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Abstract

Telomeres are repeating DNA sequences at the tip ends of the chromosomes that are diverse in length and in humans can reach a length
of 15,000 base pairs. The telomere serves as a bioprotective mechanism of chromosome attrition at each cell division. At a certain length,
telomeres become too short to allow replication, a process that may lead to chromosome instability or cell death. Telomere length is regulated
by two opposing mechanisms: attrition and elongation. Attrition occurs as each cell divides. In contrast, elongation is partially modulated by
the enzyme telomerase, which adds repeating sequences to the ends of the chromosomes. In this way, telomerase could possibly reverse an
aging mechanism and rejuvenates cell viability. These are crucial elements in maintaining cell life and are used to assess cellular aging. In this
manuscript we will describe an accurate, short, sophisticated and cheap method to assess telomere length in multiple tissues and species.
This method takes advantage of two key elements, the tandem repeat of the telomere sequence and the sensitivity of the qRT-PCR to detect
differential copy numbers of tested samples. In addition, we will describe a simple assay to assess telomerase activity as a complementary
backbone test for telomere length.

Video Link

The video component of this article can be found at https://www.jove.com/video/50246/

Introduction

Telomeres are repeating DNA hexamer (TTAGGG) sequences found at the ends of chromosomes. In each cell replication, these chromosome
ends are shortened. If they become too short, chromosomes can undergo telomere end fusions, aberrant recombination, and degradation.
Thus sufficient telomere length maintenance plays a major role in chromosome stability and cell protection 38. Telomere length maintenance
is also crucial for genes found near the ends of chromosomes, since DNA replication cannot continue to the very end of chromosomes 1-2.
Consequently, prevention of telomere shortening may improve cell stability.

Numerous studies have reported that telomere length is correlated with an organism's longevity and diseased state, such as in cancer 3-4,
diabetes 5, and cardiovascular disease 6,7. Additionally, shortened telomeres have been associated with excessive stress or an unhealthy lifestyle
8, perhaps by promoting premature cell aging and death 9. On the other hand, some studies have found that there is no significant difference
between telomere length and longevity and age related disease 39, 40, 41.

One of the cell's innate mechanisms of protection from telomere shortening is by activating its own enzyme telomerase reverse transcriptase
(TERT). This enzyme and its subunit, telomerase RNA (TERC), a non-coding RNA, use the telomere as a template to add telomere repeats to
chromosome ends 10. Although telomerase activity is absent from several types of cells and other mechanisms are involved in telomere length
maintenance, increased telomerase activity is correlated with increased telomere length. Telomerase activation has been established as one
of the mechanisms by which cells respond to damage and stress and avoid premature senescence and death. For example, longer telomeres
were demonstrated in a population of Ashkenazi Jews with exceptional lifespan 11, mutations in TERC or TERT have been shown to contribute
to fatal disease 12, and epigenetic regulation of telomerase has been shown to have an effect on age-related disease 13. Since its discovery,
telomere length has been proposed as a biomarker for health status in various animal models as well as in humans, but these early studies were
difficult to widely replicate because the method used was tedious, long and expensive. In 2002 and further tuned in 2009, Cawthon proposed and
demonstrated a new, accurate, fast and simple PCR based protocol to assess telomere length and further investigate its role in various aspects
of cell biology, aging and disease 19.

Choosing the correct telomere measuring method for a study is essential. Currently, there are various methods used to measure telomere length,
each with its own advantages and disadvantages. Traditionally, telomere length is measured using Southern Blot analysis of terminal restriction
fragments (TRFs), which involves: a. digesting the DNA with restriction enzymes that do not cut in telomere repeats in order to obtain TRFs, b.
Southern Blot of these TRFs is done by determining the mean TRF length using a telomeric probe 14, 37. Although this method is highly accurate
with a small coefficient of variation, is a direct measure, and can be advantageous for measuring length distribution, TRF analysis is costly, labor
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intensive and requires at least 3 μg of DNA. This method is also insensitive to short telomeres and length determination can be confounded by
subtelomeric DNA, which can be detected by the probe due the (TTAGGG)n like sequences they contain 15, 42.

