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1. Introduction

1.1. The value and relevance of twin studies

Twin studies have unique potential to address crucial questions in epigenetics
such as to what extent epigenetic changes are heritable, how much variation can be in
epigenetic heritability across the genome and to what extent epigenetic factors
contribute to complex phenotypes (Bell and Spector, 2011; Melicher et al., 2015).
Studies of twins and families can be used in an attempt to quantify the contribution of
genetic variation to inter-individual differences, and large-scale twin studies frequently
address the question of heritability (i.e. the proportion of phenotypic variation in a
population that is attributable to genetic variation among individuals).

Twin studies, including the classical twin design and the discordant MZ twin
design have received great interest in recent years as special methods for studying
molecular biology (van Dongen et al., 2012). Monozygotic and dizygotic twins are
uniquely valuable subjects for studies aiming to control over genetic background and
early environmental influences (van Dongen et al., 2012). MZ twins are derived from a
single zygote, after the fertilized egg splits, and are therefore matched for genetic
background, they share (nearly) 100 percent of their segregating alleles (van Dongen et
al., 2012). DZ twins arise after a double ovulation, they are derived from two distinct
zygotes and share the same amount of genetic material as normal siblings, on average
50 percent (Bell and Saffery, 2012; van Dongen et al., 2012). Both MZ and DZ twins
share prenatal and part of their postnatal environment (Boomsma, 2013).

Alterations in gene expression due to global epigenetic changes triggered by
genetic, environmental and stochastic effects accumulate over time, and it was famously
found that younger identical twins are epigenetically more similar than older ones,
suggesting aging-related epigenetic modifications, induced by accumulated stimulation
caused by internal and external influences including environmental exposure (Fraga et

al., 2005; Tan et al., 2013).



1.1.1. Classical twin design

Classical twin studies have served as a powerful tool in biomedical, psychiatric
and behavioural research for decades, the method compares the phenotypic similarity of
monozygotic and dizygotic twins to estimate the importance of heritable and
environmental influences on complex trait variation, using concordance rates or intra-
class correlation (van Dongen et al., 2012).

The comparison between MZ and DZ twins allows an estimation of the heritability of
traits, which describes the proportion of the total variance in a trait that is attributable to
genetic factors (Bell and Saffery, 2012). Environmental influences comprise those that
are shared by family members, termed as common environment, and also comprise
influences that are unique to each individual, referred to as unique environment (van
Dongen et al., 2012). Structural equation models estimate heritability by decomposing
phenotypic variance of a parameter into genetic, common environmental and unique
environmental effects (Neale and R. Cardon, 1992). The common environment involves
all environmental factors that make a certain twin pair similar for a given trait, such as
shared womb, childhood experiences and early socialization or parental socioeconomic
status. The term, unique environment, includes all environmental factors and
experiences to which only one member of the twin pair was exposed to, making co-
twins dissimilar, such as certain viral infections, accidents, individual life events, etc.
(van Dongen et al., 2012). Genetic variance can be further decomposed into additive
genetic variance and variance due to non-additive genetic effects. Additive genetic
factors (A) refer to the sum of the allelic effects on the phenotype over all susceptible
loci. The percentage of variance in a trait that is explained by additive genetic factors
(A) equals the narrow-sense heritability (h?) of a trait, which can be estimated by taking
twice the difference between the MZ and DZ twin correlations: h* = 2(tMZ - rDZ).
When tMZ > rDZ, there is evidence for a contribution of non- additive genetic
influences, also referred to as genetic dominance (D), and the variance explained by A
and D together is referred to as the broad-sense heritability (H*) (Boomsma, 2013).
Multivariate twin studies address the causes of association among phenotypes.
Associations can be among different phenotypes or across age and are explained by

common genetic or environmental influences (van Dongen et al., 2012).



1.1.2. Monozygotic twin design

A unique advantage of the monozygotic twin design is the ability to study
biological discordance against an equivalent genetic background (van Dongen et al.,
2012). The discordant twin model, by comparing the molecular profiles of
phenotypically discordant monozygotic twin pairs, is a powerful method to identify
molecular characteristics associated with complex traits, including point mutations and
genomic structural variation, differentially expressed and differentially methylated
genes as well as metabolic profiles (van Dongen et al., 2012). Several studies have
reported phenotypic differences between individual members of monozygotic twin pairs
(Zwijnenburg et al., 2010). It was established that non-genetic variation could
contribute to disease penetrance and etiology (Bell and Saffery, 2012). Earlier
assumptions considering MZ twins to be genetically totally identical had been
disproven, as specific point mutations (Kondo et al., 2002; Robertson et al., 2006;
Sakuntabhai et al., 1999), uniparental disomy (Smith et al., 2006), triplet repeat
expansion (Helderman-van den Enden et al., 1999; Kruyer et al., 1994), chromosomal
mosaicism (Bonilla et al., 1990), chromosomal aneuploidies (Zwijnenburg et al., 2010)
and heteroplasmy for mitochondrial-encoded mutations (Biousse et al., 1997; Blakely et
al., 2004) have all been linked to specific phenotypic differences in monozygotic twins
(Bell and Saffery, 2012). Notably, differences in both telomere length (Bakaysa et al.,
2007; Slagboom et al., 1994) and DNA copy number (Bruder et al., 2008) have also
been reported in phenotypically discordant and concordant MZ twin pairs as well. It
was suggested that these rare genetic differences, mosaicism, as well as non-genetic
(epigenetic) variation within MZ twin pairs could underpin the majority of observed
phenotypic discordance (Bell and Saffery, 2012). Monozygotic twins show phenotypic
discordance for several traits, including a wide variety of complex diseases (Boomsma
et al., 2002; Castillo-Fernandez et al., 2014). Identical twins can be relatively often
discordant for such common complex diseases (Castillo-Fernandez et al., 2014), as type
1 diabetes mellitus (DM) (estimated to 61 percent) (Condon et al., 2008), type 2 DM
(41 percent) (Lehtovirta et al., 2010), autism (58-60 percent) (Hallmayer et al., 2011),
schizophrenia (58 percent) (Beckmann and Franzek, 2000), and different types of
cancer (0-16 percent) (Castillo-Fernandez et al., 2014; Lichtenstein et al., 2000).



Epigenetics was proposed to be one of the main mediators of the interplay between
genes and environment (Castillo-Fernandez et al., 2014; Jaenisch and Bird, 2003).
Measurement of epigenetic differences in phenotypically discordant MZ pairs could
provide a unique opportunity to identify genes sensitive to the environmental factors
that are associated with complex diseases (Bell and Saffery, 2012; Tarnoki et al., 2014).
In addition, monozygotic twins reared apart provide an exclusive opportunity for
studying genetic effects in different environmental settings (Segal, 2012).

Limitations of epigenetic studies should be noted as well. While epigenetics
might explain many discordances between twins, but in some cases dissimilarities could
come from other sources (Castillo-Fernandez et al., 2014). Although MZ twins were
formed from the same zygote, post-zygotic mutations might occur and induce somatic
mosaicism (Li et al., 2014), potentially causing developmental disorders or increased
susceptibility to a disease in later life (Castillo-Fernandez et al., 2014). Another
potential confounding factor could be twin chorionicity, considered to be influential in
epigenetic status (Kaminsky et al., 2009), however most studies treated MZ twins as a
uniform group, sub-classification depending on whether they shared the same placenta
or not (monochorionic or dichorionic, respectively) would be desirable (Castillo-
Fernandez et al., 2014). Additionally, even MZ twins might differ in their common
environmental exposure, which could confound some assumption of classical twin

studies (Sahu and Prasuna, 2016).

1.1.3. Future perspectives

Nevertheless, epigenetic comparisons of MZ twins and heritability studies of
DNA methylation and other modifications highlight that most epigenetic variability
might be unique to the individual, which makes epigenetics potentially valuable for
personalized medicine (Castillo-Fernandez et al., 2014). Future implications include the
role of epigenetics in P4 medicine (personalized, predictive, preventive, and
participative medicine), as a stable yet potentially reversible molecular mechanism
(Castillo-Fernandez et al., 2014).

In the coming years, extensive longitudinal phenotypic information coupled with

biological material collected by worldwide twin registries will be a highly valuable
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resource for large-scale molecular studies (van Dongen et al., 2012). Next-generation
sequencing across multiple tissues and cell types will extremely speed up the detection
of genome-wide SNPs, CNVs and epigenetic variation in discordant twins, suggesting
that twins will continue to provide valuable insights into human genetics (van Dongen

etal., 2012).

1.2. The telomere/telomerase system

Telomeres are special heterochromatic structures located at the end of linear
chromosomes. Telomeres play a key role in preserving genomic stability, as a cap, they
protect the integrity of chromosomes and ensure complete replication (Blackburn, 2001;
van Steensel et al., 1998). Mammalian telomeres are formed by tandem repeats of the
TTAGGG hexanucleotide sequences, coated by shelterin, a specialized six-protein
complex, which has fundamental role in the protection of chromosomes and in the
regulation of telomerase activity (Blasco, 2007; de Lange, 2005). Telomeres can fold
back on themselves, the 3' single-stranded telomere overhangs can invade the double-
stranded telomeric regions which results in the formation of a T-loop (telomere loop),
resembling the replication D-loop (Griffith et al., 1999). This structure is maintained by
the shelterin complex, comprising of a set of telomere-binding proteins, which are the
following: telomere repeat binding factor 1 (TRF1 or TERF1), telomere repeat binding
factor 2 (TRF2 or TERF2), protection of telomeres 1 (POT1), adrenocortical dysplasia
protein homolog (TPP1 or ACD), TRF1-interacting nuclear protein 2 (TIN2 or TINF2),
and TRF2-interacting telomeric protein 1 (RAP1 or TERF2IP) (de Lange, 2005; Palm
and de Lange, 2008). POT1 binds the single-stranded telomeric DNA directly, while
TRF1 and TRF2 bind to the double-stranded telomeric region, also directly. Through
their interactions with other shelterin proteins, POT1, TPP1, TIN2 and RAP1 interact
indirectly with the double-stranded telomeric DNA (Cesare and Reddel, 2010). TRF1
and the TRFI-interacting proteins were proposed to act as negative regulators of
telomere length possibly by controlling the access of telomerase to the telomeric region

(de Lange, 2005). TRF2 and POT1 were suggested to have additional roles in telomere
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protection by preventing end-to-end fusions of chromosomes (Blasco, 2007;
Hockemeyer et al., 2006).

Telomerase is a ribonucleoprotein enzyme complex that maintains telomere
length by telomere synthesis. The human telomerase complex consists of a catalytic
reverse transcriptase protein subunit (hTERT), and a telomerase RNA component
(hTERC or hTR), which contains the RNA template for the telomere sequences,
dyskerin (DKC1) (Cohen et al., 2007) and additional proteins (Venteicher et al., 2009).
The telomerase ribonucleoprotein complex exerts RNA dependent DNA polymerase
activity and can add telomere sequence repeats de novo after each cell division,
correcting the incomplete end-replication events, solving the so called “end replication
problem” (Chan and Blackburn, 2002; Collins and Mitchell, 2002). Composition and
structure of the human telomerase system are illustrated by Figure 1.

Telomerase activity was amply detected in germ cells, stem cells and in some
progenitor cell types, however, telomerase level was undetectable in most somatic cell
sorts (Kim et al., 1994; Morrison et al., 1996; Wright et al., 1996) in which telomeres
shorten with each cell division until they finally reach a critically short length which
leads to replicative senescence, crisis and ultimately apoptosis (Blackburn et al., 2006).
Thereby telomere length represents a balance between the loss of terminal telomeric
repeats, occurring during cell division with incomplete DNA replication, and the
addition of telomeric repeats by telomerase (Hathcock et al., 2005). Both the hTERT
and TERC components are indispensable and sufficient for the reconstitution of
telomerase catalytic activity in cell free conditions, however, for the proper maintenance
of telomere length in vivo, a holoenzyme, comprising diskeryn and additional associated
proteins are also necessary (Cohen et al., 2007; Saretzki, 2014; Venteicher et al., 2009).
TERC, dyskerin and telomere-associated proteins were both found abundant and
constitutively expressed in cells regardless of telomerase enzymatic activity (Blasco et
al., 1996; Feng et al., 1995; Greider, 1998). It was established that the level of hTERT
protein was the rate-limiting factor for telomerase activity and telomere length
homeostasis, it was suggested that hTERT serves as the major limiting agent and
considered a key determinant for the control of telomerase activity in vivo (Cairney and
Keith, 2008; Cong and Shay, 2008; Hara et al., 2015; Qian et al., 2014; Ramlee et al.,
2016; Zhou et al., 2014). The expression of hTERT strongly depends on cell type and

12



tissue environment, transcription factors regulating h”TERT expression were found partly
tissue specific (Daniel et al., 2012). Although different splice products of the h”TERT
gene were described, the exact functions for most of them have not been fully

elucidated yet (Saretzki, 2014).

Shel.terin Telomerase

* DKC

* NOP10
* NHP2
* GAR1
* TCAB1

®® } \’\ TTAGGG repeats 5 3" overhang

0 se 0, > (2-10 kb) (50-300 nt)

Telomeric DNA

T-loop
Figure 1. Composition and structure of the human telomere system (Maciejowski and

de Lange, 2017)

Human telomeres comprise three components: telomeric DNA, the shelterin complex
and the telomerase complex. Telomeric DNA consists of a long array of double-
stranded TTAGGG repeats that culminates in a 50-300 nucleotide (nt) single-stranded
3" overhang. This 3° overhang invades double-stranded telomeric repeats to form a
t-loop structure that is crucial for telomere function. Telomeric DNA protects
chromosome ends through its association with the six-subunit shelterin complex. The
length of telomeric repeats can be maintained by telomerase, which is composed of
telomerase reverse transcriptase (TERT), telomerase RNA template component (TERC)
and several accessory proteins (blue). TERT synthesizes telomeric DNA de novo using
TERC as a template, whereas the accessory factors contribute to the biogenesis and
nuclear trafficking of telomerase. DKC, dyskerin; NHP2, non-histone protein 2;
NOPI10, nucleolar protein 10; POTI, protection of telomeres 1; RAPI,
repressor/activator protein 1; TCABI, telomerase Cajal body protein 1; TIN2,
TRF'I -interacting nuclear factor 2; TRF, telomeric repeat-binding factor (Maciejowski

and de Lange, 2017).
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1.2.1. Telomeres and telomerase in human pathophysiology

Besides their role in the physiological cellular ageing process, telomerase
activity and telomere length stability have critical part in the pathobiology of several
human diseases. Telomere dysfunction and defects in telomere length maintenance
contribute to a number of disease manifestations (Blasco, 2005).

Following mutations in telomerase subunits, different genetic disorders were shown to
develop. Most phenotypic consequences of human telomerase deficiency were
suggested to result from compromised telomere function that limits the proliferation of
cells, including stem cells (Lansdorp, 2009). The first disease that was revealed to
associate with telomerase deficiency was Dyskeratosis Congenita (DC). The name
derives from the dyskerin gene which encodes a small nucleolar protein that binds to
TERC and ribosomal RNA, affecting several cell functions, thus DC patients carry
mutations in components of the telomerase complex, resulting in decreased telomerase
stability and critically short telomeres (Calado and Young, 2009; Mitchell et al., 1999).
In approximately 50 percent of DC patients, mutation in either h”TERT, TERC or DKCI
genes was found (Aubert and Lansdorp, 2008) while 50 percent showed mutation in
other, with telomere maintenance associated genes, like TINF2, NHP2 and NOPI10
(Lansdorp, 2009; Savage et al., 2008; Vulliamy et al., 2008; Walne et al., 2007).

hTERT and hTERC gene mutations were also detected in idiopathic pulmonary fibrosis
(Armanios et al., 2007), liver disease (Calado et al., 2009; Carulli and Anzivino, 2014;
Qazilbash et al., 1997), aplastic anaemia (Ly et al., 2005; Marrone et al., 2004;
Vulliamy et al., 2005; Yamaguchi et al., 2003) and myelodysplastic syndrome
(Yamaguchi et al., 2003). Association between telomere length and cardiovascular
diseases were proposed, although with varying results across studies (Epel et al., 2009;
Farzaneh-Far et al., 2008; Fitzpatrick et al., 2007; Satoh et al., 2009; Wang et al., 2011),
and relations between the dysregulation of telomere length and diabetes were also
reported (Al-Attas et al., 2010; Salpea and Humphries, 2010; Salpea et al., 2010).

