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1. INTRODUCTION

1.1. Ageing from the evolutionary perspective

Ageing is a highly complex biological process that happens to most living beings. It is characterised
by a progressive weakening of all functions of the organism, which ultimately leads to its death. It
can also be defined as a tiredated deteriorationfahe physiological functions necessary for
fertility and survival(Gilbert, 2000)

Ageing is widespread throughatime animal kingdom, with different species displaying different
changes in phenotype as they age. It is, however, not ubiquitous, as some species, like hydra from
the Cnidaria phylum, do not exhibit signs of ageing afkillkwood & Tipton, 2017) The life
expectancy among species differs greatly as well. The adult stage of the fruit fly, Drosophila
melanogaster, life cycle lasgpproximately3 months(Piper & Partridge, 2018)A laboratory
mousehas amaximum lifespan of about 4.5 yed(Silbert, 2000) while their wild counterparts

are expected to live only between1l5 yeargBallenger, 1999)Naked mole rats, the longest

living members of the Rodentia order that are often used as models for longevity, can live up to 30
years(Buffenstein & Jarvis, 2002).arge mammals such as elephants and bowhead whales are
also knownfor their long lifespans, but the title of the longkging vertebrate goes to the
Greenland shark, estimated to reach 500 years ofNigisen et al., 2016)in comparison, the
maximum lifespan of a human is estimated at 121 y@arArking, 1998) with the longestiving

person up to date being Jeanne Calment from France, who died aged 122.

Evolutionary theories of ageing have long tried to ratiesaaigeing by making a connection
between ageing process and reproduction. Creating offspring is et@rgnding, so high fertility

has often been connected to faster ageing of the orgé&iesnenska, 2020; Ryan et al., 2018)is

is partially corroborated by the fact that species with shorter life often follow the r reproductive
strategyi with maximum energy allocated to high numbers of progeny, with short gestation, less
parental care, and a short time until sexual matyRignka, 1970) The species with fgger
lifespans, on the other hand, tend to follow K strategy characterised by having few offspring, a
long gestational period, intensive parental care, and a long period until sexual n{Riania,

1970) There are some exceptiondor example, londived sea turtles reproduce in a way that



more closely resemblestrategy. This line of thinking, however, suggesting the tadtleetween

energy allocated for reproductive fithess and the energy that can be spent for other functions that
would contribute to longevity, such as DNA repair, has been proposed by Tharkasd in

1977 as one of the causes for ageing in a theory known as the disposable son{&itheorgd,

1977) The aga el ated decline of the orgasdamds vit
consequence of the reproductive exhaustion of the old individuals, who are no longer able to ensure
the continuation of their species, and have therettetheir importance in the light of evolution
(Weismann, 1891)It was proposed thatush individuals are therefore weeded out by the
programmed process of ageing to make room for the reproductively fit individuals of the species.
But in natural world, however, most individuals dot rsarvive to the point of old age and
senescence due to extrinsic hazgkigkwood, 2005) meaning that there would be no need for a
strong natural selection of gertbat trigger ageing. Therefore, it is widely accepted that ageing is
not programmed, but rather evolved as a-gifiect of declining abiliy of naturalselection to
maintain fitnesss the organism agéSlatt & Partridge, 2018)

Regardless of the fact that thgeing processs not programmed by any single gene, the impact of
genetics on ageing substantialMutations have been found that modulate lifespan in model
organismgKirkwood, 2005) as well as certain variants that contribute to longevity in humans
(Deelen et al., 2011; Flachsbart et al., 2009; Willcox et al., 2@i8he genes that affect ageing
are pleiotropicand affect multiple biological systems within an organism, or are expressed
differently at different life stagesSome others, however, act in antagonistic pleiotropy, meaning
that theyenhance fitnessf an organisnearly in life, but diminish it in later life when theatural
selection pressure is weaKAustad & Hoffman, 2018; Kirkwood, 2005)The antagoristic
pleiotropytheory of ageing is widely accepteatlay, with experimental evidence speaking in its
favour(Austad & Hoffman, 2018)As more and more agehnglated mechanisms were discovered

to conform to the concept of antagonistic pleiotr¢pgirtke, 2011; Carter & Nguyen, 2011; Wood

et al., 2000)they started to converge and point to the pituitgayd, the main control centre that
coordinates the crosstalk between nervous, endocrine and immune sySteesaokova &
Melmed, 2002)as a potential integrative centre that regulates different processes that accompany

ageing.



1.2. Molecular theories of ageing

The study of ageing remains even today one of the most challenging research topics in the fields
of biology and medicine. It is fascinating not just because it is ubiquitous and unavoidable (at least
for humans), but because it affentsnerouphenotypesill at once. It is because of this complexity

that, in the history of ageing research, many molecular theories have been proposed to explain why
and how ageing happens, and only the most prominent of those theories are described in the
continuation of thischapter. Even though each theory could explain some of the changes that
happen during the ageing process, none of them could by themselves account for all the age
associated phenotypes. This is why no single theory prevailed, and jnteacholecular
background behind ageing is now considered to be a network of interconnected processes.

1.2.1. Somatic mutation theory

Somatic cells are throughout life exposed to different internal and external stressors and mutagens.
From the reactive oxygen species that aeaterd as byproducts of oxidative metabolism within

the cells, the UV radiation from the sun or the mutagens naturally found in the environment, there
are various factors that can damage the DNA molecule and cause muidijgrds Suh, 2013)

The DNA can also get damaged spontaneously, for example by heightened body temperature or as
a consequence of DNA hydyals, and mutations can be introduced into the DNA sequence during
replication(Vijg, 2000). As these lesions in the DNA can block cell division or transcription of
genes, the cells come equipped with a capable system for recognising them, known as the DNA
damage response (DDR), as wadla complex system for their rep@iliedernhofer et al., 2018)
However, as the organism ages, the efficiency of DNA repair decreases, causing the gradual
accumulation of DNA damage. This accumulation of unrepaired DNA lesions manifests as
genotoxic stress, whidhin order to prevent the replication of damaged DNtiiggers signalling
cascades that promote apoptosis or senes¢¥ocsefzadeh et al., 202IJhe inverse situation,

on the other hand, in which the damage to the DNA goes unnoticed by DDR, also presents a danger
to the organism as it can lead to development of diseaseupety cancer. Thus, it highlights the

fine balance between senescence and proliferation, and the key role that DNA repair mechanism
play in maintaining this homeostasis. DNA damage is, therefore, considered as one of the main
causes of ageing, and thiseory has been confirmed by studies that have shown that older

individuals, both of model organisms and humans, exhibit more DNA lesions than their younger



counterpartgHamiltonet al., 2001; Jacob et al., 2018)so, recent studies have shown that some
long-lived species could owe that longevity to more efficient DNA re{@aan et al., 2019)Apart

from the accumulation of somatic mutations, ageing is also connected to changes to the epigenetic
markers. The strongest evidence existgHeragerelated changes in methylation levels across the
entire genoméBell et al., 2012; Christensen et al., 2009; Teschendorff et al., ,.2000ageing

has also een connected to the decrease of the number of histbaeson et al., 2012and the

loss of héerochromatir{Dang et al., 2009; Feser et al., 2Q1@)ich coud all disturb the epigenetic

regulation of gene expression.

1.2.2. The telomere hypothesis of ageing

In 1961, Leonard Hayflick was performing experiments cultivating-ceorcerous human and
animal cells to see how long they could be maintained in cell culortrary to the theory
proposed by Alexis Carrel at the beginning of th& @éntury, in which it was stated that normal
somatic cells could be maintained in cell culture almost indefin(@sdyrel, 1912)Hayflick found

that cells usually underwent 40 to 60 cell divisions before entering senegeaytick, 1965)

This limited number of times that a cell adinide before maxing out its proliferative capacity has
since been known as the Hayflick limit. The molecular explanation for this phenomenon was given
by Alexey Olovnikov in 1971, when he, looking at the trains in the Moscow subway, formulated
the end rplication problemHe theorisedhat during replication of the DNA, the very ends of the
lagging strand cannot be fully copied by DNA polymerases because the enzyme itself sits on it,
like a locomotive engine at the end of the train tri@illovnikov, 1973)He alsosuggested the ends

of chromosomesompriserepeated sequences that serve as buffers that shorten in each cell
division, and that the cells enter replicative senescence once this buffer role has been lost
(Olovnikov, 1996) thus setting the foundation of the telomere shortening hypothesis of ageing.
His theories have been confirmed by further researchthesa repetitive DNA sequences at the
ends of chromosomes given the name telomeres. Telomeres in humans and other vertebrates consist
of hexameric repeats of TTAGG®oyzis et al., 1988bhat bind proteins of the shelterin complex

and serve to protect the ends of the linear DNA molecule from degradation by nu@ésaddsurn

et al., 2015)They are shortened in every cycle of DNA replication, and upon reaching a critical
length, trigger the activation of the DNA damage respoase,r est of the cel |l Cy
entry into replicative senescen¢gglinicki & Martin-Ruiz, 2005) Even though the critically

shortened telomeres are recognised as DNA damage, they canmoerised by regular
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mechanisms for DNA repair, as this repair requires a special template to rebuild and lengthen the
telomeric repeats. Telomerase is a complex enzyme with DNA polymerase activity and an RNA
template that enables this lengthening of telosiebeit is not expressed in most human cells
(Blackburn et al., 2015}t is, on the other hand, expressed in stem (@t#lins & Mitchell, 2002;

Wright et al., 1996@and often in cancer cel{glahn et al., 1999; Shay et al., 2004dljowing them
continuous proliferadn far beyond the Hayflick limit. Therefore, telomeres plagt only an
important role in ageing baiso in disease susceptibility and developn{iBotsiello et al., 2022)
Telomeres arthelongest at birth and represehetmost important predictor for later life telomere
length(Martens et al., 2021Because of the shortening during the course gftélemeresould
represent a good marker of biological age, as well as an interesting biomarker for ageing research.

