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A B S T R A C T

Telomeres, the terminal nucleoprotein structures of eukaryotic chromosomes, play pleiotropic functions in
cellular and organismal aging. Telomere length (TL) varies throughout life due to the influence of genetic factors
and to a complex balancing between “shortening” and “elongation” signals. Telomerase, the only enzyme that
can elongate a telomeric DNA chain, and telomeric repeat-containing RNA (TERRA), a long non-coding RNA
involved in looping maintenance, play key roles in TL during life. Despite recent advances in the knowledge of
TL, TERRA and telomerase activity (TA) biology and their measurement techniques, the experimental and
theoretical issues involved raise a number of problems that should carefully be considered by researchers ap-
proaching the “telomere world”. The increasing use of such parameters – hailed as promising clinically relevant
biomarkers – has failed to be paralleled by the development of automated and standardized measurement
technology. Consequently, associating given TL values to specific pathological conditions involves on the one
hand technological issues and on the other clinical-biological issues related to the planning of clinically relevant
association studies. Addressing these issues would help avoid major biases in association studies involving TL
and a number of outcomes, especially those focusing on psychological and bio-behavioral variables. The main
challenge in telomere research is the development of accurate and reliable measurement methods to achieve
simple and sensitive TL, TERRA, and TA detection. The discovery of the localization of telomeres and TERRA in
cellular and extracellular compartments had added an additional layer of complexity to the measurement of
these age-related biomarkers. Since combined analysis of TL, TERRA and TA may well provide more exhaustive
clinical information than a single parameter, we feel it is important for researchers in the various fields to
become familiar with their most common measurement techniques and to be aware of the respective merits and
drawbacks of these approaches.

1. Introduction

Telomeres, the terminal nucleoprotein structures of eukaryotic
chromosomes, have a key role in protecting chromosomal DNA ends
(Blackburn, 1990). Mounting evidence suggests that they play pleio-
tropic functions that are not simply related to the maintenance of
chromosome homeostasis, but also to the regulation of gene expression
and the modulation of stress-related signaling pathways (Blackburn,
2005). Telomere length (TL) is species-specific and heritable (Chiang
et al., 2010); therefore, its value at any time depends on genetic char-
acteristics and on the balance between “shortening” and “elongation”
signals (Honig et al., 2015). Shortening signals come from a variety of

stressors like repeated cell division, nuclease activation, oxidative da-
mage, DNA replication, and transcriptional stress (Blackburn et al.,
2015). Elongation signals are capable of activating telomerase or al-
ternative lengthening of telomeres (ALT); the latter mechanism relies
on recombination-mediated telomere elongation and can be induced by
telomere-specific DNA damage (Hu et al., 2016). Telomerase is an RNA-
protein complex that extends telomeric DNA at the 3′ ends of chro-
mosomes through telomerase reverse transcriptase (TERT) and integral
template-containing telomerase RNA (TER) (Jiang et al., 2018). Telo-
merase is responsible for the preservation of replicative potential in
most eukaryotic cells and is involved in pleiotropic functions that range
from TL maintenance and genome stability to tissue renewal and
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mitochondrial protection (Li et al., 2018a, 2018b). TL is a marker of the
metabolic activity and pluripotency state of embryonic stem cells
(Wang et al., 2017a). In embryonic cell lines telomerase is activated and
keeps TL constant; in adult stem cells its limited activity and provides
only partial compensation for telomere shortening (TS); and in somatic
cells it is usually not activated. As a result, during somatic cellular and
organismal aging shortening outpaces elongation. Telomeres that have
reached a critical length become dysfunctional and activate a DNA
damage response which leads to a senescence phenotype characterized
by reduced proliferative ability and the acquisition of a secretory
proinflammatory phenotype (SASP) (d’Adda di Fagagna et al., 2003).

TL has long been known to be critically involved in cellular aging as
a consequence of replication and/or the action of a wide range of
stressors, but is also being extensively investigated in relation to orga-
nismal aging. Although cell senescence does not necessarily equate with
aging of an organism, TS has been observed in both conditions (re-
viewed in Zhu et al., 2018), and TL has been investigated as a bio-
marker of aging per se and as a risk factor for the development and
progression of the most common age-related diseases (ARDs) (Jose
et al., 2017).

Recent insights into telomere biology and function indicate that
telomeric repeat-containing RNA (TERRA), a long non-coding RNA, is
involved in the telomere looping maintenance mechanism (Graf et al.,
2017). An inverse correlation has been documented between TL and
TERRA both in vitro and in vivo. According to two hypotheses that have
been advanced to explain it, TERRA transcription could facilitate 5′-3′
nuclease activity at the chromosome ends (Pfeiffer and Lingner, 2012),
or TS could induce TERRA expression to coordinate telomerase mole-
cule recruitment and activity at the shortest telomeres (Cusanelli et al.,
2013).

Notably, telomere DNA, TERRA, and telomerase are not in-
dependent molecules; in fact, their structures and temporal relation-
ships are closely regulated by complexes such as shelterin, small nu-
cleolar RNAs (snoRNAs), and small nucleolar ribonucleoproteins
(snoRNPs), besides the transcription machinery (Blasco et al., 1999;
Gomez et al., 2012). Even though the latter molecules are capable of
affecting endpoint TL, the present work focuses on telomeres, TERRA,
and telomerase activity (TA).

Despite recent advances, there are a number of outstanding issues
related to the knowledge and measurement technology of TL, TERRA,
and TA. The most important are: i) the accuracy of the methods em-
ployed to measure TL, TERRA, and TA in biomedical research; ii) their
strengths and weaknesses; iii) the scope for their improvement; iv) the
chemical-clinical variables to be correlated with TL in association stu-
dies of aging and ARDs; and v) the need for human longitudinal studies
to evaluate the ability of specific approaches (pharmaceutical, nu-
traceutical) to reverse TS during aging.

Addressing these issues would help avoid major biases in associa-
tion studies addressing TL and a wide range of outcomes (Montpetit
et al., 2014).

This work describes the analytical caveats and criticisms regarding
the various TL, TERRA, and TA measurement methods. Since not all
protocols are appropriate (or recommended) for epidemiological and
longitudinal ARD studies, and some approaches may be applicable only
to tumor tissue, the paper focuses on the methods that are suitable for
clinical and epidemiological applications.

We will also describe and discuss the localization of telomere and
telomere-related sequences in the cellular and extracellular compart-
ment, since localization adds an additional layer of complexity to tel-
omere, TERRA, and TA measurement.

2. Localization of telomere and telomere-related sequences

Recent studies have highlighted a number of possible localizations
of telomeric sequences, including the cellular and extracellular com-
partment (Fig. 1). In cells, telomere sequences can be detected in the

nucleus, the chromosome ends and interstitial loci (Smith et al., 2018),
and the cytoplasm (Cohen et al., 2010; Zhang et al., 2017a). Localiza-
tions in the extracellular compartment include exosomes (Li et al.,
2008; Zinkova et al., 2017).

An increased number of telomeric sequences has been described in
the cytoplasm of stressed cells in physiological as well as pathological
conditions (Kuttler and Mai, 2007; Byrd et al., 2016). Telomeric circles
(t-circles or c-circles) are extrachromosomal duplex or single-stranded
circular DNA molecules composed of (CCCTAA)(n) sequences. In-
tegration of t-circles in telomere repeats at the chromosome ends results
in telomere elongation; circular DNA forms can also be involved in the
rapid elongation of DNA ends in rolling-circle replication processes
(Nabetani and Ishikawa, 2011).

