haeguired very large samples.

In this study we present the results of a verydastudy, where mitochondrial
DNA and APOE variability have been studied in mtiv@n 1950 subjects older than 90
years, recruited in the frame of the GEHA projentl coming from most of the

European populations, and compared to a similarbeurof younger controls matched
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for sex and geographic origins (1985 nonagenarems 2036 controls). This has
allowed to extensively reconsider the interacti@iween these two systems and the
interaction between their variability, environmemtd genetic background of different
populations. In fact, both mitochondrial DNA vaiilitly and APOE variability, which
are differently distributed in different populat®rand in particular across European
populations, have been reported to have been shlpeghvironmental conditions
(Finch 2010; Kivisild et al. 2006; Singh et al 20@3son et al. 2004; Ruiz-Pesini et al.
2004; Mishmar et al. 2003; Moilanen and Majamaa32@ann et al. 1984; Gerdes et

al 2003; Lucotte et al 1997).

Materials and Methods
Sampling

Samples were collected in the frame of the GEHA&aash project (2004-2010)
in 11 European Countries. Each Institution prowdiblood samples received the
approval from its own ethical committees and al tbcruited subjects provided written
informed consent for the use of their phenotypid genetic data in studies on human
ageing (Skytthe et al. 2011).

DNA was recovered from fresh blood by automatedsiaddardized protocol in
order to guarantee quality and concentration umitgr among samples. The GEHA
Partner in charge of the DNA extraction (KTL - Helg, Finland) provided 4 pg of

genomic DNA for mtDNA variability analysis.

DNA analysis

The definition of mtDNA subhaplogroups was conddchy resequencing the
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D-loop region from nucleotide position (np) 16024 ip 576 followed by RFLP
analysis in specific coding region traits as preasly described (Raule et al Ms.
Submitted, see chapter 2 of this thesis).

APO E variability was assessed by PCR amplificateord RFLP digestion

according to standardized protocol (Carrieri e2@0D1).

Results

Table 1. reports the distribution of APOE alleleseach population. Table 2 reports the

distribution of mtDNA haplogroups in the differgmpulations.

Fig. 1 shows the significance of the different wlgttion of APOE alleleg4 in

nonagenarians and controls in each populatiors @lhows to figure out the effect of
this allele on the chance to attain longevity iffedlent populations. No significant
differences between nonagenarians and controls wareerved for mMtDNA

haplogroups.

Fig.2 shows the influence of haplogroup U on thgnificance of the different
distribution of APOE allele4 in nonagenarians and controls. In fact it comgpai@
each population, the OR of the differences betweenagenarians and controls
observed in subjects with U and non U mtDNA molesulinterestingly, in almost all
cases the negative effect of AP@E is diminished by the presence of haplogroup U.

The only exceptions were in Denmark, Germany anthkd.

In Fig. 3 we summarized the information given irg.Bi by pooling together the
population where the presence of U decreased thatine effect of APC:4 and the

populations where this was not observed. We see itideed the presence of
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haplogroup U cancels the negative effect of AP&Ein most of the European

populations we sampled. This is not observed indaGermans and Finns.

Discussion.

In the last decades many evidences accumulatechvghiow that a number of common
polymorphisms affect longevity and age related phyres. Each polymorphisms has
shown to exerts a little or even a very little effen these phenotypes and this makes
difficult to study such effect as it requires véig samples. The picture gets even more
complicated by the fact that most of the polymaospis exert population specific effects
and by the interactions between polymorphisms ocwat different loci. It becomes
then necessary that observed associations, aieatepl in very large samples, possibly
comparing different populations (De Benedictis &rdnceschi 2006; Salvioli et al.
2006). In this constext, the GEHA sample, which baen recruited in the framework
of a European project gathering labs from moshefEuropean countries, represents an
unprecedented resource. In fact it includes 15 &smipom different European areas
and gathers more than 2200 ultranonagenarian pibsaind an equal number of
geographic matched younger controls. In the prestrty we took advantage of such
sample in order to test the described interactetwvben mtDNA variability and APOE
variability, with haplogroup U which was reporteal lie protective with respect to the
AD risk allele APOEz4 (Carrieri et al. 2001).

Our results show that indeed in most of the Europgapulations APOE4 is an
important “risk” allele for survival to 90 years @Grover, but for the carriers of
haplogroup U allele AP®4 is a neutral allele. On the other hand this olzgem does

not holds up if we consider German, Danish and iBinpopulations. In fact, within
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these populations, APOE4 is a risk allele for both U carriers and for theneral
population. It might be worth noticing in this framthat the results does not change if
we considers the different Haplogroup U subgrouyssead of the whole haplogroup.
The results are even more striking if we consitlat Germans, Danes and Finns are the
populations where both APOE and haplogroup U areerfrequent than elsewhere. If
the high frequency of haplogroup U is thought todbe to genetic drift (Soares et al.
2010; Achilli et al. 2005; Torroni et al. 2001) ethigh frequency of AP®4 has been
reported to be likely due to the advantage thisl@almay give in environments with
poor day light (Huebbe et al. 2011). This might gegj that APOEe4 is part of
complex pathways meant to play a crucial role agtrrvival of Nordic populations and
that this does not allow the supposed effect ofdgapup U molecules to interfere.

On the whole, although our results do not allowniderstand the molecular basis of the
interaction between mtDNA variability and APOE \arility, they confirm that there is

a positive interaction between APQ@E and haplogroup U, as previously suggested. In
addition they show that this interaction is popolatspecific and that it does not occur
in some of the populations with the highest freqyeof APOEe4 and which have been
reported to have an advantage from the high frequenf this allele due to the

advantage it gives in environments with poor dgtli

These results suggest that the demographic smlemticurring after the age of 65 years
is influenced by the combination of the differeffieles at different loci and by their
interaction with the environment. It might be igtring to compare this to the classical
“fitness landscapes metaphore” introduced by S Wrigp explain the interaction
between genes and environment to explain natuledtsan: “allelic combinations” hold

different positions in the “fithess landscapes’ading to the external environment and
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other external forces as drift or migration (Wrigt32; Beerenwinkel et al. 2007).
Obviously, demographic selection, unlike naturales®on, does not affects the

population gene pool but only the gene pool ofabmg population.
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Table 1 Distribution of APOE alleles in the different cotias.

COUNTRIES €2+e2 | e2+e3|e2+ed|e3+e3|ed+e3|ed+e4
(N. of sample)

BELFAST (127) 0 20 1 80 25 1
BELGIUM (152) 1 30 5 92 23 1
BOL OGNA (409) 2 52 2 307 45 1
CALABRIA (229) 1 32 3 172 20 1

DENMARK (844) 4 138 21 495 176 10
FINLAND (291) 2 29 6 181 66 7
GERMANY (181) 4 29 5 106 34 3
GREECE (179) 0 24 2 135 18 0
MONTPELLIER (527) 4 83 8 340 85 7
NETHERLAND (323) 2 53 7 206 50 5
NEWCASTLE (193) 0 32 6 116 38 1
POLAND (246) 1 32 0 179 33 1
ROMA (140) 0 19 2 102 17 0
SASSARI (89) 0 3 0 76 10 0
UKRAINA (91) 0 14 1 65 10 1
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Table 2 Distribution of mtDNA haplogroups in the differgmbpulations.

COUNTRIES
(N of sample) H HV| 1| J|K|T| U|W|X|OTHER
BELFAST (127) 65| 11| 1| 14| 149 | 11| 2] O 0
BELGIUM (152) 66 | 5| 2| 15| 1419 17| 7| 2 5
BOLOGNA (409) |179]| 30| 5| 29| 2943|5858 | 7| 17] 12
CALABRIA (229) | 95| 12| 8| 22| 2218 26| 6| 9| 11
DENMARK (844) |389] 12 | 18] 107|53]92]102[ 11|14 46
FINLAND (201) |133] 4 | 3| 19| 18 11| 56 | 14| 5| 28
GERMANY (181) | 71| 17| 7| 20| 1613 29| 5] 1 2
GREECE (179) 73| 15| 3| 12| 1421 25| 6| 4 6
MONTPELLIER (527) | 249| 46 | 10| 42 | 32[52| 70 | 5| 8| 13
NETHERLAND (323) | 134 20 | 9| 24| 3343| 44| 7] 7 2
NEWCASTLE (193) | 75 | 14| 8| 24| 1228] 23| 4| 3 2
POL AND (246) 101| 24| 6| 22| 7] 24 45| 5| 3 5
ROMA (140) 60 | 15| 3| 9| 9] 2213 o] 4 5
SASSARI (89) 42 7] o] ol 4] 7| 13 2 1 4
UKRAINA (91) 44| 3| 3| 9| 1d6 ]| 13] 2] 1 0
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Figure 10 Odds raticand confidence interval (95%) f&iPOE alleleg4 distribution in
nonagenarians arabntrols in the different population.
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Figure2 Odds ratiosalue for APOEe4 allele carriersn subjects with U and non
MtDNA moleculesn each country.
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Figure 3 Odds ratio and confidence interval (95%) for APQIEl@&4 carriers in
subjects with U and non U mtDNA molecules in groappopulations pooled

according to Figure 2.