Several ageing associated diseases including cancer and premature ageing
syndromes, were likewise characterized by short telomeres, undermining cell viability

(Blasco, 2005). It was shown by in vitro studies that progressive shortening of telomeres
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during cellular replication can not only lead to loss of chromosomal stability,
senescence and apoptosis, but also to changes in gene expression within the
subtelomeric region. This indicated that that alterations affecting telomeres at the level
of chromatin structure might also have a role in human diseases (Blasco, 2005).
Telomere attrition was also associated with the risk of cancer by several reports, ranging
from high rates of specific cancers to modest contributions to oncogenesis in general,
while in some specific inflammatory and immune diseases, telomere shortening was
suggested to be a major contributing factor to the promotion of tumour development
(Calado and Young, 2009; Londono-Vallejo, 2008; Shay and Wright, 2011). Although
the traditional view regards leukocyte telomere length as a passive biomarker of human
ageing, interesting new evidence suggested a “trade-off’ concept for specific health
outcomes (Aviv and Shay, 2018), according to which an active role of telomere length
in ageing-related diseases might occur, due to telomeres increasing the risk of certain
type of pathologies related to restricted cell proliferation and tissue degeneration, such
as cardiovascular diseases, whereas long telomeres might increase the risk of other
types of diseases related to increased proliferative growth, such as major cancers (Aviv
and Shay, 2018).

Besides, upregulated hTERT expression was observed in the majority of human
cancer cells (>85%), and tumour cell lines were found to express telomerase
constitutively (Armanios and Greider, 2005; Cao et al., 2008; Holt and Shay, 1999; Ju
and Rudolph, 2006; Kyo and Inoue, 2002; Meyerson, 2000; Shin et al., 2006). It was
suggested that the aberrant upregulation of telomerase was required for the sustained

growth of the majority of advanced cancers (Shay and Wright, 2011).
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1.2.2. Alternative Lengthening of Telomeres

A telomerase-independent manner of telomere length maintenance, termed as

alternative lengthening of telomeres (ALT) was also uncovered (Bryan et al., 1997).
The mechanism was unveiled by the observation that telomere length could be
maintained in immortalised telomerase-negative human cells (Bryan et al., 1995), and it
was shown that human cells lacking telomerase, could undergo rapid shortening and
lengthening events (Cesare and Reddel, 2010; Murnane et al., 1994). ALT relies on
homologous recombination dependent exchange and/or homologous recombination
dependent synthesis of telomeric DNA, thus making the addition of telomere sequence
repeats possible, without the involvement of telomerase (Dunham et al., 2000;
O'Sullivan and Almouzni, 2014). Linear or circular extra-chromosomal telomeric
fragments, observed in ALT cells could also serve as alternative templates for telomere
synthesis by rolling circle amplification (Natarajan and McEachern, 2002).
Recent efforts of basic and translational research concentrate on revealing the molecular
biology of how the ALT pathway is activated especially in cancer cells, and how it
could potentially be targeted (O'Sullivan and Almouzni, 2014), however there are still
many unknowns about how exactly telomere elongation occurs in ALT cells (Cesare
and Reddel, 2010). Telomeric repeat-containing RNAs (TERRA) were also rendered
role in telomere length homeostasis in ALT tumour cells, as the formation of
RNA:DNA hybrid structures, known as telomeric R-loops were observed (Arora et al.,
2014; Balk et al., 2013; Cusanelli and Chartrand, 2015).

Recent research has highlighted the importance of studying the epigenetic
regulation of telomeres in the activation and regulation of ALT cells (O'Sullivan and
Almouzni, 2014). Large-scale genome sequencing methods identified ALT associated
mutations in the a-thalassemia/mental retardation syndrome X-linked gene (ATRX),
which is a SNF2 helicase/ATPase and chromatin remodeler (Gibbons et al., 2000), and
in death domain-associated protein gene (DAXX), a histone chaperone (Drane et al.,
2010; Lewis et al., 2010). In light of the findings that telomere function was sensitive to
changes in chromatin structure and post-translational histone modifications (Benetti et

al., 2007; Schoeftner and Blasco, 2009), the comprehensive characterization of the ALT
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telomeric chromatin structure and its relationship to chromatin dysfunction emerged as
a new focus of ongoing research (O'Sullivan and Almouzni, 2014).

Interesting new findings pointed to the association between ALT and
mitochondrial adaptive mechanism, as ALT positive tumour cells in mice were shown
to express mitochondrial regulators, due to prevailing mitochondrial dysfunction (Hu et
al., 2012). Investigations of the relationship between mitochondrial dynamics and ALT

mechanisms have been underway (Hu et al., 2012; Melicher et al., 2015).
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1.2.3. Telomere-independent activities of hTERT

Until recently, the vast majority of research on human TERT focused on the
crucial function of the enzyme in adding telomeric (TTAGGG sequence) repeats, thus
protecting against telomere shortening with cell replication. In the past few years, new
discoveries shed light on many additional functions of hTERT that are independent of
its reverse transcriptase activity and telomere maintenance, referred to as non-
telomeric/non-canonical/extra-telomeric or extracurricular functions of telomerase. The
various telomere-independent functions of hTERT include regulating gene expression,
growth factors and cell proliferation, enhancing DNA repair, maintaining stem cells,
besides anti-apoptotic function of nuclear as well as of mitochondrial hTERT were also
observed (Bagheri et al., 2006; Cong and Shay, 2008; Hoffmeyer et al., 2012; Li et al.,
2005; Maida et al., 2009; Smith et al., 2003).

It was reported that hTERT can shuttle dynamically between different cellular
locations, as under increased oxidative stress hTERT was excluded from the nucleus
and translocated to the mitochondria (Ahmed et al., 2008; Haendeler et al., 2009;
Haendeler et al., 2003; Santos et al., 2004; Santos et al., 2006). A protective role of
telomerase within mitochondria was proposed (Ahmed et al., 2008; Haendeler et al.,
2009; Indran et al., 2011; Saretzki, 2009), while it has also been reported that the
inability of TERT shuttling leaded to increased cellular stress (Sharma et al., 2012). It
was suggested that by shuttling into the organelles, hTERT not only protected
mitochondria, but by decreasing mitochondrial superoxide production, the protein also
indirectly protected the nucleus from DNA damage (Singhapol et al., 2013). Telomere
dysfunction was associated with impaired mitochondrial biogenesis, function and
increased level of reactive oxygen species as well (Sahin et al., 2011). Besides,
regardless of the presence of its RNA component hTERC, hTERT was shown to
function as an RNA-dependent RNA-polimerase (Maida et al., 2009). Additionally,
TERT was found to bind to mitochondrial DNA, increase mitochondrial membrane

potential and interact with mitochondrial tRNAs (Saretzki, 2014).
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1.2.4. The emerging role of epigenetics

Epigenetic regulation of hTERT

Recently new research findings were published about the diverse factors playing
role in the regulation of the hTERT gene. Telomerase is known to be regulated at
various molecular levels, including genetic, mRNA, protein levels and subcellular
localization (Ramlee et al., 2016). Among them transcription modulation is regarded to
be the most important one (Ramlee et al., 2016). Epigenetic modifications of h”TERT
have also recently gained new attention. Trans-acting factors, like transcription factors
and epigenetic modifiers were shown to collectively contribute to the transcriptional
regulation of h”TERT gene (Ramlee et al., 2016), DNA methylation, histone methylation,
and histone acetylation were considered as basic epigenetic regulations, besides non-
coding RNAs were also suggested to be involved in the epigenetic control (Avin et al.,
2016; Lewis and Tollefsbol, 2016). Regulation of A”TERT can also occur through unique
pattern of CpG promoter methylation and alternative splicing (Avin et al., 2016). In
addition to expression level changes, changes in promoter binding was also reported to
affect alternative splicing (Avin et al., 2016). Alternative splicing of hTERT could
produce either the full length transcript that could form the active telomerase enzyme
complex with TERC, or numerous inactive isoforms (Avin et al., 2016). Both regulation
strategies could be exploited in cancers to activate telomerase, however, the exact
mechanisms are unknown (Avin et al., 2016). Despite the wealth of knowledge in the
roles that transcription factors and epigenetic modifiers play in the regulation of ”TERT
expression, it was also pointed out that it was still unclear how ATERT was silenced
during stem cell differentiation as well as reactivated during somatic cell
reprogramming and cellular transformation, respectively (Ramlee et al., 2016). It was
emphasized that these processes were likely to involve a host of these transcription
regulators in a cell context-dependent manner, in addition, they were likely to be
controlled by epigenetic changes accompanying these cellular events (Ramlee et al.,
2016). It was proposed that given the complexity of the regulatory network, it could
perhaps be more meaningful to approach the issue from a wider perspective, and it was
alongside suggested that the epigenetic-based regulation of ATERT might serve as a

crucial contributing mechanism to the reversibility of ATERT control in different
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biological states, such as aging or the pathology of cancer (Avin et al., 2016; Lewis and

Tollefsbol, 2016).

Epigenetics of telomeres and subtelomeres

Key links between telomere length regulation and epigenetic status were
proposed (Blasco, 2007) as emerging data indicated the existence of functional
connections between telomere length homeostasis and epigenetic marks (Garcia-Cao et
al., 2002; Garcia-Cao et al., 2004; Gonzalo et al., 2006). The chromatin region of
telomeres in mammals was characterized with several properties resembling the
heterochromatin at pericentromeric regions, including the exertion of telomere position
effect, which is the ability to transcriptionally silence nearby genes (Baur et al., 2001;
Koering et al., 2002). Telomeric chromatin contains nucleosomes with slightly altered
spacing compared with non-telomeric chromatin (Makarov et al., 1993; Tommerup et
al., 1994). Telomeric and subtelomeric chromatin were shown to be enriched in
epigenetic marks, such as histone modifications of telomeres (Garcia-Cao et al., 2004;
Gonzalo et al., 2005; Gonzalo et al., 2006), and DNA methylation at subtelomeres
(Bellon et al., 2010) were found. Telomere length deregulation and disruption of
telomeric silencing were reported in states, characterised by the loss of heterochromatic
marks at telomeres and subtelomeres, while loss of either histone methylation or DNA
methylation leaded to de-repression of telomere recombination (Blasco, 2007). Changes
in the epigenetic status of telomeric and subtelomeric chromatin were observed in
critically shortened telomeres, decreased histone and DNA methylation and increased
histone acetylation were also reported (Blasco, 2007). It was alongside suggested that
the changed epigenetic marks could have led to the observed preferential elongation of
short telomeres by telomerase (Hemann et al., 2001; Samper et al., 2001). Epigenetic
marks, such as increased H3 and H4 acetylation in the states of accelerated telomere
loss (Benetti et al., 2007) could be recognized preferentially by the telomerase complex

(Blasco, 2007).
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Telomeric repeat-containing RNAs (TERRA)

Despite the heterochromatic state, mammalian telomeres can be transcribed into
long non-coding RNAs, called TERRA (telomeric repeat-containing RNA) (Azzalin et
al., 2007; Schoeftner and Blasco, 2008). TERRA was shown to be transcribed from
CpG dinucleotide containing promoters, methylated by DNMT1 and DNMT3b, which
promoters were found to be located at least on half of human subtelomeres (Arora et al.,
2014; Nergadze et al., 2009). TERRA bounded to human telomerase in cells in vitro,
and it was suggested that TERRA transcripts could play a role in the regulation of
telomerase activity (Redon et al., 2010; Schoeftner and Blasco, 2008). Recent research
pointed out that TERRA molecules could play critical roles in telomere biology,
including the regulation of telomerase activity and heterochromatin formation at
chromosome ends, although there are still a lot of unknowns to be revealed in order to

understand the role of TERRA regulation in vivo (Cusanelli and Chartrand, 2015).

1.3. Telomere-telomerase functioning in the human immune system

The human immune system is an ample example of a highly dynamic cellular
network with unique characteristics, one of which is the regulation of the
telomere/telomerase system (Melicher et al., 2015). Telomerase is repressed in most
human somatic cells, but lymphocytes are unique in the sense that they retain the ability
to upregulate telomerase upon activation, which allows the intense clonal expansion and
proliferation required to generate effector cells and long lived memory cells while
maintaining telomere length (Chou and Effros, 2013; Maini et al., 1999). High levels of
telomerase activity were measured in germinal center B-cells and thymocytes and
telomerase activity was found to be highly regulated during T-cell development and B-
cell differentiation (Weng et al., 1997). In the capacity for expressing detectable amount

of telomerase, lymphocytes resembled the characteristics of stem cells (Weng, 2008).
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1.3.1. Activation of telomerase in lymphocytes

For telomerase activity to be induced in human peripheral T-cells, signalling via
the T-cell receptor (TCR) and other co-stimulatory molecules such as CD28 were
required (Antonio Moro-Garcia et al., 2012). In vitro activated T-cells could increase
both the levels of ATERT transcripts and telomerase activity. Several in vitro studies
found that after repeated stimulation, T lymphocytes progressively lost the ability to
induce telomerase activity, and it was proposed that this caused telomere erosion and
eventually replicative senescence (Hooijberg et al., 2000; Plunkett et al., 2005;
Valenzuela and Effros, 2002; Weng et al., 1996).

In human lymphocytes, besides the quantitative level of A”TERT mRNA, which is
considered the major limiting factor for telomerase activity (Daniel et al., 2012),
additional transcriptional regulations were also proposed in determining the activity of
the enzyme (Liu et al., 2001). hTERT protein and h”TERT mRNA were reported to be
present in all subsets of lymphocytes (thymocytes, tonsillar- and peripheral blood T-
and B-cells) despite the substantial differences in telomerase activity of these cells (Deville et
al., 2009; Liu et al., 2001; Liu et al., 1999). It was also found that activation of telomerase
in peripheral blood resting CD4+ T-cells after in vitro stimulation did not require an increase in
hTERT protein level (Liu et al., 2001). Two posttranslationally regulated events,
phosphorylation and nuclear translocation of hTERT, were identified and proposed to be
associated with telomerase activation in CD4+ T lymphocytes, which were reported to be
independent of total levels of the hTERT protein (Liu et al., 2001). The details of the in vivo

regulation of telomerase activity in lymphocytes still remains to be established.

1.3.2. Telomere length in lymphocytes

Lineage-specific telomere shortening was observed in CD4+, CD8+ T
lymphocytes, B lymphocytes, granulocytes, monocytes and NK-cell populations with
different kinetics (Kaszubowska, 2008). Investigating telomere length and telomerase
activity in four different lymphocyte subgroups from the same individual, B-cells were
found to have the highest telomerase activity followed by CD4+ T helper- and
CD8+CD28+ T-cells, while the replicatively senescent CD8+CD28- T-cells showed the
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lowest telomerase activity (Lin et al., 2010). Among the same cell types, the longest
telomere length was measured in B-cells, followed by CD4+ and CD8+CD28+ T-cells
with approximately equal measures, then by CD8+28- T-cells with the shortest
observed telomere length (Lin et al., 2010). It was also found that a higher percentage of
CD8+CD28- T-cells correlated with shorter total telomere length in peripheral blood
mononuclear cells (PBMCs) (Lin et al., 2010). Further studies confirmed that among T
lymphocytes the relatively undifferentiated T-cells (CD27+CD28+) showed the longest
telomeres, followed by the intermediate populations (CD27-CD28+ in CD4+ T-cells
and CD27+CD28- in CD8+ T-cells) with telomere lengths between those of the
undifferentiated and highly differentiated lymphocytes, and highly differentiated T-cells
(CD27-CD28-) presented the shortest telomere length (Antonio Moro-Garcia et al.,
2012). The ratio of proliferation in human T-cells was found to be much higher in
highly differentiated cells (CCR7-CD27-CD28-) with shorter telomeres (Antonio Moro-
Garcia et al., 2012; Macallan et al., 2004).

