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Abstract
Telomeres are specialised structures, consisting of tracts of simple DNA sequence repeats
that cap the ends of chromosomes. These structures play a vital role in maintaining the
integrity of the genome and prevent the loss of genetic material that resides near the ends
of the chromosome. As cells age and divide, the length of telomeric DNA sequences reduces
and the progressive shortening of telomeres eventually leads to cell senescence and death.
At the whole organism level telomere length appears to reflect cumulative lifetime stresses,
and in humans, telomere shortening is associated with reduced longevity, many disease
states including cancers, cardiovascular disease, mental illness, cognitive function and other
phenotypes.
The primary goals of this thesis were to establish and validate a method for measuring
average telomere length, then apply it to examine a large longitudinal birth cohort for whom
a great deal of data has been gathered over a period of 30 years. The telomere length assay
is known as the monochrome multiplex quantitative polymerase chain reaction (MMqPCR)
assay (1). This method provides relative quantification of average telomere length in a
genomic DNA sample, by measuring the number of telomere repeats (T) normalised to the
single copy reference gene albumin (S), and expressed as a T/S ratio. Signficant technical
issues were encountered during the establishment of the assay, and it was found that the
choice of hot-start polymerase was essential to the success of the assay. This was because
the design of the telomere primers (1) necessitated an overlap of 3bp on their 3’ terminus,
which led to primer dimer formation with six of fifteen hot-start polymerases tested. Data
acquisition and calculation of T/S ratios was also challenging, and required export of data
from the real-time PCR platform used (Roche LightCycler LC480), because the machine
software was unable to handle the required analyses.
Once established, the reproducibility of the assay was tested and it was found that the assay
variation was sufficiently low to enable the detection of differences in telomere length
between individuals, using duplicate measures for each sample. Further validation was
attempted using Southern blotting of genomic DNA for comparison, but the number of
samples obtained was insufficient to validate the assay.
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As telomere length is known to decrease with age, the performance of the assay was tested
by comparing telomere length for subjects of different ages (seven, 25-40 and 50 years). A
difference in telomere length was found in the 50 year old age group compared to younger
age groups (P=0.001, 0.017). In addition, mouse embryonic stem cell DNA, reported to have
ultra-long telomeres, was also examined and these samples did show very long telomere
length in both the MMqPCR assay and Southern Blot.
The MMqPCR assay was then applied to the Christchurch Health and Development Study
(CHDS) which is a prospective longitudinal health study of over 1000 New Zealanders that
have been closely followed in intimate detail from birth until the present time. This cohort
provides a novel opportunity to examine associations between telomere length and life
stress in a longitudinal setting, which should provide superior outcomes to the more typical
cross-sectional or retrospective studies that form the bulk of the telomere biomarker
literature.
Preliminary MMqPCR data from a subset of the CHDS samples (n=255) was generated.
Attempts to test associations between general measures of stress and telomere length were
underpowered due to the small initial sample set used and the complexity and
heterogeneity of available stress measures. However, a significant association was observed
between individuals with the shortest telomeres and the highest rates of dependence using
the single stress measures of nicotine and alcohol dependence, and the collective measure
of substance dependence (P=0.0124, 0.0362 and 0.0008 respectively). No significant
difference in telomere length was found with the stress measure of illicit drug dependence,
but this group is of a small size. With the observed variability seen in the subset of samples
assayed from the CHDS cohort (T/S ratios of 0.04-10.48) and the associations made between
individual stressors and telomere length, there appears to be great potential in the use of
telomere length as a biomarker of stress.
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1 Introduction
Telomeres are repetitive non-coding nucleoprotein complexes that are located at the ends
of linear chromosomes providing a protective cap. Telomeres are essential for normal
cellular functioning as they maintain the integrity of the genome and prevent the loss of
genetic material that resides near the ends of the chromosome. Cellular proliferation
progressively shortens the telomere length and it is emerging that biological and
environmental stressors can increase this attrition rate (2-4). When the telomere length gets
to a critical stage it can no longer provide its protective function, and increasing evidence
has shown that critically short telomere length is somehow involved in the pathogenesis of
numerous diseases including cancer, mental illness and cardiovascular disease (5-8).

Therefore measuring the variation in telomere length is emerging as a potential biomarker
to assess the relationship between various stressors and disease. At the molecular level this
will inevitably help in the understanding of individual susceptibility and resistance to disease,
and responses of exposure to life stressors across the population. However, more
information is needed on the role of telomeres and their involvement in the cellular
response to various types of insults, and how this impacts on or contributes to disease
susceptibility (9). This critical review will discuss the role telomeres play in disease
pathogenesis and assess the current methodologies used to measure telomere length, and
their strengths and limitations. The value of telomere length as a potential biomarker will
also be examined.

1.1 Structure and Function
1.1.1 Historical View
Cells go through a finite number of cell divisions before undergoing replicative cellular
senescence which is also known as the Hayflick limit (10, 11). In 1973, Olovnikov proposed
that this limited number is due to semi-conservative replication and the “end replication
problem” where the inability of DNA polymerase to completely copy the lagging strand of
DNA results in the loss of a small 5’ segment of DNA in each division (12). Successive cellular
proliferation progressively shortens telomere length, and as somatic cells are unable to
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correct for this shortening, due to the down-regulation of the enzyme telomerase in these
cells, the telomere eventually reduces to a critical length leading to cell senescence and
apoptosis (13). Due to this phenomenon, telomere length has been inversely related to
biological aging (14). It is agreed that telomeres are a contributing factor in the aging process
although there is still much debate on the role they play, and this continues to be an intense
area of research (2).

1.1.2 Sequence Motif
Vertebrate telomeres are comprised of tandem (T2AG3)n hexameric repeats (15, 16). The
repeat length shows substantial individual variation and in humans is considered to be
around 10-15 kilobases (kb) for each chromosome (17). The disease dyskeratosis congenita
(DC) provides some evidence to suggest telomere length is inherited (18, 19) as the offspring
of patients with DC have increasingly short telomeres in subsequent generations (17).
Additionally, mouse models have shown that telomere length is genetically determined for a
given species (20); furthermore, twin studies have found that the variation between
individuals is to a large extent heritable (21), but more conclusive research is needed. The
function of the telomere is conserved even though the specific telomeric sequence differs
amongst species; Tetrahymena thermophila telomeres, for example, have the repeated
sequence (T2G4)n (22, 23). However, this sequence motif in itself is not sufficient to provide
the protective functioning. Numerous telomere sequence specific binding proteins recognise
this sequence and bind to both the single and double stranded forms, enabling the
formation of specialised higher order structures. Chromosomal stability, maintenance and
regulation of the telomere can then be achieved (24).

1.1.3 Structural Motif
The telomere is highly dynamic, forming both closed and open structures that are required
in different stages of the cell cycle. The higher order structure is not yet fully understood but
it is known that telomere length regulation and maintenance is in homeostatic balance and
is dependent on telomere structure and whether it is accessible by telomerase (25).
Telomere loops (t-loops) and displacement loops (d-loops) form when the 3’ single stranded
region of the telomere loops back and binds to the duplex telomeric DNA (t-loop) (see Fig.
1.1A). This displaces the duplex DNA, forming a triple stranded structure (d-loop) that is
3

stabilised by telomere binding proteins (24, 26), thereby protecting the end of the
chromosome. In vivo, highly stable four stranded G-quadruplex structures have been found
to form spontaneously at the telomere’s G rich 3’ single stranded overhang created during
replication (27) (see Fig. 1.1B); this inhibits the enzyme telomerase and is consequently
involved in telomere length maintenance (28).

B

A

Figure 1.1

Telomere structural motif

Telomeres form higher order structures as a result of comprising both double and single
stranded DNA and containing a high G-C content. A: The t-loop is formed when the single
stranded telomeric DNA loops back on itself forming a lariat structure. This displaces the
duplex DNA forming a triple stranded structure the d-loop which is held in place by DNA
binding proteins (26). B: G-quadruplex structures form in rich guanine sequences and
form four stranded structures that consist of a square arrangement that are stabilised by
Hoogsteen hydrogen bonding (29).

1.1.4 Telomere Function
Work in Drosophila melanogaster and maize by Muller 1938 (30) and McClintock 1941 (31),
respectively, provided insight into the functional role of the telomere. Linear chromosomes
generate single stranded DNA during replication, whereby the telomere structure allows the
chromosomes to be distinguished from double stranded breaks, inhibiting the activation of
the DNA damage and repair response. This provides protection from homologous
recombination and non-homologous end joining, which cause breakage upon mitosis,
resulting in genomic instability. In addition to their protective function, telomeres enable the
faithful segregation of genetic material into daughter cells thus promoting cellular survival
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and proliferation (13). Furthermore, during replication they are needed to compensate for
the successive shortening of the chromosome, to prevent the loss of genetic material that
resides near the end of linear chromosomes. Greider et al.(1996) proposed that telomeres
lose their protective function when the telomere length gets too short and their specialised
structures can no longer form (23).

1.1.5 Telomerase
Telomere length is very heterogeneous in somatic cells compared to their precursor germ
cells, thus providing the first evidence of an enzyme that could elongate telomere length
after replication. Using the ciliated protozoan Tetrahymena thermophila, Carol Greider and
Elizabeth Blackburn found that this enzyme (now known as telomerase) elongates the 3’ end
of the chromosome by the addition of specific repeated DNA sequences. Telomerase is a
ribonucleoprotein complex that contains both a catalytic reverse transcriptase core protein
(TERT) and an RNA template (TERC); complementary DNA can then be added to the 3’ end of
the telomere for de novo synthesis. However, telomerase is only up-regulated in certain
highly proliferating cells including the germ cells, and down-regulated in differentiated
somatic cells which consequently cannot regenerate telomere length. In contrast,
telomerase is highly active in cancer cells, where its role will be explained in detail in the
following section (32, 33).

1.2 The role of the telomere in disease
1.2.1 Relevance to disease
The telomere has been under investigation since Nobel Prize winners Carol Greider and
Elizabeth Blackburn discovered telomerase in 1984 (32), but its role in disease is a relatively
new area of research. In 1990, Harley et al. (34), proposed the idea that telomere shortening
is directly related to the aging process, which instigated the first association with telomeres
and disease, and in particular, age related diseases. A study conducted by Cawthon et al.
2003 further confirmed this initial theory and provided evidence that telomere length was
linked to mortality. The study showed that those participants aged 60 years and over who
had shorter telomeres also had higher mortality rates from heart disease and infectious
diseases, compared to participants with longer telomeres (35). These preliminary findings,
5

together with subsequent studies (7, 36-40), suggested that short telomeres could impact on
human health. Conversely, several studies have found no association of telomere length
with mortality (41, 42); however, it was argued that the age of the participants in different
studies was a contributing factor to differences in research outcomes. Telomere length has
now been linked to a wide variety of diseases including premature age related syndromes,
chronic inflammation and infection, cancer, cardiovascular disease and mental illness (5, 18,
43, 44). However, much remains unknown about the telomere’s mechanisms and
involvement in disease, which will be further discussed in the subsequent sections.

1.2.2 Mutations and Disease
The importance of functional telomeres and telomerase is highlighted by the countless
diseases that occur due to genetic defects in either constituent. Mutations in the telomerase
subunits hTERT or hTERC indicate that telomerase haploinsufficiency - whereby a single
functional copy is not adequate, resulting in telomere shortening and eventually disease
states in highly regenerative cells that rely on telomerase activity (13). Telomerase
haploinsufficiency was first implicated in the premature aging syndrome dyskeratosis
congenita (18, 19, 45), whereby progressive bone marrow failure is the primary cause of
mortality, and has been subsequently implicated in a myriad of other diseases including
immune deficiencies, aplastic anemia and idiopathic pulmonary fibrosis (9, 46). In addition,
rare genetic mutations have been identified that alter the telomere structure and
maintenance, including the loss of specific binding proteins and defects in the DNA damage
and repair pathways. Many diseases that result from these mutations have the same
underlying pathologies and are often age related (progeroid) syndromes (46).

1.2.3 The role of the telomere in Cancer
The progressive shortening of telomeres and the down-regulation of telomerase in somatic
cells is thought to be a tumour suppressor mechanism whereby limiting the cells capability
to divide (47, 48). Alternatively, telomeres promote tumour progression because cells that
can forgo the apoptosis induction pathway, regardless of the presence of dysfunctional
telomeres, are strongly selected for and thus have the ability to acquire genetic
rearrangements and encourage tumorigenicity (49). Furthermore, telomerase is found to be
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active in around 90% of invasive cancers (50), allowing the cancer cells to skip normal
cellular checkpoints and become immortal, giving rise to uncontrollable proliferating cells
(51). In addition, there are non-telomerase dependent mechanisms that cancer cells adopt,
such as alternative lengthening of the telomere (ALT), to regenerate telomere length and
continue proliferation (52). For this reason, targeting telomerase for cancer treatment has
generated a lot of interest and is an active area of current research (53, 54).

1.3 Telomere length as a putative biomarker
Telomeres are generally considered to reflect the biological age of a cell, as opposed to
chronological age, by representing genetic factors and the cumulative lifetime effect of
biological and environmental stressors (see Fig. 1.2). Further investigation has revealed that
these factors influence the attrition rate of telomere length, as replication alone does not
account for the rate of decline that is evident experimentally (55). It is thought that these
stressors accelerate cellular proliferation and thus cellular aging, although the exact
mechanisms are still unclear (2).

Understanding the role of the various stressors in relation to telomere length, attrition rate
and disease is still in its infancy. Research to date has been mainly based on cross-sectional
studies that were often inconclusive due to limitations in study design and sample number.
The lack of longitudinal studies, with long term collection of data in a prospective fashion,
has also been a limiting factor. To further complicate the issue, there is continuing debate in
the literature about what aspect of telomere dysfunction is the contributing factor in
disease; is it dependent on telomere length at birth, attrition rate, or the cumulative effect
of numerous short telomeres in the cell? Or is it the shortest telomere that triggers
senescence? (5, 56, 57) Hence, longitudinal studies that provide information on the change
in telomere length over time are required to test these hypotheses.

Nonetheless, there is increasing evidence to suggest that telomere length may prove to be a
valuable biomarker for overall health status compared to the biomarkers currently used (58),
as it shows a broader range of associations with countless disease states (6, 7). The fact that
telomere length is modified by numerous factors including genetics, and has a vast amount
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of variation amongst individuals, further enhances the benefit of telomere length use as a
biomarker.

Figure 1.2

Stressors affecting telomere length

Telomere length is considered to represent the cumulative lifetime effect from biological,
environmental and genetic stressors such as those represented in the above figure. These
stressors are thought to increase the attrition rate of the telomere length. Figure adapted
from http://mbbnet.umn.edu/icons/chromosome.html.

The interest in telomere length as a biomarker is highlighted by commercial interest in the
test.

For

example,

two

recently

established

companies,

Telome

Health

(www.telomehealth.com) and Life Length (www.lifelength.com), offer commercial, direct to
consumer measures of telomere length. Furthermore, Telome Health suggests that telomere
length may be useful as a biomarker for drug response, and thus a role in personalised
medicine. However, the validity of the tests is questionable as there appears to be
insufficient evidence to allow proper interpretation of these results, particularly at the
individual level (59).