OTHER COUNTRIES (NON HAPLO U) —

Fl, DK AND DE (NON HAPLO U) —

Country

OTHER COUNTRIES (HAPLO U) —

Fl, DK AND DE (HAPLO U) —

APOE-c4

p<0.001 ¥

p<0.001 —4—

p=0.982 F——a——

0dd Ratio (OR)

O

N

144



CHAPTER 4

4.1 Two-stage case-control association study of candidate genes and human
longevity.
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Abstract

Human lifespan is determined in part by genetidoiac The pathways that regulate energy
homeostasis, the mechanisms of damage repair, lamdsignaling response to internal
environmental changes or external signals have 8leanwn to be critical in modulating lifespan
of model organisms and humahge performed a two-stage case-control study ingamples
from Calabria (Italy) to identify variants that ¢obute to survival at very old ageSingle-
nucleotide polymorphisms (SNPs) were selected fgemes encoding components of several
metabolic pathways with known or supposed bioldgielevance to aging and longevity. In
stage 1, 317 SNPs in 105 genes were analyzed ¢as&® (subjects older than 90 years) and 71
controls. In stage 2, 29 candidate SNPs identifiedtage 1 (hominal p-value<0.15) were
analyzed in an independent sample composed by @8&and 554 controls(subjects younger
than 90 years). Two SNPs, rs282070 on intron MAP3K7 gene, and rs2111699 on intron 1
of GSTZ1gene, were significantly associated with survafbhdvance age after adjustment for
multiple testing in stage 2 (P= 4.72¥1@nd 0.001 respectively). Interestingly, both geares
implicated in the cellular response to internal arternal environmental changes, thus playing
a crucial role in the inflammation processes tltabepany aging. Our data, confirm that long-
lived subjects are endowed with genetic variang tilow them to optimize these cellular

responses, and to better deal with environmenthirgernal stresses.

Key words: longevity; two-stage analysis; single-nucleotide polymorphisms
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I ntroduction

Over the past decades developed societies haverieged a gradual increase in life
expectancy which sharply increased the percenthgtderly people in the population, and, at
the same time, increased the number of subjedtshvane not autonomous and are affected by
invalidating pathologie$Vaupel, 201). Since this has important implications, especitityn

a social point of view, there is at present a abersible interest in understanding how

individuals achieve a long and healthy life.

The determinants of human lifespan are multifaatoenvironmental conditions (education,
socio-economic status, and lifestyle choices sushdi@t, smoking habits, etc.), and the
individual genetic make-up are the main factorpoesible of the age-related changes in cell
and tissue structure and function, that, inexoralelgd the organism to a condition of greater

susceptibility and vulnerability to disease, aritimately, to death.

Family-based studies demonstrated the existenaestbng familial and genetic component of
longevity. Indeed, parents, siblings and offsprifglong-lived subjects have a significant
survival advantage and a higher probability to hdween or to became long-lived
(Gudmundsson et al. 2000; Kerber et al. 2001; Gbamu Kirkwood 2001; Perls et al. 2000;
Perls et al. 2002; Schoenmaker et al. 2006; Willebal. 2006). Moreover, they have a lower
incidence of age related diseases and a higheedeiirphysical functioning and autonomy,
when compared to appropriate selected controlgyBtral. 2003; Terry et al. 2004; Atzmon et
al. 2006). Studies comparing life span in twins ehdound that approximately 25% of the
overall variation in human lifespan can be attrifolito genetic factors (Herskind et al. 1996;
Ljungquist et al. 1998; Skytthe et al. 2003), whimbcome more relevant at advanced ages

(Hjelmborg et al. 2006).

In the past several years, there has been a sfirgetioity aimed at unraveling the genetic
processes that play key roles in aging and lifes@aecific mutations in single genes (age-1,
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daf2, sir2, methusela, p66) that extend or decrégespan in nematode worms (C. elegans),
fruit flies (Drosophila), and mice, have revealeglationary, often interconnected, conserved
pathways for aging which are related to nutritiosethsing, stress response signalling, and DNA
repair/maintenance (Kenyon 2010; Fontana et alOR0lhe insulin/insulin-like growth factor-I

(IGF-1) signalling pathway, and downstream effestsuch as the foxhead box O group (FoxO)
family, the sirtuin family, the target of rapamydifOR) kinase, are perhaps the best studied

pathway involved in aging and longevity.

Research in human longevity mainly focused on titeotbgues of such candidate loci. Genetic
association studies of centenarians or long-liveloiexts, as well as functional studies, have
been successful in identifying specific genes thfitience variation in human lifespan, and in
highlighting genotypes that can increase or deerehe individual probability to reach
advanced age. Several reviews are now availabtestimmarize and analyze gene variants
associated with long life in humans (Christenseal €2006; Bonafé and Olivieri 2009; Chung
et al. 2010; Slagboom et al. 2011). Particularkistgi examples include GH/IGF-1/Insulin
signalling GHR, IGF1R, FOXO3A antioxidant $0OD1, SOD2, PON1, FOXORA
inflammatory (L6, CETP, Klothd pathways, silencing geneSIRT1 and SIRT3elements of

lipid metabolism APOE, APOB, ACE, APOQ3o0 cite some of them.

Until recently, almost all gene-longevity assodatistudies have focused on a single or few
candidate genes. However, given the complexityhef longevity trait,single-locus methods
may not be suitable, since it is likely that loontribute to the trait by their epistatic interacti
with other genes, while main effects of the indiatl loci may be small or absent. Thus,
approaches have been developed that take into rictt@at complex traits can be caused by an
intricate pattern of genetic variants. Recent teb@dmgical improvements in genotyping
technology have made whole genome genotyping (30D00SNPs) more accessible. Indeed,
genome-wide association studies (GWAS) are at ptesmlely used to find genetic variants
contributing to variation in human lifespan (Putale2001; Lunetta et al. 2007; Newman et al.

2010; Walter et al. 2011; Deelen et al. 2011; Nedhedl. 2011; Malovini et al. 2011). Along
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with GWAS, studies that consider candidate bioclaimpathway consisting of many genes
biologically related, and a minimal number of “tagg” SNPs that efficiently captures all the
common genetic variation in the assayed genomiomegre also being routinely used (Nebel
et al. 2009; Pawlikowska et al. 2009; Flachsbartlet2010). Taken together, these studies
highlighted that the variation of several genestiioate to human longevity, although
replication has often failed in independent studiedifferent populations. Exceptions are the
APOE and FOXO3A genes, (Deelen et al. 2011; Netbal. 2011;Willcox et al. 2008; Anselmi

et al. 2009; Flachsbart et al. 2009; Li et al. 2009). The lack of replication may be due to
statistical limitations of large-scale associatistudies that require a large number of long-lived
or centenarian subjects for adequate power. Irtiaddreplication may be hampered by the fact

that longevity genes can be population-specific Beaedictis and Franceschi 2006).

In the last years, two-stage study designs haven lpgeposed as an efficient means of
addressing these challenges. In a typical two-sti@gé&gn for association study, a first sample
(stage 1) is used to test a large number of SN&®ally those showing some hint of association
are subsequently re-tested in a second samplee (8Jathus reducing the number of association
tests. The second sample may be considered asiGatiep study (Zuo et al. 2006; Satagopan

et al. 2003; Satagopan et al. 2004; Thomas eb@l;2Skol et al. 2007; Zheng et al. 2008).

Here, using a two-stage approach, we performedrgeted investigation of selected genes
involved in longevity pathways (DNA repair, apoptoand cell cycles regulation, metabolism
of xenobiotics, insulin /IGF-1, neuromodulation)ltagether, we tested 317 single nucleotide
polymorphisms (SNPs) in 105 candidate genes farcéson with the longevity phenotype in
two samples from South Italy for a total 366 longetl (nonagenarians and centenarians) and

625 younger subjects.
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Materialsand Methods

Sample

Our initial sample (stage 1) was recruited betw@®4 and 1997 in Calabria (southern lItaly)
and included a sample of 149 unrelated subjectshiéh 78 were considered as case9(
years; mean age 97.4 £3.2 years, 36 males andd&@ds ) and 71 as controls (< 90 years;
mean age 70.0 £ 9.9 years, 39 males and 32 femal&®) replication study (stage 2) consisted
of 288 cases>( 90 years; mean age 93.7 *+ 4.0 years, 125 malesl@Bdemales) and 554
controls (< 90 years; mean age 58.3 + 20.0 yeaf$, rAales and 277 females) recruited
subsequently between 2005 and 2008, also in CalaBtudy participants, their parents, and

grandparents were all born in Calabria, as asoeddrom population registers.

Younger subjects were contacted through generaiplys. Subjects older than 90 years were
identified by screening of population registergifferent municipalities distributed across the
entire Calabria region. Subjects who were eligiblethe study were contacted and asked for
participating in the study. A written informed cem$ was obtained from all participants before
enrolling in the study. The healthy status was rsiteed by medical visit carried out by a
geriatrician who also administered a structuredstjoenaire validated at European level. The
questionnaire was aimed to the collection of saldorographic information, evaluation of
physical and cognitive status, medications, anorination on common diseases occurred in the
past. Subjects with dementia and/or neurologicrdess were not included. At the time of the
visit, peripheral venous blood samples were algainbd. White blood cells (WBC) from blood

buffy coats were used as source of DNA.