1.3.3. In vivo and ex vivo experiments

Few studies investigated the telomere/telomerase system in human lymphocytes
in the frame of in vivo or ex vivo experiments. Telomerase activation, associated with
telomere length maintenance was reported in Epstein-Barr virus-specific CD8+ T
lymphocytes during acute infectious mononucleosis (Hathcock et al., 2003; Maini et al.,
1999; Plunkett et al., 2001). Despite the high telomerase activity and facilitated
telomere preservation in EBV-specific CD8+ T-cells, significant telomere shortening
was observed in EBV-specific CD8+ T lymphocytes isolated from the same donor 15
month and 14 years later (Plunkett et al., 2001). Shortening of telomeres in memory T-
cells with age and during chronic HIV infection was also reported (Effros and Pawelec,
1997; Son et al., 2000; Valenzuela and Effros, 2002). These findings indicated that
telomerase induction was not sufficient to maintain telomeres in repeatedly activated
memory T-cells in vivo (Akbar and Vukmanovic-Stejic, 2007).

Further evidence that hTERT could play a crucial role in the proliferative
capacity of human T-cells comes from the study of Wolf et al, investigating telomere

length and telomerase activity in regulatory T-cells (Treg) isolated from peripheral
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blood of cancer patients (Wolf et al., 2006). CD4+CD25+ Treg were found to have
retained telomere length, suggesting that the induction of telomerase in vivo helped in
preventing replicative senescence. However, in the in vitro stimulated regulatory T-
cells, although telomerase activity was readily inducible, but was insufficient to prevent
further telomere shortening and replicative senescence. The authors noted that they had
no data available on the regulation of ATERT expression and telomerase function in
primary human Treg and concluded that their findings indicated a central role of
telomerase induction for regulatory T-cell expansion, albeit under conditions of
extensive in vitro stimulation, induced telomerase activity was obviously not sufficient
to maintain telomere length in the proliferating cell fraction (Wolf et al., 2006).

It should be noted that several potential confounding factors were addressed
regarding the in vivo or ex vivo experiments. Valenzuela and Effros pointed out that in
vivo experiments investigating the telomere-telomerase system were a huge challenge to
interpret on sequentially derived peripheral blood samples from human donors because
of several potential confounding issues (Valenzuela and Effros, 2002). Among others
various localization of effector memory cells (Masopust et al., 2001), undetermined
number of naive T-cells freshly leaving the thymus were mentioned, which could not
ensure that the same populations of immune cells were actually evaluated over a
longitudinal study (Valenzuela and Effros, 2002). It was also proposed that the reason for
the earlier, seemingly contradictory results according to which the capacity for activation-
induced telomerase activity in polyclonal T- and B-cells did not decrease with donor age (Son
et al., 2000), might be that donor age may not reveal the differences in replication of the entire
CD4+ or CD8+ T lymphocyte population (Roth et al., 2003). It was suggested that variations
in telomerase expression might be more evident between T-cell populations within the same

donor (Roth et al., 2003).
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1.34. Immunosenescence and epigenetics

Experiments showed that the regulation of telomerase activation in T
lymphocytes was changed during progressive differentiation, the ability to induce
telomerase was getting lost as cells aged, at the same time it was also suggested that
while endogenous hTERT alone could not prevent overall telomere shortening, it had a major
influence on the longevity of human T-cells (Roth et al., 2003). It was proposed that the loss
of telomerase inducibility in T lymphocytes after repeated stimulation might be an
intrinsic protective mechanism against excessive proliferation, possible mutations or
transformations (Valenzuela and Effros, 2002). The question was also addressed about
whether the decreased enzymatic activity (telomerase down-regulation) in highly
differentiated CD8"CD28 CD27" T-cells was more likely related to decreased hTERT
synthesis or to posttranslational regulation of the enzyme (Akbar and Vukmanovic-
Stejic, 2007). The underlying mechanisms that inhibit telomerase activity during T-cell
differentiation remain to be revealed (Akbar and Vukmanovic-Stejic, 2007).

Shortened telomeres and reduced telomerase activity were identified as key
features of T-cell senescence in vitro and has been associated with many pathological
conditions in vivo (Chou and Effros, 2013). Increased telomere shortening could
contribute to defective immune responses in elder people, accelerated T-cell aging
combined with telomere attrition may predispose for autoimmune responses and could
thereby explain the increased susceptibility for chronic inflammatory diseases in the
elderly (Kaszubowska, 2008). Repetitively stimulated T-cells were characterised with
shortened telomeres and decreased capacity of telomerase induction, which could
contribute to T-cells entering the path of replicative senescence (Bellon et al., 2010;
Scheuring et al., 2002). This process could be followed by the accumulation of highly
differentiated T-cells with newly acquired functional capacities, resulting from aberrant
expression of genes, normally suppressed by epigenetic mechanisms in CD4+ or CD8+
T-cells (Antonio Moro-Garcia et al., 2012). Genes (such as CD11a, perforin, CD70,
IFN-y and the NKRs family), normally suppressed by DNA methylation, were
overexpressed in senescent T-cells (Y. Liu et al., 2009; Lu et al., 2003). Demethylation
of the CD70, perforin, and KIR2DL4 promoters and a decrease in DNMTI1 and
DNMT3a levels in CD4+CD28- T-cells were also observed (Chen et al., 2010). It was
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suggested that due to a lifetime of exposure to and proliferation against a variety of
antigens, highly differentiated T-cells suffer molecular modifications which alter their

cellular homeostasis mechanisms (Antonio Moro-Garcia et al., 2012).

1.3.5. hTERT as a potential therapeutic tool

Forced expression of hTERT was shown to immortalize cells, and several
studies reported that h"TERT alone was sufficient to restore telomerase activity resulting
in tumorigenesis in vitro (Bodnar et al., 1996; Burns et al., 2000; Halvorsen et al., 1999;
Liu et al., 1999; Mitchell et al., 1999; Pan et al., 1997; Rufer et al., 1998; Son et al.,
2000; Vaziri and Benchimol, 1998; Vaziri et al., 1993). Subsequently, inhibiting cancer
cell proliferation by targeting telomerase has become one of the focus points of anti-
cancer therapeutics research for years. It is important to highlight that although
telomerase down-regulation in lymphocytes might protect against tumorigenesis, yet it
could also lead to replicative senescence of repeatedly activated memory T-cells.

The idea of telomerase-based therapeutics emerged as potential tool for
extending the replicative lifespan of normal cells and for limiting the growth of
malignant tumour cells. The perspectives of influencing the replicative senescence of T
cells, inspired in vitro investigations studying the effect of reintroducing hTERT to
lymphocytes. Several groups transduced human T-cells with hTERT and found that
hTERT overexpression protected human T lymphocytes from replicative senescence in
long-term cultures in vitro (Barsov, 2011). Transduced T-cells that constitutively
expressed hTERT were found to maintain characteristics of primary lymphocytes, such
as specific recognition and response to cognate antigens and maintenance of natural
effector functions (Barsov, 2011; Hooijberg et al., 2000; Migliaccio et al., 2000; Rufer
et al., 2001). Despite the considerably increased survival, most studies found that
hTERT-transduced cells eventually lost the ability to expand after activation, due to
cumulative oxidative damage or loss of genomic stability (Akbar and Vukmanovic-
Stejic, 2007; Hooijberg et al., 2000; Roth et al., 2005; von Zglinicki, 2000). The most
advanced use of hTERT-immortalized T lymphocytes could be their application for
adoptive immunotherapy. However, adoptively transferred immortalized T-cells may

potentially behave differently in vivo than in long-term in vitro cultures, in light of that,
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further studies are indispensable to establish long-term survival and fate of hTERT-
immortalized T-cells in vivo (Barsov, 2011).

It was proposed that one of the reasons why the efforts to develop novel anticancer
therapies using hTERT as a molecular target could not entirely succeed yet, might be
the overlooking of the non-canonical functions of hTERT, and it was suggested that
targeting the novel functions of hTERT would facilitate the development of new cancer
therapies (Maida and Masutomi, 2015). Further experiments investigating telomerase
activity and hTERT protein combined with research on non-canonical functions of the
enzyme, specifically in different lymphocytes subpopulations, could help yield novel

insight into the immune regulation in health and disease.
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1.4. mtDNA copy number and telomere length

14.1. LTL and mtDNAcn as potential markers of cellular aging

In the last decades, telomere length and mitochondrial DNA copy number have
both been suggested as important markers of cellular aging (Hjelmborg et al., 2015;
Mengel-From et al., 2014).

Mitochondria are regarded as the power generators of the cell as they produce

most of the ATP, fundamental for cellular functions, and have an integral role in both
cell growth, differentiation, replication and death. Furthermore, reactive oxygen species
(ROS) are produced in mitochondria as a result of energy metabolism. The aging
process is characterized by increases of mitochondrial ROS production, accumulating
mutations in mtDNA, dysfunction of mitochondrial biogenesis and an overall decline in
mitochondrial function (Bratic and Larsson, 2013; Kazachkova et al., 2013).
Mitochondrial DNA copy number (mtDNAcn), that is the number of circular
mitochondrial DNA per cell, provides an indirect measure for assessing mitochondrial
biogenesis, which process could compensate for the increasing energy demand and
compromised mitochondrial function (Sahin and DePinho, 2012).
During each somatic cell division, telomeric DNA was estimated to shorten at a rate of
22 — 46 basepairs per year, telomere attrition was reported to be accelerated by
environmental stressors, oxidative stress, proinflammatory mediators and by autonomic
and endocrine dysfunctions as well (Perseguini et al., 2015; Revesz et al., 2014).

Large-scale population studies investigated leukocyte telomere length or
mtDNA copy number separately and associated them with ageing and various disease
manifestations and suggested them as candidate biomarkers.

Focusing on telomere length, epidemiological studies have principally relied on
measurements of telomere length in leukocytes, since earlier it was found that leukocyte
telomere length (LTL) reflected telomere length in other somatic cells as well, and
could serve as a surrogate parameter for the relative TL in other tissues (Aviv and Shay,
2018; Friedrich et al., 2000). Leukocyte telomere length has been associated with
chronological age (Valdes et al., 2005) as well as with aging-related diseases, such as

cardiovascular diseases (Brouilette et al., 2003; Fitzpatrick et al., 2007), neurological
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diseases (Thomas et al., 2008) and cancer (Artandi and DePinho, 2010; Shay and
Wright, 2011). Several studies found an association between telomere length and life
span in humans (Bakaysa et al., 2007; Berglund et al., 2016; Deelen et al., 2014; Gomes
et al., 2011; Heidinger et al., 2012; Kimura et al., 2008; Muezzinler et al., 2013; Sahin
and Depinho, 2010; Steenstrup et al., 2017), a meta-analysis proposed that LTL could
serve as a biomarker of somatic redundancy, the capacity of the body to absorb damage
(Boonekamp et al., 2013). As LTL was proposed to predict mortality (Cawthon et al.,
2003; Kimura et al., 2008) and longevity (Vera et al., 2012), it was suggested as a
potential biomarker of biological aging (Mather et al., 2011; Zierer et al., 2016).
Besides its inverse association with age, leukocyte telomere length was reported to be
influenced by genetic (Codd et al., 2013), as well as environmental factors (Valdes et
al., 2005), and telomeres in men were found shorter than in women (Benetos et al.,
2001; Berglund et al., 2016; Moller et al., 2009; Okuda et al., 2002).

Regarding mitochondrial DNA copy number addressed by population studies,
Ashar et al investigated the association of mtDNAcn with frailty and all-cause mortality
(Ashar et al., 2015). Utilizing data from a total of 16.401 participants from two multi-
center, multi-ethnic, community-based, prospective studies, a significant inverse
association of mtDNA copy number with age, and higher mtDNAcn in women relative
to men were found (Ashar et al., 2015). Ashar et al observed a significant association
between lower mtDNAcn and prevalent frailty, and reported that mtDNAcn was a
strong independent predictor of all-cause mortality in an age and sex-adjusted, race-
stratified analysis (Ashar et al., 2015). Ding et al carried out a large-scale population
analysis of mtDNA dynamics in lymphocytes of ~2.000 Sardinians, applying tailored
sequencing analysis tools (Ding et al., 2015). Their data on mtDNAcn showed
correlations with gender, age, and metabolic traits. According to their findings
mtDNAcn averaged ~110 copies/lymphocyte and females on average had slightly but
significantly higher mtDNAcn than males (6.7 copies) (Ding et al., 2015). Although
several studies concluded that mtDNAcn decline seemed to be a valid marker of cellular
aging, it has to be noted that inconsistencies in the literature can also be found (Revesz
et al., 2018; Zole and Ranka, 2018). Picard et al suggested that a higher mtDNAcn
might be a marker of poor mitochondrial condition or mitochondrial allostatic load

(Picard et al., 2014), and mtDNAcn increase was proposed to compensate for DNA
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damage or mitochondrial dysfunction by Yu-Wai-Man et al (Revesz et al., 2018; Yu-
Wai-Man et al., 2011).

1.4.2. Links between telomere shortening and mitochondrial dysfunction

Recently key molecular links have been revealed between telomere shortening
and mitochondrial dysfunction, two mechanisms that are both considered to play central
role in the aging process (Sahin et al., 2011; Sahin and DePinho, 2012).

Telomere shortening was reported to be associated with impaired mitochondrial
biogenesis and function, as well as increased ROS level, and specific molecular
mechanisms were suggested about how these processes altogether could promote
decline in stem cells, progenitor cells and post-mitotic tissues (Kim et al., 2013; Sahin et
al., 2011). Sahin et al demonstrated that telomere dysfunction-induced p53 repressed
PGC-1a and PGC-1f3 and thereby linked telomeres to mitochondrial biology, oxidative
defense, and metabolism (Sahin et al., 2011). It was proposed that telomere-p53-PGC
axis could expand our understanding about how telomere dysfunction might contribute
to organ and metabolic failure and diminished organismal fitness (Sahin et al., 2011). It
was alongside reported that increased mitochondrial dysfunction could result in
increased ROS concentrations and subsequent activation of the DNA damage response
pathway, including telomere damage and erosion and the consequent enhanced p53
activation (J. Liu et al., 2009; Zhu et al., 2017). It was also shown that improvement of
mitochondrial function resulted in less telomeric damage and slower telomere
shortening, while telomere-dependent growth arrest was associated with increased
mitochondrial dysfunction (Passos et al., 2007). It should be noted that studies mostly
on cell lines demonstrated how telomere erosion and mitochondrial stress could be
interrelated (Correia-Melo et al., 2014; Passos et al., 2007).

In a recently published study, different T-cell subsets of healthy human donors
were analysed and it was indicated that accumulating ROS with age could contribute to
telomere shortening in primary memory T lymphocytes (Sanderson and Simon, 2017).
The authors of the report demonstrated for the first time a correlation between age and
increased mitochondrial ROS specifically in CD8+ T-cell subgroups, and suggested a
strong link between age and telomere length, mitochondrial ROS and health (Sanderson

and Simon, 2017). However, it was also concluded that the detailed mechanism of
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association between telomere status and mitochondrial function in humans still
remained to be determined (Sanderson and Simon, 2017).

Besides revealing the molecular mechanisms underlying the associations of
telomere dysfunction and mitochondrial functions, investigations of mtDNAcn and TL
in association with healthy and disease human phenotypes have likewise begun. Up to
now, only a modest number of research have been published that measured
mitochondrial mtDNAcn and telomere length in humans simultaneously and assessed
the relationship between them, but recently a growing number of population studies
examined specifically the relationship of mtDNAcn and TL (Alegria-Torres et al., 2016;
Kim et al., 2013; Li et al., 2015; Monickaraj et al., 2012; Otsuka et al., 2017; Pieters et
al., 2015; Qiu et al., 2015; Revesz et al., 2018; Tyrka et al., 2015; Tyrka et al., 2016;
Zhu et al., 2017; Zole et al., 2017). Among them most studies claimed positive
association between mtDNAcn and TL both in healthy individuals (Kim et al., 2013;
Revesz et al., 2018; Tyrka et al., 2015), in elderly people (Pieters et al., 2015; Zole et
al., 2017), in children (Alegria-Torres et al., 2016), pregnant women (Qiu et al., 2015)
and colorectal carcinomas (H. Lee et al., 2017). Negligible but significant negative
correlation between mtDNAcn and TL was also reported (Zhu et al., 2017), and inverse
association was found in patients with psychiatric disorders (Li et al., 2015; Otsuka et
al., 2017; Tyrka et al., 2016). Two recent studies investigated the association between
telomere length and mtDNA copy number in subjects without clinical condition, both of
which found positive correlation. In a Korean sample of community-dwelling elderly
women a correlation of r=0.39 was reported (Kim et al., 2013), while in a community
sample of healthy younger adults a correlation of r=0.120 between mtDNAcn and LTL
was detected (Tyrka et al., 2015), and the authors suggested co-regulation of telomeres
and mitochondrial function (Tyrka et al., 2015). A recent report, investigating the
combined impact of telomere length and mtDNAcn on cognitive function of
community-dwelling very old adults, suggested that the two parameters might be useful

for monitoring cognitive decline in older people (J. Y. Lee et al., 2017).
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14.3. LTL and mtDNAcn in twin studies

As studies highlighted that telomere length can be modified by genetic and
epigenetic factors, sex hormones, reactive oxygen species and inflammatory reactions
(Kaszubowska, 2008), it has become clear that in a quest to find out more about the
potential factors influencing the rate of telomere attrition in vivo, genetic, as well as
epigenetic mechanisms are crucial to be further explored, for which twin studies could
provide great potential (Melicher et al., 2015).