1.2.3. Waste accumulation theory

Proteins, the main building blocks of an organism, carry out most of the main structural and
functional tasks in a living system, making their proper functioning of utmost importance. In
normal cellular metabolism, fresh proteins are synthesised anewpaifiahctioning, damaged or
redundant proteins are marked for degradation and broken down in proted&Bamies, 2001,

Shang & Taylor, 2011)The maintenance of this balance, also known as proteostasis, is often
dysregulated by agein@gHipp et al., 2019) Throughout tbkir lifetime, proteins and other
macromolecules in the cell are exposed to different conditions and agents that can damage and
impair their functions. Elevated temperatures can cause the proteins to lose their 3D conformation,
while highly reactive molecak like reactive oxygen species (ROS) and reactive nitrogen species
(RNS), as well as sugars and aldehydes, can oxidise them and affect their structure. Proteins that
are misfolded, unfolded or oxidised by these molecular stressors can then stick together
oligomeric complexes, causing the formation of protein aggregates that impair cellular function
and decrease viabilifChondrogianni et al2014) To prevent them from further damaging other
macromolecules, damaged proteins are either degraded, sequestered in separate compartments
within the cell or repairefChen et al., 2011 he latter is possible thanks to molecular chaperones,

of which most wellknown are the ones from the haaiock protein famyl (Hsp). They have a

vital role in preserving the structural integrity of proteins and help the proteins to achieve their
functional conformation by binding to the unfolded regions and oligomerizing with accessory
proteins around this region in order teate an ideal surrounding for the protein to {didyer &

Bukau, 2005)They can refold damaged proteins to restore their function, and also help to prevent

5



the accumulation of misfolded proteift$ut et al., 2005)which is why their expression is required

for longevity (Calderwood et al., 2009Yhe heat shtk response, however, has been shown to
weaken with agéCalderwood et al., 2009and, together with the failure of the protein degradation
system, |l eads to collapse of protein quality
integrity and can cause the development of protein misipldid i seases, such as
Hunt i ngt o(Ravers et al.,.s2@08; Jaylor & Dillin, 2011)

1.2.4. Mitochondrial theory

Mitochondria are the powerhouse of the cell, cellular organelles where energy in the form of
adenosine triphosphate (ATP) is created by oxidative phosphorylation. This process, necessary for
the sustenance of eukaryotic life, involves a chain of cheneeakions that include transport of
electrons from electron donors to acceptora series ofedox reactionending intherelease of
oxygen(Nunnari & Suomalainen, 2012)his electron transport, happening on protein complexes
located on the inner mitochomal membranealso known as the respiratory chain, sometimes
causes the production of highly reactive byproducts of aerobic metabolism, reactive oxidative
species (ROS)Bratic & Larsson, 2013)Due to their high chemical reactivity, these toxic
byproducts can cause oxidative damage to proteins, lipids and nucleic acids. Mitochondria are the
only organelle in the animal cells, besides the nucleus, that have their own gembvBieA. It is

a ciraular DNA molecule of 16 569 base pairs that encddeproteins with a role in oxidative
phosphorylation and 24 RNA components (22 tRNAs and two rRNAS) necessary for mitochondrial
protein synthesigTrifunovic & Larsson, 2008)Due to highly oxidative conditions within the
mitochondria inner membrane, the circular, histtree nature of mtDNA and a more litad set

of repair machinery available in the mitochondBauzhyna et al., 2008; Lax et al., 201d)tDNA

has a much higher rate of mutation compared to nuclear (JKért et al., 2005)This can, as the
organism ages, cause the accumulation of mutations in the m{DiM@novic & Larsson, 2008)

and subsequently lead to mitochondrial dysfunction and accelerated ROS ger{érdtioovic

et al., 2004; Wallace, 2010)his is also reflected in the fact that, with ageing, the rate of energy
production in the mitochondria decrea¢estersen et al., 2003; Short et al., 20@%icating the

weakening of mitochondridiinction.



1.2.5. Caloric restriction theory of ageing

One of the first breakthroughs in the field of ageing research was the discovery thaacskoaon
restriction diet could live much longer than their counterparts on norma(Mie@ay et al., 1975)

It was the first proof oanirrefutable connection between nutrient intake and longevity, as well as
the first example of the plasticity of the ageing process. It inspired the scientistesgatethe

genes that activate in response to nutrient stimuli, and look for a link betin@s genes and
ageing. This resulted in the discovery of Hye 1 gene inCaenorhabditis elegan@-riedman &
Johnson, 1988)shering the genetic era of ageing research. This gene encodes aowmiogiie

of phosphatidylinositol kinase, a kinase that phosphorylates transcription factors downstream of
the insulin/insulirlike growth factor 1 signalling pathway (IIS) that is wetinserved from yeast

to mammalgBarbieri et al., 2003)Soonafter, DAF2, a homologue of insulike growth factor

1 receptor, and DAHRG6, a homologue of the FOXO transcription factor, were discovered as the
other key regulatory elements ©f elegandifespan(Kenyon et al., 1993)proving that IIS indeed

was the most promising pathway for longevity research. It has since been discovered that IIS is the
centre of a much larger regulatory network thzdrs beyond just one pathwghigurel). It is
connected to cellular metabolism, stress response, cell cycle control, apoptosis and autophagy via
its downstream effectors such as FOXO transcription fag¢Mestins et al., 2016and mTOR
(Saxton & Sabatini, 2017; Yoon, 201@} well as cytokine production and inflammatory processes
(Spielman etl., 2015 Kim et al., 2008; Manowsky et al., 201@&mong otherBecause othis
involvement in a variety of cellular processes, even though the IIS is evolutionary tied to
organismal survival and not ageing pel(Aatebi, 2007) the changes in expression of key genes

in this signalling network can influence how an organism ages, provingethdatingnutritional

signalscan indeed influence thgaing process.
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1.3. Hallmarks and biomarkers of ageing

The complexity of the ageing process lies in a wide spectrum of processes and changes that an
organism simultaneously undergoes as it agjeese cellular and molecular procesaes not
independent of each other and often have causal or synergistis.efiieey are what determines

the aging phenotype, and are considerechtienarksof ageing(LopezOtin et al., 2013, 2023)
(Figure2). DNA instability and telomere attrition are hallmardsageing caused by the wear and

tear of DNA throughout lifeand both represent a limiting factor to the replicative potential of the
cells. Epigenetic alterationmfluence transcription and affeatell division via chromatin
organisatior(Sen et al., 2016Yhey are dallmarkof ageirg that reflectenvironmental influence

on gene expressioAll these changes on the DNA lewak the drivers behind cellular senescence

and stem cell exhaustiowhich arethe main hallmarks of ageing a@he cellularlevel. Ageing

affects cellular and intercellular signalling pathways, which causes deregulated ragnginigy
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and altered intercellular communications. It also impacts the cellular systems for maintaining
homeostasis, so aged cells often display sigmaitmchondrial dysfunction, loss of proteostasis
and disabled macroautophagy. On the tissue level, the main hallmark of ageing is chronic
inflammation, charactesed by an increase in the levels of mammatory markers in blood and
tissues.Chronic irflammation is a strong risk factor for ageated diseases and geriatric
conditions that are highly prevalent and causes of disability in elderly individualsasthérefore

even got its own name: inflammagiigerrucci & Fabbri, 2018; Franceschi et al., 200he
ageingrelated changes, however, do not stop atdhel of theorganismitself i the microbiome

is also affected by the ageing process through the bidirectiondb&ctstria crogalk. This altered
communication results in dysbiosis, a change in the composition of gut microbiota, which makes
for a final, holobiont hallmark of ageir{gopezOtin et al, 2013, 2023)L6pez0tin et al. (2023)

have grouped these hallmarks of ageirigiinree categorieisprimary, antagonistic and integrative
(Figure 2). Primary hallmarks ardisadvantageousiolecular events or changasthe level of
individual cells, and are the core drivers of ageing. Antagonistic hallmaten they become
widespread as a result of the changes incurred by the primary hallmarks, ¢orttréaute to the
ageing phenotype and exacerbate other ageilated changes. Finally, integrative hallmarks
comprisethe changes on multicelluland systemic levels that disrupt normal functioning of the

organism as a whole.



Figure2. The 12 hallmarks of ageings they were defined lypezOtin et al.(2023 (Lopez
Otin et al., 2023)

The rate of ageing does not only vary greatly between species, but between individuals as well
(Belsky et al., 2015)Thatiswhy o ne 6 s bthecabealmt reflects the apralifion of the
organism, does not always match the chronologicalBgaceschi et al., 201L8Yleasuring the

rate at which one ages is difficult, and establishing what the biomarkers of ageingsacaused

much debatéButler et al., 2004; Johnson, 2006; Mather et al., 2011; Sprott, .Z0A&) is wly

these main criteria for the determination of ageing biomarkers have been proposed: a) it must
predict the rate of ageing; b) it must measure a basic process underlying ageing and not the effects
of disease; c) it must be minimally invasive so the measeme can be repeated; d) it has to be a
marker of ageing in both humans and model organisms, so it can be verified before being tested on
humans (Burkle et al., 2015) Most importatly, a biomarker of ageing must outperform
chronological age in predicting the outcoineemaining lifespan, mortality risk, and agsated
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morbidity risk (Lohman et al., 2021)Some of the proposed biomarkers that pass most of these
criteria are telomere lengtfZglinicki & Martin-Ruiz, 2005) epigen&c clocks measuring the
methylation state of CpG islan@ldorvath & Raj, 2018)omicsbased markers such as those from
transcriptomic data measuring the differences in mRNA lg¥dsries et al., 2011 )proteomie

based estimators that detect -agkated changes in protein leve(Sanaka et al., 2018)
metabolomiebased estimatordrobinson et al., 2020as well as biochemical biomarkers from
blood (Mamoshina et al.,@.8; Putin et al., 2016PDue to the employment of new methods and
high-dimensional analyses, this area of ageing research is developing rapidly, so this list of

potential biomarkers can be expected to grow even more in the coming years.