1.3.1 Use of leukocytes and peripheral blood mononuclear cells (PBMC)
Even though telomere length is heterogeneous in the different cells and tissues, the majority
of studies have only used leukocytes or peripheral blood mononuclear cell (PBMC) to assess
telomere length. In vivo, leukocyte telomere length is thought to be modified by biological,
environmental and genetic factors including inflammation and aging (3, 43), thus providing
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an adequate representative effect of different stressors’ contribution to telomere length. An
advantage of using these cells is that they can be obtained in a minimally invasive fashion,
which is ideal for clinical use. However, it is important to be mindful that telomere length
may differ between adult tissues (60), and that although most studies to date have used
blood for telomere length measurement, this may be a somewhat limited view of telomere
dynamics across the whole body.

1.4 Disease
1.4.1 Cardiovascular Disease (CVD)
Cardiovascular disease has a high prevalence in the population, and is a major cause of
mortality. Numerous risk factors such as smoking, diabetes and even psychological stress
have already been identified as contributing factors to the development of CVD (36, 61);
however, there is still a lot of unexplained risk involved which is thought to explain the
varying age of onset in individuals. Furthermore, these risk factors have already been
proposed to affect telomere attrition rate, thus, telomere length has been proposed to be a
contributing factor in CVD (36)

There appears to be a general consensus (36, 38, 56, 57, 62) that telomere length is shorter
in people who possess different forms of CVD. However, it is not yet clear precisely which
CVD risk factors modulate telomere length. Poor study design, including wide variation in
types of health status and age of participants may contribute to the discrepancies in results,
as well as other potential confounding factors. Overall, the evidence suggests that telomeres
do play a role in CVD (63, 64), but the underlying mechanisms are poorly understood and
there is clearly a need for further research in this area.

1.4.2 Stress
1.4.2.1 Environmental Stressors
Due to the dynamic nature of the telomere it has been proposed that lifestyle factors
including smoking, body mass index, diet and physical activity can modulate telomere length
(3). It has even been suggested that individuals have the ability to change their telomere
length by changing their lifestyle (2). Several studies have provided evidence of increased
9

telomere length over time; however, this was unexplained and did not appear to be directly
due to environmental factors (5, 56, 57, 65, 66). Nonetheless, there is general agreement
that environmental stressors increase telomere attrition rate while there is inconclusive
evidence concerning the effect of individual environmental stressors and their resulting
affect on telomere length.

1.4.2.2 Psychological stress
In 2004, Epel et al. made the association between psychological stress and telomere length.
It was found that prolonged exposure to a highly stressful situation brought on by caregiving
for a chronically ill child, compared to a healthy child, resulted in shorter telomeres in the
caregiver (7). These findings were supported by subsequent studies, but these studies also
showed that it was the caregiving itself and not just duration of caregiving, that correlated
with shorter telomeres (40, 43).

There is a now growing body of evidence to suggest that childhood maltreatment, including
adversities such as sexual and physical abuse, somehow result in consequences to telomere
length in adulthood (8, 37, 43, 44, 67). Conversely, Glass (2010) found no such association
(68); however, these studies used different criteria for assessing childhood maltreatment.
Furthermore, all of the above studies have the potential for suffering from recall bias, as
assessment of childhood adversities was done using a questionnaire completed in adulthood
(8, 37, 68), rather than using data gathered longitudinally over a long period of time.
Childhood maltreatment can often lead to mood disorders or mental illness later in life, and
a number of these, including schizophrenia and depression are now associated with short
telomeres (39, 69). In addition, these diseases as well as chronic stress have been shown to
provide an increased susceptibility to somatic illness and poor immune function – and it is
conceivable that short telomeres may provide a mechanism for connecting these
phenomena (7).

1.4.2.3 Biological Stressors
Biological stressors, for example, oxidative stress, inflammation and stress hormones (4, 36,
43, 67) are considered to arise as a consequence of environmental factors. They are thought
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to modulate telomere length by increasing attrition rate, and therefore are somehow
involved in the underlying factors of disease pathology (62). However, the precise
mechanisms remain to be elucidated.

1.5 Methods of measuring telomere length
Currently there are several methods for measuring telomere length. However, the different
methods measure different aspects of telomere length, in cell populations, single cells or
individual chromosomes, each with associated advantages and disadvantages. Exploring the
value of telomere length as a biomarker requires a method that can effectively and
efficiently detect telomere length variation with high precision and throughput, allowing
associations to be made between telomere length, various stressors and disease. The
remainder of this review will discuss in detail the various methods for measuring telomere
length.

1.5.1 Southern Blot
Historically, the first method for measuring average telomere length in a population of cells
was performed by Southern blotting, providing information on the distribution of telomere
lengths for all the chromosomes in a sample of cells. This method involves the digestion of
genomic DNA with restriction enzymes such as HinfI and/or RsaI (70, 71), which cut nontelomeric DNA into many small fragments; leaving intact terminal restriction fragments
(TRFs). The DNA fragments are separated by agarose gel electrophoresis, transferred to a
membrane by blotting and hybridised to a labelled telomeric probe for detection. This
creates a telomere specific smear of low sensitivity, and measurement is achieved by
comparison to a known size marker or by densitometry (72). This method is relatively simple
to perform and specialised equipment is not required, although the use of radioactive
probes is potentially hazardous; however, non-isotopic probes can also be used (73).

A major drawback of this method is that it is rather imprecise as it does not provide the
actual length of the telomere because it still contains some of the sub-telomeric region.
Furthermore, polymorphisms in this region may further increase the confounding of true
results. The extent to which the sub-telomeric region influences telomeric DNA length using

11

this method is unknown (73), but using a combination of restriction enzymes for digestion
can reduce though not eliminate this effect (74). Bias towards longer telomeres is also
created by using hybridisation for detection, often missing short telomeres that cannot be
detected above background and further confounding true results (71).

Other downfalls of this method is that it is costly, time consuming and requires large
amounts of good quality DNA making it unsuitable for clinical use (9). Nonetheless, this
method is used for the validation of new methods.

1.5.2 Quantitative fluorescent in situ hybridisation (Q-FISH)
Fluorescence in situ hybridisation (FISH) (75) was the first method to use fluorescence to
look at telomeres, but was not capable of determining actual telomere length. In 1996,
Lansdorp et al.(76) created Q-FISH to allow for quantification, based on the traditional FISH
method. Q-FISH provided an insight into the heterogeneity of telomere lengths within and
between chromosome arms of the same and different cells as it measures individual
chromosomes. The major advantage of this technique is that it is able to detect critically
short telomeres with high resolution which are not assessed in the Southern blotting or
quantitative polymerase chain reaction (qPCR) methods, which measure average telomere
length for the total cell population, not individual cells and their chromosomes (77).

Q-FISH uses Cy3 or Fluorescein isothiocyanate (FITC) to fluorescently label synthetic peptide
nucleic acid (PNA) probes (CCCTAA)3 that hybridise to denatured telomeric DNA repeats in
metaphase preparations, with fluorescent microscopy and known standards used for
detection. These PNA probes are more stable than DNA/DNA duplexes so they effectively
compete with the re-annealing of the strands, and have a higher efficiency of hybridisation
to generate an intense staining for a sensitive measure of

quantification, allowing

measurement down to <0.1kb (78). They do, however, generate higher background
fluorescence which can give inaccurate results (79).

Q-FISH is very time consuming, labour intensive and requires specialised equipment and it is
problematic to get a sufficient number of cells that are in metaphase at once. Using
fluorescence for detection also brings some limitations such as photo-bleaching of the
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fluorophore and variation in signal intensity between assays, though this can be minimised
by using proper controls (78). There is also the possibility some telomeres will not be
detected as they will be below the detection threshold. Another drawback is the use of
metaphase spreads, where analysis is limited to cells that are able to proliferate and grow,
and senescent cells are therefore not analysed. This means that Q-FISH cannot be applied to
many study cohorts where only purified genomic DNA, rather than intact cells, is available.
Q-FISH also includes the sub-telomeric region which does not provide an accurate measure
of telomere length. This method is not suitable for population studies as it has a low
throughput, although this has been addressed recently by Canela et al 2007 with the
development of a high throughput method using interphase nuclei (78).

1.5.3 Flow-FISH
Flow-FISH was developed by Rufer et al. in 1998 and combines FISH with flow cytometry for
detection and analysis (80). This method provides a high throughput means to measure
average telomere length of thousands of cells in the population, and allows specific cell
subpopulations to be identified within the population by using different antibody marker
probes (81). Flow-FISH requires a large number of cells but also allows for blood samples to
be analysed, so unlike Q-FISH does not require cultured cells, and is therefore faster to
perform and analyse. A control cell line is used for normalisation and to compensate for
differences in the hybridisation steps. As fluorescence is used, the same disadvantages as
with Q-FISH apply to this method (79).

1.5.4 Single telomere length analysis (STELA)
The technique STELA is outlined in Baird et al 2003 and was developed to detect individual
chromosome ends, in particular critically short telomeres that are capable of triggering
replicative senescence (82). Unlike Q-FISH it has a high throughput and does not include the
sub-telomeric region, and unlike Flow-FISH does not require specialised equipment. STELA is
a very precise polymerase chain reaction (PCR) based method, but it is very labour intensive,
technically challenging and is limited to chromosomes with known sub-telomeric sequence
data to allow primers to anneal (9). Good quality DNA is required and telomeres larger than
20kb cannot be amplified, thus creating bias towards shorter telomeres (70, 71).
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1.5.5 Quantitative polymerase chain reaction (qPCR)
Currently, qPCR using the Cawthon 2002 protocol (74) is the predominant method used by
recent studies to measure average telomere length (5, 8, 37, 44, 56, 57). This method is an
extension of basic PCR whereby amplification and relative quantification of target DNA
occurs simultaneously. This is achieved by coupling the target DNA with a fluorescent dye,
where the amount of fluorescence generated is proportional to the amount of product.
Relative quantification is calculated by dividing the telomeric DNA product (T) by the
reference gene (S), that is present as a single copy in the genome, to generate a (T/S ratio)
(74).

Similar to the Southern blotting method, qPCR measures average telomere length, therefore
provides no information about the shortest telomere or the distribution of telomere lengths
within the cell (71). However, in contrast to Southern blotting, the sub-telomeric region is
not amplified, making this a more accurate method to measure average telomere length.
Another benefit over Southern blotting is that it is rapid with high throughput and it requires
only small amounts of DNA; and good quality DNA is not essential, but unlike Southern
blotting, qPCR does require specialised equipment (73).

A potential problem with this method is the use of the fluorescent dye SYBR Green for the
detection of products, as it can provide artificial results due to its non-specific nature. To
some degree, however, this limitation can be overcome by using a technique called melt
curve analysis to validate the amplicon signals.

The main limitation of this PCR based method is the amplification efficiency of the target
DNA, whereby small changes in efficiency in earlier cycles result in large changes in
subsequent cycles. This can be caused by primers mis-priming, changes in thermal cycling
temperatures or reagents creating bias in the results, but this can be minimised by using
appropriate controls (74). Another issue is that only relative quantification can be achieved,
although O’Callaghan et al. (83) have recently developed a method to allow for absolute
quantification of telomere length.
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1.5.6 Monochrome multiplex quantitative polymerase chain reaction
(MMqPCR)
In 2009 Cawthon developed a multiplexed version of his 2002 qPCR assay (1), whereby the
telomeric DNA and single copy gene are co-amplified in the same reaction (see Fig. 1.3). This
reduces potential inter-sample error and normalises differences in DNA concentration, and
therefore variation between the target and single copy gene (1). It also reduces the amount
of reagents required and allows for high throughput.

To enable efficient multiplexing, though, Cawthon made several changes to the original 2002
protocol. The major changes involve modifications of both primer sets to permit the two
targets to be amplified separately but in the same reaction, so the signals for quantification
do not overlap. Briefly, the addition of a G-C clamp to the 5’ end of the single copy gene
primers increases the melting point of the product, whereby a temperature shift melts the
telomeric DNA, enabling separate signal generation (84). However, to complicate things, the
telomere primers generate products of various lengths, melting at a range of temperatures
so a fixed length product is created. This result is achieved by the telc primer containing a 3’
mismatch so it can no longer prime the native telomeric DNA and can only prime the
extension product from the telg primer (1).
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A

B

C
Figure 1.3

Telomere length measurement by qPCR

Three pairs of chromosomes are shown (A,B,C) where the circles represent the centromere, the blue region the genomic DNA and the green the
telomeric (TTAGGG)n repeats. The telomereic repeat length as shown differs between the different chromosomes as well as the same arms of
individual chromosomes. The blue arrows represent the telomere primer pairs, where there are multiple binding sites along the telomeric repeat
sequence and the number able to bind is proportional to the length of the telomere, thus is a measure of length. The red primer pairs (C) are the
single copy gene primers, which only bind at one position in the genome, allowing average telomere length to be determined using a ratio of the
telomere product to the single copy gene (T/S) (85).
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The different aspects of telomere length can be measured using different methods;
however, recent literature surrounding telomere length is predominantly based on
measures of average telomere length. Only genomic DNA preparations were available for
the analysis of telomere length in this project which meant that methods such as Q-FISH,
which uses cells, could not be performed, eliminating this as an option. Of the methods for
measuring average telomere length qPCR is currently the more precise method as it does
not include the sub-telomeric region, which is included when Southern blotting is performed
and is therefore not as accurate a measure of length. MMqPCR is the latest adaptation to
the qPCR method where the telomere product is amplified in the same reaction as the
reference gene, further reducing error by normalising differences in DNA concentration
between samples. As MMqPCR is the most precise method for measuring telomere length, it
was chosen to measure average telomere lengths in this honours project.

1.6 Conclusion and Aims
There are still many gaps in the literature surrounding the telomere regarding its
maintenance, regulation and the mechanisms involved in health and disease. There is still
debate on what aspect of telomere length is associated with disease and it is largely
unknown whether this has a causal or contributing role in cellular instability and the
resulting organism’s fitness. However, there is emerging evidence to suggest that telomere
length is involved in the pathogenesis of disease and could prove to be a valuable biomarker.

The aim of this honours project was to establish the Cawthon (2009) method of MMqPCR to
measure average telomere length. Once fully established, the assay was to be applied to the
Christchurch Health and Development Study (CHDS) (86). The CHDS is a longitudinal health
study of over 1000 New Zealanders now approaching 35 years of age, who have been
followed in intimate detail from birth until the present time. A rich dataset has been
collected at regular intervals on a wide range of biological and social stressors around these
individuals using a mixture of data sources.

This cohort, therefore, provided a novel

opportunity to examine associations between telomere length and life stress in a
longitudinal setting, which should provide superior outcomes to the more typical crosssectional or retrospective studies that form the bulk of the telomere biomarker literature.
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My hypothesis for this project was that exposure to life stressors is associated with
variations in telomere length and that telomere length is modulated by specific
environmental factors such as smoking, or living in high or low stress environments.
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2 Materials and Methods
2.1.1 Reagent source and general stocks
All reagents used were of analytical grade and sourced from well known companies. The
supplier is noted next to the reagent when used and the procedures for making the general
stocks are found in appendix A.

2.1.2 DNA source, concentration and quality
Genomic DNA used to establish and validate the assay had been extracted prior to the
commencement of the project. The DNA was extracted from whole blood using a modified
salting out procedure (87). The concentration of each DNA sample was checked using a
Nanodrop spectrophotometer (Bioline) which was blanked with Millipore purified water
(MPW) prior to loading the samples, and concentration determined by the ratio of
absorbance at 260 nm and 280 nm (A260/280). The quality of the sample was determined by
running the genomic DNA on a 0.8% agarose gel, staining with SYBR® Safe (Invitrogen,
Auckland), and visually assessing the integrity of the sample.