The earliest twin studies in telomere research investigated the genetic determination of
telomere length (TL) by estimating its heritability, and a twin study attempted to
analyse the heritability of telomerase inducibility (Kosciolek and Rowley, 1998).
Subsequent twin studies examined the relationship between age, mortality and TL
(Bakaysa et al., 2007; Bischoff et al., 2006; Kimura et al., 2008), and others tried to
decipher the relative influence of genetic and environmental factors influencing
telomere length (Huda et al., 2007) and telomere attrition (Hjelmborg et al., 2015).
Twin- and other population-based studies assumed the heritability of telomere length
between 36-86% (Andrew et al., 2006; Atzmon et al., 2010; Broer et al., 2013; Jeanclos
et al., 2000; Kosciolek and Rowley, 1998; Slagboom et al., 1994; Vasa-Nicotera et al.,
2005), a meta-analysis reported a heritability of 0.70 (Broer et al., 2013). A recent
longitudinal study extended the findings by estimating how telomere attrition rates
might vary between twins, and found that genetic background contributed to the overall
LTL, but not to its rate of change (Berglund et al., 2016). Besides, the genetic effect on
LTL attrition was found equal in both men and women and the importance of individual
predisposition to LTL attrition was emphasized (Berglund et al., 2016). It should be
noted that, the genetic basis of telomere length still remains elusive (Kim et al., 2012)
and there are also many controversies about the extent to which genetic and/or
environmental factors might influence telomere length during later stages of the human
lifespan (Huda et al., 2007).

With regard to mtDNA copy number, Mengel-From et al investigated the
association between mtDNAcn and aging, and a number of health parameters involving
1.067 Danish twins and singletons, besides they also examined the differences in

mtDNAcn between males and females and twin zygosity (Mengel-From et al., 2014).
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According to their findings the decrease in mtDNAcn initiated in middle age,
approximately at age 50. The group reported the first longitudinal data in mtDNAcn in
blood cells among healthy subjects, in consistency with their cross-sectional data, the
longitudinal data also demonstrated that mtDNAcn declined at the individual level
(Mengel-From et al., 2014). Mengel-From et al also found a consistent direction of
association between low mtDNAcn and higher mortality and poorer condition in terms
of both self-rated health, cognitive and physical performance, and suggested that
mtDNAcn might serve as a biomarker for general health in combination with other
markers of health and disease among the elderly (Mengel-From et al., 2014). The
heritability of mtDNA copy number measured in lymphocytes and buccal swaps was
also reported to be relatively high (Curran et al., 2007; Ding et al., 2015; Mengel-From
et al., 2014; Reiling et al., 2010; Xing et al., 2008), strong genetic regulation (estimated
to 54%) of mtDNA level was proposed (Ding et al., 2015).
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2. Objectives

Both telomerase activity, hTERT protein level, telomere length and mitochondrial
DNA copy number are important markers in reflecting the replicative capacity of cells.
We aimed to contribute to the deeper understanding of the telomerase system and
telomere-mitochondria interplay by simultaneously investigating these four variables in
a genetically controlled study design, and being the first research group to study them in
monozygotic twins.

We alongside aimed to help in deciphering the possible contribution of genes and
environment by comparing the degree of phenotypic similarities of monozygotic and
dizygotic twins. Applying the unique research potential of twin studies, we approach the
issue of possible genetic contribution, by calculating intraclass correlation coefficients
for mtDNAcn and TL among MZ and DZ twins in estimating co-twin similarity.
Studying possible associations of mtDNAcn and TL firstly in twins, also belonged to

our main objectives.

We further detail our specific objectives below:

Analysis of the distribution of T lymphocyte subgroups in peripheral blood
mononuclear cells of monozygotic twins of different age and gender by applying multi-
parametric flow cytometry.

- Comparison and assessment of co-twin similarities of T-cell subgroup distribution in

monozygotic twins.

Measurement of the catalytic reverse transcriptase protein subunit of telomerase
(hTERT) in T lymphocyte subsets.
- Analysis and comparison of hTERT protein level in T lymphocytes, helper-,
cytotoxic-, and regulatory T-cells.
- Comparison and assessment of co-twin similarities of hTERT protein level of different

T-cell subgroups of MZ twins.
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Detection of telomerase activity in PBMCs, utilizing the Telomeric Repeat
Amplification Protocol (TRAP).

- Comparison and assessment of co-twin similarities of telomerase activity of MZ twins.

Absolute telomere length measurement, using quantitative polymerase chain
reaction standard curve method.
- Comparison and assessment of co-twin similarities of telomere length of MZ and DZ

twins.

Absolute mitochondrial DNA copy number measurement, using quantitative
polymerase chain reaction standard curve method.
- Comparison and assessment of co-twin similarities of mtDNA copy number of MZ

and DZ twins.

Assessment of co-twin similarities of mitochondrial DNA copy number, telomere
length, hTERT protein level and telomerase activity in PBMCs of MZ twins, calculation
of intraclass correlation coefficients and assessment of within-pair similarity measures

with increasing age.

Bivariate association analysis and regression model of mtDNA copy number,

telomere length and clinical data of MZ and DZ twins.

Co-twin similarity assessment and comparison of MZ and DZ twins in mtDNA copy

number and telomere length.
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3. Methods

3.1. Subjects

We examined in total 142 adult volunteers (mean age 50.54 + 1543 years *
standard deviation /SD/, range 20-75 years), including 48 monozygotic pairs and 23

dizygotic twin pairs (Table 1).

Table 1. Basic sample characteristics of the studies

Monozygotic mtDNAcn-TL

twin study study
Subjects, n 32 142
Monozygotic- Dizygotic, n 32-0 96 - 46
Male-female, n 10 - 22 42 - 100
Age, years (mean + SD) 46.0 + 12.88 50.54 £ 15.42

3.1.1. Sample of Monozygotic twin study

32 subjects, comprising of 16 monozygotic twin pairs were included in the
Monozygotic twin study consisting of combined telomerase activity measurements,
flow cytometric detection of hTERT protein level and analysis of the distribution of
various T-cell subpopulations, mtDNA copy number and telomere length
measurements. The mean age of participants was 46.0 + 12.88 (years + SD), with an
age-range of 21 — 69 years. Eleven pairs of the twin subjects were female and five pairs

were male (Table 1).

3.1.2. Sample of mtDNA copy number and telomere length study

142 subjects, comprising of 96 monozygotic- (48 complete pairs) and 46 dizygotic

twins (23 complete pairs) were analysed in the mtDNA copy number and telomere
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length measurement study. The mean age of participants was 50.54 + 15.43 (years +
SD), with an age-range of 20 — 75 years. 50 pairs of the twin subjects were female and

21 pairs were male (Table I).

3.2. Study design

The study participants were recruited from the members of the Hungarian Twin
Registry (Littvay et al., 2012).

The subjects - one twin pair at a time - attended a full-night polysomnography
in the frame of an ongoing clinical study attending the Sleep Laboratory of, the
Department of Pulmonology, Semmelweis University, Budapest, Hungary. The
following morning, within an hour after awakening, blood pressure and heart rate were
measured and fasting venous blood was drawn. Venous blood was drawn always at the
same time for both member of a twin pair. After blood draw laboratory test was done by
the Central Laboratory Buda, Semmelweis University for serum glucose, renal function,
lipid profile and C-reactive protein (CRP) measurements, while venous blood was also
collected for molecular biology analysis purposes separately.

The blood collection for further molecular biology studies, was facilitated by the
author, within half an hour after blood draw, from its site at the Department of
Pulmonology, Semmelweis University. Right after that, the samples were transported to
the Department of Genetics, Cell- and Immunobiology, Semmelweis University, where
the aliquoting, storing and peripheral blood mononuclear cells (PBMCs) isolation
protocols were carried out by the author in case of each sample, collected on a weekly
basis.

In order to assess past medical history and personal habits (including socio-
demographic, anthropometric data, and data on lifestyle, as diet, smoking, alcohol
consumption, and history of physical activity), all study subjects were requested to
complete an on-site questionnaire.

The subjects in the selected sample were in generally good health, none of the
participants had any acute clinical condition and none of them had reported any severe

diseases during the medical examination. None of the selected participants were
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diagnosed with Alzheimer’s disease, Parkinson disease or any type of cancer. Further
exclusion criteria included pregnancy, acute or severe chronic diseases or foreseeable
lack of compliance with test procedures.

The study was approved by the Ethical Community of Semmelweis University
according to the Helsinki Declaration and was also authorized by Ethic Committee of
Scientific Research of Hungary (ETT-TUKEB) (Semmelweis University TUKEB
30/2014, 3583/2015/EKU and 30/2014, 3583-3/2015/EKU).

All volunteers gave their written informed consent.

3.3. Blood collection and PBMC isolation

Venous blood samples were collected in 9 ml ethylenediamine tetraacetic acid
(EDTA) tubes (EDTA tube, Greiner Bio-One). Peripheral blood mononuclear cells
(PBMC:s) were isolated by density gradient centrifugation at 830 g for 20 minutes at 20
°C by layering the blood over the Ficoll-Paque (Sigma, St. Louis, USA). After
centrifugation, the obtained buffy coat was aspired and washed once with phosphate-
buffered saline (PBS). The pelleted PBMC were resuspended in fetal calf serum (FCS)
containing 10% dimethyl sulfoxide (DMSO) and were frozen at —80 °C until analysis.

3.4. Flow cytometry

The identification of lymphocyte subpopulations and the detection of intracellular
hTERT protein level, in subpopulations of lymphocytes were carried out using the
method of concurrent staining of cell surface antigen, multicolor flow cytometry was

applied for the analysis, using the reagents as indicated in Table 2.
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Table 2. Reagents for immunophenotyping analysis of lymphocyte subpopulations

Antibody Reactivity Host/Isotype Dilutions | Manufacturer Clone
N

hTERT-FITC [Human [Rabbit 1:100 ,Ovus . [polyclonal
Biologicals

FoxP3-Pe Human Mouse / 1gG1, 1:50 eBioscience  [236A/E7

kappa

CD8-Pe Human  (Mouse / IgG1 1:50 cytognos 143-44

(CDd-PerCP- Human Mouse / 1gG2b. 1:50 eBioscience  [OKT4

Cy5.5 kappa

CD3-APC Human  [Mouse / IgG2a 1:50 cytognos 33-2A3

34.1. Identification of lymphocyte subpopulations

T lymphocytes were defined on the basis of their CD3 expression. Helper T-cells were
identified by CD3+/CD4+ double positivity, while cytotoxic T-cells were described by the co-
expression of CD3 and CD8. Regulatory T lymphocytes were characterized by the intracellular
presence of Foxp3 transcription factor in CD3+/CD4+ cells.

The identification of T cell subpopulations is depicted on Figure 2. The representative
dot plot on Figure 2 A) shows the distribution of the PBMCs by relative size (FSC-
Height) and relative granulation (SSC-Height). Based on size and granulation, the
smaller and less granular population corresponded to lymphocytes.

The representative dot plot on Figure 2 B) demonstrates cells exhibiting CD3 positivity
inside the lymphocyte gate, detectable after APC-conjugated anti-CD3 labeling.
Defining the CD3+ T-cells by gating, T-cells were distinguished from other cells, also
present inside the lymphocyte gate based on their size and granulation (B cells, NK cells
and basophil granulocytes).

The representative dot plot on Figure 2 C) demonstrates cells exhibiting CD4 positivity
inside the lymphocyte gate, detectable after PerCP-conjugated anti-CD4 labeling.
Defining CD4+ T-cells by gating was used to identify helper T-cells (Th) as follows:
cells that simultaneously exhibited CD3 and CD4 expression (CD3+4/ CD4+ double

positive cells) inside the lymphocyte gate were considered Th.
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The representative dot plot on Figure 2 D) demonstrates cells exhibiting CD8 positivity
inside the lymphocyte gate, detectable after Pe-conjugated anti-CD8 labeling. Defining
CD8+ T-cells by gating was used to identify cytotoxic T-cells (Tc) as follows: cells that
simultaneously exhibited CD3 and CD8 expression (CD3+/ CD8+ double positive cells)
inside the lymphocyte gate were considered Tc.

The representative dot plot on Figure 2 E) demonstrates cells exhibiting Foxp3
positivity inside the lymphocyte gate, detectable after Pe-conjugated anti-Foxp3
labeling. Defining Foxp3+ cells by gating was used to identify regulatory T-cells (Treg)
as follows: cells that simultaneously exhibited CD3 and CD4 and intracellular Foxp3
expression (CD3+/ CD4+/ Foxp3 triple-positive cells) inside the lymphocyte gate were

considered Treg.
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Figure 2. Identification of T cell subpopulations

A) Distribution of the PBMCs by relative size (FSC-Height) and relative granulation
(SSC-Height).

B) CD3+ cells inside the lymphocyte gate, detectable after APC-conjugated anti-CD3
labeling.

C) CD4+ cells inside the lymphocyte gate, detectable after PerCP-conjugated anti-CD4
labeling.

D) CD8+ cells inside the lymphocyte gate, detectable after Pe-conjugated anti-CDS8
labeling.

E) Foxp3+ cells inside the lymphocyte gate, detectable after Pe-conjugated anti-Foxp3

labeling.
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3.4.2. Analysis of cell viability

Propidium iodide uptake assay was used for the determination of the viability of
PBMCs before staining. 10 pL. of Propidium Iodide (PI) solution was added to 1 mL of
cell suspension. Cells were analyzed by flow cytometry. Dead cells could be
distinguished by showing positivity for PI, while viable cells could be included into the

analysis.

3.4.3. Validation procedures of TERT antibody

Our preliminary testing procedures showed consistency with the published
results (Handa et al., 2010) about the reliability of the reactivity of hTERT antibody.
Both direct and indirect antibody labeling methods (isotype control and secondary
antibody) were used, and methods were carefully tested in preliminary experiments on
samples of subjects with various clinical conditions in peripheral blood, and testing was
also performed on Monomac 6 (MM6) human leukemia cell lines and on Jurkat cells
(D'Hautcourt J, 2002). TERT antibody (NB110-89471, Novus Biologicals) was also

validated using telomerase negative neutrophil granulocytes as negative controls (Figure 3).

Validation of hTERT antibody using neutrophil granulocytes as negative
controls is further detailed and depicted on Figure 3.
Figure 3 A) displays a representative dot plot showing the distribution of cells in
peripheral venous blood by relative size (FSC-Height) and relative granulation (SSC-
Height). Based on size and granulation, the large and largely granular cells
corresponded to the neutrophil granulocyte population. Neutrophils identified by size
and granulation were defined by gating (circumcision).
Figure 3 B) depicts the validation of the purity of the neutrophil granulocyte gate
identified on FS-SS dot plot, by CD15 labeling. CD15 (3-fucosyl-N-acetyl-lactosamine)
is a cluster of differentiation antigen which is physiologically expressed on the surface
of circulating neutrophils. The representative overlay histogram shows the intensity of
the fluorescence signals detected after isotype control (anti-mouse IgG Pe) and anti-

human CDI15 antibody labeling within the neutrophil granulocyte gate. After Pe-
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conjugated anti-human CD15 antibody labeling, a two-magnitude higher fluorescence
intensity signal could be detected compared to the fluorescence signal of the isotype
control, which clearly demonstrated the CD15 expression of cells, thus validating that
within the applied gate, indeed neutrophil granulocytes could be found.