Candidate gene and SNP selection

Candidate genes were chosen from genetic pathvedated to DNA repair, apoptosis and cell

cycles regulation, metabolism of xenobiotics, imgUGF-1. The selection was based on their
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biological relevance, and on published reports daiiing their involvement in aging and
longevity in either model organisms or humanslsing keywords as “aging AND longevity”,
“human aging”, “human longevity”, “aging AND modetganism”, a range of online databases
were employed including pubmed (http://www.ncmmih.gov/pubmed/), GenAge

(http://genomics.senescence.info/genes)/. Addilipnapathway analysis tools, such as

“Biocarta” and “Kegg” were used for identificatiafi pathway-specific genes.

The chromosomal region encompassing the candigetees were identified through the
databases http://www.ncbi.nim.nih.gov/ (gene and  apview),
http://www.ensembl.org/index.html. The gene regias defined as the region from up to 5Kb
upstream of the translation start site to up to Skwvnstream of the translation stop site,
allowing no overlap with the neighboring genestha choice of candidate SNPs we availed of
different online databases (es: http://www.ncbi.niimgov/projects/SNP;

http://www.ensembl.org/index.html; http://www.happmarg/cgi-perl/gbrowse/hapmap).

SNPs selection was based on the following criteriaor allele frequency (MAF) > 10% in

caucasian, coding SNPs and SNPs having potentatiémnal impact (non-synonymous SNPs,
SNPs located in potential regulatory region), SlNRviously identified in relevant association
studies. Tagging SNPs were selected with the ugheofTagger program within Haploview
(http://lwww.broad.mit.edu/mpg/haploview/; http://mwmbroad.mit.edu/mpg/tagger/; de Bakker

et al., 2005), using pairwise tagging with a minimt2 of 0.8.

In total 105 genes composing the above mentionduyvags, and 317 SNPs were identified.
The complete list of genes, SNPs and other relewémtmation is provided in Supplementary

Table S1
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Genotyping

Genotyping of samples in stage 1 was carriedusutga microarray technique based on the

arrayed primer extension (APEX) (Kurg et al. 2000).

Genotyping of samples in stage 2 was carriedusintg an allele-specific PCR-based KASPar

SNP genotyping system (KBiosciences, Hoddesdon, (@kippen 2007)

Genotyping quality control procedures consistednefusion of duplicatesand inclusion of

both positive andiegative (water blankgpntrolsin each assay reaction.
Quality-control

After genotype calling, in order to check errorganotypic level, the dataset was subjected to a
battery of quality-control (QC) tests. In partiayl&&SNPs were excluded if they had (1) a
significant deviation from Hardy-Weinberg equilibm (HWE, p<0.001) in the control group,

(2) a missing frequency (MiF) higher than 20%, &)da frequency of rare allele (MAF) <1%.

Statistical analyses
Single SNP analysis

Two different genetic association tests were adbptethe present study. In stage 1 the chi-
square test was used to assess the associatioredmetthe variability of the analysed
polymorphisms and human longevity, while in thegset2 theMAX test was used (Freidlin et
al.2002; Zang et al.2010) As it regards the stagesbciation analysis, before to apply the chi-
square test, each genotypic variable was first ¢ogdih respect dominant, recessive and
heterozygote disadvantage/advantage model. For afatttese models the corresponding chi-
square value was obtained. The maximum of these tbhi-square valuex*;.x) was used as

a measure of association between the polymorphighitee analyzed phenotype:

2 _ 2 2 2
X max =Max{ oom,X rec: X HET)
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where XZDOM, XZREC AND XZHET represent the three chi-square statistics assumidgminant,
recessive and an heterozygote disadvantage/adeamadel of inheritance of the analyzed
polymorphism. The p-value of the proposed testistted was obtained by the Monte-Carlo

procedure described in Ziegler and Kdnig (2010).

As mentioned before, in stage 2 tWAX test, originally proposed by Freidlin et co-worker
(2002) was adopted. ThHRAX test (or MAX3 test) takes the maximum of three Cochran-

Armitage Trend TestZkec, Zaop, Zoom) and it is given by:
MAX = MAX{lzRecli |ZAdd|: IZDoml}

where Zree, Zapp, and Zpow represent the three Cochran-Armitage Trend Temissts
assuming a recessive, additive or dominant modehefritance of the analyzed polymorphism.
In order to estimate the p-value BIAX, a simple algorithm to calculate its asymptotidl nu

distributions was recently suggested by Zang ardaders (2010) was used.

In the present study the€ax test (maximum of three different chi-square testay used in
stage 1 to assess the associations between thaesgelmarkers (M=317) and the analysed
phenotype. Then, thgzMAx values were ranked and a proportikmwers Of the top-ranked
polymorphisms (p-value<0.15), corresponding appnately to the 10% of the initial set of
SNPs (first decile), was selected for stage 2yamal By following the standard strategy to
consider the stage 2 data as a replication studytested for association using thi&X test,

adopting the Bonferroni-corrected significance & arkersM).

Interaction analysis

In order to capture gene-gene interactions we edawbf the Model-Based Multifactor
Dimensionality Reduction (MB-MDR) method recentlgvéloped by Calle and co-workers
(2010). It is an extension of the popular MultifacDimensionality Reduction (MDR) method
in which risk categories are defined using a regjoesmodel that also allows adjustments for
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main effects and covariates. By this approach, frfogistic regression analysis is performed to
define multilocus genotypes categorized as high, (ow (L) or no risk (0). Then, this
multilocus genotypes of the same risk categorynaeeged and two Wald statistics (WH and
WL, one for each risk) with the relevant p-value$i(and PL) are obtained. The significance
for the epistatic effect is be based on the mininhetween PH and PL (MIN.P). Finally, the
significance of a specified model is assesseditiir@ permutation test on the maximum Wald

statistic and implemented in the function mbmdmPeest of MB-MDR package.

In the present study we applied the MB-MDR alganitto the stage 2 dataset. The permutation

procedure (10,000 permutations) was applied tantieeaction models with a MIN.P<0.05.
Results
Dataset Stage 1

Initially, 317 SNPs from 105 candidate genes (sggpfmentary Table S1) were genotyped in
78 cases and 71 controls. After the QC phase,itla¢ iumber of analysed polymorphisms in
Stage 1 was 235. In particular, 49 SNPs were erduflom the analysis because of a
significant deviation from HWE. 30 SNPs were exelddrom the analysis because of a MiF
value higher than 20%. Finally, 3 SNPs were exaude the basis of MAF criterion (<1%).

The cleaned dataset was then analyzed for assotisiih longevity by using thg’yax test.

Single-locus analysis

The following Manhattan plot (Figure.1) displays th-values computed on the basis of the

X uax test with respect to the analyzed polymorphisms.

Table 1 reports the list of the top-ranked SNPw&lpe<0.15) obtained according to the
association resultx{yax) and corresponding approximately to the top detgfilhe initial set of

SNPs.
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Dataset Stage 2

The 31 selected SNPs were genotyped in the additid®8 cases and 554 controls in the
subsequent Stage 2. Two SNPs were excluded frorfolilbgving association analysis because

of a MiF value higher than 20%.

As mentioned in “Materials and Methods” sectiorg ttieaned dataset was then analyzed for
association with longevity by using tiAX test. In Table 2 the association results of the 29

selected SNPs ranked on the basis of their estihpat@lues are reported.

From Table 2, it can be easily be seen that tleeeemajor peak on the chromosome 6 with a p-
value equal to 4.72x10rs282070). This SNP is locatedMAP3k7gene. Another peak can be
seen on chromosome 14 with a p-value equal to QU@2111699). This SNP is located in
GSTZ1gene. Also after the Bonferroni correction botle thssociations between the above

mentioned variations and human longevity remairtatistically significant (p-value < 0.05/29).
Interaction analysis.

Table 3 reports the significant second-order imtiiwas results (p<0.05) in the Stage 2 dataset

from the MB-MDR analysis.

In this table for each interaction model a permatatesting was performed for each of the top-
ranked models (MIN.P <0.05) by permuting the outeorariable calling thenbmdr.PermTest
function of thembmdrpackage (10,000 permutations). By this approacliowed that all these
interactions resulted to be highly significanQf05). However, after a Bonferroni correction

for multiple testing no significant differences raimed.
Discussion

In the present study, we have investigated possibsociations between longevity and 317
SNPs in 105 candidate genes involved in the reigulaif aging related biological pathways.
For testing associations we used a two-stage desigapproach that has proven useful for the

identification of a number of genetic variants &ssted with pathological phenotypes such as
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cancer,Crohn’s Disease, migraine (Milne et al. 2006; Bgckt al. 200¢ Corominas et al.
2009. To improve the efficiency of this study desigme used two robust te which are
powerful when the underlying genetic model is unknpand which wersuccessfully applied
to genomewide association studies (Joo et al. 2005; Tieal.e2005; Zheng et al. 2007; Slac

et al. 2007; Li et al. 2008a; 200¢

We found that tw@&NP:, rs282070 on intron 1 dIAP3K7gene, ands211169 on intron 1 of
GSTZ1gene, were gnificantly associated with survival at advance :after Bonferroni

correction.