2.1.3 DNA Samples and Cohorts
Various genomic DNA samples from Gene Structure and Function Laboratory stocks were
used for establishment of the assay. During the optimisation process, 36 genomic DNA
samples were randomly chosen either from the New Zealand Asthma and Allergy Cohort
Study (NZA2CS) (88) or the Christchurch Health, Aging and Lifestyle Cohort (CHALICE) (Joyce
et al., unpublished). Samples were stored at 4°C for short term storage and -20°C for long
term storage. The two cohorts were chosen as they represent three different age groups,
which were hypothesised to show differences in telomere length. The NZA2CS cohort
provided samples from two age groups, children 7 years of age and their mothers; and the
CHALICE samples were from participants 50 years and older. Of the 36 samples used, three
groups of 12 were taken to represent each age group. The use of the DNA from the NZA2CS
and CHALICE cohorts was approved by either the Canterbury and/or Wellington Ethics
Committee (Christchurch, Wellington, New Zealand).
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The pilot data for the association analysis between the different stress measures and
telomere length consisted of a random subset (255 samples) from the longitudinal health
cohort, the Christchurch Health and Development Study (CHDS) (86, 89). All babies born in
the Christchurch urban region during mid 1977 were recruited into the study and the
parents of 1265 (97%) agreed to participate in the study, making this a representative
sample of New Zealanders. Participants have been studied intensely from birth to adulthood
with data collected at regular intervals on a wide range of biological and environmental
stressors including prematurity, exposure to child abuse and neglect, use and abuse of
substances, exposure to adverse life events. This dataset therefore provides a
comprehensive life history of the exposure of the participants to various forms of biological
and environmental life stress. Consented blood samples for 780 subjects were previously
collected and used for genomic DNA preparation. DNA samples were stored at 4°C for short
term use and -20°C for long term storage. The extraction procedure and assessment of
concentration and quality of these samples was identical to that outlined in 2.1.2. Ethics
approval for collection of blood samples was obtained from the Upper South A Regional
Ethics Committee (Ethics Reference – CTB/04/11/234).

2.2 Polymerase Chain Reaction (PCR)
2.2.1 Thermocycling equipment
In the initial stages of establishing the assay, PCR was performed using an Eppendorf
Mastercycler® Gradient S PCR machine before the assay was moved onto quantitative
analysis on the Roche LightCycler® 480 (LC480) Real-Time PCR instrument (Roche Applied
Science, Auckland).

2.2.2 Primer Design and Storage
Primers for MMqPCR were as described by Cawthon (2009) (1) and are listed in Tab. 2.1.The
single copy reference gene primer pairs were checked using the in silico PCR function of the
UCSC Genome Browser (University of California, Santa Cruz-http://genome.ucsc.edu/cgibin/hgPcr) to ensure primers were correct in the publication and specific to the target
sequence. The telomere primers could not be verified as they target repeat sequences, and
were designed with specific mismatches to native telomeric DNA. Primers were ordered
from Integrated DNA Technologies (Korea) and were reconstituted in MPW. A 50 µM stock
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primer solution was made and used for multiplex reactions and a primer solution of 10 µM
was used for singleplex reactions. Both stocks were stored at 4⁰C for long term use.
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Table 2.1 Primer and amplimer sequences
Name
TELG
TELC

Sequence (5’-3’)
ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT
TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCTAACA

%GC
45
45.2

Amplimer (79bp)

ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGTATCCCTATCCCTATCCCTATCCCTATCCCTATGGATTGT

ALBU
ALBD

CGGCGGCGGGCGGCGCGGGCTGGGCGGAAATGCTGCACAGAATCCTTG
GCCCGGCCCGCCGCGCCCGTCCCGCCGGAAAAGCATGGTCGCCTGTT

Amplimer (98bp)

AAAACGCCAGTAAGTGACAGAGTCACCAAATGCTGCACAGAATCCTTGGTGAACAGGCGACCATGCTTTTCAGCTCTGGAAG
TCGATGAAACATACGT

HBGU
HBGD

CGGCGGCGGGCGGCGCGGGCTGGGCGGCTTCATCCACGTTCACCTTG
GCCCGGCCCGCCGCGCCCGTCCCGCCGGAGGAGAAGTCTGCCGTT

Amplimer (106bp)

CCAACCTGCCCAGGGCCTCACCACCAACTTCATCCACGTTCACCTTGCCCCACAGGGCAGTAACGGCAGACTTCTCCTCAGGA
GTCAGATGCACCATGGTGTCTGT

Y1.1
Y1.2

TCCACTTTATTCCAGGCCTGTCC
TTGAATGGAATGGGAACGAATGG

72.9
76.5

76.5
80

52
43

Amplimer (154bp)

TCCACTTTATTCCAGGCCTGTCCATTACACTACATTCCCTTCCATTCCAATGAATTCCATTCCATTCCAATCCATTCCTTTCCTTTC
GCTTGCATTCCATTCTATTCTCTTCTACTGCATACAATTTCACTCCATTCGTTCCCATTCCATTCAA
* Bases in bold are the GC clamp on the single copy reference gene primers
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2.2.3 PCR set-up
All pre‐PCR reactions used filter pipette tips, sterile 200 µl strip tubes, UV/ethanol-treated
pipettes and were carried out on a separate pre‐PCR bench to avoid contamination with
post‐PCR products or genomic DNA. The PCR master mix used for establishing the assay was
replicated from Cawthon 2009 (1) and shown in Tab. 2.2 with a total reaction volume of
25 µl per sample. Standard cycling conditions are shown in Tab. 2.3 and were carried out
with an Eppendorf Mastercycler® Gradient S unless otherwise stated. Singleplex reactions
were used to solely amplify the telomere product during establishment of the assay, and did
not contain the albumin primer pairs (Albu, Albd). A final primer concentration of 900 nM
was achieved using the 10 µM primer stock solution and made up to 25 µl with MPW.
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Table 2.2 Initial multiplexed PCR master mix
Reagent

Stock concentration

Final concentration

Source of reagent

SYBR® Green Fluorescent Dye

10X

0.75X

Molecular probes®, Oregon

PCR Buffer

10X

1X

Fisher Biotec, Wembley

MgCl2

25 mM

3 mM

Fisher Biotec, Wembley

dNTP

2 mM each dNTP

0.2 mM each dNTP

Fisher Biotec, Wembley

Dithiothreitol (DTT)

10 mM

1 mM

Invitrogen, Auckland

Betaine

5M

1M

Sigma Aldrich, Auckland

TAQ-Ti Heat-Activated DNA polymerase

5 U/µl

0.625 U/µl

Fisher Biotec, Wembley

Genomic DNA*

20 ng/µl

0.8 ng/µl

Telg Primer

50 µM

900 nM

Telc Primer

50 µM

900 nM

Albu Primer

50 µM

900 nM

Albd Primer

50 µM

900 nM

H2O**
*Positive controls used genomic DNA; negative controls used the equivalent volume of H2O
**Volume of reaction was made up to 25µl with MPW
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Table 2.3

Standard cycling conditions

Program Number

Temperature

Time

Number of Cycles

1

95°C

4min

1

2

94°C

15sec

2

49°C

15sec

94°C

15sec

62°C

10sec

74°C *

15sec

84°C

10sec

88°C**

15sec

3
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* Telomere product acquired
**Single copy reference gene product acquired

2.3 Agarose Gel electrophoresis
Agarose gel electrophoresis was used to determine the quality of genomic DNA samples and
to resolve PCR products.

2.3.1 Gel preparation
Molecular grade agarose (Invitrogen, Auckland) was dissolved by boiling in 1X TAE buffer to
give either a 0.8 or 3% agarose (w/v) solution, and 4 µl SYBR® Safe DNA gel stain added to
every 100 mL made. Approximately 50 mL of solution was poured into a casting tray set in an
Easy Cast TM electrophoresis system (Thermo Scientific, Owl Separation Systems) and a comb
to form the wells inserted at the anode. Once set, the gel was submerged in 1X TAE buffer
and the comb removed.

2.3.2 Sample preparation and Electrophoresis
5 µl of PCR product was mixed with 3 µl loading dye (Fermentas Life Sciences, Queensland)
and 2 µl 1X TAE buffer before being loaded into the wells of the gel. These were run adjacent
to 5 µl of either a GeneRulerTM 10 base pair (bp), 100bp or 1 kilobase (kb) ladder (Fermentas,
Queensland) and electrophoresed at around 100V for approximately 30-45 minutes or until
the dye front was 2/3 the way down the gel. The gel was then placed in a Syngene G:Box EF2
gel imaging system for visualisation of the PCR products under UV light and photographed
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using GeneSys V1.0.9.0 software. Images were edited as required to allow for adequate
visualisation and saved onto a USB drive as a JPEG file.

2.4 Restriction Digest of PCR products
The FastDigest® restriction enzyme HinfI (Fermentas, Queensland) was used to cut and verify
the single copy reference gene albumin PCR product. Standard PCR master mix in singleplex
Tab. 2.2 and cycling profile in Tab. 2.3 was used to obtain the PCR product for digestion. The
reaction volume was increased from 25 µl to 50 µl to enable approximately 1 µg of product
for digestion to allow for successful visualisation on a 3% agarose gel. Before digestion, the
PCR product was cleaned up to remove any excess dNTPs and primers by adding all of the
PCR reaction into an AcroPrepTM 384‐well filter plate and centrifuging at 4°C for 30 minutes at
3220 relative centrifugal force (rcf) in an Eppendorf 5810-R centrifuge. An equal volume of
water was added to each well and left to sit for approximately 10 minutes to re-suspend the
DNA. The DNA concentration was obtained from the nanodrop spectrophotometer as
previously described in section 2.1.2. The final reaction volume of 30 µl included 20 µl of the
cleaned up PCR product, 3 µl manufacturers supplied FastDigest® buffer (Fermentas,
Queensland), 1 µl of the restriction enzyme HinfI, and 6 µl H2O, with digestion completed
for only 5 minutes at 37˚C due to the use of the FastDigest® restriction enzyme. Successful
digestion was determined by running the products run on a 3% agarose gel.

2.5 MMqPCR telomere length assay
Because implementation of the Multiplexed Monochrome quantitative PCR (MMqPCR) assay
(1) proved to be technically challenging, the bulk of my Honours research concerned
development, troubleshooting and validation of the method. The final protocol derived
from these experiments is recorded here, with justification and modifications to the original
published method (Cawthon 2009) described in the results chapters of the thesis.
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2.5.1 Original LightCycler protocol
After initial development of the assay was achieved using standard PCR and visualisation of
PCR products by electrophoresis, establishment of the assay on the LC480 instrument to
allow quantitative PCR was then required. This involved a change in cycling profile (see Tab.
2.4) to enable the LC480 to process the data obtained from the multiplexed reaction, where
signal acquisition from the two products was obtained in different cycles (see Fig. 2.1B). This
modification was provided by Richard Cawthon, the author of the original MMqPCR protocol
(90).
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Table 2.4
Program Number

Initial cycling profile for LightCycler 480
Target (˚C)

Acqusition

Hold

Mode

(hh:mm:ss)

Ramp Rate (˚C/s)

1

95˚C

None

00:15:00

2.5

2

94˚C

None

00:00:15

2.5

49˚C

None

00:01:00

2.5

94˚C

None

00:00:15

2.5

59˚C

None

00:00:30

2.5

85˚C

None

00:00:15

4.8

59˚C

Single*

00:00:30

2.5

94˚C

None

00:00:15

4.8

84˚C

None

00:00:10

2.5

85˚C

Single**

00:00:15

4.8

6

59˚C

None

00:00:05

2.5

7

95˚C

Continuous

3

4

5

0.11

Acqusitions per ˚C

Number of cycles

1

2

4

20

27

5

*Telomere product fluorescence is acquired during this step
**Single copy gene product fluorescence is acquired during this step
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A

B

Figure 2.1

Initial LightCycler 480 display

A: Real time visualisation of how the two products are amplified using the initial cycling protocol in Tab. 2.4. Three different genomic DNA samples
are used as the positive controls and are represented with the different coloured lines, and the black line represents the negative control. The
telomere product is in high abundance and therefore amplifies in earlier cycles around cycle 17 compared to cycle 35 for the low abundant single
copy reference gene. B: The temperature history of the cycling protocol. The green dots represent where the signal is acquired for each product. For
each product this occurs in separate cycles after the extension stage of the reaction. The telomere signal is acquired at 59°C, indicated by the bottom
row of green dots, the temperature is then increased approximately 45 minutes into the run protocol to amplify the single copy reference gene with
signal acquisition occurring at 85°C, represented by the second row of green dots. The melt curve used to verify products occurs in the last program
of the protocol and is represented by the green line.
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2.6 MMqPCR Final method implemented
The Roche data analysis software on the LC480 was unable to process the original LC480
MMqPCR data because two acquisitions were made for each product in different cycles. In
order to solve this problem, I searched for authors of other papers who described telomere
length measurements using the Roche LC480 system. The author of one of these papers
(91), Dr Michael Kirwan (m.j.kirwan@qmul.ac.uk, Queen Mary University of London, Blizard
Institute of Cell and Molecular Science, London), suggested further modifications to the
cycling profile (see Tab. 2.6). Previously signal acquisition for the two products occurred in
different cycles requiring a different program number for each product (shown in program 4
and 5), whereas in Dr Kirwan’s cycling profile, signal acquisition occurs in the same cycle
(program number 3 only) (see Fig. 2.2B). Dr Kirwan also suggested modifications to the PCR
master mix for multiplexing, where Betaine and DTT, originally included to resolve the high
GC content of the DNA, were omitted. This new master mix (see Tab. 2.5) was trialled and it
was found that these additives were indeed not necessary.

Table 2.5

Final MMqPCR reaction master mix

Reagent

Concentration of Stock

Final Concentration

LightCycler® 480 probes Master

2X

1X

SYTO® 9 fluorescent Dye

50 µM

1.5 µM

Telg Primer

50 µM

900 nM

Telc Primer

50 µM

900 nM

Albu Primer

50 µM

900 nM

Albd Primer

50 µM

900 nM

Genomic DNA*

2 ng/µL

10 ng

H2O
*Genomic DNA samples were diluted to 2 ng/µl with MPW prior to being assayed.
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Table 2.6

Final Cycling Profile on LightCycler 480

Program Number

Target

Acqusition

(˚C)

Mode

1

95˚C

None

00:15:00

2.5

1

2

94˚C

None

00:00:15

2.5

2

49˚C

None

00:00:15

2.5

94˚C

None

00:00:15

4.8

62˚C

None

00:00:10

2.5

74˚C

Single*

00:00:15

4.8

84˚C

None

00:00:10

4.8

88˚C

Single**

00:00:15

4.8

94˚C

None

00:00:05

4.8

59˚C

None

00:00:05

2.5

95˚C

Continuous

3

4

Hold (hh:mm:ss)

Ramp Rate

Acqusitions per ˚C

Number of cycles

(˚C/s)

0.11

40

5

*Telomere product fluorescence is acquired during this step
**Single copy gene product fluorescence is acquired during this step
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A

B

Figure 2.2

Final LightCycler 480 display

A: Real time visualisation of how the two products are amplified using the final cycling protocol in Tab. 2.6. The positive control containing genomic
DNA is shown with both the telomere and single copy gene products being amplified. This protocol has two fluorescent acquisitions per cycle which
alternate between the more abundant telomere product at and the less abundant single copy reference gene. This is represented by the alternating
peak pattern where the telomere product is shown by the higher peak amplifying around cycle 45 and the single copy reference gene as the lower of
the two peaks amplifying around cycle 53. B: The temperature history of the cycling protocol. The green dots represent where the signal is acquired
for each product. For each product this occurs in the same cycle after the extension stage of the reaction and is indicated with the alternating green
dots. The telomere signal is acquired at 74°C, indicated by the bottom row of green dots and the single copy reference gene at 85°C represented by
the second row of green dots. The melt curve used to verify products occurs in the last program of the protocol and is represented by the green line.
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2.6.1 Assay Protocol
2.6.1.1 Standard curve
The standard curve is used to normalise for differences in DNA concentration between the
telomere and single copy gene product. Six concentrations of a reference DNA sample of
known concentration were chosen to encompass the range in telomere length expected,
based on the variation found between different ages. The reference genomic DNA sample
(118 ng/µl) was diluted to 30 ng/µl, 15 ng/µl, 5 ng/µl, 1.7 ng/µl, 0.56 ng/µl and 0.19 ng/µl
with MPW (see Appendix D), and MPW was also used as the negative control. Each dilution
was allowed to stand at room temperature for a few minutes before use, to allow for the
adequate diffusion of DNA.