Figure 3 C) depicts a representative overlay histogram demonstrating the intensity of
the fluorescence signals, detected after isotype control and FITC-conjugated anti-human
hTERT antibody labeling within the neutrophil granulocyte gate. Given that the
intensity signals, detectable after either isotype control (rabbit IgG FITC) or anti-human
hTERT antibody labeling were comparable, it could be stated that the FITC-labeled
anti-hTERT antibody did not stain the neutrophil granulocytes specifically. The lack of
hTERT expression in neutrophil granulocytes correlated with previous findings which
had generally shown that telomerase activity was not present in those cells (Hiyama et

al., 1995) (Counter et al., 1995).
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Figure 3. Validation of hTERT antibody using neutrophil granulocytes as negative
controls

A) Distribution of cells in peripheral venous blood by relative size (FSC-Height) and
relative granulation (SSC-Height).

B) Validation of the purity of the neutrophil granulocyte gate, identified on FS-SS dot
plot by CD15 labeling.

C) Intensity of the fluorescence signals, detected after isotype control and FITC-
conjugated anti-human hTERT antibody labeling within the neutrophil granulocyte

gate.
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34.4. Detection of hTERT protein level

The assay procedure for the detection of hTERT protein level was carried out as
follows: 5x10° PBMC suspensions were incubated with fluorochrome-conjugated
antibodies for exofacial staining in the dark for 15 minutes, at room temperature. During
washing steps the supernatant of PBS diluted cell suspension was removed by
centrifugation, allowing a minor volume of liquid (ca. 100 uL) to remain. Cell pellet
was fixed by 4% paraformaldehyde solution for 10 minutes, at room temperature. After
washing in PBS, the cells were permeabilized by 0.1% saponin solution for subsequent
staining for intracellular Foxp3 and hTERT protein. Intracellular staining lasted for 15
minutes. Unbound antibodies were removed by washing with 0.1% saponin solutions.
All antibodies were carefully titrated in earlier experiments.

Measurements were carried out using a FACSCalibur flow cytometer (Becton
Dickinson San Jose, CA, USA) on the day of the staining, collecting 1x10° cells/tube.
CellQuest-Pro software (Becton Dickinson San Jose, CA, USA) was used for the
acquisition and analysis. Lymphocyte subpopulations were determined inside the
lymphocyte gate on the basis of their exofacial protein pattern. The relative amounts of
intracellular hTERT protein were analyzed by the comparison of geometric mean

channel values of fluorescence (MFI).

The phases of hTERT protein detection are depicted on Figure 4, where Figure
4 A) displays a representative dot plot showing the distribution of the peripheral blood
mononuclear cells (PBMC) by relative size (FSC-Height) and relative granulation
(SSC-Height). Based on size and granulation, the smaller and less granular population
corresponded to lymphocytes, while the larger and more granular population
corresponded to monocytes. Cells identified by size and granulation were defined by
gating (circumcision). The gating not only served to identify the lymphocyte and
monocyte cell populations, but also to exclude dead cells, that were previously
identified by propidium iodide viability staining.
Figure 4 B) depicts a representative dot plot showing the fluorescence signal detected

following FITC fluorochrome conjugated anti-hTERT antibody labeling, as a function
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of granulation. The figure presents fluorescence signals detected inside the lymphocyte
and monocyte gates (lymphocyte gate and monocyte gate together). The continuous line
shown in the figure demonstrates the separation of fluorescence signals from the
background. The value of the fluorescent (aspecific) background was determined by
isotype control labeling.

Figure 4 C) demonstrates the fluorescence signal detected after the isotype control
antibody was attached. On the scatter plot (similarly to Figure 4 B), fluorescence is
depicted as a function of granulation. Also similarly to Figure 4 B), isotype control

staining is depicted inside the lymphocyte and monocyte gates.
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Figure 4. hTERT protein detection

A) Distribution of the peripheral blood mononuclear cells by relative size (FSC-Height)
and relative granulation (SSC-Height).

B) Fluorescence signals detected following FITC fluorochrome conjugated anti-hTERT
antibody labeling, as a function of granulation.

C) Fluorescence signals detected after the isotype control antibody was attached.

The gating strategy is further detailed on Figure 5, where Figure 5 A) displays a
representative dot plot showing the distribution of the PBMCs by relative size (FSC-
Height) and relative granulation (SSC-Height). Based on size and granulation, the
smaller and less granular population corresponded to lymphocytes.

Figure 5 B) depicts an overlay histogram showing the intensity of the fluorescence
signal detected after isotype control and hTERT antibody labeling inside the
lymphocyte gate.
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Figure 5. Gating strategy

A) Distribution of the PBMCs by relative size (FSC-Height) and relative granulation
(SSC-Height).

B) Intensity of the fluorescence signal detected after isotype control and hTERT

antibody labeling inside the lymphocyte gate.
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3.5. Measurement of telomerase activity with TRAP-ELISA assay

For the detection of telomerase activity, the Photometric Enzyme Immunoassay
for Quantitative Determination of Telomerase Activity, utilizing the Telomeric Repeat
Amplification Protocol (TRAP) was applied. To determine telomerase activity 2x10°
cells were used for the assay. The cells were lysed in CHAPS lysis buffer, and the
TRAP assay was performed using the TeloTAGGG Telomerase PCR ELISA™"® kit
(Roche Diagnostics GmbH) following the manufacturer's instruction. Briefly, the PCR
based assay was carried out in a reaction mixture (biotinylated telomerase substrate P1-
TS, optimized anchor-primer P2 nucleotides and Taq DNA polymerase) with the use of
an internal standard (IS) and negative control (heat inactivation of telomerase-associated
RNA) for each sample as well. After 20 minutes of incubation at 25 °C to allow the
telomerase mediated extension of the TS primer, the reaction was performed in
thermocycler (GeneAmp PCR System 9700, ABI) after the following steps: the reaction
mixture was subjected to 94 °C for 5 minutes after which, 30 PCR cycles followed at 94
°C for 30 seconds, 50 °C for 30 seconds, and 72 °C for 90 seconds. After the cycling
process, the samples were incubated at 72 °C for 10 minutes. To quantitate the cellular
telomerase activity, the PCR product was denatured and then hybridized with a
digoxigenin-labeled telomeric repeat-specific probe. The PCR product was visualized
using peroxidase-conjugated antibodies against digoxigenin and measured at 450 nm,
respectively at 690 nm using an ELISA reader (Labsystems Multiscan MS, Thermo).
Relative telomerase activity (RTA) was calculated following the manufacturer's
instructions: in the first step the absorbance readings of the negative samples were
subtracted from the absorbance readings of the samples. When the difference in
absorbance was higher than 0.2 A450nm-A690nm units, samples were considered

telomerase positive.
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As given in the manufacturer’s instruction, relative telomerase activities (RTA) was

calculated using the following formula:

(AS-AS,0)/AS,IS
(ATSS — ATSS8,0)/ATSS8,IS

AS: absorbance of sample

AS,0: absorbance of heat- or RNase-treated sample

ASLIS: absorbance of Internal Standard (1S) of the sample

ATSS8: absorbance of Control template (TSS8)

ATS8,0: absorbance of Lysis buffer

ATSS8,IS: absorbance of Internal Standard (1S) of the Control template (TSS)

3.6. Measurement of telomere length and mtDNA copy number

DNA was extracted from the previously isolated cells, using the QIAamp DNA
Blood Mini Kit (Qiagen Inc., Valencia, CA) as appropriate. Each DNA sample was
quantified and qualified using a NanoDrop spectrophotometer (Thermo Scientific,
Wilmington, DE), in case the 260/280 ratio was higher than 1.8, and the 260/230 ratio
was in the range of 2.0-2.2, the DNA sample was qualified as pure. Absolute telomere
length and absolute mitochondrial DNA copy number were measured using quantitative
polymerase chain reaction (QPCR) as previously described (O'Callaghan et al., 2008)
with minor modifications. First the mitochondrial DNA copy number was calculated
based on the ratio between the amount of mtDNA (Cytochrome b [MT-CYB]) and that
of a single-copy gene (albumin [ALB]). Telomere length was measured by calculating
the number of telomere repeats relative to that of a single-copy gene (ALB) used as a
quantitative control, relative to a reference sample. All qPCR reactions were performed
using a StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster City, CA)
with TagMan™ Universal Master Mix II, no UNG (Applied Biosystems, Foster City,
CA). Three qPCRs were performed to quantitate copy numbers for telomeres,
mitochondrial genomes (Cytochrome b [MT-CYB]), and the albumin gene [ALB] as a

single-copy standard.
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The primer sequences for telomeres (O'Callaghan et al., 2008) and primers and
TagMan probe for MT-CYB (Hakonen et al., 2007) had been previously reported. The
primers and probe of the ALB gene, and also probe for telomere were designed by using
Primer3 program (Untergasser et al., 2012). The primer and probe sequences were
described in Table 3. The probe had a fluorophore at 5'-end, 6-carboxyfluorescein
(FAM) and a quencher at 3'-end, tetramethylrhodamine (TAMRA). Primer
concentrations were raised to 100 nM and cycling conditions were as follows: 10
minutes at 95°C, followed by 50 cycles of 95°C for 15 seconds, 60°C for 1 minutes.
Each sample was run in triplicate using 20 ng of DNA and accepted only in case the
standard deviation of the Ct values were <I1Ct (CV >5%). Amplification of telomeres,
MT-CYB and ALB were performed in separate runs, using the same reference samples in
the same well positions. For the standard curve method, 6-point serial-dilution of cloned
amplicons with no template control was applied and the same calibrator sample was
used in all runs to allow comparison of results across runs. Data were analyzed by
StepOne Software v2.3 (Applied Biosystems, Foster City, CA). All standard curve met
the criteria that the correlation coefficient (R?) was greater than 0.95, and the PCR

efficiency was in the range of 90-100%.

Table 3. Primer and probe sequences for gPCR standard curve method

Locus Primers Probes
Forward [CGGTTTGTTTGGGTTTGGGTTTG

el GGTTTGGG TTTGGGTT TTAGGGTTAGGGTTAG

clomere e everse [CGCTTGCCTTACCCTTACCCTTA|GGTTAGGG

CVeISe | cCCTTACCCTTACCCT

?jlvtIl;NA Forward GCCTGCCTGATCCTCCAAAT CACCAGACGCCTCAAC
CYB) Reverse IAAGGTAGCGGATGATTCAGCC |CGCCTT
zglgle—ene Forward TGTTGCATGAGAAAACGCCA AAGTGACAGAGTCACC
(ALB) | [Reverse GTTCGCCTGTTCACCAAGGAT  AAATGCTGCACAG
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3.7. Statistical analysis

Statistical analysis was carried out by applying linear mixed effects regression
models (Pinheiro and Bates, 2009) using the Ime4 package (Bates et al., 2015) of the
software (R Core Team, 2016). Statistical significance level was set at p<0.05.
Continuous variables were expressed as mean # standard deviation (SD) unless
otherwise specified.

Unpaired Student’s t-test and analysis of variance (ANOVA) was applied to analyze the
quantitative variables. Logarithmically transformed data were used in case of mtDNAcn
and TL in order to approximate a normal distribution.

Intraclass correlation coefficients (ICCs), estimating the intra-individual stability
of a variable across conditions, were computed for the twin pairs to estimate the level of
co-twin similarity. ICCs were calculated using the residual variance proportion of a
baseline and age and sex corrected mixed effects model. Confidence intervals were
derived using a family based bootstrap with 1000 draws.

To assess the bivariate associations between mtDNAcn, TL and available
predictors, standard coefficients from a full information maximum likelihood estimated
regression were applied that also controlled for age and sex. The interpretation of the
models is analogous to Pearson’s correlations but account for the lack of independence
between twin pair and incidental missing data on the predictors. P values were
calculated using cluster corrected standard errors. To test the relationship between
mtDNAcn and TL, the aforementioned strategy was used, and both standardized and
unstandardized coefficients were presented. Additionally, regression model controlling
for all significant predictors based on the bivariate analysis was used. The analyses were
conducted using Mplus 8 (Muthén and Muthén, 2010). Statistics data was assessed
using GraphPad PRISM v6.05 (GraphPad Softwarelnc., California, USA).
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4. Results

4.1. Monozygotic twin study

We assessed the lymphocyte subpopulations of 16 monozygotic twin pairs of
different age and gender, characteristics including birth order, birth weight and birth

week of pregnancy are detailed in Table 4.

Table 4. Characteristics of monozygotic twin subjects

Sex Birth week

Age |(I=male, Birth weight of
Code (years) |2=female)] BMI (2) pregnancy
0IA 21 2 19,22 2230 37
01B 21 2 20,78 1870 37
02A 25 1 20,23 1500 28
02B 25 1 19,81 1500 28
03A 27 1 25,35 2500 NA
03B 27 1 28,41 2900 NA
04A 31 1 28,69 NA NA
04B 31 1 29,61 NA NA
05A 37 2 20,83 NA NA
05B 37 2 20,03 2500 NA
06A 39 2 20,90 2500 NA
06B 39 2 19,75 2250 NA
07A 40 2 22,31 2400 37
07B 40 2 21,95 2450 37
08A 45 2 27,04 2300 36
08B 45 2 29,05 1900 36
09A 51 2 23,92 NA NA
09B 51 2 24,35 NA NA
10A 53 1 26,26 NA NA
10B 53 1 25,11 NA NA
11A 55 2 18,07 NA 36
11B 55 2 17,26 NA NA
12A 59 2 27,41 2500 39
12B 59 2 29,00 2550 39
13A 60 2 17,21 1960 28
13B 60 2 18,73 1950 28
14A 62 2 34,81 2500 36
14B 62 2 27,82 2500 36
15A 62 1 26,54 2700 40
15B 62 1 25,88 3100 40
16A 69 2 25,71 3500 39
16B 69 2 27,82 3500 39
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4.1.1. T lymphocyte distribution and hTERT protein level in T-cell subgroups

We analysed the distribution of lymphocyte subgroups present inside the
lymphocyte gate of peripheral blood mononuclear cells, and determined the level of the
catalytic reverse transcriptase protein subunit of telomerase, hTERT in the different
subgroups, using concurrent staining of surface antigens, intracellular hTERT protein
and multi-parametric flow cytometry. Table 5 summarises our results of hTERT protein
levels and percentages of T-cells gated inside the lymphocyte gate. Multicolor flow
cytometric detection of intracellular h"TERT protein level can be referred to as a unique
study method since by applying this technique, it was possible to measure the relative
amount of hTERT protein on a single cell level in different lymphocyte subgroups,
without requiring the separation of the individual cell types. The level of hTERT protein

in the different subgroups could then be compared.
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Table 5. hTERT protein levels and percentages of T-cells gated inside the lymphocyte
gate

Abbreviations: hTERT: hTERT protein level, Geo mean: Geometric mean channel
values of fluorescence (MFI), Tly: CD3+ T cells, Th: CD3+/CD4+ T cells, Treg:
CD3+/CD4+/Foxp3+ T cells, Tc: CD3+/CD8+ T cells

hTERT
hTERT | hTERT |CD3+/CD4+| hTERT |hTERT in CD3+/CD4+
CD3+ |CD3+/CD4H FoxP3+ |CD3+/CD8+PBMC gate| CD3+ |CD3+/CD#+ |FoxP3+ |CD3+/CD8+