MAP3K7 (also known as TAK Transforming growth factgs- activated kinas-1) is a
serine/threonine kinasemember of the mitogeactivated protein kinase kinase kin
(MAPKKK) family, which plays a crucial role in interleukin 1 (IL}, tumor necrosis fact
(TNF), and Tolllike receptor (TLR) signaling pathways. afious stressors arinflammatory
cytokinestrigger the activation ¢ MAP3K7 whichin turn activates key int-cellular kinases
such as the p38 MAPK-jun N-terminal kinase (JNK) andkiappa B kinase complex (IK).
These pathwaysltimately activate transcription factors nucleactb-kappa B (NFkx B) and
activator proteirt (AP-1) which are critical regulators of genes oé timmun«inflammatory
responses (Ninomiy@isuji et al. 1999; Sato et al. 2005; Chen et ab&2Q.ancstrom 2010).
Studies have also demonstrated that the oxidatiessscaused by reactive oxygen spe
(ROS) may induce or mediate the activation of th&RW pathways, including the ol
mediated by MAP3KSon et al. 2011 for a revif). In particular,Omoii and colleagues (2008)
reportedthat MAP3K7 regulates the levels of ROS and preugftammation.Thus, MAP3K7
may be considered as a priméfactor in the cascade ahtracellular events initiated
environmental and/or physiologicstressors that induce celts survive or to die, and therefore
may be important for regulating ag. However, although several componer of MAPK
signaling pathwayglay important roles in the regulation of cellutnescence (Maruyama

al. 2009; Debacdzhainiaux et « 2010),and have been alsmnplicated in the pathogene of

many human diseaseKim and Choi 201)) no data has been documented so far abou
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influence of MAP3K7 on human aging and longevitheTresults of our study provide the first
evidence of such an influence with tre282070 positively affecting longevity in a domiba

manner.

It is intriguing that the second ger@STZ1 we have identified as playing a role in longevity
also implicated in the cellular response to emumental insultsGSTZ1is in fact a member of
glutathione S-transferase (GSTs) superfamily oftifomictional enzymes which are involved in
the cellular detoxification, via conjugation withlutathione (GSH) of a wide range of
endogenous and exogenous toxic compounds, andusargactive products generated under
oxidative stressDiverse cellular functions, ranging from apoptoiscell survival, are also

modulated by GSTs (Nebert et al. 2004; Hayes &04l5; Laborde 2010).

The GSTs comprise three families of genes desigaedcytosolic, mitochondrial, and
microsomal transferase. The cytosolic GSTZ clas&8f's is expressed in many eukaryotic
species, including fungi, plants, insects, and matan(Board et al. 1997). Human GSTZ1,
which is identical to maleylacetoacetate isomerasdalyses two distinct reactions: the
biotransformation of a range afhaloacids, including dichloroacetic acid (DCA)danking
water contaminant, and the GSH-dependent isomienisabf maleylacetoacetate to
fumarylacetoacetate, the penultimate step in thenflhlanine—Tyrosine catabolic pathway
(Board et al. 2005; Board and Anders 2011). AnalydiGstztknockout mice provided more
insight about the physiological role of Gstz1. Blesi a range of pathological chang8stz1”
mice display the induction of some of the cytosd&T isoenzymes, and the constitutive
expression of genethat areregulated by antioxidant-response elements (AREs) that
respond tooxidative stress via the Keapl/Nrf2 signaling patiwwhich regulates the
expression of numerous detoxifying and antioxidgemes (Lim et al. 2004;ee and Johnson
2004;). All of these findings support the view thhe lack of GSTZ1 may induce oxidative
stress (Blackburn et al. 2006). The antioxidane rof GSTs is well known and derives
essentially from their ability to regulate the centration of GSH, the most powerful cellular

antioxidant, in different cellular compartmentsluting mitochondria, the principal source and
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target of ROS. For instance, specific mitochondi@bT isoforms are able to protect
mitochondria from oxidative insults either indidgcby maintaining appropriate levels of GSH
or directly by reducing cellular peroxides and teacaldehydes, such as 4-hydroxynonenal
(HNE), generated from lipid peroxidation (Raza 20The recent discovery that GSTZ1 also
localizes in mitochondria (Li et al. 2011), leadsassume that GSTZ1 may also contribute to
the cellular redox status, and then may be releteaaging and longevity. Interestingly Starr et
colleagues (2008) showed that t&STZ1R42G variant affects both telomere length, a
biomarker of stress and aging, and physical agimgj suggest that this may occur through
oxidative stress. Moreover it has been shown thatGSTZ1 1002 G>A variant influences
cognitive ability in the elderlyprobably because of its effect on dopamine prodoctind
dopamine by-product disposal (Starr et al. 2008)our study, the rs2111699 resulted to be
significant associated to the longevity phenotypseems to act in a recessive manner, with the
minor allele favoring survival at very old age. dor knowledge this is the first study reporting

an association betwe@&STZ1genetic variability and human survival.

Overall, based on our an previous data, it can decladed thatMAP3K7 and GSTZ1are
longevity genes whose variability actually affetttie organism's chances of reaching advanced

age.

As the rs282070 irMAP3K7 and the rs2111699 i®STZ1are intronic, their functional
significance is unclear. It is possible that th&¢Ps are located in regions containing cis-
regulatory elements essential for gene expressamd, that the allelic variants differently affect
the transcriptional rate, but linkage disequilibniyLD) of these SNPs with other functional
variants it also possible. This is an interestisgué that needs to be investigated in future
research. Nevertheless, we believe that our reseitforce the viewthat the immune,
inflammatory and stress responses, which are eéasenmponents of the body’s network of
defense against external and internal damagingtagghay an essential role in life span and in

age-related phenotypes.
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In the 2000 Franceschi and colleagues used the itdlamm-aging to indicate that aging is
accompanied by an age-dependent up-regulation efirthlammatory response due to the
lifelong chronic antigenic load which impinges upble immune system (immunosenescence),
and is associated with increased morbidity and alitytrates in the elderlyin fact, chronic
inflammation has been implicated in the pathogenekichronic age-related diseases including
Alzheimer’s disease, atherosclerosis, diabetes, ereh cancer (Franceschi et al. 2000;
Franceschi et al. 2007); on the contrary, studiesentenarians showed that variations in
several pro- or anti-inflammatory molecules influersuccessful aging and longevity, and that
longevity is partially due to the capability of m&ining an inflammatory response at relatively
low level of intensity (Bonafé et al. 2001; Lio at 2002; Capri et al. 2006; lannitti and
Palmieri, 2011). There is a close link betweenamimnation and oxidative stress, in fact an
excessive production of ROS can induce an inflarorgatesponse. This fits in the frame of the
free-radical theory of aging, developed in 1956jclwhasserts that free radical damages are
responsible of many of the changes occurring owee.t The recently proposed oxidation-
inflammatory theory of aging (De la Fuente and ig2009), brings together the concepts
above mentioned, highlighting the key involvemefttlee immune/ inflammatory/oxidative
stress axis in the rate and quality of aging. @ndifg that the variability of two genes working

along this axis promotes survival at very old ageas with the above, and

confirms that long-lived subjects are equipped wgéme variants that allow them to optimize

the cellular response to environmental and intestrakses.
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Figure 1. Manhattan plot of the stage 1 association ressitisg thex’yax test (maximum of

three different chi-square tests). Red line reprissthe p-value threshold for the top ranked
SNPs (p<0.15).
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Table 1. Top-ranked SNPs (p<0.15) obtained accordingfi@ax test in the stage 1 sample.