2.6.1.2 Quality Controls
Positive and negative controls were run routinely in every assay at both the beginning and
end to check for intra-assay variation (drift) and to control for any confounding variables in
the reaction such as contamination. Two positive controls were chosen to represent both a
long and short average telomere length and were of a known length determined by
Southern blot analysis; and a negative control containing MPW instead of DNA to check for
contamination.

2.6.1.3 Assay preparation
MMqPCR reaction master mix (MM) was made up as outlined in Tab. 2.5 with the exclusion
of the genomic DNA. A bulk master mix was made where the volume was dependent on the
number of samples to be assayed and was calculated by allowing 30 µl of MM for each
sample to be analysed. This was vortex mixed and evenly distributed into 8 well strip tubes
for ease of pipetting with a multichannel pipette. 23 µl of MM was dispensed into all sample
tubes and 12 µl of 2 ng/µl genomic DNA sample added, then mixed by pipetting up and
down. Duplicates of 15 µl were dispensed into the 384 well plate and an optical sealer
applied to cover the plate, followed by centrifugation for 2 minutes at 2000 rcf to make sure
the samples were at the bottom of the wells. The plate was then inserted into the LC480 and
the cycling profile from Tab. 2.6 loaded.
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2.6.2 Data Analysis
2.6.2.1 Organising the data
This protocol was kindly provided by Dr Michael Kirwan (m.j.kirwan@qmul.ac.uk, Blizard
Institute of Cell and Molecular Science, London). After completion of the experiment, the
data were exported from the Roche LC480 software and saved as a tab-delimited *.txt file,
then imported into Microsoft Excel. To separate the melt curve data from the telomere and
single copy gene data, a blank row was inserted under the header and sorted by Prog#
(column C) values smallest to largest. This shifts the melt curve data (program 4) to the
bottom where it can be deleted as these data are not required to calculate the T/S ratio. The
remaining data were selected and sorted by Seg# (column D), which moved the telomere
data (seg 3) to the top and the single copy gene data (seg 5) to the bottom. The two header
rows and the newly rearranged data from either the telomere or single copy gene were
copied from this sheet onto a separate Excel sheet for each product, and saved as a tabdelimited *.txt file.

2.6.2.2 Analysing the raw data
The telomere and single copy reference gene product data were processed separately. This
was done by first opening a blank Excel spreadsheet, which was necessary to allow the
LC480 conversion program to run, and then importing the newly organised data into the
program using the open text file tab. The plate size used was selected and the data
converted to grid format. Depending on the number of samples assayed and their position
on the plate, all wells or just a subset were selected for analysis by typing in the range
required. The data from these wells were then exported to the open Excel workbook.
With the converted Excel file open, the program LinRegPCR (92) was then able to run and
calculate the Ct of the samples. The converted data were not baseline-corrected, and the
LightCycler 480 (converted raw data) was chosen as the data file format to be used. Other
parameters used included the amplification of double stranded DNA, and using a DNA
binding dye as the monitoring chemistry. The baseline was then determined and Ct values
calculated, with the data saved to the open excel workbook in the position specified in the
“place output” box. The Ct for each sample was found under the Cq column.
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2.6.2.3 Calculating the T/S ratio for average telomere length
Using Excel, the standard curve was calculated for each product by averaging the raw Ct
values for the duplicates, and then plotting these against the log (DNA) of the six known
standard concentrations on an x/y scatter plot. To calculate the log (DNA) of the samples a
linear trend line was generated from the standard curve and an equation in the form of
y=mx+c obtained (x = Ct value), and applied to each sample for normalisation. The data was
converted to linear (DNA) using the equation =10^(log(DNA)) and the duplicates averaged.
These are the T and S values for the telomere product and single copy gene respectively,
with average telomere length calculated by dividing T by S (T/S).

2.7 Southern Blotting
To validate the MMqPCR results, Southern blotting, the classical method for measuring
telomere length (6, 93), was performed.

2.7.1 TeloTTAGGG Telomere Length Assay
The Southern blot based TeloTTAGGG assay was available as a kit from Roche Applied
Sciences (Cat. No. 12 209 136 001), which uses a non-radioactive chemiluminescent method
to measure mean terminal restriction fragment (TRF) length (see Fig. 2.3). This was
performed by following the manufacturer’s protocol, briefly outlined below.
Purified genomic DNA was digested with the restriction enzymes HinfI and RsaI for 2 hours
at 37˚C to cut the genomic DNA into low molecular weight fragments, leaving the telomeric
and sub-telomeric region uncut and intact. The DNA fragments were then separated by gel
electrophoresis on a 0.8% agarose gel for approximately 4 hours at 120V or until the dye
front migrated 15cm. The separated fragments were then transferred onto a nylon
membrane by blotting overnight using capillary transfer. The transfer membrane was
incubated with a telomere specific, digoxigenin (DIG) labelled probe, which hybridises to the
telomeric and sub-telomeric region. A DIG specific antibody covalently coupled to alkaline
phosphatase was added which converts the substrate CSP-Star into a chemiluminescent
signal, indicating the location of the telomere probe and therefore telomeric DNA on the
blot. The blot was placed in a Syngene Chemigenius2 Bio-imaging system for visualisation of
the telomeric DNA for a total exposure time of 20 minutes and photographed at five minute
intervals using GeneSnap V6.05.01 software. The telomeric DNA was visible as a smear and
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images were edited as required to allow for adequate visualisation and saved onto a USB
drive as a TIF file.

“Image removed for copyright reasons”

Figure 2.3

Principle of Southern blotting method

Southern blotting using chemiluminescent detection to measure mean TRF length. The
genomic DNA is digested to leave the telomeric and sub-telomeric region intact. The
fragments are separated on a 0.8% agarose gel and transferred onto a nylon membrane. A
DIG labelled telomere specific probe binds to the telomeric DNA, which is then incubated
with Anti-DIG-AP and converted into a detectable signal by CDP-Star. Reproduced from
https://www.roche-applied-science.com/servlet/RCProductDisplay?storeId=10151
&catalogId=10151&langId=-1&countryId=nz&forCountryId=nz&productId=3.5.4.1.1.4.

2.7.2 Densitometry analysis
To convert the telomeric specific smear on the Southern blot image into mean terminal
restriction fragment length (TRF), the TIF file was first opened in Image J software (version
1.43u, NIH, Bethesda) using file>Open (see Fig. 2.4). The image colour was then inverted
(Edit>Invert) to enable analysis. Each lane containing a different DNA sample was analysed
separately. The image was rotated to align the lanes vertically (Image>transform>rotate)
before overlaying a box on the image to measure mean density of the telomere specific
smear. The size of the box was determined so that it only encapsulated the signal from the
individual lane and to allow approximately 30 boxes of the same size to be fitted to each
individual lane (Fig. 2.4). The first box was numbered (Ctrl+Alt+1) and then the average
density measured (Ctrl+Alt+3). The box was then dragged using the arrow pointer and lined
up under the first box, numbered using (Ctrl+Alt+2) and measured (Ctrl+Alt+3). This was
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repeated for all 30 boxes. The background density was calculated using the average density
of several boxes that did not contain a telomere specific signal, and subtracted from each
box that did have a signal. For each box containing DNA, the mean density (ODi) and
corresponding length (Li) using the molecular weight at the mid-point of the box was
calculated and then substituted into the formula ∑ (OD i) / ∑ (ODi /Li) to obtain mean TRF
length.

Figure 2.4

Densitometry analysis of mean TRF length

The Southern Blot is shown with the telomere specific smear in white. Lane M contains the
size standard ranging from 21.2kb to 1.9kb. Lanes 1-6 contain different genomic DNA
samples. Lane 2 shows the principles of how the analysis is performed using the ImageJ
software.

2.8 Bioinformatics, statistical analysis and software used
A brief explanation of the software and its use throughout the project is found below, with
detailed explanations found when required next to the appropriate experiment


UCSC Genome Browser http://genome.ucsc.edu/

In Silico PCR was performed to confirm the single copy reference gene primer pairs were
specific to the target sequence, and to obtain the amplicon size.
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Geneious pro v5.5.3 http://www.geneious.com/

Verification of the single copy reference gene albumin PCR product was achieved using a
restriction digest, and Geneious Pro version 5.5 (94) was used to identify a suitable
restriction enzyme to perform this.


LC480 Conversion program http://www.hartfaalcentrum.nl/index.php?main=files&sub=0

The raw data exported from the LightCycler 480 was converted into a format that could be
analysed on LinRegPCR using the LC480 conversion program.


LinRegPCR http://www.hartfaalcentrum.nl/index.php?main=files&sub=0

The cycle threshold (Ct) and PCR efficiency for the telomere and single copy reference gene
samples was determined by LinRegPCR (92). LinRegPCR is a program for the analysis of
quantitative RT-PCR (qPCR) data resulting from monitoring the PCR reaction with SYBR green
or similar fluorescent dyes. The program determines baseline fluorescence and does a
baseline subtraction, then calculates PCR efficiencies per sample. Starting concentration per
sample is then expressed in arbitrary fluorescence units (95).


Microsoft Excel

To calculate the average telomere length, data was exported from LinRegPCR to Microsoft
Excel (2007), then manually manipulated and converted into a T/S ratio.


ImageJ 1.43u http://rsb.info.nih.gov/ij/

The chemiluminescent signal generated from the Southern blot was analysed using
densitometry and ImageJ version 1.43u (NIH, Bethesda) software to obtain mean TRF length


Sigma Plot 12.0 http://www.sigmaplot.com/

Assay reproducibility was analysed by one-way repeated measures ANOVA using the HolmSidak test for significance with Sigmaplot (version 12.0, Systat, Chicago, USA).


Statistical analysis

Mantel-Haenszel Chi-Square test of linear trend was selected for the association analysis of
the pilot data as it preserves power. A P value of <0.05 was considered significant.
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3 Results
3.1 Introduction
Monchrome multiplex quantitative PCR (MMqPCR) involves the co-amplification of more
than one product in the same PCR reaction, using specific primer pairs and a single
fluorescent dye. This is achieved as the telomere product has a high copy number compared
to the reference gene that is found as a single copy in the genome. This enables the
abundant telomere product to be amplified in earlier PCR cycles compared to the single copy
reference gene, ensuring the fluorescent signals do not overlap for the two products and
allowing for separate quantification. However, this is not straightforward due to the highly
repetitive nature of the telomeric DNA, where there are multiple priming sites along the
hexameric repeat tracts; these multiple sites have the potential to generate products of
various lengths, which would therefore interfere with quantification.
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C

Figure 3.1

Telomere primer design

A: In Cycle 1, the telg primer hybridises the native telomeric DNA and primes synthesis. The telc primer can hybridise to the native telomeric DNA but
cannot prime synthesis due to a 3’ terminal mismatch. The 5’ ends of both primers (shown in upper case bases) do not hybridise to the native
telomeric DNA, preventing the primers’ 3’ ends from priming synthesis in the middle of other copies of the telomere product in subsequent cycles. B:
Primer dimer formation is inhibited as shown due to the specific mismatches in both the sequences. C: In Cycle 2, the telc primer can now hybridise
the extension product of the telg primer that was synthesised in cycle 1 but only in the configuration shown. This generates a fixed length 79bp
product (1).
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Successful multiplexing is achieved with sophisticated design of the telomere primers (see
Fig. 3.1), which ensures exclusive generation of a fixed length product of 79bp. This is
accomplished by allowing only the forward primer (telg) to anneal with native telomeric
DNA, and extend on this template. The reverse primer (telc) cannot do so as it contains a 3’
terminal mismatch. This primer can, however, prime the extension product of telg; but the
strategic placement of mismatches means that only one annealed configuration will allow
DNA synthesis. To ensure the primers 3’ end cannot prime synthesis in the middle of other
telomere PCR products in subsequent cycles, their 5’ end has been designed to lack
homology with native telomeric DNA, and it therefore does not bind when the rest of the
primer is optimally hybridised. Longer telomeres have proportionally more binding sites for
the primers, so that the amount of telomere product generated is proportional to telomere
length.

This section describes the steps involved in establishing and optimising an operational
MMqPCR assay to measure average telomere length. Relative quantification is achieved by
calculating a T/S ratio with the amplification of two targets the telomeric DNA (T) and a
single copy reference gene (S) albumin in the same sample. My initial experiments were
focused on establishing the reference gene PCR, and then the telomeric PCR, and in these
experiments I used non-quantitative PCR and agarose gel electrophoresis to visualise
products. This allowed me to establish the essential components of the assay, before moving
to a quantitative PCR approach.

3.2 Single copy reference gene selection
In order to achieve relative quantification of average telomere length using a T/S ratio, an
appropriate reference gene is required that must exist as a single copy in the genome.
Multiplexing the assay allows this gene to be used as an internal control to rule out failure of
amplification due to inhibitors and to compensate for differences in DNA concentration
between the samples.
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3.2.1 Albumin versus Beta-Globin
Two reference genes from Cawthon (2009) were trialled, albumin (ALB) and beta-globin
(HBB). Their amplimers were obtained using in Silico PCR and checked using UCSC Genome
Browser Human Feb. 2009 (GRCh37/hg19) (http://genome.ucsc.edu/), confirming specificity
with a 100% match to the required genes. However, as shown in Fig. 3.2 the HBB target
sequence contains several single nucleotide polymorphisms (SNPs) rs67440443, rs334,
rs33930165 and rs713040 (http://www.ncbi.nlm.nih.gov/projects/SNP/) which could
potentially result in the primers not annealing correctly and failing to amplify the product.
The HBB primer pair also generated a product in the negative control (see Fig. 3.3, lane 5)
where no bands should be seen, as explained in section 3.3. The negative control (lane 5)
contains a band of the same size (106bp) as those in the positive controls (lanes 1-4),
although less intense. The ALB primer pair did not generate a product in the negative control
and contains no SNPs in the target sequence so was therefore selected as the single copy
reference gene.