1.4. Candidate gene and genomwide association studies (GWAS)

Living systems rely on tight regulation. All processes happening within an organism are governed
by cellular signalling pathways, which are in turn regulated through gene expression, but no
organisn is completely exempt from the effects of its environmerihdoase of a complex process

such as ageing, for which time is also an important factor, the effects of environmental factors on
the dynamics of the biological process are significant. Howeresironmental influence is very
difficult to study and pinpoint, even if it could contribute to the observed phendiyihe case of

human ageing and longevity, such beneficial influence of the environment can be #eesdn

c a | Ibleel zongg the areas of the world with markedly higher percentage of -lovegl
individuals (Buettner & Skemp, 2016)instead, these lorlgved individuals, who are living
examples of successful ageing, are the most valuable resource for studying the genetics of human
longevity.Even though the total effect of genetic variation on human lifespan is moderate, with the
genetic component estimated at arouneB@% (Herskind et al., 1996he two approaches for
studying the genetic background of human longevitandidate gene studies and genamnge
association studig&sSWAS) 1 have proven very useful in determining different pathways that are
key for healthy ageing and longevity. The goal of these types of studies is to find genetic differences
between londived individuals, nonagenarians and centenarians, and indilgicdf average age
(Smulders & Deelen, 2023While candidate gene studies can identify a limited number of
polymorphisms associated with an increased or decreased risk of an outcome by focusing on

pathways with a putative role in said outcome, genamde association studies search for
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association signal through the entire genome in a more unbiased, hypbgesiay(Smulders

& Deelen, 2023; Wilkening et al., 2009)he results of GWAS are considered fakaas these

studies usually employ very large sangpénd their results are often reproducible (enabling
adequate sample size and similar ancestry of the observed populations), which is why the detected
geneticvariantscan also be used in other studiegtedict the target phenotygBuncan et al.,

201%).

The most welknown gene that influences human longevitARBOE a gene from the family of
apolipoproteins that mediates cholesterol transport and metabolism. The ApoE protein has three

i soforms, termed U2, U3, and U4, that are def.i
(SNPs), rs429358 (Argl12Cymrginined e f i nes U4) and rs7412 (Argls
(Deelen et al., 2011)ts first connection to longevity was made 30 years ago, when Schachter et

al. (199 reportedoma very | ow f r equenc yamongFrenbheentehatiaes e de
(Schachter et al., 1994y was considered as a candidate gene in ageing stueiagde isoform

U4 (Argll2, Argl58), \Huebleh Rimbach, H¥ was assoeiatadr a | v
with an increased risk of cardiovascular disg@net et al., 200 order et al., 1993; Eichner

et al.,, 1993; Wilson et al.,, 1994)n d Al z h e i ifFarredes al.,dl993; Zwo eteal., 2006)
whicharebothage e | at ed conditions. Isoform U2 isofor
these diseases, while U3 (Cysl112, Argl158), whi
(Mahley & Rall, 2000)is considered neutral. It was determined as the strongest genetic factor
influencing longevity(Deelen et al., 2Qi), and remains the only genetic locus to reach the level

of genomewide significance (p < 5x18) in multiple metaanalyses of GWAS resul(®eelen et

al., 2019) This is why it is today considered a golden standard of longevity research, and is even

considered as a potential biomarkéageing(Burkle et al., 2015)

The only other longevitassociated locus that has been replicated in several independent studies
is FOXO3(Smulders & Deelen, 2023firstidentified as a genetic factor for longevity by Willcox

et al. (2008)Willcox et al., 2008)the variats inFOXO3have been associated with longer life in
manyGWA and candidate gene studies on different populafianselmiet al., 2009; Bao et al.,

2014; Broer et al., 2015; Flachsbart et al., 2009; Pawlikowska et al., 2009; Soerensen et al., 2010;
Zeng et al., 2010FFOX0O3is the main transcriptional effector of the insulin signalling activated by

metabolic stress and nutrient deficien@ijkelenboom & Burgering, 2013)it is involved in
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regulatiora wide variety of cellular processes connected to cellular survival, including metabolism,
protein turnover and quality control, as well as cell d¢&tefanetti et al., 2018Because ofts
involvement in the main pathway implieat in ageing, it is not surprising it has been deemed a

candidate gene for longevity.

Variants in other genes that either belongl® d¢r are in some way connected to it have been
reported to potentially impact the ageing process. For example, varif@isliRandIGF2Rgenes
encoding insulidike growth factor receptor@lbani et al., 2008; Bonafe et al., 2003; Li et al.,
2016; Soerensen et &20123), an SNP in the gene for hormone receptors that control the secretion
of growth hormongSoerensen et ak0123), variants in the genes for metabolic regulators sirtuins
(TenNapel et al.,, 2014have all been associated with longevity. So have the variants in the
KLOTHOgene, a silencer of insulin signalling, that has got his name after one of the three Fates
from Greek mythology the one that is tasked with spinniting thread of lif¢D. E. Arking et al.,
2002; Pereira et al., 2020; Soerensen eP@l 2y Zhu et al., 2019)However, IS is not the only
pathway enriched with longevity geriestrong evidence exists for the connection with ageing and
longevity of variants in genes involved in cell cycle contrdlP53(Grol} et al., 2014)as well as
CDKN2B(Fortney et al., 2015; Pilling et al., 2016; Pinos et al., 2@ie8ted in a regin that also
happens to be implicatad cardiovascular disease ri¢Burton et al., 2007; Helgadottir et al.,
2007; McPherson et al., 2007Mhe association with longevity is also reported for variants in the
IL6 gene, encoding a cytokine with both pand antiinflammatory propertiegAlbani et al.,
200%; Christiansen et al., 2004; Revelas et al., 2048)wvell as for variants in genes involved in
DNA repair, for exampl&ERCC2andMRE11(Dato et al., 2018)Most of these, however, could

not yet be replicated in independent studies or in diverse populations.

1.5. Healthy ageing

Since its inception, humarhave been fascinated with the idea of eternal life. For centuries,
alchemi sts have tried to create the Philosoph
transmuting other materials into gold, grant its owner the Elixir of life, and thus, immondhtie

their efforts have beamnsuccessful, the quest for both genetic and environmental factors that can

positively influence the ageing proceswl contribute to longeviig today more relevant than ever
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before.Thisresearclalso goedeyondmerely eaching longevity; it is a quest for a long life spent
in good health anw/ith a good quality of life.

The past century has seen the greatest longevity leap in the history of humankind, which resulted
in a much larger number of peoerviving toolder ag. But in order to truly reap the benefits of

this longer lifespan, it is of utmost importance to remain in good health for as long as possible
(Beard et al., 2016)his is why thanain term in the research of healthy ageing is healthispgan

years of life lived in good health, free of dise@Sarmany et al., 202,1and why a whole branch

of ageing research that specialises in this connection éetageing and diseaseyerosciencé

has been establishdkennedy et al., 2014)However, while the human lifespan increased
drasticaly, the healthspan has not followé@armany et al., 2021)'he number of agspecific

risk factors representing physiological status has stayed relatively coftataminins & Beltran
Sanchez, 2011) meani ng t h aotd might da ped any hedltldee #ndprevious
generations. This is quite problematic, as advanced age is already the main risk factor for chronic
diseases such as cancer, cardiovascular and neurodegenerative diseases and type 2 diabetes
(Niccoli & Partridge, 2012) The older age grquis also a segment of population where
multimorbidity, the coexistence ¢fvo or more chronic conditions, is very prevalékirchberger

et al., 2012; Salive, 2013)n a study that reviewed data from Wttidies on mortality, length of

life and disease, Crimmins and Belttf&&nchez (2011) report an increase in prevalence of disease,
longer time lived with a disease, and a decline in mobility functiof@mmins & Beltran
Sanchez, 2011)neaning that the increased life expectancy does not automatically mean a better
quality of life. They also show that a decline in some risk factors like high cholesterol and
hypertension is due to drug usa@aimmins & BeltranSanchez, 2011which also highlights
another problem that goes hand in hand with multimorbidity in older populatiolypharmacy,

or taking of multiple medications at on¢KurczewskaMichalak et al., 2021)which can have
negative side effects of its owlxceptionallylong-lived individuals, however, delay or completely
avoid the onset of most agelated disease€Smulders & Deelen, 2023which makes them
extremely valuablé not only as examples of successful agéiraut for gaining insight into the

conditions andactors necessary for acquiring longevity.