dbSNP GENE DOM | Ppom |REC | Pgrec | HET | Puer | MAX | P-value
rs12626475S0OD1 16.997<0.001| 2.236/ 0.151| 5.587| 0.022| 16.997| <0.001
rs135539 | PPARa 9.406 0.002 0.0120008.229|0.006| 9.406 | 0.006
rs6214 IGF1 9.394 0.004 1.508.275|3.842|0.058| 9.394 | 0.006
rs1062935| RAPTOR 8.43L 0.005 0.53405603.739|0.064| 8.431| 0.010
rs7614 MBD2 3.899 0.054 1.820.196|7.937/0.006] 7.937 | 0.012
rs282070 | MAP3K7 5.629 0.01p 0.205:.668|7.028/0.011 7.028 | 0.012
rs1005273| PDK1(PDPK1) 1494 0.271 3.262088|6.838/0.015| 6.838 | 0.028
rs10470911EGF 1.482| 0.232 6.54®.013|0.573|0.512| 6.546 | 0.033
rs2069762| 1L2 6.527 0.014 4.943.045|1.147,0.332] 6.527 | 0.030
rs16902632 GAP(RASAL) 6.488| 0.017 0.174€.710]3.740/0.069| 6.488 | 0.035
rs157703 | MAP3K7 4370 0.040 1.1j@.352]6.254/0.015| 6.254| 0.016
rs1799930| NAT2 4.220 0.04 0.653529/6.171/0.021] 6.171 | 0.037
rs7209040| RAPTOR 1.470 0.288 2.71@6105|6.043/0.015] 6.043 | 0.031
rs6337 NTRK1 5.877 0.022 0.98@.400|3.497/0.072| 5.877 | 0.047
rs1800471| TGFB1 5.708 0.020 5.7@B019|0.000/0.000; 5.708 | 0.020
rs1800896 | IL10 3.413 0.092 0.857.378/5.587/0.018 5.587 | 0.042
rs1625525| MDM2 5491 0.032 0.2p6.697|4.652/0.041] 5.491 | 0.048
rs3789327 | ARNTL 1.076 0.358 5.398.023|1.016/0.393| 5.398 | 0.050
SHP12
rs11066301(PTPN11) 3.243 0.108 4.906.036(0.016|1.000| 4.905| 0.067
rs9991904 | EGF 4.871 0.034 0.64R446|3.014/0.094| 4.871 | 0.072
rs6533485| EGF 4.814 0.044 0.890444)|1.272/0.319| 4.814 | 0.073
rs4073 IL8 3.092 0.093 4.460.039|0.154/0.739| 4.460 | 0.079
rs1800566 | NQO1 0.340 0.621 4.4%P055|0.011|1.000; 4.452 | 0.084
rs1549854 | MEK (MAP2K1) 4.441| 0.042| 0.27p0.668|2.658/0.139| 4.441 | 0.083
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rs1799929 | NAT2 1.99¢ 0.192 1.10®.326|4.396|0.045] 4.396 | 0.098
rs17703454Y MTOR (FRAP1) | 4.330 0.046 - -| 4.380.042| 4.330 | 0.040
rs195990 | PRKCB1 0.596 0.4717 3.348B079|4.276/0.050| 4.276 | 0.108
rs3212948 | ERCC1 0.071 0.861 4.101050|3.176/0.099| 4.111 | 0.099
rs854556 | PON1 3.974 0.050 0.32r618|2.638/0.136] 3.974 | 0.122
rs2111699| GSTZ1 3.964 0.056 1.684328|1.836|0.220| 3.964 | 0.107
rs870995 | PISK (PIK3 CA)] 1.618 0.230 1.03D332|3.874/0.062| 3.874 | 0.116
rs1800587 | IL1A 3.856 0.071 0.588.590]2.366|0.174| 3.856 | 0.112
rs649392 | CCND1 0.218 0.724 3.817081|1.436|0.248 3.817 | 0.130
rs1042571| POMC 3.052 0.113 3.73B125|1.203/0.369| 3.738 | 0.152
rs603965 | CCND1 0.289 0.714 3.691060)1.435|0.255| 3.694 | 0.138
rs2227306 | IL8 3.669 0.071 0.883.3991.972/0.187| 3.669 | 0.134
rs2261434| MTOR (FRAP1) 1.308 0.314 1.793241]3.554/0.068| 3.554 | 0.132
rs1799787| ERCC2 2.170 0.177 0.368423.542/0.068| 3.542 | 0.145

*Since no subject homozygous for the rare alleles whserved, the chi-square test for
recessive model was not reported.
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Table 2. Association results of the 29 selected SNPs rawkethe basis of their estimated p-

values using th#MAXtest in the stage 2 sample.

dbSNP ID Gene CHR BP Best modd | MAX3 | P-value | Q-value
rs282070 |MAP3K7 6 91296420 | Dominant | 3.733 |4.72E-04| 0.011
rs2111699 |GSTZ1 14 77788597 | Recessive | 3.537 | 0.001 0.012
rs11066301SHP12 (PTPN11) 12 | 112871372 Dominant| 2.906/ 0.009 0.069
rs1042571| POMC 2 25383887 Recessjve 2.101 0.075 59014
rs3212948| ERCC1 19| 45924362 Recesgive 2/006 0.0954600
rs1770345| MTOR (FRAP1 1 11214580 Dominant 1.569 0.222 0.738
rs1800587 | IL1A 2 113542960Recessive| 1.364 0.321 0.738
rs1062935| RAPTOR 17| 78939857 Additve 1.306  0.3490.738
rs1549854 | MEK (MAP2K1) 15 66696735 Dominant 1.276 0.365 0.738
rs649392 | CCND1 11 69464793 Domingnt 1.254 0.377 38.7
rs12626475SOD1 21 | 33042929 Recessive 1.247  0.382 0.738
rs1799787| ERCC2 19 45856144 Dominant 1.225 0.393 7380.
rs195990 | PRKCB1 16 23946385 Recessive 1.061 0.495.7380
rs135539 | PPARa 22 46559267 Recessive 1029 0.5187380.
rs3789327| ARNTL 11 13385316 Additive  1.017 0.521 738.
rs10470911EGF 4 11086527[L Recessive| 1.01( 0.524 0.738
rs4073 IL8 4 74606024 Dominant 0.962  0.558 0.738
rs6214 IGF1 12 | 102793569Additive | 0.925 0.584 0.738
rs854556 | PON1 7 94944923 Recessjve 0.885 0.609 80(73
rs2069762 | 1L2 4 123377980Recessive| 0.87( 0.617 0.738
rs1625525| MDM2 12 69212831 Dominant 0.843 0.687 38.7
rs870995 | PI3K (PIK3 CA) 3 | 1789130p@®ominant| 0.771| 0.686 0.741
rs7209040| RAPTOR 17 78527294 Dominant  0.705 0.7129.741
rs1005273| PDK1(PDPK1) 16 2645965  Additive 0.696 30.7) 0.741
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rs1799930| NAT2 8 18258108 Recessive 0.603 0.791 700/7
rs7614 MBD2 18 51681244 Recessive 0.457  0.872 0.816
rs1800896 | IL10 1 | 206946897Recessive| 0.263  0.956 0.837
rs16902632GAP(RASA1L) 5 86654813 Additive] 0.12pP 0.989 0.837
rs1800566 | NQO1 16 | 69745145 Domingnt 0.050 0.998 370.8
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Table 3. Interaction analysis results obtained using tloelél-Based Multifactor

Dimensionality Reduction approach proposed by Gailé co-workers (2010)

SNP1 SNP2 NH | WH PH NL | WL PL MIN.P p*
rs195990 rs211169p 2 6.947  0.008 3.403 0.062 80/00.0056
rs1770345 | rs3789327 1 4.032 0.045 6.870  0.009 090{00.0094
rs16902632rs3789327| 1 6.147, 0.013 3432 0.064 0.013 0.0118
rs649392 rs2069762 1 571  0.017 - - 0.017 0.0128
rs16902632 rs6214 1 2.890| 0.089 5651 0.017 0.017 0.0122
rs1800566 | rs206976R 1 5.188  0.023 - - 0.023 0.010
rs12626479rs1799930, 1 4.890 0.027 - - 0.027 0.0141
rs1549854 | rs180089% 1 4661 0.031 - - 0.031 @023
rs1770345 | rs1625526 Q - - 4439 0.085 0.035 @028
rs649392 rs4073 1 4434  0.035 - - 0.035 0.0274
rs1799930 | rs6214 1 4.381 0.036 - - 0.036 0.0253
rs1062935 | rs282070 1 4372  0.037 - - 0.037 0.0193
rs11066301 rs1800566, 1 4.338  0.037 - - 0.037 0.0242
rs649392 rsl770345 O - - 4305 0.088 0.038 0.0345
rs135539 rs870995 1 3.461  0.063 4236 0.040 0J/08M286
rs1800566 | rs4073 1 4.065 0.044 - - 0.044 0.0254
rs282070 rs1800896 1 4.04p  0.044 - - 0.044 0.0304
rs135539 rs7614 1 4.022  0.045 3.629  0.057 0.0450370
rs1800896 | rs1799787 Q - - 3.962 0.047 0.047 @038

NH, NL: the number of multi locus genotypes classifas high and low risk, respectively.

WH, WL: Wald statistic for the high and low risktegories, respectively.
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PH, PL: unadjuste®-value for the high and low risk categories, resipely
MIN.P: The minimum between PH and PL.

P*: simulated p-values obtained calling themdr.PermTedtnction of thembmdrpackage
(10000 permutations)
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Table 1SM. Loci and polymorphisms analyzed in tiage 1.

Gene Name SNPs po(;ir':iron bp position Type Pos. in gene
MAP3K7 rs157703 6915 29047801 Stress responge nid#o
MAP3K7 rs791063 6915 29058479 Stress respons¢ Intron [L3
MAP3K7 | rs13208824 6915 29064902 Stress responsg Intron L3
MAP3K7 | rsl144159 6915 29067873 Stress responsg Intron L2
MAP3K7 | rs2273567 6915 29077101 Stress respons¢ Intron [L2
MAP3K7 rs282070 6915 29116593 Stress responsg Intron|1