Figure 3.2

Screen shot of in silico PCR for HBB amplimer

The specificity of the HBB primer pair (shown in black with red stripes) was checked using in
silico PCR from UCSC Genome Browser. As shown the primers are specific and amplify a part
of the HBB gene. The red lines indicate the SNPs found in the amplimer sequence.
Reproduced from (http://genome.ucsc.edu/).
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Figure 3.3

Multiplexed reaction including the telomere and HBB primer pairs

PCR products were resolved on a 3% agarose-TAE gel and stained with SYBR Safe DNA gel
stain to visualise the amplification of a multiplexed reaction containing a 106bp HBB product
and the 79bp telomere product. Lane M contains the 100bp (GeneRulerTM, Fermentas) size
standard. Lanes 1-4 are the positive controls containing different genomic DNA samples and
lane 5 is the negative control. The two products have been amplified as expected in the
positive controls; however, the negative control contains two bands that are the same size
as the positive control samples.

3.2.1.1 Verification of ALB PCR product
To determine if the correct target product was being amplified in the reaction, a restriction
digest was performed on the ALB PCR product. Direct DNA sequencing was attempted but
was unsuccessful due to the small size of the product (98bp). Geneious v5.5 (94) was used to
search for an appropriate restriction site within the ALB amplimer, which would allow
restriction enzyme cleavage of the fragment and therefore confirmation of the target
product. The restriction enzymes available to cut the ALB product are shown in Fig. 3.4 HinfI
was chosen as it would cut the product into three and the resulting fragments would be
small enough to confirm a successful digest and allow for visualisation on a 3% agarose gel.
The digestion products can be seen in Fig. 3.5, where it is evident that HinfI has digested the
PCR product into fragments of the expected sizes of approximately 50bp and two products
of 20bp (lane 2); thus verifying that the product being amplified is indeed ALB.
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Figure 3.4

Enzymes available to cut ALB amplimer

The ALB amplimer showing the restriction enzymes that are able to cut the specific
sequence. These enzymes can be used for the verification of the target product (figure
reproduced from Geneious (94)). The restriction enzyme HinfI was chosen as it would cut the
products into fragments which are small enough to confirm a successful digest on a 3%
agarose gel.

Figure 3.5

Restriction digest of ALB

PCR products were resolved on a 3% agarose-TAE gel and stained with SYBR Safe DNA gel
stain to visualise the restriction digest of the 98bp ALB product. Lane M contains the 10bp,
(GeneRulerTM, Fermentas) size standard. Lane 1 contains the uncut ALB product and lane 2
contains the ALB product cut with the restriction enzyme HinfI. A successful digest can be
seen with the 98bp fragment in lane 1 getting cut into three products, approximately 50bp
and two 20bp products.
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3.3 Assay establishment
The initial stages of establishing the assay involved replicating the published protocol (1)
using the initial multiplexed PCR master mix and the standard cycling conditions from the
methods section Tab. 2.2 and Tab. 2.3 respectively. The positive controls contain genomic
DNA and show two bands in each lane at the expected band sizes for each of the products.
Lane 5 is the negative control which contains water instead of the template DNA so no
products should amplify and no bands should be seen in this lane. However, a single band
can be seen that is the same or similar size to the telomere product at around 79bp. This
band was further investigated to find its cause.

Figure 3.6

Multiplexed reaction including the telomere and ALB primer pairs

PCR products were resolved on a 3% agarose-TAE gel and stained with SYBR Safe DNA gel
stain to visualise the amplification of a multiplexed reaction containing a 98bp ALB product
and the 79bp telomere product. Lane M contains the 100bp (GeneRulerTM, Fermentas) size
standard. Lanes 1-4 are the positive controls containing different genomic DNA samples and
lane 5 is the nega ve control. Two products have been ampli ed as expected in the posi ve
controls; however, the nega ve control contains a band roughly the same si e as the
telomere product at 79bp.
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3.4 Troubleshooting
The 79bp band seen in the negative control could have resulted from a number of
possibilities including genomic DNA being added instead of water to the negative control,
contamination of PCR reagents with genomic DNA, non-specific amplification of products or
primer dimer formation. The following experiments were then conducted to explore these
possibilities further. It was assumed that the unwanted band was being generated by the
telomere primers as it was approximately the same size, to explore this a singleplex gel was
run with the telomere primers alongside the ALB primer pair (see Fig. 3.7). Lanes 1 and 2
contain the telomere primer pair with the band in both lanes compared to ALB in lanes 3 and
4 with no band in the negative control (lane 4). These troubleshooting experiments involved
using the telomere primers in singleplex format, as the ALB primer pair were considered to
be working correctly. Standard PCR and agarose gel electrophoresis was performed as
detailed in section 2.2 and 2.3 using the initial PCR MM (see Tab. 2.2) and standard cycling
conditions (see Tab. 2.3) where the volume and stock concentration of the primers were
adjusted to suit the singleplex reaction.

Figure 3.7

Singleplex reactions of telomere and ALB products

PCR products were resolved on a 3% agarose-TAE gel and stained with SYBR Safe DNA gel
stain to visualise the amplification of the singleplex reactions containing a 98bp ALB product
and the 79bp telomere product to determine what primer pair was responsible for the band
in the negative control. Lane M contains the 10bp (GeneRulerTM, Fermentas) size standard.
Lanes 1 and 3 contain the positive controls with genomic DNA and 2 and 4 the negative
controls with lanes 1 and 2 containing the telomere primers and lanes 3 and 4 the ALB
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primer pair. The band in lane 2, the negative control for the telomere primer pair and the
absence of the band in lane 4 for the ALB primer pair confirms the band amplified the
negative control in the multiplexed reaction is due to the telomere primers.

3.4.1 Testing reagents for contamination
The published protocol was again replicated to eliminate the possibility that template DNA
was added to the control instead of water. All reagents in the PCR reaction mix were tested
for contamination by either making the reagents up from fresh stocks or re-aliquoted and/or
re-diluted from stocks. This had no effect on removing the band.

3.4.1.1 UV treatment
UV irradiation can be used to remove contaminating nucleic acids in PCR reagents (96). To
check reagents were not contaminated with genomic DNA the PCR MM excluding primers,
DNA and polymerase were exposed to UV light for either 0, 1, 5, 10 minutes, (see Fig. 3.8).
For every time point a positive control containing genomic DNA and a negative control were
run side by side with time of UV exposure increasing from lanes 1-8. As shown the 79bp
band was still produced regardless of UV exposure time and the presence or absence of
template DNA.

Figure 3.8

UV treatment of PCR reagents

PCR products were resolved on a 3% agarose-TAE gel and stained with SYBR Safe DNA gel
stain to visualise the amplification of the 79bp telomere product after the PCR reaction mix
had undergone UV treatment for either 0, 1, 5, 10 minutes to test for reagent
contamination. Lane M contains the 10bp (GeneRulerTM, Fermentas) size standard. Lanes 1, 3,
5, 7 contain the positive controls with genomic DNA and lanes 2, 4, 6, 8 contain the negative
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controls. UV exposure for each positive and negative control pair increases from 0, 1, 5 and
10 minutes across the lanes where no change in band intensity is seen, with UV treatment
having no affect on the 79bp band.

3.4.1.2 New primer pair
To further check the possibility of reagent contamination, a PCR reaction was set up using
the original MM but instead of using the telomere primers, this reaction was run with a new
primer pair (Y1.1, Y1.2) that amplifies a fragment of the Y chromosome (primers provided by
Ms Allison Miller). This was run in parallel with the telomere primers with both a positive
and negative control. A bulk MM was made, split in half with one half receiving the telomere
primers and the second half the new primer pair. Lanes 5 and 6 from Fig. 3.9 show the
telomere products with and without template DNA respectively, where they have both
generated the same size band, compared to the new primer pair where only one band can
be seen in the positive control (lane 7) and the negative control (lane 8) is empty. The last
potential source of contamination to be tested came from the telomere primers, which were
re-ordered, tested and resulted in the same 79bp band in both controls. These experiments
conclusively eliminated the possibility of contamination as the explanation for the band.

Figure 3.9

PCR MM with new primer pair

PCR products were resolved on a 3% agarose-TAE gel and stained with SYBR Safe DNA gel
stain to visualise the amplification of the telomere primer pair ( 79bp) compared to the Y
primer pair (154bp) to test for reagent contamination. Lane M contains the 10bp
(GeneRulerTM, Fermentas) size standard. A positive and negative control was run for each
primer pair respectively, with lanes 5 and 6 containing the telomere primer pairs and lanes 7
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and 8 the Y primer pair. The absence of the band in the Y primer pair negative control shows
reagent contamination is not the reason for the band.

3.4.2 Non-specific amplification
The next possibility that the non-specific amplification of products was the cause of the
79bp band was then explored. This can result from incorrect cycling conditions including
annealing temperature, incorrect DNA and primer concentration, non-specific primers or the
reaction starting at room temperature (97). These were tested by changing the PCR cycling
conditions, performing a temperature gradient on annealing temperature and modifying the
concentrations of the PCR reaction mix components. However, as explained in section 2.2.2
the specificity of the telomere primers was unable to be checked and the likelihood of the
reaction occurring at lower temperatures, which might lead to lack of specificity, was not
initially explored as the protocol used a hot-start polymerase which has blocked enzymatic
activity below 40 degrees (98, 99).

3.4.2.1 PCR Machine
Prior to changing the PCR cycling profile the original protocol explained in section 3.3 was
replicated in parallel on two different PCR machines the Eppendorf Mastercycler® Gradient S
and Biometra T Professional Basic Thermocycler. This was done first to verify the cycling
temperature was correct, and second to compare the PCR machines themselves as they each
vary in ramping speeds and temperatures. The results are shown in Fig. 3.10, lanes 1-5 are
from Eppendorf Mastercycler® Gradient S and lanes 6-10 Biometra T Professional Basic
Thermocycler, where the first four lanes for each machine contain positive controls and the
last lanes (5 and 10) the negative controls. The two machines show identical banding
patterns with the two products amplified in the positive controls and the lone 79bp band
found in the negative control. These results confirm that the temperature of the cycling
protocol was correct and that the machine itself was not contributing to the problem.
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Figure 3.10

Verification of PCR machine temperature

PCR products were resolved on a 3% agarose-TAE gel and stained with SYBR Safe DNA gel
stain to visualise the amplification of a multiplexed reaction containing 98bp ALB product
and the 79bp telomere product on two different PCR machines. Lane M contains the 100bp
(GeneRulerTM, Fermentas) size standard. The same positive controls of different genomic DNA
samples are used for each machine and can be found in lanes 1-4 for the first machine
tested and 6-9 for the second machine, with the negative controls found in lanes 5 and 10
respectively. The same amplification pattern is seen in both machines, verifying the
machines are running at the same temperature.

3.4.2.2 Annealing temperature
The standard cycling profile used had an annealing temperature of 62˚C for the telomere
primer pair. To determine if this was optimal, the cycling profile was altered (program 3,
step 2) to include an annealing temperature gradient ranging from 62˚C-74˚C, with positive
controls on the top half of the gel and negative controls on the bottom Fig. 3.11 and
increasing annealing temperature from left to right. No change in band intensity can be seen
using the different annealing temperatures or between the positive and negative control.
This indicates that the primers are equally efficient at annealing at any temperature
between 62˚C-74˚C and that non-specific binding due to incorrect annealing temperature is
not the reason there is a 79bp band in the negative control.
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Figure 3.11

Temperature gradient on telomere annealing

PCR products were resolved on a 3% agarose-TAE gel and stained with SYBR Safe DNA gel
stain to visualise the amplification the 79bp telomere product across an annealing
temperature gradient from 62˚C-74˚C. Lane M contains the 100bp (GeneRulerTM, Fermentas)
size standard. The annealing temperature in lanes 1-12 increases in a °C from 62˚C-74˚C,
with the positive control samples on the top half of the gel and the negative controls on the
bottom half. There is no difference in band intensity with the different annealing
temperature or between the positive and negative controls.

3.4.2.3 Modification of PCR conditions
The concentrations of the primers and template DNA were altered from 900 nM and 20ng/µl
respectively, as primer concentrations can have implications for successful PCR by titrating
out the Mg2+ ions and altering the reaction conditions (97). A high primer concentration was
initially used due to the small size of the telomere amplimer (79bp) so this was decreased to
100 nM and 500 nM. Two DNA concentrations of 20 ng/µl and 100 ng/µl was also trialled
using different laboratory DNA samples to exclude the possibility that the DNA template was
degraded or contained inhibitors. The different combinations of these primer and DNA
concentrations were used with both a positive and negative control and can be seen in Fig.
3.12 where every lane regardless of primer or DNA concentration contains a band. These
results suggest that the primer and DNA concentrations and the DNA itself are not
contributing to the formation of the band.
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Figure 3.12

Modification of MM concentrations

PCR products were resolved on a 3% agarose-TAE gel and stained with SYBR Safe DNA gel
stain to visualise the amplification the 79bp telomere product with modification to the DNA
and primer concentrations. Lane M contains the 10bp (GeneRulerTM, Fermentas) size
standard. Each group of four lanes 1-4, 5-8 and 9-12, contains differing primer concentration
from 100 nM, 500 nM and 900 nM with positive and negative controls alternating across the
lanes and the first two lanes of each group have 20 ng/µl genomic DNA and the second two
100 ng/µl genomic DNA. The only difference in band intensity is seen with the 100 nM
primer concentration.

3.4.3 Primer dimers
The final explanation to be explored was the possibility of primer dimer formation between
the primer pairs. The telomere primers were designed to contain specific mismatches to
prevent the two primers hybridising to each other and forming a PCR artefact, and so direct
interaction of the primers had initially not seemed an obvious reason for the apparent
contaminating band. Interaction of the primers was investigated by including only one of
the primers in the PCR MM. A product of 79bp should not be able to form as both primers
are required to amplify a product. Fig. 3.13 confirms this was the case, as lanes 1-4 contain
only one of the primer pairs and smaller molecular weight products can be seen compared
to the control lanes 5 and 6 that have both primer pairs.
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Figure 3.13

Lone telomere primers

PCR products were resolved on a 3% agarose-TAE gel and stained with SYBR Safe DNA gel
stain to visualise the amplification of the 79bp telomere product using only one of the
primers compared to the primer pair. Lane M contains the 100bp (GeneRulerTM, Fermentas)
size standard. The positive and negative controls alternate between lanes respectively where
lanes 1 and 2 only contain the telc primer, lanes 3 and 4 the telg primer and lanes 5 and 6
both primer pairs. The 79bp product can only be seen when both primer pairs are used
(lanes 5 and 6).

As the product was only formed when both primer pairs were present, the primer sequences
themselves were more closely examined and found to contain a perfect 3bp complement on
their 3’ terminus, (see Fig. 3.14). This 3bp overlap would be too unstable to form a product
at the high temperature that is required to denature the DNA in the first step of cycling,
which is also the point at which the hot-start polymerase is expected to become active. A
primer dimer would be very unlikely to form, unless the polymerase had activity at lower
temperatures. This reasoning encouraged the investigation of the effect of different hotstart polymerases in the assay. The first polymerase to be tested was AmpliTaq Gold
(Applied Biosystems, Carlsbad) which was the polymerase used in the original protocol (1),
As shown in Fig. 3.15 the problematic band does not occur in the negative control (lane 4)
with AmpliTaq Gold. This demonstrates that the choice of polymerase influences the
appearance of this band in the negative control.

My explanation for this is that the

problematic band is a primer dimer formed by the two telomere primers, and this can only
happen if the original polymerase used (TAQ-Ti) had at least some polymerase activity at
temperatures lower than indicated by the manufacturer’s specifications (<95°C) before
thermal cycling commences. This finding led to experiments trialling numerous hot-start
polymerases.
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Figure 3.14

The 3bp overlap of telomere primers

The telomere primers contain a perfect 3bp complement on their 3’ terminus; however, this
product is too unstable to form at high temperatures and could only form if the polymerase
used had activity at room temperature.