Therefore, gerontologists today claim that it is nddck of diseasehut other important factors

like the absence of frailty and good functional abilitga n i ndi vi dual 6s abil it
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tasks indepeattently(Clegg et al., 2013; Ramnath et al., 20il8)atare truehallmarks of successful
ageing.Parameters like mobilityindependence and mental capacityedhbeen shown as good

predictos of mortality and some morbiditiggnouye et al., 1998; Reuben et al., 19%)d he

same is true for oneos(Bgdage etalp 2005 Gurtio ¢t al.f 1999 r o v
Kawada, 2003)Finally, dl aspects of functional ability are tied to nutritional status, which is
especially important for oldendividuals as it plays a big role in thgreservation of muscle mass

and strength during agir{ylithal et al., 2013)

1.6. The global populationageing

In the last 200 years, the average human life expectancy has doubled (@ eppen & Vapel,

2002) From the world average of around 29 years in 1820, it increased to 73 years (W2@20
Health Organization, n.din an almost linear fashion. This increase was made possible by
civilization advancements like income, better nutrition and sanitation, education and the
development of medice (Oeppen & Vaupel, 2002)nitially, the biggest contributor to this
increase was the decline of juvenile mortality, but in the second half of theeR€ury it was the
improvements in survival after the age of 65, partly due to improved treatments for-edaiad
diseases, that propelled the rise in life expectgdiéymoth, 1998) It was this improvement in

65+ survival, together with reduced fertilifiyee et al., 2014)that led to an increase in the share

of the elderly in the population. Projections show that by 2050, for the first time in human history,
the number of people over the age of 60 will surpass the combined number of adolescents and
young adults, and #éht t h e wocaldlpdpalationasl likely sottriple from 2015 to 2050
(United Nations et al., 2019} is, therefore, not surprising that centenarians are the fastest growing
demograhic groupint he wor | d Bobriprekp ai &l.a200i7)o n
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Figure3. The global life expectancy at birth in 1940, the first year in which data was available for

all countries, and 2021mage was adapted from Dattani et al. (20Z8ttani et al., 2023)

As old age is one of the main risk factors for the development of chronic diseases and

multimorbidity, demographic ageing of the global population creates a strain on the economic,
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social and healthcare systems of many countries. As this global phenomenon of population ageing
is expected to continue in the coming decades, this pressure is also expected to increase, so the
national governments are being warned of the potential inthase changes will have on the

global economy and encouraged to make policies intended to raise féBtildjtacharjee et al.,

2024) In the face of this future, the need for research into the meahaoithe ageing process

and longevity has never been greater. Successful ageing and the conservation ofveltahty

advanced age is going to be of critical importance for the maintenance of economic stability in the
coming times, sbetterunderstanding of the ageing process and faethish might help to delay

the onset ofunctional disabilitiesand thus antribute to successful ageing and longevity, is only

going to gain importance.

1.7. Research scope and the aims of the thesis

Croatia is, along with the rest of the more developed countries, facing the ageing of the population.
According to the data frotte Croatdn Bureau of Statistics, there were almos090Q people over

the age of 85 in 202RCroatian Bureau of Statistics, 2028)owever,comprehensive genetic
research of factorthat might contribute to longevitg something that has not yet been done on a
sample othe Croatian population.

This study aims to explore whether there is a generational difference in genetic characteristics
associated with longevity in the Croatian population, as welexasnine whether genetic
background i nf | wiereachiaglongenite (9Gyeacshaacesterse longevity (95
years). It will also determine whether the chosen set of genetic variants influences survival in
advanced old age. Most importantly, this studly contribute to the general pool of knowledge
about the role biological and health factors play in achieving longevity and healthy ageing in the
Croatian population.

The hypothesis of this study is that the frequency of single nucleotide polymorplssoesated

with longevity differs between oldestd individuals and a young control group from Croatian
population and that those same polymorphisms have an effect on longevity, while their
interactions, relative telomere length and indicators of heé#dtiuss are factors that influence

survival in advanced old age.
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The main aim of this researdh to determine biological contributors tbe longevity of the
Croatian oldesbld populatiorand itwill be achieved through specific goals that include:

1) a omparison of allele and genotype frequencies of variants associated with longevity

between a sample of oldesitl individuals and a young control group;

2) testing which of the chosen single nucleotide polymorphisms have an effect on reaching

longevity (90 years) and extreme longevity (95 years);

3) testing whether the chosen genetic variants or their interactions, relative telomere length,

and healtkrelated traits have an effect on survival in advanced old age.

The research that is planned within the framework of this doctoral dissertation is based on a sample
of 327 oldesbld people (85 years and older), which was collected between 2007 and 2009 as a
part of the project AComplex trait varTeati on
years after the initial survewi t hi n t he r dElthaCUbunal, and Biplagicat )
determinants of longevity: Anthropological perspective on sahiiv very old ag§dHECUBA)O

the age of death of all the respondents was determined from the national mortality register, making
it possible to discern a group of letiged individuals among them (those who lived to be over 90
years of age)-urthermorewithin the same projecDNA sample of 100 unrelated young people
between the ages of 20 and 3Brercollected using the snowball methothis young sample,

which should be a representation of individuals with differing chaatesachinglongevity, is
usedasa control group for comparing the frequency of gene varemisas a reference group for

calculating the relative telomere length of a group of elderly subjects

For the genetic analysis, a set of 43 single nucleotide polymorphisms was sejecte\wing

the relevant literature in publicly available databases (PubMed, repositories sipgdialhuman
genetics such as LongevityMapttps://genomics.senescence.info/longeviyld Digital Ageing

Atlas http://ageingmap.org/(Budovsky et al., 2013; Craig et al., 20L5)he main criteria for the
inclusion in the study was a strong or repeated association with human longevity and involvement
in various signalling and metabolic pathways that play a role in the ageing process (e.g., cell cycle

regulation, DNA repair mechéms, the insulin signalling pathway).

The participants from the oldeskd group were users of one of 13 homes for the elderly and infirm

from the city of Zagreb and Zagreb County area and participated in the research voluntarily, signing
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an informed caosent for participation and providing a sample of peripheral venous blood for
biochemical, haematological, and molecular genetic analyses. The subjects completed a survey
adapted to a sample of elderly people that contained questions related to fuabtildgatuality

of life and health, and contained two internationally standardised questionnaires: Mini Nutritional
Assessment (MNA) for assessing nutritional status, and the psychometric test Mini Mental State
Examination (MMSE) for assessing the mestate of respondents. They had their blood pressure

and bone density of the calcaneus (heel bone) measured, and underwent a short anthropometry.
The collected data comprises a database of health variables that cover a wide spectrum of health
status dataohi cati ng the subjectodos vitality (i.e.,
medications taken daily, the number of prosthetic devices, nutritional status, blood pressure, bone
density, etc.), whiclarein this study used in conjunction with thetaimed genetic, biochemical

and haematological data.

While some research has previously been conduri¢ite same londgjved samplé one thahas
examinedhe role of four polymorphisms in candidate genes for cardiovascular di¢€x4esin
longevity( Zaj ¢ P et ramdtlestherithat digcQssaBle influence of five polymorphisms
in candidate longevity genes on the subjisiogical agg Kr aj a |,thése stupli€ditl o)
cover as wide of a set of longgrassociated polymorphisms, ramuldtheyprovide arueinsight
on the effect these variants have onlifespan of our oldesbld subjects, which is something this

study is able to do.
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SO DIFFERENT BUT EQUAL: 33 LONGEVITY
GENES' LOCI IN THE ROMA AND IN THE
GENERAL POPULATION OF CROATIA

ABSTRACT: The age pyramid of Roma populations tips strongly towards the younger age groups and is characterized by
a low number of elderly individuals. There is a vast range of environmental factors that influence the age structure of Roma
populations. To explore whether a genetic risk for premature mortality also exists in this ethnic minority, 33 single nucleotide
polymorphisms (SNPs) in 23 putative longevity genes were investigated in 308 adult Roma living in Croatia, and in
Croatian population sample, composed of 314 "Old" (85- 101 yrs.) and 97 "Young" (20-35 yrs.) subjects. The cumulative
effect of the investigated SNPs, which have previously been related to human longevity, was summarized within Genetic
Longevity Score (GLS). After Bonferroni correction the "Old" and "Young" Croatian age groups differ only in the allele
Jrequencyin MRE1IA locus (rs533984), while the Roma had significantly different allele frequencies from the surrounding
majority population in most of the investigated longevity genes loci (in 16 out of the 33 SNPs ). However, the Roma’s GLS
is equal to those in the "Young" and "Old" Croatian cohorts implving identical chances of surviving to the age of 85 among
Roma as in the majority Croatian population, when only genetics is taken into account.
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INTRODUCTION attributed to the increase in food production and the role

of the industrial revolution in the regular supply of food,
Global average life expectancy by 1800 was between 30  with the improvement of hygienic conditions and advances
and 40 years of age, and over the last 200 years it has  in medicine. However, there are quite large inequalities
almost doubled (Finch 2007). This change is mainly  within and between countries, and between different
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population groups. There is growing evidence that
socioeconomic deprivation is a major cause of differences
in mortality (Boruzs er al. 2018). Today, the highest life
expectancy {over 84 years of age) has been found in some
developed countries such as Hong Kong, Japan, Italy,
Singapore, and Switzerland, and it is higher in women
than in men. With the median age of 43.9 years, Croatia
is the 18% country with the oldest population in the world
(Central Intelligence Agency 2020). The estimates for
2020 indicate a total fertility rate of 1.42 children born
per woman, and that the proportion of people aged 65
years and above in total population amounts to 21.06%
(Croatian Bureau of Statistics, 2021).

Roma (Gypsy) are the largest European transnational
minority population of common Indian origin consisting
of 12 million people. The Roma were migrating
throughout most of their history and retained the
nomadic way of life as their cultural pattern. Today,
most Roma have a permanent residence, but they
generally live separated and excluded from the majority
communities in several ways: physically - in outskirts
of towns and villages, often in overcrowded settlements
with poor sanitation and lack of other housing facilities
(Anthonj et al. 2020), economically - underprivileged,
poorly educated and unable to find a regular job (EU-
FRA 2014), and socially - discriminated considering
the prejudices of majority populations and their hostility
(Kende et al. 2017). Poverty and social exclusion, along
with a number of lifestyle specifics, could have an
adverse impact on the health of the Roma population,
which indeed shows poorer health status, increased
morbidity and mortality compared to other populations,
and a shorter average life expectancy.