T-circles, which can be found in human immortalized and cancer
cells, rely on ALT pathways or high TA (Tokutake et al., 1998). In fact,
in cells showing high TA, extrachromosomal telomeric DNA circles can
be excised from the overextended chromosomal ends and released
outside the nucleus (Pickett et al., 2009). T-circles have been detected
in blood from patients with ALT+ tumors; their analysis may have
clinical value for their diagnosis and management (Henson et al.,
2009). Importantly, t-circles are also found in healthy tissue (Tomaska
et al., 2009).

Recent evidence indicates that telomeric sequences are also found in
cell-free (cf)-DNA, including biofluids such as plasma and serum
(Zinkova et al., 2017). Most of the DNA found in such biofluids is as-
sociated to nanovesicles, mainly exosomes, (Fernando et al., 2017;
Németh et al., 2017).

TERRA, the long non-coding RNA molecules deriving from tran-
scription of telomeric/subtelomeric regions, is enriched with 5′-
(UUAGGG)-3′ repetitions that are complementary to AATCCC, the
strand opposite to TTAGGG sequences. TERRA can therefore combine
with AATCCC strands, generating three-stranded nucleic acid structures
that contain a DNA:RNA hybrid molecule and a displaced DNA strand
(Balk et al., 2014). These structures are localized at the level of R-loops
and are involved in telomere homeostasis (Toubiana and Selig, 2018).
In contrast, UUTCCC molecules, the RNA sequence complementary to
TTAGGG, are not related to telomere DNA:RNA hybrids in human cells.

Notably, cf-TERRA – which is shorter (measuring about 200 nt) and
more stable than TERRA associated to telomeric DNA in the nucleus –
has also been detected in extracellular vesicles. These characteristics
suggest that some extrachromosomal telomere-related sequences may
be RNA and/or DNA:RNA hybrids (Wang and Lieberman, 2016) (see
Fig. 1).

In eukaryotic cells, telomeres and TERRA can fold into G-quad-
ruplexes (G4s), which are characterized by four G combined through
non-canonical Hoogsten hydrogen bonding to generate planar struc-
tures called tetrads (Martadinata et al., 2011; Wang et al., 2018a) (see
Fig. 1). Two or more tetrads can overlap and interact with each other
via π-stacking, generating stable G4s. Experimental studies and bioin-
formatics predictions support the view that G4s are involved in several
cellular functions such as telomeric DNA elongation, recombination,
and transcription, and RNA post-transcriptional mechanisms (Cammas
and Millevoi, 2017).

Whereas the location of telomere sequences and TERRA in the nu-
cleus is well known, it is more difficult to describe the cytoplasmic
localization of telomere repeats and TERRA.

It has been hypothesized that a cytoplasmic location of TAGGG may
exert a suppressive effect on innate immune cells due to their ability to
form G4s (Gursel et al., 2003). Colocalization of CpG DNA with toll-like
receptor (TLR) 9 in endosomal vesicles is disrupted by TTAGGG telo-
meric repetitive elements, although cell binding and uptake remain
unchanged, suggesting that specific host-derived molecules can down-
regulate the innate immune response elicited by a TLR ligand.

While cytoplasmic (cy-) or cf-telomeric sequences seem to restrain
inflammation, TERRA found in extracellular fractions can stimulate
innate immune signaling (Wang et al., 2015). TERRA can be activated
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through a p53-response element embedded in a retrotransposon-like
repeat found in human subtelomeres. TERRA secretion in extracellular
vesicles serves as a danger signal, inducing the production of in-
flammatory cytokines in neighboring cells (Wang et al., 2017c). These
findings suggest that TERRA may be part of the innate immune re-
sponse to viral infection and that exosomes containing cf-TERRA carry a
telomere-associated molecular pattern and telomere-specific alarmin
from dysfunctional telomeres to the extracellular environment to elicit
an inflammatory response (Wang and Lieberman, 2016).

Recently, we have hypothesized that telomeric sequences may be
important components of the cy- and cf-DNA payload and that changes
in a variety of biochemical features of cy- and cf-DNA (e.g. the pro-
portion of DNA hybridized with RNA and the amount of 5-methyl-
deoxy-cytosine and 8-oxo-deoxy-guanosine) can affect the ability of
these DNA pools to ignite the innate immune system (Storci et al.,
2018).

Notably, the localization of telomeric sequences in the cellular and
extracellular compartment adds a further layer of complexity to telo-
mere measurement, because different extraction/separation procedures
may affect their reciprocal amounts (Komosa et al., 2015).

3. Telomeres and aging

A number of epidemiological studies have found a significant as-
sociation linking telomere attrition, aging, and several biological out-
comes including morbidity and mortality (Gorenjak et al., 2018; Gao
et al., 2018). Short leukocyte TL (LTL) has been identified as an in-
dependent risk factor for functional decline in elderly European popu-
lations (Montiel Rojas et al., 2018) and has been found to be associated
to altered fatty acid metabolism and increased oxidative stress in
human aging (Zierer et al., 2016). Epidemiological studies provide
support for a putative effect of dietary components and exercise on TL
and the aging process (Mundstock et al., 2015a; Freitas-Simoes et al.,
2018). An association has also been reported between telomere attrition
and body mass index gain, suggesting potential pathways linking
adiposity and aging outcomes (Müezzinler et al., 2016; Wulaningsih

et al., 2018). However, these associations have been described in works
performed with different methodological approaches, of which few
were prospective; adequately powered randomized controlled trials are
therefore warranted. For all these reasons, the causal relationships be-
tween important functional parameters and TL remain an open question
(Mundstock et al., 2015b; Pérez et al., 2017).

Recent evidence suggests that TL may not be a useful clinical marker
of functional aging in older adult populations, whereas it may play a
crucial role in longitudinal studies involving young and middle-aged
populations (Brown et al., 2018). Since the trajectories of aging begin to
diverge as early as in young adulthood (Belsky et al., 2015), it is critical
to assess the contribution of telomere-related variations to the diverse
aging pathways. Although telomeres shorten during aging, different cell
types may have a diverse telomere attrition rate (TAR), i.e. a different
rate of tissue and organ aging. A yearly TAR of ˜25 base pairs during
aging has been reported in blood leukocytes, mononuclear cells, and
isolated T and B lymphocytes (Müezzinler et al., 2013), whereas high
interindividual TAR variation has been described in some longitudinal
studies (Chen et al., 2011; Lin et al., 2015).

The marked heterogeneity of health outcomes seen in older in-
dividuals suggests that although “chronological” age is a major risk
factor for functional impairment, “biological” age may be a more ac-
curate predictor of the rate of aging (Lowsky et al., 2014). TL is cur-
rently the most extensively investigated biological age predictor, al-
though new predictors, e.g. the epigenetic clock, are emerging (Jylhävä
et al., 2017). Mounting evidence suggests that the various biological
age predictors may reflect different aspects of the aging process, even
though links between the various biomarkers are likely (Vetter et al.,
2018). At present, the most stimulating area in telomere research is the
study of how progressive TS induces epigenetic alterations and changes
in gene expression associated to human healthy and unhealthy aging
(Shay, 2018). In this scenario, combinations of the diverse predictors
may shed light on the complexity of the aging process and help to
improve the estimation of aging trajectories. Composite scores in-
tegrating molecular and physiological data have been proposed to
measure biological aging in humans (Khan et al., 2017; Belsky et al.,

Fig. 1. Telomere-related molecules in cells (nucleus and cytoplasm) and exosomes.
Telomeric sequences can have a number of possible localizations not only in cells (nucleus and cytoplasm) but also in nanovesicles.
DNA, TERRA, DNA:RNA hybrids, and telomerase are not independent molecules: their structures and temporal relationships are closely regulated by key complexes
such as shelterin and snoRNPs, besides the transcription machinery. However, these important parameters cannot be depicted here.
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2018).
Growing evidence also suggests that the association of LTL to

functional impairment, i.e. frailty, may be driven by the unfavorable
effect of having short telomeres, rather than reflect a linear dose-re-
sponse relationship. Short telomeres, rather than TL per se, may thus be
an informative biomarker of aging and ARDs (Montiel Rojas et al.,
2018; Haapanen et al., 2018). Several findings indicate that short tel-
omeres precede the clinical manifestation of the most common ARDs,
such as type 2 diabetes and atherosclerotic disease (Toupance et al.,
2017).