MAP3K7IP1| rs7949 22913.1 19218068 Stress response Intron {12

CAT rs1001179 11p13 33247472 Stress response Peompot
CAT rs11032700 | 11p13 33248944 Stress responsg Intron|2
CAT rsb33425 11p13 33256565 Stress responsg Intron|2
CAT rs2300181 11p13 33263780 Stress responsg Intron|7
CAT rsb54576 11p13 33271135 Stress responsg Intron [LO
CAT rsl0488736| 11pl13 33276493 Stress responsg Intron L1
CD14 rs2569190 5¢31.1 1175843 Stress resporjse Eonjo
IL10 rs3024498 | 1931-q32 459308 Stress responsg 3 UTR
IL10 rs3024496 | 1931-q32 459643 Stress responsg 3 UTR
IL10 rs1518111 | 1931-q32 462424 Stress responsg Intron|3
IL10 rs1800872( 1g31-932 464186 Stress responge deeom
IL10 rs1800871| 1qg31-g32 464413 Stress responge deeom
IL10 rs1800896( 1g31-932 464676 Stress responge dPeom
IL1IA rs2856838 2914 2247895 Stress responsé Intron |4
IL1IA rs2071373 2914 2248007 Stress responsé Intron |4
IL1A rs1800587 2914 2250883 Stress responsg 5" UTR
IL1B rs1143643 2914 2296225 Stress responsé Intron|7
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IL1B rs1143634 2914 2298313 Stress responsg Exon @
IL1B rs1143627 2q14 2302310 Stress responsge Prompte
IL1B rs16944 2914 2302790 Stress responge Promgter
IL6 rs1800795 7p21 22255603 Stress respons¢ Promoter
IL6 rsl474347 7p21 22257082 Stress responsg Intron|3
IL8 rs4073 4013-92] 3113034 Stress responge Prompte
IL8 rs2227306 | 4913-g21 3114065 Stress responsg Intron| 2
SOD2 rs2758331 6025.3 2392411 Stress response Intron(5
SOD2 rs5746105 6025.3 2399979 Stress response Intron(3
SOD2 rs4880 6025.3 2401213 Stress responge Exon 1
TNF rs1800629 6p21.3 22401282 Stress responise Brono
TNF rs2857712 6p21.3 22400904 Stress response Rronmo
IL2 rs2069762| 4926-q27 47873111 Stress response  mdeeo
IL12 rs17875324 4q26-g27 3552508 Stress responsg 3 UTR
IFNG rs2069727 12q14 30691529 Stress response B UT
SOD1 rs4998557 21g22.1{ 18696763 Stress respomse tron In
SOD1 rs9967983 21g22.1 18699353 Stress respomse tron i
SOD1 rs1262647% 21g22.11 18704800 Stress response 3’ near pene
SOD3 rs2536512 451155 f 15476673 Stress responssd Exon 3
SOD3 rs2855262 451155 f 15477334 Stress responssg 3'UTR
SOD3 rs2284659 451155 f 15470155 Stress responssg 5’ near gene
PRKCB1 rs195990 16pl11.2 15259464 Stress response Intron| 2
PRKCB1 rs198145 16pl1.2 15515694 Stress responsp Intron (16
PRKCA |[rs17633401 1q72q32§_ 23030104 Stress responsg Intron [L
PRKCA rs1877848 17q22- 23243284 Stress responssg Intron B
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q23.2

PRKCA rsr21429 1q72q32§_ 23420646 Stress responsqg Intron
PRKCA r 4381631 1q72q32§_ 23495184 Stress responss§ Intron 1
SIRT6 rs352496 19p13.3 4126252 Cell cycle reguidtioPromoter
ARNTL rs2279287 11p15 12085726 Cell cycle regulatio Promoter
ARNTL rs1982350 11p15 12137372 Cell cycle regutatio 5° UTR
ARNTL rs3789327 11p15 12172557 Cell cycle regutafio Intron 5
ARNTL rs2278749 11p15 12185119 Cell cycle regufafio Intron 11
CLOCK rs1801260 4912 3641252 Cell cycle regulation3’ UTR
PER1 rs2253820 17p13.1 7645518 Cell cycle reguiatioExon 17
PER2 rs2304672 2037.3 5119343 Cell cycle regulatio® UTR
PERS3 rs10462029 1p36.23 2418050 Cell cycle regulatipn Exon 15
MBD1 rs125555 18921 29289281 Cell cycle regulatiorExon 10
MBD2 rs7614 18921 33170346 Cell cycle regulation3’ UTR
MBD2 rs603097 18921 33242208 Cell cycle regulatiofPromoter
TGFB1 rs8179181 | 19qi3.1 14106424 Cell cycle regulation Intron 6
TGFB1 rs4803455 | 19qg13.1 14119727 Cell cycle regulation Intron 3
TGFB1 rs2241715 | 19913.1 14125104 Cell cycle regulation Intron 2
TGFB1 rs1800471 19qg13.1 14127094 Cell cycle reguiat Exon 1
TGFB1 rs1982073 19qg13.] 14127139 Cell cycle reguiat Exon 1
APE1 rs3136820 | 14ql1.2 2197 Cell cycle regulatipn Exon 5
ATM rs664677 |11922-g23 11705598 Cell cycle regulatign Intron 22
ATM rs3092859 | 11922-q23 11705872 Cell cycle regulatign Exon 24
ATM rsl801516 |11922-g23 11737878 Cell cycle regulatign Exon 39
ATM rs611646 |11922-g23 11739513 Cell cycle regulatign Intron 38
ATM rs227040 |11922-g23 11785807 Cell cycle regulatign Intron 60
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ATR rs10804682 | 3922-q24 48729680 Cell cycle regulationintron 25
ATR rs9855919 | 3922-q24 48729735 Cell cycle regulationintron 25
ATR rs2227928( 3g22-924 48776758 Cell cycle regoigti Exon 4
BAX rs4645878 1(9;1;343- 21726128 Cell cycle regulatign Promoter
BAX rs1805419 1?}2;343- 21727294 Cell cycle regulatign Intron 4
CCND1 r s603965 11913 322034 Cell cycle regulatipn Exon 4
CCND1 Is649392 11913 324992 Cell cycle regulatipn Intron 6
CDKN1B rs34330 1253'1- 5629669 Cell cycle regulatign 5’ UTR
CDKN1B | rs2066827 12;);:23'1- 5630073 Cell cycle regulatign Exon 2
CDKN1B rs34329 12;);:23'1- 5632207 Cell cycle regulatign Intron 4
CDKN2A | rs3088440 9p21 21958159 Cell cycle regufatio 3' UTR
CDKN2A rs11515 9p21 21958199 Cell cycle regulation3’ UTR
CDKN2A | rs3731239 9p21 21964218 Cell cycle regulatipn Intron 2
CDKN2A | rs3731211 9p21 21976847 Cell cycle regulatipn Intron 2
EGF rs4444903 4925 35382256 Cell cycle regulgtior5’ UTR
EGF rs10470911 4925 35413417 Cell cycle regulatipn Intron 5
EGF rs929446 4925 35431490 Cell cycle regulatipn Intron 9
EGF rs7692976 4925 35459713 Cell cycle regulatipn Intron 19
EGF rs2298999 4925 35460053 Cell cycle regulatipn Intron 19
EGF r 4698803 4925 35462573 Cell cycle regulatipn Exon 20
EGF rs9991904 4925 35470725 Cell cycle regulatipn Intron 22
EGF r s6533485 4925 35475709 Cell cycle regulatipn Intron 23
ERBB2 rs2952155 | 17921.1 1586014 Cell cycle regulatipn Intron 4
ERBB2 rs1801200 | 17921.1 1603884 Cell cycle regulatipn Exon 17
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ERBB2 rs1058808 | 17921.1 1608333 Cell cycle regulatipn Exon 31
ERCC1 rs321298¢q 19q13.3 18180954 Cell cycle régulpg  3'UTR
ERCC1 rs3212955 | 199q13.32 18191714 Cell cycle regulatfon Intron 5
ERCC1 rsl1615 19913.32 18191871 Cell cycle regulation Exon 5
ERCC1 rs3212944 19q13.3 18192580 Cell cycle réigula  Intron 3
ERCC2 rsi3181 19913.3 18123137 Cell cycle regulatijon Exon 23
ERCC2 rsl799787 | 19913.3 18124362 Cell cycle regulationintron 20
ERCC2 rs3916874 | 19913.3 18125144 Cell cycle regulatijonintron 18
ERCC2 rs238415 19913.3 18125453 Cell cycle regulationintron 18
ERCC2 rss50872 19913.3 18130667 Cell cycle regulatijonintron 13
ERCC2 rss50871 19913.3 18130733 Cell cycle regulationintron 13
ERCC2 rs1799793 | 19q913.3 18135477 Cell cycle regulatijon Exon 10
ERCC2 rs238406 19913.3 18136527 Cell cycle regulatijon Exon 6
ERCC5 rs2296147 13933 16588051 Cell cycle regulatipn 5 UTR
ERCC5 rs1998876 13933 16590719 Cell cycle regulatipn Intron 2
ERCC5 rs4771436 13933 16591696 Cell cycle regulatipn Intron 2
ERCC5 rs1047768 13933 16594193 Cell cycle regulatipn Exon 2
ERCC5 rsl7655 13933 16617678 Cell cycle regulatipn Exon 15
ERCC5 rs873601 13933 16618013 Cell cycle regulatipn 3’ UTR
GADDA45A | rsb32446 1p31.2 2441 Cell cycle regulation Intron 3
MDM2 rs1625525 123;;'3- 31356137 Cell cycle regulatign Intron 5
NBS1 rs12680687 8021 4169561 Cell cycle regulatipn Intron 14
NBS1 rs709816 8921 4185884 Cell cycle regulatipn Exon 10
NBS1 rs1805794 8921 4208652 Cell cycle regulationExon 5
OGG1 rs2072668 3p26.2 9738140 Cell cycle regulatipn Intron 5
0OGG1 rs1052133 3p26.2 9738773 Cell cycle regulgtiorExon 7
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TP53 rs1625895 17p13.1 7175464 Cell cycle reguiatiolntron 6
TP53 rs10425220 17p13.1 7176821 Cell cycle reguiatio Exon 4
CYP2B6 | rs2054675 | 19q13.2 | 13763973 | Metabolismof o o oter
xenobiotics
CYP2B6 | rs1987236 | 19q13.2 | 13777251 | Metabolismof o i1
xenobiotics
CYP2B6 | rs1042389 | 19q13.2 | 13792371 | Metabolismof 1o g
xenobiotics
CYP2B6 | rsi552219 | 19q13.2 | 13793502 | Metabolismof 4 g
xenobiotics
CYP2B6 | rea3a606 | 19q13.2 | 13800223 | Metabolismof o g
xenobiotics
CYP2D6 | rs769258 | 22q13.1 1650 Metabolism of Exon 1
xenobiotics
CYP2D6 | rs1065852 | 22q13.1 1719 Metabolism of Exon 1
xenobiotics
CYP2D6 |rs28371703| 22q13.1 2593 Metabolism of Exon 2
xenobiotics
CYP2D6 |rs28371704| 22q13.1 2603 Metabolism of Exon 2
xenobiotics
CYP2D6 |rs28371705| 22q13.1 2616 Metabolism of Exon 2
xenobiotics
GSTA3 | rs494334 | 6p12.1 43618889 | Mewbolismof o rp
xenobiotics
GSTA3 | rs3818234 | 6p12.1 43621357 | Mewbolismof o,
xenobiotics
GSTA3 | rs523605 | 6p12.1 4363583 | Mewbolismof b ter
xenobiotics
GSTA4 | rs405729| 6p12.1 a3701012| Metabolismof o g
xenobiotics
GSTA4 | rs673197 | epl2.1 43702488 | Mewbolismof o s
xenobiotics
GSTA4 | rs2274760 | 6p12.1 43708386 | ewbolismof o s