Figure 3.15

PCR reaction using AmpliTaq Gold

PCR products were resolved on a 3% agarose-TAE gel and stained with SYBR Safe DNA gel
stain to visualise the amplification of the 79bp telomere product using two different hotstart polymerases TAQ-Ti and AmpliTaq Gold. Lane M contains the 100bp (GeneRulerTM,
Fermentas) size standard. Lanes 1 and 2 contain the TAQ-Ti polymerase with the positive
and negative samples respectively and lanes 3 and 4 contain the AmpliTaq Gold polymerase.
The absence of the band in the negative control in lane 4 using AmpliTaq Gold shows that
the polymerase used is the reason for the band previously seen in the negative control.
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3.5 LightCycler 480 Initial runs
As the polymerase was found to be the reason for the 79bp band in the negative control,
the assay was then moved onto the LC480 platform to allow comparison of the different
polymerases, optimisation of the assay, and analysis with relative quantification (qPCR). PCR
and agarose gel electrophoresis only show the end point of the reaction, whereas qPCR
allows for real time visualisation, which would be more useful for understanding what was
happening during the reaction. These experiments were run using the initial cycling profile
for LC480 (Tab. 2.4) and the initial multiplexed PCR MM (Tab. 2.5); no data analysis was
performed at this stage and only visual representation of results was used to determine if
things were working correctly. Fifteen different polymerases were trialled in singleplex with
the telomere primer pair and the PCR MM was slightly modified when required to allow for
optimal conditions to suit each of the different polymerases. If the polymerase performed
adequately in singleplex they were then tested in multiplex with the ALB primer pair, and
results can be seen in Tab. 3.1 and Fig. 3.16.
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Table 3.1

Different hot-start polymerases tested and results

Polymerase Name

Result

Supplier

AmpliTaq Gold®

1

Applied Biosystems, Carlsbad

Taq DNA Pol

4

New England Biolabs, Ipswich

BioThermStar

2

Gene Craft, Manchester

DreamTaqTM

4

Fermentas, Queensland

GC Rich

3

Roche, Auckland

HOT FIREPol® HRM mix

3

Solis BioDyne, Tartu

Hot Master Taq

4

Eppendorf, New South Wales

LightCycler® 480 probes master

3

Roche, Auckland

Absolute qPCR low rox mix

2

Thermo scientific ABgene, Epsom

SensiMix HRMTM

2

Quantace, London

Sybr premix Ex Taq

4

TaKaRa, Otsu

Paq 5000

4

Stratagene, California

PrimeSTAR HS DNA polymerase

2

TaKaRa, Otsu

5 Prime Real Master Mix

2

Prima, Bangkok

Ex Taq HS

4

TaKaRa, Otsu

1 = Poor amplification 2 = No amplification 3 = Good amplification

4 = Positive and negative control the same
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A

B

Figure 3.16

Various amplification curves

The different polymerases tested produced varying amplification curves. A: A positive control (red) and negative control (black) for the TAQ-Ti
polymerase is shown where they have produced the same amplification curve and is representative of many of polymerases tested. Using a different
polymerase (LightCycler® 480 probes master) produces separate curves for the positive (green) and negative controls (blue). B: A positive (purple)
and negative (orange) control for a polymerase representative of no amplification.
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The different hot-start polymerases gave varying results. Six of the fifteen polymerases
producing the same amplification curve for both the positive and negative controls (Fig.
3.16A (black and red lines)), one showed poor amplification, and five showed no
amplification at all (Fig. 3.16B). Only three of the fifteen polymerases performed well and
looked as shown in Fig. 3.16A where the green line is the positive control with the
amplification curve taking off around cycle 13, and the blue line is the negative control
having no amplification as desired. The LightCycler® 480 probes master produced the best
reproducible results in both singleplex and multiplex reactions and was therefore chosen to
be the polymerase used for the assay.

3.6 Assay optimisation
3.6.1 SYBR Green versus SYTO-9
Up until this point constant generation of uneven amplification curves (see Fig. 3.17A) made
quantification difficult, as accurate Ct values could not be determined. A possible cause of
this may have been the fluorescent dye, as different dyes are known to perform differently
in the qPCR setting (100, 101). Therefore a different fluorescent dye, SYTO-9 (Invitrogen,
Auckland), was trialled in an effort to provide more stable curves. The two dyes differ in that
SYBR Green has limited dye stability, can inhibit the PCR reaction and cannot be used for
melt curve analysis when multiplexing as it only detects one amplicon (100). These
limitations are not seen with SYTO-9, and additionally SYTO-9 has enhanced fluorescence
when binding to double stranded DNA (dsDNA) (101). The two dyes were tested in parallel
and as can be seen in Fig. 3.17A the amplification curve produced by SYBR Green is very
uneven compared to the curve produced using SYTO-9 (Fig. 3.17B). The fluorescence
generated, measured in relative fluorescent units (RFU), is much lower using SYBR Green
(RFU of 2.8) compared to SYTO-9 (RFU of 100).
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A

B

Figure 3.17

Change in amplification curves when using different fluorescent dyes

A: A multiplexed reaction using the fluorescent dye SYBR Green, producing uneven curves. The green and orange lines represent the positive controls
and the purple and black the negative controls. The telomere product amplifying in cycle 16 generates a RFU of 2.8. B: A multiplexed reaction using
the fluorescent dye SYTO-9, producing stable curves with one positive control shown in pink. The telomere product is amplifying around cycle 16,
with SYTO-9 generating a higher amount of fluorescence with an RFU of 100 for the telomere product.
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However, after using SYTO-9 for a number of weeks, the RFU decreased to levels
representative of SYBR Green and it seemed to no longer be working. This phenomenon was
examined by comparing the performance in a qPCR reaction of an original, stored aliquot of
SYTO-9 and a freshly diluted aliquot (data not shown). The fresh aliquot restored the RFU to
the original levels. With further investigation it became apparent that the dye seemed to
only last for approximately 2-3 weeks before its performance decreases. Loss of
performance also coincided with the SYTO-9 solution changing from yellow to colourless.
After numerous tests in parallel with SYBR Green, SYTO-9 was deemed to perform better
and chosen as the fluorescent dye used for quantification, but care was taken to make a
fresh solution every 2-3 weeks or when the dye lost its colour. No mention of instability
issues was found in the Invitrogen literature.

3.6.2 Singleplex versus Multiplex
Multiplexing the assay (telomere plus single copy reference gene primers) proved to be
problematic and resulted in high background fluorescence compared to the singleplex
reaction (telomere primers only). The singleplex reaction generated a background
fluorescence of 30 RFU whereas the multiplexed reaction had an RFU of around 80 for the
telomere product (see Fig. 3.18). This made it difficult to establish a common threshold for
both products, meaning two thresholds would need to be set. This was not possible on the
LC480 machine due to programming limitations. As the background fluorescence increased
with the addition of the ALB primer pair, this was further explored by looking into all the
different primer combinations possible, using either 1, 2, 3 or all 4 primers included in the
reaction. This confirmed my suspicion that the ALB primer pair was the source of the
increased background fluorescence, but as these were essential to multiplexing they could
not be excluded from the reaction. This problem was indirectly solved in the later stages of
optimisation by changing the cycling profile to that in Tab. 2.6. This suggested that the high
background fluorescence may have resulted from the original cycling protocol used, or was
due to the manner in which the data was visually represented in real-time by the machine.
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Figure 3.18

Varying background fluorescence in singleplex and multiplex reactions

The pink line represents the singleplex reaction having an RFU of 30 compared to the
multiplexed reaction (blue line) with an RFU of 80. The background fluorescence increases
substantially in the multiplexed reaction.

3.6.3 Assay sensitivity
At this stage of assay optimisation it was necessary to confirm that the assay was working
correctly. This was investigated by using a serial dilution of the template DNA, because
increasing DNA concentrations should produce more product, with corresponding
reductions in the Ct value. A two-fold dilution series was carried out on a genomic DNA
sample, giving 100 ng/µl, 50 ng/µl, 25 ng/µl, 12.5 ng/µl and 6.25 ng/µl of template DNA in a
reaction series. Fig. 3.19 showed an increase of Ct from left to right which accurately
reflected the progressively decreasing template DNA concentration. The highest
concentration of 100 ng/µl (red line) had a Ct of around 15 compared to 17 with the lowest
concentration of DNA 6.25 ng/µl (blue line); the negative control is shown in black with no
amplification, indicating that the assay is performing as expected.
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Figure 3.19

Two-fold dilution series in a multiplexed reaction

A two-fold serial dilution of the genomic DNA equating to 100, 50, 25, 12.5 and 6.25 ng/µl is
shown by the red, green, purple, pink and blue lines respectively. The negative control is
shown in black.

3.7 Pilot analysis of telomere length in genomic DNA samples
Since the assay appeared to be performing correctly, I carried out a trial run on a set of
genomic DNA samples. Telomere length decrease with age (34, 102), so samples of three
different age groups were selected for this pilot experiment: young children, mothers of age
25-40, and 50 year olds (as described in section 2.1.3). Twelve samples from each of the
three age groups were assayed.

Fig. 3.20B shows one sample randomly chosen from each age group as represented with a
melt curve. Differences in Ct values are not always apparent, and in this case the melt curve
is a better representation of the qPCR data. A melt curve is performed in the last step of
cycling (program #6 and 7, Tab. 2.4) by controlled heating of the amplified products until
they melt at a specific temperature determined by their base composition. The height of the
peaks is proportional to the amount of product that has been generated. Fig. 3.20A shows
the telomere product melting at around 77°C and the ALB product at 89°C. The three
different peak heights shown with the telomere product are suggestive of a difference in
telomere length between the different age groups, and are in the order that would be
expected with the youngest age subjects showing the greatest amount of product. The ALB
(single copy reference gene) product did not appear to differ in height, suggesting constant
DNA concentrations for all samples. Although only a pilot, non-quantitative analysis, this
result was encouraging.
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A

Figure 3.20

B

Melt curve of different three age groups

A: A melt curve showing the telomere product melting at around 77°C and the ALB product at 89°C. The positive controls containing the samples
from the different age groups show a variation in peak height for the telomere product, whereas the ALB product is approximately the same height
for all samples. The negative control is the flat line for the telomere product with no amplification and the lowest peak in ALB showing a small
amount of product has been amplified. B: One sample to represent each age group is shown for the telomere product. The peak height is
proportional to the amount of product generated, and is in the order that would be expected with the youngest age subjects showing the greatest
amount of product, and decreasing with increasing age.
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3.8 Improved approach to data analysis
The pilot data obtained above also offered an opportunity to work out how best to retrieve
data from the machine, and then to process it for quantitative analysis. Initial attempts
revealed that neither the “basic relative quantification” nor the “advanced relative
quantification” software on the LC480 was able to effectively analyse both the telomere and
ALB products, even though on the LC480 visual display both appeared to be amplifying as
expected. I contacted the Roche application specialist to assist with processing the data;
however, they could not offer a solution to this problem.
This led to a search of the literature for other papers that measured average telomere length
using MMqPCR method and performed the assay on the Roche LC480 qPCR machine. The
author of one of these papers (91), Dr Michael Kirwan (m.j.kirwan@qmul.ac.uk, Blizard
Institute of Cell and Molecular Science, London), suggested further modifications to the
cycling profile as explained in detail in the methods section 2.6.
Briefly, the data were exported from the LightCycler 480 and rearranged in Excel to separate
the data obtained from each product. This was then imported into the LC conversion
program which converts the data into a grid format, allowing the programme LinRegPCR (92)
to process the data and calculate the Ct. The standard curve is used to convert the Ct data
obtained from LinRegPCR to linear (DNA) that can then be used to calculate T and S for the
telomere and ALB product respectively. The triplicate values are averaged to get a single
value, where the telomere product is divided by the ALB product to get a T/S ratio.
The T/S ratio was calculated for each sample and grouped into the three different age
groups, with group 1 representing the 7 year olds, group 2 the mothers ages 25-40 and
group 3 the 50 year olds (see Fig. 3.21). The data show clear evidence of a difference in
telomere length with the shortest telomere length observed in group three. This difference
was tested for significance using a one way analysis of variance (ANOVA) (Tab.3.2) where a
significant difference was found between groups 1 and 3 (P=0.001) and between groups 2
and 3 (P=0.017). No significant difference in telomere length was found between groups 1
and 2 (P=0.275).
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Figure 3.21

Comparison of average telomere length in three different age groups

The T/S ratio was calculated for each of the individual 36 samples. The samples were then sorted into groups of twelve to represent the three
different age groups. Group 1 consists of 7 year olds, group 2 are mothers aged 25-40 and group 3 are people 50 years of age. The data show a
difference in telomere length with the shortest observed in group 3.
Table 3.2

ANOVA of T/S ratio in three different age groups

Comparison

Diff of means

t

P

P<0.050

Group 1 vs. Group 3

0.512

3.899

0.001

Yes

Group 2 vs. Group 3

0.366

2.790

0.017

Yes

Group 1 vs. Group 2

0.146

1.109

0.275

No
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3.9 Reproducibility
To establish the reproducibility of the assay, a total of 36 genomic DNA samples (the same
twelve samples from each of the three age groups previously used). These were run in
triplicate on three separate occasions to assess the intra and inter-assay variation to give a
total of nine data points for each sample.

3.9.1 Inter-assay variation
To measure the inter-assay variation, the individual triplicate values for each sample were
first averaged and assessed using an x/y scatter plot (see Fig. 3.22) and a one-way repeated
measures ANOVA using the Holm-Sidak test for significance (see Tab. 3.3). The first run
produced consistently higher and more variable results compared to runs two and three,
and a statistically significant difference was found between the first run and the other two
(P=0.017, 0.025). However, the initial run was the first time the assay was performed on a
large scale, and lack of familiarity with the procedure may account for the variation seen.
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Figure 3.22

Inter-assay variation using an average of the triplicate values

To assess the reproducibility of the assay, 36 genomic DNA samples were run in triplicate on three separate occasions. An average of the triplicate
values was used. The samples in run 1 (blue diamonds) shows higher and more variable results compared to runs 2 and 3 (red squares and green
triangles respectively).

Table 3.3

ANOVA of inter-assay variation

Comparison

Diff of means

t

P

P<0.050

Run 1 Vs Run 3

0.702

8.848

0.017

Yes

Run 1 Vs Run 2

0.553

6.971

0.025

Yes

Run 2 Vs Run 3

0.149

1.877

0.050

No
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3.9.2 Intra-assay variation
Each sample was assayed in triplicate to measure the within-assay variation. The three
individual values were again compared using an x/y scatter plot and analysed using a one
way repeated measures ANOVA, for each run separately. No visual difference could be seen
between the triplicate values in any of the three runs. Fig 3.23 is a representative example
using the data from run 2, with runs 1 and 3 following similar trends (data not shown). No
statistically significant difference between the replicates was found (P=0.240, 0.147 and
0.061 for each run respectively, Appendix B). This result showed that there was no major
difference between any of the individual triplicate values, indicating that future runs could
be safely assayed in duplicate.
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Figure 3.23

Intra-assay variation using the data from run 2

To determine the within-assay variation the 36 genomic DNA samples were assayed in triplicate. No variation was seen between the individual
values, indicating that in future studies the samples could be safely assayed in duplicate.
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The mean square values (MS) in Tab. 3.4 indicate that the average variation within each
sample group (0.247) is considerably less than that of the variance between each sample
group (0.809). This indicates that the assay variation is sufficiently low to enable detection of
differences between individuals.