Overall, even though the factors involved in TAR and the pleiotropic
roles of telomeres are not entirely clear, TL is being widely used as a
biomarker of the aging process, and intense effort is being devoted to
translating TL values into information that can be employed in clinical
practice (Hastings et al., 2017). However, translation from the bench to
the beside is being hampered by a number of biological factors, in-
cluding the dependence of TL on genetic, epigenetic, environmental
and behavioral factors, as well as by technical aspects such as pre-
analytical issues and poor standardization of TL measurement techni-
ques (Danese and Lippi, 2018). With regard to the latter question, since
current measurement methods have been developed for use in mole-
cular biology laboratories, reliable and robust TL estimation requires a
high level of technical understanding and competence. Since re-
searchers involved in areas other than cell biology, including phy-
siology, psychology, evolution and ecology, have become interested in
telomere biology and dynamics (Nussey et al., 2014; Conklin et al.,
2018), we feel it is important for all those who work in these varied
fields to become familiar with the most common TL measurement
techniques and to be aware of their respective advantages and draw-
backs.

4. Measurement of telomere length: analytical caveats

A variety of techniques are employed to measure TL; they include: i)

Southern blot analysis of terminal restriction fragments (TRFs), which
measures the length distribution and average TL in biological samples;
ii) fluorescence in situ hybridization (FISH), including Q-FISH and flow-
FISH; iii) polymerase chain reaction (PCR)-based methods like quanti-
tative (q)PCR, Single TElomere Length Analysis (STELA), and Telomere
Shortest Length Assay (TeSLA); and iv) whole genome sequencing
(WGS)-based techniques.

Although Southern blotting is the gold standard technique for TL
measurement, the methods used most frequently in clinical and epi-
demiological studies are qPCR and FISH. Since the correlations among
Southern blotting, FISH, and qPCR data from different laboratories can
show different strength, laboratory-specific internal validation is clearly
essential (Khincha et al., 2017).

The most commonly used matrix for TL measurement is still venous
blood, although less invasive DNA collection methods are increasingly
used. However, too little is known about how TL values relate in dif-
ferent samples. A recent study of three matrices – whole venous blood,
finger-prick dried blood spot (DBS) and saliva – has shown that DBS and
saliva are viable alternatives to invasive venous blood draws (Stout
et al., 2017). Notably, TL values were higher in saliva than in whole
blood or DBS.

Notably, all TL measurement techniques have been developed at a
time when telomeric sequences were believed to be measureable only in
the nucleus of eukaryotic cells. Now that TL has been found to provide
much more complex biological information, it would be useful to dis-
tinguish between TL measured in the nucleus and in the other intra- and
extracellular compartments. The difficulty of applying some of the
techniques devised for the nucleus to sequences found in extra-
chromosomal compartments suggests the need for novel technical ap-
proaches.

Since all TL measurement methods suffer from considerable weak-
nesses, several analytical caveats must be resolved before they can be
put to routine use (Tarik et al., 2018; Lai et al., 2017, 2018).

The most commonly used methods and their technical drawbacks

Fig. 2. Most commonly used techniques employed to measure TL.
Schematic representation of the most common techniques employed to measure TL: 2a) Southern blotting-RTF; 2b) PCR-based methods; 2c) STELA; 2d) FISH.
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are briefly reviewed below and depicted in Fig. 2 (2a, Southern blot-
ting- TRF; 2b, PCR-based methods; 2c, STELA; 2d FISH).

4.1. Terminal restriction fragment (TRF) technique

This is a modified Southern blotting approach that measures the TL
range in a cell population using the TRF length distribution expressed in
kilobases (Fig. 2a) (Harley et al., 1990; Ouellette et al., 2000). It is one
of the earliest TL assessment tools and has become the gold standard in
telomere biology. DNA is extracted, digested, resolved by gel electro-
phoresis, transferred to a membrane, hybridized with labeled probes,
and quantified. Though precise and highly accurate, it requires a con-
siderable amount of intact genomic DNA and provides only an average
TL for a population of cells (Kimura et al., 2010). The use of this time-
consuming, expensive, and labor-intensive technique, which also re-
quires high DNA concentrations, is therefore generally limited to stu-
dies involving limited number of samples. Southern blot analysis has
recently been proposed to monitor the addition of telomeric sequences
to single, newly generated telomeres in vivo (Bonetti and Longhese,
2018).

4.2. qPCR technique

qPCR is widely used in epidemiological studies, because it quickly
provides mean relative TL (RTL) and requires small amounts of DNA
(about 20 ng/reaction) (Fig. 2b). Introduced by Cawthon (2009), it
achieves telomeric DNA detection through fluorescent signals (T) using
partially mismatched primers. Telomeric DNA is normalized to a single-
copy housekeeping gene (S) amplified in the same sample, and the T/S
ratio is computed as a measure of RTL. A successive, improved version,
Monochrome Multiplex Real-Time PCR (MMQPCR), requires a smaller
amount of DNA. Amplification of both telomeric DNA and the single-
copy gene in the same well of a plate reduce variability compared with
monoplex PCR. Since the use of single-copy genes does not ensure op-
timal data normalization in cancer DNA, new primer sets have been
developed to obtain a more precise evaluation of RTL (Dahlgren et al.,
2018).

The chief drawback of measuring TL by qPCR is primer design. The
repetitive nature of telomeres involves that primers can crosslink,
giving rise to dimers and non-specific PCR signal. The problem can be
overcome using samples with a good initial amount of template, since
low template concentrations may generate non-specific signal.
However, intra- and intersample variability can be high, and the wide
range of the coefficient of variation described by a number of studies
suggests limited reproducibility (Martin-Ruiz et al., 2015). Moreover,
certain methodological conditions are known to affect TL measurement.
For instance, some PCR master mixes can influence result specificity
and consistency (Jiménez and Forero, 2018). Given the availability of
different PCR mixes, the presence of stabilizers for the newly synthe-
sized double-stranded DNA should carefully be checked (Wang et al.,
2004). Another limitation of qPCR is that it provides a relative value
(RTL) per genome rather than an absolute value in kilobases. This is a
problem, given the limited number of comparative studies that have
been conducted to validate qPCR with the gold standard Southern
blotting. Although significant positive correlations have been reported
between TL measured by qPCR and Southern blotting, experimental
discrepancies do impact TL analysis, requiring optimization of PCR
conditions (Tarik et al., 2018). Notably, the difficulty of comparing RTL
values entails that only trends can be compared between studies.