Most countries do not report detailed ethnic data in
their national census data, but one of the rare official
documents is the European Public Health Alliance
which shows that in all EU member states, the estimated
life expectancy of the Roma was lower than that of the
surrounding majority non-Roma population (The
European Public Health Alliance 2018). The estimated
life expectancy gap between Roma and non-Roma varied
from 2-10 years lower in the UK Roma than in the UK
non-Roma, to as much as 20 years lower life expectancy
of the Italian Roma in comparison with Italian non-
Roma. The age structure of the Roma in all EU states
is much younger than the national average, with a much
higher proportion of young people and a relatively
smaller size of the elderly population (Frazer, Marlier
2011). In Hungary, both birth rates and mortality are
far higher among the Roma population than in
Hungarians: there are 2 times more Roma aged <15

years (37% vs. 16.8%) and 5 times less Roma >60 years
of age (3.9% vs. 20.2%). A similar trend is observed in
Ireland (42% vs. 20% <l4-year-olds, and 2.7% vs. 11%
>65-year-olds), Italy (45% vs. 15% <l16-year-olds, and
0.3% vs. 25% >60-year-olds), and Slovakia (43.6% vs.
25.5% <14-year-olds, and 3.6% vs. 14.5% >60-year-olds),
but also in the Czech Republic, Romania and Spain
(Frazer, Marlier 2011).

There is a vast spectrum of environmental influences
that could cause the observed younger age structure of
the Roma population. In Croatia, poor education and
traditional attitudes towards female reproductive health
all contribute to a high-fertility reproductive pattern
present in this population (Skaric-Juri¢ er al. 2007,
Klasnic et al. 2020). The young-leaning age structure of
Roma population is a consequence of high fertility rate,
but also of higher mortality at almost all ages (i.e. in
periods of childhood, adolescence and early adulthood,
as well as in middle ages). The higher risk of mortality
in this population has multiple causes: malnutrition,
infections, violent deaths, deaths related to multiple
parities, and especially higher prevalence of chronic
diseases related to several risk factors (Zeljko et al. 2008,
Zeljko et al. 2011). In all ages, a low socioeconomic
status and a lack of continuous access to health care
(Skari¢-Jurié¢ et al. 2007) modulate the adverse health
outcomes, including mortality rates. Namely, if a person
is not employed (as is the case with the vast majority of
Roma), the periods in which he/she has health insurance
in Croatia are during the maternity period (during
pregnancy and until the end of the first year of the child)
or while in the education system (for those who do not
attend university education health insurance ends at 18
years of age). In addition, citizenship or immigration
papers are obligatory to obtain health insurance.

A situation similar to that in Croatia is also present
among Roma in other countries: Roma are generally
poorly educated and many of them are early school-
leavers (more than 70% of 45+ year-old Roma in Greece
and Portugal did not complete any level of formal
education, FRA 2018), have lower odds of achieving
dietary recommendations (Hungary: Llanaj et al. 2020)
or have inferior diet diversity (Slovakia: Hijova et al.
2014; Czeck Republic: Olisarova er al. 2018; Romania:
Ciaian et al. 2018) than non-Roma, and have high
prevalence of chronic diseases. Recent research on
Hungarian Roma has shown that the prevalence of
cardiovascular risk factors and the risk of cardiovascular
diseases (estimated by Framingham Risk Score, the
Systematic Coronary Risk Evaluation, Pooled Cohort
Equations and Revised Pooled Cohort Equations) show
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an unfavourable picture in the Roma population in
relation to the majority population (Piko et al. 2021).
Furthermore, recent meta-analyses of seven CVD risk
factors showed that Roma, compared to non-Roma from
16 European countries, carry significantly higher
burdens of CVD risk factors related to smoking,
diabetes, abdominal obesity and metabolic syndrome,
with lower burdens for hypertension and BMI
> 25 kg/m? (Zajc Petranovic et al. 2021).

In addition to environmental and lifestyle factors, it
seems that there may be genetic reasons behind the
difTerences in the frequency of CVD risk factors between
Roma and non-Roma populations. The increased
prevalence of diabetes in Czech Roma (Hubéaéek et al.
2020), increased mean BMI and waist circumference
(Llanaj et al. 2020) and the reduced prevalence of
hypertension (Soltesz et al. 2020) in the Hungarian
Roma population, may be related to different frequencies
of risk alleles in genes associated with the development
of these phenotypes.

The main question of the present study was whether
the young age structure and premature mortality
characterizing Roma worldwide could be at least partly
attributed to the genetic risk load present in this specific
population. To investigate the matter, our study explored
whether the Croatian Roma have fewer "longevity
variants" compared to the surrounding majority (non-
Roma) Croatian population, and the principal working
hypothesis of the study was that the genetic landscape of
the Roma population contributes to their shorter lifespan.

In order to illuminate this issue, a genetic score,
composed of summed genotypic values of effect alleles
of the selected "longevity variants" was constructed.
The genetic score gives an opportunity to summarize
and compare the degree of genetic load between different
ethnic groups (Werissa ef al. 2019, Hubacek et al. 2020,
Soltész et al. 2020). The Genetic Longevity Score (GLS)
in the present study enabled us to examine the
cumulative effect of genetic factors related to human
longevity since it sums the genotypic values attributed
to each locus, where effect alleles were those found to
contribute to longer lifespan in other studies.

Additionally, this study aims to test whether the loci
found to be relevant for longevity in other populations
had the same effect on the Croatian majority population,
by observing the difference between two age extreme
cohorts.

Specifically, this study aims to:

(1)present the Croatian Roma longevity variants' allele
and genotype frequencies and compare them with
those found in the Croatian majority population;

(2)compare longevity variants’ allele and genotype
frequencies of Croatian "Old" (85+) and "Young"
(20-35 yrs.) cohorts;

(3)calculate and compare genetic scores of longevity
variants between the Roma minority, Croatian
majority "Old" and "Young" cohorts.

MATERIALS AND METHODS

Study populations
The informed consent was obtained from each study

participant and the research was approved by the Ethics

Committee of the Institute for Anthropological

Research, Zagreb.

(1)The Roma population (age span: 18-75 yrs.). The
biological material of 321 adult Roma was collected
in multiple field studies (2005-2012), which were
part of the ongoing multidisciplinary anthropological,
molecular-genetic and epidemiological community-
based research of Roma populations in Croatia. The
fieldwork was carried out in several regions of Croatia
with the highest number of Roma minority
inhabitants according to the census data (Croatian
Bureau of Statistics 2013). Our sample represents
approximately 4.4% of the adult Roma population
according to the 2011 Census (when 43.6% of the
Roma population was 19 years and older), and if we
assume that the same ratio of adult and minor Roma
was in 2001 (officially available data from the 2001
Census are not presented separately for minors and
adults), 7.8% of the adult Roma population according
to the 2001 Census. Therefore, we consider our
sample as representative for the adult Roma
population living in Croatia. The participants were
informed about the goals, methods and expectations
of the study with the help of linguistically and
culturally competent and trained Roma volunteers.

(2)Croatian population (age span: 20-101 yrs.). The
Croatian sample consists of adult unrelated
participants of both sexes who belong to two extreme
adult age groups: 327 people aged 85 years and older
(the "Old" cohort) and 102 young people aged 20-35
years (the "Young" cohort). The "Old" cohort sample
was collected in 2007-2009 (for the Croatian project
on longevity). In order to counterpart the "Old"
cohort representing longevity phenotype, a sample
of the "Young" cohort was collected in 2019 (within
the course of the CSF project HECUBA), covering
a similar age range at the opposite side of the age
distribution. Two disparate adult samples were
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chosen in order to mimic extreme phenotypes while
investigating the possible impact of longevity genes
on selective mortality in the Croatian population.
The gender asymmetry of the "Old" sample is the
result of women being more represented in the
population over 85 years of age (Croatian Bureau of
Statistics 2001), and the "Young" sample follows this
gender distribution.

Genotyping

The genomic DNA was isolated from the peripheral
blood using the salting out method (Miller et al. 1988).
Genotyping was conducted in a commercial company
using the Kompetitive Allele Specific PCR (KASP)
method. The KASP genotyping assay is a form of
competitive allele-specific PCR combined with
homogeneous fluorescent SNP genotyping system,
which determines the alleles at a specific locus within
genomic DNA (Semagn ef al. 2014).

Selection of markers

The selection of the longevity variants was a result
of literature search using publicly available databases
(PubMed as well as repositories specialized for human
longevity such as https://genomics.senescence.info/
longevity/, http://ageing-map.org/). The relevance
(strong and/or replicated relation to human longevity)
and the involvement into different pathways related to
human longevity were the criteria for loci selection. The
33 loci, which have previously been related to the
longevity phenotype, were successfully genotyped in
both the Croatian and the Roma samples.

Genetic Longevity Score construction

The Genetic Longevity Score (GLS) sums up across
all loci the alleles related to human longevity, assuming
that each one has the effect of equal size. All genotypes
in the file are "oriented" as in the literature, so the
effect/longevity allele is the one as declared in source
research.

GLS is constructed as the sum of genotypic values
for each participant. For each locus, if a longevity allele
is homozygous a value of 2 is attributed, if heterozygous
a value of 1, and if the longevity allele is not present
value 0 is attributed. The summary value for all
investigated loci was obtained for each person resulting
in an unweighted GLS.

In order to account for the effect size of each locus,
the weighted GLS was calculated by multiplying
genotypic values with beta values (Supplementary Table
1) from the 90" percentile analysis originating from the

longevity GWAS summary statistics ( Deelen et al. 2019).
By employing beta values originating from a single study,
vast heterogeneity - methodological and populational
- present in all here referred to research has been
avoided, and more reliable weighted GLS were obtained.

Both scores - unweighted and weighted GLS - are
consiructed for the Roma minority, as well as for each
of the two extreme age groups of the Croatian majority
population separately ("Old" and "Young").

In order to remove the noise of multiple linked SNPs
in the genetic score values, the linkage disequilibrium
(LD) was calculated for all pairs of SNPs located on
the same chromosome using Haploview 4.2 (Barrett ef
al. 2005). Only one representative SNP per region of
LD (r>0.4) was kept which resulted in the exclusion of
8 SNPs, and thus genelic scores calculation was based
on the values of 25 longevity genes' loci.