Table 3.4

ANOVA for overall assay variation

Source of Variation

DF

SS

MS

F

P-value

Between groups

35

28.311

0.809

3.277

<0.001

Within groups

72

17.774

0.247

Total

107

46.085

3.10 Southern Blot
I attempted to verify results obtained from the MMqPCR assay with Southern blotting, which
is the classical method of measuring mean TRF (average telomere length). Degraded DNA
samples cannot be used for Southern blotting unlike MMqPCR, and due to the age of the
samples the quality of the samples was first checked by running a gel. 500-800 ng of DNA
was mixed with 3 µl loading dye and 5 µl TAE buffer and was run beside 5 µl of a 1kb ladder
on a 0.8% agarose gel. Three samples were randomly chosen to check the DNA quality from
each age group and varying results were obtained (see Fig. 3.24). The youngest age-group
(NZA2C) samples are found in lanes 1-3 where each sample differs in quality; in lane 1 the
sample is completely degraded, whereas lanes 2 and 3 show high molecular weight smears,
with little sign of degradation. The samples in lanes 4-6 were from the mothers in this
cohort, aged around 25-40, and the DNA looks to be partially degraded. When run on the
blot (Fig. 3.25B, lane 1) the samples of this age group did not generate useful results,
perhaps due to the poor DNA quality. CHALICE samples in lanes 7-9 (50 year old subjects)
show good quality DNA. Mouse embryonic stem (ES) cells have ultra long telomeres (103),
and therefore some laboratory stocks of mouse ES cell DNA were included. These are shown
in lanes 10-12 and have good quality DNA, therefore these samples were also run on the
blot. 1.5 µg of DNA from the CHALICE samples were run on the Southern blot and showed
results of predominantly the same length (Fig. 3.25A). 2 µg of DNA from the NZ2AC samples
and the mouse ES cells were run on the Southern blot. This produced varying results for the
children, and no clear result for the mothers (Fig. 3.25B, lane 1 and 2). The mouse ES DNA
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result (Fig. 3.25B, lane 3) was consistent with prior observations of very long telomeres, as a
very high molecular weight smear was apparent. Mean TRF is calculated using the region
containing the most intense signal from the telomere specific probe. However, the results
obtained did not correlate with those from the MMqPCR assay (R 2 = 0.0006, figure not
shown).
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Figure 3.24

Quality of DNA samples

Genomic DNA and mouse ES cell samples were run on a 0.8% agarose-TAE gel stained with SYBR Safe DNA gel stain to visualise the DNA quality
of the samples. Lane M contains the 1kb (GeneRulerTM, Fermentas) size standard. The youngest age-group NZA2C samples are found in lanes 13 with lane 1 containing degraded DNA and lanes 2 and 3 having good quality DNA. Lanes 4-6 contain the older NZA2C samples (mothers)
which appear to be partially degraded or of low concentration. The CHALICE samples in lanes 7-9 provide good quality DNA, as do those from
the mouse ES cells in lanes 10-12.
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A

Figure 3.25

B

Southern blot including samples from varying age groups

Southern blotting was used to validate the results obtained from the MMqPCR assay. A: A Southern blot of the CHALICE samples. Lane M
contains the size standard ranging from 21.2kb to 1.9kb. Lanes 1-6 contain different CHALICE DNA samples that generally seem to be of the
same length. B: A blot of the NZ2AC and mouse ES cell samples. Lane M contains the size standard ranging from 21.2kb to 1.9kb. Lane 1
contains a sample from one of the mothers from the NZ2AC which has produced no result compared to lane 2 which contains a sample from
one of the children showing a good telomere specific smear. The length of the telomere specific smear in lane 3 from the mouse ES cell
sample is consistent with the expected ultra long telomeres for these cells.
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4 Application of assay to a longitudinal study
The Christchurch Health and Development Study (CHDS) is a prospective longitudinal birth
cohort that has closely followed some 1200 individuals from birth until approximately 35
years of age. A rich dataset has accumulated around this cohort with interviews having been
carried out with them at frequent intervals. Information reflecting the life history of
participants was gathered in various areas including prenatal and perinatal history, physical
and sexual child abuse, family stability and social background, parental substance use and
criminality as well as other major stressors to which people may be exposed (86, 89, 104,
105). This information was obtained using a mixture of data sources including hospital and
police records, standardised tests and interviews with the participants, parents and
teachers. This detailed data set allows for the examination of linkages between life stress
and telomere length in a large group of some 800 CHDS participants, for whom consented
DNA samples have been obtained.

Due to time limitations and the availability of reagents, only a preliminary data set of
approximately 432 samples from the cohort was assayed. The MMqPCRs for this subset of
CHDS samples were set up and run by Ms Allison Miller, using the specifications outlined in
my protocol. The statistical analysis was carried out in conjunction with Associate Professor
John Horwood, of the CHDS (Department of Psychological Medicine, University of Otago,
Christchurch). This subset of the CHDS samples was randomly chosen, and the number was
sufficient only for a preliminary analysis to be performed.

4.1 Data generation
Of the 432 assayed samples only 255 were used in the final analysis. A significant number of
the samples gave widely differing results for duplicate MMqPCR runs (raw data is shown in
Appendix C). Several quality criteria were used to determine if samples should be included
in the analysis. The coefficient of variance and the ratio between the duplicates was
calculated and if there was more than a 10% difference, the sample was excluded from the
analysis. Samples with low Ct values were also excluded, where the cut-off was two cycles
lower than that of the negative control, because this was indicative of amplification
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problems. Lastly the data was visually analysed, and extreme outliers not already picked up,
or other problematic samples, were omitted.
Associate Professor John Horwood (data manager for the CHDS) performed the association
analyses on the data set. He made several attempts to examine measures of stress in
relation to telomere length, but concluded that this initial sample set was probably
underpowered for such an analysis, given the complexity and heterogeneity of available
stress measures. He then switched his attention to substance dependence, a category of
behaviours with likely relevance to telomere length, stress and disease. The results of this
analysis are shown in Tab. 4.1.

Table 4.1

Association analysis of substance use and telomere length

Telomere Length

N

Nicotine

Alcohol

Illicit drug

Any substance

dependence (%)

dependence (%) dependence (%)

dependence (%)

Short

84

33.3 (28)

7.1 (6)

8.3 (7)

44.1 (37)

Med

86

27.9 (24)

2.3(2)

4.7 (4)

31.4 (27)

Long

85

16.5 (14)

1.2(1)

5.9 (5)

20.0 (17)

6.25

4.3890

0.4265

11.2256

0.0124

0.0362

0.5137

0.0008

Mantel-Haenszel
Chi-Square
P-value

Tab. 4.1 shows the samples classified into three groups based on tertiles of the difference in
telomere length. These groups represent small, medium and long telomere length and
include the ranges of 0.04-0.697, 0.698-1.16 and 1.19-10 respectively.
For each group, the table reports the rates of a series of measures of substance dependence
assessed in the CHDS cohort at age 30. These measures include nicotine dependence,
alcohol dependence, illicit drug dependence and the collective measure of any substance
dependence. The association between telomere length and each measure has been tested
for significance using the Mantel-Haenszel Chi-Square test of linear trend.

75

The data show clear evidence of a trend with a monotonic association with telomere length,
where individuals with the shortest telomere length had the highest rate of nicotine
dependence and those with longer telomeres had the lowest rates (P=0.0124). This trend is
also shown with alcohol dependence (P=0.0362) but not with illicit drug dependence
(P=0.5137), although this group has quite small numbers. The strongest association is seen
between the aggregate measure of “any substance dependence” and telomere length
(P=0.0008). The substance dependence rate for those in the shortest telomere length tertile
is two times higher than that seen in individuals with longer telomeres.
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5 Discussion
The aim of this honours project was to establish an operational qPCR based assay for
measuring average telomere length using monochrome multiplex quantitative polymerase
chain reaction (MMqPCR). The ultimate objective of establishing this assay was to apply it to
the CHDS cohort where a rich data set is available to examine the associations between life
stress and telomere length. This project aimed to build on the current literature where there
is a great deal of rather inconclusive and often conflicting evidence surrounding the
associations between telomere length, individual stressors and disease. Overall, the
evidence does suggest that telomeres play a role in various diseases, but the underlying
mechanisms are poorly understood, and there is clearly a need for further research in this
area. Preliminary data obtained from telomere length analysis in the CHDS cohort supports
the view that specific individual stressors are associated with differing telomere length in
individuals.

5.1 Summary of findings
5.1.1 Assay establishment
The persistent generation of a band in the MMqPCR negative control was eventually shown
to be due to a primer dimer that most likely formed through hybridisation of three
overlapping bases at the 3’ end of the telomere primers. These primers could not be redesigned due to the complex nature of the assay. A primer-dimer was not immediately
suspected, as it had not been reported in previous publications using the assay, and because
the assay used a hot-start polymerase. Hot-start polymerases are not activated until they
reach a high temperature, at which primer dimer formation is very unlikely to occur (98).
Once it became apparent that the product in the negative control reaction was a primer
dimer, I tested out a wide range of hot-start Taq polymerases and found that primer dimers
occurred with several of them. This analysis showed quite clearly that many hot-start Taq
formulations are active at much lower temperatures than the manufacturer’s specifications
would suggest. The polymerases used were modified in a variety of ways such as antibody
mediation or chemical modification (99). However, no pattern could be found between the
method of polymerase modification and the varying results.
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This finding demonstrated that the choice of polymerase used for this assay is critical, and
that it would be wise to batch-test enzymes before using them in large scale studies of
telomere length. However, this finding is also of much wider significance as it implies that
many hot-start enzymes may operate at lower temperatures, and this could impact on many
experimental procedures that depend on PCR.

5.1.2 Difference in telomere length with varying age
Telomere length decreases with increasing age and this was tested as part of the assay
optimisation process. A difference in telomere length was found with age notably in the 50year age group compared to younger age groups (P=0.001, 0.017). These results are
consistent with the current assumption that older individuals have endured more life time
stresses, and their cells have undergone more divisions, both resulting in a decrease in
telomere length. However, no significant difference in length was found between the 7 year
olds and the 25-40 age groups. This may be due to the small sample size used here (n=12 in
each group) being too underpowered to detect a difference, if one occurs. Alternatively, it is
conceivable that telomere length does not begin reducing substantially until mid-life or later
and this is supported by the literature. It has been suggested that the attrition rate of
telomeres are highly dynamic and does not decrease at a constant rate throughout life. The
rate of attrition is found to be the fastest from birth until approximately four years of age
(>1kb per year). A plateau phase is then seen until young adulthood, followed by gradual
attrition later in life (102).

5.1.3 CHDS analysis
Only a subset of the CHDS cohort was able to be analysed within the timeframe and
resources of this thesis, meaning attempts to examine general measures of stress in relation
to telomere length were underpowered. However, a significant difference was found when
using the single stress measures of nicotine and alcohol dependence, and the collective
measure of substance dependence. Individuals with the shortest telomeres had the highest
rates of dependence (P=0.0124, 0.0362 and 0.0008 respectively) and those with longer
telomeres had the lowest rates. No significant difference in telomere length was found with
the stress measure of illicit drug dependence, but this group is of a small size.
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A considerable degree of variation in telomere length was found within this group of
individuals ranging from a T/S ratio of 0.04 to 10.48, which cannot be explained by age, as all
participants were the same age. The degree of variation observed is quite striking, given
that the CHDS participants are drawn from a birth cohort, born within a year of each other in
one geographic region of New Zealand (Christchurch). The variability found within this group
of individuals is comparable to the range (T/S 0-4) in telomere length found in the literature
(5, 8, 106), with approximately 6% of individuals from the CHDS falling outside of this range.

5.2 Problems and Limitations
5.2.1 Data analysis
Multiplexed assays typically use different fluorescent dyes to allow for separate
quantification of the different products. This MMqPCR assay uses only one fluorescent dye
as the two products are amplified in very different cycles. However, this proved to be
problematic when it came to analysis of the data, because the machine used for real-time
PCR (LightCycler 480) did not generate data tables that allowed straightforward analysis of
both products. This was overcome by exporting the data off the machine and performing the
analysis with an external program, LinRegPCR. This program also proved to be challenging,
because the Ct could not be calculated automatically for samples considered to have “noisy”
baselines. This required the baseline to be manually set which is time consuming and
difficult.

Another problem encountered in relation to data analysis involved the range of the standard
curve used. The concentrations chosen were based on the variation found within the
different age groups; however, some of the results obtained from the CHDS produced a
longer length than those previously seen in the pilot experiments. These results were
outside the upper limit of detection and as a result had to be excluded from the analysis.
This consequently could have created some bias towards shorter telomere length. Therefore
the standard curve will need to be altered to include a wider concentration range to enable
further studies to encompass a broader range of data.
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5.2.2 Replicates
The reproducibility of the assay was calculated during the optimisation process of the assay.
Initial analysis of triplicates demonstrated very little variation, and so subsequent runs used
duplicate assays. However, when the CHDS samples were assayed in duplicate,
approximately a third of these samples had poorly matched duplicates. The general trend
was that one of the duplicate values was either very high or very low and as a result it was
not possible to be confident of those results, and these samples had to be excluded. Further
investigation into why these results showed so much variation between the replicates is
required and in the future results that have a CV higher than 10% will be re-assayed in
triplicate to ensure an accurate reading is obtained.

5.2.3 Southern blot analysis
Southern blotting was performed for assay validation and the kit used was limited to the
analysis of 50 samples. This would have been a sufficient number for the validation analysis
to be undertaken but due to technical issues during establishment of the blotting
procedures, approximately three quarters of these samples were unusable. The number of
samples obtained from the Southern blot was therefore insufficient to validate the results
obtained from the MMqPCR assay and thus not an adequate or fair comparison to the
MMqPCR data. For greater confidence, more samples would need to be assayed to achieve
adequate validation. A useful way to approach this would be to select a range of samples
shown to have different telomere lengths in the MMqPCR assay for Southern blotting.

5.3 Future Work
To overcome the technical variation seen between the duplicates, the assay should be set up
using an automated liquid handling system. Implementation of this technique should reduce
the variation and result in tighter CV values. This would also facilitate higher throughput
analysis.
Currently only relative quantification can be achieved using this assay, although absolute
quantification can be completed using the protocol described in O’Callaghan et al (2011)(83).
This protocol uses an oligonucleotide of known length (84bp) containing only TTAGGG
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repeats to generate a standard curve. The oligonucleotide is serially diluted from 1.18 x 108
to 1.18 x 103 which enables the kb of telomere length to be obtained from the reaction. This
is then used to calculate absolute telomere length by normalising with the single copy
reference gene. This would enable the attrition rate of telomere length to be investigated in
longitudinal studies, which would provide a better representation of the effect of various
individual stressors as well as the genetic variation found between individuals.
Currently, this project has only analysed one blood sample from the participants at age 30.
However, an interesting experiment would be to compare this result to the participant’s
starting telomere length which could be obtained from the DNA on their Guthrie cards from
birth. Extracting good quality DNA from the cards may prove to be difficult as they are dried
bloodspots that have not been stored in ideal conditions. But if the DNA could be extracted,
the attrition rate of the telomere in relation to different stressors could then be explored
and a more complete data set obtained.
The initial promising result found with the subset of samples from the CHDS should be
followed up by assaying the remaining samples from the cohort. Initially there were
limitations in investigating the complex measures of stress in relation to telomere length due
to the small sample size making the analysis underpowered, but with the larger sample size
a detailed exploration of a greater range of stress measures can be achieved.