Despite these important caveats, TL measurement by PCR is the
most widely used method in epidemiological studies, and blood and
saliva are the most common matrices in studies of large numbers of
samples. The Genetic Epidemiology Research on Adult Health and
Aging (GERA) has analyzed TL in 110,266 DNA specimens extracted
from saliva (Lapham et al., 2015) using a novel high-throughput robotic
system for TL and informatics analysis. Samples were run in triplicate

along with control samples; within-sample variability was limited by
employing thresholds to eliminate outlying measurements. Interest-
ingly about 99% of samples passed all quality control measures. An-
other common matrix used for TL measurement by qPCR is leukocytes.
LTL analyzed in 12,199 adults participating in two population-based
prospective cohort studies in Europe (ESTHER) and the United States
(Nurses' Health Study) was found to be associated to all-cause, cardi-
ovascular disease (CVD), and cancer mortality (Mons et al., 2017).

Notably, DNA extraction methods have a pronounced influence on
TL values, which in some circumstances can result in spurious or lost
associations in epidemiological studies (Raschenberger et al., 2016). A
recent meta-analysis of LTL and all-cause mortality suggests that the
accuracy of the TL measurement technique used affects risk assessment
(Wang et al., 2018b). Whereas qPCR provides reliable TL analysis in
blood and saliva, this is not true of cancer cell DNA, because use of
single-copy genes in conditions of genomic instability, which is typical
of cancer cells, may affect the accuracy of normalization. Dedicated
primer sets have recently been developed to achieve RTL measurement
in cancer cells (Dahlgren et al., 2018).

The discovery of cf-DNA/RNA has raised the problem of detecting
telomeric sequences in samples, such as microvesicles and exosomes,
that contain very diluted template sequences, since in these cases qPCR
efficiency may also be reduced. Moreover, no single-copy genes have
yet been validated for cf-telomere estimation.

A more detailed description is required for STELA (Fig. 2c), which
allows assessing the length of a chromosome subset, and TeSLA, which
enables TL measurement in the subset of the shortest telomeres, i.e.
those induced by sudden TS due not to cell replication but to breaks
resulting from the action of stressors (Lai et al., 2017). TeSLA has been
developed to overcome the problems posed by telomere repeat se-
quences (TRSs) in detecting abrupt TS in a single chromosome. STELA
is labor-intensive and unsuitable for testing large numbers of samples.
However, STELA data may have prognostic implications in the clinical
assessment of disease cells, e.g. to predict clinical outcome in patients
with chronic lymphocytic leukemia (Lin et al., 2014) or myelodys-
plastic syndrome (Williams et al., 2017).

4.3. Probe-based non-PCR methods

Probe-based TL assays, which involve the use of probes for telo-
meres (T) and a reference gene (R) for a given DNA sample, may pro-
vide a cost-effective approach to measure TL in extracted DNA samples
(Kibriya et al., 2014). A novel, accurate, high-throughput, pooled-
sample multiplex Luminex assay suitable for large-scale studies has
recently been described (Jasmine et al., 2018).

4.4. Fluorescence in-situ hybridization (FISH) techniques: Q-FISH and flow-
FISH

Q-FISH is a molecular cytogenetic method that can be employed to
obtain information from metaphase or interphase cells, depending on
the sequence of the fluorochrome-conjugated probe used. FISH methods
can be used to measure TL in subsets of cells separated from fresh blood
or from tissues (Fig. 2d) (Perner et al., 2003). Whereas the telomeres of
each chromosome arm can provide heterogeneous staining results due
to a different number of telomeric repeats, those found on the two sister
chromatids generally display nearly identical intensities. The use of
telomeric probes allows probe binding to its target to be identified by a
distinct fluorescent signal within the cell nucleus. Synthetic DNA/RNA
analogs capable of binding to DNA/RNA in a sequence-specific manner
have been proved to yield more sensitive and specific TL measurements
than DNA probes (Marchesini et al., 2016).

Since correct interpretation of the fluorescence signal requires a
fluorescence microscope, FISH techniques require expensive equipment
that may not be available at all laboratories.

Flow-FISH, first described in 1998 (Rufer et al., 1998), utilizes the
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quantitative properties of telomere-specific probe retention to quantify
median fluorescence in a population of cells via use of a flow cytometer
instead of a fluorescence microscope. TL measurement by flow-FISH
can have clinical relevance in specific clinical indications and selected
settings, e.g. patients with mutations in some inherited genes (Alder
et al., 2018). Flow-FISH has demonstrated excellent diagnostic sensi-
tivity in measuring TL in patients with short telomere syndrome (STS).
STSs are accelerated aging syndromes caused by heritable gene muta-
tions which result in TS. For instance, RTL measurement by qPCR is not
optimal to diagnose dyskeratosis congenital, an STS characterized by
inherited bone marrow failure and cancer susceptibility caused by
germline mutations in telomere biology genes (Gadalla et al., 2016); in
these patients LTL analysis by flow-FISH is the recommended molecular
diagnostic test (Gutierrez-Rodrigues et al., 2014). Flow-FISH can also
be applied to measure TL in stored samples.

4.5. Whole genome sequence (WGS)-based technique

WGS-based TL measurement supplies reliable sequencing reads
from telomeres (Castle et al., 2010; Parker et al., 2012). However, their
standard alignment to the reference sequence provides limited in-
formation on the region of origin, due to the repetitive nature of telo-
meric regions and to the fact that in the human reference sequence the
ends of most chromosomes are simply stretches of Ns, which stand for
unknown nucleotides. Methods have been developed to measure
average TL from whole genome or exome shotgun sequence data (Ding
et al., 2014) and to provide simultaneous TL measurement and global
transcriptome analysis in the same cell (Wang et al., 2017a). The chief
challenge for using next-generation sequences (NGSs) to measure TL is
the need for bioinformatics expertise and softwares to decipher massive
datasets. Several bioinformatics tools that adopt different approaches to
identify, quantify, and normalize telomeric reads – like Motif_counter,
TelSeq, Computel, qMotif, and Telomerecat – have been designed to
determine telomere content and TL from NGS data (Lee et al., 2017;
Farmery et al., 2018). Direct comparison of these WGS-based telomere
measurement tools has shown that their best motifs all yielded similar
performances when used to measure telomere content (Lee et al.,
2017). In contrast, calculations using the best motif for TelSeq and
Computel, the two tools that produce a TL estimate, were significantly
lower and did not correlate well with TL measurements by TRF analysis
(Lee et al., 2017).

Other important factors that should be considered when comparing
WGS-based telomere measurement techniques are tool accessibility,
ease of tool use, the time required to analyze one sample, and multi-
threading ability (Lee et al., 2017).

Telomere Dysfunction-Induced Foci (TIF) (Takai et al., 2003; de
Lange, 2002; Karlseder et al., 1999) and Extrachromosomal DNA
(Tokutake et al., 1998; Cohen and Méchali, 2002; Cesare and Griffith,
2004; Henson et al., 2009; Schvartzman et al., 2013; Komosa et al.,
2015; Moye et al., 2015; Henson et al., 2017) analysis are not quanti-
tative techniques and are not optimized for epidemiological studies.
Separation of extrachromosomal DNA depends on sample preparation,
DNA/RNA extraction procedures, and DNAse or RNase treatment, ac-
cording to the compartment being assessed.