Missing data

The non-successlul genotyping has a strong effect
on GLS, in terms of sample size. Namely, the missing
genotyping data of one locus in one person resulted in
the exclusion of all data for this participant. Therefore,
we excluded participants who had more than five
unsuccessfully genotyped loci. For participants with
five or fewer unsuccessfully genotyped loci, the missing
data in the construction of GLS score were replaced by
median values for each locus calculated separately for
each of the three samples separately (Roma, "OId" and
"Young" Croatian sample). The final sample sizes used
in subsequent analysis were: 308 Roma, 411 Croatian
(314 "Old" and 97 "Young"), 719 in total.

Data analysis

Allele and genotype frequencies were calculated by
direct counting method. Hardy-Weinberg equilibrium
(HWE) was tested using Arlequin 3.5.2.2 (Excoffierr,
Lischer 2010). Differences between samples with respect
to genotype distribution and allele frequencies were
tested in a pairwise fashion by a 2x3 Chi-square test or
by Fisher's exact test. The significance of the allele
frequency differences was set to p = 0.05; however, after
Bonferroni correction for multiple testing (n = 33)
a corrected p-value of less than 0.002 was considered
significant. Since the normality of distribution
assumption for both Genetic Longevity Scores was
rejected, study groups were compared by means of
nonparametric tests ( Kruskal-Wallis and Mann-Whitney
U tests). Statistical analyses were performed using the
SPSS software package 21.0 (IBM Corp. 2012).
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TABLE 1: General information on 33 longevity loci and effect alleles' frequencies in Croatian majority and Roma minority
population, The differences between Croatian and Roma effect allele frequencies are evaluated by ChiZ24est, and significant p-values
are denoted by bold font.

Effect Croatian Roma Delta
. Reference (Croatian - | Included
Chr, Gene SNP (b;?:;:y) forl vity allele ei]‘:':ct :2&1& ell'rl'ect::llzle p R inGLS
quency Squency difference)
(Codd er al. 2010,
31 |TERC rs12696304 C Soerensen ef al. 2012b) 74.3 70.2 0.284 4.1 ves
3 | TERC rs3772190 A (Soerensen ef al. 2012b) 226 26.7 0.215 4.1 no
(Codd er al. 2010,
3 |TERC rs 16847897 G Shen ef.al. 2011) 70.5 67.7 0.389 2.8 ves
1 | GHSR rs572169 C (Soerensen er al. 2012a) 72.4 &0.5 <0.001 -8.1 ves
RADSO
5 | (in LD with 82706372 T (Flachsbart et al. 2016) 277 239 0.090 38 yes
IL13 region)
LINC02227
5 (close to EBFI) rs2149954 T (Deelen er al. 2014) 381 529 <0.001 -14.8 yes
6 | IRF4 rs12203592 C (Law et al 2017) 93.4 89.7 0.005 N VES
6 | TNFalfa rs 1800629 G Yao et al. 2020 B7.4 95.9 <0.001 -8.5 ves
6 | FOXO34 rs 12206094 T (Flachsbart et al 2017) 288 331 0.084 4.3 yes
(Bao er al. 2014,
6 | FOXO3iA rs2802292 G Revelas ef al. 2018) 40.9 45.9 0.087 -5.0 no
6 | FOXO34 rs2764264 C (Bao er al 2014) 317 40.6 0.001 -89 no
6 | FOXO3A rsl0457180 G (Zettergren et al. 2018) 3le 40.8 <0.001 9.3 no
6 | FOXO34 rsl3217795 C (Bao er al 2014) 310 399 <0.001 -89 no
Flachsbart er al 2017,
6 | FOXO34 54946935 A TenNapel ef ai. 2014 29.0 20.4 <0.001 8.6 no
6 | IGFIR rs9456497 G (Soerensen ef al. 2012a) 18.6 19.9 0.384 -1.4 ves
6 |LPdA rs10455872 A (Konig ef al 2019) 096.4 98.8 0.003 -2.4 yes
(Revelas ef all 2018, Albani
T |ILs rs 1800795 G et al. 20093, 56.8 74.1 <0.001 -17.3 yes
Fuku et al. 2015)
T |ILs rs2069837 A (Zeng et al 2016) 93.2 86.1 <0.001 7.1 VEs
T | GHRHR rs2267723 A (Soerensen ef al. 2012a) 55.6 49.3 0.016 6.3 ves
9 | CDENZE 84977756 G (Fortney ef al. 2015) 39.5 34.8 0.079 4.7 ves
9 | CDENZE rs1333049 G (Pinds ef al. 2014) 51.8 52.9 0.672 -L.0 ves
11 | MREITA rs533984 G (Dato et al. 2018) 57.5 58.1 0.788 0.6 ves
12 | SH2B3/ATAN? | rs3184504 C (Kuo et al 2020) 48.5 68.4 <0.001 -19.8 Ves
13 | KLOTHO rs1207362 G (Soerensen ef al. 2012a) 69.1 58.2 <0.001 10.9 Ves
(Almeida ef af 2017,
13 | KLOTHQ rs9536314 T Xu er al. 2015) 88.2 83.3 0.008 4.9 no
(Xu er al. 2015,
13 | KLOTHO rs9527025 C Wolf ef al. 2019) 11.6 16.8 0.004 -5.2 ves
15 | IGFIR rs2229765 A {Albani ef al. 2009b) 44 .8 29.8 <0.001 15.0 yes
(Van Heemst ef al. 2005,
17 | TPi3 rs1042522 C Reiling ef al. 2012) 76.2 427 <0.001 336 yes
19 | SIRTs rsl107251 C (TenMapel ef al. 2014) 89.2 95.3 <0.001 6.1 yes
(Flachsbart er al. 2016,
19 | TOMMA0 rs2075650 A Shadyab ef al. 2017) 85.9 §2.3 0.080 3.7 yes
(Shadyab et al. 2017,
19 |APOE rsd29358 T Deelen et af. 2019} 91.4 80.8 <0.001 10.6 yes
(Shadyab et al. 2017,
19 | APOE 87412 T Deelen et al. 2019) 6.6 6.5 0915 0.2 ves
19 | APOCT rsdd420638 A (Shadyab er al. 2017) B7.5 719 <0.001 9.6 no
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RESULTS

All investigated longevity loci were polymorphic,
and they were in Hardy-Weinberg equilibrium in all
three study groups. The effect (longevity) allele
frequencies of the 33 investigated polymorphisms for
the Croatian Roma and Croatian "Young" and "0O1d"
cohorts are presented in Supplementary Table 2 and
Figure 1, while the genotype frequencies are presented
in Supplementary Table 3. The effect allele always refers
to that indicated in the literature as listed in the
Supplementary Table 2. The Roma allele frequencies
significantly differed from both Croatian cohorts in
number of longevity loci (p < 0.002, after Bonferroni
correction): in 10 out of 33 loci from the "Young" and
in 13 out of 33 loci from the "0Old" cohort. On the other
hand, the allele frequencies of the Croatian "Young"
and "Old" cohorts differed only in the MRE /A4 locus
(rs533984) with longevity allele G more frequent in the
"0ld" cohort.

The effect allele frequencies in Croatian ("Old" and
"“Young" cohorts combined) and Roma populations,
as well as the significance and the absolute values
(delta) of their differences are provided in Table 1.
The effect/longevity allele frequencies differences
(delta) between Croatian majority and the Roma

minority populations are shown in decreasing order
(Figure 2). The Croatian general population has
significantly (p < 0.002) higher allele frequencies than
the Roma minority population for seven SNPs, and
the largest differences (>10%) were found for loci:
rs1042522 (TP53), rs2229765 (JGFIR), rs1207362
(KLOTHQ), and 18429358 (TOMM40/APOE/APOCI).
On the other hand, the Croatian Roma have
significantly higher frequencies for nine SNPs, and
the biggest differences (>10%) are found for loci:
rs3184504 (SH2B3/ATXN2), rs1800795 (IL6), and
rs2149954 (LINC02227 (EBFI)). It should be noted
that three FOX034 SNPs (rs10457180, rs13217795,
and rs2764264) also have substantially higher
frequencies in the Roma (delta ranging from 8.9 to
9.3%).

The gender structure of three samples is presented
in Supplementary Table 4. We also examined gender
differences in longevity allele frequencies (data not
shown), and the only SNP whose distribution was
associated with gender in both Croatian and Roma
populations was rs12696304. Longevity allele
frequencies for rs 12696304 differed between men and
women in the "Young" Croatian population (p = 0,047;
with C allele frequency of 66.1% in men and 80.0% in
women) and in the Roma sample (p = 0.015; with C

TABLE 2: Descriptive statistics and normality of distribution tests for the unweighted and weighted genetic longevity scores (GLS)
in three groups and in the combined sample. Significant p-values of normality tests are denoted by bold font.

. Croatian "Old" Croatian "Young" Roma Total sample
GLS Statistics (N=314) (N=97) (N= 308) (N=719)
unweighted Mean+SD 29.75+3.13 29.56+3.05 29.42+3.30 29.58+3.19
Median 30 30 29 30
Min. - Max. 21-39 21-36 21-39 21-39
Kolmogorov-Smirnov
normality test p-value <0.001 0.080 <0.001 <0.001
Shapiro-Wilk normality test 0.003 0.233 0.027 <0.001
p-value
weighted Mean+SD 2.65+0.39 2.61+0.38 2.55+0.51 2.60+0.44
Median 2.75 2.72 2.74 2.74
Min. - Max. 0.87-3.34 1.56-3.37 (0.88-3.31 0.87-3.37
Kolmogorov-Smirnov
normality test p-value <0.001 <0.001 <0.001 <0.001
Shapiro-Wilk normality test <0.001 <0.001 <0.001 <0.001
p-value
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FIGURE 1: Effect alleles' frequencies for 33 longevity loci in Croatian "0ld" (85-101 yrs.), "Young" (20-35 yrs.), and Croatian
Roma samples. p-values of populations' differences are given for the chi24est results.

allele frequency of 75.2% in men and 65.9% in women).
Additionally, in the Roma population, rs3772190 (p =
0.040) also reached the level of statistical significance
when this population was compared by gender, with
an A allele frequency of 77.4% in men and 69.8% in
women.