xenobiotics
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Metabolism of

GSTA4 | rs508078 | epl2.1 43710167 S Intron 2
xenobiotics

GSTA4 | rs182623 | ep12.1 43720089 | Mewbolismot o ter
xenobiotics

GSTZ1 | 2111699 | 14q24.3 | 58788350 | Mew@bolismof 4o
xenobiotics

GSTZ1 | rs270422 | 14q24.3 | 58792577 | Mewabolismof oo
xenobiotics

GSTZ1 | rs2270423 | 14q24.3 | 58795301 | Metabolismof 4 ins
xenobiotics

GSTZ1 | rs1017186 | 14q24.3 | 58797722 | Metabolismot o g
xenobiotics

HNMT | rs3100701 | 2q22.1 7339358 Metabolismof | 1
xenobiotics

HNMT | rs1020678 | 2q22.1 7351816 Metabolism of 1 0
xenobiotics

HNMT | rs1455158 | 2g22.1 7382647 Metabolismof | 4, ;rp
xenobiotics

NATL | rsi057126 | 8p22 5925572 Metabolismof | 4, ;rp
xenobiotics

NAT1 rsl5561 | 8p22 5925579 Metabolism of | = 5, ;1
xenobiotics

NAT2 | rs1799929 | 8p22 6102922 Metabolism of Exon 1
xenobiotics

NAT2 | rs1799930 | 8p22 6103031 Metabolism of Exon 1
xenobiotics

NNMT | reo2aa175 | 11q23.1 | 17724937 | Met@bolismof i o rer
xenobiotics

NNMT | reossoase | 11q231| 17726420 | Met@bolismof o rer
xenobiotics

NNMT | rs1041404 | 11q23.1 | 17731454 | Met@bolismof o
xenobiotics

NNMT |rs11214038| 11g23.1| 17735076 | Mew@bolismof 1 on 2

xenobiotics
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Metabolism of

NNMT | rs2852425 | 11q23.1 | 17744923 s Intron 2
xenobiotics
NQO1 | reoes757 | 16q22.1 | 23352045 | Meabolismof o o
xenobiotics
NQO1 | rs10517 | 16q22.1 | 23357950 | Mewbolismof o o
xenobiotics
NQO1 | rs1800566 | 16q22.1 | 23359344 | Metapolismof Exon 6
xenobiotics
NQO1 | re017670 | 16q22.1 | 23373162 | Me@bOlismof o on1
xenobiotics
PON1 | rs854544 | 7¢21.3 20157667 | Metabolismof o
xenobiotics
PON1 | rs854548 | 7¢21.3 20160096 | Metabolismof o
xenobiotics
PON1 | rs1157745 | 7q21.3 20175314 | Metabolismof
xenobiotics
PON1 | rs854556 | 7q21.3 20179199 | Metabolismof s
xenobiotics
PON1 | rs757158 | 7q21.3 20189804 | Metabolismof o e
xenobiotics
PON2 | rs3735586 | 7¢21.3 20069858 | Mewbolismof g
xenobiotics
PON2 | rs2375005 | 7¢21.3 20271152 | Mewbolismof e
xenobiotics
PON2 | rs2299263 | 7¢21.3 20274687 | Mewbolismof g
xenobiotics
PON2 rsl639 | 7q21.3 20278126 | Mewbolismof g
xenobiotics
SULTIAL | rsa14e306 | 16p12.1| 19930593 | 'etabolismof Exon 7
xenobiotics
SULTIAL | reoa11453 | 16p12.1| 19945100 | Metabolismof i ho
xenobiotics
SULT1A2 | re762634 | 16p12.1 | 19916414 | Metabolismof 40 10

xenobiotics
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SULT1A2

rs1059491

16p12.1

19916734

Metabolism of
xenobiotics

Exon 8

SULT1A2

rs3743963

16p12.1

19917765

Metabolism of
xenobiotics

Intron 6

DRD2

rs1800497

11923

16833244

Neuroactive ligand;
receptor interactior
pathway

3 UTR

DRD2

rs1079597

11923

16858702

Neuroactive ligand-
receptor interactior
pathway

Inton 1

DRD2

rs1799732

11923

16908669

Neuroactive ligand-
receptor interaction
pathway

5 UTR

DRD4

rs936461

11p15.5

513484

Neuroactive ligand;
receptor interactior
pathway

5" UTR

DRD4

rs4987059

11p15.5

513547

Neuroactive ligand-
receptor interactior
pathway

Promoter

DRD4

rs3758653

11p15.5

513581

Neuroactive ligand-
receptor interactior
pathway

Promoter

HTR2A

rs6306

13g14-92

1 28451462

Neuroactive ligand;
receptor interactior
pathway

Promoter

HTR2A

rs6311

13g14-92

1 28451479

Neuroactive ligand;
receptor interactior
pathway

Promoter

NTRK1

rs6339

1921-924

7339301

Neuroactive ligand-
receptor interactior
pathway

Exon 15

NTRK1

rs6337

1921-924

7339350

Neuroactive ligand;
receptor interactior
pathway

Exon 15

POMC

rs1042571

2p23.3

4199820

Neuroactive ligand-
receptor interactior
pathway

3 UTR
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Neuroactive ligand;
POMC rs7566506 2p23.3 4235406 | receptor interactior] 5 UTR
pathway
Neuroactive ligand-
SLC6A3 rs2652511 5p15.3 121756 | receptor interactior] 5" UTR
pathway