Code (Geo mean)|(Geo mean)| (Geo mean) |(Geo mean)|(Geo mean)| (% Gated) | (% Gated) | (% Gated) | (% Gated)
01A 20,27 20,82 53,12 21,52 36,41 74,60 54,59 1,18 24,98
01B 22,04 22,33 50,68 18,73 34,61 68,21 48,08 1,02 20,12
02A 16,59 16,29 29,90 22,05 22,40 74,17 48,44 0,54 34,95
02B 13,59 13,45 21,88 13,86 17,03 82,67 53,41 0,22 36,07
03A 12,24 11,80 15,04 12,23 16,89 78,53 53,97 0,15 24,66
03B 11,36 11,10 15,61 13,16 17,60 72,65 50,14 0,12 2542
04A 5,98 5,78 8,23 6,35 5,71 80,16 52,44 0,24 27,77
04B 5,84 5,67 7,09 6,54 6,05 78,41 50,36 0,31 26,52
05A 7,78 7,75 7,75 7,48 7,37 72,63 49,93 0,72 19,49
05B 10,76 10,80 10,80 8,32 7,89 75,10 54,24 0,14 18,90
06A 15,68 15,57 25,72 16,11 18,96 80,95 63,22 0,21 24,44
06B 17,34 17,25 26,21 16,09 20,73 71,95 50,30 0,52 27,03
07A 38,82 38,64 112,09 40,88 47,07 79,82 49,29 1,33 26,06
07B 37,28 36,37 109,12 50,37 52,64 75,85 50,87 0,80 23,60
08A 6,84 6,74 10,61 7,75 7,70 66,08 45,34 0,13 20,50
08B 7,15 7,03 10,47 7,48 7,21 70,76 51,01 0,23 15,91
09A 12,83 12,56 18,72 13,81 17,21 75,50 42,20 0,67 29,74
09B 14,49 14,16 20,43 8,28 15,37 76,12 41,24 1,40 35,89
10A 9,87 9,43 11,96 6,94 8,08 73,65 43,94 0,64 35,31
10B 9,65 9,26 13,49 27,90 6,85 74,16 44,64 0,30 37,72
11A 19,38 19,98 48,87 24,24 46,10 78,89 54,52 2,17 33,17
11B 16,54 16,56 28,41 19,85 27,05 84,50 57,19 1,00 35,81
12A 15,31 14,93 21,17 17,05 19,20 83,38 57,65 0,15 34,53
12B 14,81 14,34 21,21 13,95 16,31 76,71 5745 0,25 25,29
13A 14,78 14,64 28,74 13,56 17,23 61,76 53,26 0,23 8,89
13B 12,83 12,76 28,77 13,10 15,94 66,65 59,19 0,15 8,86
14A 13,19 12,65 22,57 9,24 17,88 63,48 44,17 0,44 18,80
14B 8,97 8,73 12,46 11,94 15,93 78,67 59,71 0,37 20,22
15A 14,66 14,40 25,93 9,82 18,59 65,92 36,62 0,67 31,78
15B 16,50 16,34 28,38 13,09 NA 71,10 42,42 0,72 26,96
16A 6,99 6,86 10,04 7,19 7,73 70,84 53,26 0,12 18,46
16B 6,61 6,56 8,91 7,51 8,47 71,31 54,09 0,10 19,82
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4.1.2. ICCs for lymphocyte subgroups and hTERT protein levels

We intended to characterise the similarity level of twins with regard to their
hTERT protein level in different T lymphocyte subgroups and the respective T-cell
distributions by calculating intraclass correlation coefficients (ICCs). Intraclass
correlations enumerate the proportion of variation across the families of the twins, as
such, estimating co-twin similarity. Intraclass correlation coefficients were calculated
for hTERT protein level in T lymphocytes (Tly) and subgroups, including helper T-cells
(Th), cytotoxic T-cells (Tc), and regulatory T-cells (Treg), ICCs for the T lymphocyte
subsets of the twin subjects were alongside calculated. We found very high intraclass
correlation for hTERT protein levels in T lymphocytes (0.891) and both in the Th
(0.896), Treg (0.885) and Tc (0.798) subgroups. Analysing the similarity of the
distribution of T lymphocyte subpopulations, high ICCs were detected in Treg (0.728)
and Tc (0.827) (Table 6).
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Table 6. Intraclass correlations for hTERT protein levels and lymphocyte subgroups
Intraclass correlation coefficients enumerate exactly what percent of the variation in
the sample was across the families of the twins. (Both uncorrected (ICC column) and
age and gender corrected (Cor. ICC column) models were used to calculate the
intraclass correlations and their corresponding 95% confidence intervals (CI).) It can
be claimed with statistical confidence that twins were highly similar to each other for
hTERTTly, hTERTTh, hTERTTreg, hTERTTc, Treg and Tc variables.

Incomplete pairs were also included in the intraclass correlation analysis with Full
Information Maximum Likelihood estimation leading to potential mismatches.
Incomplete pairs were a function of an aggressive outlier detection system where
outliers two standard deviation from mean were eliminated in two rounds. This ensured
normal distribution of the data better than other transformation techniques.

hTERTTly: hTERT protein level in T-cells, hTERTTh: hTERT protein level in helper T-
cells, h\TERTTreg: hTERT protein level in regulatory T-cells, hTERTTc: hTERT protein
level in cytotoxic T-cells, Tly: T-cells, Th: helper T-cells, Treg: regulatory T-cells, Tc:
cytotoxic T-cells, ICC: intraclass correlation, Cor. ICC: corrected intraclass

correlation, n (Pairs): number of pairs, n (Ind.): number of individuals

Variable ICC CILow CIHigh Cor.ICC CILow CIHigh n (Pairs) n (Ind.)

hTERTTly 0.891 0.705 0962 09 0.756 0975 15 29
hTERTh 0.896 0.708 0.963  0.903 0.758 0973 15 29
hTERTTreg 0.885 0.712 0.963  0.899 0.737 0969 14 27
hTERTTc 0.798 0.507 0.927  0.799 0.51 0944 15 29
Tly 0.388 0 0.724 0451 0 0.802 16 30

Th 0435 0 0.766 046 0 0.81 16 30

Treg 0.728 0366 0909 0.744 0413 0922 16 29

Tc 0.827 0.567 0938 0.806 0498 0934 15 30
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4.1.3. Average level of hTERT protein in T lymphocytes

We compared the level of hTERT protein in the different T-cell subgroups.
Regulatory T-cells showed significantly higher level of hTERT protein (27.01 + 4 .42,
[mean + SE]) compared to T lymphocytes (14.28 + 1.34), helper- (14.11 + 1.34) or
cytotoxic T-cell subgroups (15.20 + 1.74) (Figure 6).
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Figure 6. The average level of hTERT protein in different lymphocyte subgroups

Treg showed significantly higher level of hTERT protein compared to T lymphocytes,
helper- or cytotoxic T cell subgroups.

The Y axis shows hTERT protein levels (Geo mean). The black bars represent standard
error.

T: T-cells, Th: helper T-cells, Treg: regulatory T-cells, Tc: cytotoxic T-cells, MFI: mean

Sfluorescence intensity, SE: standard error, **p < 0.01, *p < 0.05
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4.14. Co-twin similarity for mtDNAcn, TL, hTERT protein level and TA

We defined and compared mitochondrial DNA copy number, telomere length,
level of the catalytic reverse transcriptase protein subunit of telomerase (hTERT), and
telomerase activity in PBMCs of monozygotic twins. Telomerase activity (TA) was
measured, applying the TRAP-ELISA assay, telomere length (TL) and mitochondrial
DNA copy number (mtDNAcn) were determined using qPCR standard curve method.
In order to gain comparable results, we measured hTERT protein level (WTERT) present
inside the PBMC gate.

Aiming to examine the similarity level within twin pairs, the first-born twins
were plotted against the second-born twins, and the correlation coefficients were
measured in the case of all four variables. We observed that co-twin correlations for
mtDNAcn, TL and hTERT protein level were significantly strong (mtDNAcn: r=0.70, p
< 001, TL: r=0.84, p < 0.0001, hTERT: r=0.84, p < 0.0001). In contrast, regarding
telomerase activity (TA) lower similarity with no significance could be detected (TA:
r=0.11, p =ns) (Figure 7).

We note that on Figure 7 it can also be observed that telomerase activity was
found to be very different not only between members of twin pairs but also among twin

pairs.
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Figure 7. Level of similarity for mtDNAcn, TL, hTERT protein level and TA
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A) mtDNA copy number (mtDNAcn), B) telomere length (TL), C) hTERT protein level
in PBMCs (hTERT) and D) telomerase activity (TA). Both in A) B) C) and D) first-born

twins (Twin 1) are plotted against second-born twins (Twin 2). Correlation coefficients

(r), significance level (p) and number of twin subjects (n) are included.
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4.1.5. Intraclass correlations for mtDNAcn, TL, hTERT and TA

Strong correlations of mtDNAcn, TL and hTERT were further supported by
intraclass correlation coefficient (ICC) values. We found very high ICC for hTERT
protein level (0.946), it was also high for TL (0.815) and considerable for mtDNAcn
(0.524). While in case of TA intraclass correlation coefficient equalled O (Table 7).

Table 7. Intraclass correlations for mtDNAcn, TL, hTERT and TA

Intraclass correlation coefficients enumerate the proportion of variation in the sample
across the families of the twins, as such, co-twin similarity. Both uncorrected (ICC
column) and age and gender corrected (Cor. ICC column) models were used to
calculate the intraclass correlations and their corresponding 95% confidence intervals
(CI) for mtDNAcn, TL, hTERT and TA. As it is shown with statistical confidence, twins
were highly similar to each other in their TL and hTERT values.

(In case of one twin pair (displayed under code 15 in 5.) data about telomerase activity
was not available for the second twin due to missing data.)

mtDNAcn: mitochondrial DNA copy number, TL: telomere length, hTERT: hTERT
protein level inside the PBMC gate, TA: telomerase activity, ICC: intraclass
correlation, Cor. ICC: corrected intraclass correlation, n (Pairs): number of pairs, n

(Ind.): number of individuals

Cor. CI n

Variable ICC CILow CIHigh 1cc CI Low High (Pairs) n (Ind.)
mtDNAcn 0524 O 0816 0535 0,167 0.838 16 30
TL 0815 0532 0930 0.829 0.607 0949 16 29
hTERT 0946 0.838 0983 0954 0.872 0987 14 26
TA 0 0 0585 O 0 0.672 16 27
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4.1.6. Within-pair similarity with increasing age

The tendency of within-pair similarity with increasing age was also assessed.
We selected study subjects of different age groups, the 16 pairs of identical twins
recruited to our study equally represented an age range of 21 to 69 years. Figure 8
shows that despite increasing age, within-pair ratios remained high for mtDNA copy
number, telomere length and hTERT protein level, while telomerase activity was very

different between co-twins (Figure 8).
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Figure 8. Within-pair similarity of mtDNAcn, TL, hTERT protein level and TA in
twins aged 21-69

A) mtDNA copy number (mtDNAcn), B) telomere length (TL), C) hTERT protein level
(hTERT) and D) telomerase activity (TA). The Y axis shows within-pair ratios, the X
axis represents age. Dots represent twin pairs. Correlation coefficients (r), significance
level (p) and number of twins (n) are included.

Within-pair ratio was calculated for each twin pair, in each case by dividing the value
of the lower scoring twin by the value of his/her co-twin. The more the values

approximate 1.0, the more similar were the twins of the given pair.
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4.1.7. Twin correlation analysis for mtDNAcn, TL, hTERT and TA levels

We aimed to assess similarity data of monozygotic twin pairs, whereby we
found positive association between telomere length and mitochondrial DNA copy
number (r = 0.81, p < 0.001). However, telomere length showed no association with
either TA or hTERT protein level. No correlation could be observed between

telomerase activity and hTERT protein level, either (Table 8).

Table 8: Correlation analysis of mtDNAcn, TL, hTERT and TA levels

Within-pair ratio is calculated for each twin pair, in each case by dividing the value of
the lower scoring twin by the value of his/her co-twin for the following variables
separately: mtDNAcn, TL, hTERT and TA. The within-pair ratios were used to calculate
Pearson correlation among the four variables (mtDNAcn, TL, hTERT and TA) by applying
logarithmic transformation, n=30. (In case of one twin pair (displayed under code 15 in
Table 5) data about telomerase activity was not available for the second twin due to
missing data.)

TL: telomere length, mtDNAcn: mitochondrial DNA copy number, TA: telomerase
activity, hTERT: hTERT protein level inside the PBMC gate, ns: not significant

mtDNAcn TL hTERT TA

0.81 -0.09 -0.13

mtDNAcn . (p<0.001)  (p=ns) (p=ns)
-0.14 -0.19

TL . . (p=ns) (p=ns)
0.06

hTERT . . . (p=ns)

TA

63



4.2. mtDNA copy number — telomere length study

A total of 142 asymptomatic adult twins, comprising of 96 monozygotic- (48
complete pairs) and 46 dizygotic twins (23 complete pairs) were included in the
analysis. The mean age of participants was 50.54 + 15.42 years (range 20 — 75 years).
All subjects completed detailed health history questionnaire and provided blood sample.
The subjects in the selected sample were in generally good health, without any acute
medical conditions.

DNA was isolated from peripheral blood mononuclear cells, absolute telomere length
(kilobase per diploid cell) and absolute mitochondrial DNA copy number (number of
circular DNA per cell) were analysed by qPCR standard curve method. During TL and
mtDNAcn measurement, age and twin status of participants were completely blinded
for all samples. By measuring mtDNAcn and TL, mtDNA content in the cohort was
201.57 £ 103.73, and TL was 167.35 + 84.74 (mean + SD). Table 9 details demographic
and metabolic characteristics of participants, as well as mtDNAcn and TL values,

stratified to MZ and DZ twin groups (Table 9).
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Table 9. Demographic and metabolic characteristics of participants

Data is shown as means and + standard deviation.

Abbreviations: mtDNAcn: mitochondrial DNA copy number, TL: telomere length, BMI:
body mass index, HDL: HDL-cholesterol, TC/HDL: TC and HDL ratio, LDL: LDL-
cholesterol, LDL/HDL: LDL and HDL ratio, TG: Triglyceride

Abbreviations: mtDNAcn: mitochondrial DNA copy number, TL: telomere length, BMI:
body mass index, HDL: high-density lipoprotein cholesterol, LDL: low-density

lipoprotein cholesterol, ApoAl: apolipoprotein Al, ApoB: apolipoprotein B, n: number

of individuals

Monozygotic twins Dizygotic twins

mean + SD n mean + SD n
Age 47.71 + 14.94 96 5643 +15.06 46
mtDNAcn 199.60 + 106.10 96 203.80+101.10 46
TL 166.30 + 84.92 96 171.90 + 85.33 46
BMI 2496 +4.47 96 2792 +6.22 46
Glucose 499 +1.51 73 505+0.77 28
Cholesterol 557 +1.18 92 549 +1.16 43
HDL 1.68 +0.80 92 1.75 £ 0.68 41
LDL 327+1.14 92 320+1.18 41
LDL/HDL 231+1.24 92 214 +1.13 41
Cholesterol/HDL 379 +1.56 92 351+1.33 41
Triglyceride 1.48 £+0.92 92 1.50 +£ 0.90 43
ApoAl 1.48 £+0.40 89 1.60 +£0.27 43
ApoB 1.21 £042 92 1.18 £0.39 43
Lipoprotein A 041 +£0.51 90 0.19+£0.22 40
Carbamide 5.09 +1.37 92 530+ 1.56 43
Creatinine 71.74 £ 10.52 91 69.33 +11.29 43
Systolic blood pressure 123.30 £15.02 81 133.90 +£20.35 37
Diastolic blood pressure 76.17 £ 8.78 81 80.70 = 10.85 37
Pulse rate 76.83 +8.22 80 7792 +8.75 37
CRP 339 +847 74 216 +1.61 31
Hip circumference (cm) 88.24 + 14 .07 37 90.50 + 15.48 22
Waist circumference (cm) 98.57 £9.03 37 101.50 +£9.74 22
Weight (kg) 7042 +15.33 96 75.75 +16.06 46
Height (cm) 167.6 £9.91 96 165.00 + 6.63 46
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4.2.1. Association of mtDNAcn, TL and clinical data

We carried out bivariate analysis and presented age and sex corrected

standardized regression coefficients. The results of the bivariate analysis indicated that
mtDNA copy number and telomere length were positively associated (p < 0.01). Table
10 also shows that lower levels of HDL cholesterol were significantly associated with
shorter telomere length (p < 0.001), while lower pulse rate and carbamide levels were
associated with higher TL (p < 0.001 and p < 0.01 respectively). As for mtDNA copy
number, lower hip-and waist circumference were correlated with higher mtDNAcn (p <
0.05) while higher ApoB and CRP levels were positively associated with mtDNAcn (p
<0.05) (Table 10).
We confirmed positive association between mtDNAcn and TL (see Tablell for age and
sex corrected results). Not displayed in the tables, after correcting the estimates with the
additional significant predictors these were modified from 0.277 (p < 0.01) to 0.25 (p <
0.05) in case of mtDNAcn predicted by TL (and controls); and from 0.278 (p < 0.01) to
0.239 (p < 0.01) in case of TL predicted by mtDNA (and controls).
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Table 10. Bivariate association. Age and sex corrected standardized regression

coefficients

mtDNA copy number Telomere length

Estimate Estimate

Birth order 0.092%* 0.037
Birth week -0.099 0.042
Birth week of pregnancy 0.042 0.022
BMI -0.019 -0.203
Glucose 0.021 -0.064
Cholesterol -0.032 0.007
HDL -0.001 0.300%**
LDL -0.030 -0.194
LDL/HDL 0.034 -0.236
Cholesterol/HDL 0.056 -0.201
Triglyceride 0.007 -0.041
ApoAl -0.173 -0.119
ApoB 0.153* -0.041
Lipoprotein A 0.130 -0.026
Carbamide -0.041 -0.304%%*
Creatinine -0.125 0.057
Systolic blood pressure 0.143 -0.095
Diastolic blood pressure 0.134 -0.062
Pulse rate -0.025 -0.427%%*
DM 0.008 0.081
Alcohol -0.004 0.007
Smoking (present) 0.090 0.183*%*
Smoking (past) -0.098 -0.110
Hypertonia 0.145 -0.069
CRP 0.126* 0.047
Sport 0.042 -0.085
Hip circumference -0.370* -0.120
Waist circumference -0.373* -0.280
Weight -0.090 -0.210
Height -0.208 0.033
mtDNA copy number - 0.278**
Telomere length 0.277%* -

w5 < 0.001, ¥ p < 0.01, * p < 0.05
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Table 11 shows the regression model controlling only for age and sex (bivariate
columns) and for all significant predictors (multivariate columns) that were found
significantly associated with mtDNAcn or TL based on the bivariate analysis of Table
10. The association of mtDNAcn and TL was confirmed, which do not depend on

relevant controls.