4.6. TL heterogeneity

TL heterogeneity has been detected in various cell types, including
stem and cancer cells and can directly influence the frequency with
which chromosomes undergo telomeric fusion and subsequent
breakage-fusion-bridge cycles (Londoño-Vallejo, 2004). Single-cell
analysis technology has recently been developed and effectively em-
ployed to investigate TL heterogeneity. Single-cell analysis of TL, i.e.
STELA, where each amplicon is derived from a single telomeric mole-
cule from a single cell, can disclose the full detail of TL distribution.
Notably, STELA measures TL within the length ranges observed in

senescent cells (Garcia-Martin et al., 2017), providing a new tool to
explore the relationship between TL and the aging process.

5. TERRA and aging

The role of TERRA has been an outstanding issue in telomere
biology for the past decade, mainly due to lack of knowledge of its loci.
New insights suggest that TERRA molecules can be transcribed from
nearly all telomeres in mammalian cells, always in centromere to tel-
omere direction; they also suggest the involvement of subtelomeric
regions – transcriptionally active genomic regions that give rise to long
non-coding RNAs whose size ranges from 100 to 9 kb according to the
position of the transcription starting site (Diman and Decottignies,
2018). These transcripts often display a cap structure added at the 5′
end, and only 7% of these transcripts are polyadenylated (Oliva-Rico
and Herrera, 2017).

Cf-TERRA sequences have also been detected in human blood and
serum, especially as exosome-associated molecules: the secretory phe-
notype characterized by release of cf-TERRA has been called TASP
(TERRA-associated secretory phenotype) (Wang et al., 2015). Since
high TERRA levels may be detected in human tumor tissue, they may
prove to be innovative cancer biomarkers (Arora et al., 2014).

Notably, TERRA forms RNA:DNA hybrids at the chromosome ends
and can fold into G-quadruplexes (Balk et al., 2014). Experimental
evidence has shown that TERRA can also form higher-order structures
based on parallel G4 units (Martadinata et al., 2011).

A mounting number of human diseases are being associated to ab-
normal G4 RNA regulation, suggesting the potential relevance of G4s to
human health. Recent work supports the notion that G4s in the pro-
moter regions of oncogene and telomere DNA could be therapeutic
targets in cancer patients (Kaulage et al., 2018).

5.1. Measurement of TERRA: analytical caveats

The major problem in TERRA measurement is that transcription can
start from the subtelomeric regions of all chromosomes. A number of
primers specific for different subtelomeric regions have been used, in-
cluding primers matching the 1q, 2q, 3p, 7p, 10p, 10q, 12q 13q, 14q,
15q, 17p,17q, 18p, XqYq, and XpYp chromosome, (Feretzaki and
Lingner, 2017; Wang et al., 2015). However, some loci seem to be more
involved in TERRA transcription than others. Chromosomes 20q and Xp
have been suggested to be the main TERRA loci in human cells
(Montero et al., 2016).

The techniques used most commonly to quantify TERRA sequences
are briefly described below and are depicted in Fig. 3 (3a, RT-PCR; 3b,
Northern blotting; 3c, RNA dot blotting; and 3d, G-quadruplex detec-
tion with specific antibodies).

5.1.1. RT-qPCR
RT-qPCR is currently the fastest and most practical quantitative

analysis technique for TERRA measurement.
The initial reverse transcription that yields cDNA can require a

different amount of starting RNA, depending on the sample (Feretzaki
and Lingner, 2017). DNAse treatment is required after RNA extraction
(Iglesias et al., 2011), to ensure the quality and concentration of the
starting sample, which can greatly affect results. Contamination with
salt, ethanol, or proteins can strongly influence the performance of the
downstream application.

Reverse transcription primers can be five repetitions of the oligo-
nucleotide CCCTAA, random hexamers, or different set of primers.
Poly-T, which is frequently used for reverse transcription of mRNA, is
unsuitable due to the lack of TERRA transcript polyadenylation.
GAPDH, U6snRNA, 36B4, GUSB, actin, and 18S have been described as
suitable reference genes.
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5.1.2. Northern blotting
Northern blotting can detect the overall amount of TERRA tran-

scripts, but unlike RT-qPCR it cannot measure minor changes in tran-
scription or quantify TERRA levels in single chromosomes (Feretzaki
and Lingner, 2017).

RNA extracted from samples is denatured and electrophoresed on
agarose formamide gel, since the size of cf-TERRA is about 200 bp.
Next, RNA can be transferred onto a blotting membrane and cross-
linked to it using UV radiation. For RNA detection, the blot is hy-
bridized using labeled probes specific for TERRA sense and antisense
strands; 18S and U6 RNA have been used for normalization (Wang
et al., 2015).

5.1.3. RNA dot blotting
RNA dot blotting is a simplification of Northern blotting. It does not

require gel electrophoresis and it makes it possible to analyze different
samples with different concentrations in a single test.

Extracted RNA is denatured using high temperatures or denaturing
solutions, dotted on a charged nylon transfer membrane, and cross-
linked to it by UV radiation. Subsequent steps involve a radiolabeled
probe, washes in buffer to remove excess probe, and RNAse A treatment
to eliminate single-strand RNA. The most common probes for TERRA
detection are CCCTAA repeats labeled at their 5′ end with 32P-γ-ATP by
T4 polynucleotide kinase (Koskas et al., 2017).

5.1.4. RNA-FISH
RNA-FISH is used to analyze the cellular localization of TERRA by

hybridizing detergent-extracted nuclei with a fluorescently labeled
probe. It can even be used after immunofluorescence. Different probes,
including C-rich peptidonucleic acid (PNA) coupled with a cyanine 3
fluorochrome, a fluorescently labeled probe containing CCCTAA re-
peats, or a light switching pyrene probe, can be used for hybridization
to identify TERRA G4s in living cells (Koskas et al., 2017; Xu et al.,
2010).

5.1.5. Detection of G-quadruplexes
G4s can be detected using engineered antibodies, such as clones

1H6 and BG4, which have specificity for the structure, not the se-
quence. These antibodies are used to detect the cellular localization of
G4s by immunofluorescence. Since detection is based on structure,
different types of G4s, e.g. DNA:RNA (hybrids), RNA-RNA, and DNA-
DNA, can be identified.

Other critical aspects concern the labeling obtained with BG4 using
different fixatives. Cytoplasmic TERRA is preferentially detected by
fixation with PFA-Triton X-100, whereas nuclear quadruplexes (TERRA
or DNA-DNA) can be detected by MeOH fixation (Laguerre et al., 2016).
S9.6 is another monoclonal antibody with high affinity for DNA-RNA
G4s formed at R-loops, because it is both structure- and sequence-spe-
cific. Maximum affinity is obtained with 52% of GC in the target se-
quence, whereas weak or no binding is obtained with amounts lower

Fig. 3. Most commonly used techniques employed to quantify TERRA sequences.
Schematic representation of the three most common techniques employed to measure TERRA: 3a) RT-PCR; 3b) Northern blotting; 3c) RNA dot blotting (a sim-
plification of Northern blotting that does not require gel electrophoresis); 3d) G-quadruplex detection with specific antibodies. G-quadruplex can be detected using
engineered antibodies, such as clones 1H6 and BG4, which have specificity for the structure, or S9.6, which has specificity for structure and sequence.
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than 25% or higher than 75% (König et al., 2017). Unfortunately,
commercial kits including these antibodies are currently not available.

6. TA activity and aging

Telomerase is the only enzyme that can elongate a telomeric DNA
chain to compensate for TS. It is different from other polymerases,
because it involves a distinctive, reiterative reuse of an internal single-
stranded telomeric template (Wu et al., 2017). Notably, the human
TERT gene may be capable of autoregulation, because it is located very
close to the telomere end of the chromosome, ˜ 1.2 Mb from the 5p end.