Table 2 summarizes unweighted and weighted
Genetic Longevity Score (GLS) statistics. Combined
unweighted GLS ranged from 21 to 39, on average
29.6), and the mean values in three examined groups
were: 29.4 in the Roma, 29.8 in the "Old", and 29.6 in
the "Young" Croatian cohort. Normality of distribution
tests showed that neither unweighted nor weighted
GLS are normally distributed ( Table 2, Supplementary
Figure 1); the exception was unweighted score in the
"Young" cohort. Therefore, the nonparametric tests
were used for groups' comparisons, and showed that
the three compared groups did not differ in GLS, both
unweighted and weighted ( Table 3). Their GLS values
also did not show any association with gender (data
not shown).

DISCUSSION

The principal aim of the study was to estimate and
compare the longevity allele load in the Roma and non-
Roma Croatian population. The 33 SNPs were selected
from the published genetic data related to human
longevity, and the genetic score calculation was based
on a subsample of 25 unlinked SNPs. The aim was to
evaluate if the short average lifespan of the Roma
population demonstrated in different countries by the
young age structure, early mortality and small number
of older individuals may be related with fewer beneficial
longevity genes' alleles present in their gene pool. This
study also tests the difference between two extreme age
cohorts coming from the majority population of Croatia,
with a goal to detect possible selective mortality - related
variants.

The presented analysis showed that the Roma
minority does not have an increased average genetic
risk for premature death in comparison with the majority
Croatian population. The results also showed that the

TABLE 3: Genetic longevity scores (GLS) differences among Croatian "0Old", Croatian "Young", and Croatian Roma. Significant
p=values are denoted by bold font for the nonparametric tests results evaluating differences among groups.

Three groups: g:z:g:z :?,w ‘r&j EYY::' Cr::_ati,nn Roma vs. Croatian "Old"™:
GLS Kruskal Wallis Oung - Ung - Mann-Whitney
test p-value Mana-Whitney MannWhitney U test p-value
U test p-value U test p-value
unweighted 0.307 0.618 0.589 0.123
weighted 0.289 0.210 0.763 0.184
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Differences in effect alleles' frequencies (delta) in Roma vs general population in Croatia
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FIGURE 2: Decreasing order of the effect allele frequencies differences (delta) between Croatian (two cohorts combined) and

Roma populations for the 33 longevity loci.

Roma population in Croatia has frequencies of alleles
in 17 longevity loci similar to those found in the Croatian
majority population. However, the allele frequencies of
16 loci significantly differed between the two
populations, with seven longevity alleles’ frequencies
being higher in the Croatian population, while nine
longevity alleles are found in higher frequencies in the
Roma population. The loci that are the most
prominently different (>10%) are specifically addressed
here.

Longevity loci markedly more frequent in the general
population of Croatia

Among the investigated SNPs, the most notable
difference between the majority Croatian population
and the Croatian Roma is in rs1042522 in the TP53
gene. TP53 acts like a tumor suppressor by inducing
growth arrest or apoptosis by controlling the set of genes
required for regulating cell division. TP53rs1042522 is
a missense variant, an Arg72Pro substitution (G>C),
conferring functional alterations to the protein. The
effect of this SNP on longevity was found in many
studies, although with some ambiguous results between
them (Cho, Suh 2014, Mustafina er /. 2011, Grof et al.
2014, Reiling et al. 2012). In Central Italy the Arg allele
was associated with longevity in women aged 91 and
over when compared to the group of women aged 73-91
years (Di Pietro et al. 2013). On the contrary, @rsted
et al. (2007) presented data that Pro allele contributes
to longevity through increased survival after cancer

diagnosis in the Danish general population, which was
later confirmed in Portuguese/Caucasian patients with
advanced cervical cancer (Coelho eral. 2018).
Considering presented evidence, more research is
needed to elaborate the true role of rs 1042522 in human
longevity. Our results show that the C allele resulting in
the Arg-Pro substitution is 33.6% more common in the
general population of Croatia than in the Croatian
Roma.

Most of the loci that have the pronouncedly higher
frequencies in the majority Croatian population belong
to the growth factor/insulin/IGF-1 signaling (IIS)
pathway. In recent years, the IIS pathway has emerged
as one of the most notable candidates in longevity
research, as several studies have confirmed that multiple
SNPs in genes of the 1IS pathway are associated with
longevity (Soerensen ef al. 2012a, Sanese ef al. 2019).
152229765 is a synonymous substitution with unclear
functional significance. Allele A of rs2229765, located
in the /IGFIR gene, has been shown to confer advantage
to longevity in males. In an Italian population sample,
the frequency of allele A was significantly higher in
males over 85 years of age, in comparison to males
between the ages of 70 and 85 (Albani ef al. 2009). It
also correlated with a drop in plasma levels of IGF-1 in
males, but no correlation was found in females. In the
majority Croatian population allele A is 15% more
common than in the Croatian Roma.

Another intronic mutation is rs1207362 in the
KLOTHQ gene. Named after the Greek goddess that
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spins the thread of life, Clotho, the KLOTHO gene was
recognized as a candidate for slowing down the ageing
process. It encodes the o-Klotho protein,
a multifunctional protein that was reported to suppress
the signaling downstream of the insulin receptor
substrate (IRS) and the IGF-1 receptor (IGF-1R) (Xu
et al. 2015). In a study by Soerensen ef al. (2012a),
rs1207362, which could possibly cause alternative
splicing of the o=Klotho mRNA, was associated with
longevity in the Danish population. In our research,
longevity G allele in the locus rs1207362 is found with
10.9% higher frequency in the Croatian population than
in the Croatian Roma.

ApokE is a polymorphic apolipoprotein essential for
plasma lipoprotein metabolism and lipid transport.
There are three common allelic variants of the APOE
gene: €3 (Cysl12, Argl58), €2 (Cysl12, Cys158) and
e4 (Argll2, Argl58). They are defined by combination
of SNPs at two independent loci: rs429358 and rs7412.
g2 is defined by T allele on both loci (8.4% worldwide
frequency), 4 by C allele in both loci (13.7% worldwide
frequency), while £3 is defined by C allele at rs7412
and T allele at rs429358 (77.9% worldwide frequency).
APOE is the first discovered candidate gene for
cardiovascular diseases, and £4 isoform has been
associated with Alzheimer's disease and early cognitive
decline (Rawle et al. 2018). Even larger importance lies
in the fact that there is a huge amount of evidence that
proves the robust association of the £4 isoform with
longevity. Shadyab eral. (2017) found that rs429358
and rs7412 were significantly associated with survival
to age 90 in their meta-analysis among American women
of African and European ancestry. Deelen er al. (2019)
reported that rs429358, defining APOE e4, was
associated with decreased odds of becoming long-lived
and significant association of rs7412, defining APOE €2,
with increased odds of becoming long-lived. In the
present study T allele of rs429358 is 10.6% more
common in the general population of Croatia than in
the Roma minority population (p < 0.001), while the T
allele frequency of rs7412 is similarly distributed in two
populations (p = 0.915).

Longevity loci markedly more frequent in the Roma mi-
nority population

SH2B3 encodes a multi-domain protein involved in
blood coagulation and erythropoietin (EPO) signaling
pathway (Tong etal 2005). A missense variant
(rs3184504) in SH2B3 has been linked to many common
diseases in genome-wide association studies, including
several autoimmune and cardiovascular disorders

(Laroumanie ef al. 2018) as well as cancers (Hung et al.
2015). Pilling and coworkers in a genome-wide analysis
of parental longevity in UK Biobank found that 11 highly
correlated genetic variants in the wider SH2B3/ATXN2/
BRAPlocus (including rs3184504) were associated with
parent's attained age (Pilling et al. 2017). This longevity
association has been replicated in other cohorts
(Timmers ef al. 2019). Kuo and coworkers in their study
showed that the C allele was associated with lower blood
pressure, shorter reaction time (cognitive measure), as
well as healthier muscle mass and hematological
measures. They also found associations between the C
allele and reduced rates of hypothyroidism, hypertension
and cardiovascular disease (Kuo eral. 2020). The
protective rs3184504 C allele is also associated with
higher expression of genes involved in toll-like receptor
(TLR) signaling (Westra et al. 2013). In our study, the
rs3184504 longevity related C allele is found in 19.8%
higher frequency in Roma than in Croatian population.

Interleukin 6 is a pleiotropic cytokine produced by
many cell types. It has been thoroughly researched due
to its role in the inflammatory processes (Serrano ef al.
2008), and recent studies indicate that it might also be
areliable marker for functional decline, and a predictor
of morbidity and mortality in old age (Di Bona er al.
2009, De Lauretis et al. 2013, Fraga et al. 2015, Parks
etal. 2020). rs1800795 is an intronic SNP located in
the 5'-flanking region of the interleukin-6 (/L.-6) gene.
Studies of this SNP concerning longevity have
contradicting results. Kayaalti etal. (2011) found
a positive association between the presence of C allele
and longevity in the Turkish population, while other
studies associated allele G with longevity (Albani ef al.
2009, Revelas et al. 2018). In our research, the G allele
was attributed as a "longevity allele” and it is 17.3% more
common in Roma than in the Croatian majority
population.