Table 11. Regression unstandardized coefficients

mtDNA copy number Telomere length

Bivariate ~ Multivariate ~ Bivariate = Multivariate
Telomere length 0.257%* 0.23*
mtDNA copy number 0.3%%* 0.264*%*
Birth order 0.033
ApoB 0.017
CRP 0.014
Waist circumference -0.005
HDL 0.062%*
Carbamide -0.036%*
Pulse rate 0,001 %%
Smoking 0.096*
Age 0.002 0.002 -0.001 0.002
Female -0.003 0.014 -0.048 -0.099"

Wk < 0001, ¥ p < 0.0, * p < 0.05, p < 0.1
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4.2.2. Intraclass correlation for mtDNAcn and TL of MZ and DZ twins

We approached the issue of possible genetic and environmental contribution, by

calculating intraclass correlation coefficients (ICCs) for mtDNAcn and TL among
monozygotic and dizygotic twins. ICC enumerates the proportion of variation across the
families of the twins, as such estimating co-twin similarity. Intraclass correlation
coefficients for mtDNAcn and TL were calculated for both MZ and DZ pairs
respectively, to be able to compare their co-twin similarity values.
In the case of telomere length, strong ICC values were measured for both MZ
(ICC=0.794) and DZ twins (ICC=0.785). ICC values for mtDNA copy number were
also strong, with MZ twins (ICC=0.758) presenting slightly higher results compared to
DZ twins (ICC= 0.641) (Table 12).

Table 12. Intraclass correlations for mtDNAcn and TL by zygosity

The results of 96 MZ twin subjects (48 complete pairs) and 46 DZ twin subjects (23
complete pairs) are presented.

Intraclass correlation coefficient enumerate the proportion of variation in the sample
across the families of the twins, as such, estimating co-twin similarity. The
corresponding 95% confidence intervals are included.

Abbreviations: MZ: monozygotic twins, DZ: dizygotic twins, mtDNAcn: mitochondrial
DNA copy number, TL: telomere length, Corr ICC: age and sex corrected intraclass

correlation coefficient, CI: confidence interval

Corr.ICC CI Low CI High
TL MZ 0.794 0.672 0.885
DZ 0.785 0.568 0.905
mtDNAcn MZ 0.758 0.614 0.862
DZ 0.641 0.353 0.845
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4.2.3. Illustration of within-pair similarity

We note that our studied 71 pairs of MZ and DZ twins belonged to different age
groups, equally representing an age range of 20 to 75 years. To highlight the dynamics
of co-twin similarity with advancing age, within-pair ratios were calculated. Within-pair
ratio is gained when in case of a given twin pair, the value of the twin, scoring lower
than his/her co-twin is divided by the value of the other twin, thus, the within-pair ratio
expresses within-pair similarity. The more the value approximates 1.0, the greatest is
the similarity between members of a given twin pair.

We observed that despite increasing age, within-pair ratios remained high for mtDNA
copy number, telomere length for both MZ and DZ co-twins that further illustrated our

age and sex corrected intraclass correlation coefficient calculation results (Figure 9).
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Figure 9. Within-pair similarity of mtDNAcn and TL in twins aged 20-75

The Y axis shows within-pair similarity, the X axis represent age. Black dots represent
MZ within-pair similarity values with corresponding black trendline, grey triangles
represent DZ within-pair similarity values with corresponding grey trendline.
Correlation coefficients (r), significance level (P) and number of twins (n) are included.
Within-pair similarity is calculated for each twin pair, in each case by dividing the
value of the lower scoring twin by the value of his/her co-twin. The more the values
approximate 1.0, the more similar are the twins of the give pair. A) shows within-pair
similarity for mtDNAcn in MZ and DZ twins with increasing age. B) shows within-pair
similarity for TL in MZ and DZ twins with increasing age.

Abbreviations: MZ: monozygotic twin, DZ: dizygotic twins, mtDNAcn: mitochondrial

DNA copy number, TL: telomere length
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To better illustrate female and male similarities, we divided our cohort by sex,
and compared female and male within-pair similarity measures for mtDNAcn an TL.
Table 13 displays female and male mean within-pair similarity values of MZ and DZ
twins, presenting no significant difference between female and male twin pairs in either

mtDNAcn or TL.

Table 13. Within-pair similarity of mtDNAcn and TL in female and male twin pairs
Within-pair similarity is calculated for each twin pair, in each case by dividing the
value of the lower scoring twin by the value of his/her co-twin. The more the values
approximates 1.0, the more similar are the twins of a given pair. No significant
difference was found between the female and male subgroups in the average value of
within-pair ratios of mtDNAcn and TL.

Abbreviations: mtDNAcn: mitochondrial DNA copy number, TL: telomere length, n:

number of individuals

mtDNAcn TL

" (mean + SD) (mean + SD)
Female 50 0.77+0.17 0.75+0.17
Male 21 0.71 +£0.13 0.82+0.13
Female MZ 31 0.77+0.16 0.73+£0.16
Male MZ 18 0.71 +£0.13 0.82+0.13
Female DZ 20 0.78 £0.19 0.77 +£0.17
Male DZ 3 0.70 £0.17 0.79 +£0.17
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5. Discussion

5.1. Implications of the results from the monozygotic twin study

Both telomerase activity, hTERT protein level, telomere length and
mitochondrial DNA copy number are important markers in reflecting the replicative
capacity of cells. We aimed to contribute to the deeper understanding of the telomerase
system and telomere-mitochondria interplay by simultaneously investigating four
variables in a genetically controlled study design. In the frame of the monozygotic twin
study, we analyzed lymphocyte subpopulations of 32 twins and compared telomerase
activity, hTERT protein level, telomere length and mtDNA copy number measured
from PBMCs. In addition, we assessed the distribution of different T-cell
subpopulations and measured hTERT protein level in T lymphocytes, helper-,
cytotoxic- and regulatory T-cell subgroups. In our study design, we approached the
subject of possible genetic contribution by calculating intraclass correlations among
identical twins. Intraclass correlation coefficients enumerate the proportion of variation
across the families of the twins, as such, estimating co-twin similarity. For our
investigations, we worked with several techniques. Multi-parametric flow cytometry
was applied for the characterisation of lymphocyte subsets and assessment of hTERT
protein level, telomerase activity was measured using TRAP-ELISA assay, while
telomere length and mitochondrial DNA copy number were determined by qPCR
standard curve method.

Assessing hTERT protein level and distribution of different T-cell subgroups,
hTERT protein level was demonstrated with very high ICCs in T lymphocytes (0.891)
and in both helper-, (0.896), cytotoxic-, (0.798) and regulatory T-cell (0.885) subsets.
Regarding the distribution of T-cell subgroups, high ICCs were found in regulatory T-
cells (0.728) and cytotoxic T-cells (0.827) (Table 6). Analyzing the results of our four
simultaneously measured parameters from PBMCs, high intraclass correlation was
calculated for telomere length (0.815), considerable for mtDNA copy number (0.524)
and again, exceptionally high ICC was detected in hTERT protein levels (0.946), while
in contrast, telomerase activity showed no co-twin similarity (ICC=0) (Table 7).

Considering the very high co-similarity between twins for the rate-limiting telomerase
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subunit, hTERT protein, and also in case of telomere length and mtDNA copy number,
the fact that monozygotic twins were highly different in their telomerase activity, can be
described as a rather striking result. High intraclass correlations seem to be relevant for
MZ twin pairs, suggesting that identical twins were very similar in the given variable,
due to their shared genetics, maternal and further epigenetic effects as well. For the
differences between identical twins, individual specific non-genetic (potential
epigenetic) factors could be responsible, which should be further investigated by
expanding the limitations, while building on and utilizing the results of our presented
studies. We also note that we found telomerase activity to be very different not only
between members of twin pairs but also among twin pairs (Figure 7). We further
remark that the 16 pairs of identical twins belonged to different age groups, equally
representing an age range of 21 to 69 years. The fact that despite increasing age, within-
pair ratios remained high for mtDNA copy number, telomere length and hTERT protein
level, while telomerase activity was very different between co-twins (Figure 8), is also
of notice and should be further investigated and confirmed on larger twin samples as
well.

We carried out our measurements for the characterization of lymphocyte
subgroups applying concurrent staining of surface antigens, intracellular hTERT protein
and multi-parametric flow cytometry. With the help of this technique, we could
compare the level of hTERT protein in different lymphocyte subgroups, since by
applying multicolor flow cytometric detection of intracellular hTERT protein level, it
was possible to measure the relative amount of hTERT protein on a single cell level in
different lymphocyte subsets, without requiring the separation of the individual cell
types (Melicher et al., 2018). We detected that regulatory T-cells contained significantly
higher level of hTERT protein compared to other T lymphocytes, cytotoxic- or helper
T-cells (Figure 6), in light of which, further investigations could help provide deeper
insights into the regulation of the activation of regulatory T-cells. Multi-parametric flow
cytometry could be the bridge between proteomics and cytomics, since it can
characterize the functional and morphological properties of single cells at the same
time.

Telomerase plays a crucial role in the pathology of aging and cancer through

maintaining genome integrity, controlling cell proliferation, and regulating tissue
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homeostasis (Zhou et al., 2014). The human immune system is an ample example of a
highly dynamic cellular network with unique characteristics, one of which is the
regulation of the telomere/telomerase system (Melicher et al., 2015). Telomerase is
repressed in most human somatic cells, but lymphocytes are unique in the sense that
they retain the ability to upregulate telomerase upon activation, which allows the intense
clonal expansion and proliferation, required to generate effector cells and long lived
memory cells while maintaining telomere length (Chou and Effros, 2013; Maini et al.,
1999). Telomerase activity is induced in T and B lymphocytes upon antigen stimulation,
it was established that T-cells depend on telomerase activity for their proliferation after
being activated, but lose the capacity to up-regulate the enzyme during senescence,
eventually resulting in telomere shortening (Effros et al., 2003). Earlier research also
revealed that in T-cells telomerase function is regulated via phosphorylation and nuclear
translocation (Liu et al., 1999). Capacity for cellular replication is vital for lymphocyte
function, and telomerase activity is commonly referred to as a marker of the
proliferative activity of cells. Telomerase down-regulation in lymphocytes may protect
against tumorigenesis, yet also leads to replicative senescence of repeatedly activated
memory T-cells (Maida and Masutomi, 2015). The human telomerase holoenzyme is
essentially composed of an RNA component, hTERC, which serves as a template for
telomeric DNA synthesis, and the catalytic core subunit, telomerase reverse
transcriptase (h'TERT). The canonical function of TERT was described as the synthesis
of telomeric DNA repeats, and the maintenance of telomere length. It was established
that hTERT protein level was the rate-limiting factor for reconstituting telomerase
activity and for telomere length homeostasis in vivo (Cong et al., 2002; Ramlee et al.,
2016). However, accumulating evidence has demonstrated that TERT could also have
some fundamental functions that are independent of its enzymatic activity (Zhou et al.,
2014). These activities were referred to as non-telomeric/extra-telomeric/extra-
curricular/non-canonical or telomere-independent functions of telomerase. These newly
discovered activities of TERT influenced various essential cellular processes, such as
gene expression, signaling pathways, mitochondrial function as well as cell survival and
stress resistance (Saretzki, 2014). Furthermore, it was revealed that telomere-
independent functions of telomerase could be performed in various -cellular

compartments besides the nucleus, including the mitochondria (Saretzki, 2014).
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Recently a growing number of research papers reported about the non-canonical
functions of telomerase in human cells, however limited data exists on human immune
cells as only few studies investigated hTERT specifically in lymphocytes (Saretzki,
2014). A recent review (Saretzki, 2014) summarized findings about extra-telomeric
functions of human telomerase, whereby noted that the scenario about the shuttling of
hTERT from the nucleus to mitochondria seemed to be typical for non-lymphocytic
cells, whereas in T lymphocytes telomerase seemed to reside in the cytoplasm of
unstimulated cells and actively transported to the nucleus upon activation (Akiyama et
al., 2003; Akiyama et al., 2004; Kawauchi et al., 2005; Liu et al., 2001; Saretzki, 2014).
The idea emerged that one of the reasons why the efforts to develop novel therapeutic
strategies using TERT as a molecular target for anticancer treatment could not entirely
succeed yet, might be the overlooking of the non-canonical functions of hTERT and it
was suggested that targeting those might facilitate the development of novel cancer
treatments (Maida and Masutomi, 2015).

With respect to the above findings and as more and more information has been
revealed about hTERT taking part in several, crucial processes for the cell integrity,
further research investigating the role of this protein should be carried out specifically
focusing on human lymphocytes as well. Taking into account our findings, that
regulatory T-cells contained significantly more hTERT protein than other T-cell
subgroups, regulatory T-cells deserve special attention. Continuing research for in vivo
elucidation of extra-telomeric functions and tracking potential subcellular localisation of
hTERT in lymphocytes could further help in the better understanding of the immune
regulation, as it can be hypothesized that crucial non-canonical functions of hTERT might
also contribute to the proliferative capacity or integrity of cells, among others possibly by
altering the relative survival and clonal amplification of hTERT expressing cells. We
suggest that investigations using human lymphocyte samples should address the above
questions integrally, preferably in the frame of twin studies.

The relationship of telomere length and telomerase activity in human
lymphocytes still holds many unanswered questions, partly because in vivo studies
involving human subjects are complicated to design and among others, various
physiological and pathological conditions as well as undisclosed epigenetic mechanisms

might influence the findings, which are often contradictory. Despite the potential
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confounders, we are convinced that in the effort to gain deeper insights about the inter-
relationship of telomere length and telomerase activity, and about underlying regulatory
processes, more studies experimenting with human lymphocytes should be published.
We alongside propose that for the investigation of potential genetic and epigenetic
factors, more extensive research should be carried out with enlarged sample sizes,
carefully selected participants, while applying sophisticated experimental setting. In the
frame of our monozygotic twin study, our investigations involving 16 pairs of identical
twins can be interpreted as a pilot study, and the results are calling for further research
with larger sample size and with the involvement of disease discordant twins. Given the
complex nature of common diseases, epigenetic studies applying the discordant twin
design should be highly encouraged. The powerful case co-twin analysis combined with
multi-parametric research tools should help to identify important environmental risk

factors responsible for disease or health end points (Tan et al., 2015).