GH1 rs2070680 | 17q924.2 20638999 INS/IGF-1/GH 3 UTR
GH1 rs2854184 17q24.2 20650004 INS/IGF-1/GH S’ ryEare
GH1 rs2727308 17924.2 20641637 INS/IGF-1/GH 3’ rgare
GHR rs11949751 | 5pl13-p12 42542342 INS/IGF-1/GH Intron 2
GHR rs4292454 | 5p13-p12 42596002 INS/IGF-1/GH Intron 2
JAK2 rs7849191 9p24 4978761 INS/IGF-1/GH Intron 2
JAK?2 rs7037207 9p24 5033156 INS/IGF-1/GH Intron 4
JAK2 rs3780378 9p24 5102288 INS/IGF-1/GH Intron 22
SOCS1 rs478035% 16p13.1 2660937 INS/IGF-1/GH &t gene
SOCS1 rs193779 16p13.1 2664044 INS/IGF-1/GH 5t geae
IGF1 rs12821878 12qg23.2 26349857 INS/IGF-1/GH Intron 2
IGF1 rs7136446 12923.2 26320705 INS/IGF-1/GH In2on
IGF1 rs35767 12923.2 26357759 INS/IGF-1/GH promoter
IGF1 rs6214 12¢23.2 26275759 INS/IGF-1/GH 3 UTH
IGF1R rs874305 150926.3 646096 INS/IGF-1/GH Intron 1
IGF1R rs2018860 ( 15g26.3 708561 INS/IGF-1/GH Intron 2
IGF1R rs8037002 | 15026.3 896014 INS/IGF-1/GH Intron 5
IGF1R rs2229765 | 15q926.3 928076 INS/IGF-1/GH Exon 16
GAP rs388340 5013.3 37179178 INS/IGF-1/GH Intron [L
GAP rs3752862 5013.3 37228331 INS/IGF-1/GH Intron 5
GAP rs16902632 5q13.3 37249171 INS/IGF-1/GH Intron 9
AKT1 rs2494732| 14q32.32 86240237 INS/IGF-1/GH Intdd
AKT1 rs2498802| 14932.32 86235487 INS/IGF-1/GH lrrgene
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PDK1 rs758319 16p13.3 2547941 INS/IGF-1/GH Exon P
PDK1 rs3087784 16p13.3 2587914 INS/IGF-1/GH 3 UTR
PDK1 rs1005273 16p13.3 2585966 INS/IGF-1/GH Intt@n
PI3K rs1445760 5013.1 18187374 INS/IGF-1/GH Intron 9
PI3K rs3730089| 5qg13.1 18182506 INS/IGF-1/GH Exon P
PI3K rsl0940160 | 5qgi13.1 18157585 INS/IGF-1/GH Intron 1
PI3K rs6890202| 5qg13.1 18165320 INS/IGF-1/GH IntBon
BAD rs671976 11913.1 9351824 INS/IGF-1/GH Intron 1
BAD rs604203 11g13.1 9322730 INS/IGF-1/GH 3’ neangy
FOXO 3A | rs2253310 6021 13058022 INS/IGF-1/GH Intton
FOXO 3A | rs2802288 6021 13065644 INS/IGF-1/GH Intton
FOXO 3A | rs4946935 6021 13170171 INS/IGF-1/GH IntPon
FOXO 1A | rs2701896 139g14.] 22107892 INS/IGF-1/GH  néar geng
FOXO 1A | rs2755209 13914.1 22117804 INS/IGF-1/GH rontl
FOXO 1A | rs17061503 13qg14.1 22226758 INS/IGF-1/GH 5’ near ggne
AFX rs12013673 Xqi3.1 8635087 INS/IGF-1/GH Intron 1
AFX rs5980742 Xql3.1 8639619 INS/IGF-1/GH Intron 2
AFX rs5980741 Xql3.1 8632407 INS/IGF-1/GH 5 neang
MTOR rs2275527 1p36.2 5728013 INS/IGF-1/GH Exon 39
MTOR rs2261434 1p36.2 5707498 INS/IGF-1/GH Intrdn 3
MTOR rs1770345 1p36.2 5751947 INS/IGF-1/GH Intr@n 3
RAPTOR | rs7209040 | 17925.3 930833 INS/IGF-1/GH Intron 1
RAPTOR | rs12949279 | 17925.3 961950 INS/IGF-1/GH Intron 1
RAPTOR | rs7208502 | 17925.3 1073867 INS/IGF-1/GH Intron 3
RAPTOR | rs2292639 | 17025.3 1319494 INS/IGF-1/GH 3’ near ggne
RAPTOR rs1062935 17925.3 1343396 INS/IGF-1/GHl SRUT
PGCla rs819267¢ 4p15.7 14491020 INS/IGF-1/GH Exon|8
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PGCla rs1265056p 4pl5.1 14476545 INS/IGF-1/GH Intron 12
PGCla rs2946385 4p15.7 14561681 INS/IGF-1/GH InPron
PGCla rs4235308 4p15.7 14539770 INS/IGF-1/GH InPron
PPARa rs135539| 22q13.31 1829973 INS/IGF-1/GH Infron
PPARa rs5766741 22q13.3 1875896 INS/IGF-1/GH m&o
PPARa rs9626814 22g13.3 1907960 INS/IGF-1/GH RUT
LEP rs132283771 7q31.3 53063520 INS/IGF-1/GH 5’ near ggne
LEP rs12706832 7q31.3 53070715 INS/IGF-1/GH Intron 1
LEP rs3828942 7931.3 53077881 INS/IGF-1/GH Intron 2
LEP rs1176155¢ 7q31.3 53080645 INS/IGF-1/GH 3 UTR
LEPR rs1214569(0 1p31 35858932 INS/IGF-1/GH Inton 1
LEPR rs1137100 1p31 36008360 INS/IGF-1/GH Exon 4
LEPR rs1137101 1p31 36030432 INS/IGF-1/GH Exon 6
LEPR rs6688776 1p31 36040096 INS/IGF-1/GH Intron 10
AMPK rs1251721Q 5pi2 40737197 INS/IGF-1/GH Intron 8
AMPK rs837101 5p12 40746456 INS/IGF-1/GH Intron 3
AMPK rs249429 5p12 40754996 INS/IGF-1/GH Intron 1
AMPK rs466108 5p12 40769503 INS/IGF-1/GH Intron 1
ACC rs829152 17921 1007776 INS/IGF-1/GH Intron 1
ACC rs2302800 17921 901514 INS/IGF-1/GH Intron 10
ACC rs732770 17921 714789 INS/IGF-1/GH 3’ near gene
ACC rs11659129 17921 831441 INS/IGF-1/GH Intron 34
CPT1A rs11228372 11q13.2 13902373 INS/IGF-1/GH Intron 1
CPT1A rs4930248 11g13.4 13871699 INS/IGF-1/GHl imBo
CPT1A rs1761039% 11q13.2 13868123 INS/IGF-1/GH Exon 8
INS rs7924316 11p15.9 960688 INS/IGF-1/GH 3’ nesngy
INS rs2070762 11p15.9 973576 INS/IGF-1/GH 3’ neznegy
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INS rs3842748 11p15.9 968636 INS/IGF-1/GH Intron P
INSR rs1166711( 1?)2:;32'3- 7076609 INS/IGF-1/GH Intron 13
INSR rs8103483 1?)2:;32'3- 7085374 INS/IGF-1/GH Intron 11
INSR rs12971494 1?)2]:;32'3- 7154282 INS/IGF-1/GH Intron 2
INSR rs1896639 1?)2:;32'3- 7143846 INS/IGF-1/GH Intron 2
IRS-1 rs17208239 236 77807113 INS/IGF-1/GH 3’ near gehe
IRS-1 rs1801276 2036 77871337 INS/IGF-1/GH Exon L
IRS-1 rs1820841 2036 77856876 INS/IGF-1/GH Intron P
PI3K rs870995 3026.3 85408156 INS/IGF-1/GH Intron [L
PI3K rs1607237 3026.3 85445447 INS/IGF-1/GH Int2on
PI3K rs1568205 3026.3 85430949 INS/IGF-1/GH Intéon
GLUT4 rs2654185 17p13 6780710 INS/IGF-1/GH 5’ ngame
GLUT4 rs5418 17p13 6782440 INS/IGF-1/GH 5 UTR
GLUT4 rs5435 17p13 6784471 INS/IGF-1/GH Exon 4
GLUT4 rs35198331 17p13 6784154 INS/IGF-1/GH Exon 3
SHC1 rs4845401 1921 5431948 INS/IGF-1/GH Intron 3
SHC1 rs1050947 1921 5425860 INS/IGF-1/GH 3'UTR
SHC1 rs6661212 1921 5437051 INS/IGF-1/GH Intron fL
GRB2 rs2053158 17q24-g25 7319731 INS/IGF-1/GH Intron 1
GRB2 rs959260| 17q924-q25 7295694 INS/IGF-1/GH Intron 2
GRB2 rs7219 17924-925 7241640 INS/IGF-1/GH 3 UTR
SOS rs1059310 2p21 18028570 INS/IGF-1/GHf 3’ neaege
SOS rs2888584 2p21 18063222 INS/IGF-1/GH Intron(9
SOS rs963828 2p21 18150643 INS/IGF-1/GH Intron |1
HRAS rs12628 11p15.5 474242 INS/IGF-1/GH Exon 2
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HRAS rs4963176 11p15.5 478532 INS/IGF-1/GH 3’ roee
HRAS rs12577324 11pl15.5 469967 INS/IGF-1/GH Downstream
RAF1 rs15997 3p25 12564070 INS/IGF-1/GH 3' neaegen
RAF1 rs1532533 3p25 12575706 INS/IGF-1/GH Intron 10
RAF1 rs1170580% 3p25 12602370 INS/IGF-1/GH Intron 1
RAF1 rs3821611 3p25 12645208 INS/IGF-1/GH Intron [L
MAP2K1 rs1549854 1;3222;- 37487054 INS/IGF-1/GH Intron 1
MAP2K1 rs1432442 1;32221'- 37509588 INS/IGF-1/GH Intron 1
MAP2K1 rs7181936 1332223;'- 37538228 INS/IGF-1/GH Intron 5
ERK1 rs7542 16pl1.2 21438919 INS/IGF-1/GH Exon 8
ERK1 rs11865086¢ 16p11.2 21443572 INS/IGF-1/GH Intron 2
ERK1 rs1244441% 16pll.2 21431424 INS/IGF-1/GH 5’ near ggne
SHP12 rs1106630[L 12924 3440881 INS/IGF-1/GH Intron 1
SHP12 rs1106632p 12924 3475924 INS/IGF-1/GH Intron 6
SHP12 rs731336( 12924 3503044 INS/IGF-1/GH Intrdn [L
IFG2 rs3213221 11p15.9 944285 INS/IGF-1/GH Intron [L
IFG2 rs734351 11p15.9 943454 INS/IGF-1/GH Intron P
IFG2 rs680 11p15.5 940875 INS/IGF-1/GH 3’ near ggne
IGFBP1 rs4619 7p13-plp 45421627 INS/IGF-1/GH Exon @
IGFBP3 rs2132571 7pl3-plp 45450632 INS/IGF-1/GH  né#r geng
IGFBP3 rs2453839 7pl3-p1p 45442531 INS/IGF-1/GH romb
IGFALS rs3751893 16p13.3 1782210 INS/IGF-1/GH ERon
IGFALS rs17559 16p13.3 1781034 INS/IGF-1/GH Exon 2
IGFALS rs2230053 16p13.3 1780854 INS/IGF-1/GH ERon
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