Intron variant of long intergenic non-protein coding
RINA 2227 (LINC02227) was found to be connected
with longevity in a genome-wide association meta-
analysis of 7,729 long-lived individuals of European
descent (> 85 years) and 16,121 younger controls (<65
years) and the results were replicated in an additional
set of 13,060 long-lived individuals and 61,156 controls
(Deelen et al. 2014). In a study performed by Shadyab
etal. (2017), only seven SNPs in LD with rs2149954
were significantly associated with survival to age 85
after correction for multiple testing. Nygaard er al.
(2017) found a protective effect of the rs2149954 minor
allele T on mortality independent of cardiovascular
disease. In the middle-aged individuals they also found
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a significant association between the rs2149954 minor
allele dose and a lower risk for hypertension, and in the
elderly individuals they additionally found indications
of an association with a lower risk of cancer and
increased physical performance represented by a higher
Activities of Daily Living (ADL) score and improved
chair stand. In our research the T allele was attributed
as "longevity allele" and it is 14.8% more common in
Roma than in the Croatian majority population.

Although the three FOX03A4 loci did not meet the
criteria of 10% difference, large enough population
differences (8.9%-9.3%) and importance of this gene
evoke some remarks. The FOX034 was proven to be
a longevity gene by multiple studies performed on
different populations (Sanese et al. 2019). Product of
the FOXO3 gene is a transcription factor that regulates
stress responses and affects lifespan, but the exact
mechanisms through which FOX03 modulates ageing
have not vet been identified (Grossi efal. 2018,
Flachsbart et al. 2017). FOXO03 is evolutionarily highly
conserved, so most variations of the FOX03 gene,
including the variations that may play a role in longevity,
were found in its non-coding elements. FOX03 mediates
gene expression as a response to hormones, growth
factors and nutrients. Impairment of the IIS signaling
pathway and PI3K signaling cascade are thought to
modulate FOXO3 expression in a way that is beneficial
to longevity in a variety of organisms (Sanese et al.
2019). Three of the FOXO3 SNPs have markedly higher
frequencies in the Croatian Roma than in the majority
Croatian population. rs10457180 is the most commonly
mentioned longevity SNP (Flachsbart et al. 2017, Sanese
et al. 2019), and it is 9.3% more common in the Roma.
rs13217795 was also more common in the Roma (for
almost 9%,) and this SNP was found to be associated
with male longevity and healthy ageing (Willcox et al.
2008, Bao ef al. 2014). rs2764264 was the first FOX03
SNP to be associated with longevity (Soerensen ef al.
2010), and it is 8.9% more common in the Roma than
in the Croatian non-Roma population.

MRE11A - the only locus differing in two extreme age
cohorts

The only longevity locus that is more frequent in
"0ld" compared to "Young" cohorts of the Croatian
majority population is MREIIA (rs533984). MREI1A
is a component of the MRN complex. MRE11A provides
single-strand (ss) endonuclease activity and double-
strand-specific 3'-5' exonuclease activity and is therefore
essential in double-strand break repair, recombination
and maintenance of telomere integrity and meiosis (De
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Jager er al. 2001, Trujillo er al. 1998, Coquel er al. 2018,
Paull, Gellert 1998, Carney efal. 1998). MREIIA
15533984 has been implicated in longevity by Dato and
coworkers, who performed data analysis on 1,058
tagging SNPs in 140 genes of 1825 subjects (Dato et al.
2018). By the multidimensional reduction (MDR)
analysis, they showed that the MRE 114 rs533984 variant
with the G allele was significantly associated with
extreme survival in females.

Evolutionary considerations

The specific focus of this study was to test if the
genetic load of the group of loci previously reported as
putative longevity genes are comparable in a European
population (such as Croatians) with the amount of
beneficial alleles present in the representative sample
of the Roma population. The rationale for posing this
question is the shorter average life-span of the Roma
population in comparison with surrounding majority
populations found in all European countries that collect
ethnic-specific mortality data. The second reason is the
genetic specificity of the Roma population, which has
been confirmed in all previously conducted studies {for
Croatian Roma, e.g. Salihovic et al. 2011, Klari¢ ef al.
2009, Baresic, Salihovi¢ 2014).

The complex social structure and cultural
specificities of the Roma made genetic drift an extremely
powerful evolutionary force shaping the genetic
architecture of this ethnic group worldwide. Namely,
their at least a thousand year-long history of migrations
was structured in a way that they were spread in
numerous small groups (promoting multiple founder
effects), sharing strong cultural practice of endogamy
(or very selective exogamy; they share brides only with
a narrow range of other Roma groups). The Roma also
suffered a number of drastic population shrinking events
in their history; the prominent one being during the
WWII, where they were one of the primary targets of
the Holocaust, following the Jewish population. All
those reasons confer a possibility that the genetic drift
shuffled their genetic structure in a more or in a less
advantageous way considering longevity genes.

We do not expect that natural selection for
a particular set of genes we have chosen as candidates
for the longevity phenotype has occurred in the time
span that has elapsed since the formation of the Roma
population. In fact, we do not expect that even in one
human population, some longevity genes have had the
opportunity to be selected due to the fact that the
lifespan that humans now enjoy is only a 100 years long
phenomenon.
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Namely, in the overwhelming majority of the span
of human evolution, the circumstances were not
permitting the selection process to act on "longevity
phenotype" directly, as this is a phenotype that is related
to the post-reproductive period of life. However, in the
future some evidence might be found for a subsample
of those loci indicatling that their effect could be
considered as a form of antagonistic pleiotropy (AP).
A few genes (some are also present in here included
group) are already considered as those that might act
beneficially in young age, while those genes' action is
nocent for the post-reproductive period of life of an
individual. To this group of genes belong the genes
included in the growth hormone (GH) signaling
pathway that also includes insulin-like growth factor 1
(IGF-1). Namely, IGF-1 is a primary mediator of the
growth hormone effect, and it plays an important role
in growth and development, while in adult age it
accelerates the senescence of an individual.

All here considered "longevity genes" have a range
of important roles in some of the substantial cellular
pathways, and some variants in those genes, in present
circumstances, happen to be more commeon in long-
lived persons. And we interpret them - a posteriori - as
beneficial, or as those which increase the chance for
some individuals to reach a more advanced age.

Strengths and limitations of the study
The most important contribution of this research is

the presentation of genetic data on the longevity loci

for the Roma which is an ethnic minority population
overall underrepresented in genetic studies. Also, to our
knowledge, this is the first study that compares the
longevity variants loads in different populations,
particularly by constructing a genetic longevity score

(GLS). The present study investigating the variation of

33 longevity loci in Roma minority and in Croatian

majority population revealed the two following main

results:

(1) The Croatian Roma and the surrounding majority
Croatian population have significantly different
allele frequencies in half of the investigated longevity
variants' loci (in 16 out of 33 investigated loci: in
nine, longevity alleles are more prevalent in the
Croatian Roma, while in seven they are more
frequently present in the general population of
Croatia). In some loci the allele frequency
differences between the two populations are actually
high (>10%). Therefore, we can point to some
longevity alleles at particular loci that are more
prevalent in the Roma minority (in genes:

SH2B3/ATXN2, IL6, and LINC02227 (EBFI)) and
others that are more frequently present in the
Croatian majority population (in genes: TP33,
IGFIR, KLOTHO, and TOMMA40[APOE[APOCI).

(2) Within the context of large allele frequency
differences between the Roma minority and
surrounding majority Croatian population, the
second finding of the study stands prominently and
brings even greater importance. Namely, the Roma
GLS is the same as in the general population of
Croatia, and it is so irrespectively if the "Old" or
"Young" cohorts have been considered. This implies
the same risk of premature death in two populations,
and the identical chance for survival to the age of
85 years, when genetics is exclusively considered.
This result indicates that the age structure and
mortality pattern found in the Roma population are
not the consequence of their increased genetic risk
for premature mortality, but rather a combination
of extrinsic factors determined by societal
circumstances.

Two age cohorts coming from the opposite sides of
adult age distribution are deliberately chosen in order
to emphasize the possible selective mortality signals
present in evaluated longevity genes' loci. However, the
principal limitation of this research is the small number
of participants in the "Young" cohort, which necessitates
that the obtained results including this group should be
considered with caution. It should be done so for the
lack of the differences in their mean GLS score
compared to the "Old" cohort as well as for the single
difference in allele frequency separating two age cohorts.
Namely, the only longevity locus that is more frequent
in "Old" compared to "Young" cohorts of the Croatian
majority population is MRE1/A4 (rs533984). Having in
mind the small "Young" cohort size and the marginal
significance of the difference (after Bonferroni
correction for multiple testing), this finding, although
intriguing, warrants replication in more powered studies.
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SUPPLEMENTARY TABLE 3. Genotype frequencies in general ("Old" and "Young") and Roma population of Croatia. Original o level = 0.05; o level after

Bonferroni correction < 0.002.

"Old"
vs Roma
p

0,350

0,213

0,366

0,004

"Young"
vs Roma
P

0,866

0,855

0,727

0,076

"01d”
vs "Young"
p

0,860

0,764

0,964

0,992

frequency
(%)

Roma

51,1

40,3
3.6

56,0

36,2
7.8

44,9

47,1
8.0

65,9
29.6
4,5

160
126

27
173

112

24
140

147

25
205
92

14

frequency

(%)

53,6

392
T.2

58.3

354
6,2

48,5

42,6
8.9

55,0
36,0
8,0

"Young”

52
38

56
34

49
43

55
36

frequency

"0ld"
)

54,0

40,3
3,7

589

36,7
4,4
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41,6
8.4

54,3
36,5
9,2

170
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18
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116

14
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115
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in GRS

yes

no

yes

yes

Genotype

Cc:.C

G:.C

GG

GG

G:A
AA

GG

G:C
c:C

C.C
C

TT

SNP

1512696304

rs37721%0

rs16847897

15572169

Gene

TERC

TERC

TERC

GHSR

42




43
























































































































































































































































































