Another highly accurate method in measuring telomere length is Single Telomere Elongation Length Analysis (STELA), a single molecule PCR
based method that only requires a small amount of DNA. In this method, primers are made to recognize the G-rich overhang at the end of
chromosomes and to bind to a unique subtelomeric sequence on one chromosome, which amplifies the telomere of a specific chromosome. The
resulting amplification is then visualized by Southern Blot. This method has the advantage of being highly accurate and is able to detect short
outlier telomeres 16. Unfortunately, since not all chromosomes have G-rich ends and a usable subtelomeric sequence, telomere length can only
be measured on specific chromosomes and these measurements may not represent the length of all the telomeres in the cell 15.

Another method that has been practiced is the use of Peptide Nucleic Acid (PNA) probes to detect telomere length. Quantitative Florescence in
situ Hybridization (Q-FISH) allows us to visualize telomeres during metaphase, where the staining of telomeres with a PNA probe in proportion
to their size permits the comparison of telomeres between specific chromosomes. Although this method can also be used for cells in interphase,
here the telomere length for distinct chromosomes cannot be detected, which introduces a limitation when measuring telomere length in
senescent or infrequently dividing cells 17. Flow FISH instead uses flow cytometry and is currently the most sensitive method for measuring
telomere length of blood cells in the clinical setting, but requires highly skilled technicians 18.

Currently, the standard method for measuring average telomere length in our lab takes advantage of the precision, sensitivity, and ease of
quantitative real-time PCR. This method was made possible for measuring telomere length by the development of novel primers that avoid the
synthesis of primer dimer-derived products, which would have otherwise been produced in a standard assay due to the repeating nature of
telomeres. For this assay, the measurement of telomere length is represented by the T/S ratio, the telomere repeat copy number to single-copy
gene number. Since there is a direct proportional relationship between the telomere length and the number of labeled telomere primers binding
to the DNA during the beginning stages of PCR, the T/S ratio is directly proportional to telomere length. The T/S ratio is measured by comparing
the difference in Ct, the fractional cycle number at which the sample's accumulated florescence crosses a threshold that is several standard
deviations above the baseline florescence, between samples with telomere primers and SCG primers 19. This method has been criticized for its
indirect measurement of telomere length, which can lead to inaccurate measurements, for example, in the case of chromosome duplications
or copy number variations 15. Also, comparison between studies is often difficult, but standard oligomers have been developed to measure
absolute telomere length 20. This method was furthered improved upon by Cawthon, using a monochrome multiplex qPCR assay. In this assay,
the PCR was run at lower temperatures for the first few cycles to avoid primer-dimer binding and the telomere and control gene were analyzed
in the same PCR tube to further avoid error. The resulting telomere length measurements strongly correlated with telomere length measured
by Southern blot analysis of TRFs and had higher accuracy 15, 19, 36. At the moment, qRT-PCR is the only convenient method available for
testing large sample sizes and only requires a small amount of DNA to carry out. A crucial part of this method is comprehensive quality control
measures, so that when it's done properly, this method can provide valuable comparative information about telomere length. Additionally, this
method had been adapted for use beyond leukocytes for measuring telomere length in a variety of different tissues 42.

Additionally, in order to further understand the biology behind telomere length maintenance and interactions between the two opposing effects
(i.e. telomere shortening during replication and elongation by the telomerase enzyme), we accompanied the telomere length method with an
additional assay that measures telomerase activity.

For this purpose, we used a Telomeric Repeat Amplification Protocol, an in vitro assay. Briefly, lysed, preserved, enzymatically active cells
synthesized telomeric repeats onto an oligonucleotide substrate using telomerase, and the products were amplified using PCR in the presence
of SYBR Green. The results were then analyzed by comparing sample and control Ct threshold values. Since telomerase is a heat-sensitive
enzyme, an additional heat treated control is run alongside each sample 21.

While measuring telomere length can provide valuable insight into the possible role of telomere length in the pathophysiology of aging and
disease, telomere length is not a static property and more information is needed to understand telomere function. Telomerase activity studies can
add information about telomere length regulation mechanisms. For example, the controlled activation of telomerase can maintain telomere length
and cell proliferation, but the uncontrolled activation of telomerase can result in cancer. These two inexpensive and straight forward methods
combined provided us not only with stronger evidence towards a relationship between telomere length and cell stability, but also further insight
into the possible mechanisms of telomere shortening and recovery. With these methods we hope to further elucidate the cell's response to aging
and various states of cell proliferation with the ultimate goal of a better understanding of the central mechanisms of cell biology.