Most somatic cells lack TA; exceptions include embryonic tissue,
stem cells, reproductive organs, and some rapidly regenerating tissues.
Since TA is seen in 80–90% of tumor cells, its value as a diagnostic/
prognostic tumor marker has prompted the development of reliable and
standardized assays. As noted above, in somatic cells TA usually de-
clines after birth; the successive cell divisions gradually lead to TS and
trigger cellular senescence (Kim and Shay, 2018).

Most studies have investigated cells that express high levels of
TERT, such as immortalized and cancer cells. However, TA regulation is
a dynamic process also in normal human cells, suggesting that active
telomere maintenance is required for the proliferation of normal cells
(Masutomi et al., 2003). However, the role of telomerase in normal
senescent cells has not been analyzed in depth. Reduced TERT protein
levels and reduced TA have been described in senescent primary cul-
tures of adult human dermal fibroblasts (HDFs) (Yehuda et al., 2017).

Telomerase activation/replacement has potential in treating pa-
tients with telomere maintenance deficiency syndrome as well as in
tissue engineering approaches designed to treat degenerative conditions
that are associated to normal aging. Telomerase-deficient mice have
been proposed as a model to study the adverse cellular and organismal
consequences of widespread DNA damage signaling activation in vivo.
Telomerase reactivation in such mice extends TL, reduces DNA damage
signaling, and eliminates degenerative phenotypes in multiple organs
(Jaskelioff et al., 2011). Conversely, clinical research work is focusing
on telomerase inhibition therapies to treat tumors, which induce telo-
merase overexpression by overcoming the short telomere barrier to
unrestricted proliferation (Fleisig and Wong, 2007). Since telomerase-
complex components are upregulated in most tumor cells, TERT re-
striction is a potential therapeutic option (Kim et al., 1994). Given that
most somatic cells show low TA, selective inactivation of telomerase
expression in cancer cells fails to influence most normal cells, sug-
gesting that telomerase is a good target for cancer therapy (Sprouse
et al., 2012).

TA is also considered as a biomarker for cardiovascular aging and
CVD. Recent studies suggest a link between statins and telomere
biology that may be explained by the anti-inflammatory actions of
statins (Strazhesko et al., 2016).

Overall, TL and TA regulation is a complex and dynamic process
that is impaired in patients with ARDs.

A greater understanding of the mechanisms underpinning telo-
merase regulation and the development of reliable TA assessment
technologies is essential to help research in therapeutic strategies for
telomerase modulation. A number of TA determination techniques,
including those devised most recently, are described below. However,
not all of them are suitable for epidemiological and clinical studies.

6.1. TA measurement: analytical caveats

TA detection assays can be divided into two main groups: those
based on direct detection of telomerase products and those based on
different systems of product amplification (Skvortsov et al., 2011). New
bioanalytical methods based on direct detection of telomerase products,
such as PCR-free assays, isothermal amplification, and Single Molecule
Stochastic Binding assay, have recently been applied to TA detection
not only in cells and tissues, but also in body fluids (Zhang et al., 2017a,

2017b; Su et al., 2017).
Multiple approaches have also been proposed to assess telomerase

gene activity, including engagement of TERT alternative splicing, TERT
gene amplification, and epigenetic changes (reviewed in Shay, 2016).
Interestingly, some human TERT mutations/deletions have been asso-
ciated to premature aging diseases, and patients carrying mutations in
genes crucial for telomere maintenance show accelerated aging phe-
notypes (Chu et al., 2016). Recently, alterations in the gene encoding
human TERT have been identified as points of interest for elucidating
the oncogenic mechanism of several different cancer types (Bollam
et al., 2018).

6.2. TA determination assays based on direct detection of telomerase
products

6.2.1. TA detection using direct incorporation of a radioactively labeled
substrate

The earliest TA detection method was based on the use of radio-
active labeling without additional amplification (Blackburn et al.,
1989). The method is still employed for qualitative determination of TA
in cell line extracts. Since radioactive substances are complex and
dangerous to use, new methods that do not use radioactive substances
have been developed. Some of these approaches are briefly described in
Table 1a.

6.3. TA detection assays based on telomerase product amplification

6.3.1. Telomere repeat amplification protocol (TRAP)
The Telomere Repeat Amplification Protocol (TRAP) is a widely

used assay to determine TA in mammalian cells, tissues, and other
biological samples (Kim et al., 1994). It involves three steps: extension,
amplification, and detection of telomerase products. In the extension
step, telomeric repeats are added to the telomerase substrate. In the
amplification step, the extension products are amplified by PCR using
specific primers (Wege et al., 2003). In the detection step, TA is esti-
mated by electrophoretic analysis of the extension products. However,
since amplification is often associated to poor reproducibility and high
background, it is unsuitable for diagnostic applications. The main
analytical challenges include throughput, the replacement of radio-
active labels with non-labeled compounds, the reduction of the amount
of side product, the elimination of primer-dimer artifacts and of false-
positive amplification products, and the reduction of intra- and inter-
sample variation (Wu et al., 2000; Skvortsov et al., 2011). Techniques
employed to quantify telomerase activity (TA) were depicted in Fig. 4.

The main changes made to the basic TRAP protocol are summarized
in Table 1b.

7. Biological variables related to TL, TERRA, and TA

Although TL is the area characterized by the largest number of
applications, it is likely that similar biological, disease-mediated pro-
cesses will be found to be relevant to TERRA and TA, which are in-
terconnected.

Age, gender, and ethnicity have been found to be significantly as-
sociated to TL; for instance, the female gender and an African or
Hispanic origin have been associated to a predisposition to have longer
telomeres compared to the male gender and a European origin (Gardner
et al., 2014; Hansen et al., 2016). Significant but weak correlations
have also been described between LTL and hematological parameters
(Meyer et al., 2016). A number of biomarkers related to a variety of
physiological processes are also strongly associated to accelerated TS;
however, the complex relationships between TL and the other chemical
and clinical biomarkers are only beginning to be understood (Barrett
et al., 2015).

The significant associations between inflammaging and telomere
attrition, reported by several studies, suggest that TS is related to an
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enhanced susceptibility to the development and progression of ARDs,
such as type 2 diabetes, CVD, and cancer (Bonfigli et al., 2016; Testa
et al., 2011; Wang et al., 2016; Jose et al., 2017). With regard to cancer,
long telomeres have been associated to an increased risk of several
cancers; however, emerging data suggest that short telomeres might
predict poor survival in cancer patients (Zhang et al., 2015;
Rachakonda et al., 2018). Association studies of TL and cancer have
identified significant, but not clinically relevant, differences in TL be-
tween cases and controls (Savage, 2018). A recent meta-analysis has
highlighted that the inconsistent effect of TL on cancer outcomes may
be due to different measurement methods (Adam et al., 2017; Wang
et al., 2017b). Therefore, standardization of TL measurement and re-
porting has the potential to enhance the prognostic value of TL in
human diseases.

A significant relationship, reported among exposure to factors pro-
moting inflammation or oxidative stress (smoking) and shorter telo-
meres (Astuti et al., 2017), has been confirmed in the offspring of

smoking mothers (Oerther and Lorenz, 2018). A recently described
association between accelerated telomere attrition and marked weight
gain in middle life suggests the importance of lifetime weight man-
agement to preserve functional telomeres (Hang et al., 2018). None-
theless, the inconsistent effects of weight loss on TL and DNA repair
indicate that interventions and assays should be reassessed (Himbert
et al., 2017).