The CHDS

dataset includes, for example, measures of lifetime mental health, exposure to physical and
sexual abuse, career and educational attainments, socio-economic status, and many other
psychosocial factors, providing a rich dataset for future exploration.
A couple of SNPs have also been identified using genome wide association studies that are
believed to influence telomere length; including one that is near the TERC complex which
encodes the RNA component of the enzyme telomerase, which may be worth investigating
in further studies (107).
And finally, the assay could also be used to investigate other cohorts such as CHALICE and
other diseases such as cardiovascular disease and mental illness where changes in telomere
length may be of significance. Now that this assay is established it has the potential to be
applied to many different areas of human health and disease and in different contexts which
will further our understanding of the role of telomere length in disease pathogenesis.
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5.4 Conclusions
This honours project involved establishing an operational MMqPCR assay for measuring
average telomere length with relative quantification. Preliminary results obtained from a
subset of the CHDS provided evidence of associations between short telomere length and
nicotine and alcohol dependence and the cumulative measure of “any substance”
dependence. With the observed variability seen in the subset of samples assayed from the
CHDS cohort and the associations made between individual stressors and telomere length,
there appears to be great potential in the use of telomere length as a biomarker of stress.
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Appendix A
General Stocks
1X TAE buffer (40mM Tris, 20mM Acetic acid, 1mM EDTA)
50X TBE stock consisted of 242g Tris (Roche Applied Science, Penzberg), 57.1mL Glacial
Acetic Acid (Merck & Co., New Jersey), 100mL 500mM EDTA (pH 8.0) (Merck & Co., New
Jersey) and made up to 1L with MPW. 1X TAE working stock was prepared by diluting 50X
TAE 1 in 50 with MPW.

0.25M HCl solution
25mL Analar Conc HCl (Merck & Co., New Jersey), made up to 1L with MPW

Denaturation solution (0.5M NaOH, 1.5M NaCl)
20g NaOH (Merck & Co., New Jersey), 87.66g NaCl (Merck & Co., New Jersey), made up to 1L
with MPW

Neutralisation solution (0.5 Tris-HCl, 3M NaCl) pH 7.5
121g Tris (Roche Applied Science, Penzberg), 175.32g NaCl (Merck & Co., New Jersey) made
up to 1L with MPW

20X SSC (3M NaCl, 0.3M Sodium citrate) pH 7.0
88.2g Sodium citrate (Merck & Co., New Jersey), 175.32g NaCl (Merck & Co., New Jersey)
made up to 1L with MPW

2X SSC
2X SSC was prepared by diluting 20X SSC 1 in 10 with MPW.
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Appendix B
Statistical Analysis for repeatability
B.1 Intra-assay variation of triplicates

Run 1
Source of Variation

DF

SS

MS

Between subjects

35

80.331

2.295

Between treatments

2

0.0865

0.0433

Residual

70

2.077

0.0297

Total

107

82.495

Source of Variation

DF

SS

MS

Between groups

35

20.164

0.576

Within groups

2

0.0428

0.0214

Residual

70

0.761

0.0109

Total

107

20.968

Source of Variation

DF

SS

MS

Between groups

35

14.370

0.411

Within groups

2

0.0432

0.0216

Residual

70

0.520

0.00742

Total

107

14.933

F

P-value

1.458

0.240

F

P-value

1.969

0.147

F

P-value

2.911

0.061

Run 2

Run 3
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Appendix C
Raw data from CHDS
CHDS ID
8
15
28
31
39
43
46
49
58
68
70
83
137
138
151
160
168
178
189
190
202
204
208
242
252
266
288
301
314
317
318
323
324
333
344
349
362
367
371
372
380

T/S
Duplicate 1
2.9412
0.9733
5.6772
0.5494
0.4768
2.0436
3.1802
2.0436
1.7024
2.2786
2.2812
0.6965
0.8426
0.6727
1.1004
1.1049
3.0779
0.7171
1.9660
2.6097
0.7722
0.6447
0.8048
7.8267
1.3890
0.8380
0.7571
2.3810
1.8751
1.5110
1.9903
18.6538
0.8045
2.7546
0.6083
0.6062
3.3401
0.6808
0.9276
0.8877
11.9464

T/S
Duplicate 2
1.8477
1.3494
6.5344
0.4364
0.4624
2.0120
2.7528
2.0657
0.9716
3.2984
2.2616
0.5876
0.9106
0.7358
0.1386
1.1961
0.5488
0.8414
2.6859
0.6113
0.7813
0.7503
0.8096
2.1499
1.3486
0.8143
0.6369
0.7778
1.1730
0.9129
0.9659
2.3116
0.7255
2.3183
0.2324
0.6475
1.8126
0.6242
0.9327
1.1045
1.6327

T/S
Average
2.3945
1.1614
6.1058
0.4929
0.4696
2.0278
2.9665
2.0546
1.3370
2.7885
2.2714
0.6421
0.8766
0.7043
0.6195
1.1505
1.8134
0.7793
2.3260
1.6105
0.7767
0.6975
0.8072
4.9883
1.3688
0.8262
0.6970
1.5794
1.5240
1.2119
1.4781
10.4827
0.7650
2.5364
0.4203
0.6268
2.5764
0.6525
0.9302
0.9961
6.7895
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CHDS ID
420
451
472
478
481
487
488
496
504
505
506
510
513
520
524
528
532
535
544
560
568
571
574
575
579
581
582
583
589
592
595
598
599
600
601
612
622
623
626
627
628
636
639
640
641
650

T/S
Duplicate 1
0.6017
0.6284
0.1106
3.6394
3.7822
1.9924
5.8305
0.5932
0.3812
2.8398
1.3751
2.8036
1.9289
0.3414
1.2255
3.2363
4.9529
4.5089
4.0173
6.7253
0.1035
2.0026
0.8372
0.6217
0.5213
0.7216
1.5430
5.9612
0.8444
2.7766
0.6422
2.0260
0.5781
1.6540
2.0862
2.6509
3.0960
2.1479
4.7480
8.0854
6.9538
0.6615
0.2247
6.1345
0.2576
9.6717

T/S
Duplicate 2
0.5136
0.4574
0.8744
4.0778
4.0871
1.7973
6.2786
0.4181
0.4693
3.6588
0.4504
2.6412
2.0129
0.5004
1.2208
0.5630
12.8076
0.4904
1.2403
1.4371
0.3798
0.2448
0.2848
0.5138
0.4810
0.7785
0.6220
2.6199
0.8049
3.5271
0.2304
1.1496
0.5699
1.5311
1.0043
2.2107
3.0919
2.3588
1.2413
2.0853
11.7684
0.6751
0.1900
2.4474
0.1141
8.1198

T/S
Average
0.5577
0.5429
0.4925
3.8586
3.9346
1.8948
6.0545
0.5057
0.4252
3.2493
0.9127
2.7224
1.9709
0.4209
1.2231
1.8996
8.8803
2.4996
2.6288
4.0812
0.2417
1.1237
0.5610
0.5677
0.5012
0.7500
1.0825
4.2906
0.8247
3.1519
0.4363
1.5878
0.5740
1.5925
1.5452
2.4308
3.0940
2.2534
2.9946
5.0853
9.3611
0.6683
0.2073
4.2910
0.1858
8.8957
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CHDS ID
652
653
659
660
668
673
676
681
682
683
685
687
694
702
703
704
705
709
712
714
718
723
726
728
731
735
742
747
748
750
751
755
756
759
761
769
777
781
782
792
794
799
800
801
806
810

T/S
Duplicate 1
1.0624
7.0243
5.0371
4.0248
7.8963
5.3011
1.9831
2.6887
0.0442
4.1074
0.8170
0.5373
1.7830
0.9336
0.8194
1.3037
0.6441
4.9775
0.7561
0.8680
0.9339
2.6865
1.8788
0.1281
1.4018
1.6051
0.5892
0.6809
0.3703
0.1271
0.7836
1.0506
0.5237
5.2805
0.6939
0.5870
3.4976
1.5917
0.5482
4.5117
1.0288
5.6498
0.8125
3.2484
0.4899
0.9754

T/S
Duplicate 2
0.2865
1.1418
2.0754
0.5301
4.5038
0.6049
1.5331
0.4083
0.0361
1.5588
0.9338
0.5402
1.4005
0.8140
0.8282
1.1149
0.3282
6.2107
0.6416
0.9335
0.9731
2.3705
0.8513
0.0390
0.3882
1.4776
0.6201
0.5893
0.1227
0.2030
0.7705
0.5580
0.2536
2.1954
0.5955
0.5084
2.0873
1.0857
0.2125
0.6402
0.9350
4.9479
0.7392
0.6258
0.4936
0.9017

T/S
Average
0.6744
4.0830
3.5563
2.2774
6.2000
2.9530
1.7581
1.5485
0.0401
2.8331
0.8754
0.5388
1.5917
0.8738
0.8238
1.2093
0.4861
5.5941
0.6988
0.9007
0.9535
2.5285
1.3651
0.0836
0.8950
1.5414
0.6046
0.6351
0.2465
0.1650
0.7770
0.8043
0.3886
3.7380
0.6447
0.5477
2.7924
1.3387
0.3804
2.5760
0.9819
5.2989
0.7759
1.9371
0.4917
0.9386
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CHDS ID
813
820
821
822
826
831
833
834
835
840
842
844
847
853
857
859
861
864
877
883
886
888
896
900
902
905
906
908
909
913
915
917
924
925
928
929
933
934
937
938
940
946
950
951
952
956

T/S
Duplicate 1
1.0213
0.1771
0.8167
0.3587
0.7163
0.9533
0.3829
3.2139
0.7554
0.8941
0.2935
0.6747
0.7954
1.1677
0.9841
1.1719
0.9795
2.0727
2.6185
1.0876
5.0464
0.0028
1.1073
2.6471
0.7885
0.5840
0.1677
0.6028
0.6729
1.0176
0.5447
1.1371
1.2528
1.7463
2.0320
0.2802
0.3819
0.8011
0.1307
0.1760
0.6621
0.7301
0.7704
0.8144
0.9069
0.9820

T/S
Duplicate 2
1.0352
0.2352
0.8350
0.2949
0.5876
0.7875
0.4057
0.8660
0.8350
0.8052
0.2265
0.6145
0.8751
1.1250
0.9298
1.2475
0.6564
2.0529
1.5497
0.3607
7.4062
1.8705
1.0500
0.7542
0.8387
1.1166
0.0524
0.6260
0.1003
0.3879
0.5184
0.9496
1.1733
1.1113
2.3843
0.1353
0.0939
0.8491
0.0451
0.1020
0.5736
0.7131
0.7688
0.8270
0.9099
0.6900

T/S
Average
1.0282
0.2061
0.8258
0.3268
0.6519
0.8704
0.3943
2.0399
0.7952
0.8496
0.2600
0.6446
0.8353
1.1463
0.9570
1.2097
0.8179
2.0628
2.0841
0.7241
6.2263
0.9366
1.0787
1.7006
0.8136
0.8503
0.1101
0.6144
0.3866
0.7027
0.5316
1.0434
1.2131
1.4288
2.2081
0.2077
0.2379
0.8251
0.0879
0.1390
0.6179
0.7216
0.7696
0.8207
0.9084
0.8360
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CHDS ID
957
958
962
963
967
972
974
977
988
989
991
994
1002
1006
1008
1019
1025
1029
1030
1039
1040
1044
1045
1046
1056
1066
1072
1075
1078
1088
1092
1093
1094
1099
1105
1114
1115
1118
1120
1125
1126
1127
1139
1142
1143
1145

T/S
Duplicate 1
1.1053
1.2198
0.8019
0.7311
1.8174
0.6744
0.7021
0.6534
0.9881
1.0763
1.0252
0.8436
0.7570
0.2131
0.2542
0.1307
1.7828
3.7374
0.9367
0.3754
0.7336
0.7817
0.8597
0.4838
0.5362
0.8176
0.5761
0.3427
0.6365
1.0094
0.7888
0.7626
0.5650
0.6615
0.7832
0.6715
2.4182
0.7889
0.5331
0.7129
0.8015
0.7980
1.4002
0.6560
0.9143
0.3404

T/S
Duplicate 2
0.8759
0.8704
0.6939
0.7280
1.0088
0.5679
0.7063
0.6063
0.8980
0.6213
1.0008
0.3514
0.8732
0.2391
0.3352
0.0644
1.7415
5.1055
0.8229
0.2222
0.6604
0.5446
0.6272
0.4303
0.5675
0.7581
0.6429
0.5565
0.5547
1.0812
0.7431
0.6371
0.6502
0.6271
0.8019
0.6634
2.4941
0.6895
0.3202
0.6772
0.7049
0.8139
1.2815
0.5782
0.8009
0.3978

T/S
Average
0.9906
1.0451
0.7479
0.7295
1.4131
0.6212
0.7042
0.6299
0.9430
0.8488
1.0130
0.5975
0.8151
0.2261
0.2947
0.0975
1.7621
4.4214
0.8798
0.2988
0.6970
0.6631
0.7435
0.4571
0.5518
0.7879
0.6095
0.4496
0.5956
1.0453
0.7659
0.6999
0.6076
0.6443
0.7926
0.6675
2.4561
0.7392
0.4267
0.6950
0.7532
0.8060
1.3409
0.6171
0.8576
0.3691

98

CHDS ID
1149
1155
1167
1169
1170
1171
1172
1179
1183
1191
1192
1197
1198
1200
1209
1211
1215
1217
1218
1224
1236
1238
1242
1255
1258
1260
1261
1266
1269
1272

T/S
Duplicate 1
1.0575
0.9599
0.4641
1.0829
2.2450
0.1552
0.5695
0.6327
0.1868
0.5902
0.8324
1.2690
0.4816
0.9310
1.1466
0.4002
0.7867
0.9905
0.7338
0.8313
0.7443
0.8911
0.9427
1.1272
0.7002
0.3200
0.8306
0.7098
1.0805
1.0405

T/S
Duplicate 2
0.8343
1.0492
0.5528
0.8768
2.0868
0.2920
0.4486
0.6159
0.2980
0.5503
0.8275
1.1125
0.6420
0.6875
0.9177
0.2995
0.6558
1.0585
0.8466
0.7501
0.7867
0.8723
0.9036
1.0843
0.4866
0.2228
0.7751
0.6584
0.7601
0.9756

T/S
Average
0.9459
1.0045
0.5085
0.9799
2.1659
0.2236
0.5091
0.6243
0.2424
0.5702
0.8299
1.1907
0.5618
0.8093
1.0321
0.3499
0.7212
1.0245
0.7902
0.7907
0.7655
0.8817
0.9231
1.1058
0.5934
0.2714
0.8028
0.6841
0.9203
1.0080
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Appendix D
Standard curve
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Log(DNA)
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Ct

Six concentrations of a reference DNA sample of known concentration (118 ng/µl) were
chosen to encompass the range in telomere length expected. The reference genomic DNA
sample was diluted to 30 ng/µl, 15 ng/µl, 5 ng/µl, 1.7 ng/µl, 0.56 ng/µl and 0.19 ng/µl with
MPW.
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