Protocol

1. Telomere Length Protocol19

1. DNA isolation

Most DNA isolation methods may be used. Our Lab prefers Qiagen DNeasy Kit (#69506) for blood sources. Depending on the source of DNA,
such as buccal or other sources, a different isolation method may be used.

2. Primers

All primers are diluted to a stock concentration of 100pmoles/μl in PCR grade water and stored at -20 °C until required. Working stocks of
primers are made fresh and are stored at 20 °C for a short period of time (A few months.) Standard primers were used for telomeres and β-
Globin, the SCG, as described in O'Callaghan et al. 20.

Primer sequences:
 

Telo 1: 5'-CGGTTTGTTTGGGTTTGGGTTTGGGTT-TGGGTTTGGGTT-3'
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Telo 2: 5'-GGCTTGCCTTACCCTTACCCTTACCCTTACCCTT-ACCCT-3'
 

SCG 1: 5'-GCTTCTGACACAACTGTGTTCACTAGC-3'
 

SCG 2: 5'-CACCAACTTCATCCACGTTC-ACC-3'

Note: Primers are diluted to a working concentration of 10pmoles/μl, prior to adding to reaction mix.

3. Serial Dilution of Genomic DNA

Serial dilutions of genomic DNA for Telo and Single Copy Gene (SCG) are created to generate a standard Ct value curve for the assay. The
genomic DNA used was extracted from lymphocytes from blood samples. These dilutions are created by diluting DNA with PCR grade H20 to
each concentration by a factor of 1.68 to yield the two sets of serial dilutions using the same genomic DNA. The starting concentrations have
been optimized based on trial and error and may need to be adjusted when using different reagents, instruments, DNA from other species, cell
types, and SCG used.

Note: Serial dilution using genomic DNA are made by mixing gently and waiting at least 15 min to one hour before taking DNA for the next
dilution. Each dilution requires time for genomic DNA to dissociate. For long term storage, aliquot serial dilutions into PCR strips for storage at
-80 °C. Each PCR strip is thawed and used once to avoid freeze thaw cycles that may damage DNA.

4. Reaction setup for RT-PCR

Instrument used: Roche480 Light Cycler

Reagent: Roche Light cycler sybr-green

Dilute test DNA samples to a final concentration of 10 ng/μl. We test concentration using Nanodrop or Qubit. We further dilute the DNA from
10ng/μl to final 5ng/μl. We do not test concentration again.

Reaction components:

TELO 1x SCG 1x

H20 6 μl H20 6 μl

Telo 1 0.2 μl SCG 1 0.6 μl

Telo 2 1.8 μl SCG 2 1.4 μl

Rxn mix 10 μl Rxn mix 10 μl

DNA or serial dilution 2 μl DNA or serial dilution 2 μl

Note: Master Mix is made without DNA and with an excess of 5% to 10%.

Both Telo and SCG are run together on the same plate using the following program. To test for precision, at least three replicates of each sample
and control should be run. Variations in the primers used may affect the results. Our protocol has been optimized to work as follows on the
Roche480 Light Cycler and our primers.

Initial denature
 

10 min denature 95 °C
 

Cycling
 

95 °C 10 sec hold
 

60 °C 5 sec hold
 

72 °C 11 sec hold and single acquisition
 

Repeat 45 to 55 times as required

2. Quantitative Telomerase Detection (QTD) Protocol (Based on QTD Kit by Allied Biotech,
Inc. Cat. No. MT3012)

Extract Preparation

1. Pellet cells or tissue.
2. Wash once with 1x PBS.
3. Repellet and remove 1x PBS.*
4. Resuspend the cell pellet in 200 μl of 1 x Lysis Buffer for every 105-106 cells or 40-100 mg of tissue.
5. Incubate on ice for 30 min.
6. Spin down the sample at 12,000 x g for 30 min at 4 °C.
7. Transfer 160 μl of the supernatant into a fresh tube and determine protein concentration.
8. Aliquot and quick-freeze the remaining extract on dry ice/ethanol, store at -80 °C.