5.2. Implications of the results of the mtDNAcn-TL study

Mitochondria are essential organelles of the cell, generating most of the ATP,
fundamental for cellular functions, and have an integral role in both cell growth,
differentiation, replication and death. The aging process is characterized by increases of
mitochondrial reactive oxygen species production, accumulating mutations in mtDNA,
dysfunction of mitochondrial biogenesis and an overall decline in mitochondrial
function (Bratic and Larsson, 2013; Kazachkova et al., 2013). Mitochondrial DNA copy
number, the number of circular mitochondrial DNA per cell, provides an indirect way
for measuring mitochondrial biogenesis, the process that could compensate for the
increasing energy demand and compromised mitochondrial function (Sahin and
DePinho, 2012). Lately, key links have been revealed between telomere shortening and
mitochondrial dysfunction, two mechanisms that are both considered to play central role
in the aging process (Sahin et al., 2011; Sahin and DePinho, 2012). Studies mostly on
cell lines demonstrated that mitochondrial stress could contribute to telomere attrition
and vice versa (Correia-Melo et al., 2014; Passos et al., 2007). Telomere shortening was
reported to be associated with impaired mitochondrial biogenesis and function, as well

as increased ROS level, and following experiments with a telomere dysfunction mouse
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model, it was proposed that the telomere-p53-peroxisome proliferator-activated receptor
gamma coactivator axis could have a direct connection with telomere dysfunction and
mitochondrial compromise (Kim et al., 2013; Sahin et al., 2011). Until now, there have
been limited number of studies that experimented with human lymphocyte samples
while researching the topic. A recent publication, analyzing different T-cell subsets
from healthy human donors, reported that ROS that accumulated with age could
contribute to telomere shortening in primary memory T lymphocytes (Sanderson and
Simon, 2017). The study demonstrated for the first time a correlation between age and
increased mitochondrial reactive oxygen species in CD8+ T-cell subsets and suggested
a strong link between age and telomere length, mitochondrial ROS and health
(Sanderson and Simon, 2017). The authors of the report highlighted that oxidative
damage contributing to telomere attrition could be true under physiological conditions
in humans as well (Sanderson and Simon, 2017).

Common mechanisms and complicated telomere-mitochondria interplay during
human ageing were suggested, however the relationship is still not completely
understood (Zole and Ranka, 2018). Besides experimental studies, population studies
have also started to highlight the dynamic nature and complexity of this interaction
(Zole and Ranka, 2018). In addition to molecular studies, as an alternative approach of
investigating the potential association between telomere status and mitochondrial
function, research groups started to examine specifically the relationship of mtDNAcn
and TL in the frame of population studies (Alegria-Torres et al., 2016; Kim et al., 2013;
Li et al., 2015; Monickaraj et al., 2012; Otsuka et al., 2017; Pieters et al., 2015; Qiu et
al., 2015; Revesz et al., 2018; Tyrka et al., 2015; Tyrka et al., 2016; Zhu et al., 2017;
Zole et al., 2017). Most of the publications reported positive association between
mtDNAcn and TL such as in healthy subjects (Kim et al., 2013; Revesz et al., 2018;
Tyrka et al., 2015), in elderly people (Pieters et al., 2015; Zole et al., 2017), in children
(Alegria-Torres et al., 2016), pregnant women (Qiu et al., 2015) and colorectal
carcinomas (H. Lee et al., 2017). Negligible but significant negative correlation between
mtDNAcn and TL was also found (Zhu et al., 2017), and inverse association was
detected in patients with psychiatric disorders (Li et al., 2015; Otsuka et al., 2017;
Tyrka et al., 2016). A recent report investigating the combined impact of telomere

length and mtDNAcn on cognitive functions of community-dwelling very old adults
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suggested that the two parameters might be useful for monitoring cognitive decline in
older people (J. Y. Lee et al., 2017).

The detailed mechanism of association between telomere status and mitochondrial
function in humans still remains to be determined, and demands more focus and
attention (Zole and Ranka, 2018).

The promise of using telomere length and mtDNA copy number as combined
biomarkers of health and disease prompted us to investigate the relationship of these
two important cellular markers, in the frame of a genetically controlled study design, at
the same time assessing co-twin similarities of monozygotic- and dizygotic twin
subjects. With our results, we extended the thus far limited number of studies
investigating mtDNAcn and TL simultaneously in humans. Furthermore, we are the first
to analyze the relationship between telomere length and mtDNAcn in MZ and DZ twin
subjects. We involved a total of 142 asymptomatic twins into our study who represented
different age groups ranging from 20 to 75 years.

The twin structure provides unique opportunities to disentangle genetic and
environmental factors that contribute to the variance in a certain phenotype (Bell and
Spector, 2011; Tan et al., 2013).

Classical twin studies have served as a powerful tool in biomedical, psychiatric and
behavioural research for decades, the method compares the phenotypic similarity of
monozygotic and dizygotic twins to estimate the importance of heritable and
environmental influences on complex trait variation (van Dongen et al., 2012). The
common environment involves all environmental factors that make a certain twin pair
similar for a given trait, such as shared womb, childhood experiences and early
socialization or parental socioeconomic status. The term, unique environment, includes
all environmental factors and experiences to which only one member of the twin pair
was exposed to, making co-twins dissimilar, such as certain viral infections, accidents,
individual life events, etc. (van Dongen et al., 2012)..

Although the size of our sample was not sufficient for full fetched heritability
analysis using the classical twin design and structural equation modeling, still, as this
study is the first of its kind, we presented ICCs and consider it a pilot study. For our
estimations regarding possible genetic or environmental contribution, intraclass

correlation coefficients were calculated for TL and mDNAcn among MZ and DZ twins,
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as ICC enumerates the proportion of variation across the families of the twins, as such
estimating co-twin similarity. We found that twins were similar in their ICC measures
irrespective of zygosity, suggesting a possibly more important role of common (shared)
environmental factors compared to non-shared (unique) environmental and to a smaller
degree also individual genetic influences. It should be noted that while conclusive
inferences cannot be drawn due to the uncertainty of these estimates (mainly owing to
the low, especially DZ, sample size), it appears that common environmental factors
might play a considerable role for both TL and mtDNAcn.

We also aimed to investigate if any of the studied baseline clinical data could
explain inter-individual variation in TL and mtDNAcn in subjects of different age and
sex and with generally good health condition. Our age and sex corrected results
confirmed significant positive association between TL and mtDNAcn. Following
bivariate estimates and correction with significant predictors, the independent positive
associations were further verified. Our findings of positive association between TL and
mtDNAcn firstly shown in twin subjects, was in line with recent population based
studies that also reported positive relationship in healthy subjects (Kim et al., 2013;
Revesz et al., 2018; Tyrka et al., 2015).

We acknowledge a number of shortcomings of our study, in the first place, the
still moderate sample size should be further increased. We note that for the regression
analysis, in some cases clinical data was missing for certain twin subjects due to
incidental technical issues of blood laboratory assessment or missing demographic data.
However, these were treated using advanced statistical methods and without the
discarding of any information, such as the elimination of the person from the analysis.
We also remark that measuring mtDNAcn in DNA extracted from whole blood instead
of from peripheral blood mononuclear cells may yield different results due to mtDNA
present in platelets. In order to prevent this inconsistency, DNA was extracted from
PBMC s in case of all the samples.

The results of our pilot studies should inspire further investigations with
considerably increased sample sizes and by involving twins discordant for certain
disease phenotypes, while longitudinal studies should also be encouraged.

As both intra- and interpair comparisons between twins are equally powerful tools,

studying twins can make new contributions in revealing and understanding both the
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genetic and epigenetic mechanisms (Tan et al., 2013) in the regulation of the immune
system in vivo (Melicher et al., 2018).

In conclusion, we suggest that further studies should investigate the potential of using
the combination of telomere length and mitochondrial DNA copy number as possible

biomarkers in health, and in various specific disease conditions in the future.
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6. Conclusions

To gain more insights about the telomerase system and telomere-mitochondria
interplay, we simultaneously defined and compared mitochondrial DNA copy number,
telomere length, level of the catalytic reverse transcriptase protein subunit of
telomerase, hTERT, and telomerase activity in genetically matched subjects. Using
PBMCs of 32 monozygotic twin subjects, we applied qPCR standard curve method,
multi-parametric flow cytometry and TRAP-ELISA assay. Aiming to estimate the level
of co-twin similarity, we pursued intraclass correlation coefficient measurements.
Analyzing lymphocyte subgroups of identical twins, we were the first to show very high
ICC for hTERT protein levels in T lymphocytes and both in the helper-, cytotoxic- and
regulatory T-cell subgroups, while analysing the similarity of the distribution of T
lymphocyte subpopulations, high ICC was detected in regulatory- and cytotoxic T-cells.
Assessing the results of four simultaneously measured parameters, high intraclass
correlation was calculated for telomere length, considerable for mtDNA copy number
and again, exceptionally high ICC was detected in hTERT protein levels, while in
contrast, telomerase activity showed no co-twin similarity.

We analysed the distribution of lymphocyte subgroups present inside the
lymphocyte gate and determined the level of the catalytic reverse transcriptase protein
subunit of telomerase, hTERT in the different subgroups, using concurrent staining of
surface antigens, intracellular hTERT protein and multi-parametric flow cytometry. We
presented novel information by firstly characterizing the relative amount of hTERT
protein in different lymphocyte subpopulations, whereby we showed that regulatory T-
cells contained significantly higher level of hTERT protein compared to other T
lymphocytes, cytotoxic- or helper T-cells.

The relationship of telomere length and telomerase activity in human
lymphocytes still remains elusive, as in vivo studies involving human subjects are
complicated to design and various physiological and pathological conditions and
undisclosed epigenetic mechanisms might influence the findings, which are often
contradictory. Despite the potential confounders, our results emphasized that in the

effort to gain more insights about the inter-relationship of telomere length and
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telomerase activity, and about underlying regulatory processes, more extensive research
based on studying human lymphocytes in twin subjects should be carried out.

We were the first to examine the relationship between mtDNAcn and telomere
length in MZ and DZ twin subject. We aimed to gain further insights about the potential
association between telomere status and mitochondrial function. In our extended
analysis, we involved 142 asymptomatic twins, comprising of 96 monozygotic- (48
complete pairs) and 46 dizygotic twins (23 complete pairs), representing different age
groups ranging from 20 to 75 years. We confirmed significant positive association
between TL and mtDNAcn (r=0.28, p<0.01) in age and sex corrected analysis.
Following bivariate estimates and correction with additional significant predictors, the
independent positive relationships were further verified. Assessing co-twin similarities
of monozygotic and dizygotic twin subjects, we found that twins were similar in their
intraclass correlation measures irrespective of zygosity, suggesting a possibly more
important role of common (shared) environmental factors compared to non-shared
(unique) environmental and to a smaller degree also individual genetic influences. We
propose that further studies should investigate the potential of using the combination of
telomere length and mtDNA copy number as possible biomarkers in health and in
various specific disease conditions in the future.

The results of our pilot studies should inspire further research, we propose that
for the future investigation of potential genetic and epigenetic factors, higher number of
twin studies should be carried out with increased sample sizes, carefully selected
participants, and applying sophisticated research methods. The involvement of twins
discordant for certain disease phenotypes, as well as longitudinal studies should also be
encouraged. We are convinced that future twin studies can make new contributions in
revealing and understanding both the genetic and epigenetic mechanisms in the

regulation of the immune system in vivo (Melicher et al., 2018).
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7. Summary

Aiming to contribute to the deeper understanding of the telomerase system and
telomere-mitochondria interplay, we carried out the first study, whereby four variables
were simultaneously assessed, applying twin study design. We pursued co-twin
similarity measurements of hTERT protein level, telomerase activity, telomere length
and mitochondrial DNA copy number in 16 pairs of monozygotic twins, applying multi-
parametric flow cytometry, TRAP-ELISA assay and qPCR standard curve method on
peripheral blood mononuclear cell samples. Analyzing co-twin similarity of lymphocyte
subsets, we were the first to demonstrate very high intraclass correlation coefficients
(ICC) of hTERT protein level in T lymphocytes (0.891) and in both helper T-cells
(0.896), regulatory T-cells (0.885) and cytotoxic T-cells (0.798). In combined
assessment of PBMCs, high intraclass correlation was calculated for telomere length
(0.815), considerable for mtDNA copy number (0.524) and again, exceptionally high
ICC was detected in hTERT protein level (0.946), while in contrast, telomerase activity
showed no co-twin similarity (ICC=0). Besides, we provided novel information in
characterizing the relative amount of hTERT protein in different lymphocyte
subpopulations, whereby we showed that regulatory T-cells contained significantly
higher level of hTERT protein compared to other T lymphocytes, cytotoxic- or helper
T-cells. To further investigate the association of telomere length and mtDNA copy
number, we substantially increased the sample size to a total of 142 healthy subjects,
comprising of 96 monozygotic and 46 dizygotic twins, whereby significant positive
association (r=0.28, p<0.01) was confirmed in age and sex corrected analysis.
Following bivariate estimates and correction with significant predictors, the
independent positive associations were further verified. In addition, analysing
similarities of telomere length and mtDNA copy number of MZ and DZ twin subjects,
we found that twins were similar in their ICC measures irrespective of zygosity,
suggesting a possibly more important role of common environmental factors compared
to non-shared (unique) environmental and to a smaller degree also individual genetic
influences. We propose that further studies should investigate the potential of using the
combination of telomere length and mtDNA copy number as possible biomarkers in

health and in specific disease conditions in the future.
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8. Osszefoglalis

A telomerdz rendszer és a telomer-mitokondrium Osszefliggéseirdl vald ismeretek
bovitése céljaval az els6 olyan kisérletsorozatot végeztiik, melyben négy valtozé
egyidejli elemzése tortént, iker kutatdsi modszer alkalmazdsdval. Iker hasonlésdgi
méréseket végeztiink a hTERT fehérje szint, a telomeréz aktivitds, a telomer-hossz és a
mitokondridlis DNS kopiaszam tekintetében 16 egypetéji ikerparban. Kisérleteink
sordan multiparaméteres dramldsi citometria, TRAP-ELISA meghatdrozds, valamint
qPCR standard gorbe mddszereket alkalmaztunk, periférids vér mononukledris sejt
mintdkon. Az egyes limfocita alcsoportok iker-hasonlésdganak elemzése sordn elsdként
mutattunk ki igen magas intraklassz-korrelacids egyiitthatd (ICC) értékeket a T-
limfocitak hTERT fehérje szintjére vonatkozdlag (0.891), éppugy a helper T-sejtek
(0.896), a regulatoros T-sejtek (0.885), valamint a citotoxikus T-sejtek (0.798) esetében.
A PBMC sejtek kombinalt elemzése soran magas intraklassz-korrelacio értéket mutatott
a telomer-hossz (0.815), szdmottevé mértékiit a mtDNS képiaszdm (0.524) és
kifejezetten magasat a hTERT fehérje szintje (0.946), mig a telomeraz aktivitas mértéke
rendkiviil eltérének bizonyult az ikrek kozott (ICC=0). Emellett a hTERT fehérje relativ
szintjét kiilonboz6 limfocita alcsoportokban elemezve, Uj eredményként sikeriilt
demonstradlnunk, hogy a reguldtoros T-sejtek szignifikdnsan magasabb hTERT protein
szintet tartalmaztak mds T limfocitdk, citotoxikus- és helper T-sejtekhez képest. A
telomer-hosszusag és a mtDNS kopiaszam kapcsolatdanak tovabbi vizsgalata céljabdl a
mintaszdmot lényegesen bovitettiik. 142 egészséges alany, koztiik 96 egypetéji és 46
kétpetéjii iker bevondsaval szignifikdns pozitiv asszocidcidt igazoltunk (r=0.28, p<0.01)
életkor és nem korrigalt analizist végezve. Bivaridns elemzés és tovabbi szignifikdns
prediktorokkal torténd korrigalast kovetden a fiiggetlen pozitiv asszociacid tovabbi
meger0dsitésre keriilt. Emellett a MZ és DZ ikrek telomer-hossz és mtDNS képiaszdm
hasonldsagét elemezve az taldltuk, hogy az ikrek intraklassz-korrelaciéjanak mértéke
zigozitastol fiiggetleniil hasonldésdgot mutatott, mely a kozds kornyezeti tényezdk
valdszin(isithetGen nagyobb szerepét sugallja a nem-kozos (egyéni) kdrnyezeti €s kisebb
mértékben az egyéni genetikai hatdsokhoz képest. Javasoljuk tovédbbi kutatdsok soran
vizsgdlni a telomer-hossz és a mtDNS képiaszam kombinacidjanak biomarkerként vald

alkalmazhatdsdganak lehet6ségét egészségesekben és specifikus korképek esetén.
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