Different age-related telomere attrition trajectories and circulating
inflammatory cytokine levels have been described in aging individuals
(Lustig et al., 2017). This is not unexpected, since a number of stressors,
including infectious agents, microbiota composition, cellular senes-
cence, and misplaced nucleic acids (DNA/RNA), can promote TS in
immune cells as well as in other somatic cells, fueling inflammation.
These stressors are so closely interconnected that the respective effects
are difficult to unravel. This could be one of the weakness of the studies
exploring the relationship linking stressors, inflammaging, and TL: only
the integrated analysis of a number of components in the same

Table 1a
Some of the most relevant modification of TA detection assays based on direct detection of telomerase products.

Modifications of TA detection assays based on direct
detection of telomerase products

Brief description of the protocol References

Surface Plasmon Resonance (SPR) Surface Plasmon Resonance (SPR) can be applied to measure small local changes
in refractive index on metal layers, linked directly to alterations in concentration
on the surface. Biotin-conjugated oligonucleotides containing telomeric repeats
can be immobilized on the surface of a sensor pretreated with streptavidin ().
The oligomers associated with the telomerase extracts can be elongated and TA
can be calculated by measuring the SPR signals. The main limiting factors are
reaction time and sample concentration.

Maesawa et al., 2003

Detection of telomerase activity using oligo-modified
magnetic particles and nuclear magnetic resonance
(NMR)

Another physical phenomenon employed for TA detection is nuclear magnetic
resonance (NMR). Through a complementary interaction, the magnetic particles
bind the telomeric sequences synthesized by telomerase. The spin-spin
relaxation time is measured by a relaxometer. Since the formation of an
organized nanoparticle ensemble involves a change in the magnetic relaxation
time of surrounding water molecules, the magnetic field increases in presence of
nanoparticle ensembles and decreases with non-ordered ones. Since the change
reaches half of the maximum after 30 seconds and plateaus after 40-60minutes,
the analysis is fast, sensitive, and high-throughput.

Grimm et al., 2004

Quartz crystal microbalance technique (QCM) This highly sensitive method involves microgravitometric analysis of TA based
on the piezoelectric effect of quartz. The application of an alternating current
promotes the oscillation of a quartz crystal, whose resonance frequency is then
determined. Ligands on the crystal surface in a liquid environment can induce a
reduction in resonance frequency. Telomerase induces oligonucleotide binding
to the sensor’s surface.

Pavlov et al., 2004.

Biobarcode assay This approach uses magnetic particles, i.e. gold spheres, and two types of
oligonucleotides, complementary and non complementary to telomerase-
synthesized DNA. Binding of the electroactive complex [Ru(NH3)6]3+ to the
non-complementary telomerase-synthesized DNA chain permits quantitative
detection. The method can measure TA in cell line extracts but is not used in
tissues.

Li et al., 2010; Skvortsov et al., 2011

Optical biosensor assay The assay is based on the change in the refraction index induced by the amount
of telomerase products detected on the surface of the optical biosensor in real
time. A three-oligonucleotide system, i.e. a “cassette system” including a
sequence complementary to the RNA template of telomerase modifies the sensor
surface to avoid steric impediments and to ensure process reversibility.

Buckle et al., 1996;
Schmidt et al., 2002; Kulla and Katz,
2008

Quantum dots Nanoparticles are conductor or semiconductor particles that represent quantum
dots (QDs) in quantitative TA detection. Similar to the way a photon can be
emitted during the transition of an atom between energy levels, a photon can be
emitted during a transition in a quantum blot. In this system, photon absorption
and emission occur at specific wavelengths that are related to QD size (smaller
nanoparticles correspond to higher wavelengths). A modification involving a
thio group at the end of the telomere oligonucleotide bound to the QD makes it
capable of fluorescence when it absorbs a quantum with a wavelength of 400 nm
and emits a quantum with wavelength of 560 nm. When a modified fluorescent
oligonucleotide, TR-dUTP, is incorporated into telomerase DNA products bound
to the QD, a fluorescence energy transfer occurs with a higher wavelength
(610 nm). This method is not recommended for clinical materials.

Patolsky et al., 2003; Zavari-
Nematabad et al., 2017; Li et al.,
2018a, 2018b

Graphene oxide (GO)-based fluorescent
nanosensor

A fluorescent DNA is adsorbed on a GO surface that can bind dye-labeled single-
stranded DNA (ssDNA) complementary to the telomeric repeated sequence and
efficiently quench the fluorescence of the dye via fluorescence resonance energy
transfer (FRET). It is a rapid, sensitive and specific approach to detect
telomerase activity.

Zhang et al., 2018

Brief description of NMR, SPR, QCM, Biobarcode assay, Optical biosensor assay, Quantum dots, Graphene oxide (GO)-based fluorescent nanosensor protocols.
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subjects/patients could clarify the issue. Moreover, the complex sig-
naling affecting telomere balance during life requires multivariate
analysis approaches to test for associations between TL and multiple
biological variables; bias should be minimized especially in association
studies involving TL and ARDs and TL and psychological and bio-be-
havioral variables.

TL measurement is also a useful approach to evaluate the patho-
genicity of the genetic variants associated to telomere-related disorders.
STSs are often caused by heritable gene mutations that result in de-
creased TL (Norberg et al., 2018). Their diverse clinical presentation –
like bone marrow failure and idiopathic pulmonary fibrosis associated
to gene mutations involving TERT, TERC, and other genes – make STSs
a diagnostic challenge (Mangaonkar and Patnaik, 2018). Large-scale
molecular epidemiological studies have uncovered novel associations
between ARDs such as CVD, cancer, and impaired mental health, and
both TL and common genetic variants in telomere biology genes
(Savage, 2018).

Finally, it is conceivable that RNA-dependent factors will constitute
additional biological variables for TERRA and TA measurement, both of
which are RNA-dependent.

Advantages and disadvantages (sensitivity, specificity, number of
samples that can be managed, ease to use and suitability for clinical
studies) are reported in Table 2 for telomere length (TL), telomeric
repeat-containing RNA (TERRA) and telomerase activity (TA) mea-
surement techniques.

8. Conclusion

The outstanding challenge in telomere research is the development
of accurate and reliable measurement methods ensuring simple and
sensitive TL, TERRA, and TA detection. Reaching these goals requires

guidelines for the development of standardized and automated mea-
surement procedures. Studies of the reproducibility, accuracy, relia-
bility, and sensitivity of the different TL, TERRA, and TA measurement
methods at independent laboratories should be encouraged. Bench to
bedside translation of biological metrics related to the telomere world
requires the establishment of normal range values as well as critical
values for interpretation. This is essential not only in studies of in-
dividual molecules, but also to shed light on the associations of TL,
TERRA, and TA with physiological, psychological, and bio-behavioral
phenomena and human pathological conditions. These tasks are com-
plex and the data provided by the latest studies are not always clear and
conclusive. For these reasons TL, TERRA, and TA are still not included
in everyday clinical practice. Nevertheless, considerable progress has
been made, and researchers are increasingly close to finding the solu-
tions for better and faster measurement. Importantly, researchers un-
dertaking the study of telomeres should be aware of the methodological
problems involved in TL, TERRA, and TA analysis. Careful considera-
tion is warranted when selecting measurement methods for research or
clinical studies.

Notably, most of the sample material used for epidemiological stu-
dies is extracted banked DNA and/or RNA. Since the results of TL and
TERRA measurement are affected by extraction methods and degrada-
tion, sample quality checks are critical for correct measurement and
data interpretation.