*In this condition, telomerase in frozen cells or tissues is stable for at least a year. When thawed for use, resuspend the cells immediately in 1 x
Lysis Buffer.
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2.1. Assay Controls

Heat inactivation control: For each sample, heat treat an additional control extract by incubating at 85 °C for 10 min prior to telomerase activity
assay.

Standard curve for TSR control template: Perform Quantitative Real-Time PCR using dilutions of TSR, an oligonucleotide with a similar
sequence to telomere primers included with the kit to generate a standard curve.

1. Prepare 1:5 serial dilutions of the stock TSR concentration (0.5 amoles/μl) with Lysis Buffer
2. Perform the telomerase detection standard assay using 1 μl of each TSR dilution, including the stock concentration. These dilutions can be

stored at 4 °C for at least 2 weeks.

2.2. Telomerase Activity Assay using QTD Real-Time PCR

1. For each sample, add the following to a PCR tube or thin-wall PCR plate (total volume 25.0 μl):
• 12.5 μl of 2 x QTD Premix
• 1.0 μl of Cell or Tissue Extract
• 11.5 μl of PCR Qualified Water

2. Mix thoroughly
3. Program Real-Time PCR Detection Systems according to the below program:

 

- 25 °C for 20 min (telomerase reaction)
 

- 95 °C for 10 min (PCR initial activation step)
 

35-40 cycles of:
 

- 95 °C for 30 sec (denaturation)
 

- 60 °C for 30 sec (annealing)
 

- 72 °C for 30 sec (extension)
4. Place PCR tubes in the thermal cycler and start the cycling program.
5. Collect the threshold cycle or CT value after cycles finish. The threshold cycle is the cycle at which a statistically significant increase of ΔRn is

first detected.

2.3. Data Analysis

1. Generate a standard curve using the CT readings and compare telomerase activity.

Representative Results

An example of a telomere length qRT-PCR assay is shown in Figure 1. On the top left panel, samples labeled in red and green represent the
location of the tested subjects on the 96-well plate. On the top right panel, the amplification curve is demonstrated. Each subject is tested by
two assays (Telomere and Single Copy Gene), which is done in triplicates. Due to different DNA copy numbers produced in the two assays of
selected individuals, the number of cycles until the florescence detection reaches its exponential curve differs between assays. In higher copy
number tubes (i.e. Telomere assay), the amount of fluorescence detection reaches its exponential curve after 27 cycles. The second set of lines
represents the Single Copy Gene (SCG) that has only one copy in the genome, and thus has much less copies than the telomere samples
and reaches its exponential curve only after 31 cycles. The brown lines represent the standard curve that is based on a serial dilution of known
sample concentrations. The bottom right panel represents the log concentration of the standard curve points (a straight line demonstrates an
optimal serial dilution). This linear curve is being used to calculate the concentration of the tested tubes (bottom left panel). The qRT-PCR
results, initially in Cawthon's hands 19, and repeated by us and others, have been shown to be correlated with those obtained by the terminal
restriction fragment length assay. One T/S ratio unit (qRT-PCR cycles of the telomere run over qRT-PCR cycles of the SCG run) is equivalent
to a mean telomere length of 4,270bp in leukocytes 42. Dividing the qRT-PCR cycles for the Telomere assay by the SCG assay in our example
resulted in a ratio of 0.87, which is equivalent to an average of 3,715bp. This measurement consists of the telomere length alone and does not
include subtelomeric regions.

The qRT-PCR demonstrated here involved very little sample preparation. In this example (Figure 1), qualitative as well as quantitative
differences (represented by the serial dilution and the concordance between the triplicates) were observed between the two assays. The results
calculated from this test show intermediate telomere length for a 65 year old subject.

An example of telomerase activity assay results and the possible relationship between telomerase activity and telomere length is demonstrated
by Figure 2. Our preliminary results show that a longer telomere length may be associated with increased telomerase activity.
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Figure 1. Figure 1 represents the typical output from a qRT-PCR assay for Telomere length. The upper left corner shows the samples arranged
in a 96-well plate, in triplicate. The lower left corner lists the calculated concentrations and CT values for each sample, which are used to
calculate the T/S values. The upper right is a graph of the amplification curve (number of cycles versus the florescence detected from CYBR
green), used to visualize the results. On the bottom right, the standard curve for the Log concentration versus CT value of the serial dilution
control is graphed. A straight line confirms that the serial dilution was accurately measured and loaded. Click here to view larger figure.

 

Figure 2. Using preliminary results from the qRT-PCR assay for telomerase activity and telomerase length, Figure 2 shows a direct,
significant relationship (p = 0.008) between the telomere length, measured by T/S ratio, and telomerase activity, measured by Ct value.

Discussion

Telomere length provides a unique cellular marker to study the stressed and aging cell and offers insights into the mechanisms of aging. Since
its role in aging had first been suggested, a multitude of studies have been done relating telomere length to age, longevity, age-related disease,
cancers, and stress. For decades, the gold standard of telomere length measurements was terminal restriction fragment analysis using Southern
hybridization. However, recently an affordable, quick, and easy to perform method by Cawthon has evolved. Using Quantitative Real-Time PCR,
Cawthon offered a useful alternative to measure telomere length, making studies for large sample sizes possible.

Using qRT-PCR, many studies have been done to investigate the relationship between telomere length and a variety of outcomes, especially
age-related diseases. More specifically, this method has allowed researchers to perform large epidemiological studies on populations that
demonstrate or deny a correlation between telomere length and a variety of diseases. To name a few, ischemic heart disease 7, Alzheimer's
Disease 22, osteocarcoma in females 23, lung cancer among smokers 24, familial thyroid cancer 25, diabetes 5, blood pressure 26, aging 27, and
dementia 28 have been correlated with shorter telomere length, while age-related macular degeneration 7, colorectal cancer 43, and death from
infectious disease, cancer, cardiac or cerebrovascular disease 44 have been shown to have no significant relationship with telomere length .
Additionally, certain stresses have been shown to coincide with shorter telomere length, for example, an increased amount of inflammatory
markers, TNF-α and IL-6, have been correlated with shorter telomere lengths in leukocytes 29. Also, stressful lifestyles due to time consuming
work schedules, shift work, or the nature of the work, in particular a caretaker position for a chronically ill child, have been associated with
differences in telomere length. This suggests that stress could cause premature aging by way of telomere shortening without sufficient recovery
30, 31. In a recent study, having fewer social relationships is also associated with shorter telomeres 32. Prevention of telomere length shortening
has also been shown to correlate with healthy life choices, such as taking a daily multivitamin and not smoking 24, 33. Additionally, these studies
revealed possible clinical uses for measuring telomeres, for example, as a non-invasive screening test for the possible development of cirrhosis
34. In other cases, where similar studies have shown no significant correlation (or a modest correlation) between a disease and telomere length,
researchers have been encouraged to study other novel mechanisms for cellular decline and the diseased state7.
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These studies have strength in numbers and have demonstrated the utility of measuring telomere length as one of the first steps in deciphering
the aging process. Cawthon's qRT-PCR method was useful for this purpose because it can compare large numbers of people, requires minimal
DNA, and can give reliable evidence towards a relationship between telomere length and cell health. These studies help to steer future aging
research efforts to certain genes, tissues, and cellular processes.

Inevitably, after a significant difference in telomere length is noted, an explanation is queried. To answers these questions, studies on telomerase,
the enzyme involved in telomere maintenance and its regulation, have been established. PCR based telomerase activity protocols have been
offered, giving additional information towards: a. determining the contributions of the degradation of telomeres, and b. failure of successful
telomere length maintenance by telomerase, thus providing another chapter to the story on aging as a whole, in particular cell senescence.

Although qRT-PCR detects average telomere length, and not on an individual chromosome basis, this method is a powerful tool for evidence
towards how the cell reacts to aging and stress and provides a preamble to the story of how we age. Interestingly, this information has already
led to telomere length measurement in the clinic for estimating biological age and will further our understanding of the aging process and
inevitably lead to prevention or delay and screening of aging and age-related disease.

Name of the reagent Company Catalogue number

Quantitative Telomerase Detection Allied Biotech MT3012

Qiagen DNeasy Kit Qiagen 69506

LightCycler 480 SYBR Green I Master, Ready-
to-use hot start reaction mix for SYBR Green I-
based real-time PCR using the LightCycler 480
Instrument

Roche Diagnostics 4707516
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