Furthermore, RNA species detection in cells depends on metabolic
activity, and although it may not be detectable in resting blood, it may
be detected in tumor samples.

What is essential for future studies of the “telomere world” is that
researchers publish full details of their methods and the quality control
thresholds they employ. Notably, it is critical to be familiar with the
relationships between telomeres and a number of other variables if

Fig. 4. Techniques employed to quantify telomerase activity (TA).
Schematic representation of the most common techniques employed to measure TA. The methods are grouped into two major categories: those based on direct
detection of telomerase products and those based on different systems of amplification of these products (TRAP-based methods).
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errors generated by confounding variables that are not controlled for
are to be avoided.

Starting from the most recent evidence in telomere biology, we
hypothesize that combined TL, TERRA, and TA analysis may provide
highly reliable information to estimate the rate of cell, tissue and or-
ganismal aging and the risk of ARD development (Kim and Shay, 2018).
TL, TERRA, and TA have been associated singly to aging and a number
of common ARDs, yet no studies have evaluated them in an integrated
way, either using cellular or organismal models.

Although red blood cells and platelets are a significant source of
exosomes from blood, different cell types can release exosomes into
human plasma/serum, including endothelial cells, monocytes and as-
trocytes (Goetzl et al., 2017; Goetzl et al., 2016; Halim et al., 2016).

Plasma exosomes released by endothelial cells and monocytes should be
extensively investigated for telomeres and TERRA content, especially in
patients with ARDs.

9. Future perspective

A new geriatric medicine branch, geroscience, postulates that it
should be possible to delay the aging process and the onset of the most
common chronic ARDs (Vaiserman and Lushchak, 2017), and mounting
evidence suggests that the human healthspan could be increased by
nutraceutical or pharmaceuticals approaches (Gurău et al., 2018;
Klimova et al., 2018). The hypothesis has prompted the organization of
geroscience-guided therapeutic trials, e.g. TAME (Targeting Aging with

Table 1b
Some of the most relevant modifications made to the basic TRAP protocol.

Modifications of TRAP protocol Brief description of the protocol References

TRAP with a post-PCR hybridization
protection protocol (TRAP-HPA)

TRAP-HPA uses a probe labeled with covalently bound chemiluminescent
acridine to detect DNA after amplification and provides high-throughput
semi-quantitative determination of TA.

Hirose et al., 1997; Fajkus, 2006

Scintillation proximity assay (TRAP-SPA) TRAP-SPA enables detection of amplification products thought the
conjugation of telomerase products with biotin and amplification in presence
of [3 H] TTP.
Semi-quantitative determination can be obtained in large series of tissue and
cell line extracts. The main drawbacks are the use of tritium and PCR
artifacts.

Savoysky et al., 1996; Fajkus,2006

TRAP with Fluorescence Resonance Energy
Transfer (FRET)

FRET uses two primers (amplifluors) whose hairpin structure contains a
donor (fluorescein) and an acceptor (4’-dimethylaminophenyl-azobenzoic
acid. Its main advantages include the absence of radioisotopes, the limited
volume of the elongation products, the elimination of post-PCR processing,
the reduction of carryover contamination risk, and fast analysis.

Uehara et al., 1999;
Ding et al., 2010;
Kawamura et al., 2014; Fajkus,2006

TRAP combined with Enzyme-Linked
Immunosorbent Assay (ELISA)

TRAP-ELISA is a colorimetric qualitative and semi-quantitative assay, where
biotin conjugation of telomere-imitating oligonucleotide (TS) primers
permits binding of amplified DNA to streptavidin-coated microplates. This
step is followed by DNA denaturation and hybridization with digoxigenin
(DIG)-labeled probes specific for telomeric sequences. The addition of
polyclonal DIG antibodies conjugated to horseradish peroxidase prompts the
colorimetric reaction and enables TA detection. Some commercial kits
include positive and negative internal standards.
Since TRAP-ELISA is fast and allows analyzing multiple samples in a single
run, it is the most commonly used assay for TA determination in screening
studies.

Fajkus, 2006; Wu et al., 2000;
Sue et al., 2014

In situ TRAP In in situ TRAP the cell suspensions are immobilized on silane-coated slides.
PCR commonly uses FITC-labeled primers, and the final analysis is made
under a fluorescence microscope. Fluorescence intensity and localization are
employed to determine TA in individual cells (cancer cells usually show
bright fluorescence). In situ TRAP can also be used to obtain a semi-
quantitative determination of TA in tissue sections.

Skvortsov et al., 2011; Fajkus, 2006

Droplet Digital Telomere Repeat
Amplification Protocol (ddTRAP)

This is a two-step assay where cell lysates are analyzed by droplet digital PCR
(ddPCR). It involves the same steps as a conventional TRAP assay, except that
the PCR products are detected by ddPCR. This system has improved the
throughput, sensitivity, and reproducibility of the TRAP assay. As a
consequence, it can test a variety of cell types, including cell lines and
primary adult human cells, without radioactive compounds but with
comparable sensitivity.

Ludlow et al., 2018; Fajkus, 2006

Real-time Quantitative TRAP
(RQ-TRAP)

Real-time Quantitative TRAP (RQ-TRAP) uses fluorescent dyes (e.g.
PicoGreen or SYBR Green) to quantify double-stranded DNA products in the
PCR elongation and amplification steps. Its main advantage is that TA
quantification is achieved without any additional time-consuming steps
besides sample extraction and real-time cycling. The assay provides accurate
TA measurement, hence highly effective TA monitoring in cultured cells, and
can be used to analyze multiple samples. Its main disadvantages are the
inhibitory effects of PCR contaminants, the possibility that PCR reaction
saturation in the final step may level small TA differences compared to the
results of conventional TRAP, and the risk of false-positive signals.

Wege et al., 2003; Gelmini et al., 1998; Hou et al.,
2001; Saldanha et al., 2003; Hou et al., 2001;
Skvortsov et al., 2011; Fajkus, 2006

TRAP with isothermic transcription-
mediated amplification (TMA/HPA)

This approach provides a semi-quantitative determination of TA based on the
presence of a polymerase that uses synthesized DNA as a matrix for RNA
synthesis. Telomerase-synthesized DNA contains an additional sequence
acting as a substrate for reverse primer hybridization. This tecnique also
avoids the necessity of performing and evaluating polyacrylamide gel
electrophoresis of reaction products and it is characterized by high sensitivity
(1-1000 cells). Its main advantage is that it does not require sample heating.
The assay is sensitive to the presence of RNase.

Saldanha et al., 2003; Skvortsov et al., 2011

Brief description of TRAP HPA, TRAP-SPA, FRET, ELISA, in situ TRAP, ddTRAP, RQ-TRAP and TMA/HPA protocols.
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MEtformin) (Justice et al., 2018). However, ongoing studies highlight
the scarcity of well-vetted “rate of aging” biomarkers for human studies
and the need for such biomarkers to move from the assessment of
chronological age to the evaluation of physiological age (Kohanski
et al., 2016; Sierra and Kohanski, 2017).

Cutting-edge technologies for TL, TERRA, and TA measurement are
still in their infancy, but they promise great future discoveries through
method improvements and the multiplication of laboratories offering
them. Technological advances are expected to provide fast, automated,
and standardized measurement of TL, TERRA, and TA in the same
sample not only in cells and tissues, but in all biological fluids and
circulating vesicles. These new technologies are expected to provide
more concordant data in association studies both with regard to aging
per se and to a number of ARDs.
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